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“If we could give every individual the right amount of nourishment and exercise, 

not too little and not too much, we would have found the safest way to health.” 

 

Hippocrates 
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Abstract 

Cardiorespiratory fitness (CRF) levels are low in stroke survivors. Although there is strong 

evidence that physical fitness training improves CRF in stroke survivors, there is a lack of 

knowledge about the safety and tolerability of CRF training for stroke survivors in the acute 

phase (i.e., <1 month post-stroke). The aim of this thesis was to systematically develop a CRF 

training intervention and to design a novel dose escalation trial to determine the maximum safe 

and tolerable dose intensity of the CRF intervention.  

High energy demands (i.e., oxygen uptake) during physical activity after stroke could prevent 

stroke survivors from performing CRF training. A systematic review was conducted and found 

that the energy demands during walking in stroke survivors are higher than healthy controls. 

However, no studies were identified in which stroke survivors in the acute phase were included.  

In a clinical observational study the ability of stroke survivors in the acute phase to perform 

physical activity under steady state conditions (i.e., the oxygen supply meets the oxygen demands 

of muscle tissue), and the difference in energy demands during steady state activity compared to 

healthy controls was determined. Reaching a steady state allows sustained physical activity 

required for CRF training. All stroke survivors reached a steady state within six minutes of 

activity, and energy demands of steady state activity were higher than controls. The results 

indicate that stroke survivors potentially are able to perform a CRF training session (i.e., >20 

minutes). Another aim was to determine the validity of a small wearable device, to measure 

energy demands during activity against a gold standard. If proven valid it would be included in 

the final study of this thesis to monitor exercise intensity during training sessions. The device did 

not accurately measure energy demands of activity and was not included in the final trial.  

A comprehensive review of the literature of randomised controlled trials of physical fitness 

interventions for stroke survivors was conducted. The review focussed on the development of 

the interventions, the dose parameters and progression, and safety of the intervention. The 

development of physical fitness interventions seems to lack a systematic approach. The choice of 

dose-parameters was pragmatic rather than evidence-based. Progression and safety of the 

interventions were poorly reported.  

Informed by the findings of the review, a CRF training intervention was developed and a 

novel adapted dose escalation trial was developed to determine the maximum safe and tolerable 

dose of the CRF training intervention for stroke survivors in the acute phase. The trial 
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commenced in June 2016 but has not been completed yet, due to the time restrictions of the 

PhD candidature. The preliminary results showed that all fifteen participants included so far 

were able to complete the CRF training without dose limiting events.  

This thesis found that an adapted dose escalation trial can be a valuable tool in the 

systematic development of exercise intervention. The preliminary data showed that mildly 

affected stroke survivors in the acute phase are able to safely perform CRF training at an 

intensity level that can potentially lead to a CRF training effect. 
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1 Introduction  

1.1. Background 

Stroke is a prevalent disease and has long term consequences for individuals and for society 

as a whole. It is one of the most common causes of complex disability in the world.1 Advances in 

the management of risk factors and stroke care have reduced the number of people dying from 

stroke; however the number of stroke survivors is increasing.2 It is estimated that more than 

475,000 people in Australia were living with the effects of stroke in 2017 and it is predicted that 

this number will increase to one million in the next three decades.3 The total estimated costs of 

stroke are high. In Australia for example the cost was estimated at AU$5 billion in 2012, and the 

two main drivers of these costs were loss of productivity (estimated at AU$3 billion) and health 

costs (estimated at AU$881 million). The cost of stroke in the United States of America was 

estimated at US$34 billion a year including the cost of health care services and medication to 

treat stroke, as well as the number of days not working. 

An estimated 65% of stroke survivors have a disability that impacts their ability to carry out 

activities of daily living (ADL).4 Stroke-related disability is often compounded by a lack of 

cardiorespiratory fitness (CRF), which is related to independence in performing ADLs.5 CRF 

refers to the ability of the cardiovascular and respiratory system to supply oxygen to skeletal 

muscles during sustained physical activity. CRF levels are commonly measured as the peak 

volume of oxygen uptake (VO2peak) reached during an exercise test. VO2peak levels below 

15 mL·kg-1·min-1 for women and 18 mL·kg-1·min-1 for men are associated with a risk of losing the 

ability to independently perform ADL.4 In stroke survivors the VO2peak levels are often below 

these thresholds, with levels reported ranging from 8 to 22 mL·kg-1·min-1, which equates to 26 to 

87% of the CRF levels of the age-matched healthy population.6 It is no surprise then, that many 

stroke survivors need assistance with ADLs.5 Community dwelling stroke survivors who report 

low physical capacity, defined as the ability to perform tasks independently without assistive 

devices (e.g., walking, walking up/down stairs), also report restrictions in participating in social 

activities compared to matched controls.7 The flow on effects of low CRF levels are substantial 

for survivors of stroke.  

The cause of low CRF after stroke is likely to be multifactorial. It can be a direct 

consequence of stroke, but can also be pre-existing (see Figure 1.1). Low levels of physical 
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activity and fitness are well established risk factors for cardiovascular disease, including stroke.8,9 

Therefore a proportion of stroke survivors are likely to have low physical activity and CRF levels 

prior to their stroke. After stroke, impairments such as muscle weakness, balance impairments, 

and physiological changes such as increased blood pressure and disrupted glucose metabolism, 

will have a negative impact on physical activity levels. Many studies have shown that physical 

activity levels of stroke survivors are low in an acute hospital setting,10,11 as well as during 

inpatient rehabilitation.12,13 Even in a community setting, stroke survivors have been shown to 

spend the vast majority of waking hours in sedentary behaviours (i.e., activities at very low 

intensities in a lying or sitting position).14 These low physical activity levels and sedentary 

behaviours can lead to profound deconditioning.15 Efforts to reduce or prevent CRF loss, low 

physical activity levels, and the high amount of sedentary behaviour seen in this population have 

the potential to improve outcome after stroke.  

 

Figure 1.1 Cardiorespiratory fitness in stroke and associations with impairment and 
physical activity (adapted from Saunders et al.).1 
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A recent Cochrane review on physical fitness training, which included CRF training as well 

as resistance and flexibility exercises, summarised the large body of evidence for the effectiveness 

of physical fitness training in stroke survivors.16 The review included 28 randomised controlled 

trials (RCTs) (n=1408 participants), in which the effect of a CRF training intervention was 

evaluated. CRF training interventions incorporating walking activity improved CRF (VO2peak was 

increased) and mobility (walking speed and distance were increased).16 Clinical guidelines now 

state, that physical fitness training, including CRF training, should be considered a key 

component of stroke rehabilitation.17-19 However, the recommendations regarding the optimum 

parameters of training dose (e.g., frequency of sessions per week, intensity, duration of the 

sessions) are not clear, reflecting the heterogeneity of trial methods. Guidelines also state that 

CRF training should start as early as possible post-stroke,17-19 but the most appropriate timing for 

safe and effective training is not known. The majority of RCTs that underpin current 

recommendations include stroke survivors in the subacute and chronic phase of recovery (i.e., 

>3 and >6 months post-stroke, respectively).16 Due to the lack of evidence in the acute and early 

subacute phases post-stroke (i.e., <1 month, and 1-3 months post-stroke, respectively), limited 

guidance is available regarding the optimum timing or dose parameters of CRF training in this 

population.17 Recommendations for CRF training in the acute phase mainly focus on increasing 

physical activity levels. To improve fitness, however, the intensity of activity must be high 

enough to elicit a training effect. Overall, current recommendations regarding dose parameters of 

CRF training are consensus based and are not underpinned by strong evidence. 

An early start to CRF training is important, as most improvements in function take place in 

the acute and early subacute phase post-stroke.20 Eighty percent of stroke survivors reach their 

best ADL function within six weeks of the event. There is strong evidence from animal models 

of stroke that a window of opportunity for neuroplasticity opens in the acute phase (3-30 days),21 

and that CRF training performed within this time can enhance neuroplasticity,22 and facilitate 

brain repair processes.23 Furthermore, it seems that higher intensities of CRF training lead to 

greater effects in animal models.23 Limited data are available about the processes that drive 

neuroplasticity in human stroke survivors. Functional and neurological recovery is, however, well 

described, with the bulk of recovery occurring during the first 90 days post-stroke.20 In contrast, 

the majority of clinical evidence on CRF training in stroke comes from studies in which training 

started beyond three months post-stroke.16 Therefore, it is unclear if CRF training can be safely 

performed in the acute and early subacute phase post-stroke.17,24  
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There are major gaps in our current knowledge. What are the optimum dose parameters for 

CRF training early after stroke? Before answering that though, we must determine the ability of 

stroke survivors in the acute phase to tolerate CRF training. Consequently, the first step in this 

field of research, and the focus of this thesis, is to develop a CRF intervention that can be safely 

performed by stroke survivors starting within a month post-stroke. The Medical Research 

Council (MRC) provides guidance on the development and evaluation of complex 

interventions.25 The MRC guideline includes a framework, which contains three phases: 

development, evaluation and implementation (see Figure 1.2, details framework see Chapter 6). 

The most important feature of the early development stage is that it follows a systematic 

approach to determine the different components of the new intervention before evaluating 

efficacy in a larger trial. In this thesis and its included studies, a CRF intervention for stroke 

survivors that started within a month post-stroke was systematically developed, to maximise 

potential recovery. 
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Figure 1.2 Framework for CRF intervention development for stroke survivors in the acute phase based on Craig et al.25 

The focus of the thesis is concerned with the development phase described in the framework in which different components of a new intervention will be determined. The grey boxes, 
evaluation and implementation, are other key components of a framework described in “Development and evaluation of complex intervention: the new Medical Research Council 
guidance” by Craig et al.,25 but these are not within the scope of this thesis. 
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1.2. Aim  

The research in this thesis focussed on systematically addressing some of the gaps in 

knowledge about CRF training for stroke survivors in the acute phase of recovery. The main aim 

was to develop a CRF training intervention for stroke survivors and to develop a method to test 

the safety and tolerability of starting the CRF training within a month post-stroke.  

1.3. Thesis overview  

The current chapter provides the introduction and background, outlining the motivation, 

context and scope of the thesis. This chapter also contains explanations and definitions of key 

concepts and terminology used throughout the thesis. Chapters 2 and 3 focus on the question of 

whether the energy demands of physical activity are greater in stroke survivors than in healthy 

controls. Chapter 2 contains the published manuscript of a systematic review on the energy 

demands of walking after stroke, with some of the included studies also reporting control data. 

This review failed to uncover any reliable data on energy demands of walking in stroke survivors 

in the acute phase, and Chapter 3 builds on this evidence gap. The published manuscript in 

Chapter 3 reports a clinical study in which the energy demands of physical activity in stroke 

survivors within two weeks of stroke were compared to energy demands of physical activity in 

well-matched controls. A secondary aim of this clinical study was to determine whether energy 

demands in an acute stroke population could be quantified accurately with an easy-to-use, 

wearable electronic device (the SenseWear armband). Chapter 4 contains the published 

manuscript that outlines this aspect of the study. The published articles in Chapters 2, 3 and 4 

are stand-alone documents with their own sections, tables, figures and references embedded in 

the published manuscript; these are therefore not listed in the table of contents, lists of tables 

and figures and reference list of the thesis. In these chapters a short introduction and conclusion 

section are included to link the published manuscripts with the thesis as a whole. The next step 

was to review the evidence regarding development, dose parameters, feasibility and safety of 

physical fitness interventions for stroke survivors, to inform design of the CRF intervention. 

Chapter 5 describes a comprehensive review of exercise interventions for stroke survivors in the 

acute and early subacute phases of recovery which have been evaluated in RCTs. The results of 

this review provided a solid base for decisions on the training components for the CRF 

intervention that was developed. Chapter 6 outlines the systematic development of that CRF 

intervention. Also described in Chapter 6, is the development of methods of a novel approach, 
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adapted from pharmacological dose escalation methods, to test the response to early CRF 

training in stroke survivors. The dose escalation trial could not be completed within the time 

constraints of this PhD candidature. The preliminary results of this novel adapted dose 

escalation method are presented in Chapter 7, including the results of 15 individuals who 

completed the CRF intervention. Finally, Chapter 8 contains an overall discussion including 

reflections on the individual studies, limitations, conclusions, and suggestions for future research. 

1.4. CRF training intervention early after stroke 

 Key concepts and definitions  

Any research addressing physical activity and exercise needs clear working definitions. In this 

section, important terminology and approaches used throughout this thesis are explained and 

defined. 

Stroke recovery phase 

The definitions used for the phases of stroke recovery vary greatly. In this thesis, however, 

the focus is on developing an intervention that starts within a month post-stroke. For ease of 

description, the first month post-stroke is referred to as the acute phase of recovery or acute 

phase, and after the first month up to three months post-stroke is referred to as early subacute 

phase of recovery or early subacute phase. 

Physical activity, exercise and physical fitness 

Physical activity, exercise, and physical fitness are closely linked, and are frequently used 

interchangeably, but there are clear distinctions between them. Physical activity is defined as any 

bodily movement by skeletal muscles that results in energy expenditure and can include any type 

of movement at any level or intensity.26 The amount of energy that is required is dependent on 

the individual and the level of intensity of that particular activity. Exercise is more specific. It 

also requires bodily movement by skeletal muscle activity and energy, but these movements need 

to be planned, structured and repetitive with the aim to improve physical fitness.26 

Physical fitness can be divided into two components: health-related and skills-related 

fitness.27 Health-related physical fitness includes cardiorespiratory and muscular endurance, 

muscular strength, body composition, and flexibility. Skill-related fitness is more focused on 
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athletic performance and includes agility, balance, coordination, speed, power and reaction time. 

This thesis is focused on health-related fitness and, more specifically, on cardiorespiratory fitness 

and CRF training. As described in the introduction, CRF refers to the ability of the 

cardiovascular and respiratory system to supply oxygen to skeletal muscles during sustained 

physical activity. 

Anaerobic and aerobic metabolism 

Exercise and physical activity are both achieved through bodily movements via skeletal 

muscle activity. Skeletal muscle activity requires energy, and therefore leads to energy 

expenditure. Contractions of skeletal muscles require energy in the form of adenosine 

triphosphate (ATP). There are two fast ways of supplying muscles with ATP, one is the 

phosphocreatine (PC) system and the other is glycolysis.28 PC and glycolysis are both anaerobic 

metabolic systems; these are systems that do not require oxygen. The fastest way to supply 

muscles with ATP is through PC; this anaerobic system can only provide energy over a short 

period of time (i.e., seconds) and is mainly used for short high intensity exercise such as 

sprinting. Glycolysis breaks down glucose or glycogen. This process takes place inside the 

sarcoplasm of the muscle cell and results in the production of ATP. Glycolysis involves enzymes 

that catalyse the process and use the energy that is released from the breakdown of glucose.  

In contrast to the fast pathways, the metabolic systems that can produce energy over a 

longer period require oxygen. This is called aerobic metabolism and takes place in the 

mitochondria of the skeletal muscle cells. Physiological changes that have been observed in 

stroke survivors, such as changes in skeletal muscle and glucose metabolism, can have a negative 

impact on the aerobic metabolic mechanism.29 A more detailed discussion of these changes and 

their impact on CRF is included in section 1.4.2. This thesis will focus on cardiorespiratory 

training, which mainly involves the aerobic metabolic system. CRF training traditionally consists 

of continuous exercise involving large muscles over a relatively long period of time, between 20-

60 minutes, and therefore is reliant on the aerobic metabolic system that requires oxygen. 

However, it is unclear if in the acute phase of recovery stroke survivors can safely perform CRF 

training. To be able to perform continuous CRF training the energy used by skeletal muscles and 

the energy supplied need to be balanced and is also called steady-state (see section 1.4.4). 

Therefore the ability for early stroke survivors to reach steady state over a shorter bout of 

physical activity was determined (Chapter 3), before a full CRF training session was tested 

(Chapter 7). 



9 

Intensity of physical activity and energy expenditure 

Activities that require more muscle mass engagement at higher intensities, longer durations 

and higher frequencies of contractions lead to higher energy expenditure.30 In a CRF 

intervention, training intensity is one of the key drivers of increased fitness levels. To improve 

CRF, the training intensity needs to exceed a minimum threshold to elicit a training effect. 

However, currently it is unclear if stroke survivors can perform CRF training early after stroke. 

Energy expenditure during activity reflects the intensity of that activity and is typically expressed 

in kilojoules, but it can also be expressed in other units such as kilo-calories (kcal), or volume of 

oxygen uptake (VO2). Metabolic equivalent of tasks (METs) is a simple and easily understood 

unit representing energy expenditure based on resting metabolic rate (RMR). Even in a resting 

state our bodies require energy. The RMR is equivalent to 1 MET which is equal to a VO2 of 3.5 

mL·kg-1·min-1.31 The energy expenditure of different activities expressed in METs are multiples 

of the RMR. For example, walking at 5 km/h is equivalent to 3.5 METs. Activities with energy 

expenditure of less than 3 METs are considered light intensity, those between 3 to 6 METs are 

categorised as moderate intensity, and activities greater than 6 METs are considered vigorous 

intensity.32,33 These intensity levels are based on data from healthy individuals,33 and are used in 

exercise prescription guidelines for healthy populations,34 as well as guidelines for stroke 

survivors.17 The prescribed exercise intensity for stroke survivors is based on consensus due to 

the lack of evidence for the most effective intensity of exercise. However, several studies have 

suggested that the energy expenditure of activities, such as walking, in stroke survivors is higher 

than in healthy controls.35-37 If higher energy demands of activity are not taken into account, 

current exercise prescription guidelines for stroke might not be optimal. This is why 

understanding the energy demands early after stroke in those with different functional abilities 

and stroke severity is important and will be addressed in Chapter 2 and Chapter 3.  

Measuring energy expenditure 

Given that CRF training intensity is one of the key parameters that determine if a training 

effect can be expected, it is important to be able to monitor intensity during the exercise. 

Monitoring energy demands during exercise sessions could provide therapists and participants an 

indication of the exercise intensity and whether the minimum target intensity of the session was 

reached. Energy expenditure can be measured in various ways and is mainly based on 

measurement of VO2 over a period of time (e.g., daily energy expenditure) or during a particular 

activity (e.g., energy expenditure of walking). The doubly labelled water method is the gold 
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standard of measuring energy expenditure in free living conditions.38 An individual consumes 

water that contains two tagged components hydrogen (deuterium) and oxygen (18O). The 

component 18O leaves the body as exhaled CO2 and as water (in urine, sweat and breath); 

deuterium only leaves the body as water which is mostly in urine. The ratio of deuterium and 18O 

in body water is fixed, so measuring the amount of deuterium allows assessment of 18O in urine 

and how much 18O was exhaled as carbon dioxide (CO2). This method thereby measures the 

carbon dioxide production of an individual over a day. However, the method is costly and 

restricted to measuring energy expenditure over a period of time (e.g., daily energy expenditure) 

and so cannot be used to measure energy expenditure specific to an activity. 

Indirect calorimetry allows for measurement of oxygen uptake during an activity. One 

method is a Douglas bag.39 This measurement method involves an individual breathing through a 

mouthpiece, with each breath being captured in a sealed bag. After the activity, the air captured 

in the bag is analysed and the ratio of CO2 and O2 can be determined as well as the volume of 

each compound. Another method is a metabolic cart. A metabolic cart measures the VO2 using 

breath-by-breath analysis, and has been shown to be a valid measure of VO2 uptake during 

different workloads in sedentary, moderate trained individuals, and athletes.40 A metabolic cart 

requires participants to wear a face mask. The mask is attached to a sensor and flowmeter, which 

continuously measures volume and ratios of O2 and CO2 during activity. Although these 

methods can measure oxygen uptake over a specific activity, the activity must be stationary, for 

example walking on a treadmill or cycling on an ergometer. Indirect calorimetry using a mobile 

metabolic cart is commonly used to measure the energy expenditure of physical activities that are 

unfixed, such as overground walking or running. The method is essentially the same as a fixed 

metabolic cart, but participants also need to wear a chest harness that carries electronic units to 

allow wireless transfer of data to a laptop. The necessity to wear a facemask and harness during 

exercise can be cumbersome for participants. None of these methods involve equipment that is 

standard in clinical practice. The studies reported in this thesis include measurements using a 

portable metabolic cart because of the stated advantages. The use of this tool to measure 

intensity of activity, and also to estimate fitness levels, will be further discussed in Chapter 3, 

Chapter 4, Chapter 6 and Chapter 7. 

Recognising that using a portable metabolic cart can be difficult; researchers have tested 

several small accelerometer-based devices to measure physical activity levels in stroke survivors.41 

One of these devices, the SenseWearPro3 armband (Bodymedia Inc, Pittsburg, USA) has the 

capability to measure energy expenditure. In addition to accelerometers, the SenseWear consists 
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of sensors that measure heat flux, skin temperature, and galvanic skin response. The combined 

data of the accelerometers and sensors is used to estimate energy demands. In chronic stroke 

survivors, the SenseWear armband has been shown to be a valid measure of daily energy 

expenditure when compared to doubly labelled water.42 In contrast, agreement between the 

device and a mobile metabolic cart to measure energy expenditure of walking was not strong, 

raising uncertainty about its ability to determine energy expenditure of a physical task.43 Both of 

these studies included stroke survivors who were at least six months post-stroke. The validity of 

the device to measure energy expenditure during activity has not been tested in acute stroke. 

Given the widespread clinical and research goals seeking to identify a user-friendly device that 

can accurately measure energy expenditure after stroke, this area of inquiry is included in Chapter 

4. 

Measuring cardiorespiratory fitness 

The gold standard to determine CRF is measurement of the maximum volume of oxygen 

uptake (VO2max) reached by an individual during a graded exercise test (GXT). During the GXT 

an individual performs a dynamic exercise involving large muscles such as running or cycling 

while VO2 is measured using indirect calorimetry (see ‘energy expenditure’ section above). The 

workload gradually increases during the test until a VO2 plateau is reached. This plateau is 

represented by the levelling out of the oxygen uptake at higher workloads and is the point at 

which the oxygen uptake does not increase regardless of an increase in workload (see schematic 

curve in Figure 1.3). The VO2max represents the maximum amount of oxygen that an individual 

can transport and use during exercise. Reaching the VO2 plateau during a GXT is a challenge 

even for healthy individuals.44 It has been suggested that apart from reaching a VO2 plateau, 

other physiological criteria can be used to determine if the VO2max is reached. These criteria are a 

respiratory exchange ratio (RER) of >1.0 (i.e., the ratio between the amount of CO2 produced 

and O2 used) and a heart rate (HR) within 10 beats per minute of the maximum HR (220 - age). 

However, the appropriateness of these criteria is still a matter of debate.45 

In stroke survivors, who have a high risk of cardiovascular disease, a maximum GXT that 

pushes the cardiovascular system to its limits might not be appropriate. Reaching a VO2 plateau 

is hard to attain in healthy populations and it might be even harder to attain in stroke survivors 

early after stroke. Several studies have confirmed the difficulty for acute stroke survivors to reach 

a VO2max according to pre-defined criteria for VO2 plateau, RER and variation in HR during a 

GXT.46-49 The results of these studies showed that very few participants (0%46,49-2%48) were able 
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to satisfy all criteria. Therefore, a more commonly used method to measure fitness in stroke is 

determining a person’s VO2peak.50 

 

Figure 1.3 Illustration of a VO2 plateau. 

The VO2max is represented by the point at which oxygen uptake does not increase, regardless of an increase in 
workload. 
 

The stopping criteria during a test to determine VO2peak are symptom limited rather than 

physiologically based (i.e., VO2 plateau, RER, variation in HR). For example, the test can be 

stopped when participants reach a predefined maximum HR i.e., 85% of HRmax, or are unable to 

keep up with a pre-set pace to reach a certain workload, or reach volitional fatigue. However, the 

protocols used to determine VO2peak in stroke vary between studies and no clear exercise test 

guidelines are available for stroke survivors within three months post-stroke.50 Additionally, the 

majority of GXT protocols in stroke research are performed on treadmills and upright bicycle 

ergometers, which can result in the exclusion of participants with walking and balance 

impairments.50 Billinger et al.51 developed a valid GXT to determine VO2peak in stroke survivors. 

This protocol is used in this thesis to estimate VO2peak since it has been shown to be a valid 

measure of exercise capacity and can be safely performed by stroke survivors in the acute and 

early subacute phase of recovery.52,53 Furthermore, it is the only protocol validated in stroke 

survivors that is performed on a total-body recumbent stepper, which enables participants with 

different levels of impairment and stroke severity to perform the test. Further details of the test 

protocol are described in Chapter 6 and Chapter 7. 
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 Physiological mechanisms of CRF training 

As described above, fitness and improvements in fitness can be measured by determining 

changes in VO2peak. In this section, the basic physiological mechanisms of CRF training that lead 

to an increased VO2peak are briefly explained followed by a discussion of changes after stroke that 

might impact CRF and CRF training prescription.  

Training induced increases in VO2peak: physiological mechanisms  

CRF training improves efficiency of the cardiorespiratory system, resulting in increased 

volume of blood that is ejected from the heart with each contraction. This increase in blood 

volume is referred to as stroke volume (SV)54 and increases the number of small arteries that 

supply skeletal muscle with blood and oxygen.55 Stroke volume is the difference between end 

diastolic volume (EDV) and end systolic volume (ESV). The EDV is the volume of blood in the 

ventricles after the relaxation period of the heart or diastole, and it increases as a result of CRF 

training.54,56 The increase in EDV stretches the ventricle walls, which directly leads to a 

strengthening of the heart muscle to contraction. On the other hand, the ESV decreases after 

CRF training through a reduction in peripheral resistance. Trained muscles have less resistance 

to blood flow, leading to an increased SV. Additionally, CRF training increases the arteriovenous 

O2 difference, due an increased extraction of O2 from the blood. This increase of O2 extraction 

is due to an increase in capillary density in endurance-trained muscles. These changes in capillary 

density were first shown in healthy men;55 other studies have since shown similar responses to 

endurance exercise in men and women and in older adults.57 The increased capillary density 

increases surface area and also allows more time to extract O2 from the blood. These training-

induced changes in SV and increased extraction of O2 to supply the skeletal muscles lead to 

higher oxygen uptake and therefore to higher VO2peak values. 

 CRF training and physiological changes after stroke 

In stroke survivors, low fitness levels are a result of different factors that include low pre-

stroke physical activity levels, post-stroke impairments, and physiological changes that have been 

observed after stroke (see Figure 1.1). This section will briefly discuss the stroke-related 

physiological changes that can impact exercise capacity after stroke and the potential benefits of 

CRF training on physiology in stroke survivors. 
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Several changes in hemiparetic skeletal muscles have been observed after stroke. One that is 

associated with lower oxygen uptake and VO2peak is the decrease of capillary density in 

hemiparetic muscles.58,59 Additionally, in hemiparetic muscles a shift from type I skeletal muscle 

fibres to fast twitching type II muscle fibres has been observed.60,61 Type I skeletal muscle fibres 

are predominantly involved in physical activities that rely on aerobic metabolism, such as walking 

and running. Type II skeletal muscle fibres drive fast movements at high intensities, and are less 

resistant to fatigue and more insulin resistant than type I fibres.29 It has been reported that the 

increase in type II fibres is associated with lower walking speeds in stroke survivors,60 and 

therefore this shift impacts the ability to exercise, reducing fitness levels. Also, the overall skeletal 

muscle mass is lower in hemiparetic muscles.62 Muscle atrophy, increased fat mass, and muscle 

weakness after stroke may lead to a loss of mobility and independence in ADL.63 Additionally, 

low lean thigh mass is associated with low VO2peak in stroke survivors in the chronic phase.64 Just 

as rest or inactivity can lead to changes in skeletal muscle architecture, so can exercise. Muscle 

fibre properties can adapt to altered functional demands, changes in mechanical loading, or 

changes in neuromuscular activity.28 In healthy individuals, CRF exercise leads to increases in 

skeletal muscle fibre size, relative area of muscle fibres within a muscle,65,66 and muscle mass.67 

There is limited but promising evidence of the effects of exercise on skeletal muscle changes 

post-stroke. Ryan et al.63 showed that a progressive resistance training program stimulates muscle 

hypertrophy and reduces intramuscular fat in chronic stroke survivors. Liu et al.68 demonstrated 

that CRF training increases muscle thickness of the tibialis anterior and medial gastrocnemius 

muscle in subacute stroke survivors. Therefore, exercise has the potential to induce beneficial 

effects on skeletal muscles after stroke.61 

The changes in skeletal muscles of stroke survivors have all been associated with indicators 

of poor glucose metabolism, including a higher risk of diabetes,63 glucose intolerance,58 high 

prevalence of insulin resistance,69 prediabetes and newly diagnosed diabetes.70 These changes in 

glucose metabolism are associated with an increased risk of recurrent stroke.71 However the 

changes in skeletal muscle are only one contributor to poor glucose metabolism.63 Sedentary 

behaviour and physical inactivity are also associated with changes in glucose metabolism.72,73 

After stroke, physical activity levels are very low, with stroke survivors spending half of the day 

inactive in the acute hospital, and only 23% of the day spent physically active during inpatient 

rehabilitation.12 Stroke survivors are particularly vulnerable due to their cardiovascular disease 

risk profile. Risk factors such as hypertension, obesity and high cholesterol are prevalent among 

stroke survivors.74 Increasing physical activity and exercise can positively influence glucose 

metabolism. Borschmann et al.75 showed that higher physical activity levels and lower fat mass 
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are associated with improved glucose metabolism and insulin resistance. Evidence from a meta-

analysis indicate that aerobic exercise interventions improve resting systolic blood pressure, 

fasting glucose, and high density lipoprotein cholesterol compared to usual care or non-aerobic 

exercise.76 

The positive effects of exercise on lowering blood pressure are particularly relevant to stroke 

survivors, given that hypertension is one of the main risk factors of stroke.77 The improvements 

in blood pressure are based on studies that included chronic stroke survivors. There are also 

promising results in subacute stroke. A study including subacute stroke survivors estimated the 

effects of aerobic exercise on vascular health measured by brachial artery vasomotor reactivity.52 

Vasomotor reactivity is a measure of the capability of a blood vessel to dilate or constrict and is 

essential in the regulation of blood pressure. The study results showed that an eight week aerobic 

exercise program improved brachial artery vasomotor reactivity and significantly decreased 

systolic blood pressure in subacute stroke survivors.52  

There is promising evidence that CRF training has a positive effect on skeletal changes, 

glucose metabolism, and vascular health, leading to improvements in CRF in stroke survivors 

and potentially reducing the risk of recurrent stroke. The components for an early CRF 

intervention for stroke survivors are yet to be determined, but all training programs are founded 

on some universal principles, and these will be discussed in the next section.  

 CRF training principles 

General training principles 

In the development of a non-pharmacological intervention as complex as a CRF 

intervention, it is important to identify the underlying principles and main components of the 

intervention. There are some basic general principles, widely accepted in the field of exercise 

physiology,28 that need to be considered when prescribing exercises. The first is specificity: the 

exercise should train the body part or skill that is to be improved. Overload pertains to the 

exercise stimulus; in order for the body to adapt, the intensity needs to be higher than normal. 

The progression of training needs to include a gradual and systematic increase in workload over 

time; this will lead to improvement in for example strength or CRF and prevent injury. The initial 

value of the individual’s performance determines capacity for improvement; individuals with a 

low initial value have the most to gain. The principle of reversibility means that when the exercise 

stimulus is removed the individual’s performance will eventually return to baseline. And the last 
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principle is diminishing returns, indicating that when more improvements are made, less return is 

expected. 

Dose parameters using FITT formula 

The general training principles provide some parameters around what is appropriate in 

designing an exercise intervention, but many choices remain regarding the dose. FITT formula 

describes the components that are commonly used to define the dose of exercise: frequency (F), 

intensity (I), time (T), type (T).34 Frequency describes the number of exercise sessions over time 

(e.g., twice daily or three times per week). Intensity describes the work rate or effort (e.g., 

walking at one metre per second or cycling at 45 watts). Time describes the exercise time per 

session (e.g., 45 minutes) and can also describe the duration of the total program (e.g., 12 weeks). 

Type describes the modality of exercise (e.g., treadmill walking or bicycle ergometer).  

The American College of Sports Medicine (ACSM) recommendations34 are commonly used 

to guide exercise prescription. They stipulate that healthy adults should perform CRF exercise at 

a moderate intensity for 30 minutes per day on five days per week for a total of 150 min per 

week, or vigorous intensity for 20 minutes per day on three days a week, or at a mix of moderate 

and vigorous intensity for 20-30 minutes a day on two to three days per week.78 Improvements in 

fitness are expected to occur after a minimum period of eight weeks.34 Stroke specific exercise 

guidelines recommend very similar FITT formula values to the ACSM guidelines. The 

recommended frequency is 3 to 5 times per week, with exercise lasting 20 to 60 minutes per 

session, which can be broken up into 10 minute blocks. The type of exercise should be task 

related and involve large muscle groups.17,18  

Continuous exercise is typically performed under a steady state condition, which allows 

individuals to sustain the activity, since it relies on the aerobic metabolic system (i.e., requires 

oxygen to generate energy). Steady state during exercise can be defined as a balance between the 

energy demands of working muscles and the rate of oxygen delivery to meet these demands. At 

the start of an activity, the increase in skeletal muscle activity leads to an increase in oxygen 

demand, resulting in a brief oxygen debt. But after a short period of continuous activity, the 

amount of oxygen supplied and delivered approximates the oxygen demands of the working 

muscles, resulting in a steady state dynamic. Examples of cardiorespiratory steady state exercises 

involving activation of large muscles and muscle groups are jogging, cycling, and walking. These 

activities are challenging for many stroke survivors. It is therefore important to determine 

whether stroke survivors, including those who have lower functional levels, can reach a steady 



17 

state. This is addressed in Chapter 3, where two different exercise modalities are tested in stroke 

survivors in the acute phase of recovery (one for those able to walk independently and one for 

those unable to walk independently) to determine whether they can maintain steady state activity. 

In exercise guidelines for stroke, intensity has been categorised into low, moderate and high 

(see Table 1.1).18 The intensity levels are described as percentage of heart rate reserve (HRR), 

maximal HR (HRmax), or as a rating of perceived exertion on a 6 to 20 scale (RPE6-20). The HRR 

is calculated as follows: (HRmax-resting HR) x target% +resting HR. HRmax can be calculated by: 220-

age in years or can be derived from the HRpeak determined during an exercise test. The RPE6-20 

scale is validated and is commonly used to determine the self-reported perception of effort 

during exercise.79 When prescribing intensity of CRF exercise it is important to be aware that the 

calculated maximum HRmax and HRpeak are different. In stroke survivors it has been estimated 

that the HRpeak is between 74–87% of the calculated HRmax.80 It is possible that confounding 

factors such as cognitive and motor impairments might lead to an underestimate of HRpeak. It is 

therefore important that, in addition to HRmax or HRpeak, other markers of intensity are used to 

determine and monitor exercise intensity. This can include rating of perceived exertion, but also 

other subjective signs such as breathing rate, perspiration and pallor. Intensity of exercise is 

pivotal, since it has been shown that higher intensity of ambulatory training81,82 and a higher 

volume (increased time) of exercise83,84 leads to larger effects than training at lower intensities 

and volumes. In an unfit (i.e., VO2max of <40 mL·kg-1·min-1) population it has been suggested 

that the minimum intensity for CRF training is 30% of the VO2reserve,85 which takes resting HR 

into account by subtracting VO2 at rest from the VO2peak,. However, there are no clear evidence-

based recommendations regarding the minimum intensity of CRF training for stroke survivors.  
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Table 1.1 Categories of exercise intensity according to aerobic exercise recommendations 
to optimize best practice after stroke (AEROBICS)18 

Intensity parameter Low  Moderate High 

HRR <45% 45-60% >60% 

HRmax <60% 60-70% >70% 

RPE (6-20 scale) <10 11-13 >14 

Abbreviations: HRR=heart rate, calculated by maximum HR minus resting HR, HRmax=maximum heart 
calculated by 220 minus age, RPE6-20=rating of perceived exertion on a 6 to 20 scale. 
 

 Knowledge gaps 

In providing a thesis overview and an introduction to important concepts, Chapter 1 has 

also touched on several gaps of knowledge in the field of CRF training for acute stroke 

survivors. In this section, these gaps are summarised.  

Although there is strong evidence that CRF training, including walking activities, improves 

VO2peak and improves mobility in stroke survivors, there is limited evidence of its effects in 

stroke survivors in the acute phase. Given that in the acute phase after stroke (i.e., in the first 

month) there seems to be a window of opportunity to enhance functional recovery, it is 

important to determine how early CRF can be initiated safely. Furthermore, CRF training is 

recommended as one of the key components of stroke rehabilitation. The current guidelines, 

however, offer little guidance regarding the intensity of CRF training in the acute phase post-

stroke, which reflects the lack of evidence in this acute phase and the lack of reporting of 

intensity parameters in exercise studies for stroke survivors. Currently it is unclear whether 

stroke survivors in the acute phase can perform CRF training and at what intensity they can 

safely start training. Furthermore, it is important to get a better understanding of factors 

underlying the capacity to exercise in this acute stroke population. These gaps in knowledge 

underscore the need for the development of a CRF training intervention that can be 

implemented safely in the acute phase of stroke recovery. This thesis describes a systematic 

approach to the development of a CRF training intervention starting within a month post-stroke, 

including an investigation of person-specific factors that determine their ability to perform CRF 

training, such as energy demands of activity, fatigue, depression, anxiety, usual physical activity 

levels and exercise capacity. 
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The first step in the development of a new CRF intervention is to understand whether the 

energy demands of physical activity are any different after stroke. The next chapter contains a 

systematic review of current evidence regarding energy demands of walking in stroke survivors 

and in healthy controls. 
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2 Energy expenditure after stroke: A review of 

the literature 

Publication 1: 

Kramer S, Johnson L, Bernhardt J, Cumming T. Energy expenditure and cost during 

walking after stroke: A systematic review. Archives of Physical Medicine and Rehabilitation. 

2015;97;619-32. 

Supplementary materials can be found in Appendix V. 

2.1. Introduction 

Given the physical impairments experienced by many stroke survivors, we may expect 

reduced efficiency of movement and therefore higher energy demands for physical activity. If 

this is the case, and physical activity is more effortful after stroke, then it will impact the way 

exercise is prescribed. The FITT formula, particularly intensity, might need to be adjusted to 

account for the higher demands of activity in stroke survivors. Several clinical studies have 

investigated the energy demands of walking after stroke, but the evidence from these studies 

have not previously been summarised in a systematic way. 

The current chapter contains a systematic review and meta-analyses of the literature focused 

on the energy demands of walking in stroke survivors compared with healthy controls.86 This 

review was restricted to walking activity. Energy demands can be expressed as energy 

expenditure (i.e., the volume of oxygen used per minute in mL·kg-1·min-1) and energy cost (i.e., 

the volume of oxygen used per metre walked in mL·kg-1·m-1), both these outcomes were 

included in this review. The hypothesis was that energy demands (i.e., energy expenditure and 

energy cost) of walking is higher in stroke survivors than healthy controls. The review includes 

all relevant studies, regardless of the time post-stroke that energy demands were measured. This 

allowed for exploration of differences in energy demands between subgroups of stroke survivors 

at different times post-stroke. The results of this review will inform the prescription of CRF 

exercise intensity for stroke survivors. 
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Some studies reported netto (net) energy expenditure or energy costs of walking, which takes 

resting metabolic rate into account. The search strategy for this review and net energy 

expenditure and energy cost outcomes can be found in Appendix V. 
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2.2. Publication: Energy expenditure and cost during 

walking after stroke: A systematic review 



REVIEW ARTICLE (META-ANALYSIS)

Energy Expenditure and Cost During Walking After
Stroke: A Systematic Review

Sharon Kramer, MSc,a,b Liam Johnson, PhD,a,c Julie Bernhardt, PhD,a,d

Toby Cumming, PhDa

From the aStroke Division, The Florey Institute of Neuroscience and Mental Health, Melbourne, VIC; bThe Florey Department of Neuroscience
and Mental Health, University of Melbourne, VIC; cInstitute of Sport, Exercise and Active Living, Victoria University, Melbourne, VIC; and
dSchool of Health Science, Latrobe University, Melbourne, VIC, Australia.

Abstract

Objectives: To systematically review the evidence to determine energy expenditure (EE) in volume of oxygen uptake ( _VO2) (mL/kg/min) and

energy cost in oxygen uptake per meter walked ( _VO2/walking speed; mL/kg/m) during walking poststroke and how it compares with healthy

controls; and to determine how applicable current exercise prescription guidelines are to stroke survivors.

Data Sources: Cochrane Central Register of Controlled Trials, MEDLINE, Embase, and CINAHL were searched on October 9, 2014, using

search terms related to stroke and EE. Additionally, we screened reference lists of eligible studies.

Study Selection: Two independent reviewers screened titles and abstracts of 2115 identified references. After screening the full text of 144

potentially eligible studies, we included 29 studies (stroke survivors: nZ501, healthy controls: nZ123), including participants with confirmed

stroke and a measure of _VO2 during walking using breath-by-breath analysis. Studies with (9 studies) and without (20 studies) a healthy control

group were included.

Data Extraction: Two reviewers independently extracted data using a standard template, including patient characteristics, outcome data, and

study methods.

Data Synthesis: Mean age of stroke survivors was 57 years (range, 40e67y). Poststroke EE was highly variable across studies and could not be

pooled because of high heterogeneity. EE during steady-state overground walking at matched speeds was significantly higher in stroke survivors

than healthy controls (mean difference in _VO2, 4.06 mL/kg/min; 95% confidence interval [CI], 2.21e5.91; 1 study; nZ26); there was no

significant group difference at self-selected speeds. Energy cost during steady-state overground walking was higher in stroke survivors at both

self-selected (mean difference, .47 mL/kg/m; 95% CI, .29e.66; 2 studies; nZ38) and matched speeds compared with healthy controls (mean

difference, .27 mL/kg/m; 95% CI, .03e.51; 1 study; nZ26).

Conclusions: Stroke survivors expend more energy during walking than healthy controls. Low-intensity exercise as described in guidelines might

be at a moderate intensity level for stroke survivors; there is a need for stroke-specific exercise guidelines.

Archives of Physical Medicine and Rehabilitation 2016;97:619-32

ª 2016 by the American Congress of Rehabilitation Medicine

Stroke is one of the leading causes of disability and death in the
world.1 Stroke survivors are often reliant on rehabilitation pro-
grams to improve their physical functioning. Exercise is increas-
ingly recognized as an important component of poststroke
rehabilitation programs. Exercise is defined as a physical activity
that is performed with the intention to improve physical fitness.2

Outside of direct therapy time however, physical activity levels
are very low early poststroke, with stroke survivors spending most

of the day lying or sitting.3,4 It is well established that inactivity
and low physical activity levels poststroke are associated with low
cardiorespiratory fitness and low muscle strength and power.5,6

Meta-analyses and systematic reviews have shown that increased
therapy and exercise time poststroke lead to better functional
outcomes, including functional independence, walking ability, and
ability to perform activities of daily living.7,8

Cardiorespiratory exercise programs improve fitness after
stroke, but the optimum dose and intensity of poststroke fitness
training is unclear.9 A commonly used resource to determine dose
intensity is the American College of Sports Medicine guidelinesDisclosures: none.
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for exercise testing and prescription.10 The described thresholds
and parameters in these guidelines are based on heart rate,
maximum oxygen uptake, and metabolic equivalents. Metabolic
equivalents are derived from the average oxygen use that is needed
for different activities and are based on healthy adults. However,
poststroke impairments (eg, spasticity, abnormal muscle activation
patterns, reduced oxygen uptake capacity of hemiparetic skeletal
muscles) have been associated with higher energy demands than a
healthy population.11-13 Higher energy demands potentially limit a
stroke survivor’s ability to be physically active and engage in
rehabilitation programs. A comprehensive review of relevant
studies could lead to a better understanding of the energy demands
poststroke and help inform the development of stroke-specific
exercise prescription guidelines.

Energy demand is an estimate of the cost of physical activity
and can be expressed as volume of oxygen uptake ( _VO2) in mil-
liliters standardized to bodyweight in kilograms. Oxygen uptake
during walking is commonly expressed as _VO2 mL/kg/min, which
we will refer to as energy expenditure (EE). It has been shown that
faster walking speeds are related to higher energy demands of
walking.14,15 Energy cost takes walking speed into account by
dividing oxygen uptake per unit of time ( _VO2) by walking speed.
Energy cost is expressed in mL/kg/m. Furthermore, EE and energy
cost can be measured during steady-state conditions or during the
total walking time (which includes both steady-state and pree
steady-state conditions). At the start of a walking activity, the
increase in muscle activity leads to an increase in oxygen demand.
After a short period of walking, a balance between the energy
required by working muscles and the oxygen rate and delivery is
reached, which is called a steady state. Finally, EE and energy cost
of walking can be measured overground or on a treadmill. It has
been shown that these different modes of walking lead to different
gait patterns and energy demands in stroke survivors.16,17 In this
review we therefore regard overground and treadmill walking as 2
different subgroups for which we have reported available data on
EE and energy cost for both steady-state and total walking time
separately.

Several studies have examined energy demands during walking
of stroke survivors, but we are not aware of any systematic
reviews that attempted to summarize the available evidence of EE
and energy cost in stroke survivors. Our aim was to systematically
examine relevant literature of poststroke EE and energy cost
during walking, and we hypothesized that EE and energy cost are
higher in stroke survivors than healthy controls.

Methods

Search strategy

Cochrane Central Register of Controlled Trials, MEDLINE,
Embase, and CINAHL were searched from inception to October 9,
2014 (by S.K.), using search terms for stroke and EE, including
exp cerebrovascular disorders/, cerebrovascular$.tw., energy

expenditure.tw., oxygen rate$.tw., and oxygen cost$.tw. The full
search strategy is available in supplemental appendix S1 (available
online only at http://www.archives-pmr.org/). Additionally, we
screened the reference lists of the included studies for any
potentially relevant studies.

Selection

The title and abstract of the references identified in the database
searches were screened for eligibility by 2 independent
researchers (S.K.). The full text publications of the potentially
eligible studies were retrieved and screened by 2 independent
reviewers (S.K. and L.J.). Any discrepancies were resolved by
consensus, and a third independent reviewer was consulted (T.C.)
if needed.

The inclusion criteria were as follows: (1) studies including
participants who were clinically diagnosed with stroke or studies
with a sample of people with mixed diagnoses if data for the
stroke survivors were reported separately or if >75% of the
included participants were diagnosed with stroke; (2) _VO2

measured using breath-by-breath analysis during overground or
treadmill walking; (3) clinical studies (including cohort, obser-
vational, randomized and clinical controlled studies), including
both studies with and without a healthy control group; and (4) full
text articles published in English, German, or Dutch. Studies were
included if EE and energy cost of walking were measured at
comfortable self-selected walking speeds because it represents
typical day-to-day walking. We also included studies in which
participants walked at a percentage of their comfortable walking
speed to allow stroke survivors to reach steady-state conditions.
Studies in which _VO2 was only measured at rest were excluded.
Additionally, case studies, case reports, case series, and studies
only published as an abstract were also excluded. EE and energy
cost data that were collected during maximal or slow walking
speeds were not included in this review because they does not
meet our criterion of self-selected comfortable walking speed.

Data pertaining to ankle-foot orthosis (AFO) use were only
included if the participants typically wore an AFO. If participants
did not typically wear an AFO, only data of walking tests that
were performed without the use of an AFO were included.

Outcomes

Our main outcomes were poststroke EE and energy cost during
overground and treadmill walking under steady-state conditions
and over total walking time and the differences between stroke
survivors and healthy controls in EE and energy cost during
overground walking under steady-state conditions and over total
walking time.

Our secondary outcome was the difference in EE and energy
cost between stroke survivors and healthy controls during tread-
mill walking under steady-state conditions and over total
walking time.

Data extraction

Two reviewers (S.K. and L.J.) independently extracted data from
eligible studies using a purposefully developed form to collect the
following information: type of design, sample size, type of pop-
ulation, age, outcome measures, and test protocols. Additionally,
we extracted data on the walking ability of stroke participants
reported as Functional Ambulation Category (FAC) scores,18 use

List of abbreviations:

AFO ankle-foot orthosis

CI confidence interval

EE energy expenditure

FAC Functional Ambulation Category
_VO2 volume of oxygen uptake
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of walking aids, and AFOs. For the studies that did not report FAC
scores, we assessed the score retrospectively based on the reported
inclusion and exclusion criteria in the included studies. If there
was insufficient data available, we assessed FAC scores as unclear.
We scored the FAC on a 0 to 5 scale where 0 is nonfunctional; 1 is
requires constant manual contact for body weight support,
balance, and coordination; 2 is requires intermittent or continuous
manual contact for balance and coordination; 3 is requires
supervision; 4 is independent on a level surface; and 5 is inde-
pendent on all surfaces. All relevant EE and energy cost data
during walking at self-selected comfortable walking speed and
walking distance achieved during the walking test were extracted
for stroke survivors and healthy controls. We only extracted the
baseline data of studies that tested an intervention to ensure we
excluded any intervention effects. In studies in which a walking
test was performed twice, we only extracted the data of the first
test to exclude any training effects. Any discrepancies were
resolved by consensus, and a third independent reviewer (T.C.)
was consulted if needed.

Risk of bias

We assessed the risk of bias in the included studies using criteria
commonly used in critical appraisal tools for cross-sectional
noncontrolled studies.19,20 We included the following criteria:
explicit detailed eligibility criteria, confounders (age, time since
stroke, and walking ability) should be explicitly reported, defini-
tion of outcome (EE and energy cost, average or steady state, and
what period of walking was selected to represent steady-state
conditions), and number and reasons reported of dropouts and
missing data. Additionally, for the studies that included a healthy
control group, we assessed if the selection of the control group
was from the same source as the stroke survivors (eg, same
geographic area) and if they were age and sex matched. Each
criterion was assessed as high, low, or unclear.

We assessed the overall risk of bias of the studies that did not
include a healthy control group as high if at least 2 out of 4
criteria were assessed as high risk of bias, low if no more than 1
criterion was assessed as high risk of bias, and unclear if at least
2 were assessed as unclear and no more than 1 was assessed
as high risk. In studies that included a healthy control group,
high, low, and unclear risk of bias were assigned if most
criteria (at least 3 of 5) were assessed as high, low, or unclear,
respectively.

Individual criteria and overall study risk of bias were assessed
by 2 independent reviewers (S.K. and L.J.). Any discrepancies
were resolved by consensus, and a third independent reviewer
(T.C.) was consulted if needed.

Data analysis

Descriptive statistics were used to report the characteristics of the
included studies. We summarized and reported data for all stroke
survivors and for comparisons between stroke survivors and
healthy controls separately. Data that were reported as _VO2

(in mL/min or mL/m) were standardized to body weight by
dividing the estimate by the average body weight if this was
provided in the original study. Where possible, all data were
converted to _VO2 (in mL/kg/min or mL/kg/m).

To summarize mean EE and energy cost for stroke survivors
we used the generic inverse variance meta-analysis; to calculate
the mean difference in EE and energy cost between stroke

survivors and healthy controls we used the inverse variance meta-
analysis.21 For both poststroke and stroke versus healthy controls
analyses we used the random effects model, assuming that there is
a normally distributed variation in EE and energy cost between
studies.21 For each outcome we included the following subgroups
in the analyses: >6 months poststroke, 1 to 6 months poststroke,
and <1 month poststroke.

Heterogeneity

The I2 statistic was calculated to estimate the percentage of
between-study variation caused by heterogeneity. We used the
Cochrane classification of heterogeneity, which is as follows: 0%
to 40% (might not be important), 30% to 60% (may represent
moderate heterogeneity), 50% to 90% (may represent substantial
heterogeneity), and 75% to 100% (considerable heterogeneity).21

If heterogeneity was substantial or considerable and we were
not able to explain heterogeneity by subgroup analyses, we did not
perform a meta-analysis.

We used RevMan 5.3 softwarea to create forest plots and
perform meta-analyses.

Results

The initial literature search yielded 2156 references. We
excluded 41 duplicate records and 1971 records that did not meet
our eligibility criteria based on screening of the titles and
abstracts. The full text publications of 144 references were
screened. We included 29 studies, including 501 stroke survivors
and 132 healthy controls. Twenty studies only included stroke
survivors, and 9 studies included a healthy control group. Data of
11 studies were used for quantitative analyses (fig 1). _VO2 was
assessed during overground walking in 14 studies,13,22-34 _VO2

was assessed during treadmill walking in 13 studies,35-47 and _VO2

was assessed during both overground and treadmill walking in 2
studies.16,48 In 9 of the 29 studies, _VO2 during walking was
compared between stroke and healthy controls; in 4 studies it
was compared during overground walking (stroke: nZ54;
healthy controls: nZ77),13,22,24,27 and in 5 studies it was
compared during treadmill walking (stroke: nZ73; healthy
controls: nZ55).37,39,41,42,46

Participants

Characteristics of the participants in 20 included studies reporting
poststroke EE and energy cost are reported in table 1, and char-
acteristics of the 9 studies that compared poststroke EE and en-
ergy cost with healthy controls are reported in table 2. In 3 of the
studies, a population with mixed diagnoses was included.25,29,35

We were unable to extract stroke data for 1 study; therefore, we
reported the data based on the total group, including 8 stroke and 2
participants with traumatic brain injury.35 The other 2 studies with
a mixed population did report data for stroke survivors
separately.25,29 The average age in the included studies was 57
years (range, 40e67y) for stroke survivors and 46 years (range,
23e63y) for healthy controls. The number of stroke survivors
included in the 29 studies ranged from 4 to 53, and the number of
healthy controls in 9 studies ranged from 16 to 59.

The time since stroke onset was >6 months in >75%
(23 studies) of the included studies, and there were no studies that
included stroke survivors at <1 month poststroke.
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Walking ability

In 23 of the 29 studies, only stroke survivors who were able to
walk independently (FAC score �4) were included. Three studies
included participants who were able to walk with supervision
(FAC score 3) and independently (FAC score �4),32,37,47 and in 2

studies only participants that required constant manual contact or
supervision while walking (FAC scores 2 and 3, respectively) were
included.27,34 In 1 study the included participants had a FAC score
ranging from 1 to 5, which included participants who needed
continuous manual support, participants who needed supervision,
and participants who could walk independently.24

Fig 1 Flow diagram of study screening process. Abbreviation: ICU, intensive care unit.
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Table 1 Characteristics of included studies measuring poststroke EE and EC (nZ20)

Study Identification

Sample

Total (N)

Walking

Mode Measure

Risk of Bias

n

Male/

Female

Age, y

(mean � SD)

Stroke Survivors

I C O M

Months

Since

Stroke

Walking

Speed (m/s)

Impairment

FAC (n) Walking Aid (n) AFO (n)

Bleyenheuft et al35,* 10 T Net EE

SS

þ e e e 8 7/1 56.0�16.0 >6 0.64�0.25 �4 (8) Walking aids NR

AFO (8)

Bregman et al25 7 OG Net EC

SS

e e ? ? 4 2/2 53.5�13.2 >6 0.75�0.41 �4 (4) Walking aids NR

AFO (4)

Brouwer et al16 10 T and OG SS e e ? e 10 6/4 64.9�9.7 >6 0.81�0.15 4 (10) No walking aid (10)

No AFO (10)

Chantraine et al36 6 T Net EC

SS

þ þ ? e 6 3/3 55.2�0.3 >6 2.17�0.46 5 (6) Walking aids NR

AFO NR

da Cunha-Filho et al26 9 OG Average 5min þ e e e 9 9/0 60.0�15.2 1e6 0.51�0.20 �4 (9) Single cane (3)

Wheelchair for long

distances (1)

AFO NR

Danielsson and

Sunnerhagen38
10 T SS e ? e e 10 8/2 52.1�9.5 >6 0.27�0.09 �4 (10) Single cane (7)

AFO (10)

Dobrovolny et al40 53 T SS e þ ? e 53 44/9 64.0�8.0 >6 0.63�0.27: 70%

of self-selected

�4 (53) Single cane (25)

Quad cane (10)

Walker (5)

AFO (15)

Eng et al23 12 OG SS e e ? e 12 11/1 62.5�8.6 >6 1.0�0.30 �4 (12) Walker (1)

Single cane (3)

AFO (3)

Franceschini et al28 9 OG Average 6min þ e e e 9 6/3 66.5�16.4 >6 0.25�0.12 �4 (9) Single cane (3)

AFO (9)

Franceschini et al29 107 OG Average 6min e e e e 31 24/7 62.0�11.8 >6 0.35�0.20 �4 (31) Cane (21)

Rollator (2)

AFO (19)

Han et al30 37 OG Average 20m e þ e e 37 25/12 61.3�9.3 >6 0.50�0.26 �4 (37) No walking aid (37)

AFO NR

Ijmker et al48 24 T Net EC

SS

e e e e 24 15/9 51.8�15.9 1e6 Independent:

0.91�0.30

Dependent:

0.50�0.30

�4 (24) Independent: no

walking aid (12)

Dependent: walking

aid not specified (12)

AFO NR

Ijmker et al48 24 OG Net EC

SS

e e e e 24 15/9 51.8�15.9 1e6 Independent:

1.13�0.26

Dependent:

0.70�0.28

�4 (24) Independent: no

walking aid (12)

Dependent: walking

aid not specified (12)

AFO NR

(continued on next page)
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Table 1 (continued )

Study Identification

Sample

Total (N)

Walking

Mode Measure

Risk of Bias

n

Male/

Female

Age, y

(mean � SD)

Stroke Survivors

I C O M

Months

Since

Stroke

Walking

Speed (m/s)

Impairment

FAC (n) Walking Aid (n) AFO (n)

Macko et al43 23 T SS e þ ? e 23 19/4 67�8.0 >6 NR: 75% of

self-selected

�4 (23) No walking aid (5)

Single cane (13)

Wheelchair outside

(1) Quad cane (1)

Walker (2)

Canadian crutches (1)

AFO not reported

Maeda et al31 18 OG Average 6min e e e e 18 15/3 45.0�7.0 >6 0.38�0.20 �4 (18) Walking aids NR

AFO (18)

Manns and Haennel32 12 OG Average 6min e e e e 12 7/5 64.2�10.4 >6 0.60�0.22 3 (1)

�4 (11)

No walking aid (2)

Single cane (10)

AFO (8)

Massaad et al44 6 T Net EC

SS

e þ ? e 6 2/4 47�13 >6 0.78�0.25 �4 (6) No walking aid (6)

AFO NR

Michael et al45 57 T SS e e ? e 50 28/22 65�NR >6 NR: 75% of

self-selected

�4 (50) No walking aid (3)

Single cane (24)

Quad point cane (13)

Walker (5)

Hemi-walker (1)

Wheelchair (3)

AFO NR

Sabut et al33 15 OG Average 30m e e ? e 15 12/3 51.4�17.6 >6 0.39�0.17 �4 (15) No walking aid (15)

No AFO (15)

(patients all had drop

foot as a result of

stroke)

Thijssen et al47 27 T SS e e ? e 27 15/12 60�13 >6 0.43�0.23 3 (4)

�4 (23)

Single cane (23)

AFO (18)

van Nunen et al34 20 OG SS e e e e 10 6/4 54�9 >6 0.19�0.06 2 (5)

3 (5)

Walking aids NR

AFO NR

Abbreviations: C, measures of potential confounding factors; EC, energy cost; I, explicit inclusion and exclusion criteria; M, reporting of missing data and reasons for missing data; Net EE, EE e resting EE;

Net EC, EC e resting EC; NR, not reported; O, clear definition of outcome measured; OG, overground; SS, steady state; T, treadmill; þ, high risk of bias; e, low risk of bias; ?, unclear risk of bias.

* Data based on a mixed population, the study included 2 participants with traumatic brain injury.
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Table 2 Characteristics of included studies comparing EE and EC in stroke survivors and healthy controls (nZ9)

Study Identification

Sample

Total (N)

Walking

Mode Measure

Risk of Bias Stroke Survivors Healthy Controls

I S C O M n

Male/

Female

Age, y

(mean � SD)

Months

Since

Stroke

Walking

Speed (m/s) FAC (n)

Walking Aid (n)

AFO (n) n

Male/

Female

Age

(mean � SD)

Walking

Speed (m/s)

Bard22 30 OG SS þ ? þ ? þ 15 13/2 NR NR 0.78�NR �4 (15) Walking aids NR

AFO NR

19 12/7 NR NR

Danielsson et al39 36 T SS e þ e e e 20 17/3 Median, 54.0 >6 0.48�0.28 �4 (20) Single cane (13)

AFO (15)

16 11/5 Median, 49 1.01�0.15

Danielsson and

Sunnerhaegen37
18 T SS e e e e e 9 6/3 56.2�8.2 >6 NR 3 (3)

�4 (6)

No walking aid (3)

Single cane (6)

AFO (2)

9 6/3 56.9�8.8 NR

Delussu et al27 12 OG SS e e e e e 6 4/2 66�15 1e6 0.35�0.14 2 (3)

3 (4)

Walking aids NR

AFO NR

6 6/0 63.0�13.0 1.0�0.12

Fredrickson et al41 27 T SS e þ þ e e 17 15/2 58.6�13 >6 0.52�0.13 �4 (17) No walking aid (16)

(1 patient required

15% body weight

support)

10 7/3 NR 0.95�0.31

Jung et al42 16 T SS e e þ e e 8 6/2 58.5�11.4 >6 0.27�0.04 �4 Walking aids NR

AFO NR

8 6/2 56.1�8.6 0.73�0.15

Platts et al13 26 OG SS e e e e e 13 9/4 40.7�10.0 1e6 0.39�0.20 >4 Walking aids NR

AFO NR

13 9/4 40.8�9.6 1.22�0.11

Stoquart et al46 31 T Net EC

SS

� þ þ e e 19 NR 53�15 >6 0.54�0.14 >4 (19) No walking aid (19)

AFO NR

12 4/8 23.0�2.0 0.55�NR

Teixeira da

Cunha-Filho et al24
72 OG Average

5min

e þ þ e e 20 19/1 59.3�11.4 1e6 0.67�0.32 1 (1)

2 (1)

>4 (18)

No walking aid (14)

Rollator (6)

AFO NR

39 15/24 33.21�8.9 0.9�0.11

Abbreviations: C, measures of potential confounding factors; EC, energy cost; I, explicit inclusion and exclusion criteria; M, reporting of missing data and reasons for missing data; Net EC, EC e resting EC;

NR, not reported; O, clear definition of outcome measured; OG, overground; S, clearly described the source of recruitment of healthy volunteers and if volunteers were matched to stroke participants; SS, steady

state; T, treadmill; þ, high risk of bias; e, low risk of bias; ?, unclear risk of bias.
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Walking speed

Stroke survivors in 3 studies were asked to walk at slower than usual
walking speeds to enable participants to reach a steady state. The
participants walked at 70% to 75% of their comfortable walking
speed,40,43,45 as opposed to the other 26 studies in which stroke
survivors walked at self-selected comfortable walking speeds.

Outcomes

_VO2 during walking was measured under steady-state conditions
in 15 studies13,16,22,23,27,34,37-43,45,47 and over the total walking
time in 6 studies.24,26,28,29,31,32 In 2 studies _VO2 was measured
during a single overground walking test over 20 and 30m,30,33 and
in 6 studies net _VO2 ( _VO2 during walking e resting _VO2) during
steady-state conditions was reported. The results of the studies
that measured _VO2 during a single bout of walking over a short
distance (ie, 20 and 30m) and the studies that reported net _VO2 are
shown in supplemental table S1 and will not be further discussed
in this review.

Risk of bias

The eligibility criteria for stroke survivors were not clearly described
in 5 studies.22,26,28,35,36 In 11 studies the confounders of age, time
since stroke, and walking ability/impairment were not explicitly
reported.22,24,30,36,38,40-44,46 In 12 studies the outcome definitions
were not clearly described.16,22,23,25,33,36,40,42-45,47 The authors of 11

studies specified the exact minutes during which the data were
acquired for steady-state data analysis,13,23,25,27,34,37-40,42,48 and the
authors of only 1 study reported a definition of steady state and
defined it as “a period of at least 3 minutes, during which the vari-
ability of heart rate was less than 4 beats/minute.”41(p431) Regarding
missing data, 1 study was assessed as being at high risk of attrition
bias because 15 of the 30 survivors recruited could not be tested as
intended, and the reasons for exclusion were not explicitly stated.22

In 1 out of the 9 studies that included healthy controls, it was
unclear how and where the healthy controls were recruited from or
if they were matched to stroke survivors,22 and 4 studies were
assessed to be at high risk of selection bias because the healthy
controls were not age- and sex-matched to the stroke survi-
vors.24,39,41,46 In 1 study, no details were reported about the se-
lection criteria of the healthy controls; therefore, risk of bias was
assessed as unclear.22

Overall risk of bias was low in 13 of the 20 studies that did not
include a healthy control group and in 8 of the 9 studies that
included a healthy control group.

Main outcomes

Poststroke EE
All poststroke EE data for each outcome group reported in the
included studies are shown in a forest plot (fig 2). Data of 2 studies
could be pooled, and the 2 studies included participants at 1 to 6
months poststroke (low risk of bias, nZ18); the result showed a

Fig 2 Poststroke EE during overground and treadmill walking, steady state, and total walking time at 1 to 6 months and >6 months poststroke.

Abbreviations: IV, inverse variance; Random, random effects model.
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mean poststroke EE _VO2 during overground walking under steady-
state conditions of 11.29 mL/kg/min (95% confidence interval
[CI], 9.70e12.87) (not shown in forest plot fig 2).13,27 None of
the other EE data could be pooled because of substantial

heterogeneity (I2>70). No studies were identified that examined
EE at <1 month poststroke, and none of the included studies
measured poststroke EE during treadmill walking over total
walking time.

Fig 3 Poststroke energy cost during overground and treadmill walking, steady state, and total walking time at 1 to 6 months and >6 months

poststroke. Abbreviations: IV, inverse variance; Random, random effects model.

Fig 4 Higher EE during overground steady-state walking in stroke survivors compared with healthy controls at matched, but not at

self-selected, speed. Abbreviations: IV, inverse variance; Random, random effects model.
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Poststroke energy cost
All data for each poststroke energy cost outcome group are shown
in figure 3. Poststroke energy cost during overground walking
under steady-state conditions was reported in 3 studies.13,22,27

Pooled data of 2 studies (low risk of bias, nZ19)13,27 showed
a mean energy cost poststroke of .64 mL/kg/m (95% CI, .44e
.85). Data from 1 study (high risk of bias, nZ30; mean energy
cost .21 mL/kg/m; 95% CI, .17e.25), could not be included
because the authors did not report the time since stroke.22

In 5 studies poststroke energy cost during overground walking
over total walking time was reported. Pooled data from 2 studies
(low risk of bias, nZ29) that included participants at 1 to 6
months poststroke24,26 showed a mean energy cost of .29 mL/kg/m
(95% CI, .16e.42). Pooled data from 3 studies (low risk of bias,
nZ58) that included participants at >6 months poststroke28,29,31

showed a mean energy cost of .63 mL/kg/m (95% CI, .53e.72).
Poststroke energy cost during treadmill walking was reported

in 5 studies: 1 study (low risk of bias, nZ6) included participants
between 1 and 6 months poststroke,27 and 4 studies (low risk of
bias, nZ93) included participants at >6 months poststroke (see
fig 3).38,39,41,47 No studies were identified that reported poststroke
energy cost of overground walking over total walking time.

Stroke survivors’ versus healthy controls’ EE during overground
walking
The pooled data of 2 studies showed there was no significant
difference in EE during steady-state overground walking between
stroke survivors and healthy controls (low risk of bias, nZ38).13,27

In 1 of these studies (nZ26) the healthy controls walked at speeds
matched to the stroke survivors and EE was higher in stroke
survivors than healthy controls (fig 4).13

In 1 study, the difference found in EE of overground walking
over total walking time between stroke survivors (1-6mo post-
stroke) and healthy controls was not significant (low risk of bias,
nZ59) (mean difference in _VO2, .57 mL/kg/min; 95% CI, e.54
to 1.68).24

Point estimates for both EE and energy cost outcomes for each
study are reported in table 3.

Stroke survivors’ versus healthy controls’ energy cost during
overground walking
Pooled data of 2 studies (low risk of bias, nZ38) showed a higher
energy cost under steady-state conditions in stroke survivors at 1
to 6 months poststroke compared with healthy controls walking at
a self-selected speed.13,27 Energy cost was higher in stroke sur-
vivors when healthy controls were walking at matched speeds
(nZ26)13 (fig 5).

In 1 study (high risk of bias, nZ30) the energy cost under
steady-state conditions was higher in stroke survivors than healthy
controls at matched speeds, but the time since stroke was unclear;
therefore, the results were not included in the forest plot
(see table 3).22

In 1 study (low risk of bias, nZ59) the difference in energy
cost was measured over total walking time in stroke survivors at 1
to 6 months poststroke (see table 3).24

Stroke survivors’ versus healthy controls’ EE during treadmill
walking
The data of 3 studies comparing EE during treadmill walking at
self-selected speeds under steady-state conditions between stroke
survivors and healthy controls (low risk of bias, nZ70) could not
be pooled because of heterogeneity (I2Z76%) (table 4).37,39,42 No
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studies were identified that compared EE between stroke survivors
and healthy controls during treadmill walking averaged over total
walking time.

Stroke survivors’ versus healthy controls’ energy cost during
treadmill walking
Pooled data from 2 studies (low risk of bias, nZ63)39,41 showed that
energy cost during treadmill walking under steady-state conditions
was higher in stroke survivors than healthy controls at self-selected
speeds (mean difference, .20 mL/kg/m; 95% CI, .12e.27). The
point estimates in each study are reported in table 4.

No studies were identified that compared energy cost between
stroke survivors and healthy controls during treadmill walking
averaged over total walking time.

Discussion

To our knowledge, this is the first comprehensive review that has
examined EE and energy cost of walking poststroke.

We have shown that stroke survivors expend more energy (EE)
than healthy controls when controls walk at the same speed as the
comfortable walking speeds of stroke survivors. Similarly, energy
cost is higher in stroke survivors than healthy controls at both
matched and nonmatched walking speeds.

We included 29 studies, but there was great variability in
methods between studies. For example, studies measured oxygen
uptake during overground walking or during treadmill walking or
measured it during steady-state conditions or over total walking
time. As a consequence, we were restricted in our ability to pool
the results of the included studies, limiting the degree to which we
could explore associations between EE and energy cost and
walking ability, age, and time since stroke. Our results do indicate
that walking speed is related to oxygen uptake during walking
which confirms similar findings from other studies in healthy older
adults15,49 and stroke survivors.14

Commonly used exercise guidelines are based on EE levels of
healthy adults. These guidelines do not account for the higher
energy demand in stroke survivors compared with healthy con-
trols. For example, walking slowly around the home is categorized
as light physical activity and equates to approximately 2 metabolic
equivalent of tasks, according to the American College of Sports
Medicine guidelines. One metabolic equivalent is equivalent to 3.5
_VO2 mL/kg/min. In this review we found that the median EE of

walking at a comfortable pace in stroke survivors is approximately
10 _VO2 mL/kg/min and would be closer to 3 metabolic equiva-
lents, indicating that exercise such as walking can be moderate-
intensity exercise in stroke survivors as opposed to low intensity
for nondisabled people. There is a need for exercise prescription
guidelines for stroke survivors.

As expected there was great variability in energy demands in
the stroke survivors across the studies. The number of stroke
survivors that used a walking aid and AFO was not consistently
recorded across the studies. The inclusion criteria regarding
walking ability however were very similar across the studies. All
but 6 studies included stroke survivors that were able to walk
independently with or without a walking aid on a level surface. We
did not find consistent differences in EE or energy cost between
studies that only included independent walkers and those that also
included dependent walkers (ie, needed supervision or physical
support).24,27,32,34,37,47 We did not identify any studies that
directly compared the energy demands of walking in stroke sur-
vivors who were able to walk independently with stroke survivors
who needed physical assistance to be able to walk. A review that
examined the effect of AFOs on EE during walking after stroke
suggests that using an AFO can reduce the energy cost of
walking.50 Furthermore, there is a signal from one of the studies
included in our review that stroke survivors who are able to walk
independently without a walking aid have lower EE and energy
cost than stroke survivors who are dependent on a walking aid.48

However, these studies are small (nZ22e32). There is a clear gap
in the literature of evidence in more disabled stroke survivors,
which is needed to guide exercise prescription.

A common consequence of stroke is hemiparesis and can lead
to altered gait patterns. Hemiparetic muscle mass can decrease
dramatically, and the proportion of fast twitch muscle fibers in-
creases after stroke.51,52 These muscle fibers are prone to fatigue
and lead to higher EE and cost of walking. Stroke can also lead to
changes in the autonomic control of cardiac function (eg, blood
flow, cardiac regulation), which may lead to impaired exercise
capacity.53 The degree to which stroke survivors are impaired by
hemiparesis and changes in autonomic cardiac control is highly
variable and not only dependent on the stroke itself but also on
preexisting disability or fitness levels. This makes research in this
area challenging and supports the need for larger studies with
well-defined samples to provide more precise estimates.

In most of the studies, EE and energy cost were measured
during steady-state conditions. None provided a clear definition

Fig 5 Higher EC during overground steady-state walking in stroke survivors compared with healthy controls. Abbreviations: EC, energy cost; IV,

inverse variance; Random, random effects model.
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of steady state, with the exception of Fredrickson et al,41(p431)

who defined steady state as “a period of at least 3 minutes, during
which the variability of heart rate was less than 4 beats/minute.”
This definition however is based on a study of a healthy, aged
population54 and might not be appropriate in stroke survivors.
The lack of detailed information about the definition of steady
state is indicative of a broader issue, which is the absence of
consensus in defining a steady-state condition during activity in
stroke survivors. In several studies, _VO2 during steady-state
walking has been determined by selecting a time period which
excluded several minutes of data acquired at the start of the
walking test.13,37,42 The selected time period varied between
studies and may be a contributing factor to the marked hetero-
geneity we found in EE and energy cost between studies. There
is an obvious need for a clear definition of steady state and
consistent methods of identifying the steady-state condition
during walking poststroke.

The inclusion of both steady state and the transition from rest
to steady-state activity might also explain some of the heteroge-
neity we found in the studies that examined overground walking.
During the transition period, the body needs to quickly adjust _VO2

to meet the increased energy demands of the activity. The
mechanisms to provide oxygen to the skeletal muscles that have
been activated are delayed and follow a specific pattern, which is
called _VO2 on-kinetics. The _VO2 on-kinetics patterns vary across
individuals; it is slower in deconditioned individuals, older adults,
and people with cardiac or respiratory diseases compared with
healthy persons.55 These confounding factors (ie, older age,
sedentary lifestyle, comorbidities) are not uncommon in stroke
survivors, but they were not consistently reported in the included
studies. Their prevalence might have been unevenly distributed
across the different studies and potentially could explain some of
the heterogeneity in EE and energy cost between studies.

Generalizability of the results

This review included data from 29 studies that assessed energy
demands while walking in stroke survivors; in 11 of these studies
EE was compared with healthy, age-matched controls. There was
great variability in methods to measure energy demands across
studies; we therefore were only able to include data of a small
number of studies in our meta-analyses. The results of this review
suggest that EE and energy cost are higher in stroke survivors.
These findings are based on a small number of studies, including a
relatively small number of participants. The incidence of stroke is
higher in people >65 years56; however, in this review, the average
age of the stroke survivors in the included studies was 57 years
(range, 40e77y). We also found most of the studies in this review
(22 of 29) included participants at >6 months poststroke. Our
understanding of EE and energy cost in the first months after
stroke, the time period in which most rehabilitation is occurring, is
very limited.

Study limitations

We excluded 3 studies that were published in a language other
than English, German, or Dutch. This could potentially lead to a
high risk of publication bias; however, it is unlikely that the results
in these studies would have made a significant difference in the
findings of this systematic review. We searched 3 different elec-
tronic databases using a simple search strategy. To limit the risk of
not identifying potentially relevant studies through the electronic

Ta
b
le

4
St
ro
ke

su
rv
iv
o
rs
’
ve
rs
u
s
h
ea
lt
h
y
co
n
tr
o
ls
’
EE

an
d
EC

d
u
ri
n
g
tr
ea
d
m
il
l
w
al
ki
n
g
:
st
ea
d
y
st
at
e
(n
Z

4
)

St
u
d
y
Id
en
ti
fi
ca
ti
o
n

M
o
n
th
s

Si
n
ce

St
ro
ke

St
ro
ke

(n
)

H
ea
lt
h
y

(n
)

St
ro
ke
,
M
ea
n

EE
(9
5
%

CI
)

H
ea
lt
h
y,

M
ea
n

EE
(9
5
%

CI
)

M
ea
n
D
if
fe
re
n
ce
,

EE
(9
5
%

CI
)

St
ro
ke
,
M
ea
n

EC
(9
5
%

CI
)

H
ea
lt
h
y,

M
ea
n

EC
(9
5
%

CI
)

M
ea
n
D
if
fe
re
n
ce

(9
5
%

CI
)

D
an
ie
ls
so
n
et

al
3
9

>
6

2
0

1
6

9
.1
0
(8
.1
0
e
1
0
.1
0
)

1
1
.5

(1
0
.4
3
e
1
2
.5
7
)

�2
.4
0
(�

3
.7
4
to

�1
.0
6
)

.4
1
(.
3
1
e
.5
1
)

.1
9
(.
1
7
e
.2
1
)

.2
2
(.
1
3
e
.3
1
)

D
an
ie
ls
so
n
an
d

Su
n
n
er
h
ag
en

3
7

>
6

9
9

1
0
.8
2
(9
.8
6
e
1
1
.7
8
)

1
3
.2
1
(1
2
.1
7
e
1
4
.2
5
)

�2
.3
9
(�

3
.6
9
to

�1
.0
9
)

N
A

N
A

N
A

Fr
ed
ri
ck
so
n
et

al
4
1

>
6

1
7

1
0

9
.8
1
(8
.1
4
e
1
1
.4
8
)

N
A

N
A

.3
7
(.
2
7
e
.4
7
)

.2
1
(.
1
3
e
.3
0
)

.1
6
(.
0
4
e
.2
8
)

Ju
n
g
et

al
4
2

>
6

8
8

1
0
.3
0
(8
.3
8
e
1
2
.2
2
)

8
.9
9
(7
.4
4
e
1
0
.5
5
)

1
.3
1
(�

1
.0
2
to

3
.6
4
)

N
A

N
A

N
A

N
O
TE
.
EE

is
m
ea
su
re
d
in

m
L/
kg
/m

in
;
EC

is
m
ea
su
re
d
in

m
L/
kg
/m

.

A
b
b
re
vi
at
io
n
s:

EC
,
en
er
g
y
co
st
;
N
A
,
n
o
t
ap
pl
ic
ab
le
;
N
R
,
n
o
t
re
p
o
rt
ed
.

630 S. Kramer et al

www.archives-pmr.org

http://www.archives-pmr.org


search, we screened the reference lists of the included studies. In
this review we focused on walking impairment as a factor that
might be related to energy demands of walking poststroke. Other
poststroke impairments (eg, cognitive functioning, balance im-
pairments, spasticity) might also be related to energy demands of
walking after stroke, but these were not consistently reported in
the included studies.

Conclusions

The common assumption that stroke survivors expend more en-
ergy during walking than people without a stroke was supported
by the results of this review. It is important however to take
walking speed into account. Understanding the EE and energy
cost of walking after stroke is important when prescribing exer-
cise. Commonly used exercise prescription guidelines may not be
appropriate for much of the stroke population. Future studies with
larger sample sizes should increase confidence in our findings and
are needed to inform the development of stroke-specific exercise
guidelines. These studies should include a broad range of stroke
survivors, with different levels of disability, including older stroke
survivors (>60y) and stroke survivors across different stages of
recovery after stroke, including the early stages after stroke.
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2.3. Summary and conclusion 

The results of the systematic review showed that the energy expenditure is not higher in 

stroke survivors, however the energy costs of walking (i.e., the volume of oxygen used per metre 

walked) is higher in stroke survivors than healthy controls. Energy costs of walking take the 

walking speed into consideration and better represent the energy demands of walking. The 

energy costs of walking reported in the included studies indicate that walking at a self-selected, 

comfortable speed reaches a high enough intensity to induce a cardiorespiratory training effect in 

stroke survivors. There was, however, great variation in energy demands of walking reported, 

both between studies and between the participants in the same study. The higher energy cost of 

walking and substantial differences between individuals underscores the need for the 

development of stroke specific CRF exercise prescription guidelines.  

The review of the literature did not identify any studies which included stroke survivors 

within a month post-stroke. Most studies (23/29) included individuals who were in the chronic 

phase post-stroke (i.e., more than six months post-stroke). Furthermore, most studies included 

participants who were able to walk independently, limiting the generalisability of results. 

Restricting studies to ambulant stroke survivors excludes a large part of the stroke population 

who are likely to have a very different profile of impairments and energy demands. It is therefore 

important to investigate the energy costs of physical activity in ambulatory and non-ambulatory 

stroke survivors within the first month after stroke. This is the focus of the first experimental 

chapter in this thesis (Chapter 3). 

Since the publication of this review, several studies have been published in which energy 

demands of walking in stroke survivors were measured. An updated search of the online 

databases yielded 1005 references and identified 22 references to 19 studies that meet the 

eligibility criteria of the systematic review that was undertaken as part of this PhD. Only three of 

these studies included participants within the first three months after stroke, of which two were 

within the first month post-stroke. One of these early studies is the experimental study described 

in Chapter 3. One study provided some new insight by showing that stroke survivors who had a 

comfortable walking speed greater than 0.8 m/sec had no higher energy cost of walking than 

healthy control whereas stroke survivors with lower walking speed had higher energy costs than 

healthy controls.87 All other studies that compared energy demands of stroke survivors and 

healthy controls showed that energy cost of walking is higher in stroke than healthy controls and 

energy expenditure is lower in stroke survivors. A list of the complete references to the studies 
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identified by the updated search is provided at the end of this chapter in Table 2.1. The data 

from the newly identified studies are not incorporated in this thesis due to the time limitations of 

the PhD candidature.  

The next chapter describes the results of a clinical study that included stroke survivors who 

were able to walk independently and those who were unable to walk independently. The results 

described are related to the first aim of this PhD: is it more effortful for acute stroke survivors to 

be physically active than healthy controls? 

Table 2.1 Eligible studies identified through MEDLINE search update (2014-2018) 

Identified studies through updated search 19/03/2018 

Studies published in 2014 Months 
post-
stroke 

Sample and 
size 

Mode of 
walking 

Kafri M. et al. High metabolic cost and low energy 
expenditure for typical motor activities among individuals in 
the chronic phase after stroke. Journal of Neurologic Physical 
Therapy. 2014;38(4):226-232. 
Kafri M. et al. Energy expenditure and exercise intensity of 
interactive video gaming in individuals poststroke. 
Neurorehabilitation and Neural Repair. 2014;28(1):56-65. 

>6  Stroke (n=16) 
Healthy (n=8) 

Overground 

Slawinski J. et al. Energy cost of obstacle crossing in stroke 
patients. American Journal of Physical Medicine and 
Rehabilitation. 2014;93(12):1044-1050. 

>6 Stroke (n=15)  
Healthy 
(n=17) 

Overground 

Vanroy C. et al. Physical activity monitoring in stroke: 
SenseWear Pro2 activity accelerometer versus Yamax Digi-
Walker SW-200 pedometer. Disability and Rehabilitation. 
2014;36(20):1695-1703. 

>3 Stroke (n=15)  
Healthy 
(n=15) 

Treadmill 

Studies published in 2015 Months 
post-
stroke 

Sample and 
size 

Mode of 
walking 

Awad L. et al. Walking speed and step length asymmetry 
modify the energy cost of walking after stroke. 
Neurorehabilitation and Neural Repair. 2015;29(5):416-423. 

>6  Stroke (n=42) Treadmill 

Schiemanck S. et al. Effects of implantable peroneal nerve 
stimulation on gait quality, energy expenditure, participation 
and user satisfaction in patients with post-stroke drop foot 
using an ankle-foot orthosis. Restorative Neurology and 
Neuroscience. 2015;33(6):795-807. 

>6  
 

Stroke (n=10) Overground 
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Identified studies through updated search 19/03/2018 

Ijmker T. et al. Effects of handrail hold and light touch on 
energetics, step parameters, and neuromuscular activity 
during walking after stroke. Journal of Neuroengineering and 
Rehabilitation. 2015;12(70):23. 

<3  Stroke (n=15) Treadmill 

Studies published in 2016 Months 
post-
stroke 

Sample and 
size 

Mode of 
walking 

Awad L. et al. Reducing the cost of transport and increasing 
walking distance after stroke: A randomized controlled trial 
on fast locomotor training combined with functional 
electrical stimulation. Neurorehabilitation and Neural Repair. 
2016;30(7):661-670. 

>6  Stroke (n=50) Treadmill 

Farmani F. et al. The effect of different shoes on functional 
mobility and energy expenditure in post-stroke hemiplegic 
patients using ankle-foot orthosis. Prosthetics and Orthotics 
International. 2016;40(5):591-597. 

>6  Stroke (n=30) Treadmill 

Munari D. et al. 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. 
2016;Epub Aug30. 

>6  Stroke (n=16) Treadmill 

Serra MC. et al. Increased energy cost of mobility in chronic 
stroke. Journal of Gerontology and Geriatric Research. 
2016;5(6):1000356. 
 *Serra MC. et al. Validating accelerometry as a 
 measure of physical activity and energy expenditure 
 in chronic stroke. Topics in Stroke Rehabilitation. 
 2017;24(1):18-23. 

>6  Stroke (n=28) Overground 

Verschuren O. et al. Characterizing energy expenditure 
during sedentary behavior after stroke. Archives of Physical 
Medicine and Rehabilitation. 2016;97(2):232-237. 

>3  Stroke (n=27) Overground 

Studies published in 2017 Months 
post-
stroke 

Sample and 
size 

Mode of 
walking 

Awad LN. et al. A soft robotic exosuit improves walking in 
patients after stroke. Science Translational Medicine. 
2017;9(400): eaai9084. 

>6  Stroke (n=7) Treadmill 

Finley JM. et al. Associations between foot placement 
asymmetries and metabolic cost of transport in hemiparetic 
gait. Neurorehabilitation and Neural Repair. 2017;31(2):168-
177. 

>6  Stroke (n=15) 
Healthy 
(n=15) 

Treadmill 
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Identified studies through updated search 19/03/2018 

Jeong YG. et al. The effect of an arm sling used for shoulder 
support on gait efficiency in hemiplegic patients with stroke 
using walking aids. European Journal of Physical and 
Rehabilitation Medicine. 2017;53(3):410-415. 

Not 
reported 

Stroke (n=57) Overground 

Loureiro APC. et al. Skeletal muscle metabolism after stroke: 
A comparative study using treadmill and overground walking 
test. Journal of Rehabilitation Medicine. 2017;49(7):558-564. 

<1  Stroke (n=28)  
Healthy 
(n=10) 

Treadmill + 
overground 

Polese JC. et al. Energy expenditure and cost of walking and 
stair climbing in individuals with chronic stroke. Brazilian 
Journal of Physical Therapy. 2017;21(3):192-198. 

>6  Stroke (n=18) 
Healthy 
(n=18) 

Overground 

Studies published in 2018 Months 
post-
stroke 

Sample and 
size 

Mode of 
walking 

Compagnat M. et al. Rating of perceived exertion with Borg 
scale in stroke over two common activities of the daily living. 
Topics in Stroke Rehabilitation. 2018;25(2):145-149. 

>6  Stroke (n=20) Overground 

Jayaraman C. et al. Variables influencing wearable sensor 
outcome estimates in individuals with stroke and incomplete 
spinal cord injury: a pilot investigation validating two 
research grade sensors. Journal of Neuroengineering and 
Rehabilitation. 2018;15(1):19. 

>6  Stroke (n=8) 
Healthy 
(n=10) 

Overground 

**Kramer SF. et al. The energy cost of steady state physical 
activity in acute stroke. Journal of Stroke and 
Cerebrovascular Diseases. 2018;27(4):1047-1054. 

<1  Stroke (n=23) 
Healthy 
(n=10) 

Overground 

Polese JC. et al. Relationship between oxygen cost of walking 
and level of walking disability after stroke: An experimental 
study. Physiotherapy Research International. 2018;23(1). 

>6  Stroke (n=55) Overground 

*Secondary publication of the same study, **publication is included in Chapter 3. 
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3 Energy expenditure of activity early after 

stroke  

Publication 2: 

Kramer SF, Cumming T, Bernhardt J, Johnson L. The energy cost of steady state physical 

activity in acute stroke. Journal of Stroke and Cerebrovascular Diseases. 2018;27(4):1047-1054. 

3.1. Introduction 

As described in Chapter 2, there is currently limited information available about energy 

demands within the first month post-stroke. Additionally, knowledge about energy demands 

later after stroke is restricted to ambulatory stroke survivors. Furthermore, the effects of CRF 

training on improved mobility is based on studies that incorporated a walking activity in the 

training program,16 however non-functional aerobic training on an aerobic stepper has shown to 

lead to improved mobility in a non-stroke population.88 

To determine if stroke survivors can start CRF training early, we need to assess whether they 

can reach a steady state during physical activity, and quantify the energy demands of this steady 

state activity. As discussed in Chapter 1, steady state activity might be an appropriate target to 

improve CRF in stroke survivors, since it is characterised by exercise at an intensity that can be 

sustained over the recommended CRF exercise time (i.e., 20-30 minutes). Therefore the first step 

was to determine if steady state could be reached during a short bout of physical activity, before 

the response to a full length CRF training session can be investigated (Chapter 6 and Chapter 7). 

The capacity to perform and sustain activity is needed to improve fitness levels, which is 

associated with gaining and maintaining independence in activities of daily living (ADL). About 

65% of stroke survivors in Australia suffer from a disability that impacts their ability to perform 

ADLs independently,4 and a limited capacity to perform ADLs independently is associated with 

limitations in participation in social activities.7 Improving the capacity to perform ADLs is highly 

relevant to stroke survivors, as it is likely to improve participation and quality of life. However, 

the capacity to perform ADLs and to be physically active can be negatively impacted by different 

factors including stroke severity and comorbidities. Fatigue is highly prevalent in stroke survivors 

with rates ranging between 25 to 85%.89 In the study described in this chapter, fatigue was 



42 

assessed to explore its association with the energy cost of steady state activity in stroke survivors 

in the acute phase of recovery.  

The aim of the study reported in this chapter was to extend our knowledge of energy 

demands of physical activity in a representative acute stroke population, by developing and 

testing a protocol that aimed for both independent and non-independent walkers to reach a 

steady state. Age-matched non-stroke controls were tested as the comparison group. The 

hypothesis was that stroke survivors who were unable to walk could reach a steady state during 

activity and that stroke survivors in the acute phase of recovery would use more energy than 

healthy controls during steady state activity.  
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3.2. Publication: The energy cost of steady state 

physical activity in acute stroke 



The Energy Cost of Steady State Physical Activity in
Acute Stroke

Sharon Flora Kramer, MSc, Toby Cumming, PhD, Julie Bernhardt, PhD, and
Liam Johnson, PhD

Objective: Cardiorespiratory fitness levels are very low after stroke, indicating that
the majority of stroke survivors are unable to independently perform daily activities.
Physical fitness training improves exercise capacity poststroke; however, the optimal
timing and intensity of training is unclear. Understanding the energy cost of steady-
state activity is necessary to guide training prescription early poststroke. We aimed to
determine if acute stroke survivors can reach steady state (oxygen-uptake variability
≤2.0 mL O2/kg/min) during physical activity and if the energy cost of steady state
activity differs from healthy controls. Material and Methods: We recruited 23 stroke
survivors less than 2 weeks poststroke. Thirteen were able to walk independently
and performed a 6-minute walk (median age 78 years, interquartile range [IQR]
70-85), and 7 who were unable to walk independently performed 6 minutes of
continuous sit-to-stands (median age 78 years, IQR 74-79) and we recruited 10
healthy controls (median age 73 years, IQR 70-77) who performed both 6 minutes
of walking and sit-to-stands. Our primary outcome was energy cost (oxygen-
uptake) during steady state activity (i.e., walking and continuous) sit-to-stands,
measured by a mobile metabolic cart. Results: All stroke survivors were able to
reach steady state. Energy costs of walking was higher in stroke than in controls
(mean difference .10 mL O2/kg/m, P = .02); the difference in energy costs during
sit-to-stands was not significant (mean difference .11 mL O2/kg/sts, P = .45). Con-
clusions: Acute stroke survivors can reach a steady state during activity, indicating
they are able to perform cardiorespiratory exercise. Acute stroke survivors require
more energy per meter walked than controls. Key Words: Stroke—acute—oxygen
consumption—exercise—energy cost—physical activity—indirect calorimetry.
© 2018 National Stroke Association. Published by Elsevier Inc. All rights reserved.

Introduction

Cardiorespiratory fitness levels are very low in stroke
survivors, with peak volume of oxygen uptake (VO2peak)
levels ranging from 29% to 87% of VO2peak levels of healthy

controls.1 These low fitness levels put stroke survivors
at risk of losing their ability to independently perform
activities of daily living.2 Fitness training after stroke can
lead to improvements in VO2peak levels, walking ability,
and balance.3 Fitness training is a recommended com-
ponent of stroke rehabilitation3-5 and should be initiated as
soon as the patient is hemodynamically and neurologi-
cally stable.4,5 However, the evidence for the effectiveness
of fitness training is mostly based on research conducted
in stroke survivors beyond 3 months poststroke.3 Cur-
rently, there is little evidence and no consensus on how
early and at what intensity fitness training should com-
mence poststroke.3,4

Stroke survivors experience a wide range of impair-
ments that reduce their tolerability to exercise and could
make everyday activity more effortful, that is, require more
energy.6,7 Cardiorespiratory fitness training performed below
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the anaerobic threshold might be appropriate for acute
stroke survivors with limited exercise capacity. Such ex-
ercise can be sustained for a duration necessary to generate
benefits, and at an intensity that avoids the muscles going
into oxygen debt, that is, steady state exercise.8 During
steady state activity, the oxygen supply meets the oxygen
demands of muscle tissue, which allows sustained phys-
ical activity. In contrast, non–steady state activity requires
level of energy that can only be supplied over a short
period of time before muscles go into oxygen debt.

The higher energy demands poststroke can lead to
fatigue and can impact the ability to perform activities.9

Higher energy demands are therefore likely to also impact
the ability to perform steady state exercise and to sustain
continuous exercise, which is needed to improve fitness.
We showed that energy cost of walking is higher for stroke
survivors less than 1 month poststroke than healthy con-
trols, but there is no evidence for the energy demands
of stroke survivors early after poststroke (i.e., <1 month).10

Whereas the energy cost of walking has been exten-
sively investigated in stroke,10-12 the energy cost of activities
other than walking has not. This is problematic, given a
large proportion of stroke survivors are unable to walk.
According to a large cohort study (n = 804) in which re-
covery of walking ability after stroke was assessed in the
first week after stroke onset, more than half of stroke sur-
vivors have difficulty walking in the first week after
stroke.13 The variability in cardiorespiratory fitness levels
and impairments early after stroke dictates an individu-
alized approach to exercise prescription.4 By choosing
activities and exercises based on the individuals’ capac-
ity, both ambulatory and nonambulatory stroke survivors
will be able to engage in fitness training.

Our main aims were (1) to determine if acute stroke
survivors could reach a steady state condition during 6
minutes of moderate activity, and (2) to determine the
difference in energy cost of steady state activity between
acute stroke survivors and healthy controls. Energy cost
is taking the speed of movement into account, which can
differ substantially between stroke survivors and healthy
controls.10 We defined energy cost as oxygen-uptake per
unit of activity; for example, energy cost of walking is
expressed as mL O2/kg/m. Additionally we determined
the difference in energy expenditure between acute stroke
survivors and controls. Energy expenditure is defined as O2

uptake over time and expressed as mL O2/kg/min. Lastly,
we explored if energy cost of activity in stroke survi-
vors is related to fatigue and perceived exertion of activity.

Material and Methods

Participants

Stroke survivors who met the following criteria were
eligible to participate: (1) over 18 years of age, (2) ad-
mitted to a hospital, (3) within 2 weeks of confirmed stroke,
(4) cognitively able to give written consent, (5) sufficient

English language to complete questionnaires and follow
instructions, and (6) medically stable as assessed by their
treating physician.

Exclusion criteria were (1) comorbidities that im-
paired the ability to perform 6 minutes of activity (e.g.,
lung emphysema, chronic obstructive pulmonary disease,
lower limb surgery) and (2) other neurological conditions
(e.g., Parkinson’s disease, multiple sclerosis). The same
exclusion criteria applied to controls, with the addition-
al criterion of not having a history of stroke. We recruited
controls by distributing flyers in the local area. Partici-
pants were recruited from November 2013 to November
2015 and all provided written informed consent. The study
was approved by the Austin Health Human Research
Ethics Committee (reference number: H2011/04447).

We based sample size calculation on the findings of 2
studies in which the energy cost of walking in subacute
stroke survivors was assessed; the estimated precision-based
sample size needed was 10 stroke survivors and 10 con-
trols to find a difference of .64 mL O2/kg/m (95% confidence
interval [CI] of .44-.85).11,12 Given the likelihood of a high
degree of variability in the performance of 6 minutes of
physical activity in the first 2 weeks after stroke, and the
fact that we aimed to include stroke survivors across a
broad range of stroke severity, we doubled the number
of stroke survivors to 20 and continued recruitment until
20 stroke survivors were successfully tested. Ten controls
were recruited matching (1) the ratio of men and women
and (2) the age profile of the recruited stroke survivors.

Baseline Assessments

We recorded each participant’s age, and measured height
and weight. For stroke survivors, we recorded date of
stroke, severity of stroke, and stroke subtype. Stroke se-
verity was assessed using the National Institutes of Health
Stroke Scale (NIHSS),14 which consists of 11 items. Se-
verity was classified as mild (NIHSS <8), moderate (NIHSS
8-16), or severe (NIHSS >6).15 We classified stroke subtype
using the Oxfordshire Community Stroke Project
classification16 into total anterior circulation infarct, partial
anterior circulation infarct, posterior circulation infarct,
lacunar infarct, and intracerebral hemorrhage.

We assessed fatigue in stroke survivors and healthy con-
trols using the Fatigue Assessment Scale17 before the start
of the test protocol. It is a valid and reliable measure of
fatigue in stroke18 and nonstroke17 populations and con-
sists of 10 statements scored on a 5-point Likert-scale; a
higher score indicates greater fatigue.19

Energy Demands

Energy demands were determined by measuring oxygen-
uptake continuously over the total duration of the test
protocol, using a portable metabolic cart (Oxycon Mobile
Device, CareFusion, Sydney, Australia Pty Ltd). The
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metabolic cart analyses gas exchange and is a valid measure
of oxygen-uptake during different workloads.20 After cal-
ibration, the participants were set up with a face mask
and a chest harness containing the electronic receiver units.
Levels of oxygen and carbon dioxide were sampled breath-
by-breath. The data were wirelessly transmitted to a laptop
during testing.

Two protocols were used: a walking protocol and a sit-
to-stand protocol. Both protocols included a 6-minute bout
of continuous activity. A 6-minute bout was chosen because
it has been suggested it takes approximately 3-4 minutes
to reach steady state.21 We defined steady state as the vari-
ability in oxygen uptake of 2.0 mL or less O2/kg/min over
the last 3 minutes of activity.22 We employed 2 different
activity protocols to enable both ambulatory and
nonambulatory stroke survivors to participate. Stroke sur-
vivors who were able to ambulate under supervision (with
or without a walking aid) performed a walking proto-
col, and those who were unable to ambulate independently
performed a sit-to-stand protocol.

Procedure

The stroke survivors performing the walking proto-
col walked back and forth over a 30-m measured distance
in a corridor. Walking distance (m) was recorded and a
manual counter was used to count the number of steps
taken. Stroke survivors who performed the sit-to-stand
protocol started in a sitting position on a physiotherapy
plinth which was set at a height that required moderate
effort by the participant (i.e., <90 degrees knee flexion) and
minimal assistance from the researchers (i.e., supervision
or minimal physical assistance for balance to ensure safety).
Repetitions of sit-to-stands were recorded using a manual
counter. The healthy controls performed both protocols
on a single day with a 45-minute rest period between
protocols, and all started with the walking protocol.

All participants were instructed to perform the activ-
ity at a comfortable pace. We emphasized that the goal
was to maintain a steady pace throughout the 6-minute
activity bout, and not to move as fast as possible. Par-
ticipants rated their level of exertion at the end of the
6-minute activity bout on the Borg Rating of Perceived
Exertion (RPE) scale.23 The scale ranges from 6 (no ex-
ertion) to 20 (maximal exertion)23 and has been shown
to be reliable in stroke.24

The following physiological safety measures and pa-
rameters were assessed before and after the 6-minute bout
of activity in a seated position: systolic blood pressure
(120-220 mmHg), oxygen saturation (>92%), heart rate (40-
100 bpm), and temperature (<38.5°C). The test protocol was
terminated if measures did not meet the safety parameters.

Outcomes

First we determined if participants were able to reach
steady state (i.e., variability in oxygen-uptake ≤2.0 mL

O2/kg/min)22 by calculating the standard deviation of
energy expenditure over the last 3 minutes of activity. Our
primary outcome was the difference in energy cost of
steady state activity between stroke survivors and the
healthy controls. Our secondary outcomes were the dif-
ferences between stroke survivors and controls in (1) energy
cost over the full 6-minute activity bout, (2) energy ex-
penditure during steady state activity, (3) energy
expenditure over the full 6-minute activity bout, (4) walking
speed, step count, sit-to-stand-count, fatigue scores, and
RPE, and (5) variance of energy cost during activity. In
addition, we explored the associations between energy
cost of steady state activity in stroke survivors and fatigue
and RPE.

Data Processing and Analysis

We used descriptive statistics (medians and interquartile
ranges [IQRs]) for demographic and anthropometric data,
fatigue scores, walking speed, step counts, sit-to-stand
counts, and RPE scores, and calculated differences between
stroke survivors and the healthy controls using the
Wilcoxon rank-sum test (z).

We extracted and calculated energy expenditure (mL
O2/kg/min) for each activity bout for each participant.
We averaged energy expenditure of the last 3 minutes
of the activity bout to calculate energy expenditure under
steady state conditions. Energy cost was calculated by
dividing energy expenditure by either (1) walking speed
(m/min), to give mL O2/kg/m or (2) sit-to-stand speed
(number of sit-to-stands per minute), to give mL O2/
kg/sts. We determined whether energy expenditure and
energy cost data were normally distributed using the
Shapiro–Wilk test and used an independent sample t test
to calculate the mean difference (MD) between stroke sur-
vivors and controls for our primary outcome (energy cost
during steady state activity) and for our secondary out-
comes (energy cost and energy expenditure during
6-minute activity and energy expenditure during steady-
state activity). To determine the difference in variance for
energy cost during activity in stroke compared to con-
trols, we calculated the ratio between standard deviations
(f) using the variance ratio test.

We calculated Spearman’s rank correlation coefficient
(rho) to explore associations between poststroke fatigue,
perceived exertion at the end of the 6-minute activity bout,
and energy cost of steady state activity in stroke survivors.

We set CIs at 95% and significance level at P < .05.
Data analyses were performed using Stata 13
(Statistical Software, College Station, TX: StataCorp LP).

Results

We recruited 23 stroke survivors to achieve 20 com-
pleted participant trials; 13 completed the walking protocol
and 7 completed the sit-to-stand protocol. Data for 3 stroke
survivors were excluded for the following reasons: unable
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to complete the walking bout due to fatigue (n = 1) and
equipment failure (n = 2). Our analyses included data from
20 stroke survivors (median age 78 years, IQR 73-81) and
10 controls (median age 73 years, IQR 70-77) (see Table 1).
None of the participants exceeded the predefined safety
limits during testing.

All participants included in the analyses performed the
activity continuously, without stopping, throughout the
6 minutes. Walking speed was higher in the controls
than the stroke survivors (P < .001). The median number
of sit-to-stands for the stroke survivors was less than
half of the median sit-to-stands in the healthy controls;
however, the difference was not significant. Fatigue scores
were higher in the stroke survivors than in the controls
(P < .05), but we found no difference in RPE scores (see
Table 2).

Steady State

All participants reached steady state according to our
predefined definition (≤2 mL O2/kg/min variability for
the last 3 minutes of activity). Figure 1 shows the average
of energy expenditure of stroke survivors who walked
and performed sit-to-stands over time and controls during
walking and sit-to-stands: the graph shows that on a group
level, a steady state is reached in the last 3 minutes of
both activity protocols.

Primary Outcome

The energy cost of steady state walking was higher in
stroke than in controls (MD .10 mL O2/kg/m, 95% CI .02-
.18, P = .02). Energy cost of steady state sit-to-stands was
higher in stroke survivors compared to controls; however,

Table 1. Characteristics of included stroke survivors and controls

All stroke
(n = 20)

Stroke walk
(n = 13)

Stroke sts
(n = 7)

Controls
(n = 10)

Age (y) 78 (73-81) 78 (70-85) 78 (74-79) 73 (70-77)
Sex (male/female) 12/8 9/4 3/4 6/4
Height (cm) 166 (160-173) 163 (161-171) 165 (162-177) 169 (158-177)
Weight (kg) 73 (65-90) 72 (61-83) 76 (73-90) 77 (61-83)
Days poststroke 4 (2-6) 4 (2-6) 4 (3-6) N/A
NIHSS (score) (n)

Mild (<8) 17 11 6 N/A
Moderate (8-16) 3 2 1 N/A

Stroke type (n):
TACI 2 0 2 N/A
PACI 10 9 1 N/A
LACI 2 1 1 N/A
POCI 3 1 2 N/A

ICH 3 2 1 N/A
Walk no aid (n) 9 9 0 10

Abbreviations: ICH, intracerebral hemorrhage; LACI, lacunar infarct; N/A, not applicable; NIHSS, National Institutes of Health Stroke
Scale; PACI, partial anterior circulation infarct; POCI, posterior circulation infarct; sts, sit-to-stand; TACI, total anterior circulation infarct.

All numbers are reported in median and IQR unless stated otherwise.

Table 2. Walking distance, steps, sts counts, fatigue, and perceived exertion of stroke survivors and controls (medians and IQRs)

Stroke walk
(n = 13)

Control walk
(n = 10) Z (P)

Stroke sts
(n = 7)

Controls sts
(n = 10) Z (P)

Walking distance (m) 213 (195-262) 390 (387-447) 3.35 (<.001) N/A N/A N/A
Walking speed (m/min) 35.5 (32.5-43.7)

(.54-.73)
65 (64.5-74.5) 3.35 (<.001) N/A N/A N/A

Step count 554 (479-593) 654 (629-669) 2.73 (<.01) N/A N/A N/A
Sit-to-stand count N/A N/A N/A 48 (32-116) 100.5 (75-108) 1.46 (.14)
FAS (fatigue) 26 (18-37) 15.5 (14-19) −2.11 (.03) 23 (15-32) 15.5 (14-19) −2.10 (.04)
RPE (end of bout) 12 (10-14) 11 (9-12) −1.78 (.07) 13 (11-15) 12 (11-13) −.70 (.49)

Abbreviations: FAS, Fatigue Assessment Scale; IQR, interquartile range; N/A, not applicable; RPE, Rating of Perceived Exertion; sts, sit-
to-stand; Z, Wilcoxon rank sum.
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the difference was not significant (MD .11 mL O2/kg/
sts; −.19 to .41) (see Table 3).

Secondary Outcomes

Although energy cost was higher during steady state
activity in stroke survivors, energy expenditure during
walking and sit-to-stands under steady state conditions
and over 6 minutes was lower in stroke survivors com-
pared to controls (see Table 3).

Variance in energy cost of both steady state walking
and sit-to-stands was greater in stroke survivors than in
controls (walking f = .06, P < .001; sit-to-stands f = .05,
P < .001) (Figs 2, 3). The variance in energy expenditure
of activity was not different in either group of stroke sur-
vivors compared to controls (walking f = 1.20, P = .75; sit-
to-stands f = .69, P = .59).

We did not find a significant correlation between
fatigue and energy cost of steady state walking (n = 13;
rho = .46, P = .11) or steady state sit-to-stands (n = 7;

rho = .27, P = .56), nor between RPE scores and energy
cost of steady state walking (n = 13; rho = .10, P = .75) or
steady state sit-to-stands (n = 7; rho = .18, P = .70) in stroke
survivors.

Figure 1. Energy expenditure (EE; mL O2/kg/min)
during 6-minute walking and sit-to-stand for both stroke
survivors and healthy controls.

Table 3. Energy cost and energy expenditure of walking and sit-to-stands in stroke survivors and controls

Outcome

Walking Sit-to-stand

Stroke
(n = 13)

Controls
(n = 10) MD [95% CI] P

Stroke
(n = 7)

Controls
(n = 10) MD [95% CI] P

EC steady state* .28 ± .12 .18 ± .03 .10 [.02-.18] .02 .91 ± .43 .80 ± .10 .11 [−.19 to .41] .45
EC 6 minutes* .26 ± .12 .16 ± .03 .10 [.02-.18] .02 .85 ± .43 .72 ± .09 .13 [−.17 to .42] .36
EE steady state** 9.53 ± 1.88 12.23 ± 2.06 −2.70 [−4.41 to −.98] .003 8.23 ± 2.56 12.47 ± 2.13 −4.24 [−6.67 to −1.81] .002
EE 6 minutes** 9.00 ± 1.86 11.18 ± 1.84 −2.18 [−3.80 to −.56] .01 7.52 ± 2.01 11.23 ± 1.93 −3.70 [−5.76 to −1.64] .002

Abbreviations: CI, confidence interval; EC, energy cost; EE, energy expenditure; MD, mean difference.
All group outcomes are reported as means ± SD.
*EC during walking in mL O2/kg/m and during sit-to-stands in mL O2/kg/sts.
**EE outcomes in mL O2/kg/min.

Figure 2. Energy cost (EC; mL O2/kg/m) of walking: higher in stroke
vs controls. The line represents the mean energy cost for each group.
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Discussion

Our results show that acute stroke survivors can reach
steady state within a 6-minute bout of activity, highlight-
ing the potential to start cardiorespiratory training early
after stroke regardless of stroke survivor’s ability to am-
bulate. The inclusion of nonambulatory stroke survivors
in exercise studies is essential, given they not only rep-
resent a large proportion of stroke survivors, but are also
likely to benefit most from exercise training. Although
other studies have shown that stroke survivors can reach
steady state while walking,11,25 neither of these studies
showed that nonambulatory stroke survivors were able
to reach steady state nor were they conducted early after
stroke onset (<1 month poststroke). The fact that mild-
to-moderately impaired, nonambulatory stroke survivors
performed steady state activity in this study suggests that
when appropriate training and safety regimens are applied,
this population can exercise and potentially improve their
cardiorespiratory fitness.

We confirmed our hypothesis that the energy cost of
walking in stroke survivors within the first week after
stroke onset is higher than controls. The collective evidence
from our study and others, including subacute and chronic
stroke survivors,10 indicates that the energy cost of walking
is higher for stroke survivors regardless of time since stroke
onset. Contrary to our expectations, we were unable to
detect a difference in the energy cost of sit-to-stands
between the stroke survivors and controls. Interestingly,
stroke survivors performed less than half of the median
number of sit-to-stands in 6 minutes compared to the con-
trols, but the variance in the number of sit-to-stands was
high in both stroke survivors and controls. The inability
to find a difference could be due to the small stroke sample
(7 nonambulatory participants). Our sample size calcu-
lation was based on a difference in energy cost during
walking in the literature,11,12 and may not be sufficient
to find the difference in energy cost of sit-to-stands. Due

to these limitations, we are unable to draw firm conclu-
sions about the energy cost of sit-to-stands in stroke
survivors and how it compares to healthy controls.

The marked variability in the energy cost of activity
in acute stroke survivors compared to controls is an im-
portant finding and is consistent with the variability in
energy cost of walking seen in subacute and chronic stroke
survivors.10 There was no difference in variability between
energy expenditure of the stroke survivors and con-
trols, which might suggest that the variability is mainly
related to the speed of walking and sit-to-stands. Al-
though we did not find any strong associations between
energy cost and either fatigue or perceived exertion, fatigue
was moderately correlated with energy cost, and this re-
lationship should be investigated in a larger sample. There
is merit in further investigating factors such as age, stroke
severity, and type of stroke that might explain some of
the variance in the energy cost of activity after stroke.

Our finding that stroke survivors have higher energy
cost of walking than healthy controls has implications
for prescribing cardiorespiratory exercise intensity early
after stroke. In stroke guidelines, parameters such as VO2

reserve, heart rate (HR) reserve, maximum HR or RPE
are used to guide exercise intensity prescription.23 For
example, it is recommended that stroke survivors should
exercise at an intensity of 40%-70% VO2 reserve to improve
cardiorespiratory fitness, where VO2 reserve is VO2peak,
as measured by a standardized graded cardiorespira-
tory fitness test, minus oxygen-uptake at rest.4 Given the
range of VO2peak levels of stroke survivors reported in the
literature is between an 8 and 22 mL O2/kg/min,1 and
the accepted oxygen-uptake at rest is 3.5 mL O2/kg/min,4

the intensity level of cardiorespiratory training in the fittest
stroke survivors could be between a VO2 reserve of 7.4 mL/
kg/min and 13 mL/kg/min. Our study showed that energy
expenditure of steady state activity (walking and sit-to-
stands) in acute stroke survivors was between 7.5 and
9.5 mL O2/kg/min, which in most stroke survivors, es-
pecially in the individuals with lower fitness levels, would
be enough to meet or even exceed the intensity require-
ments of cardiorespiratory training. Furthermore, stroke
survivors rated their perceived exertion after 6 minutes
of walking at 12, and 13 after 6-minutes of sit-to-stands,
which is accepted as moderate intensity exercise (RPE 11-
14). As such, we suggest that walking and performing
sit-to-stands at a comfortable pace can be used as car-
diorespiratory exercise early after stroke to elicit a
cardiorespiratory training effect.

We defined energy expenditure as oxygen uptake per
unit of activity; however, energy cost can also be re-
ported as the energy cost minus the oxygen uptake during
a resting state. Not taking resting energy expenditure could
have impacted on the results of our study. In our view
this is unlikely, given the findings of a large study in which
the resting energy expenditure of 90 stroke survivors was
measured over a 3-month period and compared to healthy

Figure 3. No significant difference in energy cost (EC; mL O2/kg/sts) of
sit-to-stands between stroke vs controls. The horizontal line represents the
mean value in each group.
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controls, showed no difference between the groups over
time.26

A limitation of our study is that our controls volun-
teered to be part of the study. It has been shown that
older volunteers who participate in exercise studies are
fitter and healthier than nonvolunteers,27 and therefore
our study was at risk of participation bias, which may
have exacerbated the difference in energy cost during
walking between the 2 groups. On the other hand, the
lack of participants with severe stroke in our sample may
have led to an underestimation of the difference between
groups in energy cost. Although we attempted to include
stroke survivors with a broad range of stroke severity,
all of our participants were classified as having mild or
moderate stroke.

Another limitation of this study is the small sample
size which could have led to the inability to find a sig-
nificant difference between energy expenditure of sit-to-
stand in stroke survivors and controls.

In conclusion, we found that walking is more effortful
in stroke survivors who are within 2 weeks poststroke,
than controls; it was unclear if this was the case for sit-
to-stands due to the small sample size. Future studies
should include ambulatory and nonambulatory stroke sur-
vivors and explore underlying factors that are related to
energy cost of activity early after stroke.
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3.3. Summary and conclusions 

The stroke survivors included in this study were all able to reach steady state conditions 

during activity, with some individuals working at a moderate level, which is at a high enough 

intensity to improve CRF. Given that reaching a steady state in aerobic metabolism is required 

for sustained exercise, these results suggest that stroke survivors have the potential to start CRF 

training in the acute phase after stroke. Furthermore, none of the participants reported adverse 

events. These results suggest that it is possible to increase exercise times using multiple short 

bouts, to meet the recommendations of 20-60 minutes for CRF training17,18 for this acute 

population. The next step was to assess if stroke survivors can safely perform a CRF training 

session in the acute phase of recovery (see Chapter 6). 

Although no adverse events were reported by the participants who completed the six minute 

bout, one participant was unable to complete the six minute activity bout due to fatigue and was 

not included in the analyses. Fatigue was assessed using the fatigue assessment scale (FAS),90 and 

the relationship between the FAS score and energy cost was explored. The results showed that 

the variance in energy cost of activity was greater than controls, but this variance could not be 

explained by fatigue. The variability in energy demands is not specific to an acute stroke 

population, and has also been observed at later time points post-stroke (Chapter 2).86 Further 

exploration of potential factors and characteristics associated with energy demands and the 

capacity to exercise is needed. These factors should include age and stroke severity as well as less 

well-known factors such as fatigue, anxiety, depression and usual physical activity levels. These 

factors will be further discussed in Chapter 6. A better understanding of these characteristics will 

inform the development of effective CRF interventions tailored to different subgroups or 

individuals. A realisation following this study was that intensity of exercise must be set at levels 

relative to the individual’s capacity (further discussed in Chapter 6). 

In this study, the energy demands of activity were measured using a mobile metabolic cart. 

In many clinical and research settings, however, it is not feasible to use this method to monitor 

energy demands and intensity during exercise sessions. There is a need for a cheaper and less 

cumbersome way to monitor exercise intensity. Reporting data from the same clinical study 

outlined in this chapter, Chapter 4 contains an assessment of the validity of a wearable device to 

accurately measure energy demands of physical activity in acute stroke survivors. 
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4  Validity of an electronic device to measure 

energy demands early after stroke 

Publication 3:  

Kramer SF, Johnson L, Bernhardt J, Cumming T. Validity of multi-sensor array to measure 

energy expenditure of an activity bout in early stroke survivors. Stroke Research and Treatment. 

2018; Article ID 9134547, 8 pages. © 2017. This manuscript version is made available under the 

CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/  

Supplementary materials can be found in Appendix V. 

4.1. Introduction 

Intensity is an important dose parameter, given that improvement in CRF is reliant on the 

intensity of exercise. Exercise intensities need to be high enough to induce a cardiorespiratory 

training effect. Monitoring energy demands of activities can provide information about the 

intensity of exercise. In Chapter 1 a range of methods that measure energy demands were 

described. The mobile metabolic cart is a valid measure to measure energy demands during an 

activity.40 While this does allow mobile testing, the apparatus is uncomfortable for participants 

and is not part of the standard equipment available in clinical practice. Its use is typically 

restricted to specialised research and laboratory settings. There is a need for an easy to use device 

that can accurately measure energy demands and monitor training intensity during exercise 

sessions in stroke survivors.  

Part of this PhD plan was, that such a wearable device, if proven to be a valid measure of 

energy demands, would be used in future studies. The SenseWear armband (SWA) was of 

particular interest since it is the only device that combines accelerometer data with data recorded 

by heat and galvanic skin response sensors and has been used in stroke populations.41 The SWA 

has not been validated against a metabolic cart in stroke survivors in the acute phase of stroke 

recovery. Therefore, the aim of the study reported in this chapter was to determine the validity 

of a SWA, to measure energy demands of steady state activity in acute stroke. As the SWA is 

worn on the upper arm and stroke survivors might have upper limb impairments because of the 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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stroke, there was uncertainty about the validity of the SWA worn on the affected arm. The 

hypothesis was that the SWA worn on the unaffected arm would be a valid and reliable tool to 

estimate energy demands during activity in acute stroke survivors. 

Our main focus was the validity of a SWA worn on the unaffected arm, but to verify if the 

SWA worn on the affected arm was less reliable; all participants wore an SWA on each arm. The 

results of the SWA worn on the affected arm are reported in the supplementary material 

included in Appendix V.  
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4.2. Publication: Validity of multisensor array for 

measuring energy expenditure of an activity bout in 

early stroke survivors 
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Introduction. Stroke survivors use more energy than healthy people during activities such as walking, which has consequences
for the way exercise is prescribed for stroke survivors. There is a need for wearable device that can validly measure energy
expenditure (EE) of activity to inform exercise prescription early after stroke. We aimed to determine the validity and reliability of
the SenseWear-Armband (SWA) to measure EE and step-counts during activity <1 month after stroke.Materials and Methods. EE
was measured using the SWA andmetabolic cart and steps-counts were measured using the SWA and direct observation. Based on
walking ability, participants performed 2x six-minute walks or repeated sit-to-stands. Concurrent validity and test-retest reliability
were determined by calculating intraclass and concordance correlation coefficients. Results and Discussion. Thirteen participants
walked; nine performed sit-to-stands. Validity of the SWAmeasuring EE for both activities was poor (ICC/CCC < 0.40). The SWA
overestimates EE during walking and underestimated EE during sit-to-stands. Test-retest agreement showed an ICC/CCC of <0.40
and >0.75 for walking and sit-to-stand, respectively. However, agreement levels changed with increasing EE levels (i.e., proportional
bias).The SWAdid not accuratelymeasure step-counts.Conclusion.TheSWA should be used with caution tomeasure EE of activity
of mild to moderate stroke survivors <1 month after stroke.

1. Introduction

Cardiorespiratory fitness levels are low early after stroke
(i.e., <1 month since stroke onset), with fitness levels of
stroke survivors ranging from 44% to 76% that of age-
and sex-matched sedentary healthy adults [1–3]. In stroke
survivors, exercising at a moderate intensity, progressing
to high intensity can elicit a cardiorespiratory training
effect leading to improved cardiorespiratory fitness [4]. Our
recent systematic review results showed that walking is more
effortful for stroke survivors compared to healthy controls
based on energy expenditure (EE) levels; and in some stroke
survivors slow walking equals moderate intensity activity [5],
which could lead to improvements in cardiovascular fitness.

Understanding the EE of activities can inform development
of exercise interventions in stroke survivors.

Indirect calorimetry using a metabolic cart is commonly
used to measure the EE of physical activities. The metabolic
cart measures the volume of oxygen uptake (VO2) using
breath-by-breath analyses and has been shown to be a
valid measure of VO2 uptake during different workloads in
sedentary adults,moderately trained individuals, and athletes
[6].The development of mobile metabolic carts has extended
the measurement from stationary activities (e.g., cycling on
an ergometer or walking on a treadmill) to unfixed activities
(e.g., overground walking). This more flexible method, while
considered “gold standard,” remains cumbersome and costly
and needs a trained staffmember to operate themachine. It is
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not readily usable in an acute clinical stroke setting. Sensor-
based technology, including wearable devices, may be a low-
cost, noninvasive, and broadly applicable tool to measure the
EE of physical activity in the clinic early after stroke, provided
it is valid and reliable.

In a recent systematic review 60 different devices to
measure physical activity in stroke were identified [7]. Of
these devices, three had the potential tomeasure EE: theActi-
cal (Koninklijke Philips NV), Body fixed sensor (Physilog,
BioAGM), and the SenseWear Pro3 (Bodymedia Inc). The
SenseWear (SWA) is worn on the upper arm and is the
only multisensor device that includes accelerometer data as
well as near body temperature, heat flux, and galvanic skin
responses.Moore et al. showed that the SWAmeasure of daily
EE, when worn on the unaffected arm (SWAunaffected), was
highly correlated with doubly labelled water (gold standard)
in chronic stroke survivors (2473 ± 468 versus 2380 ±
551 kcal/day, resp.) [8]. EE during walking measured by
the SWAunaffected showed good agreement (ICC > 0.70) and
the SWAaffected showed fair agreement (ICC < 0.60) with a
metabolic cart in chronic stroke survivors, suggesting that
the SWA worn on the unaffected arm gives a more accurate
estimate of EE during walking [9]. In the same study, the
authors reported that the SWA step-count measures appear
to be less promising [9]. It is unclear whether the easy-to-
apply SWAdevice is a reliable and validmarker of EE in those
with acute stroke. We wanted to determine the validity and
reliability of the SWAunaffected to measure EE during activity
in peoplewith acute stroke, that is, within the firstmonth after
stroke.

This study is a part of a larger study in which we aimed
to compare EE of acute stroke survivors to healthy controls.
In this paper we will only discuss the result regarding the
validity and reliability of the SWAunaffected. Using a mobile
metabolic cart as a gold standard we sought to determine the
concurrent validity and reliability of SWA measures of EE
during a physical activity in stroke survivors whose stroke
onset was less than 1 month ago. We hypothesised that the
SWAunaffected is a valid and reliable tool to estimate EE during
activity in acute stroke survivors.

2. Material and Methods

2.1. Participants. Stroke survivors admitted to the acute
stroke ward at the Austin Hospital in Melbourne, Australia,
were eligible to participate if they met the following criteria:
(1) >18 years of age, (2) being within 1 month after stroke,
(3) clinically diagnosed with stroke, (4) cognitively able to
consent as assessed by the treating clinician, (5) sufficient
English language command to follow complex instructions,
and (6) medically cleared to participate by their treating
clinician.

Stroke survivors were excluded from participating in the
study if they had (1) comorbidities that impaired their ability
to either walk or perform sit-to-stands (i.e., repeated standing
up from and sitting down on a plinth) for six minutes (e.g.,
severe Chronic Obstructive Pulmonary Disorder, lower limb
surgery) or (2) other neurological comorbidities that might
affect the EE of activity (e.g., Parkinson’s disease).

All stroke survivors who participated in this study pro-
vided written informed consent. The study was approved
by the Austin Health Human Research Ethics Committee
(reference number H2011/04447).

2.2. Assessment and Measurement. Each participant’s age,
height (measured using a stadiometer), weight while clothed
but without shoes (measured using digital scales), and
smoking status were recorded. Additionally, we obtained
date of stroke, severity of stroke on admission, and stroke
subtype from the participant’s medical records. The National
Institutes of Health Stroke Severity (NIHSS) scale was used
to measure stroke severity with scores ranging from 0 to
42. Stroke severity was categorised into mild (<8), moderate
(8–16), and severe (>16) [10].

2.3. Procedure. Tomeasure EE of activity in both ambulatory
and nonambulatory stroke survivors, we used two different
test protocols: walking and sit-to-stand. Stroke survivors able
to ambulate under supervision or with light manual support
for balance and coordination (with or without a walking aid)
performed the walking protocol. Stroke survivors who were
unable to walk independently and needed manual support
from at least two people performed the sit-to-stand protocol.
We consulted with the participants’ treating clinician (i.e.,
neurologist or allied health professional) to determine which
protocol was most appropriate. All participants started with a
three-minute resting period in a seated position followed by
two bouts of six minutes of continuous activity (i.e., walking
or sit-to-stands). Between the two bouts, participants rested
for 30minutes in different positions (i.e., seated, lying flat, and
lying on an incline), allowing EE to return to baseline levels
before commencing the second six-minute bout. We aimed
for participants to reach steady-state during the six-minute
activity bouts, with steady-state defined as variability in VO2
of less than 2.0mLO2/kg/min over the last three minutes of
activity [11].

Ambulatory stroke survivors walked back and forth along
a 30-metre corridor at a self-selected pace. Participants per-
forming the sit-to-stand protocol started in a seated position
on a height-adjustable physiotherapy plinth, which was set at
a height that requiredmoderate effort andminimal assistance
only for balance from the researchers. Before every test we
emphasised to the participant that the goal was to move at a
steady pace and not to move as fast as possible during the six
minutes of activity.

EE was measured using a metabolic cart (Oxycon�
Mobile Device, CareFusion Australia Pty Ltd) and the SWA.
For completeness, we applied one SWA on each arm (the
armmost impaired from the stroke—affected—and the other
arm—unaffected). We only reported and discussed data
regarding the SWAunaffected; the data of the SWAaffected can be
found in the supplementary materials.

The SWAs were placed dorsal on the upper limb midway
between the elbow and shoulder joint. The SWA consists
of triaxial accelerometers that record movement and posi-
tion, and sensors that measure heat flux and galvanic skin
response. Data from the accelerometers and sensors are
integrated and converted to EE in Metabolic Equivalent of
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Tasks (METs) per minute using proprietary algorithms of the
manufacturer.

The metabolic cart measured VO2 continuously using
breath-by-breath analyses, averaged over three breaths; the
readout of the data was in five-second epochs. Calibra-
tion of the metabolic cart was performed according to the
manufacturer’s operational instructions prior to testing. Gas
calibration was performed against gas with a ratio of 16%
O2 and 4% CO2 in Nitrogen. The ambient conditions were
automatically measured by the unit. The participants were
fitted with a facemask and a harness that carries the Oxycon
units that allow telemetric transmission of data to a laptop.

Step-count was recorded by direct observation using a
manual counter and by the SWA. The accelerometer output
of the SWA is converted to step-counts using proprietary
algorithms of themanufacturer. Sit-to-stand counts were also
recorded by direct observation using a manual counter; a
single sit-to-stand was counted when the participant stood
up and sat back down.

The test protocol was terminated if a participant did
not meet the following criteria assessed in a sitting position
before the six-minute activity bouts: systolic blood pressure
between 120 to 220mmHg (automatic blood pressure moni-
tor OMRON, Australia), oxygen saturation > 92%, heart rate
between 40 and 100 bpm (pulse oximeter, Oxycon Mobile
Device, CareFusion Australia Pty Ltd), and temperature
< 38.5∘C (tympanic thermometer, Covidien, Medtronics,
Australia). The test was also terminated if the participant
requested stopping or felt unwell.

Purposeful sampling was used to recruit participants and
we aimed to include stroke survivors who were able and not
able to walk.We considered it feasible and practical to recruit
20 stroke survivors.We continued recruitment until 20 stroke
survivors completed both activity bouts and had complete
data sets including EE data measured by the metabolic cart
and SWAunaffected.

2.4. Data Processing and Analysis. After the test had been
completed the data of the metabolic cart and SWAs were
downloaded on to a computer. In this study we expressed
EE in METs. The Oxycon expresses EE in VO2 in ml/kg/min
which is automatically converted toMETs/min, where 1MET
is equal to a VO2 of 3.5ml/kg/min.

The output of the metabolic cart data is averaged over
five-second epochs; we averaged the metabolic cart data for
each minute to match the SWA data, which is collected in
METs/min. EE under steady-state conditions was calculated
by averaging the EE output over the last three minutes of
the six-minute bouts for each participant for both the data
acquired by the metabolic cart and the SWAs. We used
descriptive statistics, calculated medians and interquartile
ranges (IQR) for demographic data, anthropometric data,
walking speed, step-counts, and sit-to-stand counts, and we
calculated means and standard deviations for the EE of
steady-state activity.

We confirmed that all EE data were normally distributed
using the Shapiro-Wilk test. We calculated intraclass corre-
lation coefficients (ICC) and Lin’s concordance correlation
coefficients (CCC) to assess agreement between measures.

Both ICC [12] and CCC [13] are valid statistics to determine
agreement between measures.

Additionally we employed reduced major axis (RMA)
regression, which is appropriate in the setting of this study,
where both measurement tools produce readings that are
susceptible to measurement error [14]. The regression anal-
ysis yields slope and intercept. A slope different from 1 is
indicative of proportional bias. If the slope is 1 or close
to 1 then the intercept needs to be interpreted, where an
intercept different from 0 is indicative of fixed bias. The
two components provide readings that differ by a consistent
amount across magnitude (fixed bias) or that differ by a
changing amount across magnitude (proportional bias) [15,
16]. We generated scatterplots including the line of perfect
concordance and the RMA.

2.5. Outcomes

2.5.1. Primary Outcome: Energy Expenditure. To test our
hypotheses regarding concurrent validity of the SWAunaffected,
we determined agreement between themetabolic cart and the
SWAunaffected for the followingmeasures: (1) EEof steady-state
walking and (2) EE of steady-state sit-to-stand. Test-retest
reliability for both the metabolic cart and the SWAunaffected
was assessed by determining agreement between EE mea-
surements taken during the 1st and 2nd bout during walking
and sit-to-stand.

2.5.2. SecondaryOutcome: Step-Counts duringWalking. Step-
count measurements of the SWA utilise accelerometer data
from the movement of the wearer’s arm. When the wearer’s
arms are fixed on walking frames or supported by people
walking with physical assistance, the recorded accelerometry
data are likely to lack validity. We therefore excluded step-
count data of participants who walked with a 4-wheel frame
or required physical assistance. We tested our hypothesis
regarding concurrent validity of the SWA by determining
agreement between the observed step-counts and step-counts
recorded by the SWAunaffected. Test-retest reliability of the
SWAswas determined by agreement between the step-counts
recorded during the 1st and 2nd bout of walking.

We used the following ICC and CCC cutoff points to
interpret the strength of agreement: less than 0.40: poor,
between 0.40 and 0.59: fair, between 0.60 and 0.74: good,
and between 0.75 and 1.00: excellent [17]. All analyses were
performed using Stata 13 (StataCorp LP).

3. Results

We recruited 23 acute stroke survivors. Fourteen participants
completed the walking protocol; one participant was unable
to complete the second bout of walking due to fatigue. We
excluded the data of another participant who completed less
than 2.5 minutes of walking due to fatigue. Nine participants
performed the sit-to-stand protocol; we had missing data for
two participants due to machine failure and one participant
was unable to perform the second bout of sit-to-stands
due to fatigue. One participant had a bilateral stroke and
performed the sit-to-stand protocol. The SWA data of both
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Recruited 23
participants

Walking protocol 
n = 14 

Excluded n = 1
unable to complete 6 min of 
walking
Missing data n = 1
2nd walk not performed due
to metabolic cart failure

1st walk:
Metabolic cart data n = 13
SW affected n = 13
SW unaffected n = 13

2nd walk: 
Metabolic cart n = 12
SW affected n = 12
SW unaffected n = 12

Sit-to-stand
protocol
n = 9

Excluded n = 0
Missing data n = 2
2 metabolic cart failure
1 only completed 1st bout
due to fatigue

1st STS:
Metabolic cart data n = 7
SW affected n = 9
SW unaffected n = 8

2nd STS:
Metabolic cart n = 6
SW affected n = 8
SW unaffected n = 7

Figure 1: Flowchart of datasets for metabolic cart and SWA available for analyses.

Table 1: Participant characteristics.

All
(𝑛 = 22)

Walking
(𝑛 = 13)

Sit-to-stand
(𝑛 = 9)

Age, years 78 (70 to 83) 78 (70 to 85) 78 (73 to 78)
Male (𝑛) 13 9 4
Time since stroke, days 4 (2 to 6) 4 (2 to 6) 4 (3 to 5)

Height, cm 164.5
(159.0 to 173.0)

163.0
(161.8 to 171.0)

165.0
(159.0 to 173.0)

Body weight, kg 73.0
(62 to 90)

72.2
(61.1 to 81.3)

76.7
(72.2 to 90.0)

Affected side, 𝑛 = right/ bilateral 8/1 5/0 3/1
Stroke severity:

Mild NIHSS < 8 (𝑛) 18 11 7
Moderate NIHSS 8–16 (𝑛) 4 2 2
Severe NIHSS > 16 (𝑛) 0 0 0

All data is reported as medians and IQRs unless stated otherwise.

arms of this participant were regarded as EE of the affected
arm (SWAaffected). We included the average of EE values of
both arms for this participant in the analyses; hence the
difference in numbers of SWA measures in the group that
performed sit-to-stand (Figure 1).TheEE and step-count data

of the SWAaffected compared to the metabolic cart and direct
observations can be found in the supplement.

We analysed the data of 22 participants. The median age
was 78 (IQR 73–81) and all participants performed the test
within the first seven days after stroke (Table 1), except for
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Table 2: Energy expenditure of walking and sit-to-stands and agreement between the metabolic cart and SWAunaffected.

Outcome energy expenditure (METs)

Activity bout (𝑛) Metabolic cart SWAunaffected
Mean difference

(SD) ICC (95% CI) CCC (𝑟𝑐) (95%
CI) RMA slope RMA intercept

1st walk
(𝑛 = 13) 2.72 (0.54) 3.65 (0.76) −0.93 (0.66) 0.02 (0.0 to 0.54) 0.24 (−0.02 to

0.51) 1.42 −0.21

2nd walk
(𝑛 = 12) 2.78 (0.52) 3.47 (0.49) −0.69 (0.45) 0.13 (0.0 to 0.63) 0.31 (0.02 to

0.61)∗ 0.94 0.85

1st sit-to-stands
(𝑛 = 6) 2.35 (0.95) 2.21 (0.94) 0.47 (0.79) 0.38 (0.0 to 0.88) 0.37 (−0.33 to

1.00) 1.04 −0.57

2nd sit-to-stands
(𝑛 = 5) 2.49 (1.07) 1.83 (1.22) 1.08 (0.85) 0.25 (0.0 to 0.88) 0.34 (−0.19 to

0.86) 0.64 −0.14

Energy expenditure is reported as mean (SD); ∗𝑝 = 0.03; ICC: intraclass correlation coefficient; CCC: concordance correlation coefficient; RMA: reduced
major axis.
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(a) Energy expenditure walking (1st): metabolic cart and SWAunaffected
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(b) Energy expenditure walking (2nd): metabolic cart and SWAunaffected

Figure 2

one participant who was tested at 13 days after stroke. The
median walking speed was 0.59m/sec (IQR 0.54 to 0.72) and
0.60m/sec (IQR 0.47 to 0.92) during the 1st and 2nd bout,
respectively. Participants who performed both bouts of sit-
to-stands were able to complete a median of 93 sit-to-stands
(IQR 40 to 113) during the 1st bout (𝑛 = 7) and a marked
higher median of 94 (IQR 40 to 121) during the 2nd bout
(𝑛 = 7).

3.1. Concurrent Validity: EE Measured by Metabolic
Cart and SWA𝑢𝑛𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑

3.1.1. Walking. During both the 1st and 2nd bouts of walking
we found poor agreement (ICC/CCC < 0.40) between EE
measured by the metabolic cart and the SWAunaffected. There
was evidence of proportional bias (slope = 1.42) during the
1st bout with agreement decreasing at higher levels of EE
(Table 2 and Figure 2(a)), whereas the slope during the 2nd
bout was 0.94; the SWAunaffected systematically overestimated
EE (Table 2 and Figure 2(b)).

3.1.2. Sit-to-Stands. We found poor agreement (ICC/CCC
< 0.40) between the EE of sit-to-stands measured by the
metabolic cart and the SWAunaffected for both sit-to-stand
bouts. During the 1st bout of sit-to-stands, there was lit-
tle evidence for proportional bias; the SWA systematically
underestimated EE (intercept = −0.57). During the 2nd bout
there was some evidence of proportional bias (slope = 0.64)
where agreement decreased at higher EE levels (see Table 2).

3.2. Test-Retest Reliability: EE during Walking. We first
assessed the test-retest reliability of our gold standard, the
metabolic cart, and found excellent agreement between the
EE measured during the 1st and the 2nd bout of walking
(ICC = 0.96, 95% CI 0.87 to 0.99; CCC = 0.96, 95% CI 0.90
to 1.00, 𝑛 = 12). There was no evidence of proportional or
fixed bias (slope = 1.05 and intercept = −0.19) indicating that
participants performed at a similar level across bouts.

However, this was not the case for EE of walking mea-
sured using the SWAunaffected, which showed poor agreement
between the two time points (ICC = 0.39, 95% CI 0.0 to 0.77;
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Table 3: Step-counts and agreement between observed count and SWAunaffected.

Outcome step-counts

Activity bout (𝑛) Observed
counts SWAunaffected

Mean difference
(SD) ICC (95% CI) CCC (95% CI) RMA slope RMA intercept

1st walk (𝑛 = 8) 592 (87) 356 (219) −235 (173) 0.0 (0.0 to 0.66) 0.22 (−0.04 to
0.48) 2.52 −1133

2nd walk (𝑛 = 8) 602 (87) 411 (207) −191 (150) 0.16 (0.0 to 0.74) 0.30 (0.01 to
0.59)∗ 2.39 −1026

All data is reported as mean (SD) unless stated otherwise; ∗𝑝 = 0.03; ICC: intraclass correlation coefficient; CCC: concordance correlation coefficient; RMA:
reduced major axis.

2

3

4

5

6

2 2.5 3 3.5 4 4.5

Reduced major axis
Line of perfect concordance

1
st 

w
al

k 
[M

ET
s]

SW
A

un
aff

ec
te

d:
 en

er
gy

 ex
pe

nd
itu

re

SWAunaffected: energy expenditure 2nd walk [METs]

Figure 3: SWAunaffected: energy expenditure between 1st and 2nd
bout of walking.

CCC = 0.37, 95% CI −0.08 to 0.82, 𝑛 = 12).The RMA showed
proportional bias (slope = 0.63 and intercept = 1.15) indicating
that when EE levels increase just beyond 3 METs, agreement
gets poorer (Figure 3).

3.3. Test-Retest Reliability: EE during Sit-to-Stands. The
metabolic cart was reliable between bouts of sit-to-stands,
similar to our finding for walking, with excellent agreement
of EE measures between the 1st and 2nd bout of sit-to-
stands (ICC = 0.93, 95% CI 0.64 to 0.99; CCC = 0.92,
95% CI 0.82 to 1.0, 𝑛 = 6); however, there was some
evidence of proportional bias (slope = 0.74 and intercept =
0.53) with agreement reducing at higher levels of EE. In the
scatterplot (not shown) we identified one clear outlier. This
individual moved substantially faster during the second bout
compared to the 1st bout, completing 139 sit-to-stands versus
116, respectively. Post hoc analysis of the data excluding the
outlier resulted in an ICC of 0.99 (95% CI 0.93 to 1.00) and
a CCC of 0.99 (95% CI 0.96 to 1.0; 𝑛 = 5) and a slope and
intercept of 1.12 and −0.25, respectively, indicating that the
remaining participants performed at a similar rate between
bouts.

Agreement was excellent for EE measures between the 1st
and 2nd bout of sit-to-stands recorded by the SWAunaffected
(ICC = 0.90, 95% CI 0.58 to 0.98; CCC = 0.89, 95% CI 0.74 to
1.0, 𝑛 = 7). The RMA showed proportional bias (slope = 0.80
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Figure 4: Energy expenditure SWAunaffected: 1st and 2nd bout of sit-
to-stands.

and intercept = 0.65) with agreement improving up to an EE
level of 3.5 (Figure 4).

3.4. Concurrent Validity: Step-Counts Measured by Observed
Step-Counts and SWA𝑢𝑛𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑. We excluded step-count data
of five participants who walked with a walking frame or
needed physical assistance; the analyses included data of 8
participants. The average number of step-counts measured
by the SWAunaffected was substantially lower (>190 steps)
than the average step-counts measured via direct observation
(Table 3).

The SWAunaffected showed poor agreement with observed
step-counts during the 1st bout and 2nd bout of walking and
the RMA slopes were large showing evidence of proportional
bias with agreement improving when step-counts increase
(Table 3).

4. Discussion

We set out to determine if the SWA wearable device could
provide a valid measure of EE during physical activity in
acute stroke patients. Our results indicated that the SWA
worn on the unaffected arm did not accurately measure
EE during a bout of physical activity; rather, it seemed
to overestimate EE compared to the metabolic cart during
walking and underestimate EE during sit-to-stands. Our
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findings regarding EE during walking are in contrast with
the findings in the Manns and Haennel (2012) study. Their
study, which included 12 chronic stroke survivors, found
good agreement (ICC = 0.70) between EE measured by the
metabolic cart and the SWA during a six-minute walk [9].
In our study agreement was poor (CCC < 0.40). It has been
suggested that slower walking speeds might lead to decreased
accuracy of EE estimation by the SWA [9]. Our results do
not support this suggestion, since the participants in our
study walked at a higher average speed and used less energy
compared to the participants in the Manns and Haennel
study.The SWAuses an algorithm that integrates information
collected from the triaxial accelerometer and the sensors that
detect heat flux, temperature, and galvanic skin reaction, to
estimate EE. There are no details available regarding this
algorithm, preventing us from exploring which factors might
have influenced the accuracy of EE estimates.

We found that the SWA greatly underestimated step-
counts by approximately 300 steps on average within two
weeks of stroke onset. This difference was larger than the
difference found in the Manns and Haennel study in which
step-counts measured by the SWA were compared to step-
counts measured by the StepWatch Activity Monitor (SAM)
in stroke survivors > 6 months after stroke [9]. The SAM is
a highly accurate device to measure step-counts [18] and it is
therefore unlikely that the use of a different criterion could
be an explanation for the difference in agreement between
our studies. Recall that step-counts recorded by the SWA are
mostly derived from the accelerometer datawhich is based on
arm swing. Tominimise the impact of reduced arm swing, we
purposefully only reported data from the SWAunaffected and
excluded data from participants that walked with physical
assistance or with a walking aid from the step-count analyses.
It is possible, though, that the included participants also had
lower-than-normal arm swing during walking. The results of
our study confirm that the SWA is not a valid tool to measure
step-counts in stroke survivors. A recent review highlights
that there are other accelerometer based tools available that
validly and reliably measure step-counts [7].

It is however important that our results are interpreted
with caution; no formal calculations were performed to
predetermine sample size and the sample size of this study
was small. On the other hand we did compare the data
of the SWA to the metabolic cart, which is regarded as
a gold standard, and showed that in our sample it was
a reliable measure of EE of activity and we are confident
that the metabolic cart is a true measure of EE. Including
a broad variety of stroke survivors in a clinical study like
this is challenging. We were able to include ambulatory and
nonambulatory stroke survivors within 14 days of stroke
onset. Almost all of our participants, except one, were able
to reach steady-state (22/23), regardless of their ability to
ambulate. Exercising under steady-state conditions is one
of the methods to improve cardiorespiratory fitness and we
showed that some stroke survivors have the potential to start
performing cardiorespiratory exercise early after stroke. It is
important, however, that all of the included stroke survivors
had mild to moderate stroke severity.

The differences between SWA and metabolic cart were
systematic and small. During walking, EE was overesti-
mated by less than 1.0MET and during sit-to-stands it was
underestimated by less than 1.1METs. Considering that the
range of activity intensity is 3METs, that is, light intensity
is <3METs and moderate intensity is 3–6METs, a difference
of less than 1.1METs is relatively small. It is a concern,
however, that the direction of the estimation error was not
consistent across the two activities we tested.Therapy session
in stroke rehabilitation can consist of different exercises
including walking and sit-to-stand amongst other activities.
Furthermore the test-retest reliability of the SWAunaffected
measuring EE showed mixed results regarding agreement,
but most importantly the RMAs for both walking and sit-
to-stands showed that agreement changed when levels of EE
change. This suggests that SWA EE output during therapy
sessions with mixed activities would be highly variable, and
using the SWA would not be a reliable method to track EE
over time.

5. Conclusion

Based on the results of our study the SWAdoes not accurately
measure EE and therefore should be used with caution when
measuring EE during activities early after stroke.
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4.3. Summary and conclusions 

The SWA did not accurately measure energy demands during the steady state activities 

(walking and sit-to-stands) in stroke participants. A wearable tool would allow the intensity of 

CRF training sessions to be monitored, but unfortunately there are currently no devices that 

have been demonstrated to be accurate in this capacity in stroke survivors.41 As a consequence, 

no device was included in the protocol of the newly developed CRF training intervention and 

study protocol which form part of this thesis (see Chapter 6 and Chapter 7).  

There was an error noted on page 5, 1st paragraph last sentence in the published manuscript. 

The statement that there was “marked higher median of 94 (IQR 40 to 121) during the 2nd bout (𝑛𝑛 = 

7)” is incorrect. The sit-to-stand counts (n = 7) were in fact very similar between the two time 

points as shown by the reported data on page 5 (1st bout median = 93 sit-to-stands IQR 40 to 

113 and 2nd bout median = 94 sit-to-stands IQR 40 to 121). 

The findings of Chapters 2-4 showed that although the energy demands in stroke survivors 

are high, they are able to reach a steady state during a six minute activity, without any adverse 

events. For some stroke survivors the magnitude of the energy demands was at a level high 

enough to elicit a training effect to improve fitness. Additionally, the ability to reach a steady 

state was regardless of walking ability, indicating that walkers as well as non-walkers have the 

ability to perform CRF training. The exercise duration now needs to be extended to reach the 

recommended time of 20-60 minutes. The variability in energy demands however warrants an 

individual approach to exercise prescription, where intensity is set relative to an individual’s 

capacity.  

The next step in the development of a CRF intervention was to determine the FITT 

parameters: frequency, intensity, time and type (see Chapter 1). As the SWA was unable to 

accurately measure stroke survivor’s energy demands during activity, it could not be used to 

inform the prescription of exercise intensity. Therefore, other methods need to be explored for 

setting CRF training intensity that take the individual’s capacity into account. To help inform the 

determination of the FITT parameters an inspection of the existing research literature was 

required. How have exercise interventions for stroke been developed? What dose parameters 

have been used? What is the safety profile of the exercise interventions? Understanding these 

issues will guide the choice of dose parameters for a CRF intervention that can be initiated early 

after stroke.  
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Chapter 5 describes a comprehensive review of RCTs of physical fitness interventions (i.e., 

CRF training, resistance training or mixed training) starting within 3 months post-stroke.  
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5 Exercise interventions in stroke trials: 

Development, dose parameters, progression and 

safety  

5.1. Introduction 

Current research provides limited information on the optimum dose of fitness training, with 

even less information available for interventions that start within the first months of stroke,16 

when most functional recovery takes place.20 Given the uncertainty regarding dose parameters 

for fitness training, the next step was to investigate how physical fitness interventions for stroke 

survivors in randomised controlled trials have been developed. Furthermore, little is known 

about how physical fitness interventions should progress and if they can be performed safely in 

the acute phase after stroke. The systematic review described in this chapter sought to 

summarise the methods used to develop physical fitness interventions. Additionally, the dose 

parameters and dose progression of the intervention in each trial were summarised, as were the 

reported safety and feasibility outcomes. The focus of the review was on physical fitness 

interventions starting within three months of stroke. Although, the main focus of this thesis is 

the acute phase of recovery (i.e., within the first month) post-stroke, the review focussed on the 

first three months post-stroke, since it is known that limited numbers of trials have been 

conducted within the first month post-stroke. Furthermore, extending the time post-stroke to 

three months might provide information about parameters that can be applied to interventions 

for stroke survivors in the acute phase.  

5.2. Background 

The reasons for the lack of exercise studies starting within one month post-stroke are 

multifaceted. One reason is likely to be a perceived lack of safety of exercise for stroke survivors 

in the acute phase. In a large observational study (n=345), about two thirds of stroke survivors 

admitted to an inpatient rehabilitation hospital (average time post-stroke 27 days) were not 

enrolled in a structured fitness program; and were excluded on the basis of the presence of 

cardiovascular risk factors.91 The authors noted, however, that the same risk factors do not 

preclude cardiovascular patients from participating in cardiac rehabilitation programs.91 
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Organising a training program over several weeks in this acute phase is challenging due to the 

limited time (i.e., less than two weeks on average) stroke survivors spent in acute hospitals.92 The 

transfer from the acute hospital to inpatient rehabilitation or home is impactful for most stroke 

survivors. Given that trials require adherence to a study protocols specifying the interventions 

schedule, discharge or re-admissions are potential threats to fidelity of trials in the acute phase 

post-stroke. Another reason for a lack of acute stroke trials may be the complexity of tailoring 

training programmes to the individual. In the acute phase of recovery, there is great variability 

between stroke survivors in terms of exercise capacity6 and level of impairment. This variability 

makes prescribing training challenging; and it requires an adaptive approach, that allows for 

individuals with different levels of functioning engaging in training activities. 

The heterogeneity of stroke survivors can also be observed across different trials. In several 

Cochrane reviews of trials that include stroke survivors, the authors reflect on the heterogeneity 

of the study populations, but also on heterogeneity of interventions and outcomes measured.16,93 

Heterogeneity hampers the ability to compare results between studies and syntheses of the data. 

This intervention variability might be a symptom of a lack of systematic intervention 

development. A review of complex non-pharmacological interventions in stroke trials showed 

that the development of these interventions lacked detail and did not use a structured 

framework.94 Exercise training research in stroke seems to quickly move to small phase III 

randomised trials, often without a preceding systematic process to develop the intervention. The 

Stroke Recovery and Rehabilitation Roundtable (SRRR) has highlighted key components in the 

development of complex interventions in stroke research and outlined several 

recommendations.95 These recommendations state that it is important to determine the target 

population, the main and flexible components of the intervention, who will deliver the 

intervention, the dose parameters, and how the intervention will be tailored to the individual.95 

The MRC guidance for developing and evaluating complex interventions describes a framework 

that includes a theoretical grounding (based on a theoretical framework or review of the 

evidence-base for the intervention, or component of the intervention) and feasibility and pilot 

studies that test the intervention components and outcome tools.25  

This chapter focusses on three main facets of intervention development in RCTs that 

underpin the evidence for physical fitness training in stroke survivors within three months of 

stroke. These facets are: 1) methods used to develop the intervention; 2) dose parameters and 

dose progression rules; and 3) safety and feasibility of the intervention. A comprehensive review 

of physical fitness training interventions for stroke survivors within three months post-stroke 
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was conducted. The included RCTs are a subset of the studies included in the Cochrane review 

of Saunders et al.16 The Cochrane review includes RCTs in which the effects of physical fitness 

interventions were evaluated. The RCTs are limited to cardiovascular training, resistance training 

or mixed training (i.e. a combination of cardiorespiratory and resistance training) interventions. 

Although other rehabilitation interventions such as balance training have the potential to 

improve fitness, these types of interventions were not within the scope of this review. The aim 

of the review described in this chapter was to identify the methods used to develop exercise 

interventions in stroke trials, to summarise the main intervention components (i.e., dose 

parameters, dose progression), and to detail the reported safety and feasibility outcomes. The aim 

was not to evaluate the effectiveness of the interventions, which was the purpose of the Saunders 

et al.16 Therefore, outcomes related to efficacy of exercise training in stroke are not discussed in 

this chapter. 

5.3. Method 

In 2016, when the review described in this Chapter was conducted, the Cochrane Review by 

Saunders et al16 provided an ideal platform to consider intervention development, dose 

progression and safety and feasibility of physical fitness training in stroke. The Cochrane review 

included RCTs that included stroke survivors >18 years of age, at any time post-stroke. The 

interventions of interest were physical fitness training, which included CRF training, resistance 

training or mixed training (combination of CRF and resistance training). The following 

comparisons were included: physical fitness training plus usual care versus usual care alone and 

physical fitness training versus no intervention. Training was defined as “a systematic, progressive 

increase in the intensity or resistance, frequency, or duration of the physical activity throughout a scheduled 

programme”. In the Saunders et al.16 review, trials that combined a physical fitness intervention 

with assistive technology such as robotics, electrical stimulation, electromechanical gait 

assistance, and virtual reality applications were excluded, as well as trials that had an active 

control group that might potentially confound the results. 

 Screening and eligibility criteria 

Three reviewers (SFK, LJ, and TK) screened the 58 included trials and 187 excluded trials 

reported in the Cochrane review, with each trial screened by two independent reviewers, against 

the following criteria: 
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• All participants were less than three months post-stroke at the time the intervention 

commenced 

• At least one group received a progressive physical fitness intervention 

The two reviewers discussed any disagreement to reach a decision; if the disagreement could 

not be resolved a third reviewer made the final decision about including or excluding the trial. 

 Data extraction 

Sample size was extracted, along with participant demographics, including age, gender, days 

post-stroke and inclusion- and exclusion criteria. Data were extracted independently by two 

reviewers (SFK and LJ or SFK and TK) regarding mobility level of the participants, measured by 

the Functional Ambulation Categories (FAC), which is a reliable measure of mobility in stroke.96 

The FAC ranges from 0-5 (0=unable to walk, 1=needs physical support from two people to 

walk for balance coordination to prevent from falling, 2=needs physical support from one 

person for balance and coordination, 3=needs supervision, 4=can walk independently on even 

surfaces, 5=can walk independently on any surface). If the authors of the trial did not report 

FAC scores, two independent reviewers assigned FAC scores based on the inclusion criteria of 

the trial. Any disagreement between reviewers was resolved through discussion as previously 

described. 

 Outcomes 

Data related to the trial design, intervention parameters (including dose and progression), 

and safety and feasibility of the physical fitness training interventions were extracted. The 

extracted data for each data category and the definitions are shown in Table 5.1. 

Intervention parameters, safety, and feasibility data were only extracted for the experimental 

physical fitness training intervention(s) and not for usual care interventions. For example, in 

trials where the experimental group received cardiorespiratory treadmill training plus usual care 

and was compared to usual care alone, data were only extracted for the cardiorespiratory training 

component. 
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 Data synthesis 

The data regarding intervention development features are discussed for all trials and 

summarised in Table 5.2. Data were categorised by time since stroke at which the training 

started: less than one month (i.e., ≤30 days) or one to three months (i.e., >30 days to ≤90 days) 

based on the median or mean value of time post-stroke reported. Patient characteristics of the 

included trials are reported in two tables: Table 5.3 includes within a month post-stroke and 

Table 5.4 includes trials between one and three months post-stroke. The intervention parameters 

that are recommended in exercise guidelines differ between modes of training. For example, the 

ACSM recommends that resistance training is performed at least 2 days per week on non-

consecutive days and cardiorespiratory training on 3-5 days per week.34 Therefore, the data 

regarding intervention parameters, progression rules and safety were reported by mode of training 

intervention: cardiorespiratory (section 5.4.3), resistance (section 5.4.4) and mixed training 

(section 5.4.5), by time post-stroke.  
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Table 5.1 Data categories and definition 

Outcome Data extracted Definition 

Intervention 
development 

Pilot work  Did the authors refer to a pilot study and, if so, was the 
pilot study published? 

 Power calculation Did the authors report that a power calculation was 
performed and if the pre-determined sample size was 
reached? 

 Framework 
used/based on 
theory 

Did the authors explicitly report that a framework was 
used to develop the intervention or mention that the 
intervention was based on a theoretical paradigm? 

 Evidence base Was a (systematic) review conducted or did authors refer 
to a review in which the evidence for the intervention of 
interest was summarised? 

 Stratification Did the authors explicitly report that participants were 
stratified according to patient-related factors, or divided 
into subgroups? When stratification took place (at 
randomisation, analyses), and what the strata were? 

Intervention dose 
parameters 

Starting dose Did the authors explicitly report the intervention 
parameters (incl. frequency, session length and intensity) 
of the initial training session, and what were they? 

 Mode of training What type of training was used: cardiorespiratory, 
resistance or mixed? 

 Type of exercise Description of the type of exercise (e.g., running, cycling). 
 Frequency Number of sessions per week. 
 Intensity Intensity level of the exercise (e.g., a target heart rate of 

50% of maximum heart rate, number of repetitions and 
sets with a weight of 50% of the 1 repetition maximum 
(1RM)). 

 Session time Duration of the individual training sessions (minutes). 
 Programme 

duration 
Duration of the intervention programme (weeks). 

 Individual 
progression 

Did the authors explicitly state that the intervention 
progressed based on individual performance? 

 Progression rules Pre-specified rules: how and when was the intervention 
progressed? 

Safety Exercise test 
performed 

Was a pre-training test performed to assess a participant’s 
fitness or exercise capacity? If yes, details of the test. 

 Safety criteria 
exercise test  

The criteria for stopping the exercise test.  

 Safety criteria 
exercise session 

The criteria for stopping the exercise sessions.  

 Adverse events Any adverse events reported. 
Safety/feasibility Drop outs and 

missing data 
Any drop-outs or missing data reported and reasons for 
drop-outs. 

 Compliance The actual exercise performed, if it was according to what 
was prescribed and reasons for not complying. 

 Attendance Number of sessions not attended and reasons. 
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5.4. Results 

Two hundred and forty five trials were screened and 25 met the eligibility criteria for this 

review.97-123 In two instances, two publications were found that reported on different outcomes 

of the same trial; only the earliest publication of these trials were included,116,123 with the later 

publications excluded.118,120 Twenty-three trials were included in the review (see Figure 5.1). 

 

Figure 5.1 Flow diagram of trial selection and screening process. 

 

The sample size of the included trials ranged from 13 to 155 participants. In 12 trials (52%) 

started training within one month post-stroke.102,105,106,108-111,113,117,121-123 In 11 trials (48%), training 

started between 1-3 months post-stroke.97-99,101,103,104,107,112,114,116,119 In ten trials(43%), the effect of 

CRF training was evaluated,101,104,106,109,110,113,116,117,121,123 in four trials (17%) the effect of resistance 

training was the focus,97,103,112,119 and in nine trials (40%) the effect of mixed training was 

evaluated.98,99,102,105,107,108,111,114,122 None of the resistance training trials started within one month 

post-stroke. 

Included trials Saunders et al. 
(2016)  
(n=58) 

Excluded trials Saunders et al. 
(2016)  

(n=187) 

Trials screened  
(n=245) 

Trials excluded (n=220):  

No physical fitness training (n=96) 

Training started >3 months (n=94) 

No RCT (n=13) 

Mixed population (n=7) 

TIA and minor stroke (n=7) Eligible trials (n=25) 

Excluded (n=2) 

Publication of additional outcomes of 
the same trial (n=2) 

Studies included  
(n=23) 
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 Intervention development methods 

The intervention development features reported in each trial are shown in Table 5.2. Ten 

trials (43%) were reported as a pilot study.97-99,104,105,108,110-112,122 One pilot study108 preceded a fully 

powered trial by the same authors,107 which was also included in this review. The authors of 5 of 

the included trials (22%) reported that the intervention was piloted and referred to published 

data.107,113,114,116,122 Moreland et al.119 referred to unpublished pilot data. 
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Table 5.2 Intervention development features included in trials (n=23) 

Time 
post-
stroke  

Mode 
of 
training 

Study Pilot 
study 

Int. 
piloted 

Power 
calc 

Frame 
work/ 
theory 

Review  Strata 

<1
 m

on
th

  

po
st

-s
tr

ok
e 

Cardio Ada 2010113 
      

Cardio Franceschini 2009117 
      

Cardio Da Cunha 2002110 
      

Cardio Mackay-Lyons 2013106 
      

Cardio Nilsson 2001121 
      

Cardio Pohl 2007123 
      

Cardio Takami 2010109 
      

Mixed Galvin 2011102 
      

Mixed Letombe 2010105 
      

Mixed Outermans 2010122 
      

Mixed Richards 1993108 
      

Mixed Toledano-Zarhi 
2011111       

1-
3 

m
on

th
s 

 p
os

t-
st

ro
ke

 

Cardio Duncan 2011116 
      

Cardio Eich 2004101 
      

Cardio Kuys 2011104 
      

Resist Bale 200897 
      

Resist Inaba 1973103 
      

Resist Moreland 2003119 
      

Resist Verheyden 2009112 
      

Mixed Blennerhassett 
2004114       

Mixed Cooke 201098 
      

Mixed Duncan 199899 
      

Mixed Richards 2004107 
      

=no, =yes. int. piloted=authors report intervention was piloted, but data were not published, 
power calculation=power calculation performed but sample size did not reach number of participants required. 
Abbreviations: cardio=cardiorespiratory, resist=resistance, power calc=power calculation performed, 
pilot=reported as a pilot study by the authors of the trial, strata=stratification used in randomisation or analyse, 
int=interventions. 
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In 12 of the 23 trials (52%) a power calculation was performed to determine sample 

size,97,98,101,106,107,113,114,116,119,123,124 but in one trial the pre-determined sample size was not reached.113 

Patients were stratified in seven trials (30%).98,106-108,113,116,119 Details on how variables were 

measured and which cut-off scores were used for stratification are reported in Table 5.3 and 

Table 5.4. 

 Participant characteristics  

Trials with training starting within one month post-stroke 

In 12 trials participants started training within one month post-stroke (see Table 5.3). The 

average days post-stroke ranged from 8 to 29 days and the average age of the participants ranged 

from 54 to 70 years. In six trials (50%) one of the eligibility criteria was based on the type of 

stroke,81,106,108,109,111,121 and in three of these trials only participants diagnosed with ischaemic stroke 

were included.106,108,111 In the other six trials (50%), the inclusion criteria did not define the type 

of stroke.102,105,110,113,117,122 In the majority (58%) of trials, stroke survivors with cognitive 

impairments were excluded.102,105,106,109,110,113,117 Cardiac conditions were specified as one of the 

exclusion criteria in nine trials (75%), with various levels of details provided regarding the 

severity and type of cardiac condition that would warrant exclusion.81,106,109-111,113,117,121,122 

In only two of the acute trials (17%) participants were stratified; in both studies stratification 

took place at the time of randomisation.106,113 Ada et al.113 stratified participants according to 

sitting balance into two strata. MacKay-Lyons et al.106 stratified participants into two strata, one 

including participants who were independently ambulating and the other including participants 

who were unable to ambulate independently. 
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Table 5.3 Patient characteristics in trials with training starting within one month of stroke (n=12) 

Study  Mode Days post-
stroke±SD  

Setting N 
(exercise 
group) 

Age FAC Stratified Inclusion criteria Exclusion criteria 

Ada 2010113 Cardio 18±8 Inpatient 
rehab 

64 70±9 0-2 Sitting 
balance of 0-
2 versus 4-6 
on MAS item 
3125 (range 
0-6; 
6=normal 
motor 
behaviour). 

<28 days after 1st stroke, 
aged 50-85 years, clinically 
diagnosed hemiparesis, 
non-ambulatory (i.e., score 
0 or 1 on MAS walking item) 

Clinical brain stem signs, severe 
cognitive/language deficits 
(unable to follow instructions), 
unstable cardiac status, 
premorbid conditions precluding 
participating in rehabilitation 

Da Cunha 
2002110 

Cardio 16±8 Inpatient 
rehab 

6 58±5.5 0-2 No <6wks stroke, gait deficit 
(i.e., gait speed of 
≤36m/min) and FAC score of 
0-2, MMSE score ≥21/30, 
ability to stand with or 
without assistance and take 
≥1 step with/without 
assistance, medically stable  

Comorbidity/disability (i.e., 
amputation, spinal cord lesion) 
precluding gait training, 
myocardial infarction <4wks, or 
cardiac bypass surgery + 
complications, diabetes (blood 
sugar >250mg/dL), hypertension 
(>190/110mmHg), LL joint 
disease (unable to perform gait 
training); body weight >110kg; 
MMSE score <21/30; previous 
bilateral stroke 
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Study  Mode Days post-
stroke±SD  

Setting N 
(exercise 
group) 

Age FAC Stratified Inclusion criteria Exclusion criteria 

Franceschini 
2009117 

Cardio 29±12 
[median 28 
range 9–45] 

Inpatient 
rehab 

52 66±12 0-2 No <45 days post-stroke, 
hemiparesis due to 
ischaemic/haemorrhagic 
stroke, control sitting 
position on rigid surface no 
support ≥30 seconds, 
control trunk in upright 
position with UL support 
(fixed/cane/ tripod), no LL 
spasticity (Ashworth 
scale=1), stable 
cardiovascular condition, 
low-slightly greater risk for 
vigorous exercise (Class B 
ACSM criteria). 

Pre-stroke mRS≥2, pre-stroke 
gait disability (Walking Handicap 
scale≥2), ability to walk without 
aids ≥ 3 m/or walk >6 m with aid 
(cane/tripod), previous treadmill 
training, class C-D exercise risk 
(ACSM criteria) or Class III-IV 
(New York Heart Association 
classification system); pre-stroke 
orthopaedic/disorders causing 
gait limitation 

Mackay-
Lyons 
2013106 

Cardio 23±6 [range 
5-30] 

In/out-
patient 
rehab 

24 61.5±15 2-5 Dependent 
(3-5) versus 
independent 
(6-7) on the 
FIM walking 
item126  

Aged >18 years, <1 month 
after 1st ischaemic stroke 
(MRI/CT), inpatients at 
stroke rehabilitation unit, 
able to walk 5 m 
with/without use of gait 
aids, ankle orthoses, or 
stand-by assistance 

Contraindications to maximal 
exercise stress testing (ACSM 
criteria), musculoskeletal/ 
cognitive limitations precluding 
participation, involvement in 
other intervention studies 

Nilsson 
2001121 

Cardio Median 22 
range 10–56 

Inpatient 
rehab 

36 Median 
54 range 
24-67 

0-5 No Age <70 years, 1st stroke 
with residual hemiparesis, 
<8 wks post-stroke 

Max 10 m walking speed <14 
seconds, heart disease, (i.e., 
angina pectoris/congestive heart 
failure), psychiatric illness or 
incapable of co-operating, severe 
disabilities limiting training, 
participation in other studies 
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Study  Mode Days post-
stroke±SD  

Setting N 
(exercise 
group) 

Age FAC Stratified Inclusion criteria Exclusion criteria 

Pohl 2007123 Cardio 29±13 Inpatient 
rehab 

77 62±12 0-3 No 1st supratentorial stroke, 
ischaemic/haemorrhagic, 
aged 18-79 years, <60 days 
post-stroke, able to sit 
unsupported by arms with 
feet supported, not able to 
walk at all or requires help 
of 1 to 2 therapists 
irrespective ankle-foot 
orthosis or a walking aid, 
understand trial purpose, 
able to follow instructions, 
give written informed 
consent 

Previous treadmill training, class 
C or D exercise risk (ACSM 
criteria), MMSE score of <26/30, 
movement disorders, and 
orthopaedic/other gait 
influencing diseases i.e. arthrosis 
or total hip joint replacement. 

Takami 
2010109 

Cardio 13±8 Inpatient 
rehab 

12 66±6 1-3 No Able to walk 10 m using 
brace or canes, <5 wks post-
stroke, FIM-locomotion 
score ≤5, perfect score on 
the BBS and RMI 

Max 10 m walking speed <14 
seconds, uncontrolled heart 
conditions, parkinsonism, severe 
communication disorders, 
dementia, orthopaedic/ other 
gait-influencing diseases 

Galvin 
2011102* 

Mixed 19±3 Inpatient 
rehab 
/home 
based 

20 63±13 ? No Diagnosis of a 1st unilateral 
stroke (MRI or CT), 24/30 on 
the MMSE, aged ≥18, OPS of 
3.2 to 5.2, participating in a 
physiotherapy program, a 
family member willing to 
participate in the program 

Nonvascular hemiplegia, 
discharged <2wks post-stroke, 
OPS score of <3.2/ >5.2 at 2 wks 
pre-existing neurological 
disorder with motor deficit, LL 
orthopaedic condition (recent 
fractured femur/amputation), 
receptive/ expressive dysphasia. 
<24/30 on MMSE 
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Study  Mode Days post-
stroke±SD  

Setting N 
(exercise 
group) 

Age FAC Stratified Inclusion criteria Exclusion criteria 

Letombe 
2010105 

Mixed 21±3 Inpatient 
rehab 

9 59±9 ? No 1st ischaemic/haemorrhagic 
hemispheric stroke, a full 
set of aetiological data 
(CT/MRI scans, Holter ECG, 
Doppler, cardiac 
ultrasound), medically 
stable, stable hypertension, 
and coagulation 

Cognitive/memory disorders; 
hemi-sensory neglect; 
intercurrent affection or 
unstable brain lesions 

Outermans 
2010122 

Mixed 23±8 Inpatient 
rehab 

23 57±9 3-5 No Between 2-8 weeks post-
hemispheric stroke, able to 
walk 10 m without 
assistance, FAC ≥3 

Cardiovascular instability (resting 
SBP >200mmHg and DBP>100 
mmHg), acute impairments LL 
influencing walking ability, 
sensory communicative 
disorders 

Richards 
1993108 

Mixed 8±1 Acute 
hospital/ 
inpatient 
rehab/ 
home 
based 

10 70±7 1-3 No Within 50km of Quebec 
City, aged 40-80 years, 0-7 
days post first stroke (excl. 
TIA), thromboembolic 
middle cerebral artery 
syndrome involving 
subcortical structures (CT); 
medical supervision of study 
neurologist, sign informed 
consent 

Other neurological problems, 
major medical problems 
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Study  Mode Days post-
stroke±SD  

Setting N 
(exercise 
group) 

Age FAC Stratified Inclusion criteria Exclusion criteria 

Toledano-
Zarhi 2011111 

Mixed 11±5 Out-
patient 

14 65±10 4,5 No Minor ischaemic stroke, 
mRS ≤2, within 1–3 weeks 
post event 

SBP >200 mmHg, DBP >110 
mmHg, unstable angina, 
arrhythmia, congestive heart 
failure, ST depression >2 mm on 
a resting ECG, 3rd degree 
atrioventricular block with no 
pacemaker, severe peripheral 
vascular disease/lung disease, 
orthopaedic/ neurological 
disability, dementia or major 
depression, >80 years 

All data reported as mean and standard deviations (SD) unless stated otherwise. *=criteria based on publication of the study protocol 124 Galvin (2011). Abbreviations: 
NR=not reported wks=weeks, FAC=functional ambulation category (0=unable to walk, 1=needs physical support from two people to walk for balance coordination and 
prevent from falling, 2=needs physical support from one person for balance and coordination, 3=needs supervision, 4=can walk independently on even surfaces and 5=can walk 
independently on any surface), TIA=transient ischaemic attack, ECG=electrocardiogram, MAS=motor assessment scale, MRI=magnetic resonance imaging, CT=computed 
tomography, SBP=systolic blood pressure, DBP=diastolic blood pressure, mRS=modified Rankin scale, FIM=functional independent measure, OPS=Orpington Prognostic 
Scale, MCA=middle cerebral artery LL=lower limb, MMSE=mini mental state examination, ACSM=American College of Sports Medicine, BBS=Berg balance scale, 
RMI=Rivermead mobility index, ?=unclear, wks=weeks.
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Trials with training starting between 1-3 months post-stroke 

In 11 trials training started between one and three months post-stroke (see Table 5.4). The 

average starting time ranged from 34 to 66 days post-stroke, and the average age of participants 

ranged from 54 to 71 years.97-99,101,103,104,107,112,114,116,119 In one trial, only stroke survivors with 

ischaemic strokes were included.107 In nine trials (82%), stroke survivors with cardiac conditions 

were excluded; however, the details provided regarding the severity and types of condition were 

limited.97,101,104,107,119 People with cognitive impairments affecting their ability to follow and 

understand instructions were excluded in eight trials (73%). 

In two trials (18%) participants were stratified at randomisation. Duncan et al.116 stratified 

participants into two groups according to their level of disability assessed on the modified 

Rankin scale (mRS), with one group including participants with no or slight disability (mRS of 1 

or 2) and one with moderate disability (mRS of 3 or 4). In the study of Moreland et al.119 

participants were stratified into four strata based on level of disability and level of foot function. 
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Table 5.4 Patient characteristics in trials with training starting between 1 and 3 months post-stroke (n=11) 

Study  Mode Days 
post-
stroke
±SD 

Setting N 
(exercise 
group) 

Age FAC Stratification Inclusion criteria Exclusion criteria 

Duncan 2011116 Cardio 64±8 In and 
out-
patient 
rehab 

139 60.1 
(12.3) 

2-4 Slight disability 
(1-2) versus 
moderate 
disability (3-4) on 
the mRS  

Aged ≥18 years, stroke <45 
days at entry and 
randomization <2 months 
post-stroke, paresis in affected 
leg, walk 3 m with assistance 
of 1 or less, follow three-step 
commands, approval of 
treating physician, self-
selected 10 m walking speed 
<0.8 m/s, living in the 
community 

Dependency in ADL before 
the stroke, 
contraindications to 
exercise, pre-existing 
neurologic disorders, 
inability to travel to the 
treatment site 

Eich 2004101 Cardio 43±15 Inpatient 
rehab 

25 62.4 
(4.8) 

2,3 No Aged 50 to 75 years, 1st 
supratentorial stroke, <6 wks 
before start study, able to walk 
≥12 m with intermittent or 
stand-by help, Barthel Index: 
50 to 80 out of 100), 
participation in a 12-week 
comprehensive rehabilitation 
programme, bicycle ergometry 
reaching at least 50 watts and 
examination by a cardiologist, 
able to understand the 
purpose and content of the 
study 

Cardiovascular unstable 
according to 12 lead ECG 
during bicycle ergometry by 
cardiologist, other 
neurological or orthopaedic 
disease impairing walking 
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Study  Mode Days 
post-
stroke
±SD 

Setting N 
(exercise 
group) 

Age FAC Stratification Inclusion criteria Exclusion criteria 

Kuys 2011104 Cardio 52±32 Inpatient 
rehab 

13 63±14 2-5 No 1st stroke (CT scan), referred 
for physiotherapy 
rehabilitation, walking item 
MAS scale ≥2 (i.e., able to walk 
with stand-by help), medically 
stable, understand simple 
instructions, MMSE score of 
≥24. 

Normal walking speed (>1.2 
m/s), cardiovascular 
problems limiting 
participation in rehab, 
other neurological/ 
musculoskeletal conditions 
affecting walking 

Bale 200897 Resist 49±22 Inpatient 
rehab 

8 61±13 NR No Hemiplegia, subacute phase 
after 1st stroke, reduced 
muscle strength in the affected 
LL, understand verbal 
information and sit without 
support 

Sensory/cognitive sequelae, 
arrhythmia, uncontrolled 
angina pectoris, 
hypertension, co-
morbidities that could mask 
the sequelae from the 
stroke, no motor control of 
the affected LL 

Inaba 1973103 Resist <3 
months 

Inpatient 
rehab 

28 56±? 1-3 No Thrombotic/embolic stroke, 
haemorrhage, follow verbal or 
demonstrated directions, push 
1.1 kg on standardised test, 
the Elgin with affected LL and 
unable to walk independently 

Stroke due to aneurysm. No 
strength in LL or able to 
walk independently  
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Study  Mode Days 
post-
stroke
±SD 

Setting N 
(exercise 
group) 

Age FAC Stratification Inclusion criteria Exclusion criteria 

Moreland 
2003119 

Resist 37±28 Inpatient 
rehab 

68 69±15 NR Moderate 
impairment (≥30) 
and severe (<30 
on the CMSA 
Disability on the 
CMSA Disability 
inventory and 
stage of foot 
recovery <3; and 
≥3 on the CMSA 
stages of motor 
recovery 

<6 months after stroke, 
understand+ follow 
instructions, motor recovery LL 
CMSA stage 3, 4, or 5, motor 
recovery of the foot at CMSA 
stage 2, 3, 4, 5, or 6, informed 
consent by participant or a 
substitute decision-maker 

CMSA-score >90 points, 
active arthritis, 
joint/muscular problems 
affecting the LL, history of 
spinal fracture due to 
osteoporosis, any condition 
that prevents performing 
strength exercises, 
uncontrolled hypertension, 
cardiac condition 
determined by the 
physician 

Verheyden 
2009112 

Resist 53±24 Inpatient 
rehab 

17 55±11 1-4 No Attended the inpatient stroke 
rehabilitation program, 
hemiparesis, stroke confirmed 
by the consultant based on CT 
or MRI imaging, recurrent 
stroke only if they were fully 
recovered from previous. 

Age >80 years, unable to 
understand instructions, 
other disorders affecting 
motor performance, or max 
trunk performance score on 
the Trunk Impairment Scale 
at baseline 

Blennerhassett 
2004114 

Mixed 36±25 Inpatient 
rehab 

1)Mob:15 

2)UL:15 

1) 

54±20 

2) 

56±11 

2,3 No Primary diagnosis of stroke, 
ability to walk 10 metres with 
close supervision (with or 
without walking aids) and 
ability to provide informed 
consent 

Deteriorating medical 
condition, or independently 
ambulating in community 
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Study  Mode Days 
post-
stroke
±SD 

Setting N 
(exercise 
group) 

Age FAC Stratification Inclusion criteria Exclusion criteria 

Cooke 2010127 Mixed  34±17 In- and 
out-
patient 
rehab 

36 71±11 NR No Inpatients >18 years, between 
1-13 wks post anterior 
circulatory stroke 
(haemorrhage/infarction), 
voluntary muscle contraction 
in paretic LL (a score ≥28/100 
on LL section of the motricity 
index), follow 1-stage 
commands, independently 
mobile (with or without aids) 
pre-stroke 

Orthopaedic surgery and 
trauma affecting the lower 
limb<8wks, history of 
neurological disease other 
than stroke. 

Duncan 199899 Mixed 66±? Home 
based 

10 67±10 3,4 No Rapid onset of symptoms of 
presumed vascular origin, focal 
disturbance of cerebral 
function, excl. isolated 
impairment higher function, 
30-90 days post-stroke; Fugl-
Meyer Motor Score 40-90, OPS 
score 2.0-5.2, ambulatory with 
supervision/assistive device; 
living at home; <50 miles from 
research centre 

Medical condition 
interfering with outcome 
assessments/limited 
participation in submaximal 
exercise program, MMSE 
score <18, receptive 
aphasia, unable to follow 3-
step command 
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Study  Mode Days 
post-
stroke
±SD 

Setting N 
(exercise 
group) 

Age FAC Stratification Inclusion criteria Exclusion criteria 

Richards 2004107 Mixed 52±22 Inpatient 
rehab 

32 63±12 2-4 No Aged 30-89 years, 1st or 2nd 
stroke (if good recovery from 
1st stroke), hemiplegia due to 
thromboembolic stroke with 
residual deficit, one-sided 
lesions affecting ability to walk, 
understand + follow verbal 
instructions, Barthel 
ambulation subscore ≥10 and 
gait speed 10-60cm/s at trial 
entry 

Cerebral and subarachnoid 
haemorrhage; medical 
problems i.e., heart 
conditions, diabetes, and 
cancer interfering with the 
rehabilitation process; 
receptive/expressive 
aphasia; musculoskeletal 
disorders of the LL affecting 
walking capacity. 

All data reported as mean (SD) unless stated otherwise. Abbreviations: NR=not reported, FAC=functional ambulation category 0=unable to walk, 1=needs physical support 
from two people to walk for balance coordination and prevent from falling, 2=needs physical support from one person for balance and coordination, 3=needs supervision, 4=can 
walk independently on even surfaces and 5=can walk independently on any surface, CT=computed tomography, MRI=magnetic resonance imaging, MAS=motor assessment 
scale, CMSA=Chedoke-McMaster Stroke Assessment, ADL=activities of daily living, ECG=electrocardiogram, MMSE=mini mental state examination, 
OPS=Orpington prognostic scale, Mob=mobility group, UL=upper limb, LL=lower limb, rehab=rehabilitation, mRS=modified Rankin scale, cardio=cardiorespiratory 
training, wks=weeks. 
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 Cardiorespiratory training trials 

Intervention parameters 

The intervention parameters reported for CRF interventions (n=10 trials) are shown in 

Table 5.5 with trials starting within the first month post-stroke reported at the top of the table 

followed by the trials starting between 1-3 months post-stroke. In all 10 trials, the type of 

exercise was treadmill walking, with or without body weight support (BWS). In one of these 

trials the intervention also included overground walking.116 Seven CRF trials (70%) started within 

one month post-stroke.106,109,110,113,117,121,123 

The participants included in all trials starting within the first month trained at a frequency of 

at least five days a week. In one trial, frequency of training started at five days a week for the first 

6 weeks, then decreased to three days per week in the final six weeks of the program.106 The 

frequency in the trials that started training between 1 and 3 months post-stroke was 3 times per 

week in two trials104,116 and 5 times a week in one trial.101 The length of the sessions was 20 to 30 

minutes in the majority (8/10) of trials.101,104,106,110,113,117,121,123 The intervention duration ranged 

from 3 to 16 weeks in seven trials; in the other three trials the intervention stopped when 

participants were discharged from an inpatient rehabilitation centre.110,113,121  

The dose for the initial training session, including all FITT parameters, was specified in only 

six trials (60%).101,104,106,113,116,117 Takami et al.109 evaluated two different modes of exercise, BWS 

forward and backward treadmill walking, but only reported details of starting dose for the 

backward walking condition. 
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Table 5.5 Cardiorespiratory training trials: intervention parameters (n=10) 

Time 
post-
stroke 

Author  Type of 
exercise 

Start 
dose  

Training intensity (incl. starting intensity)  Freq 
(d/wk) 

Session 
length 
(min) 

Program duration 
(wks) 

<1
 m

on
th

 

Ada 2010113 BWS treadmill  Yes BWS: start at 15° knee extension, ↓ to 0% support. Speed: aim 
0.4 m/s then progress to 10 min overground walking  

5 Up to 30  Until walking 
independently/dis-
charge from rehab 

Da Cunha 
2002110 

BWS treadmill  No BWS: started at up to 30% ↓ to 0%Speed: not reported 5 20 Until discharge from 
rehab 

Franceschini 
2009117 

BWS treadmill  Yes BWS: no more than 40% BWS Speed: start at 0.1 m/s ↑up to 1.2 
m/s 

5 20 4 

Mackay-
Lyons 
2013106 

BWS treadmill  Yes BWS: 20-30% Bouts: 5-10 min (max 20 min) at 40-50% VO2peak ↑ 
to 60-75% VO2peak Speed: ↑ to 80-90% of self-selected 

5 (6 wks) 
3 (6 wks) 

25-30 12 

Nilsson 
2001121 

BWS treadmill No BWS: not reported Speed: not reported 5 30 Until discharge from 
rehab 

Pohl 2007123 BWS treadmill No BWS: range 10-20% Speed: range 1.4-1.8 km/hr Step length: 48 
cm 

5 20  4 

Takami 
2010109 

BWS treadmill 
1 backward, 2 
forward  

Yes BWS: 30% backward walk: Speed: wk 1) 0.8 km/h, 2x 3 min+4 
min rest; wk 2) 1.0 km/h, 2x 4 min+3 min rest; wk3) 1.3 km/h, 2x 
4 min+3 min. Forward: no details  

6 10 3 

1-
3 

m
on

th
s 

Duncan 
2011116 

BWS treadmill 
+ overground  

Yes BWS: start at 40% ↓ to 0% Speed: start at normal walking ↑ to 
3.2 km/hr Overground: not reported 

3 Up to 90 12-16  

Eich 2004101 Treadmill  Yes Target HR=(HR max - HR rest)*0.6+HR rest  5 30 6 

Kuys 2011104 Treadmill  Yes Target: 40–60% HRR or a RPE of 11–14 3 30 6 

Abbreviations: ↑=increase, ↓=decrease, freq=frequency, d/wk=days per week, wks=weeks, rehab=rehabilitation, BWS=body weight support, HR=heart rate, 
HRmax=maximum heart rate, HRrest=resting heart rate, HRR=Heart Rate Reserve, RPE=rating of perceived exertion. 
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Progression rules 

In only four CRF training trials (40%) were sufficient details reported regarding progression 

rules to allow replication of the intervention according to items 4-9 of the TiDIER128 

guidelines.109,110,113,116 The progression rules in these four trials are shown in Table 5.6. 

Table 5.6 Cardiorespiratory training trials: progression rules (n=4) 

Author Dose progression rules 

Time since stroke <1 month 

Ada et al. 
2010113 

Initial BWS was: standing with knee within 15 degrees of extension in mid stance. Initial 
treadmill speed was: allowing the therapist having time to assist the leg to swing through 
while maintaining a reasonable step length. If a participant was unable to walk on a 
moving treadmill with assistance of a therapist, the participant walked on the spot. A 
reduction in BWS occurred when participants could: 1) swing the affected leg through 
without help; 2) maintain a straight knee during stance phase without hyperextension; 
and 3) maintain an adequate step length without help. When a speed of 0.4 m/sec was 
reached without BWS, they commenced 10 minutes of overground walking. 

Da Cunha et al. 
2002110 

Training started with up to 30% of BWS and initial speed and progression were 
determined by the therapist. BWS was progressively decreased as the participants 
required less support. The therapist determined how much BWS was required by 
observing the support required to facilitate proper trunk and limb alignment and transfer 
of weight onto the affected limb. Participants had to be able to still support weight during 
stance phase on the affected limb with <15° of knee flexion. BWS was decreased as 
quickly as possible and/or increasing treadmill speed. The speed was increased when a 
usual step length occurred at a higher speed. 

Takami et al. 
2010109 

Only for backward walking: BWS: 30%, speed: wk 1-0.8 km/h, 2x 3 min+4 min rest; wk 2-
1.0 km/h, 2x 4 min+3 min rest; wk3-1.3 km/h, 2x4min+3 min rest  

Time since stroke 1-3 months 

Duncan et al. 
2011116 

Speed, BWS, manual support and bout lengths progressed according to a predefined 
protocol.129 The intervention was divided in 3 phases of four weeks. Progression was 
based on the participants’ capabilities, and were prescribed for each phase:  

Phase I session 1-12: treadmill - speed min 1.6 mph aim for 2.0 mph, BWS 30-40%, 4x5 
min bouts total of 20 min of stepping, manual support as needed; overground community 
walking – attempt skills trained on treadmill. 

Phase II session 13-24: treadmill - speed min 2.0 –max 2.8 mph, BWS 20-35%, increase 
bout duration and decrease number of bouts total stepping time 20 min, decrease 
manual support first trunk/pelvis than leg; overground community walking-transfer skills 
and speed with walking aid if needed. 

Phase III session 25-36: treadmill - speed 2.0 –2.8 mph increasing speeds, increase bout 
lengths total stepping time 30 min., BWS 0-20%, remove manual assistance; overground 
community walking – transfer skills and speed adaptability to different environments i.e., 
stairs, curbs, different terrain etc.  

Abbreviations: BWS=body weight support, m/s=metres per second, km/h=kilometres per hour, wk=week, 
min=minutes, mph=miles per hour. 
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In nine CRF training trials (90%) the intervention was tailored to the individual and the 

intervention progressed based on individual performance. In seven trials (70%) the intervention 

was progressed by adjusting BWS and speed.106,110,113,116,117,121,123 In two trials the intensity of the 

session by setting a target HR at a maximum of 60% of the HRR was pre-specified.101,104 In the 

trial of Kuys et al.,104 speed was adjusted to increase or decrease HR. Eich et al.101 adjusted BWS, 

speed and incline to reach the target HR. The trial of Takami et al.109 was the only one that did 

not progress based on individual performance; progression of the backward walking intervention 

was set, with BWS decreasing and session duration increasing each week regardless of individual 

performance.  

Safety: exercise test, stopping criteria, adverse events and drop out 

An exercise test was performed before the start of the intervention in three trials.101,106,116 

Mackay-Lyons et al.106 used a treadmill GXT protocol to determine the VO2peak of participants. 

The authors reported details of the test protocol used and indicated that the safety parameters 

for exercise testing of the ACSM were applied.34 In two trials, VO2peak was determined by using a 

cycle ergometer test protocol.101,116 Eich et al.101 also used the results of the cycle ergometer test 

as an inclusion criterion, where participants needed to reach at least a workload of 50 watts to be 

eligible. The details of the exercise tests and safety parameters are reported in Table 5.7. 
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Table 5.7 Cardiorespiratory fitness training trials: exercise test details and safety parameters (n=3) 

Author Exercise test protocol Safety parameters 

Time since stroke <1 month 

Mackay-Lyons 
2013106* 

VO2peak was measured via open-circuit spirometry during a 
symptom-limited, maximal effort treadmill test with 15% 
BWS. Participants walked with harness support at a self-
selected overground speed and 0% treadmill grade for the 
initial 2 minutes. After the initial two minutes the incline 
increased by 2.5% every 2 minutes until 10% was reached: 
after this the speed increased by 0.05 m/s until the test 
was terminated according to ACSM criteria. 

Test was terminated according to standard criteria (ACSM). Absolute criteria: drop in 
systolic BP of >10 mm Hg from baseline BP despite an increase in workload when 
accompanied by other signs of ischemia. Moderate/severe angina (defined as 3 on a 
standard scale), increasing nervous system symptoms (e.g., ataxia dizziness, or near 
syncope), signs of poor perfusion (cyanosis or pallor), technical difficulties monitoring 
the ECG or systolic blood pressure, subject desire to stop, sustained ventricular 
tachycardia, ST elevation (+1.0 mm) in leads without diagnostic Q waves (other than V1 
or a VR). 

Time since stroke 1-3 months 

Duncan 
2011116** 

The bicycle ergometry protocol requires pedalling at 40–
60 RPM with a workload increase of 10 watts (from initial 
0 watts) per minute. Testing continues until maximal 
effort is achieved. Maximal effort is defined as 
achievement of 90% maximal predicted heart rate (220-
age). 

Pre-test: resting diastolic BP must be <100 mm/Hg and systolic BP <180, and HR <100 to 
begin the test session. Test-termination prior to achieving 90% maximum heart rate if 
person experiences: 1) symptom related criteria - angina, dyspnoea, and fatigue defined 
as either voluntary exhaustion or the inability to maintain a cycling cadence of 40 rpm, 
2) clinical criteria - hypertension (>220/120 mm/Hg) or hypotension (a drop in diastolic 
blood pressure >20 mm/Hg) and O2 saturation<85 %, 3) ECG criteria - >1 mm horizontal 
or down-sloping ST-segment depression, sustained paroxysmal ventricular tachycardia, 
and sustained paroxysmal supraventricular tachycardia. Rate of perceived exertion at 
10 W increments was taken using the Borg Scale; test terminated at RPE of 18 

Eich 2004101 Bicycle ergometry was used to determine maximum HR 
and served as a stress test. No further details were 
reported. 

Common guidelines (not specified) were used to determine whether the exercise test 
should be terminated early, and included, ST-segment depression more than 2 mm, 
systolic BP >220 mmHg, sustained ventricular tachycardia, increasing nervous system 
symptoms (i.e., ataxia, dizziness) and perceived overexertion. 

*Mackay-Lyons et al. (2013) used a protocol described in Mackay-Lyons et al. (2002),130 **Duncan et al. (2011) used a protocol described in Yates et al. (2004) 131 
Abbreviations: BWS=body weight supported, ACSM=American College of Sports Medicine, BP=blood pressure, RPM=rotations per minute, ECG=electrocardiography, 
RPE=Rate of perceived exertion, mm=millimetre, mmHg=millimetre of mercury.
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The details regarding stopping criteria, adverse events and drop outs in the 10 CRF training 

trials are reported in Table 5.8. In three CRF training trials (30%) safety parameters appeared to 

be monitored during the exercise sessions and the test termination criteria were reported.106,109,120 

Adverse events were specifically reported as one of the outcomes in two CRF training trials 

(20%).104,116 Duncan et al.116 compared early locomotor training to late locomotor training and 

home-based exercise and found that both locomotor groups experienced more spells of 

dizziness or faintness compared to the home-based exercise group. In participants with severe 

walking impairments, the early locomotor group had more falls than the other two groups.116 

Kuys et al.104 reported that none of the participants experienced adverse events during the 

intervention and reported that adherence (i.e., the percentage of sessions attended, a pre-

specified outcome) was 89%. In the same trial, six participants missed a training session for 

various reasons, some of which were adverse events that occurred outside training.104 In none of 

the other eight CRF training trials were adverse events or trial feasibility pre-defined as outcomes 

of interest. In five trials, the reported reasons for the drop-outs or missing data could be 

classified as adverse events, but were not reported as such.106,113,117,121,123 
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Table 5.8 Cardiorespiratory fitness training trials: stopping criteria, adverse events and drop outs (n=10) 

Author Exercise stopping criteria Pre-specified adverse 
events? 

Adverse events reported Drop outs 

Time since stroke <1 month 

Ada  

2010113 

Not reported No Intervention: 47 reports of adverse 
events (0.04% of sessions). Control: 
27 reports of adverse events (0.02% 
of sessions) 

Adverse events incl. musculoskeletal 
problems, headaches, dizziness, and 
chest pain. Six falls: 1 resulted in a 
fracture and none occurred during 
the delivery of intervention, group 
not reported. 

Intervention: 2 (3%) participants 
experienced anxiety attributable to 
being on a treadmill that was severe 
enough for them to withdraw from the 
study. 

Da Cunha 
2002110 

Not reported No Not reported Intervention: 1 unable to complete 
9 sessions, reasons not reported.  

Control: 1 due to pulmonary 
complications. 

Franceschini 
2009117 

Not reported No Not reported Intervention: discomfort caused by 
harness during BWS treadmill training 
(n=2), reasons unclear (n=7).  

Control: reasons unclear (n=3). 

Transferred to other rehabilitation 
centres for family reasons (n=6), 
temporarily transferred due to 
respiratory complications and did not 
complete treatment (n=4); group 
allocation unclear, one patient died in 
the intervention group, no details. 
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Author Exercise stopping criteria Pre-specified adverse 
events? 

Adverse events reported Drop outs 

Mackay-
Lyons 
2013106 

Exercise was terminated, or 
intensity reduced, if the 
participant experienced chest 
discomfort, dizziness, or light 
headedness or the RPE 0-10 
exceeded 6 (“hard”). 

No None of the participants experienced 
adverse events 

Intervention: medical reasons, seizure 
activity (n=1), moved (n=1). Control: 
medical reasons i.e., second stroke 
(n=1), brain tumour (n=1), disinterest 
(n=1). 

Drop outs at follow up 6 and 12 
months: 4 in each group 

Nilsson  

2001121 

Not reported No Not reported Intervention: refused to walk on the 
treadmill (n=2). 

Medical reasons (n=5), died (n=2), 
unclear in which treatment group.  

Pohl  

2007123 

Not reported No None of the participants experienced 
adverse events. 

Intervention: cardiovascular unstable 
(n=1), relapsing pancreas tumour 
(n=1), increased intracranial pressure 
(n=1), refused therapy (n=2).  

Control: myocardial infarction (n=1), 
refused therapy (n=4) 

Takami  

2010109 

SBP >200mmHg and DBP 
>110mmHg for intracerebral 
haemorrhage patients, mean 
BP ↑ by 30mmHg or ↓ by 
20mmHg during an 
intervention, resting HR>110 
b/min or a 30% ↑ during 
intervention, SPO2<90%, 
breathing rate >30 breaths/min, 
or the modified Borg scale (0-
10) >7 (very severe 
breathlessness) 

No No patient required training to be 
stopped due to exceeding pre-set 
safety threshold. 

Intervention BWS-backward treadmill 
walking: family reason (n=2). 
Intervention BWS-forward treadmill 
walking: family reasons (n=1).  

Control: no drop outs 
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Author Exercise stopping criteria Pre-specified adverse 
events? 

Adverse events reported Drop outs 

Time since stroke 1-3 months 

Duncan  

2011116 

Light-headedness/moderate or 
severe dyspnoea/development 
of paleness and excessive 
sweating/confusion; complaints 
of feeling ill; onset of angina; BP 
changes (systolic BP>200mmHg, 
dBP>110 mmHg), drop in sBP 
>20 mmHg and bradycardia 
(drop in heart rate >10 
beats/min),HR >80% of 
predicted HRmax (220–age) or 
RPE >12–13 

Yes: recurrent stroke, myocardial 
infarct, hospital readmission, new 
disability leading to >48 hrs 
limitations in ADL, fractures. Falls 
without fractures and minor incl. 
dyspnoea during treatment, open 
sore/blister, cuts; muscle soreness 
or pain >48 hrs, dizziness/faintness, 
diaphoresis, hypertension/ 
hypotension during exercise at 
level that exercise ceased, deep 
vein thrombosis. 

No differences between groups for 
any of the adverse events. All 
adverse events reported in a table. 

Intervention (early locomotor 
training): 13% of participants did not 
complete the intervention. Control 
(home exercise): 3% of the participants 
did not complete the intervention. 

Reasons not reported 

Eich  

2004101 

Not reported No None of the participants experienced 
adverse events 

Intervention: refusal to participate 
after 3 months (n=1), no details 
reported 

Kuys 2011104 Not reported Yes None of the participants experienced 
adverse events during high-intensity 
treadmill walking. 

Missed treadmill walking sessions 
(n=6): 3 musculoskeletal pain, 2 
experimental group participants fell 
during intervention, not during 
treadmill walking/ intervention day 
and 1 participant missed one session 
and continued with the study. 

Intervention: end of intervention 
withdrew (n=1), fall (n=1); follow up: 
moved (n=1), medical condition (n=1). 
Control: end of intervention (n=0); 
follow up: moved (n=1), medical 
condition (n=1), unable to be 
contacted (n=1) 

Abbreviations: BWS=body weight support, RPE=rating of perceived exertion, BP=blood pressure, sBP=systolic blood pressure, dBP=diastolic blood pressure, ↑=increase, 
↓=decrease, mmHg=millimetre of mercury, ADLs=activities of daily living, BP=blood pressure, HR=heart rate, b/min=beats per minute, mm Hg=millimetres of mercury, 
HR=heart rate, SPO2=blood oxygen saturation, HRmax=maximum heart rate , hrs=hours, ADL=activities of daily living. 
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 Resistance training trials 

Intervention parameters 

The intervention dose parameters of the four resistance training trials are reported in Table 

5.9. The exercises performed were focussed on the lower extremities in three trials (75%),97,103,119 

while the other trial included exercises of the trunk as well as the lower extremities.112 Starting 

dose, including all FITT parameters, was reported in only one trial (25%); the authors described 

each exercise and indicated that all participants started training with a weight of 2.25 kg.119 
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Table 5.9 Resistance training trials: intervention parameters (n=4) 

Start 
training 
post-stroke 

Author Type of exercise Starting 
dose 
(Yes/No) 

Intensity of the session 
(incl. starting intensity) 

Freq (d/wk) Session length 
(min) 

Program 
duration (wks) 

1-3 months Bale 200897 Functional strength 
training: lower 
extremities 

No 10-15 reps at moderate 
intensity (RPE ≤15) 

3 Not reported Not reported 

Inaba 1973103 Resistance exercise 
and functional 
training: knee 
extension 

No 5 reps at 50 % max and 10 
reps at 100% max 

7 Not reported 4-8 

Moreland 
2003119 

Progressive resistance 
exercises: lower 
extremities 

Yes 2 times 10 reps  3 30 Until discharge or if 
rehab goals 
achieved 

Verheyden 
2009112 

Selective movements 
of the upper and 
lower part of the trunk 
in supine and sitting 

No 6 prescribed exercises, 
intensity not reported 

4 30 5 

Abbreviations: freq=frequency, d=day, wks=weeks, min=minimum, rehab=rehabilitation, reps=repetitions, RPE=rating of perceived exertion, max=maximum. 
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Progression rules 

The authors of all resistance training trials (n=4) reported that the progression of the 

intervention was tailored to the participant’s individual capacities; the exercises were progressed 

by increasing the weight or resistance at which the exercise was performed. In one trial (25%) the 

range of motion was increased and speed of movement was decreased, to modify the training 

stimulus.97 Only Moreland et al.119 reported the dose progression rules, with participants 

performing two sets of ten repetitions, and after the second set of each exercise they rated their 

perceived level of intensity (easy, moderate or hard). The aim was to work at moderate intensity, 

so the intervention progressed according to the following rules: if intensity was easy the weight 

was increased, and if it was hard the weight was decreased.119 

Safety: exercise test, stopping criteria, adverse events and drop outs 

In one trial (25%) an initial exercise test was performed to determine the 10 repetition 

maximum (10 RM).103 This test informs prescription of exercise intensity using a percentage of 

the 10RM. In none of the other trials was an initial exercise test performed. Moreland et al.,119 

however, explicitly stated that a 1RM could not be reliably performed in the study population 

and that the target intensity of the exercise session was “moderate” and was based on the 

participant’s baseline assessment. The authors did not elaborate on the reasons why participants 

were unable to perform a RM test and what the baseline assessment incorporated. 

Details regarding adverse events and drop-outs in the resistance training trials are reported in 

Table 5.10). In none of the trials were safety or stopping criteria for the training sessions 

reported. The trial of Moreland et al.119 was the only one in which adverse events and attendance 

were listed as pre-defined outcomes. The authors reported that the percentage of scheduled 

sessions attended was higher in the control group than in the intervention group (85%±12% vs. 

79%±17%; p=0.02), although the reasons for low attendance were not reported. The number of 

scheduled sessions was dependent on the time spent in rehabilitation, though these numbers 

were not reported.119 Three participants in the intervention group did not attend any of the 

sessions, but again the reasons were not reported.119 Bale et al.97 measured adherence 

prospectively by recording attendance, but while they reported no difference between the 

groups, the actual data were not provided. Verheyden et al.112 reported that two patients in the 

experimental group had 3 and 4 fewer hours of additional therapy sessions because of early 

discharge from the rehabilitation centre. 
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In three trials (75%) adverse events were not mentioned.97,103,112 Drop-outs were reported in 

all trials, but details about the reasons for the drop-outs and group allocation were lacking.  

Table 5.10 Resistance training trials: adverse events and drop outs (n=4) 

Author Pre-specified 
adverse events? 

Adverse events 
reported 

Drop outs 

Time since stroke 1-3 months 

Bale  

200897 

No Not reported No drop outs 

Inaba  

1973103 

No Not reported Drop outs n=60 of the 176 included 
participants, reasons and group 
allocation were not reported. 

Moreland  

2003119 

Yes: after each 
training session 
participants were 
asked if they had 
any problems with 
pain or stiffness 
after the last 
session and if they 
had any other 
problems related to 
the exercises. 

Pain or stiffness: 
intervention 54/ 68; control 
57/65 

Other adverse events: 
intervention 60/68; control 
62/65 

Percentage of session pain or 
stiffness: intervention mean 
4.44%; control mean 2.72%  

Percentage of sessions with 
other adverse events: 
intervention 1.63%; control 
0.83% 

The follow-up at 4 weeks was 93%, 
at discharge 89%, and at 6 months 
80%. 

All subjects were approximately 
equally likely to drop out. 

At discharge the control dropouts 
tended to be older and had lower 
worse Disability Inventory scores. 

Verheyden 
2009112 

No Not reported Intervention 2 subjects were 
discharged early; control 3 subjects 
were discharged early (all were 
included in the analyses) 

 Mixed training trials 

Intervention parameters 

In nine trials the effects of a mixed training intervention were evaluated, including both CRF 

and resistance components (see Table 5.11). The starting dose, including all FITT parameters, 

was specified in only two trials.98,122 In the trial of Cooke et al.,98 the intervention included lower 

limb functional strength training plus treadmill and overground walking. The strength training 

consisted of several pre-specified exercises which all started with a weight equal to 5RM. The 

starting dose of the walking component was not reported.98 Outermans et al.122 evaluated the 

effect of a circuit class intervention and reported a starting intensity of 40-50% of HRR, based 

on American Heart Association exercise recommendations for stroke survivors.132 
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Table 5.11 Mixed training trials: intervention parameters (n=9) 

Start training 
post-stroke 

Author Type of exercise  Starting 
dose 
(yes/no) 

Intensity of session (incl. 
starting intensity) 

Freq 
(d/wk) 

Session 
length 
(min) 

Program 
duration 
(wks) 

<1 month Galvin 2011102 Balance, gait training and LL 
strength 

No Not reported 7 35 8 

Letombe 
2010105 

Cardiorespiratory training, 
strength and gait training, 
executive function exercise 

No 70-80% of initial exercise test 
and resistance: six sets of 10 
reps at moderate intensity (i.e., 
between 50 and 60% of 3RM in 
concentric-mode). No details 
for other components 

4 40-60 4 

Outermans 
2010122 

High intensity circuit class and 
overground walking 

Yes In line with the 
recommendations of the 
American Heart Association, 
cardiorespiratory workload 
started at 40–50% of HRR. 2.5 
min each workstation. Work up 
to 70%-80% HRR 

3 45 4 

Richards 1993108 Weight bearing on tilt table, 
stepping on a Kinetron and 
treadmill walking 

No Not reported Not 
reported 

Not reported 5 

Toledano-Zarhi 
2011111 

Treadmill, handbike, bike, 
plus group training incl. 
strength, flexibility and 
coordination exercises 

No Target HR of 50–70% of HRR 2 90 6 
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Start training 
post-stroke 

Author Type of exercise  Starting 
dose 
(yes/no) 

Intensity of session (incl. 
starting intensity) 

Freq 
(d/wk) 

Session 
length 
(min) 

Program 
duration 
(wks) 

1-3 months Blennerhassett 
2004114 

1. mobility: treadmill training, 
bike, strength, coordination  

2. UL: stretching, grasp 
coordination, strength 

 

No 10 work stations, intensity not 
described 

5 60 4 

 Cooke 201098 Functional strength training, 
overground and treadmill 
walking 

Yes One or more sets of 10 reps to 
achieve 5 sets of 10 reps 

4 60 6 

 Duncan 199899 4 blocks per session: 1 UL and 
LL resistance training; 2 
balance exercises; 3 
functional training UL; 4 
cardiorespiratory training  

No Resistance: aim to achieve 2 
sets of 10 reps  

No details for other 
components (balance, UL tasks, 
walking or bicycle exercise) 

3 90 8 supervised + 
4 weeks not 
supervised 

Richards 2004107 Weight bearing on tilt table, 
stepping on a Kinetron and 
treadmill walking 

No Not reported 5 60 8  

Abbreviations: freq=frequency, d/wk=days per week, min=minutes, wks=weeks, reps=repetitions, LL=lower limb, 3RM=3 repetitions maximum, HRR=heart rate reserve 
HR=heart rate, UL=upper limb, Kinettron=isokinetic stepping exercise equipment.
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Progression rules 

In all nine mixed training trials, the authors indicated that intervention progression was 

tailored to the individual’s capacity, except for one trial in which no details were reported 

regarding dose progression.108 Only in two trials were progression rules provided (see Table 

5.12); in one trial, dose progression rules were reported in the publication of the study,98 and in 

another the authors reported that the intervention progressed using a protocol which is available 

on request.99 Apart from the intensity of the training, the other parameters including frequency 

and session time stayed the same over the duration of the intervention. 

Table 5.12 Mixed training trials: progression rules (n=2) 

Study Progression rules 

Time post-stroke 1-3 months 

Cooke 201098 The intervention progressed, using increased repetition and increase in 
resistance. The exercise progressed when a participant was able to achieve 50 
repetitions (5 sets of 10) against the initial load. For treadmill walking, the BWS 
was gradually reduced during walking from an initial level of 60% and the 
walking distance was also increased (no further details reported). 

Duncan 199899 Resistance progression was based on a protocol. When participants were able to 
complete 2 sets of 10 repetitions through the available range of motion, 
resistance increased by progression of Theraband elasticity (levels of resistance) 
or by increased manual resistance in PNF exercises. The second block of 15 
minutes included balance exercises and progressed by increasing difficulty. The 
third block focussed on the use the affected upper extremity in functional 
activities. The final session included a progressive walking program or 
progressive exercise on a bicycle ergometer. The detailed protocol of the 
intervention used is available from the authors. 

Abbreviations: BWS=body weight support, PNF=Proprioceptive neuromuscular facilitation. 
 

Safety: exercise test, stopping criteria, adverse events and drop out 

Two of the nine trials (22%) included an exercise test before the start of the intervention: 

one trial used a graded treadmill test to estimate VO2peak,111
 and the other trial tested the feasibility 

of a one legged graded bicycle test to estimate VO2peak.105 Both trials reported that the test was 

stopped if participants reached a certain threshold or showed cardiac symptoms, but in neither 

of the trials was detailed description of the stopping criteria provided (see Table 5.13).  
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Table 5.13 Resistance training trials: exercise test details and safety parameters (n=2) 

Study Exercise test protocol Safety parameters 

Time post-stroke <1 months 

Letombe 2010105 A triangular maximal aerobic power test was 
performed using a standard cycle ergometer 
with an electromagnetic brake (TUNTURI 
E80). The pedal on the affected side was 
replaced by a 2 kg weight, serving as 
counterweight, and increasing the inertia of 
the movement. The initial power level was 
set to 30 watts, with power increasing by 10 
watt steps every 2 minutes. Participants 
were asked to aim for the highest possible 
power level. 

Authors reported that safety 
parameters were adhered to but no 
details were provided: "The test ended 
when the subject was unable to 
maintain the effort and/or when 
cardiac risks appeared on the ECG." 
"We decided not to measure the heart 
rate because the study population 
included five patients on beta-
blockers." 

Toledano-Zarhi 
2011111 

All participants were examined by a stroke 
neurologist and rehabilitation cardiologist 
prior to the test. A modified Bruce treadmill 
protocol was used that includes eight 
phases of walking on a treadmill with 
changing velocity and a progressively graded 
treadmill. BP, HR and ECG were 
continuously assessed during the exercise 
test. 

The test was terminated if the 
participant requested to stop, upon 
reaching target pulse, or if there were 
cardiac symptoms or ECG ischaemic 
changes. 

Abbreviations: kg=kilograms, ECG=electrocardiogram, BP=blood pressure, HR=heart rate 
. 

In one trial HR and BP were reportedly assessed during the exercise sessions, but no session 

termination criteria were specified.111 In five trials (56%), a measure of feasibility was reported as 

one of the outcomes. In the trial of Cooke et al.,98 participants were to receive an additional 24 

hrs of therapy, but participants in the experimental group only accumulated an additional 

14.8±4.3 hours. The authors explicitly stated that collecting data regarding reasons for non-

adherence was not within the scope of the trial and was therefore not reported. Galvin et al.102 

reported that two participants withdrew and did not receive more than 1,200 minutes of 

additional planned therapy; one withdrew due to a myocardial infarct and one due to a recurrent 

stroke. In the trials of Richard et al. (1993) and Richard et al. (2004), participants did not receive 

100% of the planned therapy sessions, but reasons for non-adherence were not reported.107,108 

Toledano-Zarhi et al.111 reported that 8/14 participants in the intervention group in their study 

completed all sessions, and one completed less than 50% of the sessions, but it is unclear why 

this participant discontinued the intervention. 

Adverse events were pre-defined outcomes in only one trial; the authors reported that no 

adverse events occurred. One participant withdrew, but the reason for withdrawal was not 

reported.111 In four trials, the reasons for drop-outs or missing data as reported by the authors 
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for example medically unwell, myocardial infarct, recurrent stroke, could be classified as adverse 

events but were not reported as such.98,102,107,122 Drop-outs and adverse events reported in the 

trials are shown in Table 5.14. 

Table 5.14 Mixed training: session stopping criteria, adverse events and drop-outs 
(n=9) 

Study Session 
stopping 
criteria 

Pre-
specified 
adverse 
events 

Adverse 
events  

Drop-outs 

Time post-stroke <1 months 

Galvin 2011102 Not reported No Not reported Intervention (n=3): 1 medically unwell, 
2 died. Control (n=3): 1 medically 
unwell, 1 second stroke, 1 myocardial 
infarction 

Letombe 
2010105 

Not reported No Not reported No drop outs  

Outermans 
2010122 

Not reported No None of the 
participants 
experienced 
adverse events  

Intervention high-intensity (n=3): 1 
recurrent stroke, transferred to acute 
care, 2 lack of motivation. Intervention 
low intensity (n=4): 2 withdrew-lack of 
motivation, 1 did not receive allocated 
treatment, 1 acute gonarthritis. 
Participation <20 days: intervention 
(n=2), control (n=3) but completed 
assessment. 

Richards 
1993108 

Not reported No Not reported Not reported 

Toledano-
Zarhi 2011111 

BP+HR 
assessed at 
rest+during 
exercise 

Yes None of the 
participants 
experienced 
adverse events 

One participant discontinued the 
intervention (reason not reported)  

Time post-stroke 1-3 months 

Blennerhassett 
2004114 

Not reported No Not reported Lost to follow up due to a fall, after 
intervention completion and before 6 
month follow up (n=1) 

Cooke 201098 Not reported No Not reported Intervention: n=0. Control (n=7): 3 
unwell, 3 withdrew, 1 abroad 

Duncan 199899 Not reported No Not reported Not reported 

Richards 
2004107 

Not reported No Not reported Intervention (n=2): 1 hip fracture and 1 
cardiac problem. Control (n=1): 1 
withdrew (reason not reported)  

Abbreviations: BP=blood pressure, HR=heart rate. 
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5.5. Discussion 

The first aim of this review was to summarise the methods used to develop physical fitness 

interventions in stroke trials that start within three months post-stroke. A key finding was that 

the development of exercise interventions in all but a few stroke trials appears to lack a 

systematic approach. The current findings are consistent with the findings of a 2006 systematic 

review of complex interventions in stroke care.94 The key components in the MRC complex 

intervention development framework, as previously described (Chapter 1, Figure 1.2) are: 

evidence-based support for the intervention and a systematic determination of intervention 

components in feasibility and pilot trials.95 Very few (26%) of the physical fitness interventions 

had been piloted, only ten included trials (43%) referred to systematic reviews of the evidence 

for the intervention, and in just one trial was an established theoretical paradigm referenced to. 

The lack of a systematic approach, including failing to use existing guidelines and frameworks 

such as the MRC and SRRR, to inform intervention development,25,95 increases the likelihood of 

inconclusive findings and contributes to research waste.133 There are positive signs that there is 

growing awareness of the importance of issues like dose, reporting standards and replication 

seen in more recent trials in this review. Furthermore, a recent addition to existing guidelines that 

provides a comprehensive iterative approach to intervention development may help focus this 

field on these issues.133 

The second aim was to summarise dose and dose progression of the physical fitness 

interventions for stroke survivors. A broad range of types of intervention and FITT parameters 

were reported across the RCTs. Reporting of intervention parameters was incomplete in most 

studies. In a broader systematic review of 133 RCTs of non-pharmacological interventions, the 

results shown were similar in that only 39% of studies provided sufficient information about the 

intervention.134 While it does not necessarily imply flawed study methods, we can only evaluate 

the quality of a trial based on what is reported. This lack of reporting of intervention parameters 

limits interpretation of the results and hampers replication and implementation of the 

intervention. The development of reporting guidelines such as the template for intervention 

description and replication (TIDieR) checklist128 and the Consolidated Standards of Reporting 

Trials (CONSORT) statement135 should help to improve reporting of interventions. Also, 

moving to an open access publication model, online publication of appendices and publication 

of study protocols should improve the transparency and reproducibility of trial interventions. 
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To determine different components of the intervention, it is important to consider the 

characteristics of the target population. Stroke survivors in the acute phase show great variation 

in level of impairments and their capacity to exercise.86 Participants included in this review were 

stratified by level of impairment or walking ability in only seven trials (30%). Stratification can 

help identify if there are subgroups of stroke survivors who respond differently to exercise. 

Stratification can also be used to demarcate different post-stroke time periods related to the 

phase of recovery; it is therefore a relevant consideration in the prescription of exercise for 

stroke survivors. The current guidelines make a clear distinction regarding the setting and timing 

post-stroke (acute hospital; inpatient and outpatient rehabilitation).17,18 However, in only one trial 

in this review were participants stratified according to time since stroke,107 and there was no 

distinct difference between exercise prescription parameters between the studies that initiated 

training within one month post-stroke and the ones that started between 1 and 3 months post-

stroke. The evidence for the difference in exercise prescription at different time points post-

stroke is currently lacking, and needs to be further investigated, hence the focus of this PhD. 

The last aim of the review was focussed on determining the safety and feasibility of the 

interventions described in the included RCTs. Reporting of adverse events, missing data and 

drop-outs lacked consistency. Important details, such as the group allocation of participants who 

dropped out, or the potential relationship of an adverse event to the intervention, were often 

missing. In stroke survivors, who have a high cardiovascular risk profile, it is important to assess 

the safety of exercise before training and to monitor safety parameters such as HR, oxygen 

saturation, pallor, and breathlessness during exercise. Individuals were closely monitored during 

the exercise sessions in only 4 of the 23 trials. Authors rarely pre-specified adverse events as an 

outcome in the method section and detailed reporting of adverse events was lacking from the 

results section. Failing to pre-specify adverse outcomes may contribute to the “mis-reporting” of 

adverse events. Under-reporting and misclassifying adverse events can potentially lead to an 

inaccurate interpretation of the safety and feasibility of an intervention. Based on the results of 

this review, it is unclear how safe it is for stroke survivors to engage in the different physical 

fitness interventions, due to the lack of detail provided on safety monitoring, adverse events and 

reasons for drop outs. 

It is important to be aware that in clinical research, and specifically in exercise research, 

participants might be a selected group. This is either due to self-selection or to confounding 

factors related to the eligibility criteria, which impact the generalisability of the results. The 

finding that older adults who volunteer for exercise studies are more physically active than older 
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adults who do not volunteer for these types of studies,136 highlights one of the threats to 

generalisability. The results of this review demonstrate another threat to generalisability that 

might be related to the inclusion criteria. In many of the trials reviewed, participant groups had 

an average age younger than 65 years. In none of the trials however was it stipulated that only 

younger stroke survivors were eligible to participate, and yet in the general stroke population 

about 70% of people are over the age of 65.3 The reasons for younger research cohorts might be 

related to a higher rate of cardiac and musculoskeletal comorbidities in older stroke survivors, 

given that in 18 of the 23 included trials individuals with cardiovascular problems were excluded. 

In a study that compared demographic data of stroke survivors participating in clinical research 

(including pharmacological and non-pharmacological studies) with those who did not participate, 

stroke survivors with worse pre-morbid function, who were single or widowed, and had a history 

of atrial fibrillation were less likely to participate in clinical research.137 It is important to 

recognise that exercise trials might include an ‘unintended’ selective group of stroke survivors, 

limiting the application of the intervention to the broader stroke population. 

A limitation of this review is that the selection of studies was based on RCTs identified in an 

existing Cochrane review.16 The comprehensive search from this review included all trials related 

to physical fitness interventions up to February 1st 2015. An updated search of Medline using the 

search strategy reported in the Cochrane review, limited to publications between 2015 and 

November 2017, yielded 1948 references. Screening titles and abstract of the references 

identified 38 trials that were relevant to this review; the full references for these trials are listed in 

Appendix VIII. In the last decade recommendations and guidelines for intervention 

development and intervention reporting have been published and inclusion of these newly 

identified trials in this review might potentially change some of the findings of this review. Due 

to the time limitations of the PhD candidature the RCTs identified by the updated search could 

not be assessed. Therefore the results of this review might not be representative of the state of 

intervention development and reporting of more RCTs published in the last 3 years. 

Nevertheless, it shows the state of play at the time of the development of the next study outlined 

in Chapter 6. 

5.6. Summary and conclusions 

At the time of this review, there was a lack of systematic development of exercise 

interventions for stroke survivors. Details of exercise programs are poorly reported and dose 

parameters used in exercise studies are poorly justified. Feasibility, adverse events and safety are 
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not systematically assessed. There is little understanding of the safety and tolerability of exercise 

in stroke survivors within the first month of stroke. A substantial number of physical fitness 

trials for stroke survivors have been published since this review was undertaken. Inclusion of 

findings from these trials may lead to changes in the findings of this review.  

One of the key components of intervention development is to determine dose parameters. 

One of the main parameters of a CRF intervention is intensity, which appears to influence the 

size of the training effect in people with stroke. Higher intensities do, however, put more strain 

on the cardiovascular system, potentially increasing risk in a population known for their high 

level of co-morbidities. Keeping these issues in mind, this review made it clear, that an 

alternative more systematic approach to the current intervention development would be highly 

desirable, particularly in the new area of early CRF training post-stroke. Establishing the 

maximum safe and tolerable dose of CRF training in the first month post-stroke is an important 

first step. Chapter 6 explores the potential of an adapted dose escalation method to meet the 

need for a more systematic approach to development of dose. The development of the final dose 

escalation trial protocol and justification for each step is also reported.  
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6 Development of a CRF intervention: Phase I dose 

escalation trial protocol  

6.1. Introduction 

One of the key elements in the development process of complex interventions is the 

grounding of the intervention in a theoretical base, with a consideration of the relevant research 

evidence.25 The evidence for the frequency and duration parameters of CRF training 

interventions in healthy populations is well established and has a strong physiological 

underpinning. However, even though guidelines recommend CRF training for stroke survivors, 

the optimum timing (i.e., when to start post-stroke), frequency, intensity, exercise time and 

duration of the training program are yet to be determined.17,18 Several authors have suggested 

that a higher intensity of treadmill training leads to larger effects in walking capacity than training 

at lower intensities.81,82 However, given the limited data available from exercise studies that start 

in the acute and early subacute phases of recovery in this population (see Chapter 5), it is unclear 

how early and at what intensity stroke survivors can start training safely. Determining the 

maximum safe and tolerable dose intensity is one of the initials steps needed to develop a CRF 

intervention for stroke survivors in the acute phase.  

Early phased pharmacological studies are often specifically aimed at determining the 

maximum safe dose. One of the most extensively used methods for achieving this aim is a rule-

based dose escalation trial.138 Rule-based designs are widely accepted as uncomplicated designs 

that can be easily and safely implemented.138 The escalation schedule is set up in such a way that 

the risk of escalating beyond safe tolerability levels and the risk of including large numbers of 

participants receiving sub-therapeutic dose is balanced. While these types of trial designs are 

uncommon in non-pharmacological intervention studies, there is no reason why they cannot be 

applied to determine the maximum safe and tolerable dose of more complex interventions. 

In the current chapter, the development of a new method, that is based on dose escalation 

trial designs, to determine maximum safe and tolerable intensity of a CRF intervention in stroke 

survivors in the acute phase, will be outlined. The chapter contains four main sections: (1) 

existing recommendations and frameworks for the development of health care interventions 

(section 6.2), (2) methods of dose-escalating designs used in drug development trials (section 
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6.3), (3) overview of non-pharmacological intervention dose-escalating trials (section 6.4), and (4) 

the development of a dose-escalating trial protocol for a physical fitness intervention (including 

CRF and strength training) in acute stroke (section 6.5), applied in this thesis. 

This novel approach will add to the range of methods available to develop complex non-

pharmacological interventions. The dose-escalating trial described in the protocol is underway 

and the preliminary results are described in Chapter 7. 

6.2. Frameworks for the development of interventions 

 Pharmacological intervention development 

The development of a new intervention is a staged process and can include different study 

designs, such as randomised and non-randomised pilot studies, feasibility studies and 

observational studies. Each study design aligns with specific aims for each part of the 

development process, for example determining feasibility of recruitment, efficacy of the 

intervention, usability of the outcome measures, or estimation of the sample size. In drug 

development trials, the staged process is classified into Phases (Phase I to Phase IV) (Table 6.1).  

In Phase I trials, an intervention is tested for the first time in a small group (e.g., 20 to 100) 

of healthy humans or people with the target condition, with the aim of evaluating safety, adverse 

events and identifying any side effects. The safe and tolerable dose range determined during 

Phase I will then usually be tested in a Phase II trial. Not every intervention will make it past 

Phase I. Side effects, either too many or too serious, can make it unethical to proceed and expose 

more people to risk of harm. A Phase II trial includes a larger group of people who have the 

target condition, for the purpose of collecting additional safety data. For example, in a Phase I 

rule-based dose escalation trial, the maximum safe and tolerable dose of lenalidomide in patients 

with adult T-cell leukaemia-lymphomas was determined;139 and this dose was consequently tested 

in a Phase II study.140 Phase II trials are typically larger than Phase I trials, but are not large 

enough to evaluate the potential benefits of the new intervention. If encouraging results are 

found, the efficacy of an intervention will be evaluated in an appropriately powered Phase III 

trial, which includes larger treatment and control groups. Adverse events are once again carefully 

monitored, providing additional data about the safety of the intervention in a broader 

population. While Phase III trials are typically comprehensive, they nevertheless include a 

selected population and testing under controlled conditions. This means there are limits to the 
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generalisability of results. The final stage is a Phase IV trial, which is designed to monitor the 

new intervention (shown to be safe, feasible and efficacious), in a real-world population of 

appropriate patients, as opposed to the more selected cohorts in the earlier phased trials. A 

Phase IV trial allows for the monitoring any adverse effects that are associated with long term 

use or in combination with other interventions or therapies.  

Table 6.1 Phases in drug development trials: aims and features 

Phase Purpose Features 

I • Determine maximum 
tolerable dose of a new 
drug 

• Adverse events 

Small selected sample  

Increasing dose of the drug tested in 
consecutive cohorts 

II • Feasibility (recruitment, 
intervention delivery etc.) 

• Adverse events 

Larger samples  

Selected population 

III • Efficacy of the intervention 

• Adverse events 

Fully powered 

Selected population 

IV • Long term effects  

• Adverse events 

Real world conditions  

Not a selected population  

 

 Non-pharmacological intervention developments 

In non-pharmacological intervention development, such a clearly defined phased process is 

unusual, and the phase of the study is rarely explicitly identified.141 Studies of non-

pharmacological interventions are generally described according to their aims or designs (i.e., a 

feasibility study, pilot study, pilot trial, and RCT). In the MRC guidelines for the development 

and evaluation of complex interventions, guidance was initially based on the phased linear 

framework used in pharmacological research, with an additional inclusion of a cyclic or iterative 

component (Figure 6.1).142 In the updated MRC guidelines it is recognised that the process of 

development and evaluation is neither linear nor cyclic. The recommendation in the guidelines 

state that a systematic process be followed.25 In general, this systematic process starts with a 

series of feasibility and pilot studies that aim to address any uncertainties that exist regarding the 

study design, such as outcome measurements, acceptability of the intervention, intervention 

delivery, and capacity to recruit participants. It is important that the intervention in pilot studies 

have a theoretical grounding and takes the current state of relevant evidence into account.25 The 
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results of these studies will lead to an exploratory phase, which could include a pilot trial that 

precedes the evaluation of the intervention in an appropriately powered RCT.33 Findings should 

then be disseminated widely and additional research aiming to aid the process of implementation 

should be undertaken in cases where the intervention is shown to be effective.25 

 

Figure 6.1 Phased framework and the framework based on the “Development and 
evaluating complex interventions: the new Medical Research Council guidance 2013”.25 

 

Several exercise interventions for stroke survivors have been investigated in pilot trials and 

RCTs, however a clear systematic process in the development of these interventions has not 

been identified and the safety profile of CRF training interventions in stroke survivors in the 

acute phase remains unclear (see Chapter 5). A Phase I trial design, as described in early drug 

development trials, seems to be an appropriate method to determine the safety of a CRF 

intervention. The following section gives an overview of the design features of different Phase I 
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study methods and their applicability to the determination of safety and tolerability of a CRF 

intervention for stroke survivors in the acute phase. 

6.3. Phase I dose-escalating trial designs in drug 

development 

To determine a safe dose range, Phase I drug trials often incorporate a prospectively 

designed dose escalation schedule, which includes several components, such as the starting dose, 

dose escalation scheme, cohort size, and selection of participants. There are two main dose-

escalating trial designs to determine toxicity: rule-based or model-based designs, which will be 

further discussed in sections 6.3.2 and 6.3.3. The guiding principles of a dose escalation scheme 

are that: a) the number of patients exposed to a non-effective dose is limited, and b) the risk of 

exposing participants to a toxic dose is also limited. The main outcomes of these studies are 

related to toxicity and adverse events.  

 Toxicity and adverse events 

In medicine, toxicity is the degree to which a substance or drug can harm humans on 

different structural levels, such as cells or organs. In trials of drugs and medical devices, there is 

clear guidance on how and what to report in relation to toxicity and adverse events. Examples of 

these guidelines are the ‘Cancer Therapy Evaluation Program Adverse Event Reporting System’ 

from the National Cancer Institute,143 ‘Guidance for Industry: Safety Pharmacology Studies for 

Human Pharmaceuticals’144 and the ‘Guidance: Safety monitoring and reporting in clinical trials 

involving therapeutic goods’ from the National Health and Medical Research Council.145 In the 

non-pharmacological arena, while guidelines such as the ones included in the CONSORT 

statement146 contains a section on how to report adverse events,135 there is no clear guidance 

available on how and when to evaluate ‘toxicity’ and adverse events.  

 Rule-based dose-escalating design 

Rule-based designs were first described in the 1940s,147 and include pre-defined rules to 

decide if the dose tested for safety and tolerability in a cohort of participants should be reduced, 

maintained or increased in subsequent cohorts. The most commonly used design is a 3+3 dose-

escalating design, whereby each cohort includes three participants.138 The pre-defined escalation 

schedule often follows a modified Fibonacci sequence, with doses increasing initially by 100% 
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and then by 67%, 50%, 40% and 30-35%, but other sequences have been used that allow faster 

acceleration.148 The decision to escalate or de-escalate dose is based on pre-defined rules and 

these rules are related to pre-specified outcomes. The pre-specified outcomes are often referred 

to as ‘dose-limiting events’ (DLEs) and can cover a huge range of possibilities. A DLE for 

example might be a specific reading in blood samples that represent toxicity level. Consider the 

following rule-based 3+3 dose escalation design: if 0/3 or 1/3 participants experience a DLE the 

dose in the next cohort is raised, if 2/3 experience a DLE, the next cohort will receive the same 

dose as the previous cohort, and if 3/3 experience a DLE, the trials stops and the dose tested in 

the previous cohort is identified as the maximum tolerable dose and is the recommended dose to 

be tested in a Phase II trial (see Figure 6.2). One of the disadvantages of a rule-based design is 

that the dose escalates at a pre-defined rate which could result in a large number of participants 

receiving sub-therapeutic doses, which may be ineffective. On the other hand, the pre-set 

increase of dose limits the risk of exposing individuals to an unsafe dose. 

 

Figure 6.2 Rule-based 3+3 dose-escalating design. 

Each dot is a participant and each block represents a cohort of three participants. ●=a participant 
without a dose limiting event (DLE), ●=a participant experiencing at least one DLE.  
 

 Model-based dose-escalating designs 

The model-based design was first proposed as a continual reassessment method by 

O’Quigley et al.149 This type of design has the potential to find the maximum tolerable dose in a 

shorter period of time than rule-based design. This is especially important in populations who 

are critically ill and have short survival times if untreated. In model-based designs, toxicity data 

of each included participant is imputed continuously throughout the trial in a model using 

Bayesian methods. The Bayesian method allows continuous revision of the statistical probability 

of observing a target event, by using newly acquired data.141 A requirement of these model-based 
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studies is an estimate of a dose-toxicity curve, typically derived from pre-clinical data. By 

continuously modelling the toxicity data of each participant that has received the intervention in 

the trial, the initial distribution of the dose-toxicity data can be adjusted accordingly. These 

model-based trials result in data driven estimates of the dose-toxicity curve and its confidence 

intervals, which includes the maximum tolerated dose (MTD). Simulation studies based on real 

Phase I study data indicate that continual reassessment designs need fewer participants and take 

less time to find the MTD.150 These designs, however, rely heavily on the availability of pre-

clinical toxicity data and the appropriateness of the initial estimate of the dose-toxicity curve.138  

Variants of dose escalation designs 

While a number of other escalation designs have been proposed,138 there are two main types: 

a) accelerated titration design, and b) pharmacologically guided dose escalation. The accelerated 

design is a mix of rule-based and model-based designs.151 These types of trials allow rapid 

escalation of the dose (by 40-100%) in cohorts of one participant at a time or within one 

participant early in the trial. This high rate of escalation slows when a pre-defined level of 

toxicity is reached, at which point the design escalates at a more moderate pace, according to a 

more standard 3+3 design. During accelerated titration trials, toxicity data are collected and after 

the trial is finished the data are used in a model. These studies provide information that rule-

based designs are unable to elicit, such as intra- and inter-patient variability, which needs to be 

incorporated in the post-trial model.151 However, the recommended dose reported in these types 

of studies is generally based on the results acquired by 3+3 design component and do not 

include the recommended post-trial modelling. Not conducting the post-trial modelling, hence 

underutilising the intra- and inter-patient data, might lead to an inaccurate interpretation of the 

data and uncertainty about the recommended dose for Phase II trials. 

Pharmacologically guided dose escalation assumes that pharmacokinetic profiles and data 

from animal studies can predict toxicity in a human sample. Pharmacokinetic data provides 

information about how a substance or drug is distributed, absorbed or metabolised in a living 

organism such as a human. An example of pharmacokinetic outcome is the rate at which the 

concentration of a drug in a given volume of blood plasma changes over time, also referred to as 

the elimination rate.152 In pharmacologically guided designs, consecutive doses are given to one 

participant; the next dose is determined by pharmacokinetic data of the previous participant and 

could escalate by 100%. This schedule is continued until a pre-defined level is reached, at which 

point the design switches to a traditional 3+3 design. This design is reliant on real time 
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measurement of pharmacokinetic data, which can be problematic when the response to the drug 

is highly variable in the patient population tested. If the pharmacokinetic data consistently show 

levels that allow high escalation rates in consecutive participants, the tested dose could 

potentially overshoot the actual safe dose that can be tested in a Phase II study. Also, data from 

the pre-clinical animal models might not be easily translated to humans and therefore might not 

be appropriate. 

 Applying dose escalation design to CRF intervention 

development in stroke 

Model-based, accelerated titration and pharmacologically guided designs have appealing 

features, such as faster escalation and the reduced number of participants who receive a 

suboptimum dose. However, the assumed smaller number of participants needed in model-based 

designs has been confirmed only by modelling and not by empirical data.153 Additionally, we 

know that stroke survivors, especially early after stroke, are a heterogeneous group in terms of 

stroke severity and level of impairment. Therefore, the response to CRF is likely to be highly 

variable. Escalating after testing a dose of CRF training in just one participant increases the risk 

of subsequent participants receiving a dose that prompts an adverse event. Another reason why 

model-based designs are not appropriate for CRF interventions in stroke is that they require 

clear knowledge of toxicity outcomes and an accurate initial estimate of a dose toxicity curve. 

The current knowledge about the safety of CRF interventions in stroke models is insufficient to 

determine a realistic estimate of a dose-toxicity curve. However, there are no obvious reasons 

why rule-based designs cannot be applied, provided that appropriate outcomes are defined for 

DLEs, which are indicators of the ‘toxicity’ of CRF exercise. In exercise trials, adverse events 

that represent ‘toxicity’ are based on symptoms that are related to overexercising (e.g., muscle or 

joint pain, persistent fatigue) or to stroke or cardiovascular risk (e.g., increases or decreases in 

blood pressure). The next section reviews and discusses examples of non-pharmacological Phase 

I rule-based dose escalating studies. 

6.4.  Phase I non-pharmacological dose escalation 

trials 

There are few studies that have applied a dose escalation design to find the maximum 

tolerable dose of a non-pharmacological intervention. In this section these studies have been 
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identified and the characteristics of these studies are discussed. The main focus is on the design 

features that are specific to the non-pharmacological interventions that are evaluated in the 

studies such as starting dose, dose escalation schedules, definitions of ‘toxicity’ and adverse 

events. This will inform the development of a dose escalation trial method, discussed in section 

6.5. 

The MEDLINE online database was searched to identify all non-pharmacological Phase I 

dose escalation trials. The search was conducted using PubMed on 11/10/2017 and yielded over 

2527 records, using the following search strategy:  

(("Humans"[MeSH Terms]) AND "Clinical Trial, Phase I"[Publication Type]) NOT 

pharmacokinetics NOT cancer NOT gene [MeSH Terms] NOT vaccines).  

Eighteen non-pharmacological trials were identified. Six of the eighteen trials were explicitly 

reported as Phase I and included a non-pharmacological rehabilitation intervention; but none of 

these trials employed a dose escalation design.98,154-158 Three dose-escalating trials were identified 

in which the aims were to determine the maximum tolerable dose of an exercise intervention: 

walking in people with osteoarthritis,159 multimodal gait training in chronic stroke survivors,160 

and walking for participants recovering from hip fracture.161 In a recently published dose 

escalation trial, not identified by the search, the authors aimed to find the maximum tolerable 

dose of finger extension repetitions in stroke survivors.162 These four dose-escalating trials all 

used a rule-based design. All trials used the standard 3+3 design,159-162 and three studies employed 

a modified Fibonacci sequence to escalate the dose in subsequent cohorts.159,161,162 The study 

characteristics of the four dose-escalating studies are shown Table 6.2. 
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Table 6.2 Design features of 3+3 non-pharmacological dose escalating trials (n=4) 

Study Target 
condition 

Dose 
parameter 

Intervention 
time; 
frequency 

Escalation sequence Number of 
escalations 

Dose limiting events 

Wallis et 
al. 2015159 

Severe knee 
osteo-
arthritis 

Weekly 
walking time 
(min) 

1 wk; d/wk not 
prescribed 

Starting dose 10 min walking 
per day, escalation: modified 
Fibonacci sequence: 10, 20, 
35, 50, 70, 95, 120 and 150 
min*. At least moderate 
intensity and session time of 
10 min 

6 Adverse event: issue preventing completion of 
walking dose for safety reasons related to the 
intervention incl. substantial knee pain during or 
after walking session, serious adverse events i.e., 
difficulty breathing settling at rest, with clinical signs 
i.e., respiration rate, HR, O2-saturation remaining 
normal 

Dite et al. 
2015160 

Stroke 
survivors 

Weekly 
training time 
(min) 

12 wks; 3 d/wk Starting dose 360 minutes per 
week, escalation sequence: 
adding 120 minutes to the 
target for each subsequent 
cohort 

1 Failure to complete >20% of prescribed weekly 
exercise dose due to pain, fatigue, or effort required, 
unable to perform usual activities of daily living 

Taylor et 
al. 2016161 

Hip fracture Daily 
walking time 

5 days Starting dose 3 min walking 
per day, escalation: modified 
Fibonacci sequence: 6, 10, 15, 
21, 27, 30 min* 

2 Adverse events: issues preventing completion of 
prescribed dose, due to safety reasons incl. death, 
myocardial infarction, cardiac arrhythmias, acute 
musculoskeletal injuries, fall or collapse. Tolerability: 
increased pain, fatigue or other symptoms leading to 
inability to continue. Pain, fatigue, shortness of 
breath, dizziness and nausea measured at baseline 
and after walking. Feasibility: unrelated to 
intervention e.g., lack of motivation. If issue 
occurred >1 time over 5 days, the participant was 
replaced.  

Colucci et 
al. 2017162 

Stroke 
survivors 

Finger 
extension 
repetitions 
per session 

2 wks; 5 d/wk Starting dose 50 repetitions, 
escalation: modified Fibonacci 
sequence 

4 Not adhering to the target dose related to the 
intervention.  

Abbreviations: wks=weeks, d/wk=days per week. 
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The doses in the different studies were defined as time spent walking,159,161 time spent 

exercising,160 and number of repetitions of finger extensions.162 In all trials adaptations were 

made to the classic rule-based design. For example, Dite et al.160 started the intervention with a 

preparation and adaptation phase before the training phase, with each phase lasting for four 

weeks.160 In the preparation phase, the participants were familiarised with their individual 

program, starting at 360 minutes of training per week. This was followed by an adaptation phase, 

in which the training dose increased to 420 minutes of training per week. During the last four 

weeks (the dose maximization phase) the time increased up to 630 minutes in the final week. If 

progression rules were met, subsequent cohorts would start training at the last dose received by 

the previous cohort in the maximization phase. For example, cohort two started at 630 minutes 

(the dose at which cohort one finished) in the first week of the maximization phase, with the aim 

to add 120 minutes and exercise for 750 minutes in the last week.160 Dite et al.160 argued that in a 

stroke population it is not desirable to achieve the target dose as fast as possible, preferring to 

give people time to familiarise with the training and to reach the required dose. The length of the 

adaptation phase was a pragmatic choice; it is unclear whether participants would have been able 

to adapt in less than eight weeks. 

The escalation rules described in the Wallis et al.,159 Dite et al.,160 and Taylor et al.161 trials 

were consistent with rules used in pharmacological dose escalation trials. The rules were as 

follows: 1) if no adverse events occurred, the subsequent cohort received a higher dose, 2) if one 

participant in a cohort stopped due to an adverse event, the next cohort received the same dose, 

if no further adverse events occurred the study continued at the next higher dose, and 3) if >1 

adverse event occurred the dose escalation stopped at that level and the previous dose was 

considered as the MTD. In the Wallis et al.159 trial, the last three cohorts received the same dose, 

which was 95 minutes of walking per week, and in each of those three cohorts there was one 

participant who experienced an adverse event. The previous dose of 70 minutes of walking was 

determined as the MTD. In the Dite et al.160 trial, the dose could only be escalated once. The 

initial dose was a maximum of 630 minutes of training per week and the second cohort received 

750 minutes per week. In the second cohort, 2 out of 3 participants experienced an adverse 

event, and the trial was stopped. The starting dose was determined as the MTD. In the trial of 

Taylor et al.,161 the dose was escalated twice, starting at three minutes, escalating to 6 and 10 min. 

At ten minutes, 4 out of 5 participants were unable to tolerate the dose due to fatigue, shortness 

of breath and pain. The numbers of participants in Cohort I and III was five instead of three as 

specified in the methods. The authors indicate that two additional participants were added to 
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Cohort I, because two participants were unable to tolerate the dose for 1 of the 5 prescribed days. 

It is unclear why five participants were included in the last cohort, who received a 10 minute 

dose of walking.  

In the trial of Colucci et al.,162 the dose of finger extensions per day could escalate or de-

escalate according to the pre-set rules.162 For example, if the dose could not be tolerated by all 

three participants in a cohort, the dose was de-escalated by 50% of the previous increment. The 

rules to escalate, de-escalate or stop were not only based on outcomes related to tolerability and 

adverse events, but also on benefits. The benefit outcome measure included similar movement as 

the training task (i.e., finger extension excluding the horizontal movement that was required 

during training). The dose received by the fourth cohort was not tolerated by any of the three 

participants; therefore the dose received by the participants in the fifth cohort was reduced by 

50%. This dose was well tolerated, however if a sixth cohort would have been recruited, the 

difference between the dose received by the fourth and sixth cohort would have been less than 

10%, which was a one of the stopping criteria. The MTD was determined as the dose received 

by Cohort IV, which was 209 repetitions, for five days a week over a two week period.  

 Limitations and considerations in non-pharmacological 

dose-escalating trial design  

The studies described above demonstrate that it is feasible to use a dose-escalating design to 

estimate the MTD of exercise. In the Dite et al.160 study, dose escalation ceased after two 

cohorts. The authors suggested that starting at a lower dose might have allowed further 

escalation of the training time. In the Wallis et al.159 study, the results indicate that the MTD was 

70 minutes of walking in bouts of at least 10 minutes in people with osteoarthritis. This dose is 

well below the levels of physical activity recommended for older adults without osteoarthritis.163 

These studies highlight the importance of selection of starting dose and dose escalation 

sequencing. The starting dose must be low enough to ensure that it is below “true” MTD. Dose 

increments should be at a level that strikes a balance between the risk of escalating well beyond 

tolerability levels and the risk of including large numbers of participants receiving a sub-

therapeutic dose. 

In the Colucci et al.162 trial, apart from outcomes related to tolerability, an outcome measure 

to determine benefit was also included. This benefit outcome measured a task that was practiced 

as part of the intervention (i.e., finger extension repetitions). Therefore, the outcome measured 
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might be influenced by a practice effect. Evaluating the effectiveness of an intervention is not 

part of traditional dose escalation designs. Some of the rules were based on a non-beneficial 

result for this finger extension outcome. One stopping rule stated that if after one beneficial 

dose, the subsequent two doses in the following cohorts were not beneficial, the study was 

stopped. This could potentially lead to the trial being stopped before the MTD would have been 

reached. The trial was not stopped due to non-beneficial outcomes but was stopped because the 

next dose in the sequence would have resulted in an increment less than 10% from the previous 

non-tolerated dose that was de-escalated (i.e., less than 10% difference between the dose in 

Cohort IV and Cohort VI). However, it could be argued that increasing dose by small increments, 

especially at higher doses, is preferable since it reduces the risk of adverse events and increases 

precision in determining the MTD. The authors do acknowledge that a difference in dose of 

10% between cohorts might have been too high. Furthermore, stopping the trial on outcomes 

other than outcomes related to tolerability or harms seems to defeat the purpose of the aim of 

the study namely finding the maximum tolerable dose. The authors argued that a dose increase 

of less than 10% exposes a large number of participants to similar doses. However, this is an 

issue related to the escalation sequence, which can be adjusted, and is not related to tolerability. 

Wallis et al.159 reported that a limitation of their trial was that the background physical 

activity of participants was not measured in the week they received the intervention. Neither of 

the other studies included a measure of background physical activity. Considering individual 

variability in baseline physical activity in these studies is important since it can have a direct 

effect on tolerability of exercise interventions. In pharmacological studies, dose can be calculated 

for each individual patient by prescribing dose by bodyweight or body surface, i.e., mg·kg-1 or 

mg·m-2 respectively. In dose escalation studies of exercise interventions, it is important to 

consider individual differences in factors that can impact on the outcome, such as physical 

activity levels, fitness levels, and level of impairment. When determining the target dose, this 

variability between individuals can be used to calculate relative targets, rather than relying on 

absolute targets. For example, when determining the intensity of treadmill training, having 

participants work at a target heart rate (HR) that is based on a percentage of their age-adjusted 

maximum HR (220-age) is preferable to setting the same target walking speed for all participants. 

Another design feature that takes into account the individual response to an intervention is 

stratification. This was described in some depth in Chapter 5. In none of the aforementioned 

exercise dose escalation studies were participants stratified. The lack of stratification in exercise 

studies with highly heterogeneous stroke survivors can limit interpretation and generalisability. 
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More importantly, not stratifying participants may lead to an imbalance in important factors 

between groups in trials. It undermines our efforts to get a better understanding of how 

subgroups of patients respond. These issues are well acknowledged in stroke research and 

currently efforts are being made to streamline rehabilitation research in stroke.164 Although not 

common, there are some examples of pharmacological rule-based dose escalation trials in which 

patients were stratified by age,165 or by risk factors.166 In dose escalation trials each separate 

stratum runs in parallel and is reported separately. 

 Review Summary 

Though still in its infancy as a research area, there are several examples that indicate that 

dose escalation trials are a feasible method for finding the maximum tolerable dose of 

rehabilitation interventions.159-162 In these dose escalation trials the traditional 3+3 design has 

been adapted to the type of intervention and study population. Conducting a study to determine 

tolerability of an exercise-based intervention requires careful consideration and adaptation of the 

different design features of a dose escalation trial. One consideration is including a familiarisation 

and adaptation phase before testing the intervention at the target dose. As opposed to drug 

interventions, participants in trials of exercise interventions need to be prepared since the 

intervention requires active physical involvement of the participants. In stroke survivors in the 

acute phase, who just recently had a major medical event possibly resulting in physical 

impairments, being physically active might be a daunting task and a preparation phase seems 

important. Furthermore, stratification of participants should also be considered given that stroke 

survivors in the acute phase are a heterogeneous population in terms of stroke severity, level of 

functioning, comorbidities and exercise capacity. Stratification of dose escalation trials in practice 

means that several trials are run in parallel with each trial including a different stratum. One of 

the main design features of dose escalation trials are the definitions of DLE based on toxicity 

outcomes determination. The DLEs that are to be used in CRF dose escalation trial need to be 

carefully considered ensuring that they are related to the harmful effects of the intervention. As 

in pharmacological dose escalation trials, it is important to make sure that the number of patients 

treated at submaximal dose and the risk of exceeding the true tolerable dose are balanced. 

The following section (section 6.5) describes the development of a protocol for a Phase I 

dose escalation study to determine the maximum safe and tolerable dose of CRF training for 

stroke survivors within the first month post-stroke. It outlines the main decision points in the 
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development of the protocol, taking into consideration the important design features identified 

in the current chapter.  

6.5. Dose escalation design and intervention  

Rule-based dose escalation designs have not been adapted previously to suit an acute stroke 

population, nor have they been applied to determine the maximum tolerable dose of a CRF 

intervention. The different considerations and justification for the trial design features are 

outlined in this section. 

 Sample size 

Traditionally in rule-based dose escalation designs, each cohort includes three participants. 

However, stroke survivors are a highly heterogeneous population and there is a great variance in 

exercise capacity. The decision to escalate, de-escalate or stop the trial is reliant on the 

occurrence of dose limiting events (DLE), representing exercise related toxicity, in one or two 

participants in a cohort. To prevent premature termination of the trial, due to potential outliers 

experiencing adverse events early, it was determined that the sample size of each cohort should 

be 5 instead of 3. The proposed 5+5 dose escalation trial had the same basic structure as a 3+3 

(see Figure 6.2), but will have adapted rules to decide if a dose will escalate or remain the same in 

the next cohort, or if the maximum tolerable is reached (detailed description of the rules are 

provided in the methods section in Chapter 7). 

 Generalisability or specificity 

To reduce variability, targeting certain subgroups of the population for dose escalation trials, 

will increase homogeneity. However, only including one specific subgroup comes at a cost to 

generalisability. Including only independently ambulant stroke survivors, for example, will limit 

the scope of responses to a CRF intervention, but the results will not be applicable to the section 

of the stroke population who are not able to walk early after stroke. Given that there is no clear 

evidence-based guidance on who should and who should not exercise in the acute phase after 

stroke, it was decided that a broad range of stroke survivors that are representative of the general 

early stroke survivor population will be eligible to participate in the dose-escalating trial. 
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 Stratification 

As a consequence of including a broad range of stroke survivors, an individual approach to 

prescribing and adapting the intervention was needed. Stratifying participants would allow two or 

more groups of stroke survivors with different levels of ability to exercise to be included at the 

same time, effectively resulting in two dose escalation trials running parallel. Given that the 

energy demands of activity vary widely between stroke survivors (see Chapter 2 and Chapter 3), 

and that it has implications for stroke survivor’s capacity to perform CRF training, it was decided 

to stratify participants based on exercise capacity determined by estimating VO2peak levels. Using 

VO2peak levels to stratify, in essence, is also stratifying by stroke severity, given that low VO2peak 

levels are related to more severe stroke.6 Furthermore, the decrease in exercise capacity and the 

risk of deconditioning after stroke has been shown to be related to initial severity of 

impairments.167 We chose to stratify participants by exercise capacity, which is more aligned to 

the demands of the intervention, rather than stroke severity. 

There are no widely accepted exercise capacity thresholds available for stroke survivors that 

can be used as a cut off for stratification. Few studies have tested and reported VO2peak data for 

stroke survivors within a month post-stroke. According to a systematic review, VO2peak levels 

range from 8.02 to 15.0 mL·kg-1·min-1 in stroke survivors within three months post-stroke.6 

However, these VO2peak levels were based on group averages. It is commonly recognised that 

oxygen uptake differs between men and women, which can be explained by differences in body 

mass, muscle mass and, to a smaller extent, haemoglobin concentration.168,169 To determine cut-

off points for stratification by exercise capacity in this trial, individual patient data were requested 

from the authors of an observational study in which subacute stroke survivors performed an 

exercise test.52 The data included VO2peak values for 8 men and 4 women. The mean VO2peak was 

17 mL·kg-1·min-1 for men and 15 mL·kg-1·min-1 for women. Since it is known that VO2peak levels 

are low in stroke survivors, the strata that were determined for the trial were defined as follows:  

• Low capacity: VO2peak <17 mL·kg-1·min-1 for men, <15 for women. 

• Moderate capacity: VO2peak between ≥17 and <30 mL·kg-1·min-1 for men, and 

between ≥15 and <23 for women. 

It was decided that stroke survivors with high exercise capacity (VO2peak ≥30 mL·kg-1·min-1 

for men and VO2peak ≥23 mL·kg-1·min-1 for women) would not be included in the trial, since they 

are unlikely to be referred to, or benefit from, CRF training. These high exercise capacity cut-off 
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points were determined based on mean VO2peak values for men and women aged between 50-80 

years and without cardiovascular disease.170 

 Selection of the population 

As discussed previously, non-ambulatory stroke survivors have often been excluded from 

exercise studies; only 7 out of the 23 physical fitness intervention trials included both 

independent and dependent walkers (Chapter 5). Furthermore, Prout et al.91 reported that stroke 

survivors with cardiac disease were less likely to enrol in a CRF training program. A cross-

sectional study investigated which characteristics were related to participation in clinical stroke 

research and showed that a history of atrial fibrillation was associated with lower odds of 

research participation (OR=0.79, 95% CI 0.63-0.99).137. Although it is important to consider 

functional capacity and cardiovascular risk factors in relation to the ability to safely exercise, it is 

equally important to be aware that physical impairments are not an unbreakable barrier to 

perform exercise and that not all cardiovascular risk factors preclude stroke survivors from 

participating in exercise.91 

Importantly, cardiovascular risk factors can be positively affected by exercise. The results of 

a systematic review showed that exercise-based intervention following stroke and transient 

ischaemic attacks (TIA) improved cardiovascular risk factors, including reduced systolic blood 

pressure, fasting glucose and insulin, and increased high-density lipoprotein cholesterol.76 

Exercise has been shown to have positive effects on HR171 and time in AF172 in people with AF. 

A large proportion of stroke survivors have cardiovascular co-morbidities.173 Prevalence of AF is 

substantial, with one-third of stroke survivors either known to have it or are newly diagnosed.174 

Hypertension is one of the major risk factors of stroke,77 and it has been reported that the 

prevalence of pre-hypertension and hypertension is as high as 80% in community dwelling stroke 

survivors.74 It is therefore important that exercise research includes participants with these 

cardiovascular risk profiles, particularly in stroke survivors where such profiles are the norm. 

There are some cardiovascular risk factor and diseases that do preclude participation in exercise. 

These are well established and are described in the ACSM guidelines for exercise testing and 

prescription.34 Stroke survivors who meet the following criteria, based on the ACSM guidelines, 

should therefore be excluded from the planned trial: 

• Hospitalization for myocardial infarction, heart surgery, or congestive heart 

failure during the preceding 3 months or 
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• Significant cardiac arrhythmia (stage II heart block or ventricular fibrillation), 

hypertrophic cardiomyopathy, severe aortic stenosis, or pulmonary embolus. 

In compliance with exercise trial standards in stroke, the treating neurologist will assess if 

potentially eligible participants could participate in the dose escalation trial, which includes a 

graded exercise test (GXT) and an individualized exercise program.  

 Graded exercise test 

The most appropriate graded exercise test is the mTBRS-XT protocol proposed by Billinger 

et al. (see Chapter 1), validated to measure VO2peak in stroke survivors.52,175 The exercise test 

results will then be used to stratify participants according to the pre-determined cut-off points 

described above. They will also provide information regarding ability to exercise and exercise 

tolerance of each participant. Additionally, the test will identify any previously undetected 

contraindications for exercise. After the training intervention, the test will be repeated to 

monitor changes over time. 

Using a standard approach before the exercise test, HR and BP will be measured using an 

automated BP monitor (OMRON digital blood pressure monitor, HEM-721, Kyoto, Japan), and 

blood oxygen saturation (SpO2) will be measured using an oximeter (Nonin 7500 pulse oximeter, 

VYAIRE medical, Lake Forest, IL, USA). All measurements will be taken at rest in a seated 

position. The exercise test will only proceed if the following criteria are met: systolic blood 

pressure <220, SpO2 >92%, HR >40 but <100. 

The mTBRS-XT is performed on a recumbent stepper (NuStep T5xr Recumbent Cross 

Trainer Elliptical-CS, Ann Arbor, MI, USA), which allows both independently and non-

independently walking participants to perform the test (see Figure 6.3). The stepper requires 

both arm and leg action and the exercise is performed in a seated position. The machine can be 

adjusted and limbs secured so that patients with hemiparetic impairments to upper or lower 

limbs can safely perform the test. Further details of the test procedure are reported in Chapter 7. 
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Figure 6.3 Participant performing a graded exercise test on a recumbent stepper. 

 

In only a few studies safety parameters for either the exercise test or the exercise sessions of 

training interventions in stroke are reported (see Chapter 5), even though clear guidelines are 

available from the ACSM.34 The following absolute stopping criteria based on ACSM guidelines, 

will be used for the graded exercise test:  

• A drop in systolic BP of >10 mm Hg from baseline BP despite an increase in 

workload when accompanied by other signs of ischemia 

• Moderate/severe angina (defined as 3 on the ACSM standardised rating scale) 

• Increasing nervous system symptoms (e.g., ataxia, dizziness, or near syncope)  

• Signs of poor perfusion (cyanosis or pallor) 

Any participant who meets one or more of these criteria will be excluded from the study and 

referred to their treating neurologist or general practitioner. The ACSM guidelines recommend 

that an ECG be recorded during an exercise test. However, patients with known heart conditions 

that preclude them from exercising will be excluded based on the assessment of the treating 

clinician. An ECG will only be included if the treating clinician indicates that an ECG should be 

recorded during the test. Participants who are recruited and subsequently excluded based on the 

exercise test results due to safety, or exceeding maximum exercise capacity levels, will be 

replaced. The test will be stopped if the participant indicates they want to stop, or if they are 
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unable to keep up with the prescribed working rate (between 80-90 RPM) to achieve the target 

workload. Participants who stop for these reasons will remain in the trial.  

HR will be measured continuously and recorded at the end of every two-minute epoch. A 

complication in the stroke population is that commonly used medications, such as beta-

adrenergic blocking agents, can directly influence HR and BP. These beta-blockers suppress the 

effect of adrenaline, and as a consequence there is a reduction in HR. It has been suggested that 

target HR for exercise intensity should be decreased by 5-10% for participants on beta-

blockers.176 Therefore, exercise intensity during the test will also be monitored by assessing the 

RPE6-20 at the end of each two minute stage. The RPE scale ranges from a score of 6=‘no 

exertion at all’, to 20=‘maximal exertion’.79 As well as providing useful information to help 

interpretation of inconsistent HR data, the RPE gives a subjective indication of how patients rate 

their level of effort during the test. 

 Intervention development 

Several issues need to be considered when starting exercise within the first month post-

stroke. One is that most stroke survivors are likely to still be attending therapy sessions. 

Therefore, an exercise program needs to be complementary to the participant’s usual activities; 

they need to be able to attend both the exercise training and therapy sessions. Secondly, physical 

fitness training sessions should not just include CRF training, but also include resistance 

exercises (Chapter 1). The physiological changes in skeletal muscles after stroke affect CRF 

levels, warranting a mixed approach to training that includes both endurance and strength 

exercises. The recommendations for CRF exercise after stroke clearly state that it should be part 

of an overall exercise program that includes muscle strengthening and task-oriented training.18 

Participants might tolerate higher intensities of CRF training if they are not required to perform 

a complete, multi-component exercise program, thereby potentially overestimating tolerability of 

the CRF training program. The intervention that will be tested in this dose escalation study, 

therefore, will include both CRF and resistance training, even though the aim is to find the 

maximum safe tolerable dose of CRF exercise.  

Weekly training frequency and session time 

Exercise recommendations contained in the statement for healthcare professionals from the 

American Heart Association/American Stroke Association distinguish between the acute 

hospital and rehabilitation settings (see Table 6.3).17 In the acute hospital, the focus is on 
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increasing physical activity, whereas during rehabilitation the focus is on improving CRF.17 These 

recommendations are based on consensus, given the current gap in evidence regarding the 

optimum timing at which exercise can start and at what dosage (FITT parameters) stroke 

survivors can start exercising.  

For this dose escalation study, a conservative approach will be taken regarding the frequency 

and duration of the exercise sessions. Stroke survivors will receive three training sessions per 

week, including 30 minutes of CRF training, which is between the 20 and 60 minutes reported in 

the guidelines as the recommended level (see Table 6.3). The choice of these parameters has 

been guided by the current guidelines and what is known to be the minimum amount of exercise 

that is needed to elicit a cardiorespiratory training effect.17,34 All three weekly sessions will include 

the CRF component and the first and the last session of each week will also include the 

resistance training component.  

Table 6.3 Summary of the American Heart Association/American Stroke Association 
recommendations for physical activity and CRF training for stroke survivors17 

Acute hospital and acute phase 

Physical activity 

Type of Exercise Frequency Intensity Time  

Low-level walking, self-care 
activities, intermittent 
sitting/standing, seated 
activities, range of motion 
activities, motor challenges 

As tolerated using an 
interval approach/work-
rest approach 

≈10 to 20 bpm 
increases in resting 
HR 

RPE ≤11 (6–20 scale) 

Duration as tolerated 
using a work-rest 
approach 

Inpatient and outpatient rehabilitation 

CRF training 

Type of exercise Frequency Intensity Time/volume 

Cardiorespiratory fitness 3-5 days/week (every 
other day) 

RPE 11 to 14: light to 
somewhat hard 

40% to 70% VO2reserve 
or HRR 

20 to 60 min (can 
break up into 10 min 
bouts) 

Abbreviations: bpm=beats per minute, HR=heart rate, RPE=rating of perceived exertion, HRR=heart rate 
reserve. 
 

Type and modality of CRF exercise 

In keeping with patient-centred care and aiming to improve adherence to training, 

participants in the dose-escalating trial will perform CRF training based on their preference. 
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Participants will be able to choose between treadmill walking, stationary bicycle, and recumbent 

bicycle for the CRF component, provided the equipment is available. 

In the acute phase after stroke, an interval approach (e.g., breaking the training up into 10 

minute bouts with active or passive rest periods) is recommended.17 Therefore, the CRF 

intervention was performed using an interval protocol. Interval training can include long or short 

bouts of activity and active (e.g., slow walking cycling) or passive (e.g., sitting, standing still) rest 

periods, with different interval strategies associated with different cardiorespiratory effects. For 

example, in healthy participants, the greatest cardiorespiratory responses were observed after 

continuous training (at 70% VO2max) with long intervals (2-minute bouts of exercise with 2 

minutes of active rest at 95% VO2max) rather than short (30 second bouts of exercise with 30 

second of passive rest at 110% VO2max).177 Studies in which bout length are explored primarily 

focussed on high intensity interval training. For example, the results of a systematic review of 

high intensity interval training in stroke survivors showed that 30 second bouts of high intensity 

treadmill walking with rest periods of 30 or 60 seconds elicited the highest cardiac output and 

treadmill speeds in chronic stroke.178 Another systematic review, of high intensity training in 

people at risk of cardiovascular and metabolic diseases, indicated that short exercise intervals 

(15-30 seconds) and short passive rest (15-30 seconds) resulted in fewer adverse events than long 

intervals (60-90 seconds) with 1:1 ratio.179 Determining the length of the bouts and rest periods is 

dependent on the target intensity; longer bouts are typically performed at lower intensity than 

shorter bouts.180,181  

There is no clear guidance on what the best exercise:rest interval ratios are in an acute stroke 

population. High intensity interval protocols might not be appropriate; given that it is currently 

unclear at what intensity stroke survivors in the acute phase can safely train. Given that the 

exercise capacity in an acute stroke population is far lower than healthy age and gender matched 

controls,6 the training program should allow for most stroke survivors to perform the training 

without any adverse events at the initial starting dose intensity. However, the CRF training 

should be at an intensity that is high enough to elicit a cardiorespiratory training effect (i.e., 

greater than 50% HRR). Therefore, the intervals for the CRF training will employ a long exercise 

interval (60 seconds) to maximise cardiovascular output. The resting period will be a long active 

rest (60 seconds) to maximise tolerability and enable participants to continuously exercise for the 

30 minutes in total. Though not encouraged, participants will be able to have a passive rest 

period if needed when they would not be able to tolerate an active rest period.  
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Each training session will start with a 5-minute warm-up, performing the CRF exercise of 

choice (treadmill or cycle ergometer) at a low intensity (50% HRR). The intensity of the training 

will be modulated to reach the target intensity (based on % HRR) by adjusting workload (e.g., 

increasing treadmill incline, increasing cycle ergometer resistance). The CRF training session will 

finish with three minutes of cool down at a comfortable speed. 

Type of resistance exercise 

The resistance training component will consist of 3 to 5 strength exercises for upper and 

lower limb, based on participant preference. The intensity will be determined for each exercise 

by either a) an assessment of the participants’ 3RM, or b) a level where 1 set of 8 repetitions led 

to an RPE6-20 of >11 (>light). The proposed progression is shown in Table 6.4. Apart from a 

RPE6-20 of >11, no specific targets will be set for the resistance training component, for any of 

the participants in any of the cohorts. The resistance training time will vary according to the 

number of exercises and the time it will take for the participant to complete each exercise. 

Table 6.4 Intensity and proposed progression: resistance exercises 

Resistance training 

Number of 
exercises  

Starting 
intensity 

Repetitions Sets Progression 

3-5 Based on 3RM 

OR  

1 set of 8 
repetitions at 
RPE >11 

Minimum=8 

Maximum=12 

Minimum=1 

Maximum=4 

If RPE <11: 

1st increase reps 

2nd increase sets 

3rdincrease weights  

Abbreviations: RM=repetition maximum, RPE=rating of perceived exertion. 
 

 Dose limiting events and safety monitoring 

Toxicity measures in exercise trials should be based on symptoms related to over-exercising 

or to underlying cardiovascular risks. Safety outcomes can include high BP and high HR or 

musculoskeletal symptoms such as pain and exhaustion. In the proposed dose-escalating trial 

study, the DLEs will be defined as:  

• An increase in muscle or joint pain related to the exercises performed from 

baseline, equating to 3 points on the Visual Analogue Scale (VAS) (0-10 cm), that 

prevents exercise.  
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• Inability to perform the sessions at target HR due to pain or exercise induced 

physical tiredness related to the intervention. 

• Inability to perform ADLs as a result of the training at any time during the 

intervention period, reflected by a response of 1 or 2 to the question: “I was able 

to perform my usual daily activities”. The responses are scored on a Likert scale 

ranging from 1=strongly disagree to 5=strongly agree.  

DLEs need to be related to the exercise performed during the training sessions. If a 

participant experiences an increase in pain that is not related to the exercise (e.g., due to a fall 

outside the session unrelated to the exercise), the event will not be recorded as a dose limiting 

event. The outcome measures for DLEs (i.e., pain on VAS 0-10 and response to the ADL 

question) will be assessed before and after each training session. 

During the exercise session, physiological responses will be monitored by recording HR, BP 

and blood oxygen saturation as per routine practices. Participants will wear a HR monitor 

(Polar® FT7, Pola, Kempele, Finland) for the duration of the training session. HR and RPE will 

be recorded every minute during the CRF training and after each set of resistance training. 

Sessions will be stopped based on the absolute criteria of the ACSM (see page 144). 

Any other adverse events during the intervention period, during or between the training 

sessions, will also be recorded. Serious adverse events (SAE), including recurrent stroke, serious 

cardiovascular symptoms or falls will be reported to an independent data committee. The 

committee will assess if the SAE was related, possibly related or unrelated to the intervention. 

Findings will be included in a report that will be sent to the human research ethics committee.  

 Phasing and duration of the intervention 

As indicated in the dose escalation study of Dite et al.,160 stroke survivors need time to adapt 

to an exercise regime. It is recommended that individuals are familiarised with exercise 

equipment and intensity of exercise, since it influences the exercise capacity determined during 

an exercise test.182 Additionally, familiarising people with exercise equipment is important to 

reduce fear and anxiety, especially in older individuals with a range of impairments who might be 

unfamiliar with moderate exercise.182 Therefore, starting training at the pre-defined target 

intensity may lead to early withdrawals or even DLEs that might not represent the actual 

tolerance of the exercise program.  

https://en.wikipedia.org/wiki/Kempele


133 

Decisions about the length of time set for adaptation and training were largely pragmatic and 

fit with the goal of testing this method in a sample of people with acute stroke. As a first proof 

of principle study, it was determined that two weeks of adaptation and two weeks of training 

would be sufficient to demonstrate that stroke survivors could exercise in the acute phase and to 

explore DLEs. Participants will start with a two-week familiarisation and adaptation phase, in 

which they are familiarised with the exercises and procedures of the training sessions. During 

this first phase the intensity of CRF training will start at a low level (<40% HRR), increasing 

(subject to participant performance) until target intensity is reached by the end of the second 

week of training. Next is the training phase, in which participants will train at the target intensity 

set for the CRF component for two weeks (see Table 6.5). It was recognised that best evidence 

from healthy populations suggests that a cardiorespiratory training effect (i.e., an improvement in 

cardiorespiratory fitness) could be expected after 15-20 weeks of 3-5 days per week of training.32 

As the aim of this dose escalation trial was to determine tolerability, not efficacy, of the 

intervention, the two week training period was deemed appropriate to identifying individuals 

who are unable to tolerate the training.  
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Table 6.5 Training and dose escalation sequence for first 3 cohorts if progression rules 
are met 

Cohort Week  CRF component Resistance component  

  Freq 
(d/wk)  

Exercise time 
(min)* 

Intensity 
(%HRR/VO2peak) 

Freq 
(d/wk) 

Session 
time (min) 

Intensity 
(RPE6-20) 

I 1 3 30 35-40%  2 variable >11 

 2 3 30 35-40%  2 Variable >11 

 3 3 30 45-50%  2 variable >11 

 4 3 30 45-50%  2 variable >11 

II 1 3 30 35-40%  2 variable >11 

 2 3 30 35-40%  2 variable >11 

 3 3 30 50-55%  2 variable >11 

 4 3 30 50-55%  2 variable >11 

III 1 3 30 35-40%  2 Variable >11 

 2 3 30 35-40%  2 Variable >11 

 3 3 30 55-60%  2 Variable >11 

 4 3 30 55-60%  2 Variable >11 

*excluding warm up and cool down. Abbreviations: CRF=cardiorespiratory fitness, freq=frequency, d/wk=days 
per week, %HRR=percentage of heart rate reserve, RPE6-20=rating of perceived exertion, 6-20 scale. 
 

 Dose schedule 

It was decided that participants would start at a low initial dose intensity of training, set at 

the minimum recommended for CRF training in stroke survivors, which is 40%-45% of  

HRR/VO2peak or 50%-55% HRpeak.17 The difference between moderate and vigorous intensity is 

about 10% in VO2,33 therefore the planned escalation in dose between cohorts was a small 

increment (5%). Low starting dose and small increments reduce the risk that the real tolerable 

dose is exceeded. The risk of a large number of participants receiving a sub-therapeutic dose 

should be minimised by performing an interim assessment of the dose escalation after three 

cohorts without any DLEs for each of the exercise capacity groups (i.e., low or moderate 

exercise capacity). The final schedule used in the dose escalation trial is shown in Chapter 7, 

Figure 7.2. 
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 Outcomes and assessments 

Outcomes 

The main outcome of the study will be the determination of the maximum safe tolerable 

intensity of CRF training in stroke survivors with high and low exercise capacity. The secondary 

outcome of the study is change in VO2peak levels from baseline to post intervention, measured 

during a GXT. The main outcome is based on the occurrence of DLEs (intervention related 

pain, inability to perform ADLs, and inability to perform training session). 

Background physical activity 

As noted earlier in this current chapter a noted limitation of previous dose escalation trials is 

that background physical activity was not measured (section 6.4). Background physical activity 

needs to be considered in exercise dose escalation studies since it can influence the outcome.159 

For example, participants with high physical activity levels might tolerate lower intensities of the 

CRF intervention than participants that are sedentary and have low physical activity levels. A 

large proportion of stroke survivors receive therapy, including physiotherapy and occupational 

therapy, as part of their rehabilitation in the first weeks after stroke. The amount of therapy will 

vary between individuals, just as levels of physical activity outside therapy will vary. Therefore, it 

was decided that background activity levels, excluding trial training activity, will be monitored to 

identify whether the intervention impacted on usual physical activity levels of individual 

participants. Background physical activity levels will be monitored using an activPAL™ 

(Glasgow, Scotland, UK, PAL Technologies Lt) accelerometer, which records thigh position and 

acceleration. These parameters are converted to step counts, and time spent lying or sitting 

(sedentary time), standing, stepping and number of steps. The activPAL™ is commonly used in 

stroke trials41,183 and has been shown to be a valid tool to measure time spent sitting,184 and time 

spent standing and walking.185 The device will be worn on the non-affected thigh, consistent with 

other stroke trials.186,187 Participants will wear the activPAL™ over the recommended minimum 

period of time , which is 24 hours per day for seven days,188 at the start of the adaptation phase 

and at the end of the intervention. The period at the end of the intervention will include both the 

last week of the intervention period and the days between the end of the intervention and before 

the last GXT. The periods were chosen to capture activity levels while participants are enrolled 

in the training program, since the activity levels could have an impact on the participant’s ability 

to tolerate the CRF intervention tested in the study. 
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Other assessments 

In Table 6.6 all the assessments are shown, that will be performed in the trial as outlined in 

this section and at what time-point they will be assessed. The following assessments will be 

performed to describe the participants included in the trial:  

Comfortable walking speed will be assessed using the 10 metre walk test for participants who do 

not need physical assistance during walking. Participants will be allowed to use their usual gait 

aids. This common test is validated in stroke.189,190 The participant will perform 3 trials of the 10 

metre walk at a comfortable walking speed. The average speed (m/s) of the three trials will be 

calculated and will help to determine the starting speed if participants chose to perform the CRF 

training on a treadmill. Participants who need physical assistance will not perform a walking test. 

Stroke severity will be assessed using the National Institute of Health Stroke Severity (NIHSS) 

scale. It is a valid tool and is recommended as a standardised measure in stroke trials.191 The scale 

consists of eleven items and scores can range from 0 to 42, with a higher score indicating greater 

stroke severity. The participants will be categorised using the following cut-off points: mild <8, 

moderate 8 to 16 and severe >16.192  

The following standardised anthropometric measures were performed in accordance with 

measures included in exercise trials: 

Bodyweight is used to report estimated VO2peak in mL·kg-1·min-1. Weight will be assessed using 

digital scales (SECA 803B, Hamburg, Germany). 

Body mass index (BMI) is a proxy measure for body composition and has been associated with 

exercise capacity at 12 months post-stroke.193 Therefore in the proposed trial body-weight and 

height was measured to calculate BMI. BMI is calculated by dividing weight (kilograms) by 

height (metres) squared to determine a proxy value representative of body fat percentage. Body 

weight is measured as indicated before and height will be measured using a stadiometer (SECA 

213, Hamburg, Germany). 

Waist and hip circumference (centimetres) is a proxy marker of adiposity. High waist circumference 

and waist-to-hip ratio, as proxy markers of abdominal adiposity, are associated with increased 

risk of stroke.194 Higher waist circumference195 has been associated with lower CRF in a healthy 

population. It was decided that waist-to-hip ratios would be determined, and it will be measured 

using a tape measure and used to establish a waist-to-hip ratio. Waist circumference will be 
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measured at the navel level and hip circumference was measured over the buttocks at the level of 

the greatest circumference. 

The capacity to exercise can be impacted by several factors. Firstly, physical activity and also 

sedentary behaviour are closely related to CRF (see Chapter 1). For example higher levels of 

moderate to vigorous activity are associated with higher CRF, whereas higher levels of sedentary 

behaviour are associated with lower levels of CRF.196 Secondly, factors such as fatigue, anxiety, 

and depression are all inter related but also related to physical activity levels. In a longitudinal 

study by Duncan et al.186 it was shown that lower physical activity (less time spent stepping and 

lower step counts measured by the activPal™), higher anxiety, and higher depression scores were 

associated with higher fatigue scores at 6 and 12 months post-stroke. They also showed that 

anxiety and low physical activity levels are independent predictors of greater fatigue at 6 and 12 

months post-stroke. It was decided that, to be able to explore different variables that might be 

associated with CRF (i.e., VO2peak) and CRF training tolerability in stroke survivors in the acute 

phase of recovery, the following assessments would be performed in the proposed trial:  

Pre-stroke levels of physical activity will be assessed using the International Physical Activity 

Questionnaire (IPAQ) short version.197 The short IPAQ includes four sets of questions about 

the time spent doing vigorous and moderate activity and the time spent walking and sitting in the 

last seven days. For the purpose of this study we will ask stroke survivors what their usual 

physical activity was in the last 7 days before the stroke. The participants will be categorised into 

low, moderate, or high levels of physical activities and median METs per week calculated 

according to the IPAQ guidelines.  

Physical activity levels (i.e., time spent upright and step count) and sedentary behaviour (time 

spent lying/sitting) will be assessed using the activPal™ as described earlier.  

Post-stroke fatigue will be assessed using the Fatigue Assessment Scale,90 which is a 10 item 

instrument that has been shown to be a valid measure of fatigue after a stroke.198 A higher score 

indicates higher levels of fatigue. 

Anxiety will be measured using the Generalised Anxiety Disorder-7 (GAD-7),199 a 7-item 

instrument that can be used to screen for generalized anxiety disorder in stroke. Higher scores 

on the GAD-7 are representative of more severe levels of anxiety. 

Depression will be measured using the Patient Health Questionnaire-9 (PHQ-9).200 The PHQ-

9 is a 9-item questionnaire that assesses the frequency of occurrence of depression symptoms 
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over the previous two weeks, with higher scores indicative of higher levels of depression. The 

PHQ-9 has been validated as a reliable measure of depression severity after stroke. 

 Data analyses 

It is important to note that the proposed trial is not an efficacy study therefore no power 

calculations were required. A cohort size of 5 participants is a pragmatic decision based on the 

heterogeneous population as discussed earlier in this chapter. 

Descriptive statistics will be used to report characteristics of participants in each cohort, 

including: age, stroke severity, exercise capacity, background physical activity levels (time spent 

lying and sitting and step counts) and days since stroke. Descriptive statistics will also be used to 

report number of DLEs, type of DLEs, average intensity per session and percentage of bouts at 

target intensity for each included cohort. This is in line with dose escalation trials in other 

populations.159,160 
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Table 6.6 Assessments and outcome measures during the study 

Outcome/ 
Assessments 

Assessment method Baseline 

(<21dys 
post-stroke) 

Phase 1 
(wk1+2) 

Phase 2: 
(wk3+4) 

Post 
training  

(wk5) 

Dose Limiting Events  

(pre-and post-test and post-training session) 

Pain rating VAS 0-10 X X X X 

Inability to perform 
usual ADL 

Likert scale 1-5: 1 completely 
disagree 5=completely agree  X X  

Description of the participants and anthropometric assessments 

Demographic data Information obtained from 
participant+medical record X    

Walking speed 10 metre walking test X    

Stroke severity 
(NIHSS) 

Standardised scoring sheet, by 
a certified researcher X    

Height (cm) and 
weight (kg) 

Height: portable stadiometer, 
weight: digital scales  X  X  X  X 

Waist and hip 
circumference 

Tape measure measuring at 
standardised anatomical 
references 

X   X 

Exercise test and session  

Safety, exercise 
capacity  

VO2peak GXT X   X 

Perceived exertion RPE6-20 after GXT+training  X (GXT) X  X X (GXT) 

Heart rate Continuous HR monitor during 
GXT+training.  X (GXT) X X  X (GXT) 

Blood pressure Automatic BP machine pre-and 
post- GXT+training X (GXT) X X X (GXT) 

Oxygen saturation Oximeter during GXT X   X 

Variables to explore 

Physical activity 
levels* 

ActivPAL™ worn frontal mid-
thigh, unaffected leg X   X   

Pre-stroke usual 
activity (IPAQ) 

Questionnaire  X   X 

Depression (PHQ-9) Questionnaire  X   X 

Post–stroke fatigue 
(FAS) 

Questionnaire  X   X 

Anxiety (GAD-7) Questionnaire  X   X 

* 24 hours a day, 7 days in total. Abbreviations: NIHSS=National Institute of Health Stroke Scale, 
VAS=visual analogue scale, GXT=graded exercise test . 
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6.6. Summary and conclusions 

Currently it is unclear if stroke survivors can safely perform CRF training in the acute phase 

after stroke. This chapter outlined why adaptation of dose escalation methods, which have a long 

history in drug trials, can help to more systematically develop exercise interventions for stroke 

survivors, that can be further tested in Phase II and III studies. The principles underlying dose 

escalation are no different for more complex, non-pharma interventions such as CRF training. 

Indeed, there are examples of dose escalation trials that aimed to determine the maximum 

tolerable dose of exercise interventions. In the proposed dose escalation trial the safety of a CRF 

intervention will be tested for the first time in stroke survivors in the acute phase of recovery. In 

the remainder of the chapter the design considerations for the proposed dose escalation trial 

were addressed and justified. While some elements are readily underpinned by evidence, others 

were not and a pragmatic and exploratory approach was taken. With the study design in place, 

Chapter 7 describes the preliminary results of the dose-escalation trial, including data of 15 

participants. 
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7 A novel dose escalation trial to determine 

maximum safe and tolerable dose of CRF training 

in the acute phase after stroke 

7.1. Introduction 

In Chapter 6 the decision points in designing the dose escalation trial were outlined. It was 

argued that striking the right balance between training at levels high enough to achieve an 

improvement in CRF, while meeting an acceptable safety profile is important in any population, 

this is especially true for people in the acute phase after stroke. Determining the maximum safe 

and tolerable intensity of CRF training starting within the first weeks of stroke is an important 

first step in intervention development, a trial evaluating the efficacy of the ‘safe’ intervention can 

then follow. 

The current dose escalation trial was designed incorporating specific elements and 

adaptations of traditional dose escalation trial designs as well as best evidence from other CRF 

training trials and exercise guidelines (see Chapter 6). While decisions about the design elements 

used in the current trial were presented in the previous chapter, a brief description of methods 

and procedures is presented in this current chapter. However, the focus of this chapter is on the 

reporting of the preliminary results of the trial so far. The trial has not yet been completed due to 

the time restrictions of the PhD candidature. Recruitment of participants started in July 2016 and 

unexpected delays in recruitment were experienced; these are discussed later in this chapter. To 

date, 15 participants (8 participants in the low exercise capacity group and 7 in the moderate 

exercise capacity group) have completed the intervention and data collection. Results presented 

in this chapter include data regarding the exercise capacity, exercise performance, adverse events, 

and the tolerability of CRF training intensity of the participants who completed the trial. 

Other data that has been collected regarding fatigue, pre-stroke physical activity, anxiety and 

depression will not be reported, as these will be used to explore their associations with exercise 

capacity and exercise tolerability once the study is completed.  



142 

7.2. Methods 

 Trial design 

A stratified rule-based 5+5 dose escalation trial was used. The participants were allocated to 

one of two strata. Two dose escalations trials were run simultaneously: one including participants 

with low exercise capacity, and one including participants with moderate exercise capacity. 

 Participants and setting 

Stroke survivors were eligible if they met the following criteria: clinically diagnosed 

ischaemic stroke, aged over 18 years, enrolled within three weeks post-stroke and with baseline 

assessments performed within one month post-stroke, no pre-morbid or current restrictions to 

exercise, ability to transfer from a sitting position to a standing position with, at most, physical 

assistance of two people, and ability to give informed consent (i.e., no cognitive impairments that 

prevent providing consent, sufficient English language proficiency) for the trial. Exclusion 

criteria were set according to the ACSM absolute contraindications for exercise testing and 

included: hospitalization for myocardial infarction, heart surgery, or congestive heart failure 

during the preceding three months; significant cardiac arrhythmia, hypertrophic cardiomyopathy, 

severe aortic stenosis, or pulmonary embolus; significant pulmonary pathology (i.e., chronic 

obstructive pulmonary disease), musculoskeletal or neurological issues that would interfere with 

participation. Additional exclusion criteria were: admitted to a private inpatient rehabilitation 

centre, live more than one hour travel time from the test and training sites, or participation in 

another intervention trial. The recruiting site was the acute stroke ward of a large teaching 

hospital, the Austin Hospital, in Melbourne. The hospital is adjacent to the exercise laboratory 

located at the Florey Institute of Neuroscience and Mental Health, and the site where all exercise 

testing took place. The training session could take place at different venues affiliated with the 

Austin hospital in Melbourne: an exercise space next to the acute stroke ward in the Austin 

Hospital, an exercise room at the Heidelberg Repatriation Hospital and the other was the 

exercise gym of the physiotherapy department at the Royal Talbot Rehabilitation Centre. 

 Graded exercise test (GXT) 

Following written informed consent, participants performed a GXT. The test estimated 

VO2peak and determined if a participant could safely perform moderate to high intensity exercise. 
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Oxygen uptake was measured continuously using a mobile metabolic cart (Oxycon™ mobile, 

CareFusion, San Diego, USA). The manufacturer’s operational instructions were used to 

calibrate the metabolic cart prior to the GXT. Gas calibration was performed against gas with a 

ratio of 16% O2 and 4% CO2 in Nitrogen. The unit measures room temperature automatically, 

and humidity was adjusted manually. The participants were fitted with a facemask and a harness 

that carries the Oxycon™ telemetry units, to send the data to a laptop (see Figure 7.1). 

Participants wore a mask allowing breath-by-breath analyses of O2 and CO2 gas analysis through 

an attached sensor. Before the start of the GXT the participants were in a seated position for at 

least 10 minutes during which BP, resting HR and oxygen saturation were measured. 

 

Figure 7.1 Patient setup with a mobile metabolic cart. 

 

The participants performed the GXT on a recumbent stepper following a test protocol 

described by Billinger et al.52,175 The test started at a power output of 25 watts and increased 
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every two minutes by 15 watts. During the test, participants were encouraged to maintain a step 

rate of 80 steps per minute for the first five stages and then to maintain 90 steps per minute 

during the last stages. The power output was automatically increased as per protocol until one of 

the following stopping criteria was reached:  

Relative criteria: 

• Participant ceased exercise and reported volitional fatigue 

• Unable to maintain a work rate required to reach the set power output 

Absolute criteria  

• Moderately/severe angina (defined as 3 on the ACSM standardised rating scale) 

• Increasing nervous system symptoms (e.g., ataxia, dizziness, or near syncope)  

• Signs of poor perfusion (cyanosis or pallor) 

Participants, who stopped due to one of the absolute stopping criteria, discontinued 

participation in the trial and were replaced, but the data was retained. The GXT was repeated 

after the four week training period. 

Stratification 

VO2peak was determined by averaging the VO2 (mL·kg-1·min-1) over the last 30 seconds of the 

test. Participants were stratified into a low exercise capacity stratum if VO2peak was <17 mL·kg-

1·min-1 for men, or <15 mL·kg-1·min-1for women, or to moderate exercise capacity if VO2peak was 

≥17-30 mL·kg-1·min-1for men or ≥15-23 mL·kg-1·min-1 for women. Participants with high 

exercise capacity (i.e., VO2peak ≥30 mL·kg-1·min-1for men and ≥23 mL·kg-1·min-1for women)170 

were excluded from participating in the trial.  

 Intervention 

The intervention included a CRF and a resistance training component. CRF training was 

performed three times per week on a treadmill, recumbent bike or stationary bike. The intensity 

of the CRF training component is the focus of this trial. The intensity increased by using a 

predefined schedule based on HRR. We considered changing the mode of exercise in different 

sessions for individual participants as not feasible, given that the adaptation of the exercise need 

to be re-assessed for each different mode of exercise. For example, the speed and incline was 
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adjusted for treadmill training to reach target intensity (i.e. %HRR), whereas adjusting the 

workload by setting Watts for ergometer training was used to reach the target intensity. 

Therefore, participants chose their preferred type of exercise at the start of the trial and 

performed the CRF component on the same equipment for the duration of the trial. In this 

study the main aim was to find the maximum safe and tolerable dose. The intensity of training 

was escalated according to a pre-defined schedule (see Chapter 6, Table 6.5). In short, the 

intensity started at a target HR of 45-50% of the HRR and increased by 5% in the following 

cohort according to pre-set rules. The CRF training consisted of interval training with a 1:1 

work:rest-ratio, the active bouts at target HR lasted 60 seconds and were followed by an active 

rest (e.g., slow walking, slow cycling) period of 60 seconds. The total exercise time was 30 

minutes, which included exercise bouts and active rest bouts, but excluded time spent on 

warming up and cooling down. The warm-ups and cool-downs were performed at a 

comfortable, self-selected, and slow pace for 5 and 3 minutes respectively. 

The resistance component consisted of 2-5 strength exercises; the exercises were determined 

on the basis of participant’s preferences and abilities. The training started at 60% of 3RM or at a 

minimum of 1 set of 8 repetitions performed at an RPE level of ≥11 (11=light). The resistance 

training was performed two times per week during the 1st and 3rd session of the week, following 

the CRF training component. The workload was increased if the RPE was < 11. The participants 

did not work to a set target during the resistance training component.  

The intervention duration was four weeks, including 12 sessions in total. The first two 

weeks, Phase 1, was a familiarisation and adaptation phase. The patients were familiarised with 

the testing (i.e., RPE, HR monitor, BP), training procedure (interval protocol and the different 

strength exercises) and training equipment. This phase also allowed participants to adapt to the 

CRF training intensity. In Phase 1 participants started the CRF training at a low intensity of 35-

40% of HRR, with intensity increasing until the pre-defined target HR for Phase II was reached. 

Phase 2, the training phase, started immediately after Phase 1. Phase 2 consisted of a two week 

period in which participants trained at an intensity that was pre-defined according to the dose-

schedule, starting at 45-50%HRR (see Figure 7.2). For patients on beta-blocker medication, the 

target HRR was adjusted downward by 10%.176 Workloads were increased or decreased to get 

participants working at the target HR. 
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Figure 7.2 Stratification and dose escalation schedule. 

 

 Outcomes 

Main outcome 

The main outcomes of this trial were safety and tolerability. The outcomes were measured 

by pre-defined DLEs, which were:  

• An increase from baseline in exercise related pain, of >3 points on a Visual 

Analogue Scale (VAS) (0-10 cm), that prevents exercise. 

• Inability to maintain the prescribed training intensity during Phase 2 (week 3 and 

4) for more than 20% of the dose intensity session duration for more than 3 out 

of 6 sessions, due to exercise related exhaustion (i.e., RPE6-20 >20). 

• Inability to perform usual ADLs in between training sessions as a result of the 

CRF training intervention rated on a 5-point Likert scale. Measured by the 

response to following question: “I was able to perform my usual daily activities” 
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(1=strongly disagree to 5=strongly agree). A score of 1 or 2 indicates that the 

participant was unable to perform ADLs due to the CRF training intervention. 

Dose escalation rules 

The dose will progress or not progress from one cohort to another according to pre-defined 

rules that are based on the number of occurrences of DLEs within a cohort (see Figure 7.3). In 

the 5+5 design the dose will escalate according to the following rules: 

• If ≥3/5 participants in a cohort complete the training without a DLE → dose is 

assessed as safe and subsequently the next cohort will receive a higher dose 

• If 3/5 participants in a cohort experience at least one DLE → the next cohort 

will receive the same target dose  

o If in the following cohort at the same dose level, ≥3/5 participants complete 

the training without a DLE → the next cohort will receive a higher dose 

o If in the following cohort at the same dose level ≥3/5 participants experience 

at least one DLE → the study will be stopped and the previous dose will be 

considered the maximum safe and tolerable dose. 

• If ≥4 of the participants experience at least one DLE → the study will be 

stopped and the previous dose will be considered the maximum safe and 

tolerable dose. 

Other assessments  

At baseline, height, weight, hip and waist circumference were measured. Stroke severity was 

assessed using the NIHSS scale (mild <8, moderate=8-16 and severe >16).192 Resting HR, blood 

pressure and oxygen saturation were measured before and after each exercise session. The 

session only started if the following safety parameters were met: HR 40-100 bpm, systolic BP 

120-220 mmHg, and peripheral oxygen saturation (SpO2) >92%. During the CRF component, 

HR was monitored continuously using a HR monitor. HR and RPE were recorded every minute 

during CRF interval training (i.e., after each minute of work at target HR and after each minute 

of passive rest). HR and RPE were also recorded after each set of resistance training exercise. 
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Figure 7.3 Schematic of dose escalation rules based on occurrence of DLEs. 

Each square with 5 dots is a cohort of 5 participants. ○=participant, ●=participant without a dose limiting event (DLE), ●=participant experiencing at least one DLE, 
=trial continues, =trial stops maximum safe and tolerable dose is reached. 
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Background physical activity 

Physical activity levels were monitored over seven days for 24 hours per day at the start of 

the adaptation phase (Phase 1) and end of the fourth week of training (Phase 2) using an 

activPAL™ accelerometer-based device. Time spent lying/sitting, time spent upright, and 

number of steps was averaged over the monitored days excluding the days that the participant 

attended a training session. Changes in activity levels between baseline and post-interventions 

could indicate that the intervention impacted on usual ADLs. 

 Data reporting and analyses 

Descriptive statistics were used to report characteristics of participants in each cohort 

including: age, days since stroke, stroke severity, exercise capacity (VO2peak), and physical activity 

levels (time spent lying/sitting and step counts). The actual intensity of CRF training was 

calculated for each participant, only including data from the Phase 2 (week 3 and 4) sessions, 

which required work at a target HR and not for Phase 1 (week 1 and 2). Phase 2 included 6 

sessions (i.e., 3 sessions per week) and 90 work bouts (i.e., 15 targeted bouts for each session in 

week 3 and 4). The average percentage of HRR (only including the 15 targeted bouts) for each 

session with standard deviations (SD), was calculated for each participant. Additionally, the 

percentage of bouts at target HR, including the targeted bouts of all 6 sessions (n=90), was 

reported for each participant. Average time spent sitting/lying and step counts and confidence 

intervals (CI) were reported for each participant at each time point separately. Time spent sitting 

and step counts was averaged over the numbers of days (24 hours) of monitoring, excluding the 

days on which an exercise session was planned. The association between changes in fitness levels 

and background physical activity was explored by generating a scatter plot, but no formal 

analyses was performed as these are only preliminary results based on a small sample. Data 

regarding fatigue, anxiety, depression and pre-stroke physical activity levels were collected but 

will not be further discussed in this thesis. These data will be reported when the study is 

completed and a sufficient sample is available to perform analyses to explore associations 

between these variables and exercise capacity and exercise tolerability. No further analyses were 

planned at this point. 
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7.3. Results 

 Screening 

Six hundred and seventy nine individuals admitted to the acute stroke ward at the Austin 

Hospital were screened between June 2016 and July 2017. Figure 7.4 shows the participant flow 

chart. The major reasons for non-eligibility were not having a stroke (n=209): diagnosed with a 

TIA (n=88), haemorrhagic stroke (n=66), and unable to give informed consent due to cognitive 

impairments (n=56). Of those 39 participants who were eligible, 21 individuals declined to 

participate, with common reasons including: many other things to deal with, unable to arrange 

transport, and not interested in participating in this trial. 

Eighteen stroke survivors provided written informed consent to participate in the trial. 

Three participants withdrew: one withdrew after two training sessions but did not give a reason, 

one was readmitted to hospital with recurrent stroke a day after the GXT and before training 

intervention started, and one withdrew after the GXT due to an inability to schedule training 

sessions around their usual activities. Data of the individual who suffered a recurrent stroke was 

sent to the independent committee for review and they assessed that the recurrent stroke was 

‘possibly related’ to the GXT. A report was prepared and sent to the human research ethics 

committee and they advised that that no further action needed to be taken (see Appendix VI). 
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Figure 7.4 Flow diagram of screening and recruitment. 

 

Characteristics of the included participants are shown in Table 7.1. All but one participant 

had a mild stroke and none had a severe stroke. Eight participants had a VO2peak that classified 

them as having low exercise capacity and seven had moderate exercise capacity. The first cohorts 

in the low and moderate capacity strata completed the training. To date three participants have 

Screened between June 2016 and 
July 2017: 

(n=679) 

Eligible (n=39) 

Not eligible (n=620): 
No stroke (n=209) 

TIA (n=88) 
Haemorrhage (n=66) 

Cognition (unable to consent) (n=56) 
Medically unstable (n=46) 

Cardiovascular comorbidities (n=33) 
Other inpatient rehabilitation/>1hr travel time 

(n=33) 
Other trial (n=29) 

Not <3 weeks post-stroke (n=20) 
Neurological comorbidities (n=15) 

Language (n=15) 
Musculoskeletal comorbidities (n=14) 

Severe lung disease (n=8) 
Other (n=8)  

Not <3 weeks post-stroke (n=20) 

Consented (n=18) 

Declined (n=21) 

Completed (n=15): 
Low exercise capacity 

Cohort I n=5 
Cohort II n=3 

Moderate exercise capacity 
Cohort I n=5 
Cohort II n=2 

Withdrew (n=3): 
Reason not stated (n=1) 

Recurrent stroke prior start training (n=1) 
Unable to attend sessions (n=1) 
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been included in Cohort II of the low exercise capacity stratum, and two participants in Cohort II 

of the moderate exercise capacity stratum. All 15 participants completed the intervention and 

assessments. 

Table 7.1 Demographics of the included participants per cohort 

Group Age (years) Sex 
(f/m) 

Days post-
stroke at 
baseline 

Weight (kg) NIHSS 
(n=mild/n=mod) 

Low capacity 

Cohort I (n=5) Range 73-84 1/4 Range 8-19 Range 71.6-87.8 5/0 

Cohort II (n=3) Range 61-86 0/2 Range 1-13 Range 69.0-85.2 3/1 

Moderate capacity 

Cohort I (n=5) Range 54-75 1/4 Range 6-13 Range 63.0-98.7 5/0 

Cohort II (n=2) 36 and 66 0/2 12 and 23 67.3 and 76.5 2/0 

All and withdrawals 

All (n=15) Range 36-86 3/12 Range 4-23 Range 63.0-98.7 14/1 

Withdrawals  

(n=3) 

Range 43-89 0/3 Range 6-15 Range 79.2-97.0 3/0 

NIHSS mild stroke=score of <8, moderate stroke=NIHSS score of 8-16. Abbreviations: f/m=female/ male, 
mod=moderate. 
 

Graded exercise test 

All participants completed the GXT without experiencing any of the absolute stopping 

criteria. The results of the GXT are shown in Table 7.2. The median age of the participants in 

the low exercise capacity cohorts was higher (78 years, IQR 74-83) than the participants with 

moderate exercise capacity (66 years IQR 56-72). None of the participants reached a VO2peak 

level high enough to be excluded (i.e., VO2peak ≥30 mL·kg-1·min-1 for men and ≥23 mL·kg-1·min-1 

for women). 
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Table 7.2 Pre-training GXT results: all participants 

Cohort-
participant 

Sex Days 
post-
stroke 

Age HRrest 

(bpm) 
VO2 
(L/min) 

VO2peak 
(mL·kg-1·min-1) 

HRpeak 

(bpm) 
RPEpeak RER Pre-sBP Pre-dBP Post-sBP Post-dBP 

Low exercise capacity 

I-1* m 9 73 52 0.87 10.6 113 19 1.03 134 74 143 77 

I-2 m 15 78 66 1.26 15.3 129 15 1.07 153 94 184 97 

I-3 f 19 74 86 0.96 13.4 137 15 0.90 120 76 158 90 

I-4 m 7 83 82 1.07 12.1 94 14 1.05 147 96 183 93 

I-5 m 11 84 69 1.23 14.7 122 17 1.16 115 91 136 84 

II-1 f 19 78 97 0.90 13.1 119 17 1.10 111 71 127 76 

II-2* m 16 76 51 1.43 16.7 114 17 1.16 122 62 139 64 

II-3 m 4 61 86 1.12 15.8 122 17 1.20 151 99 149 99 

Moderate exercise capacity 

I-1 m 10 59 89 2.08 29.6 161 15 1.11 164 97 147 76 

I-2 m 13 69 59 2.09 21.1 126 16 1.00 141 96 119 85 

I-3 f 10 54 73 1.54 21.9 132 19 0.97 128 87 126 83 

I-4 m 6 75 62 1.16 18.4 105 19 1.17 144 73 163 75 

I-5* m 11 75 55 2.31 23.8 114 20 1.06 160 84 169 77 

II-1 m 12 66 73 1.49 22.1 148 15 1.12 138 93 145 95 

II-2 m 23 36 76 2.27 29.7 157 20 1.12 146 90 159 69 

*=participant using beta-blockers. Abbreviations: m=male, f=female, HRrest=heart rate at rest, VO2=volume of oxygen uptake, L/min=litre per minute, VO2peak=peak 
volume of Oxygen uptake, mL·kg-1·min-1=millilitre per kilogram per minute, HRpeak=peak heart rate, bpm=beats per minute, RPEpeak=peak rating of perceived exertion, 
RER=respiratory exchange ratio, Pre-sBP=systolic blood pressure before the test, Pre-dBP=diastolic blood pressure before the test, Post-sBP=systolic blood pressure after the 
test, Post-dBP=diastolic blood pressure after the test, GXT=graded exercise test. 
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 Dose limiting events  

Low exercise capacity 

All participants in Cohort I in the low capacity stratum were able to train at the target HR 

within two sessions during Phase 1. None of the participants experienced a DLE. Two 

participants completed less than the 12 scheduled sessions. Participant 1 cancelled one session 

during Phase 1 due to an inflamed wrist joint as a result of gout. The sessions resumed after two 

days and, apart from reducing the load of the resistance exercises, the participant was able to 

complete all of the remaining sessions as planned. Participant 5 completed a total of 10 sessions, 

including a total of four sessions in Phase 2. This participant who was diagnosed with AF prior 

to the stroke had 2 sessions stopped due to unreliable HR reading during exercise (likely due to 

AF). The participant did not experience any symptoms before during or after the sessions. 

All three participants in Cohort II were able to reach the target HR within the first three 

sessions in Phase 1 and completed the training sessions in Phase 2 without DLEs.  

Moderate exercise capacity  

Three participants in Cohort I in the moderate exercise capacity stratum were able to train at 

target HR after 3 sessions in Phase 1. Participant 4 was admitted to an inpatient rehabilitation 

centre after the baseline assessments, and was quarantined for two weeks after being diagnosed 

with influenza. Additionally, the participant had left-sided upper and lower limb weakness. It 

took this participant five sessions to complete a full CRF training session at the target HR with 

active rest. Participant 5 used beta-blockers and even after adjustment, the target HR could not 

be reached consistently throughout the sessions. All participants in Cohort I completed the Phase 

2 training sessions without any DLEs. 

In Cohort II, one participant needed six sessions, and one participant needed five sessions 

during Phase 1 to achieve the target HR. Both participants were able to complete the six sessions 

in Phase 2 without any DLEs, reaching the target HR for each session. 

 Target and actual training intensity  

Low exercise capacity 
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Only in Phase 2 were participants required to work at a target HR. Phase 2 consisted of six 

sessions including a total of 90 one-minute bouts at target HR. Table 7.3 describes the target in 

percentage of HRR for each individual and the average percentage of HRR actually reached 

during each session in Phase 2.  

Participant 1 in Cohort I started using beta-blockers after four sessions; therefore the target 

HRR was lowered by 10% from the fifth session onwards. The HR of participant 4 in Cohort I 

exceeded the target HRR during each session in Phase 2; the participant was not diagnosed with 

AF, had no symptoms indicative of adverse events and reported an RPE6-20 of 13 and 14 during 

the exercise bouts. Therefore, the participant continued training at the set workloads and 

completed all sessions without any DLEs. Participant 2 in Cohort II was using beta-blocker 

medication at the time of the intervention and the target HR was adjusted accordingly. Although 

this participant exceeded the target HR, the reported RPE6-20 was 8 and therefore the workload 

was not adjusted.  

Table 7.3 Low exercise capacity: target %HRR and actual average %HRR reached 
during the training sessions for each participant 

Cohort I 
participant 

Days 
post-
stroke 1st 
session 

Target 
%HRR 

Average %HRR per session in Phase 2 (SD) 

1 2 3 4 5 6 

1 21 35-40%* 36.9 
(4.8) 

33.7 
(5.4) 

34.6 
(4.6) 

42.2 
(5.1) 

36.2 
(4.8) 

36.0 
(4.6) 

2 18 45-50% 50.3 
(1.2) 

41.8 
(7.3) 

47.9 
(11.3) 

57.4 
(9.6) 

58.6 
(9.7) 

54.6 
(3.6) 

3 19 45-50% 46.7 
(14.4) 

74.2 
(9.3) 

61.7 
(7.9) 

50.0 
(6.8) 

51.9 
(6.3) 

45.2 
(8.6) 

4 12 45-50% 94.9 
(24.4) 

92.2 
(34.8) 

108.4 
(26.5) 

108.1 
(30.2) 

71.5 
(27.0) 

98.6 
23.3) 

5 19 45-50% AF 59.9 
(20.7) 

76.3 
(14.8) 

69.6 
(11.7) 

62.5 
(19.3) 

AF 

Cohort II 
participant 

Days 
post-
stroke 1st 
session 

Target 
%HRR 

1 2 3 4 5 6 

1 22 50-55% 52.6 
(7.0) 

48.8 
(7.3) 

58.0 
(4.0) 

52.3 
(4.6) 

51.9 
(5.4) 

52.3 
(3.7) 

2 20 40-45%* 52.9 
(2.1) 

56.4 
(4.3) 

59.4 
(3.7) 

51.4 
(3.4) 

52.1 
(3.6) 

52.4 
(4.1) 

3 15 50-55% 54.2 
(6.2) 

54.6 
(8.2) 

53.2 
(4.2) 

50.9 
(2.8) 

50.8 
(4.0) 

56.8 
(2.9) 

*=Adjusted for use of beta-blockers by minus 10%, =reached target HRR, =did not reach target 
HRR, AF=session stopped due to atrial fibrillation. Abbreviations: %HRR=percentage of heart rate reserve, 
SD=standard deviation.  
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All participants completed six sessions including 90 targeted bouts, except for participant 5 

in Cohort I who completed 60 bouts (see Figure 7.6). All participants in both cohorts with low 

exercise capacity were able to work at target HR for more than 70% of the total bouts in Phase 2 

(see Figure 7.5 and Figure 7.6).  

 

Figure 7.5 Low exercise capacity Cohort I: percentage of bouts at target HRR in Phase 2 
for each participant. 

 

 

Figure 7.6 Low exercise capacity Cohort II: percentage of bouts at target HRR in Phase 
2 for each participant. 
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Moderate exercise capacity 

Table 7.4 outlines the target HRR for each individual and the actual average percentage of 

HRR reached during each session in individuals with moderate exercise capacity. The HR of 

participant 3 in Cohort I took several bouts to respond to an increase of exercise workload. 

However, the average HR per session was high enough to achieve the target HR. Participant 5 

was using beta-blockers and even though the targeted %HRR was adjusted accordingly, the 

participant was unable to reach the target HR in any of the sessions; their RPE ranged between 

11 and 13. 

Table 7.4 Moderate exercise capacity: target %HRR and actual average %HRR reached 
during the training sessions 

Cohort I 
participant 

Days post-
stroke 1st 
session 

Target 
%HRR 

Average %HRR per session in Phase 2 

1 2 3 4 5 6 

1 19 45-50% 46.4 
(9.4) 

41.7 
(3.9) 

45.0 
(3.8) 

44.9 
(6.6) 

48.5 
(6.5) 

46.7 
(7.6) 

2 16 45-50% 44.4 
(5.8) 

45.3 
(4.9) 

48.0 
(4.3) 

46.5 
(4.9) 

46.9 
(6.0) 

47.2 
(5.6) 

3 13 45-50% 33.7 
(4.5) 

47.2 
(4.1) 

48.3 
(4.2) 

44.0 
(4.3) 

47.7 
(7.9) 

47.9 
(7.5) 

4 10 45-50% 43.2 
(3.2) 

46.3 
(8.4) 

52.5 
(7.1) 

52.2 
(5.6) 

43.8 
(4.0) 

50.0 
(4.4) 

5 15 35-40%* 34.4 
(2.8) 

31.6 
(2.0) 

28.9 
(3.3) 

34.7 
(2.9) 

31.0 
(2.9) 

31.7 
(2.2) 

Cohort II 
participant 

Days post-
stroke 1st 
session 

Target 
%HRR 

1 2 3 4 5 6 

1 14 50-55% 54.0 
(2.8) 

50.7 
(2.4) 

51.1 
(3.9) 

56.7 
(3.1) 

60.0 
(2.4) 

55.8 
(4.9) 

2 26 50-55% 51.2 
(4.4) 

53.6 
(7.2) 

55.9 
(5.7) 

55.0 
(7.1) 

55.9 
(4.3) 

52.8 
(3.4) 

*=Adjusted for use of beta-blockers by minus 10%, =reached target HRR, =did not reach target 
HRR. Abbreviations: %HRR=percentage of heart rate reserve, SD=standard deviation  
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All but two participants with moderate exercise capacity were able to work at target HR for 

more than 70% of the total bouts in Phase 2 (see Figure 7.7and Figure 7.8). Participant 3 in 

Cohort I needed, on average, three or four bouts at the start of each session to achieve the target 

HR. Participant 5 was unable to reach target HR which was likely due to the use of beta-blocker 

medication. 

 

Figure 7.7 Moderate exercise capacity Cohort I: percentage of bouts at target HRR in 
Phase 2 for each participant  

 

 

Figure 7.8 Moderate exercise capacity Cohort II: percentage of bouts at target HRR in 
Phase 2 for each participant  
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 Weekly workload and RPE 

All but one participant performed the CRF training on a treadmill without body weight 

support or a harness; participant 4 in Cohort I trained on a recumbent bike due to balance 

impairments. Participants performed 2 or 3 exercises per resistance training session. All but one 

participant performed one of the resistance exercises on a RS Lex (Total Gym, Carls-bad, USA) 

(see Figure 7.9). The RS Lex can be used to train strength (i.e., squats) and power (i.e., 

plyometrics) of the knee extensor muscles. The workload can be adjusted by the percentage of 

participant’s body weight to be lifted, by changing the angle of the sliding board. Additional, 

tension can be added to the sliding board with a maximum of 70 lbs or 33 kg. Participant 4 in 

Cohort I in the moderate exercise capacity group did not perform the exercise on the RS Lex and 

was the same person that performed CRF on the recumbent stepper. This participant trained at 

the inpatient rehabilitation ward which did not have the same equipment available. The 

workloads of each participant for each resistance training session can be found in Appendix VII. 

 

Figure 7.9 Total gym RS Lex 

 

Low exercise capacity 

All participants with low exercise capacity performed the CRF training on a treadmill. 

Participants performed two or three resistance exercises per session. Table 7.5 describes the 
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weekly work effort for CRF training (average speed and incline), strength training (total number 

of exercises and repetitions per week) and the weekly average RPE6-20 for each type of training 

for all individuals in the low exercise capacity group. 

Table 7.5 Low exercise capacity: weekly workload and rating of perceived exertion 

Cohort I CRF Resistance 
Participant Phase-

week 
Speed (km/h)/ 
Incline (% grade) 

RPE6-20 Exercises (n) Reps 
(n) 

RPE6-20 

1* 1-1 2.5/0 8 6 140 8.5 
 1-2 2.8/0 8 6 168 9 
 2-3 3.0/2 9 6 168 9 
 2-4 3.0/3 9 6 168 9.5 
2 1-1 4.0/3 13 6 84 11 
 1-2 4.0/3 13 4 180 12 
 2-3 4.0/3 13 4 156 12 
 2-4 4.0/4 12 4 180 11.5 
3 1-1 2.5/0 11 6 126 11.5 
 1-2 2.9/0 11 4 112 12 
 2-3 2.9/0 11 4 116 11 
 2-4 3.1/0 11 4 132 12 
4 1-1 3.0/0 13 4 60 14 
 1-2 3.4/0 13 4 96 14 
 2-3 3.4/2 13 6 192 14 
 2-4 3.7/2 14 4 144 15 
5 1-1 4.2/2 12 6 169 14 
 1-2 4.8/2 12.5 6 172 13 
 2-3 5.0/2 13 6 184 12.5 
 2-4 5.0/2 11 3 80 10 

Cohort II CRF Resistance 
Participant Phase-

week 
Speed (km/h)/ 
Incline (% grade) 

RPE6-20 Exercises (n) Reps 
(n) 

RPE6-20 

1 1-1 1.6/1 13 6 100 12 
 1-2 1.9/1 11 4 114 12 
 2-3 2.3/2 13 4 131 12 
 2-4 2.6/2 11 4 146 12 
2* 1-1 5.0/1 10 5 121 13 
 1-2 5.3/2 9 4 150 12 
 2-3 5.4/1 8 4 150 9.5 
 2-4 5.2/1 8 4 150 8 
3 1-1 3.8/2 11 4 65 Not recorded 
 1-2 5.2/3 12 4 156 12 
 2-3 5.6/6 12 2 75 12 
 2-4 5.6/8 10.5 4 127 12 

*=participant using beta-blockers 
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Moderate exercise capacity 

The number of resistance exercises per session ranged from one to three per participant. 

Table 7.6 describes the weekly work effort for CRF training (average speed and incline) and 

resistance training (weekly number of exercises and repetitions) and the weekly average RPE6-20.  

Table 7.6 Moderate exercise capacity: weekly workload and rating of perceived exertion 

Cohort I CRF Resistance 
Participan
t  

Phase-
week 

Speed (km/h)/ 
Incline (% grade) 

RPE6-20 exercises (n) Reps 
(n)) 

RPE6-20 

1 1-1 4.3/4 9 6 144 7 
 1-2 5.5/5 8 6 180 7 
 2-3 5.5/6 9 6 216 7.5 
 2-4 5.5/6 8 6 216 7 

2 1-1 5.1/3 13 6 120 13 
 1-2 5.5/4 13 6 168 12.5 
 2-3 6.0/5 13 6 192 12 
 2-4 6.0/5 13 6 240 12 

3 1-1 5.0/3 9 6 107 9.5 
 1-2 5.7/3 7 6 200 8 
 2-3 6.0/3 7 9 364 7 
 2-4 6.0/3 7 6 288 6.5 
4 1-1 50 12 1 8 Not recorded 
 1-2 60 13 0 0 Not applicable 
 2-3 60 13 2 40 10 
 2-4 70 13 2 60 13 
5* 1-1 4.2/0 12 6 128 11 
 1-2 4.6/2 12.5 6 172 11 
 2-3 4.7/3 11 6 192 11 
 2-4 4.8/3 12 6 198 12 

Cohort II CRF Resistance 
Participan
t  

Phase-
week 

Speed (km/h)/ 
Incline (% grade) 

RPE6-20 exercises (n) Reps 
(n)) 

RPE6-20 

1 1-1 4.7/2 11 4 102 12 
 1-2 5.1/4 11.5 6 186 12.5 
 2-3 5.6/4 12 6 194 11 
 2-4 5.8/5 12 6 204 11.5 
2 1-1 6.4/5 14 7 252 13 
 1-2 8.2/4 14 6 234 14 
 2-3 8.7/4 15 6 225 13.5 
 2-4 8.7/5 15 6 240 13 

*=participant using beta-blockers, **=participant exercised on a recumbent bike, workload was determined by 
watts. 
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 Background physical activity 

All participants wore the activPAL™ at the start (week 1) and at the end of the training 

intervention (week 4). The number of days analysed (i.e., excluding training days) for each 

participant ranged from 1-6 days. For one patient in the low capacity stratum no data were 

recorded at either time point and for three participants, one in the low capacity and two in the 

moderate capacity group, no data were recorded at the start of the intervention. The missing data 

were all due to a faulty device. 

The absolute numbers for average time spent lying/sitting, standing and walking, and 

number of steps for all included participants in the low and moderate capacity strata are shown 

in Table 7.7. Participant 4 in Cohort II of the moderate exercise capacity stratum spent most of 

the day lying/sitting (23 hours) in the first week of the intervention. This participant was 

diagnosed with influenza and was quarantined and not allowed to leave his bedroom in the 

inpatient rehabilitation hospital. 

Pre-post training differences in time spent lying/sitting and time spent upright for each 

stratum are shown in Figure 7.10 and the difference in number of step counts is shown in Figure 

7.11. Overall there was little difference in activity between week 1 and week 4. 
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Table 7.7 Time spent in different activities and number of steps pre-and post-training 

Cohort-
participant  

N of pre-
days  

Lying/sit 
(h.min/day)  

Stand 
(h.min/day) 

Walk 
(h.min) 

Steps 
(n) 

N of post-
days  

Lying/sit 
(h.min/day)  

Stand 
(h.min/day) 

Walk 
(h.min/day) 

Steps 
(n) 

Low exercise capacity 

I-1 Missing      Missing      

I-2 1 14h 16 7h 28 2h 14 8462 2 15h 55 6h 29 1h 36 6225 

I-3 5 18h 20 4h 14 1h 26 6189 5 18h 44 4h 0 1h 16 5525 

I-4 Missing      6 20h 1 2h 49 1h 11 4942 

I-5 2 20h 34 2h 37 0h 49 3577 7 20h 28 2h 36 0h 56 4254 

II-1 5 20h 10 2h 40 1h 10 4686 5 19h 24 3h 7 1h 29 6301 

II-2 4 17h 31 5h 26 1h 3 5123 5 16h 59 5h 41 1h 20 7001 

II-3 5 20h 6 2h 29 1h 25 7211 5 17h 44 4h 23 1h 53 7980 

Moderate exercise capacity 

I-1 Missing      3 18h 29 3h 55 1h 36 6804 

I-2 Missing      6 18h 36 3h 30 1h 54 9472 

I-3 4 15h 30 6h 19 2h 11 10388 5 16h 23 5h 44 1h 53 8808 

I-4 5 23h 15 0h 41 0h 4 238 7 21h 20 1h 53 0h 47 3200 

I-5 6 16h 39 5h 11 2h 10 10354 7 16h 2 5h 35 2h 23 11218 

II-1 5 19h 38 3h 2 1h 20 7028 4 16h 28 5h 18 2h 14 12020 

II-2 3 19h 15 3h 15 1h 30 7013 5 19h 16 3h 30 1h 14 5378 

Abbreviations: n of pre-days: number of days included in analyses before start training, h.min=hours and minutes, n of pot days=number of days included in the analyses after 
the intervention 
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Figure 7.10 Low (n=6) and moderate (n=5) exercise capacity: boxplots of difference in 
time spent lying/sitting and upright between pre-and post-intervention 

A median of >0 indicates more time spent lying/sitting or upright post intervention than pre intervention  
 

  

Figure 7.11 Low (n=6) and moderate (n=5) exercise capacity: boxplots of difference in 
step counts between pre-and post-intervention  

A median of >0 indicates higher step counts post intervention than pre intervention  
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 Post GXT results 

All participants were able to complete the GXT post intervention. The results of the GXT 

for all patients are shown in Table 7.8.  
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Table 7.8 Post-training GXT results: all participants 

Cohort-
participant 

Sex Days 
post-
stroke 

Age HRrest 

(bpm) 
VO2 
(L/min) 

VO2peak 
(mL·kg-1·min-1) 

HRpeak 

(bpm) 
RPEpeak RER Pre-sBP Pre-dBP Post-sBP Post-dBP 

Low exercise capacity 

I-1* m 51 73 81 1.18 13.4 124 missing 0.79 156 87 161 87 

I-2 m 50 78 47 1.02 12.7 92 13 1.07 129 78 165 87 

I-3 f 50 74 78 1.04 14.5 121 15 0.93 125 84 150 82 

I-4 m 47 83 108 1.15 13.1 144 15 1.05 142 91 167 99 

I-5 m 53 84 82 1.13 13.3 79 17 1.25 130 82 142 83 

II-1 f 55 78 82 0.87 12.9 109 15 1.13 139 70 166 70 

II-2* m 49 76 51 1.62 16.7 124 11 1.17 136 64 139 64 

II-3 m 52 61 97 1.54 22.0 152 17 1.30 142 97 129  83 

Moderate exercise capacity 

I-1 m 47 59 72 2.21 27.8 143 13 1.07 152 91 136 78 

I-2 m 48 69 58 2.26 22.7 133 15 1.04 132 86 183 84 

I-3 f 45 54 64 1.85 26.8 152 12 1.04 109 83 131 81 

I-4 m 56 75 77 1.05 17.1 106 16 1.08 106 70 134 70 

I-5* m 49 75 58 2.34 24.4 128 20 1.22 145 87 175 79 

II-1 m 47 66 55 1.59 23.0 123 19 1.08 123 79 174 72 

II-2 m 64 36 67 2.15 27.4 148 17 1.19 137 83 138 68 

*=participant using beta-blockers. Abbreviations: m=male, f=female, HRrest=heart rate at rest, VO2=volume of oxygen uptake, L/min=litre per minute, VO2peak=peak 
volume of Oxygen uptake mL·kg-1·min-1=millilitre per kilogram per minute, HRpeak=peak heart rate, bpm=beats per minute, RPEpeak=peak rating of perceived exertion, 
RER=respiratory exchange ratio, Pre-sBP=systolic blood pressure before the test, Pre-dBP=diastolic blood pressure before the test, Post-sBP=systolic blood pressure after the 
test, Post-dBP=diastolic blood pressure after the test, GXT=graded exercise test 



167 

The pre- and post VO2peak levels determined for each participant in the low exercise capacity 

stratum are shown in Figure 7.12, and for the moderate exercise capacity stratum are shown 

Figure 7.13. 

 

Figure 7.12 Low exercise capacity: VO2peak before and after four weeks CRF training 

Abbreviations: LOWI,1=moderate exercise capacity Cohort I participant 1, ♂=male, ♀=female 
 

 

Figure 7.13 Moderate exercise capacity: VO2peak before and after four weeks CRF training 

Abbreviations: LOWI,1=moderate exercise capacity Cohort I participant 1, ♂=male, ♀=female 
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Several participants showed an improvement in VO2 peak indicating an improvement in CRF. 

To explore if there was a relationship between background activity level and the change in 

VO2peak a scatterplot was generated for time spent upright (i.e., standing/walking) against the 

change inVO2peak (see Figure 7.14). In the 11 participants with available data, there was no clear 

relationship between the two variables.  

 

Figure 7.14 Scatterplot of the difference in time spent upright (x-axis) and difference in 
VO2peak (y-axis) pre- and post-training 

A difference of >0 indicates more time spent upright and higher fitness levels post-intervention than pre 
intervention  
 

7.4. Discussion 

The adapted dose escalation design proved to be a feasible method for determining 

maximum safe tolerable intensity of CRF training in acute stroke survivors. All stroke survivors 

included in this trial to date have been able to train safely at a moderate intensity (i.e., 45-50% 

HRR). This intensity is theoretically high enough to elicit a CRF training effect, which was 

shown to be the case in 8/15 participants. None of the included participants in any of the 

cohorts experienced a DLE.  

The starting dose intensity was intentionally set low, to avoid the scenario where early DLEs 

occur and no maximum safe tolerable intensity can be identified. This approach was successful, 

since all participants in both strata were able to complete the exercise sessions without any 

adverse events. The time selected to adapt to the training regimen (two weeks) appears to be 

long enough, with all Cohort I participants reaching target HR within this timeframe. Participants 
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in Cohort II took more time to reach target intensity during the adaptation phase, which is 

unsurprising, given that the target HR is higher than in Cohort I. For future cohorts, the 

adaptation phase might not be long enough. Extending Phase 1, however, is not desirable since 

the purpose is to find the maximum dose of training within the first month of stroke. Therefore, 

the intensity of the adaptation phase sessions for cohorts at higher doses might also need to be 

prescribed using target HRR, to increase the likelihood of a participant being able to train at the 

target intensity in Phase 2.  

This trial was not designed to determine effectiveness of the CRF intervention. With low 

starting intensity and short intervention duration, including only two weeks of training at target 

intensity, no significant effect on CRF was expected. However, some individuals did show an 

increase in VO2peak after four weeks, indicating an improvement in CRF. Given that this trial was 

not controlled and not randomised, the possibility that the improvement in CRF may be due to 

spontaneous recovery rather than the intervention, needs to be considered. Other factors, such 

as a training effect of the GXT, or an increase in background physical activity over the duration 

of the intervention, may also influence results. The relationship between background physical 

activity and increase in VO2peak was explored in a scatterplot and did not clearly indicate an 

association between the variables. This suggests that increases in VO2peak did not necessarily lead 

to more time spent physically active. However, drawing conclusion regarding background 

physical activity levels is limited, due to missing data as a result of equipment failure in four of 

the 15 participants. It is unclear if a higher fitness levels led to higher or lower intensity or energy 

demands of activity, given we were unable to find a tool that could accurately measure energy 

demands (see Chapter 4).  

Over a period spanning more than 12 months, 679 people were screened, yet only 18 were 

recruited and only 15 completed the trial. This highlights one of the complexities of conducting a 

trial in this acute phase post-stroke. A third (n=209) of those screened did not have confirmed 

stroke. This number matches previous reports of 25-30% non-strokes admitted to stroke units in 

the UK.201,202 The reasons for the high rate of stroke mimics admitted to a stroke unit could be 

due to the complexity of diagnosing stroke. Pre-hospital diagnosis of stroke is based on the 

assessment done by paramedics or primary care physicians who do not have specialist neurology 

training. Furthermore, to confirm the diagnosis of stroke neurological testing and brain imaging 

are required. Other main reasons for exclusion were: diagnosis of TIA, haemorrhagic stroke, 

cognitive impairments. 
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Difficulty in recruiting participants and problems with representativeness of the sample are 

related issues and are common to many studies that take place early after stroke. The inability to 

organise transport was one reason why people declined to participate. Marzolini et al.203 showed 

that one of the main barriers to participation in an exercise intervention was related to transport, 

and that stroke survivors with greater impairments were more likely to be affected by transport 

limitations. In this trial, organising transport for a number of stroke survivors to attend the 

training sessions posed a major challenge. All stroke survivors were instructed by their medical 

practitioner not to drive for at least the first month after stroke. In the first weeks of 

participation, other means of transport needed to be arranged, with help of family and friends or 

taxi services. In spite of the challenges, attendance was excellent, with only one participant 

missing one session due to scheduling issues. Another challenge was specific to the participants 

who returned to work during the intervention period. Due to the agreements with the 

physiotherapy department at the training sites, sessions could only be planned on weekdays 

during office hours which was one of the barriers in the current study.  

Several methods were put in place to ensure that mild, moderate and severe stroke survivors 

were eligible to participate. To date, however, only one participant had a moderate stroke and no 

people with severe strokes were included. There could be several reasons for this. Anecdotally 

people with more severe strokes were likely to decline to participate. Additionally, this study 

received approval from one human research ethics committee (Austin Health). This meant that 

only stroke survivors who were admitted to inpatient rehabilitation services at the Royal Talbot 

Rehabilitation Centre could be included in the study. This limited scope of ethics approval is 

likely to have limited the number of stroke survivors with severe strokes included in this study. 

However, given that data on stroke severity was only collected for stroke survivors who 

participated in the study we could not report how many stroke survivors who were eligible 

declined to participate or were transferred to other inpatient rehabilitation hospitals. Studies 

based on registry data however show that the majority of stroke survivors admitted to stroke 

units experienced mild to moderate strokes 204,205, with an estimated 18 % of stroke survivors 

having severe neurological impairments (i.e., NIHSS >10).206 Furthermore, it is likely that the 

stroke survivors with cognitive impairments who were excluded also had more severe strokes.207 

The lack of participants who had experienced severe strokes in this trial limits the generalisability 

to the broader stroke population. Nevertheless, the range of exercise capacities of those included 

in the trial so far would be considered broad, with VO2peak estimates ranging from 10.6 to 29.7 

mL·kg-1·min-1. All participants regardless of their capacity were able to reach the recommended 

minimum intensity of CRF training without DLEs, which indicates that stroke survivors with 
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mild stroke, might be able to train safely at higher intensities than what is recommended 

currently. 

Another way to increase generalisability was to allow inclusion of participants with 

cardiovascular risk factors. For example, a number of participants had diagnosed AF and were 

taking beta-blocker medication. Although, all fifteen participants were able to cope with the 

exercise program, one of the participants with AF failed to complete two training sessions. The 

decision to stop the sessions was made by the researcher and was based on an inability to get a 

reliable HR reading, most likely caused by AF and not by the inability of the participant to 

perform the exercise. The participant did not experience any symptoms during these sessions. 

These sessions illustrate the challenge that AF and beta-blockers pose for monitoring intensity of 

exercise. The intervention intensity and escalation of intensity are based on calculations of target 

HR for each individual. The adjustment of target HR, and use of the subjective RPE, allows for 

monitoring of exercise intensity in participants using beta-blockers. These methods, however, are 

imprecise and might not be suitable for all participants. In this trial, one participant who was 

taking beta-blockers was unable to reach the target intensity for the majority of training sessions, 

even after adjustment of the target HR. The workload for this participant was not increased, 

given that intensity of the exercise was eliciting RPE6-20 responses between 11 (light) and 13 

(somewhat hard) and resulting in profuse perspiration and increased respiration rate. In addition 

to objective measures of intensity, self-report measures (such as RPE6-20) and physical symptoms 

need to be considered when monitoring intensity of exercise. 

7.5. Summary and conclusion 

Ideally this trial needs to be completed to fully realise the study goals. Once complete, the 

maximum safe and tolerable dose will be determined in both strata and further exploratory 

analyses of individual factors that may influence exercise will be conducted (e.g., influence of 

fatigue, anxiety, depression, and pre-stroke physical activity on CRF training tolerability). 

Currently the sample is too small to determine meaningful associations. 

For now, although recruitment has proved challenging, the results show that exercise 

interventions can start in the acute phase after stroke. Additionally, stroke survivors can perform 

exercise at a level high enough to elicit a CRF training effect. 

The next chapter describes the final discussion of the works described in Chapters 1-7 and 

includes a short summary, limitations and future directions of this research. 
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8 Discussion 

8.1. Introduction 

The aim of this thesis was to add structure and rigour to the development of CRF 

interventions, building a methodology to test the safety and tolerability of a CRF intervention for 

stroke survivors starting training within a month post-stroke. This chapter briefly summarises the 

main findings from this thesis, followed by a discussion of the strengths and limitations. Finally, 

the potential impact of the findings of this thesis and the future directions of this research are 

outlined. 

8.2. Brief summary of the main findings 

The first step in this thesis was to determine if it is more effortful for stroke survivors to be 

active than healthy controls, by comparing the energy demands of stroke survivors to those of 

healthy controls. Chapter 2 described a systematic review that was undertaken to summarise the 

relevant evidence regarding energy demands of walking in stroke survivors and healthy controls. 

The results showed that the energy costs of walking (i.e., amount of oxygen used per metre 

walked), are higher for stroke survivors than healthy individuals; whereas the energy expenditure 

(i.e., oxygen used per minute walked) was higher in healthy controls compared to stroke. These 

results indicate that it is important to take the speed of movement into account when 

determining energy demands as speed relates to the efficiency of energy consumption during 

walking. Most importantly, the review identified the gap in knowledge regarding the energy 

demands of walking in stroke survivors in the acute phase; specifically no studies included stroke 

survivors within one month post-stroke. This led directly to the objectives of the clinical study 

described in Chapter 3, which was to determine if stroke survivors in the acute phase could reach 

a steady state during physical activity and compare the energy demands of steady state activity 

between stroke survivors and age-matched healthy controls. The study was purposefully 

designed to include a broad range of stroke survivors, including both stroke survivors who were 

able and unable to walk independently. Independent walkers performed six minutes of walking, 

while non-independent walkers performed a six minutes of continuous sit-to-stand activity, 

which allowed all participants to reach a steady state during the activity. The results of this 

observational study provided information about energy demands of stroke survivors in the first 
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weeks post-stroke and their potential to perform CRF training which requires sustained activity 

over longer durations (i.e., 20-60 minutes). Taken together the results of the systematic review in 

Chapter 2 and the observational study in Chapter 3 showed that energy demands during activity 

in stroke survivors are highly variable between studies and between individual stroke survivors. 

The marked variability in energy demands between stroke survivors raised the idea that there are 

subgroups of stroke survivors that might respond differently to exercise, and that stratification in 

exercise trials would be a helpful tool to reduce heterogeneity. The findings also highlight a need 

to further investigate characteristics that may help to explain the variability between stroke 

survivors. A better understanding of such characteristics could help to develop effective 

interventions that are tailored for different subgroups of stroke survivors and allow for a more 

individualised approach to CRF training prescription. 

Given the importance of understanding energy demands during activity at the individual 

level, valid tools are needed to monitor the intensity of training during exercise sessions. 

Therefore, the next objective was to determine if a small wearable device could be used to 

accurately monitor energy demands during physical activity or exercise as an alternative to the 

more cumbersome gold standard (a mobile metabolic cart). In Chapter 4 the accuracy of the 

SenseWear armband (SWA) to estimate energy demands during activity was evaluated in stroke 

survivors in the acute phase. Despite promising findings from previous work, the results showed 

that the SWA did not accurately measure energy demands in this acute stroke population 

compared to a mobile metabolic cart. Disagreement between measures was random and not 

systematic, therefore it was decided that the SWA would not be included as a measurement tool 

to monitor intensity of the CRF training intervention in the trial described in Chapter 6 and 

Chapter 7.  

The work presented in Chapters 2, 3 and 4 helped to inform the development of a CRF 

intervention for stroke survivors in the acute phase. In developing a new intervention, it was 

essential that current evidence was considered. A comprehensive review was conducted of 

physical fitness interventions including CRF training, resistance training or a mixed CRF and 

resistance training package that was described in randomised trials (see Chapter 5). In 

recognition of the limited number of physical fitness trials for stroke survivors in the acute phase 

(i.e., within one month post-stroke), trials including stroke survivors up to three months post-

stroke were included. It was argued that some approaches used to prescribe interventions in later 

phases post-stroke, could possibly be applied to physical fitness interventions for stroke 

survivors in the acute phase. Furthermore, including stroke survivors across different phases of 
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recovery potentially allows exploration of differences in approaches to exercise prescription 

between time points post-stroke. The focus of the review was to assess the theoretical grounding 

of the interventions, dose parameters and progression, safety and feasibility of physical fitness 

interventions evaluated in stroke trials. The results of the review showed that a systematic 

approach seems to be lacking when it comes to the development of physical fitness intervention 

for stroke survivors. Intensity, progression, feasibility and safety were poorly monitored and 

described in the included randomised trials. The review results underlined clear areas for 

improving intervention development and more importantly, highlighted further gaps in our 

knowledge regarding the tolerability and safety of early CRF training for stroke survivors.  

The data extracted from the RCTs (n=23) included in the review in Chapter 5 helped to 

inform the development of a CRF training intervention for stroke survivors in the acute phase. 

A more systematic approach to development of an intervention based on best available evidence 

was described in Chapter 6. The intervention comprised CRF interval training, as well as a 

resistance training component with 2 or 3 resistance exercises. As a first step, the aim was to 

determine the maximum safe and tolerable intensity of the CRF intervention. Evaluating 

different intensities in a multi arm trial was deemed inappropriate, given the insufficient evidence 

about the dose intensity and safety of CRF training for this acute stroke population. Therefore, 

trial methods to determine dose safety in pharmacological intervention development were 

considered. In pharmacological research, a commonly used trial method to determine the 

maximum tolerable dose of a newly developed drug is a dose escalation trial. If the drug is 

proven safe, it can then be further tested in a larger phase II trial. The methods of a rule-based 

dose escalation trial were developed, based on original pharmaceutical dose escalation trial 

designs. Adaptations to the common dose escalation trial design were made to create a novel 

stratified 5+5 dose escalation trial (see Chapter 6). Participants were stratified by exercise 

capacity to reduce heterogeneity in the study population (see Chapter 7). The aim of the trial was 

to determine the maximum safe and tolerable dose intensity of a CRF intervention for stroke 

survivors in the acute phase. 

The preliminary results of the dose escalation trial were based on data from 15 stroke 

survivors, who were recruited between July 2016 and July 2017 and who have completed the 

training intervention and assessments. The participants were all able to perform the training 

without any adverse events. The main parameter used to monitor intensity of training was heart 

rate, which was based on the predefined percentage of heart rate reserve according to the dose 

escalation schedule. Monitoring heart rate proved to be challenging in participants who used beta 
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blocker medication, and participants diagnosed with atrial fibrillations. Other known methods to 

monitor response to exercise intensity such as rating of perceived exertion, and observations of 

perspiration and respiration rate proved important in this group. The preliminary results showed 

that stroke survivors with mild stroke can start CRF training at an intensity of 45-50% heart rate 

reserve, within one month post-stroke without experiencing any exercise-induced adverse events. 

At a broader level, the trial showed that a dose escalation model can be adapted to non-

pharmacological interventions. The adapted novel 5+5 dose escalation trial is a feasible trial 

design to determine maximum safe and tolerable dosages of exercise interventions in stroke 

survivors in the acute phase. 

While the dose escalation trial is incomplete, the main aspects of the thesis aims have been 

met. A new adapted method for building an evidence-based informed intervention has been 

tested. The dose escalation was the first step to determine the maximum safe and tolerable dose 

of a CRF training intervention developed for stroke survivors in the acute phase of recovery. 

The maximum safe and tolerable dose is yet to be determined and the safety of physical fitness 

training interventions for stroke survivors in the acute phase of recovery remains unclear, 

particularly in light of poor reporting of adverse events in trials. However, the preliminary results 

of the dose escalation trial showed that stroke survivors with mild stroke are able to train at an 

intensity that is sufficient to elicit a cardiovascular training effect.  

 Strengths 

The strengths of the research described in this thesis, include use of a variety of study 

methodologies to answer the different research questions, including systematic review, meta-

analyses, observational clinical research, evaluation of device validity, and the development of a 

novel dose escalation trial. Although it is recommended that exercise and rehabilitation should 

start as early as possible after stroke, this program of work demonstrates that efforts to identify 

how early and at what intensity are lagging. Furthermore, in RCTs of exercise interventions for 

stroke survivors, there is a systematic lack of reporting of the: 1) biological rationale for the 

intervention, 2) rationale for the different dose parameters used, and 3) feasibility and safety 

outcomes. The vast numbers of RCTs with variable results, as well as the lack of evidence for the 

optimum dose, are symptomatic of an absence of a systematic approach to intervention 

development. Taking a more systematic approach might lead to less research waste and better 

outcomes for targeted subgroups. It is not too early to say that an adapted dose escalation design 
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can be added to the repertoire of research methods available that fit within the non-

pharmacological complex intervention development framework.  

 Limitations 

The clinical studies presented in Chapters 3 and Chapter 4 included only a small sample of 

stroke survivors. Data yielded valuable evidence on the differing energy costs between stroke and 

healthy controls, the wide individual variability of energy cost after stroke, and the questionable 

validity of the SWA for measuring energy expenditure in acute stroke. Yet the small sample 

meant that no definitive conclusions could be drawn about energy demands in acute stroke 

survivors. Furthermore, it was not possible to explore different factors that might underpin 

individual differences in energy cost during activity. The dose escalation trial presented could not 

be completed in the time available for this thesis. The data thus far represents some, but not all 

participants likely to be included at the end of the trial. Consequently, the maximum safe 

tolerable intensity of CRF training for this acute stroke population has not yet been established. 

Inclusion criteria for the clinical studies in this thesis were designed to be as broad as 

possible, yet this was not reflected in the characteristics of recruited participants. Stroke 

survivors recruited to the studies covered by Chapters 3, 4 and 7 were often only mildly affected 

by their stroke and no participants with severe strokes were included. This was not due to a lack 

of effort in recruitment, but is one of the challenges faced when recruiting in the acute phase 

post-stroke; these challenges are further discussed later in this chapter. For now, this limits the 

generalisability of the findings. It is important to note, however, that results from Chapter 3 can 

be extrapolated to non-ambulant stroke survivors, which is rare in this field. Furthermore, once 

participants consented to participate in the dose escalation trial (see Chapter 7), they were all able 

to perform the exercise intervention without any dose limiting events. 

One limitation was specific to the review described in Chapter 5. This review includes only a 

subset of studies that were identified in a recently published Cochrane review by Saunders et al.16 

The searches were conducted in February 2015; therefore more recent trials were not included. 

To ameliorate this limitation, an updated search of Medline was performed using the strategy 

described in the Cochrane review limited by publications from 2015 up to December 2017. The 

updated search yielded over 1900 records, of which 38 would have been eligible to be included in 

the review (see Appendix VIII). It is possible that these more recently published RCTs contain a 

fuller description of the rationale for the exercise intervention and could have provided a more 
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detailed description of dose, progression and safety parameters consistent with the TiDIER 

guidelines.128 It would be informative to update the review in five years to evaluate the impact of 

the Stroke Recovery and Rehabilitation Roundtable95 and TiDIER128 on intervention 

development and reporting in stroke trials. 

The main limitation of the dose escalation study in Chapter 7 was the short intervention 

period of four weeks. The choice of four weeks was pragmatic and not based on evidence. It is 

suggested that a period of between 15 to 20 weeks is needed to establish an effect of different 

exercise parameters.32 However, evaluating efficacy was not the aim of the trial, and a four week 

period was therefore thought to be sufficient to determine safety and tolerability of the CRF 

intervention. If proven to be safe, the intervention period should be extended to a period long 

enough to detect an improvement in the fitness outcome. However, the duration and intensity 

required to elicit an effect could also be the subject of further systematic study in this population. 

Additionally, the intervention period should be long enough to change behaviour, given that the 

ultimate goal is not just to improve fitness levels, but also to maintain them, which requires 

sustainability of the exercise program beyond the intervention. 

8.3. Implications and future directions  

The dose escalation trial (Chapter 7) has not been completed, but will continue until the 

maximum safe and tolerable dose intensity of the CRF training intervention is determined. 

Determining the maximum safe dose is one of many steps in the development of an 

intervention. Although the main aim of the trial was to find the maximum safe and tolerable 

dose, the results do show a signal that the CRF intervention might improve fitness. If these 

patterns continue (i.e., safety and signal of efficacy) we have greater confidence to progress to 

the next phase in our CRF intervention development. In the framework for intervention 

development described in Chapter 6, the development phase is outlined as an iterative process 

(see Figure 6.1). More work needs to be done and is planned to further develop the CRF 

intervention. Future studies should aim to confirm the safety and signal of efficacy of this 

intervention, as well as determine other dose parameters such as frequency, session and 

intervention duration. Furthermore, feasibility regarding different aspects of the intervention and 

methods (i.e., recruitment, intervention delivery, and adherence) also need to be determined 

before evaluating the CRF intervention in controlled pilot studies or a large Phase III trial in an 

acute stroke population.  
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Many other questions are still to be answered beyond the components of CRF training for 

stroke survivors in the acute phase of recovery. We need to expand our understanding of the 

mechanisms underpinning exercise and improve the quality of intervention development. In the 

next sections the following topics will be discussed: 1) the barriers to research and exercise, 2) 

biological mechanisms and genetics associated with response to exercise, 3) collaboration 

research and streamlining research effort.  

 Barriers to research and exercise in stroke survivors in the 

acute phase 

The complexities of conducting clinical research in the acute phase after stroke became 

evident particularly during the dose escalation trial. Recruitment was challenging, despite large 

numbers of patients admitted to the stroke unit and broad inclusion criteria, many patients were 

not eligible to participate. The participants who did consent seemed to be a selected sample of 

individuals with an interest in exercise. Another complexity of conducting exercise in this acute 

phase post-stroke is the variability in exercise capacity between stroke survivors. Biological 

mechanisms and genetic factors could explain some of the variability in exercise capacity and 

response to exercise in stroke survivors. In the next sections these challenges and suggestions for 

future research will be discussed.  

Recruitment  

Recruiting of stroke survivors with severe stroke in the acute phase proved very difficult. 

There was a signal that eligible stroke survivors with severe stroke were more likely to decline to 

participate. Anecdotally, a common reason for declining was that the person felt that 

participating would be too much to deal with in addition to what was going on in their lives as a 

consequence of the stroke. In general, stroke survivors with more severe strokes are more likely 

to be admitted to an inpatient rehabilitation hospital after discharge from acute care, and this 

would be the ideal place to recruit stroke survivors with severe strokes. For this study, ethics 

approval was only obtained from one local human research ethics committee (HREC); that 

covered both acute and inpatient rehabilitation services. However, if stroke survivors were 

admitted to other inpatient rehabilitation services not covered by the HREC, they could not 

participate in this trial. To improve continuous access to participants across the continuum of 

care, ethical approval for all possible inpatient discharge destinations serviced by different 

providers would be ideal and potentially could lead to larger numbers of individuals with severe 
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stroke being included in acute stroke trials. This required resources that were not available within 

this PhD project. Multi-site trials require high quality trial team coordination to ensure 

intervention fidelity and quality of data collection across the different centres involved. This 

would certainly be needed in any future Phase II study. 

There is evidence, that an inherent selection bias is present in exercise trials, where people 

who are fitter are more likely to participate.136 This is also likely to be the case in the studies 

reported in this thesis. Data on exercise experience or exercise perceptions were not collected, 

but most participants indicated that they engaged in regular exercise or physical activity (e.g., gym 

sessions, road cycling, golf, walking) before the stroke. One participant clearly stated that they 

did not have any interest in exercise, but decided to participate since they believed that exercise is 

important to stay healthy and they were encouraged by family members to participate. The 

challenge therefore is to get stroke survivors who have no interest in or experience with exercise, 

to participate in exercise research. Providing stroke survivors with information about the 

importance of exercise and a healthy lifestyle might encourage participation in exercise trials. 

Also, having clinicians on the ward as part of any research team might make it easier to identify 

eligible participants and plan the appropriate time to approach individuals about trial 

participation. 

Returning to the large number of stroke survivors admitted to the acute stroke unit who 

were ineligible to participate in the dose escalation trial, the majority were ineligible due to 

diagnosis of non-stroke (34%), transient ischaemic attack (TIA) (14%) or haemorrhagic stroke 

(10%). The TIA population is an important one to consider for exercise interventions. It has 

been well described that individuals with TIA have higher risk of stroke and have similar 

cardiovascular risk factors to those who do have a stroke. As such, they represent an important 

target population. Similar approaches can be taken to develop early CRF interventions with 

fewer barriers to early exercise than those in an ischaemic stroke population. Furthermore, large 

exercise trials could consider including individuals with TIA and stratifying participants by type 

of stroke (i.e., TIA or ischaemic stroke). Although it was beyond the scope of this thesis, the 

potential of exercise in a TIA population should be further investigated, given the potential of 

exercise to reduce risk of stroke. 
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Motivation: improving engagement, adherence and sustainability 

The majority of stroke survivors are unlikely to engage in regular or physical activity, given 

that low fitness levels and physical activity are risk factors of stroke. One of the main barriers for 

stroke survivors to engage in exercise or physical activity is a lack of motivation or interest.208-210 

Simply being involved in inpatient exercise programs after stroke does not lead to sustained 

exercise or physical activity after discharge,211 and any benefits of exercise will disappear when 

the exercise is ceased (i.e., reversibility). Incorporating strategies to increase motivation and 

engagement in an exercise intervention can help to encourage stroke survivors to sustain an 

exercise routine and active lifestyle beyond trial participation or rehabilitation services. Poltawski 

et al.212 identified different motivators for engagement in exercise in stroke survivors in the 

chronic phase, including training in a non-medical environment and personal beliefs about 

exercise and recovery. For example, stroke survivors with severe stroke might not expect that 

exercise will lead to functional improvements, but if the program is targeted at well-being or 

enjoyment, rather than ‘recovery’, they could be more motivated to participate.212 Tailored 

behavioural strategies such as counselling (i.e., physical activity goal setting and monitoring, 

motivational interviewing, reviewing techniques, follow-up visits or phone calls) have been 

shown to be effective in community dwelling stroke survivors.213 Strategies that aim to educate 

stroke survivors and their families about the safety and benefits of physical activity and exercise 

might also help to increase participation in trials and rehabilitation. These strategies might also be 

effective in stroke survivors in the acute phase. The key is that strategies are tailored to the 

specific barriers and motivators of the individual. 

The barriers and motivators in stroke survivors in the acute phase might be different to 

community dwelling stroke survivors and are likely to be different between individuals. Greater 

effort needs to be made to understand what motivates stroke survivors to exercise and how we 

can change behaviour and attitudes towards exercise. The Stroke Exercise Preference Inventory 

(SEPI),214 might be a helpful tool to map exercise preferences of individuals before the start of 

an exercise intervention in a trial or rehabilitation program. In the dose escalation trial described 

in Chapter 6 and Chapter 7, simple strategies to tailor the intervention to individual preferences 

were applied. Participants were able to choose their preferred exercise mode (i.e., treadmill, 

overground, cycle ergometer) and type of exercise (i.e., upper or lower limb resistance exercises) 

Participants were given choice and partial ownership of the intervention to increase motivation 

and adherence to the program, and make them less likely to drop-out. Future qualitative research 

in this early stroke population could help identify barriers and motivators for engagement in 
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exercise. Understanding how to improve engagement will help to tailor interventions for early 

stroke survivors.  

Exploring characteristics related to exercise capacity  

Acute stroke populations are highly heterogeneous across stroke severity, impairments, 

comorbidities and exercise capacity. In this thesis exercise capacity, expressed by VO2peak, was 

used to stratify stroke survivors, to create relatively homogeneous groups. However, variability 

still emerged and might be underpinned by differences in exercise capacity and response to 

exercise. In the dose escalation trials, factors that might be associated with the capacity to 

exercise were assessed including fatigue, anxiety, depression, and pre-stroke physical activity 

levels. Formal exploration of the association between these characteristics and exercise capacity 

is planned on completion of the dose escalation trial; right now the samples are too small to 

perform a meaningful analysis. Pre-stroke-physical activity levels in particular are likely to be 

important to consider in exercise studies. Pre-stroke physical activity levels can have bearing on 

motivation and engagement (see previous section). Additionally, higher pre-stroke activity levels 

have been shown to be related to better functional and long term outcomes after stroke.215,216 

The planned analyses in the dose escalation trial can only be exploratory due to the expected 

small numbers. Larger studies are needed to generate more robust estimates of any associations 

that might exist. Improving our knowledge about factors that are associated with exercise 

induced changes in fitness could help to identify subgroups of stroke survivors. Identifying 

subgroups will inform the systematic development of interventions targeting different groups of 

stroke survivors. 

 Biology and genetics 

A key aspect in the systematic development of effective interventions is a clear biological 

rationale for the effectiveness of the intervention. A better understanding of the biological 

mechanisms behind changes in fitness levels in stroke survivors will not only help to determine 

optimum timing of exercise interventions, but could also provide knowledge to develop effective 

interventions. Genetics is another factor that might explain different responses to exercise. The 

potential role of biology and genetics in exercise research for stroke survivors is outlined in the 

following sections. 

Timing  
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In Chapter 1 some of the biological and physiological changes (i.e., skeletal muscle changes 

and glucose metabolism) and their impact on fitness after stroke were discussed. However, in 

regards to the changes in skeletal muscle architecture (i.e., decrease in muscle mass, shift from 

type I to type II muscle fibres, decrease in capillary density) and glucose metabolism, the 

question remains if these changes are a direct result of the stroke or if they occur due to stroke-

related inactivity and impairments. This requires a longitudinal approach to studies that start in 

the acute phase and continue into the chronic phase post-stroke. Understanding when and how 

these changes take place is crucial to be able to determine the role of exercise in delaying or 

preventing skeletal changes post-stroke. Surprisingly, few studies have tracked these changes 

over time, with most studies being cross-sectional.62 It is imperative to characterise these changes 

over time, from the acute to the chronic phase, in a large sample in order to identify the 

optimum timing to intervene and prevent changes to take place. 

Exercise induced biological changes  

In addition to investigating optimum timing, it is also important to determine if exercise can 

reverse the changes that have already taken place post-stroke. The rationale for exercise to 

impact on post-stroke skeletal muscle changes such as, the shift in muscle fibre type, and a 

decrease in muscle mass, is mainly based on exercise induced changes observed in a non-stroke 

population.65,66 There are two small studies that showed promising results for resistance training 

to increase muscle mass,217 and improve insulin resistance218 in stroke survivors in the chronic 

phase. Additionally, in another small study glucose tolerance improved after CRF treadmill 

training in stroke survivors in the chronic phase.219 The effect of exercise on one of the main 

drivers of increased CRF, that is increased capillary density in skeletal muscles, has not been 

investigated in an acute stroke population, nor has the effect on type I and type II muscle fibres 

ratios. Currently, there is no evidence of exercise induced biological changes in skeletal muscles 

and glucose metabolism in the acute phase of recovery post-stroke. Collecting data on skeletal 

muscle changes and glucose metabolism require invasive techniques such as muscle biopsies or 

blood tests. Although investigating exercise-induced biological changes would help to better 

understand underlying mechanisms of improving fitness in this stroke population, it is important 

to be cognisant of the fact that adding biological measures will add complexity to an already 

challenging research field and may reduce the number of stroke survivors willing to participate in 

trials even further. 

Genetics 
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In recent years the topic of responders and non-responders to exercise has been discussed 

widely. This discussion is based on the results of a large genome–wide association study in which 

the relationship between common genetic variation and response to exercise was explored (the 

HERITAGE study).220 The authors investigated the burden of genetic variation in response to a 

20 week CRF training program.220 A panel of 21 single nucleotide polymorphisms (SNPs) were 

found to be associated with maximal improvement in fitness in a large sedentary population 

(n=473).221 It is important to recognise, however, that these genetic associations likely represent 

risk factors for fitness response rather than causal variants.222 These findings need to be 

replicated in sample cohorts from different populations and preferably with even larger samples 

sizes to increase power. In the field of rehabilitation research, there is growing interest in the role 

of genetic factors in response to exercise.223,224 One area of interest is expression of the brain 

derived neurotrophic factor (BDNF) gene. In animal studies of stroke CRF exercise has been linked to 

elevated levels of BDNF which has an established role in neuroplasticity.23,225 For example, one 

SNP allele in the BDNF gene has been linked to a 25% reduction in exercise-induced BDNF 

secretion.226 In humans, the effect of different BDNF genotypes on recovery and exercise-related 

function following ischaemic stroke have been limited to chronic stroke survivors. In addition, 

the results of these studies are conflicting suggesting further investigation is warranted.224 Future 

studies should focus on the replication of the above genetic factors, and identification of novel 

genetic factors that influence the effect of exercise on stroke recovery. This will lead to better 

targeting of rehabilitation strategies including exercise by stratifying patients into ‘response’ 

subgroups based on their genotype. However, the power to identify genetic associations depends 

on large sample sizes and replication in multiple populations. Thus, future genome-wide 

association studies in this area will require large, multi-centre, international collaborative efforts.  

 Collaboration: between research teams and basic science 

and clinical research 

In the previous section some of the barriers to research in the acute post-stroke phase were 

discussed. Collaboration is one of the overarching strategies to overcome some of the barriers 

and challenges faced in this research field, and will be discussed in the following paragraphs. 

Multicentre and multidisciplinary collaborations 

Collaboration between research teams can help to increase the number of stroke survivors 

who are in general underrepresented in stroke research, such as stroke survivors with severe 
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stroke, and younger stroke survivors. Broader collaboration may also help to investigate 

biological mechanisms of exercise in an acute stroke population, whereby different research 

teams, collect common data elements. For collaborations to be successful it is important that 

there is an agreement on what, how and when data are collected. Standardised outcomes and use 

of protocols across the different centres would be needed to ensure data quality, but also to 

ensure that data can be compared and aggregated. Recently, there have been great initiatives to 

streamline and maximise research efforts by the Stroke Recovery and Rehabilitation Roundtable 

(SRRR),24 which includes the development of core recommendations for biomarkers of stroke 

recovery227 and standardized measurement of sensorimotor recovery in stroke trials.191 These 

core recommendations are useful tools to support collaboration efforts. Collaboration can help 

to acquire big enough sample sizes regarding subgroups (e.g., stroke survivors with severe 

strokes) or variables (e.g., genetics) in this acute population to derive meaningful results. It is 

however important to make sure that adding invasive measures such as blood tests or muscle 

biopsies, do not further hamper recruitment. A strategy could be to include any invasive 

techniques as an option, only when it is a secondary outcome, in consent forms. Stroke survivors 

or the person responsible can then separately consent to additional tests if they wish to do so, or 

decline if they don’t but will still be able to consent to participate in the main component of a 

study. 

Collaborations between preclinical and clinical researchers  

The lack of a strong theoretical or biological underpinning of the effect of exercise 

interventions also exposes the need for closer collaboration between basic scientists and clinical 

researchers. Promising results generated by basic science efforts need to be translated to clinical 

studies. For example, in pre-clinical studies, based on rodent models of stroke, a window of 

opportunity has been identified for CRF training to enhance neuroplasticity.22 These pre-clinical 

studies showed a strong signal that brain proteins, which enhance neuroplasticity, are 

upregulated after CRF training in the first four weeks after stroke.22,228 However, the timeframe 

of this window of opportunity in stroke survivors remains unclear. Clinical studies have started 

exploring the effect of exercise on plasticity in stroke survivors with promising results. 

Translation from preclinical to clinical research could be hampered by outcomes that are not 

easily translated from animal to human research. Another set of core recommendations 

developed by the SRRR aims to enhance alignment between preclinical and clinical research of 

sensorimotor recovery.229 However, several questions are yet to be answered, for example: How 

long does this window of opportunity stay open for? How can we translate timelines found in 
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pre-clinical studies to human stroke survivors? How can we determine if the brain is in a state of 

enhanced plasticity in humans? Can exercise extend this window? Answering these questions 

requires close collaborations between pre-clinical scientists and clinical researchers, who should 

jointly determine the most important research questions and prioritise research projects 

accordingly.  

8.4. Conclusions 

This thesis demonstrates that it is feasible for stroke survivors with mild stroke to start CRF 

training within the first month post-stroke. The dose escalation trial of this thesis will continue 

until the maximum safe and tolerable dose is determined. Exercise interventions for stroke are 

typically complex and include multiple components. Adding to the complexity is a 

heterogeneous study population regarding stroke severity, cardiovascular risk profiles and 

exercise capacity. The methodology applied in clinical studies needs to adapt to this complexity 

in order to maximise our efforts to develop effective interventions that can be tailored to the 

needs of different individuals and different subgroups. The framework for intervention 

development in stroke rehabilitation needs to be refined further, and dose escalation trials should 

be incorporated into its repertoire. Future studies should focus on exploration of factors that 

underlie the heterogeneity of stroke survivors in the acute phase. Additionally, there is limited 

evidence available regarding the biological rationale for the effects of CRF training, which 

warrant investigation of biological mechanism that underpin the responses to exercise. 

Specifically the effect of exercise on skeletal muscle changes, glucose metabolism and 

neuroplasticity need further investigation. Large clinical studies are required that include stroke 

survivors across a broad range of severity, and at different phases of recovery with participants 

stratified by relevant prognostic variables, some of which we are yet to fully understand. 

Collaboration between research teams, across different fields and disciplines will drive high 

quality research, allow maximisation of research effort and lead to less research waste. Most 

importantly, it will help to develop effective evidence-based interventions that will improve 

outcomes for stroke survivors. 
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Appendix III: Human ethics approval clinical studies  

Chapter 3+4 (HREC project number: H2011/04447)  

  









 

 

 

 

Version 1  Dated 27.08.2012 

Human Research Ethics Committee 
Office for Research, 
Level 6 HSB, Austin Health, 
Studley Rd, Heidelberg, VIC 3084. 

 

 

 

Phone: (03) 9496 4090 

E-mail: ethics@austin.org.au  

TO: Dr Toby Cumming 
 NSRI- Florey Neuroscience Building 
 Austin Health 

PROJECT: Does SenseWear provide a valid measure of physical activity in 
acute stroke patients?  

PROTOCOL No: H2011 / 04447  
Date: 31 August 2012 
Agenda Item:             10.3  

 

Re: Protocol Amendment 

Protocol amendment received from Toby Cumming dated 27.07.2012 resulting in 
updated Protocol version 2.1 dated 27.07.2012 and Participant and Information 
Consent Form 3.1 dated 27.07.2012 

 

Further to my letter dated 22 August 2012 concerning the protocol amendment detailed 
above I am writing to acknowledge that your response to the issues raised by the Human 
Research Ethics Committee at their meeting on 16 August 2012 is satisfactory. This 
protocol amendment has now been approved. 
 

It should be noted that all requirements of the original approval still apply. 

Yours sincerely 

 
 
Dr Sianna Panagiotopoulos 

Manager, Office For Research 

This HREC is constituted and operates in accordance with the National Health and Medical Research Council’s (NHMRC) 
National Statement on Ethical Conduct in Human Research (2007), NHMRC and Universities Australia Australian Code for 
the Responsible Conduct of Research (2007) and the CPMP/ICH Note for Guidance on Good Clinical Practice annotated with 
TGA comments (July 2008) and the applicable laws and regulations; and the Health Privacy Principles in The Health Record 
Act 2001. The process this HREC uses to review multi-centre research proposals has been certified by the NHMRC. 

mailto:ethics@austin.org.au


 

 

 

 

Clinical Research Review Committee (CRRC) 
Office for Research, Level 8 HSB.  
Phone: (03) 9496 4090 
E-mail: ethics@austin.org.au  Page 1 of 1    CRRC V113.02.2014 SH 
  

Date: 03 Sept 2014 
 

To: Dr Toby Cumming 
 The Florey Institute of Neuroscience and Mental Health 

Austin Campus 
  
Project: Does SenseWear provide a valid measure of physical activity in acute 

stroke patients?   
 

Local Ref No: H2011/04447   
  
Agenda Item No: 6.6 (July 2014 CRRC) 
 

Document  Version  Date  

Protocol 2.3 23 July 2014 

Austin Participant Information & Consent Form (Healthy Volunteers) 1 23 July 2014 

Healthy Volunteers for Research Project Flyer 1.1 23 July 2014 

TGA Acknowledgement  24 Jan 2013 

Change of Research Personnel; Dr Liam Johnson & Sharon Kramer  27 June 2014 

 

Further to my letter dated 16 July 2014 concerning the amendment detailed above I am writing to 
acknowledge that your response to the issues raised by the Clinical Research Review Committee (CRRC) 
at their meeting on 08 July 2014 is satisfactory. This amendment has now been approved. 
 

It should be noted that all requirements of the original approval still apply. 

Yours sincerely 

 
Dr Sianna Panagiotopoulos, PhD 

Manager, Office for Research 

 

This CRRC is constituted and operates in accordance with the National Health and Medical Research Council’s (NHMRC) National Statement on Ethical Conduct in 

Human Research 2007 updated Dec 2013, NHMRC and Universities Australia Australian Code for the Responsible Conduct of Research (2007) and the applicable laws 

and regulations; and the Health Privacy Principles in The Health Record Act 2001. 
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Chapter 7 (HREC project number: 16/Austin/40) 



 

Austin Health SSA Approval of New Project Version 1, dated 03 Sept 2015       Page 1 of 2 

 

 

SITE SPECIFIC ASSESSMENT (SSA) AUTHORISATION 
 

APPROVAL TO CONDUCT A NEW RESEARCH PROJECT AT AUSTIN HEALTH 

 

 

Dr Toby Cumming  

The Florey Institute of Neuroscience & Mental Health 

Melbourne Brain Centre 

 

 

26 May 2016 

 

Dear Dr Cumming 

 

AU RED HREC Reference Number: HREC/16/Austin/40 

 

Austin Health Project Number: ND 16/40 

 

Project Title: Training Intensity Early after Stroke 

 

AU RED SSA Reference Number: SSA/16/Austin/156 

 

Reviewing HREC: Austin Health Human Research Ethics Committee (EC00204) 

 

HREC Approval Date: 26/05/2016 

 

SSA Authorisation Date: 26/05/2016 

 

I am pleased to advise that the above project satisfies Austin Health’s governance requirements and 

may now be conducted at Austin Health. Conduct of the project is subject to compliance with the 

conditions set out below and any additional conditions specified by the reviewing HREC.  

 

SSA Approved Documents: 

 

Document Version Date 

Austin Health HREC approval letter  26/05/2016 

Protocol 2 10/03/2016 

Austin Health Participant Information and Consent Form 2 09/03/2016 

NIH Stroke Scale  10/01/2003 

Borg Scale 6-12   

Pain Rating   

Likert Scale ADL   

General Information Sheet   

International Physical Activity Questionnaire  Aug 2002 

GAD-7   

PHQ-9   

FAS   

Research Collaboration Agreement between Austin Health and The 

Florey Institute of Neuroscience & Mental Health with an effective 

date of 03/05/2016 

  

Material Transfer Agreement between Austin Health and The 

Florey Institute of Neuroscience & Mental Health with an effective 

date of 03/05/2016. 

  

 

 

 



Austin Health SSA Approval of New Project Version 1, dated 03 Sept 2015 Page 2 of 2 

Research governance 

Condition of Governance Approval: 

1. Researchers must comply with the Investigator’s Responsibilities in Research Procedure and Good 

Clinical Practice (ICH GCP). The Principal Research is to ensure that all associate researchers are 

aware of terms of approval and to ensure the project is conducted as specified in the application 

and in accordance with the National Statement on Ethical Conduct in Human Research (updated 

March 2014) 

2. The Principal Investigator must notify the 1) CPI, 2) Reviewing Human Research Ethics Committee 

(RHREC) and Sponsor (if applicable) of: 

 All related internal Serious Adverse Events (SAE) in accordance with the NHMRC Position 

Statement: Monitoring and reporting of safety for clinical trials involving therapeutic 

products May 2009. 

 Any other serious adverse effects to or complaints from Austin Health participants and 

steps taken to deal with them 

 Your inability to continue as Principal Investigator 

 Any unexpected developments in the project with ethical implications 

 Notify the RHREC of the failure to commence the study within 12 months of the RHREC 

approval date or if a decision is taken to end the study at any of the sites prior to the 

expected date of completion. 

3. You are required to inform the Research Governance Office of; 

 The actual start date of the project at Austin Health 

 Any other matters which may impact the conduct of the project at Austin Health 

 Austin Health Investigators withdrawing from or joining the project 

4. Any amendments submitted to and approved by the RHREC, including changes to the protocol, 

approved documents and/or the addition of documents to be used at Austin Health, must be 

submitted for governance approval prior to implementation. After RHEC approval, the PI must 

submit a copy of all documents relating to the approved amendment, along with the RHREC 

approval certificate, to the Research Governance Office for approval. 

5. Any changes to the indemnity, insurance arrangements or Clinical Trial Research Agreement for this 

project.  This includes changes to the project budget or other changes which may have financial or 

other resource implications for Austin Health. 

6. RHREC approval must remain current for the entire duration of the project.  Investigators 

undertaking projects without current RHREC approval risk their indemnity, funding and publication 

rights 

 

Clinical Trial projects: 

7. For clinical trials where Austin Health is the Sponsor, you are required to contact the Research 

Governance Office to organise submission of the CTN to the TGA. This must be completed before 

commencement of your project.  

8. It is the Principal Investigator site responsibility to ensure you receive a copy of the complete 

submitted clinical trial notification and acknowledgement letter for this site 

 

You are also required to submit to the Office for Research: 

9. In addition to the reporting requirements of the RHREC, you are required to submit an Annual 

Progress Report for the duration of the project. A copy of this report should also be submitted to 

the CPI. Continuation of SSA approval is contingent on submission of an annual report, due within 

one month of the approval anniversary. Continued SSA and HREC approval are contingent on 

receipt of an annual report by the RHREC and the Research Governance Office. 

10. A comprehensive Final Report upon completion of the project.   

 

The Office for Research may conduct an audit of the project at any time. 

 

Yours sincerely 

 



 

 

 

 

Austin Health SSA Authorisation of Amendment Version 3, dated 14 Jun 2016       Page 1 of 1 KZ 

 

 

 
 

 

SITE SPECIFIC ASSESSMENT (SSA) AUTHORISATION 
 

APPROVAL TO CONDUCT AN AMENDED RESEARCH PROJECT AT AUSTIN HEALTH 

 

 

Dr Toby Cumming  

Melbourne Brain Centre 

The Florey Institute of Neuroscience & Mental Health,  

 

 

23 February 2017 

 

Dear Dr Cumming 

 

AU RED HREC Reference Number: HREC/16/Austin/40 

 

Austin Health Project Number: ND 16/40 

 

Project Title: Training Intensity Early after Stroke 

 

AU RED SSA Reference Number: SSA/16/Austin/156 

 

I am pleased to advise that the above project amendment satisfies Austin Health’s 

governance requirements and may now be conducted at Austin Health. Conduct of the 

project is subject to compliance with the conditions set out in the original authorisation and 

any additional conditions specified by the reviewing HREC.  

 

Approved Documents: 

 

Document Version Date 

Austin Health HREC Approval Letter  23/02/2017 

Protocol 3.0 06/02/2017 

Austin Health Participant Information Sheet and Consent Form 3 16/02/2017 

Physical Activity Monitoring Information Sheet 1.1 16/02/2017 

 

 

The Office for Research may conduct an audit of the project at any time. 

 

Yours sincerely 
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Appendix IV: Signed consent forms photographs 

Consent form photograph Figure 6.3  
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Consent form photograph Figure 7.1 
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Appendix V: Supplementary materials publication  

Chapter 2: search strategy and Net energy expenditure and energy 
cost data 



Supplemental Appendix S1
Search Strategy MEDLINE (Ovid)

1. exp cerebrovascular disorders/
2. (stroke$ or poststroke).tw.
3. cerebrovascular$.tw.
4. (cerebral or cerebellar or brain$).tw.
5. (infarct$ or ischaemi$ or ischemi$ or thrombo$ or

emboli$).tw.
6. 4 and 5
7. (cerebral or intracerebral or intracranial or brain$ or

cerebellar).tw.
8. (haemorrhage or hemorrhage).tw.
9. 7 and 8
10. 1 or 2 or 3 or 6 or 9

11. energy cost$.tw.
12. energy expenditure.tw.
13. calorie.tw.
14. metabolic equivalent.tw.
15. oxygen rate$.tw.
16. oxygen cost$.tw.
17. kilojoule.tw.
18. kilojoules.tw.
19. calories.tw.
20. metabolic cost$.tw.
21. (hemipleg$ or hemipar$ or paresis or paretic).tw.
22. 10 or 21
23. mets.tw.
24. 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 or 23
25. 22 and 24

Supplemental Table S1 Other outcomes, net EE and EC (nZ6)

Study Identification

Months

Since Stroke

No. of Stroke

Survivors

Net EE, mL/kg/min

or Net EC, mL/kg/m

(95% CI)

Net EC overground walking poststroke: steady state

Bregman et al25 >6 4 0.17 (0.01e0.33)

Ijmker et al,48 independent 1e6 12 0.12 (0.10e0.14)

Ijmker et al,48 dependent 1e6 11 0.22 (0.16e0.28)

Net EE treadmill walking poststroke: steady state

Bleyenheuft et al35 >6 8 5.48 (4.82e6.4)*

Net EC treadmill walking poststroke: steady state

Chantraine et al36 >6 6 0.26 (0.20e0.32)

Ijmker et al,48 independent 1e6 12 0.15 (0.13e0.17)

Ijmker et al,48 dependent 1e6 11 0.31 (0.23e0.39)

Massaad et al44 >6 6 0.18 (0.12e0.24)

Stoquart et al46 >6 19 0.26 (0.22e0.30)

Abbreviations: EC, energy cost; net EE, EE e EE resting; net EC, EC e EC resting.

* Median net EC.

Energy expenditure poststroke 632.e1

www.archives-pmr.org

http://www.archives-pmr.org
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Chapter 4: results of the SWA worn on the affected arm 



 

 

Supplement 

1 EE and agreement between metabolic cart and SWAaffected  

Outcome (n) Metabolic cart SWAaffected ICC 95%CI CCC (rc) 95%CI Mean 
difference (SD) 

RMA 
slope  

RMA 
intercept 

EE 1st walk (n = 
13) 

2.27 (0.54) 3.28 (1.32) 0.42 (0.0 to 0.78 0.43 (0.18 to 0.69)  0.56 (1.01) 2.46 -3.42 

EE 2nd walk (n = 
12) 

2.78 (0.53) 3.37 (0.90) 0.21 (0.0 to 0.68) 0.27 (-0.10 to 0.65) 0.56 (0.84)  -1.06 2.20 

EE 1st STS (n = 7) 2.15 (0.57) 1.32 (0.56) 0.0 (0.0 to 0.72) 0.22 (-0.13 to 0.56)  -1.03 (0.63) 0.77  -0.49 

EE 2nd STS (n = 
6) 

2.49 (1.07) 1.17 (0.42) 0.0 (0.0 to 0.76) 0.23 (-0.05 to 0.49) -1.33 (0.74) 0.40 0.18 

All data is reported as means (SD) unless stated otherwise. ICC=intraclass correlation coefficient, CCC=Lin’s correlation coefficient, 

RMA=reduced major axis 

  



 

 

2. Step-count agreement between observed counts and SWAaffected 

Outcome (n) Observed 
counts 

SWAaffected ICC (95%CI) CCC (95%CI) Mean 
difference 
(SD) 

RMA 
slope 

RMA 
Intercept 

Step-count 1st walk 
(n = 8)* 

576 (544 to 624) 312 (123 to 547) 0.19 (0.0, 0.65) 0.19 (-0.45 to 0.42) -267 (202) 2.84 -1360 

Step-count 2nd 
walk (n = 8) 

595 (553 to 646) 335 (168 to 609) 0.08 (0.0, 0.60) 0.24 (-0.02 to 0.50) -232 (199)  2.91 -1382 

All data are reported as medians (IQRs) unless stated otherwise. ICC=intraclass correlation coefficient, CCC=Lin’s correlation coefficient, 

RMA=reduced major axis. *Analyses exclude n=5 participants who walked with a walking aid. 
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Appendix VI: HERC serious adverse events 









Acknowledgment of SAE ; HREC/16/Austin/40

Dear Investigators and Co-investigators,

I hereby acknowledge receipt of Serious Adverse Event (SAE) report relating to study:

HREC Ref no:  HREC/16/Austin/40 

Project Title:  Training Intensity Early after Stroke 

Relating to:

Agenda Item Comment

8.11

Safety Report (Aus n Health) received from Julie Bernhardt dated 19/5/2017 EVENT:On 1st May
pa entwas admi ed to the Aus n Hospital with L) facial droop, upper and lower limb weekness and
slurred speaach. Pa ent was diagnosed with a Right MCA stroke. On 16 May the par cipant a ended
the 1st session of the research project to collect demographic data, complete ques onnares and
perform a submaximal exercise test. HR was monitored during the test and reached a max. of 139
BPM (or 78% of HRR). The par cipants was stopped since he was unable to keep up with the pre-
defined workrate. BP was was 114/90 a er the test. A er a short cooldown the par cipant had a
short rest and was given informa on about the next sessions and was walked to the foyer of the brain
centre where he waited for a taxi to take him home. I was no fied on 17th of May at 16:25 that the
par cipant woke up at 5:30 with expressive dysphasia and le  facial droop. The par cipants was re-
admi ed with a confirmed a “le  parietal perfusion abnormality with a large penumbra and no
discernalble core infarct” on CT. On 19th of May a Transoesophageal Echocardiogram (TOE) was
performed and a patent foramen ovale was diagnosed. The trea ng neurologist indicated that the
recurrent stroke was related to the PFO which she thought was the likely cause of the stroke. The
rela onship to thestudy has been assessed by 2 independent assessors asspecified in the study
protocol, and assessed the SAE as possibly related and  has no implica ons regarding safety, ethical
acceptability and conduct of the project (see below).RELATIONSHIP TO IP: Possibly related.
ACTION:None

Thank you for submitting the Serious Adverse Event (SAE) report detailed above. I wish to inform you, that at the
meeting of the Human Research Ethics Committee (HREC) held on 15th June 2017 your submitted report was noted.

This is an official acknowledgement and no further correspondence will be sent. Please file with your records.

If this is a multicentre study, a copy of this letter is to be forwarded to the Principal Investigator/Institution at each
participating site and a copy of this letter should also be forwarded to the participating Research Governance Officer.

ethics@austin.org.au

Thu 29/06/2017 10:38

To:Sharon Kramer <sharon.kramer@unimelb.edu.au>;

Mail – sharon.kramer@unimelb.edu.au https://outlook.office.com/owa/?realm=unimelb.edu.au&path=/mail/search

1 of 2 2/05/2018, 12:25 pm



Kind regards,

Meera Senthuren| Office for Research | Austin Health
L8 Harold Stokes Building, Austin Health
145 Studley Road, Heidelberg, 3084 AUSTRALIA
Email: ethics@austin.org.au

Web: http://www.austin.org.au/researchethics

Mail – sharon.kramer@unimelb.edu.au https://outlook.office.com/owa/?realm=unimelb.edu.au&path=/mail/search

2 of 2 2/05/2018, 12:25 pm
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Appendix VII: Resistance training workload  
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Low exercise capacity cohort 1 resistance training workloads per session 
Low exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance 
(kg) 

Sets (n) Reps per 
set (n) 

Exercise 2 N 
dumbbel
ls x kg 

Sets (n) Reps (n) Exercise 
3 

Resistance Sets (n) Reps (n) 

1 1 Leg 
press/squat 

55 2 12 Bicep curls  2x3 2 12 Triceps 
curls 

3 2 8 

 2 Leg 
press/squat 

55 3 12 Bicep curls  2x3 3 12 Triceps 
curls 

3 2 8 

 3 Leg 
press/squat 

55 3 12 Bicep curls  2x2 2 12 Triceps 
curls 

2 2 12 

 4 Leg 
press/squat 

55 3 12 Bicep curls  2x2 2 12 Triceps 
curls 

2 2 12 

 5 Leg 
press/squat 

55 3 12 Bicep curls  2x2 2 12 Triceps 
curls 

2 2 12 

 6 Leg 
press/squat 

55 3 12 Bicep curls  2x2 2 12 Triceps 
curls 

2 2 12 

 7 Leg 
press/squat 

55 3 12 Bicep curls  2x2 2 12 Triceps 
curls 

2 2 12 

 8 Leg 
press/squat 

55 3 12 Bicep curls  2x2 2 12 Triceps 
curls 

2 2 12 

2 1 Leg 
press/squat 

55 1 12 Bicep 
curl/shoul
der press 

2x5 1 12     

 2 Leg 
press/squat 

55 3 12 Bicep 
curl/shoul
der press 

2x5 2 12     

 3 Leg 
press/squat 

55 3 12 Bicep 
curl/shoul
der press 

2x5 2 12     
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Low exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance 
(kg) 

Sets (n) Reps per 
set (n) 

Exercise 2 N 
dumbbel
ls x kg 

Sets (n) Reps (n) Exercise 
3 

Resistance Sets (n) Reps (n) 

 4 Leg 
press/squat 

55 3 12 Bicep 
curl/shoul
der press 

2x5 2 12     

 5 Leg 
press/squat 

55 3 12 Bicep curls  2x5 3 12     

 6 Leg 
press/squat 

55 4 12 Bicep curls  2x5 3 12     

 7 Leg 
press/squat 

64 3 12 Bicep curls  2x5 3 12     

 8 Leg 
press/squat 

68 4 12 Bicep curls  2x5 3 12     

 9 Leg 
press/squat 

68 4 12 Bicep curls  2x5 4 12     

3 1 Leg 
press/squat 

43 1 10 Squats 0 1 10     

 2 Leg 
press/squat 

43 3 10 Squats 0 2 10     

 3 Leg 
press/squat 

43 3 12 Squats 0 2 10     

 4 Leg 
press/squat 

52 3 12 Squats 0 2 10     

 5 Leg 
press/squat 

52 3 12 Squats 0 2 10     

 6 Leg 
press/squat 

57 4 12 Squats 0 2 10     
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Low exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance 
(kg) 

Sets (n) Reps per 
set (n) 

Exercise 2 N 
dumbbel
ls x kg 

Sets (n) Reps (n) Exercise 
3 

Resistance Sets (n) Reps (n) 

 7 Leg 
press/squat 

57 3 12 Squats 0 2 12     

 8 Leg 
press/squat 

57 3 12 Squats 0 2 12     

 9 Leg 
press/squat 

57 3 12 Squats 0 3 12     

4 1 Leg 
press/squat 

47 1 8 Bicep curls 2x3 1 12     

 2 Leg 
press/squat 

47 3 8 Bicep curls 2x3 2 12     

 3 Leg 
press/squat 

47 2 12 Bicep curls 2x3 2 12     

 4 Leg 
press/squat 

47 3 8 Bicep curls 2x3 3 12     

 5 Leg 
press/squat 

52 3 8 Bicep curls 2x3 3 12     

 6 Leg 
press/squat 

52 3 8 Bicep curls 2x3 3 12     

 7 Leg 
press/squat 

52 3 12 Bicep curls 2x3 3 12     

 8 Leg 
press/squat 

52 3 12 Bicep curls 2x3 3 12     

 9 Leg 
press/squat 

52 3 12 Bicep curls 2x3 3 12     
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Low exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance 
(kg) 

Sets (n) Reps per 
set (n) 

Exercise 2 N 
dumbbel
ls x kg 

Sets (n) Reps (n) Exercise 
3 

Resistance Sets (n) Reps (n) 

5 1 Leg 
press/squat 

51 3 15 Squats 0 2 10 Bicep 
curls 

2x3 2 12 

 2 Leg 
press/squat 

51 3 12 Squats 0 2 10 Bicep 
curls 

2x3 2 12 

 3 Leg 
press/squat 

51 3 12 Squats 0 2 10 Bicep 
curls 

2x3 2 12 

 4 Leg 
press/squat 

51 3 12 Squats 0 2 10 Bicep 
curls 

2x3 3 12 

 5 Leg 
press/squat 

51 3 12 Squats 0 2 10 Bicep 
curls 

2x3 3 12 

 6 Leg 
press/squat 

51 3 12 Squats 0 2 10 Bicep 
curls 

2x3 3 12 

 7 Leg 
press/squat 

51 3 12 Squats 0 2 10 Bicep 
curls 

2x3 3 12 
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Low exercise capacity Cohort II: resistance training workloads per session 
Low exercise capacity Cohort II 

Pt # Session 
number 

Exercise 1 Resistance (kg) Sets (n) Reps per 
set (n) 

Exercise 2 N dumbbells x 
kg 

Sets (n) Reps (n) 

1 1 Leg press/squat 37 1 8 Shoulder 
raise/abduction 

2x1 2 8 

 2 Leg press/squat 41 2 10 Shoulder 
raise/abduction 

2x1 2 8 

 3 Leg press/squat 37 2 12 Shoulder 
raise/abduction 

2x1 2 12 

 4 Leg press/squat 37 3 10 Shoulder 
raise/abduction 

2x1 2 12 

 5 Leg press/squat 41 3 12 Shoulder 
raise/abduction 

2x1 2 12 

 6 Leg press/squat 37 3 12 Shoulder 
raise/abduction 

2x1 2 12 

 7 Leg press/squat 41 3 15 Shoulder 
raise/abduction 

2x1 2 13 

 8 Leg press/squat 37 3 15 Shoulder 
raise/abduction 

2x1 2 13 

 9 Leg press/squat 37 3 15 Shoulder 
raise/abduction 

2x1 3 10 

2 1 Leg press/squat 65 1 15 Bicep curls 2x5 2 10 

 2 Leg press/squat 70 3 15 Bicep curls 2x5 3 10 

 3 Leg press/squat 70 3 15 Bicep curls 2x5 3 10 

 4 Leg press/squat 70 3 15 Bicep curls 2x5 3 10 
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Low exercise capacity Cohort II 

Pt # Session 
number 

Exercise 1 Resistance (kg) Sets (n) Reps per 
set (n) 

Exercise 2 N dumbbells x 
kg 

Sets (n) Reps (n) 

 5 Leg press/squat 70 3 15 Bicep curls 2x5 3 10 

 6 Leg press/squat 70 3 15 Bicep curls 2x5 3 10 

 7 Leg press/squat 70 3 15 Bicep curls 2x5 3 10 

 8 Leg press/squat 70 3 15 Bicep curls 2x5 3 10 

3 1 Leg press/squat 56 1 15 Shoulder 
raise/abduction 

2x2 1 10 

 2 Leg press/squat 65 2 10 Shoulder 
raise/abduction 

2x2 2 10 

 3 Leg press/squat 65 3 15 Shoulder 
raise/abduction 

2x2 3 12 

 4 Leg press/squat 65 3 15 Shoulder 
raise/abduction 

2x2 3 10 

 5 Leg press/squat 65 3 15 Shoulder 
raise/abduction 

2x2 3 10 

 6 Leg press/squat 65 3 15 Shoulder 
raise/abduction 

2x2 3 10 

 7 Leg press/squat 65 3 12 Shoulder 
raise/abduction 

2x2 2 8 
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Moderate exercise capacity Cohort I: resistance training workloads per session 
Moderate exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance Sets 
(n) 

Reps 
per 
set 
(n) 

Exercise 2 N 
dumbbells 

x kg e 

Sets 
(n) 

Reps 
(n) 

Exercise 3 N 
dumbbells 

x kg 

Sets 
(n) 

Reps 
(n) 

1 1 Jump squat 70 1 12 Triceps 
extension 

2x6 1 12 Shoulder 
press 

2x4 1 12 

 2 Jump squat 70 3 12 Triceps 
extension 

2x4 3 12 Chest press 2x6 3 12 

 3 Jump squat 79 2 12 Triceps 
extension 

2x4 1 12 Chest press 2x3 3 12 

 4 Jump squat 79 3 12 Triceps 
extension 

2x4 3 12 Chest press 2x6 3 12 

 5 Jump squat 79 3 12 Triceps 
extension 

2x4 3 12 Chest press 2x6 3 12 

 6 Jump squat 79 3 12 Triceps 
extension 

2x6 3 12 Chest press 2x6 3 12 

 7 Jump squat 79 3 12 Triceps 
extension 

2x6 3 12 Chest press 2x6 3 12 

 8 Jump squat 79 3 12 Triceps 
extension 

2x6 3 12 Chest press 2x6 3 12 

2 1 Leg 
press/squat 

51 3 12 Shoulder press 2x6 1 12 Biceps curls  2x6 1 1 

 2 Leg 
press/squat 

51 3 12 Shoulder press 2x6 2 12 Biceps curls  2x6 2 12 

 3 Jump squat 51 1 12 Shoulder press 2x6 2 12 Biceps curls  2x6 3 12 
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Moderate exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance Sets 
(n) 

Reps 
per 
set 
(n) 

Exercise 2 N 
dumbbells 

x kg e 

Sets 
(n) 

Reps 
(n) 

Exercise 3 N 
dumbbells 

x kg 

Sets 
(n) 

Reps 
(n) 

 4 Jump squat 51 3 12 Shoulder press 2x6 2 12 Biceps curls  2x6 3 12 

 5 Jump squat 51 1 12 Shoulder press 2x6 2 12 Biceps curls  2x6 3 12 

 6 Jump squat 51 3 12 Shoulder press 2x6 2 12 Biceps curls  2x6 3 12 

 7 Jump squat 51 3 12 Shoulder press 2x6 3 12 Biceps curls  2x6 4 12 

 8 Jump squat 51 3 12 Shoulder press 2x6 3 12 Biceps curls  2x6 4 12 

3 1 Jump squat 52 3 12 Biceps curls 2x4 1 12 Lunges 0 1 7 

 2 Jump squat 52 3 12 Biceps curls 2x4 2 12 Lunges 0 2 20 

 3 Jump squat 52 3 12 Biceps curls 2x6 2 12 Lunges 0 2 20 

 4 Jump squat 52 3 12 Biceps curls 2x4 2 12 Lunges 0 2 20 

 5 Jump squat 52 3 12 Biceps curls 2x4 2 12 Lunges 0 2 24 

 6 Jump squat 52 3 12 Biceps curls 2x4 2 12 Lunges 0 3 24 

 7 Jump squat 52 3 12 Biceps curls 2x4 3 12 Lunges 0 3 24 

 8 Jump squat 52 3 12 Biceps curls 2x4 3 12 Lunges 0 3 24 
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Moderate exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance Sets 
(n) 

Reps 
per 
set 
(n) 

Exercise 2 N 
dumbbells 

x kg e 

Sets 
(n) 

Reps 
(n) 

Exercise 3 N 
dumbbells 

x kg 

Sets 
(n) 

Reps 
(n) 

 9 Jump squat 52 3 12 Biceps curls 2x6 3 12 Lunges 0 3 24 

4 1 Shoulder 
raise 

4 1 8         

 2 Biceps curls 4 2 8         

 3 Biceps curls 4 3 8         

 4 Biceps curls 4 3 10         

 5 Biceps curls 4 3 10         

5 1 Jump squat 50 1 12 Biceps curls 2x6 1 12 Triceps 
extensions 

2x6 1 8 

 2 Jump squat 50 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 8 

 3 Jump squat 50 3 12 Biceps curls 2x6 2 12 Triceps 
extensions 

2x6 2 8 

 4 Jump squat 50 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 8 

 5 Jump squat 50 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 8 

 6 Jump squat 56 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 8 
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Moderate exercise capacity Cohort I     

Pt # Session 
number 

Exercise 1 Resistance Sets 
(n) 

Reps 
per 
set 
(n) 

Exercise 2 N 
dumbbells 

x kg e 

Sets 
(n) 

Reps 
(n) 

Exercise 3 N 
dumbbells 

x kg 

Sets 
(n) 

Reps 
(n) 

 7 Jump squat 56 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 8 

 8 Jump squat 56 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 10 
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Moderate exercise capacity Cohort I: resistance training workloads per session 
Moderate exercise capacity Cohort I 

Pt # Session 
number 

Exercise 1 Resistance Sets 
(n) 

Reps 
per 
set 
(n) 

Exercise 2 N 
dumbbells 

x kg e 

Sets 
(n) 

Reps 
(n) 

Exercise 3 N 
dumbbells 

x kg 

Sets 
(n) 

Reps 
(n) 

1 1 Jump squat 45 1 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 8 

 2 Jump squat 45 3 10 Biceps curls 2x6 3 12     

 3 Jump squat 45 3 10 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 8 

 4 Jump squat 45 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 2 8 

 5 Jump squat 45 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 10 

 6 Jump squat 45 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x6 3 10 

 7 Jump squat 45 3 12 Biceps curls 2x6 3 12 Triceps 
extensions 

2x7 3 10 

 8 Jump squat 45 3 12 Biceps curls 2x7 3 12 Triceps 
extensions 

2x6 3 10 

2 1 Jump squat 47 2 15 Squats 0 2 15 Shoulder 
press 

2x6 2 12 

 2 Jump squat 47 3 15 Squats 0 3 12 Shoulder 
press 

2x6 3 12 

 3 Jump squat 47 3 15 Squats 0 2 12 Shoulder 
press 

2x6 3 12 
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Moderate exercise capacity Cohort I 

Pt # Session 
number 

Exercise 1 Resistance Sets 
(n) 

Reps 
per 
set 
(n) 

Exercise 2 N 
dumbbells 

x kg e 

Sets 
(n) 

Reps 
(n) 

Exercise 3 N 
dumbbells 

x kg 

Sets 
(n) 

Reps 
(n) 

 4 Jump squat 47 3 15 Squats 0 2 15 Chest press 2x6 3 15 

 5 Jump squat 47 3 15 Squats 0 2 15 Shoulder 
press 

2x6 3 15 

 6 Jump squat 47 3 15 Squats 0 2 15 Chest press 2x7 3 15 

 7 Jump squat 47 3 15 Squats 0 2 15 Shoulder 
press 

2x6 2 15 

 8 Jump squat 47 3 15 Squats 0 2 15 Chest press 2x7 3 15 

 9 Jump squat 47 3 15 Squats 0 2 15 Chest press 2x7 3 15 
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Appendix VIII: Reference to trials identified through updated Medline 

search strategy Saunders et al. (2016) 
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RCTs identified through updated (2015- November 2017) Medline search Cochrane 
review Saunders et al. 2016 

Aidar FJ, Jaco de Oliveira R, Gama de Matos D, et al. A randomized trial of the effects of an aquatic 
exercise program on depression, anxiety levels, and functional capacity in of people who suffered an 
ischemic stroke. J Sports Med Phys Fitness. 2017;09:09. 

Baer GD, Salisbury LG, Smith MT, Pitman J, Dennis M. Treadmill training to improve mobility for people 
with sub-acute stroke: a phase II feasibility randomized controlled trial. Clin Rehabil. 2017;32(2):201-212. 

Cabanas-Valdes R, Bagur-Calafat C, Girabent-Farres M, et al. Long-term follow-up of a randomized 
controlled trial on additional core stability exercises training for improving dynamic sitting balance and 
trunk control in stroke patients. Clin Rehabil. 2017;31(11):1492-1499. 

Cabanas-Valdes R, Bagur-Calafat C, Girabent-Farres M, Caballero-Gomez FM, Hernandez-Valino M, Urrutia 
Cuchi G. The effect of additional core stability exercises on improving dynamic sitting balance and trunk 
control for subacute stroke patients: a randomized controlled trial. Clin Rehabil. 2016;30(10):1024-1033. 

Cha HG, Kim MK. Effects of strengthening exercise integrated repetitive transcranial magnetic stimulation 
on motor function recovery in subacute stroke patients: A randomized controlled trial. Technol Health 
Care. 2017;25(3):521-529. 

Cha HG, Oh DW. Effects of mirror therapy integrated with task-oriented exercise on the balance function 
of patients with poststroke hemiparesis: a randomized-controlled pilot trial. Int J Rehabil Res. 
2016;39(1):70-76. 

Chan K, Phadke CP, Stremler D, et al. The effect of water-based exercises on balance in persons post-
stroke: a randomized controlled trial. Top Stroke Rehab. 2017;24(4):228-235. 

Chen CL, Chang KJ, Wu PY, Chi CH, Chang ST, Cheng YY. Comparison of the Effects between Isokinetic and 
Isotonic Strength Training in Subacute Stroke Patients. J Stroke Cerebrovasc Dis. 2015;24(6):1317-1323. 

English C, Bernhardt J, Crotty M, Esterman A, Segal L, Hillier S. Circuit class therapy or seven-day week 
therapy for increasing rehabilitation intensity of therapy after stroke (CIRCIT): a randomized controlled 
trial. Int J Stroke. 2015;10(4):594-602. 

Faulkner J, McGonigal G, Woolley B, Stoner L, Wong L, Lambrick D. A randomized controlled trial to assess 
the psychosocial effects of early exercise engagement in patients diagnosed with transient ischaemic 
attack and mild, non-disabling stroke. Clin Rehabil. 2015;29(8):783-794. 

Faulkner J, Stoner L, Lanford J, Jolliffe E, Mitchelmore A, Lambrick D. Long-Term Effect of Participation in 
an Early Exercise and Education Program on Clinical Outcomes and Cost Implications, in Patients with TIA 
and Minor, Non-Disabling Stroke. Transl stroke Res. 2017;8(3):220-227. 

Faulkner J, Tzeng YC, Lambrick D, et al. A randomized controlled trial to assess the central hemodynamic 
response to exercise in patients with transient ischaemic attack and minor stroke. J Hum Hypertens. 
2017;31(3):172-177. 

Fujino Y, Amimoto K, Fukata K, Ishihara S, Makita S, Takahashi H. Does training sitting balance on a 
platform tilted 10degree to the weak side improve trunk control in the acute phase after stroke? A 
randomized, controlled trial. Top Stroke Rehab. 2016;23(1):43-49. 

Han EY, Im SH. Effects of a 6-Week Aquatic Treadmill Exercise Program on Cardiorespiratory Fitness and 
Walking Endurance in Subacute Stroke Patients: a pilot trial. J Mol Signal. 2017;15:15. 

Haruyama K, Kawakami M, Otsuka T. Effect of Core Stability Training on Trunk Function, Standing Balance, 
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RCTs identified through updated (2015- November 2017) Medline search Cochrane 
review Saunders et al. 2016 

and Mobility in Stroke Patients. Neurorehabil Neural Repair. 2017;31(3):240-249. 

Hubbard IJ, Carey LM, Budd TW, et al. A Randomized Controlled Trial of the Effect of Early Upper-Limb 
Training on Stroke Recovery and Brain Activation. Neurorehabil Neural Repair. 2015;29(8):703-713. 

Jung K-M, Bang D-H. Effect of inspiratory muscle training on respiratory capacity and walking ability with 
subacute stroke patients: a randomized controlled pilot trial. J Phys Ther Sci. 2017;29(2):336-339. 

Kerr A, Clark A, Cooke EV, Rowe P, Pomeroy VM. Functional strength training and movement performance 
therapy produce analogous improvement in sit-to-stand early after stroke: early-phase randomised 
controlled trial. Physiotherapy. 2017;103(3):259-265. 

Kim K, Jung SI, Lee DK. Effects of task-oriented circuit training on balance and gait ability in subacute 
stroke patients: a randomized controlled trial. J Phys Ther Sci. 2017;29(6):989-992. 

Kim SM, Han EY, Kim BR, Hyun CW. Clinical application of circuit training for subacute stroke patients: a 
preliminary study. J Phys Ther Sci. 2016;28(1):169-174. 

Koc A. Exercise in patients with subacute stroke: A randomized, controlled pilot study of home-based 
exercise in subacute stroke. Work. 2015;52(3):541-547. 

Leddy AL, Connolly M, Holleran CL, et al. Alterations in Aerobic Exercise Performance and Gait Economy 
Following High-Intensity Dynamic Stepping Training in Persons With Subacute Stroke. J Neurol Phys Ther. 
2016;40(4):239-248. 

Lee IH. Does the speed of the treadmill influence the training effect in people learning to walk after 
stroke? A double-blind randomized controlled trial. Clin Rehabil. 2015;29(3):269-276. 

Lee ME, Jo GY, Do HK, Choi HE, Kim WJ. Efficacy of Aquatic Treadmill Training on Gait Symmetry and 
Balance in Subacute Stroke Patients. Ann Rehab Med. 2017;41(3):376-386. 

Mansfield A, Brooks D, Tang A, et al. Promoting Optimal Physical Exercise for Life (PROPEL): aerobic 
exercise and self-management early after stroke to increase daily physical activity-study protocol for a 
stepped-wedge randomised trial. BMJ Open. 2017;7(6):e015843. 

Mansfield A, Knorr S, Poon V, et al. Promoting Optimal Physical Exercise for Life: An Exercise and Self-
Management Program to Encourage Participation in Physical Activity after Discharge from Stroke 
Rehabilitation-A Feasibility Study. Stroke Res Treat. 2016;2016:9476541. 

Mao YR, Lo WL, Lin Q, et al. The Effect of Body Weight Support Treadmill Training on Gait Recovery, 
Proximal Lower Limb Motor Pattern, and Balance in Patients with Subacute Stroke. Biomed Res Int. 
2015;2015:175719. 

Matsumoto S, Uema T, Ikeda K, et al. Effect of Underwater Exercise on Lower-Extremity Function and 
Quality of Life in Post-Stroke Patients: A Pilot Controlled Clinical Trial. J Altern Complement Med. 
2016;22(8):635-641. 

Messaggi-Sartor M, Guillen-Sola A, Depolo M, et al. Inspiratory and expiratory muscle training in subacute 
stroke: A randomized clinical trial. Neurology. 2015;85(7):564-572. 

Renner CI, Outermans J, Ludwig R, Brendel C, Kwakkel G, Hummelsheim H. Group therapy task training 
versus individual task training during inpatient stroke rehabilitation: a randomised controlled trial. Clin 
Rehabil. 2016;30(7):637-648. 
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Sandberg K, Kleist M, Falk L, Enthoven P. Effects of Twice-Weekly Intense Aerobic Exercise in Early 
Subacute Stroke: A Randomized Controlled Trial. Arch Phys Med Rehabil. 2016;97(8):1244-1253. 
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2015;22(4):253-261. 
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