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Abstract 

Stroke is the main cause of disability worldwide. With over 110,000 first strokes occurring in 

the UK every year, the individual and societal burden of stroke will continue to increase. 

Consequently, there is a pressing need to develop therapies to both reduce the burden of 

stroke and the risk of stroke recurrence.  

Hyperglycaemia, dyslipidaemia, hypertension, reduced cardiorespiratory fitness and obesity 

are metabolic irregularities closely linked to stroke risk and represent possible therapeutic 

targets. In healthy individuals, a physically active lifestyle and structured exercise have been 

found to improve metabolic control. Research reporting the impact of physical activity and 

exercise on metabolic control, stroke risk and wellbeing is lacking in the study of stroke.   

This thesis aims to define and explore physical activity, exercise and metabolic control 

following stroke with a view to improving clinical care. A cross-sectional longitudinal study 

(n=31) demonstrates physical activity levels are low immediately following stroke and do not 

return to levels comparable to healthy individuals after six months, despite individuals having 

only mild impairment. A randomised controlled trial (n=40) of a community based exercise 

intervention post stroke investigated the impact of exercise primarily on metabolic risk 

factors. Significant improvements occurred in cardiorespiratory fitness (p<0.01); high density 

lipoprotein cholesterol (p<0.01); and diastolic blood pressure (p<0.04). The intervention also 

resulted in improvements in cognition, overall stroke recovery and mood, with the most 

marked changes occurring in walking endurance, walking speed and balance.  

This thesis delivers two clear messages: physical activity is reduced following stroke and 

does not fully recover after time; and the reversal of low levels of physical activity with a 

community based exercise therapy programme provides significant benefit to individuals 

after stroke. This information suggests that clinicians should consider both the importance of 

physical activity and the therapeutic potential of structured exercise therapy post stroke. 
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Chapter 1 

Introduction and literature review 
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1.1 Introduction 

Stroke is a devastating neurological condition where an interruption in blood flow to the brain 

can result in sudden paralysis, speech impairment and visual problems (World Health 

Organisation, 2012). The British Heart Foundation and the Stroke Association recently 

produced a comprehensive statistical report focusing on the burden of stroke in the United 

Kingdom. This report indicated there are around 111,000 first strokes in the UK every year 

(Department of Health, 2009). Stroke incidence increases rapidly with increasing age and 

therefore, with an ageing population, absolute numbers are likely to rise even further. Stroke 

results in around 53,000 deaths every year in the UK, with the highest rates in Scotland and 

the North of England and lower rates in the South of England particularly around London 

(Department of Health, 2009). Alongside being a major cause of death worldwide, stroke is 

the leading cause of disability in most regions (Hankey, 2011). Individuals who survive 

stroke often face a long period of rehabilitation and in some cases impairment levels are so 

high that individuals require full time residential or nursing care (Goldstein et al., 2011). 

Rehabilitation and full time care comes at a cost, with the most recent price of stroke in the 

UK being estimated at over £4.5 billion per year (Department of Health, 2009). The high 

incidence of stroke and its devastating consequences indicates an urgent need for further 

research in this area.  

This thesis aims to research physical activity, exercise and metabolism following stroke. 

Chapter 1 provides an introduction to the existing literature on physical activity, exercise, 

metabolism and stroke. Chapter 2 reports a validation study of a portable device to measure 

energy expenditure and physical activity. Chapter 3 describes a cross-sectional longitudinal 

study observing energy expenditure, physical activity and metabolism after stroke. Chapter 4 

presents the results of a randomised controlled trial investigating the effects of a community 

based exercise intervention in individuals with stroke on metabolic risk factors, cerebral 

blood flow, physical performance and quality of life. Finally, Chapter 5 will discuss the 

findings and conclusions of the thesis relative to current clinical care.    
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1.2 Literature review 

The aim of this literature review is to provide a context for this study in the published work 

on stroke and the links between stroke, metabolism and physical activity. The review will 

begin by focusing on the clinical presentation and mechanisms associated with stroke. The 

links between vascular damage, abnormal metabolic control and primary and recurrent stroke 

will then be explored. The role of physical activity and cardiorespiratory fitness in health will 

also be reviewed and these areas explored in relation to stroke and its mediators. The review 

will conclude by describing studies investigating the impact of structured exercise 

interventions on metabolic and vascular control, physical function and quality of life 

following stroke. These sections combined aim to provide a comprehensive overview of the 

current knowledge around physical activity and exercise in stroke. 

1.21 Stroke 

1.211 Clinical presentation 

For those who survive stroke approximately one third are left with long term functional 

impairments and disability. In the UK, of those patients surveyed in the National Clinical 

Audit 2010, 76% of patients presented with movement problems, 38% had dysphasia and 

40% had dysarthria (Intercollegiate Stroke Working Party, 2012). These are just a few of the 

multiple problems that occur following stroke. Over recent years the International 

Classification of Functioning, Disability and Health (ICF) has been at the forefront of stroke 

literature as a framework for categorising patients’ functioning and health status following 

stroke (Beninato et al., 2009). The ICF splits stroke disability into body function and 

structure, activity and participation. For example, altered muscle tone would be classified 

under the ‘body function’ component of the ICF. This may lead to an alteration in walking 

ability which would be labelled as ‘activity’ and this, in turn, could affect an individual’s 

ability to attend social events which would fall under ‘participation’ (see Figure 1.1). Body 

functions and structures, activities and participation are modified by environmental and 

personal factors under the ICF (Beninato et al., 2009). The ICF has been shown to have good 

content validity (0.68, 95% confidence interval 0.66-0.69) and forms an excellent structure to 

base assessment and interventions upon (Lemberg et al., 2010).  

 

  



4 

 

Figure 1.1  Using the International Classification of Functioning, Disability and Health 

(ICF) to classify functioning and health status after stroke (adapted from 

Beniato et al 2009). 

 

 

 

1.212 Mechanisms of stroke 
Stroke refers to an umbrella of conditions caused by the blockage or haemorrhage of blood 

vessels supplying the brain. The most common definition for stroke was developed by the 

World Health Organisation (WHO) in the 1990’s. WHO defined stroke as ‘rapidly 

developing clinical signs of focal (or global) disturbance of cerebral function, with symptoms 

lasting 24 hours or longer or leading to death, with no apparent cause other than of vascular 

origin’ (Asplund, et al. 1998). This includes ischaemic strokes and subarachnoid 

haemorrhage, but excludes subdural and extradural haematomas and transient ischaemic 

attacks (TIA). More recently however the distinction between TIA and ischaemic stroke has 

become less important as many of the preventative strategies are applicable to both (Furie et 

al., 2011). 

Ischaemic strokes, caused by either embolism or thrombosis, are the most common type of 

stroke. Approximately 98,000 people have ischaemic strokes every year in the UK, in 
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comparison to 8,500 individuals presenting with haemorrhagic strokes (Rothwell et al., 

2005). Stroke results in the death and dysfunction of brain cells and causes neurological 

deficits that reflect the location and size of the compromised brain area. A number of 

different methods have been used over time to classify stroke. Ischaemic strokes have been 

categorised by the location of the infarct in the cerebral vasculature, such as: anterior cerebral 

artery (ACA); middle cerebral artery (MCA); posterior cerebral artery (PCA); brain stem; 

cerebellar; small vessel stroke (otherwise known as microvascular strokes; small deep 

infarcts that occur in the hemispheres or brain stem and arise from the occlusion of 

penetrating arteries); and strokes in more than one vascular territory (MVT) (Tatu et al., 

1996; Tatu et al., 1998; Di Carlo et al., 1999; Ng et al., 2007). Epidemiological research 

estimates that over 50% of ischaemic strokes are due to a blockage in the MCA; 13% small 

vessel; 11% brain stem; 9% MVT; 7% PCA; 5% ACA; and 4% cerebellar (Ng et al., 2007).  

The main difficulty with classifying stroke by location and causation is that often the 

diagnostic work up is inadequate to visualise the occluded artery or cardioembolic source of 

the infarct (Furie et al., 2011). Some individuals do not even attend hospital for investigations 

following stroke, making it impossible to determine the mechanism of stroke (Bamford et al., 

1991). Even when detailed investigation does occur, the patho-physiological mechanism in 

up to 40% of stroke can still remain undefined (Bamford et al., 1991). The difficulties 

associated with the classification of stroke via location and causation led to the development 

of the Oxfordshire Community Stroke Project Classification which has been used 

successfully in clinical practice and research since the early 1990’s (Bamford et al., 1991). 

The classification splits stroke types into: Total Anterior Circulation; Partial Anterior 

Circulation; Posterior Circulation; and Lacunar (Table 1.1). For the purposes of this thesis, 

stroke type will be classified using the Oxfordshire Community Stroke Project Classification 

and where possible the seven vascular categories previously described will be given. 
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Table 1.1  Oxfordshire Community Stroke Project classification (adapted from 

Bamford et al, 1991) 

Stroke classification Clinical signs and symptoms 
Total Anterior 
Circulation (TAC) 

A combination of  
• New higher cerebral dysfunction (eg dysphasia),  
• Homonymous visual field defect,  
• Ipsilateral motor and / or sensory deficit of at least two areas 

out of face, arm and leg.  
*If drowsy with unilateral weakness, last two factors are assumed. 
 

Partial Anterior 
Circulation (PAC) 

• No Drowsiness  
• 2 of 3 criteria of TAC  

OR  
• Higher cerebral dysfunction alone (e.g. dysphasia)  

OR  
• Motor/sensory deficit more restricted than those classified as 

LAC (e.g. confined to one limb).  
 

Lacunar Circulation 
(LAC) 

• Pure motor (most common) - Complete or incomplete 
weakness of 1 side, involving the whole of 2 of 3 of the body 
areas of face, arm and leg.  

• Pure sensory - Sensory symptoms and/or signs, same 
distribution as above.  

• Sensori-motor - Combination of the above. Includes dysarthria 
(“clumsy hand syndrome”) and dysphasia  

• Ataxic hemiparesis - Hemiparesis with ipsilateral cerebellar 
ataxia  
 

Posterior 
Circulation (POC) 

Any of  
• Affecting brainstem, cerebellar or occipital lobes  
• Ipsilateral cranial nerve palsy with contralateral motor and / or 

sensory deficit  
• Bilateral motor and / or sensory deficit.  
• Disorder of conjugate eye movement  
• Cerebellar dysfunction without ipsilateral long tract signs  
• Isolated homonymous visual field defect  

 

 

1.213 Primary risk factors for stroke 

A risk factor is a characteristic of an individual that increases their risk compared to someone 

without that characteristic (Hankey, 2011). The American Heart Association and the 

American Stroke Association have provided a comprehensive over view of the risk factors 

for stroke (for summary see Table 1.2) (Goldstein et al., 2011). Some identified stroke risk 

factors cannot be modified such as age, sex and ethnicity. Other risk factors, such as physical 

activity or hypertension, are modifiable and their correction reduces the chance of having a 
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stroke. Stroke risk factors often co-exist and have been estimated to account for 60-80% of 

stroke risk in the general population (Allen and Bayraktutan, 2008; Hankey, 2011). 

 

Table 1.2  Non modifiable and modifiable primary risk factors for stroke (adapted 

from Goldstein et al, 2010) 

Non modifiable risk factors Modifiable risk factors 

Age 

Sex 

Low birth weight 

Race/ethnicity 

Family history of stroke/TIA 

Cigarette smoking 

Hypertension 

Diabetes 

Glucose control 

Dyslipidaemia 

Obesity 

Atrial fibrillation 

Asymptomatic carotid stenosis 

Postmenopausal therapy 

Nutrition 

Physical activity 

Alcohol consumption 

Sickle cell disease 

Oral contraceptive use 

Other cardiovascular disease 

 

Stroke is, in itself, a risk factor for further stroke. The American Stroke Association estimates 

that, of the 795,000 strokes that occur each year in the United States, approximately one 

quarter are recurrent events (Goldstein et al., 2011). Looking specifically at the UK, the 

National Sentinel Audit 2010 indicated that nearly a third of patients surveyed had had a 

previous TIA or stroke (Intercollegiate Stroke Working Party, 2012). Recurrent stroke leads 

to an increase in economic and personal burden as it has been associated with higher rates of 

institutionalisation and death than primary stroke (Hankey et al., 2002; Spieler et al., 2003). 

It is therefore imperative that as well as focusing on primary prevention of stroke we also 

focus our efforts on secondary prevention strategies to decrease death and disability 

following stroke. 

Although there is strong evidence regarding primary risk factors for stroke there is a dearth of 

evidence on risk factors and risk factor management following stroke (Furie et al., 2011). The 

AHA and ASA have collated current best evidence on secondary risk factor management 

following stroke (Table 1.3) (Furie et al., 2011).  
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Table 1.3  Non modifiable and modifiable secondary risk factors for stroke and class 

and level of evidence risk factors are based upon (Adapted from Furie et 

al,. 2011) 

Secondary risk factors Class and level of evidence* 

Hypertension Class 1 level A 

Diabetes Class 1 level B 

Dyslipidaemia Class 1 level B 

Cigarette smoking Class 1 level C 

Alcohol consumption Class 1 level C 

Physical activity Class 11b level C 

Metabolic syndrome Class 11b level C 
*Class 1- Conditions for which there is evidence for and/or general agreement that the procedure or treatment is useful 

and effective. 

Class 11- Conditions for which there is conflicting evidence and/or a divergence of opinion about the usefulness/efficacy of 

a procedure or treatment. 

Class 11a- The weight of evidence or opinion is in favour of the procedure or treatment. 

Class 11b- Usefulness/efficacy is less well established by evidence or opinion. 

Level A- Data derived from multiple randomised clinical trials or meta-analyses. 

Level B- Data derived from a single randomized trial or non-randomized studies. 

Level C-Consensus opinion of experts, case studies, or standard care. 

 

Stroke is a debilitating condition which impacts upon the functions and structures, activities 

and participations of an individual. A high proportion of the risk factors for primary and 

recurrent stroke are a result of abnormal metabolic control, including; hyperglycaemia; 

dyslipidaemia; hypertension and obesity (Goldstein et al, 2011). The physiological changes 

that occur in the vascular system due to impaired metabolic control will be discussed in the 

next section followed by a review of current epidemiological research further linking 

metabolic risk factors to primary and recurrent stroke.  

1.22 Vascular control  

In order to examine how metabolic pathophysiology impacts upon vascular control it is first 

necessary to give a brief overview of the vascular system focusing in particular on 

cerebrovascular control.  

1.221 The vascular system 

Blood vessels are made up of three main layers; the tunica adventitia, the tunica media and 

the tunica intima (Ross, 1993). The tunica adventitia is the outer most layer of connective 

tissue and anchors the blood vessels to the surrounding tissues. The tunica media forms a 

middle layer of smooth muscle and elastic fibres within the blood vessel. The smooth muscle 

aids vasoconstriction and dilation of the blood vessel. The tunica intima forms the final layer 

within the blood vessel. The intima consists of a thin layer of connective tissue and 
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endothelial tissue (Felmeden and Gregory, 2005). The structure of the blood vessel allows for 

a variety of different functions, including the transport of blood around the body supplying 

the different organs with oxygen and nutrients and removing waste products, the regulation of 

pH, the transportation of hormones and enzymes and the maintenance of heat and blood 

volume control. Another key structural property of the vasculature is that the layers of the 

vessel allow dilation and constriction. This dilation and constriction regulates the transport of 

blood to the areas of most need (Felmeden and Gregory, 2005).  

1.222 The endothelium 

Perhaps one of the most important functions of the vascular system is the maintenance of 

homeostasis. The endothelium plays a key role in vascular homeostasis (Versari et al., 2009). 

The structure and function of the endothelium is maintained by endothelial progenitor cells 

derived from bone marrow (Seals et al., 2009). Endothelial cells are positioned between the 

vessel wall and the circulating blood to allow for the regulation of vascular tone and 

structure. Endothelial cells synthesise and release a broad spectrum of substances to maintain 

vascular homeostasis, ensure adequate blood flow and allow for nutrient delivery (DeSouza 

et al., 2000). The endothelium also plays a role in the secretion of a number of substances 

that act to prevent atherosclerosis (Luscher et al., 1993).  

Atherosclerosis is a principle risk factor for stroke, heart attack and peripheral vascular 

disease (Ross, 1993). In normal circumstances atherosclerosis is a protective response to 

damage to the endothelium and smooth muscle cells of the wall of the artery. As endothelial 

dysfunction develops, the balance of anti-atherogenic and pro-atherogenic factors is slowly 

shifted in favour of the latter (Steffal and Luscher, 2009). This atherosclerotic response 

results in the formation of fibrofatty and fibrous lesions, preceded and accompanied by 

inflammation. Advanced atherosclerosis results from an excessive inflammatory-fibro-

proliferative response to multiple insults to the blood vessel wall. Advanced atherosclerosis 

can alter the homeostasis of the vasculature, leading to the occlusion of an artery, as seen in 

many ischaemic strokes (Ross, 1993).  

In order to reduce atherosclerosis and decrease the incidence of stroke, the endothelium 

produces a number of anti-atherosclerotic substances. The most characterised of these anti-

atherosclerotic agents is nitric oxide (NO). Endothelial stimulation generates the production 

of NO by endothelial nitric oxide synthase (eNOS) through a five electron oxidation of the 

guanidine-nitrogen terminal of L-arginine (Moncada and Higgs, 1993). The stimulation of the 
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endothelium and resultant production of NO is regulated by the influence of shear stress on 

the vasculature, acetylcholine, bradykinin, angiotensin 11 (Ang 11), endothelin 1 (ET-1), and 

oxygen free radicals (Felmeden and Gregory, 2005). The endothelial cells recognise shear 

stress and modify the vessel shape accordingly. Acetylcholine and bradykinin are substances 

that produce a vasodilatory response in the endothelium, whereas Ang-11, ET-1 and oxygen 

free radicals are all potent vasoconstrictors (Felmeden and Gregory, 2005; Donato et al., 

2009). NO plays a key role in balancing vasoconstrictor and vasodilator effects (Versari et 

al., 2009). A healthy endothelium exhibits predominantly vasodilatory effects through the 

production of NO. In turn, NO produces vasodilation of the blood vessel through the 

activation of guanylyl cyclase on adjacent vascular smooth muscle cells (Moncada and 

Higgs, 1993).  

Alongside promoting endothelial vasodilation, NO plays a protective role by stimulating the 

relaxation of smooth muscle cells in the media and through the prevention of leukocyte 

adhesion and migration into the arterial wall; muscle cell proliferation; platelet adhesion and 

aggregation; and adhesion molecule expression (Taddei et al., 2003). Conversely the loss of 

endothelium derived NO promotes monocyte and vascular smooth muscle cell migration into 

the intima and the formation of macrophage foam cells, characterizing the initial 

morphological changes of atherosclerosis (Creager and Thomas, 2003).  

1.223 Cerebrovascular system 

The brain makes up only 2% of our body weight, yet it uses 20% of the oxygen and 25% of 

the glucose we consume (Anderson et al., 2010). The reason that the brain has such a high 

metabolic demand is to support optimal neuronal function (Anderson et al., 2010). As a result 

of this high metabolic demand the brain requires a regular supply of blood. Cerebral blood 

flow (CBF) is defined as a measure of the volume of blood passing through a point in the 

brain circulation per unit of time (Liu and Brown, 2007). The standard unit of measurement 

for CBF is (millilitres of blood)/ (100 grams of tissue)/ minute, and a typical value in human 

grey matter is approximately 60ml/100g/minute (Liu and Brown, 2007). This value increases 

in those below twenty years of age and decreases in those over sixty (Leenders et al., 1990). 

In order to maintain metabolic demand, a brain of average weight (1300-1400g in a 60-65kg 

adult) at rest requires around 800mL/min of blood (Warlow et al., 2007). This is a 

disproportionate amount of blood for the weight of the brain in comparison to other organs, 

and the delivery of blood to the brain takes up to 15-20% of the total cardiac output of the 

heart (Warlow et al., 2007). 
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The high metabolic demand of the brain requires a system that allows for the maintenance of 

a stable flow of blood to the brain despite changes in arterial blood pressure and cerebral 

perfusion pressure (van Beek et al., 2008). Blood flow in the brain is determined by cerebral 

perfusion pressure (the difference between arterial pressure taking blood into the brain and 

the venous pressure) and cerebrovascular resistance (determined by blood viscosity and the 

size of the intracranial vessels). The haemodynamic process that allows cerebral vasculature 

to maintain CBF despite fluctuations in cerebral perfusion pressure is called cerebral 

autoregulation (Dineen et al., 2011). Cerebral autoregulation is maintained over a wide range 

of systemic blood pressure levels by varying pre capillary resistance (Warlow et al., 2007). 

There is compensatory vasodilation of pial and intra cerebral arterioles when blood pressure 

falls and compensatory vasoconstriction when blood pressure rises. Cerebral autoregulation is 

thought to occur by means of myogenic, neurogenic or metabolic mechanisms (Paulson et al., 

1990; Chillon and Baumbach, 2002).   

Endothelium derived NO and eNOS play a prominent role in promoting vasodilation and 

cerebral blood flow (Endres et al., 2004). It has been demonstrated that vascular NO 

production regulates cerebrovascular perfusion and protects against stroke by increasing 

collateral flow to the ischaemic area (Endres et al., 2004). Following induced cerebral 

infarction research has demonstrated that eNOS knockout mice have decreased blood flow in 

the ischaemic border zone and develop larger infarctions (Huang, 1996). By contrast 

enhancing NO production, by administration of the eNOS substrate L-arginine, increases 

cerebral blood flow in the ischaemic territory, improves functional brain activity and 

increases protection from stroke (Dalkara, 1994).  

Although the brain has the ability to regulate its own blood supply, on occasion this system 

fails. When an area of the brain is starved of oxygen, this can lead to stroke (Warlow et al., 

2007). Initially small declines in CBF are compensated for by cerebral autoregulation. 

Further hypoperfusion leads to a lack of oxygen and a resultant inhibition of cerebrocellular 

function and metabolism. Reductions in CBF to within 50 and 20mL/100g per minute can 

result in impaired cerebral function but tissue integrity is preserved. This is called the 

‘ischaemic penumbra’. At this point cells may not be functioning but may still be viable and 

could recover. When CBF drops below 20-25mL/100g per minute there is a loss of neuronal 

electrical activity and the tissue will inevitably die (Siesjö, 1992).  
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Low cerebral blood flow is not only disrupted in the early stages after stroke, but can also be 

problematic months down the line. Regardless of how much time has passed following 

stroke, hypoperfusion can still be witnessed in regions that appear anatomically intact (Mori 

et al., 1994; Hillis et al., 2001; Love and Oster, 2002). Literature suggests that baseline CBF 

levels can be abnormally low following stroke and the amount of time needed for the arterial 

blood to reach and perfuse brain tissue (transit time) can be unusually long (Brumm et al., 

2010). Although CBF levels are not low enough to cause actual cell death, they may be 

inadequate to sustain efficient cognitive or neurological function after stroke.  

1.2231 Measurement of cerebral blood flow 

There are a number of different methods with which to measure CBF. Trans-cranial Doppler 

(TCD) is a non-invasive method using Doppler ultrasound to measure blood flow volume 

traditionally in the internal carotid artery (Wintermark et al., 2005). The main advantage of 

TCD is that it can be performed by the patient’s bedside and can be used easily for repeated 

measurements. However, TCD is limited in its ability to measure global CBF as it calculates 

blood flow volume as a correlate of CBF and does so in only one cerebral hemisphere 

(Wintermark et al., 2005). Consequently TCD should not be used for global measures of CBF 

and cannot be used to investigate specific regions of interest in the brain. In contrast to TCD, 

magnetic resonance imaging allows for regional analysis of CBF and is conducted in a stable 

environment (Liu and Brown, 2007). Traditionally CBF has been measured by MRI using 

invasive methods where an exogenous tracer is injected into the blood stream to produce a 

CBF map. More recently, CBF has been measured by arterial spin labelling (ASL), a 

technique using magnetically labelled blood as an endogenous contrast agent. The use of an 

endogenous contrast agent reduces the risks linked with invasive agents such as exposure to 

ionizing radiation, kidney damage and needle stick injuries (Wintermark et al., 2005). The 

ASL technique allows for frequent, repeated measures rather than having to wait long periods 

for the breakdown of a radioactive tracer before subsequent scans can be taken (Wintermark 

et al., 2005). 

During ASL a magnetic label is applied to the protons of arterial water in the feeding 

vasculature of the brain. The magnetic label is applied by inverting or saturating the 

longitudinal (Z-axis) component of the magnetic resonance signal (Liu and Brown, 2007). 

Once in the capillaries the tagged water passes into the brain tissue where it alters the local 

tissue’s longitudinal magnetization (Aguirre et al., 2005). There is a delay between the 

labelling of the arterial water and the acquisition of an image, known as the inversion delay 
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(Petersen et al., 2006). The inversion delay allows the labelled blood to reach the capillaries 

where they create a perfusion signal when they exchange with the tissue water. A control 

image is also obtained where the static tissue signals are identical. ASL calculates CBF by 

subtracting the signal change in the labelled image, from the control image where the arterial 

blood is fully relaxed. When there is a higher flow of cerebral blood, the labelled blood will 

produce a greater signal change in imaging slice than in the control image (Liu and Brown, 

2007). This difference in signal change is used to quantify CBF and is presented as the 

amount of blood delivered to the cerebral tissue within a set period of time. 

The validity of ASL measures of CBF in individuals with cerebrovascular disease has been 

tested against one of the current ‘gold standard’ measures; single photon emission computed 

tomography (SPECT). Kimura et al (2005) measured CBF by both techniques in 11 

individuals with unilateral occlusive disease. Measurements from each technique were 

correlated across 48 regions of interest and the average correlation was 0.71(Kimura et al., 

2005). Similar agreement levels have been reported for ASL and SPECT measures in the sub-

acute phase following stroke (Tsuchiya et al., 2000). The known functional organisation of 

the brain has also been used to validate whether ASL methods can correctly localise brain 

function. ASL has demonstrated CBF changes in the primary motor cortex in relation to 

motor activities, changes in the occipital cortex in relation to visual activities and changes in 

the Brocca’s area in response to language generation. Overall ASL techniques correlate well 

with other CBF measures of brain activity, with ASL capturing CBF changes based on 

known functional organisation of the brain (Brown et al., 2007).  

A small number of studies have investigated the reliability and reproducibility of ASL (Jahng 

et al., 2005; Jiang et al., 2010). Jiang and colleagues measured the reliability and 

reproducibility of ASL in a small sample of 12 elderly, (76 ± 5 years, range 61-80) 

cognitively normal, healthy subjects (n=12). The subjects were scanned four times, initially at 

three month intervals, except for the final scan where there was a six month interval. Two 

separate readers processed the data from the first two scans of the first eight subjects to 

determine inter-rater reliability. A high level of inter-rater reliability was established between 

the two raters for measurement of CBF in the middle frontal gyrus of both sides of the brain 

(ICC >0.97). The mean value for middle frontal gyrus CBF was 46 ± 11 to 53 ± 10 

ml/110g/min. These values were consistent with previous values reported from PET imaging 

of 40-55 ml/100g/min There was no statistically significant difference between CBF 

measurements for the four scans over the one year period (p=0.68). The study demonstrated 
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that ASL inter-rater reliability using ASL is high and the technique is sensitive enough to 

track longitudinal changes in CBF. 

Although these studies demonstrate that ASL appears to be a valid and reliable non-invasive 

technique they were performed in healthy control participants. The use of ASL in chronic 

stroke is relatively new. A stumbling block to the use of ASL post stroke is that stroke 

survivors may have compromised cerebrovasculature. One of the possible sources of error 

with ASL comes from errors in transit time calculation between the tagging region and the 

imaging slice. Transit delays can occur because of the need to place the tagging slab some 

distance away from the imaging slab in order to minimize the inadvertent perturbation of 

spins in the imaging region by the tagging pulse. In participants with atherosclerosis the 

transit time can be long due to low perfusion velocity and sometimes extensive collateral 

perfusion. In the case of cerebrovascular diseases special methods involving long post-label 

delay times (Alsop and Detre, 1998) and the acquisition of multiple inversion times have 

been implemented to increase the accuracy of the method (Wintermark et al., 2005).  

1.23 Summary 

This section has described how the vascular system plays an important role in maintaining 

homeostasis in the body. In particular, the endothelium plays a key role in homeostasis by 

releasing substances that control vasodilation and constriction and prevent atherosclerosis. 

The brain has a high metabolic demand therefore requires an efficient vascular supply to 

allow optimal neuronal function. When the blood supply to the brain fails it can result in 

stroke where a loss of cerebral blood flow leads to tissue death. Following stroke cerebral 

blood flow is often reduced which can result in cognitive and functional deficit. Arterial spin 

labelling is a valid and reliable non-invasive technique that can be used to measure CBF. 

Vascular control is intrinsically linked with a healthy metabolic system. When metabolic 

abnormalities occur this can have a number of detrimental effects on the vascular system 

which will now be discussed.  

1.23 Vascular control and metabolic disease 

Metabolic health is dependent upon a tightly regulated system that flexibly converts nutrient 

energy into mechanical energy as and when required. When metabolic control is disturbed it 

can result in a number of irregularities in glucose control, lipid storage and blood pressure 

(hyperglycaemia, dyslipidaemia, hypertension and obesity). These metabolic irregularities 

can have a negative impact on the vascular system, which in turn lead to a higher risk of 

diseases such as stroke. Metabolic risk factors are linked to stroke pathology as they can alter 
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the structure of the vasculature by promoting atherosclerosis of arteries and by producing 

narrowing, thickening and increased tortuosity of the arterioles and capillaries (Iadecola and 

Davisson, 2008). Metabolic irregularities can increase the chances of ischaemic insult in the 

brain and can also have a negative impact on recovery. The impact upon recovery occurs as 

vascular damage can compromise collateral blood flow which is vital to maintain the health 

of the area around the infarct (the penumbra) and to promote long term neuroplastic recovery 

(Biessels et al., 2002). The mechanisms behind vascular damage caused by specific 

metabolic irregularities will now be reviewed. 

1.231 Vascular control and diabetes 

Diabetes is a primary risk factor for stroke (Goldstein et al., 2011). A variety of theories have 

been developed to explain why diabetes is closely related to vascular control and stroke. In 

general it is hypothesised that certain metabolic abnormalities that occur with diabetes 

(hyperglycaemia, dyslipidaemia and insulin resistance) appear to drive pathological changes 

in the vascular system which may increase the risk of stroke.  

Hyperglycaemia induces a series of cellular events that increase the production of reactive 

oxygen species (such as superoxide anion) and impact on nitric oxide production (Nishikawa 

et al., 2000; Beckman et al., 2001). Hyperglycaemia impacts on the mitochondrial electron 

transport chain and increases the production of advanced glycation end products (Schmidt et 

al., 1994; Schmidt et al., 1999) Both of these cellular events can lead to an increase in the 

production of reactive oxygen species and increased levels of reactive oxygen species can 

lead to an increase in the activation of protein kinase C (PKC). An increase in PKC can also 

lead to an increase in reactive oxygen species through the up regulation of NAD(P)H oxidase 

(Nishikawa et al., 2000). NAD(P)H oxidase is also upregulated when angiotensin 11 (Ang 

11) is released as a result of metabolic damage (Rush and Aultman, 2008). Oxidative stress 

due to hyperglycaemia can also result in a decrease in the control of dimethylarginine 

dimethylaminohydrolase (DDAH) which acts to control the metabolism of asymmetric 

dimethylarginine (ADMA). ADMA is an endogenous inhibitor of endothelial nitric oxide 

synthase, and as a result, an increase in ADMA levels due to a decrease in the control of 

DDAH can lead to a reduction in the synthesis of NO (Versari et al., 2009). Finally oxidative 

stress induced by hyperglycaemia can lead to a reduction in cellular levels of 

tetrahydrobiopterin (BH4) which is a crucial cofactor for the formation of nitric oxide 

(Versari et al,. 2009). 
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Alongside hyperglycaemia, diabetes induces an elevation in the levels of non-esterified free 

fatty acids (NEFA) circulating in the blood because of excess release from adipose tissue and 

diminished uptake of NEFA by skeletal muscle (Creager and Thomas, 2003). Raised NEFA 

levels have been shown to reduce nitric oxide production by increasing levels of ROS, PKC, 

and NAD(P)H oxidase. The effects of NEFA on endothelial function have been demonstrated 

in human and animal models in vivo (Steinberg et al., 1997). 

Insulin resistance is the final metabolic diabetic irregularity that can have an impact on nitric 

oxide production. Endothelial function has been found to be reduced in insulin resistant 

subjects and medications that increase insulin sensitivity have been found to improve 

endothelial dependent vasodilation (Creager and Thomas, 2003). Insulin’s main impact is on 

the conversion of L-arginine to nitric oxide via endothelial nitric oxide synthase. Insulin 

resistant states may lead to alterations in intracellular signalling that reduce the production of 

nitric oxide (Creager and Thomas, 2003). All of the cellular processes resulting from the 

metabolic abnormalities that characterise diabetes contribute to vascular dysfunction through 

their impact on nitric oxide and resultant increased risk of atherosclerosis and adverse 

cardiovascular events including stroke. Figure 1.2 summarises the overall impact of 

hyperglycaemia; free fatty acids and insulin resistance, on nitric oxide production. 

The cellular processes described above have been mainly based on findings in the peripheral 

vasculature. This does not indicate that the same vascular dysfunctions occur as a result of 

metabolic deregulation in the vasculature in the brain. A link has however been discovered 

between metabolic control, functional changes of regional cerebral perfusion and markers of 

hyperglycaemia induced endothelial dysfunction (Cosentino et al., 2009). Although this study 

was based on a small sample (n=24) it does highlight that metabolic deregulation may play an 

important role in the pathogenesis of regional cerebral blood flow abnormalities which may 

ultimately result in an increased incidence of stroke (Weili et al., 1999).   
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Figure 1.2 The impact of diabetic metabolic irregularities on vascular control 

(adapted from Creager and Thomas, 2003 and Versari et al, 2009) 

 

 

Diabetic metabolic irregularities: Hyperglycaemia; non-esterified free fatty acids and insulin resistance, provoke molecular 
mechanisms that result in the alteration of the structure and function of blood vessels. These include increased oxidative 
stress through the production of reactive oxygen species by advanced ageing end products (AGE’s), mitochondrial 
uncoupling and the action of protein kinase C (PKC) on NAD(P)H oxidase. Oxidative stress leads to a reduced 
bioavailability of nitric oxide (NO). This is through a direct effect on NO availability and an indirect effect through the 
reduction in cellular levels of tetrahydrobiopterin (BH4) a crucial cofactor for the formation of NO and the reduction of 
levels of dimethylarginine dimethylaminohydrolase (DDAH) which acts to control the metabolism of asymmetric 
dimethylarginine (ADMA). NO is generated from the metabolism of L-arginine (originally converted from L-citrulline) by 
endothelial nitric oxide synthase (eNOS). This reaction is also inhibited by an increase in the levels of eNOS endogenous 
inhibitor ADMA as a result of the metabolic complications of diabetes (Adapted from Creager and Thomas, 2003; Versari et 
al., 2009). 

1.232 Vascular control and hypertension 

The risk of stroke increases in proportion to both systolic and diastolic blood pressure (Joint 

British Society, 2005). Hypertension causes a number of pathophysiological changes which 

can alter cerebral auto-regulation and blood flow (Table 1.4). Chronic hypertension is thought 

to shift the lower and upper limits of cerebral auto-regulation towards higher blood pressures. 

This shift in cerebral auto-regulation means hypertensive individuals are particularly 

susceptible to episodes of hypotension (Leonardo, 2010). Chronically raised intraluminal 

pressure can lead to the growth of smooth muscle cells in resistance arteries which can result 

in reduced lumen size (lipohyalinosis), increased vascular resistance and reduced CBF (Sierra 

et al., 2011). Sheer stress also affects endothelial function reducing vasodilatory action and 

promoting atherosclerosis formation which can lead to local thrombus formation and 

ischaemic lesions (Dubow and Fink, 2011). 
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Table 1.4 Major pathophysiological effects of hypertension on the cerebrovascular 

system 

Effect of hypertension on cerebrovascular function 

1. Shift in cerebral auto regulation 

2. Remodelling of smooth muscle in arteries (reduced lumen, reduced CBF, increased 

vascular resistance) 

3. Reduced endothelial function (loss of vasodilation, promotion of atherosclerosis) 

4. Lipohyalinosis (thickening of vessel wall) 

 

1.233 Vascular control and dyslipidaemia 

Triacylglyceride (TAG) is the most prevalent lipid source in the body (Frayn, 2003). High 

TAG levels promote atherosclerosis and thrombogenicity in the vascular system which may 

promote an increased risk of stroke (Antonios et al., 2008). High TAG levels have been 

shown to decrease vascular reactivity and negatively impact on endothelial cell function 

through oxidative stress caused by lipid free radicals (Lundman et al., 1997; Lewis et al., 

1999; Anderson et al., 2001). Hypertriacylglyceride levels have also been shown to be linked 

to an elevation in C-reactive protein (CRP) levels. CRP is an inflammatory marker linked 

with systemic inflammation. Raised CRP levels may be associated with an increased risk of 

coronary artery disease as raised levels promote atherosclerosis (Papagianni et al., 2004). 

Raised TAG levels have been shown to increase fibrinogen and circulating adhesion 

molecules leading to increased carotid intima media thickness (Papagianni et al., 2004). 

Carotid intima media thickness is a reliable marker for early atherosclerosis and postprandial 

hypertriacylglyceridemia has been found to be associated with increased carotid intima media 

thickness (Ryu et al., 1992; Teno et al., 2000).  

Alongside elevated TAG levels, elevated NEFA and cholesterol levels in the vascular system 

can also lead to vascular damage. As discussed previously (see section 1.231), elevated 

NEFA levels have an adverse effect on endothelial function (Steinberg et al., 1997; Lind et 

al., 2000). Elevated NEFA levels also indirectly affect vascular control as elevated NEFA 

levels appear to potentiate the activity of cholesterol ester transfer protein. An increase in 

cholesterol ester transfer protein leads to an increase in the formation of low density 

lipoprotein (LDL) which is associated with the formation of atherosclerosis and the loss of 

high density lipoprotein (HDL) particles which can remove cholesterol from within the artery 

(Lagrost et al., 1995; Braschi et al., 1997; Sanossian et al., 2007). The resultant 
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hypercholesterolemia, alongside elevated blood NEFA levels, has a negative effect on 

endothelial function. The mechanisms leading to this endothelial dysfunction include the 

inactivation of nitric oxide via increased generation of superoxide (Kitayama et al., 2007), 

functional impairment of nitric oxide synthase due to a lack of substrate or cofactors (Stroes 

et al., 1997), reduced protein expression, reduced activity of endothelial nitric oxide synthase 

(Quyyumi et al., 1995; Oemar et al., 1998) and increased levels of asymmetric 

dimethylarginine; an endogenous inhibitor of nitric oxide synthase (Böger et al., 2000). 

Whereas elevated TAG, NEFA and cholesterol levels appear to be linked to vascular 

dysfunction, HDL-C protects against vascular damage (Sanossian et al., 2007). HDL-C 

transports cholesterol away from artery wall macrophages and transports it to the liver to be 

excreted (Brewer, 2004). HDL-C also acts as a powerful anti-oxidant by carrying lipid 

hydroperoxides and paraxonase, both of which are involved in prevention and reversal of 

oxidative damage and limitation of the expression of cytokines (Navab et al., 2001). Finally 

HDL-C reduces the risk of thrombosis as it inhibits platelet aggregation and activation (Shah 

et al., 2001).  

To summarise, lipids appear to be a strong mediator of cardiovascular disease. Raised serum 

levels of triacylglyceride, NEFA and cholesterol lead to a number of negative effects on 

vascular function including increased oxidative stress, raised CRP levels, reduced nitric oxide 

levels reduced protein expression and increased fibrinogen. Conversely raised levels of HDL-

C protects against vascular damage. 

1.234 Vascular control and obesity 

Studies into endothelial function in humans have demonstrated that obesity is associated with 

endothelial dysfunction as measured by forearm and leg blood flow response to endothelium 

dependent and endothelial independent vasodilators (Steinberg et al., 1996; Perticone et al., 

2001; Acree et al., 2007). The key variable in the endothelial dysfunction displayed in the 

obese participants in these studies appeared to be insulin sensitivity. Insulin sensitivity was 

shown to be linearly associated with body mass index (BMI) and waist to hip ratio in obese 

subjects and one study demonstrated that fasting insulin levels predicted over 50% of peak 

increase in forearm blood flow by acetyl choline in both men and women (Perticone et al., 

2001). Although these studies demonstrate impaired endothelial function is linked to obesity, 

measurements were made in peripheral blood flow rather than central blood flow which leads 
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one to question whether results can be extrapolated to cerebral blood flow and linked to 

stroke risk. 

1.235 Summary 

Metabolic irregularities including hyperglycaemia, dyslipidaemia, hypertension and obesity 

can lead to a reduction in vascular control. Metabolic dysfunction leads to a number of 

vascular abnormalities including endothelial dysfunction and a resultant decrease in 

production of nitric oxide and the anti-atherosclerotic properties of the endothelium. 

Reductions in vascular control caused by metabolic irregularities may lead to an increased 

risk of vascular diseases including stroke.  

1.24 Stroke risk and metabolic control 

There are a number of risk factors that are associated with stroke and stroke recurrence, as 

discussed in Section 1.213. The next section will review epidemiological and case control 

research investigating the association between metabolic risk factors and primary and 

recurrent stroke risk.  

1.241 Diabetes and primary stroke risk 

Diabetes is one of the major modifiable risk factors for stroke. Data from case control studies 

and prospective epidemiological studies have demonstrated that diabetes independently 

increases the risk of ischaemic stroke, with a relative risk ranging from 1.8 to nearly 6 fold 

(Goldstein et al., 2011). The Greater Cincinnati/Northern Kentucky Stroke study 

demonstrated that out of a cohort of 2,719 diabetic and non-diabetic stroke patients, 856 

diabetic patients had ischaemic strokes. The authors concluded that diabetes was one of the 

most important risk factors for stroke with 25-26% of all ischaemic strokes being due to the 

effect of diabetes alone or in combination with hypertension (Kissela et al., 2005). 

1.242 Diabetes and stroke recurrence 

Although the data is sparse, diabetes mellitus appears to be an independent predictor for 

recurrent stroke, with 9.1% of secondary stroke being estimated to be attributable to diabetes 

(Furie et al., 2011). Within the United Kingdom the South London Community Stroke 

Project investigated risk factors for stroke recurrence in a sample of 1626 first ever stroke 

patients (Hillen et al., 2003). The three year cumulative risk of stroke recurrence was 14% in 

this sample and atrial fibrillation and diabetes were found to be the primary risk factors for 

recurrence. 7.4% of recurrences and 36.9% of deaths from stroke were attributable to 

diabetes.  
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1.243 Glucose control and primary stroke risk 

One of the primary reasons for the increased incidence of stroke in association with diabetes 

is chronic exposure to raised levels of glucose (Stratton et al., 2000; Selvin et al., 2004; 

Selvin et al., 2005). Studies have demonstrated that even after exclusion of individuals with 

clinically diagnosed diabetes, poor glucose control appears to be associated with increased 

risk of future stroke (Kuusisto et al., 1994; Pyorala et al., 1998; Wannamethee et al., 1999). 

One of the first studies to demonstrate the link between glucose control and stroke risk was 

the Helsinki Policeman study (Pyorala, 1979). The 22 year follow up from this study (n=970) 

demonstrated that poor glucose control identified with oral glucose tolerance testing was 

associated with risk of stroke but not independently to other risk factors including obesity 

(Pyorala et al., 1998). Factor analysis then expanded these findings and it demonstrated that 

insulin resistance syndrome was a statistically significant predictor of stroke risk (Pyorala et 

al., 2000). More recently in the Northern Manhattan Study (n=3298) it was revealed that 

subjects with an elevated fasting glucose had a 2.7 fold increased stroke risk (95% confidence 

interval (CI) 2.0-3.8) (Boden-Albala et al., 2008).  

The Atherosclerosis Risk in Communities trial examined insulin resistance and stroke risk 

(Folsam et al., 1999). The study followed 12,728 non-diabetic adults between 45-66 years for 

between 6-9 years. Participants whose baseline fasting insulin levels were in the highest 

quartile had a 2.11 higher relative risk of stroke than those with fasting baseline insulin levels 

in the lowest quartile. Hyperinsulinemia also appears to be linked to stroke risk in the elderly 

population. A three and a half year follow up study (n=1298 age 65-75 years) demonstrated 

that fasting insulin levels alongside hypertension and previous stroke are associated with 

stroke incidence (Kuusisto et al., 1994). In contrast to these findings, a Finnish study 

investigating 1521 male participants without cardiovascular disease or diabetes at baseline, 

only demonstrated a mild association between stroke risk and hyperinsulinemia (Lindahl et 

al., 2000). In general, however, there does appear to be a link between glucose control and 

stroke risk. 

1.244 Glucose control and stroke recurrence 

Impaired glycaemic control appears to be a particular problem following stroke. In 1975 

Gertler et al (1975) used oral glucose tolerance testing (OGTT) to determine glucose, insulin 

and lipid control in a cohort of 61 males with ischaemic thrombotic cerebrovascular disease 

in comparison to an age matched healthy control group (Gertler et al., 1975). 70% of the 

participants with ischaemic thrombotic cerebrovascular disease had an abnormal glucose 
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tolerance test in comparison to 34% of the controls. The insulin response was also impaired 

in the ischaemic thrombotic cerebrovascular disease group indicating an overproduction or a 

lack of utilisation of insulin following stroke. 

More recently, Kernan et al (2003) investigated insulin resistance following stroke or 

transient ischaemic attack in a group of 72 participants, 24-180 days post event (Kernan et 

al., 2003). An OGTT was conducted and impaired insulin sensitivity was defined by a value 

of <2.5 on the Composite Insulin Sensitivity Index. The Composite Insulin Sensitivity Index 

provides an estimate of whole body insulin sensitivity from the OGTT and has been 

successfully correlated against the ‘gold standard’ measure of whole body glucose disposal; 

the euglycaemic insulin clamp (Matsuda and DeFronzo, 1999). The study demonstrated that 

50% of the subjects had impaired insulin sensitivity shown by values lower than 2.5 on the 

Composite Insulin Sensitivity Index. Although the study demonstrated a high incidence of 

impaired insulin sensitivity there were a number of study limitations. The value on the 

Composite Insulin Sensitivity Index used to establish insulin sensitivity was based on study 

findings from a mainly Hispanic population and therefore may not have been translatable to 

the current cohort who were mainly white American. There also appeared to be some bias in 

inclusion criteria. The methods stated that participants would only be included if their stroke 

was non-disabling. However when it came to analysis a number of the participants had 

physical disability indicated by Rankin scores over one. Another limitation was that although 

the inclusion criteria stipulated participants were at least two months post stroke, four 

participants were enrolled before two months. These methodological concerns limit the 

conclusions of the study. 

The most recent trial to be conducted on the prevalence of abnormal glucose control 

following stroke was conducted in a cohort of 216 individuals with mild to moderate 

hemiparetic gait impairments (mean duration since stroke 37±44 months) (Ivey et al., 2006b). 

Out of the 141 participants not diagnosed with diabetes from past medical history, based on 

fasting plasma glucose samples 11 (8%) were classified as diabetic, whilst 59 (42%) were 

found to have impaired glucose tolerance. A sub group of 80 individuals also underwent an 

OGTT and revealed that 19 participants (24%) had impaired glucose tolerance and three (4%) 

had type 2 diabetes. These findings demonstrated that the fasting plasma samples over-

estimated the incidence of diabetes and impaired glucose control in comparison to oral 

glucose tolerance testing. This demonstrates it may be more appropriate when estimating 

incidence of diabetes and impaired glucose tolerance to use OGTT rather than fasting plasma 
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measures. Overall the study projected that abnormal glucose control may be present in over 

80% of individuals in the chronic stages of stroke.  

Although glycaemic control following stroke has been studied, less research has been 

conducted to see if this problem leads to further stroke. The small amount of research that has 

been conducted in this area does however link glucose control to stroke recurrence. In a 

sample of 3127 patients followed up for 2.6 years following TIA or minor stroke, a J-shaped 

relationship was found between glucose levels and recurrent stroke risk (Vermeer et al., 

2006). The adjusted risk of stroke was nearly doubled in patients with impaired glucose 

tolerance (Hazard ratio (HR) 1.8, 95% CI, 1.1 to 3.0) and tripled in those with diabetes (HR 

2.8, 95% CI, 1.9 to 4.1). However, these results were based upon only one non-fasting 

sample. Non-fasted samples can be affected by whether the patient is in a postprandial or 

fasted state, and more samples may have led to stronger associations. 

Insulin resistance has also been found to be prevalent following stroke, but whether insulin 

resistance is related to stroke recurrence has been less well documented (Kernan et al., 2003; 

Ivey et al., 2006b). A small study conducted in Japan (n=32) reported that insulin resistance 

leading to hyperglycaemia and decreased insulin secretion may be related to recurrence of 

ischaemic stroke (Hishinuma et al., 2009). However this study had limitations, in particular 

the small sample size, limiting the ability to generalise their results. The Insulin Resistance 

following Stroke Trial (IRIS) is an on-going trial which hopes to establish a causal 

relationship between insulin resistance and stroke recurrence (Hankey and Feng, 2010).  

Combined these studies demonstrate that although there is some evidence linking diabetes 

and glucose control with stroke recurrence, more research needs to be undertaken to establish 

this link further, particularly as impaired glycaemic control appears to be a major problem 

following stroke (Furie et al., 2011).  

1.245 Blood pressure and primary stroke risk 

At rest blood pressure can be classified into four categories; normal, pre hypertension; stage 1 

hypertension and stage 2 hypertension (Chobanian et al., 2003) (Table 1.5).   
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Table 1.5  Classification of blood pressure for adults (adapted from Chobanian et al, 

2003)  

BP classification Systolic blood pressure 

(mm Hg) 

Diastolic blood pressure 

(mm Hg) 

Normal <120 And <80 

Prehypertension 120-139 Or 80-89 

Stage 1 hypertension 140-159 Or 90-99 

Stage 2 hypertension ≥160 Or ≥100 

 

It is estimated that more than a quarter of British men and women have hypertension (The 

NHS Information Centre, 2009). Hypertension is a major risk factor for stroke. Data from 

over 61 prospective studies (n=1,000,000, >40 years) has demonstrated that death from stroke 

increases progressively and linearly from blood pressure levels of 115mmHg systolic blood 

pressure (SBP) and 75 mmHg diastolic blood pressure (DBP) upwards. Stroke mortality 

doubles for every 20 mmHg systolic and 10 mmHg diastolic increase in blood pressure and 

this risk can be decreased by specific anti-hypertensive interventions (Prospective Studies 

Collaboration, 2002). Lifestyle interventions, for example exercise and diet, have been shown 

to decrease hypertension (Chobanian et al., 2003) and a large systematic review of 

medications used to reduce blood pressure has indicated that anti-hypertensive agents can 

also reduce stroke risk by 32% (95% CI 24%-39%, p=0.004) (Czernichow et al., 2011). 

Although anti-hypertensive medication has been shown to be very effective in reducing 

stroke risk, there is a lack of evidence regarding which regimens provide the best results 

(Czernichow et al., 2011). 

1.246 Blood pressure and stroke recurrence 

There are few trials directly addressing hypertension and stroke recurrence. To date, only one 

systematic review has been conducted analysing the results from seven randomised 

controlled trials of blood pressure reduction and secondary stroke prevention (n=15,527) 

(Rashid et al., 2003). The review concluded that blood pressure lowering with a variety of 

anti-hypertensive agents including atenolol, perindopril, indapamide and ramipril resulted in 

a reduction in stroke (odds ratio 0.79, 95% CI 0.63 to 0.92) and total vascular events (odds 

ratio 0.79, 95% CI 0.66-0.95). Two further studies have been produced since this meta-
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analysis investigating the role of angiotensin receptor blockers in the reduction of blood 

pressure and stroke risk. Taken together the two studies did not confirm the role of 

angiotensin receptor blockers in reducing stroke recurrence (Schrader et al., 2005; Yusuf et 

al., 2008). 

1.247 Dyslipidaemia and primary stroke risk 

1.2471 Cholesterol and primary stroke risk 

Epidemiological studies are in general consensus that cholesterol levels are associated with 

stroke (Iso et al., 1989). A large study of male smokers (n=28,519) indicated that serum total 

cholesterol levels >7.0mmol/l increased the risk of cerebral infarction (Leppälä et al., 1999). 

Another sizeable study (n=35,2033 males) demonstrated a 25% increase in ischaemic stroke 

rates for every 1mmol/l increase in total cholesterol, however caution must be taken when 

extrapolating these findings to a UK cohort as the study was undertaken in Asia (Zhang et al., 

2003).  

However, not all studies have demonstrated a link between total cholesterol and stroke risk. 

The EUROSTROKE project did not demonstrate a significant association between total 

cholesterol and stroke risk (odds ratio for increase 1mmol/l cholesterol of 0.98, 95% CI 0.88-

1.09) (Bots et al., 2002). The Atherosclerosis Risk in Communities Study (n=14,175) also 

only revealed only a weak and inconsistent relationship between five lipid factors and stroke 

risk (Shahar et al., 2003). However, overall epidemiological studies do appear to link stroke 

risk with high levels of cholesterol. This association is strengthened by the reduction of 

stroke risk for those on lipid lowering medication. Meta-analyses have demonstrated that 

statins reduce the risk of stroke by approximately 21% (n=>90,000 from 26 trials, 95% CI 

15-27%) (Amarenco et al., 2004) and that each 1 mmol/L reduction in LDL-C leads to a 21% 

reduction in stroke (N=165,792, 95% CI 6.3-34%, p<0.01) (Amarenco and Labreuche, 2009). 

Data linking cholesterol extends beyond stroke itself and includes information on stroke 

mortality. The Multiple Risk Factor Intervention Trial (n=350,977) demonstrated a positive 

association between serum cholesterol levels in men and death from ischaemic stroke (Iso et 

al., 1989). The same appears to be true for female subjects with an analysis of eight 

longitudinal prospective cohort studies (n=24,343) in the Women’s Pooling Project revealing 

a positive relationship between cholesterol and ischaemic death in women over 55 years of 

age (relative risk 1.23, 95% CI 1.02-1.49) (Horenstein et al., 2002). 
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1.2472 High density lipoprotein cholesterol (HDL-C) and primary stroke risk 

A number of epidemiological and cohort studies have demonstrated an inverse relationship 

between serum HDL-C and stroke risk (Lindenstrom et al., 1994; Sacco et al., 2001; Shahar 

et al., 2003; Curb et al., 2004). The British Regional Heart Study (n=7,735) demonstrated 

that higher levels of HDL-C were associated with a significant decrease in non-fatal stroke 

risk after adjustment for potential cofounders (Wannamethee et al., 2000). A large study 

conducted in Copenhagen (n=19,698) also demonstrated a link between increases in HDL-C 

and ischaemic stroke incidence (adjusted relative risk 1mmol/l HDL-C increase 0.53, 95% CI 

0.34-0.83) (Lindenstrom et al., 1994). Data from multiple studies has been collated in a 

systematic review regarding stroke risk and HDL- C and has also demonstrated a decreased 

risk of stroke (11-15%) for each 0.6mmol/l increase in HDL cholesterol (Amarenco et al., 

2008). 

1.2473 Triacylglycerides and primary stroke risk 

Investigations into the relationship between triacylglycerides and stroke risk have produced 

inconsistent results. A number of studies have revealed no association between ischaemic 

stroke and triacylglycerides (Hameim et al., 1993; Shahar et al., 2003). However a 

relationship between stroke triacylglyceride levels has been demonstrated in a number of 

prospective studies indicating risk of stroke increases with elevated triacylglyceride levels 

(Lindenstrom et al., 1994; Patel et al., 2004). At present the data regarding the link between 

stroke risk and triacylglycerides is inconsistent. This may be due to poor research 

methodology, with some studies using fasting triacylglyceride levels and others using non-

fasting levels, and a lack of standardisation. It has been recommended that a standard 

triacylglyceride tolerance test is carried out when investigating associations between stroke 

risk and triacylglycerides (Leonards et al., 2010). 

1.248 Dyslipidaemia and stroke recurrence 

There is limited evidence linking stroke recurrence to dyslipidaemia (Kurth et al., 2007). The 

main body of literature in this area focuses instead on the impact of lipid lowering medication 

on stroke incidence recurrence. A meta-analysis of >90,000 participants in statin trials 

demonstrated that lowering LDL-C results in a reduction in stroke risk (Amarenco et al., 

2004). However it is not yet known whether statins can reduce stroke recurrence, with two 

major trials demonstrating that statins can reduce major cardiovascular events, but do not 

significantly reduce stroke recurrence (Amarenco et al., 2003; Collins et al., 2004). 
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1.249 Physical activity and primary stroke risk  

There is an extensive amount of research demonstrating the link between physical inactivity 

and stroke risk (Goldstein et al., 2011). Three large prospective cohort studies have 

specifically investigated the link between self-report physical activity levels and stroke 

incidence. In the first study of 11,130 men (mean age of 54) physical activity was assessed at 

baseline and then at an 11 year follow-up, and stroke incidence recorded over this period (Lee 

and Paffenbarger, 1998). The amount of time participants spent doing physical activity 

(defined as sports, walking or climbing stairs) was calculated as energy expenditure from 

self-report (kcal/week). The study demonstrated that as energy expenditure per week 

increased there was a decreased risk of stroke. This occurred up to 3000 kcal/wk, beyond this 

point the association weakened. The second study investigated 39,315 women during an 

average follow up of 11.9 years (Sattelmair et al., 2010). Within this time 579 of the women 

had a stroke. Vigorous physical activity was not associated with a reduction in stroke 

incidence. However, walking over two hours a week and walking at a brisk pace were 

associated with a 30% and a 47% reduction in stroke risk. The final study investigated both 

men and women (n=3,298) (Willey et al., 2009). In contrast to the previous study the 

researchers found moderate to heavy intensity physical activity was associated with a lower 

risk of stroke (adjusted hazard ratio (HR) 0.65, 95% confidence interval (CI) 0.44-0.98) and 

this interaction was strongest in male participants (HR 0.37, 95% CI 0.18-0.78). Alongside 

individual studies, three meta-analyses have been conducted to summarise the results of 

multiple trials. All three analyses have demonstrated that the relative risk of stroke is between 

20-30% lower in very physically active people in comparison to those whose physical 

activity is low (Lee et al., 2003; Wendel-Vos et al., 2004; Reimers et al., 2009).  

Although these individual prospective cohort studies and the three large meta-analyses 

demonstrate high physical activity is linked to a reduction in the incidence of stroke, all the 

findings were based upon self-report of physical activity levels. Self-reported measures have 

numerous limitations, including self-recall bias, difficulties in ascertaining the frequency, 

duration and intensity of different physical activities, capturing all domains of physical 

activity and social desirability bias (Reilly et al., 2008; Warren et al., 2010). The studies can 

also be criticised as different definitions and questionnaires for physical activity were used, 

and problems were identified with loss to follow up.  

Physical activity may mediate stroke risk through its impact on cardiovascular fitness levels. 

A large scale prospective study demonstrated the link between cardiovascular fitness and 
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incidence of stroke (Hooker et al., 2008). The study included 46,405 men and 15,282 women 

without known stroke or myocardial infarction at baseline, followed up for an average of 18 

years. Cardiorespiratory fitness was measured with a maximal treadmill exercise test and 

levels of fitness were divided into four groups dependent on fitness levels. Significant inverse 

associations between cardiorespiratory fitness and age adjusted fatal, nonfatal and total stroke 

risk were observed in men and women in the study (p<0.05). The findings indicated a 

dramatic drop in the incidence of total stroke for men and women at a cardiorespiratory 

fitness level of 7-8 metabolic equivalents. Although this study demonstrated cardiorespiratory 

fitness reduces primary stroke risk, as yet no studies have been conducted investigating 

whether the same is true for cardiorespiratory fitness reducing stroke recurrence. 

1.2410 Physical activity and stroke recurrence 

There is a significant body of literature demonstrating the potential benefits of a physically 

active lifestyle on health and stroke risk. However, at present there is limited research 

regarding whether increasing physical activity following stroke reduces the risk of 

subsequent stroke (Furie et al., 2011). In contrast, there have been a number of randomised 

controlled trials (RCT’s) conducted to examine if structured exercise (as opposed to habitual 

physical activity) following stroke can improve risk factors associated with stroke which will 

be discussed in section 1.271.  

1.2411 Obesity and primary stroke risk 

Body mass index (BMI) is commonly used in clinical practice to estimate levels of obesity. 

BMI is calculated by measuring weight in kilograms and dividing this figure by the square of 

an individual’s height in metres (Expert Panel on Identification, 1998). Adults with a BMI of 

18.5-24.9 kg/m² are categorised as normal, those with a BMI of 25-29.9 kg/m² are overweight 

and a BMI >30 kg/m² indicates obesity. A recent collaborative analysis of 57 prospective 

studies (n=900,000) has indicated that obesity as measured by BMI is a strong predictor of 

overall mortality (Prospective Studies Collaboration, 2009). For individuals with BMI levels 

falling between 25-50 kg/m², for each 5kg/m² increase in BMI mortality risk was increased 

by 30% (HR per 5 kg/m² 1.29, 95% CI 1.27-1.32) and risk of vascular mortality increased by 

40% (HR 1.41 95% CI 1.37-1.45). With regards to stroke the combined findings of 10 

prospective studies indicated that each 5 kg/m² increase in BMI was associated with around 

40% higher mortality.  
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Using BMI as a measure of obesity may be inappropriate in the elderly as adiposity may 

increase in the elderly even though body mass index and weight stays the same (Walker et 

al., 1996). As strokes are more common in the elderly (Carandang et al., 2006) when looking 

at stroke risk and obesity it may be more appropriate to use waist/hip ratio measurement 

rather than BMI to estimate obesity. Although BMI is highly correlated with waist 

circumference (Flegal et al., 2009), abdominal body fat appears to be a stronger predictor of 

stroke risk than BMI. Increased waist to hip ratio has been found to be associated with a 

greater risk of stroke in men and women in all race-ethnic groups (Isozumi, 2004). 

1.2412 Obesity and stroke recurrence 

Although a relationship has been established between obesity and stroke risk, there has been 

little research conducted to determine if obesity is linked to stroke recurrence. Cardiovascular 

risk factors have been found to increase with increasing weight, but at present this has not 

been linked to stroke recurrence risk (Ruland et al., 2005). 

1.2413 Summary 

In section 1.23 the pathophysiological impact of metabolic abnormalities on vascular control 

were reviewed. The negative impact of metabolic irregularities on vascular control is likely to 

be the main reason behind the established links that have been discovered between metabolic 

abnormalities and primary and stroke recurrence that were reviewed in the previous section. 

Interventions that improve metabolic control may indirectly improve vascular control and 

reduce the incidence of vascular conditions like stroke. Physical activity and exercise have 

been cited as possible methods to improve metabolic control and may also lead to an 

improvement in vascular control. The subsequent section will review how physical activity 

and exercise impacts on metabolism and vascular control in healthy individuals and then 

review its impact following stroke.  

1.25 Physical activity, cardiorespiratory fitness and health 

1.251 Physical activity 

Physical activity refers to ‘any bodily movement produced by skeletal muscles resulting in 

caloric expenditure’ (Vanhees et al., 2005). Levels of physical activity tend to be described in 

regards to frequency, duration, intensity and type of physical activity (Vanhees et al., 2005). 

The UK Department of Health recently updated their physical activity guidelines. The 

guidelines recommend that adults (19-64 years) and older adults (>65 years) be active daily, 

achieving at least two and a half hours of moderate intensity activity in bouts of ten minutes 
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or more per week, or via 75 minutes of vigorous activity spread across the week (Department 

of Health, 2011). These recommendations are based upon abundant evidence from both 

observational and clinical studies demonstrating that moderate and vigorous activity can 

reduce mortality and decrease the development of cardiovascular disease, metabolic disorders 

and other chronic diseases (Thompson et al., 2003; Ignarro et al., 2007).  

 

Two classic studies illustrate the link between physical activity and all-cause mortality. The 

first study analysed self-report physical activity and all-cause mortality in 16,936 men for 12-

16 years (Paffenbarger et al., 1986). Physical activity levels were found to be inversely 

related to total mortality and it was discovered that death rates were one quarter to one third 

lower among participants expending more than 2000 calories during exercise per week. The 

second study investigated over 10,000 men and 3,000 women over an eight year period (Blair 

et al., 1989). An inverse dose-response relationship was found between physical activity and 

mortality. Men in the lowest physical activity quartile were 3.44 (95% CI 2.05-5.77) times 

more likely to die in comparison to those in the upper quartile, whereas the most inactive 

women were 4.65 (2.22-9.75) times more likely to die than women in the upper physical 

activity quartile. 

 

Alongside reducing mortality physical activity has also been shown to reduce risk factors 

associated with cardiovascular and metabolic disease (Blair et al., 1996). Regular moderate 

physical activity can improve glucose tolerance, blood pressure and lipid profile (Bateman et 

al., 2011; Broekhuizen et al., 2011). Hyperglycaemia is a key risk factor for cardiovascular 

disease and premature mortality. There is a large body of evidence from randomised 

controlled trials and cohort studies demonstrating that moderate and vigorous physical 

activity, whether in the form of resistance or aerobic exercise, can modify glucose control 

and reduce the risks associated with hyperglycaemia and the development of diabetes (Pan et 

al., 1997; Boule et al., 2001; Church et al., 2010). Daily step count has also been shown to 

impact upon metabolic control. Dwyer at al demonstrated in a large cohort study (n=292) that 

when comparing step counts over five years an increase in daily step count (measured 

objectively by a pedometer) was correlated with improved insulin sensitivity, lowered body 

mass index and reduced waist to hip ratio (Dwyer et al., 2011). Combined, these studies 

demonstrate that moderate and vigorous physical activity play an important role in 

controlling risk factors associated with chronic metabolic disease. 
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1.252 Non-exercise activity thermogenesis 

In conjunction with evidence demonstrating the health benefits of moderate and vigorous 

activity, there is a growing field of research investigating the possible link between light 

intensity physical activity and health. Light intensity activity, also known as non-exercise 

activity thermogenesis (NEAT), encompasses non exercise activities such as sitting, standing, 

walking and fidgeting (Katzmarzyk, 2010). NEAT is different to sedentary behaviour as 

energy expended during NEAT activities is higher than the supine resting metabolic rate 

(Levine et al., 2000). Evidence is emerging that NEAT can have beneficial effects on 

metabolic control (Levine et al., 2005). Accelerometer data (n=173) demonstrates light 

intensity activity is beneficially associated with blood glucose (95% CI 0.11-0.48 p=0.002) 

and sedentary time is negatively associated with blood glucose (Healy et al., 2007). More 

recently an accumulation of light intensity activity (recorded objectively by accelerometer) 

has been found to be associated with lower triglyceride levels, higher high density lipoprotein 

levels, decreased waist circumference and a reduction in the metabolic syndrome and 

diabetes (Camhi et al., 2011). Alongside moderate and vigorous physical activity, Non-

exercise activity thermogenesis also appears to play a role in metabolic health. 

1.253 Sedentary Activity 

Although the literature has classically looked towards activity, whether light, moderate or 

vigorous, to provide health benefits, there is growing evidence that sedentary activity 

behaviour itself has a significant impact on health. This finding has even been incorporated 

into the recent physical activity guidelines as there are clear recommendations to avoid long 

periods of sedentary time (Department of Health, 2011).  

It is not a surprise that sitting for too long can endanger health. Indeed, a seminal study in the 

1950’s revealed that the risk of myocardial infarction was twice as high for bus drivers who 

sat for long periods in comparison to bus conductors who had a relatively low sit time 

(Morris et al., 1953). High sitting time has also been linked with cardiovascular and all-cause 

mortality. Risk for CVD mortality has been found to be 2.7 fold higher in high sitters 

compared to low sitters (Weller and Corey, 1998) and a progressive inverse relationship has 

been found for all-cause mortality and non-exercise activity (Matthews et al., 2007).  

Alongside being linked to cardiovascular risk and mortality, sedentary time appears to also be 

closely related to metabolic control. A number of studies have reported an association 

between sitting and watching the television and metabolic health (Hu et al., 2003; Dunstan et 

al., 2004; Dunstan et al., 2005; Dunstan et al., 2007). An association has been demonstrated 
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between self-report levels of television viewing and plasma glucose (n=8,357, p<0.05) 

(Dunstan et al., 2007). Objective measurement of sedentary time via accelerometers has also 

demonstrated that an increase in sedentary time is linked to reduced metabolic health as 

indicated by blood pressure, lipid profile and waist circumference (Healy et al., 2008).  

1.254 Measurement of physical activity 

The accurate measurement of physical activity is essential for establishing current levels of 

activity and determining if individuals are achieving levels that are conducive with health 

benefit. There appears to be a positive relationship between the costs of methods to record 

physical activity and their accuracy. For example direct calorimetry is highly accurate but 

time consuming and expensive. In contrast, self-report methods are inexpensive, but this 

often comes at the cost of accuracy. The advantages and disadvantages of a number of 

different methods of measuring physical activity will now be discussed. 

1.2541 Self-report 

Self-report measures are the most commonly used tool for measuring physical activity. Self-

report is a cheap and efficient way of capturing a large amount of physical activity data in a 

relatively short time (Sallis and Saelens, 2000). Although self-report can be used to capture 

the types of physical activities performed throughout the day, it is often difficult to ascertain 

the frequency, duration, intensity and pattern of these activities (Sallis and Saelens, 2000). 

Other disadvantages of self-report include the chance of both social desirability and recall 

bias and reporting may be influenced by fluctuations in health status, mood, depression and 

cognitive ability (Rikli, 2000). Commonly used self-report questionnaires include the 

Paffenbarger Physical Activity Questionnaire, the Baecke Physical Activity Questionnaire, 

and the Godin Shephard Leisure Time Questionnaire.  The International Physical Activity 

Questionnaire (IPAQ) is a self-report questionnaire with the advantage of splitting physical 

activity up into four different domains: work; transport; house and garden work; and 

recreation (Warren et al., 2010). The IPAQ has been demonstrated to be a valid and reliable 

measure of physical activity in a number of different chronic conditions (Craig et al., 2003). 

1.2542 Accelerometers 

Accelerometers are a more accurate method of recording physical activity than self-report as 

they allow for the objective assessment of habitual physical activity. Accelerometers measure 

the rate and intensity of body movement in up to three planes (anterior-posterior, mediolateral 

and vertical) by measuring the applied acceleration acting along a sensitive axis (Godfrey et 

al., 2008). Accelerometers respond to both the frequency and intensity of movement and can 
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provide long periods of continuous, unobtrusive and reliable data from both the day and the 

night (Murphy, 2009). The positioning of the accelerometer is an important consideration as 

if the sensor is applied to the lower body it may not accurately capture upper body movement 

or cycling. However, as the bulk of human movement is locomotion, and accelerometers 

capture this movement accurately, the precise assessment of activities like cycling with 

accelerometry is not a major consideration (Warren et al., 2010). Another problem often 

encountered with accelerometers is that they can be inaccurate when used to measure energy 

expenditure. Accelerometers do not capture the full energy cost of activities such as walking 

uphill, or walking carrying a heavy load, because acceleration patterns don’t change under 

these conditions (Murphy, 2009). Accelerometers combined with other physiological 

measures (e.g. galvanic skin response and temperature) may be a more accurate method of 

capturing energy expenditure (St-Onge et al., 2007).  

1.2543 Direct and indirect calorimetry and the doubly labelled water technique 

As discussed in section1.251-1.253, it is not only physical activity that is conducive to health 

but also non-exercise activity thermogenesis and reducing periods of sedentary time. Self-

report measures of physical activity capture mainly moderate and vigorous activities, 

sometimes investigate average sitting time, but rarely investigate NEAT behaviour. 

Conversely measures of total energy expenditure (TEE) in kilocalories capture all forms of 

energy expenditure over the day. Although accelerometers have been used to estimate TEE, 

as discussed in the previous section this method can be inaccurate. More precise methods of 

measuring TEE include direct and indirect calorimetry and doubly labelled water.  

During direct calorimetry an individual is placed in a specialised insulated chamber which 

contains devices to measure heat liberated from the body (Levine, 2005). This method 

requires expensive and sizeable equipment, leading to the need for more portable systems to 

be developed. Indirect calorimetry measures TEE by capturing whole body oxygen 

consumption and carbon dioxide production. The individual wears a hood that captures 

inspired oxygen and expired carbon dioxide and from these levels an estimation of TEE can 

be made (Cunningham, 1990). 

Although direct and indirect calorimetry both provide accurate methods of measuring TEE, 

the measurements can only be performed over a few days and the controlled environment 

may not represent normal activity levels. The doubly labelled water (DLW) method is an 

alternative method of measuring TEE that can be performed over a number of weeks in an 
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individual’s habitual environment (Cole and Coward, 1992; Bluck, 2008). In the DLW 

method both the hydrogen and oxygen in water are labelled using stable non-radioactive 

isotopes. Elimination of the administered DLW as either urine or saliva can be used to 

estimate carbon dioxide and energy expenditure. The principle of the technique is that the 

isotopes of hydrogen and oxygen that make up the DLW are lost at different rates in the 

body. Oxygen is lost from the body as water, urine, breath and carbon dioxide in expired air. 

Hydrogen, on the other hand, is only lost through water, urine and breath, not in carbon 

dioxide, therefore hydrogen is lost at a slower rate than oxygen. The rate of loss of hydrogen 

and oxygen levels in the DLW can be used to calculate TEE. Baseline samples of urine, 

saliva or blood are collected prior to DLW dosing. Time is allowed for the DLW to mix 

within the body water space and then more samples are collected over 7-21 days. Mass 

spectrometry is used to calculate changes in oxygen and hydrogen isotopes over the 

measurement period. The error of measurement using this technique is between 6-8% and can 

be reduced by the collection of multiple samples over the testing period (Scheoeller, 1987). 

Although the DLW technique is seen as the ‘gold standard’ measure of TEE, its accuracy 

comes at a high cost and requires a high degree of technical skill to process the samples. As 

the technique is complex and expensive its main disadvantage is it can only be used with 

small study samples.  

1.2544 Cardiorespiratory fitness measurement 

The cardiorespiratory system is responsible for transporting substrates around the body. 

When the demand for substrates increases, for example during exercise, the cardiorespiratory 

system should efficiently supply this demand (Schnermann, 2002). The efficiency of the 

cardiorespiratory system in supplying substrates such as oxygen can be used as a biomarker 

for metabolic health.  

Exercise testing can be used to determine the body’s cardiorespiratory function (Fletcher et 

al., 2001). During the exercise test cardiac function is monitored via electrocardiography and 

blood pressure measurement, and gas exchange can be used to determine respiratory capacity. 

As exercise begins heart rate (beats per minute) and stroke volume (volume of blood ejected 

per heart beat) increase. Heart rate continues to increase linearly as exercise carries on until it 

reaches its maximum level. The magnitude of heart rate response is determined by age, 

fitness, type of activity, presence of heart disease, medication, blood volume and 

environmental factors (Dehn and Mullins, 1977). Stroke volume increases in a curvilinear 
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fashion until it reaches its maximum at approximately 50% of aerobic capacity (Mitchell and 

Blomqvist, 1971).  

Blood pressure is measured at rest and throughout an exercise test and gives an indication of 

the cardiovascular system’s adaptability to an increase in energy expenditure. During exercise 

there is a positive increase in systolic blood pressure with maximal values reaching around 

190-220mmHg at peak exercise. Diastolic blood pressure on the other hand remains the same 

or may decrease slightly (Comess and Fenster, 1981; Fletcher et al., 2001). 

In order to provide more oxygen to working muscles, pulmonary ventilation (minute 

ventilation) increases from 6 l/min at rest to values up to 90-100 l/min at peak exercise. Peak 

oxygen consumption is the highest rate of oxygen transport and utilisation that can be 

achieved at maximum exertion. Peak oxygen consumption is the product of the capacity of 

the cardiovascular system to supply oxygen (i.e. cardiac output) and the capacity of the 

skeletal muscles to utilize oxygen (i.e. arterial-venous oxygen difference). Peak oxygen 

consumption is the most widely recognised measure of cardiopulmonary fitness and is a 

measure of the metabolic adaptability of the cardiovascular system during exercise (Dehn and 

Bruce, 1972). 

1.255 Summary 

Physical activity, non-exercise activity thermogenesis and sedentary time are all related to 

health. It is important to apply sensitive and specific methods of assessing physical activity 

and energy expenditure. Indirect and direct calorimetry and DLW are accurate methods but 

can be financially prohibitive. In contrast, self-report is cheap to administer but prone to 

recall and social desirability bias. Alongside physical activity measurements cardiorespiratory 

fitness can be evaluated as physical activity levels are related to fitness levels. The ‘gold 

standard’ measure of cardiorespiratory fitness is peak oxygen consumption. The next section 

will review how stroke impacts upon physical activity levels and cardiorespiratory fitness. 

1.26 Physical activity and cardiorespiratory fitness following stroke 

Reduced levels of physical activity and cardiorespiratory fitness following stroke may be due 

to direct or indirect factors (Saunders et al., 2004). Physical inactivity however, is a primary 

risk factor for stroke, suggesting that people who have stroke may have had low pre morbid 

physical activity levels (Goldstein et al., 2011). Furthermore, as stroke risk increases with 

age, individuals who have stroke are more likely to have multiple pathologies and this may 

impact on post-stroke physical activity and fitness levels (Goldstein et al., 2011). 



36 

 

Hemiparesis is a direct result of stroke immediately reducing physical activity levels due to a 

reduction in muscle activation. Reduced muscle activation indirectly reduces mobility as it 

results in weakness, reduced co-ordination and sensory deficits. The next section will review 

the impact of stroke on physical activity and cardiorespiratory fitness levels. 

1.261 Physical activity and stroke 

Over the past decade numerous methods have been used to capture physical activity levels 

following stroke (see Table 1.6 for summary). Early work applied an observational method, 

mapping physical activity levels while patients were still on the ward (Esmonde et al., 1997; 

Bernhardt et al., 2004; De Wit et al., 2005; Bernhardt et al., 2008). Observational mapping 

involves monitoring physical activity at ten minute intervals and categorising physical 

activity patterns. Three observational studies from Australia have indicated that patients on 

stroke units spend a large amount of their time physically inactive and very little time in 

therapy (Esmonde et al., 1997; Bernhardt et al., 2004; Bernhardt et al., 2008). One of the 

trials demonstrated that patients spent over 60% of weekdays inactive and alone (Bernhardt et 

al., 2004). Caution must be taken when extrapolating these Australian findings to stroke units 

in the UK. However, a comparison trial between four European stroke units demonstrated 

that UK physical activity levels are also low (De Wit et al., 2005). Patients in the UK were 

found to spend the least amount of time in therapy in comparison to Switzerland, Germany 

and Belgium. A further study comparing the functional outcome of the same patients 

indicated that gross motor and functional recovery were lowest in the UK, possibly linked 

with lower levels of therapy (De Wit et al., 2007).  

Although observational studies have produced some enlightening insights into physical 

activity, they are not without limitation. Observational studies rely on the subjective 

recording of physical activity which is vulnerable to observer bias and tends to only be 

conducted while the patient is still on the ward. Accelerometers can be used to remove the 

subjectivity of observational methods and to capture habitual physical activity levels. Two 

studies using accelerometers report step counts prior to discharge from the ward. Prajapati et 

al (2011) used the ABLE system, consisting of two accelerometers on each ankle and a data 

logger around the waist, to monitor physical activity levels in the acute stages of stroke 

(Prajapati et al., 2011). Measurement revealed that patients were taking between 584-9965 

steps over the eight-hour monitoring period (mean 4257 ± 2857). The ABLE system also 

allowed the characterisation of walking bouts and total walking time. Participants were 

walking on average for 48 ± 27 minutes per day and this was made from 54 ± 22 second long 
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bouts. These short bouts indicated that walking was primarily to achieve activities of daily 

living and would not have induced any cardiovascular effects that may have benefitted health 

(Michael and Macko, 2007). The second study applied an accelerometer on the ankle of ten 

participants for two days and the results demonstrated that participants were taking on 

average 5541 ± 1845 steps per day on the ward (Manns and Baldwin, 2009). Three further 

accelerometer studies have investigated step count per day over six months post stroke 

(Haeuber et al., 2004; Michael and Macko, 2007; Rand et al., 2009). The study findings 

indicated that although the individuals were all independently mobile, they spent most of 

their waking hours sedentary, with mean average step count being lower than 5000 per day in 

the three individual trials. Step counts were significantly below the recommended 10,000 

steps per day for health promotion and the reduction of cardiovascular risk factors (Iwane et 

al., 2000; Tudor-Locke and Bassett, 2004).  

Although these objective accelerometer studies demonstrate low physical activity following 

stroke, there appears to be a large variation in step counts per day and whether step counts 

change over time. Reasons behind this variability may be due to the positioning of the 

accelerometer, different study inclusion criteria (although all participants could walk, some 

studies stated participants must have some form of gait deficit whereas others did not) and 

different lengths of monitoring. One of the major criticisms of all the studies is that the 

monitoring period was less than three days. It is recommended that monitoring is conducted 

over seven days to account for day to day variability in step counts (Chastin and Granat, 

2010). Monitoring also was only conducted during the day, therefore would not capture 

activity in the evening and at night and there was no standard definition of how long day 

monitoring periods should be.  
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Table1.6 Summary of main findings from stroke physical activity literature 

Author and 

sample size 

Deficit Location: Ward 

(W)/Community (C) 

Method of recording Monitoring period Key findings 

Berndhardt  

(2004) 

N=64 

Mild–severe (NIHSS) W (<14 days post stroke) Observation 2 weekdays  13% of working day physically active 

DeWit (2005) 

N=60  

Mild-severe W (27 days post stroke) Observation 30 weekdays <1 hour per day in therapy 

Prajapati (2011) 

N=16 

N=7 mild n=9 moderate 

(walked with aid) 

W (38 ± 25 days post stroke) Accelerometer both 

ankles 

8 hours 4257 ± 2857 steps, total walking 

time 48mins ± 27, number of walking 

bouts 58 ± 31secs 

Manns (2009) 

N=10 

Mild (8.8-14 CMSA) Three time points:  

1)W 2/7 prior to D/C 

2) C 2/52 post discharge 

3) C 6/52 post discharge 

Accelerometer non 

paretic ankle 

1)2 days (774 

mins/day) 

2)3 days 

(798mins/day) 

3)3 days 

(909mins/day) 

1)5541 ± 1845 steps per day  

2)5506 ± 2197 steps per day 

3)6195 ± 2068 steps per day 

Shaughnessy 

(2005) 

N=11 

Mild (SIS 32-45 for mobility 

section) 

 

Two time points: 1)2/52 post 

discharge from ward  

2)3/12 after discharge from 

ward 

Accelerometer Not recorded 

 

1)1536 ± 106 

2)2765 ± 1677 (+80% between 

measuring periods change p<0.001) 

Rand (2009) 

N=40 

>90% mild impairment 

(CMSA) 

C (33 months post stroke) Accelerometer both 

hips 

3 days (900mins/day) 163 ± 149 Kcal/day active energy 

expenditure  

Michael (2005) 

N=50 

Mild (NIHSS 3.57) C (10 months post stroke) Accelerometer non-

paretic ankle 

48 daylight hours 2837 ± 1503 steps per day 

Haeuber (2004) 

N=17 

N=13 mild n=4 moderate 

(walked with zimmer) 

C (42 months post stroke) Accelerometer both 

hips 

48 hours 3049 ± 1918 steps 321 ± 187 

Kcal/day active energy expenditure 

CMSA-Chedoke McMaster Stroke Scale (0-14), NIHSS National Institute for Health Stroke Scale (0-42), SIS-Stroke Impact Scale (0-45) 
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1.262 Cardiorespiratory fitness and stroke 

As discussed in the previous section physical activity levels are low both in the acute and the 

chronic stages of stroke. Levels of physical activity are positively associated with 

cardiorespiratory fitness (Berthouze et al., 1995). Therefore substantial inactivity induces a 

reduction in aerobic capacity. In people living in the community with stroke cardiorespiratory 

fitness has been shown to be approximately 50% lower than age and gender matched healthy 

people (Patterson et al., 2007). Peak oxygen consumption is the most widely recognised 

measure of cardiorespiratory fitness (discussed in detail in section 1.2544). An average 

healthy male has a peak oxygen consumption of approximately 40-50 ml/kg/min. This level 

reduces to 25-30 ml/kg/min at around 65 years of age (Geddes, 2007). Peak oxygen 

consumption levels reduce rapidly following stroke. Peak oxygen consumption has been 

shown to drop to 14 ± 5 ml/kg/min within less than a month following stroke (Mackay-Lyons 

and Makrides, 2002). Of more concern is the finding that even in the late stages of stroke, 

when function is only mildly/moderately affected, individuals have very low levels of 

cardiovascular fitness indicated by peak oxygen consumption levels of less than 12 

ml/kg/min (Kathleen et al., 2005). These poor cardiorespiratory fitness levels may impact on 

an individual’s ability to successfully complete their normal daily activities.  

1.263 Summary 

Stroke has a negative impact on both physical activity levels and cardiorespiratory fitness. It 

is imperative that strategies are put in place to reduce this impact as physical inactivity and 

low fitness levels are associated with increased risk of stroke and other cardiovascular 

diseases. One method of achieving a reversal of physical inactivity could be through 

structured exercise therapy. The following section will review the impact of exercise on 

metabolic and vascular control. The final section of this literature review will focus on the 

impact of exercise interventions specifically after stroke. 

1.26 Exercise and health 

Exercise is an aspect of physical activity that has the specific aim of improving one or more 

of the components of physical fitness (cardiorespiratory fitness; muscle strength; and muscle 

power) through a planned structured, repetitive regime (USDHHS, 2008). In the healthy 

population exercise has been shown to improve cardiovascular, metabolic, mental and 

musculoskeletal health (Department of Health, 2011). The impact that exercise has on 

metabolic risk factors including diabetes, dyslipidaemia, hypertension and obesity, and how 
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improvements in metabolic health may result in an improvement in vascular health, will now 

be reviewed. 

1.261 Exercise and hyperglycaemia, dyslipidaemia and insulin resistance 

Certain metabolic abnormalities that occur with diabetes (hyperglycaemia; dyslipidaemia; 

and insulin resistance) can lead to a reduction in nitric oxide (as discussed in section 1.231). 

Diminished production of nitric oxide may promote an increase in atherosclerosis and stroke 

risk. Exercise is also reported to increase nitric oxide levels via a reduction in 

hyperglycaemia (Boule et al., 2001), dyslipidaemia (Kelley and Kelley, 2006) and insulin 

resistance (Figure 1.3). Exercise facilitates the production of hormones, including 

catechoalamines, cortisol and growth hormone, which play a role in the control of glucose 

and non-esterified fatty acid oxidation and insulin sensitivity (Newsholme et al., 2009). 

Exercise also improves metabolic control as muscle contraction stimulates the uptake of 

glucose and lipids into skeletal and cardiac muscle reducing the detrimental effects of 

hyperglycaemia and dyslipidaemia on the vasculature and nitric oxide production (Kingwell 

et al., 2002; Henstridge et al., 2009). 

Exercise has also been shown to impact on nitric oxide production via its effect on vascular 

vasoconstrictors and vasodilators. Angiotensin II (Ang II) is a potent vasoconstrictor of blood 

vessels and is released as a result of damage to the vascular bed which may have been caused 

by diabetic complications (Rush and Aultman, 2008). Ang II has two receptor sites; the Ang 

II type 1 receptor (AT1-R) and the Ang II type 2 receptor (AT2-R) (Brillante et al., 2009). 

Ang II acting through AT1-R increases the production of reactive oxygen species primarily 

through the activation of membrane bound NAD(P)H oxidase (Pelligrin et al., 2009). 

Exercise has been shown to decrease Ang II related vasoconstriction and increase 

vasodilation through a reduction in AT1-R and NAD(P)H levels in the vascular wall. This 

reduction in AT1-R and NAD(P)H levels decrease levels of reactive oxygen species 

increasing levels of nitric oxide with a resultant increase in vascular control (Rush and 

Aultman, 2008).  

Alongside the impact exercise has on nitric oxide through the reduction of Ang II, exercise 

also has an indirect effect on NO production through its modulation of L-arginine. Nitric 

oxide is generated from L-arginine a product synthesised from L-citrulline in the kidney. 

Plasma and tissue concentrations of L-arginine are impaired in patients with type 2 diabetes 

mellitus leading to a reduction in nitric oxide and vascular control. Exercise promotes 
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increased plasma L-arginine levels by increasing amino acid mobilisation from skeletal 

muscle, thus, normalising the production of nitric oxide (Krause and Homem de Bittencourt, 

2008). Exercise can also decrease circulating levels of ADMA a product that inhibits the 

conversion of L-arginine to nitric oxide (Gomes et al., 2008). 

Figure 1.3  The impact of exercise on diabetic metabolic irregularities and vascular 

control (adapted from Creager and Thomas, 2003 and Versari et al, 2009) 

Exercise has a direct effect on the metabolic problems associated with diabetes: hyperglycaemia; non-esterified 
free fatty acids and insulin resistance (1, 2, 3), which indirectly produces an increase in nitric oxide. Exercise 
also reduces the vasoconstricting effects of Ang11 (4) through the reduction of the action of AT1-R receptors; 
reduces reactive oxygen species (5) and the inhibition of eNOS via ADMA (7); and increases the amount of L-
arginine (6) for synthesis to nitric oxide. All these effects directly or indirectly maintain the homeostasis of the 
vasculature minimising vascular damage (Adapted from Creager and Thomas, 2003; Versari et al., 2009). 

1.262 Exercise and dyslipidaemia 

Exercise has been shown to improve lipid control without the possible side effects of lipid 

lowering medications such as statins (National Cholesterol Education Program (NCEP) 

Expert Panel on Detection, 2002). A variety of meta-analyses have demonstrated the 

beneficial effects of aerobic exercise on lipid and lipoprotein regulation (Kelley et al., 2004; 

Kelley and Kelley, 2006; Kelley et al., 2006). Exercise impacts on a number of different 

aspects of postprandial lipid regulation. Postprandial concentrations of triacylglycerol (TAG) 

appear to be reduced following exercise. This reduction may be due to either an increased 

rate of hydrolysis of TAG (stored by very low density lipoproteins (VLDL) and 

chylomicrons) and its uptake to either skeletal muscle or adipose tissue, or to a reduction in 

the appearance of chylomicrons or VLDL into the circulation(Gill and Hardman, 2003). 
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Indeed exercise trained individuals appear to have better TAG clearance than untrained 

individuals (Annuzzi et al., 1987; Sady et al., 1988; Podl et al., 1994). The up-regulation of 

TAG clearance may be due to increases in lipoprotein lipase activity (LPL). LPL levels have 

been shown to rise by between 46-74%, 18 hours after exercise (Kantor et al., 1984; Sady et 

al., 1986). Exercise related up-regulation of whole body LPL activity could be due to changes 

in skeletal muscle LPL levels. Studies have shown that intense exercise can increase skeletal 

muscle LPL by 200-240%, whereas detraining can lead to reductions in LPL activity 

(Simsolo et al., 1993).  

Exercise induced depletions of energy stores and a need for these stores to be replenished 

also play a key role in lowering serum TAG levels (Bielinski et al., 1985; Tsetsonis and 

Hardman, 1996; Gill et al., 2003). Following exercise, postprandial fat oxidation is increased 

through the oxidation of circulating TAG and through the use of stored endogenous lipid in 

both the liver and skeletal muscle (Malkova et al., 2000; Gill et al., 2003). Reliance on 

circulating lipoproteins to re-establish intramuscular TAG stores may result in reductions in 

circulating TAG. A summary of the postulated effects of exercise on postprandial metabolism 

can be seen in figure 1.4.  

1.263 Exercise and hypertension 

Alongside reducing dyslipidaemia, major clinical guidelines recommend exercise alongside 

other lifestyle interventions as a method of reducing hypertension (Chobanian et al., 2003). 

Supporting this, a comprehensive meta-analysis (72 trials n=3936) demonstrates that aerobic 

exercise decreases blood pressure (Cornelissen and Fagard, 2005). In this study reductions in 

blood pressure were hypothesised to be due to a 7.1% reduction in systematic vascular 

resistance which appeared to be related to changes in the sympathetic nervous system and 

renin-angiotensin system.  

Increased sympathetic nervous system activity promotes the formation of reactive oxygen 

species by catecholamine oxidation through the stimulation of NADPH oxidase (Briones and 

Touyz, 2009). As previously discussed in section 1.231, increased production of NADPH 

raises levels of reactive oxygen species resulting in a reduction in nitric oxide and vascular 

control. Increased sympathetic nervous system activity also leads to an increase in 

noradrenalin levels which can induce pro-inflammatory cytokines which also promote 

oxidative damage (Fu et al., 2004). Exercise can reduce sympathetic nervous system activity  
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Figure1.4 The 

impact of exercise 

on postprandial 

lipid metabolism 

(Adapted from Gill 

and Hardman, 2003) 

Exercise results in a 
reduction in VLDL 
and chylomicrons in 
the circulation (1) 
and an increase in 
TAG hydrolysis (2) 
mainly due to an up 
regulation of 
lipoprotein lipase in 
skeletal muscle (3). 
Fat oxidation 
increases in skeletal 
muscle and the liver 
reducing stores which 
are then replenished 
by circulating TAG 
(4, 5).  

VLDL - very low 
density lipoprotein; 
TAG - 
triacylglyceride; LPL 
- lipoprotein lipase.  
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leading to reduced oxidative stress, decreased levels of noradrenaline and reduced plasma 

levels of cytokines (Agarwal et al., 2009)  

Exercise has also been shown to have a positive effect on the pro-inflammatory state that is 

induced by hypertension (Newsholme et al., 2009). Interleukin 6 levels have been found to 

increase following bouts of eccentric and concentric exercise (Toft et al., 2002). Increases in 

the physiological concentrations of interleukin 6 lead to the production of the anti-

inflammatory cytokines; interleukin 1 and interleukin 10, and inhibit the production of the 

proinflammatory cytokine tumor necrosis factor-α (Petersen and Pedersen, 2005). Increases 

in anti-inflammatories such as interleukin 6 could result in a reduction in the vascular damage 

caused by hypertension (Toft et al., 2002). 

1.264 Exercise and cerebral blood flow 

Metabolic dysfunction negatively impairs vascular control and the positive impact exercise 

has on metabolic control appears to improve vascular control. As stroke affects the cerebral 

vasculature it is important to investigate the effects exercise has specifically on this vascular 

area.  

A variety of methods have been used to explore the impact of exercise on vascular control in 

the brain. Ainslie et al (2008) used transcranial Doppler ultrasound (TCD) to study the effect 

of exercise on cerebral blood flow velocity (n=307) (Ainslie et al., 2008) (see Section 

1.2231). The study demonstrated regular aerobic exercise (defined as vigorous aerobic 

exercise more than four times a week over a two year period) in comparison to a sedentary 

lifestyle (no regular exercise) results in an elevation in middle cerebral artery velocity across 

an age range of 18-79 years. The study demonstrated a 17% difference in cerebral blood flow 

velocity between trained and sedentary participants which is the equivalent of a ten year 

reduction in middle cerebral artery velocity ‘age’. It must be observed, however, that the 

study only included male subjects, limiting its external validity and the assessment of 

physical activity levels over the two years relied on self-report.  

Magnetic resonance studies allow for a more direct analysis of cerebral blood flow (Bullitt et 

al., 2009; Burdette et al., 2010). A study combining research into both animal and human 

subjects drew some interesting conclusions using magnetic resonance imaging to capture the 

effects of exercise on the brain (Pereira et al., 2007). In the animal section of the study, 

hippocampal blood flow in mice was measured using magnetic resonance imaging following 

two weeks of free wheel running. Bromodeoxyuridine (BrdU) was injected into the mice 
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daily during the second week of exercise. BrdU levels were then measured after the mice had 

been killed and were used as a marker of newly born brain cells (neurogenesis). Hippocampal 

CBF increased significantly. A significant increase was also demonstrated in neurogenesis in 

the dentate gyrus area of the hippocampus which is thought to be the only region where 

neurogenesis occurs (Kaplan and Hinds, 1977; Eriksson et al., 1998). The human subjects 

(n=11) participated in a twelve week aerobic exercise programme (4 x week). Cerebral blood 

flow measures were made after intravenous administration of gandolinium. The difference 

between pre contrast and post contrast images was used to create a CBF map. As cognition is 

thought to be closely connected to CBF the study also assessed cognition using the Rey 

Auditory Verbal Learning Test. Post exercise the dentate gyrus was the only area of the 

hippocampus where a significant increase in CBF was observed. Significant improvements 

were also found in certain areas of cognition. Taken together the findings demonstrated that 

exercise increases CBF in the dentate gyrus and in animals this is associated with an increase 

in neurogenesis. We can predict that in humans CBF increases will be linked to an increase in 

neurogenesis. If this increase in neurogenesis did occur this may have been the reason 

cognitive scores improved. Caution, however, does need to be applied when interpreting the 

findings from this trial as there was no control group in the human part of the study. 

Furthermore, although it was noted that CBF changes were linked to an increase in cognition 

this only occurred in one section of the verbal learning test.  

Network science is an MRI approach that studies how the brain works as a system through its 

structural and functional connectivity (Bullmore and Sporns, 2009). Network science 

techniques have been used to compare the effects of an aerobic exercise programme to an 

attention matched control group on CBF and functional connectivity in the brain (Burdette et 

al., 2010). Magnetic resonance scans were performed after the intervention using arterial spin 

labelling to quantify CBF and a whole-brain network analysis technique to evaluate the brain 

as a complex network of functional connections. A significant difference was found between 

CBF in the hippocampus of the exercise group in comparison to the control group (p<0.001). 

It was also demonstrated that there was greater connectivity within the hippocampi of the 

exercise group in comparison to the control group (p=0.03). This greater connectivity in the 

hippocampal region of the exercise group suggests that information from this area might be 

more readily transmitted to different regions of the brain. Although this study provided 

intriguing new findings regarding network science, scans were only performed at the end of 
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the intervention, so the brain changes noted may have been there before the intervention 

began. 

Such research highlights that exercise appears to improve CBF. As stroke risk is increased by 

hypoperfusion and recovery from stroke can be compromised by reduced CBF and an 

inefficient collateral blood supply, exercise may be a method of preventing primary and 

recurrent stroke and improving functional outcome (Caplan and Hennerici, 1998; Caplan et 

al., 2006). 

1.265 Summary 

Increasing levels of physical activity and exercise produces positive physiological changes to 

metabolic control and cerebral blood flow in healthy individuals. If the same physiological 

benefits occur following stroke, physical activity and exercise interventions could provide a 

simple and cost effective treatment strategy to improve outcome and reduce the incidence of 

this chronic disease. The impact of exercise following stroke will now be reviewed. 

1.27 Stroke and exercise 

Over the past ten years exercise therapy has started to emerge as a possible method of 

promoting physical activity and cardiorespiratory fitness following stroke (Pang et al., 2006; 

Brazelli et al., 2011). A review of the impact of community based stroke and exercise 

interventions on impairment, activity and participation outcomes will be given in the next 

section. The quality of the trials discussed is summarised in Table 1.7 using the 

physiotherapy evidence database guidelines for quality assessment (The George Insititute for 

Global Health, 2012).  

1.271 Stroke, exercise and impairment 

1.2711 Stroke, exercise and metabolic risk factors 

Stroke risk is increased by a number of different metabolic risk factors including 

hyperglycaemia, dyslipidaemia, hypertension and obesity (Furie et al., 2011; Goldstein et al., 

2011) (reviewed in Section 1.24). Metabolic risk factors appear to be poorly managed 

following stroke. A cross sectional study conducted on 364 individuals living in the 

community with stroke who had completed a research screen for entry into an exercise trial 

demonstrated that 99% of the cohort had at least one sub optimally controlled risk factor 

(Kopunek et al., 2007). Exercise may be one method of reducing the high incidence of 

metabolic impairments present in the stroke population but currently there are only a handful 

of studies addressing this area. 
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Table 1.7 Critical appraisals of randomised controlled stroke and exercise trials included in literature review   

Study number 1 2 3 4 5 6 7 

 Ivey (2007)  Rimmer (2009)  Lennon (2008) Potempa (1995) Ivey (2011) Chu (2004) Macko (2005) 
Intervention type Treadmill Treadmill Cardiac rehab Cycle ergometry Treadmill Water based Treadmill 
Primary outcome Glycaemic control Coronary risk factors Coronary risk factors Cardiovascular 

fitness 
Cerebral blood flow Cardiorespiratory 

fitness 
Ambulatory function 
and fitness 

Method score* 4/10 7/10 7/10 5/10 5/10 6/10 5/10 
Eligibility criteria Yes Yes Yes No Yes Yes Yes 
Random allocation Yes No Yes Yes Yes Yes Yes 
Concealed 
allocation 

No No Yes No No No No 

Groups are similar 
at baseline 

Yes Yes Yes Yes Yes Yes Yes 

Blind subjects No Yes No No No No No 
Blind therapists No No No No No No No 
Blind assessors No Yes No No No Yes Yes 
Adequate follow up No No Yes Yes Yes Yes No 
Intention to treat 
analysis? 

No Yes Yes No No No No 

Between group 
comparisons 

Yes Yes Yes Yes Yes Yes Yes 

Point estimates and 
variability  

Yes Yes Yes Yes Yes Yes Yes 

% recruited 
dropped out before 
study completed 

Intervention 26% 
(9/35) 
Control 41% (14/34) 

Intervention 1 22% 
(4/18) 
Intervention 2 26% 
(5/19) 
Control group 28% 
(5/18) 

Intervention group 
0% post 
intervention, Control 
group 1/24 4% 

none Intervention and 
control 25% (13/51) 

Intervention 0% 
Control 17% (1/6) 

Intervention 22% 
(7/32), Control 31% 
(9/29) 

*Method scores are based on confirmed method scores given by the physiotherapy evidence database (The George Insititute for Global Health, 2012) 
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Table 1.7 (cont.) Critical appraisals of randomised controlled stroke and exercise trials included in literature review   

Study number 8 9 10 11 12 13 14 

 Moore (2010) Pang (2005) Duncan (2003) Pohl (2002) Yang (2006) Mead (2007) Salbach (2004) 
Intervention Treadmill Circuit class Circuit class Treadmill Circuit class Circuit class Circuit class 
Primary outcome Cardiorespiratory 

fitness and stepping 
Cardiorespiratory 
fitness and muscle 
strength 

Cardiorespiratory 
fitness 

Ambulatory 
function 

Muscle strength and 
function 

QOL, ambulatory 
function 

Ambulatory 
function 

Method score* 5/10 8/10 8/10 6/10 7/10 7/10 8/10 
Eligibility criteria No Yes yes Yes Yes Yes Yes 
Random allocation Yes Yes Yes Yes Yes Yes Yes 

Concealed 
allocation 

Yes Yes Yes No Yes Yes Yes 

Groups are similar 
at baseline 

Yes Yes Yes Yes Yes Yes Yes 

Blind subjects No No No No No No No 
Blind therapists No No No No No No No 
Blind assessors No Yes Yes Yes Yes No Yes 
Adequate follow 
up 

No Yes Yes Yes Yes Yes Yes 

Intention to treat 
analysis? 

No Yes Yes No No Yes Yes 

Between group 
comparisons 

Yes Yes Yes Yes Yes Yes Yes 

Point estimates 
and variability  

Yes Yes Yes Yes Yes Yes Yes 

% recruited 
dropped out before 
study completed 

No drop outs 
reported 
 
 

Intervention 6% 
(2/32),  
Control 3% (1/31) 

Intervention group 
12% (6/50) post 
intervention 8% 
(4/50) at 3/12 
follow up. Control 
4% (2/50) post 
intervention 18%  
(9/50) at 3/12 
follow up 

none None Intervention group 
0% 
Control group 3% 
(1/34) post 
intervention, 9% 
(3/34) 4/12 follow 
up 

Intervention- 11% 
(5/44) post 
intervention 
Control 15% (7/47) 
post intervention 

*Method scores are based on confirmed method scores given by the physiotherapy evidence database (The George Insititute for Global Health, 2012) 



 

 

49 

 

To date, only one stroke study has addressed whether exercise can alter glycaemic control 

(Study 1 Table 1.7) (Ivey et al., 2007). The study randomised participants into either a 

treadmill training group or a supervised stretching group. Following six months of treadmill 

training there was a significant difference between the exercise and the stretching group in 

terms of fasting insulin (-23% vs. + 9% delta score (∆) , p<0.05) and total three hour insulin 

area (-24% vs. +3% ∆, p<0.01). No differences were noted between the groups with regards 

to fasting glucose and total three hour glucose area. A sub analysis was also conducted 

investigating insulin and glucose responses in exercise participants with impaired glucose 

tolerance or type 2 diabetes at baseline. The sub analysis revealed that only those with an 

abnormal OGGT at baseline significantly reduced their glucose area (↓14%) in response to 

exercise training (1688 ± 72 to 1455 ± 98 mmol/L per 180 minutes, p<0.05). Although this 

study demonstrated that treadmill training may improve insulin sensitivity and glucose 

tolerance for those with impairments at baseline, the study had a number of methodological 

issues that may have introduced bias. Outcome assessments were not blinded, group 

allocation was not concealed and there was no intention to treat analysis. Of more concern 

was the high number of drop-outs. 26% (9/35) of those randomised to the exercise group and 

41% (14/34) in the stretching group dropped out and were not accounted for by an intention 

to treat analysis.  

Only a handful of studies have focused on the effect of exercise training on lipid control and 

blood pressure (Potempa et al., 1995; Lennon et al., 2008; Rimmer et al., 2009). The first of 

these studies investigated the effect of three different 14 week interventions on coronary risk 

factors including lipids and blood pressure (Study 2, Table 1.7) (Rimmer et al., 2009). The 

first two interventions used cycle ergometry but while one focused on intensity the other 

intervention focused on time.  Both these interventions were compared to a third conventional 

care intervention. Significant changes were observed in total cholesterol in the intensity 

orientated group (4.5 ± 0.7 to 4.1 ± 0.4, p=0.036) and TAG levels in both the intensity (2.6 ± 

1.1 to 1.9 ± 0.8, p=0.03) and the time orientated group (3.6 ± 1.6 to 2.7 ± 1.8, p=0.05). In 

comparison to conventional rehabilitation, only the intensity group significantly reduced 

levels of total cholesterol (p=0.04) and LDL-C (p=0.03). Diastolic blood pressure also 

decreased significantly in the intensity exercise group in comparison to the conventional 

rehabilitation group (78 ± 10 to 69 ± 13 vs. 77 ± 12 to 77 ± 77 ± 9, p=0.04). The study had a 

reasonably high dropout rate in each group (22-28%) however an intention to treat analysis 

was undertaken. The second study compared the effect of a cardiac rehabilitation based 
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programme (10 x 2 per week exercise classes plus two life skills classes) to conventional care 

following stroke (Study 3, Table 1.7) (Lennon et al., 2008). Lipid profile and resting blood 

pressure measures did not change significantly in the exercise group in comparison to the 

control group. Overall cardiac risk score calculated based upon age, resting blood pressure, 

smoking status, diabetic status, total cholesterol and HDL-C scores however did reduce 

significantly (12 ± 10 to 10 ± 11 vs. 9.4 ± 6.8 to 10 ± 6, p=0.02). Reduction in cardiac risk 

score is an important outcome as up to 75% of individuals with stroke have cardiac problems 

(Pang et al., 2006). Drop out was minimal in the study, but outcome assessors were not 

blinded which may have led to bias. The main limitation of this study was the lack of 

functional measures.  

The final study investigated the effect of cycle ergometry versus conventional care on 

cardiovascular and functional outcome. Resting systolic and diastolic blood pressure were not 

altered by the intervention (Study 4, Table 1.7) (Potempa et al., 1995). Overall, the studies 

presented give some indication that exercise may be beneficial for the modification of 

metabolic risk factors following stroke, but insufficient research has been conducted to draw 

any definitive conclusions.  

1.2712 Stroke, exercise and vascular control 

Exercise related modifications in metabolic risk factor such as glucose and lipid control may 

lead to a reduction in atherosclerosis and an improvement in cerebral haemodynamics. 

Currently there is only one study investigating the effect of exercise on cerebral blood flow 

(CBF) in humans following stroke (Study 5, Table 1.7) (Ivey et al., 2011). CBF and cerebral 

vasomotor reactivity (cVMR) were measured before and after a six month (3 x 40 minute 

sessions per week) treadmill training intervention, in comparison to a duration-matched 

stretching programme. Middle cerebral artery blood flow velocity was tested in participants 

using TCD. TCD was conducted under normocapnic and hypercapnic conditions to enable 

the calculation of a cerebrovasomotor reactivity index. Under hypercapnic conditions there is 

an immediate increase in CBF due to dilation of cerebral resistance vessels (Johnston et al., 

2003). Participants in the treadmill training group showed a significant increase in cVMR 

index in both the contralateral (3.9 ± 1.8 to 5.2 ± 4.9 vs. 4.7 ± 2.1 to 4.2 ± 1.4, p=0.05) and 

ipsilateral regions (4.1 ± 1.9 to 5.2 ± 5 vs. 3.9 ± 1.5 to 3.6 ± 1.7, p=0.03) of the brain in 

comparison to the control group. Middle cerebral artery blood flow velocity improved 

significantly in the contralesional hemisphere in the treadmill group in comparison to controls 

(50 ± 14 to 48 ± 13 vs. 46 ± 17 to 48 ± 15 cm/s, p=0.03) but not the ipsilesional hemisphere. 
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The authors concluded that the improvement in cVMR may confer cerebrovascular health 

benefits following stroke. However there were a number of methodological problems with 

this study including a lack of randomisation, not addressing the drop out of 13 participants 

and no mention of blinding of outcome measures. 

Although there is some evidence that exercise following stroke can modify risk factors like 

altered glucose control dyslipidaemia, and hypertension, and can impact upon blood flow in 

the brain, this area requires further research with improved methodology.  

1.272 Stroke, exercise and cardiorespiratory fitness 

Cardiorespiratory fitness is an indicator of overall cardiovascular, metabolic and functional 

health (see Section 1.2544). A number studies have been conducted investigating the effects 

of exercise on cardiorespiratory fitness in the chronic stages of stroke as measured by peak 

oxygen consumption (Dean et al., 2000; Chu et al., 2004; Macko et al., 2005; Rimmer et al., 

2009). Although each study used different exercise interventions, all bar two demonstrated a 

significant increase in cardiorespiratory fitness in the exercise group in comparison to 

controls. The most significant gains were made following a water-based exercise intervention 

(Study 6, Table 1.7) (Chu et al., 2004). Cardiorespiratory fitness increased by 23% in the 

water-based exercise group in comparison to a three per cent increase in an attention matched 

control group who undertook a seated upper limb programme. This study appears to be the 

only piece of research on water-based exercise following stroke. Due to the small sample 

size, the relatively high functioning of those included, and the prerequisite of a pool to 

undertake the intervention, it is difficult to say whether water-based therapy could 

successfully translate into clinical care.   

Treadmill training and cycle ergometry also appear to improve cardiorespiratory fitness 

following stroke. An early study demonstrated that 10 weeks (3 x 30 minutes) of gradually 

increasing intensity cycle ergometry resulted in a significant improvement in 

cardiorespiratory fitness in comparison to controls (17 ± 1 to 19 ± 1 vs. 15 ± 1 to 15 ± 

1ml/kg/min, p=<0.001) (Potempa et al., 1995). In contrast to these findings, a 14 week 

moderate intensity short duration and a lower intensity longer duration cycle ergometry and 

recumbent stepper exercise intervention did not produce improvements in cardiorespiratory 

fitness in comparison to a conventional care group (Study 2, Table 1.7) (Rimmer et al., 

2009).  The authors were unsure as to why they saw no improvement in fitness levels and felt 

it may have been due to the small study sample size and the characteristics of the cohort. A 



 

 

52 

 

large percentage of the cohort was obese (56%) and there were more women than men. 

Studies with comparable interventions have had had more men than women in their cohorts 

(Macko et al., 2005; Moore et al., 2010). This finding may indicate that women respond 

differently in comparison to men in terms of cardiorespiratory fitness. No study, however has 

been carried out with a large enough sample size to inform this type of comparison.  

The impact of treadmill training on cardiorespiratory fitness has been investigated by 

comparing a six month (3 times a week) treadmill training intervention to an attention 

matched stretching group (Study 7 Table 1.7) (Macko et al., 2005). Cardiorespiratory fitness 

significantly increased in the treadmill training group in comparison to the stretching group 

(15 ± 1 to 17 ± 1 vs. 15 ± 1 vs. 15 ± 1, p=0.02). However there was a high dropout rate from 

the study (22% treadmill group, 31% stretching group) and no intention to treat analysis was 

undertaken. Moore et al (2010) also looked at the effect of treadmill training following stroke 

(Study 8 Table 1.7) (Moore et al., 2010). The aim of the study was to establish if after 

patients had been discharged from conventional rehabilitation there was still potential for 

improvement in cardiorespiratory fitness and gait efficiency. Participants were given a four 

week intensive treadmill programme for two to five days per week. Cardiorespiratory fitness 

did not improve, although daily stepping outside treadmill training sessions increased by 

around 25% and the physiological cost of walking reduced significantly. This treadmill 

training intervention was much shorter than the protocol in the previous study which may 

have accounted for the difference in outcome with regards to cardiorespiratory fitness. 

Alongside cycle ergometry and treadmill training, circuit classes also appear to be a feasible 

method for increasing cardiorespiratory fitness following stroke. A nineteen week (three 

times a week) fitness and mobility community based exercise programme (FAME) produced 

a significant change in cardiorespiratory fitness (22.5 ± 5.0 to 24.5 ± 5.3 vs. 21.5 ± 4.3 to 

21.8 ± 4.5) (Study 9, Table 1.7) (Pang et al., 2005). The programme was extremely well 

tolerated by participants with only two drop outs (6%) in the exercise arm. The FAME 

programme was designed in Vancouver by Janice Eng and is a task-related circuit class that 

incorporates stretching, strengthening, balance and aerobic exercises. The programme has 

been used in a number of research trials (Eng et al, 2003., Marigold et al, 2005., Pang et al., 

2005). Alongside improvements in aerobic fitness the FAME programme has been shown to 

increase muscle strength, walking ability, quality of life and bone mineral density in the 

paretic hip following stroke. A shorter circuit class intervention has also been shown to 

improve cardiorespiratory fitness (Study 10, Table 1.7) (Duncan et al., 2003). The twelve 
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week (three times a week) programme of flexibility, strength, balance and endurance 

exercises increased fitness levels by 9% in comparison to no change in the usual care group. 

The drop-out rate was a little higher in this study than the previous (12%) but was still 

considerably lower than drop-out rates cited in treadmill training studies (Macko et al., 2005).  

The studies presented demonstrate that exercise has the potential to improve cardiorespiratory 

fitness after stroke. A water based intervention resulted in the largest change in 

cardiorespiratory fitness, but this finding was based on a very small sample size. Treadmill 

training, cycle ergometry and circuit classes also appear to be feasible interventions for 

promoting cardiorespiratory fitness. Although exercise can lead to physiological increases in 

cardiorespiratory fitness these improvements may not translate into functional improvements. 

The following section will discuss whether, alongside improving cardiorespiratory fitness, 

exercise following stroke can also benefit function.  

1.273 Stroke, exercise and function  

The direct effects of stroke can lead to impairments in balance and muscle strength. These 

effects can influence almost all activities of daily living and have a particularly devastating 

effect on walking. Walking ability is disturbed in up to 80% of patients following stroke with 

individuals often not being able to walk at speeds which allow them to safely cross the road 

(Patricia et al., 1996; Salbach et al., 2004). As walking is such a commonly cited problem 

following stroke it is essential to find an exercise intervention that improves walking ability 

and in turn allows individuals to ambulate safely in the community.  

A recent Cochrane review on physical fitness training for stroke patients analysed the results 

of 32 trials involving 1,414 participants (Brazelli et al., 2011). Interventions were divided 

into cardiorespiratory training (e.g. treadmill, cycling, rowing or walking or stair climbing), 

Strength training (repeated exercises to increase muscle strength using body weight or 

weights) or mixed training (combination of cardiorespiratory and strength training). 

Cardiorespiratory training significantly improved gait parameters including walking speed 

(mean difference (MD) 0.1 m/s, 95% confidence interval (CI) 0.05 to 0.2), preferred gait 

speed (MD 0.08m/s 95% CI 0.2 to 0.1) and walking endurance as measured by the six minute 

walk test (MD 47m, 95% CI 19 to75m). Mixed training also increased walking speed (MD 

0.04m/s, 95% CI 0.02 to 0.1) and walking endurance (MD 31m 95% CI 9 to52m) however 

the effect size was much smaller and the trials included in this analysis were very 
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heterogeneous. There was insufficient data to determine if mixed training improved walking 

ability. 

Although the meta-analysis revealed walking performance was clearly improved by 

cardiorespiratory training and to a lesser extent by mixed training, there was not enough data 

to explore the most effective type, dose or intensity of fitness training on outcome measures. 

The review included a wide variety of interventions including treadmill training, circuit class 

training and water aerobics. Analyses of specific types of exercise intervention, for example 

circuit training and treadmill training, have produced mixed results with regard to walking 

performance.  

Systematic reviews of treadmill training studies have produced conflicting conclusions 

regarding effects on walking ability, mainly due to disparities in exercise training protocols 

and using treadmill speeds that did not reach functional walking speeds (Moseley et al., 2003; 

Foley et al., 2007). Recent treadmill training studies have demonstrated the amount of 

improvement in walking ability may be associated with treadmill training speed with higher 

speeds being more effective (Pohl et al., 2002; Lamontagne and Fung, 2004; Macko et al., 

2005). Although there are some studies demonstrating improvements in gait performance 

with treadmill training, at present there is not enough collective evidence to prove that 

treadmill training improves walking ability after stroke. Alongside a lack of evidence, there 

are pragmatic difficulties with treadmill training as many clinical departments do not have 

access to a treadmill and the intervention requires a high staff to patient ratio for more 

dependent patients. Treadmill training does not allow for peer support and this may have 

implications for associated quality of life, however at present this has not been investigated.  

Task orientated training involving intensive and repetitive practice of functional tasks has 

been found to be an effective method of improving activities of daily living following stroke 

(French et al., 2007). Circuit classes provide a perfect opportunity for task orientated training 

and are an opportunity for peer support and social interaction. A systematic review of six 

task-orientated circuit classes demonstrated significant effect sizes in favour of the 

intervention group for walking distance (0.43; 95% CI, 0.17 to 0.68; P<0.001), gait speed 

(0.35; 95% CI, 0.08 to 0.62: P=0.012) and the Timed Up and Go Test (0.26; 95% CI, 0.00 to 

0.51; P=0.047) (Wevers et al., 2009). Yang et al (2006) investigated the effects of circuit 

class training in comparison to conventional care on gait and muscle strength outcomes 

(Study 12, Table 1.7) (Yang et al., 2006). A four week programme (three times a week) led to 
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significant changes in all gait performance measures including gait velocity, cadence, stride 

length, endurance, stair-climbing ability and Timed Up and Go. Although the study 

demonstrated increases in all gait parameters, it lacked an attention based control group 

therefore between group differences could have been due to social interaction rather than 

exercise training. However, a number of other circuit class based exercise interventions have 

been compared to attention matched control groups and have also demonstrated 

improvements in ambulatory function. Mead et al (2007) demonstrated circuit class exercise 

can result in improvements in walking speed, walking economy and self-report physical 

activity in comparison to an attention matched relaxation group (Study 13, Table 1.7) (Mead 

et al., 2007). Pang et al (2005) revealed significant increases in walking endurance following 

circuit class training in comparison to an upper limb training group (328 ± 144 to 393 ± 151 

vs. 304 ± 124 to 342 ± 133m, p=0.03) and hypothesised the improvements may have been 

due to an increase in paretic lower limb muscle strength (183 ± 74 to 223 ± 100 vs. 195 ± 69 

to 205 ± 79N, p=0.02) (Study 9,Table 1.7) (Pang et al., 2006). Finally Salbach et al (2004) 

established that subjects taking part in a circuit class walked on average 0.21 m/s (95% CI 

0.12-0.30) faster following the intervention than subjects in an attention matched control 

group (Study 14, Table 1.7) (Salbach et al., 2004).  

Published evidence suggests that circuit classes are a feasible method for effectively 

improving gait following stroke. Circuit classes allow for the intensive practice of task related 

activities that can be tailored to an individual’s needs (English and Hillier, 2010). Circuit 

classes are also cost effective as they reduce staff-to-patient ratios (Ada et al., 2003) and 

allow for peer support and social interaction (Dean et al., 2000). Compliance with the 

exercise interventions generally appears to be good and this may be due to individuals in the 

group supporting each other. Increased compliance leads to an increased dose of exercise, 

which may in turn increase effectiveness. In comparison compliance with treadmill training 

has been found to be poor (Ivey et al., 2007). 

1.274 Stroke exercise and quality of life 

Circuit classes may also benefit quality of life through social interaction and raise confidence 

through improved functional ability. At present, however, there is limited research reporting 

quality of life changes following exercise interventions in stroke and no conclusions were 

drawn in this area in a recent meta-analysis (Brazelli  et al., 2011). A number of small trials 

have demonstrated improvements in mood and physical functioning following exercise 

interventions in stroke (Duncan et al., 2003; Aidar et al., 2007; Mead et al., 2007). Circuit 
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group training has been shown to improve mood and physical function as captured by the 

stroke impact scale (Study 10, Table 1.7) (Duncan et al., 2003). Smith et al (2008) assessed 

quality of life using the stroke impact scale (SIS) following a twelve session course of 

treadmill training (Smith and Thompson, 2008). When compared to the control group the 

exercise group did not show significant improvements in the physical and participation 

sections of the SIS. However when the treatment group was observed alone, there were 

significant differences between pre and post intervention measures of physical function and 

social participation. These small studies suggest exercise can improve quality of life and 

participation variables, but at present there is not enough data to confirm whether exercise 

enhances participation following stroke. 

1.275 Summary 

The effects of exercise on impairment, cardiorespiratory fitness function and quality of life 

following stroke have been presented. Exercise appears to have benefits in each of these areas 

but research is lacking on the impact of exercise on metabolism, cerebral blood flow and 

quality of life following stroke. A number of methodological issues were also highlighted in 

the trials discussed and generally sample size was small. In light of this finding, further 

research with robust methodology is needed in this area.   
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1.28 Executive summary 

This literature review has demonstrated that stroke is a common problem with devastating 

consequences. The vascular damage that leads to stroke may be caused by the impact of a 

number of metabolic irregularities including hyperglycaemia, dyslipidaemia, hypertension 

and obesity. Indeed, metabolic abnormalities are linked with an increased risk of primary and 

recurrent stroke. Physical activity levels, non-exercise activity thermogenesis and sedentary 

time are associated with a number of health benefits including improvements in metabolic 

control. Cardiorespiratory fitness appears to be low following stroke and exercise 

interventions have the potential to impact on both physical activity and fitness levels. Current 

research investigating the impact of exercise following stroke on metabolic control and 

cerebral blood flow is limited, but has demonstrated exercise has beneficial effects on 

physical function. Exercise has the potential to reduce metabolic risk factors leading to 

improvements in cerebral blood flow and reducing the likelihood of stroke recurrence 

alongside promoting physical performance and quality of life.  

In light of this information the study chapters presented in this thesis aim to answer the 

following research questions:  

1. Can energy expenditure following stroke be captured accurately by a portable multi-

sensor array in comparison to the doubly labelled water technique? (Chapter 2) 

2. What is the relationship between energy expenditure, physical activity and metabolic 

control post stroke? (Chapter 3) 

3. What effect does a community-based exercise intervention have on metabolic risk 

factors, cerebral blood flow, physical performance and activity cognition and quality 

of life following stroke? (Chapter 4)  
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Chapter 2 

Measuring energy expenditure following stroke: A validation study of 

a portable device 
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2.1 Brief background and rationale to study 

Stroke is a leading cause of functional impairment (Goldstein et al., 2011). The direct 

neurological effects of stroke can lead to diminished energy expenditure and physical fitness 

levels (see Section 1.26). Low levels of total daily energy expenditure (TEE), incorporating 

non-exercise and sedentary activity, have been linked to chronic conditions such as 

cardiovascular disease, diabetes and all-cause mortality in the healthy population (see Section 

1.26 for review) (Manini et al., 2006; Hamilton et al., 2007 ). As stroke may lead to a 

reduction in energy expenditure levels, individuals with stroke may be at risk of further 

chronic disease (Furie et al., 2011).  

To date physical activity data post stroke has been measured mainly by observational studies 

and accelerometers (see Section 1.261) (Gebruers et al.; Bernhardt et al., 2004). 

Observational studies on inpatient stroke wards have recorded physical activity levels by 

measuring types of activity at ten minute intervals. In the community accelerometers have 

been the predominant method used for capturing physical activity levels in the form of step 

counts (Haeuber et al., 2004; Shaughnessy et al., 2005; Rand et al., 2009). Although 

measurement of step count using accelerometers is useful post-stroke, this method does not 

encompass non-stepping physical activity which may also play a role in health promotion 

(Camhi et al., 2011). Methods to accurately capture total daily energy expenditure and 

physical activity energy expenditure following stroke are currently underdeveloped. An 

accurate method of measurement may produce more knowledge of overall physical activity 

and energy expenditure post-stroke and its link to chronic disease.  

At present the doubly labelled water (DLW) method is the ‘gold standard’ technique for 

measuring energy expenditure (Ainslie et al., 2003) (see Section 1.2543 for background). 

Although the DLW technique is accurate and allows for the measurement of habitual levels 

of energy expenditure it is expensive, technically demanding and requires upper limb 

dexterity for urine collection, which can be problematic following stroke. The technique is 

useful, however, for the validation of other methods potentially suitable for use on a large 

scale (Ainslie et al., 2003; Mahabir et al., 2006).  

Recently a multi-sensor array has been developed to measure total energy expenditure levels 

in a variety of populations (Malavolti et al., 2005; Mignault et al., 2005; St-Onge et al., 

2007). The multi-sensor array gathers raw physiological data on movement (via a bi-axial 

accelerometer), heat flux, skin temperature, near body temperature and galvanic skin 
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response. The addition of heat and galvanic skin response sensors to accelerometers may 

provide a more accurate method of capturing energy expenditure as it gives additional 

information regarding the intensity of physical activity compared to accelerometers alone. 

The accuracy of the multi-sensor array has been demonstrated in healthy individuals and 

diabetics using DLW (Mignault et al., 2005; St-Onge et al., 2007). The multi-sensor array 

has not however been validated within a stroke population where energy expenditure levels 

are likely to be very different due to movement abnormalities. This chapter will report on the 

validity of the multi-sensor array in comparison to DLW in older adults following stroke.  

2.2 Study aim and objectives 

Aim 

To compare measures of energy expenditure estimated by a portable multi-sensor array to 

those measured by the doubly labelled water technique. 

Objectives  

1) To estimate limits of agreement between measurement of energy expenditure with 

DLW and the multi-sensor array in older adults six months post stroke. 

2) To determine ease of use and compliance with the multi-sensor array.

2.3 Subjects and methods  

2.31 Ethics and consent  

All participants gave informed written consent for the study. The study was approved by the 

National Health Service County of Durham and Tees Valley Research Ethics Committee. All 

procedures were in accordance with the Helsinki Declaration. 

2.32 Inclusion criteria  
Stroke participants were eligible for the study if they had been diagnosed with stroke by a 

stroke physician through computer tomography or magnetic resonance imaging and clinical 

characteristics. Participants were all over fifty years old (>six months post stroke) and had a 

mild to moderate gait deficit as a result of their stroke, but were able to walk independently 

ten metres with or without an aid. Mild to moderate gait deficit was defined by asymmetry of 

gait including reduced stance time and increased swing time in the affected limb, or by gait 

speeds of less than 1.3 m/s assessed by a ten metre walk test (10MWT).  
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2.33 Exclusion criteria 
Participants were excluded if they had severe deficits in communication (defined as the 

inability to follow two stage commands), cognitive problems (defined as mini mental test 

score <24), mobility problems prior to stroke, a complicating medical history such as a co-

morbid neurological disorder, or if participants were unable to visit the research centre for 

follow up visits. 

2.34 Outcome measures 

Anthropometric measurements: Measurements were made on the day of DLW dosing for all 

volunteers while wearing light clothing and no shoes or socks. Height was measured using a 

standard rigid stadiometer to the nearest 0.1cm. Weight was measured to the nearest 0.2 kg 

with calibrated scales (Seca medical 769 column scale, USA).   

Doubly labelled water: Total energy expenditure (TEE) was measured using the DLW 

technique over 10 days. Participants provided two pre dose urine samples (one on the day of 

dosing and one the day before). Each volunteer received a weighed dose of DLW containing 

174mg/kg body weight of ¹⁸O and 70mg/kg body weight of ²H. Participants were instructed 

to provide the first pre-dose urine sample approximately 24 hours after dosing and then at a 

similar time, but not the first void of the day, for the next ten days. Participants were given an 

advice sheet on urine sample collection and a log sheet to document the date and time of each 

urine sample (see Appendix A). Urine samples were collected daily for ten days at a similar 

time of day, but not the first void of the day (see Figure 2.1).  

Figure2.1  Timeline of study protocol 

  
Visit 

1 
          

Visit 

2 

Day -1 0 1 2 3 4 5 6 7 8 9 10 11 

Anthropometric 
measurement 

             

Dosing              

Urine Sample 1 2 3 4 5 6 7 8 9 10 11 12  

DLW 
measurement 

             

Portable array 
measurement 

             

 



 

 

62 

 

Doubly labelled water analysis: DLW analysis was carried out by the MRC Nutrition 

Research Group at the Elsie Widdowson Laboratory in Cambridge, UK. Analysis was 

conducted using isotope ratio mass spectrometry as described previously (Hoffman et al., 

2000). Basal metabolic rate (BMR) and fat mass were estimated from published equations 

(Jackson et al., 2002; Bluck, 2008). Activity energy expenditure was calculated by TEE - 

BMR. 

Multi-sensor array: A multi-sensor array (Sensewear Pro₃, Bodymedia Inc, PA, USA) was 

positioned on the back of the participant’s non-affected upper limb, midway between the 

shoulder and elbow joint. The multi-sensor array gathers raw physiological data on 

movement (via a bi-axial accelerometer), heat flux, skin temperature, near body temperature 

and galvanic skin response. Algorithms process the raw data into lifestyle information such as 

daily energy expenditure relative to baseline metabolism (metabolic equivalent: MET per day 

[1 MET = resting metabolic rate]), total energy expenditure (calories per day), physical 

activity duration (time spent doing activities >3 METS) and average number of steps walked 

daily. The algorithms used by the multi-sensor array were not available due to commercial 

protection by the manufacturer. The monitor was worn for ten days over the same period as 

DLW, and was only removed for water related activity.  

2.35 Statistical analysis  

Differences were evaluated using the Mann-Whitney U test with Spearman’s rank correlation 

coefficients applied to show relationships between methods. Agreements between methods 

were assessed using a Bland-Altman plot. A predefined value of ± 300 kcal/day was set as an 

upper and lower limit of agreement for reasons previously described (St-Onge et al., 2007) 

All statistical analysis was carried out using SPSS version 17 (SPSS Inc., Chicago, IL, USA). 

All data are presented as means ± SD unless otherwise stated. Statistical significance was 

taken if p<0.05. 
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2.4 Results 

2.41 Participant characteristics 

Participant characteristics are given in Table 2.1. The average age of the participants (73 ± 8 

years) placed the cohort in the young-old age bracket (65-74 years) (Kaminsky et al., 2006). 

There were more male participants than female (3 female vs. 6 male). Average body mass 

index (27 ± 2) indicated that participants were overweight according to reference values 

(Expert Panel on Identification, 1998). The average walking speed (1.2 ± 0.2 m/s) was within 

the normal range for individuals over 50 years (0.9-1.4 m/s) (Bohannon and Williams 

Andrews, 2011). Two individuals had marked hemiplegia and the other participants had mild 

balance and gait difficulties. Mean impairment level as measured by the National Institute for 

Health Stroke Scale indicated mild impairment (2 ± 2). 

Table 2.1  Participant characteristics 

Variable 
Stroke 

Mean ± SD 

95% Confidence 
Interval for 

Mean 

Age (years) 73 ± 8 - 

Gender (F/M) 3/6 - 

Body mass index (BMI) (kg/m²) 27 ± 2 - 

National Institute of Health Stroke 
Scale (0-42) 

2 ± 2 (range 0-7) - 

Walking speed (m/s) 
1.2 ± 0.2 (range 0.8-

1.5) 
- 

Body fat mass predicted from BMI (%) 28 ± 7 - 

Basal metabolic rate (KJ) 6809 ± 1209 - 

Total energy expenditure  
by doubly labelled water (kcal/day) 

2473 ± 468 2114-2833 

Total energy expenditure  
by multi-sensor array (kcal/day) 

2380 ± 468 1956-2803 

Active energy expenditure by doubly 
labelled water (kcal/day) 

855 ± 321 608-1101 

Active energy expenditure by multi-
sensor array (kcal/day) 

753 ± 332 498-1009 
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Compliance and comfort of multi-sensor array 

Adherence with the multi-sensor array was excellent with all nine participants wearing the 

monitor for >95% of the recording period. There were no complaints regarding application of 

the monitor and, although it was worn for ten days, no discomfort issues were highlighted.  

2.42 Main results 

DLW and multi-sensor array measures of TEE were not significantly different (2473 ± 468 

vs. 2380 ± 551, p=0.17). There was a strong relationship between DLW and multi-sensor 

array methods of capturing TEE (r=0.85, p<0.01, Figure 2.2).  

Figure 2.2 Relationship between the multi-sensor array and doubly labelled water 

measures of total energy expenditure 

 

Bland-Altman analysis revealed a mean difference of 94 ± 185 kcal/day (95% confidence 

interval: 49-236, 3.8%) in TEE measures given by the multi-sensor array in comparison to 

DLW (Figure 2.3). Only one individual was outside the pre-defined 300 kcal/day upper and 

lower limits of agreement. TEE measures made with the multi-sensor array on the two 
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individuals with marked hemiparesis indicated that the measurements were <6% different 

than those taken by the DLW technique. 

Figure 2.3 Bland-Altman Plot showing limits of agreement between multi-sensor 

array and doubly labelled water total energy expenditure measures. The 

unbroken horizontal lines are ±2SD and broken are ±300 kcal limits of 

agreement 
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2.5 Discussion 

This study demonstrates that the portable multi-sensor array accurately measures TEE 

compared to DLW, in stroke survivors with mild gait deficit. As with-in subject measures of 

daily TEE with DLW can vary by 8% (200 kcal/day) (Black and Cole, 2000) a mean 

difference of 93kcal per day between the two methods is minimal. Importantly, the multi-

sensor array produced an estimation of TEE within 160 kcal/day (<6% difference) in 

individuals with marked gait asymmetries. Compliance with the multi-sensor array was 

excellent and no complaints were noted regarding ease of use. The data demonstrates that the 

multi-sensor array is a novel and valid assessment tool which may assist understanding TEE 

in stroke and potentially its clinical management.  

To date, physical activity levels following stroke have been measured using observation on 

the ward, or by objective measurement with accelerometers (Bernhardt et al., 2004; Rand et 

al., 2009). Observation is limited by subjectivity and tends only to be conducted in controlled 

environments rather than in the community. Although accelerometry has been demonstrated 

to be an accurate and reliable measure of step count following stroke (Rand et al., 2009), 

estimation of TEE from accelerometry counts has been found to be inaccurate (Warren et al., 

2010). The energy cost of walking is often significantly increased following stroke due to 

movement inefficiencies. Energy expenditure levels have been found to be 1.5-2 times higher 

following stroke in comparison to healthy controls (Platts et al., 2006). The increased energy 

effort that comes with hemiplegic gait patterns may be underestimated with accelerometry as 

acceleration patterns may remain essentially unchanged (Warren et al., 2010). The multi-

sensor array may hold benefits over accelerometry alone by determining energy expenditure 

from a mixture of movement, temperature and galvanic skin responses which are more 

sensitive to changes in movement efficiency.  

2.51 Limitations 

Although the study findings indicate that the multi-sensor array is an accurate method of 

measuring energy expenditure following stroke, the study is limited by its small sample size. 

The DLW method was chosen for this validation study as it is the ‘gold standard’ method of 

measuring energy expenditure. However DLW is a complex and expensive technique which 

meant it could only be applied to a small group of individuals with stroke. Caution is 

therefore required when interpreting the data due to the small sample size of the study. The 

study also only included individuals with mild stroke which limits the generalizability of 
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findings. Further studies exploring the accuracy of this technique in individuals with 

moderate stroke are warranted.   

2.6 Conclusion 

In summary, this study demonstrates that the multi-sensor array provides an accessible and 

accurate method of objectively measuring TEE in individuals with mild stroke and may 

reduce the inaccuracies observed when TEE is estimated from accelerometers. The multi-

sensor array may assist in understanding alterations in energy expenditure in stroke and 

potentially assist in identifying new therapeutic avenues.  
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Chapter 3 

Energy expenditure, physical activity and metabolic control following 

stroke: A cross sectional and longitudinal study 
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3.1 Brief background and rationale to study  

Increasing physical activity and, in turn, energy expenditure have been linked with the 

prevention and treatment of cardiovascular and metabolic disease and mortality (Sherman et 

al., 1994; Tuomilehto, 2001; Knowler et al., 2002; Manini et al., 2006). Before interventions 

are applied to reduce physical inactivity and improve energy expenditure after stroke there is 

a need to determine if energy expenditure levels are actually reduced. Previous studies 

exploring post stroke physical activity levels have used observational mapping of physical 

activity or accelerometers, both of which have limitations (see section 1.254 and 2.1) 

(Bernhardt et al., 2004; De Wit et al., 2005; Manns and Baldwin, 2009; Rand et al., 2009). It 

is also important to note that many of the studies undertaken report physical activity at a 

single time point. As stroke occurs suddenly and has both physical and social implications, it 

is possible that levels of physical activity are dynamic in response to the physical and social 

abilities of the patient.  

To date, only two studies have observed how physical activity changes over time following 

stroke. The first study used an accelerometer on the non-paretic ankle to capture step counts 

two days prior to discharge from the ward, two weeks after discharge and six weeks post 

discharge in ten individuals following stroke (Manns and Baldwin, 2009). The total daily step 

count did not alter significantly across the three time points. In the second study, step counts 

were measured with accelerometry on eleven individuals two weeks and three months post 

discharge from the ward. In contrast to the previous study there was a significant difference 

in step count between the two monitoring periods, with step count increasing by 80% from 

the first to the second measurement period (1536 ± 106 to 2765 ± 1677) (Shaughnessy et al., 

2005) (see Section 1.261 for more study details). Although these studies give some indication 

of step count at different time points following stroke, both studies were hampered by a 

relatively small sample size for a variable which has reasonably broad variations between 

individuals. The studies only monitored physical activity for periods less than three days 

rather than capturing activity over seven days as is recommended in physical activity 

guidelines (Warren et al., 2010). Furthermore, both reports only investigated step count and 

did not encompass the wider activities of daily living that make an important contribution to 

health and wellbeing. Although these methodologies had their limitations, the concept of 

capturing physical activity over time post stroke is an important one. Investigating how 

physical activity changes from the acute to the chronic stages of stroke can inform the 

management of interventions to increase physical activity and also allows for the 
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investigation of the relationship between changes in physical activity and factors this may 

impact upon, such as metabolic control.  

There is a close relationship between physical inactivity and metabolic control. In the healthy 

population moderate to vigorous and light intensity physical activity and sedentary time have 

all been shown to be related to metabolic control and in particular glycaemic control 

(Dunstan et al., 2007; Healy et al., 2007; Healy et al., 2008). A strong inverse relationship 

has been demonstrated between physical activity and metabolic control (Franks et al., 2004; 

Ekelund et al., 2007). Individual risk factors for stroke, including fasting triacylglycerides, 

insulin and HDL-C, have been shown to be significantly and independently associated with 

total body movement (Ekelund et al., 2007). Focusing specifically on glucose control, higher 

moderate to vigorous and light intensity activity are significantly associated with two hour 

plasma glucose after an oral glucose tolerance test (Healy et al., 2007). Interestingly 

sedentary time, both measured objectively and by self-report, has also been shown to be 

positively associated with two hour plasma glucose levels, with those who sit the most having 

the worst glucose control (Dunstan et al., 2007; Healy et al., 2008).  

Although the link between physical activity levels and metabolic control has been well 

researched in healthy individuals, at present no studies have established if there is a link 

between energy expenditure levels and metabolic control following stroke. The possible 

interaction between physical activity and metabolic control in stroke is of particular interest 

as reduced metabolic control increases stroke risk (Goldstein et al., 2011). Therefore, 

increasing physical activity may present a possible avenue for the therapeutic management of 

stroke recurrence.  

In line with these observations, this study aims to use a validated objective method to assess 

longitudinal changes in energy expenditure and physical activity and to determine if there is a 

relationship between energy expenditure and metabolic control following stroke
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3.2 Study aim and objectives 

Aim 

Describe the relationship between energy expenditure, physical activity and metabolic control 

following stroke 

Objectives 

• Describe energy expenditure and physical activity at one week, three months and six 

months following stroke, comparing to an age, sex and BMI matched control group 

and exploring change over time.  

• Describe metabolic control at one week, three months and six months following 

stroke exploring the relationship between metabolic control and energy expenditure / 

physical activity. 
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3.3 Methods 

3.31 Trial Design 

This study was a cross-sectional, longitudinal observational study. Energy expenditure, 

physical activity, and metabolic control were measured in stroke survivors at one week after 

stroke and then again at three and six months and compared to a healthy matched control 

group.  

3.32 Ethics and Consent  

The study was conducted in accordance with institutional ethical standards and the Helsinki 

declaration. The trial was approved by the County Durham and Tees Valley Research and 

Ethics Committee on the 22/01/2010. The Newcastle upon Tyne Hospitals Trust gave 

approval for the research to be conducted within the trust on1/02/2010, and Northumbria 

Healthcare NHS Foundation Trust gave approval on 12/04/2010. All subjects gave written 

informed consent for the study. 

3.33 Stroke participants 

3.331 Setting 

Participants with stroke were recruited from three acute stroke units based within the North 

East Stroke Research Network; the Royal Victoria Infirmary; North Tyneside General 

Hospital and Wansbeck General Hospital.  

3.332 Inclusion criteria 

Stroke participants were eligible for the study if they had been diagnosed with stroke by a 

stroke physician through computer tomography or magnetic resonance imaging and clinical 

characteristics. Participants were all over fifty years old and had a mild to moderate gait 

deficit as a result of their stroke, but were able to walk independently ten metres with or 

without an aid. Mild to moderate gait deficit was defined by asymmetry of gait including 

reduced stance time and increased swing time in the affected limb, or by gait speeds of less 

than 1.3 m/s assessed by a 10MWT.  

3.333 Exclusion criteria 

Participants were excluded if they had severe deficits in communication (defined as the 

inability to follow two stage commands), cognitive problems (defined as mini mental test 

score <24), mobility problems prior to stroke, a complicating medical history such as a co-

morbid neurological disorder, or if participants were unable to visit the research centre for 

follow up visits. 
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3.34 Control participants 

Control participants were recruited from the North East of England from the University of 

Newcastle, Newcastle City Council, Voice North and Years Ahead by newspaper 

advertisement. Participants were matched to the stroke participant cohort by age, sex and 

body mass index. Control participants were eligible if they were over 50 years old, lived in 

the North East area and had no major health conditions (as assessed by medical health 

questionnaire, see Appendix F). Participants were also excluded if they had medical problems 

affecting their physical activity including arthritis, respiratory complications, heart conditions 

and neurological conditions.  

3.35 Outcome measures 

The following outcome measurements were taken at three time points;  

1) Within seven days of stroke,  

2) Three months after baseline measurement, and  

3) Six months after baseline measurement.  

Initial assessments were made on the stroke units and follow up visits took place at the 

Clinical Research Facility at the Royal Victoria Hospital Newcastle Upon Tyne (See Figure 

3.1 Flow chart for study procedures). 

Stroke type, impairment, severity and physical performance: Stroke type was defined using 

the Oxford Community Stroke Project Classification (Bamford et al., 1991) (See Section 

1.212). The National Institute of Health Stroke Scale (NIHSS), Modified Rankin Scale 

(MRS) and Barthel Index (BI) were used to establish baseline levels of impairment, severity 

and function (Muir et al., 1996) (Appendix B-D). The researchers conducting these 

assessments were certified to use the National Institute for Health Stroke Scale and the 

Modified Rankin Scale. The NIHSS, MRS, and BI are commonly used within clinical care 

and stroke research and have been found to be both valid and reliable measures of 

impairment, severity and function following stroke (Collin et al., 1988; Muir et al., 1996; 

Banks and Marotta, 2007). Although these measures are valid and reliable for assessing 

impairment levels following stroke, only subsections of the scales look specifically at 

physical activity (Duncan et al., 1997). In order to gain knowledge of how specifically gait 

had been affected we also conducted a 10 metre walk test (10 MWT). The ten metre walk test 

has been shown to be more responsive to change in mobility than other functional measures 
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Figure 3.1 Flow chart of study procedures  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
  

 

 

 

Step 4: Visit 2 (seven days later 
ward/Clinical Research Facility, RVI)    

• Monitors are handed 
back/activity, questionnaire 
completed 

Step 1: Participants suitable for 
study recruited from 3 stroke units 

People with stroke  

Step 2: Visit 1 (ward) 

• Information sheet given, 
informed consent obtained 

• Stroke scales completed 
• Participants height and 

weight are measured  
• Teaching of application of 

monitors 
• Fasted blood sample taken 
 

Step 5: (CRF) Steps 2-4 will be 
repeated at three months and six 
months following stroke.  

On the final visit results from three 
periods of monitoring fed back to 
participants 

Step 3: 

Participants wear the monitor for 
seven days and carry on usual 
activity  

Healthy control participants 

Step 1: Suitable healthy participants 
recruited from Newcastle University, 

Voice North and Years Ahead 

Step 2: Visit 1 (Campus for Ageing 
and Vitality) 

• Information sheet given, 
informed consent obtained 

• Medical history completed 
• Participants height and 

weight are measured  
• Teaching of application of 

monitors 
 

Step 3: 

Participants wear the monitor for 
seven days and carry on usual 
activity  

Step 4: Visit 2 (seven days later, 
Campus for Ageing and Vitality) 

• Monitors are handed back 
• Activity, questionnaire 

completed. 
• Results fed into the computer 

for analysis and fed back to 
participant or sent results 
 

Step 6: (CRF) Validation study 9 
participants selected at 6 month visit 
to take part in validation study.  

• Pre-dose urine sample 
collected 

• Dosed with DLW 
• Multi-sensor array worn for 10 

days and a urine sample 
collected on each day 

• Samples sent for analysis at 
Cambridge 

 



 

 

75 

 

 (Wade, 1992; Lord and Rochester, 2005). Participants were given a three metre warm-up 

before walking the 10 metres and were asked to carry on walking for three metres at the end 

of the ten metres to avoid a decrease in speed towards the end of the walk. Individuals were 

asked to walk at their preferred speed with or without a walking aid. Gait speed was then 

calculated in metres per second. Medical notes and patient interview were used to establish 

date of birth, previous mobility level, smoking status and hand dominance. Height was 

measured without shoes using a standard rigid stadiometer to the nearest 0.1cm. Weight was 

measured to the nearest 0.2 kg with calibrated scales (Seca medical 769 column scale, USA).   

Metabolic risk factors 

Glycaemic control and lipid profile: A fasting whole blood sample (approximately 5mls) 

was obtained for the measurement of plasma glucose, insulin and lipid profile (cholesterol, 

high density lipoprotein cholesterol (HDL-C) and low density lipoprotein cholesterol (LDL-

C). Impaired fasting glucose and diabetes were categorised according to the World Health 

Organisation guidelines (2006) (impaired fasting glucose 6.1-6.9 mmol/l, diabetes  >7.0 

mmol/l) (World Health Organisation, 2006). Insulin sensitivity was assessed using the 

Homeostasis Model Assessment of Insulin Sensitivity (HOMA). The HOMA calculates 

insulin sensitivity as; fasting insulin (mU/l)*fasting glucose (mmol/l)/22.5 and has a range of 

approximately 0.2-15. A HOMA value of >3.0 was chosen as the criterion for insulin 

resistance. This value was based upon previous population based studies (McAuley et al., 

2001; Hanley et al., 2002; Hedblad et al., 2002; Kernan et al., 2003; Rutter et al., 2003). 

Dyslipidaemia was established using cut off points devised for individuals with 

cardiovascular disease by the Joint British Society (Joint British Society, 2005). Normal 

cholesterol levels were fixed below 4 mmol/l, normal levels of HDL-C were between 1.2-1.8 

mmol/l and normal LDL-C levels were below 2 mmol/l. The sample was obtained the day 

after initial assessment after an 8 hour fast, or within seven days of admission to the trial.  

Habitual physical activity measures 

Objective physical activity measurement: Participants wore a multi-sensor array (Sensewear 

Pro₃, Bodymedia Inc, PA, USA) on their non-affected side for seven days, only removing it 

to bathe or for water related activity (see Section 2.3 for full description). To be included in 

the final data analysis ‘on body time’ of the multi-sensor array needed to be >95% for the 

seven day period.  
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Self-report physical activity measurement: After wearing the multi-sensor array for seven 

days participants were asked to fill out the International Physical Activity Questionnaire 

(IPAQ) to establish self-report physical activity levels (Craig et al., 2003) (Appendix E). 

Overall self-report physical activity score was calculated in metabolic equivalent (MET)-

minutes per week from the IPAQ, alongside average daily sitting time. To calculate MET-

minutes per week an average MET score was derived for each activity using the compendium 

developed by Ainsworth et al (2000) (Kaminsky et al., 2006). Walking activities were given 

a MET score of 3.3, moderate physical activity 4 METS, and vigorous physical activity 8 

METS. Using these four scores the following calculations were used to establish continuous 

scores: 

Walking MET-minutes/week = 3.3 * walking minutes * walking days. 

Moderate MET-minutes/week = 4.0 * moderate-intensity activity minutes * moderate days. 

Vigorous MET-minutes/week = 8.0 * vigorous-intensity activity minutes * vigorous-intensity 

days. 

Total physical activity MET-minutes/week = Sum of Walking + Moderate + Vigorous MET-

minutes/week scores (International Physical Activity Questionnaire, 2005).  

Control Participants: Control participants attended the Campus for Ageing and Vitality at 

Newcastle University where they filled out a past medical history questionnaire (Appendix F) 

and were fitted with a multi-sensor array and asked to wear it for seven full days (see Section 

2.3 for full description). Participants were asked to not alter their normal physical activity 

patterns. At the end of the seven days the participants completed the IPAQ, as detailed above.  

3.36 Statistical analysis 

Data was inspected for univariate and multivariate outliers using standard Z-distribution cut-

offs and Mahalanobis distance tests respectively. Normality of distribution was assessed 

using a Kolmogorov-Smirnov test. To test differences in measured variables between stroke 

patients and healthy participants, independent sample t-tests were used if data conformed to 

the assumptions of normality if not the equivalent non-parametric Mann-Whitney U test was 

performed. A repeated measures within group analysis of variance (ANOVA) was conducted 

to assess change in energy expenditure over time. Bivariate correlation was used to explore 

associations between energy expenditure, physical activity and metabolic outcomes. All 

statistical analysis was carried out using SPSS version 17.0 (SPSS inc. Chicago, Illinois, 

USA). Statistical significance was taken if p<0.05. All data are presented as means ±SD 

unless otherwise indicated.
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3.4 Results 

3.41 Participant flow and adherence 

Following screening of 712 patients, 45 were consented into the trial (see Figure 3.2 for 

participant flow). Eight participants were lost to follow up; two participants could not commit 

the time; three participants were non-compliant with the multi-sensor array or blood testing; 

and three participants were lost to follow up due to medical reasons. Six data sets were 

excluded from the analysis; Two due to misclassification of gait deficit meaning that the 

participants did not fit the inclusion criteria; and four data sets were excluded as the multi-

sensor array had not been worn for the minimum of 95% of the seven-day monitoring period. 

The multi-sensor array was not worn for over 95% of the monitoring time as three 

participants forgot to wear the monitor for some of the monitoring period and for one 

individual there was poor contact between the multi-sensor array and the arm. In total 31 

participants were included in the analysis at baseline and 25 full sets of data were collected. 

Average time from stroke onset to consent into trial was 3 ± 2 days. 

3.42 Participant characteristics 

Participant characteristics are summarised in Table 3.1. Sex, age, height, weight and body 

mass index were matched between stroke participants and controls. 48% of the stroke group 

were classified as either overweight (n=7 BMI 25-29.9 kg/m²) or obese (n=8 BMI >30 

kg/m²). Using the Oxford Community Stroke Project Classification System (OCSP) only one 

individual was diagnosed with a total anterior circulation stroke. The most common diagnosis 

was partial anterior circulation stroke (55%) (See Section 1.212 for full description of OCSP) 

(Bamford et al., 1991). The stroke group were classified as having mild impairment 

according to the National Institute for Health Stroke Scale and slight disability according to 

the Modified Rankin Scale (Muir et al., 1996; Banks and Marotta, 2007). With regards to 

function, the average score on the Barthel Index was 93 ± 10 out of a possible 100 points 

indicating a mild functional deficit. Only two participants used a stick and walking speeds 

were on average 0.8 ± 0.3 metres per second. The average walking speed for men and women 

over 50 years is between 1.1-1.4 metres per second (Bohannon and Williams Andrews, 

2011). Therefore, at baseline, the participants in this study were walking slower than the 

average speeds for age matched healthy individuals. On average participants were on the 

ward for 40% (3 ± 2 days) of the multi-sensor array monitoring period before discharge.
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Figure 3.2 CONSORT flow diagram of recruitment, drop out and completion  
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Table 3.1 Participant characteristics. Data are mean ± SD unless otherwise stated.  

Variable 
Stroke 
(N=31) Controls (N=31) p value 

Demographics    

Gender M/F 17 /14 17/14 1.0 

Age (years) 73 ± 9 74 ± 9 0.91 

Height (cm) 167 ± 9 166 ± 11 0.92 

Weight (kg) 76 ± 16 70 ± 12 0.10 

Body mass index (kg/m²) 26.6 ± 5.6 25.5 ± 4.4 0.38 

Stroke characteristics 

Stroke subtype (OCSP) N (%) 

Total anterior circulation 1 (3%) N/A 

Partial anterior circulation 17 (55%) N/A 

Lacunar 10 (32%) N/A 

Posterior circulation 3 (10%) N/A 

Infarct side L/R 15/16 N/A 

Stroke impairment 

NIHSS score (0-40) 2 ± 2 N/A 

MRS (0-5) 2 ± 1 N/A 

Functional characteristics 

Barthel index (0-100) 93 ± 10 N/A 

Walking aid Y/N 2/29 N/A 

Walking speed m/s 0.8 ± 0.3 N/A 
OCSP-Oxford Community Stroke Project classification, NIHSS- National institute of Health Stroke Scale, 
MRS-Modified Rankin Scale

3.43 Main results 

3.431 Objective 1 

Describe energy expenditure and physical activity at one week, three months and six months 

following stroke, comparing to an age, sex and BMI matched control group and exploring 

change over time.  

This section will now review the results at each time point relative to the matched control 

group then discuss the effects of time on physical activity in the stroke group.  

Energy expenditure and physical activity in stroke participants versus an age, sex and 

BMI matched control group 

Objective physical activity data  

Measures taken within one week of stroke revealed participants were expending 17% less 

energy (380 kcal less energy per day) than individuals in the healthy control group (1840 ± 

354 vs. 2200 ± 489 kcal p<0.01) (Figure 3.3 Panel A). Mean average energy expenditure  
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Figure 3.3  Energy expenditure (Kcal/day) (Panel A), MET level (Kcal/kg/hr) (Panel 

B), physical activity duration (min/day) (Panel C) and step count (steps 

/day) (Panel D) in participants at one week following stroke in comparison 

to healthy control data. Data are individual data points and mean ± SD. 

 

 

expressed as metabolic equivalents was 23% lower in the patient group than the matched 

control group (1.0 ± 0.2 vs. 1.3 ± 0.1 METs p<0.01) (Figure 3.3 Panel B). Using this scale, 

1.0 MET indicates either quiet sitting or lying. Therefore the mean average level of 1.0 MET 

indicates the stroke participants did not undertake any activities above their resting energy 

expenditure. Stroke participants only spent 28 minutes doing physical activity (time spent 

doing activity > 3 METS) in comparison to the 79 minutes spent by the healthy controls 

(Figure 3.3 Panel C). Patients took on average 4885 steps per day less than their healthy 
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counterparts (3111 ± 2290 vs. 7996 ± 2649 steps per day p=<0.01) (Figure 3.3 Panel D), with 

both groups taking substantially less than the recommended 10,000 steps per day for health 

benefits (Tudor-Locke and Bassett, 2004). Finally, stroke participants spent an average of 23 

hours 3 minutes of the day being sedentary (time spent doing activity <3 METS) in 

comparison to healthy participants who spent 22 hours and 19 minutes. See Table 3.2 for 

summary. 

At three months stroke participants were still taking significantly less steps (5763 ± 3026 vs. 

7996 ± 2649 steps per day, p<0.01), spending less time being physically active (64 ± 58 vs. 

79 ± 46 mins/day, p=0.05) and had lower average daily MET levels than the healthy control 

group (1.15 ± 0.2 vs. 1.3 ± 0.1 p<0.01). Sedentary time and total energy expenditure were not 

significantly different (Table 3.2). At six months stroke participants still took fewer steps 

(5927 ± 4091 vs. 7996 ± 2649 steps per day, p=0.02) and had a lower average MET level 

than their matched counterparts (1.16 ± 0.2 vs. 1.3 ± 0.1 kcal/kg/hr, p=<0.01). At six months 

there were no significant differences between total energy expenditure, time spent in physical 

activity and sedentary time in the stroke group in comparison to the controls. 

Table 3.2  Physical activity measures for participants at one week, three months and 

six months following stroke in comparison to an age, sex and body mass 

index matched healthy control group. Data are mean ± SD unless otherwise 

stated. 

 

Variable 

    

Healthy control Stroke 0-7 days Stroke 3 months Stroke 6 months 

Objective physical activity measures 

Total energy 

expenditure (kcal) 
2220 ± 489 1840 ± 354** 2100 ± 447 2093 ± 445 

Daily steps (range) 
7996 ± 2649 

(10,231) 

3111 ± 2290** 

(9,245) 

5763 ± 3026** 

(12,429) 

5927 ± 4091* 

(19,631) 

Average MET 

(kcal/kg/hr) 
1.3 ± 0.1 1.0 ± 0.2** 1.15 ± 0.2** 1.16 ± 0.2** 

Physical activity 

energy expenditure 

(mins/day) 

79 ± 46 28 ± 32** 64 ± 58** 66 ± 67.8 

Sedentary time 

(mins/day) 
1339 ± 44 1383 ± 42.6** 1350 ± 57 1355 ± 72.4 

Self-reported physical activity measures (derived from the International Physical Activity Questionnaire) 

Self-report physical 

activity level (MET-

min/week) (range) 

4543 ± 2742 

(10,668) 

792 ± 1155** 

(5,092) 

2608 ± 3262* 

(13,404) 

4665 ± 13309 

(80,949) 

Sitting (mins/day) 289 ± 129 433 ± 234** 363 ± 190 356 ± 213 

Significant differences between the healthy controls and the stroke participant data: **P<0.01, *P<0.05.
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Self-report physical activity data  

Self-report physical activity revealed stroke participants undertook 83% less activity than 

healthy participants (792 ± 1155 vs. 4543 ± 2742 MET-min/week p=<0.01). Stroke 

participants sat for on average 144 minutes longer than the healthy controls (433 ± 234 vs. 

289 ± 129 sitting minutes per day p<0.01). At three months there was still a 43% difference 

between the stroke group and the healthy controls in self-report energy expenditure (2608 ± 

3262 vs. 4543 ± 2742, p=0.03) but there was no difference in sitting time, and by six months 

there was no difference in either self-report energy expenditure or total sit time between the 

groups (Table 3.2).  

Energy expenditure and physical activity levels over time following stroke 

A significant interaction between time following stroke and energy expenditure was 

demonstrated between baseline measures and three months (p=<0.001) (Table 3.3). Energy 

expenditure levels rose by a mean of 14% (260 kcal) between baseline and three months. 

There was no further increase in energy expenditure from three to six months (p=0.85) 

(Figure 3.4 Panel A). Average MET level (kcal/kg/hr) (Figure 3.4 Panel B), physical activity 

duration (mins/day) (Figure 3.4 Panel C), and daily step count (Figure 3.4 Panel D), all 

followed a similar pattern, with a significant time interaction between baseline and three 

months but no significant interaction between three and six months. Daily step count 

increased by a mean of 85% (2652 steps) between baseline and three months (p=<0.01), 

average MET level increased by 15% (0.15 METS, p<0.01), physical activity duration 

doubled from 28 minutes to 64 (p<0.01) and sedentary time reduced by a mean of 33 minutes 

per day. 

A similar pattern of significant interaction between baseline and three month measures was 

also present for self-report physical activity levels with activity levels significantly rising 

more than two-fold (1816 MET-min/week) between baseline and three months, but there was 

no difference between levels at three and six months. Sitting time was not significantly 

different across the three monitoring periods (See Table 3.3).  

 



 

 

83 

 

Table 3.3  Changes over time in energy expenditure and physical activity levels following stroke with healthy participant data for 

comparison. Data is mean ± SD unless otherwise stated. 

 

Variable 

     
Repeated measures ANOVA 

 

Healthy 

control 
Stroke 1 week Stroke 3 months Stroke 6 months 

Main  

effect 

Baseline-3 

months 
3-6 months 

Δ P value Δ 
P 

value 

Objective physical activity measures (multi-sensor array) 

Total energy 

expenditure 

(kcal) 

2220 ± 489 1840 ± 354 2100 ± 447 2093 ± 445 <0.01** 260 <0.01** -7 .845 

Daily steps 

(range) 

7996 ± 2649 

(10,231) 

3111 ± 2290 

(9,245) 

5763 ± 3026 

(12,429) 

5927 ± 4091 

(19,631) 
<0.01** 2652 <0.01** 164 .725 

Average MET 

(kcal/kg/hour) 
1.3 ± 0.1 1.0 ± 0.2 1.15 ± 0.2 1.16 ± 0.2 <0.01** 0.15 <0.01** 0.01 .694 

Physical energy 

expenditure 

(mins/day) 

79 ± 46 28 ± 32 64 ± 58 66 ± 68 <0.01** 36 <0.01** 2 .847 

Sedentary time 

(mins/day) 
1339 ± 44 1383 ± 42.6 1350 ± 57 1355 ± 72.4 <0.01** -33 <0.01** 5 .637 

Subjective physical activity measures (Derived from the International Physical Activity Questionnaire)   

Energy 

Expenditure 

(MET-min/week) 

(range) 

4543 ± 2742 

(10,668) 

792 ± 1155 

(5,092) 

2608 ± 3262 

(13,404) 

4665 ± 13309 

(80,949) 
<0.01** 1816 <0.01** 2057 0.455 

Sitting 

(mins/day) 
289 ± 129 433 ± 234 363 ± 190 356 ± 213 0.329 -70 0.27 -7 0.86 

Δ-Delta value, **p<0.01
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Figure 3.4 Total energy expenditure (Panel A) , metabolic equivalent (Panel B), physical activity energy expenditure (Panel C), 

sedentary time (Panel D) at one week, three months and six months in individuals following stroke. Data are individual data 

points and mean ± SD. *Significant difference from baseline p≤0.01  
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3.432 Objective 2 

Describe metabolic control at one week, three months and six months following stroke 

exploring the relationship between metabolic control and energy expenditure / physical 

activity. 

Glycaemic control and circulatory lipid at one week, three months and six months 

following stroke 

Glycaemic control: Measures of glucose and HOMA levels were within normal ranges at one 

week following stroke but average insulin level was slightly over the normal cut off point 

(11.3 ± 12.5mU/l) (Table 3.4). Within the stroke group, 7% were classified as having 

impaired fasting plasma glucose levels (>6.1mmol/l) and no participants were newly 

diagnosed as diabetic (fasting plasma glucose levels >7mmol/l). Furthermore, 22% of the 

stroke participants had abnormal insulin levels (>10.9 mU/l) and likewise 22% had HOMA 

levels >3.0 indicative of insulin resistance. 

There were no significant interactions between time from stroke and metabolic control. At 

three and six months following stroke the number of individuals who had impaired fasting 

glucose levels reduced from 7% at baseline to 4%. At three months 38% of the participants 

had abnormal insulin levels, by six months this level had reduced to 22%. With regards to 

insulin sensitivity, 29% of the cohort had insulin resistance at three months with this level 

dropping to 18% by six months (see Table 3.4 for summary). 

Table 3.4  Fasted levels of glycaemic control and lipid profile and percentage of 

individuals with impairments in these variables at 1 week, three months 

and six months following stroke.  

Time point 

Glucose 

(mmol/l) 

 

Insulin 

(mU/l) 

 

Insulin 

sensitivity 

(HOMA) 

Total 

cholesterol 

(mmol/l) 

LDL-C 

(mmol/l) 

 

HDL-C 

(mmol/l) 

 

Mean and SD 

1 week  5.5 ± 1.2 11.3 ± 12.5 2.6 ± 5.5 4.1 ± 0.8 2.2 ± 0.7 1.3 ± 0.2 

3 months  5.2 ± 0.7 9.9 ± 6.2 2.3 ± 1.6 4.1 ± 0.8 2.1 ± 0.7 1.4 ± 0.3 

6 months 5.3 ± 0.6 9.3 ± 6.3 1.9 ± 1.6 4.3 ± 0.8 2.2 ± 0.8 1.5 ± 0.3 

 Percentage of participants in cohort with abnormal glycaemic or lipid control 

1 week 7% 22% 22% 46% 46% 32% 

3 months 4% 38% 29% 52% 48% 28% 

6 months 4% 22% 18% 64% 44% 28% 

Figures in bold indicate levels are above normal range. Normative levels were taken as <6.1 mmol/L glucose; 
<11mU/l insulin, <3 HOMA, <4mmol total cholesterol, <2 mmol/L LDL-C, 1.2-1.8 mmol/l HDL-C, HOMA-
Homeostasis model assessment of insulin sensitivity; LDL-C-Low density lipoprotein cholesterol; HDL-C-High 
density lipoprotein cholesterol. 
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Lipid control: In contrast to glucose control, circulatory lipids appeared to be more abnormal. 

Approximately half of the group had total cholesterol and low density lipoprotein cholesterol 

(LDL-C) above normal levels at all monitoring points. In contrast, high density lipoprotein 

cholesterol (HDL-C) levels were within the normal range. At one week following stroke 46% 

of participants had abnormal total cholesterol levels, by three months this figure had risen to 

52% and carried on rising to 64% at six months. Abnormal LDL-C levels were found in 46% 

of the cohort at baseline rising to 48% at three months and dropping to 44% at six months. 

With regards to HDL-C at baseline 32% of individuals had abnormal HDL-C by three months 

this figure had dropped to 28% where it remained by six months (see Table 3.4 for summary). 

Relationship between glycaemic and lipid control and objective physical activity 

measures 

A bivariate analysis was conducted to determine if glycaemic and lipid control measures 

(fasting glucose and insulin and insulin resistance (HOMA value)) were associated with 

objective physical activity measures at the three different measuring points (total energy 

expenditure, MET level, Physical activity energy expenditure, step count and sedentary time) 

(Table 3.5). At baseline there was no relationships between glucose control measures and 

objective physical activity measures apart from a moderate relationship between MET level 

and fasting glucose level (R=-0.43, p=0.04). At three months a moderate relationship was 

present between glucose (mmol/l) (r=0.55 p<0.01), insulin (mU/l) (r=0.46, p=0.02), insulin 

sensitivity (HOMA) (r=0.54, p<0.01) and total energy expenditure, and glucose (mmol/l) and 

number of steps (r=0.46, p=0.22). When the significance level was dropped to 0.01 to allow 

for multiple testing the only relationships to remain significant were between glucose, insulin 

sensitivity and total energy expenditure at three months. There were no other apparent 

relationships between objective physical activity measures and glucose, insulin and insulin 

sensitivity at three months. At six months no associations were present between glucose 

control measures and objective physical activity measures. 

The only relationships demonstrated between blood lipids and objective measures of physical 

activity were moderate correlations between LDL-C and MET level (r=-0.1, p=0.04) and 

HDL-C and daily step count (r=0.5, p=0.02) at baseline (see Table 3.6). If significance level 

was reduced again to 0.01 to take into account of multiple comparisons, these relationships 

were no longer significant. 
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Table 3.5 Relationships between glucose control and objective physical activity 

measures-Data are correlation coefficient (R) and statistical significance (P)  
Variables  Glucose Insulin HOMA Index 

 Time point R P R P R P 

Total energy 

expenditure 
1 week 0.05 0.83 0.14 0.57 0.00 0.99 

3 months 0.55 <0.01** 0.46 0.02* 0.541 <0.01** 

6 months 0.29 0.16 0.15 0.53 0.02 0.92 

Average MET 1 week -0.43 0.04* -0.43 0.07 -0.3 0.14 

3 months -0.01 0.95 -0.2 0.3 -0.15 0.5 

6 months -0.23 0.27 -0.4 0.06 0.02 0.92 

Physical activity 

energy expenditure 
1 week 0.17 0.42 -0.18 0.47 -0.14 0.5 

3 months 0.35 0.09 0.1 0.66 0.21 0.31 

6 months -0.04 0.85 -0.12 0.60 -0.14 0.53 

Daily steps 1 week -0.28 0.18 -0.17 0.48 -0.14 0.50 

3 months 0.46 0.02* 0.091 0.67 0.26 0.22 

6 months 0.06 0.79 -0.06 0.80 -0.10 0.66 

Sedentary time 1 week 0.10 0.64 0.15 0.56 0.09 0.67 

3 months -0.23 0.27 0.07 0.75 -0.05 0.83 

6 months 0.11 0.61 0.16 0.5 0.17 0.43 

R-Pearson’s correlation, P- 2 tailed significance level, p<0.01**, p<0.05*.  

 

Table 3.6 Relationships between lipid control and objective physical activity 

measures-Data are correlation coefficient (R) and statistical significance (P) 

Variables  Cholesterol LDL-C HDL-C 

 Time point R P R P R P 

Total energy 

expenditure  
1 week 0.3 0.16 0.08 0.71 0.3 0.17 

3 months -0.3 0.9 -0.05 0.79 -0.2 0.4 

6/12 0.08 0.71 -0.2 0.5 -0.2 0.4 

Average MET 1 week 0.1 0.65 -0.1 0.04* 0.01 0.10 

3 months -0.4 0.08 -0.3 0.18 -0.1 0.6 

6 months -0.1 0.5 -0.1 0.7 0.2 0.4 

Physical activity 

energy expenditure  
1 week 0.3 0.2 0.03 0.89 0.26 0.23 

3 months -0.2 0.29 -0.2 0.3 -0.5 0.8 

6 months -0.3 0.2 -0.2 0.4 0.25 0.9 

Daily steps 1 week 0.32 0.12 -0.06 0.8 0.47 0.02* 

3 months -0.12 0.58 -0.2 0.4 -0.06 0.8 

6 months -0.1 0.7 -0.1 0.71 0.19 0.4 

Sedentary time 1 week -0.2 0.35 -0.09 0.69 -0.1 0.54 

3 months 0.21 0.32 0.1 0.5 0.2 0.4 

6 months 0.3 0.15 0.17 0.414 -0.02 0.9 

R-Pearson’s correlation, P- 2 tailed significance level, p<0.05*.  
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Longitudinal relationship between objective physical activity and metabolic control 

measures 

To establish if there was a relationship between longitudinal changes in physical activity and 

metabolic control, change scores were calculated between the first and second measurement 

points (0-7 days scores subtracted from three month scores), and the second and third 

measurement points (three month scores subtracted from six month scores). A bivariate 

analysis was then performed to establish if there was a relationship between change in 

objective physical activity and metabolic control in relation to changes across the first two 

measurement points, then across the second and third measurement points.  

The only significant relationships observed between 0-7 days and three months were between 

change in insulin and total energy expenditure (r=0.48, p=0.04) and insulin sensitivity and 

total energy expenditure (r=0.47, p=0.05). These relationships were only moderate and when 

significance level was set at 0.01 to allow for multiple testing were no longer significant 

(Table 3.7). There were no significant relationships between change in physical activity 

measures and metabolic control between three and six months (Table 3.8). 

Table 3.7 Relationship between change in physical activity and metabolic control 

from one week to three months after stroke  

Change scores 0-7 days and 

three months 

Glucose 

(mmol/l) 

Insulin 

(mU/l) 

Insulin 

sensitivity 

(HOMA) 

 

Cholesterol 

(mmol/L) 

 

LDL-C 

(mmol/L) 

HDL-C 

(mmol/L) 

Total energy 

expenditure 

(kcal)  

R 

 

0.23 

 

0.48 

 

0.47 

 

-0.26 

 

-0.31 

 

-0.11 

 

P 0.3 0.04* 0.05* 0.24 0.17 0.62 

Steps per day R 

 

0.11 

 

0.41 

 

0.31 

 

-0.17 

 

-0.29 

 

-0.27 

 

P 

 

0.61 0.09 0.21 0.43 0.18 0.23 

METS 

(kcal/kg/hr) 

R 

 

0.15 

 

0.30 

 

0.3 

 

-0.24 

 

-0.23 

 

-0.18 

 

P 

 

0.5 0.23 0.23 0.27 0.3 0.43 

Physical activity 

energy expenditure 

(min/day) 

R 

 

0.24 

 

0.38 

 

0.38 

 

-0.37 

 

-0.36 

 

-0.06 

 

P 

 

0.28 0.12 0.12 0.08 0.1 0.8 

Sedentary time 

(min per day) 

R 

 

-0.24 

 

-0.4 

 

-0.42 

 

0.28 

 

0.3 

 

0.04 

 

P 0.28 0.1 0.08 0.2 0.18 0.87 

R-Pearson’s correlation, P- 2 tailed significance level, p≤0.05*. 
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Table 3.8 Relationship between change in physical activity and metabolic control 

from three to six months after stroke  

Change scores three and six 

months 

Glucose 

(mmol/l) 

Insulin 

(mU/l) 

Insulin 

sensitivity 

(HOMA) 

 

Cholesterol 

(mmol/L) 

 

LDL-C 

(mmol/L) 

HDL-C 

(mmol/L) 

Total energy 

expenditure 

(kcal)  

R 

 

0.25 

 

0.2 

 

0.17 

 

-0.23 

 

-0.15 

 

0.04 

 

P 0.23 0.44 0.49 0.27 0.47 

 

0.86 

Steps per day R 

 

-0.3 

 

-0.07 

 

-0.13 

 

-0.19 

 

-0.11 

 

-0.1 

 

P 

 

0.09 0.78 0.59 0.38 0.6 0.75 

METS 

(kcal/kg/hr) 

R 

 

-0.09 

 

0.03 

 

-0.13 

 

-0.33 

 

-0.19 

 

-0.05 

 

P 

 

0.69 0.92 0.58 0.11 0.37 0.82 

Physical activity 

energy expenditure 

(min/day) 

R 

 

-0.08 

 

-0.01 

 

-0.05 

 

-0.3 

 

-0.24 

 

0.11 

 

P 0.7 0.98 0.82 

 

0.14 

 

0.25 0.62 

Sedentary time 

(min per day) 

R 

 

0.14 

 

0.09 

 

0.14 

 

0.37 

 

0.28 

 

-0.03 

 

P 

 

0.51 0.72 0.58 0.07 0.18 0.88 

R-Pearson’s correlation, P- 2 tailed significance level. 
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3.5 Discussion  

The key finding of this study was that energy expenditure and physical activity levels are low 

following stroke and are not related to metabolic control. At one week following stroke 

energy expenditure and physical activity levels were significantly lower than an age, sex and 

BMI matched control group. Energy expenditure and physical activity levels increased from 

baseline to three months post stroke, but reached a plateau between three and six months and 

remained below the activity levels of their healthy counterparts. The incidence of impaired 

glucose control was low in the group and did not change over time. In contrast, total 

cholesterol and low density lipoprotein cholesterol levels were above the recommended limits 

and remained elevated throughout the study. No strong relationships were identified between 

glycaemic and lipid control and energy expenditure and physical activity measures at each of 

the three monitoring points. Although physical activity and energy expenditure measures 

increased significantly over time, these changes were not related to improvements in 

glycaemic and lipid control. 

3.51 Physical activity levels post stroke 

To our knowledge, this is the first study to objectively capture energy expenditure and 

physical activity and to describe how these change following stroke. The data demonstrates 

that in comparison to healthy controls, at one week following stroke individuals expend 17% 

less total energy expenditure, 65% less physical activity energy expenditure and take 61% 

fewer steps per day. The participants in this study had an average metabolic equivalent 

(MET) level of 1.0 ± 0.2 at baseline, indicating a very low physical activity level with 

participants spending over 23 hours of the day in sedentary activities (<3 METS). The reason 

for this high level of physical inactivity may be impairment caused by the stroke; limiting the 

ability of the participants to get up and move around. Impairment, however, did not appear to 

be the cause of the very low levels of energy expenditure as impairment and functional scales 

indicated only mild disability (NIHSS 2 ± 2, MRS 2 ± 1, BI 93 ± 10) and all the participants 

were able to walk independently with or without an aid. An alternative explanation for 

reduced energy expenditure could have been the ward environment. Previous findings have 

demonstrated that individuals following stroke spend most of their time on the ward inactive 

and alone (Bernhardt et al., 2004; De Wit et al., 2005) and that UK therapy levels are lower 

than on other European stroke units and functional outcome is worse (De Wit et al., 2007). 

Research has also demonstrated that when individuals do get up from their beds post stroke 

and participate in therapy, the intensity of the physical activity is often insufficient to produce 

a cardiovascular stress sufficient to improve health (MacKay-Lyons and Makrides, 2002). In 



 

 

91 

 

order to assess if the ward environment was a key variable in reducing physical activity levels 

following stroke, a study where healthy individuals were placed in the same environment 

would be necessary for comparison. As this has not been researched it is impossible to 

determine if the environment was purely responsible for the low physical activity levels.  

Another explanation for the low physical activity levels noted may have been that the 

individuals studied were inactive prior to stroke and therefore activity levels recorded post 

stroke were similar to pre stroke levels. In fact low physical activity levels pre stroke may 

have predisposed these individuals to stroke as physical inactivity is a known risk factor for 

stroke (Goldstein et al,. 2011). Although individuals who had mobility problems prior to 

stroke were excluded from the study, exclusion was based upon subjective and medical 

history and unfortunately neither pre stroke prospective nor retrospective physical activity 

data was collected as part of this study.  

3.52 Strategies to increase physical activity post stroke 

The present data, combined with the previous reports, supports the need for strategies to 

increase both the amount and intensity of physical activity following stroke. Group work and 

a seven-day therapy service are two possible means of providing extra therapy to increase 

physical activity levels that have been shown to be successful outside the UK (Blennerhassett 

and Dite, 2004; Sonada et al., 2004; English and Hillier, 2010). Outside of individual therapy 

sessions, group work is an efficient and economical way of enabling extra physical activity. 

At present, most UK therapy services run for five days a week meaning that at the weekend 

individuals are less likely to be physically active as therapists are not present. A seven day 

service could limit this problem.  

Another reason for the low levels of physical activity demonstrated in the acute stages of 

stroke may have been the individuals not being given enough advice regarding physical 

activity outside of therapy sessions or when initially discharged home. Government 

guidelines at present give little specific guidance on recommended physical activity levels 

following stroke, simply stating patients should be mobilised as early as possible in the acute 

phase of care and that patients should aim to do ‘moderate physical activity for 20-30 minutes 

each day’ (Intercollegiate Stroke Working Party, 2008). This raises the question of what the 

patients should be doing for the other 23 hours 30 minutes in the day. A lack of guidance on 

recommended physical activity following stroke may lead to a fear of movement and account 

for the very low levels of energy expenditure captured in this study. However, the exact 



 

 

92 

 

reasons for why levels of physical activity are low following stroke remain purely 

hypothetical and should be the focus of further studies.  

3.53 Longitudinal changes in physical activity post stroke 

At three months following stroke, energy expenditure and physical activity levels had 

increased significantly. However, these reached a plateau between three and six months and 

remained significantly below levels of the well matched control group. Two other studies 

have investigated changes in physical activity over time following stroke. The first study 

demonstrated no significant change in steps per day over three time points following stroke 

(two days prior to discharge, two weeks post discharge and six weeks post discharge) (Manns 

and Baldwin, 2009). In contrast, the second study produced findings more in line with the 

present data, with a significant increase in step count on the ward and three months post 

discharge (p<0.001) (Shaughnessy et al., 2005). Given the short time period of the first study 

it is likely that longer than six weeks post discharge is required for amounts of physical 

activity to achieve a steady level. One must exercise caution, however, when making 

comparisons between studies, as the methods of recording step count were different in each 

of the studies. Furthermore, physical activity was monitored for less than three days in the 

two other studies leaving them vulnerable to sampling bias, with insufficient days being 

observed to represent general physical activity. This is in contrast to the seven day sampling 

used in our own study.  

Whether participants in the present study were expending enough energy at three and six 

months to promote health benefits is difficult to establish, as there are no guidelines at present 

stating recommended levels. An analysis of human energy expenditure using doubly labelled 

water indicates that on average men over 50 years old expend between 2197-2747 kcal/day 

whereas women expend between 1456-2340 kcal/day (Black et al., 1996). The present 

baseline data suggest that energy expenditure levels lay at the lower end of these normal 

ranges for the men and women in the cohort (energy expenditure; male 1902 ± 63, female 

1633 ± 76 kcal/day). Although it is possible to compare the energy expenditure of the study 

cohort to the average daily energy expenditure values it is still not known what level of 

energy expenditure benefits health. The findings can however, be compared to the 

recommended 10,000 steps per day needed to benefit health (Tudor-Locke and Bassett, 

2004). The participants were only taking a third of the recommended 10,000 steps at one 

week after stroke and half the recommended daily amount at three and six months. It should 

be noted, however, that the evidence underpinning the recommendation of 10,000 steps per 
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day, although routinely advised for health, is to an extent lacking. It has been estimated that 

taking around 7300 steps per day is associated with safe community mobility (Michael and 

Macko, 2007). A large proportion of subjects in this study (65%) were not achieving this 

level of activity by six months, suggesting that the level of physical activity was insufficient 

to successfully achieve activities of daily living and access the community (Lord and 

Rochester, 2005; Bowden et al., 2008). Most patients are discharged from therapy services 

once independently mobile and it has been suggested that patients reach a plateau in their 

potential at around three months (Skilbeck et al., 1983; Tilling et al., 2001). The present data 

builds on this observation to demonstrate that, although independent, participants have low 

levels of activity even at six months post stroke. Combined, this data highlights that low 

levels of physical activity represent a sustained clinical burden post-discharge which is not 

currently adequately addressed by clinical care. 

3.54 Glucose control following stroke 

Physical activity is closely linked to metabolic control and cardiovascular health in the non-

stroke population (Dunstan et al., 2007; Healy et al., 2007). However, in the present group of 

stroke survivors, there appeared to be no relationship between glucose and lipid control and 

objective measures of physical activity. The prevalence of impaired insulin sensitivity in the 

early stages following transient ischaemic attack and ischaemic stroke has been previously 

found to be around 50% (Kernan et al,. 2003) and the prevalence of abnormal glucose control 

in chronic stroke has been demonstrated to be up to 80% (Ivey et al., 2006b)(see Chapter 1 

Section 1.244 for further information). However in the present study, although participants 

had similar functional characteristics to the other studies, the numbers of individuals with 

impaired glucose control were much lower. At baseline 7% of the participants were found to 

have impaired fasting glucose, 22% had abnormal insulin levels and 22% had insulin 

resistance (>3 on HOMA index) based on fasting plasma samples. By six months the 

percentages of individuals with abnormal glucose control were similar; with 4% of 

participants having impaired fasting glucose; 22% with abnormal insulin levels; and 18% 

with insulin resistance. Over the monitoring period the prevalence of abnormal glucose 

control appeared to be much lower in our participants than previously cited. It could be 

argued that such differences were as a result of the timing of the blood samples and the 

methods of analysis. Fasting blood samples in this study were taken within two weeks of 

stroke which may be too early as at this point the cerebrovascular event itself could possibly 

reduce insulin sensitivity (Shinozaki et al., 1996). However, as the close time of sampling 
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relative to the stroke would increase not reduce the incidence of glycaemic deregulation, this 

would suggest that the present study actually overestimates the number of people with 

impaired glucose control. 

Another factor that may have accounted for the low incidence of abnormal glucose 

metabolism in this study in comparison with previous research findings was the accuracy of 

the methods employed. Ideally a euglycemic hyperinsulinimic clamp should have been used 

to establish insulin resistance as this is the gold standard measure (Caro, 1991). However, the 

clamp procedure requires a high degree of technical expertise and is not appropriate for 

clinical research involving a large number of participants (Howard et al., 1998). The standard 

method of measuring impaired glucose used by the World Health Organisation is oral glucose 

tolerance testing (OGTT) (World Health Organisation, 2006). OGTT has been used 

previously in stroke research to measure glucose metabolism as plasma samples have been 

found to only predict abnormal oral glucose tolerance findings in 49% of individuals 

following stroke (Ivey et al., 2006b). However this method, in a similar vein to the clamp 

procedure, requires trained personnel, is costly and would have meant that patient visits were 

over two hours longer, which may have reduced the number of recruits(Matsuda and 

DeFronzo, 1999). Fasted plasma sampling was chosen for efficiency but more importantly as 

this is the recommended method identified by the World Health Organisation for identifying 

impaired fasting glucose and diabetes in clinical practice (World Health Organisation,. 2006). 

The homeostasis model assessment of insulin sensitivity was selected as it has been found to 

be strongly correlated to insulin resistance levels determined by the clamp procedure (Bonora 

et al., 2000).  

Although the method of measuring glucose control in the present study was not the ‘gold 

standard’, the measurement of fasting samples and calculation of HOMA still indicated low 

levels of impaired glucose control in individuals at baseline, three and six months following 

stroke in contrast to other findings. Aside from methodological differences, the difference in 

incidence of impaired glucose control is more likely to be due to differences in the cohorts 

sampled. Both the Kernan (2003) and the Ivey (2006) studies were conducted on American 

rather than British samples. Discrepancy between incidences of impaired glucose control, 

therefore, may have been due to well established differences in ethnicity and health care 

provision between the different countries.  
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3.55 Lipid profile following stroke 

In contrast to the low levels of abnormal glucose control, cholesterol and LDL-C levels were 

found to be high throughout the trial. Almost half the participants had abnormal cholesterol 

and LDL-C levels at baseline, three and six months post stroke. The American Stroke 

Association recommends that all individuals with stroke are put on lipid lowering medication 

even if cholesterol levels are normal (Goldstein et al., 2011). Although this recommendation 

has been made, it appears that this is not the only trial to highlight that lipid control is being 

sub optimally managed following stroke. The REACH trial observed that over 58% of 

individuals with cardiovascular disease had abnormal cholesterol levels (Bhatt et al., 2006). 

In the NOMAS trial 36% of the cohort had high LDL-C levels following stroke (Dhamoon et 

al., 2006). In a similar way to fasting glucose sampling, fasting plasma lipid sampling is not 

the most accurate method of establishing lipid control as it is does not capture whole body 

lipid metabolism and is subject to day to day variability (Bookstein et al., 1990). Despite this 

however, a strong link remains between plasma cholesterol, LDL-C and HDL-C levels and 

stroke occurrence and recurrence (Furie et al., 2011; Goldstein et al., 2011) therefore 

highlighting the need to moderate lipid levels with a view to reducing stroke incidence.  

3.56 Physical activity and metabolic control following stroke 

Studies in non-stroke individuals have demonstrated that daily energy expenditure is 

significantly associated with two hour plasma glucose, insulin resistance, dyslipidaemia and 

clustered metabolic risk (Ekelund et al., 2007; Healy et al., 2007). Physical activity levels 

also predict progression towards the metabolic syndrome (Ekelund et al., 2005). In this study, 

however, there was no relationship between glucose and lipid control and physical activity 

and energy expenditure at any of the time points. Furthermore, changes in physical activity 

over time were not related to changes in metabolic control. It is possible that the lack of 

correlations is the result of fasting rather than oral challenge measures of glycaemic control. 

Previous studies have found strong associations between two hour measures of plasma 

glucose and physical activity and sedentary time but there has been less conclusive evidence 

regarding the association of physical activity and fasting plasma glucose levels (Dunstan et 

al., 2007; Healy et al., 2007). These findings emphasise there may be important physiological 

differences between measures of fasting plasma glucose and two hour plasma glucose and 

their relationship with physical activity (Healy et al., 2007). Another reason for the lack of 

apparent relationship between metabolic and physical activity measures in comparison to 

other studies could have been that, on average, participants in this sample were older than 

those in previous studies. However, it is most likely that the lack of relationship between 
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physical activity and metabolic control was because, in general, the measures of metabolic 

control were in fact within normal ranges, leaving little range for improvement.  

3.51 Strengths and limitations 

The major strength of this study is that it is the first study to objectively capture energy 

expenditure at three different time points following stroke, addressing some of the significant 

technical limitations of previous reports. However, the current data is not without limitation. 

The measures of glucose control are less sensitive than ‘gold standard’ measures. 

Furthermore, the sample size was relatively small. The study was adequately powered, 

however, to detect changes from baseline to three months. In addition given that the mean 

difference in energy expenditure between three and six months was 7kcal with similar 

distribution, it is unlikely that a larger sample size would have conferred additional benefit. 

The study did not include individuals with severe stroke (they may not have been able to 

attend follow up visits and it was deemed inappropriate to measure their physical activity as it 

was highly likely to be very low). The sample was formed mainly of individuals with mild 

deficit rather than a mix of mild and moderate deficits, also making it difficult to compare 

these findings to the wider stroke population. Caution also needs to be taken when comparing 

step count findings from this study to those from other accelerometer physical activity studies 

in stroke as the location of the multi sensor array was different (discussed in more detail in 

Section 1.261). The monitor was placed on the non-hemiplegic arm as this has been found to 

be the most efficient place for capturing the temperature changes, galvanic skin response and 

acceleration measures used to calculate physical activity (Malavolti et al., 2005). This makes 

the comparison of our multi-sensor array movement counts to counts captured from 

accelerometers located on the ankle, hip or waist problematic and it also makes it difficult 

compare our step count findings to those recommended for health as these are based on step 

counts measured by pedometers (Tudor-Locke and Bassett, 2004).  

3.6 Conclusion 

In summary, this study demonstrates that physical activity levels are low in the first week 

after stroke and remain below recommended levels for health and wellbeing at the three and 

six month time points. Habitual physical activity is not associated with metabolic control in 

stroke survivors. Methods to increase energy expenditure and physical activity in both the 

acute and later stages following stroke therefore need to be employed.  
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Chapter 4 

The effect of a community based exercise intervention following 

stroke: A randomised controlled trial  
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4.1 Brief background and rationale to study 

Stroke and stroke recurrence are linked to a number of modifiable metabolic risk factors such 

as impaired glycaemic control, dyslipidaemia, hypertension, obesity and low 

cardiorespiratory fitness (Furie et al., 2011; Goldstein et al., 2011). A high percentage of 

individuals with stroke have sub optimal metabolic risk factor management, with up to 90% 

of individuals entered into exercise trials following stroke being found to have two or more 

metabolic risk factors (Kopunek et al., 2007).  

Metabolic abnormalities promote cellular changes that result in the alteration of the structure 

and function of blood vessels and this damage can, in turn, lead to stroke and other vascular 

dysfunctions such as reduced cerebral blood flow (Creager and Thomas, 2003; Caplan et al., 

2006; Versari et al., 2009) ( See Section 1.23). Despite our knowledge of risk factors 

associated with stroke recurrence, stroke recurrence is between 30-40% and this is likely due 

to the poor management of risk factors (Intercollegiate Stroke Working Party, 2008). 

Consequently, pathways to manage stroke recurrence through the moderation of risk factors 

remain of high importance to individuals following stroke.  

One potential pathway of managing stroke recurrence through the moderation of risk factors 

is through the use of exercise therapy. Exercise has been used successfully to reduce the risk 

of a number of chronic diseases including cardiovascular disease, diabetes and mental health 

(Department of Health, 2011). The mechanisms behind why exercise reduces the risk of 

cardiovascular disease appear to be linked to the impact exercise has on risk factors like 

hyperglycaemia, dyslipidaemia and hypertension (Goldstein et al., 2011) (See Section 1.26). 

Following stroke it is recommended that individuals should participate in twenty to thirty 

minutes moderate physical activity per day (Intercollegiate Stroke Working Party, 2008). 

Physical activity studies have, however, demonstrated that, following stroke, many 

individuals spend most of their waking hours sedentary, taking significantly less steps daily 

than those recommended for health (Tudor-Locke and Bassett, 2004; Shaughnessy et al., 

2005; Rand et al., 2009) (See Section 1.26). It has also been demonstrated that conventional 

therapy following stroke does not have sufficient duration and intensity to increase 

cardiorespiratory fitness, with many individuals demonstrating such low levels of 

cardiorespiratory fitness that they may be unable to complete everyday tasks (MacKay-Lyons 

and Makrides, 2002; Kuys et al., 2006; Gage et al., 2007; Ivey et al., 2008) (See Section 

1.262). Exercise therapy is a planned regimen of regular exercise that has the specific aim of 

improving one or more of the three component of physical fitness: cardiorespiratory fitness; 
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muscle strength and body composition (USDHHS, 2008). Exercise therapy may be a possible 

method for promoting the health benefits of physical activity in individuals following stroke.  

Exercise therapy is not currently prescribed following stroke. A recent meta-analysis 

demonstrated, however, that it is a feasible intervention for ambulatory people in the chronic 

phase of stroke (Brazelli et al., 2011). The meta-analysis provided clear evidence that 

exercise therapy improves measures of walking performance and these improvements were 

retained at follow up (See Section 1.273). Walking is the most commonly cited goal 

following stroke (Soloman et al., 1994). Many individuals, however, are discharged from 

conventional care before they have adequate walking speeds to access the community and 

cross roads safely (Hill et al., 1997). Exercise therapy could be used to improve walking 

function and physical performance following stroke, allowing for better access into the 

community and this may in turn improve quality of life.  

Present knowledge on the effects of exercise following stroke suggests that exercise therapy 

has a significant potential clinical utility in targeting walking ability and levels of dependence 

following stroke (Brazelli et al., 2011) (See Section 1.27). A number of trials have also 

demonstrated that exercise can significantly increase cardiorespiratory fitness following 

stroke (Chu et al., 2004; Macko et al., 2005; Pang et al., 2005). To date, however, there is 

limited high quality research on whether exercise therapy can moderate stroke recurrence 

through improving metabolic risk factors.  

It also remains to be determined whether the modification of metabolic risk factors following 

stroke has a direct effect on the cerebral vasculature. Exercise has been shown to improve 

cerebral blood flow in healthy individuals and this has been linked to improvements in 

cognitive ability (Pereira et al., 2007; Ainslie et al., 2008; Burdette et al., 2010), but at 

present it has not been established directly whether the same is true following stroke. 

Additionally, no study has reported the combined effects of an exercise programme following 

stroke across all the levels of function and disability, investigating the impact of exercise not 

only on metabolic stroke risk factors but also investigating physical performance, activity and 

quality of life and establishing whether exercise related improvements in metabolic risk are 

associated with improvements in functional performance. Providing information on both the 

impact of an exercise therapy programme upon patient wellbeing and physical function, 

alongside moderators of stroke recurrence, will assist clinical care teams in making informed 

decisions about the possibility of using exercise as a therapy in stroke management.  
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4.2 Study aim and hypotheses 

Aim 

To evaluate the effect of a community based exercise intervention following stroke.  

Primary hypothesis 

• A community exercise intervention will be more effective than a home stretching 

programme (active control) in improving metabolic risk factors in older adults with 

stroke.  

Exploratory hypothesis 

• A community exercise intervention will be more effective than a home stretching 

programme in improving cerebral blood flow in older adults with stroke.  

Secondary hypotheses 

1. A community exercise intervention will be more effective than a home stretching 

programme in improving physical performance and physical activity, quality of life 

and cognition in older adults with stroke.  

 

2. Changes in metabolic risk are associated with changes in physical performance, 

cognition and cerebral blood flow.  

 

3. Changes in cerebral blood flow are associated with changes in cognition. 

 
4. Changes in quality of life are associated with changes in physical performance. 

5. Lower baseline physical performance is related to a greater change in physical 

performance as a result of the exercise intervention. 
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4.3 Methods 

4.31 Trial design 

Single centre, single-blind, randomised controlled trial of exercise therapy compared with an 

active control group. 

4.32 Ethics and consent 

The study was conducted in accordance with institutional ethical standards and the Helsinki 

declaration. The trial was approved by the County Durham and Tees Valley Research and 

Ethics Committee on the 04/01/2010. The Newcastle upon Tyne Hospitals Trust gave 

approval for the research to be conducted within the trust on 06/04/2010. All subjects gave 

informed consent for the study. 

4.33 Setting 

Participants were recruited from community stroke services in the North East Stroke 

Research Network (SRN) via referral from health professionals (e.g. physiotherapists, 

occupational therapists and stroke information officers) or by self-selection in response to 

adverts. Primary Identification Centres for the trial included Newcastle Hospitals NHS Trust 

and Northumbria Healthcare NHS Trust. Approximately 1,058,855 people live in the area 

covered by the North East SRN, with around 1,000 people being admitted each year to stroke 

units within the North East catchment area (Department of Health, 2009). 

4.34 Inclusion criteria 

Eligible participants were all over 50 years old and had been diagnosed with a stroke by a 

stroke physician through computer tomography or magnetic resonance imaging and clinical 

characteristics at least six months previously. Participants were all able to walk for six 

minutes independently, allowing for rests, with or without a stick, lived at home and had 

completed all the conventional physiotherapy offered by the NHS.  

4.35 Exclusion criteria 

Exclusion criteria included the absolute and relative contraindications to exercise testing as 

stated by the American Heart Association (Fletcher et al., 2001), other neurological or 

medical conditions in addition to stroke which would prevent individuals from exercising, a 

diagnosis of diabetes, the presence of pain on walking (>5 on a visual analogue scale of pain), 

severe deficits in communication (inability to follow two stage commands), cognitive 

problems (mini mental scale examination <24) and untreated major depression
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4.36 Interventions 

4.361 Exercise therapy group: 

The exercise therapy group underwent a structured programme designed to improve 

cardiorespiratory, fitness and mobility. The programme was adapted from the FAME exercise 

programme designed by Eng, 2006 (see Section 1.272). The FAME programme was selected 

as it has been used successfully in a number of other research studies (Eng et al, 2003., 

Marigold et al, 2005., Pang et al., 2005). The success of the programme has been 

demonstrated by low trial dropout rates and a number of positive benefits to participant’s 

including: improvements in walking ability; cardiorespiratory fitness; balance and quality of 

life. It was also chosen as circuit classes of this nature allow for intense practice of task-

related exercise which has been shown to lead to improved functional outcome (French et al., 

2007) and group sessions allow for peer support and social interaction. The class required 

minimal equipment and a low staff to patient ratio which would reduce costs if the 

intervention was translated to clinical care. In brief; the programme combines stretching, 

functional strengthening, balance and fitness exercises with a warm-up and cool-down period 

at either end. A summary of the programme can be seen in Table 4.1 and the full programme 

is given in Appendix G. The duration of the class built up from 45 minutes to an hour with 

sessions held for 19 weeks three times a week. Sessions were undertaken at the Lightfoot 

Centre, Walkergate, Newcastle upon Tyne. The Centre is owned by the local council and 

delivers exercise on prescription schemes. The intervention was run by a physiotherapist and 

a fitness instructor both with experience in stroke rehabilitation, cardiac rehabilitation and 

elderly fitness. There was a minimum of one instructor to five participants. Participants wore 

a heart rate monitor (RS400, Polar, Finland) to measure exercise intensity. Heart rate reserve 

(HRR) was calculated using the Karvonen method according to the resting and maximum 

heart rates achieved during the baseline graded exercise test (Strath, 2000). The target heart 

rate zone was 40-50% of the maximum heart rate reserve, with increments of 10% HRR 

every four weeks up to 70-80% HRR as tolerated.   
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Table 4.1 Summary of exercise intervention 

Component Description Duration/Repetitions/Intensity 

Warm up • Slow marching 

• Slow marching with arm 

swing 

• Knee circle 

• Ankle circles 

Five minutes/Low intensity 

Stretching • Trunk side stretch and 

rotation  

• Gastrocnemius  

• Quadriceps 

• Gluteus maximus 

• Hamstring. 

Five minutes/ Three stretches 

on each side 

Functional strengthening • Heel-toe raises 

• Chair push-ups 

• Sit-to-stand  

• Sit-to-stand and walking 

around chair 

• Wall push-ups 

• Squat with a gym ball 

15 minutes/ Start with two sets 

of five increase to three sets of 

ten, variable speed 

Balance • Forward reach 

• Heel to toe standing and 

walking 

• Walking and change direction 

• Standing on one leg 

• Hip flexion, abduction and 

extension 

15 minutes 

Agility and fitness • Forward, side and box step 

onto a step  

• Walking forwards (if able 

progress to gentle jogging) 

• Walking backwards 

• Side stepping 

• Fast marching 

• Step touch 

• Box step 

• Hamstring curl 

15 minutes/Start with five 

minutes of exercise gradually 

increase to 15 

minutes/Perceived exertion 

should be 4-5 out of 10 on Borg 

scale (fairly light to somewhat 

hard)/ To increase intensity add 

hand weights, increase the 

height of the step. 

Cool down • Combination of warm up and 

stretches 

5 minutes/Low intensity 
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4.362 Stretching group: 

The control group completed a matched duration stretching programme. Participants were 

advised on 10 seated stretches for the upper and lower body by a physiotherapist (Appendix 

H). Participants were asked to complete their stretching programme on the same days and at 

the same time as the exercise group. Participants were given an instruction booklet with 

diagrams and information about the stretches and a diary to record their stretching 

programme, any additional physical activity they had taken part in, dietary changes or 

changes in medication. The research physiotherapist co-ordinating the trial telephoned or 

visited the control group participants fortnightly to check on progress. 

4.37 Outcome measurement 

Evaluation was conducted within two weeks of the start of the intervention and within one 

week post intervention by trained assessors blinded to the study hypotheses and group 

assignment (See Figure 4.1 for summary of assessment visits). The assessors were tested on 

group assignment to assess how well they were blinded.
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Figure 4.1 Summary of study visits and intervention 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Randomisation 

Visit 2 (3hrs, CRF) 

• Oral glucose test 
• Quality of life/cognitive questionnaires 

Visit 3 (2hrs, Magnetic Resonance Centre) 

• Seated BP measurement 
• MRI scan  
• Multi-sensor array/physical activity 

questionnaire 
 

Visit 1 (1 hr, Clinical Research 
Facility (CRF)) 

Informed consent, medical 
screening, progressive exercise test, 

and physical performance tests 

Visit 5 (As visit 2) 

• Oral glucose test 
• Quality of life/cognitive questionnaires 

Stretching Group Exercise Group 

Visit 3 (2hrs, Magnetic Resonance Centre) 

• Seated BP measurement 
• MRI scan  
• Multi-sensor array/physical activity 

questionnaire 
 

Visit 5 (As visit 2) 

• Oral glucose test 
• Quality of life/cognitive questionnaires 

 

Visit 6 (As visit 3)  

• Seated BP measurement 
• MRI scan  
• Multi-sensor array/physical activity 

questionnaire 

Visit 2 (3hrs, CRF) 

• Oral glucose test 
• Quality of life/cognitive questionnaires 

Visit 6 (As visit 3) 

• Seated BP measurement 
• MRI scan  
• Multi-sensor array/physical activity 

questionnaire 

Visit 4 (1hr CRF) 

• Progressive exercise test 
• Physical performance tests 
• Body composition 

Visit 4 (1hr CRF) 

• Progressive exercise test 
• Physical performance tests 
• Body composition 
 

Intervention (19 weeks): Community based 
exercise intervention 

Intervention (19 weeks): Stretching programme 
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Outcome measures are categorised into study hypotheses in Table 4.2. This table also 

demonstrates that outcome measures were chosen to cover all the dimensions of the 

International Classification of Function and Disability (ICF) (World Health Organisation, 

2002) (see Chapter 1 Section 1.211).  

Table 4.2 Outcome Measures categorised by study hypotheses and the International 

Classification of Function and Disability  

Variable Measurement Tool World Health Organisation Classification 

Impairment Activity Participation 

Primary hypothesis 

Glycaemic control Oral glucose tolerance 

test 

√   

Blood pressure 

Lipid profile 

 

Cardiorespiratory 

fitness  

 

Sphygmomanometer 

Fasting serum sample 

 

Progressive cycle 

exercise test 

√ 

 

√ 

√ 

  

Body composition BMI √   

Exploratory hypothesis 

Cerebral blood flow Magnetic resonance 

imaging 

√   

Secondary hypotheses 

Physical performance 6 minute walk test  

10 metre walk test, 

Timed up and go 

Berg balance 

 √ 

√ 

√ 

√ 

 

Habitual physical 

activity 

Multi-sensor array, 

International Physical 

Activity 

Questionnaire. 

 √ 

 

√ 

 

Quality of life Stroke Impact Scale 

(version 2), 

World Health 

Organisation Quality 

of Life Scale. 

  √ 

 

√ 

Cognition Addenbrooke’s 

cognitive examination 

revised 

√   
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4.37 Outcome measures 

4.371 Primary hypothesis 

Metabolic risk factors 

Glycaemic control: Glycaemic control was assessed using an oral glucose tolerance test. 

After a twelve-hour fast a catheter was placed in the antecubital vein for blood sampling. A 

baseline blood sample was taken to measure fasting glucose, insulin and non-esterified fatty 

acid levels. The Homeostasis Model Assessment of Insulin Sensitivity (HOMA) was used to 

calculate insulin sensitivity from the fasting glucose and insulin samples ((fasting insulin 

U/ml *fasting glucose mmol/L)/22.5) (Matthews et al., 1985). At time zero, participants 

drank a 350ml glucose drink over a four minute period. Four blood samples were collected at 

30 minute time points over a 120 minute period. The blood samples were assessed for 

glucose, insulin and non-esterified fatty acids (NEFA) using trust wide protocols. Glucose, 

insulin and NEFA levels over the monitoring period were used to calculate the area under the 

curve using the trapezoid rule (Le Foch et al., 1990). The zero to thirty minute change in 

NEFA level was used to calculate NEFA suppression (Patel et al., 2005). 

 

Resting blood pressure: Participants were asked to sit for ten minutes then resting blood 

pressure was recorded twice using a sphygmomanometer (Tango, SunTech Medical, 

Morrisville, NS, USA). 

 

Lipid profile: Lipid profile was measured from the same serum blood sample taken at 

baseline during the oral glucose tolerance test (see above). Samples were tested for total 

cholesterol, triacylglyceride, low density lipoprotein cholesterol (LDL-C) and high density 

lipoprotein cholesterol (HDL-C) following trust wide protocols. 

 

Cardiorespiratory fitness: Exercise testing was completed in line with the American Heart 

Association (AHA) guidelines for exercise testing following stroke (Gordon et al., 2004) and 

local standard operating procedures for exercise testing within Newcastle University and 

Newcastle Hospitals NHS Trust. Participants completed the Physical Activity Readiness 

Questionnaire (PARQ) (Appendix I) and a full patient history including past medical history, 

medication history, familial history and social history (Appendix J) (Kaminsky et al., 2006). 

Expired gases were collected at rest for 5 minutes and continuously during a maximal 

progressive exercise test. Online gas analysis was conducted using a Metalyzer 3B (Cortex, 
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Leipzig, Germany) and exercise was undertaken on an electro-magnetically controlled 

recumbent bicycle ergometer (Corival, Lode, Groningen, Netherlands). The maximal 

progressive exercise test included a warm-up of cycling at 20 watts for 3 minutes followed by 

10-watt increments every minute until volitional exhaustion. The 12-lead ECG (Custo, 

CustoMed GmbH, Ottobrunn, Germany) was continuously monitored and systolic blood 

pressure (SBP) and diastolic blood pressure (DBP) (Tango, SunTech Medical, Morrisville, 

NS, USA) recorded twice at rest then during exercise and recovery. Patients were instructed 

to give an approximately 1-minute warning before they felt they would end the exercise so 

that a final blood pressure measurement was obtained at the peak of exercise. The test was 

terminated when the patient was unable to pedal at a cadence of 50 revolutions per minute or 

they voluntarily terminated the test. Peak oxygen consumption was defined as the average 

oxygen uptake during the last minute of exercise, expressed as ml per kg of body weight per 

min. Peak metabolic equivalents was calculated as peak oxygen consumption/3.5 (Kaminsky 

et al., 2006). Peak work rate was defined as the peak wattage when the test was terminated.  

Body Composition: Height was measured without shoes using a standard rigid stadiometer to 

the nearest 0.1cm. Weight was measured to the nearest 0.2 kg with calibrated scales without 

shoes (Seca medical 769 column scale, USA). Body mass index was calculated as the 

individual’s weight divided by the square of his or her height. 

4.372 Exploratory hypothesis 

Cerebral Blood Flow (CBF):  

Magnetic Resonance: All the brain scans were performed in a single session for each patient 

on a whole body 3T scanner (Philips Medical Systems, Best, Netherlands), using a body coil 

for transmission and an 8 channel head coil as the receiver. Each examination included 3D T1 

weighted anatomical images and cerebral blood flow (CBF) maps. 

Anatomical Images: Anatomical images in a sagittal orientation were acquired using a 

standard T1 weighted clinical protocol (3D-MPRAGE sequence) with 1 mm isotropic 

resolution, field of view (FOV) of 240 × 180 × 216 mm3, SENSE factor of 2 in the slice 

direction, repetition time (TR) of 8.3 millisecond (ms) and echo time (TE) of 4.6 ms. 

Segmentation in SPM8 was performed on the anatomical images to generate patient specific 

grey matter and white matter masks for the analysis of CBF images. The patient anatomical 

images were spatial normalised to the MNI standard brain, during which the anatomical 

images were segmented into grey and white matter based on the derived spatial 
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transformation and tissue probability template defined in SPM8. The ASL images were then 

co-registered with the anatomical images, so that the patient grey matter map could be 

spatially transformed and re-sliced to match the ASL image co-ordinate. The probability map 

was then threshold at 50% to generate a binary mask of grey matter. 

 

CBF Images: CBF was measured using an arterial spin labelling (ASL) sequence, with echo 

planar imaging (EPI) readout module: TE of 23 ms; TR of 4 s; 4 × 4 mm2 in-plane resolution; 

FOV of 256 × 256 mm2. Examples of images acquired using the ASL technique in a healthy 

control and from one of the stroke participants who took part in the study can be seen in 

Figure 4.2. Inversion was achieved by a variable-rate selective excitation (VERSE) pulse 

(bandwidth of 1100Hz, magnification factor of 10), where a regional inversion slab of 112 

mm thickness was co-centred with the imaging slab. The VERSE pulse has been found to 

have superior performance to other pulse forms and is a robust choice for in vivo ASL 

measurement (He and Blamire, 2010).The image volume covered 14 contiguous slices of 6 

mm thickness and was positioned parallel to the anterior commissure-posterior commissure 

line with lower slices covering the hippocampus. To interrogate the kinetics of CBF signal 

ASL scans were performed at a range of inflow times to allow for the highest signal to noise 

ratio per slice per unit of time. Scans were performed from 900 ms to 2400 ms with a 300 ms 

incremental step. Each scan contained 25 pairs of control and tagging images, while 60 pairs 

were collected for 1500 ms inflow time. All the scans were motion corrected using automated 

image registration, and the control and tagging images were separated into two groups and 

averaged within the scan. The magnitude image was computed as the mean of each scan, and 

subsequently the T1 relaxation curve, based on the signal level in the voxel at different inflow 

time, was fitted on a voxel by voxel basis to generate fully relaxed magnetisation images. 

Perfusion weighted images were generated by taking the difference between the control and 

tagging averaged images. The signal in the perfusion weighted image across the inflow time 

formed the kinetics of CBF, where the mean transit delay (TD) was computed on large 

vessels. The CBF in grey and white matter was then quantified using a general kinetic model, 

assuming T1 of the blood to be 1550 ms and blood brain partition coefficient to be 0.9. 
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Figure 4.2 Arterial spin labelling images of cerebral blood flow in a healthy control 

and an individual with stroke 

 

  

Control

Stroke Patient

Panel A: Arterial spin labelling brain image from a healthy 36 
year old male 

A 

B 

Panel B: ASL brain image from a 60 year old male with a left 
sided anterior circulation infarct. Disruption in cerebral blood 
flow can be seen in the top row of images 
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4.373 Secondary hypotheses 

Physical performance measures 

Gait performance 

All gait performance measures were assessed in a quiet corridor in the clinical research 

facility that allowed for a thirty metre walkway. 

Walking endurance: Walking endurance was measured using the six minute walk test 

following the American Thoracic Society Guidelines (American Thoracic Society, 2002) (see 

Appendix K for protocol). 

Walking speed: Walking speed was captured by the ten metre walk test (see Chapter 3 

Section 3.3 for full description).  

Functional walking: The Timed Up and Go Test was used to assess functional mobility as it 

has been demonstrated to predict community mobility, strength and the risk of falls in the 

elderly (Podsialo, 1991) (see Appendix L for protocol). 

The three gait performance tests were selected as studies have demonstrated that all three 

tests have high test-retest reliability, do not demonstrate systematic changes in mean and 

small measurement errors and are sufficiently sensitive to enable the detection of clinical 

change in measurement scores (Flansbjer et al., 2005).   

Balance: The Berg Balance Test was used to assess balance. The Berg Balance was chosen 

as a systematic review of 21 studies has demonstrated it is a psychometrically sound measure 

of balance impairment following stroke (Blum and Korner-Bitensky, 2008). The test was 

conducted in the same room under the same conditions (See Appendix M for protocol). 

Habitual physical activity measures 

Objective physical activity measure: A multi-sensor array was worn for seven days following 

the initial set of assessments before the intervention commenced and after final assessments 

were complete. The multi-sensor array was only removed to bathe or for water based activity 

(See Chapter 2 Section 2.3 for full description). 

Self- report physical activity: The International Physical Activity Questionnaire (IPAQ) was 

completed after wearing the multi-sensor array for seven days (See Chapter 3 Section 3.3 for 

full description and Appendix E for copy of questionnaire).  
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Quality of life 

The Stroke Impact Scale Version 2.0 (SIS) was used to monitor participation as it has been 

found to be reliable, valid and sensitive to change following stroke (see Appendix N for copy 

of questionnaire) (Duncan et al., 1999). The World Health Organisation Quality of Life Brief 

Questionnaire (WHO QOL) was used to assess quality of life (see Appendix O for copy of 

questionnaire) (Skevington et al., 2004). The WHO QOL has been demonstrated to have 

excellent psychometric properties in terms of reliability and validity (Skevington et al., 

2004). 

Cognition   

The mini mental state examination (MMSE) was conducted to measure baseline cognitive 

function (Folstein et al., 1975; Mehool et al., 2002). The Addenbrooke’s Cognitive 

Examination Revised (ACE-R) was used as a more comprehensive assessment of overall 

cognition and for sub-group analysis of attention, memory, word fluency, spatial awareness 

and language (Larner, 2007). The ACE-R has been demonstrated to be easy to use and has 

excellent sensitivity (0.95) (Larner, 2007). Assessors were trained using the ACE-R 

administration and scoring guide (2006) (See Appendix P). 

4.38 Randomisation 

An administrator not associated with the study used a computer random number generator to 

generate an allocation sequence to the exercise or the control group. The administrator was 

the only person with access to the random number sequence which was concealed on a 

password protected computer. After visit one, the administrator was telephoned and asked for 

the next number in the sequence to enable the participant to be randomised. If the participant 

subsequently dropped out, rather than using their randomised allocation for the next 

participant, the next number in the sequence was used.   

 

4.39 Blinding  

Due to the nature of the trial we were unable to blind the participants and lead researchers to 

the intervention group. Outcome assessors and data imputers were kept blinded to allocation. 
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4.310 Sample Size Calculation 

The sample size was calculated to provide sufficient power to evaluate changes in metabolic 

risk while also allowing additional information for more exploratory endpoints (cerebral 

blood flow). The sample size for metabolic control was determined from the published data 

on the effect of aerobic exercise upon metabolic control following stroke (Ivey et al., 2007). 

Changes in basal insulin demonstrated that a sample size of 10 per group would provide 50% 

power at a 5% confidence level incorporating a 20% drop out (delta 23 ± 35 vs. -9 ± 42). For 

the exploratory outcome of cerebral blood flow (CBF) we based our calculation on previous 

repeated CBF measurements at the Newcastle Magnetic Resonance Centre (Professor 

Blamire et al. unpublished data). This data shows that the mean coefficient of variation for 

paired measurements (13 subjects) in grey matter is 7%.  Power calculations therefore 

indicate that the method has >95% power to detect a 10% change in CBF at significance of 

p=0.01 using pairwise measurements in a group of 20 subjects. To provide sufficient power 

to explore the exploratory outcome of CBF as well as the primary outcome we recruited 20 

patients into the intervention and 20 into the control group.  

4.311 Statistical methods 

Data was assessed using an intention to treat analysis. Data was inspected for univariate and 

multivariate outliers using standard Z-distribution cut-offs and Mahalanobis distance tests 

respectively. Normality of distribution was tested using a Kolmogorov-Smirnov test. In order 

to assess if the intervention group and the control group were similar at baseline the groups 

were compared using an independent sample t-test if data conformed to the assumptions of 

normality, if not the equivalent non -parametric independent samples Mann Whitney-U test 

was applied. To compare differences between the exercise group and the control group 

following the intervention changes scores were calculated for each participant by subtracting 

the pre-intervention scores from the post-intervention scores. Change scores for the exercise 

group and the control group were then compared using independent sample t-tests assuming 

the change score data conformed to the assumptions of normality. Statistical significance was 

indicated if p<0.05. 

Bivariate correlation was used to explore associations between change scores in different 

variables as a result of the exercise intervention and if there was a relationship between 

variables at baseline and individual change scores in the exercise group and. All data are 

presented as means ± SD unless otherwise indicated.
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4.4 Results 

The following section will cover participant flow, adherence, baseline characteristics and 

results for the trial according to the trial hypotheses 

4.41 Participant flow and adherence 

The participant flow through the trial can be seen in Figure 4.3. Four hundred possible 

participants were screened by telephone. Of these individuals, 92 did not fit the inclusion 

criteria for the trial and 117 declined due to the time commitment, fear of magnetic resonance 

imaging scanning or the fact they were already exercising. At the initial screening visit eight 

further participants were excluded. Two participants had severe cognitive problems, one had 

metal in his skull which excluded him from having an MRI scan, another participant had 

ischaemic changes on resting ECG, two participants had musculoskeletal problems and were 

unable to complete the bike test, one participant had terminal cancer and finally the last 

participant had a questionable diagnosis of stroke. Forty participants were eligible for the trial 

after the screening visit and out of these participants there was 100% completion in both the 

exercise and the stretching group. 

Adherence with the exercise classes and the stretching protocol was excellent. Each of the 

participants in the exercise group completed over 90% of the sessions over the 19 weeks. On 

average the exercisers only missed four of the 57 exercise sessions, completing the equivalent 

of 53 hours of exercise training. There were no falls or adverse events sustained during the 

exercise sessions. Participants in the control group completed over 90% of the stretching 

programme with no adverse events. 
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Figure 4.3 CONSORT flow diagram of recruitment, drop out and completion 
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4.42 Participant characteristics 

Participant characteristics are summarised in Table 4.3. Eighty five per cent of the recruited 

cohort was male. Thirty three of the participants were retired, four were on long term sick 

leave and two individuals were still working. Almost half the individuals in the study were 

diagnosed initially with a partial anterior circulation stroke, with the most common site of 

infarct being the middle cerebral artery. According to the National Institute for Health Stroke 

Scale mean average stroke impairment was mild, ranging from 0-8 on the 0-42 scale. Four 

individuals in the control group and five in the exercise group used a stick to walk. 

The control and the exercise group were well matched on participant characteristics (see 
Table 4.3). 

4.43 Baseline dependent variables 

There were no significant differences between the exercise and the control at baseline for all 

dependent variables (see Table 4.4). 
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Table 4.3  Participant characteristics (All data is given as mean and SD unless 

otherwise stated) 

Variables Exercise group (n=20) Control group (n=20) 

P 

value 

Demographics    

Gender M/F 18/2 16/4 0.39 

Age (years) 68 ± 8 70 ± 11 0.49 

Height (cm) 176 ± 8 172 ± 7 0.18 

Weight (kg) 82 ± 14 79 ± 12 0.49 

Body mass index (kg/m²) 26 ± 4 26 ± 4 0.96 

Smoking status S/NS 1/19 3/17 0.30 

Mini-mental test examination  28 ± 2 29 ± 1 0.52 

Stroke characteristics      

Time since stroke (range) 21 ± 34 (6-144) 16 ± 12 (6-43) 0.41 

NIHSS score 0-42 (range) 3 ± 3 (0-8) 2 ± 2 (0-7) 0.58 

Side of brain lesion left/right 10/10 11/9 0.76 

Stroke subtype (OCSP) (No/%)  

Total anterior circulation 4 (20%) 3 (15%) 0.69 

Partial anterior circulation 9 (45%) 8 (40%) 0.76 

Lacunar  5 (25%) 7 (35%) 0.5 

Posterior circulation 2 (10%) 2 (10%) 1.0 

Vascular location of lesion    

Middle cerebral artery   15 (75%) 14 (70%) 0.73 

Anterior cerebral artery 0 (0%) 0 (0%) 1.0 

Posterior cerebral artery 2 (10%) 3 (15%) 0.64 

Unable to classify 3 (15%) 3 (15%) 1.0 

Functional characteristics      

Walking aid Y/N 4/16 5/15 0.71 

Walking speed m/s 1.2 ± 0.4 1.2 ±  0.3 0.96 

6 minute walk distance (metres) 428 ± 131 419 ± 127 0.84 

Medication (No/%)      

Beta blocker 3 (15%) 6 (30%) 0.27 

ACE inhibitor 7 (35%) 11 (55%) 0.21 

Diuretic 5 (25%) 3 (15%) 0.44 

Anti-arrhythmic 7 (35%) 3 (15%) 0.15 

Calcium channel blocker 2 (10%) 4 (20%) 0.39 

Statin 18 (90%) 17 (85%) 0.64 

OCSP-Oxford Community Stroke Project Classification 
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Table 4.4 Dependent variables at baseline (All data is given as mean and SD) 

  Exercise group  Control group p values 

Variables Baseline Baseline   

Metabolic risk factors       

Plasma glucose (mmol/L) 5 ± 0.6 5.3 ± 0.48 0.15 

Plasma insulin (mU/L) 6.4 ± 3 6.8 ± 4 0.70 

Two hour glucose (mmol/L) 7 ± 2.7 6.8 ± 2.6 0.70 

Resting systolic blood pressure (mmHg) 137 ± 27 135 ± 13 0.72 

Resting diastolic blood pressure (mmHg) 84 ± 10 83 ± 11 0.81 

Total cholesterol (mmol/L) 4.5 ± 1.2 4.4±0.8 0.715 

Triacylglycerol (mmol/L) 1.3 ± 1.1 1.1 ± 1.0 0.49 

Low density lipoprotein-cholesterol (mmol/L) 2.5 ± 0.9 2.5 ± 0.8 0.89 

High density lipoprotein-cholesterol (mmol/L) 1.4 ± 0.4 1.4 ± 0.4 0.96 

Peak oxygen consumption (ml/kg/min) 18 ± 5 18 ± 5 1 

Peak work rate (watts) 112 ± 36 105 ± 34 0.54 

Peak metabolic equivalents (METS) 5.2 ± 1.3 5.2 ± 1.2 1 

Body mass index kg/m² 26 ± 4 26 ± 3 0.96 

Cerebral blood flow    

Grey matter cerebral blood flow (ml/100g/min) 34 ± 5 35 ± 7 0.59 

Mean vascular transit delay  652 ±26 654 ± 24 0.79 

Physical performance     

Six minute walk test (m) 428 ± 131 419 ± 127 0.84 

10 metre walk test (m/s) 1.2 ± 0.4 1.2 ± 0.3 0.96 

Timed up and go (s) 11 ± 9  9.8 ± 5 0.58 

Berg Balance Scale 50 ± 4 50 ± 5.6 0.98 

Physical activity    

Total energy expenditure (kcal/day) 2261 ±  371 2258 ±  485 0.98 

MET level (kcal/kg/hr) 1.2 ±  0.2 1.2 ±  0.2 0.92 

Physical activity energy expenditure (mins/day) 65 ±  47 67 ±  48 0.86 

Sedentary time (mins/day) 1337 ±  56 1344 ±  59 0.71 

Daily steps 5473 ±  2832 5154 ±  5538 0.77 

Quality of life    

Stroke impact scale (SIS)-stroke recovery 66 ± 28 79 ± 22 0.1 

SIS physical total 308 ± 92 336 ± 78 0.3 

World Health Organisation (WHO) physical health 70 ± 19 71 ± 16 0.86 

WHO psychological 73 ± 17 77 ± 15 0.47 

WHO social 65 ± 22 75 ± 18 0.09 

WHO environment 86 ± 9 88 ± 13 0.63 

Cognition    

Addenbrooke’s Cognitive Examination revised-overall score (0-100) 86 ± 8 89 ± 6 0.31 
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4.44 Description of baseline variables 

Metabolic risk factors 

Glycaemic control  

Average baseline glucose and insulin levels fell within normal limits as defined by the World 

Health Organisation (impaired fasting glucose <6.1mmol/l, insulin <10.9mU/l) (World 

Health Organisation, 2006). Average two hour fasted glucose levels in the exercise group and 

control group were within the normal range (two hour plasma glucose >7.8 and <11.1). Three 

individuals in the exercise group and three in the control group had impaired glucose 

tolerance, whereas one individual in the exercise group and two individuals in the control 

group were newly classified as diabetic (two hour plasma glucose >11.1). 

Blood pressure 

According to the American Heart Association classification of resting blood pressure (see 

Chapter 1 Table 1.5) (Chobanian et al., 2003) 95% (38/40) of the cohort had either 

prehypertension or hypertension. Two individuals had normal blood pressure (5%), 18 had 

prehypertension (45%), 12 had stage 1 hypertension (30%) and eight had type 2 hypertension 

(20%). 

Lipid profile 

72% of the cohort had abnormal cholesterol levels (>4mmol/l) and 77% had abnormal LDL-

C levels (>2mmol/l) according to the Joint British Societies normative values for individuals 

with cardiovascular disease (Ward et al., 2005). With regards to HDL-C levels 47% of the 

cohort had abnormal levels at baseline (normal limits 1.2-1.8 mmol/L). Finally 15% of the 

cohort had abnormal triaclyglyceride levels at baseline (normal limits 0.5-1.7 mmol/L). 

Cardiovascular fitness 

Average peak oxygen consumption for the control and exercise group was below the average 

for individuals in their mid-sixties who are physically inactive but otherwise healthy (normal 

range 25-30 ml/kg/min) (Bruce et al., 1973). Peak oxygen consumption was below 17.5 

ml/kg/min at baseline in 53% (21/40) of the cohort. This low level of cardiorespiratory fitness 

may preclude these individuals from doing strenuous activities of daily living for any long 

period of time (Ivey et al., 2006a). 

Body composition 

With regard to body mass, 62.5 % (25/40) of the cohort were either overweight or obese at 

baseline (BMI>25kg/m²), 20% of participants were obese (>30 kg/m²) and 42.5% (17/40) 

were overweight (>25 kg/m²).  
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Summary of baseline metabolic variables 

The metabolic risk profile of the cohort is summarised in Table 4.5. Data from a previous 

trial of 364 participants who had been screened for exercise and stroke studies in America is 

also given for comparison (Kopunek et al., 2007). 

Table 4.5 Prevalence of metabolic risk factors of the 40 trial subjects versus 

previously published prevalence rates. 

Variables 

% 

(Trial results 

n=40) 

Medication Use % % (No) 

(Previous trial results n=354 

(Kopunek, 2007) 
Yes No 

*Fasting plasma glucose 

Normal 77%   48% 

IFG (6.1-6.9mmol/l) 23% 0% 100% 34% (5.6-6.9mmol/L) 

Diabetes (≥7mmol/l) 0% 0% 100% 18% 

2 hour fasting plasma glucose 

Normal 74% 0% 100%  

IGT ≥7.8-<11.1mmol/L 16% 0% 100%  

Diabetes ≥11.1 8%    

**Blood pressure  

Normotensive 5% 0% 100% 20% (n=71) 

Prehypertensive 45% 72% 28% 39% (n=141) 

Hypertension stage 1 30% 67% 33% 30% (n=112) 

Hypertension stage 2 20% 87% 13% 11% (n=40) 

***Fasted cholesterol 

Normal<4mmol/L 28%    

Abnormal >4mmol/L 72% 56% 44%  

***Fasted LDL-C  

Normal<2mmol/L 23%   40% (<100mg/dL unfasted) 

Abnormal >2mmol/L 77%    

***Fasted HDL-C  

Normal (1.2-1.8mmol/L) 53%    

Abnormal 47%    

****Body mass index  

Normal <18.5-24.9 kg/m² 38%   33% 

Overweight 25-29.9 43%   36% 

Obese >30 kg/m² 20%   31% 

*Fasting plasma glucose-categorised according to World Health Organisation guidelines (World Health Organisation, 2006), **Blood 

pressure categorised according to Joint National Committee guidelines (Chobanian et al., 2003), ***Fasted cholesterol, LDL-C, HDL-C- 

Joint British Society guidelines for individuals with cardiovascular disease (Joint British Society, 2005; National Institute for Health and 

Clinical Excellence, 2010), ****Body mass index categorised according to National Institute for Health guidelines (Expert Panel on 

Identification, 1998). IFG impaired fasting glucose, IGT-impaired glucose tolerance. 
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Cerebral blood flow 

Baseline CBF for the entire group fell between 50-20 ml/100g/min. This value was below 

previous research findings that have indicated that typical values for CBF in human grey 

matter are approximately 60mL/100g/minute (Liu and Brown, 2007). It must be noted, 

however, that these typical values were taken from a young healthy cohort. As our cohort 

were considerably older, values for CBF in this study are, therefore, likely to be considerably 

lower than average. The baseline mean average vascular transit delay was 653 ± 25ms. 

Although transit time is related to the specific technique used, to give a crude idea of how this 

data relates to previous work, mean average transit times were similar to those found in 

previous studies in healthy young and old individuals (567-809ms) but were lower than 

previously defined values for individuals with stroke (749-1117ms) (Brumm et al., 2010).  

Physical performance 

Physical performance measures were very variable within the sample. With regards to 

walking endurance, as measured by the six minute walk test, 50% of the exercise group and 

60% of the control group covered less distance than previously defined age and gender 

matched elderly people living in the community (Steffen et al., 2002) (See Appendix Q for 

summary of age and gender reference ranges for walking speed, endurance and balance). 

There was a wide range of walking endurance abilities across the cohort ranging from 100-

619m. Using previously defined average gait speeds for men and women at different ages for 

comparison, at baseline 25% of individuals in the control group had lower than average gait 

speeds, compared to 35% in the control group (Bohannon and Williams Andrews, 2011). In a 

similar vein to endurance measurements, there was a wide range of gait speeds across the 

group from 0.5-1.7 m/s. In comparison to previously defined age and gender balance scores 

on the Berg Balance Scale, balance appeared to be the factor that was most affected in this 

cohort in comparison to gait speed and endurance. 85% of the exercise group and 75% of the 

control group had baseline balance scores lower than age and sex-matched reference values 

(Steffen et al., 2002).  

Habitual physical activity levels 

Total daily energy expenditure rates ranged from 1606-3638 kcal/day. 61% of the exercise 

group and 66% of the control group were expending less calories than age and sex matched 

reference ranges (Black et al., 1996). No participants in the exercise group and only three 

participants in the control group achieved the recommended 10,000 steps per day (Tudor-

Locke and Bassett, 2004). Step count, as measured by a pedometer, has been used previously 
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to define ambulatory levels with <2822 steps/day indicating ambulation is limited to the 

house, 2822-5336 steps per day indicates limited community mobility and over 5337 steps 

per day indicates community ambulation (Tudor-Locke et al., 2009). According to this 

classification, 19% of the cohort fell into the household ambulation category, 39% were 

classed as having limited community ambulation and 42% were classed as being ambulant in 

the community.  

Cognition 

Age related cut off scores have been cited for the overall Addenbrooke’s cognitive 

assessment revised score (ACE-R) and the individual sub sections of the scale (Mioshi et al., 

2006). Using these cut off scores to interpret the baseline characteristics of the study group 

35% (14/40) of the cohort were classified as having dementia according to overall ACE-R 

score. 15% (6/40) were classified with dementia according to attention scores, 23% (9/40) 

according to memory scores, 23% (9/40) on word fluency, 10% (4/40) on language ability 

and 23% (9/40) on visuospatial ability were classified as having dementia. 

4.45 Main results 

4.451 Primary hypothesis-A community based exercise intervention will be more effective 

than a home stretching programme in improving metabolic risk factors in older adults with 

stroke.  

4.4511 Glycaemic control 

There were no significant differences between groups after the intervention and no change 

from baseline with regards to fasting insulin, fasting NEFA levels, insulin sensitivity 

demonstrated by the HOMA index, and measures taken during and after the oral glucose 

tolerance test including glucose area under the curve (AUC), insulin AUC, HOMA AUC and 

NEFA suppression (Table 4.6). The only between group significant difference was in plasma 

glucose levels where levels were significantly lower in the control group in comparison to the 

exercise group.  

Sub group glycaemic control analysis 

A sub group analysis was taken to establish if there were any between group differences in 

glycaemic control in those participants who initially were classified as having impaired 

glucose control or diabetes from baseline two hour fasting glucose levels (see Table 4.7). 

Glucose control remained unchanged in this subgroup following the intervention. However,  
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Table 4.6  Glycaemic control change across intervention in exercise group versus control-all data is given as means and standard 

deviations, significant between group changes are indicated in bold (p<0.05). 

  Exercise 
group      Control 

group       

Variables Baseline Post 
intervention ∆  Baseline Post 

intervention ∆  
 P value between 
group difference 

(95% CI) 
Glycaemic control        

Plasma glucose 5 ± 0.6 5.2 ± 0.5 0.2 5.3 ± 0.5 5.1 ± 0.5 -0.2 0.02 (0.1-0.6) 
Plasma insulin (mU/l) 6.4 ± 3 6.3 ± 3 -0.1 6.8 ± 4 6.9 ± 3.4 0.1 0.81 (-1.5 - 1.9) 
HOMA index  1.5 ± 0.8 1.5 ± 0.7 0 1.6 ± 1 1.7 ± 1 0.1 0.97 (-0.47-0.49) 
Two hour glucose (mmol/l) 7 ± 2.7 6.4 ± 1.7 -0.6 6.8 ± 2.6 6.5 ± 2.2 -0.3 0.63 (-1.7 - 1.1) 
Glucose AUC (mmol/l per 120 min) 920 ± 238 879 ± 256 -41 913 ± 187 921 ± 183 8 0.37 (-161 - 62) 
Insulin AUC (mU/l per 120 min) 5946 ± 2172 4840 ± 1761 -1106 5520 ± 1937 5475 ± 2542 -45 0.28(-1836 - 555) 
HOMA area under the curve 2006 ± 1255 1666 ± 844 -340 1992 ± 808 2098 ± 1081 106 0.13 (-119 - 147) 
NEFA-suppression (mmol/l) (baseline NEFA-30 min 
NEFA) 

0.19 ± 0.2 0.164 ± 0.2 -0.03 0.09 ± 0.1 0.1 ± 0.1 0.01 0.45 (-0.2-0.1) 

Table 4.7 Subgroup analysis- Glycaemic control change across intervention in exercise group versus control  

Subgroup IGT/diabetes (IGT >7.8-<11/diabetes >11) N=4       N=5       

2 hour glucose (mmol/l) 11 ± 3 7.7 ± 2.1 -3.3 10.3 ± 1.3 8.6 ± 2 -1.7 0.4 (-4.1-1.7) 
Glucose area under curve mmol/l per 120 min 1352 ± 346 1175 ± 316 -177 1083 ± 178 1039 ± 183 -44 0.12 (-312-45) 
Insulin area under curve mU/l per 120 min 8513 ± 4874 5304 ± 2851 -3209 4859 ± 2146 4708 ± 2432 -151 0.1 (-2967-328) 
HOMA index  2.0 ± 1.3 1.6 ± 1.1 -0.4 1.3 ± 1.2 1.7 ± 0.9 0.4 0.1 (-1.78-0.17) 

HOMA-homeostasis model of insulin sensitivity; AUC-area under the curve; NEFA-non –esterified fatty acid; IGT-impaired glucose tolerance; ∆-change 

score. 
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two of the three individuals in the exercise group progressed from having clinically 

significant impaired glucose tolerance to within normal limits (< 7.8 mmol/l) and one 

individual moved from a diagnosis of diabetes (>11.1mmol/L) to impaired glucose tolerance. 

It is likely that as only four participants had glucose handling difficulties that this provided 

insufficient power to adequately determine changes following the exercise intervention.  

4.4512 Blood pressure 

There was a significant between group difference in resting DBP after the intervention (84 ± 

10 to 81 ± 11 vs. 83 ± 11 to 88 ± 10 mmHg, 95% confidence interval (CI) -14- -0.4, p=0.04) 

(see Table 4.8 and Figure 4.4, Panel A), but no difference was found in SBP. Looking at 

individual changes in resting blood pressure measures no individuals in the exercise group 

moved from the pre-hypertension and hypertension categories to within normal levels after 

the intervention. Five individuals, however, reduced their resting DBP to within normal 

levels from a pre hypertensive level. 

4.4513 Lipid profile 

There were no between group significant differences in total cholesterol, triacylgyceride, and 

LDL-C levels following the intervention (Table 4.8). HDL-C levels increased significantly 

(23%) in the exercise group in comparison to the control group (1.3 ± 0.4 to 1.6 ± 0.6 vs.1.4 

± 0.4 to 1.4 ± 0.3, 95% CI 0.05-0.40, p=0.01) (Figure 4.4, Panel B). 

4.4514 Cardiorespiratory fitness 

There were significant between group differences in all measures of cardiorespiratory fitness 

following the intervention (Table 4.8). Peak oxygen consumption increased by 17% in the 

intervention group compared to no change from baseline in the control group (18 ± 5 to 21 ± 

5 vs. 18 ± 5 to 18 ± 5ml/min/kg, 95% CI 1.3 – 5.2 p<0.01) (Figure 4.4, Panel C). Peak 

metabolic equivalent increased significantly (15%) in the exercise group in comparison to the 

control group (5.2 ± 1.3 to 6.0 ± 1.3 vs. 5.2 ± 1.3 to 5.1 ± 1.3METS, 95% CI 0.4-1.5, p<0.01) 

and there was also a significant between group difference in peak work rate (112 ± 36 to 121 

± 37 vs. 105 ± 34 to 101 ± 35Watts, 95% CI 0.1-0.3, p<0.01) (Figure 4.4, Panel D). 

4.4515 Body composition 

Body mass index stayed constant throughout the intervention in both the control and the 

exercise group (26 ± 4 to 26 ± 4 vs. 26 ± 3 to 26 ± 4 kg/m²)(Table 4.8). 
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Table 4.8  Blood pressure, lipid profile, cardiorespiratory fitness and body composition change across intervention in exercise group 

versus control-all data is given as means and standard deviations, significant between group changes are indicated in bold 

(p<0.05).  

  
Variables 

Exercise 
group      Control 

group       

Baseline Post 
intervention ∆  Baseline Post 

intervention ∆  
P value between 
group difference 

(95% CI) 
Metabolic risk factors        

Blood pressure        

Resting SBP (mmHg) 137 ± 27 143 ± 19 6 135 ± 13 137 ± 11 2 0.64 (-10.2-16.4) 

Resting DBP (mmHg) 84 ± 10 81 ± 11 -3 83 ± 11 88 ± 10 5 0.04 (-14 - -0.4) 

Lipid profile        

Fasting cholesterol (mmol/l) 4.5 ± 1.2 4.7 ± 1.2 0.2 4.4 ± 0.8 4.2 ± 0.8 -0.2 0.33 (-0.3-0.9) 

Triacylglycerol (mmol/L) 1.3 ± 1.1 1.3 ± 1.0 0 1.2 ± 0.5 1.1 ± 0.5 0.1 0.75 (-0.2-0.28) 
Fasting LDL-C (mmol/l) 2.5 ± 0.9 2.5 ± 0.9 0 2.5 ± 0.7 2.4 ± 0.7 -0.1 0.79 (-0.5-0.6) 
Fasting HDL-C (mmol/l) 1.3 ± 0.4 1.6 ± 0.6 0.3 1.4 ± 0.4 1.4 ± 0.3 0 0.01 (0.05-0.4) 
Cardiorespiratory fitness        

Peak oxygen consumption (ml/kg/min) 18 ± 5 21 ± 5 3 18 ± 5 18 ± 5 0 <0.01 (1.3 - 5.2) 

Peak work rate (watts) 112 ± 36 121 ± 37 9 105 ± 34 101 ± 35 -4 <0.01 (0.1 - 0.3) 
Peak metabolic equivalent (METS) 5.2 ± 1.3 6.0 ± 1.3 0.8 5.2 ± 1.3 5.1 ± 1.3 -0.1 <0.01 (0.4-1.5) 
Body composition        

Body mass index (kg/m²) 26 ± 4 26 ± 4 0 26 ± 3 26 ± 4 0 0.25 (-0.7 - 0.2) 
SBP-Systolic blood pressure; DBP-diastolic blood pressure; LDL-C-low density lipoprotein cholesterol; HDL-C-high density lipoprotein cholesterol; ∆-delta value 
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Figure 4.4 Diastolic blood pressure (DBP)(Panel A), high density lipoprotein cholesterol (HDL-C)(Panel B), peak oxygen consumption 

(Panel C) and peak work rate (Panel D) pre and post intervention change scores for exercise and control group. Significant 

between group difference; **P≤0.01.*P<0.05
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4.452 Exploratory hypothesis-A community based exercise intervention will be more 

effective than a home stretching programme in improving cerebral blood flow in older adults 

with stroke.  

With regards to feasibility, the scanning procedure used to measure global cerebral blood 

flow was well tolerated by the participants, with 100% adherence during the scanning 

procedure and no missing data sets. In terms of outcome following the intervention, a 

significant between group difference was not present for global cerebral blood flow measures 

and mean vascular transit delay following the intervention (Table 4.9). Although the average 

change-score for global cerebral blood flow was higher in the exercise group in comparison 

to the controls this was due to an outlier. When the outlier was removed from the analysis 

there was no significant difference in change scores between groups.  
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Table 4.9 Cerebral blood flow change across intervention in exercise group versus control-all data is given as means and standard 

deviations  

  
Variables 

Exercise 
group      Control group       

Baseline Post 
intervention ∆  Baseline Post 

intervention ∆  
  P value between 
group difference 

(95% CI) 
Cerebral blood flow               
Grey matter cerebral blood flow 
(ml/100g/min) 

34 ± 5 36 ± 14   2 35 ± 7 33 ± 6 -2 0.21 (-2.4 - 10.4) 

Mean vascular transit delay  652 ± 26 642 ± 31 -10 654 ± 24 649 ± 34 -5 0.68 (-29 - 19) 
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4.453 Secondary hypotheses 

The initial secondary hypothesis will focus on outcome from exercise with regards to 

physical performance and activity, quality of life and cognition in older adults following 

stroke. The next five secondary hypotheses will establish whether the changes that occurred 

in different sets of variables were associated with each other and what factors at baseline 

predicted the greatest change. 

4.4531 Hypothesis 1- A community based exercise intervention will be more effective than a 

home stretching programme in improving physical performance and physical activity, quality 

of life and cognition in older adults with stroke.  

4.45311 Physical performance 
There were significant between group differences for all physical performance measures 

following the intervention (Table 4.10). Participants in the exercise group increased the 

distance walked in six minutes by 85m (20%). This was quadruple the gains of the control 

group (5%) in percentage terms (428 ± 131 to 513 ± 131 vs. 419 ± 127 to 441 ± 126m, 95% 

CI 42-86, p<0.01) ( Figure 4.5, Panel A). Significant changes were also present for gait 

speed, TUG and BB scores in the exercise group in comparison to the controls. Gait speed 

increased by 25% in the exercise group (1.2 ± 0.4 to 1.5 ± 0.3 vs. 1.2 ± 0.3 to 1.3 ± 0.3 95% 

CI 0.1-0.3 p<0.01) (Figure 4.5, Panel B), the time taken to complete the TUG decreased by 

24% in the exercise group in comparison to no change in the control group (11 ± 9 to 8.4 ± 6 

vs. 9.8 ± 5 to 9 ± 5s, 95% CI -3.5- -2.4, p=0.026) (Figure 4.5, Panel C) and BB scores 

increased by 10% in the exercise group in comparison to a 4% increase in the control group 

(50 ± 4 to 55 ± 2 vs. 50 ± 5.6 to 52 ± 5 95% CI 0.9-5, p<0.01) (Figure 4.5, Panel D).  

4.45312 Physical activity  

Objective physical activity measurement 

There were no significant between group changes in habitual levels of physical activity and 

energy expenditure taken seven days prior to commencement of the trial and for seven days 

following final assessments (Table 4.10). Change scores for total energy expenditure levels, 

MET level, physical activity energy expenditure, sedentary time and daily step count were 

not significantly different in the exercise compared to the control group 

Self-report physical activity measurement 

There were no significant between group differences in self-report physical activity levels 

and average sitting time following the intervention (Table 4.10).
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Table 4.10 - Physical performance and physical activity change across intervention in exercise group versus control-All data is given as 

means and standard deviations, significant between group changes are indicated in bold (p<0.05)  
  
Variables 

Exercise 
group  

    Control group       

 Baseline 
Post 

intervention 
∆  Baseline 

Post 
intervention 

∆  
  P value between 
group differences 

(95% CI) 
Physical performance         

Six minute walk test (m) 428 ± 131 513 ± 131 85 419 ± 127 441 ± 126 22 <0.01 (42 - 86) 

10 metre walk test (m/s) 1.2 ± 0.4 1.5 ± 0.3 0.3 1.2 ± 0.3 1.3 ± 0.3 0.1 <0.01 (0.1 - 0.3) 

Timed Up and Go (s) 11 ± 9  8.4 ± 6 -2.6 9.8 ± 5 9 ± 5 -0.8 0.03 (-3.5 - -2.4) 

Berg Balance 50 ± 4 55 ± 2 5 50 ± 5.6 52 ± 5 2 <0.01 (0.9 - 5) 

Habitual physical activity        

Objective physical activity measure (multi-sensor array)        

Total energy expenditure (kcal/day) 2261 ± 371 2322 ± 418 61 2258 ± 485 2341 ± 619 83 0.89 (-213 - 185) 

Average METs (kcal/kg/hr) 1.2 ± 0.2 1.2 ± 0.2 0 1.2 ± 0.2 1.2 ± 0.2 0 0.63 (-0.1 - 0.1) 

Physical activity energy expenditure (min/day) 65 ± 47 71 ± 66 6 67 ± 48 75 ± 70 8 0.75 (-29 - 39) 

Sedentary time (mins/day) 1337 ± 56 1325 ± 80 -12 1344 ± 59 1348 ± 78 4 0.34 (-74 - 26) 

Daily steps (range) 5473 ± 2832 5586 ± 3722 113 5154 ± 5538 6299 ± 4362 1145 0.67 (-1647 - 1072) 

 (9,250) (13,012)  (11,255) (14,165)   

Self-report physical activity measure (IPAQ)              

Self-report physical activity level (met/min/week) (range) 2369 ± 2042 3323 ± 3292 954 3081 ± 3223 6670 ± 9369 3589 0.17 (-6970 - 1270) 

 (6,827) (13,119)  (9,156) (42,117)   

∆-delta score, IPAQ-International physical activity questionnaire. 
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Figure 4.5 Six Minute Walk Test (Panel A), walking speed (Panel B), Timed Up and Go (Panel C), and Berg Balance(Panel D) pre and 

post intervention change scores for exercise and control group-Significant between group difference; **P<0.01,*P<0.05
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4.45313 Quality of life 

The overall results for all quality of life variables measured pre and post intervention for the 

exercise and control group can be seen in Table 4.11. Mood scores on the Stroke Impact 

Scale improved by 13% in the exercise group but reduced slightly in the control group (77 ± 

24 to 87 ± 12 vs. 85 ± 19 to 84 ± 18, 95% CI 2.2-20, p=0.02) (Figure 4.6, Panel A). The 

overall recovery from stroke increased in the exercise group by 20% in comparison to 4% in 

the control group (66 ± 28 to 79 ± 22 vs. 79 ± 22 to 82 ± 17, 95% CI 0.3-21, p=0.05) (Figure 

4.6, Panel B). The exercise group made significant improvements in overall physical function 

(308 ± 92 to 324± 96 95% CI -30 - -1.9, p=0.03) and mobility (74 ± 27 to 79 ± 23 95% CI -

11- -0.3 p=0.04), however there was no significant between group difference in these 

measures. Although communication, activities of daily living, hand function and participation 

scores all improved in the exercise group this change was not significant in comparison to the 

control group. There were no significant differences in The World Health Organisation 

Quality of Life physical, psychological and environmental domain change scores between the 

exercise and control group. Changes in the exercise group in the social domain were 

approaching statistical significance in comparison to the control group (65 ± 22 to 73 ± 17 vs. 

75 ± 18 to 74 ± 21, 95% CI -1.4-21, p=0.09). 
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Table 4.11  Quality of life change across intervention in exercise group versus control. All data is given as means and standard 

deviations, significant between group changes are indicated in bold (<0.05) 

  
Variables 

Exercise 
group      Control 

group       

 Baseline Post 
intervention ∆  Baseline Post 

intervention ∆  
  P value between 
group differences 

(95% CI) 
Quality of life        

Stroke impact scale               

Physical  74 ± 27 79 ± 23 5 78 ± 21 83 ± 18 5 0.77 (-8 - 10) 

Memory 85 ± 19 85 ± 18 0 87 ± 19 90 ± 13 3 0.64 (-9.8 - 6) 

Mood 77 ±  24 87 ± 12 10 85 ± 19 84 ± 18 -1 0.02 (2.2 - 20) 

Communication 87 ± 21  88 ±  19 1 96 ± 6 95 ± 6 -1 0.62 (-6 - 9) 

Activities of daily living 82 ±  19 85 ±  25 3 90 ± 17 90 ± 15 0 0.39 (-3 - 8) 

Community mobility 86 ± 25 91 ± 19 5 90 ± 16 91 ± 12 1 0.26 (-3 - 10) 

Hand activity 66 ± 42 69 ± 42 3 78 ± 31 85 ± 28 7 0.42 (-11 - 4.9) 

Participation 72 ± 29 76 ± 28 4 89 ± 18 89 ± 18 0 0.31 (-7 - 21) 

Stroke recovery 66 ± 28 79 ± 22 13 79 ± 22 82 ± 17 3 0.05 (0.3 - 21) 

Physical total 308 ± 92 324 ± 96 16 336 ± 78 348 ± 64 12 0.67 (-15- 24) 

World Health Organisation Quality of Life Scale        

Physical health 70 ± 19 76 ± 17 6 71 ± 16 75 ± 9 4 0.68 (-8 - 12) 

Psychological health 73 ± 17 72 ± 16 -1 77 ± 15 78 ± 17 1 0.56 (-10 - 6) 

Social health 65 ± 22 73 ± 17 8 75 ± 18 74 ± 21 -1 0.09 (-1.4 - 21) 

Environmental health 86 ± 9 87 ± 11 1 88 ± 13 85 ± 14 -3 0.36 (-4 - 10) 
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Figure 4.6 Mood score (Panel A), overall stroke recovery (Panel B), pre and post 

intervention change scores for exercise and control group.-Significant 

between group difference; *p<0.05 

 

 

4.45313 Cognition 

There was a significant between group difference following the intervention in overall 

Addenbrooke’s Cognitive Examination Revised scores (ACE-R) (86 ± 8 to 92 ± 5 vs. 89 ± 6 

to 91 ± 8, 95% CI 0.29-7.8 p=0.04) (Table 4.12). The exercise group’s overall ACE-R score 

increased by 7% in comparison to the control group whose scores improved by 2% post 

intervention. More importantly six out of the eight individuals in the exercise group (75%) 

who had scores at baseline below the cut off for dementia had improved their scores to the 

point that they were no longer in the dementia category for their age group. Word fluency 

was also significantly improved by the exercise intervention in comparison to the controls 

increasing by 10% (10 ± 2 to 11 ± 2 vs. 11 ± 2 to 10 ± 2, 95% CI 0.1-2.7, p=0.04). Attention, 

memory and language scores all increased in the exercise group but the change was not 

significant. 
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Table 4.12  Cognitive change across intervention in exercise group versus control.-All data is given as means and standard deviations, 

significant between group changes are indicated in bold (p<0.05)  

  
Variables 

Exercise 
group      Control 

group       

Baseline Post 
intervention ∆  Baseline Post 

intervention ∆  
  P value between 
group differences 

(95% CI) 
Cognition               

ACE-R overall score (0-100) 86 ± 8 92 ± 5 6 89 ± 6 91 ± 8 2 0.04 (0.29 - 7.8) 
ACE-R attention  17 ± 1 18 ± 1 1 18 ± 1  18 ± 0.4 0 0.21  (-3 - 1.9) 

ACE-R memory 
ACE-R fluency  

20 ± 4 23 ± 4 3 21 ± 3 23 ±5 2 0.26 (-1.1 - 4) 

10 ± 2 11 ± 2 1 11 ± 2 10 ± 2 -1 0.04 (0.6 - 2.7) 
ACE-R language 25 ± 1 26 ± 1 1 25 ± 2 25 ± 1 0 0.92 (-0.8 - 0.9) 

ACE-R visuospatial  15 ± 1 15 ± 1 0 15 ± 2 15 ± 1 0 0.86 (-1.1 - 0.9) 
ACE-R-Addenbrooke’s cognitive examination revised; ∆ delta score 
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4.454 Secondary hypothesis 2 

Changes in metabolic risk are associated with changes in physical performance, cognition 

and cerebral blood flow. 

A bivariate analysis was conducted to determine if the variables that changed significantly as 

a result of the exercise intervention in comparison to the control group with regards to 

metabolic risk i.e. HDL-C, DBP and cardiorespiratory fitness, were associated with change in 

physical performance, cognitive ability and cerebral blood flow. There were no strong 

relationships between change in metabolic risk factors and change in physical performance 

measures, cognition and cerebral blood flow (Table 4.13). A moderate relationship was 

demonstrated between the change score for DBP and six minute walk test distance (r=0.45, 

p=0.05) and change in HDL-C and timed up and go time (r=-0.47, p=0.04).   

Table 4.13 Relationship between change in metabolic risk factors and physical 

performance, cognition and cerebral blood flow  

Change scores 

Diastolic blood 

pressure 

 (mmHg) 

HDL-C (mmol/L) 

Peak oxygen 

consumption 

(ml/kg/min) 

Six minute walk 

test (m) 

R 

P 

0.45 -0.19 -0.09 

0.05* 0.43 0.71 

10 metre walk 

test (m/s) 

R 

P 

0.28 -0.05 -0.1 

0.24 0.84 0.79 

Timed up and 

go 

(s) 

R 

P 

0.24 -0.47 0.37 

0.33 0.04* 0.11 

Berg Balance  
R 

P 

-0.01 0.15 -0.28 

0.1 0.54 0.24 

Overall 

cognition 

R 

P 

0.2 -0.02 0.41 

0.43 0.46 0.08 

Cerebral blood 

flow 

R 

P 

-0.28 -0.15 0.33 

0.25 0.52 0.16 

R-Pearsons correlation, P-2 tailed significance level p≤0.05*, HDL-C-high density lipoprotein cholesterol. 
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4.455 Secondary hypothesis 3-Changes in cerebral blood flow are associated with changes 

in cognition. 

A bivariate analysis to determine if changes in cerebral blood flow as a result of the exercise 

intervention were associated with changes in cognition revealed that there was no relationship 

between the two variables (r=0.156, p=0.53). 

4.456 Secondary hypothesis 4-Changes in quality of life are associated with changes in 

physical performance. 

A bivariate analysis was performed to establish whether changes in quality of life following 

the exercise intervention were associated with changes in physical performance (Table 4.14). 

Overall stroke recovery appeared to be related to gait speed (r=0.51, p=0.02) and timed up 

and go speed (r=0.45, p=0.05).The changes in quality of life were not associated with 

walking endurance and balance.

Table 4.14 Relationships between change in quality of life variables and physical 

performance change scores 

Change scores 6MWT 10MWT 
Timed up 

and go (s) 
Balance 

Stroke 

recovery 

R 

P 

0.31 0.51 -0.45 0.15 

0.178 0.02* 0.05* 0.52 

Mood 
R 

P 

-0.25 -0.12 -0.05 0.309 

0.3 0.6 0.84 0.185 

Overall 

physical 

function 

R 

P 

0.32 0.31 0.17 -0.16 

0.17 0.18 0.47 0.51 

R-Pearsons correlation, P-2 tailed significance level p≤0.05*; 6MWT-six minute walk test; 10MWT-ten metre 

walk test; QOL-Quality of life. 
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4.457 Secondary hypothesis 5-Lower baseline physical performance is related to greater 

change in physical performance as a result of the exercise intervention.  

All physical performance measures changed significantly in the exercise group in comparison 

to the control group. In order to establish whether baseline physical performance determined 

the amount of change in physical performance following the exercise intervention a bivariate 

analysis was conducted (Table 4.15). Baseline walking endurance, gait speed, Timed Up and 

Go (TUG) speed and balance were compared to change scores following the exercise 

intervention. Initial analysis revealed a strong association between baseline TUG speed (r=-

0.931 p<0.01) and berg balance score (r=-0.9, p<0.01) and change following the intervention. 

There appeared to be no relationship between the other baseline physical performance and 

how they improved following the intervention. However an exploration was made of the data 

and two extreme outliers were identified. The regression analysis was re-run and this 

significantly changed the results. A strong relationship was observed between baseline gait 

speed (r=-0.84 p<0.01), TUG speed (r=-.916 p<0.01) and balance score (r=0.86, p<0.01) and 

change scores in these variables following the exercise intervention. A moderate relationship 

was demonstrated between baseline walking endurance (r=-0.6 p=<0.01) and improvement 

following the exercise intervention. The lower the baseline level of physical performance, the 

more improvement was made by the end of the exercise intervention.  

Table 4.15 Baseline physical performance and resultant change scores in physical 

performance following exercise intervention. 

Baseline Scores  
Change Scores 

Full data set  Outliers removed 

6 Minute Walk  
R 

P 

-0.1 -0.6 

0.65 <0.01** 

10 Metre Walk  
R 

P 

-0.4 -0.8 

0.09 <0.01** 

Timed Up and Go 
R 

P 

-0.9 -0.9 

<0.01** <0.01** 

Balance 
R 

P 

-0.9 -0.9 

<0.01** <0.01** 

R-Pearson’s correlation, P- 2 tailed significance level p<0.01**. 
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4.5 Discussion 

This is the first randomised controlled trial to explore the effect of a community based 

exercise intervention on metabolic risk factors following stroke. It is also the first study to 

investigate novel methods of measuring cerebral blood flow and to establish if exercise 

impacts on cerebrovascular control, and if this in turn relates to improvements in metabolic 

control. Alongside the physiological data, the study also investigated the impact of exercise 

on physical performance and activity, quality of life and cognition and questioned whether 

the impact of exercise on the physiological variables is related to its impact on function. The 

key finding of the study was that exercise results in some improvements in metabolic risk 

factors and marked improvements in physical performance following stroke but that the 

physiological changes in metabolic control do not appear to be driving changes in physical 

performance.  

4.51 Exercise and Metabolic Risk Factors 

The primary hypothesis of the study tested whether exercise was beneficial in improving 

metabolic risk factors following stroke. At baseline, metabolic control was a problem for the 

cohort, with the entire study group presenting with at least one sub-optimally controlled risk 

factor (Table 4.5). This finding was in line with previous studies that have demonstrated 

control of metabolic risk factors is inadequate following stroke (Kopunek et al., 2007, 

Mackay-Lyons et al., 2009). A number of beneficial modifications were made to metabolic 

risk factors as a result of the exercise intervention. Resting diastolic blood pressure decreased 

alongside an increase in high density lipoprotein cholesterol and cardiorespiratory fitness. 

However, a number of metabolic risk factors did not alter, including glycaemic control. The 

metabolic changes in the community based exercise intervention will now be discussed.  

4.511 Cardiorespiratory fitness 

Cardiorespiratory fitness was the area of metabolic risk that changed most in response to the 

exercise intervention. The average peak oxygen consumption for the entire group at baseline 

was 18 ml/kg/min, almost a third lower than healthy age-matched individuals (Bruce et al., 

1973). It is useful to examine this peak exercise capacity data with reference to activities of 

daily living. Light activities of daily living such as light cleaning equate to approximately 

10.5 ml/kg/min oxygen consumption (3 METS), with more strenuous activities, such as 

digging in the garden, requiring 17.5 ml/kg/min (5 METS) (Ainsworth et al., 2000). As such, 

it is likely that the low levels of cardiorespiratory fitness observed in the present group had a 

significant impact upon everyday activities like gardening, with individuals only able to 
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sustain this type of activity for short periods of time. Peak oxygen consumption increased by 

17% in the exercise group, and this improvement is likely to have made it easier for 

individuals to sustain activities of daily living without getting fatigued.  

The study findings were in line with previous randomised controlled trials and a recent meta-

analysis demonstrating that exercise improves cardiorespiratory fitness following stroke by 

around 9-35% (Rimmer et al., 2009, Lennon et al., 2008, Duncan et al., 1998, Texeira et al., 

2002, Chu et al., 2004, Pang et al., 2006, Brazelli et al., 2011). The change in 

cardiorespiratory fitness is also in line with changes in healthy sedentary adults following 

exercise (10-30% improvements) (Samitz and Bachl, 1991) and for people with heart disease 

following cardiac rehabilitation (13-15%) (Franklin et al., 1978; Mertens and Kavanagh, 

1996). Although the improvements in cardiorespiratory function appear small, the increase in 

peak exercise capacity of 3ml/kg/min (approximately 1 MET) reported in the present exercise 

group has been linked to a reduction in stroke risk. A large scale prospective study 

(n=61,687) demonstrated that an increase in 3.5ml/kg/min in cardiorespiratory fitness is 

associated with a 5-24% lower stroke risk in men and a 10-19% lower risk in women (Hooker 

et al., 2008). Consequently, the improvements in cardiorespiratory fitness reported in the 

exercise group may have improved both the ability to undertake activities of daily living and 

the risk of stroke recurrence. 

4.512 Glycaemic controlWith reports of up to 80% of individuals following stroke having 

abnormal glucose metabolism (Kernan et al., 2003; Ivey et al., 2006b), glycaemic control is 

regarded as a significant risk for stroke recurrence. Meta-analyses demonstrate that exercise 

is effective in improving glucose control in people with impaired glucose tolerance or type 2 

diabetes (Snowling and Hopkins, 2006; Orozco et al., 2008). Preliminary observations also 

demonstrate that exercise can improve glucose tolerance and insulin sensitivity following 

stroke (Ivey et al., 2007), with the greatest improvements noted in those participants who had 

impaired glycaemic control before undertaking exercise. Despite these observations, the 

present study did not show that exercise improved glycaemic control following stroke.  

It is important to examine the cohort in this study to determine why, in contrast to previous 

research, this study did not show an improvement in glycaemic control with exercise. 

Significantly fewer participants in the current study presented with abnormal glycaemic 

control from fasting samples at the beginning of the study, compared to previously stated 

measures in the stroke population (23 vs. 50%) (Ivey et al., 2006b). The low incidence of 
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impaired glycaemic control in our cohort may in part explain the lack of change in glycaemic 

control that was noted following the exercise intervention. 

A sub analysis was undertaken to see if those individuals with impaired glucose tolerance or 

diabetes at baseline made significant improvements in glycaemic control with exercise. 

Although these results did not demonstrate a significant change in glycaemic control due to 

lack of statistical power, two of the three individuals in the exercise group with impaired 

glucose tolerance at baseline moved to within normal limits following the intervention. The 

individual with diabetes stepped down to having glucose control levels more in line with 

having impaired glucose tolerance (IGT). While acknowledging that these numbers are small, 

added to previous findings they indicate that exercise may be an effective intervention for 

improving metabolic control in individuals with stroke diagnosed with IGT and diabetes but 

this warrants further investigation.  

Another factor that may have impacted upon the lack of change in glycaemic control was the 

intensity of the exercise intervention. Although the exercise intervention had an aerobic 

component, designed to gradually increase intensity, this only constituted about 15 minutes of 

the hour’s session. The rest of the session was targeted at stretching, strengthening and 

balance exercises, which were performed at a lower intensity. The exercise cohort in the Ivey 

et al (2007) study used a treadmill training protocol, which was likely to have allowed for a 

higher intensity of exercise throughout the session. The intensity at which an exercise 

intervention is performed may be a key factor in the promotion of improvements in 

glycaemic control following stroke.  

4.513 Blood pressure 

In contrast to the lack of significant change in glycaemic control following exercise, there 

was a significant improvement in blood pressure following the exercise intervention. 

Observed data from over one million individuals has indicated that the risk of death from 

stroke and ischaemic heart disease increases progressively and linearly from levels as low as 

115 mmHg SBP and 75 mmHg DBP upward (Lewington et al., 2002). DBP was reduced by 

3 mmHg in the exercise group and increased by 5 mmHg in the control group, indicating that 

exercise may be an effective method of controlling DBP following stroke. Exercise had no 

effect on SBP. Lowering DBP by 4 mmHg has been shown to reduce the relative risk of 

recurrent stroke by 28% (Progress Collaborative Group, 2001), placing the present data in 

perspective. To date, only two studies have reported the effect of exercise on blood pressure 
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following stroke. Potempa et al (1995) demonstrated that a ten week exercise programme did 

not alter resting blood pressure measurements in stroke participants (Potempa et al., 1995). 

Interestingly, Rimmer et al (2009) found moderate intensity short duration exercise but not 

low intensity longer duration exercise significantly altered resting DBP and SBP (Rimmer et 

al., 2009). The differences in results of these studies may indicate the change in blood 

pressure is related to the intensity of the intervention, however these results and our own 

results must be viewed with caution as blood pressure measurement is susceptible to day to 

day and within day variability (Siegelova and Fiser, 2011).  

4.514 Lipid profile 

The exercise intervention also resulted in significant changes in HDL-C. Although the 

increase in HDL-C from 1.3 to 1.6mmol/L only appears small, a 0.06mmol/L (1mg/dL) has 

been shown to be linked to a 5.5% reduction in cardiovascular risk (Gordon et al., 1986). 

Exercise had no effect on total cholesterol, LDL-C and triacylglyceride levels. The increase 

in HDL-C is consistent with previous research (Durstine and Haskell, 1994; Leon and 

Sanchez, 2001). However, unlike the present study results, the literature also reports that 

exercise therapy improves LDL-C, total cholesterol and triacylglyceride (Kelley and Kelley, 

2006; Kelley et al., 2006). The lack of change in these lipids with exercise may have been 

due to the programme not being long or intense enough to elicit a change. It also should be 

noted that fasted lipid measurements, as previously stated for blood pressure measurements, 

are susceptible to day to day variability (Bookstein et al., 1990) which may also have 

impacted on the precision of our results as the measurements were only taken on one day.  

4.515 Body mass index 

BMI remains one of the major drivers of metabolic risk. Interestingly, improvements in 

cardiorespiratory fitness occurred with no change in body mass index (BMI). This is a 

worrying finding as obesity is a risk factor for stroke and cardiovascular disease and over 

62% of the cohort was obese or overweight (Goldstein et al., 2011) This finding is however 

in line with previous stroke and exercise studies that have also shown no difference in BMI 

following exercise interventions (Ivey et al., 2007; Lennon et al., 2008; Rimmer et al., 2009). 

A review of the past twenty five years of weight loss research comparing diet, exercise or diet 

plus exercise interventions has demonstrated that exercise alone does not induce weight loss 

(Miller  et al., 1997). Exercise only appears to result in weight loss when combined with a diet 

that creates a negative energy deficit (Goodpaster et al., 2010; Redman et al., 2011). Our 
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intervention was purely based on exercise but future trials could adopt a lifestyle approach 

including dietary advice to see if this had more impact on body composition.  

4.52 Exercise and Cerebral Blood Flow 

It was hypothesised that the improvements in metabolic control in stroke survivors would be 

accompanied by improvements in cerebral blood flow (CBF). Despite the changes to 

metabolic control, the present data demonstrates no effects of exercise on CBF. Studies in 

healthy individuals using Transcranial Doppler ultrasound (TCD) report that performing 

moderate to vigorous exercise increases middle cerebral artery blood flow velocity (Ainslie et 

al., 2008). Likewise magnetic resonance imaging has demonstrated exercise can promote 

improvements in CBF in the hippocampal area (Pereira et al., 2007; Burdette et al., 2010). At 

present there has been only one report specifically investigating CBF and exercise following 

stroke. This study investigated the effect of treadmill walking upon CBF assessed by TCD 

(Ivey et al, 2011). The authors reported significant improvements in middle cerebral artery 

velocity and cerebrovasomotor reactivity in the contralesional hemisphere, but not in the 

ipsilesional hemisphere and increases in the cerebral vasomotor reactivity index in both 

hemispheres following the exercise intervention.  

There are a number of possible reasons why our study findings, in contrast to the previous 

findings, found no significant changes in CBF measures with exercise. Firstly, we measured 

CBF directly using arterial spin labelling (ASL) magnetic resonance imaging, whereas in the 

previous study CBF was measured indirectly using TCD. TCD measures middle cerebral 

artery blood flow velocity, whereas magnetic resonance imaging techniques provide a global 

measure of CBF. Therefore differences in methods, and as a result the areas of brain they 

observe, could account for the contrasting results.  

Secondly, whereas TCD has been widely used as a measure of CBF velocity following 

stroke, arterial spin labelling is relatively novel (Panerai, 2009). Some methodological 

difficulties have been highlighted with using ASL to measure CBF following stroke (Brumm 

et al., 2010). One of the difficulties with this technique is establishing transit delays; the time 

taken by tagged blood to reach the neural capillary bed (Hillis et al., 2001). Establishing the 

transit delay is crucial in this type of imaging as transit delays need to be long enough to 

allow for perfusion of the imaging region but not so long as to allow a significant loss of 

signal in the bolus. Getting the transit delay correct is particularly difficult following stroke 

when individuals may have compromised cerebral vasculature and therefore this could have 
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impacted on the precision of our CBF measurements (Hillis  et al., 2001). In order to improve 

the accuracy of the technique, the ASL was conducted at multiple inflow times to allow the 

assessment of transit time and its effects on CBF. Our ASL protocol allowed for the highest 

signal to noise ratio per slice per unit of time and previous work has indicated that this 

protocol provides optimal results in this complex population (He and Blamire, 2010). The 

fact that CBF measurements stayed stable in the control group as expected also indicates our 

ASL data was reliable.  

As well as using different measurement techniques, the present study used a different 

exercise protocol in comparison to the study by Ivey et al (2011). The duration of the 

exercise intervention was slightly longer in the treadmill walking study (six months vs. 19 

weeks). The type of exercise also differed, with our intervention consisting of a mix of 

stretching, balance, strengthening and aerobic exercise and the other intervention focusing on 

treadmill training. The treadmill training may have produced a greater vascular training 

effect, as it was likely heart reserve could have been maintained at a higher level for longer 

periods during the sessions.  

An alternative explanation for the lack of change in CBF measures following the exercise 

intervention is that cerebral vascular control was already maintained in these individuals. In 

the treadmill training study a sub-group analysis indicated that the change in 

cerebrovasomotor reactivity was driven primarily by those in the exercise group who were 

not on statins (Ivey et al., 2011). Over 85% of our cohort was prescribed statins, the main 

pharmacotherapy targeting vascular control, which may, in part, account for the lack of 

change in CBF measures.  

Exercise related improvements in CBF have been previously linked to improvements in 

cognition (Pereira et al., 2007). Although this study did not show that exercise improved CBF 

there was a significant improvement in overall cognition (covering attention, memory, word 

fluency, language and visuospatial skills) as measured by the Addenbrooke’s Cognitive 

Examination Revised. Dementia is diagnosed in 10% of all new strokes and in more than a 

third of individuals following recurrent stroke (Pendlebury and Rothwell, 2009). In 

accordance with findings from the healthy population and a small number of studies in the 

stroke population (Colcombe and Kramer, 2003; Angevaren et al., 2008; Quaney et al., 

2009), our study demonstrates that exercise may be a cheap and efficient way, with limited 

side effects, to manage the cognitive decline common to stroke.  
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As improvements in cognition were not linked with increases in CBF in our cohort they must 

have been due to other mechanisms or the power of the study being insufficient. Exercise has 

been shown to improve neural connectivity and cerebral volume and it may have been 

changes in these factors, not an increase in CBF, which influenced this change in cognitive 

ability (Colcombe et al., 2006; O'Callaghan et al., 2007; Erickson et al., 2009; Burdette et al., 

2010). Although overall cognition improved following exercise therapy, it was difficult to 

establish which aspects of cognition were responsible for the change, due to a noticeable 

ceiling effect when analysing the sub-sections of the cognitive assessment tool. Although the 

Addenbrooke’s Cognitive Examination- revised has been demonstrated to be a robust tool for 

identifying cognitive impairment (Crawford et al., 2011), the addition of more in-depth 

assessments of aspects of cognition, for example memory and attention, may have added to 

our findings.  

4.53 Exercise and Physical Performance 

The discussion so far has concentrated on how exercise therapy impacted on metabolic risk 

measures following stroke. The area, however, where the greatest change was noted was in 

physical performance. Although it is important to investigate the physiological effects of 

exercise with regards to metabolic risk, dissatisfaction following stroke is not related to 

physiology, but to functional performance, and walking performance is viewed as the greatest 

protector against dependency (Soloman et al., 1994; Gordon et al., 2004). The minimal 

clinically meaningful improvement in six minute walking distance has been estimated to be 

between 33 - 53m (Flansbjer et al., 2005). As the average change score for the exercise group 

was 85 ± 47m (95% CI 39 - 69) we can be confident that this change was clinically 

significant. Walking endurance increased by 20% and gait speed by 25% following the 

exercise intervention. Increases in laboratory measured gait speed and endurance have been 

linked to an improved ability to walk in the community, therefore these improvements are 

likely to be a functionally relevant change (Mudge and Stott, 2009; Rand et al., 2009). Timed 

up and go and Berg Balance Scores (BBS) also improved following the exercise intervention. 

This observation was particularly interesting, as the BBS has been found to have a ceiling 

effect when used on ambulant individuals with stroke. As a result, although there was an 

improvement in this measure, a more sensitive scale might have picked up an even greater 

improvement in the exercise group in comparison to the controls (Mao et al., 2002). 

A number of post hoc analyses were conducted to establish if baseline physical performance 

influenced the amount of change in response to the exercise intervention. Walking speed, 
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endurance, timed up and go speed and balance were all associated with changes in physical 

performance, with those who started off with more impairment in these areas making the 

largest gains. This is in line with previous research in healthy individuals, where it has been 

demonstrated that sedentary people make the most rapid improvements in exercise capacity 

in comparison to those with higher fitness levels and those with the lowest initial peak 

oxygen consumption levels make the highest overall relative gains (Saltin, 1969; Shephard et 

al., 2004). One of the reasons for participants with lower baseline physical performance 

levels making the largest gains in comparison to those with higher baseline levels may have 

been due to a ceiling effect. High functioning individuals had less potential to change as they 

were already functioning at near to normal levels on the performance measures, whereas the 

lower functioning participants had more potential for improvement. This proportional change 

was likely to have been seen both in physical ability and also levels of confidence. Research 

determining which individuals respond most favourably to an exercise intervention could be 

beneficially translated to clinical practice. For example, if clinical resources are limited it 

allows them to be directed to patients who will gain most benefit.  

An analysis was also undertaken to determine if there was a relationship between areas of 

improvement in metabolic risk factors and physical performance. Although there was a weak 

relationship between change in walking endurance and DBP, and timed up and go speed and 

HDL-C these findings may have be due to type one error and generally the message was clear 

that there was no relationship between change in metabolic risk and physical performance. 

This was a surprising finding as it was hypothesised that improvements in physiology with 

regards to metabolic risk factors would promote physical performance through improved 

vascular control. As a result the marked improvements in physical performance must have 

been due to factors other than an improvement in vascular control or by a clustering of 

changes which when combined produced a significant effect. Rather than being a result of an 

improvement in vascular control, the improvements seen in physical performance following 

the exercise intervention may have been related to improvements in muscle physiology. 

Stroke hemiparesis can lead to severe unilateral muscle atrophy (Ryan et al., 2002; English et 

al., 2010). Muscle atrophy in turn is associated with an increase in intramuscular fat, a shift 

towards fast twitch muscle fibres which are more insulin-resistant and fatigue-prone and a 

marked increase in the expression of tumour necrosis factor-alpha, an inflammatory cytokine 

implicated in both muscle atrophy and insulin resistance (Landin et al., 1977; Hafer-Macko et 

al., 2005; Ryan et al., 2011). The exercise intervention may have impacted on the negative 
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consequences of stroke on muscle physiology which in turn may have led to the 

improvements seen in physical performance. Although hypothetical, future studies may wish 

to explore the muscle adaptations to exercise therapy more in this patient group.  

4.54 Exercise and physical activity 

Performance based gait measures (10MWT, 6MWT and TUG) are easy to conduct, more 

responsive than functional scales to changes in mobility and have been associated with 

different levels of community ambulation (Lord et al., 2004; Lord and Rochester, 2005). 

However, these clinical gait measures are conducted in a controlled, predictable environment 

and therefore do not capture the complexities of walking in the community. To address this 

limitation the present study observed objective and self-reported habitual physical activity 

measurement. A validated multi-sensor array (Chapter 2) and physical activity questionnaire 

was used to capture free living energy expenditure and daily step count in the week prior to 

and following the intervention. As previously discussed, daily step count and increased daily 

energy expenditure are associated with a reduction in risk factors linked with chronic disease 

(Hamilton et al., 2007 ; Healy et al., 2008) (Chapter 1, Section 1.25), therefore improvements 

in daily step and energy expenditure levels following the exercise intervention may have led 

to health gains in the participants. However there was no change in daily step count, total 

daily energy expenditure, active energy expenditure or self-report measures of physical 

activity in the exercise group.  

The use of a multi-sensor array to measure step count and energy expenditure is relatively 

novel in stroke. Accelerometers have, however, been used in stroke to objectively capture 

step count following exercise interventions (Mudge et al., 2009; Moore et al., 2010). Step 

watch activity monitors have been used to assess walking performance in individuals with 

stroke following 12 sessions of circuit-based exercise (Mudge et al., 2009). In a similar vein 

to our results, although the intervention resulted in a significant increase in walking 

endurance, there were no changes in objective measures of physical activity in either the 

exercise or the control group.  

The number of steps participants were taking at baseline in the study (5473 ± 2832) fell 

within normal estimated limits for daily step count in older people (6565±1530) (Bohannon, 

2007). This may have been the reason for the lack of change in daily step count following the 

exercise intervention, as participants may have already been performing near to their 

functional reserve (Dean et al., 2001; Arnett et al., 2008). Another reason for the lack of 
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change may have been that the multi-sensor array only captured overall daily step count and 

energy expenditure but did not capture transitions between sedentary and active time. 

Although there was not an overall increase in energy expenditure and steps, it would have 

been interesting to assess if the exercise intervention resulted in an increase in transitions 

between sedentary and active time in the exercise group. Exercise may have led to an 

increase in the ease of transitions between postural sets. This may have resulted in the 

exercise group getting up little and often in comparison to the control group, who may have 

been accruing their daily step count through longer bouts of activity (Chastin and Granat, 

2010). An additional measurement of sedentary and physical activity bouts would have 

enabled this type of analysis and may be useful in the future. 

Although these explanations for the lack of change in daily step count and energy expenditure 

may be plausible, a more likely reason lays in the intervention itself. The exercise programme 

was designed to increase exercise in structured sessions and not free-living physical activity. 

This presents an opportunity for the programme to be further optimised by targeting habitual 

physical activity. This being so, seasonal attributes may also have contributed to the lack of 

difference in habitual physical activity despite increases in physical performance. A large 

proportion (n=7) of the exercise group finished the intervention during the winter when there 

was a heavy snowfall. The snow resulted in many of the participants being unable to leave 

their houses during the objective physical activity monitoring period. This appeared to 

significantly affect physical activity levels as these individuals reduced their physical activity 

levels in comparison to baseline, whereas the rest of the exercise group increased their 

activity levels. In contrast, physical activity measures recorded in the laboratory, such as gait 

speed and TUG were not affected by outdoor weather conditions.  

4.55 Exercise and quality of life 

Alongside impairments in physical performance and physical activity, cross-sectional data 

has demonstrated that quality of life (QOL) is significantly impaired following stroke 

(Duncan et al., 1997; Kim et al., 1999; Clarke et al., 2002). It has been demonstrated that 

although individuals may recover well in terms of activities of daily living and return to 

work, the quality of life of over three quarters of people with stroke does not return to pre-

morbid levels. Although QOL improves during inpatient rehabilitation, this is married with a 

significant decline in the first six months following discharge (Niemi et al., 1988; Hopman 

and Verner, 2003). As quality of life is so severely affected following stroke it is imperative 

that interventions are designed to address this problem.  
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Exercise may be a possible means of improving quality of life following stroke as it has 

previously been found to increase self-confidence, self-esteem and empowerment, giving 

individuals the confidence to take part in more purposeful activities (Carin-Levy et al., 2009). 

Our study demonstrated that exercise therapy improves mood, physical function and overall 

stroke recovery as measured by the Stroke Impact Scale (SIS). These were important findings 

as at present there is limited information on the impact exercise therapy has on QOL 

following stroke. They must, however, be treated with some caution due to the possibility of 

type 1 error. Overall there have only been a small number of trials investigating the impact of 

exercise on quality of life after stroke (Duncan et al., 2003; Aidar et al., 2007; Mead et al., 

2007) (Chapter 1, Section 1.274) and a recent meta-analysis drew no conclusions on the area 

due to a lack of trial data (Brazelli et al., 2011).  

Although mood, physical function and overall stroke recovery on the SIS improved following 

the exercise intervention, no changes were present in any of the WHOQOL measures. This 

may have been due to the fact that WHOQOL is not stroke specific and therefore is not as 

sensitive as the SIS in picking up QOL changes in this population. Subjective feedback from 

the participants and their carers indicated that the exercise intervention had significantly 

improved their quality of life. For example, following the exercise intervention, one 

participant could be left alone while his wife went shopping and another had enough 

confidence to return to his old job. Unfortunately, the QOL questionnaires chosen did not 

capture these powerful and subjective impacts of the exercise intervention. In retrospect it 

may have been beneficial to conduct qualitative interviews with participants and their family 

alongside self-report questionnaires. The timing of the measurement may also have led to an 

inaccurate portrayal of QOL. Measurements were taken pre and post intervention and this 

may have led to a ‘response shift’ (McPhail and Haines, 2010). A response shift is a term 

used to describe an individual’s perception of the construct under evaluation and may change 

between the measurement points. This is sometimes accounted for by a ‘then test’ where the 

participant is asked to rate how they feel now compared to at the beginning of the 

intervention (Visser et al., 2005), but this approach also can be flawed as it has the potential 

to be confounded by recall bias (Schwartz and Sprangers, 1999). Although QOL is a 

challenging concept to measure, scores on the SIS demonstrated mood, physical function and 

overall stroke recovery improved following the intervention and this alongside subjective 

reports demonstrated that exercise may have the potential to improve QOL following stroke. 
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Physical activity has been shown to be associated with quality of life following stroke, with 

the presence or absence of depression being related to the degree of physical mobility and the 

ability of the stroke survivor to resume prior career or social lifestyles (Muren et al., 2008). 

There was some indication that improvements in overall stroke recovery were associated with 

increases in gait speed and ability however most physical performance measures were not 

related to quality of life. Although the outcome assessments used in the study did not 

demonstrate a strong relationship between QOL and physical performance, subjective reports 

from participants and carers indicated that physical improvements were enabling the 

participants to have easier access to the community. Following the intervention one 

participant could go out walking in the countryside and keep up with his wife and another 

was able to walk on the beach for the first time. Again it would have been useful to capture 

these subjective measures of the impact of physical performance on quality of life 

qualitatively, rather than anecdotally.  

4.6 Strengths and limitations of the study 

The strengths of this study lay in the randomised design allowing for well-matched groups at 

baseline. All the outcome assessors were blinded and outcome measures were selected to 

span impairment, activity and participation categories as described in the International 

Classification of Function and Disability (World Health Organisation, 2002). The use of the 

ICF categories to select measures is in contrast to previous studies that have concentrated 

purely on the physiological and functional impact of exercise following stroke. The profile of 

the cohort was broad with regards to gait ability and representative of typical community 

dwelling individuals with stroke. Participants were at least six months post stroke reducing 

the amount of spontaneous improvement outside those improvements gained by the exercise. 

This also meant that subjects were no longer having any therapy which may have confounded 

results. There was no loss to follow up in either the exercise or control groups following the 

start of the intervention and no adverse events occurred. There was over 90% adherence 

during both the exercise and the stretching intervention, indicating a highly acceptable 

intervention. 

The main limitation of the study was the lack of an attention matched control group. This was 

a particular problem with regards to the measurement of quality of life. Although our study 

demonstrated that the intervention resulted in improvements in certain areas of quality of life, 

the lack of an attention matched control group, made it difficult to establish whether these 

changes in quality of life were associated with the exercise element of the sessions or simply 
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from the increased attention the exercisers were getting from research staff and the peer 

group support within the group sessions. The decision not to have an active control group was 

made as previous similar exercise and stroke studies that have used an attention matched 

control group had been subject to very high dropout rates (>40%)(Ivey et al., 2007). It was 

felt that high dropout rates would confound results so it was decided that adherence with the 

intervention was more important than an attention matched control programme. This decision 

worked in terms of adherence, as none of the participants from the control group dropped out, 

but our methods made it difficult to establish whether exercise was the only factor impacting 

on quality of life. However, as the primary outcome of the trial was based on physiological 

measures not quality of life, an attention matched control group was not a primary objective.  

Another potential limitation of the study was that no correction was made for type 1 error. 

Caution therefore needs to be exercised when interpreting some findings as if type 1 error had 

been corrected for some of the data may no longer have been deemed significant. Correction 

was not made for multiple testing as this was a relatively small and exploratory trial. 

Although change was demonstrated straight after the exercise intervention, it was not known 

if this change continued over time and we do not know if the physiological benefits 

demonstrated aided in the reduction of further stroke and chronic disease. As the intervention 

did not incorporate any advice or training on long-term exercise habits it appears unlikely that 

the changes evoked by the exercise would have been maintained but it is impossible to 

determine this without follow up assessment.  

The cohort was predominantly made up of men, limiting the interpretation of the findings to 

women. An equal proportion of women were contacted regarding the trial in comparison to 

men but a high proportion refused. The main reasons given for not wishing to take part were 

that the potential female participants needed to care for their husbands, were too busy around 

the house or did not wish to exercise. A recent article produced by the Lancet found women 

to have higher pre-stroke disability than men; were older than men at stroke onset (~4 years); 

had worse functional and QOL outcomes post-stroke; and were more likely to be living alone 

or in care when they had their stroke (Reeves et al., 2008). The higher levels of pre and post 

stroke disability that women experience may have made them less likely to volunteer for the 

study. The vast majority of men that took part in the trial (85%) had the support of a spouse 

which may have also made them more likely than women to take part in the trial. 
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The external validity of the study was reduced as, participants were self-selected, the study 

only included individuals who could walk unaided with or without a stick and the study was 

only based at a single site. Although there was a range of abilities in the study, on average the 

participants had only mild impairment (Median NIHSS score 3, range 0-8). We would have 

been unable to conduct this study with more dependent patients as we would have required a 

higher instructor to patient ratio and there were only two instructors running the class. 

Although the study participants had relatively mild impairments it is still important to 

research non-disabling strokes as they are linked to further stroke, cardiovascular events and 

death (Kernan et al., 2000). Discovering secondary prevention strategies is therefore 

extremely important. 

As in the majority of rehabilitation trials, it is difficult to double blind participants and 

investigators to outcome assessment and study group. We did however single blind our 

outcome assessors. Although the sample size of the study was modest, it was deemed 

sufficient by an a priori power calculation for the determination of changes in glucose 

control. However, it is possible that the study was underpowered for the secondary 

hypotheses.  

4.7 Future work 

Future studies should ideally be multi-site allowing both for an increase in participant 

numbers and external validity. Future studies should also aim to build on the observations 

made in mild stroke to explore whether exercise also benefits individuals with moderate to 

severe symptoms. Stroke and exercise studies may benefit from a three arm randomised 

design with an exercise group, an attention matched control and a usual care group. This 

study design would address whether improvements are made due to the exercise therapy, or 

simply the attention of the instructors and peer group support. Alongside assessing the effects 

of exercise it may be useful to determine if a lifestyle behavioural approach alongside 

exercise can improve overall outcome. Studies should assess the long-term effects as well as 

short-term outcome. Ideally future research should focus on whether the beneficial effects of 

exercise on metabolic risk factors can reduce the long term incidence of stroke and other 

cardiovascular diseases and reduce overall mortality. Further examination of the arterial spin 

labelling data may also allow spatially resolved data and may reveal regional differences in 

blood flow that were not observed in the global measures. 
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4.8 Conclusion 

This study was the first study to investigate how exercise impacts on metabolic risk factors 

and how this relates to improvements in physical performance in stroke survivors. It is also 

the first study to use arterial spin labelling to measure the effects of exercise on cerebral 

blood flow following stroke. The overall effects of the exercise intervention on study 

variables are summarised in Table 4.16. 
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Table 4.16 Summary of the impact of the exercise intervention study hypotheses and 

across the domains of the International Classification of Function and 

Disability  

Variable Measurement Tool World Health Organisation Classification 

Impairment Activity Participation 

Primary hypothesis 

Glycaemic control Oral glucose 

tolerance test 

√   

Blood pressure 

Lipid profile 

 

Cardiorespiratory 

fitness  

 

Sphygmomanometer 

Fasting serum 

sample 

Progressive cycle 

exercise test 

√ DBP X SBP 

X Total cholesterol, 

X LDL-C,  

X Triacylglyceride 

√ HDL-C 

√ Peak oxygen 

consumption 

  

Body composition BMI X   

Exploratory hypothesis 

Cerebral blood flow Magnetic resonance 

imaging 

X   

Secondary hypotheses 

Physical 

performance 

6 minute walk test  

10 metre walk test, 

Timed Up and Go 

Berg balance 

 √ Walking 

endurance 

√ Walking speed 

√ Walking ability 

√ balance 

 

Habitual physical 

activity 

Multi-sensor array, 

International 

Physical Activity 

Questionnaire. 

 X  

Quality of life Stroke Impact Scale 

(version 2), 

World Health 

Organisation 

Quality of Life 

Scale. 

 √ overall recovery 

√ mood 

X all WHO 

categories 

√ 

 

√ 

Cognition Addenbrooke’s 

cognitive 

examination revised 

√ √ overall cognition  
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With regards to the primary hypothesis, focusing on the effects of exercise on metabolic 

control, the exercise intervention was more effective than a home stretching programme in 

improving diastolic blood pressure, high density lipoprotein cholesterol, and cardiovascular 

fitness but did not alter glycaemic control, systolic blood pressure, other lipid measures (total 

cholesterol, LDL-C and triacylglyceride) or BMI. Exercise did not improve cerebral blood 

flow. Exercise had marked beneficial effects on all physical performance measures but these 

enhancements were not associated with improvements in metabolic control. Improvements in 

laboratory based physical performance were not carried over into habitual physical activity 

levels. Exercise also improved overall cognitive ability and some aspects of quality of life 

including mood, stroke recovery and physical performance. Combined, this data 

demonstrates that structured community based exercise therapy provides significant benefits 

to metabolic control, physical function and general well-being in older individuals with 

stroke survivors. The methods for translating these research observations into clinical care 

should now be pursued.  
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The primary hypothesis presented in this thesis was that a community based exercise 

intervention would be more effective than a home stretching programme in improving 

metabolic risk factors in older adults following stroke. The exercise intervention resulted in 

some improvements in metabolic risk factors including an increase in cardiorespiratory 

fitness, diastolic blood pressure and HDL-C, but whether these changes would be enough to 

reduce further incidence of stroke is yet to be established. The exercise intervention also 

resulted in a marked improvement in physical performance, cognition and quality of life. The 

intervention was extremely well tolerated and holds potential as a method of reversing the 

low levels of physical activity observed following stroke. Although the data provides a 

succinct argument for targeting low levels of physical activity following stroke, the data also 

raises broader, more complex, implications about patient care. The conclusions hold 

suggestions for acute clinical care, care at home and community care of stroke that will now 

be discussed.  

Inpatient care 

As stroke has a number of direct and indirect effects on physical function (Saunders et al., 

2009) it is perhaps unsurprising that our observational study demonstrated low energy 

expenditure levels in the early stages of stroke. However, as the patients taking part in the 

study had mild levels of impairment and could walk independently, the low levels of physical 

activity could not be attributed to stroke alone. Why, therefore, when these individuals had 

the ability to get up and walk about were they opting instead to spend long periods at rest? 

One of the key reasons for these high levels of inactivity may be that, while on the ward, 

individuals with mild deficit from stroke may receive very little therapy as they are not 

considered a priority for therapy staff. Priority tends to be given to patients who have higher 

levels of disability and need one-to-one treatment. As intensity of treatment has been linked 

to increased functional outcome (Kwakkel et al., 2004) therapists focus treatment time on 

those with the greatest functional needs. As a result, this leaves little time to spend with 

patients who, in comparison, have only minor problems. Individuals who present with a mild 

stroke often simply receive a rapid check to establish independence before they are 

discharged. If there is time to give advice on physical activity this tends to be limited and is 

often not based on models of behaviour change and not patient orientated (Morris and 

Williams, 2009). These observations suggest that the low levels of physical activity may not 

be a key priority in the rehabilitation setting, despite their long-term importance to quality of 

life and stroke recurrence.  
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In addition to a lack of one-to-one therapy and structured physical activity advice, the low 

levels of physical activity observed in the study may also have been the result of the ward 

environment. For many individuals, the only time that they are required to get up and move 

around is to go to the toilet or to transfer into a wheelchair to go for a scan. As meals, 

medications and ward rounds are conducted by the patient’s bedside this does not encourage 

the independent patient to be physically active. Although thrombolysis has been a 

breakthrough in reducing the levels of disability following stroke (Wardlaw et al., 2009), 

those receiving the treatment need close medical monitoring on the ward. The presence of 

monitoring equipment may ‘medicalise’ the rehabilitation unit and dissuade patients who are 

able from getting up and moving around. 

A number of strategies could be adopted to increase energy expenditure and physical activity 

levels for individuals with mild stroke on the ward. The most obvious approach would be to 

increase therapy levels and time spent on education regarding physical activity. However a 

shortage of resources in the NHS means that it is rarely possible to give patients as much 

therapy as is required and priority is often given to individuals with functional impairments. 

Group sessions could be a cost effective method of increasing therapy input as they can be 

conducted with a low staff to patient ratio (Coralie et al., 2007). Traditionally stroke 

rehabilitation therapy staff work five days a week, resulting in patients missing out on 

therapy at the weekend and bank holidays. Recently some services in the region have 

introduced a seven day service, and this may be another way of increasing therapy levels in 

individuals with mild deficit (Sonada et al., 2004). However, a lack of additional resources 

has led to some seven day services being established not through the employment of more 

therapy staff, but by spreading the current staff over seven days rather than five (Chartered 

Society of Physiotherapy, 2008). This results in a greater need to prioritise attention to 

patients and, again, it is those who have more functional deficit who are at the top of the list 

and those with mild deficit are often prioritised out.  

The most cost effective method of increasing physical activity levels in independently mobile 

patients may be to change the ward environment to facilitate more activity. Mealtimes, ward 

round, goal setting and administration of medication could be could be conducted away from 

the bedside to encourage mobility. There could be separate areas on the ward for patients 

requiring more medical treatment, with those who were independent in bays together with the 

aim of encouraging more activity through peer support.  
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It may be beneficial to observe therapeutic practices in other countries where physical 

activity levels have been shown to be higher than those in the UK. One particular study 

demonstrated that activity and therapy levels were particularly low in the UK in comparison 

to Germany and Switzerland (De Wit et al., 2005). Data from the same study group revealed 

that motor and functional outcome were superior in the Swiss and German centres than the 

UK (De Wit et al., 2007). The improved outcome in the German and Swiss centres was not 

due to therapy staffing levels, as levels were comparable between the units. Instead the 

reasons behind the low therapy levels and poor functional outcome in the UK centre may 

have been the type of rehabilitation programme the patients received and the ward 

environment. In the UK, the most commonly used stroke rehabilitation approach is the 

Bobath concept (Davidson and Waters, 2001). The Bobath concept focuses on the promotion 

of efficient movement to enable patients to achieve their maximal potential, rather than on the 

promotion of physical activity (Raine, 2007). Treatment sessions are often based around the 

use of sensory stimulation via different handling techniques to promote movement and 

sessions are traditionally conducted on a one-on-one basis. As treatment is delivered one-to-

one, this limits the amount of time therapists can spend with patients. Therapists at the most 

see a stroke patient twice a day, leaving the patient inactive and alone for the rest of the time. 

Although the Bobath approach has positive elements, its inability to adequately address the 

physical activity requirements of patients should be explored further.  

Despite the fact that we have known for some time now that physical activity levels are low 

post stroke (Bernhardt et al., 2004), little appears to be being done to address this problem. In 

order to alter the treatment philosophy on rehabilitation wards health professionals may need 

more convincing of the benefits of physical activity for those who have non-disabling strokes. 

At present, although there is ample evidence demonstrating the short term functional benefits 

of physical activity and exercise post stroke (Brazelli et al., 2011) we cannot be certain that 

strategies to increase physical activity will result in a reduction in stroke recurrence or 

improve quality of life. If health professionals and patients are provided with high quality 

evidence that being physically active following stroke reduces the chances of recurrence, 

therapists are more likely to invest time in secondary prevention and patients are more likely 

engage in physical activities as it will be viewed as a greater priority.  

To summarise, inpatient physical activity levels are worryingly low in the early stages of 

stroke in individuals with no physical limitation to being physically active. The low level of 

physical activity may result from a lack of therapy provision, the ward environment and / or 
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the rehabilitation approach that is currently used in the UK. Potential methods to address low 

activity levels include the introduction of group work, a fully staffed seven day therapy 

service, altering the ward environment, observing treatment approaches in other countries and 

providing evidence that increasing physical activity reduces the chance of stroke recurrence, 

morbidity and other chronic diseases. These elements may also be integrated into community 

care and exercise interventions which will now be discussed.  

Community care 

Physical activity levels could also potentially be raised in the early stages of stroke through 

early discharge home. The home environment may naturally encourage more physical 

activity as meals and cups of tea are not brought to the bedside, patients have to do their own 

shopping and cleaning and if bedrooms are upstairs in the patient’s home this necessitates 

stair climbing at least twice a day. However, the home environment does not always facilitate 

more activity, particularly if the patient has a spouse, relatives or friends to assist with 

activities of daily living. This was found to be the case with one particular patient in the 

observational study. Her family would not let her do anything for herself and as a result she 

spent the majority of the day being inactive. Educating carers as well as patients might be 

necessary to increase activity levels.  

Although the home environment and daily routine may promote enough physical activity in 

some individuals to induce a health benefit, this was not the case for the majority of the 

individuals we observed. Although physical activity had increased by three and six months 

following stroke, levels were still not reaching those beneficial for health. There appears to be 

a need for more education regarding community physical activity levels following stroke. At 

present, the Government advises that individuals following stroke should aim to achieve 

‘moderate physical activity (sufficient to become slightly breathless) for 20-30 minutes each 

day’ (Intercollegiate Stroke Working Party, 2008). The guidelines also state that each 

individual should receive tailored physical activity advice. Health behaviour is complex and 

these guidelines do not appear to be increasing physical activity levels following stroke. At 

present there are no comprehensive tools available to guide health professionals in tailoring 

and applying physical activity advice following stroke or supporting carers. At present it also 

appears that patients and carers are not given any written guidelines to increase knowledge 

and, if necessary, promote changes in behaviour in terms of physical activity following 

stroke. Further research needs to be undertaken to produce comprehensive stroke physical 
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activity guidelines for patients, carers and health professionals. Another potential method of 

addressing low levels of physical activity in the community is to provide structured 

rehabilitation exercise programmes.  

 

Exercise interventions in the community 

Despite the low levels of physical activity and cardiorespiratory fitness after stroke, referrals 

to exercise therapy programs targeting cardiorespiratory fitness are limited. The exercise 

therapy intervention trial in this thesis demonstrated that exercise results in a number of short 

term benefits to health, with the most marked improvements occurring in physical 

performance and cardiorespiratory fitness. The functional benefits of structured exercise 

interventions after stroke have been known for some time now, and as walking is the primary 

goal of most individuals with stroke (Soloman et al., 1994) this evidence alone should be 

enough to change practice. Stroke and exercise services have been established in some areas 

of the UK. Alongside these, Government policies highlight the importance of exercise 

following stroke but at present the advice given varies between counties and countries. The 

Scottish Intercollegiate guidelines give clear advice regarding structured exercise therapy 

post stroke. The guidelines advise that all patients who are medically stable and functionally 

able to participate should be offered gait orientated physical fitness training (Scottish 

Intercollegiate Guidelines Network, 2010). Recently a team has been put together to develop 

stroke and exercise services in Scotland. This team has completed an audit of present services 

in Scotland, developed a website based on recommendations for developing community 

based exercise services (www.exerciseafterstroke.org.uk) and created an accredited training 

course in stroke and exercise for fitness and health professionals (Mead et al., 2012). 

However, even though these developments have been made there still appears to be unequal 

distribution of services and considerable variation in content and delivery in many parts of 

Scotland (Mead and Van Wijck, 2011).  

Services in England appear to be even less developed and this may be due to a lack of clear 

guidance from the Department of Health. The present guidelines stipulate that exercise 

programmes should be ‘considered’ following stroke and that all stroke patients should 

participate in ‘aerobic training’ if able but without specification of what type of aerobic 

training this should be (Intercollegiate Stroke Working Party, 2008). It is likely that the lack 

of specific guidelines is a reflection on the absence of a large multi-centre trial demonstrating 
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both clinical and economic benefit. At present there are no stroke and exercise classes 

running in the Newcastle area. This demonstrates the lack of impact the Department of 

Health guidelines have had on stroke and exercise services in this area. 

Although there are no stroke specific exercise therapy programmes in the North East, 

exercise is offered following stroke via exercise on prescription schemes. These schemes tend 

to be prescribed to those who have finished a long course of rehabilitation and are being 

discharged from physiotherapy, rather than as a method of secondary prevention for those 

with non-disabling stroke. Exercise on prescription schemes have been operating for some 

time in the UK for a wide variety of conditions (Sorenson et al., 2006). In general patients are 

referred by a health professional for an assessment by a qualified fitness instructor who 

devises a gym based exercise programme for a set period of time. Occasionally the 

physiotherapist attends the first session but this tends to be the only involvement the therapist 

has in the scheme. Although these schemes may be suitable for some individuals, their scope 

is limited. A qualitative study of the perceptions of patients, physiotherapists and fitness 

instructors to exercise prescription schemes following discharge from physiotherapy services 

provided some enlightening insights into this area (Wiles et al., 2008). Physiotherapists 

perceived exercise referral schemes as a method of ‘weaning’ patients from physiotherapy, 

rather than an aspect of their rehabilitation. Referral to exercise schemes was seen as a means 

to ease the distress and abandonment patients experienced at discharge. The patients 

interviewed during the study believed that they were referred to the exercise scheme as the 

physiotherapists did not have enough resources available to continue treatment. Patients also 

highlighted that they found the schemes isolating and found it difficult to socialise with 

others who had also had strokes. 

The present study also highlighted concerns regarding the lack of stroke-specific training that 

the fitness instructors had received. In our region, although there is an accredited stroke and 

exercise course available, no fitness instructors in the North East have currently undertaken 

this training and funding does not appear to be being directed into this area. This is in stark 

contrast to the well-established and utilised accredited British Association for Cardiac 

Rehabilitation training course run for fitness instructors working with cardiac patients 

(British Association for Cardiac Rehabilitaion, 2007). Cardiac rehabilitation programmes 

incorporating exercise, education, behaviour change counselling and support are seen as an 

essential part of care for individuals with heart disease. Cardiac rehabilitation programmes 

are offered to all individuals in the UK following an acute myocardial infarction with services 
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starting as soon as possible following a cardiac event (National Institute for Health and 

Clinical Excellence, 2007). In contrast to exercise and stroke services, cardiac rehabilitation 

is a very well established service with a smooth transition between the NHS to council 

services in the community (National Institute for Health and Clinical Excellence, 2007). So 

why when both coronary heart disease and ischaemic stroke share many of the same 

modifiable risk factors (hypertension, abnormal blood lipids, physical inactivity, obesity, 

hyperglycaemia) (Goldstein et al., 2011), are exercise and physical activity stroke services 

and training so far behind?  

A possible reason for the lack of stroke and exercise services, in contrast to cardiac 

rehabilitation services, may be the fact that research has demonstrated that cardiac 

rehabilitation reduces cardiovascular mortality and hospital admissions (Heran et al., 2011). 

There has yet to be any research demonstrating the medium and long term impact of exercise 

on secondary prevention of stroke, chronic disease and hospital admission. Although exercise 

has been shown to improve walking ability in the short and long term following stroke 

(Brazelli et al., 2011), these findings are insufficient to convince funders to invest time, 

money and resources in the provision of exercise therapy services for stroke. Further research 

needs to be conducted to directly address this and demonstrate the real world impact of 

exercise therapy in stroke.  

Alongside a lack of research into the long term benefits of exercise post stroke, there is a 

dearth of evidence addressing the best timing for the application of exercise services. At 

present most exercise research has been conducted in individuals who have been discharged 

from therapy services. In clinical practice, if patients are referred to exercise therapy it tends 

to be when they have completed all physiotherapy. Research has demonstrated that when 

discharged from physiotherapy, patients can feel abandoned and may be deconditioned as 

therapy sessions are often performed at an intensity that is not adequate to induce a 

cardiovascular training effect (MacKay-Lyons and Makrides, 2002; Wiles et al., 2008). It 

may be more appropriate to refer patients to exercise classes as soon as they have enough 

balance to move from one to one therapy. Early referral to exercise services while patients 

still receive physiotherapy for specific movement disorders, may reduce deconditioning and 

feelings of abandonment following stroke.  

The majority of research conducted in the area of stroke and exercise has used a community 

based group intervention to measure the effects of exercise following stroke and our trial was 
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no exception. Conducting the group based intervention in the community resulted in a 

number of eligible participants not taking part in the trial due to problems with transport, 

carer responsibilities and not wishing to exercise in a group. In an attempt to widen access 

and participation cardiac services have addressed these problems by setting up a nurse 

facilitated home based cardiac rehabilitation programme with a self-help manual. A recent 

Cochrane Review demonstrated that home and centre based cardiac rehabilitation 

programmes appear to be equally effective in improving clinical and health related quality of 

life outcomes in acute myocardial and revascularisation patients (Taylor et al., 2010). Further 

research should focus on identifying barriers to undertaking community group based exercise 

therapy and determining if a home based exercise programme may reduce some of these 

barriers for certain individuals post stroke.  

Summary 

The results described in this thesis demonstrate that physical activity levels are low in the 

acute stages of stroke and do not achieve a level sufficient to be beneficial for health by three 

and six months. Strategies to increase physical activity on the ward should be explored and 

include: increasing therapy time through group work and a seven day service; changing the 

ward environment; adapting therapy approaches; and providing evidence that increasing 

physical activity can reduce stroke recurrence and morbidity. Early discharge into the 

community may also promote physical activity levels due to the change of environment. 

However, the effective transition into a physically active community lifestyle will only occur 

with improved guidance and advice on physical activity for patients, carers and health 

professionals. Exercise is a beneficial strategy with which to increase physical activity and 

promote health benefit. Exercise interventions for stroke are currently underutilised in the 

North East of England and health professionals trained in this area are not available. To 

increase the provision of exercise following stroke further research needs to identify barriers 

to exercise and demonstrate the most effective type, timing and intensity of exercise 

intervention for long-term health benefits following stroke.  

Future directions 

The observations within this thesis represent a starting point to developing physical activity 

and exercise as effective therapies in stroke. There are broader implications and barriers to 

the implementation of physical activity and exercise as a routine clinical therapy which have 
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been reviewed in the general discussion. To address these, there are a number of future areas 

that should be considered through further research including:  

• The development of professional and patient pathways for post-stroke inpatient and 

community physical activity and exercise. 

• A multi-centre evaluation of the short and long term efficacy and economic viability of 

post-stroke physical activity and exercise interventions.  

• The development of a consensus statement on physical activity and exercise during 

inpatient and community care post-stroke. 

 

Conclusions 

Stroke has a devastating impact on both the individual and their family. This thesis has 

explored the areas of physical activity, exercise and metabolism in stroke and revealed that 

physical activity and exercise may contribute to reducing the individual and societal burden 

of stroke. These significant advances in academic understanding, methods, theory and 

application provide a strong foundation from which to change the way we manage stroke 

disease and wellbeing across the UK and beyond. This thesis has begun to explore physical 

activity and the impact of exercise following stroke, but also how these observations may be 

translated into clinical care. Although this thesis may appear to have raised more questions 

than it has provided answers, it delivers a direction and structure which can be followed by 

other translational researchers. It is clear that further research needs to be conducted to 

establish if increasing physical activity levels early after stroke and the delivery of exercise 

interventions can result in secondary prevention of stroke incidence, mortality and chronic 

disease. Accompanying this, there is also a need to establish which exercise methods lead to 

the best overall outcome following stroke in terms of impairment, function, participation and 

secondary prevention. Combined, these studies have the potential to reform national 

guidelines and policies on physical activity and exercise in stroke. All of these steps may 

bring about a long awaited change in the philosophy driving stroke rehabilitation, helping 

people with stroke live for longer with an improved quality of life.  
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Appendices 

Appendix A 

Urine collection advice sheet 

VALIDATION STUDY COMPARING SENSEWEAR WITH DOUBLY LABELLED 

WATER 

COLLECTION OF URINE SAMPLES 
HOW TO COLLECT YOUR URINE SAMPLES 

 
Please follow these instructions very carefully; the investigator will go through them with you.  
If you have any questions please ask the investigator. 
 
Each time you collect a urine sample you need to fill in some information on the other 
side of this form. 
 

• The investigator will give you a small bottle containing the special water (the dose), which 
you drink.   

• BEFORE drinking the special water you need to have collected one sample of your urine.  
The sample of urine collected BEFORE you drink the special water goes into the collection 
bottle labelled ‘Pre’.  The urine samples you collect each day AFTER you have drunk the 
special water go, in order, into the bottles labelled Day 1 to Day 10, one for each day you 
collect a sample. 

• The amount of special water you drink will be determined by weighing the dose bottle before 
and after drinking.  Use the straw to drink from the bottle and then push the straw inside the 
bottle and screw on the cap for the investigator to re-weigh empty.  On the back of this form 
write down the DATE and EXACT TIME you drank the dose of special water. 

• After you have drunk the dose of special water collect one sample of urine EVERY DAY 
for the next 10 days.  DO NOT collect the first urine you pass in the morning, but a 
sample at any other time convenient to you is fine. Try to collect your urine sample at about 
the same time each day. If you wish, use a plastic cup to collect the sample, pour some of the 
sample into the relevant bottle and then discard the cup after use.  Use a clean, dry cup for 
each separate collection. 

• Put each day’s sample in the correct bottle, first day in day 1; second day in day 2 etc. 

• It is important that you write down the exact DATE and TIME you collect each sample 
both on the bottle and on the back of this form.  

• Please do not overfill the bottles: about three-quarters full is enough. Keep your samples in a 
cool place, a refrigerator is fine, but please do not freeze your samples. 

• Please make sure the bottle top is on tightly. 

• Check that you have recorded all the DATES and TIMES correctly on the back of this form. 
Please use the space provided to record any problems or difficulties, for example, if you use 
the bottles out of order, or forget to write in the exact time etc.  It is much better if we know 
about any problems, then we can correct them when we analyse your samples.   

• If you forget to collect a sample one day, do not stop – please leave that bottle empty and 
carry on as normal with the rest of your collections the next day, and just make a note on the 
form. All the samples you collect will still be of great use to us. 

• When you have collected all your urine samples the investigator will take them from you, 
together with this form - so please keep this safely. 
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COLLECTION OF URINE SAMPLES 

Please use capital letters and write in ink 
INVESTIGATOR TO COMPLETE SECTION 1. 
1.  Identification NUMBER                                                     

 
    
                                     

  
                                                                                                         DAY MONTH      YEAR  
   Sex Male 1                       Date of birth: 

   Female 2  
            

                             Weight of patient (kg)                                        . 

                                                                      
                                                                                  Height of patient (m)                   .                     
 
                     DAY                 MONTH          YEAR  

Date dose taken:                       2  0       1       1          Time dose taken:  

           
 

Weight of full                                                     Weight of empty 

bottle + straw + cap (g)                     .                     bottle + straw + cap (g)                                .   

2. VOLUNTEER TO COMPLETE REST OF FORM 

 
Sample no 

 
Date 

 
    Time  

 
A
M 

 
PM 

 
Comments 

 
PRE 

     

 
DAY 1 

     

 
DAY 2 

     

 
DAY 3 

     

 
DAY 4 

     

 
DAY 5 

     

 
DAY 6 

     

 
DAY 7 

     

 
DAY 8 

     

 
DAY 9 

     

 
DAY 10 

     

 
I confirm the above samples have all been obtained with donor consent and that current Ethical 
approval is in place for use in the above study (Ethics committee name: County Durham and 
Tees Valley Research Ethics Committee, Ethics no: 09/H0905/56).  Name (CAPS) 
………………………….…......  Signed …………………………………..Date…………………… 
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Appendix B 

National Institute of Health Stroke Scale 
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Appendix C 

Modified Rankin Scale 

Modified Rankin Scale 

Centre number                                      Principal investigator: 

Patient identifier: 

Assessor: 

Date: 

Visit number please circle: 1/2/3/4/5/6 
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Appendix D 

Barthel Index 

 

 

 



 

 

174 

 

Appendix E 

The International Physical Activity Questionnaire 

INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE 
 
We are interested in finding out about the kinds of physical activities that people do as part 
of their everyday lives. The questions will ask you about the time you spent being physically 
active in the last 7 days. Please answer each question even if you do not consider yourself 
to be an active person. Please think about the activities you do at work, as part of your 
house and yard work, to get from place to place, and in your spare time for recreation, 
exercise or sport. 
 
Think about all the vigorous and moderate activities that you did in the last 7 days. 
Vigorous physical activities refer to activities that take hard physical effort and make you 
breathe much harder than normal. Moderate activities refer to activities that take moderate 
physical effort and make you breathe somewhat harder than normal. 
 
PART 1: JOB-RELATED PHYSICAL ACTIVITY 
 
The first section is about your work. This includes paid jobs, farming, volunteer work, course 
work, and any other unpaid work that you did outside your home. Do not include unpaid work 
you might do around your home, like housework, yard work, general maintenance, and 
caring for your family. These are asked in Part 3. 
 
1. Do you currently have a job or do any unpaid work outside your home? 
 
 Yes 
 
 No Skip to PART 2: TRANSPORTATION 
 
The next questions are about all the physical activity you did in the last 7 days as part of 
your paid or unpaid work. This does not include traveling to and from work. 
 
2.  During the last 7 days, on how many days did you do vigorous physical activities 

like heavy lifting, digging, heavy construction, or climbing up stairs as part of your 
work? Think about only those physical activities that you did for at least 10 minutes 
at a time. 

 
_____ days per week 

 
 No vigorous job-related physical activity Skip to question 4 
 
3. How much time did you usually spend on one of those days doing vigorous physical 

activities as part of your work? 
 

_____ hours per day 
_____ minutes per day 

 
4. Again, think about only those physical activities that you did for at least 10 minutes at 

a time. During the last 7 days, on how many days did you do moderate physical 
activities like carrying light loads as part of your work? Please do not include 
walking. 

 
_____ days per week 
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 No moderate job-related physical activity Skip to question 6 
 
5. How much time did you usually spend on one of those days doing moderate physical 

activities as part of your work? 
 

_____ hours per day 
_____ minutes per day 

 
6. During the last 7 days, on how many days did you walk for at least 10 minutes at a 

time as part of your work? Please do not count any walking you did to travel to or 
from work. 

 
_____ days per week 

 
 No job-related walking Skip to PART 2: TRANSPORTATION 
 
7. How much time did you usually spend on one of those days walking as part of your 

work? 
 

_____ hours per day 
_____ minutes per day 

 
 
PART 2: TRANSPORTATION PHYSICAL ACTIVITY 
 
These questions are about how you traveled from place to place, including to places like 
work, stores, movies, and so on. 
 
8. During the last 7 days, on how many days did you travel in a motor vehicle like a 

train, bus, car, or tram? 
 

_____ days per week 
 
 No traveling in a motor vehicle Skip to question 10 
 
9. How much time did you usually spend on one of those days traveling in a train, bus, 

car, tram, or other kind of motor vehicle? 
 

_____ hours per day 
_____ minutes per day 

 
Now think only about the bicycling and walking you might have done to travel to and from 
work, to do errands, or to go from place to place. 
 
10. During the last 7 days, on how many days did you bicycle for at least 10 minutes at 

a time to go from place to place? 
 

_____ days per week 
 
 No bicycling from place to place Skip to question 12 
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11. How much time did you usually spend on one of those days to bicycle from place to 
place? 

 
_____ hours per day 
_____ minutes per day 

 
12. During the last 7 days, on how many days did you walk for at least 10 minutes at a 

time to go from place to place? 
 

_____ days per week 
 
 No walking from place to place Skip to PART 3: 

HOUSEWORK, HOUSE 
MAINTENANCE, AND 
CARING FOR FAMILY 

 
13. How much time did you usually spend on one of those days walking from place to 

place? 
 

_____ hours per day 
_____ minutes per day 

 
 
PART 3: HOUSEWORK, HOUSE MAINTENANCE, AND CARING FOR FAMILY 
 
This section is about some of the physical activities you might have done in the last 7 days 
in and around your home, like housework, gardening, yard work, general maintenance work, 
and caring for your family. 
 
14. Think about only those physical activities that you did for at least 10 minutes at a 

time. During the last 7 days, on how many days did you do vigorous physical 
activities like heavy lifting, chopping wood, shoveling snow, or digging in the garden 
or yard? 

 
_____ days per week 

 
 No vigorous activity in garden or yard Skip to question 16 
 
 
15. How much time did you usually spend on one of those days doing vigorous physical 

activities in the garden or yard? 
 

_____ hours per day 
_____ minutes per day 

 
16. Again, think about only those physical activities that you did for at least 10 minutes at 

a time. During the last 7 days, on how many days did you do moderate activities like 
carrying light loads, sweeping, washing windows, and raking in the garden or yard? 

 
_____ days per week 

 
 No moderate activity in garden or yard Skip to question 18 
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17. How much time did you usually spend on one of those days doing moderate physical 
activities in the garden or yard? 

 
_____ hours per day 
_____ minutes per day 

 
18. Once again, think about only those physical activities that you did for at least 10 

minutes at a time. During the last 7 days, on how many days did you do moderate 
activities like carrying light loads, washing windows, scrubbing floors and sweeping 
inside your home? 

 
_____ days per week 

 
 No moderate activity inside home Skip to PART 4: 

RECREATION, SPORT AND 
LEISURE-TIME PHYSICAL 
ACTIVITY 

 
19. How much time did you usually spend on one of those days doing moderate physical 

activities inside your home? 
 

_____ hours per day 
_____ minutes per day 

 
 
PART 4: RECREATION, SPORT, AND LEISURE-TIME PHYSICAL ACTIVITY 
 
This section is about all the physical activities that you did in the last 7 days solely for 
recreation, sport, exercise or leisure. Please do not include any activities you have already 
mentioned. 
 
20. Not counting any walking you have already mentioned, during the last 7 days, on 

how many days did you walk for at least 10 minutes at a time in your leisure time? 
 

_____ days per week 
 
 No walking in leisure time Skip to question 22 
 
21. How much time did you usually spend on one of those days walking in your leisure 

time? 
 

_____ hours per day 
_____ minutes per day 

 
22. Think about only those physical activities that you did for at least 10 minutes at a 

time. During the last 7 days, on how many days did you do vigorous physical 
activities like aerobics, running, fast bicycling, or fast swimming in your leisure 
time? 

 
_____ days per week 

 
 No vigorous activity in leisure time Skip to question 24 
 
23. How much time did you usually spend on one of those days doing vigorous physical 

activities in your leisure time? 
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_____ hours per day 
_____ minutes per day 

 
24. Again, think about only those physical activities that you did for at least 10 minutes at 

a time. During the last 7 days, on how many days did you do moderate physical 
activities like bicycling at a regular pace, swimming at a regular pace, and doubles 
tennis in your leisure time? 

 
_____ days per week 

 
 No moderate activity in leisure time Skip to PART 5: TIME SPENT 

SITTING 
 
25. How much time did you usually spend on one of those days doing moderate physical 

activities in your leisure time? 
_____ hours per day 
_____ minutes per day 

 
 
PART 5: TIME SPENT SITTING 
 
The last questions are about the time you spend sitting while at work, at home, while doing 
course work and during leisure time. This may include time spent sitting at a desk, visiting 
friends, reading or sitting or lying down to watch television. Do not include any time spent 
sitting in a motor vehicle that you have already told me about. 
 
26. During the last 7 days, how much time did you usually spend sitting on a weekday? 
 

_____ hours per day 
_____ minutes per day 

 
27. During the last 7 days, how much time did you usually spend sitting on a weekend 

day? 
 

_____ hours per day 
_____ minutes per day 

 
 

This is the end of the questionnaire, thank you for participating. 
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Appendix F 

Medical history questionnaire 

Medical History Questionnaire 
 
Name:         Date of Birth: 
 
Do you have or suffer from a:      Details: 
 History of heart disease 
 (eg. heart attack, surgery, angina etc)  YES NO 
 
 Problems with the circulation   YES NO 
 
 High blood pressure    YES NO 
 
 Diabetes      YES NO 
 
 Lung disease/breathing problems  YES NO 
 (eg. asthma, COPD etc) 
 
Have you ever suffered from:     Details: 
 Discomfort in the chest, jaw, neck, back or arms 

(e.g. pressure, tingling, pain, heaviness,  
burning, tightness, squeezing or numbness)  YES NO 
 

 Light headedness, dizziness or fainting? YES NO 
 
Have you had any recent Illnesses?  YES NO      Details:  
     (including hospitalisation, new medical diagnosis, surgery)   
  
  
 
Do you have any joint problems or anything which would make exercising 

difficult?      YES NO Details: 
   
 
What medication are you taking?  
(Please list)         
  
 
 
Other habits 
 Caffeine   YES  NO if yes, units per week ___ 
 Alcohol   YES  NO  if yes, units per week ___ 
 Tobacco   YES  NO  if yes, units per week ___ 
 
 
Family History       Details: 

Heart disease    YES NO 
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Lung disease     YES NO 
Diabetes     YES NO 
Stroke      YES NO 
Sudden death    YES NO 

 
Do you have any known allergies?  YES  NO Details 
 
Any additional information: 
 
 
 
 
 
 
   

Completed by  ________________  Date _____________ 
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Appendix G 

Fitness and mobility exercise programme (adapted from Eng, 2006) 
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Appendix H 

Stretching programme 

 

NAME:                                                                        DATE: 

PATIENT IDENTIFIER: 

STUDY TITLE:                                                            STUDY CENTRE:                                                      

 

Stretching Programme 

General advice 

• Please complete the stretching programme three times a week 

on Monday, Wednesday and Friday. Try to do the programme 

at approximately the same time each day. 

• The stretching session should take about an hour to complete. 

• Carry out the stretches sitting in a high back chair preferably 

with arms. Make sure your bottom is at the back of the chair 

and your feet are flat on the floor. If your feet do not reach the 

floor you may need to put something under them so you have a 

firm base. 

• Try to maintain a good posture throughout the stretching 

routine, sit up tall with your shoulders back and try to look 

straight forward. 

• If you feel a sharp pain during any of the stretches you may 

have tried to push the stretch too far. Pull back on the stretch 

and see if that eases the pain and if the pain continues stop 

that particular stretch. You should just feel a gentle pull during 

the stretches. 
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1. SHOULDER SHRUGS 

(SITTING) 

• Relax your arms on 

your lap 

• Raise your shoulders 

towards your ears for 

a count of three 

• Return to the starting 

position 

• Repeat x 10 
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2. BACK STRETCH 

(SITTING) 

• Sit up straight in the 

chair 

• Put your hands 

together and reach 

forward. 

• Feel the stretch 

between your 

shoulder blades. 

• Hold the stretch for 

20--30 seconds.  

• Repeat three times. 
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3a. TRUNK TWIST 

• Place your hands 

together in a prayer 

position. 

• Turn your body to 

the left and hold for a 

count of three 

• Return to your start 

position 

• Repeat three times to 

the left 

• Then repeat the 

exercise three times 

to the right 
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3b. ADVANCED TRUNK 

TWIST 

If you feel confident 

with the first trunk twist 

exercise advance to this 

stretch 

• Clasp your 

fingers 

together and 

pull forwards 

until you feel 

a stretch 

through your 

back 

• Turn your 

body to the 

left and hold 

for a count of 

three 

• Return to 

your start 

position 

• Repeat three 

times to the 

left 

• Then repeat 

the exercise 

three times to 

the right 
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4. SHOULDER 

STRETCH 

• Place one arm across 

your body 

• If you can, use your 

other arm to support 

it just above the 

elbow. If you do not 

have enough 

movement in your 

other arm simply 

place one arm across 

the body  

• hold for  20-30 

seconds then lower 

down gently 

• Repeat three times 

• Repeat the same 

stretch with your 

opposite arm 
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5. HAND AND WRIST 

STRETCH (SITTING)  

• Place your elbows on 

a table 

• Try to just move from 

the wrist rather than 

from the elbow 

• Push your left hand 

against your right 

hand so you produce 

a stretch in your right 

wrist 

• Hold the stretch for 

15-30 seconds.  

• Repeat 3 times 

• Repeat in the 

opposite direction 
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6a. TRUNK FLEXION 

(SITTING)  

• Reach your left hand 

over your head and 

stretch out your left 

side. 

• Hold the stretch for 

20-30 seconds 

• Repeat three times 

• Repeat in the 

opposite direction 

• ADAPTATION see 

following page 
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6b. ADAPTATION 

TRUNK FLEXION 

(SITTING)  

• If you are unable to 

reach over your head 

if you have an upper 

limb weakness, 

simply do the same 

stretch but do not 

involve your arms 

just side bend your 

trunk 
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7. HAMSTRING 

STRETCH 

• Straighten your left 

leg out and pull your 

toes towards your 

nose 

• Do not push down on 

the leg you are 

stretching with your 

hands 

• Lean forward from 

the trunk until you 

feel a stretch 

• Hold the stretch for 

20-30 seconds 

• Repeat three times 

• Repeat with your 

right leg 
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8a. OUTSIDE THIGH 

STRETCH (SITTING)  

• Cross your right leg 

over your left leg 

• Place your opposite 

hand on the outside 

of the bottom of your 

thigh and apply some 

pressure to gently 

apply a stretch down 

the outside of your 

thigh. 

• Hold for 15-30 

seconds 

• Repeat 3 times 

• Repeat the process 

with your left leg 

• ADAPTATION see 

next page 
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8b. ADAPTATION 

OUTSIDE THIGH 

STRETCH 

• If you cannot cross 

your legs at the knee,  

sit forward in the 

chair and cross your 

ankles then use your 

hands to gently apply 

pressure to the 

stretch  

 



 

 

229 

 

 

 

 

 

 

9a. INNER THIGH 

STRETCH (SITTING)  

• Place your right 

outside ankle onto 

your left thigh.  

• Make sure your ankle 

is properly supported 

and the pressure is 

not going through 

the edge of your foot 

• Let your knee drop 

out creating a stretch 

on the inside of your 

thigh 

• Hold the stretch for 

15-30 seconds 

• Repeat the stretch 

three times 

• Repeat the process 

with your left leg 

• ADAPTATION see 

next page  
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9b. ADAPTATION  

• If you are 

unable to 

fully cross 

your legs 

simply cross 

your ankles 

instead. 

• Let your knee 

fall out to 

create a 

stretch 

• Hold for 20-

30 seconds 

• Repeat three 

times 
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10. ANKLE 

STRETCH (SITTING)  

• Straighten your right 

leg out and point 

your toes down 

• Hold the stretch for 

15-30 seconds 

• Repeat three times 

• Repeat the process 

on the left side 

 



 

 

232 

 

 MONDAY WEDNESDAY FRIDAY 

DATE   SIGNATURE DATE  SIGNATURE DATE  SIGNATURE 

STRETCHES 1-10 

COMPLETED 

WEEK 1 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 2 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 3 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 4 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 5       

STRETCHES 1-10 

COMPLETED 

WEEK 6 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 7 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 8 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 9 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 10 
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 MONDAY WEDNESDAY FRIDAY 

DATE   SIGNATURE DATE  SIGNATURE DATE  SIGNATURE 

STRETCHES 1-10 

COMPLETED 

WEEK 11 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 12 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 13 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 14 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 15       

STRETCHES 1-10 

COMPLETED 

WEEK 16 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 17 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 18 

 

      

STRETCHES 1-10 

COMPLETED 

WEEK 19 
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STRETCHING PROGRAMME 

Exercise (all 

performed in a 

seated position) 

Number of 

repetitions 

Date and time 

completed 

Signature 

Left Right 

1. Shoulder shrugs     

2. Back stretch     

3.  Trunk twist     

4. Shoulder stretch     

5. Hand and wrist 

stretch 

    

6. Trunk side flexion     

7. Hamstring stretch     

8. Outer thigh 

stretch 

    

9. Inner thigh 

stretch 

    

10.  Ankle stretch     

Please note any 

extra physical 

activities in addition 

to stretching 

programme 
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Appendix I 

Physical Activity Readiness Questionnaire 

Physical Activity Readiness 

Questionnaire 
 

 

Name:  ____________________ 

 

Date of Birth: ____________________ 

 
  Please choose 

1 Has your doctor ever said that you have a heart condition 
and that you should only do physical activity recommended 

by a doctor? 
 

YES NO 

2 Do you ever feel pain in your chest when you do physical 
activity? 
 

YES NO 

3 Have you ever had chest pain when you are not doing 
physical activity? 

 

YES NO 

4 Do you ever feel faint or have spells of dizziness? 

 

YES NO 

5 Do you have a joint problem (also back problem) that could 

be made worse by exercise? 
 

 

YES NO 

6 Have you ever been told that you have high blood 
pressure? 

 

YES NO 

7 Are you currently taking any medication? 

If so, what? __________________ Reason _______ 
 

YES NO 

8 Are you pregnant, have you had a baby in the last 6 
months, or do you plan to have a baby this year? 

 

YES NO 

9 Is there any other reason why you should not participate in 

physical activity? 
If so, what? __________________________________ 
 

YES NO 
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Appendix J 

Medical history for progressive cycling test 

Name:    ___________________________________  DOB: __/__/____ 

Medical Diagnosis:  

 History of cardiovascular disease   YES  NO 

 Peripheral vascular disease    YES  NO 

 Hypertension      YES  NO 

 Diabetes      YES  NO 

 Pulmonary disease     YES  NO 

 

Previous Physical Examination 

 Have you had anything reported previously  

from a physical examination?    YES  NO 

 

History of symptoms 

 Discomfort in the chest, jaw, neck, back or arms 

(e.g. pressure, tingling, pain, heaviness,  

burning, tightness, squeezing or numbness)   YES  NO 

 Light headedness , dizziness or faint?   YES  NO 

 

Recent Illness 

 Hospitalisation, new medical diagnosis, surgery  YES  NO 

 Details __________________________________________________ 

   __________________________________________________ 

  

Orthopaedic problems 

 Arthritis, joint swelling,  

anything which would make exercise difficult  YES  NO 

 

Medication use 
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 Medication      YES  NO 

 Details __________________________________________________ 

   __________________________________________________ 

 Allergies 

 Details __________________________________________________ 

   __________________________________________________ 

  

Other habits 

 Caffeine   YES  NO if yes, units per week ___ 

 Alcohol   YES  NO  if yes, units per week ___ 

 Tobacco   YES  NO  if yes, units per week ___ 

 

Exercise history 

 Frequency (/week)  1 2 3 4 5 6 7 8 

 Duration per session (min)  10 20 30 40 50 60 70 

 

Work history 

 Focus on current of expected physical demands 

 

Family history  

 Cardiac      YES  NO 

Pulmonary     YES  NO 

Metabolic disease     YES  NO 

Stroke      YES  NO 

Sudden death     YES  NO 

 

Comments: 

  __________________________________________________ 

  __________________________________________________ 

  __________________________________________________
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Name:    ___________________________________  DOB: __/__/____ 

 

Body weight (kg): _____  Waist Circumference (cm): _____ 

 

%Fat Free Mass: _____  % Fat Mass:   _____ 

 

Apical pulse rate(min): _____  Rhythm:   OK / Not OK 

 

Resting blood pressure, seated. ___ / ____ 

 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Auscultation of the lungs    OK / Not OK 

with specific attention to uniformity of breath Comment:________________________________ 

sounds in all areas (absence of rales and wheezes)  _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________  

Palpation of cardiac apical impulse  OK / Not OK 

point of maximal impulse    Comment:________________________________ 

       _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 
     

Auscultation of the heart    OK / Not OK 

with specific attention to murmurs,   

 Comment:________________________________ 

gallops, clicks and rubs.     _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Evaluation of the abdomen    OK / Not OK 

Bowel sounds, masses, visceromegaly,   Comment:________________________________ 

and tenderness.       _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Evaluation of lower extremities    OK / Not OK 

Oedema and presence of arterial pulse.  Comment:________________________________ 



 

 

239 

 

       _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Inspection of the skin     OK / Not OK 

focus on lower extremities in people with diabetes. Comment: ________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________  

Neurologic function    OK / Not OK 

Reflexes      Comment:________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Any orthopedic or medical condition   YES / NO 

that would limit exercise.    Comment:________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Ventricular tachycardia    OK / Not OK 

      Comment:________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

ST elevation (+1.0 mm)    OK / Not OK 

in leads without diagnostic Q-waves  Comment:________________________________ 

(other than V1 or aVR)     _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

ST or QRS changes     OK / Not OK 

such as excessive ST suppression >2mm  Comment:________________________________ 

horizontal or down sloping ST-segment depression  _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Arrhythmias other than:    OK / Not OK 

sustained ventricular tachycardia, including  Comment:________________________________ 

multiple PVCs, triplets of PVCs, supraventricular  _________________________________ 

tachycardia, heart block, or bradyarrhythmias.  _________________________________. 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Cleared to start exercise test    YES / NO 

Competed by:  ________________  Date _____________ 
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Exercise Stress Testing 

Exercise Protocol:  _______________________________________________ 

 

Absolute indicators for terminating the Exercise Stress test:  

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Drop in blood pressure of >10mm Hg   OK / Not OK 

from baseline blood pressure    Comment:________________________________ 

despite an increase in workload,     _________________________________ 

when accompanied by other     _________________________________ 

evidence of ischemia. 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Any form of chest pain or    OK / Not OK 

shortness of breath    Comment:________________________________ 

       _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Increasing nervous system symptoms   OK / Not OK 

(e.g. ataxia, dizziness or near syncope)  Comment:________________________________ 

       _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Technical difficulties monitoring    OK / Not OK 

ECG or blood pressure    Comment:________________________________ 

       _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Ventricular tachycardia    OK / Not OK 

      Comment:________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

ST elevation      OK / Not OK 

(+1.0 mm) in leads without    Comment:________________________________ 

diagnostic Q-waves (other than V1 or aVR)   _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

ST or QRS changes     OK / Not OK 
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such as excessive ST suppression >2mm horizontal Comment:________________________________  

or down sloping ST-segment depression   _________________________________  

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Arrhythmias other than:    OK / Not OK 

sustained ventricular tachycardia,    Comment:________________________________ 

including multiple PVCs, triplets of PVCs, supraventricular _________________________________ 

tachycardia, heart block, or bradyarrhythmias.  _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Fatigue, shortness of breath, wheezing,   OK / Not OK 

leg cramps, or patient develops    Comment:________________________________ 

discomfort.      _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Development of bundle-branch block   OK / Not OK 

or intraventricular conduction delay   Comment:________________________________ 

that cannot be distinguished from ventricular tachycardia _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Hypertensive response     OK / Not OK 

Systolic blood pressure of > 250 mm Hg   Comment:________________________________ 

and / or diastolic pressure of >115 mm Hg   _________________________________ 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

 

Comments: 

  ____________________________________________________________________________ 

  ____________________________________________________________________________ 

  ____________________________________________________________________________ 

Adverse reaction to exercise:    YES / NO 

 

Cleared to start exercise:     YES / NO 

Competed by: ________________   Date _____________ 
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Appendix K 

Six minute walk test protocol 

Six Minute Walk Test Guidelines (adapted from American Thoracic Society 2002) 

• Walking course must be 30m in length 

• The length of the corridor should be marked every 3 metres 

• The turnaround points should be marked with a cone 

• A starting line which marks the beginning and end of each 60 metre lap should be 

marked with brightly coloured tape 

Equipment 

1. Stopwatch 

2. Mechanical lap counter 

3. Two small cones 

4. Chair 

5. Worksheets on a clipboard 

Patient preparation 

• Comfortable clothing and trainers should be worn 

• Patients should use their usual walking aid 

• Patient’s usual medical regimen should be continued 

• A light meal is acceptable before early morning or early afternoon tests 

Measurements 

• Repeat testing should be performed about the same time of day to minimise intraday 

variability 

• A warm up period should not be performed 

• The patient should sit in a chair located near the start position for at least 10 mins 

before the test starts 

• Set the lap counter to zero and timer to six minutes assemble all necessary equipment 

and move to starting point 

• Instruct the patient as follows 

‘The object of this test is to walk as far as possible for 6 minutes. You will walk back 

and forth in this hallway, Six minutes is a long time to walk so you will be exerting 

yourself. You may get out of breath or become exhausted. You are permitted to slow 
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down, to stop and to rest as necessary. You may lean against the wall while resting or 

sit down on the chair, but resume walking as soon as you are able. 

You will be walking back and forth around the cones you should not hesitate as you 

walk around the cones. Now I am going to show you.’ 

(Demonstrate by walking one lap yourself. Walk and pivot around the cone briskly). 

‘Are you ready to do that? I am going to keep track of the number of laps you 

complete. I will click it each time you turn around at this starting line. Remember that 

the object is to walk AS FAR AS POSSIBLE for 6 minutes, but don’t run or jog. 

Start now or whenever you are ready.’ 

• Position the patient at the starting line. You should stand close to the patient 

but don’t walk with them. As soon as the patient starts start the timer. 

• Do not talk to anyone during the walk. Use an even tone of voice when giving 

instructions. Each time the participant returns to the starting line click the lap 

counter once. Let the participant see you do it. 

• After the first minute tell the patient the following ‘you are doing well. You 

have five minutes to go.’ 

• When the timer shows four minutes remaining tell the patient the following: 

‘you are doing well. You are halfway done.’ 

• When the timer shows three minutes remaining, tell the patient the following 

‘keep up the good work you only have two minutes left.’ 

• When the timer shows only 1 minute remaining tell the patient: ‘You are 

doing well. You only have one minute to go.’ 

• If the patient stops walking during the test they may lean against the wall until 

they are able to continue. Do not stop the timer at this point. If the patient 

stops and refuses to continue discontinue the test and note down why they had 

to stop. 

• When the timer is 15 seconds from the end say this: ‘In a moment I’m going to 

tell you to stop. When I do, just stop right where you are and I will come to 

you.’ 

• When the timer rings say this; ‘stop’ Walk over to the patient and mark where 

they stopped. 

• Record the number of laps recorded on your worksheet 
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Appendix L 

Timed up and go 
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Appendix M 

Berg Balance Scale 
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Appendix N 

The Stroke Impact Scale 
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Appendix O 

The World Health Organisation Quality of Life Questionnaire-BREF 
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Appendix P 

Addenbrooke’s cognitive Examination Revised 
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Appendix Q 

Walking endurance speed and balance age and gender reference ranges 

Age range  

(years) 

Gender 

(M/F) 

Walking endurance 

(Six minute walk test 

distance) 

(m) 

Gait speed 

(10 metre walk test) 

(m/s) 

Balance 

(Berg Balance score 

0-56) 

50-59 M  1.43 (1.4-1.4)  

 F  1.3 (1.2-1.4)  

60-69 M 572 ±  92 1.3 (1.2-1.4) 55 ± 1 

 F 538 ± 92 1.2 (1.2-1.3) 55 ± 2 

70-79 M 527 ± 85 1.3 (1.2-1.3) 54 ± 3 

 F 471 ± 75 1.1 (1.1-1.2) 53 ± 4 

80-89 M 417 ± 73 1.0 (0.8-1.1) 53 ± 2 

 F 392 ± 85 0.9 (0.9-1.0) 50 ± 3 

Adapted from Steffan et al (2002) and Bohannon et al (2011)  
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