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Abstract 
 
The current thesis investigated the acute physiological response to exercise in 

end-stage renal disease (ESRD), with the intention of informing evidence-based 

exercise prescription guidelines and future research directions. Specifically, 

cardiovascular haemodynamics, and ventilatory gas exchange were measured 

during submaximal inter-dialytic (non-haemodialysis days) and intra-dialytic 

cycling (during haemodialysis). A single group of 20 ESRD patients provided data 

for three separate experimental chapters: 1) comparison of the acute physiological 

response to maximal and submaximal exercise in ESRD and healthy participants, 

2) comparison of the acute physiological response to standard haemodialysis, and 

submaximal inter-dialytic and intra-dialytic exercise and, finally 3) comparison of 

cardiac function during standard haemodialysis and intra-dialytic exercise. 

 

A number of novel cardiovascular, haemodynamic and ventilatory gas exchange 

responses were identified. Most notably, intra-dialytic exercise acutely reduced 

regional wall motion abnormalities (indicative of reduced cardiac stunning) 

compared to standard haemodialysis. Secondly, chronotropic incompetence 

related to deranged cardiovascular responses to submaximal exercise in ESRD 

compared to healthy participants. Thirdly, hypoxia during haemodialysis, as 

evidenced by abnormal arterial-venous O2 difference, minute ventilation, cardiac 

output and respiratory exchange ratio, contributed to an abnormal physiological 

response to intra-dialytic exercise compared with inter-dialytic exercise. 
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These data propose a novel therapeutic role of intra-dialytic exercise in the acute 

reduction of myocardial stunning during haemodialysis. Collectively, data from this 

thesis have identified possible causes of reduced aerobic capacity in ESRD, and 

the acute effect of haemodialysis on the ability to perform exercise. Appropriately 

prescribed exercise rehabilitation is apparently safe and may be effective in ESRD. 

These data would support future investigation in a sufficiently powered clinical trial 

to assess the effects of moderate intensity inter and intra dialytic aerobic exercise 

in patients with ESRD. 
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1.1 Study context  

Chronic kidney disease (CKD) affects approximately 13-14% of the UK population, 

costing  the healthcare system an estimated £1.45 billion per year (Fraccaro et al. 

2016, Kerr et al. 2012). There are numerous aetiologies of CKD, most commonly 

hypertension, diabetes mellitus and autosomal dominant polycystic kidney disease 

(Schneider et al. 2016). Chronic kidney disease dysregulates solute and fluid 

balance and impairs endocrine functions; consequently, homeostasis is lost. As 

kidney function deteriorates, mortality rate increases, associated with a number of 

comorbidities, most notably cardiovascular disease, heart failure and stroke 

(Schneider et al. 2016). Anemia, fatigue, nausea, hypertension, migraine, edema, 

dyspnea and acidosis are all common with CKD, severely impacting quality of life 

(Kristen 2016). As kidney function deteriorates to end-stage renal disease (ESRD), 

patients typically require renal replacement therapy, comprising of renal 

transplantation, peritoneal dialysis or haemodialysis (HD) to maintain homeostasis 

through filtration of solutes and regulation of fluid balance. However, renal 

replacement therapy, in particular, HD, severely burdens patients, (approximately 

3-5 hours, 3-4 days weekly), and is associated with unpleasant side effects such 

as syncope, dizziness, dyspnea and post-dialytic fatigue. Additionally, HD can 

worsen prognosis due to a combination of inflammation, hypoxemia and ischaemic 

injury (Campos et al. 2016). As a result of the insidious combination of CKD and 

HD treatment, aerobic capacity progressively deteriorates which dramatically 

increases mortality (Ting et al. 2014).  
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Exercise training is a common therapy for chronic disease. In ESRD this can be 

undertaken both between (inter-dialytic) and during (intra-dialytic) HD sessions. 

Inter-dialytic  aerobic exercise can improve aerobic capacity and health related 

quality of life, whilst reducing inflammation and cardiovascular risk (Gould et al. 

2014). Current recommendations encourage at least 30 minutes of aerobic 

exercise, at an intensity of >60% VO2 maximum, three times weekly (Gould et al. 

2014). Intra-dialytic aerobic exercise training may also be beneficial, reportedly 

improving cardiovascular fitness, strength, quality of life and solute removal (Pu et 

al. 2019). It may also improve haemodynamic control through normalisation of 

blood pressure during HD and reduce the risk of intra-dialytic hypotension, a 

common issue during HD attributed to decreasing plasma volume (Rhee et al. 

2019). Most recent observations suggest that intra-dialytic exercise may also 

acutely reduce cardiac stunning, an additional complication of HD (Penny et al. 

2018). 

 

Despite recommendations, and data to support safety (Gould et al. 2014), health 

and exercise practitioners may be reluctant to prescribe exercise in ESRD as there 

are no clear evidence based guidelines (Parker 2016, Thompson et al. 2016). In 

order to develop guidelines for exercise training, it is essential to understand the 

acute physiological response to exercise, particularly in a complex disease such 

as CKD. Few studies have investigated this. Whilst limitations to maximal exercise 

are relatively well reported in ESRD, the physiology of sub-maximal exercise is 

poorly defined, particularly during HD. This is problematic due to the majority of 
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exercise interventions for CKD, comprising of steady-state cycle ergometry. As 

such, the implementation of effective aerobic exercise programs is hindered by the 

lack of understanding in this area, specifically the effects of ESRD and HD on the 

‘normal’ response to exercise. Additionally, risks of intra-dialytic exercise may also 

exist, with evidence of rebound hypotension post-exercise previously described 

(Dungey et al. 2015). This may suggest a theoretical risk of tissue under-perfusion 

resulting from intra-dialytic exercise. 

 

Exercise training may be an effective strategy for reducing the detrimental effects 

of CKD and HD and improving quality of life and prognosis. Physiological 

derangement with CKD and HD mean exercise must be prescribed carefully and 

accurately, based on good quality evidence. To achieve this, the acute 

physiological response to HD, intra-dialytic exercise and inter-dialytic exercise 

should be investigated.  

1.2  Thesis Overview 

This thesis assessed cardiovascular haemodynamics, ventilatory gas exchange 

and plasma biomarkers to establish the acute physiological responses to aerobic 

exercise in ESRD. Comparison with healthy participants allowed for identification 

of abnormal responses to exercise in ESRD. Data collection in 20 ESRD 

participants, recruited from University Hospital Coventry and Warwickshire NHS 

trust, and 20 healthy participants, recruited from Coventry University healthy 

participant database, was completed between May 2017 and December 2018. 
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Data from both cohorts allowed the completion of three separate experimental 

studies investigating maximal and submaximal, inter-dialytic and intra-dialytic 

exercise.  

 

In chapter two of this thesis, a literature review of CKD, longitudinal exercise 

training interventions, and acute physiological exercise investigations, was 

undertaken to identify gaps in the current literature, informing each experimental 

chapter design.  In chapter three, general methods, covering all three experimental 

chapters, are described. Chapters four, five and six comprise of the experimental 

element of the thesis, followed in chapter seven, by an integrated discussion of the 

major findings of each experimental chapter. Future study direction and limitations 

of the thesis are also described in chapter seven.  
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2.1 Overview  

The prevalence of stage 3-5 CKD (glomerular filtration rate of below 60 

ml/min/1.73m2) in the UK was 6.1-8.5% (NICE 2014). The estimated cost to the 

UK government between 2009 and 2010, for the treatment of CKD, was 

approximately £1.45 billion, corresponding to 1.3% of the National Health Service 

budget (NICE 2014). Costs are anticipated to rise exponentially due to an ageing 

population and increasing prevalence of type II diabetes mellitus (Fraccaro et al. 

2016, Kerr et al. 2012). Chronic kidney disease can severely impact quality of life 

and lead to increased mortality. It is also associated with numerous comorbidities, 

which complicate treatment options, leading to an even poorer prognosis. Newly 

emerging evidence in CKD supports the use of exercise training to slow or prevent 

deterioration in physical function, thus exercise provides a potential treatment 

option (Che and Li 2017, Pedersen, and Saltin 2006, Pu et al. 2019). Improved 

cardiovascular, inflammatory and metabolic function has been documented with 

long-term implementation of exercise training in CKD (Goldberg et al. 1980, Liao 

et al. 2016, Manfredini et al. 2017, McGregor et al. 2018, Momeni, Nematolahi and 

Nasr 2014, Petraki et al. 2008, Reboredo et al. 2015, Tomlinson et al. 2017). 

However, the acute physiological response to exercise in CKD is poorly 

understood and therefore, despite the proposed benefits, exercise prescription can 

be problematic for health and exercise practitioners.  

 

This chapter will discuss the impact of CKD on quality of life and longevity. The 

wellbeing of people living with CKD will be discussed in the context of 
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cardiovascular, inflammatory and metabolic sequalae. Exercise training in CKD 

will also be discussed in relation to both chronic adaptation and the acute 

physiological responses.  

 

2.1.1 Kidney function  

The glomerulus is located within the Bowman’s capsule and is responsible for the 

transfer of waste products such as urea, creatinine, electrolytes, uric acid and 

metabolites of various hormones into the proximal tubule. After a period of 

reabsorption, these metabolites are excreted through the urethra (Vaz,Mario2000). 

This function is central to maintaining blood homeostasis via the regulation of 

solutes (e.g. sodium, potassium, glucose, nitrogen, hydrogen ions, urea, creatinine 

and phosphate) and water levels. With a healthy kidney, fluid osmolarity, pH, and 

electrolyte concentrations are balanced and homeostasis is maintained. This is 

achieved via approximately two million nephrons located within the renal pyramids 

of the kidneys. Filtration is carefully regulated by chemo and baroreceptors located 

in and around the nephron. The kidneys also play a vital role in regulation of 

haemodynamics, either indirectly through the regulation of fluid volume, or directly 

via the renin angiotensin aldosterone system, which can raise blood pressure in 

response to decreased filtration. Kidney function naturally deteriorates with age 

due to a progressive loss of nephrons; however, certain disease states can 

accelerate loss leading to the manifestation of CKD.  
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2.1.2 Chronic kidney disease  

Causes of chronic kidney disease (CKD) are numerous, most commonly diabetes 

mellitus, hypertension and polycystic kidney disease (LeMura 2004). CKD is 

characterised by a reduction in glomerular filtration rate (GFR). Progression of 

CKD is defined by changes in GFR, ranging from stage 1-5 CKD (table 2.1). 

Reduced GFR occurs due to multiple pathologies (e.g. glomerular nephritis) 

eventually leading to decreased number of functional nephrons to maintain fluid 

homeostasis. Subsequently, decreased renal function results in the retention of 

sodium, potassium, glucose, nitrogen, hydrogen ions, urea, creatinine and 

phosphate. This can lead to complications including: accelerated atherosclerosis, 

malnutrition-inflammation complex syndrome, hyperparathyroidism, anemia, 

hypertension amongst others (LeMura 2004). Comorbidities associated with CKD 

include diabetes mellitus, osteopenia, sarcopenia, chronic obstructive pulmonary 

disease, cardiovascular disease and heart failure (Schneider et al. 2016). These 

complications and associated comorbidities lead to increased mortality, however, 

symptoms of CKD may not present until stage 3 CKD (GFR: <60 ml/min/1.73m2) 

(Byrne et al. 2018, NICE 2014).  

 

Symptoms associated with CKD are numerous and can include: edema, lethargy, 

dyspnea and insomnia. As kidney function deteriorates towards CKD stage 5, 

patients may choose between medical management (e.g. diuretics) or undergo 

renal replacement therapy. A GFR of < 15 ml/min/1.73m2 is indicative of ESRD 

(stage 5) whereby patients typically undergo renal transplant, peritoneal dialysis or 
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HD to replace renal function until an appropriate donor kidney is acquired. Those 

not eligible for kidney transplant may have to remain on dialysis indefinitely. End-

stage renal disease is associated with impaired aerobic capacity (predictor of all-

cause mortality) and reduced quality of life and can lead to weakness, fatigue, 

hypertension, anorexia, decreased motivation and depression (Cibulka and Racek 

2007). Causes of such symptoms are linked to a multitude of cardiovascular, 

inflammatory and metabolic disorders. 

 

Table 2.1: Chronic kidney disease stages. 

Stage Description Estimated GFR (ml/min/1.73 m2) 

1 Normal GFR but evidence of 

CKD  

>90 

2 Mild decrease in kidney 

function 

60-89 

3 Moderately impaired kidney 

function 

30-59 

4 Severe impairment in kidney 

function 

15-29 

5 End-stage renal disease <15 

Notes: GFR, glomerular filtration rate; CKD, chronic kidney disease. 
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2.1.3 Metabolic effects of chronic kidney disease 

Metabolic homeostasis is greatly dependent upon the kidneys and, as such, when 

filtration is reduced, metabolic dysfunction can occur (table 2.2). Metabolic 

derangement in CKD can manifest as altered substrate utilisation and decreased 

hormone synthesis/sensitivity. Studies have identified heightened insulin 

responses at rest in ESRD when compared to healthy controls (Castellino, Bia and 

DeFronzo 1987, Kettner et al. 1984). As CKD progresses, this can predispose 

patients to increased insulin resistance and glucose intolerance (Cibulka and 

Racek 2007). Impaired glucose metabolism may also occur due to down regulation 

of key glycolytic enzymes such as pyruvate kinase, glucose-6-phosphate 

dehydrogensase and phosphofructokinase (Painter 2009). Both insulin resistance 

and impaired glycolytic intermediates pre-dispose patients to glucose intolerance 

which in turn negatively impacts substrate utilisation. Substrate availability is 

further compromised by abnormal lipid metabolism. Serum triglycerides are 

elevated in CKD, increased triglyceride-rich lipoproteins produced by the liver, in 

response to decreased plasma protein concentration such as albumin, in 

combination with reduced triglyceride degradation, results in dyslipidemias 

(Cibulka and Racek 2007). Enhanced production of triglyceride-rich lipoproteins 

such as very low (VLDL) and low density lipoproteins (LDL), in addition to 

decreased function of high density lipoproteins (HDL), can lead to a greater 

prevalence of atherosclerosis and endothelial dysfunction, subsequently 

increasing cardiovascular risk (Cibulka and Racek 2007, LeMura 2004).  
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In addition to dyslipidemia, an impaired metabolism of fatty acids due to decreased 

availability of free carnitine, reduces the ability of the CPT1-CPT2 shuttle to 

transport lipids into the mitochondria to undergo β-oxidation (Cibulka and Racek 

2007). Impaired aerobic metabolism is further hindered by the lack of available 

erythrocytes to carry necessary oxygen to active tissue (LeMura 2004). This 

occurs predominantly due to a lack of production of the glycoprotein erythropoietin 

as a result of reduced kidney parenchyma. This, in turn, reduces production of 

erythrocytes and places greater demand on the cardiovascular system to provide 

tissue with the necessary oxygenated blood. This problem is further complicated 

due to impaired cardiac function in CKD. Decreased sensitivity to sympathetic 

drive, most notably the effect of adrenaline and noradrenaline, results in 

chronotropic incompetence, with impaired ability to rapidly increase heart rate (HR) 

and thus cardiac output (Painter 2009). As a result, cardiovascular dysfunction can 

occur from metabolic derangement in CKD (Cibulka and Racek 2007).  
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2.1.4 The effect of chronic kidney disease on cardiovascular function  

Cardiovascular linked mortality is higher with CKD (USRDS 2013). CKD patients 

who have had a myocardial infarction (38 vs. 57%), developed congestive heart 

failure (59 vs. 67%) or peripheral vascular disease (63 vs. 80%) have a decreased 

2-year survival compared to those without CKD respectively (USRDS 2013). 

Traditional cardiovascular factors, e.g. hypertension, dyslipidemias and diabetes 

Table 2.2: Summary of the metabolic consequences of chronic kidney disease 
(LeMura 2004). 

Systems Consequences 

Left ventricular hypertrophy/myopathy Intolerance to exercise 

Reduction in blood flow 

Atrophy of type II muscle fibres 

Limitation of oxidative metabolism 

Impaired carbohydrate metabolism Glucose intolerance 

 Hyperinsulinemia 

 Hyperglucagonemia 

 Impaired glycolytic enzyme activity 

Impaired lipid metabolism Hypertriglyceridemia 

 Defective removal of VLDL, LDL 

 Decreased lipase activity 

 Impaired fatty acid oxidation 

Impaired protein metabolism Increased proteolysis 

Notes: VLDL, very low-density lipoprotein; LDL, low density lipoprotein. 
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mellitus, although present, do not fully explain high rates of cardiovascular 

mortality in CKD (Graham-Brown, et al. 2017). Instead non-traditional risk factors 

appear to drive the cardio-renal phenotype. These can include autonomic 

instability, hypervolemia, electrolyte imbalances (i.e. hyperkalemia), sympathetic 

over-activity, hypertension, chronic inflammation and acidosis (Graham-Brown, et 

al. 2017). Subsequently, structural remodeling may occur from maladaptive 

myocardial hypertrophy, cardiomyopathy and diffuse myocardial fibrosis. 

Decreased ability to augment cardiac output (CO) has also been documented 

(Painter 2009). Neuropathy and decreased catecholamine sensitivity can lead to 

chronotropic incompetence, further limiting CO (Painter 2009). The complexity of 

CKD and its impact on cardiovascular health, decreases survival, whereby 

cardiovascular events are the leading cause of mortality in ESRD (USRDS 2013).  

 

2.1.5 Inflammatory response to chronic kidney disease 

The pathological increase in inflammatory responses in CKD is complex, with 

various origins such as increased cell necrosis/apoptosis, gut permeability, 

acidosis, vascular permeability and free radical production (Husain-Syed et al. 

2015). As a consequence, increased levels of circulating cytokines may occur with 

even minor acute kidney injury, as demonstrated in rat models (Scheel, Liu and 

Rabb 2008). These elevated levels of inflammatory cytokines result in chronic and 

systemic inflammation in ESRD, further exacerbated by greater oxidative stress 

mediated by reactive oxygen species (ROS). Free radicals can appear further to 

leukocyte activation from increased cytokine production. With most patients being 
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anemic, supplementation of iron is common practice to increase erythrocyte 

production, however, this can also increase oxidative stress from further free 

radical production by means of the Fenton reaction (Cibulka and Racek 2007). 

Increased ROS and leukocyte activation, results in a chronic and heightened 

inflammatory response via cytokines TNF-α, interleukin 6 (IL-6), IL-1β, interferon 

(IFN)-γ,  subsequently resulting in greater ubiquitin-proteasome activity (Mak et al. 

2011). Increased activity of proteolytic pathways can damage multiple organs and 

tissues including cerebral, cardiac, pulmonary and musculeoskeletal systems. The 

result is increased tissue wastage and a chronic catabolic state (Cheung et al. 

2008, Mak et al. 2011). Metabolic acidosis is also prevalent within ESRD due to a 

reduced ability to excrete ammonia and hydrogen ions, and reabsorb bicarbonate 

(Cibulka and Racek 2007). Increased uremic acidosis also accelerates muscle 

wasting (via negative nitrogen balance) resulting in fatigue, lethargy, frailty, and 

altered gluconeogenesis and triglyceride metabolism (Kovacic, Roguljic et al. 

2003).  

 

2.1.1 Systemic effects of chronic kidney disease  

The key homeostatic role of the renal system has been extensively documented 

(Cibulka and Racek 2007, Kovacic, Roguljic and Kovacic 2003). When pathology 

of the kidney occurs, homeostatic control is lost, which has a substantial effect on 

multiple organs, specifically pulmonary and cardiac (Husain-Syed et al. 2015) 

(figure 2.1). Maladaptations in response to CKD, in both cardiac and pulmonary 

tissue, contribute to increased mortality. Inflammation and acidosis is associated 
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with increased  cardiomyopathy, neuropathy, chronotropic incompetence, uremic 

lung, impaired oxygen exchange and endothelial damage (Husain-Syed et al. 

2015). Haemodynamics are also severely affected by chronic fluid overload, 

further compromising cardiovascular function through biventricular hypertrophy, 

systolic/diastolic dysfunction, pulmonary hypertension and increased mean arterial 

pressure (Husain-Syed et al. 2015). Decreased physical function is also prevalent 

in ESRD resulting from atrophy of type II muscle fibers (Painter 2009). Increased 

acidity and neuropathy are linked to this atrophy with polyneuropathy prevalent in 

84% of ESRD patients (Bazzi et al. 1991). To counter this metabolic derangement 

and the uremic state in ESRD, HD is typically required. However, complications 

associated with treatment are common and can further exacerbate the effects of 

CKD.  
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Figure 2.1: (A) Cross talk between renal, cardiac and pulmonary systems. (B) 

Cellular pattern of renal injury and subsequent fibrosis. HF, Heart failure; LV, Left 

ventricular; RV, Right Ventricular; VCAM, Vascular cell adhesion molecule 

(Husain-Syed et al. 2015). 

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material has been 
removed are clearly marked in the electronic version. The unabridged version of the thesis can be viewed at the 
Lanchester Library, Coventry University. 
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2.1.2 Haemodialysis 

In ESRD, renal replacement therapy, specifically renal transplant, is the most 

common treatment option (MacNeill and Ford 2017). However, patients may 

require dialysis until a suitable kidney is available or may require dialysis 

indefinitely if not eligible for transplant (e.g. high peri-operative risk). For these 

patients, HD, may be prescribed to replace the loss of kidney function. 

Haemodialysis typically initiates flow of blood via a fistula formed from the cephalic 

vein and brachial artery, arterial-venous graft or a central venous catheter within 

the patient’s chest. Blood is passed into the dialyser where filtration occurs via the 

use of a dialysate fluid. Dialysate fluid typically comprises of sodium, potassium, 

calcium, magnesium, bicarbonate and glucose which interact with blood flow via a 

semi-permeable membrane to initiate filtration of metabolic bi-products. As a 

result, excess solutes are removed. Hypervolemia in patients is reduced as a 

consequence of altered transmembrane pressure, specifically a negative 

hydrostatic pressure within the dialysate fluid, aiding ultrafiltration. However, 

despite these critical roles of dialysis, HD complications are numerous, with each 

patient experiencing varying degrees of symptoms associated with the treatment 

(McGuire et al. 2018). Complications include: syncope, lethargy, muscle cramps, 

dyspnea and nausea, typically as a result dysregulated electrolyte concentrations 

and haemodynamics e.g. hypotension from rapid or excessive fluid volume 

removal (Navaneethan et al. 2017). These  complications can reduce HD efficacy 

due to an inability to achieve sufficient filtration rates and/or early cessation of 
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treatment (Lima et al. 2012). More serious complications of HD can include 

haemolysis, air embolus, multi-organ ischaemia, pericardial tamponade, bleeding 

and sepsis (Gul et al. 2016).  

 

Despite the importance of HD for solute regulation in CKD, it can further worsen 

comorbidities. Acutely, HD can result in increased haemolysis which increases 

oxidative stress due to iron released from erythrocytes (Cibulka and Racek 2007, 

Mak et al. 2011). Inflammation is exacerbated by leucocyte activation whereby 

active macrophages increase cytokine production after contact with the dialysis 

membrane. Additionally, during the filtration process, amino acids are inadvertently 

removed, reducing the amino acid pool and leading to a negative nitrogen balance. 

As such, muscle atrophy, impaired immune function and osteopenia may occur 

(Mak et al. 2011).  

 

Another serious complication of HD is intra-dialytic hypotension (IDH), occurring in 

20-30% of HD treatments due to a steady decline in plasma volume during filtration 

(Van Buren and Inrig 2017). This response corresponds to a decline in CO and 

mean arterial pressure and subsequently ischaemia of various tissues, most 

notably of the myocardium (Buchanan et al. 2016). As a result of sustained 

decreases in plasma volume during treatment, preload and contractile force are 

decreased (Momeni, Nematolahi and Nasr 2014). This mechanism corresponds to 

a decline in myocardial blood flow, negatively affecting cardiomyocyte perfusion 

(Buchanan et al. 2016, Dasselaar et al. 2009). This response was demonstrated 
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by Buchanan et al. (2016) using magnetic resonance imaging (MRI) which 

identified that HD resulted in decreased LV contractility and >20% fall in myocardial 

perfusion in 78% of patients tested (n = 12). Furthermore, Kossari et al. (2009) 

identified, with the use of noninvasive bio-reactance technology in 25 patients 

undergoing HD, a decline in CO from 5 l/min to a nadir of 3.5 l/min mid-way through 

HD (figure 2.2). The resultant haemodynamic perturbation and decrease in CO 

from HD treatment, results in whole-body tissue hypo-perfusion; including 

gastrointestinal enterocytes from reduced splanchnic region blood flow, resulting 

in increased gut permeability to gut flora. Subsequently, bacteria can ‘leak’ into the 

circulation triggering endotoxemia which correlates with myocardial stunning and 

systemic inflammation (McIntyre et al. 2011).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2.2: Continuous recording of heart rate, stroke volume, cardiac output 

and thoracic fluid content (TFC) throughout dialysis (Kossari, Hufnagel and 

Squara 2009).  
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In the long-term, repeated bouts of transient myocardial ischaemia can lead to a 

persistent decrease in myocardial function indicated by LV diastolic stiffening and 

hypertrophy (McGuire et al. 2018). As a result, myocardial metabolic demand is 

increased, contractile function is impaired and myocardial depolarisation is 

prolonged. It has also been demonstrated, using echocardiogram that patients 

exhibiting persistently decreased myocardial deformation (<15% in global 

longitudinal strain [GLS]) have a poorer prognosis (Liu et al. 2013). Global 

longitudinal strain strongly indicates myocardial function, as longitudinal fibers are 

particularly susceptible to hypoperfusion due to their sub-endocardial distribution 

(Buchanan et al. 2016, Dasselaar et al. 2009). As such, decreasing GLS indicates 

myocardial dysfunction. Typically, decreasing GLS is associated with segmental 

dysfunction in the form of regional wall motion abnormalities (RWMA), a surrogate 

marker of cardiac stunning, indicated by a >20% relative decline in myocardial 

regional strain. Occurrence of RWMAs during HD lead to persistent systolic 

dysfunction (figure 2.3), increased cardiac events and reduced survival (Burton et 

al. 2009a).  
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2.1.3 Cardiac stunning 

Ischaemia during HD treatment perpetuates cardiac stunning as indicated by the 

presence of RWMAs. Cardiac stunning describes a complex mechanism of 

impaired cardiomyocyte contractility due to decreased O2 availability, and 

subsequently decreasing aerobic metabolism and ATP production (Bolli 1990). 

Lack of ATP availability can acutely impair actin interaction with myosin, critical to 

the sliding filament mechanism (Bolli 1990). Additionally, decreased ATP 

availability may impair ATPase ion pumps on the sarcolemma membrane resulting 

Figure 2.3: Left ventricular assessment of global longitudinal strain using 

speckle tracking (A). Individual segments indicate local function of the 

myocardium which are averaged to provide GLS and indicate presence of 

RWMA (B). Values indicate percent deformation change from diastolic filling to 

peak systolic longitudinal strain (Liu et al. 2013).   

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=3805079_CJN.10671012f1.jpg
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in dysregulation of ion gradients necessary for depolarisation and repolarisation of 

the cardiomyocyte (Bolli 1990). Consequently, loss of excitation contraction 

coupling may occur, explaining decreased GLS and increased RWMA occurrence 

with HD. Long periods of hypoxia to the cardiomyocyte may also exacerbate 

cardiomyopathy via increased free radical production within the electron transport 

chain due to electron leakage. Increased free radicals can lead to lipid peroxidation 

of the mitochondrial outer and/or cell membrane, triggering apoptosis and/or 

necrosis, the latter contributing to increased inflammation and further free radical 

production (Bolli 1990). These mechanisms help explain increased fibrosis with 

HD treatment, and cardiac mortality in ESRD (Burton et al. 2009a, Burton et al. 

2009b). Consequently, HD treatment, is an independent risk factor for recurrent 

heart failure, with a two-year mortality rate of 51% after diagnosis of congestive 

heart failure (Burton et al. 2009a). Therefore, HD, although vital for survival, is 

problematic, and further burdens a cardiovascular system already compromised 

by increased inflammatory and metabolic derangement.  

 

2.1.4 Functional capacity in chronic kidney disease 

Functional capacity is greatly dependent upon cardiorespiratory fitness and 

muscle strength. With CKD, both are negatively affected from a range of disease 

specific complications (i.e. anemia, autonomic dysfunction, cardiomyopathy, 

metabolic acidosis, decreased glycolytic intermediates and insulin resistance) 

(Painter 2009). These comorbidities contribute to impaired functional capacity 

demonstrated by decreased health-related quality of life, six-minute walk distance, 
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muscle cross sectional area and power, impairment in activities of daily living and, 

most notably, decreased aerobic capacity, the latter strongly predicting survival in 

ESRD (Segura-Orti 2010, Sietsema et al. 2004). In a recent multicenter RCT 

comparing six months of exercise (20 mins walking every second day) in HD 

patients (n = 104) and controls (n = 123), demonstrated that controls either 

decreased or maintained low levels of functional capacity (Manfredini et al. 2017). 

This was indicated by no change in six-minute walk distance (321 ± 107 m vs. 324 

± 116; normal range: 400 - 700m) and five-times sit to stand test (20.9 ± 5.8 vs. 

20.2 ± 6.0 seconds; normal range: 7.5 – 10.6 seconds) from baseline to six months 

respectively (Bohannon et al. 2007, Brooks, Solway and Gibbons 2003, Manfredini 

et al. 2017). Additionally, quality of life indicators, including social interaction and 

cognitive function, were shown to significantly decrease (-6.4 [CI: -4.7 to -6.5; p = 

0.02] and -4.6 points [CI: -0.9 to -11.9; p = 0.02] respectively) over the six-month 

period. Interestingly, all previous measures were shown to significantly improve 

after 6 months with exercise in comparison to controls, including six-minute walk 

distance (baseline, 328 ± 96 m vs. 367 ± 113 m;  p < 0.001 between groups), five-

times sit to stand test (20.5 ± 6.0 seconds vs. 18.2 ± 5.7 seconds; p = 0.001 

between groups) social interaction and cognitive function (p = 0.01 between 

groups). Strategies to improve gait speed, strength, proprioception and 

cardiorespiratory fitness are warranted to reduce the impact of CKD on quality of 

life and performance of activities of daily living (Segura-Orti 2010). 
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Haemodialysis, CKD and associated comorbidities result in decreased aerobic 

capacity, severely impacting quality of life and mortality risk (Ting et al. 2014). 

Some observations have identified a 50% reduction in aerobic capacity in ESRD 

compared to healthy controls (Kettner et al. 1984, Nelson et al. 2016). Aerobic 

capacity is dependent on cardiovascular, pulmonary and tissue level function. 

Decreased aerobic capacity indicates poorer prognosis (Ting et al. 2014). The 

prevalence of maladaptive cardiac hypertrophy, calcification and fibrosis can lead 

to a greater myocardial metabolic demand and decreased contractility (Ting et al. 

2015). Consequently, ventilation/perfusion mismatching may occur. As a result of 

poor aerobic capacity, some patients may not be eligible for vital renal 

transplantation due to concerns over complications during surgery. In addition, 

reduced aerobic capacity in CKD is also linked with increased mortality and 

cardiovascular risk (Ting et al. 2015). Consequently, improving aerobic capacity is 

of vital importance to improve patient outcomes, especially in light of renal 

replacement therapy. Despite the importance, interventions to reduce the effects 

of decreased renal function on aerobic capacity are limited, with little availability of 

rehabilitation. As such, aerobic capacity typically deteriorates from the point of 

diagnosis, further increasing mortality and reducing quality of life. Therefore, 

exercise rehabilitation may play a pivotal role in altering prognosis and, as such, 

is a vital line of enquiry for future research.  

 

Inter-dialytic exercise (performed between dialysis days) and intra-dialytic exercise 

(during HD treatment) has been demonstrated to improve aerobic capacity by 13 
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- 20% in HD and pre-dialysis patients, indicating improved cardiovascular function 

(Parsons and King-VanVlack 2009). Improvements in aerobic capacity typically 

translate to improved physical function. This has been demonstrated previously, 

with improvements of ~20% for 6-minute walk distance (Parsons and King-

VanVlack 2009). Additionally, reduced cardiovascular risk factors including: 

dyslipidemia, hypertension and arterial stiffness have been demonstrated within 

longitudinal interventions (Parsons and King-VanVlack 2009). Implementation of 

exercise training is therefore potentially cardio-protective, with the potential to 

reduce mortality, aid performance of activities of daily living and improve quality of 

life (Parsons and King-VanVlack 2009). Subsequently, commentators have 

suggested implementation of structured aerobic exercise in CKD (Gould et al. 

2014). However, heterogenous exercise guidelines, lack of awareness of benefits 

for CKD patients and an absence of high quality RCT evidence, limits adoption of 

exercise rehabilitation, limiting this potential therapeutic strategy (Parker 2016, 

Thompson et al. 2016).  

2.2 Aerobic exercise training interventions in chronic kidney disease 

Exercise training is a common therapeutic intervention for long-term conditions 

(McCarthy et al. 2015, National Institute for Health and Care Excellence guideline 

2013). In both cardiovascular disease and chronic obstructive pulmonary disease  

there is a strong evidence base for exercise rehabilitation (McCarthy et al. 2015, 

National Institute for Health and Care Excellence guideline 2013). In 

cardiovascular rehabilitation alone, various benefits have been documented with 
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meta-analyses, including: reduced cardiovascular mortality, hospital admissions 

and improved health-related quality of life (Anderson et al. 2016, National Institute 

for Health and Care Excellence guideline 2013). Exercise guidelines for 

cardiovascular patients are numerous, ranging from administration of cardiac 

rehabilitation as early as possible post myocardial infarction, to exercise 

prescription that considers medication administered to patients (e.g. beta-

blockers). In contrast, there is no clear consensus on rehabilitation guidelines for 

individuals with CKD. This is despite greater cardiovascular risk factors as other 

disease states (e.g. cardiovascular disease), and documented benefits for CKD 

patients such as improved physical fitness, walking capacity, cardiovascular 

parameters (<BP & HR) and health related quality of life (Gould et al. 2014). 

Nevertheless, health practitioners are reluctant to prescribe or recommend 

exercise to patients with CKD due to concerns over safety and efficacy or a general 

lack of awareness of the potential benefits (Parker 2016, Thompson et al. 2016). 

Comprehensive evidence to support cost effectiveness of exercise implementation 

in CKD and lack of good quality RCT further limit worldwide implementation 

(Segura-Orti 2010). Therefore, a greater understanding of exercise prescription in 

CKD is critical, to better inform guidelines and improve patient care. 

 

In an attempt to provide therapeutic treatment for ESRD and counteract various 

CKD sequelae, many studies have focused on exercise interventions as a means 

to improve quality of life and longevity (Brown, et al. 2018, Deschamps 2016, 

Dungey et al. 2015, Jeong et al. 2018, Momeni, Nematolahi and Nasr 2014). Long-
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term benefits include reduced detrimental effects of CKD on metabolic, 

cardiovascular and inflammatory function (Banerjee, Kong and Farrington 2004, 

Dungey et al. 2015, Fuhro et al. 2017, Jeong et al. 2018). In addition, unique 

benefits of intra-dialytic exercise have been reported, including improved HD 

efficacy (Brown, et al. 2018). However, limitations to application of exercise in CKD 

equally exist. Most notably, lack of high quality RCTs and investigations of hard 

clinical endpoints including, mortality, hospitalisations and cost effectiveness 

(Thompson et al. 2016). Exercise programming also requires further investigation 

due to potential logistical barriers to wide spread use within dialysis centers and 

home settings (e.g. staffing, patient set up, progress monitoring). Subsequently, 

further research is required.  

 

Despite the proposed benefits, small sample sizes and study heterogeneity, in 

terms of exercise prescription and study population, limit the applicability of 

findings in the clinical setting. In a review by Segura-Orti (2010), of 46 randomised 

control trials (RCT), only four exercise training interventions were deemed of high 

quality (Van Tulder criteria: high level of evidence: consistent findings in multiple 

high-quality RCTs) due to the majority of studies lacking consistent findings, and 

sufficient statistical power. Typically, RCTs used peak oxygen consumption, total 

exercise time, power output and METs as primary outcome measures. Mean 

exercise intervention duration was 3-6 months, three times per week utilising 

exercise of the lower limbs on a stationary bike. Intensity of exercise varied 

between 50 to 80% of VO2 peak or peak HR with fewer measures including rating 
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of perceived exertion (RPE). Therefore, variation in primary outcome measures, 

exercise intensity, and duration of intervention limit the application in CKD 

populations. Additionally, despite cycle ergometry being used in all but one study, 

poor regulation of exercise intensity likely contributed to the heterogenous findings.  

 

Despite variable findings, these studies (expressed as standard mean difference 

[SMD]) still demonstrated positive effects on peak oxygen consumption (SMD = 

6.55, 95% CI: 4.31 to 8.78), exercise time during stress test (SMD = 4.02, 95% CI: 

1.87 to 6.16) and large but insignificant effects on power output (SMD = 21.63, 

95% CI: -1.26 to 44.52). Therefore, these studies suggest a therapeutic role of 

exercise in CKD, despite a lack of consensus regarding intensity and regulation. 

Subjective measures of exercise intensity may also be responsible for the 

variability in findings. Additional obstacles included a lack of sufficient description 

of the exercise protocol and a variety of measurement methods (quality of life and 

functional tests). These methodological and reporting inconsistencies, limit 

production of evidence-based exercise guidelines for CKD.  

 

2.2.1 Metabolic response to exercise training in chronic kidney disease 

To investigate the metabolic response to  inter-dialytic  aerobic exercise (exercise 

between HD days) in ESRD, Goldberg et al. (1980) recruited participants (n = 7) 

to initially cycle at 40% of their VO2max, steadily increasing in intensity to 60%  

VO2max over eight months with variable duration and frequency of training 

between participants. A range of adaptations were identified. Firstly, aerobic 
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training was associated with a significant reduction in fasting plasma glucose (-5.4 

± 2.4 %, p < 0.05), plasma insulin (-35.6 ± 19.6%, p < 0.05) and an increased 

glucose metabolism (20.4 ± 6.7%, p < 0.05). Secondly, lipid metabolism was 

altered; plasma triglycerides (-40.8 ± 27.9%, p < 0.02) and LDL cholesterol (19.7 

± 21.8%, p < 0.05) decreased, whilst HDL cholesterol increased (7.3 ± 24.1%, p < 

0.05). Finally, hematocrit (33.5 ± 19.9%, p < 0.05) and haemoglobin (36.9 ± 22.8%, 

p < 0.05) also increased. Thus, improved substrate utilisation, in addition to 

augmented oxygen carrying capacity, corresponded to a subsequent improvement 

in VO2max, from 18 ± 3.7 to 21 ± 6 ml O2/kg/min. The authors speculated that 

training-induced alteration in plasma hormones that antagonise glucose 

metabolism and insulin secretion, increased the ability for glucose transport, 

muscle perfusion, oxidative enzymatic capacity and muscle O2 utilisation. The lack 

of a control group, small sample size and numerous confounding variables (i.e. 

some participants trained at higher relative intensities), limit the validity of these 

findings. Nevertheless, this early study documented improved metabolic function 

with exercise in ESRD.  

 

More recently, Reboredo et al. (2011) investigated oxygen kinetics in ESRD in 

response to exercise training. Incremental weight resisted (IWR) and constant 

work rate (CWR) cycle ergometer cardiopulmonary exercise tests were performed 

before and after a 12-week exercise training intervention consisting of 35 minutes 

of aerobic exercise, three times per week (n = 24). The IWR test comprised 

increments of 5-20 watts each minute for 8-10 minutes until voluntary exhaustion. 
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Conversely, the CWR method worked subjects at 60% of anaerobic threshold until 

voluntary termination. Results for the IWR showed that oxygen uptake (25.8 ± 5.5 

vs. 29 ± 7 ml/kg/min, p < 0.05), minute ventilation (55.9 ± 21.7 vs. 64.5 l/min, p < 

0.05) and workload (70 ± 55 vs. 80 ± 50 W, p < 0.05) improved with the 12-week 

training program. Constant work rate test performance was similarly improved, with 

reductions in HR (134 ± 14 vs. 118 ± 13 bpm, p < 0.05) dyspnea (4.5 ± 2.8 vs. 3 ± 

2, Borg, p < 0.05) and VCO2 response (1.4 ± 0.7 vs. 1.1 ± 0.6 l/min, p < 0.05). 

These findings are similar to previous work (Castellino, Bia and DeFronzo 1987, 

Kettner et al. 1984), however, the reduction noted in VCO2 added to the literature. 

This response, may have been associated with a decline in anaerobic metabolism. 

Greater recruitment of type I fibres, typically associated with training-induced 

improvement in peripheral O2 delivery, was also believed to be responsible. These 

data therefore suggested that deranged O2/CO2 kinetics in CKD can be reversed 

with exercise. However, data were not generalisable as the CKD cohort were 

relatively ‘fit’, with limited comorbidities, thus unrepresentative of a typical CKD 

population. 

 

2.2.2 Cardiovascular response to exercise training in chronic kidney 

disease 

A small number of studies have identified improvements in cardiovascular 

parameters. The most commonly reported benefits are decreases in systolic and 

mean arterial pressure (MAP). Better blood pressure (BP) regulation in CKD has 

also been confirmed with meta-analysis (Sheng et al. 2014). However, there is little 
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consensus regarding the effect of exercise-induced BP modulation in CKD on hard 

clinical end-points (Graham‐Brown, Jardine and Burton 2019). Nevertheless, 

improved endothelial function and decreased arterial stiffness are associated with 

reduced hypertension in CKD further to long-term exercise training, potentially 

improving prognosis through decreased cardiovascular risk. Improvements of 11% 

in endothelial function, and reduction of 10% in arterial stiffness, have been 

previously documented with seven months of intra-dialytic exercise (Petraki et al. 

2008). These improvements in vascular function may explain the decreased 

prevalence of intra-dialytic hypotension with exercise training, a common 

complication of HD treatment (Rhee et al. 2019). Therefore, reduced hypertension 

and better haemodynamic control with exercise training, may confer a therapeutic 

effect for CKD. Exercise training has also been implicated in improving HR 

variability and restoring autonomic function, typically deranged in CKD from 

augmented angiotensin II bioavailability (Painter 2009). Exercise training can 

improve HR reserve by increasing vagal tone and attenuating angiotensin II levels, 

further extending the therapeutic role of exercise on cardiovascular function 

(Reboredo et al. 2011, Tomlinson et al. 2017).  

 

Adaptations in cardiac function with exercise training in CKD, have also been 

identified. Work by Momeni et al. (2014) demonstrated improved cardiac function 

using echocardiography following three months of intra-dialytic cycling (n = 20) 

compared to untrained controls (n = 20). Improvements in left ventricular (LV) 

ejection fraction (55.00 ± 2.81 vs. 58.5 ± 3.67%; p = 0.001), pulmonary artery 
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systolic pressure (39.96 ± 18.88 vs. 33.41 ± 20.21 mmHg; p = 0.005) and right 

ventricular size (3.43 ± 0.70 vs. 3.17 ± 0.54 cm; p = 0.04) were documented with 

exercise, with no changes for controls. This exploratory study suggested that intra-

dialytic exercise was an effective therapeutic intervention to combat the 

progressive decline in cardiovascular function with CKD. However, the small 

sample size limits the application of these findings. In a similar feasibility study, 10 

weeks of intra-dialytic cycling at 40-60% VO2 reserve resulted in few positive 

adaptations in cardiac function, measured with echocardiography (McGregor et al. 

2018). Only E/e’, an indicator of LV filling pressure, was found to have improved 

significantly compared to controls. No significant improvements for LV mass, LV 

systolic volume, ejection fraction, E/a’ ratio (early to late mitral inflow velocity). 

These findings suggest a heterogenous cardiac response to exercise training in 

CKD or lack of sufficient statistical power. Therefore, greater understanding of 

cardiac responses to exercise and CKD is critical due to the prevalence of 

cardiovascular mortality.  

 

2.2.3 Inflammatory response to exercise training in chronic kidney disease 

In contrast to cardiovascular responses, inflammatory responses to exercise have 

been extensively researched (Liao et al. 2016, Van Craenenbroeck et al. 2014, 

Viana et al. 2014). Work by Liao et al. (2016) investigated the effects of 20 minutes 

of steady-state intra-dialytic cycling (12-15 RPE) on inflammatory markers (n = 20) 

compared to controls (n = 20). Three months of aerobic exercise (three times 

weekly) reduced levels of serum inflammatory cytokines high-sensitive C-reactive 
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protein (1.25 ± 2.01 vs. 0.78 ± 0.83 mg/dL, p < 0.05) and IL-6 (4.23 ± 2.65 vs. 3.48 

± 2.95 mg/dL, p < 0.05). Increases in CD133, CD34 and KDR-positive endothelial 

progenitor cells (EPC) were also found (p < 0.05). The authors suggested that 

exercise related to a greater number of anti-inflammatory cytokines which 

subsequently reduced CD16+ monocytes. In addition, reduced cell surface 

expression of toll-like receptor 4 (TLR), thus blunting of lipopolysaccharide-

induced inflammation, was also proposed. Furthermore, increased nitric oxide 

bioavailability from exercise was also postulated as an anti-inflammatory mediator. 

Increased EPC mobilsation was linked to a decreased inflammatory response, 

increased vasculature shear stress and acute hypoxia from exercise. These 

adaptations were deemed advantageous to improved cardiovascular health and 

inflammatory regulation. The authors concluded that combined aerobic exercise 

and HD may bestow many benefits for patients. This documented response to 

intra-dialytic exercise may serve to reduce the chronic systemic inflammation 

associated with CKD. 

 

2.2.4 Intra-dialytic vs. inter-dialytic exercise for chronic kidney disease 

Despite the proven feasibility of intra-dialytic exercise, understanding the 

physiological responses to inter and intra-dialytic exercise is critical to ensuring the 

implementation of safe and effective exercise guidelines in CKD (Pu et al. 2019). 

Nevertheless, little information is available to identify key physiological differences 

between exercise modalities. In one of the few studies available, Konstantinidou 

et al. (2002) demonstrated that six months of aerobic exercise (60 min cycling at 
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60-70% of HRmax) was sufficient to improve exercise test time, ventilation max, 

VO2 peak and VO2 at the anaerobic threshold (AT) with both inter-dialytic  and 

intra-dialytic exercise (p < 0.05). However, despite improvements after six months 

of training, blunted improvements in (p < 0.05) exercise time (21.2 ± 3.6 vs. 19.2 ± 

3 min), ventilation max (59.2 ± 15.7 vs. 45.8 ± 11.2 l/min), VO2 peak (23.7 ± 7.7 

vs. 20.2 ± 5.7 ml/kg/min) and VO2 at the AT (20.4 ± 6.2 vs. 16.7 ± 5.1 ml/kg/min) 

were identified for the intra-dialytic compared to inter-dialytic  group. Despite this, 

the authors still recommended intra-dialytic exercise as the most effective exercise 

method due to greater feasibility. Indeed, greater adherence has been described 

with intra-dialytic exercise (Pu et al. 2019). Nevertheless, it is important to consider 

the physiological differences between exercise methodologies. It is still not 

established why discrepancies existed between modalities. Indeed, in a recent 

meta-analysis, it was concluded that aerobic capacity responded more favorably 

to inter-dialytic compared to intra-dialytic aerobic exercise (Parsons and King-

VanVlack 2009). More conclusive data are necessary to confirm the physiological 

responses to both exercise methodologies to better inform exercise rehabilitation 

guidelines in CKD.    

  

2.2.5 Summary of exercise training in chronic kidney disease 

Although previous findings suggest improved metabolic, cardiorespiratory, 

inflammatory and muscular responses (table 2.3), study heterogeneity is high, 

limitations are many, and the acute responses to exercise are poorly described. 

The overall quality of research in exercise and CKD is variable. Despite the positive 
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responses identified in small studies, the mechanisms associated with impaired 

aerobic capacity, and potential impact on the ability to exercise in CKD, have not 

been clearly described to inform exercise prescription. In addition, evidence-based 

definitions of intensity and duration of aerobic exercise in CKD are lacking. As 

such, little can be concluded with regards to how complex CKD physiology 

responds to exercise. This may, question the safety and efficacy of its general 

application. Further research is required to establish the acute physiological 

limitations in this population to better inform exercise prescription and the direction 

of exercise rehabilitation research in CKD.  

 

 

Table 2.3: Summary of longitudinal exercise studies and their observed benefits 

in CKD on metabolic, cardiopulmonary, inflammatory and muscular systems. 

Study Benefits of exercise 

Manfredini et al. (2017) Improved functional capacity (i.e. 6-minute 

walking distance and 5 repetition sit-to 

stand test) 

Improved quality of life. 

Goldberg et al. (1980) Reduction in fasting plasma glucose. 

Reduction in plasma insulin. 

Increased Rd of glucose. 

Improvement in lipid metabolism (< LDL, < 

TG, >HDL).  



 
 57  

 

Reboredo et al. (2011) Improved oxygen uptake, minute 

ventilation, VCO2 response. 

Decreased heart rate response. 

Reduced dyspnea.  

Petraki et al. (2018) Reduced arterial stiffness. 

Improved endothelial function. 

Tomlinson et al. (2017) Improved heart rate variability. 

Momeni et al. (2014)  Improved LV ejection fraction. 

Decreased pulmonary artery systolic 

pressure.  

Decreased right ventricular size. 

McGregor et al. (2016) Decreased LV filling pressure (E/e’). 

Liao et al. (2016) Reduced levels of serum inflammatory 

cytokines (< hsCRP, IL-6).  

Increases in EPC (> CD133, CD34 and 

KDR-positive).  

Konstantinidou et al. (2002) Improved exercise time, ventilation max, 

VO2 peak and VO2 at the AT. 

Greater improvements during inter-dialytic 

than intra-dialytic exercise.  

Notes: Rd, rate of disappearance; LDL, low density lipoprotein; TG, triglyceride; HDL, 

high density lipoprotein; LV, left ventricle; hsCRP, high sensitive C-Reactive protein; IL-

6, interleukin 6; EPC, endothelial progenitor cells; AT, anaerobic threshold; inter-dialytic, 

exercise between HD; intradialytic, exercise during HD. 
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2.3 Acute physiological responses to aerobic exercise in chronic kidney 

disease 

Early studies of exercise in CKD have predominantly focused on longitudinal trials. 

The acute physiological response to exercise in CKD is poorly understood. As a 

result, clear guidelines for exercise prescription cannot be formulated from existing 

data. This is despite large numbers of small longitudinal trials demonstrating 

numerous physical and psychological benefits. Consequently, the following 

sections will focus on the acute physiological response to exercise and CKD.  

 

2.3.1 Limitations to aerobic capacity in chronic kidney disease 

It has been established that there are a multitude of physiological limitations in 

CKD that predispose patients to impaired aerobic capacity and increased mortality. 

This is depicted clearly in a review by Painter (2009) which summarised the 

determinants of exercise capacity (figure 2.4). Cardiovascular, pulmonary and 

tissue level O2 extraction impairments have been described. Limitations in CKD 

likely influence aerobic capacity by altering all elements of the Fick equation (CO 

x arterial-venous O2 difference = VO2) and in turn limiting oxygen delivery and 

utilisation. Future studies, therefore, should focus on multiple determinants of 

exercise capacity in CKD, specifically that of the cardiovascular system due to its 

important role in homeostasis and functional capacity. As a result of single 

mechanism focused studies, a common trait in the existing literature, the ability to 

identify interactions between key systems and aerobic capacity is limited. 

Therefore, consideration of cardiovascular, pulmonary and tissue level interactions 
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in combination is crucial to provide a comprehensive understanding of acute 

physiology in CKD. In doing so, health and exercise practitioners may be better 

informed to prescribe safe and effective exercise for CKD patients. 
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Figure 2.4: Pathway of atmospheric oxygen to working muscles and potential 

limiting factors/systems involved with CKD (Painter, 2009a).  
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2.3.2 Acute metabolic response to exercise in chronic kidney disease  

Few studies have ultilised VO2 maximum to investigate decreased aerobic 

capacity in ESRD due to a prevalence of early peripheral fatigue (Goldberg et al. 

1980). Subjective interpretation also limits definition of a true maximal effort in 

patients (VO2 plateau) (Balady et al. 2010). Subsequently VO2 peak, typically 

defined as the average maximal VO2 uptake in the last 30 seconds of exercise, is 

widely used to define patient aerobic capacity and has sufficient prognostic value 

(Balady et al. 2010). Cardiopulmonary exercise testing (CPEX) has identified that 

decreased GFR corresponds to reduced VO2peak (14.9 ± 6.3 vs. 17.8 ± 5.6 

ml/kg/min, p < 0.001) and VO2 at the anerobic threshold (7.9 ± 1.6 vs. 10.7 ± 2.4 

ml/kg/min, p < 0.001) between survivors and non-survivors with CKD, thus strongly 

predicting mortality (Ting et al. 2014). However, studies have not clearly defined 

the physiological limitations to aerobic capacity in CKD.  

 

Understanding the acute physiological response to exercise may help explain 

reduced aerobic capacity in CKD, and further identify therapeutic treatment goals. 

In one of the few studies comparing acute physiological responses, Kettner et al. 

(1984) investigated the effects of 60 minutes of cycling at 50% VO2max in ESRD 

patients (n = 8) and healthy controls (n = 6). Heart rate was lower during exercise 

(-20%; p < 0.05) in ESRD, potentially suggestive of autonomic dysfunction. Aerobic 

capacity was also impaired (23.4 ± 2.5 vs. 41.4 ± 3.1 ml/O2/kg/min; p < 0.01). In 

addition, reduced hematocrit (24 ± 2 vs. 43 ± 2%; p < 0.01) and haemoglobin (7.8 

± 0.5 vs. 15.1 ± 0.5 g/dl; p = 0.01) were identified. During steady-state exercise 
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both groups showed similar lactate levels at 30 and 60 minutes of exercise (ESRD: 

30 min, 1.9 ± 0.4; 60 min, 1.7 ± 0.3 mmol; healthy control: 30 min, 1.4 ± 0.5; 60 

min, 1.3 ± 0.1 mmol). Respiratory exchange ratio (RER) was also similar between 

groups (~0.85), suggesting patients were able to work aerobically in a similar 

fashion to healthy individuals. However, despite similar O2/CO2 kinetics, hormonal 

responses were grossly dysregulated with CKD. Levels of insulin, adrenaline, 

noradrenaline and glucagon were all found to be elevated in ESRD throughout 

exercise compared to healthy participants (p < 0.05). The authors concluded that 

the activity of the sympathoadrenal system was not compromised in ESRD, rather 

the renal clearance of active and inactive hormones was greatly impaired, resulting 

in increased hormonal bioavailability and dysregulated metabolism. Despite 

elevated levels of catabolic hormones in ESRD, this did not correspond to greater 

uptake of glucose nor greater production of lactate when compared to controls. 

These data suggest an abnormal hormonal response to exercise in ESRD, 

compared to healthy individuals. Implications of this data are unknown, however, 

substrate ultilisation is likely dysregulated via membrane receptor desensitisation 

potentially explaining insulin resistance and chronotropic incompetence in ESRD 

populations (Painter 2009).  

 

Similar work by Castellino et al. (1987) investigated ESRD patients undergoing 

both HD (n = 4) and peritoneal dialysis (PD; n = 4) for their response to 40 minutes 

steady-state cycling at 40% of their VO2max, compared to healthy controls (n = 

12). A reduced aerobic capacity was identified in ESRD (20 ± 2 vs. 39 ± 2 
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ml/kg/min, p < 0.01). Elevated levels of adrenaline and noradrenaline were also 

documented at baseline, however, during exercise, levels were diminished when 

compared to controls. This corresponded with a 60–65% reduction in glucose rate 

of disappearance and hepatic glucose production during exercise. Proposed 

mechanisms included decreased alpha-adrenergic stimulation and increased 

insulin levels during exercise (Goldberg et al. 1980). Therefore, reduced aerobic 

capacity with ESRD may be associated with decreased catecholamine 

responsiveness in combination with impaired insulin regulation, resulting in 

reduced hepatic glucose production (Castellino, Bia and DeFronzo 1987). 

Consequently, data suggest metabolic derangement with CKD leading to an 

abnormal response to exercise.  

 

Both of these studies provide valuable insights into the mechanisms that underpin 

exercise limitation in ESRD. It has been established that reduced aerobic capacity 

and altered metabolic response to exercise are hallmarks of exercise limitation in 

ESRD. However, the cardiac response has only been partly addressed (e.g. HR 

and BP) with only RER and VO2 peak measured to describe oxygen kinetics. In 

addition, both studies comprised of small sample sizes and different dialysis 

modalities. Greater clarity is required to better understand the acute physiological 

response to exercise in ESRD, and how altered metabolic regulation may limit 

aerobic capacity.     
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2.3.3 Acute inflammatory responses to exercise in chronic kidney disease   

Acute inflammatory responses to exercise are also poorly described. In one of the 

few studies available, Peres et al. (2015) showed in nine HD patients undergoing 

intra-dialytic exercise (lower limb cycle ergometer, 20 mins at an intensity 6-7 RPE) 

an improved anti-inflammatory state compared to controls (HD alone). Increased 

levels of interleukin-10 (2.19, 95% CI 0.71-1.65 vs. 1.60, 95% CI 1.21-2.00 pg/mL, 

p < 0.05) were found post-exercise in the intra-dialytic exercise group (p < 0.05). 

In addition, intra-dialytic exercise did not significantly augment pro-inflammatory 

markers (IL-6, IL-17a, & IFN-γ) when compared to controls (p > 0.05). This study, 

demonstrated that intra-dialytic exercise induced a greater anti-inflammatory state 

compared to HD alone. This indicates that the immune system might respond 

favourably to intra-dialytic exercise thus could prove an effective strategy for the 

reduction of inflammatory cytokines (Cheung et al. 2008). Additionally, it has been 

demonstrated that exercise prevented HD induced decreases in natural killer cells 

(p = 0.039), with these cells being critical to the innate immune response and 

reduction of infection risk (Fuhro et al. 2017).  

 

Improved immune function appears to be a beneficial product of intra-dialytic 

exercise (Van Craenenbroeck et al. 2014, Viana et al. 2014). Work by Viana et al. 

(2014) showed, in 15 pre-dialysis patients walking for 30 minutes on a motorised 

treadmill at 1% gradient (RPE 12-14), increased interleukin-10 (IL-10) at one hour 

post-exercise compared to baseline (3.2 ± 0.8 vs. 4.3 ± 1.1 pg/ml, p < 0.001). 

Further, improved neutrophil responsiveness to bacterial challenge post-exercise 



 
 65  

 

was indicated by greater neutrophil bacterial-stimulated elastase release (3398 ± 

1489 vs. 4359 ± 2033 µg/l, p < 0.05). Both data sets may suggest that inter and 

intra-dialytic exercise have a positive effect on immune function.  

 

2.3.4 Acute gas exchange response to exercise in chronic kidney disease  

Despite longitudinal evidence for improved O2 uptake in CKD with exercise, the 

acute response to exercise has rarely been evaluated. In one of the few studies to 

investigate O2/CO2 response, Bohm et al. (2017) showed that intra-dialytic 

exercise (30 mins cycling, 60-70% HRmax, 2 hours into HD; n = 15) resulted in a 

significant increase in partial pressure of O2 (PaO2) when compared to controls 

(4.30 ± 2.15 vs. -6.55 ± 1.90 mmHg respectively; p < 0.001; n = 15) during HD; this 

also corresponded with a significant increase of 1.1% in O2 saturation (sO2) 

compared to controls (-0.6%; p = 0.003). Altered gas exchange was, therefore, 

identified with exercise, specifically reversed hypoxemia. Significant increases in 

PaO2 and sO2 were attributed to greater oxygen diffusion from augmented 

ventilaition with exercise. This mechanism offset the decrease in PaO2 from HD 

whereby dialysis fluid, comprising of bicarbonate, decreased CO2, thus blunting 

respiratory drive and haemoglobin oxygen affinity at the tissue. The authors 

identified improved gas exchange during HD with intra-dialytic exercise. The 

implications of these findings in relation to improving risk factors associated with 

HD, is unknown. Nevertheless, further investigation of this response would seem 

warranted due to hypoxia with HD corresponding to greater cerebral, gastric and 
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myocardial damage (March et al. 2017). As such, intra-dialytic exercise may prove 

an effective therapeutic option. 

 

2.3.5 Acute cardiovascular responses to exercise in chronic kidney disease  

Cardiovascular pathology is prevalent in CKD. Indeed, Nelson et al. (2016) 

identified greater cardiovascular risk in CKD (stage 3, n = 93) compared to controls 

(GFR >60 ml/min-1.1.73m2; n = 840). Peak HR (130 ± 20 vs. 138 ± 24 bpm), HR 

rise (45 ± 21 vs. 57 ± 24 bpm) and HR recovery 1-minute post-exercise (15 ± 8 vs. 

19 ± 8 bpm) were shown to be depressed with CKD (p < 0.002). Early CKD was 

associated with impaired cardiovascular reserve despite absent diagnosis of 

systolic heart failure. This study showed that subclinical cardiac pathology likely 

contributes to decreased aerobic capacity in CKD. Indeed, diabetes mellitus, 

hypertension, endothelial dysfunction, renin angiotensin aldosterone system 

activation, systemic inflammation and electrolyte imbalances predispose patients 

to increased cardiac risk (Byrne et al. 2018). Thus, uremic cardiomyopathy and 

impaired cardiac function are a strong determinant of reduced aerobic capacity.  

 

Cardiopulmonary exercise testing allows for identification of aerobic capacity, thus 

is a key diagnostic tool for various pathologies. Indeed, Ting et al. (2015) 

investigated cardiovascular responses in 80 CKD patients and hypertensive 

controls (n = 80). The authors aimed to establish if reduced aerobic capacity in 

CKD was a result of cardiac maladaptive remodeling typically associated with CKD 

(e.g. increased LV preload, inflammation, oxidative stress, renin angiotensin 
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aldosterone system activation, production of fibroblast growth factor-23). 

Hypertensive controls were used to establish if hypertension in CKD was the major 

determinant of myocardial structural alterations and impaired myocardial function. 

Despite both groups being hypertensive, only VE-VCO2 and RER at the AT were 

similar between groups (CKD: VE-VCO2 29.3, 95% CI 27.4 – 33.9; RER at AT 0.9 

± 0.1; HPT: VE-VCO2 28.5, 95% CI 26.7 - 30.9; p = 0.06; RER at AT 0.9 ± 0.1; p = 

0.7). Peak VO2, maximal work load, endurance time, RER at peak exercise, HR at 

peak exercise and oxygen pulse were all shown to be reduced in CKD compared 

to the HPT group (p < 0.05). The authors speculated that Na+/Ca2+ exchanger-

mediated calcium release into the cytosol of the cardiac myocytes is reduced with 

CKD, impairing myocyte contractility. Thus, the combination of LV hypertrophy, 

impaired contractility and myocardial stiffness may have further contributed to 

impaired aerobic capacity. These data provide evidence that cardiovascular 

limitation in ESRD is not only mediated by hypertension, but rather by a 

combination of structural, peripheral and metabolic changes unique to the CKD 

phenotype. Indeed, previous work by Ting et al. (2014), demonstrated that 

cardiovascular events were the main cause of death (54%) within a population of 

240 CKD participants. This suggests a greater understanding of the acute 

cardiovascular response, and potential means to counteract this unique uremic 

cardiac phenotype, is required. 

 

2.3.6 Intra-dialytic exercise physiology 
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Few studies have characterised the acute physiological response to intra-dialytic 

exercise (McGuire et al. 2018). In the limited studies available, it has been 

identified that HR increases post-exercise with intra-dialytic exercise. This was 

shown by Ookawara et al. (2016a) investigating cardiovascular responses to 25 

minutes of intra-dialytic cycling. An increase of 6 bpm was identified pre to post-

exercise (p = 0.002). Blood volume was also found to increase post-exercise (~1%) 

despite a drop from baseline of 0.72 ± 0.08% after 21 minutes of exercise. 

However, the BP response in ESRD did not differ to controls (p = 0.45). The 

authors speculated that, as a result of intra-dialytic exercise, interstitial fluid from 

the microcirculation was driven to the central circulation via greater vascular 

refilling. This mechanism may potentially lead to a reduced risk of IDH during the 

later stages of HD when IDH is most common. Nevertheless, the effect of intra-

dialytic exercise on BP is negligible based on these data. This may be due to poor 

regulation of exercise intensity. In addition, BP and HR were not recorded during 

exercise, thus limiting the scope of these findings with regards to the acute 

haemodynamic response during intra-dialytic exercise. Further studies are 

required to identify the role of intra-dialytic exercise in attenuating or exacerbating 

IDH.  

 

Intra-dialytic hypotension is a major complication of HD treatment (McGuire et al. 

2018). Intra-dialytic exercise may positively or negatively affect IDH, defined as a 

symptomatic decrease in MAP of 10 mmHg and/or 20 mmHg for SBP, due to 

systemic effects on haemodynamics (McGuire et al. 2018). In one of the few 
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studies to investigate IDH and intra-dialytic exercise, Dungey et al. (2015) 

administered 30 minutes of intra-dialytic cycling in ESRD patients (n = 15) 

measuring haemodynamic responses (BP, HR, rate pressure product) and 

markers of cardiac injury (creatine kinase, cardiac troponin & heart-type fatty acid-

binding protein). Systolic blood pressure dropped significantly at the onset of HD 

in both intra-dialytic exercise and HD only. Additionally, intra-dialytic exercise 

resulted in a significant rise in systolic blood pressure (SBP) immediately post-

exercise compared to controls (125 ± 18 vs. 112 ± 20 mmHg, p = 0.03). However, 

a contrasting finding was witnessed one-hour post-exercise whereby SBP dropped 

significantly in the intra-dialytic exercise group compared to controls (106 ± 22 vs. 

117 ± 25, p = 0.04). This response was in contrast to Ookawara et al. (2016a) 

which found no difference between controls and exercise (discussed previously). 

Nevertheless, BP normalised between groups with no significant differences on 

HD cessation (240 mins from the onset of HD). This suggests altered 

haemodynamics following intra-dialytic exercise compared to HD only. This may 

suggest that cardiac ischaemia from HD treatment is augmented post intra-dialytic 

exercise (Burton et al. 2009a, Burton et al. 2009b). However, markers of cardiac 

injury and inflammation were not found to be significantly different during intra-

dialytic exercise compared to HD only at any time point. However, cardiac stunning 

was not directly measured with RWMA assessment, thus cannot be ruled out as a 

potential result of the altered BP response. In addition, the exercise intensity 

administered may not have been sufficient (mean power output = 21.5 ± 8.1 W) to 

alter cardiac ischaemic biomarkers. Regardless, limited investigations of 
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haemodynamic responses to intra-dialytic exercise have identified contrasting 

evidence (i.e. BP normalisation vs dysregulation post-exercise) and as such 

requires further investigation (Dungey et al. 2015, Ookawara et al. 2016b).  

 

In contrast to Dungey et al. (2015), Jeong et al. (2018) did not find a significant 

difference (n = 12) in any haemodynamic or cardiac parameters (CO, stroke 

volume, total peripheral resistance, EF, E/a, E' & MAP) assessed under three 

different conditions 1) HD only, 2) 30 minutes exercise in the first hour of HD or  3) 

30 minutes of exercise performed in the final hour of HD. However, the study was 

underpowered and exercise intensity was not objectively controlled. It is likely that 

relative intensity may have differed between patients due to exercise being 

performed in the third hour of HD more likely to be perceived as difficult. Therefore, 

it is problematic to make assumptions on haemodynamic responses without a 

more accurate measure/regulation of exercise intensity. Nevertheless, this study 

suggests that exercise during any phase of HD does not severely compromise 

haemodynamics. 

 

Whilst intra-dialytic exercise may compromise haemodynamics and cardiac 

function, it may, alternatively provide protection from haemodynamic instability 

during HD (McGuire et al. 2018). Proposed mechanisms include greater 

myocardial perfusion, maintenance of CO and improved contractility (figure 2.5). 

Other authors have proposed an ischaemic pre-conditioning effect whereby short 

bouts of ischemia and reperfusion can elicit cellular protection during hypoxia 
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(Penny et al. 2018, Thijssen et al. 2018). This response was potentially identified 

in 19 ESRD patients who had been participating in a regular program of  intra-

dialytic exercise (Penny et al. 2018). Assessment of cardiac function with speckle 

tracking echocardiography was performed at three time points (baseline, post-

exercise and peak stress [typically final hour of HD]) to quantify RWMA. A 

significant difference in the mean number of stunned segments of the myocardium 

in comparison to HD alone at peak stress (4.0 ± 1.8 vs. 5.8 ± 2.7 segments 

respectively; figure 2.6), was identified. This finding is novel and may suggest a 

new avenue for the benefits of intra-dialytic exercise for ESRD patients. However, 

the exercise intensity that elicits this cardioprotective response was not identified 

due to variable intensity and duration of exercise between patients. Additionally, 

patients were previously exposed to intra-dialytic exercise, thus this response may 

not be replicated in untrained or more debilitated patients. Nevertheless, future 

studies in this area are warranted with great potential for improving patient 

outcomes.  
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Figure 2.5: Effects of haemodynamic instability during haemodialysis, mode of 

action of current therapeutic interventions and the potential role of intra-dialytic 

exercise. HD, haemodialysis; MAP, mean arterial pressure; LV, left ventricular; 

RWMA, regional wall motion abnormalities; CKD, chronic kidney disease 

(McGuire et al. 2018). 
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Additional benefits of intra-dialytic exercise include improved urea clearance rates. 

In one study, Brown et al. (2018), aimed to establish the effects of an acute bout 

of intra-dialytic exercise on Kt/V (K = urea clearance, t = dialysis time, V = volume 

distribution) used as an indicator of dialysis efficacy. Kt/V was significantly 

increased (~1.3 vs. ~1.4; p < 0.05) when patients cycled at 55% of predicted HR 

maximum for 30 minutes. The positive effects of exercise on urea clearance were 

attributed to increased blood flow to active tissues, resulting in better perfusion and 

increased surface area for exchange of solutes. This study suggests that 

haemodynamic changes exist during intra-dialytic exercise and may confer certain 

benefits. However, little consensus can be formulated on haemodynamic changes 

during intra-dialytic exercise based on the current literature. Indeed, contrasting 
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Figure 2.6: Number of stunned myocardial segments at each echocardiogram 
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data has been identified with longitudinal trials with limited influence on urea or 

middle molecule (e.g. ᵝ2 microglobulin) clearance (Kirkman et al. 2014, Musavian 

et al. 2015). Eight weeks of moderate intensity intra-dialytic cycling (30 minutes, 

3x weekly; n = 16) failed to improve potassium (5.03 ± 1.07 vs. 4.54 ± 0.50 mmol/L; 

p = 0.0.177), calcium clearance (8.77 ± 0.96 vs. 9.09 ± 0.76 mg/dL; p = 0.257) and 

urea reduction ratio (65.99 ± 7.28 vs. 67.3 ± 22.26; p = 0.670) from baseline 

respectively (Musavian et al. 2015). Contrasting evidence suggests further 

research is required to confirm improved HD efficacy with intra-dialytic exercise. 

Additionally, the effect of improved HD efficacy on hard clinical end-points (i.e. 

mortality, hospitalisations and quality of life) is poorly understood.  

2.4 Chapter summary 

The current literature describing the metabolic, cardiovascular and pulmonary 

response to exercise has identified a multitude of potential limitations which make 

CKD unique to other disease states (e.g. chronic heart failure and pulmonary 

disease). Functional capacity is greatly reduced as a result. Rehabilitation 

programs should aspire to provide safe and effective exercise interventions for 

CKD patients. Although previous studies have provided evidence relating to the 

causes of impaired fitness in CKD (table 2.3), clarity is still lacking in relation to the 

acute physiological limitations to aerobic capacity and acute benefits of exercise 

for CKD. In addition, intensity, duration and modality of exercise requires further 

investigation. Greater understanding of the acute physiological responses to HD is 

also necessary due to evidence of derangement with treatment. It is paramount 
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that research endeavours to fully clarify the acute physiological responses to HD 

and to better understand exercise training in CKD. This will help inform guidelines 

for rehabilitation of CKD patients and expand on benefits identified in RCTs. 

Consequently, this thesis will focus on quantifying the acute physiological 

responses to inter and intra-dialytic exercise and HD treatment. By doing so, it is 

hoped, that this project will provide a better understanding of the physiological 

response to exercise in CKD in a similar fashion to that currently provided for 

exercise prescription in cardiac and pulmonary disease. Further, the resulting data 

should act as a catalyst for future research and optimised evidence-based clinical 

practice. 

 

2.4.1 Thesis Aims and Objectives 

1. To quantify the acute cardiorespiratory and metabolic response to a single 

session of cycling performed off haemodialysis in patients with ESRD. 

 

2. To quantify the acute cardiorespiratory and metabolic response to a normal 

haemodialysis session. 

 

3. To quantify the acute cardiorespiratory and metabolic response to a single 

session of cycling performed during haemodialysis. 

 

4. To compare the acute physiological response to exercise in healthy individuals 

and patients with ESRD.  
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5. To quantify the effects of intra-dialytic exercise on cardiac stunning.  

 

6. To contribute to the development of safe and effective evidence-based 

guidelines for ESRD. 

 



 
   

 

 

Table 2.4: Summary of relevant previous research, investigating the acute physiological responses to exercise, 

haemodialysis treatment or both in CKD. 

  

Author, date 
and title 

Subjects Dependent 
variables 

Exercise Exercise 
on or off 
dialysis? 

Results Significant 
findings 

Limitations 
 

Suggested 
future 

research 

Bohm et al. 
(2017), Acute 

effects of 
intra-dialytic 

aerobic 
exercise on 

solute 
removal, 

blood gases 
and oxidative 

stress in 
patients with 

CKD. 

30 HD 
patients, 

interventio
n group 

(12 male, 
3 female, 

age 53 ± 3 
yrs), 

control 
group (11 
male, 4 
female, 

age 52 ± 5 
yrs). 

Creatinine, 
urea, 

potassium, 
phosphorus, 
magnesium 
and blood 
gases (O2, 

CO2). 

Cycling 
between 60-

70% of 
maximal heart 
rate, equating 
to 13-14 on 

the RPE 
scale for 30 

mins 
commencing 
2 hours into 

HD treatment. 

Exercise 
during 
HD. 

Intra-dialytic 
exercise 

resulted in a 
significant 

difference in 
PaO2 when 
compared 
to controls 

(4.30 ± 2.15 
vs. -6.55 ± 
1.90 mmHg 
respectively
; p < 0.001); 
significant 

difference in 
sO2, with an 
increase of 

1.10% 
compared 
to controls 

Altered 
haemodyna

mic 
response 

was 
identified in 
the form of 
reversed 

hypoxemia 
with intra-

dialytic 
exercise. 

The 
significant 
increase in 
PaO2 and 

sO2 
witnessed in 
the exercise 
group was 

attributed to 

Small 
sample size, 

lack of 
exercise 

stress test 
to inform 
intensity, 
lack of 
blood 

collection at 
the end of 

haemodialy
sis to 

identify 
improved 

solute 
removal.  

N/a 
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(-0.60%; p = 
0.003). 

a greater 
diffusion of 

oxygen as a 
result of 

hyperventila
tion induced 

from 
exercise. 

Banerjee et al. 
(2004), The 

haemodynami
c response to 
submaximal 

exercise 
during 

isovolaemic 
haemodialysis 

20 
patients, 

Group 1 (4 
male, 6 
female, 

age 37 ± 
12 yrs), 

group 2: (6 
male, 4 
female, 

age 47 ± 
24 yrs), 

unknown 
GFR.  

Relative 
blood 

volume (% 
RBV), 

Echo for 
cardiac 
output. 

Cycling a 
semi-

recumbent 
bike at 20% 

of pre-dialysis 
HR for 10 

mins.   

Exercise 
during 
HD. 

Significant 
drop in RBV 
at the end 
of exercise 
(3.0 ± 0.8 
vs. 2.2 ± 
1.5%, p = 

0.001), 
cardiac 
output 

significantly 
increased 
after both 
periods of 
exercise 

(4.5 ± 0.96 
and 5.1 ± 

1.1 vs. 7.2 ± 
2.1 and 7.9 
± 2.41 l/min; 
p < 0.001) 

Significant 
fall in RBV 

occurs 
immediately 

after the 
onset of 

submaximal 
exercise 
during 

isovolaemic 
haemodialy
sis. Cardiac 

output 
increased 
but did not 

result in 
increased 
vascular 

resistance.  

The 
research 
was in 

relatively 
young 

individuals. 

Future 
research 
should be 
applied to 

more elderly 
patients to 

better 
represent the 

majority of 
patients with 

ESRD.  

Brown et al. 
(2018), Impact 
of intra-dialytic 

exercise 

17 ESRD 
patients 

(10 male, 
7 female; 

Kt/V, urea, 
HR and 
borg.  

Cycling a 
semi-

recumbent 
bike for 30 

Exercise 
during 
HD. 

Significant 
increase in 
Kt/V when 
exercising 

Exercised 
related in 
improved 

urea 

Small cohort 
size, no 
patient 

achieved 

N/a 
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intensity on 
urea 

clearance in 
haemodialysis 

patients. 

66.6 ± 
21.8 yrs), 
GFR 6.8 ± 

0.7  
ml/min/1.7

3 m2. 

mins at 55 
and 70% 

predicted HR 
maximum.    

at 55% HR 
maximum 
(p<0.05). 

Significant 
increase in 

urea 
filtration 

clearance 
rate for both 
intensities 
(p<0.05). 

No 
difference 

when 
cycling at 
70% HR 

maximum 
for Kt/V.  

clearance 
when 

compared to 
controls.  

70% of HR 
maximum 

for the 
entire 30 

min 
duration.  

Buchanan et 
al. (2016), 

Intra-dialytic 
cardiac MRI to 

assess 
cardiovascular 
responses in 
a short-term 

trial of 
haemodiafiltra

tion and 
haemodialysis

.  

12 patients 
(10 male, 
2 female) 

on HD 
aged (32-

72 yrs) 
unknown 

GFR. 

Ultrafiltratio
n volume 
(UFV), 

myocardial 
perfusion, 

LV 
contractility 
(use of MRI) 

cardiac 
troponin, 

brain 
natriuretic 
peptide. 

 

N/a No 
exercise 

measured 
but on 
HD. 

78% of 
patients 

who 
presented 
with two 

short-axis 
dysfunction

al LV 
segments 

during 
haemodialy
sis showed 
a >20% fall 

in 

Significant 
intra-dialytic 
decreases 
in cardiac 

output, 
myocardial 
perfusion 

and 
myocardial 
contractility. 

UVF is a 
key driver of 
myocardial 
stunning. 

Changes in 

Selected 
relatively 
healthy 

patients with 
well-

preserved 
ejection 
fraction.  

Future 
studies 
should 

investigate 
patients 

expressing 
greater type 1 

collagen 
fibrosis for 

greater 
patient 

demographic.  
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myocardial 
perfusion.  

microcircula
tory blood 

flow are the 
dominant 

factor 
contributing 

to tissue 
ischaemia 

during 
haemodialy

sis.  

Burton et al. 
(2009a), 

Haemodialysi
s-Induced 

cardiac injury: 
determinants 

and 
associated 
outcomes. 

70 HD 
patients, 
47 male, 

23 female; 
age: 63 ± 

6 yrs), 
unknown 

GFR. 

Echo 
(Regional 

wall motion 
abnormalitie

s), BP, 
Bloods 
(cardiac 
troponin, 

CRP, 
Albumin, 
Calcium). 

N/a 
 

No 
exercise 

measured 
but on 
HD. 

Significant 
drop in 
blood 

pressure of 
those 

patients 
showing 

evidence of 
RWMA (~-
23 ± 7.2 vs. 

-7 ± 3.6 
mmHg). 

RWMA 
increased 
by those 

undergoing 
haemodialy

sis. In 
addition, 

those with 
RMWA 
showed 
greater 

decreases 
in SBP. 

N/a Interventions 
are needed to 

reduce the 
acute impact 

of 
haemodialysi

s on the 
cardiovascula

r system. 

Burton et al. 
(2009b), 

Haemodialysi
s-Induced 
repetitive 

myocardial 
injury results 
in a global 

and 

30 HD 
patients 

(19 male, 
11 female; 
age: 65 ± 
~13 yrs), 
unknown 

GFR. 

Echo 
(Regional 

wall motion 
abnormalitie
s), ejection 

fraction, BP, 
Bloods 
(cardiac 

troponin). 

N/a No 
exercise 

measured 
but on 
HD. 

Reduction 
in systolic 
function of 
>60% after 

1 year, 
significantly 

reduced 
ejection 

fraction of 

Myocardial 
stunning 

progressivel
y increases 

from 
increased 

exposure to 
HD 

treatment 

N/a Addressing 
HD-induced 

repetitive 
injury might 
prevent the 

development 
of myocardial 

stunning 
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segmental 
reduction in 

systolic 
cardiac 
function. 

61.5 ± 
10.1% to 

52.9 ± 8.6% 
after 1 year 
(p = 0.007). 

 

increasing 
fibrosis and 

resultant 
dysfunction. 

Caraenenbroe
ck et al. 

(2014), Acute 
exercise-
induced 

response of 
monocyte 

subtypes in 
chronic heart 

and renal 
failure. 

20 CKD 
(GFR: < 

60 

ml/min1.7
3m2 ;8 

male, 12 
female; 

age: 51 ± 
15 yrs), 20 

CHF 
patients 

(13 male, 
7 female; 
age: 51 ± 
9 yrs), 15 

HS (9 
male, 6 
female; 

age: 44 ± 
5 yrs) 

Inflammator
y cytokines, 
leukocytes 

and 
monocytes. 

Symptom-
limited graded 
exercise test 
on a cycle 
ergometer 
(ramped 

protocol of 
starting 20-40 
W increased 
every minute 
by 10-20 W 
till limit of 

tolerance). 

Exercise 
between 

HD. 

No 
significant 

difference of 
leukocytes 

or 
monocytes 
response 
pre-post-
exercise 

between HS 
and CKD (p 

> 0.05). 
Significant 

higher 
leucocyte 
change 

account in 
CHF (8.24 ± 

1.82 vs. 
10.21 ± 

1.66 
10E6/mL; p 

< 0.001). 

Distribution 
of 

monocytes 
at baseline 
was similar 
between all 
3 groups. 

CHF 
resulted in 
an altered 
monocyte 
response 

compared to 
HS and 

CKD which 
were 

similar. VO2 
peak and 
circulatory 

power 
emerge as 

strong 
predictors of 
Mon1 and 

Mon3 
response, 

independent 

Inflammator
y 

perturbation
s were only 
measured 
10 minutes 
after peak 
exercise 
whereby 

heightened 
levels show 
a delayed 
response 

from 2-4 h. 

Measurement 
of immune 

system 
response 

post-exercise 
for longer 
durations. 
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of beta-
blocker use. 

Castellino et 
al. (1987), 
Metabolic 

response to 
exercise in 

dialysis 
patients. 

4 HD, 4 
PD (5 

males, 3 
females) 
uremic 

subjects 
unknown 
GFR. 12 

HS (9 
males, 3 
females), 
age: 27 ± 

2 yrs). 

Adrenaline, 
glucagon, 

insulin, 
noradrenalin

e, FFA, 
hepatic 
glucose 

production, 
Ra, Rd 

glucose. 

40% VO2 max 
on a cycle 

ergometer for 
40 mins. 

Exercise 
between  

HD. 

Lack of 
significant 
differences 
between 

control and 
HD groups. 

VO2max 
reduced by 

40-50% 
compared to 

healthy 
controls. 

Beta 
blockade 
had no 

effect on 
exercise 

interactions 
between 
groups. 

Small cohort 
size on 

alternative 
forms of 
dialysis. 

May explain 
insignificant 

findings. 

N/a 

Dungey et al. 
(2015), The 

impact of 
exercising 

during 
haemodialysis 

on blood 
pressure, 
markers of 

cardiac injury 
and systemic 
inflammation 
– preliminary 
results of pilot 

study. 

15 already 
trained HD 
patients (9 

male, 6 
female; 

age: 58 ± 
11 yrs), 

unknown 
GFR. 

Control 
included 

measures 
throughout 

HD in 
same 

patients. 

HR, BP, 
RPP. 

Markers of 
cardiac 
injury, 

plasma 
markers of 
systemic 

inflammatio
n, 

Haematolog
y, 

Neutrophil 
degranulatio

n. 

30 mins 
exercise on a 
supine cycle 
ergometer at 
an intensity of 

13 on the 
RPE scale. 

During 
HD 

compared 
to resting 
on HD at 
intervals 
of pre-

dialysis (0 
min), pre-
exercise 
(60 min), 

post-
exercise 

(100 min), 
1 h post- 
exercise 

(160 min), 

1 h post-
exercise 

SBP 
significantly 

dropped 
below 

control SBP 
(106 ± 22 
vs. 117 ± 
25, p = 

0.04). No 
significant 
increase in 
inflammator
y markers 
induced by 
exercise. 

Exercise 
places an 
additional 

demand on 
the heart at 
a time when 

it is at an 
increased 

risk of 
myocardial 
stunning via 
increased 
ischemia. 
However, 
markers of 

cardiac 
injury did 

Exercise 
stimulus 
may not 

have been 
sufficient 

(21.5 ± 8.1 
W). Small 

cohort. 

The effect of 
altering 
exercise 

intensity or 
duration 
warrants 

future 
research.   
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end 
dialysis 

(240 min). 

not differ 
despite 

occurrence 
of rebound 

hypotension
. 

Dasselaar et 
al. (2009), 

Haemodialysi
s is 

associated 
with a 

pronounced 
fall in 

myocardial 
perfusion.  

7 HD 
patients (5 

male, 2 
female; 

age 45 ± 
18.6 yrs). 
Unknown 

GFR.  

Positron 
emission 

tomography 
to assess 

myocardial 
perfusion, 

stroke 
volume and 

cardiac 
output.  

N/a Measures 
pre, 

during (30 
min) and 
post (220 
min) HD.  

Significant 
decrease in 
myocardial 
blood flow 

exponentiall
y 

throughout 
haemodialy
sis (75 ± 17 
vs. 64 ± 14 
vs. 54 ± 10 
ml/min/100g
; p <0.05). 

This 
correlated 
with the 

decline in 
stroke 

volume and 
subsequentl

y cardiac 
output 

throughout 
HD (r = 

0.84, p = 
0.03). 

HD led to a 
progressive 
decline in 
cardiac 

output and 
resulted in 
decreased 
myocardial 
blood flow. 

This 
indicated an 
increased 

risk of 
ischemic 

injury due to 
HD 

treatment.  

Small 
patient 

cohort. No 
angiogram 

for coronary 
artery 

disease. No 
assessment 
during the 
recovery 
period to 
assess if 

myocardial 
blood flow 
returned to 
baseline.  

Identifying 
factors that 

are 
responsible 

for   HD 
induced falls 
in myocardial 

blood flow 
may yield 

strategies to 
better 

preserve 
myocardial 
perfusion.  
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Fuhro et al. 
(2017), acute 

exercise 
during 

haemodialysis 
prevents the 
decrease in 
natural killer 

cells in 
patients with 
CKD: a pilot 

study. 

9 HD 
patients. 

Baseline, 
during HD 

and post HD 
peripheral 

blood 
samples for 
measureme

nt of NK 
cells, 

cortisol, 
CRP, CK, 
urea and 
creatinine 

levels. 

20 min of 
cycling 

exercise 
compared to 

HD only 
control in the 

same 
subjects 

separated by 
7 days.  

Exercise 
during 
HD. 

HD induced 
a significant 
decrease in 
NK cells (p 

= 0.039). No 
significant 
changes 
found in 

CRP or CK 
levels. 

Cortisol was 
significantly 
increased 
by HD (p = 

0.034).  

Intra-dialytic 
exercise 

significantly 
prevented 

the 
reduction in 

NK cells 
typically 

induced by 
HD. 

Moderate 
intensity 

exercise did 
not 

exacerbate 
the systemic 
inflammator
y response.  

Small cohort 
number of 9 
HD patients.  

N/a 

Jeong et al. 
(2018), 

Effects of 
acute intra-

dialytic 
exercise on 

cardiovascular 
responses in 

haemodialysis 
patients.  

12 HD 
patients (7 

male, 5 
female; 

age 55.9 ± 
8.6 yrs).  
Unknown 

GFR. 

SB, /DBP, 
CO, SV, 

TPR, 
baroflex 

sensitivity.  

30 min 
steady-state 
cycling at 11-

13 on the 
Borg scale.  

Cycling 
30 

minutes 
or 3 hours 

into HD 
compared 

to no 
exercise 
control. 

Pre and 
post 

haemodyna
mics for all 
variables 
did not 
reach 

significance. 
Exercise 30 

mins into 
HD resulted 
in greater 

SBP at 210 
and 225 min 

into HD 

Haemodyna
mics were 

not 
significantly 
altered by 
exercise at 
30 minutes 
or 3 hours 
into HD pre 
to post HD. 

Systolic 
blood 

pressure 
was greater 
in the 3rd 

Small cohort 
size, no 

subjective 
control of 
intensity.  

Environmenta
l factors as 
well as HD 

prescriptions 
should be 

considered as 
confounding 
factors for 

haemodynam
ics.  
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compared 
to control 

and 
exercising 
at 3 hours.   

hour of HD 
compared to 
both other 
conditions 
speculated 

to be 
associated 
with greater 
vagal tone.  

Kettner et al. 
(1984), 

Cardiovascula
r and 

metabolic 
responses to 
submaximal 
exercise in 

haemodialysis 
patients. 

8 ESRD 
patients 

(29.6 ± 3.6 
yrs; male 
3, female 
5) and 6 
healthy 

participant
s (31 ± 2 
yrs; male 
4, female 

2) 

VO2, RER, 
HR, BP, 

MAP, 
Norepinephr

ine, 
epinephrine, 

glucose, 
insulin, 

glucagon.  

60 min inter-
dialytic 

cycling at 
50% VO2 max 

Exercise 
between 

HD. 

Oxygen 
consumptio

n 
significantly 

lower in 
ESRD 

compared 
to controls, 
lower HR 

during 
exercise 
despite 
elevated 

epinephrine 
and 

norepinephr
ine. 

Patients 
capable of 
completing 
60 mins of 

cycling. 
Lower HR 
response 
despite 

elevated 
epinephrine 

and 
norepinephri

ne 
compared to 

controls.  

Small cohort 
size, limited 
measures 

during 
exercise (30 
& 60 mins 

only). 

Resistance of 
catecholamin

es during 
exercise on 

cardiovascula
r actions 
requires 
further 

investigation. 

Kirkman et al. 
(2018), 

Cardiopulmon
ary exercise 

testing reveals 
subclinical 

31 CKD 
patients’ 
stage 3-4 
(60 ± 11 
yrs, 21 

male, 10 
female), 

VO2, VCO2, 
VE, PECO2, 
Relative O2 

pulse, 
OUES, 

VE/VCO2, 
VE/VO2 at 

CPEX testing 
in CKD 

compared to 
healthy 

participants. 

Maximal 
exercise 

testing off 
HD. 

VO2 (17.43 
± 1.03 vs. 
28 ± 2.05 

ml/kg/min), 
PECO2 (27 
± 0.6 vs. 31 

± 0.9 

Ventilation-
perfusion 

mismatchin
g, elevated 
ventilatory 
cost of VO2 
and reduced 

Ethnicity 
was not 
matched 
between 

groups, no 
echocardiog

ram 

Are irregular 
CPEX 

responses in 
CKD patients 
are predictive 
of prognosis 

as other 
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abnormalities 
in CKD. 

eGFR 43 ± 
13. 21 

ml/min-
1.1.73m2.
Healthy 
controls 
(54 ± 5 
yrs, 8 

male, 13 
female), e 
GFR >90 
ml/min-

1.1.73m2 

three 
intervals 

(rest, AT & 
VO2 peak) 

during 
CPEX 
testing.  

 

mmHg), 
Relative O2 
pulse (0.13 
± 0.01 vs. 

0.17 ± 0.01 
ml/beat/kg), 
OUES (1.69 
± 0.09 vs. 

2.00 ± 
0.11), 

VE/VCO2 
(32 ± 0.8 vs. 

28 ± 1), 
VEVO2 (37 ± 
0.8 vs. 28 ± 

1) 
significantly 
different in 

CKD to 
healthy 

participants 
respectively 
(p < 0.04).  

 

stroke 
volume. 
Patients 

present with 
underlying 

cardiovascul
ar 

dysfunction 
that is not 

revealed by 
other clinical 

tests.  

assessment
.  

patient 
populations. 

Kossari, et al. 
(2009), 

Bioreactance: 
A new tool for 
cardiac output 
and thoracic 
fluid content 
monitoring 

during 

25 stable 
chronic 
renal 
failure 

patients 
(77 ± 11 
yrs, 15 

males, and 
10 

HR, stroke 
volume, 
cardiac 

output and 
thoracic 

fluid 
content.  

N/a 3 to 4-
hour HD 
session, 
outcome 
measures 
analysed 

before 
and after 

After 
haemodialy
sis, there 

was a 
significant 
decline in 
thoracic 

fluid 
content. 

Correlation 
between 
thoracic 

fluid content 
and the 

amount of 
fluid 

removed. 
Proposes 

No 
comparison 

of HR, 
stroke 

volume and 
cardiac 
output 
during 

N/a 
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haemodialysis
. 

females).  
Unknown 

GFR. 

haemodia
lysis.  

(61.5± 14.3 
54.1 ±12.6 
p < 0.05).  

thoracic 
fluid content 
monitoring 
as a tool to 

predict 
haemodyna

mic 
instability 

during HD. 

haemodialy
sis.  

Mclntyre et al. 
(2011), 

Circulating 
endotoxemia: 
A novel factor 

in systemic 
inflammation 

and 
cardiovascular 

disease in 
CKD. 

120 CKD 
and HD 
patients 

(stages 3-
5 patients, 
163 male, 
86 female; 
age: 65 ± 
14 yrs). 

Echo 
(RWMA), 

pulse wave 
velocity 

(Vascular 
calcification) 

blood 
sample’s 
(lipids), 

Endotoxin 
(n = 66 

patients) 
 

N/a 
 

No 
exercise 

measured 
but on 
HD. 

Serum 
endotoxin 

levels were 
6 times 

higher in 
patients 
receiving 

haemodialy
sis (0.62 ± 
0.37 vs. 

0.11 ± 0.68 
EU/ml, p = 

0.001). 

Endotoxin in 
the blood 

found to be 
interlinked 

with 
increased 

malnutrition, 
inflammatio

n and 
cardiovascul
ar disease. 

N/a N/a 

Nelson et al. 
(2016), 

Subclinical 
cardiopulmon

ary 
dysfunction in 
stage 3 CKD. 

 

840 
subjects 

(546 male, 
294 

female; 
age: 66 

yrs) above 
60 GFR  
ml/min-

1.1.73m2 
compared 

VE, VE-
VCO2 slope, 

oxygen 
consumptio

n (VO2), 
RER, AT, 
ECG, HR. 

CPEX test on 
a cycle 

ergometer 

Exercise 
between  

HD. 

CKD 
resulted in a 

declined 
VO2 peak 
(15.2 ± 4.4 
vs. 18.7, 

ml/min/kg), 
VE-VCO2 

slope 34.8 ± 
6.6 vs 29.7 

± 4.9.) 

Worse 
cardiovascul
ar function 

in CKD 
patients 

No bloods, 
no 

assessment
s of cardiac 
function i.e. 

echo. 

Further 
studies are 
required to 
determine 

whether the 
exercise 

phenotype 
relates to 
inferior 

cardiovascula
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to 93 CKD 
stage 3 
patients 

(69 male, 
24 female, 

age: 71 
yrs).  

r performance 
in various 

clinical 
scenarios. 

Ookawara et 
al. (2016), 

Blood 
volume 

changes 
induced by 

low-intensity 
intra-dialytic 
exercise in 
long-term 

haemodialysi
s patients 

n = 12 HD 
(age: 71.0 
± 3.1 yrs). 
Control: n 
= 12 (age 

70.8 ± 
2.4). 

HR, BP, 
∆BV. 

Cycling at 
10% higher 

HR then 
baseline 

during HD 
for 25 mins. 

Exercise 
commenc
ed after 

30 mins of 
ultrafiltrati

on.  

Increase in 
HR during 
exercise 

(61.8 ± 3.1 
vs. 67.9 ± 
3.7, p = 

0.002). A 
~1% 

increase in 
BV post-
exercise. 

Attenuation 
in 

ultrafiltratio
n induced 

BV 
reduction 
at the end 
of HD via 
increased 
plasma 
refilling 
from the 

interstitium 
to the 
blood 

vessels. 

Low 
intensity of 
exercise, 

small cohort 
size. 

N/a 

Penny et al. 
(2018), Intra-

dialytic 
exercise 

preconditionin
g: an 

exploratory 
study on the 

effect on 

n = 19 HD 
patients 

(age: 57.2 
± 2.7 yrs). 

GLS, 
RWMA, BP 

Cycling at 3-4 
on the borg 
scale for 30-

60 mins 

1st half of 
haemodia

lysis 
session. 

Significant 
difference in 
RWMAs in 
final hour of 
HD between 

HD and 
intra-dialytic 

exercise 
(5,8 ± 2.7 

Reduction in 
the number 
of RWMA 
with intra-

dialytic 
exercise. 
Exercise 

may reduce 
ischaemia 

Previously 
trained 

patients. No 
control of 

time interval 
between 
patients.  

Optimum 
intensity and 
duration are 

yet to be 
determined. 
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myocardial 
stunning. 

vs. 4.0 ± 
1.8). No 

significant 
difference in 

GLS. 

induced 
from HD. 

Peres et al. 
(2015), 

Effects of 
intra-dialytic 
exercise on 

systemic 
cytokines in 
patients with 

CKD. 

9 HD 
patients 

(both 
gender?), 
unknown 

GFR (age: 
65 ± 2 
yrs). 

 

Bloods (NF-
α, IL-6, IL-
1β, IL17a 
interferon 

IFN-γ). 

Aerobic 
exercise on a 

lower limb 
cycle 

ergometer 20 
mins at an 

intensity 6-7 
RPE (first 2 

hours of HD). 

Exercise 
during 2 

hours into 
HD. 

A significant 
increase in 
IL-10 for 
exercise 

group 
compared 

to control (p 
<0.05). 

Circulating 
inflammator
y markers 

(IL17a, IFN-
γ) 

significantly 
elevated 

post-dialysis 
(p <0.05) 
however 

was a trend 
for a 

decrease in 
the exercise 

group. 

Increased 
anti-

inflammator
y response 

during 
exercise 

compared to 
controls, 

Exercise did 
not induce 

greater 
inflammator
y response 

compared to 
controls. 

Small cohort 
size, RPE 
used as a 
control of 
intensity. 

Additional 
studies 

required to 
establish 

inflammatory 
response to 
exercise in 

CKD. 

Ricardo & 
Ferreira 

(2010). Acute 
cardiovascular 
alterations in 

7 male HD 
patients, 7 
male HS. 

Blood 
samples 

were drawn 
before and 

after 24 

Cycle 
ergometer 
during 6 

minutes at 
75% of 

Exercise 
during 
HD. 

Hypotensio
n with HD 
was better 
observed 

with 

The HD did 
not affect 

biochemical 
(hematocrit 

and 

Low subject 
number, 

short 
exercise 

duration (10 

N/a 
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hypertensive 
renal patients 

during 
exercise with 

a constant 
load in the 

inter-dialytic  
period. 

hours of HD 
for 

hematocrit 
and 

haemoglobi
n. 

HRmax and 3 
minutes of 
recovery 

without load 
at 55 – 60 
rpm. The 

exercise was 
performed 

before and 24 
hours after 

HD. 

diastolic 
blood 

pressure 
during 

exercise 
(~20%; p < 

0.05) 

haemoglobi
n) 

parameters. 
Significant 

hypotension 
effect during 

exercise 
principally in 

DBP 24 
hours after 

HD 
treatment in 

chronic 
renal 

patients. 

mins), does 
not replicate 

typical 
exercise 

prescribed 
in CKD. 

Ting et al. 
(2015), 

Reduced 
cardiovascular 

reserve in 
chronic kidney 

failure: a 
matched 

cohort study. 

80 CKD 
patients 

(45 male, 
35 female; 
age: 53 ± 
9 yrs), 80 
hypertensi
ve controls 
(41 male, 
39 female; 
age: 53 ± 

8 yrs). 

LV mass, 
LV ejection 

fraction, 
transmitral 
E/a’,  VE, 
VE-VCO2 

slope, 
oxygen 

consumptio
n (VO2), 

RER, AT, 
ECG, HR. 

CPEX 
maximal test 
with (3 mins 

unloaded 
pedalling with 

workload 
increments 
thereafter 

until 
exhaustion). 

Exercise 
between 

HD. 

Significant 
increased 

LV mass in 
CKD 

compared 
to 

hypertensiv
e patients 
(109.1 ± 
33.4 vs. 

87.5 ± 17.1 
g/m2). 

Significant 
decreased 
LV ejection 
fraction in 

CKD (62.6 ± 

Impaired 
cardiac 

function in 
CKD is 

greater than 
hypertensiv
e subjects 
indicating 

hypertensio
n in CKD is 
not the only 
determinant 
of impaired 

cardiac 
function in 

CKD. 

N/a N/a 
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7.9 vs. 66.2 
± 5.7%). 

Viana et al. 
(2014), 

Evidence for 
anti-

inflammatory 
effects of 

exercise in 
CKD. 

15 pre-
dialysis 
patients 

(GFR 18.3 
± 7.3  

ml/min-

1.1.73m2 
), 12 male, 
3 female 

(age: 59 ± 
10 yrs). 

Leukocyte, 
neutrophil 

degranulatio
n, 

lymphocytes
, 

monocytes, 
plasma 

markers of 
inflammatio
n (IL-6, IL-
10, sTNF-
RI, sTNF-
RII, CRP). 

30 mins 
walking on a 

motorised 
treadmill at 

1% gradient, 
RPE 12-14. 

Exercise 
between 

HD. 

IL-10 
increased 1 

h post-
exercise 
(3.2 ± 0.8 

vs. 4.3 ± 1.1 
pg/ml, p < 

0.001) 
induced by 
increased 
IL-6 levels 

post-
exercise 
(7.7 ± 4.7 

vs. 8.9 ± 5.5 
pg/ml, p < 

0.001). 

Single 30 
min walking 
induced a 

normal 
pattern of 
leukocyte 

mobilization 
and had no 
effect on T-
lymphocyte 

and 
monocyte 
activation 
and in turn 
improved 
neutrophil 

responsiven
ess to 

bacterial 
challenge in 

post-
exercise 
period. 
Overall 

greater anti-
inflammator
y response 

post-
exercise. 

Small cohort 
sample. 

Does 
resistance 

training 
induce the 
same anti-

inflammatory 
responses as 

aerobic 
exercise? 
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Notes: PaO2, partial pressure of O2; sO2, O2 haemoglobin saturation; RBV, relative blood volume; UFV, ultrafiltration 

volume; BNP, brain natriuretic peptide; MRI, magnetic resonance imaging; HD, haemodialysis; GFR, glomerular 

filtration rate; HS, healthy subjects; CHF, chronic heart failure;  CKD, chronic kidney disease; CK, creatine kinase; NK 

cells, natural killer cells;  ESRD, end-stage renal disease; CRP, C-reactive protein; IL-(6,10), interleukin-(6,10); IFN-γ,  

interferon- γ; Echo, echocardiogram;  RMWA, regional motion wall abnormalities; HR, heart rate; SBP, systolic blood 

pressure; HRR, heart rate reserve;  CPEX, cardiopulmonary exercise test; RPE, rate of perceived exertion; RER, 

respiratory exchange ratio; AT, anaerobic threshold; VE, minute ventilation. 



 
93 

 

 
Exercise in 
End-Stage 

Renal 
Disease 

Chapter 3: General methods   

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
94                           

  

3.1 Chapter overview 

In this chapter, a detailed account of the measures used for data collection is 

provided. Study specific methods are discussed within the relevant 

experimental chapters (4, 5 & 6). The aim of this chapter is to provide an overall 

synopsis of study design, participant recruitment, outcome measures and the 

statistical analyses utilised to address the aims of the thesis.  

 

3.1.1 Research Design  

An observational study was used to assess the acute effects of exercise by 

quantifying a number of physiological measures, including: HR, BP, CO, 

O2/CO2 kinetics, blood biomarkers (troponin I, Interleukin 6 & 10), spirometry 

and echocardiography. These measures were used to explore the 

cardiorespiratory, inflammatory and metabolic response to exercise in ESRD. 

The investigation consisted of one overall trial involving healthy participants (n 

= 20) and patients with ESRD (n = 20) where data were subsequently used for 

three distinct studies (chapters 4, 5 & 6).  

 

Healthy participants underwent two exercise assessments; a maximal CPEX 

and a constant load exercise test (CLE). Patients with ESRD also performed 

CPEX and CLE in addition to being assessed while undergoing standard HD 

treatment and CLE testing during HD (CLE+HD). This allowed for comparison 

of healthy and ESRD physiological responses to exercise. Additionally, 

physiological responses to inter, intra-dialytic exercise and HD was compared 

by patients undergoing all 3 conditions. Cardiopulmonary exercise testing was 
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performed first for ESRD and healthy participants due to being necessary for 

exercise prescription for subsequent conditions. For healthy participants, study 

duration lasted 2 weeks and for ESRD patients, 4 weeks. The study design is 

outlined in figures 3.1 and 3.4. 

 

3.1.2 Research Design Flow Diagram 

 

 

 

 
 

 

 

 

Figure 3.1: Sequence of testing. Black arrow denotes progression of ESRD 

participants through the study (4 tests in total). Grey arrow denotes healthy 

participants progression throughout the study (2 tests in total). Notes: ESRD, 

Test 1 

Pre CPEX Post  

Test 2 

Pre CLE Post  

Test 3 

Baseline Pre HD only  Post 
1 h 

Post 

Test 4 

Baseline Pre CLE on HD Post 
1 h 

Post 

Healthy Participants 
 

N = 20  

Patients with ESRD 
 

N = 20  
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end-stage renal disease; CPEX, cardio pulmonary exercise test; CLE, constant 

load exercise; HD, haemodialysis.  

 

3.1.3 Ethics 

Initial ethical approval was obtained from Coventry University ethics committee 

prior to application through the NHS Integrated Research Application System. 

Further ethical approval was given by the health research ethics committee 

(appendix 8.1; reference: 17/LO/0368). Local NHS approval was subsequently 

attained through university hospitals Coventry and Warwickshire NHS trust 

after which time the study commenced. The study was registered on 

Clinicaltrials.gov (study ref: NCT03064555). All participants were provided with 

an information sheet (appendix 8.2) explaining the study and were allowed at 

least 48 hours to consider participating, after which informed consent (appendix 

8.3) was obtained. 

 

3.1.4 End-stage renal disease recruitment 

Patients were recruited from the University Hospitals Coventry & Warwickshire 

(UHCW) NHS trust HD units: Rugby St Cross, Clay Lane and UHCW. Patients 

were identified by the research team, local nephrologists and renal research 

nurses. All patients were screened with use of medical history and assessed 

for eligibility based on the following inclusion and exclusion criteria.  

 

➢ Inclusion criteria 

• HD vintage of at least three months.  
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• >3 hours of HD three times per week. 

• Urea reduction ratio (URR) of at least 65% during the three months 

before enrolment (indicating how effectively dialysis treatment is 

removing waste products with 65% being the minimum 

recommended reduction in urea. URR below 65% may elicit 

abnormal physiological response from poor dialysis efficacy). 

• Age 18 years or older. 

• Able to complete the CPEX and CLE test. 

 

➢ Exclusion criteria  

• Clinically significant valvular insufficiency. 

• Clinically significant dysrhythmia.  

• Uncontrolled intra-dialytic blood pressure (systolic > 180 mmHg, 

diastolic >95 mmHg). 

• Excessive fluid accumulation between dialysis sessions (>3 litres). 

• Haemoglobin unstable (below 9.0 g/dL). 

• Ischaemic cardiac event (<1 month). 

• Unable to exercise. 

• Morbidly obese (BMI > 40). 

• Clinically significant and still active inflammatory or malignant 

process. 

• Planned kidney transplant during the duration of the study. 
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Patients deemed eligible were approached, the study explained and a 

participant information sheet provided. All patients were given 48 hours to 

consider the study, after which time, upon agreement, informed consent was 

obtained and testing commenced.  

 

3.1.5 Healthy participant recruitment 

Healthy participants were recruited from a Coventry University database of 

previous research participants. This group comprised of 20 participants, all of 

whom were age and gender matched to patients with ESRD. To achieve this, 

healthy participants were recruited on completion of ESRD patients to best 

control for the effects of age and gender.  

 

➢ Inclusion criteria 

• Age 18 years or older. 

• Able to complete the CPEX and CLE test. 

➢ Exclusion criteria 

• Significantly limiting disease or comorbidity which would prevent full 

participation in exercise testing or elicit an abnormal 

cardiorespiratory response to exercise. 

• Chronic kidney disease diagnosis. 

 

3.1.6 Outcome Measures 

➢ Cardiopulmonary exercise test  
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Cardiopulmonary exercise testing was conducted on an electronically braked 

cycle ergometer (Ergoline, Love medical, Manchester) using a ramped protocol 

with participants being required to pedal until exhaustion in accordance with 

current guidelines (Balady et al. 2010). Before testing commenced, equipment 

was calibrated with a 3-L syringe and standard reference gases.  All participants 

were made aware of the sensations typically associated with the test (e.g. lactic 

acid associated leg fatigue, breathlessness, temperature rises) to limit test 

termination prior to achieving VO2 peak. All participants rested for three minutes 

to record baseline measurements (oxygen saturation, BP, HR), followed by 

three minutes unloaded cycling period to obtain baseline breath by breath 

O2/CO2 kinetics prior to increments in load. After three minutes, a ramped 

increase in load (5-20 W) was administered every one minute whilst the subject 

maintained a 70-rpm cadence until exhaustion. Blood pressure (Ergoline, love 

medical, Manchester) was measured at two-minute intervals. 

Electrocardiogram and HR were recorded continuously to identify any adverse 

responses to exercise which may limit participation in subsequent conditions 

(i.e. ST elevation/depression of 2mm, baseline tachy/bradycardia). All 

participants were verbally encouraged to continue the test until symptom-

limited fatigue (lactic acid accumulation, excessive breathlessness, unable to 

maintain 70 rpm). Participants’ VO2 peak was identified as the mean VO2 

uptake during the final 20 seconds of exercise. Anaerobic threshold (VO2AT) 

was determined via the V-Slope method (point of exponential rise in VCO2/VO2 

slope) in conjunction with ventilatory equivalents (i.e. RER of 1; exponential 

increase in VE) (Balady et al. 2010). Predicted VO2 peak was determined via 

the Wasserman and Hansen equation (Arena et al. 2009).  
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➢ Constant load exercise test  

 

Constant load exercise was performed in semi-recumbent potion for CLE and 

CLE+HD conditions for both healthy and ESRD cohorts using an electronically 

braked cycle ergometer (lower body bi-directional ergometer, Hudson Fitness, 

Dallas, Texas) whilst seated on a mock or authentic dialysis chair (figure 3.2). 

Participants were familiarised to CLE for 10 mins at an identical workload to 

CLE one week prior to the actual test. Participants started with a five-minute 

warm-up period at 10 rpm lower than testing cadence, after which exercise 

testing commenced at a workload equivalent to that achieved at 90% VO2AT 

(from CPEX) with a duration of 30 mins. After exercise, a three-minute 

cooldown was performed. Blood pressure was collected at five-minute intervals 

with HR, CO and expired air measured throughout exercise. Post-exercise 

measures (BP, CO, HR & expired air) were recorded for one minute and were 

performed six times at 10-minute intervals for CLE+HD and HD trials, CLE 

consisted of one 10-minute interval to ease participant time burden.  

Some materials have been removed from this thesis due to Third Party Copyright. Pages where material has 
been removed are clearly marked in the electronic version. The unabridged version of the thesis can be 
viewed at the Lanchester Library, Coventry University. 
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Figure 3.2: Constant load exercise testing during haemodialysis (CLE+HD). 

Identical posture was adopted for constant load exercise off haemodialysis 

(CLE).  

 

➢ Brachial artery oscillometry    

  
To assess baseline arterial stiffness, pulse wave velocity was determined with 

brachial artery oscillometry (Mobil-O-Graph 24h PWA Monitor, I.E.M. GmbH, 

Stolberg, Germany). A BP cuff automatically inflated and deflated around the 

participants’ upper non-fistula arm. Data also included baseline MAP and 

augmentation index for both healthy and ESRD participants. 

 

➢ Spirometry 

Lung function was assessed prior to CPEX testing using spirometry. Each 

participant was asked to breathe normally through a respiratory flow sensor 

(Ergospirometer, Ergostik, Geratherm Respiratory, Bad Kissingen, Germany). 

After assessment of tidal flow each participant was asked to perform one 

maximal inhalation and exhalation for assessment of forced vital capacity 

(FVC). On completion, data were automatically analysed to provide outputs of 

FVC, forced expiratory volume (FEV), FEV1 and FEV1/FVC ratio. 

 

➢ Noninvasive cardiac output monitor  

Throughout CLE testing, noninvasive cardiac output monitor (NICOM) 

bioreactance-based technology (Cheetah Medical, Wilmington, Delaware) was 

utilised. Relative phase shifts of oscillating current were measured traversing 

the thoracic cavity. Four dual sensor electrodes were placed on the posterior 
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flanks (superior to the iliac crest) and scapula to limit interference during 

exercise and ECG recordings. Each electrode emits a high-frequency current 

that is injected across the thorax. A receiving amplifier measures the change in 

transthoracic current to determine relative phase shifts between the injected 

current and recorded voltage. Each set of dual electrodes uses a voltage 

generator and a voltage amplifier. Each signal is processed separately and 

averaged after a digital processing time of 30 seconds. The signal processing 

unit determines the relative phase shift (∆ϕ) between the input signal, relative 

to the output signal. ∆ϕ is relative to changes in blood flow through the aorta 

with stroke volume (SV) estimated using the following equation:  

SV = C ˙ VET ˙dϕ/dtmax1 

where C is a constant of proportionality and VET is ventricular ejection time 

determined using ECG signals to identify aortic valve opening and closure. 

dϕ/dtmax indicates relative bioreactance phase shift from the injected current and 

measured current after traversing the thorax. This is dependent on blood 

volume within the thoracic cavity which affects electrical conductance. Cardiac 

output is subsequently calculated using the indirect measure of SV x HR. The 

device has demonstrated good test-retest reliability (ICC: 0.95; p < 0.001) in 22 

healthy participants at rest and during incremental cycling exercise (3 minutes 

stages 20, 40, 60, 80 and 90% watt-max) (Jones et al. 2015). Regression 

analysis of NICOM and pulmonary artery catheter in patients (n = 110) requiring 

cardiac surgery, identified good validity (R = 0.82; Slope = 0.82) for CO (Squara 

et al. 2007). Nevertheless, few studies have investigated NICOM in ESRD 

populations or HD. Only Koassari et al. (2009) has investigated haemodynamic 
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response using NICOM in 25 ESRD patients during HD which identified 

decreases in CO (-1.5 L/min). Limited use of NICOM in ESRD populations and 

HD treatment must be considered when interpreting results. 

➢ Haemodialysis  

For the resting HD condition, NICOM was measured at the initiation of HD until 

2.5h of HD was completed. Blood sampling was performed three times, 

including at 1h-HD (equivalent to pre-exercise), 1.5h-HD (equivalent to post-

exercise) and 2.5h-HD (equivalent to 1h post-exercise) replicating the same 

time points for CLE+HD. Gas exchange was monitored throughout the exercise 

period and for six 1-minute intervals every 10 minutes from 1.5h to 2.5h of HD.  

To assess cardiac function (GLS, RWMAs SV, CO, LV end-diastolic volume, 

LV end-systolic volume & EF), echocardiogram was performed at four time 

points including pre-HD, 1h-HD, 1.5h-HD and 2.5h HD. 

 
 

➢ Blood sampling 

 
Whole blood samples were collected via HD access at 1h-HD, 1.5h-HD and 

2.5h-HD for both HD trials which consisted of one serum and one plasma 

vacutainer (3 ml). Baseline samples were limited due to patient set up for 

CLE+HD and HD conditions, pre-CLE sample was used to indicate baseline 

data. Only pre- and post-exercise samples were obtained via standard 

venepuncture of an antecubital vein for the CLE condition. All samples were 

centrifuged at 3000 rpm at 21ºC (Sigma 3-18 k Scientific Laboratory Supplies) 

and aliquoted into 6 eppendorfs (3 serum, 3 plasma) at each time point (18 

eppendorfs in total) and frozen at -80ºC for subsequent analysis.  
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➢ Blood analysis  

 
Inflammatory markers IL-6 and IL-10 were analysed using commercially 

available enzyme linked immunoassay (ELISA: Abcam, IL-6 high sensitivity 

[<0.8 pg/ml] human ELISA; R & D systems IL-10 high sensitivity [0.17 pg/ml] 

human ELISA) kits for 1h-HD, 1.5h-HD and 2.5h-HD. Markers of ischemic injury 

in the form of cardiac Troponin complex I (cTnI) were analysed using 

commercially available ELISA kits (Abbexa; abx252868). Average coefficient of 

variation for each assay plate was 1.6% between well duplicates.  

 

Interleukin 6: Standard preparation was performed via series dilution ranging 

from 50-1.56 pg/ml. Standard diluent acted as the zero well (0 pg/ml) for 

subtraction of well absorbance during regression analysis. 1x Biotinylated 

antibody was prepped with 240 μl of biotinylated antibody-IL-6 into 6360 μl of 

Biotinylated antibody diluent. 1x Streptavidin horse radish peroxidase (HRP) 

preparation was performed by adding 150 μl of Streptavidin-HRP into 10 ml of 

HRP diluent. Wash buffer solution consisted of a 200-fold dilution by adding 6 

ml wash buffer to 1194ml of distilled water. After preparation, 100 μl of standard, 

samples and controls were added in addition to 50 μl of Biotinylated antibody-

IL-6 to the 96 well plate. The plate was then sealed and incubated for three 

hours at room temperature. After incubation, plate contents were discarded and 

washed 3x with wash buffer (300 μl each well) with any residue removed post 

wash. 1x Streptavidin-HRP was then added at 100 µl to each well and 

incubated for a further 30 minutes at room temperature. Wells were then 3x 

washed (300 µl each well). Chromogen TMB substrate was then added to each 

well (100 µl) in low light and further incubated for 15 minutes with no light 
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exposure. The final step consisted of the addition of 100 µl stop solution to each 

well, with absorbance read with a plate reader (Biotek, Epoch 2, Vermont, New 

England, US) at 450 nm as the primary wavelength and upper wave length set 

at 620 nm as directed by the manufacturer. Sample concentration was 

subsequently identified using linear regression from pre-determined standard 

concentrations after blank well absorbance and upper 620 nm wave length was 

subtracted from each well. 

 

Interleukin 10: A standard serial dilution was performed ranging from 50-0.78 

pg/ml. Calibrator diluent was utilised as the zero standard (0pg/ml). Wash buffer 

was created using a 10-fold dilution whereby 100 ml of wash buffer was diluted 

to 900 ml of distilled water. Assay diluent RD1-10 was added at 25 µl to each 

well. 100 µl of standards and plasma samples were added to appropriate wells 

and incubated for two hours at room temperature with gentile agitation at 500 

rpm using an orbital shaker. The plate was then 6x washed using 400 µl of 

wash buffer for each well. Any remaining liquid was dispensed post-wash and 

200 µl of human IL-10 HS conjugate was added to all wells and incubated for 

a further two hours at room temperature with gentile agitation (500rpm). 

Washing protocol was then repeated after incubation and 50 µl of amplifier 

solution was then added and incubated for an additional 30 minutes. Stop 

solution was added at 50 µl to each well after incubation and absorbance read 

at 490-650 nm using a plate reader (Biotek, Epoch 2, Vermont, New England, 

US).  Sample concentration was subsequently identified using linear regression 

from pre-determined standard concentrations after blank well absorbance and 

upper 620 nm wave length was subtracted from each well.  
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Plasma concentrations of cTnl was measured using commercially available 

ELISA kits (Abbexa; abx252868). Sensitivity of the ELISA was 9.38 pg/ml. 

Samples were thawed for 60 minutes from -80 ºC. 100 µl of plasma was added 

to wells in duplicate. After reconstitution of cTnI standard, serial dilutions were 

performed ranging from 1000-15.63 pg/ml. After the addition of standards and 

samples to the appropriate wells, the plate was covered and incubated for one 

hour at 37 ºC with gentile agitation (500rpm). On completion, overnight 

incubation at 4 ºC was performed for 16 hours. The plate was incubated for 

additional one hour at 37 ºC in the morning. After incubation, well contents were 

discarded and 100μl of Biotin conjugated antibody was added to each well. The 

plate was sealed and incubated again for one hour (37 ºC, 500 rpm). On 

completion, the plate contents were removed and washed 3x with 350 µl of 25-

fold diluted wash buffer using an automated washer. Horse radish peroxidase 

was added at 100 µl to each well and further incubated for 30 minutes (37 ºC, 

500 rpm). The plate was washed an additional 5x with wash buffer (350 µl). 

TMB substrate was added to each well and incubated in the dark for 30 minutes 

(37 ºC, 500 rpm). Finally, 50μl of stop solution was added to each well to halt 

the reaction with absorbance measured at 450 nm using a plate reader (Biotek, 

Epoch 2, Vermont, New England, US). Sample concentration was identified 

using linear regression from pre-determined standard concentrations after 

blank well absorbance wave length was subtracted from each well. 

 

➢ Echocardiography 
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Referring to the American Society of Echocardiography guidelines (Lang et al. 

2015), resting transthoracic echocardiographic images were acquired and 

analysed (Vivid IQ, Echo-pack version 7.0, GE Medical Systems) by a clinical 

sonographer at baseline prior to CPEX testing. Left ventricular volumetric 

parameters, including LV ejection fraction, were assessed in 2-D and calculated 

using the Simpson’s bi-plane method, indexed to body surface area. Left 

ventricular mass was calculated at the end of diastole using the 2-D truncated 

ellipsoid technique, according to Lang et al. (2015). In the apical four-chamber 

view, pulsed wave Doppler was employed to assess the ratio of early to late 

mitral inflow velocity (E/a) and E-wave deceleration time. Tissue Doppler 

imaging was used to quantify peak septal and lateral mitral annuli velocities. 

Subsequently, the ratio of peak early mitral inflow velocity to mean peak early 

annuli velocity (E/e’) was reported as a surrogate of LV filling pressure. After 

one week, during HD and CLE+HD testing, apical 4, 3 and 2 chamber views 

were used to assess GLS and RWMAs pre- and post-exercise using speckle 

tracking of the myocardium. Calculation of global longitudinal strain is as 

follows: 

𝐺𝐿𝑆 =
𝑀𝐿(𝑠) –  𝑀𝐿(𝑑)

𝑀𝐿(𝑑)
 

where ML(s) is myocardial length during systole and ML (d) is myocardial length 

during diastole. The instantaneous deformation is expressed relative to initial 

length (Dandel et al. 2009). A 17 segment model (bullseye; figure 3.3) was used 

to identify a relative reduction of 20% in strain from baseline for each segment 

which has been used previously to indicate ischaemia of myocardial tissue 

(Burton et al. 2009a, Penny et al. 2018). Each stunned segment was then 
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quantified and analysed for each time point and HD condition (HD, CLE+HD). 

In addition, apical 4 and 2 chamber views were used to quantify LV end systolic 

volume (LVESV), end diastolic volume (LVEDV), ejection fraction (EF), SV and 

CO with use of the Simpson biplane method. All analysis was performed post 

scan using the software package EchoPack (Echo-pack version 7.0, GE 

Medical Systems).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure7. 3.3: 17-segment regional bulls eye plot of the left ventricle for 

identification of longitudinal strain and RWMAs. Each segment represents local 

myocardial function. ANT: anterior, LAT: lateral, POST: posterior, INF: inferior, 

SEPT: septal, ANT-SEP: anterior septal. 

 

3.1.7 Echocardiogram inter/intra reliability analysis 

In regards to the current literature, echocardiogram is a suitable research tool 

and accepted widely as a reliable and valid means in which to quantify cardiac 
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function (Oxborough, 2008, Lang et al., 2005). However, limitations do exist with 

echocardiogram use with HD patients, most notably overprediction of LV 

dimensions due to chronic fluid overload in ESRD. Left ventricular mass and 

cavity can be overestimated by 50% when compared to MRI (Stewart et al. 

1999).  These limitations must be considered when interpreting cardiac function 

with ESRD. All scans at baseline were assessed via a fully qualified cardiac 

sonographer. This was to assess baseline characteristics of patients and healthy 

participants. Additional scans during HD including pre and post-exercise were 

acquired via a trained researcher specialising in apical images, specifically apical 

2, 3 and 4 chamber views. To ensure data quality, researcher inter and intra-

reliability was assessed for image acquisition and post-hoc analysis. All data are 

presented in chapter 6. 

 

3.1.8 Procedure 

Testing order for all ESRD patients (n = 20) was assigned using a randomised 

cross-over design whereby participants were allocated a testing order based 

on predetermined blocks (sequence 1: CLE, CLE+HD & HD; sequence 2: 

CLE+HD, HD & CLE; sequence 3: HD, CLE+HD & CLE) and assigned in line 

with the order in which they agreed to take part in the trial (figure 3.4). 
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Three treatment crossover design 

 

 

 

 

 

 

 

 

Figure. 3.4: Randomized crossover design framework. A, exercise off 

haemodialysis (CLE); B, exercise on haemodialysis (CLE+HD); C, 

haemodialysis with no exercise (HD). Sequence 1 comprises of order ABC, 

sequence 2 comprises of BCA and sequence 3 comprises of CAB.  

 

3.1.9 Sample size   

Due to the novel nature of the study, a preliminary power analysis was not 

feasible, therefore, a sample of 20 healthy participants and 20 patients with 

ESRD were recruited. Retrospective analysis of effect size was determined 

using G-power (version 3.194) with calculation of Cohens d using primary 
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outcome measures for each study arm of the trial (study 1: aerobic capacity; 

study 2: minute ventilation; study 3: RWMAs). Effect size analysis is presented 

in each experimental chapter (4, 5 & 6). 

 

3.1.10 Statistical analysis  

Data were analysed using the statistical software package IBM SPSS (Version 

21, SPSS Inc, Chicago, IL).  All data were expressed within tables, figures and 

text as means ± standard deviations (SD) after assessment for normality using 

Kolmogorov-Smirnov with median and interquartile range reported where 

appropriate (non-parametric data; Komogorov-Smimov test: p <0.05). Data 

from study one was analysed using a 2 way between participants ANOVA, with 

studies two and three analysed by 2 way within participant ANOVA. p < 0.05 

indicated statistical significance and any p value showing p = 0.000 was 

corrected to p < 0.001 (Kinnear and Gray 2006). 

 

➢ Study 1: Acute physiological response to maximal and steady-state 

exercise in healthy participants and patients with ESRD 

Data from CPEX and CLE tests were analysed separately for differences 

between groups (ESRD vs. healthy participants). Data from CPEX was 

analysed separately for each variable at rest, AT and peak exercise using an 

independent samples t-test. Analysis of CLE data was carried out using a two 

way between participants general linear model where the within factor was time 

(pre exercise [-5 mins], during exercise [0, 5, 10, 15, 20, 25, 30 mins] & post-

exercise [33 & 35 mins]) and the between factor was group (ESRD & healthy 
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participants). Post-hoc multiple comparisons were analysed using Bonferroni 

to identify significant differences between measurements at each time point for 

both groups when a main effect was identified. 

 

➢ Study 2: Acute physiological response to steady-state inter/intra-dialytic 

exercise in ESRD patients 

Data analysis was performed using a two way within subject ANOVA for 

condition (HD, CLE+HD, CLE) and time (pre-HD, pre-exercise: -5 mins, during 

exercise: 0, 5, 10, 15, 20, 25, 30 mins, post-exercise: 10P, 20P, 30P, 40P, 50P, 

60P mins). Post-hoc multiple comparisons were analysed using Bonferroni to 

identify significant differences between measurements at each time point for 

both groups when a main effect was identified. 

 

➢ Study 3: Cardiac stunning during haemodialysis, the therapeutic effect of 

intra-dialytic cycling. 

Data analysis of cardiac function and haemodynamic parameters was 

performed using a two way within subject ANOVA for condition (HD & CLE+HD) 

and time (pre-HD, 1h-HD, 1.5h-HD & 2.5h-HD. Post-hoc multiple comparisons 

were analysed using Bonferroni to identify significant differences between 

measurements at each time point for both groups when a main effect was 

identified.
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Table 3.1: Participant schedule of events. 

 
   
KEY: CPEX, cardiopulmonary exercise test; CLE, constant-load exercise; Echo, echocardiogram; NICOM, Non-invasive cardiac 
output monitor; HP, Healthy Participants; ESRD, End-stage renal disease.  

Week 1 2 3 4 

Consent HP, ESRD    

Familiarisation to CLE HP, ESRD    

CPEX HP, ESRD    

CLE  HP, ESRD ESRD  

Haemodialysis   ESRD ESRD 

Blood Pressure HP, ESRD HP, ESRD ESRD ESRD 

Pulse oscillometry     HP, ESRD    

Heart Rate  HP, ESRD HP, ESRD ESRD ESRD 

NICOM  HP, ESRD ESRD ESRD 

Resting Echo HP, ESRD  ESRD ESRD 

Exercise Echo   ESRD  

Blood Sampling  ESRD ESRD ESRD 

Gas Collection HP, ESRD ESRD ESRD ESRD 
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4.1 Abstract  

Background: Aerobic capacity in ESRD is typically 50% lower than the general 

population. Reduced aerobic capacity may contribute to impaired quality of life and 

decreased survival. Exercise for ESRD is accumulating strong evidence for 

improving aerobic capacity and quality of life of patients. Despite this, 

understanding of the acute physiological responses to moderate intensity aerobic 

exercise in ESRD is lacking, limiting application of this therapeutic option. 

Methods: Acute physiological response to inter-dialytic constant load exercise 

(CLE) was assessed in twenty ESRD and 20 age/gender matched healthy 

participants. Central hemodynamics (stroke volume, heart rate & cardiac output), 

with NICOM and gas exchange (VO2, VCO2, respiratory exchange ratio, minute 

ventilation & arterial venous O2 difference) were assessed during CLE. 

Echocardiogram, spirometry and CPEX was also assessed. Results: Mean (a-v) 

O2 difference was greater in healthy (74 ± 18%) than ESRD participants (13 ± 18%) 

during exercise. ESRD participants (48 ± 3%) worked at a higher percentage of 

their VE maximum from CPEX before, during and post-exercise compared to 

healthy participants (39 ± 3%). ESRD participants had a smaller increase in HR 

then healthy participants (32 ± 18 vs. 75 ± 29% respectively) throughout exercise 

(p < 0.001).  Additionally, percentage of HR maximum was higher (p < 0.001) for 

ESRD participants (82 ± 2%) than healthy participants (64 ± 2%). Conclusion: 

These data were indicative of altered ventilatory drive and chronotropic 

incompetence in ESRD in response to exercise.  
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4.2 Introduction  

Compared to healthy individuals, aerobic capacity is reduced by as much as 50% 

in ESRD (Ting et al. 2014), negatively impacting quality of life and reducing the 

ability to live independently and perform discretionary activities (e.g. work, travel, 

housework) (Painter 2009). Decreased cardiorespiratory fitness, and an AT that 

occurs at less than 40% predicted VO2 peak, correspond to increased all-cause 

mortality (Ting et al. 2014). An increase in aerobic capacity has the potential to 

improve quality of life and survival (Segura-Orti 2010), thus, aerobic exercise is 

highly recommended in ESRD (Deschamps 2016, March et al. 2017). However, 

the acute physiological response to exercise in ESRD is currently poorly 

understood, potentially making exercise prescription imprecise, ineffective and 

unsafe. 

 

In a healthy individual, in response to exercise, CO can increase from resting 

values of 5 l/min, to 20-40 l/min. This is achieved by an augmented HR and SV, 

with 95% of blood being distributed to the heart, lungs, brain and skeletal muscle 

(Rivera-Brown and Frontera 2012). Redistribution of blood to active tissue aids in 

oxygen delivery and enables the production of ATP for mechanical work via 

aerobic metabolism. Equally, active skeletal muscle acts upon vascular beds to aid 

venous return, further supporting increased CO (Vinet et al. 2002). These 

mechanisms play a pivotal role in the determinants of oxygen consumption as 

demonstrated by the Fick equation (VO2 = CO x ([aO2] – [VO2]). Cardiomyopathy, 

anaemia, pulmonary/vascular hypertension, arterial stiffness, reduced 
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mitochondria and free carnitine, autonomic dysfunction, hypervolemia, metabolic 

acidosis and electrolyte imbalances are prevalent in ESRD, all of which may impair 

aerobic capacity by negatively altering CO and/or gas exchange (Painter 2009).  

Understanding how aerobic capacity, and the ability to perform exercise, is 

influenced acutely by this pathophysiology is a necessary first step in the 

development of safe and effective exercise guidelines. 

 

Although reduced maximal exercise capacity has been well documented in ESRD 

(Ting et al. 2015), the submaximal exercise response is poorly defined (Kettner et 

al. 1984). Despite poor physical conditioning in ESRD, it was previously shown 

that submaximal exercise was tolerable. Compared to healthy controls, 

participants with ESRD were capable of cycling at 50% VO2max for one hour, 

without any significant abnormalities in cardiovascular haemodynamics or 

metabolic responses (Kettner et al. 1984). Consequently, these data suggest that 

the physiological response to steady-state exercise in ESRD is similar to healthy 

individuals. Small sample size and heterogenous patient population greatly limits 

the application of these findings to clinical practice. Despite almost negligible acute 

physiological investigations, steady-state exercise interventions have been studied 

in many longitudinal trials without prior knowledge of the acute physiological 

response. This lack of data risks suboptimal exercise prescription and appropriate 

risk stratification.  
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The intention of this study was to characterise the acute physiological response to 

maximal and steady-state exercise in ESRD participants compared to healthy 

individuals, with a view to understanding key limitations in ESRD and informing 

exercise prescription guidelines.  

 

4.2.1 Hypotheses 

➢ Maximal exercise 

1. In comparison to healthy individuals, VO2 peak will be lower in ESRD.  

2. In comparison to healthy individuals, VO2 at the anaerobic threshold will be 

lower in ESRD. 

3. In comparison to healthy individuals, maximal heart rate will be lower in 

ESRD. 

 

➢ Submaximal exercise 

1. In comparison to healthy individuals, ventilatory gas exchange will be 

impaired during exercise in ESRD. 

2. In comparison to healthy individuals, blood pressure will be higher during 

exercise in ESRD. 

3. In comparison to healthy individuals, cardiac output will be lower in ESRD.  

 

4.3 Methods 
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In a between groups design, 20 patients with ESRD were recruited from the 

University Hospital Coventry and Warwickshire NHS Trust. Simultaneously, 20 

healthy participants were recruited from Coventry University using a database of 

previous research participants. Participants from both groups underwent 1) resting 

echocardiography, 2) resting spirometry, 3) resting brachial artery oscillometry, 4) 

maximal CPEX and 5) a moderate intensity CLE test (figure 4.1). To reduce the 

risk of fluid overload and haemodynamic changes as a result of HD treatment, 

testing was scheduled for the first non-dialysis day that was at least 12 hours from 

the previous HD session. Seven days separated CPEX and CLE testing to reduce 

the effects of accumulated fatigue on CLE performance. Measures during CPEX 

and CLE included gas exchange, BP and HR. Additionally, haemodynamic 

assessment (HR, CO, SBP, DBP, MAP, SV) via NICOM was performed during 

CLE.  

 

4.3.1 Participants  

ESRD and healthy participant inclusion and exclusion criteria are specified in 

chapter 3.1.4 and 3.1.5 respectively.  

4.3.2 Echocardiogram  

Echocardiogram measures were acquired for ESRD and healthy participants as 

described in chapter 3 (3.1.6, pp 104-105). 
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4.3.3 Spirometry 

Spirometry data were acquired for ESRD and healthy participants as described in 

chapter 3 (3.1.6, pp 101). 

 

4.3.4 Brachial artery oscillometry     

Brachial artery oscillometry data were acquired for ESRD and healthy participants 

as described in chapter 3 (3.1.6, pp 101). 

 

4.3.5 Noninvasive cardiac output monitor  

A full explanation of SV calculation with NICOM can be found in chapter 3 (pp 

3.1.6).  

 

4.3.6 Cardiopulmonary exercise test   

Oxygen ultisation efficacy slope (OUES) between rest and VO2 peak was 

measured to investigate O2 ultisation in healthy and ESRD participants. All other 

cardiopulmonary exercise test data were acquired for ESRD and healthy 

participants as described in chapter 3 (3.1.6, pp 99).  

 

4.3.7 Constant load exercise test    

Data from CPEX were used to calculate exercise intensity for CLE. Constant load 

exercise was performed on an electronically braked cycle ergometer (lower body 

bi-directional ergometer, Hudson Fitness, Dallas, Texas) whilst seated in a mock 
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dialysis chair. To familiarise participants with CLE prior to testing, participants 

undertook 10 minutes of exercise at the proposed testing workload. Exercise was 

performed in a semi-recumbent position, optimised with adjustable straps between 

the cycle ergometer and chair to allow for best performance. Participants were 

monitored via 12 lead ECG for calculation of HR, in addition to four dual NICOM 

sensors (Cheetah Medical, Maidenhead, UK) placed on the scapula and lower 

posterior iliac crest for measurement of cardiovascular haemodynamics. Breath by 

breath analysis was carried out using the same respiratory gas analysis system as 

CPEX testing (Ergospirometer, Ergostik, Geratherm Respiratory, Bad Kissingen, 

Germany). Measurements of oxygen uptake, carbon dioxide production and VE 

were recorded. Participants started with a five-minute warm-up period, after which 

exercise commenced at a workload (watts) equivalent to 90% VO2AT (from CPEX) 

for a duration of 30 minutes. Calculation of arterial venous difference was 

performed indirectly with use of VO2, CO and the Fick equation:  

 

𝑉𝑂2 = 𝐶𝑂 𝑥 (𝐶𝑎 − 𝐶𝑣) 

Rearranged: 

𝑉𝑂2

𝐶𝑂
= 𝐶𝑎 − 𝐶𝑣 

 

where Ca denotes arterial O2 content, and Cv denotes venous O2 content. Oxygen 

uptake slope in the first 10 minutes of CLE was measured to identify O2 debt in 

response to steady-state exercise. Blood pressure and total peripheral resistance 
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(TPR) was collected at 5-minute intervals with HR, NICOM and expired air 

measured throughout exercise. On completion of the protocol, all participants 

underwent an unloaded 3-minute cool down period at 50 rpm; an additional 2-

minute resting period was monitored after which, the participant was free to leave.  

 

 

 

 

 

 

 

 

 

Figure 4.1: Protocol schematic for the constant load exercise test (CLE). Black 

bars indicate the time period of a specific event in the overall protocol. The closed 

box indicates 5 and 3 minute warm up/cool down periods respectively. The dashed 

box indicates the exercise test. The timeline indicates time (h:min) until the 

commencement (00:00) and completion of the exercise protocol (00.35). VO2AT, 

VO2 at the anaerobic threshold; Ex, exercise; Echo, transthoracic echocardiogram; 

spiro, spirometry; gas, breath-by-breath respiratory gas exchange measurement; 

NICOM, non-invasive cardiac output monitor. 
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4.3.8 Statistical analysis 

Data were analysed with the statistical software package SPSS (Version 21, SPSS 

Inc., Chicago, IL). Baseline echocardiogram, brachial artery oscillometry, 

spirometry and CPEX were analysed using an independent samples t-test for each 

variable between groups. Analysis of gas exchange and cardiovascular responses 

during CLE was carried out using a two way between subjects general linear model 

where the within factor was time (Pre Ex [-5 mins], during Ex [0, 5, 10, 15, 20, 25, 

30 mins] & post Ex [33 & 35 mins]) and the between factor was group (ESRD vs. 

healthy participants). Post hoc analysis was used to identify significance between 

measurements at each time point between groups, where appropriate. All data 

were expressed within tables, figures and text as means ± SD. p < 0.05 indicated 

statistical significance and any p value showing p = 0.000 was corrected to p < 

0.001 (Kinnear and Gray 2006). 

 

4.3.9 Effect size 

Retrospective analysis of effect size for VO2 peak was determined using Cohens 

d, as described in chapter 3 (pp 3.2.3). 

4.4 Results 

From May 2017 to December 2018 a total of 70 ESRD patients were screened 

(figure 4.2), with 30 being eligible based on study inclusion and exclusion criteria 

(chapter 3.1.4) and 20 subsequently agreeing to participate (table 4.1). Of the 20 

healthy participants screened, all 20 were contacted and agreed to take part in the 
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study. All ESRD and healthy participants completed both CPEX and CLE testing. 

One ESRD participant became fatigued during CLE testing, stopping twice to 

recover for a period of one minute. No other participants in either group, 

experienced further symptoms. No significant differences for age, weight, height, 

gender or BMI were found between groups. Groups were well matched. Participant 

demographics are presented in table 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ESRD patients screened (n = 70) Healthy participants (n = 20) 

Excluded (n = 
40); reasons: 

kidney transplant 
during trial, AF, 

BMI >40, 
uncontrolled 

hypertension, 
unable to cycle 

(i.e. Limb 
amputation, 
immobile). 

Excluded (n = 0) 

Eligible (n = 30) Eligible (n = 20) 

Refused (n = 10) Refused (n = 0) 

Dropped out (n = 0) Dropped out (n = 0) 

Completed (n = 20) Completed (n = 20) 
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Figure 4.2: Participant screening, recruitment, exclusion and drop-out for healthy 

and ESRD participants. ESRD, end-stage renal disease; AF, atrial fibrillation; BMI, 

body mass index. 

 

Table 4.1: ESRD patient demographics who agreed/declined to take part. 

Patient characteristics Declined (n = 10) Agreed (n = 20)  P value  

Age (yrs) 62 ± 16 59 ± 12 0.091 
Weight (kg) 77 ± 12 74 ± 15 0.492 
Height (cm) 177 ± 7 171 ± 10 0.264 
BMI (kg/m2) 25 ± 3 25 ± 4 0.949 
Gender, n (male/female) 9/1 14/6 0.236 

Ethnicity   0.139 
Black 1 5  
Caucasian 9 13  
Asian 0 2  

Notes: Values expressed as mean ± SD where appropriate. Independent t-test 

was used to identify differences between groups. BMI, body mass index. 

 

Table 4.2: Participant characteristics  
 

Participant 
characteristics 

Healthy (n = 20) ESRD (n = 20)  P value  

Age (yrs) 59 ± 10 59 ± 12 0.830 
Weight (kg) 77 ± 16 74 ± 15 0.506 
Height (cm) 175 ± 9 171 ± 10 0.307 
BMI (kg/m2) 25 ± 4 25 ± 4 0.924 
Body surface area (m2) 1.92 ± 0.25 1.85 ± 0.21 0.394 
Gender, n (male/female) 14/6 14/6 0.835 

Smoking status (n), 
(current/former/never) 

0/0/20 3/3/14 N/a  

Ethnicity    
Black 1 5 N/a 
Caucasian 19 13 N/a 
Asian 0 2 N/a 

eGFR (ml/min/1.73m2)    >60.0 9.5 ± 3.1 N/a 
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Haemodialysis vintage 
(months) 

N/a 40.7 ± 6.5 N/a 

Augmentation index  23.14 ± 10.34 28.75 ± 26.06 0.379 
Pulse wave velocity 
(m/s) 

8.6 ± 1.6 9.2 ± 1.6 0.185 

Comorbidities (n, %)    
Diabetes  0 4 (20) N/a 
Hypertension  6 (30) 12 (60) N/a 
Stroke  0 3 (15) N/a 
Coronary artery 
disease  

0 7 (35) N/a 

Claudication  0 1 (5) N/a 
Heart failure     

I 0 2 (10) N/a 
II 0 0 N/a 
III 0 0 N/a 
IV 0 0 N/a 

Carcinoma  0 3 (15) N/a 
Asthma  0 0 N/a 
COPD  0 1 (5) N/a 
Ulcerative colitis  0 2 (10) N/a 
Hyperparathyroidism  0 5 (25) N/a 

CKD aetiology (n, %)    
Congenital  N/a 1 (5) N/a 
Chronic ureteric 
obstruction  

N/a 1 (5) N/a 

Atypical haemolytic 
uremic syndrome  

N/a 1 (5) N/a 

Glomerular nephritis  N/a 4 (20) N/a 
Tubular necrosis  N/a 1 (5) N/a 
Good pasture 
syndrome  

N/a 1 (5) N/a 

Renal carcinoma  N/a 1 (5) N/a 
Polycystic kidney 
disease  

N/a 1 (5) N/a 

Diabetic nephropathy  N/a 5 (25) N/a 
Hypertensive 
nephropathy  

N/a 1 (5) N/a 

IgA nephropathy  N/a 3 (15) N/a 

Medication (n, %)    
ACE inhibitors  1 (5) 5 (25) N/a 
Antiplatelet  1 (5) 3 (15) N/a 
Anticoagulants  0 8 (40) N/a 
Nitrates  0 3 (15) N/a 
Statins  1 (5) 8 (40) N/a 



 
127                           

  

Diuretics  0 5 (25) N/a 
Anti-Arrhythmic  0 1 (5) N/a 
Calcium channel 
blockers  

2 (10) 11 (55) N/a 

Beta-blockers  0 11 (55) N/a 
Hypoglycemic agents  0 5 (5) N/a 
Erythropoietin  0 10 (50) N/a 
Corticosteroids  0 1 (5) N/a 
Thyroxine 0 1 (5) N/a 

Notes: Values expressed as mean ± SD where appropriate. Independent t-test 

was used to identify differences between groups. BMI, body mass index; eGFR, 

estimated glomerular filtration rate; COPD, chronic obstructive pulmonary disease; 

CKD, chronic kidney disease; ACE, angiotensin converting enzyme. 

 

4.4.1 Pulmonary function test  

Spirometry data identified significant differences for FVC and FVC1 between 

healthy and ESRD participants. Overall pulmonary function was decreased in 

ESRD. Nevertheless, FEV1/FVC ratio did not indicate restrictive or obstructive 

(FEV1/FVC <0.70) disease in either group (table 4.3).  

 

Table 4.3: Baseline spirometry data for healthy and ESRD patients.  
 

Spirometry 
parameters 

Healthy (n = 20) ESRD (n = 20) P value  

FVC (L)    
Predicted  4.03 ± 0.89 4.07 ± 0.80 0.887 
Absolute 4.29 ± 0.95* 3.44 ± 1* 0.029* 
% of predicted  108 ± 24* 86 ± 23* 0.018* 

FEV1 (L/sec)    
Predicted 3.22 ± 0.68 3.25 ± 0.61 0.894 
Absolute 3.22 ± 0.68* 2.30 ± 0.88* 0.020* 
% of predicted 105 ± 21* 81 ± 24* 0.006* 

FEV1/FVC ratio    

Predicted 77 ± 2 77 ± 2 0.843 
Absolute 78 ± 5 75 ± 10 0.420 
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% of predicted 101 ± 5 97 ± 13 0.381 

Notes: p value determined by an independent sample t-test. Values expressed as 

mean ± SD. * denotes significant difference (p < 0.05) between groups. FVC, 

forced vital capacity; FEV, forced expiratory volume; FEV1, forced expiratory 

volume in one second. 

 

4.4.2 Echocardiogram 

2D echocardiogram identified significant differences in LV mass (LVM), LVM/body 

surface area (LVM/BSA) and LVEDV between healthy and ESRD groups. Pulse 

wave doppler identified increased A velocity and mean E’/e’ in ESRD participants 

(table 4.4). Data suggest myocardial hypertrophy and increased ventricular filling 

pressures, typical of ESRD. However, systolic function was not overtly impaired as 

evidenced by a normal LV EF.  

 

Table 4.4: Baseline echocardiogram for healthy and ESRD participants.  
 

Echo parameters Healthy (n = 20) ESRD (n = 20) P value  

2D Echocardiogram    
Ejection fraction 
(%) 

64 ± 6 63 ± 11 0.714 

Stroke volume (ml) 62 ± 26 60 ± 20 0.806 
Left ventricular 
mass (g) 

185 ± 83* 292 ± 102* 0.007* 

LVM/BSA (g/m2) 69 ± 51* 148 ± 60* < 0.001* 
Fractional 
shortening (%) 

32 ± 5 31 ± 8 0.819 

Left atrial end 
systolic volume (ml) 

58 ± 23 69 ± 37 0.331 

Left ventricular end-
diastolic volume 
(ml) 

103 ± 40* 117 ± 59* 0.002* 



 
129                           

  

LVEDV/BSA 41 ± 25 62 ± 26 0.236 
Left ventricular end-
systolic volume (ml)   

39 ± 21 52 ± 36 0.386 

LVESV/BSA 16 ± 11 24 ± 17 0.373 
Relative wall 
thickness 

0.52 ± 0.12 0.64 ± 0.22 0.113 

    
2D Doppler    

E-velocity (m/s)  0.77 ± 0.23 0.85 ± 0.31 0.517 
Deceleration time 
(m/s) 

226 ± 36 213 ± 40 0.434 

A-velocity (m/s) 0.57 ± 0.14* 0.90 ± 0.30* 0.004* 
E/a’ (m/s) 1.35 ± 0.61 1.08 ± 0.54 0.264 
Mean E/a’ (m/s) 0.77 ± 0.41 0.83 ± 0.37 0.740 
Mean E/e’ (m/s) 6.48 ± 3.57* 12.09 ± 6.50* 0.020* 

Notes: p value determined by an independent sample t-test. Values expressed as 

mean ± SD. * denotes significant difference (p < 0.05) between groups. LVM, left 

ventricular mass; BSA, body surface area; LVEDV, left ventricular end-diastolic 

volume; left ventricular end-systolic volume, LVESV.  

 

4.4.3 Cardio-pulmonary exercise test  

At rest, breathing reserve (BR) was significantly lower and HR significantly higher 

in the ESRD group. At the AT, VO2, VCO2, VE, O2 pulse, HR and watts were all 

significantly lower in the ESRD group. The greatest difference between groups 

occurred at VO2 peak whereby exercise duration, VE, O2 pulse, HR, watts, oxygen 

uptake efficiency slope (OUES), VO2 and VCO2 were significantly lower in the 

ESRD group (table 4.5). All differences between groups were indicative of 

deconditioning and impaired aerobic capacity, SV and HR in ESRD participants.  

 



 
130                           

  

Table 4.5: Comparison of cardiopulmonary exercise test data for healthy and 

ESRD patients. 

 

CPEX parameters Healthy (n = 20) ESRD (n = 20) P value 

Rest    

VO2 (ml/kg/min) 3.16 ± 0.91 3.30 ± 1.02 0.703 

VCO2 (ml/kg/min) 2.68 ± 7.29 3.06 ± 1.08 0.742 

RER 0.88 ± 0.07 0.89 ± 0.10 0.868 

VE (l/min) 9.6 ± 2.8 9.1 ± 2.6 0.585 

O2 pulse 4 ± 1 2 ± 1 0.106 

BR (%) 93 ± 3* 90 ± 5* 0.031* 

Bf (l/min) 15.9 ± 4.4 16.8 ± 5.3 0.612 

PET CO2 34 ± 3 37 ± 4 0.055 

HR (bpm) 64 ± 11* 80 ± 15* 0.002* 

SBP (mmHg) 132 ± 18 138 ± 40 0.638 

DBP (mmHg) 83 ± 13 81 ± 36 0.862 

    

Anaerobic threshold    

VO2 (ml/kg/min) 17.42 ± 7.00* 9.15 ± 2.58* < 0.001* 

VCO2 (ml/kg/min) 17.56 ± 7.06* 9.36 ± 2.82* < 0.001* 

RER 1.00 ± 0.07 1.00 ± 0.06 0.759 

VE (l/min) 38.9 ± 18.4* 23.1 ± 6.8* 0.002* 

O2 pulse 12 ± 5* 7 ± 2* 0.001* 

BR (%) 71 ± 13 74 ± 10 0.365 

Bf (l/min) 21.7 ± 4.9 21.8 ± 5.4 0.578 

PET CO2 42 ± 4 39 ± 4 0.070 

HR (bpm) 111 ± 21* 94 ± 11* 0.003* 

SBP (mmHg) 159 ± 23 146 ± 34 0.242 

DBP (mmHg) 79 ± 18 81 ± 31 0.815 

WR (watts) 109 ± 62* 39 ± 14* < 0.001* 

    

Peak    

VO2 (ml/kg/min) 24.61 ± 7.29* 13.28 ± 2.69* < 0.001* 

Predicted VO2 

(ml/kg/min) 

27.35 ± 5.49 27.04 ± 6.24  

% of predicted 90 ± 21%* 47 ± 16%* < 0.001* 

VCO2 (ml/kg/min) 30.92 ± 7.06* 15.00 ± 6.42* < 0.001* 

Predicted VCO2 

(ml/kg/min) 

36.63 ± 4.32 37.03 ± 5.07  

% of predicted 84 ± 19 45 ± 12 < 0.001* 
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RER 1.36 ± 0.20 1.26 ± 0.15 0.402 

VE (l/min) 83.5 ± 18.1* 45.3 ± 13,9* < 0.001* 

Predicted VE 

(l/min) 

89.5 ± 22.3 87.6 ± 17.4  

% of predicted  96 ± 19 52 ± 16 < 0.001* 

O2 pulse 13 ± 5 9 ± 2 0.003* 

O2 pulse predicted 13 ± 3 13 ± 2  

% of predicted 98 ± 21 70 ± 10 < 0.001* 

BR (%) 42 ± 9 52 ± 19 0.104 

Bf (l/min) 33.7 ± 9.7 30.3 ± 7.4 0.269 

% of predicted 61 ± 18 55 ± 14 0.269 

PET CO2 36 ± 6 36 ± 4 0.904 

HR (bpm) 149 ± 15 113 ± 17 < 0.001* 

SBP (mmHg) 182 ± 31 168 ± 40 0.242 

DBP (mmHg) 97 ± 22 84 ± 28 0.291 

WR (watts) 173 ± 66 70 ± 17 < 0.001* 

Predicted WR 

(watts) 

156 ± 40 146 ± 15  

% of predicted 109 ± 21%  46 ± 15% < 0.001* 

    

OUES (l/min/log 

[l/min]) 

1839 ± 825* 1074 ± 183* < 0.001* 

ΔVO2/ΔWR slope 

(ml/min/watt) 

9.66 ± 1.41 9.24 ± 1.35 0.405 

VE/VCO2 slope 33 ± 8 32 ± 5 0.463 

Exercise duration 

(min:sec) 

12:48 ± 2:41* 9:42 ± 2:10* 0.002* 

Notes: p value determined by an independent samples t-test for all resting, 

anaerobic threshold and peak values. All values expressed as mean ± SD. * 

denotes significant difference (p < 0.05) between groups. RER, respiratory 

exchange ratio; VE, minute ventilation; BR, breathing reserve; Bf, breathing 

frequency; PETO2/CO2, end tidal oxygen/carbon dioxide tension; HR, heart rate; 

SBP, systolic blood pressure; DBP, diastolic blood pressure; WR, work rate; 

OUES, oxygen uptake efficiency slope. 
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4.4.4 Constant load exercise  

➢ Ventilatory gas analysis  
 

VO2: There was a significant main effect for group (p < 0.001) between healthy 

(12.5 ± 0.7 ml/kg/min) and ESRD participants (8.2 ± 0.7 ml/kg/min). Significant 

differences in VO2 between ESRD and healthy groups throughout exercise (figure 

4.3). However, no significant differences between groups were present when 

expressed as % of VO2 peak (healthy: 53 ± 5 vs. ESRD: 62 ± 4%; p = 0.165) 

achieved during CPEX. Mean VO2 kinetics (0.92 ± 0.07 l/min) were significantly 

higher in the healthy than ESRD participants (0.54 ± 0.06 l/min) throughout the 

initial 10 minutes of exercise (p < 0.001). A rapid increase in VO2 was noted for 

healthy individuals with a slope of 1.59 whereas a lower slope of 0.68 was present 

for ESRD participants (figure 4.4).  

 

Arterial venous O2 difference ([a-v] O2 difference): No significant difference (p = 

0.083) was identified for absolute (a-v) O2 difference between healthy controls (8 

± 1 ml O2/100 ml) and ESRD participants (6 ± 1 ml O2/100 ml). However, a 

significant difference between groups (p = 0.027) was identified when (a-v) O2 

difference was expressed as percentage change from rest (R-5). For the healthy 

group, mean (a-v) O2 difference was greater (74 ± 18%) at 0, 15, 20 and 30 minutes 

of CLE than ESRD participants (13 ± 18; figure 4.3). 

 

VCO2: There was a significant main effect for group (p < 0.001) between healthy 

(12.5 ± 0.6 ml/kg/min) and ESRD participants (7.8 ± 0.6 ml/kg/min) VCO2. Post 
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hoc analysis identified significantly higher VCO2 for the healthy group compared to 

ESRD throughout the exercise period (0-33 mins). However, no significant 

differences between groups were present when VCO2 was expressed as % of 

VCO2 peak from CPEX (p = 0.719; figure 4.3).  
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Figure 4.3: VO2 uptake (A), % of VO2 peak (B), (a-v) O2 difference (C), % change 

in (a-v) difference (D), VCO2 production (E) and % of VCO2 peak (F) during 

constant load exercise test between healthy and end-stage renal disease 

participants. Each data point represents mean ± SD at each time point. R-5 

indicates baseline resting measure before commencing warm up. Zero minutes 

indicates start of exercise test period after 5-minute warm up period. 30-33 

indicates 3-minute cool down period with 33-35 representing 2-minute rest period. 

* denotes significant difference (p < 0.05) between groups at each time point after 

post hoc analysis when a main effect for group was identified. (a-v) O2 difference, 

arterial venous O2 difference.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4: VO2 kinetics is presented for healthy and ESRD participants over the 

first 10 minutes of CLE (R-5 to 5 min). Oxygen uptake kinetics indicated with VO2 

slope for healthy and ESRD groups. 
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Minute ventilation: Mean VE was significantly higher (p < 0.001) for the healthy 

group (31.6 ± 2.0 l/min) compared to ESRD (20.0 ± 1.7 l/min) throughout the 

exercise period (figure 4.5). When VE was expressed relative to VE peak attained 

during CPEX, significant differences were identified (p = 0.035), whereby ESRD 

participants (48 ± 3%) worked at a higher percentage compared to healthy 

participants (39 ± 3%). Percentage change in VE was significantly lower (p = 

0.024) in ESRD (124 ± 25%) compared to healthy participants (209 ± 26%) at 0-

33 mins of exercise (figure 4.5).  

 

Respiratory exchange ratio: No significant main effect for group (p = 0.450) was 

identified suggesting both groups worked at the same relative intensity as 

predetermined from CPEX (figure 4.5).  
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Figure. 4.5: VE (A), % of VE peak (B), % change in VE (C) and RER (D) during 

constant load exercise test between healthy and end-stage renal disease 

participants. Each data point represents mean ± SD at each time point. R-5 

indicates baseline resting measure before commencing warm up. Zero minutes 

indicates start of exercise test period after 5-minute warm up period. 30-33 

indicates 3-minute cool down period with 33-35 representing 2-minute rest period. 

* denotes significant difference (p < 0.05) between groups at each time point after 
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post hoc analysis when a main effect for group was identified. VE, minute 

ventilation; RER, respiratory exchange ratio.  

 

➢ Cardiovascular analysis  

Heart rate: Despite mean HR being higher throughout exercise for healthy 

individuals (95 ± 4 bpm), this difference did not reach significance (p = 0.281) in 

comparison to ESRD participants (89 ± 4 bpm). However, ESRD participants had 

a smaller percentage increase in HR then healthy participants throughout exercise 

(p < 0.001).  Additionally, percentage of HR maximum showed ESRD participants 

worked at a higher percentage (82 ± 2%) than healthy participants (64 ± 2%) 

throughout exercise (p < 0.001; figure 4.6).  

 

Stroke volume: Mean SV was greater throughout the exercise period for healthy 

controls (124 ± 9 ml) compared to ESRD participants (111 ± 8 ml), but did not 

reach significance (p = 0.272). In contrast, % increase in SV from baseline was 

greater for the ESRD group (50 ± 10%) compared to healthy controls (25 ± 11%) 

but did not reach significance (p = 0.102; figure 4.6).  

 

Cardiac output: No significant main effect for group was apparent, although a trend 

was present (p = 0.062). Mean CO was greater throughout the exercise period for 

the healthy controls (12.2 ± 0.8 l/min) compared to ESRD participants (10.1 ± 0.7 

l/min). Percent increase from baseline showed no main effect for group (p = 0.650) 
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between healthy controls (104 ± 17%) and ESRD participants (94 ± 15%; figure 

4.6). 
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Figure. 4.6: HR (A), % of HR peak (B), % change in HR (C), SV (D), % change in 

SV (E), CO (F) and % change in CO (G) between healthy and ESRD. Each data 

point represents mean ± SD at each time point. R-5 indicates baseline resting 

measure before commencing warm up. Zero minutes indicates start of exercise 

test period after 5-minute warm up period. 30-33 indicates 3-minute cool down 

period with 33-35 representing 2-minute rest period. * denotes significant 

difference (p < 0.05) between groups at each time point after post hoc analysis 

when a main effect for group was identified. HR, heart rate, SV, stroke volume, 

CO, cardiac output; MAP, mean arterial pressure; TPR, total peripheral resistance. 
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= 0.380) for MAP was found between healthy controls (105 ± 5 mmHg) and ESRD 

participants (110 ± 4 mmHg). No significant main effect for TPR was identified (p 

= 0.106) between healthy controls (833 ± 73 mmHg·min·ml-1) and ESRD 

participants (997 ± 66 mmHg·min·ml-1; figure 4.8). 

 

 

 

 

 

 

 

 

 

 

Figure. 4.7: Blood pressure (Solid line indicates systolic blood pressure; dashed 

line indicating diastolic blood pressure) between healthy and ESRD.  Each data 

point represents mean ± SD at each time point. R-5 indicates baseline resting 

measure before commencing warm up. Zero minutes indicates start of exercise 

test period after 5-minute warm up period. 30-33 indicates 3-minute cool down 

period with 33-35 representing 2-minute rest period. * denotes significant 

difference (p < 0.05) between groups at each time point after post hoc analysis 

when a main effect for group was identified. 
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Figure 4.8: MAP (A) and TPR (B) during CLE between healthy and ESRD. Each 

data point represents mean ± SD at each time point. R-5 indicates baseline resting 

measure before commencing warm up. Zero minutes indicates start of exercise 

test period after 5-minute warm up period. 30-33 indicates 3-minute cool down 

period with 33-35 representing 2-minute rest period. * denotes significant 

difference (p < 0.05) between groups at each time point after post hoc analysis 

when a main effect for group was identified. 
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4.5 Discussion 

Resting spirometry and echocardiogram identified reduced pulmonary and 

abnormal cardiac function in ESRD. Maximal aerobic capacity was reduced in 

ESRD, whilst during submaximal exercise, HR, VE and (a-v) O2 difference were 

impaired. These data are strongly suggestive of cardiovascular, pulmonary and 

skeletal muscle derangement in ESRD, at rest and during submaximal and 

maximal exercise.  

  

4.5.1 Resting physiological measures  

Pulmonary limitation was evident in ESRD, suggestive of chronic deconditioning 

as opposed to restrictive or obstructive disease (table 4.3). Although not 

extensively documented in ESRD, these data agree with previous work which  

identified normal FEV1/FVC ratio in 39 HD patients at baseline (Fernandes et al. 

2019). However, direct comparison to healthy individuals in the current study adds 

to the literature, indicating that ESRD results in decreased pulmonary function 

despite preserved FEV1/FVC ratio. Limitations in pulmonary function with ESRD 

are well explained by chronic fluid overload, resulting in pulmonary edema, pleural 

effusion and upper airway obstruction (Campos et al. 2016). These limitations may 

explain decreased FVC and FEV1 within the present study. Interestingly, both FVC 

and FEV1 have been shown to improve (FVC: 2.47 ± 0.78 vs. 2.61 ± 0.78 l/min;  

FEV1: 1.88 ± 0.66 vs. 2.08 l/min), compared to controls (FVC: 2.59 ± 0.87 vs. 2.54 

± 0.81 l/min;  FEV1: 2.01 ± 0.66 vs. 2.54 ± 0.81 l/min; p = 0.005), with an eight 

week (three days weekly) 30 minute cycling intervention (Fernandes et al. 2019). 
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Both data sets support pulmonary function as a viable target for exercise 

rehabilitation. 

 

Echocardiogram identified altered cardiac structure and function in ESRD (table 

4.4). Left ventricular mass/body surface area and E/e’ were significantly higher in 

the ESRD group. Increased LV hypertrophy is typical of the ESRD phenotype. In 

ESRD, LVM/BSA (148 ± 60 g/m2) was near the upper threshold of normal (43-155 

g/m2), suggestive of LV hypertrophy (Lang et al. 2015). Increased endothelial 

dysfunction, elevated plasma electrolytes and fluid retention with ESRD, increases 

BP and results in greater myocardial preload and afterload (Schefold et al. 2016). 

Maladaptive hypertrophy is a key driver of heart failure in ESRD leading to 

increased diastolic dysfunction as further indicated by higher E/e’ velocities (early 

mitral inflow and mitral annular early diastolic velocity) (Tuegel and Bansal 2017, 

Wright and Hutchison 2009). Indeed, within the present study, E/e’ velocity was 

greater in ESRD (12.09 ± 6.50 m/s) than in the healthy cohort, exceeding normal 

limits (4 ± 1 m/s) (Lang et al. 2015). The ESRD group also had increased left atrial 

end systolic volume. In combination, these findings indicate diastolic dysfunction, 

impaired isovolaemic relaxation and greater demand on the left atrium to aid in 

ventricular filling, further supporting increased cardiac risk with ESRD. 

 

Arterial compliance was similar between groups, indicated by the lack of significant 

differences between groups for augmentation index or pulse wave velocity, 

measured with brachial artery oscillometry. These data are in agreement Ting et 
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al. (2015) which identified no difference in pulse wave velocity in ESRD compared 

to hypertensive individuals (8.4 [CI: 7.3-9.7] vs. 8.5 [CI: 7.9-9.6] m/s; p = 0.4). 

Despite these findings, in the current study, mean augmentation index and pulse 

wave velocity were greater in the ESRD cohort. Indeed, arterial stiffness is 

common in ESRD, and has been demonstrated to increase risk of mortality in 

patients (n = 2795) with a PWV greater than 10.3 m/s (Townsend et al. 2018). 

Nevertheless, at rest, decreased arterial compliance was not apparent in the 

current study. The lack of a significant difference may be explained by the small 

sample size for both groups. 

 

4.5.2 Cardiopulmonary exercise test 

In the current study, VO2 peak (13.28 ± 2.69 ml/kg/min) was only 49% of predicted 

values. This aerobic capacity indicates an increased mortality risk (VO2max: < 17.5 

ml/kg/min) and detrimental effect on activities of daily living (VO2max: < 13 

ml/kg/min) (Kirkman et al. 2018). Reduced VO2 peak (73% of predicted values; 

18.8 ± 4.1 ml/kg/min) with ESRD has been documented previously (Ting et al. 

2015), strongly predicting mortality (Ting et al. 2014). This suggests the study 

population comprised of severely deconditioned patients; physical deconditioning 

being typical of the ESRD phenotype. A mean RER >1.15 at VO2 peak indicates 

these data are a true reflection of ESRD physical capacity and were not limited by 

participant motivation. This is important for direct comparison of physiological 

responses, as data may have been misinterpreted if the ESRD cohort had not 

reached a true VO2 peak. 
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Minute ventilation was also reduced in ESRD at both VO2 peak and AT (table 4.3). 

These data have not been previously described in ESRD and may indicate 

ventilation perfusion mismatching. In ESRD, VE was 54% of predicted values and 

half of that achieved by healthy participants at maximal exercise (83.5 ± 18.1 vs. 

45.3 ± 13.9; p < 0.001; table 4.5). Interestingly, no significant differences for VE 

between CKD 3-4 patients and healthy controls have been previously identified 

(Kirkman et al. 2018). The altered VE response in the current data, therefore, may 

be unique to ESRD. Impaired VE may also explain reduced CO2 in ESRD 

compared to healthy participants in the current study. With CO2 contributing to 

acidity, this mechanism may explain the prevalence of peripheral fatigue during 

exercise in ESRD (Painter 2009). These findings, although speculative, may 

further explain the prevalence of reduced aerobic capacity in ESRD. Nevertheless, 

these data indicate decreased respiratory reserve, respiratory drive and/or tidal 

volume to meet demands of exercise in comparison to healthy individuals.  

 

Below AT, HR was significantly higher in the ESRD group. At VO2 peak, a reduced 

HR max was found for ESRD participants similar to previous research (Kirkman et 

al. 2018, Ting et al. 2015). This was in spite of limited beta-blockade in the ESRD 

cohort suggesting differences between groups in HR were not fully mediated via 

pharmacological means. These data are highly suggestive of reduced HR reserve 

and chronotropic incompetence, in line with previous literature which identified 

reduced HR maximum at VO2 peak compared to hypertensive controls (133 ± 23 
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vs. 155 ± 6 bpm; p < 0.001) (Ting et al. 2015). Impaired HR variability is associated 

with CVD, hypertension, myocardial infarction and heart failure (Routledge et al. 

2010), reported in 42% of ESRD patients (Painter 2009). Impaired HR may limit 

the ability to respond to haemodynamic challenge. This point is even more 

pertinent for HD, whereby changes in fluid volume risk IDH. Chronotropic 

incompetence in CKD may occur from decreased catecholamine sensitivity with 

impaired renal clearance of hormones such as adrenaline and noradrenaline  

(Kettner et al. 1984). Increased circulating angiotensin II with CKD further 

decreases vagal tone (Kotanko 2005). Prevalence of uremic and diabetic 

neuropathy may additionally accelerate sympathetic/parasympathetic 

derangement (Kettner et al. 1984). Decreased O2 pulse, a surrogate marker of SV, 

was also evident at both the VO2peak and AT with ESRD. This may indicate 

impaired myocardial function with increased metabolic demand. Cardiac output is 

thus impaired and likely severely limited by a combination of chronotropic 

incompetence and diastolic dysfunction, thus reducing aerobic capacity.  

 

4.5.3 Constant load exercise test 

Similar to CPEX, VE was significantly reduced compared to healthy participants 

throughout CLE. Percent change from rest in VE was also significantly lower in 

ESRD participants (figure 4.5). However, ESRD participants worked at a higher 

percentage of their VE max. These findings are novel and the implications are 

unknown, however, alterations in pulmonary function have been documented 

previously. Pulmonary hypertension is common in ESRD (66%), however baseline 
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echocardiogram within the present study lacked assessment of right ventricular 

dimensions/function, therefore pulmonary hypertension could not be confirmed. 

Nevertheless, pulmonary hypertension can occur in ESRD, linked to a progressive 

fluid overload and defined as a pulmonary artery pressure of >35 mmHg; 

associated with lung granulomas and fibrosis. Hypoxia can subsequently occur. 

Progressive cardiomyopathy with symptomatic heart failure, reduced renal function 

and decreased expression of pulmonary aquaporin five risk fluid retention and 

pulmonary edema (Husain-Syed et al. 2015). As a result, decreased gaseous 

exchange can occur through small airway dysfunction (surfactant loss, alveolar 

wall thickening) and pulmonary congestion. Consequently, pulmonary function 

may be limited and potentially explain the abnormal VE response during CLE. The 

aetiology of pulmonary dysfunction and thus gaseous exchange impairment, is 

therefore complex and likely contributes to reduced aerobic capacity in ESRD.   

 

Despite a significant difference in absolute VO2 during CLE between healthy 

participants and ESRD, there was no difference when this was expressed as a 

percentage of VO2 peak achieved during CPEX. Nevertheless, mean percentage 

of absolute VO2 peak was higher in the ESRD group compared to healthy 

individuals, thus suggesting that ESRD participants, when exercising, required a 

greater relative oxygen consumption to perform the same relative workload. 

Additionally, VO2 kinetics with ESRD in the first 10 minutes of CLE, indicated a 

decreased rate of O2 uptake in response to exercise. Initial VO2 uptake kinetics to 

exercise have been described previously to represent 20% of cardiac and 
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pulmonary responses and 80% skeletal muscle (Poole and Jones 2012). 

Therefore, an impaired rate of O2 uptake in response to exercise may indicate that 

limitations exist at the muscle bed. Decreased capillary density, impaired glycolytic 

enzymes (i.e. PFK), mitochondrial myopathy, autonomic dysfunction and muscle 

atrophy have all been reported with ESRD (Painter 2009). Impaired rate of VO2 

uptake kinetics causes greater O2 debt in response to increased metabolic 

demand. Reduced (a-v) O2 difference was also evident in the present study for the 

ESRD group, further suggestive of impairment in O2 utilisation at the tissue level. 

Subsequently, our data would conclusively support reduced muscle energetic 

efficacy, O2 extraction and decreased metabolic control in ESRD. This decreased 

O2 efficiency may limit activities of daily living, explaining the high impact of ESRD 

on quality of life  (Abbas Fadaii et al. 2013, Painter 2009). The potential for exercise 

to reverse gaseous exchange limitations associated with ESRD is clear: improved 

VO2 uptake kinetics have been previously reported with long-term exercise training 

(Reboredo et al. 2015).  

 

A blunted HR response during CLE was evident for ESRD despite working at a 

higher percentage of HR max compared to healthy participants. Lower HR 

response has been identified previously in ESRD during submaximal exercise 

compared to healthy participants (Kettner et al. 1984). This response was found 

despite significantly higher levels of noradrenaline and adrenaline during exercise 

in ESRD, strongly suggestive of decreased sensitivity to sympathetic hormones. 

Absolute HR was also reduced in ESRD participants during exercise, although not 
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significantly in the current data. Whilst HR was impaired during exercise in ESRD, 

SV appeared higher throughout exercise, albeit not significantly. Cardiac output 

did not differ between groups, therefore, in ESRD, CO may be reliant on SV due 

to an inability to increase HR in response to greater metabolic demand. This may 

be problematic when a rapid increase in CO is required; SV being load dependent 

unlike HR which can increase sympathetically. This may explain the delayed CO 

in the initial minutes of exercise in comparison to healthy controls. These data 

would suggest CO may be limited during exercise by chronotropic incompetence 

with ESRD (figure 4.6). Dependency on SV may further impair CO due to a 

progressive loss in myocardial function with ESRD. Indeed, decreased O2 pulse, 

as described previously, was evident at the AT and VO2 peak during CPEX, 

indicating reduced SV. These maladaptive responses, specifically decreased HR 

reserve, autonomic dysfunction, SV dependency and prevalence of 

cardiomyopathy, may explain reduced aerobic capacity during CPEX, and 

variations in cardiovascular responses during CLE.  

 

There were no significant differences between groups in haemodynamics prior to 

exercise (figure 4.7). This anomalous finding may be explained by insufficient 

power to detect changes in haemodynamics. Indeed, mean values for SBP, DBP, 

MAP and TPR were all greater for ESRD participants during exercise (figure 4.8). 

Therefore, despite a lack of significant findings, endothelial dysfunction could be 

inferred from the current data. An almost identical haemodynamic response in the 

form of SBP and MAP has been shown between healthy and ESRD participants 
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during submaximal exercise (Kettner et al. 1984). Greater SBP, MAP and TPR can 

be explained by a combination of fluid accumulation and endothelial dysfunction, 

both prevalent in ESRD (Husain-Syed et al. 2015). A  decreased vasodilatory 

response to exercise may contribute to impaired redistribution of blood flow to 

active tissue, explaining both elevated SBP, MAP,TPR and lower (a-v) O2 

difference in the ESRD group (Painter 2009). Thus, endothelial dysfunction may 

partly explain reduced aerobic capacity in ESRD. However, no study to date has 

fully elaborated on these responses in the context of exercise (Painter 2009).    

 

4.5.4 Clinical implications 

Numerous comorbidities may contribute to reduced aerobic capacity in ESRD 

including: chronic anemia, acidosis, uremic myopathy, cardiomyopathy, 

neuropathy (axonal degeneration and demyelination), uremic lung, decreased 

glycolytic enzymes, mitochondrial myopathy, reduced free carnitine and decreased 

muscle capillarity (Reboredo et al. 2015). Consequently, limitations in O2 delivery 

and utilisation may occur at multiple levels including: cardiovascular, pulmonary 

and skeletal muscle. In the present study, there was evidence of multi-systemic 

limitation. Increased LV hypertrophy was present and is typical of sustained LV 

afterload with ESRD. These data are supported by previous research identifying 

decreases in EF, increased E/a’ velocity and LV mass compared to hypertensive 

controls (Ting et al. 2015). Resting spirometry indicated lower pulmonary function 

compared to healthy controls for all but FVC1/FVC ratio. A slowed VO2 uptake was 

also evident with both CPEX and CLE testing which has been described previously 
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as an indicator of tissue level limitations in aerobic metabolism (Poole and Jones 

2012). Previous work supports these findings whereby oxygen kinetics have been 

shown to be delayed at the onset of exercise with ESRD, indicating tissue level 

impairment in O2 utilisation (Reboredo et al. 2015). These limitations may all 

contribute to reduced aerobic capacity. Current findings and previous research 

therefore conclusively support decreased aerobic capacity in ESRD. Slowing or 

reversal of these limitations should form key targets for exercise rehabilitation.  

 

Chronotropic incompetence and decreased HR reserve identified during CPEX 

and CLE, may explain the blunted HR response to exercise witnessed within the 

present data, whereby autonomic dysfunction relates to increased SV 

dependency. Increasing HR variability and restoring autonomic activity may be 

critical to improving cardiac function in ESRD. Exercise training can improve 

catecholamine sensitivity and HR reserve by increasing vagal tone (Reboredo et 

al. 2011). Additional benefits of exercise include attenuated angiotensin II levels 

(Tomlinson et al. 2017). These therapeutic effects of exercise may restore HR 

variability and autonomic control. Recent work has demonstrated this with 

improved HR variability after six months of intra-dialytic cycling (Tomlinson et al. 

2017). Over time, exercise training, therefore, may attenuate the inability to 

sympathetically increase CO in ESRD, thus better control haemodynamics. 
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4.5.5 Limitations 

It is likely that both healthy and ESRD cohorts were too small to detect changes 

for all variables investigated. However, based on the primary outcome of VO2 peak, 

Cohens D identified a large effect size at 2.06. These findings also agree with 

similar research comparing CPEX and CLE in ESRD and healthy controls (Kettner 

et al. 1984, Ting et al. 2015). However, cardiovascular responses during CLE, 

specifically CO and SV, were novel and may not have been powered despite 

apparent differences. Nevertheless, this study provides greater insight into the 

acute physiological response to exercise in ESRD. 

 

4.5.6 Conclusion 

In the present study, aerobic capacity was decreased in ESRD participants 

compared to healthy individuals. Cardiovascular, pulmonary and skeletal muscle 

limitations were identified. The main limitation found was a reduced HR reserve 

and blunted HR response to exercise likely resulting from chronotropic 

incompetence. The greatest difference between healthy and ESRD cohorts was 

during CPEX testing, specifically above the AT. Despite physiological limitations, 

patients were able to undergo 30 minutes of cycling at 90% of AT despite 

physiological derangement. Patients should therefore be encouraged to undergo 

structured submaximal exercise to slow or prevent deteriorations in aerobic 

capacity with the goal of improving quality of life and decreasing mortality. 
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5.1 Abstract 

Background: End-stage renal disease typically undergo renal replacement 

therapy, and may include hemodialysis (HD) to replace renal function. However, 

HD can worsen comorbidities due to repeated bouts of hypoxia. Intra-dialytic and 

inter-dialytic exercise is gathering strong evidence for its use in ESRD populations, 

improving prognosis and reducing hypoxia mediated complications of HD. 

However, few studies exist which describe acute physiological responses during 

exercise or HD on ‘normal’ physiology. Methods: Acute physiological response to 

intra-dialytic, inter-dialytic exercise and HD was assessed. The same twenty ESRD 

participants from study one underwent intra-dialytic cycling (CLE+HD) and 

standard HD. Both conditions were subsequently compared to CLE from study 

one. Central hemodynamics (stroke volume, heart rate & cardiac output), using a 

non-invasive cardiac output monitor and gas exchange (VO2, VCO2, respiratory 

exchange ratio, minute ventilation & arterial venous O2 difference) were assessed. 

Results: Minute ventilation was significantly lower (p = 0.001) during IDEx 16.5 ± 

1.1 l/min) compared to Ex (19.8 ± 1.0 l/min). Cardiac output, VE, VO2 and arterial-

venous O2 difference significantly decreased during HD. Conclusion: blunted VO2 

uptake, decreased arterial-venous O2 difference and lower VE was evident with 

HD, suggestive of hypoxia. These data suggest greater anaerobic metabolism 

during HD, subsequently, intra-dialytic exercise must account for greater metabolic 

demand with treatment. 

5.2 Introduction  
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Haemodialysis forms one of the first lines of treatment for ESRD. Despite the 

critical role of HD in maintaining fluid and solute balance, the acute effects on 

‘normal’ physiology are poorly understood. Changes in CO, BP, and the increased 

risk of hypoxia during HD, have been shown to worsen patient prognosis over and 

above the effects of ESRD (Assa et al. 2014, Bansal et al. 2017, Chao, Huang and 

Yen 2015).  

 

Acutely, HD alters physiological functions, most notably inflammation, CO and BP. 

Changes in physiological responses can result in haemodynamic instability, 

occurring in 20-30% of HD treatments (Van Buren and Inrig 2017). Hypoxia can 

subsequently occur which may contribute to ischaemic injury (Bohm et al. 2017). 

Decreased plasma volume, CO and O2 uptake efficiency are key drivers of HD 

induced hypoxia (Brown et al. 2015, Chao, Huang and Yen 2015). Repeated bouts 

of hypoxia during HD are linked with increased white matter lesions, gut 

permeability and cardiomyopathy (Bronas, Puzantian and Hannan 2017, Brown et 

al. 2015, March et al. 2017). Understanding the acute physiological response to 

HD is critical prior to safe and effective implementation of intra-dialytic exercise. 

Consequently, despite proposed benefits, prescription of intra-dialytic exercise is 

hindered due to concerns over safety and efficacy. 

 

Intra-dialytic exercise may comprise of aerobic, resistance and flexibility training 

during HD (Deschamps 2016, Parker 2016). Aerobic exercise, typically intra-

dialytic cycling, is the most common modality with longitudinal studies reporting 
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improvements in LV EF, pulmonary artery systolic pressure, right ventricular size, 

reduced O2 deficit and inflammatory markers hs-C reactive protein (CRP) and IL-

6 (Liao et al. 2016, Manfredini et al. 2017, Momeni, Nematolahi and Nasr 2014, 

Reboredo et al. 2015). Collectively, these studies provide evidence of the potential 

therapeutic role of intra-dialytic exercise in ESRD. Indeed, meta-analysis have 

confirmed these benefits; in 24 RCTs, intra-dialytic exercise improved HD efficacy, 

VO2 peak and physical quality of life (Sheng et al. 2014). These data, however, are 

limited by considerable heterogeneity in relation to exercise programme duration, 

intensity and modality. This limits the confidence with which practitioners can 

appropriately prescribe intra-dialytic exercise. Furthermore, exercise prescription 

guidelines are hindered by the lack of knowledge of the acute physiological 

responses to intra-dialytic exercise with concerns over safety.  

 

Inter-dialytic exercise may also comprise of aerobic, resistance and flexibility 

training. Longitudinal data have demonstrated improvements in exercise time, 

ventilation max, VO2 peak and VO2 at the AT for both inter-dialytic and intra-dialytic 

exercise (Konstantinidou et al. 2002). However, cardiovascular adaptations appear 

reduced with intra-dialytic compared to inter-dialytic exercise (Graham‐Brown, 

Jardine and Burton 2019). What causes a blunted therapeutic effect of intra-dialytic 

exercise remains to be elucidated. However, this has been only been identified in 

small exploratory studies and requires further investigation. Despite proposed 

benefits of both exercise modalities, there is limited understanding of how HD 

acutely affects the ability to perform exercise, as no study to date has directly 
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compared acute physiological differences between inter-dialytic and intra-dialytic 

exercise.  

 

Knowledge of the acute physiological responses to exercise during HD may better 

inform exercise prescription by elaborating on therapeutic interactions and 

limitations with HD. To achieve this, a comprehensive assessment of metabolic 

and cardiovascular responses is required. It is equally important to understand how 

intra-dialytic exercise acutely differs to inter-dialytic exercise to elaborate on 

discrepancies in the physiological responses. Therefore, this study aimed to 

holistically quantify the acute physiological responses to intra-dialytic exercise with 

direct comparison to inter-dialytic exercise and HD without exercise.  These data 

may lead to a better foundation for exercise prescription in ESRD, thus improving 

safety and efficacy. 

 

5.2.1 Hypotheses 

➢ Haemodialysis 

1. Cardiovascular haemodynamics will become impaired over the 

course of a single HD treatment. 

2. (a-v) O2 difference will decrease over the course of a single HD 

treatment. 

3. IL-6 will increase over the course of a single HD treatment.    

 

➢ Haemodialysis vs. intra-dialytic exercise 
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1. Cardiovascular haemodynamics during HD will be improved post 

intra-dialytic exercise. 

2. (a-v) O2 difference during HD will be improved with intra-dialytic 

exercise. 

3. IL-6 will be lower post-intra-dialytic exercise compared to HD 

without exercise.  

 

➢ Intra-dialytic vs. inter-dialytic exercise 

1. Cardiovascular haemodynamics will be impaired during intra vs. 

inter-dialytic exercise.  

2. Minute ventilation will be lower throughout intra vs. inter-dialytic 

exercise.  

3. IL-6 will be greater immediately post-exercise during intra vs. inter-

dialytic exercise.  

5.3 Methods  

In a within groups design, 20 ESRD patients from study one (chapter 4) were used 

for the present study. Participants underwent a battery of four tests: a maximal 

CPEX test (from study 1, chapter 4), moderate intensity CLE test (from study 1, 

chapter 4), CLE test on HD (CLE+HD) and HD only (HD). The intra-dialytic 

exercise protocol is described in figure 5.1. Measures performed during all tests 

included ventilatory gas exchange, blood sampling (IL-6, IL-10) and cardiovascular 

haemodynamics (BP, HR, CO, SV). Cardiac output assessment via NICOM was 
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performed for all tests except CPEX. Arterial-venous O2 difference was calculated 

indirectly using the Fick equation.  

 

 

 

 

  

 

 

 

Figure 5.1: Protocol schematic for CLE+HD. Black bars indicate the time period 

of a specific event in the overall protocol. The closed box indicates the warm up 

and cool down periods. The dashed box indicates the start of exercise. Timeline 

indicates time (h: min) until the commencement of testing (00:00) and the duration 

till completion of the protocol (~2.5h).  AT, anaerobic threshold; CLE, constant load 

exercise; HD, haemodialysis; gas, O2/CO2 ventilatory gas exchange; bloods, 

venous blood sampling, NICOM, non-invasive cardiac output monitor. 

 

5.3.1 Participants  

The same 20 ESRD patients described in chapter 3 (pp 3.1.4) were used for the 

current investigation with all inclusion and exclusion criteria identical to that 

outlined previously. 
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5.3.2 Cardiopulmonary exercise test  

Cardiopulmonary exercise test data collected during study 1 (chapter 4) for ESRD 

participants was utilised for the present study. Testing was carried out prior to the 

commencement of the HD and non-HD testing (pp 3.1.6). This was to establish the 

relative workload for each individual during subsequent exercise conditions (CLE, 

CLE+HD) and acted as a screening tool to identify ischaemic changes in response 

to exercise (e.g. ST segment depression of 2mm).  

 

5.3.3 Constant load exercise    

Constant load exercise was performed on an electronically braked cycle ergometer 

(lower body bi-directional ergometer, Hudson Fitness, Dallas, Texas). Both CLE 

testing procedures were performed in a semi-recumbent position (chapter 4.3.7). 

Calculation of (a-v) O2 difference was identical to that stated in chapter four (pp 

4.3.7). To avoid the need for participants to attend lengthy appointments on non-

dialysis days, one 10-minute post-exercise measure was recorded for the CLE only 

condition.  

 

5.3.4 Haemodialysis  

For the resting HD condition, NICOM was measured for 2.5 hours from the initiation 

of HD. Blood sampling was performed three times which replicated the same time 

points for CLE+HD, including at rest (1h-HD), post 30 minutes cycling (1.5h-HD) 

and 1-hour post (2.5h-HD). Gas exchange was monitored throughout the 



 
163                           

  

equivalent CLE+HD exercise period and for one-minute intervals every 10 minutes 

post-exercise, for 60 minutes.   

 

5.3.5 Haemodialysis parameters 

All patients underwent HD three times weekly with one non-dialysis day between 

each dialysis session. To limit the effects of fluid accumulation on haemodynamics, 

CPEX, CLE and HD, tests were not performed immediately after the two-day break 

between dialysis cycles. Duration of HD ranged between four and five hours with 

ultrafiltration rate dependent on fluid accumulation between non-dialysis days. All 

patients were encouraged to maintain fluid intake between HD testing to allow for 

better comparison of haemodynamic responses. If possible, identical filtration rates 

were encouraged between dialysis sessions unless patients were informed to 

change by their nephrologist or renal nurse. All units employed cooled dialysate at 

36.5°C. Haemodialysis parameters are presented in table 5.2. 

 

5.3.6 Noninvasive cardiac output monitor 

Non-invasive cardiac output monitor (Cheetah Medical, Wilmington, Delaware) 

was used to assess cardiovascular haemodynamics during CLE, CLE+HD and 

HD. Measurements commenced prior to HD testing until 60 minutes post-exercise 

(or equivalent period for HD only test). Non-invasive cardiac output monitor was 

measured throughout exercise until 10 minutes post-exercise for the CLE 

condition, to limit participant time burden. NICOM use followed the same 
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procedures as outlined in chapter four (pp 4.3.5). Stroke volume calculation is 

explained in chapter three (pp 3.1.6). 

 

5.3.7 Blood Sampling 

Blood withdrawal via venepuncture or HD access was undertaken at three time-

points including: 1h-HD (pre-exercise), 1.5h-HD (post-exercise) and 2.5h-HD (1h 

post-exercise). Baseline samples were limited due to patient set up for CLE+HD 

and HD conditions, pre-CLE sample was used to indicate baseline data. For CLE, 

blood withdrawal was performed at two time points; pre-exercise and post-exercise 

via venepuncture. All venepuncture withdrawals abided by guidelines published by 

Lavery and Ingram (2005). Blood was withdrawn from either the medial cubital, 

cephalic or basilic vein. Order of draw followed standard NHS procedures, with 

one vacutainer of serum and one vacutainer of plasma subsequently drawn (3ml). 

Both samples were centrifuged at 3000 rpm at 21 ºC (Sigma 3-18 k Scientific 

Laboratory Supplies) and frozen at -80ºC for later analysis.   

 

5.3.8 Biomarker analysis  

Plasma concentrations of inflammatory markers (IL-6, IL-10) were measured using 

commercially available ELISA kits (Abcam, IL-6 high sensitivity [<0.8 pg/ml] human 

ELISA kit; R & D systems IL-10 high sensitivity [0.17 pg/ml] human ELISA kit). 

Details of biomarker analysis described in chapter three (pp 3.1.6).  
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5.3.9 Statistical analysis  

Data analysis was performed using a 2 way within subjects ANOVA for condition 

(HD, CLE+HD & CLE) and time (Pre-HD, -5 mins, during exercise: 0, 5, 10, 15, 20, 

25, 30 mins, post-exercise: 10P, 20P, 30P, 40P, 50P, 60P mins). Blood markers 

in the form of IL-6 and IL-10 were analysed at three time points which included 1h-

HD, 1.5h-HD and 2.5h-HD. All data were expressed within tables, figures and text 

as mean ± SD. To correct violations of sphericity, degrees of freedom were 

corrected using Greenhouse-Geisser (<0.75) or Huynh-Feldt (>0.75) where 

appropriate (Atkinson 2001). A p value of p < 0.05 indicated statistical significance. 

p = 0.000 was corrected to p < 0.001 (Kinnear and Gray 2006). 

 

5.3.10 Effect size 

Retrospective analysis of effect size for VE was determined using Cohens d. 

Calculation of effect size described in chapter 3 (pp 3.1.9). 

5.4 Results 

Patient demographics are presented in table 4.2 (pp 4.4). All patients completed 

the intra-dialytic cycling period after one hour of HD. Duration did not differ between 

HD testing protocols. However, there was a significantly reduced filtration rate (610 

± 147 vs. 494 ± 214 ml/h; p = 0.009), filtration volume (2500 ± 702 vs. 2000 ± 894 

ml; p = 0.003) and pre-weight (75.3 ± 15.7 vs.  74.8 ± 15.0; p = 0.013) between the 

HD and CLE+HD conditions respectively. A summary of HD testing procedures is 

presented in table 5.2. Baseline blood profiles, recorded within one month prior to 
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commencing the study, were extracted from the patient electronic record. Data 

presented in table 5.2. Few discrepancies were evident between baseline 

variables (R-5) for all three groups (table 5.3). 

 
 

5.4.1 Symptoms  

One participant experienced peripheral fatigue accompanied by paroxysmal atrial 

fibrillation and, as such, stopped twice during both CLE+HD and CLE testing for 

approximately two minutes. Two patients experienced pre-syncope post-exercise 

on the CLE+HD condition. However, these symptoms also occurred during HD 

testing. No significant difference was identified for overall symptoms between HD 

conditions (table 5.1). 

 
Table 5.1: Haemodialysis parameters 
 

 HD (n = 20) CLE+HD (n = 20) P value  

Weight (kg)    
Pre HD 75.3 ± 15.7* 74.8 ± 15.0* 0.009* 
Post HD 72.8 ± 14.7 72.8 ± 15.1 0.152 

Duration (h:min) 04.00 ± 00.20 04.00 ± 00.22 0.330 
Filtration volume (ml) 2500 ± 702* 2000 ± 894* 0.003* 
Filtration rate (ml/h) 610 ± 147* 494 ± 214* 0.009* 
Symptoms (n, %)   0.163 

Pre-syncope  2 (11) 2 (11)  
Muscle cramps 0 1 (5)  
Fatigue 0 1 (5)  
Atrial fibrillation 1 (5) 1 (5)  

Notes: p value determined by an independent paired samples t-test. Values 

expressed as mean ± SD. HD, Heamodialysis; CLE, constant load exercise. * 

denotes significant difference between haemodialysis conditions. 
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Table 5.2: Blood profile  
 

Blood parameters  ESRD (n = 20) Normal thresholds 

Sodium (mmol/L) 139.9 ± 3.0 136-145 

Calcium (mmol/L) 2.3 ± 0.1 2.2-2.7 
Potassium (mmol/L) 4.9 ± 0.7 3.6-5.2 
Phosphate (mmol/L) 1.7 ± 0.5 1.12-1.45 
Creatinine (µmol/L) 756.2 ± 304.1 45-110 
Alkaline Phosphatase 
(µg/L) 

106.7 ± 58.7 40-130 

Urea (mmol/L) 17.1 ± 7.3 7-20 

Albumin (g/L) 41.4 ± 3.3 35-55 

Cholesterol (mmol/L) 4.3 ± 1.6 <5 
RBC count (x10^12/L) 3.7 ± 0.5 4.5-5.3 
Haemoglobin (g/L) 105.1 ± 12.8 138-172 
Platelets (x10^9/L) 201.7 140-400 

Ferritin (µg/L) 350.9 ± 171.3 15-350 

WBC count (x10^9L) 5.9 ± 2.4 4-11 

CRP (mg/L) 14.8 ± 15.5 <11 

Notes: ESRD, End-stage renal disease; RBC, red blood cell; WBC, white blood 

cell; CRP, C reactive protein.  

 

 Table 5.3: Baseline values (R-5) 
 

 HD (n = 
20) 

CLE+HD (n = 
20) 

CLE (n = 20) ANOVA 

Weight (kg) 75.3 ± 
15.7*# 

74.8 ± 15.0 74.2 ± 15.0 <0.001 

VE (l/min) 9.3 ± 3.5 9.7 ± 3.0 10.0 ± 4.1 0.589 
VO2 (ml/kg/min) 3.7 ± 1.1 4.0 ± 0.7 4.3 ± 1.2 0.091 
VCO2 (ml/kg/min) 3.8 ± 1.3 4.1 ± 1.0 3.5 ± 1.3 0.193 
RER 1.04 ± 0.14* 1.00 ± 0.1* 0.86 ± 0.01 <0.001 
(a-v) O2 difference 
(ml/O2/100ml) 

5.6 ± 1.7 5.8 ± 1.5 6.0 ± 2.9 0.269 

CO (l/min) 5.1 ± 1.2 5.1 ± 1.1 5.6 ± 1.1 0.312 
SV (ml) 69 ± 17 71 ± 20 79 ± 19 0.050 
HR (bpm) 75 ± 8 79 ± 14 73 ± 8 0.062 
MAP (mmHg) 99 ± 18 103 ± 26 106 ± 21 0.061 
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SBP (mmHg) 144 ± 26 146 ± 27 148 ± 26 0.076 

Notes: * indicates significant difference to CLE. # indicates significant difference 

to CLE+HD. VE, minute ventilation; RER, respiratory exchange ratio; (a-v) O2 

difference, arterial venous O2 difference; CO, cardiac output; SV, stroke volume; 

HR, heart rate; MAP, mean arterial pressure; SBP, systolic blood pressure.  

 

5.4.2 Ventilatory gas analysis 

Oxygen uptake: VO2 was significantly increased with exercise during CLE and 

CLE+HD (p < 0.001). Additionally, VO2 steadily decreased during the post period 

(10-60P: 3.2 ± 0.3 – 2 ± 0.2 ml/kg/min) when compared to rest for CLE+HD and 

HD conditions. Oxygen uptake was significantly greater throughout the exercise 

period (0-30 mins) for both CLE and CLE+HD compared to HD only (p < 0.001). 

All data are presented in figure 5.2.  

 

Carbon dioxide production: CLE (7.5 ± 0.5 ml/kg/min) and CLE+HD (8.2 ± 0.5 

ml/kg/min) conditions were significantly greater (p < 0.001) during the exercise 

period (0-30 mins) and 10-minute post period (10P) when compared to HD (3.4 ± 

0.1 ml/kg/min). VCO2 increased significantly (p < 0.001) from rest (3.7 ± 0.2 

ml/kg/min) during the exercise period (0 min:  6.3 ± 0.2 – 30 min: 6.8 ml/kg/min) 

and decreased for the remaining post period (10P: 3.1 ± 0.2 – 60P: 2.3 ± 0.2 

ml/kg/min). All data are presented in figure 5.2. 
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Respiratory exchange ratio: Significant differences (p < 0.001) from rest (0.95 ± 

0.02) were identified for all conditions at 15 (1.08 ± 0.02) and 20 minutes (1.09 ± 

0.02). During CLE+HD and HD, RER significantly decreased from rest (1.07 ± 0.2) 

to 50 minutes post-exercise (0.97 ± 0.02). However, there was no significant 

differences between conditions (p = 0.319). All data are presented in figure 5.2.  
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Figure 5.2: VO2 uptake (A), VCO2 production (B) and RER (C), during CLE+HD, 

CLE and HD conditions. Each data point represents mean ± SD at each time point. 

Grey box indicates 30-minute exercise period for CLE+HD and CLE. R-5 indicates 

the baseline resting measure before commencing warm up. Zero minutes indicates 

the start of the exercise test period after five-minute warm up period. P indicates 

recovery period. # indicates significant difference for time between R-5 and 

indicated time point. * indicates significant difference between HD and 

CLE/CLE+HD.  

 

Minute ventilation: During both CLE and CLE+HD, pooled mean VE significantly 

increased (p < 0.001) from rest (R-5 min: 9.8 ± 0.6 l/min) to the exercise period (0 

min: 14.7 ± 0.8 l/min – 30 min: 17 ± 1.0 l/min). Minute ventilation during HD (9.0 ± 

0.8 l/min) was significantly lower (p < 0.001) than CLE (19.8 ± 1.0 l/min) and 

CLE+HD (16.5 ± 1.1 l/min). There was also a significant difference (p = 0.001) 

between CLE and CLE+HD during the exercise period (0-30 mins) whereby VE 

was lower during CLE+HD whilst working at the same relative intensity. Data 

presented in figure 5.3.  

 

Arterial-venous O2 difference: During the exercise period (0-30 mins) and the 10-

minute post period, (a-v) O2 difference was significantly greater (p < 0.001) for both 

exercise conditions; CLE (5.8 ± 0.4 ml/O2/100ml) and CLE+HD (6.0 ± 0.5 

ml/O2/100ml), when compared to HD (5.4 ± 0.4 ml/O2/100ml). There was no 

difference between CLE+HD and CLE (p = 0.310). There was also a significant 
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main effect for time (p < 0.001) whereby (a-v) O2 difference decreased significantly 

from rest (6.1 ± 0.5 ml/O2/100ml) to the 10, 40, 50 and 60 post-exercise period for 

both CLE+HD and HD (figure 5.3).  
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Figure 5.3: VE (A) and (a-v) O2 difference (B) during CLE+HD, CLE and HD 

conditions. Each data point represents mean ± SD at each time point. Grey box 

indicates 30-minute exercise period for CLE+HD and CLE. R-5 indicates the 

baseline resting measure before commencing warm up. Zero minutes indicates 

the start of the exercise test period after five-minute warm up period. P indicates 
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recovery period. # indicates significant difference for time between R-5 and 

indicated time point. * indicates significant difference between HD and 

CLE/CLE+HD. + indicates significant difference between CLE and CLE+HD. 

 

5.4.3 Cardiac analysis      

Cardiac output: Cardiac output was significantly higher (p < 0.001) in the CLE (10.2 

± 0.9 l/min) and CLE+HD (10.6 ± 1.2 l/min) conditions compared to HD (5.0 ± 0.3 

l/min) throughout the exercise period (0-30 mins) and 10-minute post-exercise 

period. However, no significant differences between CLE and CLE+HD were 

identified. Cardiac output significantly increased (p < 0.001) from rest (5.4 ± 0.2 

l/min) to 5-30 minutes of exercise (9.6 ± 1.0 - 8.7 ± 0.7 l/min). Additionally, there 

was a significant difference between pre-HD (5.8 ± 0.3 l/min) and exercise (0-30 

mins) during the CLE+HD condition. Cardiac output was also found to significantly 

decrease from Pre-HD (5.3 ± 0.2 l/min) to 20-60 minutes post-exercise for both HD 

and CLE+HD. All data are presented in figure 5.4.  

 

Stroke volume: Stroke volume was significantly higher (p = 0.002) during CLE (95 

± 7 ml) and CLE+HD (100 ± 8 ml) compared to HD (94 ± 7 ml). There was also a 

significant main effect for time (p < 0.001). Stroke volume was significantly different 

from rest to 5, 25, 30 minutes of exercise and 10 minutes post-exercise and 

significantly reduced from pre-HD to 10 minutes post-exercise. All data are 

presented in figure 5.4.  
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Heart rate: Heart rate significantly increased (p < 0.001) during exercise (0-30 

mins) with CLE (90 ± 3 bpm) and CLE+HD (95 ± 4 bpm) compared to HD (75 ± 2 

bpm). Heart rate was significantly different between CLE/CLE+HD and HD during 

the 10-20 minute post period.  Heart rate significantly increased (p < 0.001) from 

rest (76 ± 2 bpm) throughout the entirety of the exercise period (0 min:  86 ± 3 bpm 

– 30 mins: 88 ± 3 bpm). Heart rate also significantly increased from pre-HD (77 ± 

2 bpm) throughout exercise and 10 (83 ± 3 bpm) and 20 minutes (81 ± 2 bpm) 

post-exercise (figure 5.4). 
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Figure 5.4: Cardiac output (A), stroke volume (B) and heart rate (C) during 

CLE+HD, CLE and HD conditions. Each data point represents mean ± SD at each 

time point. Grey box indicates 30-minute exercise period for CLE+HD and CLE. R-

5 indicates the baseline resting measure before commencing warm up. Zero 

minutes indicates the start of the exercise test period after 5-minute warm up 

period. P indicates the recovery period. # indicates significant difference for time 

between R-5 and indicated time point. * indicates significant difference between 

HD and CLE/CLE+HD. “ indicates significant difference between pre-HD and 

indicated time point. 

 

5.4.4 Haemodynamic analysis 

Systolic blood pressure: Systolic blood pressure was significantly greater (p = 

0.010) in the CLE (158 ± 6 mmHg) condition compared to HD only (140 ± 7 mmHg) 

throughout exercise and 10 minutes post period. During the CLE+HD condition 

(152 ± 7 mmHg) SBP was significantly greater during the first 15 minutes of 

exercise (including warm up) when compared to HD. Systolic blood pressure was 

significantly higher (p < 0.001) at 5-30 minutes (152 ± 6 - 150 ± 7 mmHg) of 

exercise compared to rest (R-5: 141 ± 6 mmHg). No significant differences were 

identified during the post period from pre-HD (p = 0.073). All data are presented in 

figure 5.5.  

 

Mean arterial pressure: Mean arterial pressure was significantly greater (p < 0.001) 

in the CLE (113 ± 6 mmHg) and CLE+HD (110 ± 6 mmHg) condition compared to 
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HD (100 ± 5 mmHg). Mean arterial pressure significantly increased (p < 0.001) 

from rest (103 ± 5 mmHg) to 15 minutes of exercise (111 ± 5 mmHg). However, no 

significant differences between pre-HD and the post-exercise period were 

identified. All data are presented in figure 5.5. 
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Figure 5.5: Systolic blood pressure (A) and mean arterial pressure (B) during 

CLE+HD, CLE and HD conditions. Each data point represents mean ± SD at each 

time point. Grey box indicates 30-minute exercise period for CLE+HD and CLE. R-

5 indicates the baseline resting measure before commencing warm up. Zero 

minutes indicates the start of the exercise test period after 5-minute warm up 

period. P indicates recovery period. * indicates significant difference between HD 

and CLE condition. ** denotes significant difference between CLE+HD and HD 

condition. # indicates significant difference between R-5 and indicated time point.  

 

5.4.5 Exercise period 

Pooled means during the exercise period (R-5 – 10P) for each condition identified 

significant differences between CLE/CLE+HD and HD for all measures. 

Respiratory exchange ratio was significantly different between CLE and 

HD/CLE+HD (table 5.4).    

 

Table 5.4: Mean exercise period 
 

 HD (n = 20) CLE+HD (n 
= 20) 

CLE (n = 20) ANOVA  

VE (l/min) 8.8 ± 3.3 16.8 ± 4.5* 20.2 ± 4.3*# <0.001 
VO2 (ml/kg/min) 3.4 ± 0.6 7.7 ± 1.6* 8.1 ± 1.8* <0.001 
VCO2 (ml/kg/min) 3.4 ± 0.7 8.2 ± 2.1* 7.6 ± 1.7*# <0.001 
RER 1.03 ± 0.08 1.03 ± 0.08 0.95 ± 0.07*# 0.016 
(a-v) O2 difference 
(ml/O2/100ml) 

5.0 ± 0.8 6.0 ± 2.1* 6.2 ± 2.1* 0.005 

CO (l/min) 5.1 ± 1.2 11.1 ± 4.3* 9.9 ± 3.0* <0.001 
SV (ml) 70 ± 17 115 ± 47* 110 ± 35* <0.001 
HR (bpm) 74 ± 9 95 ± 16* 90 ± 14* <0.001 
MAP (mmHg) 98 ± 18 108 ± 21* 111 ± 19* <0.001 
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SBP (mmHg) 139 ± 27 153 ± 28* 158 ± 25* <0.001 

Notes: * indicates significant difference to HD. # indicates significant difference to 

CLE+HD. VE, minute ventilation; RER, respiratory exchange ratio; (a-v) O2 

difference, arterial-venous O2 difference; CO, cardiac output; SV, stroke volume; 

HR, heart rate; MAP, mean arterial pressure; SBP, systolic blood pressure.  

 

5.4.6 Cytokine analysis 

Interleukin-6: There was no differences between conditions (p = 0.267), or over 

time (p = 0.818). All data presented in table 5.5. 

 

Interleukin-10: There was no differences between conditions (p = 0.370), or over 

time (p = 0.094). Data are presented in table 5.5. 

 

Table 5.5: Inflammatory biomarkers. 

Group 1h-HD 1.5h-HD 2.5h-HD  

HD (pg/ml)    
Interlukin-6 7.2 ± 7.2  8.1 ± 8.3 8.4 ± 7.5 
Interlukin-10 3.4 ± 2.0 3.7 ± 2.6 2.9 ± 2.1 

CLE+HD (pg/ml)    
Interlukin-6  8.8 ± 8.8 9.4 ± 10.6 9.3 ± 9.13 
Interlukin-10  2.9 ± 1.7 2.9 ± 2.0 3.4 ± 1.9 

CLE (pg/ml)    
Interlukin-6 9.7 ± 10.4  10.9 ± 10.6 N/a 
Interlukin-10 3.1 ± 1.8  3.8 ± 1.9 N/a 

Notes: HD, haemodialysis; CLE+HD, constant load exercise on haemodialysis; 

CLE, constant load exercise. 
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5.4.7 Effect size 

Retrospective analysis identified a large effect size (2.50) for VE in 20 participants 

(Rice and Harris 2005), with a mean of 20 ± 6 l/min for CLE+HD, 23 ± 7 l/min for 

CLE and 9 ± 4 l/min for HD. 

5.5 Discussion  

In the current study, both VO2 and VCO2 were found to significantly decrease with 

HD compared to CLE (figure 5.2 and table 5.4). Additionally, (a-v) O2 difference 

was found to decrease during HD (figure 5.3). It was identified during CLE+HD, 

that VE was significantly reduced compared to CLE (figure 5.3). RER was also 

elevated for both HD conditions compared to CLE (table 5.4). These data are 

highly suggestive of acute physiological derangement, specifically blunted 

ventilation and impaired O2 utilisation with HD.  

 

5.5.1 Haemodialysis  

VO2 and VCO2 decreased during HD. This response has not been described 

previously as ventilatory gas exchange during HD has not been quantified. 

Haemodialysis has been associated with increased hypoxemia as evidenced by a 

decrease of 6.55 ± 1.9 mmHg in PaO2 and 0.6% (CI = 0.1-2.8%) in sO2, pre to post 

HD (n = 15), using arterial-venous blood gases (Bohm et al. 2017). Therefore, 

oxygen uptake appears to be negatively affected by HD treatment which may 

partially explain the prevalence of hypoxia during HD. Indeed, (a-v) O2 difference 

in the present study decreased during HD by 36% from rest (5.6 ± 1.7 ml/O2/100ml) 
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to 2.5h-HD (3.6 ± 1.0 ml/O2/100ml). These data are further supported by an RER 

greater than 1.0 throughout HD, without hyperventilation, suggesting increased 

anaerobic metabolism and HD-induced hypoxia. Mechanisms are not clearly 

defined, however hypoventilation during HD, caused from acute alkalosis, is 

thought to be a key driver of hypoxia (Bohm et al. 2017). Use of bicarbonate within 

dialysate fluid to buffer hydrogen ion accumulation, may inadvertently impair 

respiratory drive. Respiratory compensation, inducing hypoventilation to aid in the 

retention of  CO2, in response to increasing pH, may explain decreasing VO2 and 

VCO2 throughout HD (Campos et al. 2016). This response may inadvertently 

decrease O2 availability from reduced ventilation. Additionally, CO2 buffering may 

cause a leftward shift in the oxyhaemoglobin dissociation curve (Bohr effect), 

subsequently, oxygen delivery to tissue may be impaired due to reduced oxygen 

diffusion and ventilation-perfusion mismatching. Hypoxia during HD is therefore, 

likely multifactorial with pathological (i.e. anemia, capillary rarefaction, pulmonary 

edema and cardiomyopathy) and HD origins (i.e. bicarbonate induced alkalosis 

and decreasing CO).  

 

           Cardiac output declined from pre-HD to 2.5h-HD (figure 5.4). This response has 

been documented previously, using NICOM, as a 1.5 l/min decrease during HD 

(Kossari, Hufnagel and Squara 2009). This decrease is associated with a reduction 

in plasma volume during filtration. Subsequently, pre-load within the left ventricle 

can decrease and impair contractility due to the reduced influence of the Frank 

Starling mechanism. Decreasing CO contributes to an increased risk of ischaemic 
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injury during HD due to under perfusion of various tissues, most notably 

myocardial, cerebral and splanchnic. Pulmonary perfusion, a key determinant of 

gas exchange, is dependent upon CO and may equally be compromised by 

decreased alveolar perfusion, further contributing to hypoxia. Reduced CO and 

subsequent myocardial ischaemia have a detrimental effect on cardiac function 

both acutely and chronically. Echocardiogram investigations have confirmed that 

persistent absolute reduced GLS (<15%), typical of HD induced ischaemia, 

reduces survival (Liu et al. 2013). Presence of RWMAs during HD, indicative of 

cardiomyocyte hypoxia, causes increased systolic dysfunction, cardiac events and 

reduced survival (Burton et al. 2009a). Consequently, persistent heart failure can 

occur with HD (Burton et al. 2009a).  

 

Despite lack of significant differences in pro-inflammatory cytokine expression 

during HD, IL-6 appeared to increase (1.2 pg/ml). However, absence of a bassline 

measure, and large intra-subject variability in IL-6 expression, limit interpretation. 

Nevertheless, increasing IL-6 with HD has been described previously with 30-50% 

of patients presenting with elevated plasma inflammatory markers (Jofré et al. 

2006). Elevated IL-6 correlates with increased mortality risk for ESRD patients 

(Slee 2012). Chronic inflammation with ESRD is a key driver of tissue degeneration 

and altered metabolism causing insulin resistance, increased proteolysis, free 

radical production and increased activity of the ubiquitin proteasome system (Slee 

2012). Haemodialysis induced inflammation further increases risk factors 

associated with ESRD including anemia, malnutrition, cachexia, vascular disease 
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and LV hypertrophy. The pathophysiology of increased inflammation with HD is 

multifactorial. Firstly, cytokine retention and potentiation of oxidative stress, 

mediated by reduced antioxidants during filtration may contribute. Secondly, it may 

also be explained by activation of monocytes and other antigen-presenting cells 

due to contact with HD membranes or acetate bicarbonate dialysate. Thirdly, 

inadvertent HD equipment/fluid contaminants, typically through back filtration of 

pyrogenic substances, may also be problematic (Jofré et al. 2006). Finally, 

endotoxins can increase with HD from gastric ischaemia and resultant gut 

permeability, triggering inflammation via gastrointestinal toll like receptors 

(McIntyre et al. 2011). Determinants of HD inflammation are therefore numerous 

and complex, partly driven by hypoxia, indirectly evidenced in the current study.   

 

5.5.2 Haemodialysis vs. intra-dialytic exercise 

Similar to the HD condition, both VO2 and VCO2 decreased during the CLE+HD 

condition, further demonstrating altered gas exchange with HD treatment. Despite 

(a-v) O2 difference also decreasing in the post-exercise period during CLE+HD, 

this decrease was considerably less (25%) compared to HD alone (36%) indicating 

that exercise may elicit a greater CO2 accumulation and partial restoration of 

normal ventilatory function and O2/CO2 diffusion gradients (Bohm et al. 2017). 

These findings are supported by previous work demonstrating that intra-dialytic 

exercise reversed hypoxemia via increased PaO2 and sO2 compared to HD, highly 

suggestive of improved O2 uptake (Bohm et al. 2017).  Consequently, intra-dialytic 

exercise may acutely improve O2 extraction and decrease hypoxia. This 
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mechanism may indicate a new therapeutic role of intra-dialytic exercise, 

potentially circumventing multiorgan hypoxia from HD. However, extensive 

research is required to confirm this. 

 

Despite the lack of significant findings for MAP and SBP, there was a trend for a 

reduction in the immediate post-exercise period. This decrease (~10 mmHg) was 

evident for ~50 minutes for CLE+HD despite similar baseline SBP (~140 mmHg) 

in HD and CLE+HD conditions. Decreased SBP and MAP in combination with 

increased myocardial demand during HD, may predispose patients to increased 

risk of myocardial ischaemia. Nevertheless, cardiac injury markers troponin I, heart 

fatty acid binding protein and creatine kinase have not been shown to significantly 

increase in response to decreases in SBP post-intra-dialytic exercise (Dungey et 

al. 2015). However, it has been suggested that circulating concentration of these 

biomarkers is reduced by HD treatment, thus potentially confounding the 

identification of intra-dialytic exercise induced myocardial ischaemia. Regardless, 

it would seem that there is an increased risk of IDH in the post-exercise period with 

intra-dialytic exercise. This may result in increased IDH symptoms such as nausea, 

fatigue, lethargy, dyspnea, syncope and muscle cramps (Tai et al. 2013). Muscle 

cramps and pre-syncope did present in three participants.  

 

Interleukin-6 expression during CLE+HD, increased over time, similar to the HD 

condition (pre-HD – 2.5h-HD), however, this increase was considerably less 

compared to HD alone (0.5 vs. 1.2 pg/ml).  Additionally, IL-10 expression increased 
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by 0.5 pg/ml during CLE+HD compared to HD (-0.5 pg/ml). These data may 

suggest an augmented anti-inflammatory state one hour post-exercise, potentially 

reducing inflammation induced by HD. Increases in IL-10 (1 pg/ml) with intra-

dialytic cycling at 6-7 on the modified Borg scale (moderate intensity exercise) 

have been previously reported to correspond with a decline in inflammatory 

mediators compared to HD only (TNF-a, -0.44 vs. -0.09 pg/ml respectively) (Peres 

et al. 2015). Increased IL-10 expression with exercise likely explains lower IL-6 

during HD due to its anti-inflammatory role, reducing activity of 

monocytes/macrophages and T-lymphocytes. Consequently, an anti-inflammatory 

state induced with intra-dialytic exercise may protect from HD induced 

inflammation (Peres et al. 2015). However, larger trials are necessary to elaborate 

further on these proposed mechanisms and patient outcomes.  

 

5.5.3 Intra-dialytic vs. inter-dialytic exercise  

Minute ventilation was significantly lower with CLE+HD compared to CLE. This is 

further evidence of altered ventilatory function from increased HD alkalosis. This 

is the first study to document altered ventilatory function during intra-dialytic 

exercise. These data are strongly suggestive of altered ventilatory drive due to 

buffering of CO2, a key regulator of ventilatory function. Accumulation of CO2 from 

increased metabolic demand is detected via chemoreceptors within the pontine 

respiratory group, which sympathetically innovates accessory respiratory muscles 

and the diaphragm, to expire excess CO2 (Campos et al. 2016). The respiratory 

center thus controls depth and rate of respiratory movements, innovated by CO2 
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concentrations. Buffering of CO2 during HD may explain decreased VE during 

intra-dialytic exercise. Alternatively, hypoventilation may occur from respiratory 

compensation to alkalosis induced from HD, in an attempt to decrease pH towards 

normal thresholds (7.35 – 7.45) through increased carbonic acid. Both previous 

responses may result in decreased O2 content due to ventilation-perfusion 

mismatching. This response, in combination with an inadvertent loss in CO2 via 

bicarbonate, may equally impair O2 extraction at the tissue level. These 

mechanisms would further support decreased (a-v) O2 difference with HD, as 

described previously.  

 

Despite HD causing reduced CO, this mechanism was not limiting during intra-

dialytic exercise. There were no significant differences in CO between CLE+HD 

and CLE, although a trend was present for a greater CO with CLE+HD (~1 

l/min).This response may be suggestive of greater metabolic demand with HD. 

Decreased O2 delivery from impaired ventilation, in combination with sub-optimal 

tissue O2 extraction, may result in greater dependency on an increased blood 

supply achieved by an augmented CO. This was supported by an elevated SV and 

HR throughout the exercise period for CLE+HD compared to CLE (figure 5.4). 

Increased anaerobic metabolism with CLE+HD, evidenced by a higher RER 

compared to CLE, may induce greater hydrogen ion concentration, thus further 

stimulating the glossopharyngeal and vagus nerves. This response may explain 

why CO was greater in CLE+HD compared to the CLE condition, albeit 

insignificantly. Increased cardiac demand, in combination with hypoxia during HD, 
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may contribute to a greater risk of myocardial ischaemia and subsequently 

haemodynamic instability, both of which have been reported extensively with HD 

(Bansal et al. 2017, Chao, Huang and Yen 2015, Navaneethan et al. 2017, Owen 

et al. 2009, Stefansson et al. 2014). Hypoxia with HD, therefore, potentially 

explains numerous abnormal physiological responses and complications with 

treatment. 

 

CLE+HD elicited a decreased MAP and SBP at 10 minutes post-exercise 

compared to CLE. This phenomenon occurred despite a three-minute cool down 

period post-exercise at 10 rpm less then testing cadence. This may suggest 

increased risk of rebound hypotension and haemodynamic instability in the form of 

IDH induced from intra-dialytic exercise. This response has been described 

previously whereby decreases in SBP one hour post intra-dialytic exercise were 

identified compared to controls (106 ± 22 vs. 117 ± 25 mmHg respectively; p = 

0.04)  (Dungey et al. 2015). Prescription of intra-dialytic exercise should take into 

account increased risk of IDH and may not be appropriate in those patients who 

regularly present with uncontrolled hypotension during HD. Strict BP monitoring 

and prolonged cool down periods post intra-dialytic exercise may be necessary to 

circumvent the risk of rebound hypotension.  

 

In both CLE and CLE+HD, IL-6 was acutely elevated immediately post-exercise. 

These data agree with previous work whereby IL-6 increased in ESRD participants 

(n = 12) from 4.99 ± 2.29 to 5.09 ± 2.33 pg/ml pre to post intra-dialytic cycling 
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(Dungey et al. 2015). Despite IL-6 during HD being deemed detrimental, increases 

with exercise appear to be beneficial (Pedersen, Bente K. and Fischer 2007). It 

has been described that IL-6 acts as a myokine responsible for glucose and lipid 

metabolism, and conversely can provide anti-inflammatory effects despite its 

typical pro-inflammatory role (Pedersen, Bente and Fischer 2007). Increased 

expression of IL-6 from the muscle during exercise stimulates anti-inflammatory 

cytokines, including IL-10, with this response previously identified with intra-dialytic 

exercise (Peres et al. 2015). This mechanism may explain why in both CLE+HD 

and CLE, IL-6 and IL-10 were acutely elevated post-exercise. These data may 

further suggest a therapeutic role of intra-dialytic exercise on inflammatory 

responses. 

 

5.5.4 Clinical implications  

Reduced VE, altered VO2/VCO2 uptake, decreased O2 extraction and elevated CO 

are all strongly suggestive of impaired aerobic metabolism during HD. This is 

supported by an elevated RER throughout HD and CLE+HD. Respiratory 

exchange ratio was above 1.0 at all-time points and mean RER was significantly 

greater than CLE (figure 5.2 & table 5.4). This may suggest increased anaerobic 

metabolism with HD. This may be problematic for intra-dialytic exercise as patients 

may be unable to work aerobically, increasing acidity and the potential for 

peripheral fatigue (Ramos-Jiménez et al. 2008). Reduced O2 availability results in 

decreased yield of ATP from aerobic means. As a result, anaerobic metabolism is 

required to maintain cellular functions. Therefore, prevalence of hypoxia with HD 
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may explain the increased RER witnessed. Nevertheless, despite an elevated 

RER with CLE+HD, participants were able to complete 30 minutes of intra-dialytic 

cycling. However, an elevated RER with HD is suggestive of altered substrate 

utilisation from decreased O2 availability. The implications of this response are 

currently unknown; however, this may imply that higher intensities of intra-dialytic 

exercise may not be appropriate. 

 

Mechanisms for increased risk of IDH with intra-dialytic exercise have not been 

clearly defined (Painter 2009). However, reduced arterial compliance has been 

identified with ESRD. Hyperphosphatemia may lead to increased endothelial 

calcification impairing haemodynamic response to changes in BP (Painter 2009). 

In addition, reduction in blood volume of 2-3% has been documented during intra-

dialytic exercise (Banerjee, Kong and Farrington 2004). This decrease reflects fluid 

movement from the intravascular space to the interstitium of the exercising 

muscles (Banerjee, Kong and Farrington 2004). The combination of reduced 

plasma volume and arterial stiffness may result in an impaired ability to maintain 

BP in the post-exercise period. However, intra-dialytic exercise has in contrast 

been speculated to protect against haemodynamic instability. Increased protein 

translocation from the extravascular to intravascular compartment post-exercise 

has been described (Banerjee, Kong and Farrington 2004). This mechanism may 

relate to increased intravascular colloid osmotic pressure and as such increase 

plasma volume. This has been identified with intra-dialytic exercise whereby 

hypervolemia was induced in the final hour of HD, thus attenuating decreases in 
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plasma volume (Ookawara et al. 2016a). This mechanism is unlikely to have 

occurred in the present study as evidenced by the lower BP in the post-exercise 

period. Consequently, these data support the potential increased risk of rebound 

hypotension with intra-dialytic exercise. Health practitioners should be made aware 

of the risks of rebound hypotension and, therefore, should closely monitor patients 

undergoing intra-dialytic exercise who present regularly with IDH symptoms. 

 

5.5.5 Limitations 

There was a difference between HD and CLE+HD for pre-weight, filtration rate and 

filtration volume (table 5.2). These differences may have impacted on 

haemodynamic responses for the CLE+HD and HD conditions. Matched filtration 

rates and volumes for both HD trials would have addressed this limitation. 

However, regulation of filtration volumes was not feasible on ethical grounds, as 

altering the HD prescription may have affected patient care. Patients were 

encouraged to maintain fluid status between treatments but this was not sufficient 

to prevent this difference. Determination of (a-v) O2 difference was not measured 

directly but instead determined via the Fick equation, thus data should be 

interpreted with care. However, the use of NICOM and ventilatory gas exchange 

provided a novel opportunity to measure (a-v) O2 difference continuously during 

each condition which may not have been possible with arterial-venous blood 

gases. Finally, despite a large effect size for VE, it is likely that some outcome 

measures were underpowered and therefore larger studies are necessary to 

confirm findings.  
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5.5.6 Conclusion 

Increased CO, RER, blunted VO2 uptake, decreased (a-v) O2 difference and lower 

VE were indicative of dysregulated cardiorespiratory response to HD. Increased 

metabolic demand may relate to small discrepancies in the physiological 

responses between CLE+HD and CLE resulting from increased hypoxia during 

HD. Nevertheless, participants were able to maintain 30 minutes of cycling at 90% 

VO2 AT despite altered physiological responses. Prescription of intra-dialytic 

exercise can be recommended on this basis. However, strict regulation of intensity, 

prolonged cool downs and BP monitoring post-exercise maybe necessary to 

negate decreases in MAP and SBP, potentially limiting the occurrence of IDH.  
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6.1 Abstract  

Introduction: Left ventricular dysfunction is linked to repetitive transient ischaemia 

occurring during HD. Cardiomyocyte ischaemia results in ‘cardiac stunning’, 

evidenced by regional wall motion abnormalities. Ischaemic RWMA have been 

documented during HD resulting in maladaptive cardiac remodeling and increased 

risk of heart failure. Intra-dialytic exercise is well tolerated and may also attenuate 

HD-induced cardiac stunning. Methods: The same twenty ESRD participants from 

study two and three underwent resting echocardiography during HD. 

Subsequently, cardiac stunning was assessed with myocardial strain-derived 

RWMAs at four time points during (1) standard HD and (2) HD with 30 min of sub-

maximal intra-dialytic cycle ergometry at a workload equivalent to 90% oxygen 

uptake at the anaerobic threshold (VO2AT). Central haemodynamics and cardiac 

troponin I were also assessed. Results: Compared with HD alone, HD with intra-

dialytic exercise significantly reduced RWMAs after 2.5 h of HD (total 110 ± 4, 

mean 7 ± 4 segments versus total 77 ± 3, mean 5 ± 3, respectively; p = 0.008). 

Global cardiac function, intra-dialytic haemodynamics and LV volumetric 

parameters were not significantly altered with exercise. Conclusion: Intra-dialytic 

exercise significantly reduced cardiac stunning. These data potentially 

demonstrate a novel therapeutic effect of intra-dialytic exercise. 

6.2 Introduction  

Cardiac pathology with ESRD is attributed to numerous CKD sequelae including 

chronic inflammation, hypertension, increased oxidative stress, abnormal renin-
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angiotensin aldosterone system activation, production of FGF-23 and arrhythmias 

(Cibulka and Racek 2007, Husain-Syed et al. 2015). This unique cardiovascular 

phenotype is, in part, made worse by HD treatment. Repeated bouts of transient 

myocardial ischaemia, mediated by HD, compromise intra-dialytic 

haemodynamics and are known to contribute to maladaptive myocardial 

remodelling including: LV fibrosis, LV hypertrophy and diastolic dysfunction (Assa 

et al. 2014, Buchanan et al. 2016, Burton et al. 2009a). Subsequently, LV 

hypertrophy results in increased myocardial oxygen demand and prolongation of 

LV depolarisation, increasing susceptibility to hypoxia and arrythmias (Chao, 

Huang and Yen 2015, Nie et al. 2016). Thus, ESRD, in combination with 

haemodynamic instability during HD, significantly increases cardiovascular risk.  

 

Impaired haemodynamics typically presents as IDH which is reported to occur in 

20-30% of HD treatments (Toth-Manikowski and Sozio 2016, Van Buren and Inrig 

2017). Rapid removal of excess fluid with HD typically compromises 

cardiovascular haemodynamics by reducing CO and MAP. Consequently, 

myocardial preload is impaired by reduced venous return, with contractile force 

further compromised by myocardial ischaemia (Burton et al. 2009a, Graham-

Brown et al. 2017, Owen et al. 2009). Decreased CO is associated with reduced 

coronary perfusion, subsequently impairing cardiac function, confirmed using MRI 

(Buchanan et al. 2016). Decreasing SV also correlates with LV RWMAs 

occurrence, indicators of cardiomyocyte hypoxia, otherwise known as cardiac 

stunning. These deleterious effects highlight the need for effective strategies to 
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attenuate haemodynamic compromise during HD. Restoration of CO would seem 

critical to any therapeutic strategy, potentially attenuating compromised 

haemodynamics during HD.  

 

The acute physiological response to exercise in a healthy cardiovascular system 

is typified by an increased CO achieved through an elevated HR and enhanced 

SV. Sympathetic activation increases HR and myocardial contractility, leading to a 

higher SV, CO and arterial pressure. During submaximal exercise, CO can 

increase four-fold to meet the oxygen demands of skeletal muscle (Vinet et al. 

2002). To further increase CO, active skeletal muscle acts upon vascular beds to 

promote venous return, thus augmenting LV end-diastolic volume and contraction 

(Vinet et al. 2002). Arterial vasodilation, supporting oxygen delivery to working 

muscle, coincides with vasoconstriction in non-active tissues, meaning CO can be 

effectively redistributed to the myocardium and skeletal muscle to satisfy the 

metabolic demands of exercise (Rivera-Brown and Frontera 2012). It is plausible 

that this acute response to exercise, specifically increased CO, MAP and coronary 

perfusion may be a viable medium through which haemodynamic instability and 

cardiac stunning during HD can be attenuated.  

 

It is equally possible that intra-dialytic exercise may exacerbate haemodynamic 

instability. Existing data supports this; ‘rebound’ hypotension’ (SBP: -11 ± 5 mmHg; 

p = 0.04) has been reported after 30 minutes of low-intensity intra-dialytic exercise, 

one hour post-exercise (Dungey et al. 2015). This may further drive IDH via 
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decreased CO post-exercise, combined with an inability to vasoconstrict due to 

reduced arterial compliance. Despite these potential risks, it is possible that intra-

dialytic exercise, may combat haemodynamic instability and acute cardiac 

stunning (Penny et al. 2018).  

 

In response to increased HR and LV SV, the primary acute effect of exercise is an 

enhanced CO and MAP. Despite cardiovascular and metabolic derangement in 

ESRD, these haemodynamic effects are also likely to occur when exercise is 

performed during HD. If so, intra-dialytic exercise may have the potential to restore 

myocardial perfusion. It is possible that intra-dialytic exercise, could offer a viable 

alternative to current therapies aimed at alleviating myocardial dysfunction during 

HD. Therefore, this chapter aimed to characterise the acute effect of intra-dialytic 

exercise on cardiac function and haemodynamics when compared to standard HD 

treatment. 

 

6.2.1 Hypotheses 

 

1. A single session of intra-dialytic cycling will decrease haemodialysis-

induced left ventricular regional wall motion abnormalities. 

2. A single session of intra-dialytic exercise will improve global longitudinal 

strain post-exercise. 

3. Cardiac troponin I levels will decrease with intra-dialytic exercise. 
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6.3 Methods 

In a within groups design, the same 20 participants with ESRD, as outlined in 

chapter four, were assessed for cardiac function. Participants were assessed 

under the same two conditions used in chapter five: 1) CLE on HD (CLE+HD), and 

2) HD. Echocardiography and haemodynamic assessment (SBP, DBP & MAP) 

were performed at four time-points (Pre-HD [immediately before initiating HD], 1h-

HD [1h into HD; pre exercise], 1.5h-HD [1.5h into HD; post-exercise] & 2.5h-HD 

[2.5h into HD; 1 hour after exercise]; figure 6.1). Blood sampling was performed at 

three time points (1h-HD, 1.5h-HD & 2.5h-HD) for assessment of cTnI. 

 

 

 

 

 

 

 

Figure 6.1: Schematic for HD and CLE+HD tests. Black bars indicate data 

collection point: 1) pre-HD, 2) 1h-HD (pre-exercise), 3) 1.5h-HD (post-exercise), 

and 4) 2.5h-HD (1h-post-exercise). Dashed box indicates the start of exercise for 

CLE+HD. BP, blood pressure; VO2AT, oxygen uptake at the anaerobic threshold; 

HD, haemodialysis; Echo, echocardiography; CLE, constant load exercise. 

 

 

Intra-dialytic 

Cycling at 

90%VO2AT  
 

     Pre-HD                                             1h-HD                         1.5h-HD                                       2.5h-HD 

HD 

        BP+Echo                                          BP+Echo                       BP+Echo                                  BP+Echo 

     

 

     Haemodialysis duration 

CLE

+ 

HD 



 
199                           

  

6.3.1 Participants  

All inclusion and exclusion criteria were identical to that outlined in chapter three 

(pp 3.1.4). Participant demographics for 18 patients are presented in table 6.1. 

 

6.3.2 Constant load exercise on HD    

All procedures for the CLE+HD replicated the same protocol as outlined in chapter 

five (pp 5.3.3.). 

 

6.3.3 Haemodialysis  

All HD procedures were identical to that outlined in chapter five (pp 5.3.4). 

 
 

6.3.4 Haemodialysis parameters 

Haemodialysis parameters were identical to those outlined in chapter five (pp 

5.3.5). 

 

6.3.5 Echocardiogram 

All patients were assessed for RWMA throughout CLE+HD and HD conditions. 

Images were acquired during echocardiography (Vivid IQ, GE Medical Systems) 

by the primary investigator (SM) at four time points (Pre-HD, 1h-HD, 1.5h-HD & 

2.5h-HD) for both conditions (CLE+HD & HD). Acquisition of apical 4, 3 and 2 

chamber views over three cardiac cycles (figure 6.2) allowed quantification of GLS 

throughout the left ventricle using the automated function imaging (AFI) technique 

which tracks endocardial wall motion semi-automatically utilising speckle tracking 
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software (Echo-pack version 7.0, GE Medical Systems) to quantify strain (Lang et 

al. 2015). A 17-segment model (bullseye; chapter 3; figure 3.3) was used to identify 

RWMAs by a relative reduction of 20% in strain from baseline for each segment of 

the myocardium, this threshold has been used previously to indicate ischaemia of 

the myocardium (Penny et al. 2018). The number of stunned segments was 

recorded and analysed at each time point for both conditions. In addition to strain 

analysis, the collection of two and four chamber views allowed further analysis of 

cardiac function in the form of EF, SV, CO, LVESV and LVEDV via the Simpson 

biplane method (Lang et al. 2015). Heart rate was obtained via ECG. More detailed 

explanation of strain analysis and other echocardiogram parameters can be found 

in chapter three (3.1.6).  
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Figure 6.2: Typical echocardiogram assessment during HD. (A) apical 4 chamber 

view, (B) apical 2 chamber view, (C) apical 3 chamber view. Images A and B were 

used to calculate SV, CO, EF, LVEDV and LVESV with the Simpson biplane 

method. Images A, B and C were used for GLS and RWMA assessment, 

subsequently a bulls eye plot was produced (image D).  Each segment indicates 

% strain from original length during systole. Negative values occur due to 

decreases in segmental length during myocardial contraction. Dark red indicates 

‘normal’ longitudinal strain with light red and white indicating decreased 

longitudinal strain (hypokinesia). A score of 0 would indicate myocardial segment 

akinesia. 

A B 

C D 

 

D 
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6.3.6 Echocardiogram inter/intra-observer reliability  

Intra and inter-observer reliability were determined by comparing scans performed 

by a qualified cardiac sonographer with those undertaken by a trained researcher 

who performed all the intra-dialytic echocardiography assessments. Intra-observer 

reliability was quantified by the trained researcher performing 20 scans with 10 

healthy participants used in chapter four; two scans per participant, separated by 30 

minutes. Intra-observer coefficient of variation (CoV) was calculated (table 6.1). For 

each variable, the within subject standard deviation was determined by calculating 

the square root of the r squared value from a one-way analysis of variance between 

both tests. The resulting value was divided by the accumulated group mean from 

both reliability tests and multiplied by 100 to provide the CoV. Inter-observer 

reliability was assessed in an identical fashion by comparison of 10 scans acquired 

in cardiac patients by both the trained researcher and the cardiac sonographer. 

Bland Altman plots were used for inter and intra-reliability analysis of the primary 

outcome, GLS.  

 

6.3.7 Haemodynamic assessment  

Blood pressure was monitored with an inflatable cuff placed around the patient’s 

upper non-fistula arm.  Systolic blood pressure, DBP and MAP were measured at 

the same time points as echocardiogram assessments (Pre-HD, 1h-HD, 1.5h-HD 

& 2.5h-HD). 

 



 
203                           

  

6.3.8 Blood Sampling 

Whole blood was acquired via HD access at three time-points throughout the 

CLE+HD and HD protocols. These time points included 1h-HD (pre-exercise), 

1.5h-HD (post-exercise) and 2.5h-HD (1-hour post-exercise). The order of 

collection followed standard NHS procedures, with one vacutainer of serum and 

one vacutainer of plasma subsequently withdrawn (3ml). Both samples were 

centrifuged at 3000 rpm at 21 ºC (Sigma 3-18 k Scientific Laboratory Supplies) and 

frozen at -80ºC for later analysis.   

 

6.3.9 Biomarker analysis  

Analysis of cardiac troponin I (CnTI) samples is detailed in chapter three (pp 3.1.6).  

 

6.3.10 Statistical analysis 

Data analysis was performed using a two way within subjects ANOVA for condition 

(HD & CLE+HD) and time (Pre-HD, 1h-HD, 1.5h-HD & 2.5h-HD). The Friedman 

test was utilised if data was not normally distributed. Post hoc analysis was 

performed using a within samples t-test after a main effect for condition and/or time 

was identified. All data were expressed within tables, figures and text as means ± 

SD or median and interquartile range (25th – 75th percentile) where appropriate. To 

correct violations of sphericity degrees of freedom was corrected using 

Greenhouse-Geisser (<0.75) or Huynh-Feldt (>0.75) when appropriate (Atkinson 

2001). p < 0.05 indicated statistical significance and any p value showing p = 0.000 

was corrected to p < 0.001 (Kinnear and Gray 2006). 
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6.3.11 Effect size 

Retrospective analysis of effect size for RWMAs was determined using Cohens d. 

Calculation of effect size described in chapter 3 (pp 3.1.9). 

6.4 Results 

RWMA, GLS, EF, CO, LVEDV and LVESV could only be quantified for 18 patients 

due to poorly visualised endocardial borders at baseline (pre-HD), and paroxysmal 

atrial fibrillation during assessment. Only patients who had full assessment of all 

17 segments for longitudinal strain were included (figure 6.3). Haemodynamics in 

the form of SBP, DBP and MAP data were measured for the same 18 patients that 

were included in RWMA, GLS, EF, CO, LVEDV and LVESV analysis. No medical 

intervention was required during HD or CLE+HD conditions. Patient characteristics 

for the 18 included patients are presented in table 6.1. 
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Figure 6.3: Participant screening, recruitment and exclusion ESRD participants. 

ESRD, end-stage renal disease; AF, atrial fibrillation; BMI, body mass index. 

 
 
Table   6.1: Participant characteristics  
 

Participant 
characteristics 

End-stage renal disease (n = 18)  

Age (yrs) 59 ± 11 

ESRD patients screened (n = 70) 

Excluded (n = 
40); reasons: 

kidney transplant 
during trial, AF, 

BMI >40, 
uncontrolled 

hypertension, 
unable to cycle 

(i.e. Limb 
amputation, 
immobile). 

Eligible (n = 30) 

Refused (n = 10) 

Excluded from 
analysis (n = 2) 

Completed (n = 18) 

Poorly visualised 
endocardial 

borders, 
paroxysmal AF. 
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Weight (kg) 72 ± 11 
Height (cm) 172 ± 11 
BMI (kg/m2) 24.4 ± 3.2 
Gender, n (male/female) 13/5 

Smoking status (n), 
(current/former/never) 

4/4/10 

Ethnicity  
Black 5 
Caucasian 12 
Asian 1 

Haemodialysis vintage 
(months) 

36 ± 40 

Augmentation index  31 ± 26 
Pulse wave velocity 9.3 ± 1.5 

Comorbidities (n, %)  
Diabetes  4 (22) 
Hypertension  10 (56) 
Stroke  3 (16) 
Coronary artery 
disease  

6 (33) 

Claudication  1 (6) 
Heart failure   

I 2 (11) 
II 0 
III 0 
IV 0 

Carcinoma  2 (11) 
Asthma  0 
COPD  1 (6) 
Ulcerative colitis  2 (11) 
Hyperparathyroidism  5 (28) 

CKD aetiology (n, %)  
Congenital  1 (6) 
Chronic ureteric 
obstruction  

1 (6) 

Atypical haemolytic 
uremic syndrome  

1 (6) 

Glomerular nephritis  4 (22) 
Tubular necrosis  1 (6) 
Good pasture 
syndrome  

1 (6) 

Renal carcinoma  1 (6) 
Polycystic kidney 
disease  

1 (6) 

Diabetic nephropathy  5 (28) 
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Hypertensive 
nephropathy  

1 (6) 

IgA nephropathy  3 (17) 

Medication (n, %)  
ACE inhibitors  5 (28) 
Antiplatelet  3 (17) 
Anticoagulants  6 (33) 
Nitrates  3 (17) 
Statins  7 (39) 
Diuretics  5 (28) 
Anti-Arrhythmic  1 (6) 
Calcium channel 
blockers  

11 (61) 

Beta-blockers  10 (56) 
Hypoglycemic agents  5 (28) 
Erythropoietin  9 (50) 
Corticosteroids  1 (6) 
Thyroxine 1 (6) 

Notes: Values expressed as mean ± SD where appropriate. BMI, body mass 

index; eGFR, estimated glomerular filtration rate; COPD, Chronic obstructive 

pulmonary disease; CKD, chronic kidney disease; ACE, angiotensin converting 

enzyme. 

 

6.4.1 Baseline characteristics 

There were no significant differences between conditions for HD duration (p = 

0.331) or symptoms (p = 0.163). However, significant differences for filtration 

volume (2422 ± 697 vs. 2028 ± 799 ml; p < 0.001), filtration rate (589 ± 139 vs. 469 

± 209 ml; p < 0.001) and pre-weight (74.4 ± 13.5 vs. 73.4 ± 13.5 kg; p = 0.013) 

were identified between HD and CLE+HD. No medical intervention was required 

during HD or CLE+HD conditions. All data are presented in table 6.2. All patients 
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included in the final analysis completed 30 minutes of cycling after one hour of HD, 

at a mean workload of 35 ± 10 W. 

Table  6.2: Haemodialysis parameters 
 

HD parameters  HD (n = 18) CLE+HD (n = 18) P value  

Weight (kg)    
Pre HD 74.4 ± 13.5* 73.4 ± 13.5* 0.013* 
Post HD 72.1 ± 13.8 71.6 ± 13.8 0.152 

Duration (h:min) 04.00 ± 00.39 04.00 ± 00.38 0.331 
Filtration volume (ml) 2422 ± 697* 2028 ± 799* 0.001* 
Filtration rate (ml/h) 589 ± 139* 469 ± 209* 0.001* 
Symptoms (n, %)   0.163 

Syncope 2 (11) 2 (11)  
Muscle cramps 0 1 (6)  
Fatigue 0 1 (6)  
Atrial fibrillation 1 (6) 1 (6)  

Notes: p value determined by an independent paired samples t-test. Values 

expressed as mean ± SD. HD, haemodialysis; CLE, constant load exercise. * 

denotes significant difference between haemodialysis conditions. 

 

6.4.2 Echocardiogram 

Data infer that CoV was adequate for inter (CoV <31%) and intra-observer (CoV 

<19%) reliability (Banik, Kibria and and Sharma 2012). All data are presented in 

table 6.3. Variability of 11% in GLS has been demonstrated previously (Oxborough, 

George and Birch 2012). Therefore, it can be inferred that a CoV of 12% for inter 

and 14% for intra-reliability is acceptable for the primary outcome measure. Inter 

and intra-reliability GLS identified good agreement between measures with no 

outliers (figure 6.4). 
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Table 6.3: Coefficient of variation for echocardiography parameters 
 

Parameter 
Mean of test 

 1 & 2 
SD of test 

1 & 2 
CoV (%) 

Intra-reliability    
GLS -19.4 -2.63 13.56 
EF 58.9 3.70 6.28 
SV 71.9 13.42 18.67 
CO 4.1 0.63 15.46 
LVEDV 122.1 19.44 15.92 
LVESV 50 8.28 16.55 

Inter-reliability    
GLS -16.19 -1.97 12.16 
EF 50.95 7.48 14.68 
SV 61.40 16.44 26.77 
CO 3.22 0.83 25.72 
LVEDV 120.75 27.57 22.83 
LVESV 59.30 17.91 30.20 

Notes: GLS, global longitudinal strain; EF, ejection fraction; SV, stroke volume; 

CO, cardiac output; LVEDV, LV end diastolic volume; LVESV, LV end systolic 

volume; CoV, coefficient of variation. 

 

 

 

 

 

 

 

Figure 6.4:  Bland-Altman plots of global longitudinal strain inter (A) and intra-

reliability (B). Dashed line indicates upper and lower limits of agreement. Solid line 

indicates bias. 
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Global longitudinal strain progressively declined (p = 0.012) in all 18 participants 

during both HD (-14 ± 2 pre-HD to -13 ± 3% at 2.5h-HD) and CLE+HD (-14 ± 4 

pre-HD to -13 ± 4% at 2.5h-HD) indicating decreased myocardial function (figure 

6.5). There was no difference between HD and CLE+HD in the reduction in GLS 

(p = 0.489).  

Regional wall motion abnormalities were identified in all 18 participants during HD 

and CLE+HD (figure 6.5). The total number of RWMAs increased during HD to a 

maximum of 110 ± 4 segments at 2.5h-HD. During CLE+HD, the total number of 

RWMAs increased to a maximum of 106 ± 3 segments at 1.5h-HD.  At the 2.5h-

HD timepoint, there were significantly less RMWAs during CLE+HD compared with 

HD (total 77 ± 3, mean 5 ± 3 vs. total 110 ± 4, mean 7 ± 4 segments respectively; 

p = 0.008). Four participants out of 18 did not respond to exercise, increasing or 

maintaining the same number of RWMAs as 1.5h-HD (figure 6.6). The greatest 

number of RWMAs occurred in the mid inferolateral and basolateral segments for 

HD and CLE+HD (figure 6.7). 
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Figure 6.5: A) mean RWMAs and B) global longitudinal strain during HD and 

CLE+HD conditions.  indicates CLE+HD condition;  indicates HD 

condition. Grey box indicates 30-minute exercise period for CLE+HD. * significant 

difference between CLE+HD and HD conditions; ** significant difference from 1.5h-

HD. CLE, constant load exercise; HD, haemodialysis. 
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Figure 6.6: Individual participant mean regional wall motion abnormalities in 

response to CLE+HD.  Grey box indicates 30-minute exercise period.  
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Figure 6.7: Mean regional longitudinal strain demonstrated using bulls eye plots 

during pre-HD (A & B), 1h-HD (C & D), 1.5h-HD (E & F) and 2.5h-HD (G & H) for 

HD and CLE+HD conditions. Dark red indicates increased longitudinal strain, light 

red indicates decreased longitudinal strain. For detailed explanation of each 

segment and its myocardial representation see figure 3.3 (chapter three). ANT, 

anterior; LAT, lateral; POST, posterior; INF, inferior; SEPT, septal; ANT-SEP, 

anterior-septal. 

 

Cardiac output decreased (p < 0.001) by 21% during HD (4.6 ± 1.6 l/min pre-HD, 

to 3.6 ± 1.7 l/min at 2.5h-HD) and by 20% during CLE+HD (4.5 ± 1.5 l/min pre-HD 

to 3.6 ± 1.3 l/min at 2.5h-HD). There was no difference (p = 0.645) in the reduction 

in CO between HD and CLE+HD (figure 6.8).  

 

Heart rate increased during CLE+HD (77 ± 10 bpm pre-HD to 87 ± 15 bpm at 1.5h-

HD; p = 0.022). There was a significant difference (p = 0.024) in HR between HD 

and CLE+HD at the 1.5h-HD timepoint (figure 6.8). 

 

Left ventricular end diastolic volume decreased (p = 0.014) by 17% during HD (135 

± 54 ml pre-HD to, 112 ± 50 ml at 2.5h-HD), and by 10% during CLE+HD (118 ± 

46 ml pre-HD to 106 ± 51 ml at 2.5h-HD). There was no difference (p = 0.289) 

between HD and CLE+HD in terms of the reduction in LVEDV (figure 6.8).  
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Left ventricular end systolic volume (p = 0.53), EF (p = 0.125) and SV (p = 0.206) 

did not change during HD or CLE+HD, nor were there any differences between the 

HD and CLE+HD conditions (figure 6.8). 
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Figure 6.8: Cardiac function during HD and CLE+HD conditions.  indicates 

CLE+HD condition;  indicates HD condition. A) heart rate, B) ejection fraction, 

C) cardiac output, D) stroke volume, E) left ventricular end-diastolic volume and F) 

left ventricular end systolic volume. Grey box indicates 30-minute exercise period 

for CLE+HD. * significant difference between CLE+HD and HD conditions; # 

significant difference for time between pre-HD and indicated time point; + 

significant difference for time between 2.5h-HD and indicated time point. LV, left 

ventricular; CLE, constant load exercise; HD, haemodialysis. 
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6.4.3 Haemodynamic assessment 

There were no statistically significant changes in SBP (p = 0.262), DBP (p = 0.092) 

or MAP (p = 0.651) during HD or CLE+HD, and there were no differences between 

the HD and CLE+HD conditions (figure 6.9). However, there was a trend towards 

a difference in MAP between CLE+HD and HD (p = 0.052). 
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Figure 6.9: Blood pressure, solid line SBP, dashed line DBP (A), and mean arterial 

pressure (B) during HD (black lines) and CLE+HD (grey lines). Grey box indicates 

30-minute exercise period for CLE+HD. SBP: systolic blood pressure; DBP, 

diastolic blood pressure; CLE, constant load exercise; HD, haemodialysis.  

6.4.4 Cardiac troponin I analysis  

Cardiac troponin I did not change over time (p = 0.566) during HD or CLE+HD, nor 

was there any difference between HD and CLE+HD (p = 0.139; table 6.4).  

 

Table 6.4: Cardiac troponin I release during CLE+HD and HD. 

Group 1h-HD 1.5h-HD 2.5h-HD  

HD (pg/ml) 29.0 (18.3 - 41.3) 22.6 (18 – 70) 21 (16.3 - 69.4) 
CLE+HD (pg/ml) 29.3 (19 – 42) 21.8 (18.4 – 41.9) 21.5 (19.0 – 

129) 

Notes: median and interquartile range reported. HD, haemodialysis; CLE+HD, 

constant load exercise on haemodialysis. 

 

6.4.5 Effect size 

Retrospective analysis identified a moderate effect size (0.72) for RWMAs in 18 

participants at the 2.5h-HD time-point (Rice and Harris 2005), with a mean of 5 ± 

3 segments for CLE+HD and 7 ± 4 segments for HD. 

6.5 Discussion 
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In this study, the acute effect of intra-dialytic cycling on cardiovascular function was 

investigated. The main finding was that cardiac stunning significantly decreased 

one hour after intra-dialytic exercise (2.5h-HD) compared to standard HD (figure 

6.5). These novel data may indicate myocardial ischaemic preconditioning with 

intra-dialytic exercise. Furthermore, this study objectively quantified a duration and 

intensity of exercise (30 minutes at a workload equivalent to 90% VO2AT) sufficient 

to provoke a reduction in cardiac stunning in exercise naïve HD patients. 

6.5.1 Haemodialysis 

Similar to previous studies, cardiac function, as measured with GLS, reduced 

throughout HD (Brown et al. 2015, Buchanan et al. 2016, Dubin et al. 2014, 

Sarafidis et al. 2017). Regional wall motion abnormalities increased over time with 

significant differences found between 1.5 and 2.5 hours of HD. Cardiac output and 

LVEDV were also decreased, as previously reported (Kossari, Hufnagel and 

Squara 2009, Sarafidis et al. 2017). Although not statistically significant, other LV 

volumetric and haemodynamic parameters (SBP, MAP, EF, LVESV & SV) 

appeared to decline throughout HD. Despite these changes in cardiac function, 

myocardial injury marker cTnI, did not change during HD. Overall, this 

haemodynamic profile is typical of HD, relating to a steady decline in plasma 

volume during filtration, leading to reduced LV preload and contractility via the 

Frank Starling mechanism (Burton et al. 2009a, Dungey et al. 2015, Kossari, 

Hufnagel and Squara 2009).  
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An increase in RWMAs was observed during HD, likely resulting from reduced 

coronary blood flow and cardiomyocyte hypoxia (Burton et al. 2009a). End-stage 

renal disease poses a unique cardiac risk profile including: autonomic instability, 

hyperkalemia, sympathetic overactivity, endothelial dysfunction, hypertension, 

chronic inflammation and acidosis (Graham-Brown et al. 2017). With HD 

treatment, cardiac function further deteriorates (Tuegel and Bansal 2017). Patients 

undergoing HD are 12-36 times more likely to develop heart failure then the 

general population, with an incidence of 7% per year (Tuegel and Bansal 2017). 

Haemodialysis can acutely and chronically impair cardiac function, as evidenced 

in the present study. The presence of RWMAs is associated with decreased 

survival and is a key driver of heart failure in ESRD (Tuegel and Bansal 2017). 

Regional wall motion abnormalities are also commonly associated with HD 

treatment predominantly driven by myocardial ischaemia. As CO declines, 

coronary blood flow may be reduced. Indeed, MRI has confirmed >20% decline in 

myocardial perfusion with HD (Buchanan et al. 2016).  

Chronic repetitive bouts of myocardial ischaemia can eventually lead to increased 

cardiomyocyte apoptosis and necrosis, a key determinant of myocardial fibrosis 

(Burton et al. 2009a). Acute stunning of myocardial segments also impairs 

haemodynamic stability, potentially reducing HD efficacy. Left ventricular function 

is inevitably affected, with decreases in EF and fixed systolic and diastolic 

dysfunction (Burton et al. 2009a). Previous work showed that 12 months of HD in 

patients with observable RWMAs, resulted in an 8.6% decrease in LV EF (Burton 
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et al. 2009a), and in the longer term is associated with heart failure and decreased 

survival and quality of life (Buchanan et al. 2016, Dasselaar et al. 2009). Data from 

the current study further support these findings with a notably impaired EF of 

approximately 50%. During HD, preserving cardiac function and reducing the 

cardiovascular risks associated with cardiac stunning are paramount. 

6.5.2 Intra-dialytic exercise 

In both conditions, GLS steadily declined at each time point during HD. Decreasing 

GLS corresponded with a steady increase in RWMAs at each time-point during 

HD. However, intra-dialytic exercise significantly reduced RWMAs at the 2.5h-HD 

period compared to HD alone (figure 6.5). This response was present for 14 

participants.  This is a key finding, illustrating the potential for intra-dialytic exercise 

to attenuate cardiac stunning. It is notable that, despite reduced RMWA during 

CLE+HD, a progressive and comparable decline in GLS was evident during both 

conditions. Therefore, global LV function was not visibly improved, despite reduced 

RWMAs. This may suggest a greater contribution to GLS of previously hypokinetic 

segments during CLE+HD and, similarly, a reduced contribution of previously 

hyperkinetic segments. Thus, LV function is acutely maintained but with more 

uniform distribution of myocardial work.  

Despite reduced RWMAs with CLE+HD, this response did not correspond to 

greater haemodynamic stability as indicated by a lack of significant differences for 

SBP, DBP and MAP for any time-point between conditions (figure 6.9). These 
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responses were similar to that reported by Penny et al. (2018) in that intra-dialytic 

exercise had no effect on GLS, EF, BP, or the presence of IDH. The current study 

extends these findings to an untrained HD population in which maximal exercise 

capacity was directly measured with CPEX and subsequently used to individually 

prescribe exercise at a workload equivalent to 90% VO2AT.  

The lack of any differences between HD and CLE+HD for EF, CO, SV, LVEDV, 

LVESV, may suggest that altered myocardial contractility, haemodynamics and 

coronary perfusion may not be the central mechanism responsible for the identified 

reduction in RWMAs with intra-dialytic exercise. Alternatively, improved coronary 

perfusion and a reduction of haemodynamic instability may result from intra-dialytic 

exercise (McGuire et al. 2018). Increased venous return, greater LV preload and 

catecholamine mediated redistribution of blood flow to the myocardium with intra-

dialytic exercise has been proposed to be cardio-protective (McGuire et al. 2018). 

However, there was no evidence of these mechanisms in the present study. 

Nevertheless, this cannot be confirmed, as no direct measure of cardiac perfusion 

was performed. It could be speculated, that exercise was cardio-protective during 

the intra-dialytic cycling period itself whereby the myocardium was better perfused 

for 30 minutes. In spite of this, RWMAs persisted in the immediate post-period 

(1.5h-HD) with no significant differences between HD and CLE+HD. Subsequently, 

given the lack of any difference in haemodynamic profiles between conditions, it is 

more likely that other mechanisms were responsible. 
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Cardiac troponin I was measured to assess the potential for myocardial injury with 

intra-dialytic exercise. In agreement with previous findings, no significant increase 

in cTnI with intra-dialytic exercise was identified (Dungey et al. 2015). However, 

the clinical significance of these findings is unclear. Biomarkers indicating 

ischaemic injury (heart fatty acid binding protein, creatine kinase and troponin I & 

T) with HD are potentially confounded by the filtration process (Dungey et al. 2015). 

This response may inadvertently limit understanding of the effects of intra-dialytic 

exercise on cardiac stunning. Additionally, meaningful assessment of cTnI was 

hindered by the small sample, large intra-individual variability, and limited post-

exercise measurement time-points. Despite limited changes in troponin I between 

conditions, echocardiography suggested increased myocardial stunning with HD. 

Therefore, echocardiography may be superior to biochemical markers for 

assessing the effect of intra-dialytic exercise on HD induced ischaemic injury. 

6.5.3 Ischaemic preconditioning  

Intra-dialytic exercise reduced cardiac stunning at the 2.5h-HD time-point as 

evidenced by a reduction in RWMAs. Recently, an ischaemic preconditioning 

effect was proposed with intra-dialytic exercise (Penny et al. 2018). Data from the 

present study closely reflects this work, thus the reduction in RWMA observed with 

exercise may be a result of this phenomenon. Acute bouts of exercise induced 

hypoxia can elicit a cardio-protective effect for up to five days (Thijssen et al. 2018). 

This has been demonstrated in rat models whereby exercise preconditioning 

reduced myocardial infarction size by increasing cardiomyocyte resistance to 
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hypoxia. The molecular cascade which elicits this cardio-protective effect is likely 

complex. However, proposed mechanisms include accelerated recovery of 

myocardial oxygenation, sustained upregulation of cardiac endothelial nitric oxide 

synthase, altered glycogen synthase kinase-3β, epidermal growth factor 

expression, improved contractile performance during reperfusion, and heat shock 

protein expression (Thijssen et al. 2018). The effects of ischaemic preconditioning 

are likely multifaceted. Identifying the molecular pathway responsible for this 

cardio-protective mechanism may be critical to confirming the effect of intra-dialytic 

exercise on cardiac stunning. 

6.5.4 Limitations  

Despite a moderate effect size (0.72) for RWMAs, it is unlikely that all variables 

were powered to detect change. However, similar work has proposed a sample 

size of 10 as sufficient to detect a change of 20% in RWMAs based on a standard 

deviation of 14%, significance of 0.05 and power of 80% (Penny et al. 2018). 

Variation in filtration rates between the HD and CLE+HD condition may have 

contributed to the decreased RWMAs witnessed for CLE+HD. On average 500 ml 

less fluid was extracted during CLE+HD compared to the HD condition. It has been 

shown that higher filtration rates relate to greater prevalence of RWMAs (Van 

Buren and Inrig 2017). However, RWMAs were equally prevalent during both 

experimental conditions at the 1h-HD and 1.5h-HD time-points, indicating a 

negligible effect of this issue. The present data also agree with previous findings 

of reduced RWMAs with intra-dialytic exercise during HD (Penny et al. 2018). 
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Regulation of filtration volume would ameliorate this limitation but this was not 

feasible on ethical grounds; patient care was at the discretion of the medical team. 

Finally, cardiac function during HD was not assessed by a qualified sonographer.  

However, inter and intra-observer reliability was excellent for the trained 

researcher for GLS, the primary outcome measure, necessary for RWMA 

identification. 

6.5.5 Conclusion   

Thirty minutes of intra-dialytic cycle ergometry at a workload equivalent to 90% 

VO2AT significantly reduced cardiac stunning, in a cohort of untrained participants 

undergoing maintenance HD. These data further confirm the importance and 

clinical relevance of intra-dialytic exercise. To inform intra-dialytic exercise 

prescription guidelines, future work should endeavor to investigate the optimum 

tolerable intensity, timing and duration of exercise to induce the greatest 

magnitude of RWMA reduction. Clinical trials are required to assess the long-term 

effects of reduced cardiac stunning during HD, not only in relation to hard clinical 

endpoints, but also in relation to patient reported outcomes. These data suggest 

that intra-dialytic exercise may be acutely cardio-protective and, accordingly, 

should be routinely prescribed. 
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7.1 Chapter overview 

The purpose of this thesis was to examine the acute physiological responses to 

aerobic exercise in ESRD. To achieve this, three experimental studies were 

performed. In chapter four, direct comparison of healthy individuals and ESRD 

participants during cycling ergometry, was investigated in order to establish 

limitations to aerobic capacity and acute physiological responses to submaximal 

exercise in ESRD. In chapter five, comparison between HD, inter and intra-dialytic 

exercise was completed in order to establish physiological differences mediated 

by HD. Finally, in chapter six, echocardiography assessment of cardiac function 

during intra-dialytic exercise and standard HD treatment, was investigated to 

identify potential positive or negative interactions of cycle ergometry with 

cardiovascular function. The following chapter will present a summary of findings 

of all three experimental chapters and elaborate further on the proposed 

mechanisms underpinning the major findings. Additionally, limitations of the overall 

experimental design and methods used will be described, and future research 

directions proposed.  

7.2 Summary of main findings 

In study one, cardiovascular, pulmonary and skeletal muscle limitations were 

evident in ESRD during baseline echocardiography, spirometry and CPEX testing 

compared to healthy participants. Although limitations did exist during CLE, both 

groups could complete exercise at 90% of AT for 30 minutes. However, impaired 

VE, (a-v) O2 difference, and deranged HR and SV response in ESRD was 
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apparent. The most notable finding was an altered cardiovascular response to 

exercise, potentially occurring from chronotropic incompetence in ESRD. In study 

two, it was identified that HD elicited an increase in RER and decrease in (a-v) O2 

difference compared to CLE, suggesting altered O2/CO2 uptake and substrate 

utilisation. Limited differences between CLE+HD and HD existed, although gas 

exchange appeared acutely altered with exercise, most notably improved (a-v) O2 

difference for one-hour post-exercise. Few significant differences between 

CLE+HD and CLE were identified, except for VE which was significantly lower 

during CLE+HD when exercising at the same relative intensity. In study three, data 

suggested increased RWMAs with HD and deterioration in overall cardiac function. 

However, CLE+HD was able to reduce RWMAs one-hour post-exercise at the 

2.5h-HD time-point. Collectively, these data have elaborated on physiological 

limitations of ESRD, negative effects of HD on ‘normal’ physiology, and the 

potential for intra-dialytic exercise to acutely reduce cardiac stunning.  

7.3 Acute physiological effects of inter-dialytic, intra-dialytic exercise and 

haemodialysis 

Baseline measures of pulmonary and cardiac function identified limitations such 

as reduced FVC, FEV1 and increased LVM, E/e respectively. This was suggestive 

of pulmonary deconditioning, cardiac remodeling and diastolic dysfunction, 

compared to healthy participants. These limitations likely contribute to the reduced 

aerobic capacity of ESRD participants during CPEX testing. It was evident in study 

one (chapter 4) that ESRD participants were capable of completing 30 minutes of 
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inter-dialytic cycling exercise at 90% AT. This finding is similar to that of Kettner et 

al. (1984) demonstrating ESRD patients were able to complete 60 minutes of inter-

dialytic  cycling. Both data sets support the application of inter-dialytic exercise, 

suggesting it is well tolerated in ESRD. However, novel limitations were identified 

during CLE testing within the current data. Despite working at the same relative 

intensity as healthy participants, ESRD related to an impaired VE, (a-v) O2 

difference, HR variability, HR response and greater SV dependency during 

exercise.  

 

Despite chronotropic incompetence being documented categorically in ESRD, the 

extent of this limitation during exercise has not been investigated or indeed 

quantified (Tomlinson et al. 2017). It was evident that an inability to increase HR 

results in a greater SV dependency in order to augment CO compared to healthy 

individuals. This is a novel finding and may extend understanding as to why ESRD 

negatively affects activities of daily living. Increased sympathetic activity and 

decreased parasympathetic tone is critical to meeting metabolic demand. Thus HR 

response can rapidly increase CO, unlike SV, which is dependent upon increased 

venous return and arterial vasodilation, corresponding to increased LV preload, 

myocardial contractility and decreased afterload (Shen et al. 2017). As such, CO 

responsiveness maybe impaired by SV dependency. Activities of daily living can 

increase metabolic demand quickly, and successful completion is dependent upon 

a rapid increase in CO. Current data may suggest how activities of daily living are 

greatly impaired by chronotropic incompetence in ESRD. Deteriorating kidney 
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function in CKD results in increased sympathetic activation. A combination of 

decreased filtration and pathologically driven renal ischaemia, stimulates afferent 

neurons to innervate CO via the brainstem (Kotanko 2005). Increased angiotensin 

II, due to the failing kidney, additionally increases sympathetic drive, directly 

effecting the vasomotor center of the brain stem to increase filtration via 

augmented CO and subsequently BP (Kotanko 2005). This response typically aids 

GFR by increasing hydrostatic pressure, however, with CKD leads to eventual 

sympathetic overactivity, contributing to hypertension, endothelial dysfunction, LV 

hypertrophy and chronotropic incompetence (Kotanko 2005). Consequently, 

increased sympathetic activity, indicated by augmented plasma levels of nor-

adrenaline in ESRD, strongly predicts mortality (Kotanko 2005). Restoration in 

parasympathetic tone would seem critical to improving patient prognosis.  

 

Similar to heart failure, chronotropic incompetence in ESRD impairs CO 

responsiveness, thus reduces functional ability (Shen et al. 2017). This finding may 

also explain the prevalence of IDH and deranged cardiac function with HD. The 

haemodynamic challenge that occurs with HD relates to a decrease in CO due to 

reductions in plasma volume during filtration. During HD treatment, SV, the 

predominant means of increasing CO in ESRD, as evidenced in study one, is 

decreased. This may result in decreased tissue perfusion and explain the 

prevalence of gastric, cerebral, renal and myocardial ischaemia with HD treatment 

(Buchanan et al. 2016). A combination of ESRD comorbidities and repeated bouts 

of ischaemia are known to drive cardiac remodeling, fibrosis and eventual heart 
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failure (Buchanan et al. 2016). Greater remodeling would further decrease 

myocardial contractility and thus SV, further impeding CO (figure 7.1). A cycle of 

ischaemic injury and pathological cardiomyopathy, driven by chronotropic 

incompetence, may explain the high rates of cardiovascular mortality in ESRD 

(Ting et al. 2014). Chronotropic incompetence may further explain the prevalence 

of ischaemic injury with HD, whereby HR does not compensate for the decrease 

in SV, further impeding CO and subsequently coronary perfusion, thus explaining 

increased RWMA occurrence in study three.  
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Figure 7.1: Detrimental effects and potential influences of autonomic dysfunction, 

SV dependency and haemodialysis. HR, heart rate. 
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the principle mechanisms (ventilation, diffusion & perfusion) of gas exchange 

(Campos et al. 2016). Pathological origins of impaired VE may reside in chronic 

fluid overload resulting in pulmonary edema, plural effusions, pulmonary 

hypertension and upper airway obstructions (Covic, Siriopol and Voroneanu 2013). 

This may explain lower VE witnessed in study one during CLE between ESRD and 

healthy individuals, potentially limiting to aerobic capacity. The term cardio-

pulmonary-renal syndrome is now used to describe this complex physiological 

interaction relating to impaired gaseous exchange in CKD (Husain-Syed et al. 

2015). With HD, VE is further impaired, potentially explained by increased alkalosis 

and inadvertent loss in respiratory drive. Bicarbonate based dialysate, reducing 

acidity, specifically CO2, may impair pontine driven respiration. This mechanism is 

also thought to impair diffusion due to decreased CO2, critical to loss in O2 affinity 

to haemoglobin, thus explaining the reduced (a-v) O2 difference from initiation of 

HD in the current data (5–3.5 ml/O2/100ml). Interestingly, with intra-dialytic 

exercise, O2 extraction was greater in the later stages of HD (4.4 ml/O2/100ml), 

better representing normal resting (a-v) O2 difference (5 ml/O2/100ml). 

Pathological causes of impaired (a-v) O2 difference identified in study one, are 

likely numerous. Prevalence of impaired pulmonary and cardiovascular function, 

in addition anemia and decreased capillarity, would limit ventilation, diffusion and 

perfusion at the tissue. These data indicate that gas exchange is limited by ESRD 

and HD treatment, increasing risk of hypoxemia (figure 7.2). This may explain 

reduced aerobic capacity in ESRD, deranged physiological responses during CLE 

and CLE+HD, and prevalence of complications with HD.  
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Figure 7.2: Limitations of ESRD and HD on gas exchange (red line) and potential 

therapeutic effect of intra-dialytic exercise (green line). CO, cardiac output. 
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manifesting as myocardial hibernation, remodeling and fibrosis, and increased risk 

of heart failure in ESRD (Covic, Siriopol and Voroneanu 2013). This cycle of 

repeated ischaemic injury and decreasing cardiac function further increases 

susceptibility to ischaemia and hypoxia during HD (McGuire et al. 2018). Breaking 

this cycle is therefore paramount to improving prognosis.  

 

A major finding from study three was that intra-dialytic exercise can acutely reduce 

the presence of RWMAs indicative of reduced cardiac stunning. Mechanisms 

underpinning reduced cardiac stunning with intra-dialytic cycling are unclear, 

however, an ischaemic preconditioning effect may potentially explain this 

phenomenon. An ischaemic preconditioning response to intra-dialytic exercise has 

been proposed in work by Penny et al. (2018). However, the present data extend 

these findings in deconditioned, previously untrained ESRD participants, for whom 

exercise intensity was strictly regulated, identifying 90% of VO2 AT is sufficient to 

reduce RWMAs. Despite limited investigations in CKD populations of an ischaemic 

preconditioning effect, strong conclusions may be drawn from previous literature. 

Ischaemic preconditioning has been extensively researched and implicated in 

promoting cell survival and function, most notably and relevantly within cardiac 

tissue (Thijssen et al. 2018). Short bouts of increased cellular stress, augmenting 

metabolic demand and eliciting a brief state of hypoxia, followed by periods of 

reperfusion, results in protective effects, reducing cell apoptosis/necrosis through 

restoration of cellular structure and function (Thijssen et al. 2018). Exercise 

perfectly elicits these conditions. Upregulation of cardiac endothelial nitric oxide 
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synthase, altered glycogen synthase kinase-3β, epidermal growth factor 

expression and HSP have all been implicated in the preservation of cell function 

and viability with exercise. It is beyond the scope of this thesis to provide a 

comprehensive description of each of these mechanisms, nevertheless, it is likely 

that all contribute to reduced cardiac stunning during intra-dialytic exercise.   

 

Long-term intra-dialytic exercise implementation may reduce myocardial fibrosis 

by reduction in cardiomyocyte apoptosis and necrosis. Indeed, although few 

cardiovascular longitudinal intra-dialytic exercise investigations exist, it may be 

speculated that the previously discussed mechanisms explain improved cardiac 

function and haemodynamic regulation with long-term implementation of intra-

dialytic exercise. Improvements in EF, systolic pulmonary artery pressure, E/e’, 

right ventricular size and reduced IDH have all been documented (Momeni, 

Nematolahi and Nasr 2014). In the most comprehensive and recent trial (CYCLE-

HD) using MRI, a reduced LV size of 10g pre to post intervention was observed. 

This was in comparison to the control group, in which LV mass (1.6g), increased, 

suggestive of progressive myocardial remodeling. A treatment effect of -11.1g was 

also documented (p < 0.001) (Graham-Brown et al. 2019). Data from the current 

thesis adds to the literature, demonstrating an acute therapeutic role of intra-

dialytic exercise, and potentially elaborates on a mechanism underpinning 

improved cardiac function within longitudinal trials.  

7.4 Limitations  
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A prominent limitation throughout the current thesis was the lack of a power 

analysis. Power analysis was limited due to insufficient literature pertaining to the 

acute physiological response to exercise in ESRD. Therefore, effect sizes could 

not be appropriately determined for variables of interest. However, effect size was 

determined in each experimental chapter to inform future studies investigating the 

acute physiological response to exercise in ESRD. Furthermore, the limited 

available literature also possessed small sample sizes (10-20), making the current 

investigation one of the largest. Nevertheless, this limitation may have explained 

apparent physiological differences between groups (ESRD vs. healthy) and 

conditions (CLE, CLE+HD and HD) but lacked significant findings. As such, data 

should be interpreted in line with this limitation. Despite this, this exploratory 

investigation identified novel areas of interest for future investigations and provided 

greater understanding of the acute physiological response to HD and inter/intra-

dialytic exercise. 

 

Analysis of HD parameters identified significant differences in pre-weight and 

filtration-rate between the HD and intra-dialytic exercise conditions, for both study 

two and three. It could be suggested that this difference accounts for observed 

differences between HD and CLE+HD conditions in both haemodynamics and 

cardiac function. Higher filtration rates have been reported to contribute to greater 

RWMA occurrence, potentially calling into question the major finding of reduced 

cardiac stunning with intra-dialytic exercise in this thesis. However, despite higher 

filtration rate in the HD condition, both CLE+HD and HD exhibited almost identical 
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responses in cardiac function at all time points. Cardiac output, LVEDV and GLS 

similarly decreased at the same rate and magnitude during both CLE+HD and HD, 

suggesting minimal effects on haemodynamics of lower filtration rates during the 

CLE+HD condition. Only RWMAs decreased one-hour post intra-dialytic exercise 

compared to HD. These data are in full agreement with the work of Penny et al. 

(2018) with similar responses identified i.e. limited changes in GLS, CO, SBP 

between conditions but decrease in RWMAs post-exercise. Therefore, despite 

differences in HD parameters, these data still provide strong evidence of an acute 

therapeutic role of intra-dialytic exercise in circumventing HD induced cardiac 

stunning.  

7.5 Implications for practice 

Evidence for the use of intra-dialytic exercise with ESRD from small feasibility 

trials, although positive, has not provided sufficient data to establish evidence-

based exercise prescription guidelines. It was the intention of this thesis to provide 

further evidence to help inform exercise guidelines in ESRD, that holistically 

quantified acute physiological limitations to aerobic capacity, differences between 

inter and intra-dialytic exercise and acute cardiovascular responses to HD and 

exercise. Despite physiological limitations with ESRD, patients were able to 

complete moderate intensity inter/intra-dialytic exercise at 90% of VO2AT. These 

data were collected in severely deconditioned patients, typical of the ESRD 

population, adding to the validity and applicability of the results. Despite a potential 

increased risk of rebound hypotension, novel therapeutic applications of intra-
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dialytic exercise including reduced cardiac stunning and improved O2 uptake were 

identified. This may suggest intra-dialytic exercise can reduce hypoxia from HD 

treatment and its associated outcomes. Autonomic dysfunction and increased SV 

dependency with ESRD, potentially contribute to impaired cardiac function and 

increasing susceptibility to IDH, affecting activities of daily living and mortality. 

Restoration of autonomic function may be a key target for treatment of the ESRD 

cardiac phenotype (figure 7.3). Due to the exploratory nature of this work, larger 

trials are necessary to confirm findings and conclusively inform exercise guidelines 
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Figure 7.3:  Thesis summary of findings. Proposed negative mechanisms 

identified from studies 1-3 (red). Potential positive effects of inter/intra-dialytic 
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exercise studies 1-3 (Green). HD, haemodialysis; GLS, global longitudinal strain; 

RWMA, regional wall motion abnormalities; SV, stroke volume; CLE, constant load 

exercise;  

7.6 Future directions  

Larger studies of the acute physiological responses to exercise in ESRD are 

necessary to confirm findings and proposed mechanisms. The current exploratory 

study was the necessary catalyst for future studies of this nature. The potential 

therapeutic effects of intra-dialytic exercise require extensive investigation. Despite 

cardiac stunning being reduced acutely, the optimum intensity to elicit this 

response cannot be confirmed. Investigation of different intra-dialytic exercise 

intensities may identify a workload that maximises reductions in cardiac stunning. 

In contrast, an upper threshold whereby exercise becomes non-therapeutic and 

detrimental may exist. Currently, data can only confirm that cycling at 90% of AT 

for 30 minutes was sufficient to elicit a significant difference between intra-dialytic 

exercise and HD only. Alterations in duration, intensity and frequency (i.e. exercise 

bouts multiple times during HD) of intra-dialytic exercise may all provide cardio-

protective effects, and warrant investigation. Mechanisms for reduced cardiac 

stunning are purely speculative and, as such, require further investigation. Despite 

limited differences in cardiovascular responses to intra-dialytic exercise, 

augmentation of coronary perfusion post-exercise cannot be discounted. 

Therefore, assessment of coronary perfusion before, during and post-exercise 

would add to the literature. A strong rationale for ischaemic preconditioning with 
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intra-dialytic exercise exists based on the current data and work of Penny et al. 

(2018). Nevertheless, the acute mechanisms by which ischaemic preconditioning 

elicits a therapeutic effect with intra-dialytic exercise, requires further investigation. 

It could be equally suggested that reduced cardiac stunning may indicate the 

potential for reduced ischaemic injury of non-cardiac tissue susceptible to 

ischaemia during HD. Cerebral, gastric and residual renal function may all be 

acutely improved with intra-dialytic exercise.  

 

Ventilatory gas analysis provides novel data and was further suggestive of hypoxic 

risk of HD. Hypoxia during HD may explain multiple variations in physiological 

responses. Currently altered haemodynamics is associated with the prevalence of 

ischaemic injury during HD, however, altered ventilatory function and inadvertent 

loss of O2/CO2 gradients may be key to hypoxic risk during HD. A combination of 

cardiovascular and ventilatory alterations are likely to contribute to increased risks 

with HD e.g. arrythmias, white matter legions, gut permeability, cardiomyopathy, 

systemic inflammation and post-dialytic fatigue. Further investigation of therapeutic 

methods to counteract deranged gas exchange may be key to reducing the risks 

associated with HD. Intra-dialytic exercise may provide a suitable solution to this 

particular complication of HD treatment evidenced in the current data and in the 

work of Bohm et al. (2017). A combination of ventilatory gas exchange and blood 

gas assessment may provide a better understanding of O2/CO2 uptake during HD 

and intra-dialytic exercise. Investigation of the therapeutic role of intra-dialytic 

exercise is in its infancy, but provides an exciting new application of exercise 
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rehabilitation in ESRD, potentially improving health of ESRD patients and reducing 

NHS costs.  

7.7 Conclusion 

Physiological limitations to exercise including cardiovascular, ventilatory and gas 

exchange contribute to reduced aerobic capacity in patients with ESRD compared 

to healthy individuals. Acutely, HD further alters the physiological response to 

exercise, likely hypoxia driven. Nevertheless, despite pathological and deranged 

physiology, mediated by HD, ESRD patients are able to complete aerobic exercise 

at 90% VO2 AT for 30 minutes, with limited symptoms. Additionally, intra-dialytic 

exercise may acutely reduce complications associated with HD treatment by 

acutely improving ventilatory and cardiac function.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
245                           

  

7.8 References 

Abbas Fadaii, Homayoun Koohi-Kamali, Bahador Bagheri, Fatemeh Hamidimanii, and 
Bahar Taherkhanchi (2013) 'Prevalence of Pulmonary Hypertension in Patients 
Undergoing Hemodialysis'. Iranian Journal of Kidney Diseases 7 (1), 60 

Anderson, L., Thompson, D. R., Oldridge, N., Zwisler, A. D., Rees, K., Martin, N., and 
Taylor, R. S. (2016) 'Exercise‐based Cardiac Rehabilitation for Coronary Heart 
Disease'. Cochrane Database of Systematic Reviews (1) 

Arena, R., Myers, J., Abella, J., Pinkstaff, S., Brubaker, P., Moore, B., Kitzman, D., 
Peberdy, M. A., Bensimhon, D., Chase, P., Forman, D., West, E., and Guazzi, M. 
(2009) 'Determining the Preferred Percent-Predicted Equation for Peak Oxygen 
Consumption in Patients with Heart Failure'. Circulation.Heart Failure 2 (2), 113-120 

Arnulfo Ramos-Jiménez, Rosa P. Hernández-Torres, Patricia V. Torres-Durán, Jaime 
Romero-Gonzalez, Dieter Mascher, Carlos Posadas-Romero, and Marco A. Juárez-
Oropeza (2008) 'The Respiratory Exchange Ratio is Associated with Fitness 
Indicators both in Trained and Untrained Men: A Possible Application for People 
with Reduced Exercise Tolerance'. Clinical Medicine Insights: Circulatory 2008 (2), 
1-9 

Assa, S., Hummel, Y. M., Voors, A. A., Kuipers, J., Westerhuis, R., Groen, H., Bakker, S. 
J., Muller Kobold, A. C., van Oeveren, W., Struck, J., de Jong, P. E., and Franssen, 
C. F. (2014) 'Hemodialysis-Induced Regional Left Ventricular Systolic Dysfunction 
and Inflammation: A Cross-Sectional Study'. American Journal of Kidney Diseases : 
The Official Journal of the National Kidney Foundation 64 (2), 265-273 

Atkinson, G. (2001) 'Analysis of Repeated Measurements in Physical Therapy 
Research'. Physical Therapy in Sport 2 (4), 194-208 

Balady, G. J., Arena, R., Sietsema, K., Myers, J., Coke, L., Fletcher, G. F., Forman, D., 
Franklin, B., Guazzi, M., Gulati, M., Keteyian, S. J., Lavie, C. J., Macko, R., Mancini, 
D., Milani, R. V., American Heart Association Exercise, Cardiac Rehabilitation, and 
Prevention Committee of the Council on Clinical Cardiology, Council on 
Epidemiology and Prevention, Council on Peripheral Vascular Disease, and 
Interdisciplinary Council on Quality of Care and Outcomes Research (2010) 
'Clinician's Guide to Cardiopulmonary Exercise Testing in Adults: A Scientific 
Statement from the American Heart Association'. Circulation 122 (2), 191-225 

Banerjee, A., Kong, C. H., and Farrington, K. (2004) 'The Haemodynamic Response to 
Submaximal Exercise during Isovolaemic Haemodialysis'. Nephrology, Dialysis, 
Transplantation : Official Publication of the European Dialysis and Transplant 
Association - European Renal Association 19 (6), 1528-1532 

Banik, S., Kibria, B. M. G., and and Sharma, D. (2012) 'Testing the Population 
Coefficient of Variation'. Journal of Mordern Applied Statistical Methods 11, 325-335 



 
246                           

  

Bansal, N., McCulloch, C. E., Lin, F., Alper, A., Anderson, A. H., Cuevas, M., Go, A. S., 
Kallem, R., Kusek, J. W., Lora, C. M., Lustigova, E., Ojo, A., Rahman, M., 
Robinson-Cohen, C., Townsend, R. R., Wright, J., Xie, D., Hsu, C. Y., and CRIC 
Study Investigators* (2017) 'Blood Pressure and Risk of Cardiovascular Events in 
Patients on Chronic Hemodialysis: The CRIC Study (Chronic Renal Insufficiency 
Cohort)'. Hypertension (Dallas, Tex.: 1979) 70 (2), 435-443 

Bazzi, C., Pagani, C., Sorgato, G., Albonico, G., Fellin, G., and D'Amico, G. (1991) 
'Uremic Polyneuropathy: A Clinical and Electrophysiological Study in 135 Short- and 
Long-Term Hemodialyzed Patients'. Clinical Nephrology 35 (4), 176 

Bohannon, R. W., Shove, M. E., Barreca, S. R., Masters, L. M., and Sigouin, C. S. 
(2007) 'Five-Repetition Sit-to-Stand Test Performance by Community-Dwelling 
Adults: A Preliminary Investigation of Times, Determinants, and Relationship with 
Self-Reported Physical Performance'. Isokinetics and Exercise Science 15 (2), 77-
81 

Bohm, J., Monteiro, M. B., Andrade, F. P., Veronese, F., and Thome, F. S. (2017) 'Acute 
Effects of Intradialytic Aerobic Exercise on Solute Removal, Blood Gases and 
Oxidative Stress in Patients with Chronic Kidney Disease'. Jornal Brasileiro De 
Nefrologia : 'Orgao Oficial De Sociedades Brasileira E Latino-Americana De 
Nefrologia, 0 

Bolli, R. (1990) 'Mechanism of Myocardial "Stunning"'. Circulation 82 (3), 723-738 

Bronas, U. G., Puzantian, H., and Hannan, M. (2017) 'Cognitive Impairment in Chronic 
Kidney Disease: Vascular Milieu and the Potential Therapeutic Role of Exercise'. 
BioMed Research International 2017, 2726369 

Brooks, D., Solway, S., and Gibbons, W. J. (2003) 'ATS Statement on Six-Minute Walk 
Test'. American Journal of Respiratory and Critical Care Medicine 167 (9), 1287 

Brown, M., Burrows, L., Pruett, T., and Burrows, T. (2015) 'Hemodialysis-Induced 
Myocardial Stunning: A Review'. Nephrology Nursing Journal : Journal of the 
American Nephrology Nurses' Association 42 (1), 59-66; quiz 67 

Brown, P. D. S., Rowed, K., Shearer, J., MacRae, J. M., and Parker, K. (2018) 'Impact of 
Intradialytic Exercise Intensity on Urea Clearance in Hemodialysis Patients'. Applied 
Physiology, Nutrition, and Metabolism = Physiologie Appliquee, Nutrition Et 
Metabolisme 43 (1), 101-104 

Buchanan, C., Mohammed, A., Cox, E., Kohler, K., Canaud, B., Taal, M. W., Selby, N. 
M., Francis, S., and McIntyre, C. W. (2016) 'Intradialytic Cardiac Magnetic 
Resonance Imaging to Assess Cardiovascular Responses in a Short-Term Trial of 
Hemodiafiltration and Hemodialysis'. Journal of the American Society of Nephrology 
: JASN 



 
247                           

  

Burton, J. O., Jefferies, H. J., Selby, N. M., and McIntyre, C. W. (2009a) 'Hemodialysis-
Induced Cardiac Injury: Determinants and Associated Outcomes'. Clinical Journal of 
the American Society of Nephrology : CJASN 4 (5), 914-920 

Burton, J. O., Jefferies, H. J., Selby, N. M., and McIntyre, C. W. (2009b) 'Hemodialysis-
Induced Repetitive Myocardial Injury Results in Global and Segmental Reduction in 
Systolic Cardiac Function'. Clinical Journal of the American Society of Nephrology : 
CJASN 4 (12), 1925-1931 

Byrne, C., Caskey, F., Castledine, C., Davenport, A., Dawnay, A., Fraser, S., Maxwell, 
H., Medcalf, J. F., Wilkie, M., and Williams, A., J (2018) 'UK Renal Registry 20th 
Annual Report'. Nephron 139 (Suppl 1), 1-12 

Campos, L., Chan, L., Zhang, H., Deziel, S., Vaughn, C., Meyring-Wosten, A., and 
Kotanko, P. (2016) 'Intradialytic Hypoxemia in Chronic Hemodialysis Patients'. 
Advances in Chronic Kidney Disease 23 (2), 127 

Castellino, P., Bia, M., and DeFronzo, R. (1987) 'Metabolic Response to Exercise in 
Dialysis Patients.'. Kidney International 32, 877-883 

Chao, C. T., Huang, J. W., and Yen, C. J. (2015) 'Intradialytic Hypotension and Cardiac 
Remodeling: A Vicious Cycle'. BioMed Research International 2015, 724147 

Che, L. and Li, D. (2017) 'The Effects of Exercise on Cardiovascular Biomarkers: New 
Insights, Recent Data, and Applications'. Advances in Experimental Medicine and 
Biology 999, 43-53 

Cheung, W. W., Rosengren, S., Boyle, D. L., and Mak, R. H. (2008) 'Modulation of 
Melanocortin Signaling Ameliorates Uremic Cachexia'. Kidney International 74 (2), 
180-186 

Cibulka, R. and Racek, J. (2007) 'Metabolic Disorders in Patients with Chronic Kidney 
Failure'. Physiological Research 56 (6), 697-705 

Covic, A., Siriopol, D., and Voroneanu, L. (2013) 'Dialysis-Induced Segmental Wall 
Motion Abnormalities, Post-Dialysis Fatigue and Cardiovascular Mortality: The New 
Bermuda Triangle?'. Nephrology, Dialysis, Transplantation : Official Publication of 
the European Dialysis and Transplant Association - European Renal Association 28 
(10), 2404-2406 

Dandel, M., Lehmkuhl, H., Knosalla, C., Suramelashvili, N., and Hetzer, R. (2009) 'Strain 
and Strain Rate Imaging by Echocardiography - Basic Concepts and Clinical 
Applicability'. Current Cardiology Reviews 5 (2), 133-148 

Dasselaar, J. J., Slart, R. H., Knip, M., Pruim, J., Tio, R. A., McIntyre, C. W., de Jong, P. 
E., and Franssen, C. F. (2009) 'Haemodialysis is Associated with a Pronounced Fall 
in Myocardial Perfusion'. Nephrology, Dialysis, Transplantation : Official Publication 



 
248                           

  

of the European Dialysis and Transplant Association - European Renal Association 
24 (2), 604-610 

Deschamps, T. (2016) 'Let's Programme Exercise during Haemodialysis (Intradialytic 
Exercise) into the Care Plan for Patients, Regardless of Age'. British Journal of 
Sports Medicine 50 (22), 1357-1358 

Dubin, R. F., Beatty, A. L., Teerlink, J. R., Schiller, N. B., Bolger, A. F., Alokozai, D., 
Peralta, C. A., and Johansen, K. L. (2014) 'Determinants of Hemodialysis-Induced 
Segmental Wall Motion Abnormalities'. Hemodialysis International.International 
Symposium on Home Hemodialysis 18 (2), 396-405 

Dungey, M., Bishop, N. C., Young, H. M., Burton, J. O., and Smith, A. C. (2015) 'The 
Impact of Exercising during Haemodialysis on Blood Pressure, Markers of Cardiac 
Injury and Systemic Inflammation--Preliminary Results of a Pilot Study'. Kidney & 
Blood Pressure Research 40 (6), 593-604 

Fernandes, A. d. O., Sens, Yvoty Alves Dos Santos, Xavier, V. B., Miorin, L. A., and 
Alves, Vera Lúcia Dos Santos (2019) 'Functional and Respiratory Capacity of 
Patients with Chronic Kidney Disease Undergoing Cycle Ergometer Training during 
Hemodialysis Sessions: A Randomized Clinical Trial'. International Journal of 
Nephrology 2019, 7857824-7 

Fraccaro, P., van der Veer, S., Brown, B., Prosperi, M., O'Donoghue, D., Collins, G. S., 
Buchan, I., and Peek, N. (2016) 'An External Validation of Models to Predict the 
Onset of Chronic Kidney Disease using Population-Based Electronic Health 
Records from Salford, UK'. BMC Medicine 14, 104-2 

Fuhro, M. I., Dorneles, G. P., Andrade, F. P., Romao, P. R. T., Peres, A., and Monteiro, 
M. B. (2017) 'Acute Exercise during Hemodialysis Prevents the Decrease in Natural 
Killer Cells in Patients with Chronic Kidney Disease: A Pilot Study'. International 
Urology and Nephrology 

Goldberg, A. P., Hagberg, J. M., Delamez, J. A., Haymes, M. E., and Harter, H. R. 
(1980) 'The Metabolic and Psychological Effect of Exercise Training in Hemodialysis 
Patients.'. American Journal of Clinical Nutrition 33, 1620-1628 

Gould, D. W., Graham-Brown, M., Watson, E. L., Viana, J. L., and Smith, A. C. (2014) 
'Physiological Benefits of Exercise in Pre-Dialysis Chronic Kidney Disease'. 
Nephrology (Carlton, Vic.) 19 (9), 519-527 

Graham‐Brown, M. P. M., Jardine, M. J., and Burton, J. O. (2019) 'Cardiovascular 
Adaptations Associated with Exercise in Patients on Hemodialysis'. Seminars in 
Dialysis 32 (4), 361-367 

Graham-Brown, M. P., Patel, A. S., Stensel, D. J., March, D. S., Marsh, A. M., McAdam, 
J., McCann, G. P., and Burton, J. O. (2017) 'Imaging of Myocardial Fibrosis in 



 
249                           

  

Patients with End-Stage Renal Disease: Current Limitations and Future 
Possibilities'. BioMed Research International 2017, 5453606 

Graham-Brown, M. P. M., March, D. S., Churchward, D. R., Young, H. M. L., Dungey, 
M., Lloyd, S., Brunskill, N. J., Smith, A. C., McCann, G. P., and Burton, J. O. (eds.) 
(2019) UK Kidney Week. 'CYCLE-HD: Improving Cardiovascular Health in Patients 
with End-Stage Renal Disease using a Structured Programme of Exercise: A 
Randomised Control Trial'. held 05/06/2019. London: BioMed Central Ltd 

Gul, A., Miskulin, D., Harford, A., and Zager, P. (2016) 'Intradialytic Hypotension'. 
Current Opinion in Nephrology and Hypertension 25 (6), 545-550 

Husain-Syed, F., McCullough, P. A., Birk, H., Renker, M., Brocca, A., Seeger, W., and 
Ronco, C. (2015) 'Cardio-Pulmonary-Renal Interactions: A Multidisciplinary 
Approach'. Journal of the American College of Cardiology 65 (22), 2433-2448 

Jeong, J. H., Biruete, A., Fernhall, B., and Wilund, K. R. (2018) 'Effects of Acute 
Intradialytic Exercise on Cardiovascular Responses in Hemodialysis Patients'. 
Hemodialysis International.International Symposium on Home Hemodialysis 

Jofré, R., Rodriguez-Benitez, P., López-Gómez, J. M., and Pérez-Garcia, R. (2006) 
'Inflammatory Syndrome in Patients on Hemodialysis'. Journal of the American 
Society of Nephrology : JASN 17 (12 Suppl 3), S274-S280 

Jones, T. W., Houghton, D., Cassidy, S., MacGowan, G. A., Trenell, M. I., and 
Jakovljevic, D. G. (2015) 'Bioreactance is a Reliable Method for Estimating Cardiac 
Output at Rest and during Exercise'. British Journal of Anaesthesia 115 (3), 386-391 

Kerr, M., Bray, B., Medcalf, J., O'Donoghue, D. J., and Matthews, B. (2012) 'Estimating 
the Financial Cost of Chronic Kidney Disease to the NHS in England'. Nephrology, 
Dialysis, Transplantation : Official Publication of the European Dialysis and 
Transplant Association - European Renal Association 27 Suppl 3 (suppl_3), iii73-
iii80 

Kettner, A., Goldberg, A., Hagberg, J., Delmez, J., and Harter, H. (1984) 'Cardiovascular 
and Metabolic Responses to Submaximal Exercise in Hemodialysis Patients'. 
Kidney International 26 (1), 66-71 

Kinnear, P. and Gray, C. (2006) SPSS 12 made Simple [online] : Taylor and Francis. 
available from <https://www.taylorfrancis.com/books/9781135422325> 

Kirkman, D. L., Roberts, L. D., Kelm, M., Wagner, J., Jibani, M. M., and Macdonald, J. H. 
(2014) 'Interaction between Intradialytic Exercise and Hemodialysis Adequacy'. 
American Journal of Nephrology 38 (6), 475-482 

Kirkman, D. L., Muth, B. J., Stock, J. M., Townsend, R. R., and Edwards, D. G. (2018) 
'Cardiopulmonary Exercise Testing Reveals Subclinical Abnormalities in Chronic 
Kidney Disease'. European Journal of Preventive Cardiology,  

https://www.taylorfrancis.com/books/9781135422325


 
250                           

  

Konstantinidou, E., Koukouvou, G., Kouidi, E., Deligiannis, A., and Tourkantonis, A. 
(2002) 'Exercise Training in Patients with End-Stage Renal Disease on 
Hemodialysis: Comparison of Three Rehabilitation Programs'. Journal of 
Rehabilitation Medicine 34 (1), 40-45 

Kossari, N., Hufnagel, G., and Squara, P. (2009) 'Bioreactance: A New Tool for Cardiac 
Output and Thoracic Fluid Content Monitoring during Hemodialysis'. Hemodialysis 
International.International Symposium on Home Hemodialysis 13 (4), 512-517 

Kotanko, P. (2005) 'Cause and Consequences of Sympathetic Hyperactivity in Chronic 
Kidney Disease'. Blood Purification 24 (1), 95-99 

Kovacic, V., Roguljic, L., and Kovacic, V. (2003) 'Metabolic Acidosis of Chronically 
Hemodialyzed Patients'. American Journal of Nephrology 23 (3), 158-164 

Kristen, P. (2016) 'Intradialytic Exercise is Medicine for Hemodialysis Patients'. 
Translational Journal of the American College of Sports Medicine 1 (10), 90 

Lang, R. M., Badano, L. P., Mor-Avi, V., Afilalo, J., Armstrong, A., Ernande, L., 
Flachskampf, F. A., Foster, E., Goldstein, S. A., Kuznetsova, T., Lancellotti, P., 
Muraru, D., Picard, M. H., Rietzschel, E. R., Rudski, L., Spencer, K. T., Tsang, W., 
and Voigt, J. U. (2015) 'Recommendations for Cardiac Chamber Quantification by 
Echocardiography in Adults: An Update from the American Society of 
Echocardiography and the European Association of Cardiovascular Imaging'. 
European Heart Journal Cardiovascular Imaging 16 (3), 233-270 

Lavery, I. and Ingram, P. (2005) 'Venepuncture: Best Practice'. Nursing Standard (Royal 
College of Nursing (Great Britain) : 1987) 19 (49), 55-65; quiz 66 

LeMura, L. (2004) Clinical Exercise Physiology : Application and Physiological 
Principles. Philadelphia, Pa. ; London: Lippincott Williams & Wilkins 

Liao, M. T., Liu, W. C., Lin, F. H., Huang, C. F., Chen, S. Y., Liu, C. C., Lin, S. H., Lu, K. 
C., and Wu, C. C. (2016) 'Intradialytic Aerobic Cycling Exercise Alleviates 
Inflammation and Improves Endothelial Progenitor Cell Count and Bone Density in 
Hemodialysis Patients'. Medicine 95 (27), e4134 

Lima, E. Q., Silva, R. G., Donadi, E. L., Fernandes, A. B., Zanon, J. R., Pinto, K. R., and 
Burdmann, E. A. (2012) 'Prevention of Intradialytic Hypotension in Patients with 
Acute Kidney Injury Submitted to Sustained Low-Efficiency Dialysis'. Renal Failure 
34 (10), 1238-1243 

Liu, Y. W., Su, C. T., Sung, J. M., Wang, S. P., Su, Y. R., Yang, C. S., Tsai, L. M., Chen, 
J. H., and Tsai, W. C. (2013) 'Association of Left Ventricular Longitudinal Strain with 
Mortality among Stable Hemodialysis Patients with Preserved Left Ventricular 
Ejection Fraction'. Clinical Journal of the American Society of Nephrology : CJASN 
8 (9), 1564-1574 



 
251                           

  

MacNeill, S. J. and Ford, D. (2017) 'UK Renal Registry 19th Annual Report: Chapter 2 
UK Renal Replacement Therapy Prevalence in 2015: National and Centre-Specific 
Analyses'. Nephron 137 Suppl 1 (1), 45-72 

Mak, R. H., Ikizler, A. T., Kovesdy, C. P., Raj, D. S., Stenvinkel, P., and Kalantar-Zadeh, 
K. (2011) 'Wasting in Chronic Kidney Disease'. Journal of Cachexia, Sarcopenia 
and Muscle 2 (1), 9-25 

Manfredini, F., Mallamaci, F., D'Arrigo, G., Baggetta, R., Bolignano, D., Torino, C., 
Lamberti, N., Bertoli, S., Ciurlino, D., Rocca-Rey, L., Barilla, A., Battaglia, Y., 
Rapana, R. M., Zuccala, A., Bonanno, G., Fatuzzo, P., Rapisarda, F., Rastelli, S., 
Fabrizi, F., Messa, P., De Paola, L., Lombardi, L., Cupisti, A., Fuiano, G., Lucisano, 
G., Summaria, C., Felisatti, M., Pozzato, E., Malagoni, A. M., Castellino, P., Aucella, 
F., Abd ElHafeez, S., Provenzano, P. F., Tripepi, G., Catizone, L., and Zoccali, C. 
(2017) 'Exercise in Patients on Dialysis: A Multicenter, Randomized Clinical Trial'. 
Journal of the American Society of Nephrology : JASN 28 (4), 1259-1268 

March, D. S., Graham-Brown, M. P., Stover, C. M., Bishop, N. C., and Burton, J. O. 
(2017) 'Intestinal Barrier Disturbances in Haemodialysis Patients: Mechanisms, 
Consequences, and Therapeutic Options'. BioMed Research International 2017, 
5765417 

McCarthy, B., Casey, D., Devane, D., Murphy, K., Murphy, E., and Lacasse, Y. (2015) 
'Pulmonary Rehabilitation for Chronic Obstructive Pulmonary Disease'. Cochrane 
Database of Systematic Reviews (2) 

McGregor, G., Ennis, S., Powell, R., Hamborg, T., Raymond, N. T., Owen, W., Aldridge, 
N., Evans, G., Goodby, J., Hewins, S., Banerjee, P., Krishnan, N. S., Ting Stephen, 
M. S., and Zehnder, D. (2018) 'Feasibility and Effects of Intra-Dialytic Low-
Frequency Electrical Muscle Stimulation and Cycle Training: A Pilot Randomized 
Controlled Trial'. PLoS One 13 (7), e0200354 

McGuire, S., Horton, E. J., Renshaw, D., Jimenez, A., Krishnan, N., and McGregor, G. 
(2018) 'Hemodynamic Instability during Dialysis: The Potential Role of Intradialytic 
Exercise'. BioMed Research International 2018, 8276912 

McIntyre, C. W., Harrison, L. E., Eldehni, M. T., Jefferies, H. J., Szeto, C. C., John, S. G., 
Sigrist, M. K., Burton, J. O., Hothi, D., Korsheed, S., Owen, P. J., Lai, K. B., and Li, 
P. K. (2011) 'Circulating Endotoxemia: A Novel Factor in Systemic Inflammation and 
Cardiovascular Disease in Chronic Kidney Disease'. Clinical Journal of the 
American Society of Nephrology : CJASN 6 (1), 133-141 

Momeni, A., Nematolahi, A., and Nasr, M. (2014) 'Effect of Intradialytic Exercise on 
Echocardiographic Findings in Hemodialysis Patients'. Iranian Journal of Kidney 
Diseases 8 (3), 207-211 

Musavian, A. S., Soleimani, A., Masoudi Alavi, N., Baseri, A., and Savari, F. (2015) 
'Comparing the Effects of Active and Passive Intradialytic Pedaling Exercises on 



 
252                           

  

Dialysis Efficacy, Electrolytes, Hemoglobin, Hematocrit, Blood Pressure and Health-
Related Quality of Life'. Nursing and Midwifery Studies 4 (1), e25922 

National Institute for Health and Care Excellence guideline (2013) 'Myocardial Infarction: 
Cardiac Rehabilitation and Prevention of further Cardiovascular Risk' CG172, 1-39 

Navaneethan, S. D., Schold, J. D., Jolly, S. E., Arrigain, S., Blum, M. F., Winkelmayer, 
W. C., and Nally, J. V.,Jr (2017) 'Blood Pressure Parameters are Associated with 
all-Cause and Cause-Specific Mortality in Chronic Kidney Disease'. Kidney 
International 

Nelson, A., Otto, J., Whittle, J., Stephens, R. C., Martin, D. S., Prowle, J. R., and 
Ackland, G. L. (2016) 'Subclinical Cardiopulmonary Dysfunction in Stage 3 Chronic 
Kidney Disease'. Open Heart 3 (1), e000370-000370. eCollection 2016 

NICE (2014) 'Chronic Kidney Disease in Adults:Assessment and Management'. National 
Institute for Health and Care Excellence, 1-59 

Nie, Y., Zhang, Z., Zou, J., Liang, Y., Cao, X., Liu, Z., Shen, B., Chen, X., and Ding, X. 
(2016) 'Hemodialysis-Induced Regional Left Ventricular Systolic Dysfunction'. 
Hemodialysis International.International Symposium on Home Hemodialysis 20 (4), 
564-572 

Ookawara, S., Miyazawa, H., Ito, K., Ueda, Y., Kaku, Y., Hirai, K., Hoshino, T., Mori, H., 
Yoshida, I., Morishita, Y., and Tabei, K. (2016a) 'Blood Volume Changes Induced by 
Low-Intensity Intradialytic Exercise in Long-Term Hemodialysis Patients'. ASAIO 
Journal (American Society for Artificial Internal Organs : 1992) 62 (2), 190-196 

Ookawara, S., Miyazawa, H., Ito, K., Ueda, Y., Kaku, Y., Hirai, K., Hoshino, T., Mori, H., 
Yoshida, I., Morishita, Y., and Tabei, K. (2016b) 'Blood Volume Changes Induced by 
Low-Intensity Intradialytic Exercise in Long-Term Hemodialysis Patients'. ASAIO 
Journal (American Society for Artificial Internal Organs : 1992) 62 (2), 190-196 

Owen, P. J., Priestman, W. S., Sigrist, M. K., Lambie, S. H., John, S. G., Chesterton, L. 
J., and McIntyre, C. W. (2009) 'Myocardial Contractile Function and Intradialytic 
Hypotension'. Hemodialysis International.International Symposium on Home 
Hemodialysis 13 (3), 293-300 

Oxborough, D., George, K., and Birch, K. M. (2012) 'Intraobserver Reliability of Two‐
Dimensional Ultrasound Derived Strain Imaging in the Assessment of the Left 
Ventricle, Right Ventricle, and Left Atrium of Healthy Human Hearts'. 
Echocardiography 29 (7), 793-802 

Painter, P. (2009) 'Determinants of Exercise Capacity in CKD Patients Treated with 
Hemodialysis'. Advances in Chronic Kidney Disease 16 (6), 437-448 

Parker, K. (2016) 'Intradialytic Exercise is Medicine for Hemodialysis Patients'. Current 
Sports Medicine Reports 15 (4), 269-275 



 
253                           

  

Parsons, T. L. and King-VanVlack, C. E. (2009) 'Exercise and End-Stage Kidney 
Disease: Functional Exercise Capacity and Cardiovascular Outcomes'. Advances in 
Chronic Kidney Disease 16 (6), 459-481 

Pedersen, B. K. and Saltin, B. (2006) 'Evidence for Prescribing Exercise as Therapy in 
Chronic Disease'. Scandinavian Journal of Medicine & Science in Sports 16 Suppl 
1, 3-63 

Pedersen, B. K. and Fischer, C. P. (2007) 'Beneficial Health Effects of Exercise – the 
Role of IL-6 as a Myokine'. Trends in Pharmacological Sciences 28 (4), 152-156 

Penny, J. D., Salerno, F. R., Brar, R., Garcia, E., Rossum, K., McIntyre, C. W., and 
Bohm, C. J. (2018) 'Intradialytic Exercise Preconditioning: An Exploratory Study on 
the Effect on Myocardial Stunning'. Nephrology, Dialysis, Transplantation : Official 
Publication of the European Dialysis and Transplant Association - European Renal 
Association 

Peres, A., Perotto, D. L., Dorneles, G. P., Fuhro, M. I., and Monteiro, M. B. (2015) 
'Effects of Intradialytic Exercise on Systemic Cytokine in Patients with Chronic 
Kidney Disease'. Renal Failure, 1-5 

Petraki, M., Kouidi, E., Grekas, D., and Deligiannis, A. (2008) 'Effects of Exercise 
Training during Hemodialysis on Cardiac Baroreflex Sensitivity'. Clinical Nephrology 
70 (3), 210 

Poole, D. C. and Jones, A. M. (2012) 'Oxygen Uptake Kinetics'. Comprehensive 
Physiology 2 (2), 933 

Pu, J., Jiang, Z., Wu, W., Li, L., Zhang, L., Li, Y., Liu, Q., and Ou, S. (2019) 'Efficacy and 
Safety of Intradialytic Exercise in Haemodialysis Patients: A Systematic Review and 
Meta-Analysis'. BMJ Open 9 (1), e020633 

Reboredo, M. M., Neder, J. A., Pinheiro, B. V., Henrique, D. M., Lovisi, J. C., and Paula, 
R. B. (2015) 'Intra-Dialytic Training Accelerates Oxygen Uptake Kinetics in 
Hemodialysis Patients'. European Journal of Preventive Cardiology 22 (7), 912-919 

Reboredo, M. M., Neder, J. A., Pinheiro, B. V., Henrique, D. M., Faria, R. S., and Paula, 
R. B. (2011) 'Constant Work-Rate Test to Assess the Effects of Intradialytic Aerobic 
Training in Mildly Impaired Patients with End-Stage Renal Disease: A Randomized 
Controlled Trial'. Archives of Physical Medicine and Rehabilitation 92 (12), 2018-
2024 

Rhee, S. Y., Song, J. K., Hong, S. C., Choi, J. W., Jeon, H. J., Shin, D. H., Ji, E. H., 
Choi, E., Lee, J., Kim, A., Choi, S. W., and Oh, J. (2019) 'Intradialytic Exercise 
Improves Physical Function and Reduces Intradialytic Hypotension and Depression 
in Hemodialysis Patients'. The Korean Journal of Internal Medicine 34 (3), 588-598 



 
254                           

  

Rice, M. E. and Harris, G. T. (2005) 'Comparing Effect Sizes in Follow-Up Studies'. Law 
and Human Behavior 29 (5), 615-620 

Rivera-Brown, A. and Frontera, W. R. (2012) 'Principles of Exercise Physiology: 
Responses to Acute Exercise and Long-Term Adaptations to Training'. American 
Academy of Physical Medicine and Rehabilitation 4, 797-804 

Routledge, F., Campbell, T., McFetridge-Durdle, J., and Bacon, S. (2010) 'Improvements 
in Heart Rate Variability with Exercise Therapy'. Canadian Journal of Cardiology 26 
(6), 303-312 

Sarafidis, P. A., Kamperidis, V., Loutradis, C., Tsilonis, K., Mpoutsiouki, F., Saratzis, A., 
Giannakoulas, G., Sianos, G., and Karvounis, H. (2017) 'Haemodialysis Acutely 
Deteriorates Left and Right Diastolic Function and Myocardial Performance: An 
Effect Related to High Ultrafiltration Volumes?'. Nephrology, Dialysis, 
Transplantation : Official Publication of the European Dialysis and Transplant 
Association - European Renal Association 32 (8), 1402 

Scheel, P. J., Liu, M., and Rabb, H. (2008) 'Uremic Lung: New Insights into a Forgotten 
Condition'. Kidney International 74 (7), 849-851 

Schefold, J. C., Filippatos, G., Hasenfuss, G., Anker, S. D., and von Haehling, S. (2016) 
'Heart Failure and Kidney Dysfunction: Epidemiology, Mechanisms and 
Management'. Nature Reviews.Nephrology 12 (10), 610-623 

Schneider, C., Coll, B., Jick, S. S., and Meier, C. R. (2016) 'Doubling of Serum 
Creatinine and the Risk of Cardiovascular Outcomes in Patients with Chronic 
Kidney Disease and Type 2 Diabetes Mellitus: A Cohort Study'. Clinical 
Epidemiology 8, 177-184 

Segura-Orti, E. (2010) 'Exercise in Haemodyalisis Patients: A Literature Systematic 
Review'. Nefrologia : Publicacion Oficial De La Sociedad Espanola Nefrologia 30 
(2), 236-246 

Shen, H., Zhao, J., Zhou, X., Li, J., Wan, Q., Huang, J., Li, H., Wu, L., Yang, S., and 
Wang, P. (2017) 'Impaired Chronotropic Response to Physical Activities in Heart 
Failure Patients'. BMC Cardiovascular Disorders 17 (1), 136 

Sheng, K., Zhang, P., Chen, L., Cheng, J., Wu, C., and Chen, J. (2014) 'Intradialytic 
Exercise in Hemodialysis Patients: A Systematic Review and Meta-Analysis'. 
American Journal of Nephrology 40 (5), 478-490 

Sietsema, K. E., Amato, A., Adler, S. G., and Brass, E. P. (2004) 'Exercise Capacity as a 
Predictor of Survival among Ambulatory Patients with End-Stage Renal Disease'. 
Kidney International 65 (2), 719-724 

Slee, A. D. (2012) 'Exploring Metabolic Dysfunction in Chronic Kidney Disease'. Nutrition 
& Metabolism 9 (1), 36 



 
255                           

  

Squara, P., Denjean, D., Estagnasie, P., Brusset, A., Dib, J. C., and Dubois, C. (2007) 
'Noninvasive Cardiac Output Monitoring (NICOM): A Clinical Validation'. Intensive 
Care Medicine 33 (7), 1191-1194 

Stefansson, B. V., Brunelli, S. M., Cabrera, C., Rosenbaum, D., Anum, E., 
Ramakrishnan, K., Jensen, D. E., and Stalhammar, N. O. (2014) 'Intradialytic 
Hypotension and Risk of Cardiovascular Disease'. Clinical Journal of the American 
Society of Nephrology : CJASN 9 (12), 2124-2132 

Stewart, G. A., Foster, J., Cowan, M., Rooney, E., Mcdonagh, T., Dargie, H. J., Rodger, 
R. S. C., and Jardine, A. G. (1999) 'Echocardiography Overestimates Left 
Ventricular Mass in Hemodialysis Patients Relative to Magnetic Resonance 
Imaging'. Kidney International 56 (6), 2248-2253 

Tai, D. J., Ahmed, S. B., Palacios-Derflingher, L., Hemmelgarn, B. R., MacRae, J. M., 
and Alberta Kidney Disease Network (2013) 'Pneumatic Compression Devices 
during Hemodialysis: A Randomized Crossover Trial'. Nephrology, Dialysis, 
Transplantation : Official Publication of the European Dialysis and Transplant 
Association - European Renal Association 28 (4), 982-990 

Thijssen, D. H. J., Redington, A., George, K. P., Hopman, M. T. E., and Jones, H. (2018) 
'Association of Exercise Preconditioning with Immediate Cardioprotection: A 
Review'. JAMA Cardiology 3 (2), 169-176 

Thompson, S., Clark, A., Molzahn, A., Klarenbach, S., and Tonelli, M. (2016) 'Increasing 
the Uptake of Exercise Programs in the Dialysis Unit: A Protocol for a Realist 
Synthesis'. Systematic Reviews 5, 67-6 

Ting, S. M., Hamborg, T., McGregor, G., Oxborough, D., Lim, K., Koganti, S., Aldridge, 
N., Imray, C., Bland, R., Fletcher, S., Krishnan, N. S., Higgins, R. M., Townend, J., 
Banerjee, P., and Zehnder, D. (2015) 'Reduced Cardiovascular Reserve in Chronic 
Kidney Failure: A Matched Cohort Study'. American Journal of Kidney Diseases : 
The Official Journal of the National Kidney Foundation 66 (2), 274-284 

Ting, S. M., Iqbal, H., Kanji, H., Hamborg, T., Aldridge, N., Krishnan, N., Imray, C. H., 
Banerjee, P., Bland, R., Higgins, R., and Zehnder, D. (2014) 'Functional 
Cardiovascular Reserve Predicts Survival Pre-Kidney and Post-Kidney 
Transplantation'. Journal of the American Society of Nephrology : JASN 25 (1), 187-
195 

Tomlinson, C., Graham-Brown, M., Churchward, D., Stockdale, B., Dickinson, S., Marsh, 
A., Careless, A., March, D., and Burton, J. (2017) 'Aerobic Intradilaytic Exercise: An 
Effective Approach to Improve Heart Rate Variability?'. Nephrology Dialysis 
Transplantation 32 (suppl_3), iii324 

Toth-Manikowski, S. M. and Sozio, S. M. (2016) 'Cooling Dialysate during in-Center 
Hemodialysis: Beneficial and Deleterious Effects'. World Journal of Nephrology 5 
(2), 166-171 



 
256                           

  

Townsend, R., Anderson, A., Chirinos, J., Feldman, H., Grunwald, J., Nessel, L., Roy, J., 
Weir, M., Wright, J., Bansal, N., Hsu, C., Appel, L., Go, A., He, J., Kusek, J., Lash, 
J., Ojo, A., and Rahman, M. (2018) 'Association of Pulse Wave Velocity with 
Chronic Kidney Disease Progression and Mortality: Findings from the CRIC Study 
(Chronic Renal Insufficiency Cohort)'. Hypertension 71 (6), 1101-1107 

Tuegel, C. and Bansal, N. (2017) 'Heart Failure in Patients with Kidney Disease'. Heart 
103 (23), 1848-1853 

USRDS (2013) U.S. Renal Data System, USRDS 2013 Annual Data Report: Atlas of 
Chronic Kidney Disease and End-Stage Renal Disease in the United States, 
National Institutes of Health, National Institute of Diabetes and Digestive and Kidney 
Diseases 

Van Buren, P. N. and Inrig, J. K. (2017) 'Special Situations: Intradialytic 
Hypertension/Chronic Hypertension and Intradialytic Hypotension'. Seminars in 
Dialysis 

Van Craenenbroeck, A. H., Van Ackeren, K., Hoymans, V. Y., Roeykens, J., Verpooten, 
G. A., Vrints, C. J., Couttenye, M. M., and Van Craenenbroeck, E. M. (2014) 'Acute 
Exercise-Induced Response of Monocyte Subtypes in Chronic Heart and Renal 
Failure'. Mediators of Inflammation 2014, 216534 

Vaz, M. Guyton & Hall Textbook of Medical Physiology : A South Asian Edition. 2nd edn 

Viana, J. L., Kosmadakis, G. C., Watson, E. L., Bevington, A., Feehally, J., Bishop, N. 
C., and Smith, A. C. (2014) 'Evidence for Anti-Inflammatory Effects of Exercise in 
CKD'. Journal of the American Society of Nephrology : JASN 25 (9), 2121-2130 

Vinet, A., Nottin, S., Lecoq, A. M., and Obert, P. (2002) 'Cardiovascular Responses to 
Progressive Cycle Exercise in Healthy Children and Adults'. International Journal of 
Sports Medicine 23 (4), 242-246 

Wright, J. and Hutchison, A. (2009) 'Cardiovascular Disease in Patients with Chronic 
Kidney Disease'. Vascular Health and Risk Management 5, 713-722 

  
 
 
 
 
 
 
 
 
 



 
257                           

  

Chapter 8: Appendices  

8.1 Ethics: Health Research Authority Approval 

Content removed on data protection grounds 



 
258                           

  

Content removed on data protection grounds 



 
259                           

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Content removed on data protection grounds 



 
260                           

  

8.2 Participant information sheet 

PARTICIPANT INFORMATION SHEET 
Version 2 20/02/2017 

   
 

Study Title: Acute physiological effects of exercise in end stage 

renal disease 

 

Chief Investigator:  

Mr Scott McGuire, PhD candidate (Coventry University; Centre for Applied Biological 

and Exercise Sciences)  

 

Principal Investigator /Local Research team:  

Dr Gordon McGregor, Dr Elizabeth Horton, Prof Derek Renshaw, Prof Alfonso Jimenez, Prof Nithya 

Krishnan, Mr Stuart Ennis, Mr Richard Powell, Miss Nathalia Berthold 

 

Dear Participant, 

You are invited to take part in a student project being undertaken in part fulfilment of a 
PhD research study. Before you decide, it is important for you to understand why the 
study is being done and what it will involve for you. Please take time to read the 
following information carefully. Discuss it with friends, relatives or your GP if you wish. 
It is up to you to decide whether or not to take part in this study. Whatever you decide, 
the standard of care you receive will not be affected. If there is anything that is unclear, 
or you would like more information, please do not hesitate to ask. 

 
What is the purpose of the study? 
Exercise has been shown to be beneficial to help with problems associated with 
kidney disease. However, the body responds differently to exercise in people with 
kidney disease, particularly when the exercise is done during dialysis. The aim of this 
study is to find out how the body responds to exercise in people with kidney disease. 
 
Why have I been chosen? 
You have been invited to take part in this study because you have kidney disease and 
attend hospital for haemodialysis. A total of 30 people with kidney disease will be 
invited to take part.  
 

Do I have to take part? 
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It is up to you to decide whether or not to take part. We will go through this information sheet 

with you, which we will then give you to keep.  If you do agree to take part, you will be asked to 

sign a consent form. You are free to withdraw at any time without giving a reason. 

 

What will happen to me if I take part? 

We will require you to attend University Hospitals Coventry & Warwickshire NHS Trust for 2 

research visits on non-dialysis days. We will also do some measurements when you attend 2 

of your normal dialysis sessions. The measurements and visits are described below. 

 

Measurements: 

 

1. Blood test: Blood samples will be taken from your arm and finger. Some 

samples will be frozen and stored securely for use in future research projects 

addressing similar questions with your consent.  

 

2. Echocardiogram: This is commonly known as a heart scan. It is a standard 

ultrasound technique used to look at the heart chambers, valves and muscle. 

It is painless and involves running a small probe over the chest wall. 

 

3. Pulse wave analysis: This is a pain-free measurement of your arteries. A 

blood pressure cuff will be inflated around your arm. 

 

4. Non-invasive cardiac output measurement (NICOM): This device helps us 

measure the function of the heart. Four sticky dots will be placed on the upper 

and lower part of the chest.  

 

5. Cardiopulmonary exercise test (CPEX): This test involves pedalling on an 

exercise bike for about 10 minutes whilst wearing a small face mask, an ECG 

(12 sticky dots on your chest), and a blood pressure cuff around your arm. By 

measuring your breathing and heart rate, the test provides information about 

your fitness. You will be asked to pedal against an increasing resistance until 

you are unable to continue. 

 

6. Constant load exercise test (CLE): Whilst seated on a dialysis chair, you will 

be asked to pedal a special bike at a steady rate for 30 minutes. The same 

measures will be recorded as the CPEX test. The week before the test, you will 

have the chance to practice the cycling a few times at your normal dialysis 

sessions. 
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Visits: 

 

Visit 1: Attend University Hospital for a cardiopulmonary exercise test (CPEX) on a non-dialysis 

day. Blood samples will be taken from your arm before and after the test. This appointment will 

last 2 hours. 

 

Visit 2: Attend University Hospital for a constant load exercise test on a non-dialysis day. Blood 

samples will be taken from your arm and finger before, during and after the test. An 

echocardiogram assessment will also be done. This appointment will last 3 hours 

 

Visit 3: Attend University Hospital for your normal dialysis session. You will do constant load 

exercise test during dialysis. Blood samples will be taken during and after the test. An 

echocardiogram assessment will also be done.  

 

Visit 4: Attend University Hospital for your normal dialysis session. Blood samples will be taken 

before and during dialysis. An echocardiogram assessment will also be done during dialysis. 

You will not do any exercise.  

 

What are the possible disadvantages and risks of taking part? 

By taking part in the study you will be required to do some exercise which can be a little 

uncomfortable for some people. We will also take some blood which can cause some discomfort. 

 

What are the possible benefits of taking part? 

By taking part in this research you will be able to have a full assessment of your 

fitness by exercise specialists. If any of our measurements show anything abnormal 

with your health, you will receive prompt and appropriate medical care and attention. 

 

What are the risks? 

Exercise testing carries a very small risk of complications. If it is likely that you may have a problem 

during the test, you will not be asked to take part. Some people may experience slight bruising 

and discomfort when a blood sample is taken. Otherwise, the study mainly involves information 

gathering and non-invasive measurements. We do not anticipate any serious risk to you. This 

study will not involve you taking extra medication and it will not affect your treatment in any way. 

If you have concerns about any aspect of this study, please speak to the study staff who will be 

able to answer your questions. Their contact details are found at the end of this information sheet.  

In the very unlikely event of you being harmed by taking part in this research project, there are no 

special compensation arrangements. If you are harmed due to someone’s negligence, then you 
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may have grounds for legal action but you may have to pay for it. If you wish to complain, or have 

any concerns about any aspect of the way you have been approached or treated during the course 

of this study, the normal National Health Service complaints mechanism is available to you. Please 

contact: 0345 015 4033 

 

For independent advice on research, you can contact PALS (Patient Advice and Liaison Service) 

on freephone 0800 028 4203. 

 

In the unlikely event of you losing your capacity to consent during the course of the study, you 

would be withdrawn from the study and no further data or blood samples would be collected.  Data 

or blood samples already collected would be retained and used in this study. 

 

Will my taking part in this study be kept confidential? 

If you consent to take part in the study, all information which is collected about you during the 

course of the research will be kept strictly confidential.  Your name and address will be removed 

from all study data (anonymised) and a study identification number assigned. Your GP will not be 

directly involved in the study but, with your permission, will be informed in writing that you are 

taking part. 

 

What will happen to the results of the research study? 

The results of this study will be published after all the information has been analysed. You will not 

be identified in any publication or report. If you would like a final report, please contact Mr Scott 

McGuire (details below). Your GP and Consultant will be informed of any outcome of the study 

that may affect your medical care. 

 

Who is organising and funding the research? 

This study is being funded by Coventry University in collaboration with University Hospitals 

Coventry and Warwickshire NHS trust. 

 

Who has reviewed the study? 

This protocol has been reviewed and approved by the London – city & East research ethics 

committee (17/LO/0356) and has also received HRA approval on 03/03/2017. 

 

Will travel costs be covered? 

You will be reimbursed for any reasonable travel expense incurred when attending on non-dialysis 

days. 
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OPTIONAL  

If you consent, images and video material may be recorded for scientific journals and conferences. 

You will be made aware if any images/videos are being taken and your identity will be concealed.   

 

Contact for further information: 

Thank you for considering taking part in this research study. Whilst we would obviously 

be delighted if you can help us, there is no obligation to do so. 
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8.3 Patient consent form  

  

 

  
CONSENT FORM  

 
IRAS Number: 216816  
(Version2: 20/02/2017) 
 Date: 
 

Re: Study Title: Acute physiological effects of exercise in end stage renal 
                                   disease 
 
Chief Investigator: Mr Scott McGuire, PhD candidate (Coventry University;  
                                   Applied Biological and Exercise Sciences)  
 
Researchers:  Dr Gordon McGregor, Dr Elizabeth Horton, Prof Derek Renshaw, Prof 
Alfonso Jimenez, Prof Nithya Krishnan, Mr Stuart Ennis, Mr Richard Powell, Miss Nathalia 
Berthold, Prof Olivier Sparagano 
 
    
          Please initial box 
 
1.  I confirm that I have read the information sheet dated ...../......./....... 

(Version.......) for the above study. I have had the opportunity to consider the 
information, ask questions and have had these answered satisfactorily.         

 
2. I understand that my participation is voluntary and that I am free to withdraw 

at any time, without giving any reason, without my medical care or legal rights 
being affected. 

 
3. I understand that sections of any of my medical notes may be looked at by 

responsible individuals from Coventry University or from regulatory 
authorities where it is relevant to my taking part in research.  I give 
permission for these individuals to have access to my records. 

 
 
4. I understand that the information collected about me will be used to support 

other ethically approved research in the future, and may be shared 
anonymously with other researchers. 

 
 

 

 
 

 

 
 

 

 
 

 

Centre applied biological 
and exercise sciences 

Coventry University 
Coventry 
CV1 5FB 

Centre applied biological 
and exercise sciences 

Coventry University 
Coventry 
CV1 5FB 

 
Tel: 07980113721 

Email:mcguire9@uni.coventry.ac.uk 
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5. I agree for my GP to be informed of my participation in the study. 
 
 
6. I agree that my blood samples may be stored and use for future research 

and understand that some samples may be sent to other laboratories or 
research groups in the UK or abroad anonymously. 
 
 

7. I agree to take part in the above study. 
 
 
8. I understand that in the unlikely event of my losing capacity to consent 

during the course of the study, I will be withdrawn from the study and no 
further data or blood samples will be collected.  Data or blood samples 
already collected will be retained and used in the study.' 

−  

−  
9. OPTIONAL – I agree to have some of my participation in this trial audio  

and/or video recorded for publications. I understand that my identity will be 
concealed. 
 

 
______________________  _________ ____________ 
Name of Patient                                          Date             Signature 
 
 
______________________  _________ ____________ 
Name of Person taking consent  Date Signature 
(if different from researcher) 
 
______________________ _________         ____________ 
Researcher    Date  Signature 

 
1 for patient; 1 for researcher; 1 to be kept with hospital notes 
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