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Abstract 
 
Introduction 
 
In ambulatory patients with chronic stable heart failure, the cardinal symptom of 
exercise intolerance is not fully resolved despite optimal medical treatment. 
Identifying other treatments to improve exercise intolerance may improve quality of 
life. 
 
Methods 
 
I investigated 2 treatments that may improve exercise intolerance in patients with 
heart failure. First, I conducted a review of oxygen supplementation in 
cardiovascular disease and then investigated the exercise capacity of 46 patients 
(mean age 75 years, 63% male and median N-terminal pro-B type natriuretic peptide 
1432 (interquartile range: 543-2378 ng/l)) with heart failure and normal ejection 
fraction (HeFNEF), using different oxygen supplementation (21%, 28% and 40%). 
Second, I conducted a literature review on the acute effects of water immersion (WI) 
and swimming in patients with heart failure and reduced ejection fraction (HeFREF) 
and then investigated the haemodynamic and echocardiographic changes during 
warm WI in 17 patients with HeFREF (NYHA I and II; mean age 67 years, 88% 
male and mean left ventricular ejection fraction 33%) and 10 normal subjects.  
 
Results 
 
In patients with HeFREF, high doses of oxygen have negative haemodynamics 
effects however low doses may improve exercise tolerance. In patients with 
HeFNEF, increasing oxygen supplementation during exertion leads to a small 
increase in exercise time. In patients with HeFREF, although exercise in water 
appears to be safe, the studies conducted have been small, very heterogeneous and 
inconclusive. In patients with HeFREF, warm WI causes an acute increase in cardiac 
output and a fall in systemic vascular resistance.  
 
Conclusion 
 
Warm WI is well tolerated; however, whether swimming can be recommended as 
alternative to other forms of exercise or rehabilitation in patients with HeFREF needs 
further studies. In patients with HeFNEF, a disproportionate increase in left atrial 
pressure on exercise contributes to symptoms. However extra-cardiac mechanisms 
may also contribute to impaired exercise tolerance. Studies should also focus on 
treatment of co morbidities. 
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Chapter 1  Introduction 

 
Heart failure is a clinical syndrome of symptoms and signs of congestion (exercise 

intolerance, shortness of breath, fatigue, ankle swelling, elevated jugular venous 

pressure and pulmonary crackles). Heart failure is caused by structural or functional 

abnormalities of the heart.1  Identifying the underlying cause is important in the 

treatment of heart failure as a precise aetiology enables specific treatment. (Table 1) 

The diagnosis of heart failure is conventionally reached if a patient has symptoms 

compatible with heart failure with a compatible abnormality of the heart on 

investigations.  

 

By far the most common cause of heart failure is an abnormality of myocardial 

function and, for better or worse, the commonest index of myocardial function used 

is left ventricular ejection fraction (LVEF). Patients with a LVEF of less than 40% 

are classed as having heart failure with reduced ejection fraction (HeFREF).1 Some 

patients who have signs and/or symptoms of heart failure may have a LVEF more 

than 50%. These patients are classed as heart failure with normal ejection fraction 

(HeFNEF), if they have some other objective evidence of cardiac dysfunction in the 

shape of raised natriuretic peptide level and a structural abnormality of the heart 

(such as left atrial dilation, left ventricular hypertrophy or signs of diastolic 

dysfunction).1 Recently the European Society of Cardiology have suggested that 

patients with heart failure may be divided into three categories; HeFREF (LVEF less 

than 40%), HeFNEF (LVEF more than 50%) and the new category of heart failure 

with mid- range ejection fraction.1 This new category comprises of patient with an 

LVEF of between 40-49% with a raise natriuretic peptide and structural abnormality 
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of the heart. It is important to differentiate patients with heart failure according to 

their LVEF due to the different aetiologies and response to therapies.2  

 

Table 1: Causes of heart failure 

Causes of heart failure 

Diseased myocardium 

Ischaemic heart 
disease  

Toxic damage 

Recreational 
substance abuse Alcohol, cocaine, amphetamine, anabolic steroids. 

Heavy metals Copper, iron, lead, cobalt. 

Medications 
Cytotoxic drugs, immunomodulating drugs, 
antidepressant drugs, antiarrhythmics, non-steroidal 
anti-inflammatory drugs, anaesthetic drugs 

Radiation  

Immune-
mediated and 
inflammatory 
damage 

Infections Bacteria, spirochaetes, fungi, protozoa, parasites 
(Chagas disease), rickettsiae, viruses (HIV). 

Non infectious 
Lymphocytic/giant cell myocarditis, autoimmune 
diseases hypersensitivity and eosinophilic 
myocarditis.  

Infiltrative Malignancy  

 Not malignancy 
related 

Amyloidosis, sarcoidosis, haemochromatosis, 
glycogen storage diseases, lysosomal storage 
diseases.  
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Table1: Causes of heart failure 
 

Metabolic 
derangements Hormonal 

Thyroid disease, parathyroid disease, acromegaly, 
growth hormone deficiency, hypercortisolaemia, 
Conn’s disease, Addison disease, diabetes, 
metabolic syndrome, phaeochromocytoma, 
pathologies related to pregnancy  

 Nutritional Deficiency in thiamine, L-carnitine, selenium, iron, 
phosphates, calcium, complex malnutrition, obesity 

Genetic 
abnormalities  

HCM, DCM, LV non- compaction, ARVC, 
restrictive cardiomyopathy, muscular dystrophies 
and laminopathies. 

Abnormal cardiac loading conditions 

Hypertension   

Valve and 
myocardium 
structural defects 

Acquired or 
congenital 

Mitral, aortic, tricuspid and pulmonary valve 
disease. Atrial and ventricular septum defects 

Pericardial and 
endomyocardial 
pathologies 

Pericardial Constrictive pericarditis, Pericardial effusion 

Endomyocardial Hyper eosinophilic syndrome, endomyocardial 
fibrosis, endocardial fibro elastosis 

High output 
states  Severe anaemia, sepsis, thyrotoxicosis, Pagets 

disease, arteriovenous fistula, pregnancy 

Volume overload  Renal failure, iatrogenic fluid overload 

Arrhythmias 

Tachy-
arrhythmias  Atrial, ventricular arrhythmias. 

Brady-
arrhythmias  Sinus node dysfunctions, conduction disorders. 

Abbreviations:  HIV: human immunodeficiency virus, HCM:  hypertrophic 
cardiomyopathy, DCM: dilated cardiomyopathy, LV: left ventricle, ARVC: 
arrhythmogenic right ventricular cardiomyopathy. Table adapted from the 2016 ESC 
Guidelines for the diagnosis and treatment of acute and chronic heart failure1  
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1.1 Investigations for the diagnosis and aetiology of heart failure 

 
The investigations typically used to diagnose heart failure are, firstly, imaging of the 

heart. Echocardiography is the most widely used form of imaging and provides 

crucial information on cardiac chamber volumes, ventricular systolic and diastolic 

function, ventricular wall thickness, valve function and estimate pulmonary artery 

systolic pressure to establish the diagnosis, aetiology and guide appropriate therapy.3 

In more recent years, plasma natriuretic peptides, which have a high negative 

predictive value but a low positive predictive value for the diagnosis of heart failure, 

have been used as a “rule out” test when echocardiography is not immediately 

available.4 (Upper limit of normal in the non-acute clinical setting; B-type natriuretic 

peptide (BNP) is 35 pg/ml and N-terminal pro-B type natriuretic peptide. 

(NTproBNP) is 125 pg/ml; in the acute clinical setting, BNP, 100 pg/ml and 

NTproBNP, 300 pg/ml)1 

 

Other imaging modalities such as cardiac magnetic resonance imaging, single-

photon emission computed tomography, radionuclide ventriculography and positron 

emission tomography may be considered to answer specific clinical questions to aid 

in the aetiology and management of patients with heart failure.5,6 

 

Apart from imaging of the heart, other investigations should be considered during 

the assessment of patients with suspected heart failure to aid in the aetiology, 

severity and co morbidities associated with heart failure. An electrocardiogram may 

provide information on the aetiology of heart failure and indications for therapies 

(anticoagulation, cardiac resynchronisation therapy), chest X –ray provides signs of 

severity (pulmonary congestion), pulmonary causes of shortness of breath and blood 



22 

tests (full blood count, renal function, liver function tests, thyroid function and 

ferritin) aid in the monitoring of drug therapy.1 Other specific investigations, 

targeted to find the underlying cause of heart failure, are crucial to detect 

reversible/treatable causes of heart failure when the suspicion arises.1   

 

1.2  Epidemiology 

 
Heart failure affects 1- 2% of the adult population in the western world and the 

prevalence increases with age, peaking at around 7 - 8% in those aged over 75 

years.7,8,9,10,11 Epidemiological studies suggest that roughly half the patients with 

heart failure have reduced LVEF (<40%) whilst the other half have normal LVEF 

(LVEF > 50%) 12,13,14  Although in the United Kingdom, the national heart failure 

audit report for 2014-2015, suggested that over 70% of patients admitted with acute 

heart failure had reduced LVEF.15 Prevalence data of patients with heart failure from 

hospital cohorts may be skewed as patients with HeFNEF have less severe 

symptoms and tend to have fewer admissions to hospital for cardiovascular 

problems.16,17 The proportion of patients with HeFREF and HeFNEF varies 

depending on the definition of heart failure applied, clinical setting (acute admissions 

or clinics), type of study (epidemiological or audit) and method and criteria of 

analysing left ventricular ejection fraction.12,17,18 The current European Society of 

Cardiology (ESC) guidelines for the diagnosis and treatment of acute and chronic 

heart failure, quotes a wide range, between 22-73%, for the proportion of patients 

with heart failure who have a normal LVEF.1  
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1.3 Characteristics of patients with heart failure 

Although both patients with HeFREF and HeFNEF present with similar symptoms 

of shortness of breath, reduced exercise tolerance and signs of congestion, their 

characteristics are different. Compared to patients with HeFREF, patients with 

HeFNEF tend to be older, more overweight and more likely to be female.12,19,20,21 

Patients with HeFREF and HeFNEF have different co-morbidities, with non-

cardiovascular co-morbidities more common in patients with HeFNEF. In the UK 

national heart failure audit, compared to patients with HeFREF, patients with 

HeFNEF, were more likely to have hypertension (61% versus 52%), valve disease 

(33% versus 23%) and chronic obstructive pulmonary disease (19% versus 17%) and 

less likely to have ischaemic heart disease (40% versus 51%).15 In epidemiological 

studies as well, compared to patients with HeFREF, patients with HeFNEF are more 

commonly have atrial fibrillation, hypertension and chronic obstructive pulmonary 

disease but ischaemic heart disease was less common.19,20  

 

Patients with HeFREF and HeFNEF spend similar length of time in hospital.17 The 

most common cause of admission in patients with HeFREF is due to acute heart 

failure with fluid congestion whilst for patients with HeFNEF it is due to non-

cardiovascular causes.22  

 

Mortality in patients with heart failure remains high. In the EURObservational 

programme one year all-cause mortality of ambulatory patients with heart failure 

was 7% which increased to 17% in patients with heart failure who were 

hospitalised.23 Some studies suggest that the mortality is similar between patients 

with HeFREF and HeFNEF17 whilst others suggest an increased mortality in patients 
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with HeFREF.14,19,23 Patients with HeFNEF tend to die of non-cardiovascular causes 

whilst patients with HeFREF tend to die of cardiovascular causes.19 

 

1.4 Symptoms of heart failure 

Patients with heart failure have significantly more symptoms, that hinder their 

activities of daily living, than any other chronic medical condition.24 The clinical 

course of patients with heart failure is one of a gradual decline with intermittent 

acute episodes of worsening symptoms which tend to need hospital admissions. 

(Figure 1) Patient’s symptoms vary depending on the severity of heart failure. 

 

 

Figure 1: A depiction of the clinical course of heart failure with associated types and 
intensities of available therapies.25 
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1.4.1 Symptoms of acute heart failure 

 
Acutely, patients may present with a rapid onset or gradual worsening of the 

symptoms and signs of heart failure, which requires urgent therapy. These symptoms 

represent either acute pulmonary oedema or a gradual progression of fluid 

congestion (increasing peripheral oedema and shortness of breath) over the 

preceding few weeks.1 The deterioration in symptoms may be caused by a primary 

cardiac dysfunction (myocardial infarction, valve insufficiency or arrhythmia) or by 

an extrinsic factor such as infection or non-adherence to diet or medications. An 

acute presentation of heart failure may be the first presentation of heart failure or 

worsening of chronic heart failure.1 

 

1.4.2 Symptoms of chronic stable heart failure 

 
More commonly, in ambulatory patients with chronic stable heart failure, the 

cardinal symptom is exercise intolerance due to breathlessness and fatigue.26,27 Both 

patients with HeFREF and HeFNEF have reduction in exercise capacity and both 

have markedly abnormal cardiopulmonary exercise tests which are indistinguishable 

from each other, even though there is a difference in their LVEF at rest.28 Despite 

optimal medical treatment, the symptoms of exercise intolerance have a significant 

bearing on the lifestyle of patients with heart failure. Both patients with HeFREF and 

HeFNEF have similar impairment of health related quality of life scores.29 The 

mechanisms causing exercise intolerance in patients with heart failure are complex.30  
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1.5 Determinants of exercise capacity in patients with heart failure 

1.5.1 Determinants of exercise capacity in patients with HeFREF 

 
In most stable ambulatory patients with HeFREF, haemodynamics at rest are not 

substantially impaired.31 Studies in patients with HeFREF, have shown that markers 

of cardiac dysfunction at rest such as LVEF, left ventricular size, right ventricular 

ejection fraction and neuro hormonal markers are not determinants of exercise 

capacity.32,33,34  In a study by Shelton and colleagues, 42 normal subjects and 23 

patients with HeFREF were exercised at increasing workloads of 15, 30, 45 and 60 

watts every 3 minutes on a cycle ergometer. Compared to normal subjects, in patients 

with HeFREF, there was no difference in the increase in cardiac index (measured by 

inert gas method) or oxygen consumption from rest to peak work load of 60 watts but 

there was significant lower mixed venous oxygen content on exercise.31 This implies 

that the peripheral tissues extract greater quantities of oxygen at much lower levels of 

exercise in patients with heart failure.31 The major determinants of exercise in 

patients with HeFREF appear to lie in the periphery, with abnormal skeletal muscle 

performance being chiefly implicated.  

 

1.5.2 Determinants of exercise capacity in patients with HeFNEF 

 
The situation may be different in ambulatory patients with HeFNEF: again, 

haemodynamics at rest may be normal, but during exercise, there is impaired cardiac 

output35 and a disproportionate increase in left atrial pressure.36 In a study by 

Borlaug and colleagues, of 17 patients with HeFNEF and 19 control subjects, there 

was no difference in haemodynamic and echocardiographic findings at rest apart 

from a significantly raised E wave and reduced E/A ratio in patients with HeFNEF.37 
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However during maximal-effort upright cycle stress testing (starting at 25 watts and 

increasing by 25 watts every 3 minutes until exhaustion), compared to normal control 

subjects, patients with HeFNEF had a significantly reduced exercise capacity (total 

exercise time of 180 ±71 versus 455±184 seconds in controls; P<0.001).37 The 

determinants of reduced exercise capacity in patient with HeFNEF were impaired 

arterial vasodilation, blunted increase in heart rate and cardiac output. In another 

study by Maeder and colleagues, compared to normal subjects, patients with 

HeFNEF again had a significantly lower exercise time and work load during 

resistance cycling on a stationary bike (workload was increased by 5-15 watts at 1-

minute intervals). In this study determinants of exercise capacity, measured 

invasively, were a significantly lower peak stroke volume index leading to a reduced 

peak cardiac index, a significantly higher peak systemic vascular resistance and an 

early significantly peak in pulmonary capillary wedge pressure.38 In a recent 

systemic review of 17 cohorts of patients with HeFNEF, in whom invasive 

haemodynamic and oxygen consumption was measured during rest and exercise, 

impaired exercise capacity was related in order of effect size to chronotropic 

incompetence, elevated pulmonary capillary wedge pressure, blunted augmentation 

of arteriovenous oxygen content difference and reduced stroke volume reserve.39 

This contributes to symptoms of dyspnoea and fatigue on exertion and is associated 

with worse long term outcomes.40 
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1.6 Current treatment for patients with chronic stable heart failure 

 
The goal of treatment in patients with heart failure is to improve symptoms and 

signs, reduce hospital admissions and improve prognosis. Treatments which improve 

functional capacity are also important to consider especially because heart failure is a 

chronic disease which significantly affects quality of life. There are various 

treatments, pharmacological and non-pharmacological, available which have proven 

to improve symptoms and/or prognosis of patients with heart failure. 

 

1.6.1 Pharmacological treatment of patients with HeFREF 

 
In the past 30 years several trials on neuro hormonal antagonists (angiotensin 

converting enzyme inhibitors, 41,42 mineralocorticoid receptor antagonists43,44 and 

beta blockers45,46) have shown a benefit of improving symptoms, reducing 

hospitalization and improving prognosis in patients with HeFREF. (Figure 2 and 3) 

When used individually their benefits are modest but in combination they reduce 2 

year mortality by 50-60%.47 A new therapeutic class, which acts on the renin-

angiotensin-aldosterone and the neutral endopeptidase systems (ARNI), has been 

introduced. In patients with HeFREF, compared to enalapril, the ARNI, sacubitril-

valsartan reduced heart failure admissions, cardiovascular and all-cause mortality.48 

Sacubitril-valsartan treatment is therefore recommended in patients with HeFREF, 

who remain symptomatic despite optimal medical therapy.1,49  
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Figure 2: Heart failure-reduced ejection fraction: thirty years of progress – positive 
drug trials 1986–2001.50 
 
 

 
 
 
Figure 3: Heart failure-reduced ejection fraction: thirty years of progress - positive 
drug, device and other trials 2001–2014.50 
 
 



30 

1.6.2 Pharmacological treatment of patients with HeFNEF 

 
The situation is very different for patients with HeFNEF. Considering the 

prevalence, outcomes, future projections and lack of effective therapies, HeFNEF 

represents the single largest unmet need in cardiovascular medicine.51 None of those 

pharmacotherapies which are beneficial in patients with HeFREF have any mortality 

or morbidity benefit in patients with HeFNEF.52,53,54,55,56,57 Only diuretics seem to be 

helpful in that they relieve congestion.1 Part of the reason may be that patients with 

HeFNEF tend to be older and have more co morbidities; the co morbidities make it 

more difficult to be certain that any symptoms are due to the heart and majority of 

the symptoms are due to non-cardiovascular causes..58,59  Only a small proportion of 

patients with HeFNEF have a specific genetic, pericardial, myocardial, or valvular 

aetiology to treat.2 The PARAGON-HF trial is currently looking at cumulative 

number of cardiovascular deaths and heart failure hospitalizations of valsartan and 

sacubitril compared to valsartan on its own. (ClinicalTrials.gov Identifier: 

NCT01920711) 
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1.7 Exercise in patients with chronic stable heart failure 

 
Cardiovascular disease remains largely a preventable disease. Although there are 

non-modifiable risk factors (male gender, race and family history), there are other 

risk factors which are amenable to intervention (blood pressure, abnormal blood 

sugar, high cholesterol, smoking and obesity). 60 A common modifiable risk factor is 

sedentary lifestyle, which had been associated with increased cardiovascular events 

and premature death.61 Conversely physical activity such as walking, swimming, 

cycling and even stair climbing reduces many risk factors for cardiovascular disease 

such as diabetes and also reduces mortality.62,63,64 Exercise still improves symptoms 

and outcomes in patients with cardiovascular disease. In patients with coronary 

artery disease, regular physical exercise improves angina free activity and 

mortality.65,66 In a recent study by Howden and colleagues on sixty-one healthy, 

sedentary, middle-aged participants compared to controls, an exercise programme 

for 2 years (where increases in training frequency, duration, and intensity progressed 

over time), increased maximal oxygen uptake, left ventricular end diastolic volume 

and resting stroke volume.67 The authors theorised that this improvement in left 

ventricular compliance and distensibility may provide protection against the future 

risk of heart failure with a normal ejection fraction. 

 

Traditionally cardiac rehabilitation was mainly prescribed to patients following a 

myocardial infarction and coronary artery bypass surgery but now the patient scope 

has widened to include patients with heart failure. Despite the great improvements in 

treatment during the past 30 years, in patients with HeFREF, many patients with 

heart failure remain symptomatic. Exercise training improves symptoms in patients 

with heart failure who are already optimised on heart failure medications and in the 
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HF-ACTION study there was a signal towards improvement in all-cause mortality, 

hospitalization, cardiovascular mortality and heart failure hospitalizations.78 Patients 

with heart failure frequently report exercise intolerance and/or fatigue, which might 

not necessarily represent impaired central haemodynamics.68,69 Abnormalities of 

peripheral muscle and peripheral haemodynamics play a substantial role in the 

symptoms reported by many patients.70 In patients with heart failure, there is a shift 

from type I to type II skeletal muscle fibres which have a lower concentration of 

glycogen and are less fatigue resistant; there is loss of muscle mass and fibre 

atrophy.71 The changes in peripheral muscle seen in patients with heart failure are 

similar to those seen in normal subjects who have stopped training.72  

 

1.7.1 Exercise in patients with HeFREF 

 
In the past, it was commonly assumed that rest is beneficial in patients with heart 

failure,73,74 but clinical trials of exercise training conducted in patients with HeFREF 

have demonstrated unequivocal benefits in terms of symptom relief, with a 

suggestion that training might improve prognosis. Current guidelines now all firmly 

recommend regular physical activity and structured exercise training for patients 

with HeFREF.75 Exercise training does not appear to have much effect on central 

haemodynamics, but rather improves the peripheral muscle bulk and metabolic 

function.70,76 

 

ExTraMATCH was a meta-analysis of 9 trials enrolling a total of 801 patients with 

HeFREF (mean age 60 ± 9 years, 88% male, mean NYHA class 2.6 ± 0.6, 59% 

ischaemic heart disease, mean LVEF 28%) randomised patients to exercise 

programmes between 8 weeks to a year or control (no exercise). The exercise 
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programmes mainly involved cycling and walking sessions between 50 -80% of peak 

exercises measure by heart rate or peak oxygen capacity. Studies with a long 

duration of exercise programme also had home-based exercise programmes included 

after a period of supervised exercise training session. (table 2) The exercise 

programmes led to a significant reduction in mortality (exercise arm: 88 (22%) 

versus control arm 105 (26%) with a hazard ratio of 0.65, 95% confidence interval, 

0.46 to 0.92;) and hospital admissions.77 A Cochrane review in the same year 

concluded that exercise training improved exercise capacity.68 The more recent HF–

ACTION trial recruited 2331 patients with HeFREF (median LVEF: 25%) from 82 

centres across the United States, Canada, and France. Patients were randomised to 

exercise (supervised exercise training followed by unsupervised exercise training at 

home, 3 sessions per week of 30-35 minutes each at 70% of heart rate reserve, total 

of 36 sessions) or usual care. Compared to usual care, exercise training had a 4% 

absolute risk reduction in the primary event rate at 3 years (death or hospitalization 

from any cause).78 Exercise capacity measured by peak oxygen consumption and 6 

minute walk test significantly increased in the exercise arm compared to the usual 

care arm from baseline to 3 months.78 Regular exercise and organise cardiac 

rehabilitation should be prescribed as part and parcel of the overall management of 

patients with HeFREF. 
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Table 2: Characteristics of studies included in the ExTraMATCH meta-analysis 

Table referenced from the ExTraMATCH meta-analysis.77 

Study No in 
group 

(exercise/ 
control) 

Duration 
of 

programme 
(days) 

Description of exercise 
programme 

Intensity of 
programme 

Belardinelli 
1999 

50/49 420 Supervised cycling, 60 minutes 
three days a week for eight 

weeks, then two days a week 

60% peak 
oxygen 

consumption 
Dubach 1997 24/26 56 Supervised walking, two hours 

daily; supervised cycling 40 
minutes four days a week 

80% peak 
oxygen 

consumption 
Giannuzzi 
1997 

46/42 168 Supervised cycling, 30 minutes 
three days a week for two 

months, then home based 30 
minutes for three days a week 
and walking for 30 minutes 

80% peak 
heart rate 

Hambrecht 
1995 

34/35 168 Supervised and home-based 
walking, calisthenics, cycling 

40-60 minutes a day 

70% peak 
oxygen 

consumption 
Kiilavuori 
2000 

12/15 182 Supervised cycling 30 minutes 
three days a week for three 
months, then home-based 
training (walking, cycling, 

rowing, and swimming) 

50-60% 
peak oxygen 
consumption 

McKelvie  
2002 

90/91 364 Supervised aerobic (cycling, 
treadmill, arm) and resistance 

training 30 minutes three days a 
week for three months, then 
home based aerobic training 

three days a week 

60-70% 
peak heart 

rate 

Zanelli 1997 76/79 364 Supervised aerobic (cycling, 
treadmill, arm) and resistance 
training 30 minutes two days a 
week and home based cycling 

three days a week for two 
months, then only home based 

aerobic training five days a 
week 

70% peak 
oxygen 

consumption 

Wielenga 
1999 

41/39 84 Supervised cycling, walking, 
ball game 30 minutes three days 

a week for eight weeks, then 
two days a week 

60% peak 
heart rate 

Willenheimer 
1998 

22/30 112 Supervised interval cycling 
training (90 second exercise and 

30 second rest) for 15-45 
minutes two days a week 

80% peak 
oxygen 

consumption 
or grade 15 
Borg scale 
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1.7.2 Exercise in patients with HeFNEF 

 
The predominant symptom that patients with HeFNEF complain of is exercise 

intolerance. At rest patients with HeFNEF may have normal central haemodynamics, 

but during exercise, there is a disproportionate increase in left atrial pressure, which 

contributes to symptoms.36  

 

Rather less is known about the long-term effects of training on cardiac 

haemodynamics in patients with HeFNEF. In a study of 7 patients with HeFNEF, 

who completed 1 year training (walking or cycling 3 times per week with session 

times increasing through the year to a maximum of 200mins/week), compared to 

baseline, exercise training did not significantly change cardiac haemodynamics 

(blood pressure, heart rate, cardiac output and stroke volume) or echocardiographic 

measurements (left ventricular volume, LVEF or TDI e).79  

 

The effects of exercise training on symptoms and quality of life in patients with 

HeFNEF have been reviewed in two meta-analyses which included randomised 

control trials with training programmes for 12 to 24 weeks. In the meta-analysis by 

Fukuta and colleagues of 5 randomised control trials involving 245 patients with 

HeFNEF, compared to usual care, exercise training improved peak exercise oxygen 

uptake (VO2; weighted mean difference (WMD) 2.283, 95% confidence interval (CI) 

1.318–3.248 ml/min/kg), six-minute walk distance (30.275 m (4.315–56.234)), and 

Minnesota Living with Heart Failure Questionnaire (MLHFQ) total score (8.974 

points (3.321–14.627)).80 In another meta-analysis by Pandey and colleagues of 6 

randomised control studies involving 276 patients with HeFNEF, compared to usual 
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care, exercise training had significantly improved cardiorespiratory fitness (mL/kg 

per min; weighted mean difference, 2.72; 95% confidence interval, 1.79–3.65) and 

quality of life (weighted mean difference, −3.97; 95% confidence interval, −7.21 to 

−0.72)81 There have been no studies looking at the effect of training on 

hospitalization or mortality in patients with HeFNEF. 

 

1.7.3 Types of exercise that are beneficial in patients with heart failure 

 
Various exercise programmes have been designed to assess the effect of training on 

exercise capacity, symptoms and mortality in patients with heart failure. The sorts of 

exercises that have been shown to be helpful in patients with HeFREF include: 

aerobic exercise on a treadmill or a cycle at 3-5 times per week at a heart rate of 60-

70% of the maximum predicted heart rate; resistance training of peripheral muscles 

and calisthenics.68,77,78  

 

The sort of exercise training that have improved quality of life in patients with 

HeFNEF are community-based walking intervention with an education program, 

supervised endurance training on a treadmill, cycle or track walking or a mixture of 

endurance (cycling) and resistance training. These training programmes lasted 

anywhere between 12 to 24 weeks with at most 3 sessions per week.80,81  

 

The ESC guidelines on acute and chronic heart failure recommends regular aerobic 

exercise sufficient to provoke mild or moderate breathlessness to improve functional 

capacity, symptoms and reduce the risk of HF hospitalization and in patients with 

HeFREF.1 The guidelines also advice health professional to actively refer patients 
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with heart failure to a structured exercise programme.1 The guidelines do to mention 

any criteria on what exercise to avoid.  

1.8 Conclusion and rationale for thesis 

 
The cardinal symptom of ambulatory patients with heart failure is exercise 

intolerance. In patients with HeFREF, despite optimal treatment with 

pharmacological agents, exercise intolerance may still persist and impact patient’s 

quality of life. In patients with HeFNEF, no pharmacological treatment has shown 

any benefit in the mortality, morbidity. In a study by Dunlay and colleagues of 

patients with heart failure almost 60% of the patients reported difficult with at least 

one or more activities of daily living. Mortality also increased with the increasing 

difficulty in activities of daily living.82 

 

1.9 Aim and objectives  

1.9.1 Aim 

 
Another focus of treatment could be to improve quality of life by improving exercise 

tolerance. Exercise programmes are an attractive therapeutic option because it 

improves exercise capacity and quality of life in patients with heart failure.78  

The overall aim of the thesis is to identify therapies that improve quality of life by 

improving exercise capacity in patients with heart failure.  

 

1.9.2 Objectives:  

 
1) Use supplemental oxygen to improve symptoms of exercise capacity in 

patients with heart failure. 
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2) Swimming as an alternative method of exercise in patients with heart failure 

  

In the next chapter I will discuss the use of oxygen in medicine and in particular 

cardiovascular disease. In small studies of patients with HeFREF or pulmonary 

hypertension, increasing inspired oxygen improves exercise tolerance.83,84,85 In 

patients with HeFNEF apart from diuretics there are no other treatments which are 

useful to improve symptoms. The effect of oxygen supplementation has not been 

studied in ambulatory patients with HeFNEF. Oxygen is widely used and cheaply 

available. I have reviewed the literature to understand the safety and benefits of 

oxygen supplementation. This is followed by a study on the use of short-term 

supplemental oxygen during exercise in patients with HeFNEF in chapter 3. 

 Many patients with heart failure cannot participate in exercise programmes which 

are designed around treadmills and stationery cycles due to other co morbidities like 

arthritis. Swimming may be an ideal form of exercise but whether it is safe in 

patients with heart failure has not been answered comprehensively in previous 

studies of water immersion or swimming.86 In chapter 4, I have reviewed the 

literature on the safety and benefit of water immersion and swimming and then in 

chapter 5, I have described a study to assess the safety of immersing patients with 

heart failure in warm water.   



39 

Chapter 2  The use of supplemental oxygen in patients with 

shortness of breath                           

 

Oxygen is cheap, widely available and used in a variety of health care settings to 

relieve symptoms of shortness of breath and/or treat tissue hypoxia. Annually, the 

need for supplemental oxygen is projected to be around 800,000 individuals at a cost 

of 1.8 billion dollars.87 Oxygen administration is often sub optimal due to poor 

prescribing, monitoring and inappropriate doses are often administered.88,89,90 The 

use of oxygen is embedded in guidelines for the management of acute shortness of 

breath for a variety of conditions.91,92 During emergency and resuscitation situations, 

advanced life support guidelines recommended oxygen to be delivered in high 

concentrations which may lead to systemic hyperoxia.93,94 Oxygen is one of the first 

therapies to be administered when patients are admitted with shortness of breath due 

to acute heart failure regardless of their oxygen saturations.  

 

Compared to the acute hospital setting, out-patient prescription of oxygen 

supplementation is more regulated, especially in pulmonary diseases where 

hyperoxia can cause carbon dioxide retention.92 Physicians often prescribe long term 

oxygen therapy (LTOT) to patients with heart failure in the belief that it relieves 

symptoms of shortness of breath.95 However there is no compelling evidence for the 

use of supplemental oxygen in heart failure.96  
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2.1 Effects of hyperoxia on tissues and organs in humans 
 
 
Oxygen is an essential requirement in the metabolism. Majority of oxygen consumed 

by the mitochondria is utilized for adenosine triphosphate (ATP) generation.97 The 

mitochondrial electron transport chain reduces the elemental molecular oxygen to 

ionic oxygen by the relay of electrons making oxygen usable for ATP generation, 

during this process, oxidizing free radicals are generated.98  

 

Excess or inappropriate oxygen supplementation, leading to hyperoxia of tissues and 

organs, may be deleterious, with toxicity increasing with the increase of oxygen 

partial pressure.99 Under hyperoxic conditions, a large influx of oxygen free radicals 

are produced. The mass effect of oxygen free radical elevation, caused by hyperoxia, 

disrupts the balance between oxidants and antioxidants, and this in turn disrupts 

homeostasis resulting in damage to cells and tissues.100 Oxygen supplementation 

causes a spectrum of lung injury, ranging from mild tracheobronchitis to diffuse 

alveolar damage. Oxygen supplementation also has toxic effects on the 

cardiovascular system. In fact, oxygen supplementation has been shown to cause a 

reduction in heart rate since the early 19th century.101  
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2.2 Methodology of study selection 
 

In this chapter I will discuss the effect of supplemental oxygen on the cardiac 

haemodynamics in healthy subjects and patients with respiratory and cardiac 

conditions such as myocardial infarction and heart failure.  

 

The studies discussed in this review were selected by myself to highlight the effects 

of oxygen on haemodynamics in various conditions. This is not a full review of all 

studies of oxygen supplementation but a selection of studies to highlight certain 

methodologies and theories of the effects of oxygen on cardiovascular 

haemodynamics. In patients with heart failure and reduced ejection fraction, the 

studies described in this review were divided into two types. First, I will describe 

studies where cardiac haemodynamics were assessed with oxygen supplementation. 

Second, I describe studies where exercise capacity was assessed using varying 

inspired oxygen (FiO2).  

 

2.3 The effect of supplemental oxygen on cardiac haemodynamics 

in normal subjects 

 
Oxygen supplementation has been perceived as beneficial but even in healthy 

individuals, near 100% oxygen supplementation had an adverse effect on cardiac 

haemodynamics. In a study by Barratt-Boyes and Wood of 26 healthy individuals, 

compared to room air, 95% inspired oxygen for an average of 78 minutes 

significantly reduced heart rate, increased stroke index and systemic vascular 

resistance but there was no change in cardiac index (using Fick’s principle).102 In a 

study by Eggers and colleagues, of 9 healthy individuals, compared to room air, 
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100% oxygen supplementation from a 120 litre Tissot spirometer filled with 

compressed oxygen via a large bore, low resistance, one way valve, rubber 

spirometer mouthpiece for 30 minutes significantly decreased cardiac output (using 

Stewart-Hamilton equation and radioactive iodinated serum albumin; 3.09 to 2.72 

L/min/m2, p = < 0.02) and heart rate (62 to 58 bpm), and increased systemic vascular 

resistance (1103 to 1344 dynes/sec/cm5) and mean blood arterial pressure (77.9 to 

84.0 mmHg).103 The cardiac haemodynamics changes during oxygen 

supplementation persisted for a further 40 minutes after stopping oxygen 

supplementation. In a study by Daly and Bondurant of 15 healthy male subjects, 

compared to room air, 100% oxygen supplementation via a mouth piece with a low 

resistance valve, nose clips and a Douglas bag, significantly reduced heart rate (70 ± 

8.7  to 64 ± 8.9 bpm) and cardiac index (using indocyanine green dilutional method; 

3.01± 0.52 to 2.67± 0.47 L/min/m2), and increased systemic blood pressure (93.6 ± 

9.0 to 95.3 ± 9.0 mmHg) and systemic vascular resistance ((16.3 ± 4.6 to 18.5 ± 2.9 

U).104 (Table 3) 

 

More recent studies, using invasive catheters or magnetic resonance imaging (MRI) 

had mixed results on the changes in cardiac haemodynamics during oxygen 

supplementation. In a study by Bodetoft and colleagues of 16 healthy individuals, 

compared to room air, 100% oxygen supplementation through a standard reservoir 

bag mask, significantly decreased heart rate by 9% from a baseline of 63 ± 2.7 bpm, 

cardiac output by 10% from a baseline of 6046 ± 223ml/min and left ventricular 

perfusion by 23% (measured by dividing coronary blood flow by the measured left 

ventricular mass on MRI).105  In contrast, a study by Mak and colleagues, of 12 

subjects who had normal left ventricular function, high concentration oxygen for 20 
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minutes administered via a nonrebreather mask with a reservoir bag filled with 100% 

oxygen, there was no significant change in heart rate, cardiac output and stroke 

volume (measured using invasive pressure catheters) but an increased systemic 

vascular resistance (1626 ± 148 to 1901 ± 181 dynes/sec/cm5) and left ventricular 

filling pressures (11 ± 2 to 13 ± 2 mmHg).106 (Table 3)  

 

Table 3: The effect on cardiac haemodynamics with the administration of near 100% 

oxygen in healthy volunteers 

Use of oxygen in normal subjects 

Authors Year N %O2 Method CI/CO HR SVR 

Barrat-Boyes 
and Wodd 

1958 20 95 Fick’s technique No 
change 

↓ - 

Eggers et al 1961 8 100 Radioactive 
indicator 

↓ ↓ ↑ 

Daly and 
Bondurant 

1961 15 100 Indocyanine 
green dilution 

↓ ↓ ↑ 
 

Mak et al 2001 19 100 Thermodilution No 
change 

No 
change 

No 
change 

Bodetoft et al 2011 16 100 MRI ↓ ↓ - 

 
Abbreviations: N: number of patients, CI: cardiac index, CO: cardiac output, HR: 
heart rate, SVR: systemic vascular resistance. 
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In a recent meta-analysis by Smit and colleagues of 19 studies, where varying 

concentrations of oxygen was administered to healthy volunteers, heart rate reduced 

by 6.5%  (95% confidence interval (CI) −8.1% to −5.0%), stroke volume decreased 

by 3% (95% CI −5.7% to −0.3%), cardiac output (CO) reduced by 10.2% (95% CI 

−12.9% to −7.3%), systemic vascular resistance increased by 12.1% (95% CI 8.6% 

to 15.7%).107 Despite these findings oxygen supplementation is blindly administered 

in patients especially when they are admitted with an acute illness. 

 

2.3.1 Underlying mechanisms of oxygen supplementation causing cardiac 
haemodynamics changes 

 

The mechanisms underlying the acute cardiovascular effects of oxygen 

supplementations are unknown, but several mechanisms have been suggested. 

Increased oxygen supplementation decreases heart rate and cardiac output, increases 

systemic arterial pressure and systemic vascular resistance, strikingly similar to the 

cardiovascular effects of certain vasoconstrictors.108 Hyperoxia, through the brain 

stem, may induce hyperventilation, which in turn induces hypocapnia and systemic 

vasoconstriction.109,110 Another possible sequence of events after oxygen 

supplementation may be constriction of the peripheral vascular bed centrally via the 

sympathetic nervous system with a resultant increase in arterial blood pressure and 

subsequent slowing of the heart rate due to the carotid sinus reflex. With a slower 

heart rate and with maintenance of the same stroke volume, there would be a 

decrease in cardiac output.103 Others have suggested that the decrease in heart rate 

and subsequent cardiac output may be due to attributed to the chemoreceptor reflex 

or the baroreceptor reflex.111  
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Nitric oxide plays an important part in cardiovascular function. A decrease in 

vasodilator endothelial nitric oxide caused by a reaction with oxygen free radicals, 

may play a role in both the peripheral and the coronary vascular effects of 

hyperoxia.112 Increased production of oxygen free radicals have also been 

implicating in myocardial function. Oxygen free radicals can prolong ventricular 

relaxation by impairing myocyte calcium homeostasis and cardiac beta-receptor 

signalling.113,114 As a result of consumption of endothelial-derived nitric oxide by 

oxygen free radicals in response to hyperoxia there is an enhancement left 

ventricular diastolic distensibility.115,116 

 

2.4 The use of oxygen in pulmonary conditions 

 
Prescribing LTOT is considered mainly in pulmonary diseases. The current British 

Thoracic Society (BTS) guidelines recommend LTOT in patients with chronic 

obstructive pulmonary disease (COPD) who have either a resting partial pressure of 

oxygen (PaO2) ≤7.3 kPa or PaO2 ≤8 kPa with evidence of peripheral oedema, 

polycythaemia (haematocrit ≥ 55%) or pulmonary hypertension.96 The use of LTOT 

in patients with COPD who fit the BTS guideline criteria has been shown to reduce 

hospitalizations and mortality.117,118 However, in patients with stable COPD and 

moderate oxygen desaturations (SpO2 between 89-93%) or exercise induced 

desaturation (during 6 minute walk test, a SpO2 ≥80% for ≥5 minutes and <90% for 

≥10 seconds), compared to usual care, LTOT did not change the prognosis, time to 

first hospitalization, number of COPD exacerbations, quality of life or 6 minute walk 

test.119 
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In the European Society of Cardiology (ESC) guidelines for the diagnosis and 

treatment of pulmonary hypertension, oxygen supplementation is recommended only 

in patients with evidence of symptomatic benefit and correctable desaturations on 

exercise with increased inspired oxygen.120 The recommendation has been 

extrapolated from studies using supplemental oxygen for COPD.121 A more recent 

study of 22 patients with pulmonary hypertension (idiopathic pulmonary arterial or 

chronic thrombo-embolic pulmonary hypertension) who were a mean age of 61 ± 14 

years and had a mean pulmonary artery pressure of 35 ± 9mmHg underwent bicycle 

ergospyrometry to exhaustion on different days. Increasing inspired oxygen (FiO2) 

from 21% to 50% led to a doubling of exercise time (from 571 ± 443 seconds to 

1242 ± 514 seconds) and maximal work rate increased from 113 ± 38 watts to 

132 ± 48 watts.122 Oxygen supplementation improves oxygen availability in muscles 

and to the brain and there is a reduction of the excessive ventilatory response to 

exercise thereby enhancing ventilatory efficiency.122  

 

2.5 The use of oxygen in cardiac conditions 

 
Oxygen is used liberally in the acute setting when patients present with shortness of 

breath due to a myocardial infarction or acute pulmonary oedema. The 

administration of oxygen continues, without reassessment, during the admission 

especially in patients admitted with acute heart failure. The notion that oxygen does 

not cause harm has now come into question for various cardiac conditions.  
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2.5.1 Use of oxygen in myocardial infarction 

 
In the past, studies on the use of oxygen supplementation during a myocardial 

infarction have shown reduction in infarct size in dogs123 and in humans (number 

and magnitude of ST elevation using surface electrodes).124 Oxygen supplementation 

also improves symptoms of angina.125 This led to the wide spread use of 

supplemental oxygen in patients presenting with suspected myocardial infarction. 

However, a small study of 6 patients with acute myocardial infarction, cautioned 

about the negative effect of oxygen supplementation on cardiac haemodynamics. 

Compared to room air, 10 l/min oxygen supplementation was associated with a 

decrease in cardiac output and stroke volume with a rise in heart rate.126 In a recent 

meta-analysis by Smit and colleagues of 6 studies, administration of oxygen to 

patients with coronary artery disease, reduced heart rate by −4.7% (95% confidence 

interval (CI) −7.9% to −1.5%) with no difference in the stroke volume, −2.7%  (95% 

CI −5.7% to 0.4%), but a reduction in cardiac output −9.6% (95% CI −12.3% to 

−6.9%) and an increase in systemic vascular resistance of 11.4% (95% CI 7.2% to 

15.7%).107  

 

Other studies assessing the effect of acute oxygen supplementation on left 

ventricular function and pain relief during an acute presentation of myocardial 

infarction have had mixed results. In a study by Dekleva and colleagues, of 74 

patients admitted with a myocardial infarction, compared to usual care 

(thrombolysis), patient who had hyperbaric oxygen therapy on top of their usual care 

improved their left ventricular ejection fraction 3 weeks post myocardial 

infarction,127 whereas in the study by Shandling and colleagues of 66 patients who 

were admitted with myocardial infarction, compared to usual care (thrombolysis), 
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there was no significant difference in left ventricular ejection fraction with the use of 

hyperbaric oxygen on top of usual care.128 Although, Shandling and colleagues 

reported a shorter time to pain relief and resolution of ST segments in patients who 

received hyperbaric oxygen. 

 

Most studies of oxygen supplementation were conducted in an era before 

percutaneous coronary intervention was the standard treatment for patients 

presenting with ST elevation myocardial infarction. In a study of 136 patients 

admitted with their first presentation of ST elevation myocardial infarction 

uncomplicated by cardiogenic shock or hypoxia and treated with primary 

percutaneous coronary intervention, were randomised to high flow oxygen or titrated 

oxygen (maintain oxygen saturation of between 93-96%).129 There was no difference 

in left ventricular ejection fraction, myocardial infarct mass or troponin levels 

between patients in the high flow oxygen arm or the titrated oxygen arm. The neutral 

results may have been due to the small sample size and the study commented on the 

need for a larger randomised control trial to resolve the clinical uncertainty. In a 

more recent study by Stub and colleagues on 441 patients, who presented with a ST 

elevation myocardial infarction, compared to no oxygen supplementation, 8 litres 

oxygen significantly increased creatinine kinase, recurrent myocardial infarction, 

arrhythmias and myocardial infarct size (on cardiac MRI at 6 months).130 

 

A Cochrane review on oxygen therapy in acute myocardial infarction concluded no 

benefit in the routine use of supplemental oxygen but could not rule out any harmful 

effects with supplemental oxygen.131 The current ESC guidelines for the 

management of acute myocardial infarction in patients presenting with ST-segment 



49 

elevation myocardial infarction recommend oxygen supplementation in patients who 

present with a myocardial infarction when they are breathless, hypoxic, or have signs 

and/or symptoms of acute heart failure.132 Majority if the patients presenting with a 

ST elevation myocardial infarction will have shortness of breath associated with 

chest pain however their oxygen saturations will be normal. Non-invasive 

monitoring of blood oxygen saturation greatly helps when deciding on the need to 

administer oxygen or ventilatory support. 

 

2.5.2 Use of oxygen in heart failure 

 
Unlike the situation for patients with severe COPD, in whom oxygen improves 

survival, the use of oxygen in patients with chronic heart failure has not been as well 

evidenced with a lack of systematic research. Thus, guidelines from different 

societies differ in their recommendations on the prescription of oxygen to patients 

with heart failure.  

 

The current BTS guidelines for home oxygen use in adults recommend oxygen 

therapy in patients with “advanced” heart failure.96 Although, the guidelines mention 

that there is no evidence for the use of supplemental oxygen, they recommend its use 

in patients with heart failure with a resting arterial partial pressure PaO2 ≤7.3 kPa, or 

a higher PaO2 of ≤8 kPa in the presence of peripheral oedema, polycythaemia 

(haematocrit ≥55%) or evidence of pulmonary hypertension.96 Patients with heart 

failure who have nocturnal hypoxaemia but no significant daytime hypoxia due to 

obstructive or central sleep apnoea. The BTS guidelines recommends prescribed 

nocturnal oxygen therapy at 1-2 L/min and assessment for other modalities of 

ventilatory support. Administration of nocturnal oxygen improves sleep study 
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variables (apnoea hypopnoea index, reduced duration of central sleep apnoea and 

reduction in the duration of sleep disordered breathing) with no significant 

improvement in left ventricular ejection fraction, New York Heart Association 

(NYHA) functional class, or frequency of ventricular arrhythmias during sleep.96  

In a study by Clark and colleagues of 114 patients with HeFREF who had severe 

symptoms (breathlessness either at rest or on minimal exertion) and at least moderate 

LV systolic dysfunction, compared to optimal medical treatment only, patients who 

received LTOT (15 hours a day, 28% oxygen using opened labelled containers), 

there was no difference in the Minnesota living with heart failure score, 6-minute 

walk test distance, NTproBNP level and left ventricular ejection fraction.133 

Although, the study was stopped early due to poor patient adherence to the oxygen 

prescription. As most patients seem to have a positive placebo effect with the use of 

oxygen supplementation, the ESC guidelines for the diagnosis and treatment of acute 

and chronic heart failure only recommend the use of oxygen in patients with heart 

failure for palliative treatment in order to provide relief from dyspnoea.1,134  

 

2.5.2.1   The effect of oxygen on acute haemodynamics in patients with heart 

failure 

 
The failing heart requires a higher filling pressure. The higher the filling pressure, 

the worse the cardiac function – hence an intervention causing a rise in filling 

pressure is deleterious. In a study by Haque and colleagues, of 10 patients with 

severe heart failure (NYHA class III or IV) admitted for the assessment and 

consideration of an orthopotic heart transplant, compared to room air, 100% oxygen 

administered for 20 minutes decreased cardiac output (from 3.7 ± 0.3 to 3.1 ± 0.4 

litres/min [mean ± SE], p < 0.01) and stroke volume (from 46 ± 4 to 38 ± 5 ml/beat 
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per min, p < 0.01), increased pulmonary capillary wedge pressure (from 25 ± 2 to 29 

± 3 mm Hg, p < 0.05) and systemic vascular resistance (from 1,628 ± 154 to 2,203 ± 

199 dynes's/cm5, p < 0.01) with no change in pulmonary vascular resistance.135 

(Table 4) In a study by Mak and colleagues, of 16 patients with heart failure with 

mild to moderate symptoms (NYHA class I or II), compared to room air, 100% 

oxygen administered for 20 minutes decreased cardiac output (from 4.6 ± 0.4 to 4.1 

± 0.3 liters/min; p <0.05) and stroke volume (from 64 ± 6 to 57 ± 5 ml/beat, p < 

0.05), increased systemic vascular resistance (from 1,626 ± 148 to 1909 ± 181 

dynes's/cm5, p < 0.05) and LV end-diastolic pressure (from 21 ± 3 to 25 ±3 

mmHg).106 These cardiac haemodynamics changes may further impair blood flow 

and hence oxygen delivery to tissues.88  

 

Table 4: studies on use of oxygen in patients with heart failure. 

Use of oxygen in patients with heart failure 

Authors Year N %O2 Method CI/CO HR SVR 

Haque et al 1996 10 100 Thermodilution ↓ No change ↑ 

Mak et al 2001 16 100 Thermodilution ↓ No change ↑ 

 
Abbreviations: N: number of patients, CI: cardiac index, CO: cardiac output, HR: 
heart rate, SVR: systemic vascular resistance. 
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Although high concentrations of oxygen have negative haemodynamic effects on 

patients with heart failure, lower doses of supplemental oxygen do not significantly 

change cardiac haemodynamics. In a study by Park and colleagues on 13 patients 

with heart failure, compared to room air, 40% oxygen for 15 minutes did not 

significantly affect cardiac output, heart rate, blood pressure or systemic vascular 

resistance.136 In the HOT trial sub study of 19 patients with heart failure (mean age 

59 ± 14 years, 37% male and mean LVEF of 24 ± 10% in NYHA class III/IV), acute 

haemodynamics changes of 28% oxygen were assessed invasively using cardiac 

catheterization. Compared to room air, inhaling 10 minutes of 28% oxygen caused 

an increase in cardiac output (from 3.9 ± 1 to 4.2 ± 1 litres/min; p <0.05), increased 

and LV end-diastolic pressure (from 21 ± 3 to 25 ±3 mmHg) but no change in heart 

rate (76 ± 13 to 77 ±14 bpm; p = 0.35), stroke volume (from 51 ± 16 to 55 ± 17 

ml/beat, p = 0.11) and systemic vascular resistance (from 20.0 ± 4.8 to 18.7 ± 3.6 

woods units, p).133 As there are few data available from previous studies, the sample 

size was largely empirical. The study was stopped after 19 patients when it became 

apparent that oxygen had very few effects.133 Despite these mixed results on the 

benefits of oxygen in patients with heart failure, LTOT is still being prescribed.95   

 

2.5.2.2 The effect of oxygen on exercise capacity in patients with heart failure 

 
Ambulatory patients with heart failure mainly complain of symptoms of dyspnoea 

and fatigue during exertion. Trials of oxygen supplementation during exercise in 

patients with HeFREF have yielded mixed results. Moore and colleagues reported a 

dose dependent increase in exercise time from 548 ± 275 seconds on room air to 632 

±288 seconds with FiO2 of 50% in 12 patients with HeFREF during resistance 

cycling on a stationary bike to maximum capacity (workload was increased by 15 
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watts at 2-minute intervals).83 In contrast, in a study by Russell and colleagues 

compared to 21% FiO2 in 16 patients with HeFREF (LVEF <35%), there was no 

effect of increasing FiO2 to 60% on exercise time (21% = 595 ± 179 seconds and 

60% oxygen = 602 ± 181 seconds) during symptom limiting resistance cycling on a 

stationary bike (2-minute resting period followed by increasing workloads of 25 

watts every 3 minutes).137  Although there was a trend toward a decrease in venous 

lactate with 60% oxygen, this was not significant (p = 0.11). In a study by Restrick 

of 12 patients with stable chronic heart failure, there was no difference in 6 minute 

walking distance with room air or oxygen delivered at 2 and 4 l/min ( 288m, 201; -

133 to 45m, 220; -97 to 53m respectively).138 In a study by Koshy and colleagues of 

31 patients with HeFREF (mean LVEF 31%) who undertook maximal incremental 

exercise tests (workload increased by 10 watts every minute), exercise time 

increased from  501 ± 25 seconds on room air to 525 ± 25.1 seconds and 536 ± 24 

seconds, with FiO2 of 28% and 40%, respectively. Maximal metabolic equivalents 

were 3.5 ± 0.2 on room air and 3.7 ± 0.2 and 3.7 ± 0.2 on 28% and 40% oxygen, 

respectively. Maximal workload was 78 ± 5 Watts on room air and 83 ± 4 and 84 ± 4 

on 28% and 40% oxygen, respectively.84 (Table 5) 
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Table 5: Characteristics of studies of oxygen supplementation in HeFREF 
 

Study No 
of 
pts 

Age NYHA FiO2 Delivery of oxygen Exercise 

Moore 
1992 

12 55 II/III Air/ 
30%/ 
50% 

Non- rebreathe valve 
Douglas bag (inspiratory 

reservoir 500 L) 
Parkinson-Cowan gas meter 

Bicycle ergometer 
exercise tests at 15W 
increments every 2 
mins to maximum 

capacity 

Restrick  
1992 

12 64 III Air/ 
24% 

Portable oxygen cylinder 
(230L capacity) via nasal 

cannualae 

6-minute walk test 
with/ without carrying 

oxygen cylinder 

Russel  
1999 

16 56  

 

II/III Air/ 
60% 

Hans-Ru- Dolph 3-way 
nonrebreathing valve, a 

170L nondiffusable 
reservoir bag, a humidifier, 
and interchangeable tanks 

of 21% or 60% oxygen 

staged, symptom-
limited cycle 

ergometry (25W every 
3 minutes) 

Koshy  
2018 

31 68 II/III Air/ 
28%/ 
40% 

Venturi mask connected to 
an oxygen supply 

Bicylcle ergometer 
test at 10W 

increments every 
minute to maximum 

capacity 
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2.6 How does increased oxygen supplementation cause 
haemodynamic changes in patients with heart failure 

 
 
The mechanisms that limit exercise tolerance in patients with heart failure are not 

certain, however the symptoms that limit patients are dyspnoea and muscle fatigue. 

Moore and colleagues theorised a number of reasons why oxygen may help improve 

exercise capacity. Increased oxygen supplementation may divert blood from 

respiratory muscles to the exercising limbs which may improve oxygen delivery to 

active muscle. Oxygen enrichment by supplementation of oxygen was accompanied 

by a fall in ventilation and in dyspnoea score, possibly mediated by carotid-body 

chemoreceptors.83 

 

An increased exercise ventilatory response in patients with heart failure is 

accompanied by an increase in physiological dead space to tidal volume ratio. A 

reduction in exercise ventilation by oxygen enrichment of inspired air may be 

achieved by increased oxygen supplementation because increased alveolar oxygen 

partial pressure will improve oxygen transfer in poorly ventilated lung regions, with 

a consequent improvement in arterial saturation.83 Restrick and colleagues also 

theorised that the reduced exercise capacity may due to a ventilation- perfusion 

mismatch however unlike in patients with chronic lung disease, patients with heart 

failure do not benefit from oxygen supplementation in terms of exercise capacity 

despite some improvement in oxygen saturations.138 Russell and colleagues 

suggested that the increased oxygen supplementation did not significantly increase 

peripheral oxygen saturations. Moreover, the small increase in arterial oxygen 

delivery to the legs did not enhance limb oxygen uptake because venous oxygen 

content also increased.137 
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All the studies on the effect of oxygen in patients with heart failure were in reduced 

LVEF. Pharmacological therapies in patients with HeFNEF have not been shown to 

be of any benefit. Another important aim of treatment in patients with HeFNEF is to 

alleviate symptoms and to improve wellbeing.1 The clinical hallmark of HeFNEF is 

exercise intolerance due to shortness of breath and/fatigue, at least partially due to an 

abnormal increase in left atrial pressure during exercise.139 Reduction in delivery of 

oxygen to the periphery and myocardium might contribute to, and aggravate, 

breathlessness and fatigue.139  

 

In a recent meta-analysis by Pandey and colleagues of peak oxygen uptake and 

hemodynamic or echocardiographic parameters during exercise, compared to normal 

subjects, patients with HeFNEF had a significantly lower peak oxygen uptake. 

Compared to normal subjects, patients with HeFNEF had significant impairment in 

haemodynamics during exercise; reduced chronotropic response reserve, exaggerated 

increase in pulmonary capillary wedge pressure, blunted augmentation of 

arteriovenous oxygen content difference and reduced stroke volume reserve.140  

 

2.7 Limitations 

 
This is not a systematic review of the use of supplemental oxygen in cardiovascular 

disease. The studies here are selected to highlight the merits and pitfalls of the use of 

oxygen in patients with cardiovascular disease. Studies were also selected to 

emphasize the study methodology and practicality of the use of supplemental 

oxygen. 
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2.8 Conclusion  

 
The use of high flow oxygen lead to unwanted haemodynamic effects in patients 

with HeFREF. Lower doses of oxygen (less than 40% inspired oxygen) did not have 

any objective symptomatic benefit when administered over 15 hours but studies 

using oxygen during exercise had mixed results in improving exercise capacity. This 

may be of benefit to patients with HeFNEF in terms of exercise capacity. In the next 

chapter I aim to assess the effects of increasing inspired oxygen fraction (FiO2) on 

exercise capacity in patients with HeFNEF. 
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Chapter 3  Effect of increased inspired oxygen on exercise 

   performance in patients with heart failure and 

   normal ejection fraction 

 

3.1 Introduction 

 
Clinical trials in patients with HeFNEF have failed to demonstrate any 

pharmacological treatment that improves morbidity and mortality.52,53,54,55,56,57 The 

failure may be due to the inclusion of patients who may have symptoms pre 

dominantly due to other causes such as breathlessness due to respiratory diseases or 

obesity.141,142 Other reasons, why clinical trials have failed, is that patients with 

HeFNEF may have a transitory phase of symptoms and a lower rate of 

cardiovascular events.143 Patients with HeFNEF have a lower rate of mortality and 

admissions with acute heart failure compared to patients with HeFREF but higher 

than patients those with other cardiovascular diseases (coronary artery disease and 

hypertension and diabetes.144  

 

Another focus of treatment may be to alleviate symptoms and to improve wellbeing.1 

Patients with HeFNEF and HeFREF have similar symptoms and reduction in quality 

life.145,146 The cardinal symptom of ambulatory patients with HeFNEF is exercise 

intolerance. Improving symptoms of exercise intolerance may improve patient’s 

quality of life.147,148 
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3.2 Aim of the study 

 
Trials of oxygen supplementation during exercise in patients with HeFREF have 

yielded mixed results.83,84,137,138 (Table 6) There have been no studies on the effect of 

increased inspired oxygen on exercise capacity in patients with HeFNEF. The aim of 

the study was to assess the effects of increasing inspired oxygen fraction (FiO2) on 

exercise capacity in patients with HeFNEF.   

 

Table 6: Studies that investigated the effect of increasing FiO2 on exercise capacity in 

patients with HeFREF. 

 

Abbreviations: O2: oxygen, FiO2: inspired oxygen, l: litres 
 
 
 
 
 
 
 
 

Authors Year Type of 
exercise 

test 

Method of O2 delivery Control Inspired 
FiO2 

Moore et 
al83 

1992 Bicycle 
ergometry 

- 21% 30%, 
50% 

Restrick et 
al138 

1992 6 minute 
walk test 

Nasal cannulae 21% 2l, 4l 
oxygen 

Russell et 
al137 

1999 Bicycle 
ergometry 

Mouth piece connected to Hans-
Rudolph 3-way  nonrebreathing valve 

21% 60% 

 Koshy et 
al84  

2016 Bicycle 
ergometry 

Venturi mask 21% 28%, 
40% 
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3.3 Methods 

 
This was a single centre, randomised, single-blinded, cross-over trial in patients with 

HeFNEF.  

 

3.3.1 Patient identification and inclusion and exclusion criteria 

 
Ambulatory patients older than 50 years of age attending a community heart failure 

clinic were considered for the study if they had a clinical diagnosis of heart failure 

with a left ventricular ejection fraction (LVEF) by echocardiography > 45% and a 

plasma concentration of amino terminal pro brain type natriuretic peptide 

(NTproBNP) > 220 ng/l within the last 12 months.149 If a patient did not have an 

echocardiography or NTproBNP in last 12 months this was repeated by the 

echocardiographer at the screening visit. Patients had to be taking a diuretic.  

 

Patients unable to exercise, and those who had severe mitral or aortic valve disease 

on echocardiography in the last 12 months, haemoglobin < 100 g/l, estimated 

glomerular filtration rate <30 ml/min/1.73m2) in the last 3 months, or severe chronic 

obstructive pulmonary disease (FEV1 less than 50% predicted) were excluded from 

the study. Patients who had a myocardial infarction or cerebrovascular event within 

the preceding month were also excluded from the study. 

 

Around 5000 patients are enrolled and followed up in the local heart failure clinic 

from a single centre. Of these, around 45% of the patients have HeFNEF. Suitable 

patients were identified in clinic and from the database, and invited for an initial 

screening visit. These patients had already been consented to enable the investigators 
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to contact them regarding clinical trials. The cohort has electronic notes with all the 

relevant diagnosis, investigations and treatments which would make it more efficient 

to identify the potential patients for the trial.  

 

Suitable patients received a patient information leaflet and were invited for a 

screening visit. At the screening visit the rationale of the study was explained, 

number of visits and contact details of the study team in case of any further queries 

were given. All patients gave written informed consent after patients had read the 

information leaflet and any queries had been answered. The patients then had a full 

history and clinical examination which was performed by myself to ensure patients 

had signs and symptoms of heart failure and there were no contraindications to the 

study. 

 

The research conforms to the Helsinki declaration. Ethics approval was granted by 

an external research ethics committee (research and ethics committee number 

16/YH/0272). The trial was registered on the ClinicalTrials.gov website (Identifier: 

NCT02949531). The study design, protocol, patient leaflets were presented to the 

local Trans-Humber consumer research panel. The panel included lay people whose 

advice was valuable in amending the protocol. 

 

3.3.2 Randomization and blinding 

 
The randomisation was generated using computer software. Patients were 

randomised by a member of the research team on the day of signed consent to one of 

three groups. 

• Group 1: 21% oxygen, 28% oxygen, 40% oxygen;  
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• Group 2: 28% oxygen, 40% oxygen, 21% oxygen;  

• Group 3: 40% oxygen, 21% oxygen, 28% oxygen  

 

All three oxygen concentrations were delivered via a Venturi mask. This allowed the 

investigator to control the oxygen concentration administered from the wall mounted 

oxygen supply which was situated behind the patient. The oxygen supply was 

connected to the Venturi mask via a long tube. The patients and the technicians 

conducting the test were blinded to FiO2 administered. Blinding of oxygen 

supplementation to patient is important to avoid bias at the patient level.  

 

3.3.3 Exercise protocol 

 
The study was conducted in the same exercise room using the same equipment for 

every patient and at all visits. A stationery cycle was used as the equipment for 

exercise testing as it offers the convenience of a stable sitting position.150 A ramp 

protocol was used where the patients cycled at 60 revolutions per minute starting 

from 0 watts for 4 minutes; subsequently, resistance increased gradually by 10 

watts/minute. This protocol was selected as it would assess a patient’s maximal or 

near maximal function with a high degree of confidence and reproducibility.150 

Patients undertook three maximal incremental exercise tests on a stationary cycle 

using a standardised exercise protocol with a different FiO2 at each exercise test in 

random order. Patients were encouraged to exercise to their maximum capacity. At 

the end of the exercise test, patients were assisted off the cycle and sat on a chair.  

 

The reason for stopping and modified Borg scale score were recorded after 5 minutes 

of stopping the exercise test. Modified Borg scale is a uni-dimensional, numerical 
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scale with verbal anchors relating to the numbers.151,152 The modified Borg scale 

score assess symptom intensity in response to a specific stimulus, in this case 

maximal symptom limiting maximum exercise test.153,154  

 

Inspired oxygen fraction was administered at different concentrations (21%, 28% 

and 40%) in a random sequence which was computer generated. There have been no 

studies assessing the effect of increased FiO2 on the exercise capacity of patients with 

HeFNEF but there have been studies that have investigated the effect of FiO2 used in 

on the exercise capacity of patients with HeFREF. (Table 4) The control was taken 

as 21% (room air) which was administered via the Venturi mask. 28% and 40% were 

selected as the increased FiO2 as they are commonly used in clinical practice and 

these concentrations have also shown to be of benefit in improving exercise capacity 

in patients with HeFREF. The Venturi mask was the chosen mode of delivery of FiO2 

as it is able to deliver this increase FiO2 reliably and in a blinded fashion.  

 

During the exercise test, patients had a blood pressure cuff attached on the left arm, 

pulse oximeter attached to the index finger of the right hand and 12 lead ECG 

attached to the chest to continuously monitor blood pressure, oxygen saturation, 

heart rate and rhythm respectively. The three exercise tests were conducted at 

approximately weekly intervals.  

 

3.3.4 Primary and secondary endpoints 

 
The primary endpoint was exercise time (ET; seconds). Secondary end points 

included: peak workload (watts), peak heart rate (beats per minute), and peak arterial 

oxygen saturation (O2 saturation; percentage).  
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3.3.5 Statistical analysis 

 
There have been no studies conducted on the effect of increased FiO2 in patients with 

HeFNEF therefore a power calculation was not conducted. An estimate of the 

sample size was derived from previous studies in which the effect of increased FiO2 

was assessed in patients with HeFREF where a sample size of between 12 and 36 

patients showed significant difference in exercise capacity with increased 

FiO2.83,84,137,138 A larger sample size of 50 patients was chosen to assess the effect of 

increased FiO2 because patients with HeFNEF have multiple co-morbidities which 

affect their exercise capacity.  

 

Categorical data are presented as number and percentages; normally distributed 

continuous data as mean ± standard deviation (SD) and non-normally distributed 

continuous variables as median and interquartile range.  

 

Between-group means of the primary and secondary endpoints were compared using 

analysis of variance (ANOVA). The method uses ‘least squares’ to fit linear models. 

We used one-way ANOVA with repeated measures on dose-group. An underlying 

assumption of the F test is independence of observations. In a repeated measures 

design, this assumption is almost certainly violated (observations from the same 

subject are likely to be correlated). To overcome this, we used a correction factor to 

the degrees-of-freedom for the F test. We chose one developed by Box which is 

conservative in a statistical sense (if significant by Box it will be significant by the 

rest).155 Other assumptions of ANOVA were met. Paired t-tests were then used to 

compare the primary and secondary endpoints between exercise tests.  
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Sub-group analysis of the primary and secondary endpoints were pre-specified  and 

used to explore the relation between age, haemoglobin, creatinine, NTproBNP, body 

mass index (BMI), sex, the use of a walking aid and heart rhythm (atrial fibrillation 

vs sinus rhythm) and the end points. Continuous variables were compared with the 

primary and secondary endpoints using Pearson correlation coefficient. The 

difference in primary and secondary outcome between the different strengths of 

inspired oxygen was compared with between sex, use of walking aid and heart 

rhythm. The current European Society of Cardiology guidelines on heart failure set a  

LVEF cut-off at 50% for diagnosing HeFNEF, so we re-analysed the primary and 

secondary endpoints separately for patients above and below this LVEF cut-off. 

Primary and secondary endpoints are shown in box plots. All analyses were 

performed on SPSS (V 23.0) and Stata statistical computer packages. A statistical 

significance was assumed at P<0.05 (two tailed). 

 

There were no missing values for exercise time so an analysis of missing data by 

multiple imputations was unnecessary.156 
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3.3.6 Results 

3.3.7 Screening for eligible patients 

 
217 patients with a diagnosis of HeFNEF were screened. 116 of the patients 

either declined to participate or were unable to be contacted. 25 patients 

were unable to exercise due to mobility issues such as previous strokes or 

arthritis. 10 patients were excluded as they are enrolled in another study. 3 

patients had died on review of their medical records. 13 patients did not 

meet the inclusion and exclusion criteria for the study; 5 had an NTproBNP 

of less than 220 ng/L, 4 patients were found to have an LVEF of < 45%, 2 

patients were not on any diuretics, and 2 had severe COPD. (Figure 4) 

 

Of the 50 patients who were eligible to participate and signed the consent 

form, 46 patients completed the three visits, and 4 withdrew, as shown in 

figure 4. Compared to previous clinical trials that included patients with 

HeFNEF, this study had similar demographic character, this study had 

patient with a higher NTproBNP and more patients had atrial fibrillation. 

Compared to other trials in HEFNEF, patients in this study were more likely 

to be on an ACEi, beta-blocker or MRA. (Table 7)  
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Table 7: Baseline demography compared with other clinical trials  

 

Abbreviations: SBP: systolic blood pressure, BMI: body mass index; NYHA: New 
York Hear Association, IHD: ischaemic heart disease, COPD: chronic obstructive 
pulmonary disease, NTproBNP: Amino terminal pro brain natriuretic peptide, Hb: 
haemoglobin, ECG: electrocardiogram, ECHO: echocardiography, LVEF: left 
ventricular ejection fraction, LA: left atrial; IVS: interventricular septum, FCV: 
forced vital capacity, FEV1: forced expiratory volume in 1 second, ACEi: 
Angiotensin converting enzyme inhibitor, ARB: angiotensin receptor blocker, MRA: 
mineralocorticoid receptor antagonist. Categorical variables are expressed as number 
(percentage) and continuous variables are expressed as mean (standard deviation) or 
median (interquartile range) depending on distribution. *P values significant (<0.05) 
between LVEF > 50% and 45-49%. 
 

 

 All patients 
(N = 46) 

I-PRESERVE 
(N = 2067) 

CHARM- Preserved 
(N = 1514) 

PEP-CHF 
(N = 424) 

Age (yrs) 75 (8) 72 (7) 67 (11) 75  
Male Sex (%) 29 (63) 840 (41%) 920 (61%) 46% 
SBP (mmHg) 146 (23) 137 (15) 136 (19) 138 
Heart rate (bpm) 69 (11) 72 (11) 71 (12) 74 
BMI (kg/m2) 31 (7) 30 (5) 29 (6) 27.5 
II (%) 37 (80) 426 (21) 931 (62)  
III (%) 5 (11) 1582 (77) 556 (67)  
Hypertension (%) 28 (61) 1834 (89) 984 (69) 333 (79%) 
Diabetes (%) 16 (35) 570 (28) 434 (29) 88 (21%) 
IHD (%) 20 (44)    
Stroke (%) 3 (7) 198 (10) 140 (9)  

NTproBNP (ng/l) 1432             
(543 – 2378) 

360  
(139-987) 

 335 

Hb (g/l) 12.9 (1.7) 14 (2)   
Creatinine(µmol/l) 102 (80-137) 100 (32)  95 
Sinus rhythm (%) 21 (46) 1714 (83%) 1075 (71) 345 (81%) 
Mean LVEF (%) 54 (7) 59 (0.9)  65% 
LA size (cm) 4.3 (0.6)   4.5 
IVS (cm) 1.1 (0.2)   1.3 
Beta blocker (%) 37 (80) 1225 (59) 847 (56) 235 (55%) 
ACEi (%) 30 (65) 538 (26) 296 (20)  
Loop diuretics (%) 39 (89) 1078 (52) 1138 (75) 198 (47%) 
MRA (%) 23 (50) 320 (15) 171 (11) 37 (9%) 
Digoxin (%) 8 (17) 291 (14) 432 (29) 45 (11%) 
Statin (%) 34 (74) 656 (32) 617 (41) 151 (36%) 
Aspirin (%) 14 (30) 1222 (59) 875 (5) 283 (67%) 
Anticoagulant (%) 28 (61) 392 (19) 378 (29) 71 (17%) 
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Figure 4: Total number of patients consented and completed all three visits of the 
study 
 

 

3.3.8 Baseline characteristics of patients enrolled in study 

 
The baseline characteristics of the 46 patients who completed the study are shown in 

table 8. Most patients were men, overweight and had NYHA class II symptoms. 

Compared to patients with LVEF > 50%, patients with LVEF between 45 and 49% 

had a significantly higher NTproBNP and creatinine, and a lower haemoglobin. 
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Table 8: Baseline characteristics for all patients and divided according to LVEF (> 
50% or between 45-49%). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Baseline characteristics 

 All patients 
(N = 46) 

LVEF > 50% 
(N= 29) 

LVEF 45-49% 
(N= 17) 

Demographics 
Age (yrs) 75 (8) 76 (8) 75 (8) 
Male Sex (%) 29 (63) 18 (62) 11 (65) 
SBP (mmHg) 146 (23) 150 (23) 140 (23) 
Heart rate (bpm) 69 (11) 70 (11) 68 (11) 
BMI (kg/m2) 31 (7) 32 (8) 31 (6) 
Weight (kg) 90 (25) 91 (28) 91 (18) 
NYHA function class 
I (%) 4 (9) 3 (10) 1 (6) 
II (%) 37 (80) 23 (79) 14 (82) 
III (%) 5 (11) 3 (10) 2 (12) 
Medical history 
Hypertension (%) 28 (61) 19 (66) 9 (53) 
Diabetes (%) 16 (35) 10 (35) 6 (35) 
IHD (%) 20 (44) 13 (45) 7 (41) 
Stroke (%) 3 (7) 3 (10) 0 (0) 
Asthma/ COPD (%) 10 (22) 8 (28) 2 (12) 
Walking aids (%) 14 (30) 9 (31) 5 (29) 
Medical therapy 
Beta blocker (%) 37 (80) 23 (79) 14 (82) 
ACEi (%) 30 (65) 17 (59) 13 (77) 
ARB (%) 10 (22) 7 (24) 3 (18) 
Loop diuretics (%) 39 (89) 26 (90) 13 (77) 
MRA (%) 23 (50) 13 (45) 10 (59) 
Diuretic (%) 46 (100) 29 (100) 17 (100) 
Digoxin (%) 8 (17) 8 (28) 0 (0)* 
Statin (%) 34 (74) 22 (76) 12 (71) 
Aspirin (%) 14 (30) 10 (35) 4 (24) 
Anticoagulant (%) 28 (61) 16 (55) 12 (71) 
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Table 8: Baseline characteristics for all patients and divided according to LVEF (> 
50% or between 45-49%). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Abbreviations: SBP: systolic blood pressure, BMI: body mass index; NYHA: New 
York Hear Association, IHD: ischaemic heart disease, COPD: chronic obstructive 
pulmonary disease, NTproBNP: Amino terminal pro brain natriuretic peptide, Hb: 
haemoglobin, ECG: electrocardiogram, ECHO: echocardiography, LVEF: left 
ventricular ejection fraction, LA: left atrial; IVS: interventricular septum, FCV: 
forced vital capacity, FEV1: forced expiratory volume in 1 second, ACEi: 
Angiotensin converting enzyme inhibitor, ARB: angiotensin receptor blocker, MRA: 
mineralocorticoid receptor antagonist. Categorical variables are expressed as number 
(percentage) and continuous variables are expressed as mean (standard deviation) or 
median (interquartile range) depending on distribution. *P values significant (<0.05) 
between LVEF > 50% and 45-49%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Blood test 

NTproBNP (ng/l) 1432             
(543 – 2378) 

1282            
(443 – 2244) 

2184           
(1372 – 2501)* 

Hb (g/l) 12.9 (1.7) 13.5 (1.7) 12.0 (1.5)* 
Creatinine (µmol/l) 102 (80 – 137) 98 (75 – 125) 125 (95 – 155)* 
ECG and ECHO 
Sinus rhythm (%) 21 (46) 15 (52) 6 (35) 
Mean LVEF (%) 54 (7) 58 (5) 47 (1)* 
LA size (cm) 4.3 (0.6) 4.2 (0.6) 4.5 (0.5) 
IVS (cm) 1.1 (0.2) 1.1 (0.2) 1.1 (0.2) 
Spirometry 
FCV % predicted 70 (17) 69 (21) 71 (12) 
FEV1 % predicted 75 (20) 77 (23) 73 (17) 
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3.3.9 Results of primary and secondary endpoints 

 
Increasing FiO2 led to an increase in exercise time of approximately 20 seconds 

(P=0.04). There was no dose response relation: exercise time was increased by the 

same amount during both tests with increased FiO2 compared with 21% FiO2. (Table 

9, Figure 5) Increasing FiO2 had no effect on peak workload (P=0.50). (Table 9, 

Figure 6) There was no effect of increasing FiO2 on heart rate during exercise 

(P=0.65), although arterial oxygen saturation throughout exercise was higher with 

increasing FiO2 (P=0.03). (Table 9, Figure 8 and 9) 

 

At the end of the exercise tests patients scored on how breathless they were using the 

modified BORG score. The perceived dyspnoea was similar regardless of the FiO2. 

(FIGURE 7) 

 
Table 9: Changes in primary and secondary endpoints with increasing oxygen 
concentration 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 * P value significant (<0.05) compared to 21% oxygen.   
 
 

Variable 21% 
oxygen 

28% 
oxygen 

40% 
oxygen 

P 
value 

Mean exercise time 
(seconds) 

522   
(180) 

543 
(176)* 

542 
(177)* 

0.04 

Peak workload (watts) 57 (25) 58 (25) 58 (25) 0.50 

Peak heart rate (bpm) 104 (26) 105 (21) 105 (26) 0.65 

Peak oxygen saturation 
(%) 

96 (5) 97 (3) 98 (3)* 0.03 
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Figure 5: Increasing FiO2 resulted in a small increased mean exercise time without a 

significant difference found between 28% and 40% as presented by arrows. 

 

 
Figure 6: Increasing FiO2 did not significantly change mean peak workload 
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Figure 7 : Increasing FiO2 did not significantly change mean modified Borg 

score 

 

Figure 8: Mean heart rate during exercise 
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Figure 9: Mean oxygen saturations during exercise 
 
 
 
 

3.3.10 Primary and secondary outcomes according to LVEF. 

Patients with LVEF > 50% had a significantly lower exercise time and peak 

workload than those with LVEF between 45-49%. However, patients with LVEF> 

50% had a slightly greater increase in exercise time and peak work load with the 

increase in FiO2 from 21% to 28%. (Table 10) Compared to patients with LVEF of 

between 45-49%, patients with LVEF > 50% were more likely to have asthma or 

COPD. 
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Table 10: Changes in primary and secondary endpoints with the use of 
supplementary oxygen in patients with LVEF >50% or LVEF between 45-49%.   

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Abbreviations: FiO2: concentration of inspired oxygen, LVEF: Left ventricular 
ejection fraction, bpm: beats per minute. * P values significant (<0.05) compared to 
21% oxygen. 
 

 

 

 

Variable LVEF 21% FiO2 28% FiO2 40% FiO2 

Mean 
exercise time 
(seconds) 

LVEF >50 482 (168) 509 (158)* 504 (170) 

LVEF 45-
49% 592 (184) 600 (194) 607 (173) 

P value  0.04 0.09 0.05 

Peak 
workload 
(watts) 

LVEF >50 50 (19) 54 (19)* 53 (20)* 

LVEF 45-
49% 68 (31) 65 (32) 66 (30) 

P value  0.02 0.15 0.10 

modified 
Borg score 

LVEF >50 4.4 (1.9) 3.9 (1.4)* 4.3 (2.0) 

LVEF 45-
49% 4.6 (1.4) 4.7 (1.6) 4.7 (1.8) 

P value  0.66 0.07 0.55 

Peak heart 
rate (bpm) 

LVEF >50 101 (18) 103 (18) 101 (23) 

LVEF 45-
49% 110 (36) 110 (26) 111 (30) 

P value  0.25 0.26 0.20 

Peak oxygen 
saturations 
(%) 

LVEF >50 96 (3) 97 (3) 98 (3)* 

LVEF 45-
49% 96 (5) 98 (3) 98 (3) 

P value  0.25 0.52 0.93 
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3.3.11 Correlation between endpoints and patient characteristics  

 
There was a positive correlation between the difference in exercise time between 

FiO2 of 21% and 40% and age, but not with BMI, haemoglobin, creatinine or 

NTproBNP level. (Table 11) There was no difference in exercise capacity, peak 

work load or modified Borg scale score with increasing FiO2 between males and 

females, whether patients used walking sticks, whether they had sinus or atrial 

fibrillation or whether they were on a diuretic or not. (Table 12) 
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Table 11: correlations between primary and secondary endpoints with patient 
demographics and blood variables. 
 
 

Abbreviations: ET: exercise time, FiO2: inspired oxygen, BMI: body mass index, 
Hb: haemoglobin, NTproBNP: amino terminal pro brain natriuretic peptide. 
 
 
 
 
 
 
 
 
 
 
 

Pearson Correlation - R (P value) 

 
Age BMI Hb 

Log   
Creatinine 

Log    
NTproBNP 

Difference in ET 
between FiO2 28-
21% 

0.24 (0.10) -0.06 (0.68) 0.04 (0.78) 0.11 (0.48) 0.09 (0.57) 

Difference in ET 
between FiO2 40-
21% 

0.32 (0.03) -0.04 (0.80) -0.02 (0.90) 0.09 (0.58) 0.06 (0.67) 

Difference in 
Watts between 
FiO2 28-21% 

0.02 (0.87) 0.15 (0.31) 0.29 (0.05) 0.08 (0.60) 0.02 (0.89) 

Difference in 
Watts between 
FiO2 40-21% 

-0.02 
(0.89) 0.23 (0.12) 0.26 (0.08) 0.04 (0.77) -0.04 (0.78) 

Difference in 
modified Borg 
between FiO2 28-
21% 

0.14 (0.37) -0.07 (0.64) -0.06 (0.70) -0.07 (0.65) 0.17 (0.25) 

Difference in 
modified Borg 
between FiO2 40-
21% 

-0.14 
(0.37) 0.07 (0.64) 0.06 (0.70) 0.07 (0.65) -0.17 (0.25) 
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Table 12: Effect of categorical variables on primary and secondary endpoints 
 
 

 
 
Abbreviations:. ET: exercise time, FiO2: inspired oxygen, AF: atrial fibrillation. 
 
 
 
 
 
 
 
 
 
 

 

Sex Walking stick Heart rhythm Loop diuretic 

M
al

e 
(N

= 
29

) 

Fe
m

al
e 

( N
= 

17
)  

P 
va

lu
e 

Y
es

 (N
= 

14
) 

N
o 

(N
=  

32
) 

P 
va

lu
e 

Si
nu

s (
N

= 
21

)  

A
F 

(N
= 

25
)  

P 
va

lu
e 

Y
es

 (N
= 

39
) 

N
o 

(N
= 

7)
 

P 
va

lu
e 

Difference in 
ET between 
FiO2 28- 21% 
(seconds) 

19 
(69) 

22    
(44) 0.89 31 

(64) 
15 

(59) 0.43 19 
(65) 

21 
(58) 0.93 16 

(62) 
41 

(52) 0.34 

Difference in 
ET between 
FiO2  40 – 21% 
(seconds) 

10 
(55) 

36    
(44) 0.10 24 

(66) 
18 

(47) 0.70 27 
(57) 

13 
(48) 0.38 21 

(54) 
14 

(43) 0.77 

Difference in 
Watts between 
FiO2 28- 21% 
(watts) 

3  
(12) 

-1 
(16) 0.38 -1 

(20) 
3 

(10) 0.35 0 
(17) 

3  
(9) 0.45 1  

(14) 
5  

(8) 0.45 

Difference in 
Watts between 
FiO2 40 – 21% 
(watts) 

2    
(9) 

0 
(16) 0.66 -2 

(18) 
3   

(8) 0.25 1 
(16)  

2  
(7) 0.76 2  

(13) 
0  

(6) 0.76 

Difference in 
modified Borg 
between FiO2 

28- 21% 

0   
 (1) 

0  
 (1) 0.46 0  

(1) 
0   

(2) 0.77 0  
(1) 

0  
(1) 0.76 0    

(1) 
0  

(2) 0.96 

Difference in 
modified Borg 
between FiO2 40 
– 21% 

0  
(1) 

0  
 (1) 0.46 0  

(1) 
0 

(2) 0.77 0 
(1) 

0  
(1) 0.76 0    

(1) 
0  

(2) 0.96 
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3.4 Discussion 

 
In patients with HeFNEF, increasing oxygen concentration during exercise lead to a 

small increase in exercise time but had no effect on peak work load. There are no 

previous trials of supplementary oxygen during exercise in patients with HeFNEF. 

Trials of oxygen supplementation during exercise in patients with heart failure with 

reduced ejection fraction (HeFREF) have yielded mixed results.83,84,137,138  

 

3.4.1 The mechanisms causing exercise intolerance in HeFNEF 
 
The mechanisms causing exercise intolerance in patients with heart failure are 

complex.157 In most stable ambulatory patients with HeFREF, haemodynamics at 

rest are not substantially impaired.158 Major determinants of exercise capacity appear 

to lie in the periphery, with abnormal skeletal muscle performance being chiefly 

implicated. The situation may be different in patients with HeFNEF: again, 

haemodynamics at rest may be normal, but during exercise, there is a 

disproportionate increase in left atrial pressure,159 which contributes to symptoms 

and is associated with worse long term outcomes.160 However there is growing 

evidence that extracardiac abnormalities impair exercise capacity in patients with 

HeFNEF. In a pooled meta-analysis by Pandey and colleagues of 17 unique cohorts 

of patient with HeFNEF (910 patients with HeFNEF and 476 control subjects) where 

resting and exercise cardiovascular hemodynamic variables in patients with HeFNEF 

versus normal subjects were measured.161 Compared to normal subjects, patients 

with HeFNEF had a larger impairment in chronotropic response reserve, increased 

pulmonary capillary wedge pressure, arteriovenous oxygen difference reserve and 

stroke volume during exercise.161 In a study by Houstis and colleagues of 79 patients 

with HeFNEF, who performed cardiopulmonary exercise testing with invasive 
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monitoring to measure haemodynamics, blood gases, and gas exchange during 

exercise. Compared to healthy controls, patients with HeFNEF had a reduction in 

oxygen delivery due to reduction in cardiac output (27±3%; P<0.001), haemoglobin 

concentration (5±2%; P=0.02, alveolar ventilation (36±3%; P<0.001) and lung 

diffusion (31±3%; P<0.001), total oxygen extracted by the periphery (difference 

between arterial and venous oxygen content; 8±2%; P=0.01) and skeletal muscle 

diffusion capacity (36±2%; P<0.001).162 All patients harboured multiple O2 pathway 

defects. When multiple O2 pathway defects coexist, quantifying causal effects is no 

longer straightforward because defects interact. Trials in patients with HeFNEF 

which have exercise capacity as a primary endpoint may be likely to fail due to the 

heterogeneity of the condition 

 

3.4.2 Oxygen supplementation for HeFNEF 
 
Why should increasing FiO2 improve exercise performance in patients with HeFREF, 

but not make a substantial difference in those with HeFNEF? Part of the explanation 

may be that HeFNEF is something of a diagnostic rag-bag. Extra-cardiac 

mechanisms may significantly contribute to impaired exercise tolerance in patients 

with HeFNEF. Those with HeFNEF tend to be older than those with HeFREF, are 

more likely to be overweight or obese and have chronic lung problems (and other co 

morbidities including anaemia).163,164 Sarcopenia and loss of muscle bulk are 

common in older people and particularly in patients with HeFNEF.165 Patients with 

HeFNEF are thus, perhaps, more likely to have conditions other than their heart 

failure that limits exercise, and hence oxygen is less likely to help their exercise 

performance.  
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Another reason for the neutral results of this study may be due to the fact that these 

patients may not have heart failure since the diagnosis is not straight forward and can 

mimic other conditions. Unlike HeFREF, there is no robust or agreed diagnostic 

criteria for HeFNEF. In this study the baseline NTproBNP was much higher than 

what is consider for the diagnosis of heart failure with reduced or preserved ejection 

fraction. I also only included patients who were taking diuretics which added further 

to the evidence that these patients suffered with symptoms due to congestion needing 

treatment. 

   

In the present study, overall I found no relation between cardiac rhythm or plasma 

NTproBNP and exercise time. I found, perhaps paradoxically, that patients with 

LVEF between 45-49% had a longer ET than those with higher LVEF (>50%), 

despite having a significantly greater plasma NTproBNP and lower haemoglobin 

level. Patients with LVEF between 45-49% may represent patients who truly have 

lower exercise capacity due to heart failure (which might therefore respond to 

oxygen therapy) rather than those with LVEF >50% whose exercise performance 

might not be related to the heart.166 

 

Treatment may need to be focused on other co-morbidities which limit exercise 

capacity in patients with HeFNEF.167 
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3.5 Limitations 

We only enrolled patients able to exercise. We also only included patients treated 

with a diuretic; this might have led to a population of patients with HeFNEF with a 

more severe disease profile.168 Monitoring central haemodynamics during exercise 

testing might have added to the understanding of the causes of exercise intolerance 

in patients with HeFNEF.  

 

We included some patients who had an LVEF 45 - 49% on echocardiography. 

According to the current ESC HF guidelines, these patients would fall into the newly 

introduced category of “heart failure with mid-range ejection fraction” (HFmrEF).1 

Such patients might represent a separate phenotype from patients with HeFNEF.  

 

Despite using pure oxygen, the actual administered fraction of oxygen through a 

mask may vary because of mixing with air in the absence of a perfect seal. Even 

when using the same mask and ventilation system, intra-individual variation in the 

resulting arterial oxygen tension can exist. 

 

 

3.6 Conclusions 

Increasing FiO2 during exertion leads to a small increase in exercise time in patients 

with HeFNEF which is unlikely to be clinically significant. Oxygen supplementation 

would require patient to wheel an oxygen cylinder which in itself would reduce 

exercise capacity.  
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Chapter 4 : Review of water immersion and swimming in 

patients with heart failure 

 

4.1 Introduction 

All current guidelines recommend regular exercise as an integral part of the 

management of patients with heart failure not only to improve exercise capacity but 

also for its beneficial effects on morbidity and mortality.1,169,170,171  Factors such as 

advanced age,172,173 and co morbidities such as osteoarthritis, hinder exercise training 

on a treadmill or a cycle in patients with heart failure.  

 

Swimming is common in the United Kingdom and has the advantage of providing 

buoyancy to reduce impact on joints.174 Patients with many different conditions do 

swim regularly.175 Swimming in patients with arthritis improves mobility, strength 

and cardiovascular fitness without any joint discomfort.176  

 

However, whether swimming is either safe or beneficial in patients with heart failure 

is not clear. Most guidelines steer clear of discussing swimming. Only the Scottish 

guidelines mention swimming in order to warn against it in patients with NYHA 

class III and IV symptoms.171 The guidelines are cautious about advice on swimming 

because even when healthy individuals are immersed up to the neck in water, the 

hydrostatic pressure forces approximately 700ml of blood pooled in the periphery to 

the cardiothoracic space.177 The increased preload to the heart increases stroke 

volume by 34% - 50% in normal subjects.177,178 However this increased preload to 

the failing heart may precipitate pulmonary oedema.  In patients with heart failure to 
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compensate for decreased myocardial contractility and to maintain an adequate 

cardiac output, the left ventricular end-diastolic volume increases according to the 

Frank–Starling mechanism. Furthermore, increased diastolic distensibility leads to 

increased end-diastolic volume tolerance in order to avoid end-diastolic pressure 

rise, which could lead to pulmonary oedema. Therefore, an increase in central 

volume, as they occur during water immersion, might potentially overstrain these 

compensatory mechanisms and as a consequence lead to a decrease in stroke 

volume, a further rise in the end-diastolic pressure and the occurrence of pulmonary 

congestion.184 Whether swimming is a safe exercise rehabilitation treatment for 

people with heart failure is not clear. In this chapter the literature for studies of water 

immersion or swimming in patients with heart failure is reviewed. 
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4.2 Methods 

4.2.1 Search strategy and study selection 

 
Publications on swimming and heart failure were searched on Pub Med until January 

2016. The search criteria included a specific population of patients with HeFREF. 

Two types of studies were considered in this review; firstly studies that immersed 

patient in water and second, studies that included swimming as part of exercise 

rehabilitation. The studies had to have measurements comparing the change in 

haemodynamic variables. For the water immersion studies this should have been 

compared between resting to during water immersion and for the studies of 

swimming as part of exercise rehabilitation this should be compared between the 

start and end of rehabilitation. Randomised controlled trials, controlled trials, and 

observational studies were included.      

        

The words “heart failure”, “ventricular dysfunction” or “cardiomyopathy” in 

combination with “swimming”, “water immersion”, “hydrotherapy”, “aquatic 

exercise”, “water exercise” and “water based exercise therapy” were used as search 

criteria.  

 

Studies performed in animals, in patients with heart conditions apart from patients 

with HeFREF and studies performed only in normal subjects were excluded. Studies 

not reported in English, reviews and case reports were also excluded. 
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4.2.2 Outcome measures 

 
Haemodynamic, echocardiographic and respiratory variables measured during water 

immersion and swimming rehabilitation were: heart rate (HR), stroke volume (SV), 

cardiac output (CO), systemic vascular resistance (SVR), peak  oxygen consumption 

(VO2), left ventricular end diastolic diameter (LVEDD), left ventricular end systolic 

diameter (LVESD) and left ventricular ejection fraction (LVEF). A further two 

outcomes reported for swimming rehabilitation were: quality of life (QOL) and six 

minute walk test distance (6 MWT). 

 

The eligible studies were divided into acute haemodymanic effects of water 

immersion or swimming as a form of rehabilitation. If a study measured both the 

acute haemodynamic effects of water immersion and haemodynamic effects after 

swimming rehabilitation, it would be considered in both analyses.  Studies meeting 

the eligible criteria were then scrutinised for their method and duration of immersion 

and rehabilitation, equipment used to measure haemodynamics. The outcomes were 

not combined as the studies were too heterogeneous. The results are presented as a 

narrative only. 
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4.3 Results 

41 publications in English were identified. Studies on animals (n=10), in conditions 

other than heart failure (n=4), reviews, case reports or letters to editors (n=12) were 

excluded. Fifteen eligible publications were thus considered (Figure 10 and 11).  

 

 

Figure 10: breakdown of studies considered in the review 
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Figure 11: breakdown of eligible studies: WI: water immersion 
 

 

4.3.1 Acute haemodynamic effects of water immersion 

 
There were 10 studies examining the acute haemodynamic effects of water 

immersion with a total of 155 patients with heart failure (average age 60 years; 86% 

male; mean LVEF 29%).179,180,181,182,183,184,185,186,187,188 Seven were in warm water 

(32-35°C) with a total of 97 patients (average age of 61 years; 85% male; mean 

LVEF 30%). Four of these seven compared the responses of patients with normal 

subjects and the remaining 3 were in patients alone.179,180,181,182,183,184,185  Two were in 

cold water (12-22°C) with a total of 24 patients (average age of 60 years; mean 

LVEF 31%).187,188 One study compared the responses of patients with normal 



89 

subjects and one was in patients alone. There was a single study of hot water 

immersion (41°C) with 34 patients (average age 58 years; 76% male; mean LVEF 

25%).186 (Table 10; Figure 11)  
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Table 13: Studies of water immersion in patients with heart failure 

Author Control Pts Severity 
of HF 

Immersion Study 
outcome 

Equipment Duration 
of water 
immersion 

Warm water immersion 

Meyer 
K 

None 18 Mod 
CHF 

Graded 
immersion 
procedure was 
performed 
in upright 
position up to 
neck 

Central 
haemo -
dynamic 
response 

Subxiphoid
Echo, TOE 

Graded 
immersion  

5 Severe 
CHF 

Cider A Normal 
subjects 

12 NYHA 
II – III 

Immersed in 
sitting position 
up to neck 

cardiorespirat
ory reaction 
during 
immersion  
 

continuous 
gas analyses 

5 mins 

Svealv 
BG 

None 18 NYHA  
I – III 

Immersed in 
standing 
position up to 
neck 

Acute effect 
of water 
immersion 

Echo 20-30 
mins 

Gabriels
en A 

Normal 
subjects 

9 NHA    
II – III 

Sitting position 
but to xiphoid 
process 

Cardio- 
vascular 
and neuro -
endocrine  
responses to 
water 
immersion  

Central 
venous 
catheter, 
Echo 

30 mins 

Cider A Normal 
subjects 

13 NYHA  
II – III 

Immersed in 
standing 
position up to 
neck 

Haemo -
dynamic 
responses 
during warm 
water 
immersion 

Echo 5 mins 
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Table 10: Studies of water immersion in patients with heart failure 
 

Schmid 
JP 

Normal 
subjects 

10 CHF Immersed in 
standing 
position up to 
chest 

Haemo -
dynamic 
response to 
water 
immersion  

Inert gas 
rebreathing,  

Immediate
ly 

Mourot 
L 

None 12 CHF Immersed in 
standing 
position up to 
neck 

Haemo -
dynamic 
adaptations 
triggered 
water 
immersion 
 

Non 
invasive 
haemodyna
mics and 
echo 

15 mins 

Hot water immersion 
Tei C None 34 NYHA  

II – IV 
Semi 
recumbent 
position at 45 
degrees 

Hemo -
dynamic 
effects of 
hot-water 

Thermo 
dilution   
Swan-Ganz 
catheter 

10 mins 

Cold water immersion 
Schmid 
JP 

None 12 NYHA  
II 

Immersed in 
standing 
position up to 
the neck 

cold water 
immersion, 
on haemo -
dynamic 
variables 

Inert gas re 
breathing 
system 

35 mins 

Radtke 
T 

Normal 
subjects 

12 NYHA  
I – III 

Immersed in 
standing 
position up to 
the neck 

cold water 
immersion on 
haemo -
dynamic 
variables, 

Inert gas re 
breathing 

Few 
seconds 

 
Abbreviations: Pts: patients, HF: heart failure, CHF: chronic heart failure, Echo: 
echocardiography, TOE: transesophageal echocardiography, NYHA: New York 
Heart Association, min: minutes 
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4.3.2 Warm water immersion 

 
In the 7 studies which compared haemodynamics at baseline to warm WI: 6 studies 

measured HR, which reduced by a mean of 7% (range: 2 to - 15%).180,181,182,183,184,185 

Five studies measured SV, which increased in most patients by a mean of 32% 

(range: 13 to 41%),179,181,183,184,185 apart from in a sub-population of patients with 

severe heart failure in one study in whom SV decreased by 4%.179 Five studies 

measured CO, which increased by a mean of 22% (range 7 to 37%).181,182,183,184,185 

Three studies measured SVR, which decreased by a mean of 9% (range 3 to 

21%).181,184,185 (Figure 12) 

 

In 3 studies which compared echocardiographic changes at baseline to warm WI: 2 

studies measured left ventricular end diastolic volume, which increased by a mean of 

16% (range 6 to 24%) and LVEF, which increased by a mean of 13% (range 12 to 

13%).181,183 One study showed a greater increase in left ventricular end diastolic 

diameter (LVEDD) in patients with moderate heart failure (19%) compared to severe 

heart failure (5%).179 (Figure 12) 

 

4 studies examined the change in haemodynamics from baseline to during warm WI 

in patients with CHF compared with healthy subjects: the changes were of similar 

magnitude in both groups. In 4 studies, HR decreased in both groups by a mean of 

7% (range 2 to -15%) in CHF and by a mean of 11% (range -1 to -22) in healthy 

subjects. 180,182,183,184 In 2 studies, SV increased in both groups  by a mean of 28% 

(range 17 to 37%) in CHF and by a mean of 50% (range 30 to 65%) in healthy 

subjects.183,184 In 3 studies, CO increased in both groups by a mean of 20% (range 14 

to 37%) in CHF and by a mean of 26% (range 19 to 31%) in healthy 
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subjects.182,183,184 In 1 study, SVR decreased in both groups by a mean of 21% in 

CHF and by a mean of 28% in healthy individuals.184  (Figure 12) 

 

4.3.3 Physiology underlying the effects of warm water immersion 

 

The haemodynamic effects of warm water immersion, mainly due to the extra 

central venous return from the periphery due to the hydrostatic pressure, are due 

to several reflex mechanisms, all interfering with each other. Firstly, the increased 

venous return increase the left atrial volume and thus left atrial pressure, 

triggering the Bainbridge reflex which increases the heart rate to increase the 

cardiac output.184 However the increased venous also increases the right atrial 

volume which the according to the Frank-Starling mechanism increases stroke 

volume and blood pressure. The increased blood pressure activates the arterial 

baroreceptor control system located in the wall of the internal carotid arteries, the 

carotid sinus and the aortic arch. This excitation of the vagal centre, finally leads 

to a decrease in heart rate and venous and arteriolar tone over-ruling, therefore the 

Bainbridge reflex.184 Despite patients with heart failure characterised as having 

the lowest heart rate, stroke volume, blood pressure but the highest peripheral 

vascular resistance the reflexes mechanisms are still intact and improve cardiac 

haemodynamics.184 Central blood volume expansion in compensated heart failure 

suppresses the activity of the renin–angiotensin–aldosterone system, increases the 

release of atrial natriuretic peptide and elicits a natriuresis, which is enhanced 

when angiotensin II and aldosterone concentrations are suppressed by ACE 

inhibitor treatment.182 
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The second important haemodynamic change noted when patients with heart 

failure are immersed in water is caused by distention of the peripheral vessels in 

thermoneutral water which in turn causes a reduction in systemic vascular 

resistance, arginine, vasopressin, renin and norepinephrine. The reduction in SVR 

causes activation of cardiac mechanoreceptors which leads to reflex adjustments 

of water and electrolyte excretions from the kidney.189 

 

4.3.4 Hot water immersion 

 

In the single study of hot water immersion, HR increased (33%), SV increased 

(16%), CO increased (50%) and SVR decreased (41%).186 On echocardiography, 

LVEDV (2.4%) and left ventricular end systolic diameter (5.4%) both decreased, but 

LVEF increased (23%).186 (Figure 12) 

 

The haemodynamic effects seen by hot water immersion are caused not only by the 

hydrostatic pressure exerted but also by the thermal vasodilatation which decreases 

systemic and pulmonary vascular resistances, improving left and right ventricular 

function and increasing cardiac and stroke indexes. Hot water immersion also dilates 

the venous system. The redistribution of blood from the intrathoracic compartment 

toward the peripheral venous system with thermal venous dilatation results in a 

decrease in pulmonary congestion.186 
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4.3.5 Cold water immersion 
 
In the 2 studies which compared haemodynamics at baseline to cold WI: both studies 

measured CO which increased, both measured heart rate with inconsistent results and 

one study measured SVR, which fell.187,188 (Figure 12) Cold water immersion 

increases sympathetic tone mediated by thermoreceptors on the skin. This increase in 

sympathetic tone increases blood pressure on an already hyperdynamic circulation. 

In theory this increased strain on the circulatory system may be of concern in 

patients with heart failure however in the study by Schmid and colleagues in cold 

water (22°C) did not have a detrimental haemodynamic effect in patients with heart 

failure.188  
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Figure 12: Percentage change in haemodynamic, respiratory and echocardiographic 
variables from rest to water immersion. HR: heart rate, SV: stroke volume, CO: 
cardiac output, SVR: systemic vascular resistance, VO2: peak oxygen uptake, 
LVESD: left ventricular end systolic diameter, LVEDD: left ventricular end diastolic 
diameter, LVEF: left ventricular ejection fraction. 
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4.4 Swimming as a form of rehabilitation in patients with heart 

failure 

 
There were 6 trials of exercise training with patients. (Figure 11) Three studies 

randomised patients to either swimming or continued medical therapy (67 patients, 

mean age of 70, 73% male, mean LVEF of 32%).181,190,191 Two studies randomised 

patients to either a combination of swimming and aerobic exercise or aerobic 

training only (45 patients, mean age of 60, mean LVEF of 31%).192193 One study 

randomised patients to either gymnastics on land or in water in combination with 

cycle training in both groups (24 patients, mean age of 54, mean LVEF 30%).194 

(Table 11) 
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Table 14: Types of swimming exercises 
 

Study No of 
patients 

Type of 
swimming 
exercise 

Intensity of 
exercise 

Duration of 
session 

Duration 
of study 

Swimming training compared to medical management only 
Svealv 
2009 

18  40- 70% of 
maximal heart 
rate reserve 

45 minutes – 2 
times per week 

8 weeks 

Cider 
2003 

25 Peripheral muscle 
and central 
circulatory 
exercises 

40 to 75% of 
maximal heart 
rate reserve 

45 minutes – 3 
times per week 

8 weeks 

Cider 
2012 

20 Peripheral muscle 
and central 
circulatory 
exercises 

40 to 75% of 
maximal heart 
rate reserve 

45 minutes – 3 
times per week 

8 weeks 

Cycle training compared to a combination of swimming and cycling training 
Laurent 
2009 

24 Cycling on land 
and Gymnastic 
exercise in water 

Cycling: 60–70% 
of the patient 
heart rate reserve  

 

Cycling 30 
minutes – 5 times 
per week plus 
Gymnastics: 50 
minutes – 5 times 
per week 

3 weeks 

Aerobic training compared to a combination of swimming and aerobic training 
Teffaha 
2011 

24 land endurance 
and water 
callisthenic 
exercises 

Cycling: at an 
individualized 
target intensity 
heart rate  

 

Cycling 30 
minutes – 5 times 
per week plus 
Calisthenics 50 
minutes 5 times 
per week 

3 weeks 

Caminiti 
2011 

21 Endurance 
training: aerobic 
exercise with 
cycling or 
treadmill at 
hydrotherapy: 
callisthenic 
exercises 
involving muscle 
groups of the 
lower and the 
upper limbs and 
torso (three sets of 
10 repetitions for 
each exercise) 

60–70% VO2 
max. 

Endurance 
training: 30 
minutes – 3 times 
per week 

24 weeks 
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4.4.1 Types of swimming exercises  

 

Various types of exercises in water were compared with exercise on land or with 

medical therapy. All the studies involved some form of callisthenics. All but one 

used a target heart rate as a measure of exercise intensity. All the studies had at least 

2 sessions of exercise per week and each session was between 30 and 45 minutes. 

The study exercise programme lasted from 3 – 24 weeks. (table 14) 
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Table 15: randomised controlled trials of rehabilitation comparing swimming with 
either medical treatment only or in combination with cycling or aerobic exercise. 
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Table 15: randomised controlled trials of rehabilitation comparing swimming with 
either medical treatment only or in combination with cycling or aerobic exercise. 
 
 
 
 
Abbreviations: Pts: patients, yrs: years, LVEF: left ventricular ejection fraction, 
NYHA: New York Heart Association, HR: heart rate, SV: stroke volume, CO: 
cardiac output, SVR: systemic vascular resistance, VO2: Maximum volume of 
oxygen, LVEDD: left ventricular end diastolic diameter, LVESD: left ventricular 
end systolic diameter, 6MWT: 6 minute walk test. N/A: not available. 
 
 

Ca
m

in
iti

 2
01

1 

21 68 N/A 
II 
- 

III 

Sw
im

m
in

g 
 

+ 
 a

e r
ob

ic
s 

↓19 ↑34 ↑28 ↓54  ↓3 ↓9 ↑9 ↑70 

A
er

ob
ic

s 

↑5 ↑15 ↑9 ↓19  ↓5 ↓2 ↑6 ↑32 

La
ur

en
t 2

00
9 

24 54 100 N/
A 

Sw
im

m
in

g 
  

+ 
cy

cl
in

g 
↓16 ↑23 N

o 
 

N
o 

ch
an

ge
 

↑15 ↑6     
Cy

cl
in

g 

↓8 ↑10 ↑7 ↓15 ↑11     



102 

 

4.4.2 Swimming training compared to medical management only 

Three studies compared swimming training with medical management only.181,190,191   

At the end of follow up (8 weeks): in one study, there were no changes in HR, SV, 

CO or SVR at rest.181 In 2 studies,190,191 there was an increase in peak VO2 by a mean 

1 ml/kg/min (range: 1 to 2 ml/kg/min) in swimming training versus a reduction by a 

mean -1 ml/kg/min (range: -1 to -2 ml/kg/min) in medical management) whilst there 

was no change in peak VO2 in the third study.181 In 2 studies,190,191 there was a 

greater increase in 6 MWT with swimming, by a mean of 35m (range: 30 – 40m) in 

swimming training versus increase by a mean of 3m (range 1to 6m) in medical 

management. There was no consistent pattern in quality of life in the 2 studies where 

it was measured.190,191 (Table 15)  

 

4.4.3 Cycle training compared to a combination of swimming and cycling 

training 

In a study which compared haemodynamics and peak VO2 between cycle training 

and gymnastics on land or in water: there was a greater reduction in resting HR        

(-10 bpm swimming and cycling vs. -5 bpm cycling only), greater increase in resting 

SV (17 ml/beat swimming and cycling vs. 8 ml/beat cycling only), no change in CO 

at rest, an increase in resting SVR (206 dyne sec/cm5 swimming and cycling vs. – 

248 dyne sec/cm5 cycling only) and an increased peak VO2 (2 ml/kg/min swimming 

and cycling vs. 1 ml/kg/min cycling).194 (Table 15)  
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4.4.4 Aerobic training compared to a combination of swimming and 

aerobic training 

In 2 studies which compared haemodynamics between aerobic exercise training only 

or a combination of swimming and aerobic exercise, at the end of follow up (range 

3-24 weeks): there was a greater reduction HR (-12 bpm  swimming and aerobic 

exercise vs. +3 bpm aerobic exercise only) in both studies 193,192  greater increase in 

SV (16 ml/beat swimming and aerobic exercise vs. 7 ml/beat aerobic exercise only) 

in both studies. 193,192 In one study there was a greater increased CO at rest (1 l/min 

swimming and aerobic exercise vs. 0.6 l/min aerobic exercise only) and greater 

reduction SVR (-23 mm Hg/l/min swimming and aerobic exercise vs. -8 mm 

Hg/l/min aerobic exercise only).193 (Table 15 

 

The echocardiographic findings were: LVEDD reduced (-2 cm swimming and 

aerobic exercise vs. -3 cm aerobic exercise only) in one study193 but no difference in 

the second;192 LVESD reduced (-4 cm swimming and aerobic exercise vs. -1 cm 

aerobic exercise only) in one study193 no change in the second;192 with a similar  

increase in resting LVEF in both studies (3% swimming and aerobic exercise vs. 2% 

aerobic exercise). (Table 15) )   

 

One study reported six minute walk test distance, and found that there was a greater 

increase following swimming and aerobic exercise (increased by 150 m) than 

following aerobic exercise alone (increased by 100 m).193 (Table 15) 
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4.5 Discussion 

Water immersion up to the neck is well tolerated in stable patients with heart failure, 

particularly when the water is warm. From the limited studies in both cold and hot 

water immersion it may cause adverse haemodynamic effects, whereas warm water 

immersion appeared helpful. The most consistent effects were a fall in resting heart 

rate and systemic vascular resistance. Exercise in water has effects similar to other 

forms of exercise training with a similar improvement in exercise capacity. Exercise 

in water in stable patients with heart failure in NYHA class II-III symptoms was well 

tolerated with no adverse effects. 

 

4.5.1 Haemodynamic effects of water immersion 
 

The mechanical properties of water are considerably different to air; there are several 

changes in haemodynamics and fluid shift even when healthy subjects are immersed 

in water. During WI up to the neck, approximately 700 ml of peripheral blood pools 

centrally (of which 180-240 ml accumulates in the heart) due to the hydrostatic 

pressure exerted on the body.195,196 As a consequence, in healthy subjects, there is an 

increase in left ventricular volume and an increase in LVEF resulting in increased 

stroke volume and blood pressure.197,198 In healthy subjects, cycling in water leads to 

a greater increase in cardiac output (CO) than cycling in air by an average of 0.7 

l/min.199  Stroke volume (SV) increases by 49% in air compared to 34% in water.197 
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4.5.2 SIPE: swimming induced pulmonary oedema 
 

Guidelines are cautious about water immersion and swimming in patients with heart 

failure because of the potential to precipitate pulmonary oedema secondary to the 

mobilisation of peripheral fluid into the central circulation. Reports of swimming-

induced pulmonary oedema (SIPE) are rare, and confined to athletes usually 

undertaking extreme exercises. SIPE was first described by Wilmshurst and 

colleagues in eleven divers with no demonstrable cardiac abnormality who had up to 

seven episodes when swimming or scuba diving.200 The  prevalence of SIPE is not 

clear and possibly unreported as patients present with subtle symptoms which may 

be put down to the strenuous exercise just undertaken.201 However, in healthy 

athletes competing in triathlons or in people who scuba dive a prevalence of between 

1.1 and 1.8% has been found.202,203,204 

  

The pathophysiology of SIPE is not well understood but factors such as the central 

shift of fluid during water immersion, vasoconstriction due to cold water and over 

hydration may increase right-sided cardiac pressures leading to pulmonary 

oedema.205,206  

 

In a study by Weiler-Ravell and colleagues on 30 young men on a military fitness 

programme, swimming in cold water at 23°C caused pronounced shortness of breath 

in 8 subjects.206 Five subjects stopped swimming early. They needed oxygen 

supplementation and in the more severe cases intravenous diuretics.206 Subjects with 

a history of SIPE have higher pulmonary artery pressure (previous SIPE = 34 mmHg 

versus control = 22 mmHg, p=0.004) and pulmonary artery wedge pressure 
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(previous SIPE = 19 mmHg versus control = 11 mmHg, p=0.028) when exercised in 

cold water on a cycle than those who do not.205  

 

None of the studies of water immersion or swimming rehabilitation in patients with 

heart failure reported SIPE. However, all the studies found were small, involving at 

most 34 patients. The majority of patients were male and were young compared to 

the general population of patients with heart failure. Most of the studies which 

looked at swimming rehabilitation did not prescribe swimming on its own but in 

conjunction with aerobic exercise on land and so it is difficult to assess the effects of 

swimming training alone on cardiac function and exercise performance. 

 

4.5.3 Swimming as a form of exercise 
 

What is perhaps surprising is how few patients have been included in studies of 

swimming. In the United Kingdom, swimming is the most popular sport with over 3 

million people taking part in at least a session per week. This is a million more 

people per week than play football, which is often considered to be the United 

Kingdom’s national sport.207 Swimming may be more popular than other forms of 

exercise because it is a low impact activity suitable for people with disability, poor 

mobility or frailty.208 Given how common swimming is, it must be the case that 

patients with heart failure are swimming regularly.179 The data we have found (and 

perhaps the lack of reports in the literature) suggest that swimming is probably safe 

in patients with heart failure. Given that patients with heart failure are often frail and 

have other co-morbidities (which reduce mobility), swimming is perhaps the ideal 

way to encourage exercise without the difficulty of weight-bearing exercise on land. 

However, further studies are needed to assess the safety and larger studies are needed 
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to assess the potential benefits of swimming compared to conventional heart failure 

rehabilitation. 

 

4.6 Conclusion 

Although exercise in water appears to be safe, the studies conducted have been 

small, very heterogeneous and inconclusive. Patients with HeFREF can swim safely 

and in fact may improve symptoms of heart failure with regular swimming.  
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Chapter 5 : Warm water immersion in patients with  

     chronic heart failure  

 

5.1 Introduction 

Whether swimming is safe in patients with heart failure has not been answered 

comprehensively in previous studies of water immersion or swimming.209 Most 

guidelines steer clear of discussing swimming.1,169,170,171 Only the Scottish guidelines 

mention swimming in order to warn against it in patients with NYHA class III and 

IV symptoms.171  

 

Patients with chronic stable heart failure mainly complain of exercise intolerance 

despite optimal medical treatment. Exercise improves symptoms of shortness of 

breath on exertion and fatigue in patients with heart failure. Some patients with heart 

failure may consider swimming for exercise or as a recreational activity; however 

they do not receive advice from health care professionals regarding the safety and 

benefits of swimming.  

 

5.1.1 Aim of study 

Patients with heart failure are understandably concerned about their health and what 

activities are safe for them to undertake. Patients with heart failure may seek their 

doctors’ advice about different modes of exercise, including swimming or 

hydrotherapy programmes but doctors may not feel confident in how to advise their 

patients. 
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The aim of this study was to investigate the effects of warm water immersion and 

exercise on cardiac haemodynamics in patients with HeFREF. This chapter, 

describes the design and results of the single centre study conducted to assess the 

acute hemodynamic, echocardiographic and NTproBNP changes during warm water 

immersion (WWI) in patients with heart failure.  

  

5.2 Methods 

5.2.1 Patient identification and inclusion and exclusion criteria 

Around 5000 patients are enrolled and followed up in the local heart failure clinic 

from a single centre. Of these, around 55% have HeFREF. Ambulatory patients with 

an established diagnosis of HeFREF, on stable treatment for more than 3 months 

were enrolled from a community heart failure clinic. Suitable patients were identified 

in clinic and from the database, and invited for an initial screening visit. These 

patients had already consented to be contacted by investigators regarding clinical 

trials. The cohort has electronic notes with all the relevant diagnosis, investigations 

and treatments which made it more efficient to identify the potential patients for the 

trial.  

 

Controls were normal subjects, over 60 years of age, who were already consented to 

take part as healthy volunteers in a local observational research program. Normal 

subjects had to have a LVEF > 50% on echocardiography. 

 

Patients with severe symptoms (NYHA class IV), weight over 120 kilograms, 

hospitalised within last 6 weeks or with a contraindication to WWI (epilepsy, recent 

hypoglycaemia, intravenous line or urinary catheter) were excluded from the study.  
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The research conforms to the Helsinki declaration and ethics approval was granted 

by an external research ethics committee. The trial was registered on the 

ClinicalTrials.gov website (Identifier: NCT02949544) and all participants gave their 

written informed consent. 

 

5.2.2 Screening for eligible patients 

Suitable participants were invited for a screening visit. Participants received patient 

information leaflets, were explained the rationale of the study, number of visits and 

given contact details of the study team in case of any further queries. 

The screening visit involved the following assessments:  

First a research nurse conducted observations, bloods and ECG: 

• Weight using standard scales 

• Sitting, resting sitting blood pressure and heart rate 

• Blood tests:  full blood count (FBC), biochemical profile (BCP) and 

NTproBNP  

• Supine resting 12 lead ECG 

 

I assessed the patients in the heart failure clinic: 

• Symptom assessment for heart failure and their NYHA class was recorded by 

the clinic doctor 

• Physical examination (presence of peripheral oedema, assessment of jugular 

venous pressure and auscultation of lung bases) was also conducted by the 

doctor 
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The qualified echocardiographer conducted: 

• A full transthoracic echocardiography using the British Echocardiography 

Society guidelines.210 

Eligible patients who consented for the participation to the study were then invited 

for the study day. 

 

5.2.3 Water immersion protocol 

The study was conducted in a hydrotherapy pool on the hospital site. The pool was 

checked daily to maintain a temperature between 33- 35°C and the ambient 

temperature of the room was maintained at 21°C. A metal bed designed to be 

immersed in water was attached to a manual hoist fixed next to the pool. Participants 

changed into suitable clothing/swimwear and were shown the equipment being used 

for the study. Participants then lay in supine position on the bed throughout the study 

and were immersed and removed from the water using the hoist. (Figure 13)  

Baseline measurements, including a blood sample for NTproBNP analysis, and 

echocardiography (GE Vivid E9, Hatfield, Hertfordshire, UK) were conducted after 

participants were comfortable on the bed for 10-15 minutes.  

 

A non-invasive haemodynamic monitoring device (Nexfin, BMeye, Amsterdam, 

Netherlands) with an inflatable finger cuff was attached to the mid finger of 

participant’s left hand (Figure 13) and during immersion the left hand was rested on 

a floater to ensure the device remained out of the water. The reference level for the 

non-invasive haemodynamic device was at the surface of the water throughout and 

thus very slightly higher than the level of the heart. The measurements outside the 

pool were made with the reference level in the same relative position before 
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immersion. The device continuously recorded cardiac haemodynamics from baseline 

to the end of the study. This device has been validated against invasive methods of 

monitoring cardiac haemodynamics in studies of patients with heart failure and 

critically ill patients.211,212,213   

 

Another non-invasive device (VENUS 2000 CVP monitor, Mespere LifeScience Inc, 

Waterloo, Canada) was used to measure central venous pressure (CVP) using a small 

adhesive neck sensor placed over the external jugular vein. The device uses near 

infrared spectroscopy to determine the pressure in the external jugular vein.214 Its 

clinical use has been validated in critically ill patients with cardiovascular 

conditions, and in out-patients setting for patient with heart failure.215,216,217 
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Figure 13: Study equipment. Echocardiography: GE Vivid E9. Non-invasive 

haemodynamic monitoring device, Nexfin, BMeye 

 

The participants were then gradually immersed up to their neck in supine position 

into the hydrotherapy pool. Echocardiography was repeated at 1 and 15 minutes 

following WWI with the ultrasound probe covered with a light polythene bag to 

ensure it remained water proof. After 15 minutes of WWI, the participants were 

asked to perform gentle exercise (3 minutes of kicking at a speed of 60 repetitions 

per minute) whilst remaining in supine position on the bed. The exercise performed 

was hip extension and flexion with a straight leg. At the end of 3 minutes of exercise, 

echocardiography was repeated. Once all the echocardiographic and haemodynamic 

readings were recorded the participants were lifted out of the water. Haemodynamic 

readings, symptom scores, blood sample for NTproBNP and echocardiography were 
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repeated whilst participants remained in supine position on the bed 3 minutes after 

emerging from the hydrotherapy pool.   

 

5.2.4 Safety assessments prior to start of the study 

Safety assessments have been performed by the Estates Department and Medical 

Physics department, both based in Castle Hill Hospital, Cottingham, UK. 

The Estates Department assessed the safety of using extension leads and electrical 

equipment in the pool environment. For the purposes of the study, the Estates 

department installed a “Safe Supply Unit” made by Blakley Electrics, which is 

designed for environments with water and mains voltage electricity in close 

proximity, for example birthing pools or school science laboratories. 

 

The Medical Physics department assessed each individual piece of equipment used 

for the study and ensured it was safe for use around water. In order to minimise the 

risk of equipment getting wet, the department provided custom built platform to rest 

the screen of the non-invasive central venous pressure device screen.  

 

Patients’ safety in the pool has been approved by the physiotherapy department. In 

the event of a patient becoming acutely unwell whilst in the pool, there are specific 

evacuation procedures. All investigators and support staff were trained to safely and 

efficient evacuate patients from the pool to a bed next to the pool in case of a 

medical emergency. The team were aware of the emergency and cardiac arrest 

numbers of the hospital and the doctors conducting the study had advanced life 

support training. 
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5.2.5 Outcome measures 

From the non-invasive haemodynamic monitoring device, the following variables 

were recorded at baseline, 1 minute WWI, 15 minutes WWI, 3 minutes after exercise 

and after 3 minutes recovery: heart rate (HR), blood pressure (BP), stroke volume 

(SV), cardiac output (CO), cardiac index (CI) and systemic vascular resistance 

(SVR). An average of 5 measured values for each haemodynamic variable was 

taken. From the central venous pressure monitoring device the measurement of 

jugular venous pressure was recorded at baseline, 1 minute WWI, 15 minutes WWI, 

3 minutes after exercise and after 3 minutes recovery. Echocardiographic images 

were acquired by an expert technician and stored on DVDs. The images were 

reviewed off-line by a single experienced operator blind to the various phases of the 

study. The following echocardiographic variables were measured at baseline, 1 

minute WWI, 15 minutes WWI, 3 minutes after exercise and after 3 minutes 

recovery: left ventricular end diastolic volume (EDV) and end systolic volumes 

(ESV), left ventricular ejection fraction (LVEF), left atrial diameter (LAD) and 

volume (LAV) tricuspid annular plane systolic excursion (TAPSE), systolic tricuspid 

regurgitation (TR) pressure gradient, inferior vena cava (IVC) diameter.  

Patient’s symptoms of shortness of breath and angina were objectively assessed at 

baseline and recovery using two questionnaires; Modified Borg score and Canadian 

cardiovascular society angina grading scale. Modified Borg scale is a uni-

dimensional, numerical scale with verbal anchors relating to the numbers.151,152 The 

modified BORG scale score assesses symptom intensity in response to a specific 

stimulus, in this case the assessment of shortness of breath after warm water 

immersion.153,154  The Canadian Cardiovascular Society classification of angina is an 

internationally recognised scale to determine the severity of angina. It was first 
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published in 1976 and till today remains the standardised objective assessment of 

severity of angina.218,219 This assessment was used to objectively assess any 

worsening of angina with warm water immersion. 

 

The research conforms to the Helsinki declaration. Ethics approval was granted by 

an external research ethics committee (research and ethics committee number 

16/NE/0194). The trial was registered on the ClinicalTrials.gov website (Identifier: 

NCT02949544). The study design, protocol, patient leaflets were presented to the 

local Trans-Humber consumer research panel. The panel included lay people whose 

advice was valuable in amending the protocol. 

 

 

5.2.6 Statistical analysis 

This was an exploratory pilot study with two groups using new non-invasive 

haemodynamic monitoring devices; therefore no power calculations have been made. 

There was no data upon which to base any sort of sample size calculation. 

Categorical data are presented as numbers and percentages; normally distributed 

continuous data as mean ± standard deviation (SD) and non-normally distributed 

continuous variables as median and interquartile range. Log transformation of 

NTproBNP was used, given its not normal distribution.  

The repeated measures ANOVA was used to assess the overall difference between 

related means of each variable and the Bonferroni correction was used for multiple 

testing errors. Primary and secondary endpoints are shown in graphs. All analyses 

were performed on SPSS (V.23.0), and statistical significance was assumed at 

P<0.05 (two tailed). 
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5.3 Results 

5.3.1 Patient recruitment 

Forty patients with a diagnosis of HeFREF were screened. 10 patients either 

declined to participate or were unable to be contacted, 8 patients had poor 

echocardiographic windows and 2 had other ongoing medical problems. 

(Figure 14) Forty seven normal subjects were screened of which 10 agreed 

to take part. 

 

 

Figure 14:  Total number of patients with HeFREF screened. 
 
 
 
 
 
 
 
 

20 patients with HeFREF
(meet inclusion/ exclusion criteria 

and consented)

17 pa>ents completed the study 

3 patients excluded from analysis:
• 1 forgot to attend 
• 1 acute illness
• 1 did not attend as study finished

40 patients with HeFREF 
screened

20 patients excluded:
• 10 declined or unable to contact
• 8 poor echocardiographic windows
• 2 other acute medical problems
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5.3.2 Baseline characteristics of patients with CHF and normal subjects.  

Baseline characteristics of patients with heart failure and normal subjects are shown 

in table 12. All but one of the patients had NYHA class II symptoms. Normal 

subjects were of a similar age, 90% were male and baseline cardiac haemodynamics 

were similar to patients with heart failure. 
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Table 16: baseline characteristics of patients with heart failure and normal subjects. 
 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Variables Patients with HF 
(N = 17) 

Normal subjects 
(N= 10) P value  

Demographics 
Age 67 (12) 70 (10) 0.39 
Male (%) 15 (88) 9 (90) 0.89 
Weight (kg) 78 (13) 73 (10) 0.37 
BMI (kg/m2) 26 (3) 24 (3) 0.19 
SBP (mm Hg) 129 (16) 143 (30) 0.14 
NYHA class 
I (%) 1 (6) 10 (100) 

<0.001 II (%) 16 (94) 0 (0) 
Medical history 
Hypertension (%) 4 (24) 2 (20) 0.84 
IHD (%) 12 (71) 1 (10) <0.01 
Diabetes (%) 2 (12) 3 (30) 0.26 
COPD (%) 2 (12) 0 (0) 0.28 
Electrocardiogram 
Sinus 14 (82) 10 (100) 0.17 
HR (beats/min) 65 (10) 66 (12) 0.87 
Echocardiography 
LVEDV (ml) 189 (64) 88 (37) <0.001 
LVEF (%) 33 (9) 58 (8) <0.001 
LAD (mm) 4 (3.5) 3.5 (0.6) 0.15 
LAV (ml) 57 (44) 36 (22) 0.20 
TAPSE  (mm) 1.9 (0.6) 2.7 (0.5) 0.001 
Peak TR gradient 
(mmHg) 18 (9) 15 (8) 0.49 

IVC (cm) 1.6 (0.5) 1.4 (0.4) 0.31 
Blood results 
Hb (g/L) 13.4 (1.3) 14.2 (1.2) 0.09 
Creatinine (µmol/L) 114 (24) 73 (13) <0.001 
NTproBNP (ng/L) 558 (323 – 1140) 82 (42 – 119) <0.01 
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Table 15: baseline characteristics of patients with heart failure and normal subjects. 
 

 
 
 
 
 
 
 
 

 
Abbreviations: HF: heart failure, BMI: body mass index, SBP: systolic blood pressure, 
NYHA: New York Heart Association, IHD: ischaemic heart disease, COPD: chronic 
obstructive pulmonary disease, HR: heart rate, LVEDV: left ventricular end diastolic 
volume, LVEF: left ventricular ejection fraction, LAD: left atrial diameter, LAV: left 
atrial volume, TAPSE: Tricuspid annular plane systolic excursion, TR: tricuspid 
regurgitation, IVC: inferior vena cava, Hb: haemoglobin, NTproBNP: amino terminal 
pro brain type natriuretic peptide, ACEi: angiotensin converting enzyme inhibitor, 
ARB: angiotensin receptor blocker, MRA: mineralocorticoid receptor antagonist, 
CRT: cardiac resynchronization therapy. 

 

5.3.3 Haemodynamic changes with warm water immersion and exercise 

In patients with CHF, and compared to baseline measurements, WWI caused a 

significant, immediate (1 minute) and sustained (after 15 minutes) increase in SV, 

CO, CI and decrease in BP and SVR, with no change in HR or CVP. The 3 minutes 

of kicking led to a further increase in HR, BP, CI and CO, with no change in SV, 

SVR or CVP. (Figures 15 and 16) 

 

In normal subjects, WWI caused a significant, immediate (1 minute) and sustained 

(15 minutes) increase in SV, CO and CI with no change in HR, BP, SVR or CVP. 

The 3 minutes of kicking led to an increase in HR, CO and CVP with no change in 

BP, SV, CI or SVR. (Figure 15 and 16) 

Medications and devices 
ACEi/ ARB (%) 15 (88) 1 (10) <0.001 
Beta blocker (%) 15 (88) 0 (0) <0.001 
MRA (%) 13 (77) 0 (0) <0.001 
Loop diuretic (%) 14 (82) 0 (0) <0.001 
CRT (%) 7 (41) 0 (0) 0.02 
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Figure 15: effect of warm water immersion and 3 minutes warm water exercise on 
cardiac haemodynamics. HR: heart rate, SBP: systolic blood pressure, SVR: 
systemic vascular resistance, SV: stroke volume, CO: cardiac output, CI: cardiac 
index, WWI: warm water immersion, CHF: chronic heart failure 

 
Figure 16: effect of warm water immersion and 3 minutes warm water exercise on 
CVP. CVP: central venous pressure, WWI: warm water immersion, WW: warm 
water, CHF: chronic heart failure 
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5.3.4 Echocardiographic changes with warm water immersion and exercise 

In patients with CHF, WWI for 15 minutes led to a significant increase in LAV. The 

3 minutes of kicking led to an increase in estimated pulmonary artery systolic 

pressure. (Figures 17 and 18) 

 

In normal subjects, WWI for 15 minutes significantly increased left ventricular 

EDV. There were no significant changes in echocardiographic variables after 3 

minutes of kicking. (Figures 17 and 18) 

 

Figure 17: effect of warm water immersion and 3 minutes warm water exercise on 
left sided echocardiographic variables. EDV: end diastolic volume, ESV: end 
systolic volume, LVEF: left ventricular ejection fraction, LA: left atrial, WWI: warm 
water immersion, WW: warm water, CHF: chronic heart failure 
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Figure 18: effect of warm water immersion and 3 minutes warm water exercise on 
right sided echocardiographic variables. TAPSE: tricuspid annular plane systolic 
excursion, TR: tricuspid regurgitation, IVC: inferior venacava, WWI: warm water 
immersion, WW: warm water, CHF: chronic heart failure 
 
 
5.3.5 NTproBNP and symptom changes with warm water immersion and 

exercise 

There was no significant difference in NTproBNP levels between baseline and 

recovery in patients with HeFREF (558 (IQR: 323 – 1140) to 642 (IQR: 309 – 1187) 

ng/L, P=0.21) or normal subjects (82 (42 – 119) to 84 (43 – 118) ng/L, P=0.08). 

None of the subjects experienced any adverse events during water immersion. None 

of the patients reported any change in any symptom (shortness of breath, chest pain 

or fatigue) during immersion or recovery.  
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5.4 Discussion 

We found that WWI in patients with HeFREF increases cardiac output. The 

mechanism for the haemodynamic changes is presumably that hydrostatic pressure 

increased cardiac preload and atrial volumes. WWI also caused systemic 

vasodilatation, leading to a fall in blood pressure which, in turn, causes a decreased 

left ventricular afterload.  

 

Our results are similar to those reported by other researchers. In a study of 9 patients 

with CHF, WWI (34°C) up to the xiphoid process increased left atrial diameter (by 

echocardiography), CI and SV index with a decrease in SVR, similar to our study 

however they also showed an increase in central venous pressure which was not 

evident in this study.220 In a study of 13 patients with CHF (mean LVEF 32%) and 

more severe symptoms (77% in NYHA class 3), WWI (33-34°C) up to the sternal 

notch increased LVEF, SV and CO but also worsened left ventricular diastolic 

function (increasing trans mitral Doppler E/A ratio), with no effect on blood 

pressure.221 Five minutes of seated reciprocal unilateral knee-extensions in water 

increased CO, SBP and HR, and was tolerated by patients.221 Similarly, in a study of 

18 patients with CHF (LVEF 31%, 50% in NYHA class 3), WWI (34°C) 

significantly increased SV and CO but decreased HR, BP and SVR. WWI also led to 

an increase in left ventricular end diastolic and systolic volumes, estimated 

pulmonary capillary wedge pressure and left ventricular ejection fraction.222  

In our study during warm water immersion, normal subjects had a raise in blood 

pressure but a decrease in SVR, however in patients with HeFREF there was a lower 

blood pressure at baseline and then a further drop in blood pressure and SVR. The 

medications prescribed for the treatment of heart failure in patients with HeFREF 
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were continued during on the study day and therefore may have exacerbated the 

reduction in blood pressure during warm water immersion.  

 

This study has a number of differences compared to the previous studies in warm 

water immersion. All the previous studies of WWI on cardiac haemodynamic had 

patients in sitting or standing positions during WWI. We positioned the participants 

in supine position because this better replicates the posture during 

swimming.220,221,222 This supine position was maintained throughout the study to 

ensure consist haemodynamic readings. This study used validated novel non-

invasive method to measure haemodynamic changes during warm water immersion.  

 

Warmer or colder water temperatures might lead to more pronounced, or different 

effects, on cardiac haemodynamics and heart function. Hot water immersion (41°C) 

for 10 minutes significantly decreased left ventricular and atrial size, increased 

LVEF and decreased mitral regurgitation in a study of 34 patients with CHF and 

severe symptoms (LVEF 25%, 94% in NYHA class III/IV). The changes persisted 

for 30 minutes after emerging from water.223 Mean pulmonary artery pressure, mean 

pulmonary capillary wedge pressure, and mean right atrial pressure rose substantially 

during hot water immersion but did not cause any symptoms. In two studies, cold 

water immersion (12°C to 22°C)  for a few seconds increased cardiac output and  

blood pressure but change in heart rate was variable.224,225 

 

In previous studies, warm water immersion up to the neck in standing position for 5 

to 10 minutes, has increased central venous pressure.226,227 We found that central 

venous pressure did not increase and pulmonary artery systolic pressure increases 
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only after 3 minutes of gentle exercise in patients with HeFREF (without 

precipitating any symptoms), but not in normal subjects. The pulmonary artery 

systolic pressure rapidly returned to baseline after WWI.  

 

Reassuringly, the haemodynamic changes did not lead to an increase in NTproBNP 

plasma levels. In studies looking at the effect of WWI on natriuretic peptides in 

normal subjects, atrial natriuretic peptide significantly increased without any change 

in brain natriuretic peptide.228,229 There have been no studies looking at the acute 

change in natriuretic peptides during water immersion in patients with heart failure. 

Whether prolonged immersion or swimming causes a more sustained increase in 

systolic pulmonary pressure and symptoms in patients with CHF requires further 

studies.   

 

5.4.1 Limitations 

Our study was conducted in a controlled, indoor thermo neutral hydrotherapy pool 

and therefore the results cannot be translated to swimming in different environmental 

conditions. The studied population was small, and patients had only mild symptoms; 

thus, results of this study cannot be generalised to all patients with CHF, particularly 

to those with more severe disease. Although majority of the patients swim in prone, 

we were limited to investigate patients in supine position to enable 

echocardiography. The workload was not standardized and not adjusted for maximal 

exercise capacity. It was chosen to allow all participants to be able to conduct 3 min 

of exercise with continuous haemodynamic monitoring. We did not measure 

NTproBNP levels after a few hours from completing the study, or troponin levels, 
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which might have provided further information about any delayed effect of WWI 

with exercise on the myocardium.  

 

5.5 Conclusion  

In patients with CHF, WWI causes an acute increase in cardiac output and a fall in 

vascular resistance. The changes were well-tolerated and patients with HeFREF can 

immerse in warm water safely. Whether swimming can be recommended as 

alternative to other forms of exercise or rehabilitation in patients with CHF needs to 

be studied further. 
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Chapter 6   Conclusion 

 

Patients with heart failure have significantly more symptoms that hinder their 

activities of daily living than any other chronic medical condition.24 In ambulatory 

patients with chronic stable heart failure, the cardinal symptom is exercise 

intolerance due to breathlessness and fatigue.26,27 In the past 30 years several trials 

on neuro hormonal antagonists (angiotensin converting enzyme inhibitors, 

mineralocorticoid receptor antagonists and beta blockers) have shown a benefit of 

improving symptoms, reducing hospitalization and improving prognosis in patients 

with HeFREF.41,42,43,44,45,46,47 The situation is very different for patients with 

HeFNEF. None of those pharmacotherapies which are beneficial in patients with 

HeFREF have any mortality or morbidity benefit in patients with HeFNEF.52,53,54,55,56 

Only diuretics seem to be helpful in that they relieve congestion.1  

 

Despite the improvements in medical treatment, patients with heart failure still 

remain symptomatic. Another focus of treatment could be to improve quality of life 

by improving exercise tolerance. Exercise programmes are an attractive therapeutic 

option because it improves exercise capacity and quality of life in patients with heart 

failure.  

 

 I therefore undertook a project to seek out further treatments to improve quality of 

life by targeting treatments that may improve symptoms and exercise capacity in 

patients with heart failure.  
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The first therapy I investigated was oxygen supplementation, which is cheap, widely 

available and used in a variety of health care settings, in ambulatory patients with 

HeFNEF. It is liberally used in the acute and chronic settings in a variety of 

conditions in the belief that this will improve symptoms of shortness of 

breath.96,121,132 However even in normal subjects oxygen supplementation impairs 

cardiac haemodynamics.102,103,104 Trials of oxygen supplementation during exercise 

in patients with HeFREF have yielded mixed results.83,84,137,138  

 

There have been no studies on the effect of increased inspired oxygen on exercise 

capacity in patients with HeFNEF. I therefore designed a study with the aim to 

assess the effects of increasing inspired oxygen fraction on exercise capacity in 

patients with HeFNEF.  I found that in patients with HeFNEF, increasing oxygen 

concentration during exercise lead to a small (20 seconds) and clinically meaningless 

increase in exercise time but had no effect on peak work load.  

 

Although oxygen supplementation in patients with HeFNEF may improve exercise 

time, it does not seem practical to wheel around an oxygen cylinder, which in itself 

would hamper and reduced exercise capacity. The prevalence of patients with 

HeFNEF is increasing and they have the largest unmet need for evidenced based 

treatment. These patients are a diagnostic rag-bag and they have other extra cardiac 

co-morbidities that hinder exercise capacity. Treatment may need to be focused on 

other co-morbidities which limit exercise capacity in patients with HeFNEF. 

 

The second therapy I investigated was warm water immersion in patients with 

HeFREF. Factors such as advanced age and co morbidities such as osteoarthritis, 
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hinder exercise training on a treadmill or a cycle in patients with CHF and swimming 

is a common form of exercise in the UK. However, whether swimming is either safe 

or beneficial in patients with heart failure is not clear. I first conducted a literature 

review for studies of water immersion or swimming in patients with heart failure. I 

found that in small studies of warm water immersion, up to the neck, is well 

tolerated in stable patients with chronic heart failure but both cold and hot water 

immersion caused adverse haemodynamic effects. Exercise in water has effects 

similar to other forms of exercise training with a similar improvement in exercise 

capacity however these studies were small and swimming was only part of an 

exercise programme. I therefore designed a study to investigate the changes in 

cardiac haemodynamics during warm water immersion in patients with HeFREF 

whilst in supine position using non-invasive devices to measure cardiac 

haemodynamics and central venous pressure. I found that warm water immersion 

had favourable changes in cardiac haemodynamics even in the spine position with no 

changes in central venous pressures.  

 

Cardiac rehabilitation for patients with heart failure has shown to improve symptoms 

however the uptake is low due to other co morbidities. I have shown that warm water 

immersion is not only safe but also improves cardiac haemodynamics, at least whilst 

immersed in water.  Swimming is a common sport in the UK and therefore designing 

cardiac rehabilitation in swimming pools may attract more patients with HeFREF, 

however the long term benefit need to be demonstrated in further studies. 
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In summary, I found that patients with heart failure have symptoms of exercise 

intolerance despite optimal medical treatment. Cardiac rehabilitation has added 

benefits and improving participation in cardiac rehabilitation is key. I found that 

warm water immersion is safe and has positive haemodynamic effects in patients 

HeFREF. Further studies are needed to assess the effect of warm water immersion in 

patients with HeFNEF and the benefit of swimming alone as a form of cardiac 

rehabilitation. However, I also found that oxygen supplementation does not clinically 

improve the exercise capacity of patients with HeFNEF. HeFNEF remains a difficult 

condition to treat because it is not well defined and co-morbidities may play a 

significant role in symptoms.  

 

 

 



132 

References  

 
1 Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, Falk 
V, González-Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde 
C, Nihoyannopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GM, Ruilope 
LM, Ruschitzka F, Rutten FH, van der Meer P; Authors/Task Force Members. 2016 
ESC guidelines for the diagnosis and treatment of acute and chronic heart failure: 
The Task Force for the diagnosis and treatment of acute and chronic heart failure of 
the European Society of Cardiology (ESC) Developed with the special contribution 
of the Heart Failure Association (HFA) of the ESC. Eur Heart J. 2016;37:2129-200. 
2 Butler J, Fonarow GC, Zile MR, Lam CS, Roessig L, Schelbert EB, Shah 
SJ, Ahmed A, Bonow RO, Cleland JGF, Cody RJ, Chioncel O, Collins SP,  
Dunnmon P, Filippatos G, Lefkowitz MP, Marti CN, McMurray JJ, Misselwitz F,  
Nodari S, O’Connor C, Pfeffer MA, Pieske B, Pitt B, Rosano G, Sabbah HN, Senni 
M, Solomon SD, Stockbridge N, Teerlink JR, Georgiopoulou VV, Gheorghiade M. 
Developing Therapies for Heart Failure with Preserved Ejection Fraction: Current 
State and Future Directions. JACC Heart Fail. 2014;2:97–112. 
3 Kirkpatrick JN, Vannan MA, Narula J, Lang RM. Echocardiography in heart 
failure: applications, utility, and new horizons. J Am Coll Cardiol.  2007;50:381–
396. 
4 Maisel A, Mueller C, Adams K, Anker SD, Aspromonte N, Cleland JGF, Cohen-
Solal A, Dahlstrom U, DeMaria A, DiSomma S, Filippatos GS, Fonarow GC, 
Jourdain P, Komajda M, Liu PP, McDonagh T, McDonald K, Mebazaa A, Nieminen 
MS, Peacock WF, Tubaro M, Valle R, Vanderhyden M, Yancy CW, Zannad F, 
Braunwald E. State of the art: using natriuretic peptide levels in clinical practice. Eur 
J Heart Fail. 2008;10:824–839. 
5 Marwick TH, Raman SV, Carrio´ I, Bax JJ. Recent developments in heart failure 
imaging. JACC Cardiovasc Imaging. 2010;3:429–439. 
6 Gimelli A, Lancellotti P, Badano LP, Lombardi M, Gerber B, Plein S, Neglia D, 
Edvardsen T, Kitsiou A, Scholte AJHA, Schroder S, Cosyns B, Gargiulo P, 
Zamorano JL, Perrone-Filardi P. Non-invasive cardiac imaging evaluation of 
patients with chronic systolic heart failure: a report from the European Association 
of Cardiovascular Imaging (EACVI). Eur Heart J. 2014;35:3417–3425. 
7 Redfield MM, Jacobsen SJ, Burnett JC Jr, et al. Burden of systolic and diastolic 
ventricular dysfunction in the community: appreciating the scope of the heart failure 
epidemic. JAMA. 2003;289:194–202. 
8 Mosterd A, Hoes AW. Clinical epidemiology of heart failure. Heart. 2007;93: 
1137–1146. 
9 Cortina A, Reguero J, Segovia E, Rodríguez Lambert JL, Cortina R, Arias JC, Vara 
J, Torre F. Prevalence of heart failure in Asturias (a region in the north of Spain). Am 
J Cardiol. 2001;87:1417–19. 
10 Nielsen OW, Hilden J, Larsen CT, Hansen J. Cross sectional study estimating 
prevalence of heart failure and left ventricular systolic dysfunction in community 
patients at risk. Heart. 2001;86:172–78. 
11 Mosterd A, Hoes AW, de Bruyne MC, Deckers JW, Linker DT, Hofman A, 
Grobbee DE. Prevalence of heart failure and left ventricular dysfunction in the 
general population; the Rotterdam Study. Eur Heart J. 1999;20:447–55. 



133 

 
12 Hogg K, Swedberg K, McMurray J. Heart failure with preserved left ventricular 
systolic function; epidemiology, clinical characteristics, and prognosis. J Am Coll 
Cardiol. 2004;43:317–27. 
13 Tiller D, Russ M, Greiser KH, Nuding S, Ebelt H, Kluttig A, Kors JA, Thiery J, 
Bruegel M, Haerting J, Werdan K. Prevalence of symptomatic heart failure with 
reduced and with normal ejection fraction in an elderly general population—the 
CARLA study. PLoS One. 2013;8:e59225. 
14 Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends 
in prevalence and outcome of heart failure with preserved ejection fraction. N Engl J 
Med. 2006;355:251-9. 
15 National heart failure audit. Annual report 2014/15.  Published 11th July 2016. 
https://www.ucl.ac.uk/nicor/audits/heartfailure/reports. Accessed on 25th April 2017  
16 Sanderson JE. Heart failure with a normal ejection fraction. Heart. 2007;93:155-8 
17 Hogg K, Swedberg K, McMurray J. Heart failure with preserved left ventricular 
systolic function; epidemiology, clinical characteristics, and prognosis. J Am Coll 
Cardiol. 2004;43:317–27. 
18 Banerjee P, Clark AL, Nikitin N, Cleland JG. Diastolic heart failure. Paroxysmal 
or chronic? Eur J Heart Fail. 2004;6:427-31. 
19 Meta-analysis Global Group in Chronic Heart Failure (MAGGIC). The survival of 
patients with heart failure with preserved or reduced left ventricular ejection fraction: 
an individual patient data meta-analysis. Eur Heart J. 2012;33:1750–1757. 
20Vasan RS, Larson MG, Benjamin EJ, Evans JC, Reiss CK, Levy D. Congestive 
heart failure in subjects with normal versus reduced left ventricular ejection fraction: 
prevalence and mortality in a population-based cohort. J Am Coll Cardiol. 
1999;33:1948–1955. 
21 Yip GWK, Ho PPY, Woo KS, Sanderson JE. Comparison of frequencies of left 
ventricular systolic and diastolic heart failure in Chinese living in Hong Kong. Am J 
Cardiol. 1999;84:563–7. 
22 Shah SJ, Gheorghiade M. Heart failure with preserved ejection fraction: treat now 
by treating comorbidities. JAMA. 2008;300:431-3. 
23 Maggioni AP, Dahlstrӧm U, Filippatos G, Chioncel O, Leiro MC, Drozdz J, 
Fruhwald F, Gullestad L, Logeart D, Fabbri G, Urso R, Metra M, Parissis J, Persson 
H, Ponikowski P, Rauchhaus M, Voors AA, Nielsen OW, Zannad F, Tavazzi L, 
Crespo Leiro M, Drozdz J, Fruhwald F, Gullestad L, Logeart D, Fabbri G, Urso R, 
Metra M, Parissis J, Persson H, Ponikowski P, Rauchhaus M, Voors AA, Nielsen 
OW, Zannad F, Tavazzi L. EURObservational Research Programme: regional 
differences and 1-year follow-up results of the Heart Failure Pilot Survey (ESC-HF 
Pilot). Eur J Heart Fail. 2013;15:808–817. 
24 Stewart AL, Greenfield S, Hays RD, Wells K, Rogers WH, Berry SD, McGlynn 
EA, Ware JE Jr. Functional status and well-being of patients with chronic conditions. 
Results from the Medical Outcomes Study. JAMA. 1989;262:907–13. 
25 LA Allen, LW Stevenson, KL Grady, NE Goldstein, DD. Matlock, RM Arnold, 
NR Cook, GM Felker, GS Francis, PJ Hauptman, EP Havranek, HM Krumholz, D 
Mancini, B Riegel, JA Spertus. Decision Making in Advanced Heart Failure. A 
Scientific Statement From the American Heart Association. Circulation. 
2012;125:1928-1952. 



134 

 
26 Sullivan MJ, Hawthorne MH. Exercise intolerance in patients with chronic heart 
failure. Prog Cardiovasc Dis.1995;38:1–12. 
27 Mancini DM, Walter G, Reichek N, Lenkinski R, McCully KK, Mullen JL, 
Wilson JR. Contribution of skeletal muscle atrophy to exercise intolerance and 
altered muscle metabolism in heart failure. Circulation.1992;85:1364–1373 
28 Farr MJ, Lang CC, Lamanca JJ, Zile MR, Francis G, Tavazzi L, Gaasch WH, St 
John Sutton M, Itoh H, Mancini D; MCC-135 GO1 Investigators. Cardiopulmonary 
exercise variables in diastolic versus systolic heart failure. Am J Cardiol. 
2008;102:203-6. 
29 Lewis EF, Lamas GA, O'Meara E, Granger CB, Dunlap ME, McKelvie RS, 
Probstfield JL, Young JB, Michelson EL, Halling K, Carlsson J, Olofsson B, 
McMurray JJ, Yusuf S, Swedberg K, Pfeffer MA; CHARM Investigators. 
Characterization of health-related quality of life in heart failure patients with 
preserved versus low ejection fraction in CHARM. Eur J Heart Fail. 2007;9:83-91. 
30 Prior DL. Back to the future: re-evaluation of the possible role for oxygen 
supplementation during exercise in chronic heart failure. Heart. 2016;102:571-2 
31 Shelton RJ, Ingle L, Rigby AS, Witte KK, Cleland JG, Clark AL. Cardiac output 
does not limit submaximal exercise capacity in patients with chronic heart failure. 
Eur J Heart Fail. 2010;12:983-9. 
32 Chandrashekhar Y, Anand IS. Relation between major indices of prognosis in 
patients with chronic congestive heart failure: studies of maximal exercise oxygen 
consumption, neurohormones and ventricular function. Indian Heart J. 1992;44:213-
6. 
33 Carell ES, Murali S, Schulman DS, Estrada-Quintero T, Uretsky BF. Maximal 
exercise tolerance in chronic congestive heart failure. Relationship to resting left 
ventricular function. Chest. 1994;106:1746-52. 
34 Clark AL, Swan JW, Laney R, Connelly M, Somerville J, Coats AJ. The role of 
right and left ventricular function in the ventilatory response to exercise in chronic 
heart failure. Circulation. 1994;89:2062-9. 
35 Kitzman DW, Higginbotham MB, Cobb FR, Sheikh KH, Sullivan MJ. Exercise 
intolerance in patients with heart failure and preserved left ventricular systolic 
function: failure of the Frank-Starling mechanism. J Am Coll Cardiol. 
1991;17:1065–1072. 
36 Borlaug BA, Nishimura RA, Sorajja P, Lam CSP, Redfield MM. Exercise 
hemodynamics enhance diagnosis of early heart failure with preserved ejection 
fraction. Circ Heart Fail. 2010;3:588–595 
37 Borlaug BA, Melenovsky V, Russell SD, Kessler K, Pacak K, Becker LC, Kass 
DA. Impaired chronotropic and vasodilator reserves limit exercise capacity in 
patients with heart failure and a preserved ejection fraction. Circulation. 
2006;114:2138 –2147. 
38 Maeder MT, Thompson BR, Brunner-La Rocca HP, Kaye DM. Hemodynamic 
basis of exercise limitation in patients with heart failure and normal ejection fraction. 
J Am Coll Cardiol. 2010;56:855-63. 



135 

 
39 Pandey A, Khera R, Park B, Haykowsky M, Borlaug BA, Lewis GD, Kitzman 
DW, Butler J, Berry JD. Relative Impairments in Hemodynamic Exercise Reserve 
Parameters in Heart Failure With Preserved Ejection Fraction: A Study-Level Pooled 
Analysis. JACC Heart Fail. 2018;6:117-126. 
40 Dorfs S, Zeh W, Hochholzer W, Jander N, Kienzle RP, Pieske B, Neumann FJ. 
Pulmonary capillary wedge pressure during exercise and long-term mortality in 
patients with suspected heart failure with preserved ejection fraction. Eur Heart J. 
2014;35:3103-12. 
41 The CONSENSUS Trial Study Group. Effects of enalapril on mortality in severe 
congestive heart failure. Results of the Cooperative North Scandinavian Enalapril 
Survival Study (CONSENSUS). N Engl J Med. 1987;316:1429–1435. 
42 The SOLVD Investigators. Effect of enalapril on mortality and the development of 
heart failure in asymptomatic patients with reduced left ventricular ejection fractions. 
N Engl J Med. 1992;327:685–691. 
43 Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, Palensky J, Wittes 
J. The effect of spironolactone on morbidity and mortality in patients with severe 
heart failure. N Engl J Med. 1999;341:709–717. 
44 Zannad F, McMurray JJV, Krum H, Van Veldhuisen DJ, Swedberg K, Shi H, 
Vincent J, Pocock SJ, Pitt B. Eplerenone in patients with systolic heart failure and 
mild symptoms. N Engl J Med. 2011;364:11–21. 
45 Packer M. Effect of carvedilol on the morbidity of patients with severe chronic 
heart failure: results of the Carvedilol Prospective Randomized Cumulative Survival 
(COPERNICUS) Study. Circulation. 2002;106:2194–2199. 
46 CIBIS-II Investigators and Committees. The Cardiac Insufficiency Bisoprolol 
Study II (CIBIS-II): a randomised trial. Lancet. 1999;353:9–13. 
47 Cleland JG, Clark AL. Delivering the cumulative benefits of triple therapy to 
improve outcomes in heart failure: too many cooks will spoil the broth. J Am Coll 
Cardiol. 2003;42:1234–7. 
48 McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, Rouleau 
JL, Shi VC, Solomon SD, Swedberg K, Zile MR, PARADIGM-HF Investigators and 
Committees. Angiotensin-neprilysin inhibition versus enalapril in heart failure. N 
Engl J Med. 2014;371:993–1004. 
49 Pellicori P, Urbinati A, Shah P, MacNamara A, Kazmi S, Dierckx R, Zhang J, 
Cleland JG, Clark AL. What proportion of patients with chronic heart failure are 
eligible for sacubitril-valsartan? Eur J Heart Fail. 2017;19:768-778. 
50 McMurray JJ. Improving outcomes in heart failure: a personal perspective. Eur 
Heart J. 2015;36:3467–3470. 
51 Butler J, Fonarow GC, Zile MR, Lam CS, Roessig L, Schelbert EB, Shah SJ, 
Ahmed A, Bonow RO, Cleland JG, Cody RJ, Chioncel O, Collins SP, Dunnmon P, 
Filippatos G, Lefkowitz MP, Marti CN, McMurray JJ, Misselwitz F, Nodari S, 
O'Connor C, Pfeffer MA, Pieske B, Pitt B, Rosano G, Sabbah HN, Senni M, 
Solomon SD, Stockbridge N, Teerlink JR, Georgiopoulou VV, Gheorghiade M. 
Developing therapies for heart failure with preserved ejection fraction: current state 
and future directions. JACC Heart Fail. 2014;2:97-112. 
52 Massie BM, Carson PE, McMurray JJ, Komajda M, McKelvie R, Zile MR, 
Anderson S, Donovan M, Iverson E, Staiger C, Ptaszynska A; I-PRESERVE 



136 

 
Investigators. Irbesartan in patients with heart failure and preserved ejection fraction. 
N Engl J Med. 2008;359:2456-67. 
53 Yusuf S, Pfeffer MA, Swedberg K, Granger CB, Held P, McMurray JJ, Michelson 
EL, Olofsson B, Ostergren J; CHARM Investigators and Committees. Effects of 
candesartan in patients with chronic heart failure and preserved left ventricular 
ejection fraction: the CHARMPreserved Trial. Lancet 2003;362:777-81. 
54 Cleland JGF, Tendera M, Adamus J, Freemantle N, Polonski L, Taylor J. The 
perindopril in elderly people with chronic heart failure (PEP-CHF) study. Eur Heart 
J 2006;27:2338–2345. 
55 Pitt B, Pfeffer MA, Assmann SF, Boineau R, Anand IS, Claggett B, Clausell N, 
Desai AS, Diaz R, Fleg JL, Gordeev I, Harty B, Heitner JF, Kenwood CT, Lewis EF, 
O'Meara E, Probstfield JL, Shaburishvili T, Shah SJ, Solomon SD, Sweitzer NK, 
Yang S, McKinlay SM; TOPCAT Investigators. Spironolactone for heart failure 
with preserved ejection fraction. N Engl J Med. 2014;370:1383-92. 
56 Edelmann F, Wachter R, Schmidt AG, Kraigher-Krainer E, Colantonio C, Kamke 
W, Duvinage A, Stahrenberg R, Durstewitz K, Löffler M, Düngen HD, Tschöpe C, 
Herrmann-Lingen C, Halle M, Hasenfuss G, Gelbrich G, Pieske B; Aldo-DHF 
Investigators.Effect of spironolactone on diastolic function and exercise capacity in 
patients with heart failure with preserved ejection fraction: the Aldo-DHF 
randomized controlled trial. JAMA. 2013;309:781-9. 
57 Cleland JG, Pellicori P, Dierckx R. Clinical trials in patients with heart failure and 
preserved left ventricular ejection fraction. Heart Fail Clin. 2014;10:511-23. 
58 Caruana L, Petrie MC, Davie AP, McMurray JV. Do patients with suspected heart 
failure and preserved left ventricular systolic function suffer from ‘diastolic heart 
failure’ or from misdiagnosis? A prospective descriptive study. BMJ. 2000;321:215–
218. 
59 Banerjee P, Banerjee T, Khand A, Clark AL, Cleland JGF. Diastolic heart 
failure—neglected or misdiagnosed? J Am Coll Cardiol. 2002;39:138–141. 
60 S K Agarwal. Cardiovascular benefits of exercise. Int J Gen Med. 2012;5: 541–
545. 
61 Held C1, Iqbal R, Lear SA, Rosengren A, Islam S, Mathew J, Yusuf S. Physical 
activity levels, ownership of goods promoting sedentary behaviour and risk of 
myocardial infarction: results of the INTERHEART study. Eur Heart J. 
2012;33:452-66. 
62 Roumen C, Blaak EE, Corpeleijn E. Lifestyle intervention for prevention of 
diabetes: determinants of success for future implementation. Nutr Rev. 2009;67:132–
146. 
63 Friedenreich CM, Cust AE. Physical activity and breast cancer risk: impact of 
timing, type and dose of activity and population subgroup effects. Br J Sports Med. 
2008;42:636-47. 
64 Barengo NC1, Hu G, Lakka TA, Pekkarinen H, Nissinen A, Tuomilehto J. Low 
physical activity as a predictor for total and cardiovascular disease mortality in 
middle-aged men and women in Finland. Eur Heart J. 2004;25:2204-11. 



137 

 
65 Clausen JP, Trap-Jensen J. Heart rate and arterial blood pressure during exercise in 
patients with angina pectoris. Effects of training and of nitroglycerin. Circulation. 
1976;53:436-42. 
66 Myers J1, Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exercise 
capacity and mortality among men referred for exercise testing. N Engl J Med. 
2002;346:793-801. 
67 Howden EJ, Sarma S, Lawley JS, Opondo M, Cornwell W, Stoller D, Urey MA, 
Adams-Huet B, Levine BD. Reversing the Cardiac Effects of Sedentary Aging in 
Middle Age-A Randomized Controlled Trial: Implications For Heart Failure 
Prevention. Circulation. 2018;137. 
68 Rees K, Taylor RS, Singh S, Coats AJS, Ebrahim S. Exercise based rehabilitation 
for heart failure. Cochrane Database Syst Rev 2004:CD003331. 
69 Coats AJS, Clark AL, Piepoli M, Volterrani M, Poole-Wilson PA. Symptoms and 
quality of life in heart failure: the muscle hypothesis. Br Heart J. 1994;72: 36-39. 
70 Hambrecht R, Niebauer J, Fiehn E, Kälberer B, Offner B, Hauer K, Riede U, 
Schlierf G, Kübler W, Schuler G. Physical training in patients with stable chronic 
heart failure: effects on cardiorespiratory fitness and ultrastructural abnormalities of 
leg muscles. J Am Coll Cardiol. 1995;25:1239–49. 
71 Chung CJ, Schulze PC. Exercise as a nonpharmacologic intervention in patients 
with heart failure. Phys Sportsmed. 2011;39:37–43 

72 Clark AL, Poole-Wilson PA, Coats AJS. Exercise Limitation in Chronic Heart 
Failure: Central Role of the Periphery. J Am Coll Cardiol. 1996;28:1092-102. 
73 Burch GE, Walsh JJ, Ferrans VJ, Hibbs R. Prolonged Bed Rest in the Treatment of 
the Dilated Heart. Circulation. 1965; 32: 852-856. 
74 Abildgaard U, Aldershvile J, Ring-Larsen H, Falk J, Christensen NJ, Giese J, 
Hammer M, Henriksen JH. Bed rest and increased diuretic treatment in chronic 
congestive heart failure. Eur Heart J. 1985; 6:1040-46. 
75 Piepoli MF, Conraads V, Corra U, Dickstein K, Francis DP, Jaarsma T, McMurray 
J, Pieske B, Piotrowicz E, Schmid JP, Anker SD, Solal AC, Filippatos GS, Hoes 
AW, Gielen S, Giannuzzi P, Ponikowski PP. Exercise training in heart failure: from 
theory to practice. A consensus document of the Heart Failure Association and the 
European Association for Cardiovascular Prevention and Rehabilitation. Eur J Heart 
Fail. 2011;13:347–357. 
76 Coats AJS, Clark AL, Piepoli M, Volterrani M, Poole-Wilson PA. Symptoms and 
quality of life in heart failure: the muscle hypothesis. Br Heart J. 1994;72: 36-39. 
77 Piepoli MF. Exercise training meta-analysis of trials in patients with chronic heart 
failure (ExTraMATCH). BMJ. 2004;328:189. 
78 O’Connor CM, Whellan DJ, Lee KL, Keteyian SJ, Cooper LS, Ellis SJ, Leifer ES, 
Kraus WE, Kitzman DW, Blumenthal JA, Rendall DS, Miller NH, Fleg JL, 
Schulman KA, McKelvie RS, Zannad F, Pinã IL; HF-ACTION Investigators. 
Efficacy and safety of exercise training in patients with chronic heart failure: 
HFACTION randomized controlled trial. JAMA. 2009;301:1439–1450. 
79 Fujimoto N, Prasad A, Hastings JL, Bhella PS, Shibata S, Palmer D, Levine BD. 
Cardiovascular effects of 1 year of progressive endurance exercise training in 
patients with heart failure with preserved ejection fraction. Am Heart J. 
2012;164:869-77. 



138 

 
80 Fukuta H, Goto T, Wakami K, Ohte N. Effects of drug and exercise intervention 
on functional capacity and quality of life in heart failure with preserved ejection 
fraction: A meta-analysis of randomized controlled trials. Eur J Prev Cardiol. 
2016;23:78-85. 
81 Pandey A, Parashar A, Kumbhani DJ, Agarwal S, Garg J, Kitzman D, Levine BD, 
Drazner M, Berry JD.  Exercise training in patients with heart failure and preserved 
ejection fraction: meta-analysis of randomized control trials. Circ Heart Fail. 
2015;8:33-40. 
82 Dunlay SM, Manemann SM, Chamberlain AM, Cheville AL, Jiang R, Weston SA, 
Roger VL. Activities of daily living and outcomes in heart failure. Circ Heart Fail. 
2015;8:261-7. 
83 Moore DP, Weston AR, Hughes JM, Oakley CM, Cleland JG, Hughes JMB. 
Effects of increased inspired oxygen concentrations on exercise performance in 
chronic heart failure. Lancet. 1992;339:850-3. 
84 Koshy A, Pellicori P, Clark AL. The effect of increasing inspired oxygen on 
exercise performance in patients with chronic heart failure. Heart 2016;0:1–5. 
85 Ulrich S, Hasler ED, Saxer S, Furian M, Müller-Mottet S, Keusch S, Bloch KE. 
Effect of breathing oxygen-enriched air on exercise performance in patients with 
precapillary pulmonary hypertension: randomized, sham-controlled cross-over trial. 
Eur Heart J. 2017;38:1159-1168. 
86 Shah P, Pellicori P, Macnamara A, Urbinati A, Clark AL. Is swimming safe in 
heart failure? A systematic review. Cardiol Rev. 2017;25:321-325. 
87 Kim V, Benditt JO, Wise RA, Sharafkhaneh A. Oxygen therapy in chronic 
obstructive pulmonary disease. Proceedings of the American Thoracic Society. 
2008;5:513– 518 

88 Brokalaki H, Matziou V, Zyga S, Kapella M. Omissions and errors during oxygen 
therapy of hospitalized patients in a large city of Greece. Intensive and Critical Care 
Nursing. 2004;20:352–357 

89 Thomson AJ, Webb DJ, Maxwell SR, Grant IS. Oxygen therapy in acute medical 
care. BMJ. 2002;324:1406-7. 
90 Boyle MWong J. Prescribing oxygen therapy. An audit of oxygen prescribing 
practices on medical wards at north shore hospital, auckland, new zealand. New 
Zealand Medical Journal. 2006;119:U2080. 

91 O'Driscoll BR, Howard LS, Earis J, Mak V; British Thoracic Society Emergency 
Oxygen Guideline Group; BTS Emergency Oxygen Guideline Development Group. 
BTS guideline for oxygen use in adults in healthcare and emergency settings. 
Thorax. 2017;72:1-90. 
92 Cornet AD, Kooter AJ, Peters MJ, Smulders YM. The potential harm of oxygen 
therapy in medical emergencies. Crit Care. 2013;17:313. 
93 Jasmeet Soar, Charles Deakin, Andrew Lockey, Jerry Nolan, Gavin Perkins. 2016. 
Advanced Life Support. 7th Edition. 
94 Hazinski MF, Nolan JP, Billi JE, Böttiger BW, Bossaert L, de Caen AR, Deakin 
CD, Drajer S, Eigel B, Hickey RW, Jacobs I, Kleinman ME, Kloeck W, Koster RW, 
Lim C, Mancini ME, Montgomery WH, Morley PT, Morrison LJ, Nadkarni VM, 
O’Connor RE, Okada K, Perlman JM, Sayre MR, Shuster M, Soar J, Sunde K, 



139 

 
Travers AH, Wyllie J, Zideman D: Part 1: Executive summary: 2010 International 
Consensus on Cardiopulmonary Resuscitation and Emergency Cardiovascular Care 
Science With Treatment Recommendations. Circulation. 2010;122:S250-275. 
95 Chapman TH, Seymour J, Ho TBL. Home oxygen prescribing practices at a UK 
district general hospital. Am J Respir Crit Care Med. 2009;179:A2299. 
96 Hardinge M, Suntharalingam J, Wilkinson T, British Thoracic Society. Guideline 
update: The British Thoracic Society Guidelines on home oxygen use in adults. 
Thorax. 2015;70:589-91. 
97 Kulkarni AC, Kuppusamy P, Parinandi N. Oxygen, the lead actor in the 
pathophysiologic drama: enactment of the trinity of normoxia, hypoxia, and 
hyperoxia in disease and therapy. Antioxidants and Redox Signaling.2007;9:1717–
1730  

98 Jezek P, Hlavata L, Mitochondria in homeostasis of reactive oxygen species in 
cell, tissues, and organism. International Journal of Biochemistry and Cell Biology. 
2005;37:2478–2503. 

99 Jenkinson SG. Oxygen toxicity. New Horiz. 1993;1:504-11 

100 Clanton TL. Hypoxia-induced reactive oxygen species formation in skeletal 
muscle. Journal of Applied Physiology. 2007;102:2379–2388. 

101 Parkinson J. The effect of inhalation of oxygen on the rate of the pulse in health. J 
Physiol. 1912;44:54-8. 
102 Barrat-Boyes BG, Wood EH. Cardiac output and related measurements and 
pressure values in the right heart and associated vessels, together with an analysis of 
the hemo-dynamic response to the inhalation of high oxygen mixtures in healthy 
subjects. J Lab Clin Med. 1958;51:72-90.  
103 Eggers GWN, Paley HW, Leonard JJ, Warren JV. Hemodynamic responses to 
oxygen breathing in man. J Appl Physiol. 1962;17:75-79. 
104 Daly WJ, Bondurant S. Effects of oxygen breathing on the heart rate, blood 
pressure and cardiac index of normal men – resting, with reactive hyperemia, and 
after atropine. J Clin Invest. 1962;41:126-32. 
105 Bodetoft S, Carlsson M, Arheden H, Ekelund U. Effects of oxygen inhalation on 
cardiac output, coronary blood flow and oxygen delivery in healthy individuals, 
assessed with MR. Eur J Emerg Med. 2011;18:25-30. 
 106 Mak S, Azevedo ER, Liu PP, Newton GE. Effect of Hyperoxia on Left 
Ventricular Function and Filling Pressures in Patients With and Without Congestive 
Heart Failure. Chest. 2001;120:467–473. 
107 Smit B, Smulders YM, van der Wouden JC, Oudemans-van Straaten HM, 
Spoelstra-de Man AME. Hemodynamic effects of acute hyperoxia: systematic 
review and meta-analysis. Crit Care. 2018;22:45. 
108 Aviado DM. Cardiovascular effects of some commonly used pressor amines. 
Anesthesiology. 1959;20:71-97 

109 Iscoe S, Fisher JA. Hyperoxia-induced hypocapnia: an underappreciated risk. 
Chest 2005; 128:430–433. 



140 

 
110 Rousseau A, Steinwall I, Woodson RD, Sjoberg F. Hyperoxia decreases 
cutaneous blood flow in high-perfusion areas. Microvasc Res. 2007;74:15–22. 

111 Dripps RD, Comroe JH. The effect of the inhalation of high and low oxygen 
concentrations on respiration, pulse rate, ballistocardiogram and arterial oxygen 
saturation (oximeter) of normal individuals. Am J Physiol. 1947;149:277-91 

112 Mak S, Egri Z, Tanna G, Colman R, Newton GE. Vitamin C prevents hyperoxia-
mediated vasoconstriction and impairment of endothelium- dependent vasodilation. 
Am J Physiol Heart Circ Physiol. 2002;282:2414–2421. 

113 Kaneko M, Beamish RE, Dhalla NS. Depression of heart sarcolemmal Ca2-pump 
activity by oxygen free radicals. Am J Physiol. 1989;256:368–374 

114 Persad S, Rupp H, Jindal R, Arneja J,Dhalla NS. Modification of cardiac- 
adrenoceptor mechanisms by H2O2. Am J Physiol. 1998;274:416–423 
115 Paulus WJ, Vantrimpont PJ, Shah AM. Acute effects of nitric oxide on left 
ventricular relaxation and diastolic distensibility in humans: assessment by 
bicoronary sodium nitroprusside infusion. Circulation. 1994;89:2070–2078 

116 Heymes C, Vanderheyden M, Bronzwaer JG, Shah AM, Paulus WJ. Endo- 
myocardial nitric oxide synthase and left ventricular preload reserve in dilated 
cardiomyopathy. Circulation. 1999;99:3009 –3016 

117 Nocturnal Oxygen Therapy Trial Group. Continuous or nocturnal oxygen therapy 
in hypoxemic chronic obstructive lung disease: a clinical trial. Ann Intern Med. 
1980;93:391-8. 
118 Medical Research Council Working Party. Long term domiciliary oxygen therapy 
in chronic hypoxic cor pulmonale complicating chronic bronchitis and emphysema: 
report of the Medical Research Council Working Party. Lancet. 1981;1:681-6. 
119 Long-Term Oxygen Treatment Trial Research Group, Albert RK, Au DH, 
Blackford AL, Casaburi R, Cooper JA Jr, Criner GJ, Diaz P, Fuhlbrigge AL, Gay 
SE, Kanner RE, MacIntyre N, Martinez FJ, Panos RJ, Piantadosi S, Sciurba F, Shade 
D, Stibolt T, Stoller JK, Wise R, Yusen RD, Tonascia J, Sternberg AL, Bailey W. A 
Randomized Trial of Long-Term Oxygen for COPD with Moderate Desaturation. N 
Engl J Med. 2016;375:1617-1627. 
120 Galiè N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, Simonneau 
G, Peacock A, Vonk Noordegraaf A, Beghetti M, Ghofrani A, Gomez Sanchez 
MA, Hansmann G, Klepetko W, Lancellotti P, Matucci M, McDonagh T, Pierard 
LA, Trindade PT, Zompatori M, Hoeper M; ESC Scientific Document Group. 2015 
ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: 
The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of 
the European Society of Cardiology (ESC) and the European Respiratory Society 
(ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology 
(AEPC), International Society for Heart and Lung Transplantation (ISHLT). Eur 
Heart J. 2016;37:67-119  



141 

 
121 Weitzenblum E, Sautegeau A, Ehrhart M, Mammosser M, Pelletier A. Long-term 
oxygen therapy can reverse the progression of pulmonary hypertension in patients 
with chronic obstructive pulmonary disease. Am Rev Respir Dis 1985;13:493–498. 
122 Ulrich S, Hasler ED, Saxer S, Furian M, Müller-Mottet S, Keusch S, Bloch KE. 
Effect of breathing oxygen-enriched air on exercise performance in patients with 
precapillary pulmonary hypertension: randomized, sham-controlled cross-over trial. 
Eur Heart J. 2017;38:1159-1168. 
123 Maroko PR, Radvany P, Braunwald E, Hale SL. Reduction of infarct size by 
oxygen inhalation following acute coronary occlusion. Circulation. 1975;52:360-
368. 
124 Madias J, Madias N, Hood W Jr. Precordial st-segment mapping. 2. Effects of 
oxygen inhalation on ischemic injury in patients with acute myocardial infarction. 
Circulation. 1976;53:411-417. 
125 Steele C. Severe angina pectoris relieved by oxygen inhalations. BMJ. 
1900;2:1568. 
126 Thomas M, Malmcrona R, Shillingford J. Haemodynamic effects of oxygen in 
patients with acute myocardial infarction. Br Heart J. 1965;27:401-7. 
127 Dekleva M, Neskovic A, Vlahovic A, Putnikovic B, Beleslin B, Ostojic M. 
Adjunctive effect of hyperbaric oxygen treatment after thrombolysis on left 
ventricular function in patients with acute myocardial infarction. Am Heart J. 
2004;148:E14. 
128 Shandling AH, Ellestad MH, Hart GB, Crump R, Marlow D, Van Natta B, 
Messenger JC, Strauss M, Stavitsky Y. Hyperbaric oxygen and thrombolysis in 
myocardial infarction: the "HOT MI" pilot study. Am Heart J. 1997;134:544-50. 
129 Ranchord AM, Argyle R, Beynon R, Perrin K, Sharma V, Weatherall M, Simmonds 
M, Heatlie G, Brooks N, Beasley R. High-concentration versus titrated oxygen therapy in 
ST-elevation myocardial infarction: a pilot randomized controlled trial. Am Heart 
J. 2012;163:168-175. 
130 Stub D, Smith K, Bernard S, Nehme Z, Stephenson M, Bray JE, Cameron P, 
Barger B, Ellims AH, Taylor AJ, Meredith IT, Kaye DM; AVOID Investigators. Air 
Versus Oxygen in ST-Segment-Elevation Myocardial Infarction. Circulation. 
2015;131:2143-50. 
131 Cabello JB, Burls A, Emparanza JI, Bayliss SE, Quinn T. Oxygen therapy for 
acute myocardial infarction. Cochrane Database Syst Rev. 2016;12:CD007160 
132 Task Force on the management of ST-segment elevation acute myocardial 
infarction of the European Society of Cardiology (ESC)1, Steg PG, James SK, Atar 
D, Badano LP, Blömstrom-Lundqvist C, Borger MA, Di Mario C, Dickstein K, 
Ducrocq G, Fernandez-Aviles F, Gershlick AH, Giannuzzi P, Halvorsen S, Huber K, 
Juni P, Kastrati A, Knuuti J, Lenzen MJ, Mahaffey KW, Valgimigli M, van 't Hof A, 
Widimsky P, Zahger D. ESC Guidelines for the management of acute myocardial 
infarction in patients presenting with ST-segment elevation. Eur Heart J. 
2012;33:2569-619 
133 Clark AL, Johnson M, Fairhurst C, Torgerson D, Cockayne S, Rodgers S, Griffin 
S, Allgar V, Jones L, Nabb S, Harvey I, Squire I, Murphy J, Greenstone M. Does 
home oxygen therapy (HOT) in addition to standard care reduce disease severity and 
improve symptoms in people with chronic heart failure? A randomised trial of home 
oxygen therapy for patients with chronic heart failure. Health Technol Assess 
.2015;19(75). 



142 

 
134 Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, Falk 
V, González-Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde 
C, Nihoyannopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GM, Ruilope 
LM, Ruschitzka F, Rutten FH, van der Meer P; Authors/Task Force Members. 2016 
ESC guidelines for the diagnosis and treatment of acute and chronic heart failure: 
The Task Force for the diagnosis and treatment of acute and chronic heart failure of 
the European Society of Cardiology (ESC) Developed with the special contribution 
of the Heart Failure Association (HFA) of the ESC. Eur Heart J. 2016;37:2129-200 
135 Haque WA, Boehmer J, Clemson BS, Leuenberger UA, Silber DH, Sinoway LI. 
Hemodynamic effects of supplemental oxygen administration in congestive heart 
failure. J Am Coll Cardiol. 1996;27:353-7.  
136 Park JH, Balmain S, Berry C, Morton JJ, McMurray JJ. Potentially detrimental 
cardiovascular effects of oxygen in patients with chronic left ventricular systolic 
dysfunction. Heart. 2010;96:533-8. 
137 Russell SD, Koshkarian GM, Medinger AE, Carson PE, Higginbotham MB. Lack 
of effect of increased inspired oxygen concentrations on maximal exercise capacity 
or ventilation in stable heart failure. Am J Cardiol. 1999;84:1412-6. 
138 Restrick LJ, Davies SW, Noone L, Wedzicha JA. Ambulatory oxygen in chronic 
heart failure. Lancet. 1992;340:1192-3. 
139 Redfield MM. Heart Failure with Preserved Ejection Fraction. N Engl J Med. 
2016;375:1868-1877. 
140 Pandey A, Khera R, Park B, Haykowsky M, Borlaug BA, Lewis GD, Kitzman 
DW, Butler J, Berry JD. Relative Impairments in Hemodynamic Exercise Reserve 
Parameters in Heart Failure With Preserved Ejection Fraction: A Study-Level Pooled 
Analysis. JACC Heart Fail. 2018;6:117-126. 
141 Caruana L, Petrie MC, Davie AP, McMurray JV. Do patients with suspected 
heart failure and preserved left ventricular systolic function suffer from ‘diastolic 
heart failure’ or from misdiagnosis? A prospective descriptive study. BMJ. 
2000;321:215–218. 
142 Banerjee P, Banerjee T, Khand A, Clark AL, Cleland JGF. Diastolic heart 
failure—neglected or misdiagnosed? J Am Coll Cardiol. 2002;39:138–141. 
143 Banerjee P, Clark AL, Nikitin N, Cleland JGF. Diastolic heart failure. 
Paroxysmal or chronic? Eur J Heart Failure. 2004;6:427–431. 
144Campbell RT, Jhund PS, Castagno D, Hawkins NM, Petrie MC, McMurray JJ. 
What have we learned about patients with heart failure and preserved ejection 
fraction from DIG-PEF, CHARM-preserved, and I-PRESERVE? J Am Coll 
Cardiol. 2012;60:2349-56. 
145Lam CS, Donal E, Kraigher-Krainer E, Vasan RS. Epidemiology and clinical 
course of heart failure with preserved ejection fraction. Eur J Heart Fail. 
2011;13:18-28. 
146Hoekstra T, Lesman-Leegte I, van Veldhuisen DJ, Sanderman R, Jaarsma T. 
Quality of life is impaired similarly in heart failure patients with preserved and 
reduced ejection fraction. Eur J Heart Fail. 2011;13:1013-8. 
147 Fukuta H, Goto T, Wakami K, Ohte N. Effects of drug and exercise intervention 
on functional capacity and quality of life in heart failure with preserved ejection 
fraction: A meta-analysis of randomized controlled trials. Eur J Prev Cardiol. 
2016;23:78-85. 



143 

 
148 Pandey A, Parashar A, Kumbhani DJ, Agarwal S, Garg J, Kitzman D, Levine BD, 
Drazner M, Berry JD.  Exercise training in patients with heart failure and preserved 
ejection fraction: meta-analysis of randomized control trials. Circ Heart Fail. 
2015;8:33-40. 
149 Paulus WJ1, Tschöpe C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers 
FE, Marino P, Smiseth OA, De Keulenaer G, Leite-Moreira AF, Borbély A, Edes I, 
Handoko ML, Heymans S, Pezzali N, Pieske B, Dickstein K, Fraser AG, Brutsaert 
DL. How to diagnose diastolic heart failure: a consensus statement on the diagnosis 
of heart failure with normal left ventricular ejection fraction by the Heart Failure and 
Echocardiography Associations of the European Society of Cardiology. Eur Heart J. 
2007;28:2539-50. 
150 Working Group on Cardiac Rehabilitation & Exercise Physiology and Working 
Group on Heart Failure of the European Society of Cardiology. Recommendations 
for exercise testing in chronic heart failure patients: working group report. Eur Heart 
J. 2001;22:37–45. 
151 Borg G. Perceived exertion as an indicator of somatic stress. Scand J Rehabil 
Med. 1970;2:92–98. 
152 Borg G, Linderholm H. Exercise performance and perceived exertion in patients 
with coronary insufficiency, arterial hypertension and vasoregulatory asthenia. Acta 
Med Scand. 1970;187:17–26. 
153 Cullen DL, Rodak B. Clinical utility of measures of breathlessness. Respir 
Care. 2002;47:986-93. 
154 Crisafulli E, Clini EM. Measures of dyspnea in pulmonary rehabilitation. 
Multidiscip Respir Med. 2010;5:202-10. 
155 Box GEP. Some theorems on quadratic forms applied in the study of analysis of 
variance problems. I. Effect of inequality in the one-way classification.  Ann. Math. 
Statist. 1954;25:290-302. 
156 Sterne JAC, White IR, Carlin IB, Sprat M, Royston P, Kenward MP, Wood AW, 
Carpenter JR. Multiple imputation for missing data in epidemiological and clinical 
research: potential and pitfalls. BMJ. 2009;338:b2393. 
157 Prior DL. Back to the future: re-evaluation of the possible role for oxygen 
supplementation during exercise in chronic heart failure. Heart. 2016;102:571-2 
158 Shelton RJ, Ingle L, Rigby AS, Witte KK, Cleland JG, Clark AL. Cardiac output 
does not limit submaximal exercise capacity in patients with chronic heart failure. 
Eur J Heart Fail. 2010;12:983-9. 
159 Borlaug BA, Nishimura RA, Sorajja P, Lam CSP, Redfield MM. Exercise 
hemodynamics enhance diagnosis of early heart failure with preserved ejection 
fraction. Circ Heart Fail. 2010;3:588–595. 
160 Dorfs S, Zeh W, Hochholzer W, Jander N, Kienzle RP, Pieske B, Neumann FJ. 
Pulmonary capillary wedge pressure during exercise and long-term mortality in 
patients with suspected heart failure with preserved ejection fraction. Eur Heart J. 
2014;35:3103-12. 
161 Pandey A, Khera R, Park B, Haykowsky M, Borlaug BA, Lewis GD, Kitzman 
DW, Butler J, Berry JD. Relative Impairments in Hemodynamic Exercise Reserve 
Parameters in Heart Failure With Preserved Ejection Fraction: A Study-Level Pooled 
Analysis. JACC Heart Fail. 2018;6:117-126 
162 Houstis NE, Eisman AS, Pappagianopoulos PP, Wooster L, Bailey CS, Wagner 
PD, Lewis GD. Exercise Intolerance in Heart Failure With Preserved Ejection 



144 

 
Fraction: Diagnosing and Ranking Its Causes Using Personalized O2 Pathway 
Analysis. Circulation. 2018;137:148-161 
163 Lam CS, Carson PE, Anand IS, Rector TS, Kuskowski M, Komajda M, McKelvie 
RS, McMurray JJ, Zile MR, Massie BM, Kitzman DW. Sex differences in clinical 
characteristics and outcomes in elderly patients with heart failure and preserved 
ejection fraction: the Irbesartan in Heart Failure with Preserved Ejection Fraction (I-
PRESERVE) trial. Circ Heart Fail. 2012;5:571-8. 
164 Zdziarski LA, Wasser JG, Vincent HK. Chronic pain management in the obese 
patient: a focused review of key challenges and potential exercise solutions. J Pain 
Res. 2015;8:63-77. 
165 Bekfani T, Pellicori P, Morris DA, Ebner N, Valentova M, Steinbeck L, Wachter 
R, Elsner S, Sliziuk V, Schefold JC, Sandek A, Doehner W, Cleland JG, Lainscak 
M, Anker SD, von Haehling S. Sarcopenia in patients with heart failure with 
preserved ejection fraction: Impact on muscle strength, exercise capacity and quality 
of life. Int J Cardiol. 2016;222:41-6. 
166 Basuray A, French B, Ky B, Vorovich E, Olt C, Sweitzer NK, Cappola TP, Fang 
JC.  Heart failure with recovered ejection fraction: clinical description, biomarkers, 
and outcomes. Circulation. 2014;129:2380-7. 
167 Shah SJ, Gheorghiade M. Heart failure with preserved ejection fraction: treat now 
by treating comorbidities. JAMA. 2008;300:431-3. 
168 Pellicori P, Cleland JG, Zhang J, Kallvikbacka-Bennett A, Urbinati A, Shah P, 
Kazmi S, Clark AL. Cardiac Dysfunction, Congestion and Loop Diuretics: their 
Relationship to Prognosis in Heart Failure. Cardiovasc Drugs Ther. 2016;30:599-
609. 
169 National Institute for Health and Clinical Excellence (2010) Chronic heart failure: 
Management of chronic heart failure in adults in primary and secondary care. 
Clinical Guideline 108. London: NICE 
170 2013 ACCF/AHA Guideline for the Management of Heart Failure A Report of 
the American College of Cardiology Foundation/American Heart Association Task 
Force on Practice Guidelines. Circulation. 2013;128:240-327. 
171 Scottish Intercollegiate Guidelines Network. Management of chronic heart 
failure. Edinburgh: SIGN; 2007. (SIGN Guideline no. 95) 
172 Mosterd A, Hoes AW. Clinical epidemiology of heart failure. Heart. 
2007;93:1137–1146. 
173 Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. 
Trends in prevalence and outcome of heart failure with preserved ejection fraction. N 
Engl J Med. 2006;355:251-9. 
174 Evaluation of the Impact of Free Swimming. Year 1 report – main report. 
Department for Culture, Media & Sport. June 2010.  
https://www.gov.uk/government/publications/free-swimming-programme-2009-10-
annual-report 
175 Chase NL, Sui X, Blair SN. Comparison of the Health Aspects of Swimming 
With Other Types of Physical Activity and Sedentary Lifestyle Habits. International 
Journal of Aquatic Research and Education. 2008;2:151-161. 
176 Hall J, Skevington SM, Maddison PJ, Chapman K. A randomized and controlled 
trial of hydrotherapy in rheumatoid arthritis. Arthritis Care Res.1996;9:206–15. 



145 

 
177 Hall J, Bisson D, O’Hare P. The physiology of immersion. Physiotherapy. 
1990;76:517– 21. 
178 Weston, D F M, O'Hare, J P, Evans, J M and Corrall, R J M. Haemodynamic 
changes in man during immersion in water at different temperatures. Clinical 
Science. 1987;73:613-616. 
179 Meyer K and Bucking J. Exercise in Heart Failure: Should Aqua Therapy and 
Swimming Be Allowed? Medicine & Science in Sports & Exercise. 2004;36: 2017-
23. 
180 Cider A, Sunnerhagen KS, Schaufelberger M  Andersson B. Cardiorespiratory 
effects of warm water immersion in elderly patients with chronic heart failure. Clin 
Physiol Funct Imaging. 2005;25:313–317 
181 Sveälv BG, Cider A, Täng MS, Angwald E, Kardassis D, Andersson B. Benefit 
of warm water immersion on biventricular function in patients with chronic heart 
failure. Cardiovasc Ultrasound. 2009;7:33. 
182 Gabrielsen A, Sorensen VB, Pump B, Galatius S, Videbaek R, Bie P, Warberg J, 
Christensen NJ, Wroblewski H, Kastrup J, Norsk P: Cardiovascular and 
neuroendocrine responses to water immersion in compensated heart failure. Am J 
Physiol Heart Circ Physiol. 2000; 279:1931-1940. 
183 Cider A, Svealv BG, Tang MS, Schaufelberger M, Andersson B. Immersion in 
warm water induces improvement in cardiac function in patients with chronic heart 
failure. Eur J Heart Fail. 2006;8:308–313 
184 Schmid JP, Noveanu M, Morger C, Gaillet R, Capoferri M, Anderegg M, Saner 
H. Influence of water immersion, water gymnastics and swimming on cardiac output 
in patients with heart failure. Heart. 2007;93:722–727 
185 Mourot L, Teffaha D, Bouhaddi M, Ounissi F, Vernochet P, Dugue B, Regnard J, 
Monpere C. Exercise rehabilitation restores physiological cardiovascular responses 
to short-term head-out water immersion in patients with chronic heart failure. J 
Cardiopulm Rehabil Prev. 2010;30:22-7. 
186 Tei C, Horikiri Y, Park JC, Jeong JW, Chang KS, Toyama Y, Tanaka N. Acute 
Hemodynamic Improvement by Thermal Vasodilation in Congestive Heart Failure. 
Circulation.1995;91:2582-2590. 
187 Radtke T, Poerschke D, Wilhelm M, Trachsel LD, Tschanz H, Matter F, Jauslin 
D, Saner H, Schmid JP. Acute effects of Finnish sauna and cold-water immersion on 
haemodynamic variables and autonomic nervous system activity in patients with 
heart failure. Eur J Prev Cardiol. 2016;23:593-601. 
188 Schmid JP, Morger C, Noveanu M, Binder RK, Anderegg M, and Saner H. 
Haemodynamic and arrhythmic effects of moderately cold (220C) water immersion 
and swimming in patients with stable coronary artery disease and heart failure. 
European Journal of Heart Failure. 2009;11:903–909. 
189 Epstein M. Renal effects of head-out water immersion in humans: a 15-year 
update. Physiol Rev 1992;72:563–621. 



146 

 
190 Cider A, Schaufelberger M, Sunnerhagen KS, Andersson B. Hydrotherapy—a 
new approach to improve function in the older patient with chronic heart failure. The 
European Journal of Heart Failure. 2003; 5: 527–535. 
191 Cider A, Schaufelberger M,  Stibrant SK, Andersson B. Aquatic Exercise Is 
Effective in Improving Exercise Performance in Patients with Heart Failure and 
Type 2 Diabetes  Mellitus. Evidence-Based Complementary and Alternative 
Medicine. 2012; 2012. 
192 Teffaha D, Mourot L, Vernochet P, Ounissi F, Regnard J, Monpère C, Dugu B. 
Relevance of Water Gymnastics in Rehabilitation Programs in Patients With Chronic 
Heart Failure or Coronary Artery Disease With Normal Left Ventricular Function. J 
Cardiac Fail. 2011;17:676-683. 
193 Caminiti G, Volterrani M, Marazzi G, Cerrito A, Massaro R, Sposato B, Arisi A, 
Rosano G. Hydrotherapy added to endurance training versus endurance training 
alone in elderly patients with chronic heart failure: A randomized pilot study. 
International Journal of Cardiology. 2011;148 :199–203. 
194 Laurent M, Daline T, Malika B, Fawzi O, Philippe V, Benoit D, Catherine M, 
Jacques R. Training-induced increase in nitric oxide metabolites in chronic heart 
failure and coronary artery disease: an extra benefit of water-based exercises? Eur J 
Cardiovasc Prev Rehabil. 2009;16:(2) 215-21. 
195 Lehmann M and Same L. Recreational Swimming in CHD Patients and Healthy 
Control Subjects in Relation to Left Heart Function. Clinical Cardiology. 1990; 13: 
547-554. 
196Risch WD, Koubenec HJ, Beckmann U, Lange S, Gauer OH. The effect of graded 
immersion on heart volume, central venous pressure, pulmonary blood distribution, 
and heart rate in man. Pflugers Arch. 1978;374:115-8. 
197 Smith DE, Kaye AD, Mubarek SK, Kusnisck BA, Anwahr M, Friedman IM, 
Nossman BD. Cardiac effects of water immersion in health volunteers. 
Echocardiography. 1998;15:35-428. 
198 K Meyer. Left ventricular dysfunction and chronic heart failure: should aqua 
therapy and swimming be allowed? Br J Sports Med. 2006;40:817-8. 
199 Sheldahl LM, Tristani FE, Clifford PS, Hughes CV, Sobocinski KA, Moris RD. 
Effect of Head-Out Water Immersion on Cardiorespiratory Response to Dynamic 
Exercise. J Am Coll CardioI.1987;10:1254-8. 
200 Wilmshurst PT, Nuri M, Crowther A, Webb-Peploe MM. Cold-induced 
pulmonary oedema in scuba divers and swimmers and subsequent development of 
hypertension. Lancet. 1989;1:62-5. 
201 Hohmann E, Glatt V, Tetsworth K. Swimming induced pulmonary oedema in 
athletes - a systematic review and best evidence synthesis. BMC Sports Sci Med 
Rehabil. 2018;10:18. 
202 Moon RE, Martina SD, Peacher DF, Kraus WE. Deaths in triathletes: immersion 
pulmonary oedema as a possible cause. BMJ Open Sport Exerc Med. 2016;2 
203 Miller CC 3rd, Calder-Becker K, Modave F. Swimming-induced pulmonary 
edema in triathletes. Am J Emerg Med. 2010;28:941-6 



147 

 
204 Pons M, Blickenstorfer D, Oechslin E, Hold G, Greminger P, Franzeck UK, Russi 
EW. Pulmonary oedema in healthy persons during scuba-diving and swimming. Eur 
Respir J. 1995;8:762-7. 
205 Moon RE, Martina SD, Peacher DF, Potter JF, Wester TE, Cherry AD, Natoli 
MJ, Otteni CE, Kernagis DN, White WD, Freiberger JJ. Swimming-Induced 
Pulmonary Edema: Pathophysiology and Risk Reduction With Sildenafil. 
Circulation. 2016;133:988-96 
206 Weiler-Ravell D1, Shupak A, Goldenberg I, Halpern P, Shoshani O, Hirschhorn 
G, Margulis A. Pulmonary oedema and haemoptysis induced by strenuous 
swimming. BMJ. 1995;311:361-2. 
207 Evaluation of the Impact of Free Swimming. Year 1 report – main report. 
Department for Culture, Media & Sport. June 2010. 
https://www.gov.uk/government/publications/free-swimming-programme-2009-10-
annual-report 
 
209 Shah P, Pellicori P, Macnamara A, Urbinati A, Clark AL. Is swimming safe in 
heart failure? A systematic review. Cardiol Rev. 2017;25:321-325. 
210 Wharton G, Steeds R, Allen J, Phillips H, Jones R, Kanagala P, Lloyd G, Masani 
N, Mathew T, Oxborough D, Rana B, Sandoval J, Wheeler R, O'Gallagher K, 
Sharma V. A minimum dataset for a standard adult transthoracic echocardiogram: a 
guideline protocol from the British Society of Echocardiography. Echo Res Pract. 
2015;2:G9-G24. 
211 Ameloot K, Van De Vijver K, Broch O, Van Regenmortel N, De Laet I, 
Schoonheydt K, Dits H, Bein B, Malbrain ML. Nexfin noninvasive continuous 
hemodynamic monitoring: validation against continuous pulse contour and 
intermittent transpulmonary thermodilution derived cardiac output in critically ill 
patients. ScientificWorldJournal. 2013;2013:51980. 
212 Sokolski M, Rydlewska A, Krakowiak B, Biegus J, Zymlinski R, Banasiak W, 
Jankowska EA, Ponikowski P. Comparison of invasive and non-invasive 
measurements of haemodynamic parameters in patients with advanced heart failure. 
J Cardiovasc Med. 2011;12:773-8. 
213 Martina JR, Westerhof BE, van Goudoever J, de Beaumont EM, Truijen J, Kim 
YS, Immink RV, Jöbsis DA, Hollmann MW, Lahpor JR, de Mol BA, van Lieshout 
JJ. Noninvasive continuous arterial blood pressure monitoring with Nexfin®. 
Anesthesiology. 2012;116:1092-103. 
214 Pellicori P, Clark AL, Kallvikbacka-Bennett A, Zhang J, Urbinati A, Monzo L, 
Dierckx R, Anker SD, Cleland JGF. Non-invasive measurement of right atrial 
pressure by near-infrared spectroscopy: preliminary experience. A report from the 
SICA-HF study. Eur J Heart Fail. 2017;19:883-892 
215 Hoyt J, Koelling TM. Non-Invasive Assessment of Central Venous Pressure 
Using Near Infrared Spectroscopy. J Card Fail. 2013;19:S51 
216 Sathish N, Singh NG, Nagaraja PS, Sarala BM, Prabhushankar CG, Dhananjaya 
M, Manjunatha N. Comparison between noninvasive measurement of central venous 
pressure using near infrared spectroscopy with an invasive central venous pressure 



148 

 
monitoring in cardiac surgical Intensive Care Unit. Ann Card Anaesth. 2016;19:405-
9. doi: 10.4103/0971-9784.185520. 
217 Pellicori P, Clark AL, Kallvikbacka-Bennett A, Zhang J, Urbinati A, Monzo 
L, Dierckx R, Anker SD, Cleland JGF. Non-invasive measurement of right atrial 
pressure by near-infrared spectroscopy: preliminary experience. A report from the 
SICA-HF study. Eur J Heart Fail. 2017;19:883-892.  
218 Campeau L. Letter: Grading of angina pectoris. Circulation. 1976;54:522-3. 
219 Campeau L The Canadian Cardiovascular Society grading of angina pectoris 
revisited 30 years later. Can J Cardiol. 2002;18:371-9. 
220 Gabrielsen A, Sorensen VB, Pump B, Galatius S, Videbaek R, Bie P, Warberg J, 
Christensen NJ, Wroblewski H, Kastrup J, Norsk P: Cardiovascular and 
neuroendocrine responses to water immersion in compensated heart failure. Am J 
Physiol Heart Circ Physiol. 2000; 279:1931-1940. 
221 Cider A, Svealv BG, Tang MS, Schaufelberger M, Andersson B. Immersion in 
warm water induces improvement in cardiac function in patients with chronic heart 
failure. Eur J Heart Fail. 2006;8:308–313 
222 Sveälv BG, Cider A, Täng MS, Angwald E, Kardassis D, Andersson B. Benefit 
of warm water immersion on biventricular function in patients with chronic heart 
failure. Cardiovasc Ultrasound. 2009;7:33. 
223 Tei C, Horikiri Y, Park JC, Jeong JW, Chang KS, Toyama Y, Tanaka N. Acute 
Hemodynamic Improvement by Thermal Vasodilation in Congestive Heart Failure. 
Circulation.1995; 91: 2582-2590. 
224 Radtke T, Poerschke D, Wilhelm M, Trachsel LD, Tschanz H, Matter F, Jauslin 
D, Saner H, Schmid JP. Acute effects of Finnish sauna and cold-water immersion on 
haemodynamic variables and autonomic nervous system activity in patients with 
heart failure. Eur J Prev Cardiol. 2016;23:593-601. 
225 Schmid JP, Morger C, Noveanu M, Binder RK, Anderegg M, and Saner H. 
Haemodynamic and arrhythmic effects of moderately cold (220C) water immersion 
and swimming in patients with stable coronary artery disease and heart failure. Eur J 
Heart Fail. 2009;11:903–909. 
226 Risch WD, Koubenec HJ, Beckmann U, Lange S, Gauer OH. The effect of 
graded immersion on heart volume, central venous pressure, pulmonary blood 
distribution, and heart rate in man. Pflugers Arch. 1978;374:115-8. 
227 Gabrielsen A, Johansen LB, Norsk P. Central cardiovascular pressures during 
graded water immersion in humans. J Appl Physiol. 1993;75:581-5. 
228 Anderson JV, Millar ND, O'Hare JP, Mackenzie JC, Corrall RJ, Bloom SR. Atrial 
natriuretic peptide: physiological release associated with natriuresis during water 
immersion in man. Clin Sci. 1986;71:319-22. 
229 Kurabayashi H, Tamura K, Tamura J, Kubota K. The effects of hydraulic 
pressure on atrial natriuretic peptide during rehabilitative head-out water immersion. 
Life Sci. 2001;69:1017-21. 
 
 



149 

 
 
 


