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Abstract 
Heart failure (HF) is a clinical syndrome causing impaired cardiac performance at rest 

or during stress. Heart failure with preserved ejection fraction (HFpEF) is a growing 

health problem associated with high mortality and morbidity. It is a complex 

multifactorial systemic syndrome with risk factors and mechanisms developing into 

long term clinical manifestations.  

HFpEF accounts for half of all HF patients, and boasts similar re-hospitalization and 

mortality as HF with reduced ejection fraction (HFrEF). The current knowledge about 

the pathophysiology of HFpEF is growing with new research methodologies to 

understand its complexities. Examination of the determinants of cardiovascular 

performance during exercise in HFpEF may reveal novel pathophysiological 

mechanisms specific to HFpEF phenotype.  

The overall aim of the thesis is to improve the understanding of pathophysiology of 

HFpEF. This aim was achieved by following objectives: i) provide evidence for use of 

a novel-technological advance for evaluation of cardiac function at rest and during 

stress; ii) define differences in cardiac response to pharmacological and physiological 

stress between HFpEF, HFrEF and controls, iii) define cardiac adaptations to a novel, 

personalized, home-based physical activity intervention in HFpEF. 

The major findings of this thesis suggest: i) bioreactance and two-dimensional 

transthoracic echocardiography do not show acceptable levels of agreement for 

estimating cardiac output and cannot be used interchangeably due to disparity in 

results at rest and after pharmacological stress; ii) HF patients show reduced LV global 

longitudinal and left atrial reservoir strains, more pronounced in HFrEF than HFpEF at 

rest and exercise. Left atrial reservoir strain plays an important role responsible for 

exercise intolerance seen in HFpEF patients; iii) HFpEF and HFpEF patients exhibit 

different haemodynamic responses to dobutamine stress echocardiography and iv) 

Active-at-Home-HF intervention is acceptable, safe and feasible in HFpEF patients and 

helps in increasing daily physical activity levels and improving quality of life. 
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Chapter 1: Introduction to heart failure 

Heart failure (HF) is a complex clinical entity wherein the heart is unable to pump 

enough blood to meet the body’s requirement for oxygen. HF causes symptoms of 

fatigue or dyspnoea at rest and/or exertion thus significantly affecting the quality of life 

(QOL).(Groenewegen et al., 2020) HF is an important public health issue across the 

globe and has become an emerging epidemic in last few years.(Groenewegen et al., 

2020) The estimated prevalence of HF is around 64 million cases globally (9 per 1000 

inhabitants).(Groenewegen et al., 2020) HF causes significant mortality and morbidity 

despite advancements in treatment and poses a heavy load on the health care system 

globally.(O'Connor et al., 2012) The precipitating factors of HF vary depending upon 

age, sex, co-morbidities and environmental factors. The pool of patients with HF is on 

the rise in developing countries affecting older but also younger age groups. This is 

because of growing prevalence of obesity, metabolic disorders, hypertension, and 

coronary artery disease. There have been reports of age dependent differences in risk 

factors causing HF which may explain differences in clinical phenotypes presented in 

different age groups.(Virani et al., 2021) These differences may further affect 

preventive and management strategies of HF.   

1.1 Definition, symptoms and signs of heart failure 
Heart Failure (HF) represents a clinical entity due to alteration in structural and/or 

functional parameters in heart resulting in reduced cardiac output and elevated cardiac 

pressure at rest or during exertion.(Ponikowski et al., 2016b, Yancy et al., 2013, 

McDonagh et al., 2021) HF is an outcome of a multitude of cardiac diseases. It is 

characterized by symptoms of breathlessness, and fatigue and signs of raised jugular 

venous pressure, lung crepitations and pedal oedema.(Ponikowski et al., 2016b)  

1.2 Epidemiology and clinical burden  
HF is a serious public health issue across the globe associated with increased 

morbidity and mortality. (Lam et al., 2011) The prevalence of HF is on the rise due to 

ageing population, better survival in patients having cardiovascular conditions such as 

acute coronary syndrome, diabetes and hypertension.(Conrad et al., 2018) It is around 

1-2% in the general population and 10-15% in those over 70 years of age.(Lam et al., 

2011) The major epidemiological data of HF comes from Europe and North America, 

with emerging data coming from developing countries suggesting that more than half 

the world’s deaths from cardiovascular diseases happen in middle and low income 
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countries. Few studies have shown that the HF prevalence in Asian subcontinent is 

comparable with the western world, while in Australia it is around 1-2% based on 

national survey.  (Naik and Narula, 2020) However, there is limited evidence from large 

epidemiological studies from African countries (Figure 1.1). HF symptoms are seen in 

30% of all myocardial infarctions, 16% of men and 18% of women with diabetes and 

12% of men and 8% of women with hypertension.(Kaesemeyer, 1994) In developed 

countries the prevalence of HF is around 1-2% of adult population. Heart failure with 

preserved ejection fraction (HFpEF) accounts for more than half of all HF patients. The 

prevalence of HF by echocardiography data in developed countries was around 12% 

in people more than 65 years of age.(Van Riet et al., 2016) 

In UK more than a half million people live with a confirmed diagnosis of HF, i.e. 

>308,000 men and >250,000 women.(Bhatnagar et al., 2015) Conrad et al. in his work 

involving around 4 million subjects reported a prevalence of 1.6% from UK Clinical 

Practice Research Datalink.(Conrad et al., 2019) The recent Heart Disease and Stroke 

update in 2021 reports that in the US population, 6 million adults above the age of 20 

years of age have HF, with prevalence higher in women than men over 80 years of 

age.(Virani et al., 2021) By 2030, HF prevalence of HF in  USA will rise by 46% with 

an increase in medical treatment cost by 125% to $69.7 billion by 2030.(Benjamin et 

al., 2017, Mozaffarian et al., 2015, Virani et al., 2021) HF is an important medical cause 

for admissions in patients above 60 years.(Bui et al., 2013) HF accounts for ~2% of 

health budgets in developed countries.(Morton et al., 2018) It places a substantial 

financial burden on healthcare systems. In the UK around 2% of the NHS money is 

utilized for the treatment of HF patients, of which more than half is needed for HF 

related indoor admissions.(Cowie, 2017)  

Few studies have provided lifetime risks for HF according to age and ethnicity. At 45 

years of age, the lifetime HF risk by the age of 90 were 30-46% in white men, 32-39% 

in white women, 20-29% in black men and 24-46% in black women.(Huffman et al., 

2013) But there are few issues regarding understanding the clinical burden of HF. It 

has been suggested that hospital records may not include all HF patients in data 

registries as records between primary and secondary care may not be synchronized 

in all countries.(Du et al., 2018) It is also apparent that HF patients may frequently 

have been admitted to hospital for non-cardiovascular causes so medical records may 

indicate HF-related hospitalization.  

The global burden of HF is shown in Figure 1.1. The strongest evidence comes from 

North America and Europe.(Tromp et al., 2019) The prevalence of HF in Asian 
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countries is similar to Western countries but these should be considered with caution. 

Australia shows a prevalence of 1-2% based on its national survey, while in China it is 

about 3.5%.(Sahle et al., 2016, Guo et al., 2016) However, there are no population-

based data in African countries.(Tromp et al., 2019)  

 
 
Figure 1.1 Prevalence of heart failure in population‐based studies across the globe, in 
percentage/ region.(Groenewegen et al., 2020) 

1.3 Aetiology of heart failure 
HF syndrome is a chronic disease with intermittent acute decompensated phase 

requiring admission. HF patients can have mixed aetiologies and these may vary 

between developed and developing countries.(Yusuf et al., 2014) Multiple causes co-

exist with various co-morbid conditions playing a role in the pathogenesis of the 

disease process. Presence of more co-morbidities is connected to poor quality of life 

and more severe HF symptoms. Coronary artery disease is the most common 

underlying cause of heart failure, followed by chronic hypertension, cardiomyopathies, 

valve dysfunction, cardiac arrhythmias/conduction problems, pericardial disease, adult 

congenital heart disease and infection.(Conrad et al., 2018) 

Many times, it is difficult to ascertain the main cause of heart failure in presence of co-

existing conditions like hypertension, ischaemic heart disease, type II diabetes 

mellitus, sleep apnoea syndrome, hypothyroidism, atrial fibrillation, etc.(Ponikowski et 

al., 2016a) It is important to take a proper history in all patients presenting with HF in 

North America 
USA   2.4-2.6% 
Canada 3.6% 

South America 
Cuba  1.2-2.1% 

Europe 
Sweden   2.2% 
Italy         1.4% 
Germany 1.3% 
Spain       2.1% 

       Africa 
No estimates 

Australia 
Australia   1.2% 

Asia 
China  1.3-3.5% 
Japan   0.8% 
India     0.3% 
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the hospital.(Conrad et al., 2018) In all patients of HF, the possibility of CAD should be 

ruled out by coronary angiography.  

The Framingham heart study revealed hypertension as the most important risk factor 

for HF, with  30% in men and 20% in women.(Andersson et al., 2021) Presence of left 

ventricular hypertrophy on electrocardiography (ECG) in hypertensive patients 

increased the risk of developing HF by  15 times. Subsequently, the incidence of 

coronary heart disease increased and then HF started becoming more common as 

they started getting diagnosed accounting for 25% during 1950s to around 70% in 

1970s.(Bangdiwala et al., 1992) During this time, the relative prevalence of valvular 

heart disease, mostly rheumatic heart disease declined dramatically. Also, there was 

a decline in the prevalence of hypertension among both sex. (Collaboration, 2017) This 

is because of advances in antihypertensive medicines contributing to the decline in 

hypertension.(Talwar et al., 2000)  

In another study,(McDonagh et al., 1997) it was shown that CAD was the most 

common cause of LV systolic dysfunction in 95% symptomatic individuals and in 70% 

of asymptomatic individuals. Patients with symptomatic HF most commonly gave a 

past history of ischaemic heart disease. And valvular heart disease and hypertension 

are more prevalent in individuals with than those without HF.(McDonagh et al., 1997) 

Another study reported an undefined cause causing HF in a very high number of 

cases.(Cowie, 2017)  

Presently developed countries show degenerative heart disease as the most common 

reason for valve involvement, while in developing countries, rheumatic heart disease 

is the leading cause. HF secondary to valvular heart disease reported worldwide is 

mostly secondary to rheumatic process. With the use of echocardiography to screen 

patients in developing countries, the prevalence and incidence has increased ten 

times.(Marijon et al., 2007)  

Another important cause of HF both in developed and developing countries are 

different types of cardiomyopathies. It is difficult to find the global burden of this due to 

variations in practice patterns, diagnostic capabilities, and coding structure. 

Baldasseroni et al described that the most common variant in Italy was dilated 

cardiomyopathy in 38% of cases, ischaemic heart disease in 35%, 17% hypertensive 

cardiomyopathy and around 9% from other causes.(Baldasseroni et al., 2002) In 

developing continents like Africa, it has been suggested that infection, inflammation, 

and nutritional deficiency are main causes of HF.(Tromp et al., 2019) 
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1.4 Classification of heart failure  
The present HF classification uses clinical symptoms and signs to define the stages of 

HF. Interestingly, most HF patients are asymptomatic and have functional and 

structural changes like left ventricular hypertrophy due to thick heart, systolic and/or 

diastolic problem or valve abnormality. Identifying and managing these presentations 

without apparent symptoms may halt or delay the progression of HF. ACC/AHA defines 

four stages of HF (Figure 1.2).(Yancy et al., 2013) Stages A and B are pre-HF stages 

with no apparent symptoms, while stages C and D are associated with apparent 

symptoms and signs. The clinical presentation of HF depends upon aetiology, ejection 

fraction by echo, functional status, time duration and disease severity.(Ponikowski et 

al., 2016b) 

 
 
Figure 1.2 American College of Cardiology / American Heart Association classification of 
heart failure with indication of treatment strategies for each stage.(Brozena and Jessup, 
2003) 

1.4.1 Functional classification  

New York Heart Association (NYHA) functional classification system for HF is based 

on the severity of patient symptoms and their ability to perform habitual physical activity 

and is widely used.(Scrutinio et al., 1994, McDonagh et al., 2021) Patients are divided 

into four categories according to their functional capacity and symptoms (Table 1.1). 
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Table 1.1 New York Heart Association and Weber classification of heart failure 

Class Patient Symptoms Peak oxygen 
consumption /  

anaerobic threshold 
(ml/kg/min) 

 I   No physical activity limitation. Ordinary physical activity 
does not cause fatigue, palpitation, or dyspnoea 

(shortness of breath) 

 
>20 / >14 

 II  Stable at rest. Slight limitation of physical activity. 
Ordinary physical activity results in fatigue, 

palpitation, or dyspnea 

 
16-20 / 11-14 

 III   Marked limitation of physical activity. Stable at rest, but 
less than ordinary activity causes fatigue, 

palpitation, or dyspnea 

 
10-15 /8-11 

 IV  Unable to carry out any physical activity without 
discomfort. Symptoms of cardiac insufficiency at 

rest. Unable to do physical activity 

 
<10 / <8 

Adopted from Lim et al. (Lim et al., 2018) 

1.4.2 Types of heart failure according to left ventricular ejection fraction 

In HF clinical guidelines published by the European Society of Cardiology (ESC), left 

ventricular ejection fraction (LVEF) forms a crucial parameter in diagnosis and 

management of HF.(Ponikowski et al., 2016b, McDonagh et al., 2021) HF is classified 

as HF with reduced ejection fraction (HFrEF) and HF with preserved ejection fraction 

(HFpEF), with the cut-off LVEF  of 50% to suggest HFrEF vs HFpEF.  

In 2021, ESC guidelines proposed a new entity of HF i.e. heart failure with mildly 

reduced ejection fraction (HFmrEF) when LVEF is between 40–49%.(Mcdonagh et al., 

2021) Patients with HFmrEF present mild systolic dysfunction with various grades of 

diastolic dysfunction.  

Treatment options for HFrEF are evidence-based and highlighted in national and 

international clinical guidelines. The treatment for HFpEF is evolving with recent 

reports showing some promising role of SGLT2 inhibitors in this clinical condition. 

Patients with HFpEF present with LVEF>50%, thick LV wall, bigger left atrial volume, 

diastolic dysfunction and raised left ventricular filling pressures.(Mullens et al., 2009) 

Earlier classification used the terms diastolic HF and systolic HF was easier to 

understand but had limitations.(Ommen et al., 2000) All patients of systolic HF have 

diastolic dysfunction and all patients of diastolic HF need not have systolic dysfunction 

but can have subclinical left ventricular dysfunction.(Aizawa et al., 2011) HF is a 

heterogenous syndrome in which the disease progression is associated with structural 
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and functional alterations which leads to different phenotypes and clinical 

presentations. Also, many HF patients have atrial dysfunction along with left ventricular 

dysfunction or can have isolated atrial dysfunction.(Kim et al., 2020, Frydas et al., 

2020)  
Hence, terminology i.e. HFrEF and HFpEF are now used instead of systolic and 

diastolic HF, as per European and American clinical guidelines.(Ponikowski et al., 

2016c, Ponikowski et al., 2016b, Bozkurt et al., 2021) Subclinical left ventricular 

systolic dysfunction defines a clinical condition of a patient presented with no 

symptoms but with reduced left ventricular global longitudinal strain.(Yancy et al., 

2017) These patients carry a greater risk of morbidity and mortality, thus early 

diagnosis is crucial.  

1.4.3 Acute vs chronic heart failure   

HF can present as acute or chronic HF based on the temporal course of the disease. 

Acute heart failure can be further divided into de novo acute HF and acute 

decompensated HF.(Raffaello et al., 2020) Both are associated with increased 

mortality, morbidity and worsened outcomes, although less severe in de novo acute 

HF than acute decompensated HF. De novo acute HF is defined as acutely 

deteriorated cardiac function without known cardiac etiology, and acute 

decompensated HF is defined as development of HF which can occur suddenly or 

gradually in patients having underlying pre-existing cardiac condition.(Joseph et al., 

2009) It can be the first presentation of the disease or can be due to clinical 

deterioration of a patient with chronic stable HF. ASCEND-HF trial showed that HF 

diagnosed and managed a month prior to hospital admission is associated with relief 

from breathlessness and also helps reduce post-hospitalization mortality in acute as 

compared to chronic HF.(Greene et al., 2017) 

Conditions like acute coronary syndrome, myocarditis and acute infective endocarditis 

can lead to acute HF. Acute onset HF can be seen in patients of dilated 

cardiomyopathy, infective endocarditis, acute onset mitral or aortic regurgitation and 

acute rheumatic fever.(Greene et al., 2015) Few of these entities respond to therapy 

but the remaining progress to chronic HF. Acute coronary syndrome (ACS) and 

infective causes have been found to the two most important precipitating factors to de 

novo acute HF and acute decompensated HF, respectively.(Pranata et al., 2020) 

Hypertension is more common in de novo acute HF and conditions like hypertension, 
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diabetes, IHD, COPD, AF and a presence of stroke or transient ischaemic attack, are 

mostly seen in the acute decompensated HF patients.(Pranata et al., 2020)  

1.4.4 Other terminology used to differentiate types of heart failure  

Other commonly used terminology in clinical practice to differentiate HF includes 

stable, compensated, and congestive HF.(Kaesemeyer, 1994) These terms are 

applied to patients depending upon their clinical stage at the time of presentation and 

examination. The ESC defines compensated/stable HF as “HF patient under treatment 

and whose signs and symptoms have not altered for at least 1 month”.(Ponikowski et 

al., 2016b) Congestive HF are patients with acute or chronic HF who have increased 

volume overload.  

1.5 Sex differences in heart failure 

HF is one of the main causes of morbidity and mortality in older males and females. 

The lifetime risk estimated for HF is around 20% and is comparable between males 

and females.(Cesaroni et al., 2021) However, the biological response to HF precursors 

are different in both sexes. In response to pressure or volume overload, female hearts 

develop hypertrophy more often than males, who more often demonstrate eccentric 

hypertrophy.(Sotomi et al., 2021) After ischemic cardiac insult, adverse cardiac 

remodelling is more pronounced in males than females. Also, females have lower 

incidence of HF compared to males at all ages.(Eisenberg et al., 2018) However, the 

prevalence of HF is similar in both sexes, as HFpEF is found to be more common in 

women.(Sotomi et al., 2021) Hypertension, diabetes and obesity predispose women 

to HF more than men.(Eisenberg et al., 2018) By contrast, HFrEF affects more men 

than women. Inflammation and associated fibrosis are associated with sex-specific role 

in the pathogenesis of HFpEF. Women with HFpEF are noted to demonstrate a higher 

life expectancy than men.(Ofstedal et al., 2019) 

Cardiovascular Health Study and the Multi‐Ethnic Study of Atherosclerosis showed 

men had almost twice lifetime risk for occurrence of HFrEF than women (11% vs. 6%) 

while it was similar for HFpEF.(Gottdiener et al., 2000, Bild et al., 2002) Framingham 

Heart Study showed that frequency of HF was twice in males with diabetes and five 

times higher in females with diabetes. A large meta‐analysis covering more than 45 

cohort studies, which included 12 million subjects, revealed the relative risks for HF in 

patients of diabetes mellitus was higher in women than in men.(Kwak et al., 2021)  

Recent reports have shown that women are less included in clinical trials.(Reza et al., 
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2020) Women receive lower average dosages of HF drugs, show more side effects 

and receive less medical therapies for advanced HF like cardiac transplants and 

ventricular assist devices.(Blumer et al., 2021) Sex does not alter overall mortality 

outcomes in patients who are hospitalized for decompensated HF, but has been 

associated with more readmissions in HFpEF and HFrEF patients.(Lopez-Vilella et al., 

2021) Thus, it is warranted that a more personalized patient oriented model is 

advocated in the management of HF patients.  

1.6 Pathophysiology of heart failure 

HF has traditionally been regarded as a condition where there is an injury to the 

myocardium which causes the failure of ventricles to eject out adequate blood to meet 

the demands of the peripheral tissues.(Packer, 1992) HF involves progressive left 

ventricular remodelling and alteration in haemodynamic, neurohormonal, metabolic, 

molecular and cellular compensatory mechanisms (Figure 1.2).(Francis, 2001) Death 

of cardiac myocytes (apoptosis) leads to excessive myocardial stress and eccentric 

hypertrophy of the remaining myocytes. This causes the ventricle to change shape 

from elliptical to spherical, followed by fibrosis and progressive left ventricular dilatation 

resulting in reduced contractile efficacy.(Aizawa et al., 2011) The common causes of 

cardiac dysfunction and remodelling are ischaemia, myocarditis, cardiomyopathies, 

valvular heart problem, pericardial diseases, diabetes mellitus, hypothyroidism, and 

systemic hypertension.(Arrigo et al., 2017) These conditions may directly impact 

cardiac function via volume - pressure overload.(Gottdiener et al., 2000, Packer, 1992)   

 Evidence-based therapy is available for HFrEF patients, whereas the discovery of 

optimal treatment for HFpEF is still ongoing. Improved understand of HF 

pathophysiology is needed particularly in the functional, structural and mechanistic 

aspects of HFpEF compared with HFrEF. The main hallmark of HFpEF is left ventricle 

(LV) relaxation abnormality due to alteration in structure and changes in cellular levels 

of myocardium.(Borlaug and Paulus, 2011) HFpEF patients have associated co-

morbidities like diabetes mellitus, hypothyroidism, obesity, systemic hypertension, 

chronic obstructive pulmonary disease, sleep apnoea syndrome, renal insufficiency, 

liver disease and cancer.(Francis, 2001) All these co-morbidities are associated by a 

rise in inflammatory markers like C-reactive protein and IL-6, and endothelial 

dysfunction. Endothelial cells occupy around 64% of non-cardiomyocytes and 

endothelial dysfunction is more frequent in HFpEF than HFrEF.(Schwinger, 2021) Most 

of the comorbidities and risk factors are common for both HFrEF and HFpEF but few 
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are different between them. There is significant cardiomyocyte loss seen in HFrEF 

which causes systolic dysfunction. This myocyte loss can be due to myocardial 

infarction, myocarditis or genetic mutation, or valvular disease.(Borlaug et al., 2006) 

These results in eccentric remodelling with presence of fibrosis are observed in HFrEF, 

while HFpEF is characterized by concentric cardiomyocyte hypertrophy. Both HFpEF 

and HFrEF show different involvement in cardiac titin and calcium levels.(Van 

Heerebeek et al., 2006) HFmrEF can progress into either HFrEF or HFpEF. It has been 

observed that CAD is the most commonly associated with HFmrEF like that in 

HFrEF.(Vedin et al., 2017) 

 

 

Figure 1.3 Compensatory mechanism in Heart Failure. ANS- autonomic nervous system, 
RAAS- renin-angiotensin-aldosterone system. Adopted from Francis GS et al.(Francis, 2001)  
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1.6.1 Haemodynamic and functional alterations 

Significant alterations in hemodynamic function occur in HF. These alterations may be 

caused by altered cardiac energy metabolism.(De Jong and Lopaschuk, 2017) Various 

factors contribute to altered haemodynamics in HF which contribute to reduced cardiac 

function and cardiac output both at rest and/or during exertion. These include alteration 

in LV systolic and diastolic function, LA function, ventricular remodelling, right 

ventricular (RV) function, ventriculo-arterial coupling and alteration in pulmonary 

vasculature.(Borlaug and Kass, 2009) Invasive haemodynamic assessment in the 

catheterization laboratory can be clinically useful in these cases. However, non-

invasive methods like echocardiography give similar information like invasive 

methods.(Borlaug and Kass, 2009) Understanding pathophysiology is very important 

for the management of patients and also having potential to advance in treatment of 

HF. 
Heart failure causes decreased cardiac output both at rest and after stress and if not 

treated timely may progress in more advanced disease.(Ponikowski et al., 2016b, 

Neubauer, 2007) The reduction in cardiac output stimulates sympathetic nervous 

system and inhibits the parasympathetic tone which maintains tissue perfusion. This 

stimulates the remaining myocardium to contract and increases peripheral vascular 

resistance.(Dargie, 1999) Such vasoconstriction increases the afterload and LV filling 

pressures. The decrease in cardiac output and increase in sympathetic stimulation 

activates renin secretion by the kidneys and activation of renin-angiotensin-

aldosterone system (RAAS). Angiotensin II is a potent vasoconstrictor of the renal and 

systemic vasculature, it stimulates the secretion of aldosterone and contributes to 

endothelial dysfunction.(Mcdiarmid et al., 2013) Aldosterone causes retention of water 

and sodium by kidneys and precipitates pulmonary and peripheral oedema, which are 

classical symptoms of heart failure.  

1.6.2 Structural alterations  

Any insult to the myocardium, either acute or chronic and loading conditions (volume 

or pressure) will trigger cardiac structural and subsequent functional changes.(Kehat 

and Molkentin, 2010) These changes can be physiological which are transient or 

pathological like fibrosis. These are seen in cardiomyocytes which may hypertrophy or 

show apoptosis or necrosis, proliferation of fibroblasts, or affect endothelium and 

extracellular matrix.(Packer, 1992) These adaptive processes generally involve the 

entire heart.(Kehat and Molkentin, 2010) Structural changes usually present as 
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ventricular hypertrophy, increase in chamber size, and disorganization of 

cardiomyocytes. Subsequently the wall tension rises and subendocardial perfusion 

decreases which reduces the cardiac function.(Obokata et al., 2018) 

1.6.3 Metabolic alterations  

The metabolic changes in HF are complex and are not only dependent on the severity 

and type of heart failure, but also on the co-existence of comorbidities like obesity and 

diabetes.(Schwinger, 2021) In a normal heart, six kg of adenosine three phosphate 

(ATP) is utilized daily.(Gibbs, 1978) The major cardiac energy metabolism is fatty acids 

in normal resting stage and shifts to glucose metabolism in stress conditions like 

ischemia and pathological hypertrophy .(Li et al., 2021) The energy production 

pathway depends on the metabolic demand caused by intrinsic (i.e. health vs disease) 

or extrinsic (i.e. resting state, exercise) factors. Under normal conditions, energy in 

heart is derived from ATP which is the result of oxidative phosphorylation of fatty acids 

or glycolysis. With increase in energy demand a substrate shift from phosphorylation 

to glycolysis occurs.(Gibbs, 1978, Doenst et al., 2013) During remodelling in HF, there 

is a change in this energy metabolic substrate utilization.(Li et al., 2021) The metabolic 

remodelling in the failing heart represents a transition from the normal to the ischemic 

condition and represents a protective compensatory mechanism which is physiological 

to enhance its working capacity. However, if this status continues for a longer duration, 

it causes toxic substances to accumulate resulting to the progress to HF. Increased 

concentration of fatty acids precipitates lipotoxicity, which worsens HF by causing 

apoptosis and mitochondrial dysregulation and insulin resistance.(Bertero and Maack, 

2018)  

1.6.4 Molecular and cellular alterations  

Heart failure syndrome involves changes at the molecular and cellular level. (Aizawa 

et al., 2011, De Jong and Lopaschuk, 2017) With the gradual dilatation of ventricles 

over time there is a decrease in the overlap of sarcomere.(Kehat and Molkentin, 2010) 

Once the stretch of sarcomere reaches the maximum, there is a decline in the ejected 

volume of blood reducing stroke volume cardiac output and raising filling 

pressures.(Kass et al., 2010) The kidneys retain fluid and salt which increases the 

preload and improves tissue perfusion by activation of the renin-angiotensin 

pathway.(Felker et al., 2011, Yancy, 2018) 

Rise in ventricle volume helps improve  the cardiac output and stroke volume, but at 
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the cost of increase wall stress by the ‘law of Laplace’ which states that LV wall stress 

is directly depended to LV radius and pressure.(Fowler, 1971) This stimulates 

hypertrophy by altering sarcomeres lengthening.(De Jong and Lopaschuk, 2017) 

Progressive volume overload with loss of active contractile myofibers causes loss of 

contractile capability, raised oxygen demand in myocardium, ischemia in sub-

endocardial region and worsening HF.  

Onset of cardiac injury stimulates compensatory mechanisms to maintain stroke 

volume and cardiac output. In such circumstances adaptions occur in the myocardium, 

vasculature, neurohormonal system and haemodynamic response.(Packer, 1992) In 

HFrEF these adaptions are well defined (Packer, 1992, Blair et al., 2020, Dick and 

Epelman, 2016, Francis, 2001, Lam et al., 2010, Nauta et al., 2020) but their better 

understanding in HFpEF is warranted.(Francis, 2001) 

Inability of ventricle to pump blood during systole causes rise in both LV end-diastolic 

pressure and volume. This causes a compensatory increase in ventricular contraction 

of the healthy myocytes based on the Frank-Starling mechanism.(Packer, 1992) The 

decreased cardiac output causes a reduced blood flow to the aorta which activates 

baroreceptors to stimulate the sympathetic nervous system activation.(Borovac et al., 

2020) This increases the force of contraction of non-injured myocardium to maintain 

the stroke volume and blood pressure.(Packer, 1992) 

The physiological activation of neurohormonal pathway for maintaining cardiac output 

in turn leads to progression of HF.(McDiarmid et al., 2013) Excessive sympathetic 

stimulation is associated with cardiomyocyte apoptosis, focal necrosis and 

hypertrophy.(McDiarmid et al., 2013) 

LV secretes natriuretic peptides like B-natriuretic peptide in response to myocardial 

stretch in order to balance the progressive vasoconstriction and sodium retention 

caused by activation of RAAS and sympathetic nervous system.(Adams et al., 2005) 

Natriuretic peptides blunt the baroreceptor reflex and cause cardiac sympathetic 

inhibition resulting in cardiac unloading, reduction in systemic vascular resistance and 

subsequently in cardiac output.(Dokainish et al., 2017, Ebert and Cowley, 1988, Kelder 

et al., 2011) There is also a postulation that alteration in mitochondrial substrates occur 

including decreased electron transport chain work, stimulation of reactive oxygen 

species, deranged metabolic substrate uptake and mitochondrial dynamics, and 

alteration in ion homeostasis cause cardiac dysfunction.(Marin-Garcia, 2003) These 

mitochondrial dysfunction may be the future target for treatment of heart failure.(Marin-

Garcia, 2003, Dick and Epelman, 2016) Also the role of inflammatory cells and 
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pathways in HF has gained attention.(Dick and Epelman, 2016) HF is also associated 

with raised cytokines which stimulate inflammation (IL-1β, IL-6, IL-8, TNF-α, NF-κb, 

etc). But anti-inflammatory drugs have not shown any benefit in HF treatment and so 

inflammation is considered now as a complication and not a cause of HF.(Marelli-Berg 

and Aksentijevic, 2019, Chen et al., 2015) Recently, canakinumab, an IL-1β inhibitor 

has been shown a significant prognostic marker in HFrEF.(Briasoulis et al., 2016) 

Suppression of inflammatory biomarkers of fibrosis (sST2, galectin-3), have also been 

associated with better prognosis in HF.(Emdin et al., 2018) 

Systemic inflammation can trigger innate immune response which can induce cardiac 

hypertrophy and fibrosis.(Marelli-Berg and Aksentijevic, 2019) These are due to the 

release of inflammatory cytokines and transcription factors, which stimulate LV 

remodelling, hypertrophy and fibrosis. (Frangogiannis, 2012) Microvascular 

inflammation stimulates secretion of transforming growth factor β (TGF-β) by 

monocyte-derived macrophages.(Kehat and Molkentin, 2010) This process is pro-

fibrotic as myofibroblasts are formed from fibroblasts. Myofibroblasts deposit collagen 

which in turn may stimulate fibrosis.(Paulus, 2020) The immune-inflammation 

mechanism has also shown to mediate cardiac extra-cellular matrix remodelling by 

augmenting ventricular stiffness.(Paulus, 2020, Frangogiannis, 2019) LV stiffness is a 

hallmark of HFpEF which facilitates diastolic dysfunction. The stiffness is raised 

because of extracellular deposition of collagen along with reduced elasticity of titin 

triggered by systematic inflammation, IL-1β and other cytokines.(Paulus, 2020) 

1.7 Diagnosis of heart failure  

The accurate and timely diagnosis of HF is mandatory for proper management to 

prevent mortality and morbidity. The following diagram (Figure 1.2) demonstrates 

algorithm for diagnosing HF.(Leng and Partridge, 2018) A detailed history is needed 

for the presenting complaints and reasons for any precipitation of symptoms. This 

should be supported by detailed clinical examination for signs of heart failure. Any 

history of coronary artery disease requires urgent expert consultation by a cardiologist. 

ECG, echocardiography and serum natriuretic peptide form cornerstone for the 

diagnosis of HF and to differentiate between HFrEF, HFmrEF and HFpEF or any other 

associated cardiac abnormality. Presence of normal ECG is unlikely in HF patients. 

Blood samples for assessment of B-type natriuretic peptide (BNP) or N-terminal pro-

B-type natriuretic peptide (NT pro-BNP) are useful in HF diagnosis. BNP levels of less 

than 35 pg/ml or NT pro-BNP below 125 pg/ml make HF diagnosis unlikely. Along with 
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this blood samples for complete blood count, renal and liver function tests, blood sugar 

levels and thyroid profile should always be done. A chest x-ray should be performed 

for evidence of cardiomegaly, pulmonary congestion and associated pulmonary 

disease. A detailed echocardiography is needed for look at the LV and RV systolic and 

diastolic function, valvular function, regional wall motion abnormality and pulmonary 

hypertension. 

 

Figure 1.4 Diagnostic algorithm of heart failure clinical pathway (adopted from ESC guidelines 
2021). NTproBNP - N-terminal pro b-type natriuretic peptide, BNP - b-type natriuretic peptide, 
LVEF- left ventricular ejection fraction, HFrEF- heart failure with reduced ejection fraction, 
HFmrEF- heart failure with mildly reduced ejection fraction, HFpEF- heart failure with 
preserved ejection fraction 

1.8 Management of heart failure 

Heart failure management has been evolving with recent evidence showing benefits in 

treatment of HFrEF with respect to reduction in mortality and hospitalization and 

betterment in quality of life and functional capacity. However, there has been no ground 

breaking pharmacologic treatment for HFpEF which impacts the outcome of these 

patients. HFrEF management involves pharmacological therapy, device therapy and 

lifestyle management strategies. 
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1.8.1. Pharmacological therapy 

The aims of management of HFrEF patients are to reduce patients symptoms, 

enhance exercise capacity, improve quality of life (QOL), prevent recurrent admission 

and decrease mortality.(Yancy et al., 2006, McDonagh et al., 2021) These can be 

managed by targeting the following:  

a. Targeting Renin-Angiotensin System (RAS) with Angiotensin Converting 

Enzyme Inhibitors (ACEI) and Angiotensin receptor blockers (ARB’s) 

b. Use of Beta-blockers 

c. Volume status optimization with diuretics 

d. Use of mineralocorticoid receptor antagonists (MRA’s) 

e. Angiotensin receptor-neprilysin inhibitors (ARNI) 

f. Sodium-glucose cotransporter-2 (SGLT2) inhibitors 

g. Ivabradine 

h. Digoxin 

i. Isosorbide di nitrate with hydralazine 

 

a. Targeting Renin-Angiotensin System (RAS) with ACE Inhibitors (ACEI) and 
Angiotensin receptor blockers (ARB’s) 

Initiation of ACEI helps in reduction in symptoms, decrease admission and significantly 

improves prognosis in HFrEF patients.(Ponikowski et al., 2016b, Arendse et al., 2019) 

ACE inhibitors are useful in all stages of HF patients (mild, moderate and severe HF) 

due to any aetiology.(Investigators et al., 1991, Packer, 1992) Meta-analysis of multiple 

trials with ACEI showed a significant advantage in lowering hospitalization and all-

cause mortality in patients of HFrEF.(Garg and Yusuf, 1995) It is recommended that 

all patients of HFrEF due to any cause should use ACEI.(Ponikowski et al., 2016a) 

Use of Angiotensin-receptor blockers (ARBs) can be used if ACEI is not tolerated. They 

have also been to shown to provide significant haemodynamic, neurohormonal, and 

clinical advantage in patients with HFrEF.(Cohn et al., 2001, Pfeffer et al., 2015) Trials 

comparing ARBs with placebo have shown positive effects of ARBs in reducing 

mortality and hospitalisation in HFrEF patients.(Yusuf et al., 2003) However, ACEI are 

not superior to ARB and vice-versa in head to head comparison in HFrEF patients.(Tai 

et al., 2017) There are no specific studies focusing the use of ACEI or ARB in patients 

with HFmrEF.(McDonagh et al., 2021) 
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b. Use of Beta-blockers 

Beta-blockers in patients of HFrEF significantly decrease cardiovascular mortality, 

sudden death and hospitalization.(Dargie, 1999, Kulbertus, 1999) Beta-blockers are 

essential treatment along with other standard medicine in HFrEF management. The 

various beta-blockers being used are cardio-selective beta-blockers like long acting 

metoprolol and bisoprolol; and carvedilol, which inhibit alpha-1, beta-1, and beta-2 

receptors.(Writing et al., 2021) The present ESC guidelines recommend that beta- 

blockers should be initiated immediately once the diagnosis of HFrEF is 

made.(McDonagh et al., 2021) However, these guidelines have not provided any 

recommendation of usage of beta-blockers according to heart rhythm as studies have 

not shown any advantage in HFrEF with AF.(McDonagh et al., 2021) Beta-blocker 

have not been studied exclusively in HFmrEF.(McDonagh et al., 2021) Many patients 

with HFmrEF will have associated CAD, necessitating initiation of beta-blocker in them. 

c. Volume status optimization with diuretics 

Diuretics are essential in acute settings in intensive care management of HF. The main 

aim of diuretic treatment is to optimize the volume status without causing life 

threatening hypotension or renal insufficiency. Diuretics do not improve morbidity in 

patients with HF.(Felker et al., 2020) Intravenous diuretics are the choice as first line 

therapy in HF patients who have high filling pressure and have volume 

overload.(Ponikowski et al., 2016b) For this purpose, loop diuretics are initially used. 

The dose should be titrated carefully so it does not cause hypotension or alter renal 

function. Optimal use helps in improving urine output, dyspnoea and also helps in 

weight reduction.(Felker et al., 2011)As in all HF patients, diuretics should be used for 

reducing congestion in patients of HFmrEF also.(McDonagh et al., 2021) 

d. Use of Mineralocorticoid receptor antagonists (MRA’s) 

Use of MRA (spironolactone, eplerenone) along with ACEI/ARBs and b-blockers has 

helped in reducing cardiovascular mortality by 20-25% in patients taking standard 

therapy.(Pitt, 2003, Pitt et al., 1999) A meta-analysis involving 1525 patients in 14 

trials, n = 1575 showed an improvement of around 3% in LVEF with significant 

improvement in patient symptomatology after the initiation of MRA’s in patients with 

HFrEF.(Phelan et al., 2012) Spironolactone is a non-selective mineralocorticoid 

inhibitor and eplerenone is a selective blocker and both are equally effective.(Pitt et 

al., 2003) However MRAs have not been studied in HFmrEF, but can be used in 

them.(McDonagh et al., 2021) 
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e. Angiotensin receptor-neprilysin inhibitors (ARNI) 

The PARADIGM-HF trial has been a landmark trial which demonstrated that 

sacubitril/valsartan was superior to ACEI in HFrEF patients.(McMurray et al., 2014) 

ARNI can now be used in stable patients with HFrEF who are receiving ACEI and B-

blockers, after stopping ACEI for 36 hours. In a meta-analysis, ARNI improves LV size, 

decreases end diastolic volume and causes reverse LV remodelling compared to 

ACEI/ARB in HFrEF.(Yan et al., 2021) ARNI also improves quality of life and health 

status in patients of HFrEF. (Khariton et al., 2019, Moon et al., 2021) ARNI in patients 

with HFpEF was studied in PARAGON trial.(Solomon et al., 2019) However it did not 

show any significant effect in reducing rate of hospitalisation due to HF and deaths 

from cardiovascular disease in HFpEF patients. Combined assessment of PARAGON-

HF and PARADIGM-HF trials showed beneficial effect of ARNI in HFmrEF in 

preventing HF admissions.(Solomon et al., 2020) 

f. Sodium-glucose cotransporter-2 (SGLT2) inhibitors  

SGLT2 inhibitor is being used as an antidiabetic drug and is able to lower the blood 

sugar levels and HB1Ac.(Zinman et al., 2015) It also has a weight lowering action and 

helps in visceral fat loss in diabetic patients. It was unexpectedly shown to provide 

cardiovascular protective effects in diabetic patients with cardiovascular risk. Previous 

studies have shown that these agents lower the risk of death or HF hospitalisation in 

patients with HFrEF who are either diabetic or non-diabetic.(Genuardi and Mather, 

2021) The Empagliflozin Cardiovascular Outcome Event Trial in type 2 diabetes 

mellitus (EMPA‐REG OUTCOME) study, was the first large‐scale RCT which 

evaluated the role of empagliflozin on cardiovascular mortality and morbidity in patients 

with type 2 diabetes with high cardiovascular risk.(Zinman et al., 2015) Pooled meta‐

analysis data also showed a lower incidence of cardiovascular death or admissions for 

HF in HFrEF patients taking both SGLT2i and ARNI.(Yan et al., 2021) DAPA-HF trial 

showed the long term protective effects of dapagliflozin as compared to placebo on 

mortality and morbidity in patients of HFrEF.(McMurray et al., 2019) 

g. Ivabradine 

Being a selective inhibitor of pacemaker (If) current in sinoatrial node, Ivabradine helps 

in reducing heart rate without any effect on blood pressure.(Swedberg et al., 2010) Its 

use is only for patients in sinus rhythm. Ivabradine has been shown to reduce the 

endpoint of cardiovascular death in HFrEF patients due to a decrease in HF 
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hospitalisation.(Swedberg et al., 2010)There is inadequate data on use of this drug in 

patients of HFmrEF.(McDonagh et al., 2021) 

h. Digoxin 

Digoxin decreases admissions due to HF but has no advantage in improving longevity 

in HFrEF patients.(Digitalis Investigation, 1997) Benefits are seen in all spectrum of 

HFrEF patients despite of any rhythm abnormality and aetiology of HF (ischemic or 

non-ischemic) along with other medications. However, digoxin use in HFrEF with atrial 

fibrillation has not been evaluated in randomised control trials. It is also important to 

check serum digoxin levels as the drug has a small safety profile and levels should be 

maintained <1.2 ng/ml.(Rathore et al., 2003) Use of digoxin should be done carefully 

in HF patients who are females, elderly, undernourished and having hypokalemia. In 

patients of HFmrEF in sinus rhythm, digoxin showed a trend towards lesser 

hospitalisation, but no change in mortality.(Abdul-Rahim et al., 2018) 

i. Isosorbide dinitrate with hydralazine 

The use of Isosorbide dinitrate with hydralazine helps in decreasing preload and 

afterload.(Taylor et al., 2004) Hydralazine has an advantage of preventing nitrate 

tolerance which helps in avoidance of nitrate free periods. The main advantage of this 

combination has been shown to benefit African American patients.(Taylor et al., 2004) 

1.8.2 Device therapy 

Device therapy in HF includes implantable cardiac defibrillator (ICD), cardiac 

resynchronisation therapy (CRT) and left ventricular assist device (LVAD). The present 

ESC guidelines recommend ICD for primary prevention in HF patients who have 

symptoms along with LVEF ≤ 35% despite being for 3 months on optimal medical 

therapy.(Ponikowski et al., 2016d, McDonagh et al., 2021) ICDs also reduce mortality 

in patients who have survived from cardiac arrest and also patients who have 

documented evidence of sustained ventricular arrhythmias. In few clinical conditions 

like hypertrophic obstructive cardiomyopathy with sudden cardiac death risk, dilated 

cardiomyopathy, syncope in a patient of cardiac sarcoidosis, or myocardial scarring 

are indications for ICD regardless of LVEF.(Al-Khatib et al., 2018) Interestingly ICD 

implantation in patients with recent myocardial infarction with LVEF ≤ 35% did not 

demonstrate reduction in sudden death or death due to ventricular tachyarrhythmia.(Al-

Khatib et al., 2018) Role of CRT therapy is useful in i) HF patients having class III 

symptoms and LVEF <35%, class IV and few class II patients or ii) LBBB of >150 ms 
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with dysynchrony and LVEF < 35% despite optimal medical management who can live 

for more than 2 years.(Guha et al., 2018, McDonagh et al., 2021) When used properly 

CRT reduces morbidity and mortality and also improves the QoL.(Naik et al., 2018) 

HFrEF due to ischaemia show less recovery of LV systolic function due to presence of 

scar tissue. LVAD is now being used currently for the following situations i) as a bridge 

to heart transplant for end stage HF patients, ii) as a destination therapy for patients 

who are unable to go for heart transplantation, iii) as a bridge to decision for those 

patients who are very morbid during admission and their willingness for heart 

transplant is unknown and iv) as a bridge to recovery in myocarditis patients who have 

a possibility of cardiac recovery.(Ponikowski et al., 2016b) There are few devices which 

are under evaluation like cardiac contractility modulation (CCM) and baroreceptor 

activation therapy. CCM has been assessed in patients of HFrEF in HYHA class III 

and IV with LVEF between 25-45% and QRS duration <130 ms. Both CCM and 

baroreceptor activation have been shown to have marginal improvement in QOL and 

exercise tolerance.(Abraham et al., 2018, Zile et al., 2020) For HFmrEF, there are no 

sufficient data of use of ICDs for primary prevention of ventricular arrhythmias. 

1.8.3 Lifestyle management strategies 

Lifestyle management forms an important non-pharmacological management aspect 

in the treatment of HF. All patients of HF should be encouraged to have a 

multidisciplinary HF management program to decrease mortality and risk of HF 

admissions.(McDonagh et al., 2021) Lifestyle management includes patient education, 

self-care, nutritional management and rehabilitation by exercise. HF patients who have 

a disciplined life and undertake self-care show better QOL, lower hospital admissions 

and reduced mortality.(Jonkman et al., 2016) Heart failure patients can have anxiety 

on knowing their diagnosis. Relaxation techniques involving meditation and yoga can 

help patients in improving their quality of life.(Middlekauff et al., 2002, Pullen et al., 

2018) It has been said that HF and medication used can affect sexual function which 

may result in non-compliance of medicines. Use of phosphodiesterase – 5 inhibitors is 

safe in HF patients but not in combination with nitrates. Patients should be advised 

regarding discontinuation of alcohol and nicotine containing products. Stopping alcohol 

can reverse ventricular remodelling with complete normalization of LVEF in individuals 

taking heavy alcohol .(Aguilar et al., 2004, Salisbury et al., 2005) 

1.8.3.1 Nutritional management 

Excessive salt intake is one of the precipitating causes of worsening HF.(Bennett et 
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al., 1998, Yancy, 2018) Restriction of dietary salt helped in reducing the dose of 

diuretics which help reduce plasma renin activity and improve outcomes.(Tsuyuki et 

al., 2001) Most of the studies have focused on HFrEF patients and one study evaluated 

its effect in HFpEF.(Chaudhry et al., 2007) It is advisable to have an intake up to 6 gm 

of salt daily, and less than 2 gm for patients having hypertension, African Americans 

and middle-aged people.  

Nutritional deficiencies seen in HF patients is termed as cardiac cachexia.(Nishikido et 

al., 2018) Cachexia due to cardiac reason is accompanied by  generation of cytokines 

and tumor necrotic factor-α which causes long term low cardiac output status. Proper 

nutritional guidance and recommendations are needed with respect to timing and 

quantity of food intake to ensure balanced diet. However, anabolic steroids should be 

avoided. It has been suggested that a multivitamin supplementation with thiamine, 

should be given to all patients to replenish unknown vitamin deficiencies.(Gorelik et 

al., 2003) 

1.8.3.2 Rehabilitation by exercise  

Regular physical activity and exercise training help improve functional capacity of the 

cardiovascular system, quality of life and reduces hospitalisation in HFrEF 

patients.(Long et al., 2019, Bjarnason-Wehrens et al., 2020, O'Connor et al., 2009) 

Also there was a trend of decreasing the mortality by regular exercise training as 

documented by Cochrane review on exercise training in HF patients.(Taylor et al., 

2014b) A Cochrane review has shown that cardiac rehabilitation with low or moderate 

exercise decreases the risk of hospitalization .(Long et al., 2019) The (CROS-HF) 

cardiac rehabilitation outcome study in heart failure also showed that cardiac 

rehabilitation by structured exercise improves functional capacity and quality of life in 

HF patients.(Bjarnason-Wehrens et al., 2020)High intensity interval training in patients 

capable of doing it, may improve (VO2) peak oxygen consumption.(Ellingsen et al., 

2017) The effect of hospitalisation is best seen in those who do regular exercise and 

stick to it.(Cooper et al., 2015) No data is however available on HFmrEF. Interestingly, 

there is no significant difference in change in peak VO2 after 3 months in HFpEF who 

were given either high-intensity interval or moderate continuous training.(Mueller et al., 

2021) In HFmrEF, there are no clinical studies available, but the 2021 guidelines 

mention that the benefits of exercise which are seen in HFrEF should be applied to 

HFmrEF patients also.(McDonagh et al., 2021) Chapter 8 will address the effect of 

physical activity intervention on clinical phenotype and quality of life in HFpEF patients.  
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Chapter 2: Heart Failure with preserved ejection fraction 

2.1 Abstract 

Heart failure with preserved ejection fraction (HFpEF) is a clinical condition having 

similar symptoms and signs as heart failure with reduced ejection fraction (HFrEF). 

HFpEF patients have left ventricular (LV) ejection fraction >50%, abnormal diastolic 

function (i.e. alteration in E and A ratio), evidence of raised LV filling pressure and 

increased level of circulating brain natriuretic peptides. This chapter will focus on the 

epidemiology, aetiology and updated pathophysiology of this important clinical entity. 

It will also highlight on diagnostic process along with clinical progress of HFpEF. At the 

end, all the available treatment modality has been discussed along with the new 

emerging modalities in pipeline. 

HFpEF is seen when the ventricular chamber cannot accommodate normal preload 

despite normal diastolic pressures necessary to maintain stroke volume. This happens 

due to decrease in ventricular relaxation and/or a rise in ventricular stiffness. 

2.2 Epidemiology and aetiology 

HFpEF accounts for 40-70% of heart failure diagnosis. Although around 75% of cases 

are unrecognized (Van Riet et al., 2016, Yan et al., 2021), the current prevalence of 

HFpEF is about 1.1-5.5% of the overall population.(Owan and Redfield, 2005) 

Prevalence is further increased with advancing age and in the female gender.(Ceia et 

al., 2002) The rates of hospitalisation, duration of admission and quality of life are 

similar between HFpEF and HFrEF.(Loop et al., 2016) 

There are several risk factors that are associated with HFpEF including systemic 

hypertension (confirmed in 40-70% of all HFpEF patients), type II diabetes mellitus 

(13-70%), obesity (40-45%), coronary artery disease (30-70%), atrial fibrillation (15-

40%), and dyslipidemia (16-77%).(Lee et al., 2009, Bursi et al., 2006, Fonarow et al., 

2007, Groenewegen et al., 2020). Earlier studies reported better prognosis in HFpEF 

compared to HFrEF (Henkel et al., 2008), although these studies have followed up 

patients upon hospitalisation and from the community. Recent studies show that 

mortality of HFpEF ranges from 30-60% at 5 years.(Chioncel et al., 2017) HFpEF is 

further associated with increased hospitalization and impaired quality of 

life.(Aurigemma et al., 2001). With increased longevity and multiple comorbidities, the 

prevalence of HFpEF is now rising to epidemic proportions.  

There are few studies which have reported mortality outcomes in patients with HFpEF 
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with a focus on factors associated with mortality risks.(Bhatia et al., 2006) These 

studies have shown that mortality rates are higher in patients of HFpEF as compared 

to age and sex matched healthy controls in general population. However, reported 

mortality rates are different among studies due to the heterogeneity of the 

condition.(Paulus and Van Ballegoij, 2010, Borlaug and Paulus, 2011) In-hospital 

mortality is about 3 - 6.5% in patients admitted with an acute episode of heart failure 

in HFpEF patients.(Fonarow et al., 2007, Tsuchihashi-Makaya et al., 2009) The 

reported short-term (30-90 days) mortality for HFpEF ranges between 5-

9.5%.(Fonarow et al., 2007) while annual mortality rate range from 4-15%.(Yusuf et 

al., 2003, Cleland et al., 2006, Massie et al., 2008) The longer term (5 years) mortality 

rates are however higher, ranging between 55-74%.(Henkel et al., 2008) A literature 

based meta-analysis by Somaratne et al. reported that mortality rates in HFpEF was 

almost half than that in patients of HFrEF patients.(Somaratne et al., 2009) 

2.3 Pathophysiology of heart failure with preserved ejection fraction 

Diastolic dysfunction happens due to problems in the heart’s mechanical function 

leading to inability of the left ventricle (LV) to relax properly. Diastole phase of cardiac 

cycle is longer than the systole phase and during this time, the myocardium relaxes 

and the chambers fill with blood. The LV sucks the blood from left atrium (LA) in early 

phase and in next phase the LA contracts to fill the blood into LV. Diastasis is the phase 

of diastole in between these 2 phases.(Ommen et al., 2000, Mitchell and Wang, 2014) 

Diastolic dysfunction occurs when there is an alteration in these phases as they get 

longer, slower, or incomplete. Any alterations in normal diastolic function is dependent 

on the rate and degree of ventricular pressure decline and filling.(Brutsaert and Sys, 

1997) The American Society of Echocardiography (ASE)/European Association of 

Cardiovascular Imaging (EACVI) guidelines grade diastolic dysfunction into four 

stages.(Nagueh et al., 2016) These are grade 1 diastolic dysfunction, where there is 

abnormal relaxation of LV, grade 2, characterised by pseudo-normalisation, grade 3, 

characterised by reversible restrictive pattern and grade 4 is characterised by 

restrictive pattern which is irreversible despite change in loading conditions. 

In HFpEF, the myocardium undergoes structural and cellular changes. These changes 

are expressed as myocyte hypertrophy, intercellular and interstitial fibrosis, abnormal 

myocyte relaxation and inflammation.(Schwinger, 2021) Concentric LV remodelling is 

seen in around 53% of cases of HFpEF patients.(Shah, 2013) This remodelling has 

been known to mask impairments in myocardial systolic function.(Aurigemma et al., 
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1995, Palmieri et al., 2001) Progressive LV concentric remodelling is associated with 

reduced subendocardial longitudinal deformation assessed by 2D strain imaging 

despite preserved LVEF.(Kuznetsova et al., 2008) 

2.4 Diagnosis of heart failure with preserved ejection fraction 

The definite way to diagnose HFpEF needs haemodynamic evaluation at rest and after 

stress which helps in elevating filling pressure and cardiac output (Figure 2.1). The 

2021 ESC guideline focuses on having at least symptoms and signs of HF along with 

cardiac functional or structural abnormalities.(Ponikowski et al., 2016c) Structural and 

functional abnormalities that can be measured by echocardiography include LV 

hypertrophy, LV and right ventricular function, left atrium dilatation, elevation in LV 

filling pressure and presence of tricuspid regurgitation. Although diastolic dysfunction 

is a dominant feature, other commonly associated comorbidities like renal dysfunction, 

increased weight, anaemia, contribute to impairment of cardiovascular reserve and 

worsening of HFpEF. Several diagnostic algorithm and scores are available for HFpEF 

diagnosis. The most recent score-based algorithms (H2FPEF and HFA-PEFF) 

proposed by the ESC 2020 now represent the standard for diagnosis.(Reddy et al., 

2018, Pieske et al., 2019) The 6 variables that form the H2FPEF score are (1) a body 

mass index (BMI) of more than 30 kg/m2(H); (2) use of 2 or more antihypertensive 

drugs (H); (3) presence of atrial fibrillation (F); (4) pulmonary arterial hypertension 

defined as pulmonary artery systolic pressure more than 35 mm Hg (P); (5) age >60 

years (E); and (6) elevated filling pressures evident from E/e′ >9 (F). HFA-PEFF 

incorporates pretest assessment (P), diagnostic workup by echo and biomarker (E), 

advanced workup by functional testing (F1) and aetiological workup for final aetiology 

(F2). 
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Figure 2.1 Diagnostic pathway for heart failure with preserved ejection fraction 
(adopted from Huis AE et al. (2016) LVEF- left ventricular ejection fraction, PCWP- pulmonary 
capillary wedge pressure, NTproBNP - N-terminal pro b-type natriuretic peptide, LAVi- left atrial 
volume indexed. E/E’ – ratio of early mitral inflow velocity to mitral annular early diastolic 
velocity, BNP- Beta natriuretic peptide 

Left ventricular filling pressure reflects pulmonary capillary wedge pressure and can 

be measured non-invasively via echocardiography by looking at the ratio between early 

mitral inflow velocity and mitral annular early diastolic velocity, E/e’.(Mullens et al., 

2009, Ommen et al., 2000). An E/e’ ratio < 8, is indicative of normal left ventricular 

filling pressure.(Mcmurray et al., 2012) while E/e’ exceeding 15 indicates raised filling 

pressure. Higher E/e’ ratio is seen in HFpEF patients and helps in differentiating from 

patients presenting with non-cardiac breathlessness.(Borlaug et al., 2010) When E/e’ 

ratio is intermediate (i.e. >8 to <15), other parameters are needed to aid diagnosis for 

example, ratio of mitral inflow doppler (ratio of early to late mitral inflow velocity for 

grading diastolic dysfunction and deceleration time of 0.280 ms), left atrial volume 

index (LAVi > 34 ml/m2), LV mass index (females >122g/m2, males >149g/m2), or 

presence of atrial fibrillation.(Lam et al., 2011) 

Assessment of left atrial (LA) structure and function has clinical and prognostic 

significance in cardiovascular patients, especially in HFpEF. It acts as a reservoir 

receiving blood from pulmonary veins (reservoir function) during atrial filling with mitral 
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valve closed, letting blood flow passively to the LV at early diastole (conduit function) 

and as a booster kick during atrial contraction (booster pump function).(Leung et al., 

2008) LA function is closely intertwined with LV function during complete cardiac 

cycle.(Braunwald et al., 1961) During ventricular systole, shortening of longitudinal 

sub-endocardial myocardial fibre shifts the cardiac base down, helping the filling of 

atrium from the pulmonary veins, while during diastole, the atrium contributes to 

ventricular filling by both active and passive mechanism. The LA cavity is in direct 

continuity to LV diastolic pressure when the mitral valve is open and hence, atrial 

emptying is affected by LV diastolic properties.(Kono et al., 1992) 

LA enlargement occurs in around 50% of stable chronic HF patients.(Hohendanner et 

al., 2018) The most common echocardiographic parameter used to assess LA 

structure is left LAVi.(Nagueh et al., 2016) However, LAVi has low sensitivity in 

detecting LA dysfunction in the presence of LV diastolic dysfunction.(Kim et al., 2020, 

Kurt et al., 2009) Assessment of LAVi allows calculation of LA emptying fraction and 

LA expansion index but does not give information about passive (reservoir and conduit) 

and active (booster) LA function. 2D speckle tracking echocardiography of the left 

atrium helps in estimating the LA performance by looking at the LA strain. It helps in 

understanding all 3 periods of LA function (reservoir, conduit and booster) and has 

been shown to have clinical and prognostic significance in HFpEF patients.(Frydas et 

al., 2020, Freed et al., 2016) LA strain is similar to a biomarker for the clinical diagnosis 

and prognosis of cardiovascular disease.(Cameli et al., 2016) Also, LA strain directly 

correlates with diastolic dysfunction severity.(Morris et al., 2011) However it is load 

dependent and is affected by LV function. Reduced LA reservoir strain has been 

reported to be directly correlated with higher cardiovascular event and LA 

fibrosis.(Freed et al., 2016) Improvement in LA strain which could be prompted by 

exercise training, weight reduction and intensified risk factor management in HF 

patients is associated with reverse LA remodelling and decreased 

mortality.(Hohendanner et al., 2018)  

Diagnosis of HFpEF is easier in acutely decompensated patients. In stable patients 

with dyspnoea, diagnosis of HFpEF is purely based on documentation of elevated LV 

filling pressure.(Borlaug and Paulus, 2011) In these patients, a stress (exercise) test 

helps in unraveling the signs and symptoms of HFpEF.(Erdei et al., 2014) Exercising 

these patients precipitates symptoms and also produces changes in haemodynamics 

which can be picked up by echocardiography. Interestingly, few stable patients with 

HFpEF may have normal NTproBNP levels.(Obokata et al., 2017) Obokata et al. 
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reported that normal NTproBNP values can be seen in around 18% of HFpEF patients. 

In patients with diastolic dysfunction, there can be limitation of exercise capacity which 

can be due to anaemia, bronchial asthma, obstructive airway disease, dynamic left 

ventricular outlet obstruction, coronary artery disease and valvular heart 

disease.(Okonko et al., 2011)  

Invasive haemodynamic stress testing using right heart cardiac catheterisation is the 

gold standard to make the diagnosis of HFpEF.(Reddy et al., 2018) Various stress 

protocols can be used including physiological (exercise stress test) on a treadmill test 

and cycle ergometry or pharmacological stress commonly performed with gradual 

infusion of an inotropic agent i.e. dobutamine. A normal heart is able to raise flow 

across the mitral valve with minimal change in LA pressure by decreasing the LV 

diastolic pressure.(Fletcher et al., 2001, Francis et al., 2001) However, in a failing 

heart, there is no fall in LV diastolic pressure with peak exercise.(Zile et al., 2013, 

Bhella et al., 2011) Also a rise in trans-mitral gradient and flow occurs due to elevated 

LA pressure. Although invasive right heart catheterization is the gold standard to 

provide haemodynamic data, it is not feasible to perform always. Chattopadhyay et al 

reported in their small study involving 29 patients that diastolic dysfunction of LV 

deteriorates by dobutamine stress test in few patients which can explain their 

symptomatic worsening after exercise.(Chattopadhyay et al., 2010) 

2.5 Clinical course of heart failure with preserved ejection fraction 

Patients with HFpEF are at high risk of hospitalization due to acute decompensation 

causing acute heart failure. The Organised Program to Initiate Lifesaving Treatment in 

Hospitalized Patients with Heart Failure (OPTIMIZE-HF) registry reported a 

rehospitalization rate of around 30% within 60-90 days of first hospitalization.(Fonarow 

et al., 2007) The most common factors associated with acute precipitation of heart 

failure resulting in recurrent hospitalization are non-compliance to medication and 

uncontrolled hypertension.(Joshi et al., 1999) Other important precipitating factors are 

atrial fibrillation, sepsis, renal dysfunction and lung disease.(Arrigo et al., 2017)These 

factors precipitate the systemic mechanisms in the presence of risk factors and 

comorbidities and result in clinical symptoms. These alterations are responsible for all 

the clinical manifestations of HFpEF (Figure 2.2).  
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Figure 2.2 Time course of the evolution of Heart Failure with preserved ejection fraction 
(adapted from Juilliere et al., 2018).(Juilliere et al., 2018) HT – Hypertension, DM- Diabetes 
mellitus, LA- left atrium, HR- Heart rate. 
 

The cardiac causes of mortality in HFpEF patients are sudden cardiac death, heart 

muscle pump failure, acute coronary syndrome and stroke.(Henkel et al., 2008, 

Tribouilloy et al., 2008, Zile et al., 2010, Ahmed et al., 2006) However, survival rate of 

patients with HFpEF is similar to that of patients with HFrEF.(Bhatia et al., 2006). The 

predictors of death among patients with HFpEF include older age, hypotension, 

associated peripheral vascular disease, hyponatremia, a history of cancer, dementia, 

renal dysfunction, dialysis, anaemia, and tachypnoea.(Bhatia et al., 2006) 

Interestingly, incidence of cardiovascular mortality is lower, while non-cardiovascular 

mortality higher in HFpEF compared to HFrEF.(Gerber et al., 2015) Once diagnosed 

with HFpEF in acute setting, almost two thirds of patients will have LVEF correlating 

with HFpEF during follow-up. 10-20% of these patients progress to HFmrEF, while in 

2-20% patients, the LVEF drops resulting in onset of HFrEF (Figure 2.3).(Tsutsui et 

Clinical symptoms
Effort intolerance, Impaired Quality of life, Pulmonary congetion, Hospital admissions 

Reduced Cardiac Reserve
Alteration in preload and afterload, Alteration in contraction, Alteration in HR, 

Chronotropic incompetence, Alteration in vascular resistance
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Delayed relaxation, Cardiac remodelling, LA 
dysfunction, Pulmonary hypertension

Chamber stiffness, Autonomic dysregulation, 
Dyssynchrony, RV dysfunction

Underlying mechanisms

Endothelial dysfunction, vascular stiffness, 
microvascular injury

Inflammation, oxidative stress, decreased 
tissue perfusion

Comorbidites

Ageing, Systemic HT, DM, Obesity, Sleep Apnea syndrome, Sedentary life style 
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al., 2021) Around 30-40% of HFrEF patients show improvement to feature as HFpEF, 

while 10-20% of them show features of HFmrEF. 60-80% patients of HFrEF remain as 

HFrEF over a period of time. In HFmrEF patients one third improve to HFpEF, another 

one thirds deteriorate to HFrEF while the remaining show features of HFmrEF in long 

term followup.(Tsutsui et al., 2021) 

 

Figure 2.3 Time course of Heart Failure (adapted from Tsutsui et al., 2021).(Tsutsui et al., 
2021) HFpEF – heart failure with preserved ejection fraction, HFmrEF- heart failure with mildy 
reduced ejection fraction, HFrEF- heart failure with reduced ejection fraction. 
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2.6 Medical management of heart failure with preserved ejection fraction  

Management of HFpEF has been challenging to the medical world. But some 

improvement occurs in few phenotypes of HFpEF. Pharmacological treatment, lifestyle 

modification comprising nutritional management, weight reduction and exercise are 

helpful in HFpEF management. Pharmacological treatment revolves around the 

following principles; fluid management, management of atrial rhythm, control of heart 

rate, control of hypertension, treatment of comorbidities like anaemia, obesity and 

device therapy.  

2.6.1 Pharmacological treatment 

2.6.1.1 Fluid management 
Diuretics are helpful in reducing congestion in HFpEF patients. Both loop diuretics and 

potassium sparing diuretics can be used for the symptomatic treatment of HFpEF 

patients.(Paulus and Van Ballegoij, 2010, Barsuk et al., 2013) Thiazide diuretics are 

useful if there is associated hypertension. HFpEF patients are very sensitive to volume 

changes with volume overloading causing heart failure symptoms and hypovolemia 

causing prerenal azotemia and hypotension.(Barsuk et al., 2013) Spironolactone was 

tested in Aldo-DHF study where it significantly reduced LV filling pressure and NTpro-

BNP levels in HFpEF patients. It also helped in structural remodelling of LV in these 

group of patients.(Edelmann et al., 2010) However diuretics have not been reported to 

improve outcomes in HFpEF patients.(Edelmann et al., 2010). The phase three 

treatment of HFpEF with an aldosterone antagonist (TOPCAT) did not reduce the 

cardiovascular death or admissions due to heart failure (Pfeffer et al., 2015) although, 

a subgroup of patients showed significant decrease in primary endpoint of 

cardiovascular death and HF hospitalizations.  

2.6.1.2 Management of atrial rhythm 
Atrial fibrillation (AF) is more prevalent in HFpEF than in HFrEF.(Kotecha et al., 2016) 

HFpEF patients with AF have poor prognosis, especially when ventricular heart rate is 

elevated.(Kotecha et al., 2016, Shah et al., 2015) Rhythm control using antiarrhythmic 

medication helps to improve clinical symptoms. When this is contraindicated or 

impossible, the focus should be to lower the ventricular rate by beta-blockers or heart 

rate decreasing drugs like Ivabradine.(McMurray et al., 2012) Kelly et al reported that 

rhythm control in elderly HFpEF patients over 65 years presenting with AF was 

associated with lower 1year all-cause mortality.(Kelly et al., 2019) Current guidelines 

of AF management recommend 
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initial rate control with anticoagulation followed by rhythm control if symptoms 

persists.(January et al., 2014)  

2.6.1.3 Control of heart rate 
Rise in heart rate reduces the duration of diastole. Also a decrease in heart rate may 

help in symptomatic improvement in patients with HFpEF.(Conraads et al., 2012, 

Yamamoto et al., 2013) However, studies using beta blockers in HFpEF have not 

shown any advantage in this regard, moreover, some of these studies have reported 

an increase in N-terminal –pro hormone brain natriuretic peptide (NT-

proBNP).(Scherer et al., 2013, Conraads et al., 2012) Studies using ivabradine which 

decreases heart rate have shown short term positive effects, but not consistently 

across all trials.(Kosmala et al., 2013) However, Lam et al. reported that lower heart 

rate at discharge in HFpEF patients was independently associated with lower risk of 

all-cause mortality, but not readmission due to heart failure symptoms.(Lam et al., 

2017)  

2.6.1.4 Control of hypertension 
Trials using perindopril in patients with HFpEF has shown reduction in hospitalization 

due to HF at first year, but the trial did not achieve the primary endpoint.(Cleland et al., 

2006) Two big studies have focused on the effect of angiotensin receptor blockade in 

patients with HFpEF. Irbesartan in patients with HFpEF (I-PRESERVE) trial showed 

no effect of irbesartan on mortality, HF hospitalisation or quality of life.(Massie et al., 

2008) Another trial evaluated candesartan usage in patients of HFpEF (CHARM-

Preserved) and showed minimal positive effect of candesartan on hospitalization in 

HFpEF. However, this study also included HF patients with LVEF < 40%.(Yusuf et al., 

2003) Interestingly, use of spironolactone has not shown any added advantage for 

reduction in mortality and hospitalization.(Pfeffer et al., 2015) Use of angiotensin 

receptor neprilysin inhibition (sacubitril/valsartan) in patients with HFpEF was studied 

in PARAGON trial but did not show significant impact in reducing rate of hospitalisation 

due to HF and deaths from cardiovascular disease.(Solomon et al., 2019)  

2.6.1.5 Treatment of comorbidities 
The precipitating risk factors and co-morbidities associated with HFpEF should be 

identified and managed. Presence of iron deficiency anaemia should be assessed by 

complete blood count, serum ferritin levels and transferrin saturation. At present 

ongoing studies are looking at the effect of intravenous ferric carboxymaltose in 

patients with HFpEF with iron deficiency anaemia. Obesity is a major risk factor for 
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HFpEF and pathophysiological mechanisms in obese differ from non-obese patients 

presenting with HFpEF.(Packer et al., 2020, Rao et al., 2020) Caloric restriction and 

structured exercise training protocol have shown significant positive impact on quality 

of life and functional capacity in HFpEF patients. (Kitzman et al., 2010) HFpEF patients 

having renal dysfunction have poor long term prognosis. (Shah et al., 2015) Presence 

of chronic kidney disease and deteriorating renal function are more commonly seen 

HFpEF than in HFrEF and HFmrEF. Proper treatment of renal dysfunction by 

nephrologist is warranted by using renal dosages of all anti-heart failure medications. 

2.7 Device therapy 
To decrease LA pressure, a novel approach of creating an interatrial communication 

to offload LA is being evaluated.(Kaye and Nanayakkara, 2019) Computer modelling 

studies have shown that a size of 8 mm interatrial shunt as provided by interatrial shunt 

device would be helpful in decreasing the exertional rise in LA pressure while creating 

a small interatrial shunt.(Kaye and Nanayakkara, 2019, Kaye et al., 2019) There are 

two percutaneously delivered devices currently under investigation. V-wave device 

and interatrial septal devices (IASD) are being tried in patients with HFpEF in REDUCE 

LAP-HF TRIAL III and RELIEVE-HF trial.(Al-Sadawi et al., 2020) Initial reports show 

significant effects on functional capacity and quality of life after device 

implantation.(Hasenfuss et al., 2016) V-wave device is a tri-leaflet porcine tissue valve 

on an hourglass shaped nickel-titanium frame. The center of the device is placed under 

fluoroscopy guidance across fossa ovalis with the ends of the hourglass positioned in 

right and left atria. There have been no serious side effects of this device after 3 

months. The IASD is made of bare metal and has a bigger inter-atrial communication 

of 8mm. This device also shows great promise for future use with no side effects 

reported in 3 months follow-up. All patients are being anticoagulated for 3 months post 

implantation. Early trials have now aimed to decrease chronotropic incompetence and 

improve dyssnchrony with atrial pacing.(Kass et al., 2010) 

2.8 Lifestyle modification 
There is evidence to suggest that changes in lifestyle including physical activity, 

exercise, caloric restriction and optimal nutritional management may slow down 

disease progression in HFpEF.(McDonagh et al., 2021) Kitzman et al reported in a 

randomised controlled trial showing significant improvement in cardiorespiratory 

fitness with regular training in patients with HFpEF.(Kitzman et al., 2010) The following 

changes are suggested in HFpEF patients: regular physical activity for patients with 
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sedentary behaviour, cigarette smoking cessation, healthy diet, abstinence from 

alcohol and periodic vaccination by influenza vaccine. (Mcdonagh et al., 2021) Kitzman 

et al. investigated the effect of hypocaloric diet in obese HfpEF patients.(Kitzman et 

al., 2016) They reported that hypocaloric diet when combined with exercise helped in 

improving exercise capacity, quality of life and also weight loss. A small study has 

shown positive effects on the use of mono and polyunsaturated fatty acids in HFpEF 

patients with obesity.(Carbone et al., 2017) Also use of unsaturated fatty acids 

consumption have shown to be helpful in improving diastolic dysfunction.(Carbone et 

al., 2017) Dietary sugars have been shown to be inversely proportional to functional 

capacity in HFpEF patients.(Carbone et al., 2017) A proper exercise prescription 

should be provided to all HFpEF patients which should include a supervised maximal 

exercise stress test with controlled ischemia monitoring before patients start 

exercising.  

2.9 Conclusion 
This chapter provides a complete overview about HFpEF, which is now a global 

pandemic. HFpEF has been a multifactorial disease entity gaining a lot of interest in 

recent past. Understanding the pathophysiology and disease clinical progression will 

provide new insights to its better clinical management which is the need of the present 

time. The present work gives new insights about the exercise dynamics in these 

patients and emphasizes on the role of left atrial dynamics in the pathophysiology of 

HFpEF at rest and after exercise. It also focuses on the impact of exercise intervention 

in these group of patients. 
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Chapter 3: Aims, Objectives and Hypotheses 

3.1 Aims 

Heart failure with preserved ejection fraction is linked with higher morbidity and 

mortality with increased risk of hospitalization. It can result in poor quality of life and 

reduced functional independence. Few recent pharmacological studies have shown 

improvements in symptoms and reduction in cardiovascular death and hospitalizations 

in these patients with proper treatment. 

Better understanding of pathophysiology and clinical phenotype differences between 

heart failure with reduced ejection fraction (HFrEF) and heart failure with preserved 

ejection fraction (HFpEF) and may facilitate development of more strategies to improve 

outcomes in patients with HFpEF. 

The aim of this thesis is to improve understanding of the pathophysiology of HFpEF. 

3.2 Objectives 

The above aim will be achieved through the following three objectives: 

1. Assess the agreement in haemodynamic measurements obtained by a novel 

non-invasive technology i.e. bioreactance and echocardiography. 

2. Define haemodynamic response to pharmacological (dobutamine) and 

physiological (treadmill exercise) stress testing in HFpEF and HFrEF patients. 

3. Evaluate the acceptability, feasibility, and effectiveness of a novel, home-based 

physical activity intervention (Active-at-Home-HF) in HFpEF. 

3.3 Hypotheses 

1. There will be no significant difference between cardiac output estimates 

obtained by bioreactance and echocardiography methods. 

2. Patients with HFpEF will demonstrate significantly lower haemodynamic 

response to exercise stress testing compared to healthy controls. 

3. Patients with HFpEF will demonstrate significantly better haemodynamic 

response to stress testing compared to HFrEF controls. 

4. Active-at-Home-HF physical activity intervention will be acceptable and feasible 

to patients with HFpEF, and will significantly improve functional capacity and 

quality of life in these patients. 
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Chapter 4: Methods and materials 

4.1 Methods 
This chapter describes main methodology used in the research program on which the 

present thesis is based. It also gives a description of the equipment and procedures 

used to generate results contained in the thesis.  

4.2 Design 
The research program was designed to address main objectives of the thesis. It used 

a single center, prospective, observational, cross-sectional and longitudinal studies 

which were conducted from July 2018 to March 2021 at Sengupta Hospital and 

Research Institute (SHRI), Nagpur, India. Three studies were planned to address the 

three main objectives of the thesis.  

Study 1 - A Prospective observational, direct comparison study to assess the 

agreement between haemodynamic measurements obtained by bioreactance and 

transthoracic echocardiography methods. 

Study 2 - A Prospective cross-sectional study to evaluate differences in haemodynamic 

response to pharmacological (dobutamine) and physiological (treadmill exercise) 

stress testing between patients with heart failure preserved ejection fraction (HFpEF) 

vs. heart failure with reduced left ventricular ejection fraction (HFrEF). 

Study 3 - A Prospective longitudinal pilot study to evaluate acceptability, feasibility, and 

preliminary effectiveness of a novel, home-based physical activity intervention (Active-

at-Home-HF) in HFpEF. 

4.3 Recruitment procedures 
Patients were included from the Heart Failure Clinic at the above mentioned hospital. 

Eligible patients were screened during outpatient visits where a written informed 

consent was obtained. Heart failure patients who were clinically stable for a minimum 

period of 6 weeks and were on guideline directed medical management were enrolled 

in the study. Summary of the study participants enrolment is presented in Figure 4.1. 
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Figure 4.1 Flow diagram of study participants’ enrolment for proposed studies. HFpEF, heart 
failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction. 
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4.4 Eligibility criteria 

4.4.1 Inclusion criteria 
In the proposed studies, only adult patients (>18years of age) with a confirmed 

diagnosis of either HFpEF or HFrEF were taken. In addition to heart failure patients, a 

group of healthy age-matched controls was also included into the study to allow 

comparison of data with those with heart failure. All subjects were able to walk and 

perform activities of daily living independently. Participants were willing to take part in 

the research study and provided written informed consent. 

4.4.2 Exclusion criteria 
The following patients were excluded from the study, patients having problems in their 

valves, history of atrial or ventricular arrhythmias, implanted left ventricular assist 

device, recent ischaemic heart disease episode within 12 weeks, primary pulmonary 

hypertension, malignancy, pregnancy, or unable to give consent. 

4.5 Ethical approval 
All study essential documents (i.e. research study protocol, consent form, and patient 

information sheet) and procedures were approved by the local Research Ethics 

Committee (Sengupta Hospital and Research Institute Ethics Committee; Registration 

number – ECR/675/Inst/MH2014/RR-20). All procedures were in accordance with the 

declaration of Helsinki. Consent forms were signed by the participant and by the 

principal investigator. 

4.6 Study visits 
Participants were contacted by telephone or talked to in person to provide details about 

the project and were provided with the information sheet to ensure they understood 

the type of the study. The eligible participants visited the hospital’s research facility for 

screening and enrollment (visit 1), study procedures and investigations (visit 2) and 

those with HFpEF who were participating in the intervention (Chapter 8) came for the 

second (follow-up) visit at 3 months after visit 2. Visit one lasted up to an hour, while 

visits 2 and 3 lasted between1.5-2.5 hours. The following clinical investigations were 

performed during the visits. 

4.6.1 Consent and screening questionnaires 
Participants were allowed to enquire about any queries and requested to provide 

informed written consent. They were then requested to fill up the Minnesota Living with 
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Heart Failure, and Physical Activity readiness questionnaires. 

4.6.2 Blood sample 
Blood samples (10ml) were taken from the antecubital vein and evaluated for 

haemoglobin, complete lipid profile, glucose, HbA1c, thyroid profile, blood urea, serum 

creatinine and brain natriuretic peptides (NTproBNP). 

4.6.3 Electrocardiography 
An electrocardiogram was done by a standard 12-lead electrocardiogram (Maestros, 

India) in supine position after asking the subject to lie down for 5 minutes. 

4.6.4 Transthoracic echocardiography 
Echocardiography is a non-invasive method to look at the cardiac structure and 

function using ultrasound. A detailed echocardiographic examination was done 

according to the guidelines from American Society of Echocardiography.(Lang et al., 

2015) All echocardiography assessments were performed at rest and after treadmill 

and dobutamine stress testing by a single experienced sonographer from the left lateral 

position at 50-70 frame rate/seconds, using echo machine (Vivid E95, 2.5 -4.0 MHz 

transducer, GE Vingmed Ultrasound AS, Norway). The protocol captured three beats 

for analysis. Measurements taken were for LV septal and posterior wall thickness, left 

atrial (LA) anterior-posterior dimension and LV internal diameter and obtained from the 

parasternal long-axis view. LV end-diastolic and end-systolic volumes (LVEDV and 

LVESV, respectively) and EF was done by biplane Simpson’s formula which requires 

the apical four- and two-chamber views.(Lang et al., 2015) LA volume was calculated 

by biplane area- length which was then indexed to body surface area. The complete 

analysis of LV used the 17 segment model. The LV outflow tract measurement was 

done during systole in the parasternal long axis view.(Lang et al., 2015) Pulse wave 

doppler at LV outflow tract (LVOT) from apical 5 chamber view gave the time velocity 

time integral (TVI). Stroke volume was derived from the following: 

Stroke volume = 0.785 X (LVOT diameter)2 X LVOT TVI, where LVOT is left ventricular 

outflow tract (Lang et al., 2015, Orde et al., 2017, Doherty et al., 2017) (Figure 4.2). 

Cardiac output and cardiac index were measured by:  

Cardiac output (L/min) = Stroke volume (ml/beat) x heart rate (beats/min) 

Cardiac index (L/min/m2) = Cardiac output (L/min) / body surface area (m2) 
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Figure 4.2 Determination of stroke volume by echocardiography. 

4.6.5 Bioreactance 
The bioreactance machine studied was NICOM, non-invasive cardiac output monitor 

(Cheetah Medical, Delaware, USA). It uses relative phase of oscillating current shifts 

which are time-dependent and it passes the thoracic cavity.(Squara et al., 2007) 

NICOM method takes help of a radiofrequency generator which generates high 

frequency current passing through the chest (Figure 4.2). The system uses 4 dual 

surface electrodes which gets attached either anteriorly (i.e. two electrodes placed 

over the left and right pectoralis major muscle, immediately beneath the midclavicular 

line and the other two placed on the lower part of the trunk, slightly medial to both left 

and right anterior iliac spine (Figure 4.3) or posteriorly (i.e. two electrodes placed over 

the left and right trapezius muscle and the other two placed at the posterior part of 

lower trunk next to latissimus dorsi muscle. After the signals pass through these 

electrodes, they are received back for digital process. The system’s signal processor 

establishes the relative phase shift between the input signals relative to the output 

signals.(Keren et al., 2007) This phase changes are because of rapid changes in blood 

flow in the aorta.(Squara et al., 2007) Cardiac output (QT) is subsequently calculated 

by: 

QT = (C X VET x')/ dtmax) x HR 

where C is a constant of proportionality, and VET determines ventricular ejection time, 

derived from the bioreactance and electrocardiogram signals, ')/dtmax is the relative 

phase shift of current, and HR is heart rate. The value of C has been optimized in 

previous work and is related on age, sex and body size of the patient.(Squara et al., 

2007) 
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Figure 4.3 Non-invasive cardiac output monitoring system based on bioreactance technology 
(NICOM, Cheetah Medical, Delaware, USA). Bioreactance device with leads and electrodes 
(A) Electrodes placement (B). Each electrode contains both electrical current generator and 
receiver, which also acts as an input amplifier (adopted from Keren et al.(Keren et al., 2007)) 

4.6.6 Exercise stress testing 

Beta-blocker and/or nitrate medication were stopped 24 hours prior testing in all 

patients. All enrolled participants performed exercise stress test on the treadmill 

(Schiller Cardiovit, USA) using the modified Bruce protocol. After a rest period of three 

minutes, the test involved four stages of increasing exercise lasting three minutes 

each, starting with warm-up at 1.7 mph and 0% grade.(Trabulo et al., 1994) ECG and 

blood pressure were continuously monitored throughout the test in order to detect any 

abnormality in heart rhythm and blood pressure response to exercise. Protocols using 

a constant treadmill speed with small changes of grade, such as the modified Bruce  

or Naughton protocols provide more data points with less need for gait changes than 

the simultaneous increases of speed and elevation every 3 minutes during the more 

commonly used Bruce protocol.{Fletcher et al., 2013) Also it has been suggested that 

in patients of HF, exercise testing should be performed in a conservative approach for 

the safety of patients.(Fletcher et al., 2013, Balady et al., 2010)  The test was 

terminated when participants achieved symptoms of exercise intolerance as monitored 

by Borg’s scale level of perceived exertion.(Borg, 1982) An echocardiogram was 

performed within three minutes post exercise test to evaluate cardiac structure and 

function. 
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4.6.7 Dobutamine stress echocardiography 

Dobutamine stress echocardiography (DSE) was performed in all subjects (HFpEF, 

HFrEF and controls) enrolled in the study one week after the exercise stress test. 

Dobutamine was infused through an intravenous access in the hospital set-up. 

Subjects were told to be nil by mouth for 4 hours before the study. Beta-blocker and/or 

nitrates were stopped one day prior to the study. Infusion of dobutamine infusion was 

done at 3 minute intervals as previously suggested,(Lancellotti et al., 2017) with doses 

of 5,10,15 and 20 μg/kg/min till highest dose was reached or occurrence of signs and 

symptoms i.e. chest discomfort, hypertensive response, breathlessness, rhythm 

abnormalities, ST-T changes, or patient’s inability to withstand medication (Figure 4.4).  

 

Figure 4.4 The protocol of dobutamine stress echocardiography  

All echocardiographic assessments were performed before starting dobutamine 

infusion and 2-3 minutes after the peak tolerated dose (Figure 4.5). 
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Figure 4.5 Simultaneous assessment of cardiac output by transthoracic echocardiography and 

bioreactance method during dobutamine stress testing. 

4.7 Physical activity monitoring 
After all investigations, participants were provided with a waterproof fitness tracker with 

pedometer monitor (Muzili Smart fitness band IPX7, China). The pedometer was used 

to measure daily physical activity (number of steps) over the seven-day period and 

average daily number of steps was calculated. For those patients taking part in the 

intervention study, physical activity measurements were repeated after 12 weeks. 

4.8 Quality of life 
The Minnesota Living with Heart Failure questionnaire is a 21-item disease specific 

quality of life questionnaire assessing physical, socioeconomic, and psychological 

impairments in relation to HF.(Rector and Cohn, 1992) Scoring is dependent on how 

an individual ranked each item on a common scale (0-5) and it was used to assess 

how much HF had influenced aspects of participants’ daily life. Scores range between 

0 to 105 points with lower scores indicating less effect of disease and thus a better 

quality of life.(Bilbao et al., 2016) Change of five points in the quality of life score is 

considered to be clinically significant.(Riegel et al., 2002) 

4.9 Intervention 
The aim of the intervention was that study participants raise their overall daily physical 

activity level by at least 2000 steps from baseline (e.g. walking at low to moderate 
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intensity for approximately 30 minutes) (Slaght et al., 2017), as detailed in Chapter 7. 

Patients were told to maintain a logbook updating daily exercise details which was 

noted weekly over the phone by the research member. The exercise suggestion was 

updated individually as conditioning took place, with a focus on increasing activity 

duration more than intensity.  

4.10 End of study 
At the conclusion of the protocol, each participant was given a report containing their 

result with explanation. The study was terminated when all participants completed the 

last research visit within study. The complete work for all the 3 studies was done by 

me, including measurements and statistical analysis. Research assistant, Dr Kunda 

along with hospital staff helped me during the complete study process. 

4.11 Statistical analysis 

All continuous variables were represented as mean and standard deviation. 

Kolmogorov–Smirnov test was used to define the normality of distributon. Categorical 

data were represented as percentages and distribution. A p-value less than 0.05 was 

considered as statistically significant. To understand the significance between 

haemodynamic measurements obtained by the bioreactance and dobutamine stress 

echocardiography independent t-test was performed. Pearson's or Spearman’s 

coefficient of correlation was used to look for any relationship between the two 

methods. Bland–Altman plots were made to understand the mean difference and upper 

and lower limits of agreements (±2 SD of mean difference) between the two methods. 

One-way analysis of variance was used to compare each echo parameter across 

groups and Tukey’s post hoc test was done for pair-wise comparison. For the analyses, 

baseline and peak exercise data was used. The ANOVA test was performed to 

understand the changes in echo variables between baseline and peak stress state for 

both treadmill test and dobutamine stress, between HFrEF, HFpEF and controls. To 

understand for any correlation between exercise time and baseline clinical and 

echocardiography variables (differences between peak exercise and baseline resting 

values), Pearson’s correlation coefficient was used. A multivariable regression model 

analysis was run on variables with statistically significant relationship. Intraclass 

correlation coefficient was done on twenty randomly selected subjects to evaluate 

intra-observer variability of echo variables. Complete statistics was done on SPSS 

version 20.0 (IBM Corp.,USA). 
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Chapter 5. Comparison of cardiac output estimates by 
echocardiography and bioreactance at rest and peak dobutamine 

stress test in heart failure patients with preserved ejection fraction 

5.1 Abstract 

Purpose: The present study assessed the agreement between cardiac output 

estimated by transthoracic echocardiography and bioreactance methods at rest and 

during dobutamine stress in heart failure patients with preserved ejection fraction 

(HFpEF). 

Methods: Haemodynamic measurements were assessed in 20 stable HFpEF patients 

(12 females; aged 61+7 years) by two-dimensional transthoracic echocardiography 

and bioreactance methods at rest and dobutamine stress echocardiography at 

incremental dosages of 5,10,15 and 20 μg/kg/min until maximal dose was achieved or 

patient developed symptoms and sign warranting the test termination. 

Results: Resting cardiac output and cardiac index estimated by bioreactance and 

echocardiography were not significantly different (i.e. 4.15 r 1.23 vs 4.61 r 1.09 l/min, 

p = 0.07 and 2.49 r 0.61 vs 2.80 r 0.76 l/min/m2, p = 0.08 respectively) but not resting 

heart rate (78 r 16 vs 78 r 15, p = 0.93). At peak dobutamine stress, bioreactance 

reported significantly lower cardiac output, cardiac index and stroke volume compared 

to echocardiography (i.e. 5.71 r 1.59 vs 7.06 r 1.43 l/min, p <0.01, 3.43 r 0.87 vs 4.27 

r 0.67 l/min/m2 , p <0.01; and 58.57 r 21.22 vs 67.77 r 15.66 ml/beat p = 0.05 

respectively). The mean difference (lower and upper limits of agreement) between 

bioreactance and echocardiography cardiac outputs at rest and peak dobutamine 

stress was -0.45 (1.71 to -2.62) L/min and -1.35 (0.60 to -3.31) L/min respectively. The 

mean difference for stroke volume, (with upper and lower limits of agreement) between 

the two methods at rest and peak dobutamine stress was -5.69 (19.8 to -31.2) ml/beat 

and -9.2 (9.59 to -27.99) ml/beat respectively. 

Conclusion: Based on the mean difference and limits of agreement in haemodynamic 

variables estimated by bioreactance and echocardiography, it is reasonable to suggest 

that the two methods should not be used interchangeably.  
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5.2 Introduction 

Evaluation of cardiac output at rest and after stress testing is an important 

hemodynamic predictor of functional capacity and mortality in patients with heart failure 

with preserved ejection fraction (HFpEF).(Marik, 2013) The gold standard methods for 

measurement of cardiac output are the invasive Fick’s (Bizouarn et al., 1994), and 

Swan Ganz pulmonary artery catheterisation thermodilution methods.(Swan et al., 

1970) Currently, minimally invasive (e.g. pulse contour, transpulmonary 

thermodilution, and transoesophageal echocardiography) and non-invasive (e.g. 

thoracic electrical bioimpedance, electric bioreactance, transthoracic 

echocardiography) techniques have been developed to monitor haemodynamic 

function. Non-invasive methods have the advantage of having no risk of infections, 

arrhythmias, complications related to central line insertion and is also less 

expensive.(Hodzic et al., 2014) Transthoracic echocardiography and bioreactance 

technologies are widely used in clinical practice and research. Bioreactance 

technology is an improvement to bioimpedance technology overcoming limitations 

seen with bioimpedance such as improved signalling in patients with fluid 

overload.(Critchley et al., 2000) Transthoracic echocardiography has developed 

extensively in last decade for assessment of cardiac haemodynamics, and global 

longitudinal strain for identification of subclinical cardiac dysfunction.(Opdahl et al., 

2015, Borlaug et al., 2010) These technologies have been validated and shown to be 

reliable when compared to the invasive gold standard.(Mercado et al., 2017, Squara 

et al., 2007) Both the methods are non-invasive, easily accessible and are used in 

wider medical places where deployment of gold standard methods is not feasible. Their 

usage comes handy where it is mandatory to assess the haemodynamic response to 

a physiological or pharmacological stimulus like passive leg raising, response to 

intravenous fluids or during drug titrations, any kind of surgery or during anaesthesia. 

However, no study has evaluated the agreement of haemodynamic variables 

estimated from both technologies. Hence, this study aimed to evaluate the agreement 

between transthoracic echocardiography and bioreactance methods for estimating 

haemodynamic variables at rest and at peak stress in HFpEF patients. 

5.3 Methods 

The present prospective, observational, unicentre, direct comparison study was done 

for the evaluation of any consensus between the two methods of bioreactance and 

transthoracic echocardiography for evaluating cardiac output (CO) at rest and at peak 
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stress. The study was approved by the local Research Ethics Committee at the 

Sengupta Hospital (Nagpur, India).  

5.3.1 Participants 

The present study selected and enrolled twenty consecutive clinically stable HFpEF 

patients (12 females and 8 males) coming to the outpatient department and who were 

willing to give consent for the study. Heart failure patients who were clinically stable for 

a minimum period of 6 weeks and were on guideline directed medical management. 

Patients with significant valve disease, known cardiac arrhythmias, history of 

ischaemic heart disease or any acute unstable cardiac disease within three months 

prior, primary pulmonary hypertension and any cancer taking chemotherapy were 

excluded from the study. Subjects were requested to be nil by mouth for 2 hours before 

the examination and also avoid strenuous exercise one day before the test. They were 

also requested to abstain from caffeine or alcohol on the test days. After arriving at the 

research department of the hospital, the study protocol was discussed with participants 

and any questions arising were answered after which participants provided written 

informed consent.  

5.3.2 Study assessments  

Participants laid in a supine position for 10 minutes and blood pressure was measured 

twice from the brachial artery of participant’s non-dominant arm. Heart rate (HR), 

stroke volume (SV), CO and cardiac index (CI) were measured by bioreactance (BR) 

and transthoracic echocardiography (TTE) concurrently at rest and at peak 

dobutamine infusion stress test.  

5.3.2.1 Dobutamine stress echocardiography  
Dobutamine stress echocardiography (DSE) test was done according to the protocol 

earlier described in chapter 4.5.7. (Egstrup et al., 2013) Patients were advised not to 

take beta-blocker and/or nitrate medication 24 hours before the test. As a safety 

precaution, patients were told not to take orally four hours before the dobutamine 

stress test in order to adequately mitigate potential adverse event where patients may 

need intubation and resuscitation.(Cotrim and Carrageta, 2000) Dobutamine was 

given intravenously in graded manner of 3 minutes interval, with an increasing dose of 

5,10,15 and 20 μg/kg/min till highest dose was reached or sign or symptoms happened 

like that of chest discomfort, hypertensive response, breathlessness, ST-T changes on 

ECG, rhythm abnormalities or patients inability to take the medication. Blood pressure 
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was manually checked at every 3-minute interval. All the necessary echocardiographic 

views were acquired twice, at the start of the test and at the time of peak tolerated 

dose. 

5.3.2.2 Bioreactance  

The BR system used in this study was NICOM, non-invasive cardiac output monitor 

(Cheetah Medical, Delaware, USA). It uses relative phase of an oscillating current 

shifts which are time-dependent and it passes the thoracic cavity. This method takes 

help of a radiofrequency generator which generates high frequency current passing 

through the chest. The signals come and go the electrodes, get recorded and digitally 

processed to give information about cardiac output and other haemodynamic details. 

The details of the bioreactance technology is available in Chapter 4 (4.5.5).  

5.3.2.3 Transthoracic echocardiography 

Echocardiography is a non-invasive diagnostic method which uses doppler ultrasound 

for the assessment of cardiac structure and function. The detailed echocardiographic 

examination was done as per the guidelines of the American Society of 

Echocardiography.(Lang et al., 2015) All echocardiography assessments were 

performed at rest and after dobutamine stress testing by a single experienced 

sonographer from the left lateral position at 50-70 frame rate/seconds, using echo 

machine (Vivid E95, 2.5-4.0 MHz transducer, GE Vingmed Ultrasound AS, Norway). A 

total of consecutive three beats were taken for analysis. Measurements taken were for 

LV septal and posterior wall thickness, left atrial (LA) anterior-posterior dimension and 

LV internal diameter from the parasternal long axis view. Biplane Simpson’s method 

was used to calculate LVEF which requires assessment of LV end-diastolic and end-

systolic volumes (LVEDV and LVESV, respectively).(Lang et al., 2015) LA volume was 

calculated by biplane area- length which was subsequently indexed to body surface 

area. For LV analysis, the 17‐segment model was done. For LV outflow tract 

measurement at the time of systole, parasternal long axis view was used.(Lang et al., 

2015) Pulsed-wave doppler of the LV outflow tract was measure  the best apical view. 

Further description of the echocardiography is provided in Chapter 4 (4.5.4).  

5.3.3 Data analyses 

The normality of distribution was defined by Kolmogorov–Smirnov test.  Paired t-test 

was done to understand the differences in haemodynamic measurements obtained by 

BR and TTE at rest and peak dobutamine stress. Pearson's or Spearman’s coefficient 



 48 

of correlation was used to look for any relationship between the two methods. Bland–

Altman plots were made to define the mean difference and upper and lower limits of 

agreements (± 2SD of mean difference) between the two methods. The statistics was 

carried out using SPSS software version 20 (SPSS Inc., Chicago, IL, USA). Data are 

expressed as mean r SD unless otherwise stated and statistical significance was 

indicated if p<0.05. 

5.4 Results 

The patient demographic and clinical characteristics are presented in Table 5.1. In all 

patients the signals generated from bioreactance was found to be stable and clear both 

at rest and throughout dobutamine stress test.  

 Table 5.1 Clinical features and demographics (n=20) 

Demographics Mean r SD 
Age (years) 61r7 
Height (cm) 154r7 
Weight (Kg) 67r15 
Body surface area (m2) 1.7r0.2 
Clinical Characteristics   
NYHA class  1.3r0.5 
Left ventricular ejection fraction (%) 54r3 
Diabetes mellitus (%) 7 (35) 
Hypertension (%) 17 (85) 
Ischaemic heart disease (%) 4 (20) 
ACEI/ARBs (%) 16 (80) 
Beta blocker (%) 6 (30) 
Diuretics (%) 7 (35) 
Calcium channel blockers (%) 2 (10) 
 
ACE, Angiotensin converting enzyme inhibitor; ARB, Angiotensin receptor blockade; NYHA, 
New York Heart Association functional class 
 

No difference was seen in baseline HR by BR and 3-lead ECG from TTE. The 

dobutamine average dose was 18.75r2.22 ug/kg/min for all the subjects. Baseline CO 

and CI estimated by BR and TTE also did not have any significant difference (Table 

5.2). 
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Table 5.2 Differentiation of echocardiography and bioreactance parameters at rest and 

peak dobutamine stress test 

Parameter Echocardiography Bioreactance P value 

Rest    

Heart rate (beats/min) 78 r 15 78 r 16 0.93 
Cardiac output (L/min) 4.61 r 1.09 4.15 r 1.23 0.07 
Cardiac index (L/m2/min) 2.80 r 0.76 2.49 r 0.61 0.08 
Stroke volume (ml) 59.5 r 11.9 53.8 r 13.9 0.06 
Systolic Blood pressure (mm Hg) 121 r 8 118 r 18 0.29 
Diastolic Blood pressure (mm Hg) 77 r 5 69 r 10 < 0.01 

Peak stress test    

Heart rate (beats/min) 103 r 15 102 r 16 0.54 
Cardiac output (L/min) 7.06 r 1.43 5.71 r 1.59 < 0.01 
Cardiac index (L/m2/min) 4.27 r 0.67 3.43 r 0.87 < 0.01 
Stroke volume (ml) 67.8 r 15.7 58.6 r 21.2 < 0.01 
Systolic Blood pressure (mmHg) 137 r 24 125 r 42 0.54 
Diastolic Blood pressure (mm Hg) 79 r 9 72 r 10 < 0.01 

 

There was no significant difference in HR at peak dobutamine stress. BR showed 

significantly lesser values of SV, CO and CI as that with Doppler echocardiography 

(p<0.01, Table 2). There was a positive relationship between TTE and BR derived CO 

at rest (r=0.56, p<0.01) and peak stress (r= 0.79, p < 0.01; Figure 5.1).  

 

Figure 5.1 Correlation between bioreactance and echocardiography derived cardiac outputs 
at rest and peak dobutamine stress. 
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The mean differences (lower and upper limits of agreement) between BR and TTE 

derived CO at rest and peak dobutamine stress were -0.45 (1.71 to -2.62) L/min and -

1.35 (0.60 to -3.31) L/min, and -5.69 (19.8 to -31.2) ml/beat and -9.2 (9.59 to -27.99) 

ml/beat for SV respectively (Figure 5.2 A-D).  

 
Figure 5.2 Bland-Altman plot featuring agreement between bioreactance and 
echocardiography derived parameters measured at rest (A), peak dobutamine stress test (B), 
stroke volume measured at rest (C), and peak dobutamine stress test (D).  

5.5 Discussion 

The prognostic value of LV ejection fraction at rest and during exercise in HF patients 

is well established, but much less focus has been given to cardiac output (CO) at rest 

and during exercise, partly owing to the lack of reliable, reproducible, and non-invasive 

methods with which to measure it.(Shelton et al., 2010) It has been known that CO 

measurements at rest are unrepresentative of cardiac reserve in HF patients and 

hence the need of stress tests in these group of patients. This is the first study to show 

comparison between two methods which are non-invasive ways to provide CO i.e. TTE 

and BR at rest and after dobutamine stress test in patients of HFpEF who were 

clinically stable. The important finding is that there was hardly any difference in values 

at rest of cardiac output and stroke volumes generated from TTE and BR. At peak 

dose of dobutamine stress, CO measured by BR was lower as that to derived by TTE. 

Furthermore, the calculated limits of agreement were not similar and unacceptable, 



 51 

showing that these techniques cannot be used interchangeably. 

Normally, stroke volume is the main determinant of CO in the first part of 

exercise.(Corrieri et al., 2021) With increasing exercise, the heart rate increases 

linearly to 85% of maximal exercise capacity after which the heart rate starts to flatten. 

Then the exercise capacity is mediated by blood flow distribution in the exercise 

muscles and muscle oxygen extraction. This mechanism gets affected in HF patients. 

The most recent definition of HF from the European Society of Cardiology suggests 

that HF results in reduced CO at rest or during stress.(McDonagh et al., 2021) In spite 

of availability of reliable and non-invasive methods of determining CO at rest and after 

stress, the guidelines donot incorporate measurement of CO into HF diagnostic 

pathway. One of the reasons may be that accurate CO determination in not always 

feasible during exercise.(Warburton et al., 1999) HFpEF patients may show 

impairment of increase in CO after exercise relative to metabolic requirement.(Abudiab 

et al., 2013) This may be due to cardiac limitations or non-cardiovascular reasons like 

patient motivation, limitations due to peripheral causes or fitness issues. HFrEF 

patients are limited as they have predominant inadequate cardiac reserve, while 

HFpEF patients are charaterised by normal to sub-optimal CO response but with 

elevated filling pressure.(Borlaug et al., 2010) HFpEF patients demonstrate a rise in 

LV preload during exercise, but this occurs at a cost of three fold rise in LV filling 

pressure which is not seen in normal individuals. Resting CO is lower in HFrEF 

patients, but make be normal in HFpEF patients.(Shelton et al., 2010) The peak CO is 

reduced by around 40-50% in HFrEF patients as compared to healthy individuals and 

is the main determinant of exercise intolerance in them.(McCoy et al., 2017) Peak CO 

measured noninvasively has been shown to be an independent predictor of outcome 

in HFrEF patients.(Lang et al., 2009) It has also been suggested that CO and derived 

variables like cardiac power output at submaximal exercise loads below anaerobic 

threshold can have prognostic value in HF patients.   

The present study showed different CO values response in the two methods used. 

Differences in CO values between the two methods are likely to be attributed to the 

different methodology used to derive stroke volume and thus cardiac output, 

considering that the heart rate was not different. BR uses the concept of electrical 

stimulation across the thoracic cavity and is affected by fluid accumulation in thorax as 

seen in HFpEF. TTE uses the principle of Doppler to derive CO from flow across the 

aortic valve. However, echocardiography requires expert training to acquire optimal 

images and also to interpret the haemodynamic parameters. BR, on the other hand is 



 52 

operator-independent and provides continuous haemodynamic measurement.  

The use of the technique of BR for the measurement of CO at rest and during exercise 

has been studied in congestive cardiac failure patients.(Maurer et al., 2009, Myers et 

al., 2007) In another work, the authors concluded that NICOM technology is not a 

useful technique for getting CO in unstable acute heart failure patients and patients 

with cardiogenic shock as that by thermodilution.(Rali et al., 2020) The authors 

explained that in patients with advanced heart failure, pulmonary and interstitial 

oedema, signals from bioreactance get affected due to fluid accumulation. This is not 

the case with TTE which provides better non-invasive assessment of cardiac output. 

Although BR is thought to be an improvement to the bioimpedance technology which 

was limited by electric noise, chest wall oedema and pleural effusion.(Critchley et al., 

2000) Furthermore, changes in loading conditions which are seen in HF patients tend 

to impact the intrathoracic impedance affecting the current phase shifts necessary to 

measure the stroke volume and cardiac output. However, important study has shown 

that BR has good use in understanding response to fluid in intensive care 

patients.(Marik et al., 2013) This can hence be applied in conditions like in HFpEF 

patients where assessment of filling pressure and fluid haemodynamics are key in 

treatment of patients.  

Echocardiography is used globally for calculating cardiac output in critical care 

setting.(Mercado et al., 2017) The present study used the doppler method of pulse 

wave across the LVOT for deriving CO. CO calculated from LVOT shows good 

correlation with that derived from velocities from mitral or pulmonary valves.(Tribouilloy 

et al., 1991, Dericbourg et al., 1990) For example, in a cohort of 38 patients on invasive 

ventilator, Mercado et al. mentioned that CO assessed echocardiography correlated 

well with CO from invasive swan-Ganz technique.(Mercado et al., 2017) Evidence 

suggests usage of LVOT blood method is better than cardiac outflow derived from 

ejection fraction in advanced heart failure patients for predicting outcomes.(Tan et al., 

2017) However, assessment of cross sectional area of left ventricular outflow tract can 

be challenging and it should be carefully done in zoom method.(Tan et al., 2017)  

Both the methods used in the present study were easy to perform and non-invasive. 

BR method is patient friendly, providing continuous CO monitoring and can be used 

everywhere, especially in cardiac critical care where cardiac output assessment is the 

key in patient management. However, patients with implanted cardiac devices may 

experience interference with the bioreactance signals thus limiting its effectiveness in 

this patient group.(Jakovljevic et al., 2012) In addition, the CO derived from BR is 
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established on the assumption that the area under the flow pulse corresponds to the 

product of maximum flow and ventricular ejection time. Therefore this method can have 

lower accuracy in patients with low flow status.(Keren et al., 2007) 

There are few limitations in the present study. Firstly, the study did not perform the 

direct Fick’s method, which is the gold standard for measuring cardiac output. 

However, the Fick’s principle is invasive and has inherent risks thus it was not 

considered appropriate to be used in this comparison study. Moreover, BR and 

echocardiography have been previously confirmed against the invasive gold standard 

methods of thermo-dilution and Fick’s methods with results showing good levels of 

agreement for both techniques. Secondly, this was a single centre study with a small 

sample size potentially limiting generalizability of the main conclusions. The 

repeatability of data on the bioreactance and echo measurements were not performed 

in the present study. However, repeatabililty of bioreactance for estimating cardiac 

output has been previously studied by our group.(Jones et al., 2015) 

5.6 Conclusion 
TTE and BR give non-identical cardiac output measurements, at rest and during 

pharmacological stress hence cannot be used interchangeably in patients with HFpEF. 

These can be due to technological differences between BR and TTE along with 

changes in preload and afterload parameters, complex haemodynamics and potential 

alterations in pulmonary vascular reserve observed in HFpEF. However, this should 

not stop their utility in clinical practice, as its benefits over the gold-standard methods 

have been well established. 
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Chapter 6. Cardiac response to pharmacological and physiological  
stress in heart failure reduced versus heart failure preserved 

ejection fraction 

6.1 Abstract 

Purpose: Exercise intolerance is an important symptom of patients with heart failure 

(HF). This chapter evaluated exercise-related left atrial (LA) and ventricular function in 

patients with HF preserved ejection fraction (HFpEF) and HF reduced ejection fraction 

(HFrEF).  
Methods: Forty HFpEF (age 59±7 years, 63% females) patients, 40 (age 57±6 years, 

38% females) HFrEF patients, and 20 age matched healthy controls (age 56±6 years, 

35% females) did resting and exercise stress transthoracic echocardiography by 

modified Bruce protocol. Speckle tracking echocardiography was used to acquire peak 

atrial longitudinal strain (PALS) and left ventricular global longitudinal strain (LVGLS). 

Results: At rest, HFpEF and HFrEF patients showed significantly lower PALS in 

comparison with controls (i.e. HFpEF, 23.1±4.7% vs HFrEF, 11.5±1.4% vs controls, 

34.0±1.90%, p<0.01) and LVGLS (HFpEF, -15.9±2.7% vs HFrEF, -11.51±3.4% vs 

controls, -20.3±0.90%, p<0.01). HFpEF and HFrEF patients had a 28% and 30% 

reduction in exercise time in comparison with controls (HFpEF, 363±152 vs HFrEF, 

352±91 vs controls, 505±42 seconds, p<0.01). There was a significant 14% exercise-

related increase in E/E’ in HFpEF patients (12.6±3.3 vs 14.4±5.1, p<0.01) and 17% 

increase in E/E’ in controls (9.4±2.01 vs 11.3±0.24, p<0.01) but not in HFrEF. 

Compared to resting values, PALS declined at peak exercise by 26% in HFpEF 

(23.1±4.7% vs 18.5±3.5%, p<0.01), and 8% in HFrEF (11.5±1.4% vs 10.5±1.5%, 

p<0.01), but there was no change in controls (34±1.9% vs 34.4±1.2%, p=0.4). PALS 

change was associated with exercise time in the cohort (r=0.36, p=0.0002) and 1% 

decrease in PALS was associated with a 16-seconds reduction in exercise duration 

(p<0.01). Rest and peak exercise LVGLS were significantly lesser in HFrEF compared 

to HFpEF and controls (i.e. rest, HFrEF, -11.51±3.4% vs HFpEF, 15.9±2.7% vs 

controls -20.3±0.90%; and peak, HFrEF, -11.0±2.60% vs HFpEF, -15.5±3.20% vs 

controls -19.9±0.80%). 

Conclusion: Left ventricle and LA strain are lesser in HFrEF than HFpEF at rest and 

exercise as that to healthy controls. HFpEF patients show marked reduction in LA 

reservoir function with exercise which appears to contribute to exercise intolerance. 
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6.2 Introduction 

Left atrial (LA) dysfunction and remodeling are key morphological features in heart 

failure (HF) patients, along with structural and functional alterations in the left ventricle 

(LV).(Reddy and Borlaug, 2020, Freed et al., 2016) In HFpEF patients, LA dysfunction 

and dilatation are independent risk factors for the development and progression of 

HF.(Santos et al., 2014, Santos et al., 2016, Lang et al., 2015, Gan et al., 2018) In 

HFpEF patients, diastolic dysfunction with raised filling pressures cause LA dilatation 

and dysfunction.(Solomon and Biering-Sørensen, 2017, Ersbøll et al., 2013) However, 

LA dilatation and dysfunction may also occur in LA myopathy that develops in presence 

of LV myopathy, or in isolation.(Patel et al., 2021) 

Exertional breathlessness and fatigue are the hallmark of HFpEF and 

HFrEF.(Schwinger, 2021) Despite similar levels of exercise intolerance across all HF 

phenotypes, the contribution of LA and LV deformation towards the development of 

exercise intolerance has been an area of interest in pathophysiology of HFpEF and 

HFrEF.(Kurt et al., 2009, Westermann et al., 2008, Telles et al., 2019, Von Roeder et 

al., 2017b, Lundberg et al., 2019b) It is important to know the simultaneous changes 

in LA and LV mechanical function with exercise stress as they can provide new insights 

into pathophysiology of HF which can help in better management and provide 

prognosis. Two-dimensional (2D) speckle tracking echocardiography helps in 

advanced evaluation of the left ventricular and atrial deformation during 

exercise.(Lundberg et al., 2019a) The LA and LV coupling along with alteration in LA 

reservoir and booster pump function may have significance in the pathophysiology of 

breathlessness and exercise incapacity seen in HF patients.(Schwinger, 2021)  

6.2.1 Aims, objective and hypotheses 

The present work aimed to define the role of LA function in exercise tolerance in 

patients with HFpEF and HFrEF. The objective was to compare LA and LV function in 

patients with HFpEF, HFrEF and age and sex matched controls and to define the 

relationship between LA and LV function and exercise capacity. Based on prior 

knowledge, this chapter will test the following hypotheses: 

1) Patients with HFpEF and HFrEF will demonstrate significantly reduced peak atrial 

longitudinal strain (PALS) compared to controls, and  

2) There will be a significant relationship between PALS and exercise time in patients 

with HFpEF and HFrEF. 
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6.3 Methods 

A single centre, prospective cross-sectional study was conducted to evaluate cardiac 

response to physiological stress in HFrEF and HFpEF in comparison with age- 

matched controls. 

6.3.1 Participants 

One hundred and nine stable individuals were first identified for the study of which 49 

were HFpEF, 40 HFrEF and 20 age matched controls. Nine HFpEF subjects could not 

be taken as 7 patients had atrial fibrillation, 2 had recent ischaemic heart disease in 

last 12 weeks. 40 HFrEF, 40 HFpEF, and 20 age matched controls were then taken in 

the protocol (Figure 6.1).

 

 

 

 

 
     

 

 

 

 

 

Figure 6.1 Flow chart to demonstrate study participants  

Only heart failure patients who were stable were included in the study. The patients 

had to be clinically stable for atleast one and half months before inclusion and they 

should be taking optimal medical treatment. HFrEF was defined as patients with LV 

ejection fraction (LVEF) < 40%  and symptoms and signs of heart failure and HFpEF, 

as patients with LVEF > 50% along with symptoms and signs of heart failure with 

functional and/or structural changes in heart, and elevated N-terminal pro-b-type 

109 subjects screened 
May 2019 to Jan 2021 

49 HFpEF 
screened 

 

40 HFrEF 
enrolled 

 

20 controls 
enrolled 

 

40 HFpEF 
enrolled 

 

40 HFrEF 
screened 

 

20 controls 
screened 

 

9 excluded – 
Atrial fibrillation 

(N=7)  
History of MI in 
last 3 months 

(N=2) 
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natriuretic peptide (NT pro-BNP).(Mcdonagh et al., 2021) Patients with history of recent 

ischemic heart episode in last 3 months, life-threatening arrhythmias including atrial 

fibrillation (AF), valvular problem, idiopathic pulmonary arterial hypertension, cardiac 

implantable electronic device, cancer, pregnancy, or not able to give consent were not 

taken in the study. AF patients were not taken as LA strain analysis is difficult in 

patients with AF.(Badano et al., 2018) The different variables included were the 

demographics and comorbidities, New York Heart Association (NYHA) functional 

status, treatment history, vital signs, body mass index, and blood information like 

haemoglobin, kidney function test, and NT pro-BNP. Written informed consent was 

taken from all participants and the study was approved by the institutional ethics 

committee. The complete work was executed according to the declaration of Helsinki. 

6.3.2 Transthoracic echocardiography 

A complete transthoracic echocardiography study was done as per the suggestions of 

the American Society of Echocardiography (ASE).(Lang et al., 2015) The study was 

done in the left lateral position using GE Vivid E95 system. The images were recorded 

taking in three consecutive heart cycles. They were then analyzed offline by a single 

echo cardiographer who was not knowing about the data. A second echo 

cardiographer analyzed data from a subset of 20 randomly selected patients. Study 

was done at end-expiratory breath-hold at 50-80 frames/sec. LV ejection fraction (EF) 

were calculated by biplane Simpsons method from LV end diastolic and end systolic 

volumes. Stroke volume and cardiac output measurements were made at LV outflow 

tract level. The early (E) and late (A) mitral flow velocities were calculated by pulsed 

wave. LA volume was calculated by area-length method followed by indexing to body 

surface area to get LA volume index (LAVi). Tricuspid regurgitation peak velocity 

(TRVmax) was recorded using continuous-wave doppler across tricuspid valve. Tissue 

doppler velocities (e’) were calculated at septal and lateral mitral annulus. The E/e’ 

ratio was derived by averaging septal and lateral tissue velocities. LV mass was 

calculated by the following formula (Lang et al., 2015): 

LV mass = 0.8{1.04[([LVEDD + IVSd + PWd]3 − LVEDD3)]} +0.6 

 

where LVEDD, IVSd, and PWd represent LV, interventricular septal, and posterior wall 

thickness in diastole, respectively, was derived assuming LV dimensions in 

centimetres. The fraction of LV filling pressure to LV internal diameter in diastole 

provided the LV stiffness index value.(Westermann et al., 2008)  
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LV and LA strain was analyzed by 2-D strain imaging. LV global longitudinal strain (LV-

GLS) was calculated as the average number of 12 segments obtained from the 3-,4- 

and 2-chamber apical views. The software traces the LV endocardial border in the end-

systolic frame generates myocardial strain curves. It tracks the natural acoustic 

markers frame by frame over one complete cardiac cycle. This then generates peak-

systolic strain curve and values for every myocardial segment. An average of these 

values provide the main value which is then noted.  

LA strain required good LA images acquired from apical 4 and 2 chamber views at 50-

80 frames per second. The R-R cycle from ECG is used for tracking. At onset of the 

QRS complex all longitudinal LA strain values were positive. The LA endocardial 

border was manually traced to provide a region of interest, which was adjusted to 

include the full thickness of the LA myocardium. LA then got divided into 6 separate 

segments by the software and longitudinal strain curves were generated. 

Subsequently, the average value is then considered. The LA strain components which 

got defined were LA reservoir strain also called as peak atrial longitudinal strain (PALS) 

and LA booster strain which is same as peak atrial contraction strain (PACS)(Figure 

6.2).(Gan et al., 2018) The fraction of LV filling pressure’ to PALS provided the LA 

stiffness index. Higher values indicate more LA stiffness and correlates with higher 

grades of diastolic dysfunction.(Kurt et al., 2009) 

 

Figure 6.2  Shows measurement of left atrial strain. PALS, peak atrial longitudinal strain; 

PACS, peak atrial contractile strain 
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6.3.3 Exercise protocol 

The treadmill stress test was symptom limited applying modified Bruce protocol. 

Limitation of symptom was assessed using the Borg rating of perceived exertion 

scale.(Borg, 1982) All the vitals and echocardiographic parameters were obtained at 

baseline and after 2-3 minutes of stoppage of exercise as diastolic parameters remain 

after completion of exercise.(Ha et al., 2020)(Borg, 1982)(Ha et al., 2020) 

6.3.4 Sample size and power calculation  

In the absence of any earlier data on PALS and exercise, the sample size could not be 

estimated apriori. Hence it was calculated posteriori using G-power 3.1 

program.(Kang, 2021) A sample of 40 patients was considered in each HFpEF and 

HFrEF groups, and the change in PALS from baseline to peak were obtained. In 

HFpEF, the change was -4.58 (SD:4.71), while in HFrEF, the change was -1.04 (SD: 

1.92). The data resulted into an effect size of 0.9875. Considering the effect size, the 

above sample per group and 5% type I error, the resulting power was 95.8%, which 

was much above the desired 80%. 

6.3.5 Data analysis  

All data were analyzed at rest and following peak exercise. Continuous variables are 

presented as mean and standard deviation while categorical variables are expressed 

as percentages and distribution. One way analysis of variance was used to compare 

echo parameters across groups and pair-wise comparison was evaluated using 

Tukey’s post hoc test. For understanding correlation between exercise time and clinical 

and echocardiography parameters (differences between peak exercise and baseline–

resting values), Pearson’s correlation coefficient was used. Multiple regression 

analysis was performed with the statistically significant (p<0.05) variables and exercise 

time as dependent variable. B coefficient reflected the effect of independent variable 

on this dependent variable keeping other variables constant. The independent 

variables were age, sex, BMI, NTproBNP, change in CO, change in PALS, change in 

RVSd, change in septal E’, MAP and change in LVGLS. The intra and inter-observer 

variability of echo parameters was assessed by intraclass correlation coefficient. The 

complete statistics was done by SPSS software version 20.0 (IBM Corp.,USA).  

6.4 Results 

6.4.1 Demographics 
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The demographics and clinical characteristics of the participants are presented in 

Table 6.1. 

Table 6.1: Demographic, physical and clinical characteristics 

*p<0.01, HFpEF and HFrEF vs healthy controls; **p<0.01, HFpEF v HFrEF 
ACEI, Angiotensin-converting enzyme inhibitor; ARB, Angiotensin receptor blocker; ARNI, 
Angiotensin receptor neprilysin inhibitor; HFpEF, Heart failure with preserved ejection fraction; 
HFrEF, Heart failure with reduced ejection fraction; NTproBNP, N-terminal pro b type 
natriuretic peptide. 

6.4.2 Cardiac structure and function at rest (baseline) 

Patients with HFpEF and HFrEF had concentric and eccentric remodelling 

respectively. In contrast to HFrEF, HFpEF patients had a smaller end diastolic volume 

Variable HFpEF 
(n=40) 

HFrEF (n=40) Healthy controls 
(n=20) 

Age (years) 59r7 57r6 56r6 

Male (%) 15 (37.5) 25 (62.%) 13 (65) 

Height (cm) 155r8 161r9 163r7 

Weight (Kg) 69.5r14.9 65.7r10.5 62.7r6.2 

Body surface area (m2) 1.68r0.18 1.7r0.21 1.68r0.11 

Duration of heart failure (years) 2r1.5 2.6r1.3 - 

Coronary artery disease (%)  12 (30) 27 (67.5) - 

Hypertension (%) 36 (90) 23 (57.5) - 

Diabetes Melitus (%) 13 (32.5) 22 (55) - 

Smoker (%) 6 (15) 14 (35)  

B-blocker (%) 12 (30) 35 (87.5) - 

ACEI/ARB (%) 34 (85) 12 (30) - 

ARNI (%) - 28 (70) - 

Calcium channel blocker (%)  5 (12.5) 4 (10) - 

Haemoglobin (gm%) 11.7r1.7 11.6r1.3 12.9r0.9 

Thyroid-stimulating hormone  
(IU/ml) 

2.03r1.27 2.19r0.95 1.81r0.49 

NTproBNP (pg/ml) 1291r1404** 2043r1046* 207r78 

Serum sodium (meq/l) 138r5 136r5 138r4 

Serum potassium (meq/l) 4.09r0.45 3.85r0.5 4.00r0.10 

Serum creatinine (mg/dl) 0.95r0.34 1.17r0.23 0.95r0.11 

Total Cholesterol (mg/dl) 155r21* 177r26** 171r25 

High density lipoprotein (mg/dl) 42.7r7.9 37.1r3.9 38.7r3.7 

Low-density lipoprotein  (mg/dl) 99.9r27.2* 114r16** 117r13 
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(83±17 mL vs 100±27 mL, p<0.01) and LV mass (115±23 vs 135±19 g, p<0.01). The 

difference between HR and mean arterial pressure (MAP) was not significant between 

HF and controls (Table 6.2). 

The LV mass index was more in patients of HFpEF and HFrEF as that of controls 

(p<0.01). The LV end diastolic and end systolic volume were higher at rest in HFrEF 

as opposed to HFpEF and controls (p<0.01). The E/E’ ratio which reflects the filling 

pressure was higher at rest in both groups as that of controls (p<0.01). At rest, HFpEF 

patients had higher mean cardiac output than in HFrEF patients (p<0.01). But the 

systemic vascular resistance (SVR) rest was lesser in HFpEF as opposed to HFrEF 

(p<0.01). At rest, HFpEF patients had more stroke volume, cardiac power output and 

LV ejection fraction than HFrEF (p < 0.01) (Table 6.2). Also at rest, HFpEF patients 

had significantly higher right ventricular systolic parameters than HFrEF (p<0.01).  

As compared to controls, LVGLS at rest was lesser in HFpEF and HFrEF. LVGLS was 

lesser in HFrEF as that to HFpEF (Figure 6.2). Also at rest, the peak atrial longitudinal 

strain (PALS) and peak atrial contraction strain (PACS) were significantly lesser in both 

groups as opposed to controls with the least in HFrEF (Table 6.2).  

The E/E’ in both the groups were similar. At rest, the mean LA stiffness index was 

significantly lesser in HFpEF as that to HFrEF (Table 6.2). However, both the groups 

didn’t show any difference in the LV stiffness index. 

6.4.3 Cardiac structure and function in response to exercise  

There was no statistically significant difference in exercise time between HFpEF and 

HFrEF, however these were 28% and 30% lesser in HFpEF and HFrEF as opposed to 

controls (p<0.01, Table 6.2). Similarly after exercise HR, MAP and RV systolic 

pressure were similar between the two groups. There were no significant changes in 

LVEF from rest to exercise in any of the groups. The stroke volume increased 

significantly from test to exercise in HFpEF and controls (p<0.01) but not in HFrEF 

(p>0.05) 

After exercise, no notable change in LVGLS and RV free wall strain were seen in both 

the groups. HFpEF patients had significant decrease in PALS after exercise which was 

not evident in HFrEF patients (Figure 6.2). 
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Figure 6.3 Bar diagram showing changes in left ventricular global longitudinal strain (A), 

peak atrial longitudinal strain (B) and cardiac power output (C) between rest and peak 

exercise in the cohort (* p<0.01). 

There were no significant differences in the exercise-induced change in PACS in 

HFpEF and HFrEF. HFpEF and HFrEF showed a notable rise in LA stiffness index 

from rest to exercise (p<0.01). A notable rise in LV stiffness index after exercise was 

only observed in HFpEF. Exercise caused a notable 13% rise in LV filling pressure in 

patients of HFpEF.   

B 

A 

C 



 
63 

Table 6.2: C
om

prehensive features at baseline and after peak exercise baseline and after peak exercise 
Variables 

H
FpEF (n=40) 

H
FrEF (n=40) 

C
ontrols (n=20) 

R
est 

E
xercise 

R
est 

E
xercise 

R
est 

E
xercise 

Functional  
  

  
  

  
  

  
H

eart R
ate (beats/m

in) 
77±14 

116±12* 
81±11 

114±12* 
72±7 

116±5* 
M

AP (m
m

 H
g) 

93±6 
112±7* 

94±6 
114±6* 

94±5 
113±3* 

TR
 (m

/sec) 
0.13±0.33 

1.00±0.23* 
0.25±0.44 

1.00±0.00* 
- 

- 
PASP (m

m
 H

g) 
35.8±2.4 

43.7±7.00* 
38.4±4.80 

49.1±3.70* 
- 

- 
LVO

T V
TI (cm

) 
21.6±4.38 

24.5±4.35* 
14.3±2.63 

14.2±3.14 
23.5±2.19 

26.2±2.41* 
Structural 

  
  

  
  

  
  

LV m
ass (gm

) 
115±23

$,& 
- 

134±20
$ 

- 
53.4±7.19 

- 
LV M

ass index (g/m
2) 

68.8±14.3
$ 

- 
78.7±1.00

$ 
  

31.5±3.70 
- 

R
elative w

all thickness 
0.43±0.07

$ 
- 

0.37±0.05 
- 

0.32±0.04 
- 

LVO
T (cm

) 
2.11±0.15 

2.11±0.14 
2.02±0.06 

2.02±0.06 
2.02±0.04 

2.03±0.06 
LVED

V 4C
(m

l) 
83±17 

81±17 
100±27

$,& 
98±25 

88±9 
85±7* 

LVESV 4C
(m

l) 
41±9 

40±10 
64±17

$,& 
64±17 

41±3 
39±3 

D
iastolic 

  
  

  
  

  
  

E (m
/sec) 

0.91±0.24 
1.08±0.25* 

0.70±0.23 
0.81±0.22* 

0.79±0.15 
0.93±0.10* 

A (m
/sec) 

0.83±0.18 
0.92±0.17* 

0.68±0.20 
0.74±0.20 

0.77±0.16 
0.85±0.15* 

E’ septal (m
/sec) 

0.07±0.02 
0.07±0.02 

0.05±0.01
$ 

0.05±0.01 
0.08±0.01 

0.08±0.01 
E’ lateral (m

/sec) 
0.08±0.02 

0.09±0.02 
0.06±0.01 

0.07±0.01 
0.09±0.01 

0.09±0.01 
E/E' 

12.6±3.3
$ 

14.4±5.1* 
13.8±5.85

$ 
13.9±5.47 

9.37±2.01 
11.3± 0.24* 

dTE (m
sec) 

198±41 
160±42* 

184±42 
133±3* 

197±21 
136±17* 

Systolic 
  

  
  

  
  

  
LVEF (%

) 
54.2±3.11 

55.5±3.47 
33.9±6.26

$ 
35.6±5.01 

60.1±1.36 
60.1±1.27 

Stroke volum
e (m

l/beat) 
75±19 

85±16* 
46±9

$ 
47±12 

75±8 
85±11* 

C
ardiac P

ow
er output (W

) 
1.14±0.30 

2.47±0.59* 
0.77±0.21

$ 
1.31±0.26* 

1.17±0.14 
2.47±0.28* 

LVG
LS (%

) 
-15.9±2.70

$ 
-15.5±3.20 

-11.1±3.40
$,& 

-11.0±2.60 
-20.3±0.90 

-19.9±0.80 
TAPSE (cm

) 
2.18±0.27 

2.23±0.37 
1.99±0.19

$,& 
1.95±0.12 

2.07±0.13 
2.03±0.20 

R
V systolic tissue w

ave (m
/sec) 

0.13±0.02 
0.14±0.03 

0.11±0.02 
0.11±0.01 

0.13±0.02 
0.12±0.01 

R
V free w

all strain (%
) 

-22.6±2.43 
-22.5±1.70 

-20.0±1.26 
-20.0±1.41 

-22.2±1.36 
-21.9±1.38 

PALS (%
) 

23.1±4.70
$ 

18.5±3.50* 
11.5±1.40

$,& 
10.5±1.50 

34.0±1.90 
34.4±1.20 

PAC
S (%

) 
8.50±1.60

$ 
8.10±2.20 

2.60±0.80
$,& 

2.50±0.70 
9.80±1.80 

10.8±1.20* 
H

aem
odynam

ics 
  

  
  

  
  

  
C

ardiac output (L/m
in) 

5.51±1.35 
9.93±2.23* 

3.70±0.91
$,& 

5.18±1.04* 
5.38±0.6 

9.84±1.04* 
SVR

 (dynes/sec/cm
-5) 

1269±248
$ 

841±167* 
1997±463

$,& 
1644±291* 

1408±185 
924±88* 

LA stiffness index (m
m

 H
g/m

l) 
0.57±0.22

$ 
0.83±0.46* 

1.19±0.63
$,& 

1.37±0.61* 
0.27±0.06 

0.33±0.04* 
LV stiffness index (m

l -1) 
0.16±0.05

$ 
0.18±0.07* 

0.14±0.07
$ 

0.15±0.06 
0.11±0.02 

0.13±0.02* 
Ventricular elastance (m

m
 H

g/m
l) 

3.26±0.74 
3.97±0.98* 

2.06±0.53
$,& 

2.58±0.75* 
3.15±0.34 

3.89±0.36* 
Exercise tim

e (sec) 
  

363±152
$ 

  
352±91

$   
  

505±42 
*p < 0.01, rest and exercise, $p<0.01, H

FpEF and H
FrE

F vs control at rest, &p<0.01, H
FpEF vs H

FrEF at rest 
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A, late diastolic velocity; dTE, deceleration time; E, Early diastolic velocity; E’, early tissue 
Doppler velocity; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic  volume; 
GLS, global longitudinal strain; HFpEF, Heart failure with preserved ejection fraction; HFrEF, 
Heart failure with reduced ejection fraction; LVOT, left ventricular outflow tract; LV, left 
ventricular, MAP- mean arterial pressure; PALS, peak atrial longitudinal strain; PACS, peak 
atrial contraction strain; PASP, pulmonary artery systolic pressure; SVR, systemic vascular 
resistance; TAPSE, tricuspid annular peak systolic excursion; TR, tricuspid regurgitation; VTI, 
velocity-time integral. 

6.4.4 Determinants of exercise tolerance in heart failure   
Regression analysis showed that time of exercise significantly correlated with mean 

arterial pressure at rest (r=-0.255, R2=0.065, p=0.01), NTproBNP (r=-0.341, R2=0.116, 

p<0.01)), serum creatinine (r=-0.281, R2=0.079, p<0.01), septal e’ velocity (r=0.368, 

R2=0.135, p<0.01), baseline PALS (r=0.332, R2=0.110, p=0.01) and baseline LVGLS 

(r=-0.358, R2=0.128, p=0.01) (Table 6.3).  

Table 6.3: Relationship between exercise time and selected measures (n=100) 
 HFpEF (n=40) HFrEF (n=40) Control (n=20) 
Variable r R2 p r R2 p r R2 p 
Age (years) 0.011 0.001 0.95 -0.129 0.017 0.43 0.061 0.004 0.8 

Sex 0.305 0.093 0.06 0.009 0.0001 0.96 0.315 0.099 0.18 

BMI -0.06 0.004 0.71 -0.034 0.001 0.84 -0.555 0.308 0.01 

MAP 0.085 0.007 0.60 -0.124 0.015 0.45 -0.121 0.015 0.61 

NT Pro BNP -
0.109 0.012 0.50 0.236 0.056 0.14 0.037 0.001 0.88 

Serum creatinine -
0.032 0.001 0.85 0.104 0.011 0.52 -0.161 0.026 0.49 

Baseline CO 0.212 0.045 0.19 -0.628 0.394 <0.001 -0.045 0.002 0.85 
PALS_ 
baseline 0.058 0.003 0.72 -0.072 0.005 0.66 -0.038 0.001 0.88 

TR_ 
baseline 

-
0.049 0.002 0.76 -0.073 0.005 0.66 - - - 

RVSd_ 
baseline 0.230 0.053 0.15 -0.399 0.160 0.01 -0.178 0.032 0.45 

E’ septal_ 
baseline 0.095 0.009 0.56 -0.005 0.0001 0.98 -0.176 0.031 0.46 

LVGLS_ 
baseline 0.026 0.001 0.87 -0.208 0.043 0.2 -0.398 0.158 0.08 

BMI, body mass index; CO, cardiac output; MAP, mean arterial pressure; NTproBNP, N-
terminal pro-b-type natriuretic peptide; LVGLS_baseline, left ventricular global longitudinal 
strain at baseline; PALS_baseline, peak atrial longitudinal strain at baseline; RVSd_baseline, 
right ventricular size in diastole at baseline; Septal E’_baseline, tissue velocity at septal at 
baseline; TR_baseline, tricuspid regurgitation velocity at baseline. 
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Change in PALS from rest to exercise was significantly correlated with exercise time 

when data from HFpEF and HFrEF were combined (n=100) as shown in Figure 6.3.  

 
Figure 6.4 Relationship between change (from rest to exercise) in peak atrial longitudinal 
strain and exercise time (combined data including HFpEF, HFrEF, and controls).  

Regression analysis further showed that a reduction of 1% PALS was linked with 16 

seconds decrease in exercise time in HFpEF (Table 6.4).  
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Table 6.4: M
ultivariable regression analysis to dem

onstrate predictors of exercise tim
e. 

Variable 
H

FpEF 
P-value 

H
FrE

F 
P-value 

C
ontrol 

P-value 
B 

Std. Error 
B 

Std. Error 
B 

Std. Error 

C
onstant 

1529 
552 

0.01 
1235 

303 
0.00 

683 
167 

0.00 

Age (years) 
0.31 

3.93 
0.94 

-2.38 
2.77 

0.39 
-0.06 

1.26 
0.97 

Sex 
-24.5 

49.2 
0.62 

-1.51 
29.6 

0.96 
23.4 

13.2 
0.11 

BM
I  

2.13 
4.88 

0.67 
-2.70 

4.59 
0.56 

-0.31 
4.41 

0.94 

N
T-ProBN

P 
-0.02 

0.02 
0.52 

-0.02 
0.01 

0.23 
-0.21 

0.11 
0.11 

C
O

-change 
0.01 

0.01 
0.42 

-0.02 
0.02 

0.21 
0.02 

0.01 
0.11 

PALS- change 
15.9 

5.43 
0.007 

18.8 
9.02 

<0.05 
12.9 

3.32 
0.005 

R
VSd-change 

-587 
1003 

0.56 
-705 

961 
0.47 

597 
450 

0.22 

Septal-E’-change 
-2819 

1439 
0.06 

2205 
1426 

0.13 
-2254 

1830 
0.25 

M
AP 

-12.8 
4.49 

0.008 
-2.93 

2.57 
0.27 

-1.99 
1.42 

0.2 

LVG
LS- change 

4.62 
8.636 

0.6 
2.07 

8.79 
0.81 

19.9 
9.93 

0.08 

Adjusted R
2 

0.25 
0.2 

0.74 

N
TproBN

P, N
-term

inal pro-b-type natriuretic peptide; LVG
LS- change, change in left ventricular global longitudinal strain; M

AP, m
ean arterial 

pressure; PALS-change, change in peak atrial longitudinal strain; R
VSd- change, change in right ventricular size in diastole; Septal E’-change, 

change in tissue velocity at septal. 
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Figure 6.4 (below) shows a significant positive relationship between PALS and 

exercise time (p<0.001). In patients of HFpEF, MAP also showed significant 

relationship with exercise time. 

 

Figure 6.5 Relationship between peak atrial longitudinal strain and exercise time(combined 
data including HFpEF, HFrEF, and controls).  

There was no relationship between E/E’, PALS and TRVmax. However, a significant 

relationship existed between rest and exercise PALS with rest and exercise CO (Figure 

6.5). 

 

Figure 6.6 Relationship between peak atrial longitudinal strain and change in cardiac output 
from rest to exercise (A), and peak cardiac output (B)  
Intraobserver and interobserver variability for repeated measures of the main variables 

of interest i.e (E velocity, E’ lateral velocity, Left ventricular outflow tract velocity time 

integral, LVEDV, LVESV, LVEF, LVGLS, PALS and PACS) during rest and after peak 

A B 
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exercise was excellent with an intra-class correlation coefficient of > 0.90.  

6.5 Discussion 

The prospective observational study compared cardiac structure and function in 

HFpEF, HFrEF and controls with focus on LA and LV longitudinal strains at baseline 

and post exercise. The main outcomes of the present study were: 1) both HF groups 

showed significantly lesser PALS and LVGLS at rest and after exercise as against 

controls. HFrEF patients had lesser strain values than HFpEF; 2) after exercise, PALS 

decreased in HFpEF by 26%, with no significant difference seen in other groups; 3) a 

change in PALS from rest to exercise is an independent predictor of exercise time. 

This shows that progressive LA remodeling causes a decrease in LA reservoir capacity 

contributing to exercise incapacity in patients of HFpEF.  

Two-dimensional (2D) speckle tracking echocardiography helps in getting the 

mechanics of both regional and global functions of LV in HF patient.(Smiseth et al., 

2016, Blair et al., 2020) Many studies evaluated LV response to exercise in HFpEF 

patients. Some studies reported diminished, while others no difference at all in 

measures of LV systolic function in response to exercise.(Bhella et al., 2011, Norman 

et al., 2011) The present study showed no significant exercise-related changes LV 

systolic performance as shown by either LVEF or GLS. But, HFpEF patients had a 

notable increase in stroke volume in response to exercise, as previously reported by 

Groepenhoff and colleagues.(Groepenhoff et al., 2010) A significant increase in 

response to exercise in cardiac output and cardiac power output was seen in both 

HFpEF and HFrEF patients. 

LVGLS quantifies LV systolic deformation as the base descends toward the fixed apex 

and PALS quantifies maximal capacity of LA to expand as a reservoir during the 

systolic phase of cardiac cycle. Analysis of reservoir function of LA holds key in 

understanding disease progression in various clinical states including HF. It gets 

affected by the LV performance and the intrinsic LA compliance.(Aurigemma et al., 

1995) Lesser LA reservoir strain is linked to advancement of HFpEF and has 

prognostic value.(Freed et al., 2016, Santos et al., 2016, Santos et al., 2014) 

Decreased PALS has also been linked with raised pulmonary arterial wedge pressure 

as a reason of exercise incapacity in HFpEF.(Lundberg et al., 2019b, Von Roeder et 

al., 2017b, Telles et al., 2019, Freed and Shah, 2017) In animal study with physiological 

environment and also in humans with minimal LV diastolic dysfunction, exercise 

caused a rise in LA reservoir strain, which can be due to rise in LA preload and fast 
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speed of LV filling.(Nishikawa et al., 1994, Prioli et al., 1998) Limited studies have 

explored as to how does the LA deform after exercise in different cardiac pathologies. 

In another study the authors showed that PALS and PACS after exercise were lower 

in patients of mitral regurgitation.(Sugimoto et al., 2020a) Another work in heart failure 

patients have shown that LA strains were reduced after exercise and may play a key 

role in cardiac output response on exercise. This may be due to reduced LV filling and 

RV to pulmonary artery uncoupling and is associated with a poor cardiopulmonary 

performance and outcome.(Sugimoto et al., 2020b) However, the LA function and LV 

function are coupled in a way that during peak LV strains mitral annular decents in 

systole and this conicides with peak LA expansion and reservoir function. This also 

explains the LA-LV relationships seen during exercise as the symptoms occur due to 

modest correlation between LA and LV strain observed in patients of HFpEF.(Solomon 

and Biering-Sørensen, 2017) This may help in explaining that the interaction between 

LA reservoir strain and LV function, and hence adverse outcomes may be due to LV 

dysfunction.(Santos et al., 2016, Ersbøll et al., 2013) 

Data from the present study also helps in understanding the mechanism that exercise 

induced changes in atrial and ventricular deformation hold a key role in 

pathophysiological alterations in heart function that differentiates HFpEF from HFrEF. 

Even though LVGLS and PALS are interconnected, multivariate analysis revealed that 

only change from rest to exercise in PALS is significantly associated with exercise 

duration after adjustment of various clinical and echocardiographic parameters. This 

work is also proven by other work which showed the important role of the LA in exercise 

capacity (Maffeis et al., 2021), although HFpEF has been thought to be a problem 

where LV and LA mechanical dysfunction is seen. An important sub-analysis of 

PARAGON-HF trial patients with HFpEF showed a pattern of LV mechanical problem 

as seen in HFrEF.(Schiattarella et al., 2020) Hence a complete analysis of LA and LV 

function at rest and after exercise provides incremental value in risk stratification to 

categorize the subsets of HFpEF patients to provide individualized management 

strategies. 

Chronotropic incompetence has been reported in patients with HFpEF.(Sarma et al., 

2020) Whether HFpEF precipitates this, or is due to exercise intolerabiltiy is still a 

subject of debate. Patients in the present study had no chronotropic incompetence. 

The cardiac changes after exercise are governed by how the sinoatrial node respondes 

to neurohumoral stimuli, modulations in autonomic nervous system during various 

stages of exercise and duration and intensity of exercise done.(Santos et al., 2018) It 
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has been shown that chronotropic response to exercise represents maximal exercise 

capacity of an individual.(Al-Najjar et al., 2012) 

In the present study, HFpEF and HFrEF showed higher pulmonary artery systolic 

pressure (PASP) as calculated from TR velocity at rest as that of controls. It got higher 

after maximum exercise and more so in HFrEF. Deriving PASP from tricuspid 

regurgitation (TR) acquired by echocardiography accurately correlated with PASP 

derived from invasive measurements.(Currie et al., 1985, Mcquillan et al., 2001) 

However, absence of TR jet or poor TR jet signals limits the use of this method in 

estimating PASP by echo.(Amsallem et al., 2016) 

6.6 Limitations 
The present study also has some limitations. First, an invasive evaluation of left 

ventricular and left atrial filling pressures were not performed as was not clinically 

indicated. Raised NT-ProBNP and altered echocardiography findings accompanied 

with other signs and symptoms of heart failure helped in the diagnosis of HF. Second, 

a 3D LV strain analysis was not done which gives simultaneous assessment 

longitudinal, circumferential, radial, and twist mechanics as it is not validated and is not 

recommended for routine clinical practice. Assessment of LA strain has its limitations. 

The normal values provided here might only pertain to the equipment used in the 

present study but not others. The LA wall is a thin structure and imposes challenges 

to pure speckle-tracking techniques. An effort of standardization for LA strain 

assessment by speckle tracking is hence needed from different ultrasound 

vendors.(Voigt et al., 2015) At present the normal values of LA strain in Indian 

population is not available and there is a need for a multicentric normative data of LA 

strain in Indian population. LA strain is load dependent and influenced by LV function. 

It has been proposed that instead of focusing on reservoir function, a careful look at 

booster pump function can give important results.(Liao et al., 2017) However this 

approach has not been widely accepted, but is worthy of consideration in future 

studies.(Huynh et al., 2015) Lastly, the overall sample size being modest, was powered 

for evaluating the pathophysiological dissimilarities in two types of HF and not for 

getting any prognostic information. 

6.7 Conclusion 
LA and LV mechanics as shown by strains values are lesser in HFrEF than HFpEF at 

rest and in response to exercise. Patients with HFpEF show more blunting of LA 

reservoir function after exercise. A discrete form of LA abnormalities seen in HFpEF 

patients causes a similar amount of effort intolerance seen in HFrEF patients.  



 71 

Chapter 7. Cardiac response to pharmacological stress in heart 
failure reduced and heart failure preserved ejection fraction 

7.1 Abstract 
Purpose: Pharmacological stress test can affect the hemodynamics of heart failure 

(HF) patients. The aim of the present study was to compare the haemodynamic 

response to dobutamine stress in heart failure reduced ejection fraction (HFrEF) and 

heart failure preserved ejection fraction (HFpEF). 
Methods: Forty HFpEF and 40 HFrEF patients underwent resting and dobutamine 

stress echocardiography (DSE). Dobutamine was infused intravenously with 

increasing dose titration every 3 minutes in dosage of 5,10,15 and 20 μg/kg/min till 

highest dose was reached or signs and symptoms happened. Echocardiography was 

performed within two minutes after peak dose.  

Results: The duration of DSE was similar in HFrEF and HFpEF (657±70 vs 640±192 

sec) respectively. Left ventricular ejection fraction (LVEF) and stroke volume (SV) did 

not show any notable change from rest to peak dobutamine dose in any of the groups. 

At peak dobutamine dose, there was a higher ratio of early diastolic velocity to early 

tissue doppler velocity (E/E’) in HFpEF than in HFrEF (14.7r4.55 vs 12.8r4.69, 

p<0.01). The left ventricular global longitudinal strain (LVGLS) significantly increased 

in HFpEF after dobutamine infusion (-15.9±2.70 vs -13.4r5.85%, p<0.01), but not in  

HFrEF (-11.1±3.40 vs 10.7r1.31%). Both peak atrial longitudinal strain (PALS) and 

peak atrial contractile strain (PACS) were significantly lower in HFrEF after dobutamine 

infusion compared to HFpEF (10.7r1.31 vs 18.3r2.20%, p<0.01) and (2.53r0.86 vs 

6.69r1.26%, p<0.01) respectively. HFpEF patients had significant decrease in PALS 

(23.1±4.70% vs 18.3r2.20%, p<0.01) and PACS (8.50±1.60% vs 6.69r1.26%, p<0.01) 

after dobutamine infusion, but not in HFrEF. HFpEF patients showed significant 

reduction in left atrial (LA) stiffness index (0.57±0.22 vs 0.82r0.27mmHgml-1, p<0.01) 

and in left ventricular (LV) stiffness index (0.16±0.05 vs 0.20r0.06ml-1, p<0.01) after 

dobutamine infusion. 

Conclusion: Dobutamine stress accentuates relaxation abnormalities and left 

ventricular systolic strains more in HFpEF compared to HFrEF, though cardiac output 

response is greater in HFpEF These differences in haemodynamic response to 

pharmacological stress in patients with HF may help in improving understanding of 

complex pathophysiology of HF types. 
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7.2 Introduction 

Heart failure with preserved ejection fraction (HFpEF) is characterized by pathologic 

hemodynamic alteration including elevated left ventricular end-diastolic filling pressure 

which may be associated with reduced cardiac output.(Verbrugge et al., 2020) This 

altered hemodynamics is augmented during physiological or pharmacological stress 

(Claeys et al., 2022), and is associated with frequent hospital readmissions and higher 

mortality.(Asrar Ul Haq et al., 2015) A combination of multiple factors (cardiac and 

extracardiac factors) contribute to altered hemodynamics in HF patients.  

The cardiac factors, also termed central factors, include presence of chronotropic 

incompetence, right ventricular-pulmonary vascular dysfunction, reduced left heart 

reserve capacity associated with elevated filling pressure, left ventricular (LV) diastolic 

dysfunction, isolated left atrial myopathy and dynamic valvular involvement. The 

extracardiac factors, also termed peripheral factors, are related to pleural involvement, 

impaired peripheral oxygen utilization, reduced skeletal muscle performance, pro-

inflammatory state, regional deposition of adipose tissue and peripheral endothelial 

dysfunction.(Nayor et al., 2020) In the presence of multifactorial abnormalities, stress 

testing is vital to determine the predominant mechanism responsible for altered 

hemodynamics.  

To understand exercise-based phenotypes of HFpEF, various types of stress 

modalities have been explored namely treadmill echocardiography, 6-minute walk test, 

cardiopulmonary exercise testing and invasive exercise hemodynamic 

assessment.(Bhella et al., 2011, Olsson et al., 2005) Pharmacological stress with the 

use of dobutamine stress echocardiography (DSE) is an alternative method to exercise 

stress echocardiography and has been used extensively for the evaluation of ischemia. 

DSE helps in dynamic evaluation of cardiac function by pharmacological stimulation of 

heart rate, cardiac output, and myocardial oxygen demand. Recently, few studies have 

evaluated cardiac mechanics during dobutamine stress echocardiography using 

speckle tracking imaging in coronary artery disease patients.(Ng et al., 2009, Aggeli et 

al., 2015) There is hardly any information on the role of DSE in assessment of 

haemodynamics in HF. 

7.2.1 Aims, objective and hypotheses 

In the present study, the aim was to assess the cardiac response to pharmacological 

(dobutamine) stress in HFpEF and HFrEF patients. The objective was to compare 
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echocardiographic parameters in HFpEF and HFrEF patients in response to 

pharmacological stress. This chapter will test the following hypothesis: 
1) There will be a significant difference in echocardiographic variables between 

patients with HFpEF and HFrEF in response to pharmacological stress.  

7.3 Methods 

A prospective, single centre cross-sectional study was conducted to evaluate cardiac 

response to pharmacological stress in HFrEF and HFpEF. 

7.3.1 Participants 

One hundred and nine subjects who were clinically stable were at first screened which 

included 49 patients of HFpEF and 40 of HFrEF. Nine patients with HFpEF were not 

included as seven had atrial fibrillation and two had episodes of acute coronary event 

in last three months. Finally 40 HFrEF and 40 HFpEF were finally included in the study.  

The other details of participants included in the study have been defined in detail in 

chapter six, section 6.2.1. 

7.3.2 Study protocol and measurements  

All the eligible patients underwent measurement of cardiac function (haemodynamics, 

systolic and diastolic function) at rest using transthoracic echocardiography. DSE was 

performed within two minutes after dobutamine administration. Dobutamine was given 

through an intravenous line in a hospital setup. Subjects were told to stop beta-blocker 

and/or nitrate medication a day before the test. Subjects were also told to be nil by 

mouth 4 hours before the test. Dobutamine was given with increasing dose of 5,10,15 

and 20 μg/kg/min every 3 minutes (Lancellotti et al., 2017) with till highest dose was 

reached or symptoms and sign occurred i.e. chest discomfort, hypertensive response, 

breathlessness, ST-T changes on ECG, rhythm abnormality or patient’s inability to 

tolerate the drug. 

7.3.3 Equipment 

Transthoracic echocardiography was performed using a Vivid E95 system (GE 

Ultrasound, Horten, Norway) equipped with a transducer of 2.5 MHz matrix array. The 

complete details of imaging have been discussed in chapter 6.2.2.  
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7.3.4 Data analysis 

Data was represented as mean and SD unless otherwise stated. Kolmogorov–Smirnov 

test was used for normality of distribution. Paired t-test was done to understand 

differences between rest and peak pharmacological exercise, while independent t-test 

was done to assess the significance between peak pharmacological tests between two 

groups, and between delta values at rest and after dobutamine stress. A test was 

considered statistical significance if p<0.05.  

7.4 Results 

The demographic, physical and clinical characteristics of the cohort has been 

presented in Table 7.1. The duration of DSE was (657±70 vs 640±192 secs, p>0.05) 

in HFrEF and HFpEF respectively. 

Table 7.1: Demographic, physical and clinical characteristics 

 *p<0.01, HFpEF v HFrEF; 

ACEI, Angiotensin-converting enzyme inhibitor; ARB, Angiotensin receptor blocker; ARNI, 
Angiotensin receptor neprilysin inhibitor; HFpEF, Heart failure with preserved ejection fraction; 
HFrEF, Heart failure with reduced ejection fraction; NTproBNP, N-terminal pro-b-type 
natriuretic peptide.  

Variable HFpEF (n=40) HFrEF (n=40) 
Age (years) 59r7 57r6 
Male (%) 15 (37.5) 25 (62) 
Height (cm) 155r8 161r9 
Weight (Kg) 69.5r14.9 65.7r10.5 
Body surface area (m2) 1.68r0.18 1.7r0.21 
Duration of heart failure (years) 2r1.5 2.6r1.3 
Coronary artery disease (%)  12 (30) 27 (68) 
Hypertension (%) 36 (90) 23 (58) 
Diabetes Mellitus (%) 13 (33) 22 (55) 
Smoker (%) 6 (15) 14 (35) 
B-blocker (%) 12 (30) 35 (88) 
ACEI/ARB (%) 34 (85) 12 (30) 
ARNI (%) - 28 (70) 
Calcium channel blocker (%)  5 (13) 4 (10) 
Haemoglobin (g%) 11.7r1.7 11.6r1.3 
Thyroid stimulating hormone (IU/ml) 2.03r1.27 2.19r0.95 
NTproBNP (pg/ml) 1291r1404 2043r1046* 
Serum sodium (meq/l) 138r5 136r5 
Serum potassium (meq/l) 4.09r0.45 3.85r0.5 
Serum creatinine (mg/dl) 0.95r0.34 1.17r0.23 
Total Cholesterol (mg/dl) 155r21 177r26 
Low density lipoprotein (mg/dl) 99.9r27.2 114r16* 
High density lipoprotein (mg/dl) 42.7r7.9 37.1r3.9 
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7.4.1 Comparision of cardiac structure and function between baseline and in 
response to pharmacological stress in HFpEF and HFrEF 

Dobutamine induced rise in heart rate (HR), mean arterial pressure (MAP), TR jet and 

RV systolic pressure were comparable between HFpEF and HFrEF. There were no 

significant changes in LVEF and stroke volume from rest to peak dobutamine stress in 

either HFpEF or HFrEF, but cardiac output (CO) and cardiac power output (CPO) 

increased in both the groups (p<0.01). There was no change in early tissue doppler 

velocity (E’) in both HFpEF and HFrEF. Dobutamine infusion caused a notable rise in 

ratio of early diastolic velocity to early tissue doppler velocity (E/E’) in HFpEF but not 

HFrEF (Table 7.2). Left ventricular global longitudinal strain (LVGLS) significantly 

deteriorated in HFpEF after dobutamine infusion (-15.9±2.70% vs -13.4r5.85%, 

p<0.01), but not in HFrEF. Atrial mechanics assessment revealed significant reduction 

in PALS (23.1±4.70% vs 18.3r2.20, p<0.01) and PACS (8.50±1.60 vs 6.69r1.26, 

p<0.01) in HFpEF after DSE, but not in HFrEF. HFpEF patients showed significant rise 

in LA stiffness index (0.57±0.22 vs 0.82r0.27 mmHgml-1, p<0.01) and in LV stiffness 

index (0.16±0.05 ml-1vs 0.20r0.06 ml-1, p<0.01) after DSE, which HFrEF patients didn’t 

show (Table 7.2). 
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Table 7.2: C
om

prehensive features at baseline and after dobutam
ine stress test 

Variables 
H

FpEF (n=40) 
H

FrEF (n=40) 
R

est 
D

obutam
ine stress 

D
elta 1 

R
est 

D
obutam

ine S
tress  

D
elta 2 

Functional 
 

 
 

 
 

 
H

eart R
ate (beats/m

in) 
77±14 

109r13.5* 
32r20 

81±11 
113r8.94* 

33 r13 
M

AP (m
m

 H
g) 

93±6 
107±16* 

14r15 
94±6 

113±7* 
19r8 

TR
 

0.13±0.33 
1.03r0.16* 

0.9r0.38 
0.25±0.44 

1r0.23* 
0.73 r0.51 

PASP (m
m

 H
g) 

35.8±2.4 
45.1r5.15* 

40.7r12.7 
38.4±4.80 

48.2r8.31* 
37.4r21.6 

LVO
T V

TI (cm
) 

21.6±4.38 
22.9r4.54* 

1.34r5.3 
14.3±2.63 

14.7r3.08
$ 

0.40r2.28 
Structural 

 
 

 
 

 
 

LVO
T (cm

) 
2.11±0.15 

2.07r0.13 
-0.04r0.13 

2.02±0.06 
2.01r0.05 

-0.01r0.04 
LVED

V 4C
(m

l) 
83±17 

73r13* 
-10r19 

100±27 
93r40* & 

-3r11
† 

LVESV 4C
(m

l) 
41±9 

36r7* 
-4r10 

64±17 
61r29

& 
-1r8 

D
iastolic 

 
 

 
 

 
 

E (m
/sec) 

0.91±0.24 
0.96r0.26 

0.05r0.3 
0.70±0.23 

0.76r0.24
& 

0.05r0.17 
A (m

/sec) 
0.83±0.18 

0.76r0.37 
-0.07r0.42 

0.68±0.20 
0.71r0.2 

0.02r0.18 
E’ septal (m

/sec) 
0.07±0.02 

0.06r0.01 
0.00r0.02 

0.05±0.01 
0.05r0.01 

0.01r0.01
† 

E’ lateral (m
/sec) 

0.08±0.02 
0.07r0.01 

-0.01r0.02 
0.06±0.01 

0.07r0.01 
0.01r0.01

† 
E/E' 

12.6±3.3 
14.7r4.55* 

2.09r5.63 
13.8±5.85 

12.8r4.69
& 

-0.69r3.38 
dTE (m

sec) 
198±41 

162r44.5* 
-36.3r53.5 

184±42 
130r25.3* & 

-53.7r37.1 
Systolic 

 
 

 
 

 
 

LVEF (%
) 

54.2±3.11 
52.9r3.31  

-1.33r4.29 
33.9±6.26 

35.3r6.07
& 

0.35r2.82
† 

Stroke volum
e (m

l/beat) 
75±19 

78r23 
3r20 

46±9 
46r9

$ 
0.79r7.96 

C
ardiac pow

er output (W
) 

1.14±0.30 
2.03r0.74* 

0.89 r0.71 
0.77±0.21 

1.31r0.22* & 
0.53r0.19

† 
LVG

LS (%
) 

-15.9±2.70 
-13.4r5.85* 

2.47r6.13 
-11.1±3.40 

-10.7r2.82
& 

0.46r2.03 
TAPSE (cm

) 
2.18±0.27 

2.14r0.18 
-0.04r0.33 

1.99±0.19 
1.94r0.13

& 
-0.05r0.14 

R
VS’ (m

/sec) 
0.13±0.02 

0.14r0.04 
0.02r0.04 

0.11±0.02 
0.11r0.02 

0.00r0.03
† 

R
V free w

all strain (%
) 

-22.6±2.43 
-21.8r2.1 

0.8r3 
-20.0±1.26 

-19.9r1.58 
0.12r1.40 

PALS (%
) 

23.1±4.70 
18.3r2.20* 

-4.73r4.54 
11.5±1.40 

10.7r1.31
& 

-0.83r2.29
† 

PAC
S (%

) 
8.50±1.60 

6.69r1.26* 
-1.76r2.14 

2.60±0.80 
2.53r0.86

& 
-0.07r0.99

† 
H

em
odynam

ics 
 

 
 

 
 

 
C

ardiac output (L/m
in) 

5.51±1.35 
8.51r2.65* 

2.99r2.69 
3.70±0.91

$,& 
5.25r1* & 

1.55r0.82
† 

SVR
 (dynes/sec/cm

-5) 
1269±248 

978r324* 
-291r 391 

1997±463
$,& 

1654r323* & 
-353r520 

LA stiffness index (m
m

 H
gm

l -1) 
0.57±0.22 

0.82r0.27* 
0.24r0.28 

1.19±0.63
$,& 

1.20r0.45  
0.04r0.47

† 
LV stiffness index (m

l -1) 
0.16±0.05 

0.20r0.06* 
0.05r0.07 

0.14±0.07
$ 

0.14r0.06
& 

0.00r0.03
† 

Exercise tim
e (sec) 

 
657±70 

 
  

640±192  
 

*p < 0.01, rest and dobutam
ine stress test, &p<0.01, H

FpEF vs H
FrE

F after dobutam
ine stress test, † p<0.05, D

elta 1 vs D
elta 2.  
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Delta 1, change between rest and dobutamine stress in HFpEF; Delta 2, change between rest 
and dobutamine stress in HFrEF. A,late diastolic velocity; dTE, deceleration time; E, Early 
diastolic velocity; E’, early tissue Doppler velocity; EDV, end diastolic volume; ESV, end 
systolic volume; EF, ejection fraction; GLS, global longitudinal strain; HFpEF, heart failure with 
preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LV, left 
ventricular; LVOT, left ventricular outflow tract; VTI, velocity time integral; PACS, peak atrial 
contraction strain; PALS, peak atrial longitudinal strain; PASP, pulmonary artery systolic 
pressure; RVS’, right ventricular systolic tissue wave; SVR, systemic vascular resistance; 
TAPSE, tricuspid annular peak systolic excursion; TR, tricuspid regurgitation 

There was no difference in HR, MAP, TR jet and RVSP after DSE in HFpEF and 

HFrEF. TAPSE showed significant difference in response to DSE between HFpEF and 

HFrEF (2.14r0.18 vs 1.94r0.13, p<0.01), however there was no difference in other RV 

systolic parameters. E/E’ and deceleration time were significantly higher in HFpEF than 

HFrEF after DSE (14.7r4.55 vs 12.8r4.69, p<0.01) and (162r44.5 vs 130r25.3 msec, 

p<0.01). HFrEF patients showed significant lower values as compared to HFpEF in 

response to DSE for LVOTVTI (14.7r3.08 vs 22.9r4.54 cm, p<0.01), stroke volume 

(46r9 vs 78r23 ml/beat, p<0.01), cardiac output (5.25r1 vs 8.51r2.65 L/min, p<0.01), 

cardiac power output (1.31r0.22 vs 2.03r0.74 W, p<0.01) and LVGLS (-10.7r2.82 vs 

-13.4r5.85%, p<0.01)(Figure 7.1).  

 

Figure 7.1 Bar diagram showing changes in early (E’) tissue doppler velocity at septal mitral 
annulus (A), at lateral mitral annulus (B), left ventricular global longitudinal strain (C) and 
cardiac output (D) between rest and dobutamine stress echo in the cohort 
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However, in response to DSE, HFrEF showed higher systemic vascular resistance 

(1654r323 vs 978r324 dynes/sec/cm-5, p<0.01), LA stiffness index (1.20r0.45 vs 

0.82r0.27 mm Hg/ml, p<0.01) and lesser LV stiffness index (0.14r0.06 vs 0.20r0.06 

ml-1, p<0.01) as compared to HFpEF. Both PALS and PACS were significantly lesser 

in HFrEF after DSE as compared to HFpEF (10.7r1.31 vs 18.3r2.20%, p<0.01) and 

(2.53r0.86 vs 6.69r1.26%, p<0.01) respectively.  

7.4.2 Comparison of change from rest to peak dobutamine dose between 
HFpEF and HFrEF  
Dobutamine stress did not show any difference in delta in HR, MAP and PASP between 

HFpEFand HFrEF. There was a significant difference in delta between HFpEF and 

HFrEF in early tissue doppler velocity (E’) at both septal (0.00r0.02 vs 0.01r0.01 

m/sec, p<0.05) and lateral sections (-0.01r0.02 vs 0.01r0.01 m/sec, p<0.05). HFpEF 

showed greater delta reduction in LVEDV compared to HFrEF causing a significant 

difference in delta LVEF (-1.33r4.29 vs 0.35r2.82 %, p<0.05), delta cardiac output 

(2.99r2.69 vs 1.55r0.82 L/min, p<0.05) and delta cardiac power output (0.89 r0.71 vs 

0.53r0.19 W, p<0.05) between two groups. There was no difference in delta LVGLS. 

Also the delta change in PALS and PACS was significantly more in HFpEF than in 

HFrEF(-4.73r4.54 vs -0.83r2.29 %, p<0.05)  and (-1.76r2.14 vs -0.07r0.99 %, 

p<0.05) respectively. The rise in LA and LV stiffness reflecting in delta was higher in 

patients of HFpEF as that of HFrEF (0.24r0.28 vs 0.04r0.47 mm Hgml-1, p<0.05) and 

(0.05r0.07 vs 0.00r0.03 ml-1, p<0.05) respectively. 

7.5 Discussion 

This prospective work compared the hemodynamic and echocardiographic parameters 

in HFpEF and HFrEF patients in response to pharmacological stress. The main 

findings were: 1) Dobutamine stress induced an increase in heart rate and mean 

arterial pressure in HFpEF and HFrEF; 2) Rise in E/E’ after DSE is significantly more 

in HFpEF than HFrEF; 3) Dobutamine increases CO and CPO in both HFpEF and 

HFrEF, but to a lesser degree in HFrEF; 4) At rest, LA and LV stiffness index are more 

in HFrEF than in HFpEF, but dobutamine stress causes higher rise in LA and LV 

stiffness index in HFpEF; 5) LV and LA strains are significantly lesser in HFrEF than 

HFpEF at rest and after dobutamine stress and decrease in LVGLS is more profound 

in HFpEF after dobutamine stress than HFrEF, Thus dobutamine stress accentuates 

relaxation abnormalities and left ventricular systolic strains more in HFpEF compared 
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to HFrEF, though cardiac output response is greater in HFpEF. 

DSE is thought to be a good pharmacological alternative to stress echocardiography, 

with an good safety profile as many HF patients may not be able to walk or cycle due 

to associated pulmonary, orthopaedic or rheumatological comorbidities.(Kane et al., 

2008, Pellikka et al., 2007) The various effects of dobutamine are dose-dependent. 

Dobutamine has an affinity for cardiac α- and β-receptors. Stimulation of α-adrenergic 

receptors causes systemic vasoconstriction, increased blood pressure, and more 

myocardial contractility. β1- adrenergic receptors stimulation, results in an increase in 

myocardial contractility, atrioventricular conduction, and heart rate. Stimulation of 

vascular β₂ -receptors causes coronary and peripheral arteriolar vasodilatation. The 

inotropic effect of dobutamine is mostly seen in lower doses, and the chronotropic 

effect in high doses.(Ruffolo et al., 1981) In normal physiologic condition, dobutamine 

increases stroke volume and cardiac output due to its inotropic effects. In low dose 

heart rate remains unchanged, but increases in higher doses. It is predominantly used 

for evaluation of viability myocardium in ischemic heart disease.(Aggeli et al., 2015) In 

the present work, low dose dobutamine was used. Higher dosages were avoided as 

with tachycardia there is a fusion of E and A waves in mitral inflow pattern, which 

causes difficulty in measuring their velocities and subsequently in LV filling pressure 

by E/E’ which is needed for understanding diastology.(Egstrup et al., 2013) Also the 

use of low dose dobutamine helped to assess the contractile behaviour of the 

myocardium in the absence of rise in heart rate.This work provides insights of the 

usage of dobutamine stress echo in HF patients for the first time. 

The present study demonstrates that in HFpEF patients, dobutamine caused a rise in 

MAP. Kieu et al.(Kieu et al., 2018) reported similar finding in their retrospective cohort 

of 413 hypertensive patients. The rise in blood pressure during dobutamine stress is 

due to more robust arterial vasodilator response and lower peripheral resistance with 

dobutamine at equivalent cardiac output levels.(Pratali et al., 2001) Dobutamine 

causes vasodilation and increases cardiac output which in return reduces systemic 

vascular resistance (SVR).(Egstrup et al., 2013) In the present study, SVR was 

significantly less in both HFrEF and HFpEF patients by DSE. 

In the present study dobutamine caused an increase in E/E’ in HFpEF, but an 

insignificant reduction in HFrEF. Egstrup et al (2013) reported in their study of 14 

systolic heart failure patients that DSE causes no change in E/E’ in their group of 

patients.(Egstrup et al., 2013) The reason for this variable effect is unclear but could 

be result of effects of increased contractility on early diastolic lengthening than on early 
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mitral inflow velocity.(Egstrup et al., 2013, Kieu et al., 2018, Aggeli et al., 2015)  

The echo-derived cardiac power output is proposed to be quantitative indicator of 

cardiac reserve.(Marmor and Schneeweiss, 1997) DSE is helpful in elucidating the 

changes in contractile state in patients with dilated cardiomyopathy who can present 

with HFrEF.(Pratali et al., 2001, Park et al., 2016) DSE increased CO and CPO in both 

HFpEF and HFrEF. The absolute value of CO and CPO after DSE were lower in HFrEF 

than HFpEF. This may be explained by the presence of preserved contractile reserve 

seen in patients of HFpEF.(Bhella et al., 2011, Egstrup et al., 2013) Mechanistically, 

dobutamine causes beneficial effects of adrenergic signaling in heart failure without 

causing harmful peripheral vasoconstriction, causing increasing stroke volume, 

lowering systemic and pulmonary vascular resistance and pulmonary wedge 

pressure.(Ahmad et al., 2019) The present study showed no change in SV after DSE 

in both groups. Kieu et al. (2018) reported that DSE is associated with a higher SV in 

patients who have a hypertensive response. Also this varied response of absolute 

value of CO and CPO between HFpEF and HFrEF can be explained by the type and 

extent of fibrosis seen in heart in HFrEF and HFpEF. In HFpEF, myocardial fibrosis is 

minimal, presents as perivascular and fine interstitial fibrosis due to systemic 

inflammation and is associated with raised collagen crosslinking.(Shah et al., 2016, 

Sweeney et al., 2020, Simmonds et al., 2020) whilst HFrEF is characterized by 

replacement fibrosis which is extensive, chronic, irreversible, associated with scar 

formation and contributes to organ damage and failure.(De Boer et al., 2019, 

Simmonds et al., 2020) The systemic and cardiac inflammation have differential role 

in HFrEF and HFpEF. The inflammatory response precipitating heart failure are of 

three types namely sterile which is caused by post-ischemia resulting in HFrEF, 

metabolic, as seen in HFrEF and non-sterile-induced inflammation seen in post-

infective resulting in mixed picture.(Simmonds et al., 2020) 

The present study demonstrated that LA and LV stiffness index are higher in HFrEF 

than HFpEF, and dobutamine increases both in HFpEF, but has no effect in HFrEF. In 

HFpEF patients, raised LV stiffness index is associated with impaired exercise 

capacity.(Sinning et al., 2011). LA stiffness index has prognostic importance in HFrEF 

patients and suggests that a stiff LA cannot accommodate raised cavity pressure both 

at rest and after stress.(Bytyci et al., 2021, Bytyci et al., 2020) Increased LV stiffness 

index is associated with raised LV end diastolic pressure in patients subjected to 

physiological handgrip exercise and is accompanied by reduced stroke volume in 

these patients.(Westermann et al., 2008) LV stiffness is present in both HFrEF and 
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HFpEF due to alteration in cardiac intracellular calcium (Ca2+) levels and modifications 

of titin which is one of the main determinants of cardiomyocyte passive tension 

(Fpassive). In HFrEF, impaired Ca2+ release from sarcoplasmic reticulum causes systolic 

dysfunction and LV stiffness, while in HFpEF there is impaired Ca2+ removal causing 

increased myocardial Ca2+.(Flesch et al., 1996) Titin is a bi-directional giant spring and 

dysregulation in titin metabolism causes cardiac functional and structural alterations, 

which is seen in HF patients.(Simmonds et al., 2020, Nagueh et al., 2004)  

Assessment of myocardial strain parameters using stress echocardiography imaging 

has been limited due to suboptimal speckle tracking quality due to difficulty in tracking 

the endocardial border at faster heart rates. Advancements in echocardiography has 

helped in good echocardiography images more suitable for speckle tracking imaging 

analysis. Few studies have evaluated strain behavior during and after DSE, where they 

have shown the feasibility of doing strain imaging during DSE in the background of 

ischaemic heart disease with reduced ejection fraction.(Govind et al., 2009, Aggeli et 

al., 2015) Leitman et al. recently reported that LVGLS improves after DSE in normal 

individuals.(Leitman et al., 2022) Another study used 2D speckle tracking during DSE 

for evaluation of coronary artery disease and reported that value of LVGLS >-16% is 

useful for identifying significant CAD during recovery phase of DSE.(Park et al., 2016) 

In the present study, LVGLS deteriorated after DSE in HFpEF, but there was no 

significant change in HFrEF. This may be because of presence of scared myocardium 

in patients with HFrEF which don’t respond to contractile response to dobutamine. Also 

DSE was helpful in identifying reduction in PALS and PACS in both HFpEF and HFrEF, 

which has not been reported earlier in any study. 

7.6 Conclusion 

Dobutamine stress causes an equal increase in HR, MAP and RV systolic pressure in 

HFrEF and HFpEF. Dobutamine stress significantly increases filling pressure in HFpEF 

which is not seen in HFrEF. In HFpEF patients, dobutamine stress augments cardiac 

output and cardiac power output without affecting the LVEF, but decreases LVGLS, 

left atrial mechanics and LA and LV stiffness index. Also, DSE with 2D speckle tracking 

for LV and LA is feasible in both HFpEF and HFrEF patients. This study has shown 

that there are discrete differences in haemodynamic and echocardiographic 

parameters between HFpEF and HFrEF in response to pharmacological stress. 

Further mechanistic research is needed to improve our understanding of complex 

pathophysiology of HF types. 
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Chapter 8. The effect of a personalized, home-based physical 
activity intervention on quality of life and cardiac function in heart 

failure with preserved ejection fraction 
8.1 Abstract 
Background: The aim of this study was to assess the acceptability, feasibility, and 

physiological outcome of a novel, personalized, home-based physical activity 

intervention in heart failure with preserved ejection fraction (HFpEF) patients. 

Methods: Forty HFpEF patients who were clinically stable were taken in present work 

and randomized in a ratio of 2:1 to an intervention group (60±6 years, n=25, 12 male) 

or control group (60±7 years, n=15, 4 male). Patients performed supervised exercise 

stress testing by treadmill, and exercise stress echocardiography was performed on 

them. They were also assessed for quality of life (Minnesota living with heart failure 

questionnaire) and N-terminal prohormone of brain natriuretic peptide (NTproBNP) 

before and after intervention. Subjects in the intervention group took a novel 12-week 

home-based physical activity intervention (Active-at-Home-HF) which included an 

escalation of >2000 steps per day from baseline while those in control group got 

standard medical management. All patients were monitored weekly using pedometers 

and telephonically.  

Results: In the intervention group, physical activity increased from baseline to 3 weeks 

(from 4457±653 to 6592±546 steps per day, p<0.01), and was maintained over the 

complete duration. The total time of treadmill test increased in the intervention group 

(350±122 vs 463±135 secs, p<0.01) but not in controls (399±126 vs 358±88 secs 

p=0.23) after 12 weeks. NTproBNP and left ventricular (LV) filling pressure (E/E’) 

decreased in the intervention group (1041±1059 vs 588±378 pg/ml, p=0.01, and 

12.43±3.6 vs 9.72±1.86, p<0.01) respectively as that of controls (1686±1824 vs 

1099±463 pg/ml, p=0.18, and 12.86±3.17 vs 12.44±2.23, p=0.11). There was no 

alteration in left ventricular ejection fraction, LV longitudinal strain, stroke volume, 

cardiac output, cardiac power output and right ventricular systolic function in the 

intervention or control group (p>0.05). The intervention group showed a rise in peak 

atrial longitudinal strain and peak atrial contraction strain (23.33±4.45 vs 25.48±4.39, 

p<0.01 and 8.63±1.21 vs 9.00±0.94, p<0.01). There was a reduction by 5 points in 

Minnesota Living with Heart Failure Quality of Life score after intervention (22.3±4.14 

to 16.9±4.27, p<0.01). There were no adverse events. 
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Conclusions: A 12-week personalised home-based physical activity intervention is 

feasible and helps in improving the exercise tolerance, left ventricular filling pressure, 

left atrial performance and quality of life in HFpEF patients. 

8.2 Introduction 

Patients with HFpEF suffer from exercise incapacity because to impaired cardiac, 

vascular and skeletal muscle function which results in reduced quality of life 

(QOL).(Fukuta et al., 2016) Cardiac rehabilitation by exercise is advised for people 

with heart failure.(Mcdonagh et al., 2021) Physical activity forms an important element 

of cardiac rehabilitation program. Intensity of physical activity is a key component for 

the improvement of cardiopulmonary function, metabolic control and interventional 

related outcomes.(Bobenko et al., 2018) In HFpEF patients, exercise training has been 

shown to be effective in enhancing the aerobic capacity and QOL.(Fukuta et al., 2016, 

Fukuta et al., 2019)  

Active energy expenditure and regular physical activity comprising of walking with step 

count has been shown to lower all-cause mortality in general adult population.(Saint-

Maurice et al., 2020) Higher step count has been associated with lower 

mortality.(Jefferis et al., 2019) Walking is an independent predictor of clinical outcomes 

in chronic heart failure patients. (Jehn et al., 2009) The present recommendations for 

exercise for an individual are 3-5 hours in a week of average intense workout, or 1.5 

to 2.5 hours in a week of highly intense aerobic physical exercise, or similar to 

this.(Piercy et al., 2018) This should be included with muscle strengthening exercises 

if the person is capable of doing it. For those adults who have chronic debilitating 

conditions including heart failure, and are not able undertake these recommendations, 

regular physical task according to their ability is suggested.(Mcdonagh et al., 2021) A 

patient-centred approach is needed in these group of patients along with behavioural 

modifications and encouragements. The 2018 Physical Activity Guidelines Advisory 

Committee noted in their scientific report, that steps form basic unit of locomotion and 

hence is an easy-to-understand metric of ambulation.(Thompson and Eijsvogels, 

2018) 

Wearable activity monitors which count steps are easily available, widely used and 

provide immediate feedback to the user. There is limited information as to how many 

steps daily are needed for good health (Yates et al., 2014, Bassett et al., 2017) but a 
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recent meta-analysis has shown that a modest increase in daily step count per day is 

associated with a lower risk of death.(Jayedi et al., 2022) Interventions using 

pedometers have shown that increasing step count daily by around 2000 steps helps 

in better blood pressure control (Richardson et al., 2008), improves insulin sensitivity 

(Yamanouchi et al., 1995, Yates et al., 2014), and decreases risk of developing 

cardiovascular events by 10%.(Yates et al., 2014) 

The Active-at-Home-HF intervention has been evaluated in patients of congestive 

heart failure (CHF).(Okwose et al., 2019) It is a home–based physical activity 

intervention which aims at increasing step numbers daily by 2000 from baseline. The 

patients are regularly helped with weekly telephone calls to start, increase and 

continue with their physical activity levels, and encouraged to maintain a log of their 

weekly step count. This intervention has been shown to be feasible, acceptable and 

effective in improving quality of life, exercise tolerance and haemodynamic function in 

CHF patients.(Okwose et al., 2019) 

8.2.1 Aims and Hypotheses 

The aim of the present work was to assess the acceptability, feasibility, and 

physiological effects of a novel, home-based physical activity intervention in patients 

with HFpEF. The study tested the following two hypotheses: 
1) Home-based physical activity intervention (Active-at-Home-HF) will be feasible 

and acceptable to HFpEF patients. 

2) Active-at-Home-HF will improve cardiac function, exercise tolerance and 

quality of life in HFpEF patients. 

8.3 Methods 

This was a longitudinal, prospective, pilot study. All patients were recruited from 

cardiology department in SHRI, Nagpur, India. They attended the outpatient 

department twice (i.e. baseline and after the 12 weeks). The study protocol which was 

approved by the Institutional Independent Research Ethics committee, was discussed 

with the patients and their willingness to participate in the study was confirmed with 

written consent.  

8.3.1 Participants 

The study included 40 stable HFpEF patients (LVEF> 50%). Stable condition was 

determined as a patient who is clinically stable for atleast one and half months before 
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joining the study and taking optimal medical treatment. The subjects were randomized 

on 2:1 ratio basis into an intervention or control group. They were supposed to do their 

daily activities independently. Patients with valve disease, rhythm disorders including 

atrial fibrillation (AF), implanted cardiac device, ischemic heart disease in the last 12 

weeks, idiopathic pulmonary arterial hypertension, cancer, pregnancy, or unable to 

give consent were not taken in the study. The parameters included demographics and 

comorbidities, New York Heart Association (NYHA) functional status, medicine details, 

vital signs, body mass index, and blood parameters like haemoglobin, kidney function 

test, and N-Terminal pro b-type Natriuretic Peptide (NT pro-BNP). The protocol was 

done according to the declaration of Helsinki. 

8.3.2 Study protocol and measurements  

Patients had a detailed clinical examination including quality of life using the Minnesota 

Living with Heart Failure questionnaire, blood sampling for NTproBNP and exercise 

stress testing using treadmill and stress echocardiography at baseline and after 3 

months follow up. A modified Bruce protocol was used for treadmill stress test. 

Limitation of symptom was assessed using the Borg rating of perceived exertion 

scale.(Borg, 1982) All the vitals and echocardiographic parameters were obtained at 

baseline and 2-3 minutes of the exercise cessation as diastolic parameters remain 

after completion of exercise.(Ha et al., 2020) All essential echocardiographic images 

were recorded after the exercise on the same device as mentioned earlier (chapter 4,  

section 4.5.4). 

8.3.3 Home- Based Physical Activity Intervention (Active-at-Home-HF) 

The intervention (Active-at-Home-HF)(Okwose et al., 2019) was implemented and 

tested in HFpEF patients to motivate an escalation in their overall day to day physical 

activity levels by minimum 2000 steps daily from baseline. The control group of patients 

received standard care. Physical activity (step count) was counted by a 

pedometer.(Muzili Smart Fitness Pedometer IPX7, China). Patients noted their step 

counts daily and recorded in the provided diary. The step counts were then informed 

weekly to a research team coordinator. The home-based physical intervention was 

different from centre-based programs as it focused on free-living physical exercise, not 

depending on expensive exercise gadgets, was given telephonically every week and 

aimed at giving the subjects the information and behavioural skills to augment and 

regularly do physical activity. After initial enrolment, patients were regularly helped with 

weekly telephone calls aimed to increase and continue with their physical activity 
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levels. Difficulties in reaching goal were discussed and solutions were provided. They 

were motivated to increase their self-confidence to be more physically active. Self-

monitoring was encouraged to maintain activity levels, and family and friends were 

requested to get involved to encourage and support patients in their regular exercise 

protocol. Daily at the end, the aim was to reach minimum 2000 steps over the average 

daily steps recorded at baseline according to the pedometer. Physical activity levels 

were adjusted on an individual basis focusing on duration and number of steps rather 

than intensity. 

8.3.4 Assessment of quality of life 

The Minnesota Living with heart failure is a 21-item disease specific questionnaire 

assessing physical, socioeconomic, and psychological impairment related to HF used 

to assess quality of life. Score depends on how a person ranks each item on a common 

scale and it is used to quantify how much HF has influenced aspects of an individual’s 

daily life and how it is affected by therapeutic intervention. Scores range from 0 to 105 

points with lower scores indicating less effect from HF symptoms and thus a better 

quality of life.(Bilbao et al., 2016) Change in the score of 5 is considered to be a 

clinically relevant change/improvement in a patients quality of life.(Riegel et al., 2002) 

8.3.5 Assessment of cardiac function  

Assessment of cardiac function was done in all the patients included in both the arms 

at baseline and after 3 months. It included assessment of stroke volume, cardiac 

output, systemic vascular resistance, LV filling pressure (E/E’), LV volumes and 

ejection fraction, LV global longitudinal strain, LA strain and RV function. These 

measurements were done by standard echocardiographic procedure and the details 

have been discussed in chapter 6, section 6.2.2. 

8.3.6 Assessment of exercise tolerance 

All the subjects in the study had to do a symptom limited, supervised treadmill stress 

test by modified Bruce protocol at baseline. This was again repeated at the end of 12 

weeks. Limitation of symptom was assessed by using Borg scale which rates the 

exertion perceived by the person.(Borg, 1982) The patient’s vitals and parameters 

derived from echocardiography were documented at baseline and 2-3 minutes of the 

exercise termination as diastolic parameters persists even after completion of 

exercise.(Ha et al., 2020) The routine echocardiographic parameters were again 

recorded after exercise as mentioned earlier. 
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8.3.7 Assessment of blood biomarkers  

5 ml blood sample was taken from antecubital vein and assessed for brain natriuretic 

peptides (NTproBNP) at baseline and after 12 weeks for patients in both intervention 

arm and non-intervention arm. 

8.3.8 Outcomes 

The main outcomes were feasibility and acceptability of the intervention in the setting 

of HFpEF. Secondary outcomes were changes in exercise tolerance, quality of life, 

cardiac and haemodynamic parameters changes in NTproBNP. Feasibility was 

defined as readiness of patients to sign up for the intervention and was established by 

enrolling the targeted number of patients. Acceptability was defined as readiness to 

join and stick to the intervention and was defined as the percentage of patients who 

completed the intervention. The intervention was considered acceptable if ≥ 80% of 

patients completed it. This comprised of weekly adherence by telephone and 

completion of daily physical activity records. If the adherence was recorded, the 

intervention was considered successful.  

8.3.9 Data analysis 

A formal power calculation is not mostly needed for pilot feasibility studies.(Moore et 

al., 2011) It was important to assess whether this intervention, is acceptable and 

feasible. In addition pre- and post- comparison was performed for pre-defined clinical 

outcomes, Paired t-test was used to assess differences between baseline and after 3 

months, while independent t-test was used to ascertain the significant difference 

between the two groups. The relationship between physical activity and clinical 

outcomes was assessed using Pearson’s coefficient of correlation. Statistical 

significance was defined by p<0.05. Complete analyses were carried out using SPSS 

version 20.0 (SPSS, Chicago, IL, USA). 

8.4 Results 

8.4.1 Acceptability and Feasibility 

Out of 49 HFpEF patients initially screened, 40 patients were willing to take part and 

were included in the study. Recruitment took place between January 2020 and 

November 2020. Nine patients were excluded i.e. seven had history of atrial fibrillation 

and two patients had history of recent myocardial infarction and were not willing to 

exercise. The demographic and clinical features of the cohort are presented in Table 



 88 

8.1. No adverse events happened due to participation in the intervention study and all 

25 patients in the intervention arm completed the intervention. There were no deaths 

in the study. 

Table 8.1. Patients’ demographic and clinical features  

Variable Intervention arm 
(n=25) 

Non-intervention arm  
(n=15) 

Age (years) 60r7 60r7 
Male (%) 12 (48) 4 (26.7) 
Height (cm) 156r8 153r7 
Weight (Kg) 66.8r14.2 75.3r13.7 
Body surface area (m2) 1.66r0.18 1.72r0.17 
Coronary artery disease (%) 9 (36) 2 (13.3) 
Hypertension (%) 21(84) 14 (93) 
Diabetes mellitus (%) 9 (36) 3 (0.2) 
B-blocker (%) 2 (08) 9 (60) 
ACEI/ARB (%) 23 (92) 13 (86.6) 
CCB (%) 4 (16.6) 1 (6.67) 

ACEI, Angiotensin-converting enzyme inhibitor; ARB, Angiotensin receptor blocker; CCB, 
Calcium channel blocker  

 
The target step count goal of 2000 steps from baseline was achieved at week three 

with average number of steps per day increasing significantly by 2546 (from 4457±653 

to 6592±545 steps/day, p=0.03), and was maintained until week 12 (7394±632 

steps/day, p<0.01) (Figure 8.1). 

 

 
Figure 8.1 Number of steps in both group 
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The total timing of treadmill test rose in the intervention group (350+122 vs 463+135 

secs, p<0.01) but not in controls (399+126 vs 358+88 secs, p=0.23). Resting and peak 

exercise hemodynamic and echocardiographic variables are presented in Table 8.2. 

The end of the intervention caused a significant reduction in resting heart rate (78±9 

vs. 73±9 beats/min, p<0.01) and mean arterial pressure (93±7 vs. 87±5 mmHg, 

p<0.01) (Table 8.2).  

Table 8.2. Biomarker, haemodynamic, echocardiographic parameters, and quality of 

life between Intervention and non-intervention arm 

Variable 

Intervention (n=25) 
 

Non-intervention (n=15) 
 

Baseline After 3 
months Baseline After 3 

months 
NT proBNP 

(pg/ml) 1041±1059 588±378* 1686±1824 1099±463& 

Heart Rate 
(beats/min) 78±14 73±9* 78±10 78±9& 

MAP (mm Hg) 92±5 87±5* 95±7 93±7& 

SV (ml/beat) 71.3±16.9 76.4±12.9* 81.3±21.2 80.6±14.7 
CO (l/min) 5.41±0.98 5.56±0.8 6.21±0.95 6.18±0.86 

E/E’ 12.43±3.6   9.72±1.86* 12.86±3.17   12.44±2.23& 
SVR (dynes-

sec/cm5) 1307±215 1195±182* 1122±181 1121±127 

LVEDV (ml) 76.8±15.3 75.7±14.9 91.7±17.7 88.4±12.9& 
LVESV (ml) 38.4±9.2 37.8±8.1 45.1±9.1 43.9±7.9 
LVEF (%) 54.2r2.8 54.36r2.7 53.2r2.88 52.2r2.21 

LVGLS (%) -15.9r3.09 -15.9r2.4 -15.5r1.9 -14.8r1.8 
TAPSE (mm) 2.11±0.25 2.12±0.17 2.18±0.28 2.12±0.17 
RV strain (%) -22.5±2.6 -22.8±1.8 -22.8±2.2 -21.8±1.4 

PALS(%) 23.3±4.5 25.5±4.4* 21.9±4.8 21.8±4.4& 

PACS(%) 8.6±1.2 9±0.9 * 8.3±2 8.7±1.4 
Quality of life 22±4 17±4 * 25±5 22±3& 

*p<0.01, between baseline and after 3 months; &p<0.01, after 3 months post intervention and 
non-intervention   
CO, cardiac output; E/E’, ratio of early diastolic flow to early tissue doppler velocity; LVEF, left 
ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; LVEDV, left 
ventricular end diastolic volume; LVESV, left ventricular end systolic volume; MAP, mean 
arterial pressure; NT proBNP, N-terminal pro-hormone beta natriuretic peptide; PALS, peak 
atrial longitudinal strain; PACS, peak atrial contraction strain; RV, right ventricle; SV, stroke 
volume; SVR, systemic vascular resistance; TAPSE, tricuspid annular peak systolic excursion 
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The left ventricular end diastolic volume was significantly lower after 3 months in 

intervention arm as compared to non-intervention arm (75.7±14.9 vs 88.4±12.9 ml, 

p<0.01). However there was no significant difference in left ventricular (LV) ejection 

fraction, LV global longitudinal strain and right ventricular systolic parameters after 3 

months in both the groups. The peak atrial left longitudinal strain improved significantly 

in intervention arm after 3 months and was higher than that of non-invention arm 

(25.5±4.4 vs 21.8±4.4, p<0.01). The quality of life score assessed by Minnesota Living 

with Heart Failure (MLHF) decreased after intervention by 5 points (22.3±4.14 to 

16.9±4.27, p<0.01). 

There was a significant difference in NTproBNP following completion of intervention 

(1041±1059 vs 588±378 pg/ml, p<0.01) from baseline as compared to standard care 

treatment (1686.2±1824.7 vs 1099.5 pg/ml, p<0.01). Daily steps number correlated 

positively with post-intervention E/E’ (r = 0.52, p<0.01) and peak atrial longitudinal 

strain (PALS) post-intervention (r = 0.43, p<0.05), but not pre-intervention E/E’ (r=0.21, 

p=0.45) and PALS (r = 0.29, p = 0.3). The significant correlation between average 

week step count and E/E’ and PALS seen post-intervention, although moderate, 

demonstrates that daily physical activity helps in reducing LV filling pressure and also 

improves PALS which is seen in active HFpEF and not sedentary patients with HFpEF 

(Fig. 8.2). This suggests that increasing walking daily improves LV filling pressure and 

left atrial mechanics in HFpEF patients.  

 

 
Figure 8.2 Relationship between number of steps and left ventricular filling pressure (E/E’) 
and peak atrial longitudinal strain (PALS) pre and post-intervention 

There was no significant relationship between exercise tolerance and number of steps 

(p=0.74). Also there was no significant relationship between E/E’ and QOL (p=0.41), 

and PALS and QOL (p=0.58).  
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8.5 Discussion 

The present work shows that personalized home-based physical intervention Active-

at-Home-HF is feasible and acceptable in patients with HFpEF. Results further indicate 

that and the intervention helps in adequate alterations in exercise tolerance and 

haemodynamics. The acceptability and feasibility are confirmed with enrolment and 

completion rates which were high and these findings are comparable to work by 

Piotrowicz et al., where in a home-based cardiac rehabilitation which was monitored 

telephonically had complete adherence as compared to centre-based 

rehabilitation.(Piotrowicz et al., 2010) Our findings also support recent studies 

demonstrating the effect of Active-at-Home-HF and other similar interventions in 

HFrEF.(Okwose et al., 2019, Dalal et al., 2019) Home- based physical intervention 

have the advantage of being viable, low-cost as compared to centre-based as there is 

no need for exercise equipment and minimizes the expenditure involved with daily 

travelling as opposed to center based rehabilitation programmes.(Dalal et al., 2019) It 

was previously reported that assurance of patients from a clinician towards the  safety 

of home-based physical activity intervention is essential for successful delivery and 

update of such intervention.(Okwose et al., 2020) High acceptability of the intervention 

in the present study may also reflect the importance of motivation provided to patients 

by study research team with regular telephone calls during intervention. Earlier meta-

analysis of exercise based cardiac rehabilitation showed significant improvements in 

clinical outcomes (all-cause and HF-specific mortality, hospitalization, exercise 

capacity and HRQOL) in exercise as opposed to a control group.(Taylor et al., 2014a) 

However, most of the studies included in this meta-analysis were hospital- and centre-

based and very few focused on home-based cardiac rehabilitation.  

The present study had a randomisation of 2:1 into intervention and non-intervention 

group. If one treatment is expected to be more varying in the outcome than the other, 

then the statistical power can be increased with unequal sample allocation.(Sverdlov 

et al., 2019) The treatment with more variation i.e. lower precision, receives more 

patients than the other treatment group. It is expected that the larger sample size in 

such groups will reduce the noise in the outcome variables. Accordingly, in this study, 

we believed that the echo parameters in the intervention group will vary more among 

patients as compared to the patients in the non-intervention group. Hence, a ratio of 

2:1 was opted to allocate patients to intervention and non-intervention groups. 

HFpEF patients experience poor QOL and exercise intolerance which is one of the  

hallmarks of HF.(Fukuta et al., 2019) Exercise training has shown to raise exercise 
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tolerance and QOL in HFrEF.(Okwose et al., 2019, Dalal et al., 2019) In the present 

study, HFpEF patients in the intervention arm showed a reduction of 5 points in MLHF 

questionnaire. Fukuta et al. in a meta-analysis reported that exercise training resulted 

in improvement of QOL in HFpEF as assessed by MLHF questionnaire without 

affecting LV systolic and diastolic properties.(Fukuta et al., 2019)  

Increasing daily physical activity resulted in decrease LV filling pressure without 

affecting the LV and RV systolic function. This decrease in LV filling pressure seen 

after intervention has been shown to be consistent in different intensities of physical 

exercises used in exercise rehabilitation in HFpEF patients.(Bobenko et al., 2018) Few 

studies have shown that exercise training improves diastolic dysfunction by reducing 

E/E’ in patients of HFpEF.(Edelmann et al., 2011, Santoso et al., 2019) Exercise 

training at submaximal levels in HF has no effect on cardiac output and stroke 

volume.(Belardinelli et al., 1995, Sullivan et al., 1988) The present study also showed 

that increasing step count by 2000 per day did not have any effect on the stroke 

volume, cardiac output, LV ejection fraction and LVGLS.  

Recent work have shown a link between LA strain measure and reduced exercise 

capacity in patients of HFpEF.(Leite et al., 2017, Von Roeder et al., 2017a) Impaired 

PALS has been associated with abnormal exercise hemodynamics in HFpEF.(Telles 

et al., 2019) However, no studies have previously assessed the effect of exercise 

training on LA strain in HFpEF patients. This work showed that there was a notable 

improvement in PALS after 3 months of Active-at-Home-HF intervention which was not 

observed in non-intervention arm. A recent pilot study involving 25 heart failure with 

mid-range EF reported improvements in PALS as an acute response to eccentric 

resistance exercise training.(Caminiti et al., 2022) During exercise PALS  function gets 

augmented as it helps in accelerating LV filling which is needed to maintain an 

enhanced atrioventricular pressure gradient during the phase of diastole.(Nishikawa et 

al., 1994, Bhatt et al., 2021) This exercise training when done on a regular daily interval 

helps in left atrium getting remodeled helping in augmentation of PALS.  

8.6 Limitations 

There were few limitations in the present study. Firstly, the sample size limits 

generalizability of results. Of the 49 patients screened, only 40 could be included in the 

study. Also there was a mismatch of sex between the two groups randomised. This 

was a pilot work with the intent of proving acceptability and feasibility of the 

intervention. However, the main motto was not to show the effect of the intervention, 



 93 

but to evaluate the acceptability and feasibility with a thought that a larger controlled 

study can help in proving this theme. The design of the pilot study did not demand the 

application of advanced digital mechanics. Digital mechanics, though provide more 

benefits of evaluating haemodynamic function such as HR and MAP and may be 

helpful in further work in improving safety of patients performing daily physical activity. 

Hence an evaluation of Active-at-Home-HF intervention in HFpEF is needed in large 

randomised controlled trial to evaluate it clinical effectiveness. 

8.7 Conclusion 
The present study shows that a 12-week personalised home-based physical activity 

intervention (Active-at-Home-HF) is feasible, safe and acceptable in patients of 

HFpEF. It helps in providing clinical and physiological benefits in these patients. It 

helps in improving exercise tolerance, LV filling pressure, LA performance and quality 

of life in HFpEF patients. 

The current study reinforces the importance of health care professionals in motivating 

patients of HFpEF. The Active-at-Home-HF programme offers new avenues to HFpEF 

patients to be physically active at home, who are unable to travel to centres of exercise. 

These physical activity programs need to be individualized, standardized and made 

easily available to HFpEF patients to get maximal beneficial outcomes 
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Chapter 9: General discussion and conclusions 

Heart failure (HF) is one of the leading causes of mortality and morbidity worldwide 

with yearly global cost of treatment and prevention estimated at USD 108 

billion.(Savarese and Lund, 2017) The condition is currently considered as an 

emerging epidemic with the growing burden on western and developing 

countries.(Roger, 2018) Previously, HF was considered to be a disease of the elderly, 

but with urbanization, the condition is now seen in people under the age of 50 

years.(Lecoeur et al., 2023)(Groenewegen et al., 2020)(Wong et al., 2014) Heart 

failure with preserved ejection fraction (HFpEF) is a heterogenous clinical condition 

having a prevalence of 1.1-5.5% in the general population, and associated with high 

mortality and morbidity.(Teramoto et al., 2022) The current thesis provides new 

insights into the pathophysiology of HFpEF with a focus on left atrium (LA). It highlights 

the importance of echocardiography as a robust non-invasive technique used to 

evaluate the role of the LA in the pathophysiology of heart failure with HFpEF. This 

thesis improves current knowledge and understanding of the importance of physical 

activity in HFpEF, i.e., its feasibility, adherence, and physiological benefits.  

HFpEF was first described by Robert Luchi, around 4 decades ago.(Luchi et al., 1982) 

Women have a higher prevalence, poorer quality of life, and greater disease burden 

compared to men.(Masood and Hamid, 2022) The HFpEF population studied in this 

research project were younger as reported in earlier studies.(Guha et al., 2018) In  the 

Trivandrum Heart Failure Registry from India, the patients with HF were 10 years 

younger (mean age 61 years) compared to their western counterparts.(Harikrishnan et 

al., 2017) In the INTER_CHF study, the mean age among Indians were 56 

years.(Dokainish et al., 2016) This shows that the burden of HF is in the younger 

population in India and explain the the atypical nature of this disease in Indian 

subcontinent. Our understanding of HFpEF has evolved over last 10-15 years, starting 

from a primary focus on echocardiographic presence of left ventricular EF>50% and 

diastolic dysfunction to association with structural cardiac changes with elevated filling 

pressure, diastolic alterations, raised biomarkers and poor physical performance. 

Majority of strategies have focused on research and development of novel 

technologies that can be used in the monitoring of HF. Advances in the field of 

translational research are ongoing which are focusing on novel biomarkers, genetic 

testing, anti-inflammatory treatment, gene therapy, implantable devices and surgical 

therapy for the management of HF. 
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Assessment of cardiac output is an important haemodynamic parameter in 

cardiovascular medicine and the usefulness of non-invasive technologies to monitor 

cardiac output in routine clinical care of patients with HFpEF can potentially improve 

outcomes in these patients. Whilst the gold standard invasive thermodilution is still 

being used to assess cardiac haemodynamics in advance heart failure, non-invasive 

echocardiography is now standard practice in secondary care and has proven to be a 

useful tool for measuring cardiac output in intensive care setting.(Mercado et al., 2017). 

Other non-invasive techniques such as bioreactance (Keren et al., 2007), 

bioimpedance (Jakovljevic et al., 2014) and pulse contour (Zocalo et al., 2021) have 

also gained significant research attention.  

Echocardiography and bioreactance have been accurately tested against the gold 

standard thermodilution.(Doherty et al., 2017, Ihlen et al., 1987, Keren et al., 2007) 

However, Chapter 5 of the present thesis has shown that both technologies cannot be 

used interchangeably as haemodynamic variables (i.e., cardiac output, stroke volume)  

derived from two methods show large discrepancies at rest. Both techniques use two 

different methodologies to derive stroke volume resulting in disparity of results. 

Bioreactance uses the concept of electrical stimulation across the thoracic cavity and 

is affected by fluid accumulation in thorax as seen in HFpEF. Echocardiography uses 

the principle of Doppler to derive cardiac output from flow across the aortic valve. 

Bioreactance is convenient to use and provides continuous cardiac and 

haemodynamic monitoring while transthoracic echocardiography requires expertise 

training and does not provide continuous monitoring of haemodynamic parameters. 

Notwithstanding, echocardiography gives further information on LV systolic 

performance indicators like ejection fraction and global longitudinal strain. Hence, a 

pragmatic approach to ongoing management of patients using these technologies 

must be followed.  

The structure and function of the left atrium (LA) have evolved as important parameters 

involved in pathophysiology of many cardiac diseases which progress to HF in later 

stages. LA enlargement is a known marker of LV diastolic dysfunction and is correlated 

with increased morbidity and mortality.(Frydas et al., 2020) Enlarged LA size is 

predominantly seen in most  HFpEF patients, although around 25-30% of cases will 

not show enlarged LA at the time of diagnosis. Prior to LA enlargement, remodelling 

occurs which is marked by alterations at molecular, cellular and tissue level 

characterized by alteration in cardiomyocyte, fibroblast and non-collagen infiltrative 

compartments of LA.(Hoit, 2017) Impairment of LA function as assessed by strain 
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analysis has been observed in HFpEF patients. Strain analysis using speckle tracking 

imaging helps in direct measurement of LA myocardial deformation and can be 

evaluated during reservoir, conduit and contractile phases and is relatively 

independent of geometric assumptions, angle of interrogation and not affected by 

mitral valve pathology. Also, LA dysfunction is seen in HFpEF patients independent of 

LA volume enlargement. The speckle tracking imaging can be performed at peak 

pharmacological and exercise testing to adequately understand HF pathophysiology. 

Chapters 6 provides new insights about the dynamic changes which occur in LA 

function in the presence of stress. The LA reservoir function (PALS) has been shown 

to play a significant part in the progression of diseases like HF and is affected by LV 

myocardial contractility and innate LA compliance. (Aurigemma et al., 1995) Reduced 

PALS has been related to progression of HFpEF and has prognostic 

significance.(Freed et al., 2016) PALS has also been shown to have a positive 

relationship with raised filling pressure in HF at rest and can estimate disproportional 

rise in pressure during exercise.(Lundberg et al., 2019a) The present research 

programme showed that both HFrEF and HFpEF had reduced LVGLS and PALS at 

rest and after exercise, with lowest strains values exhibited by HFrEF patients. HFpEF 

patients had a significant decrease in LA reservoir strain with exercise, while no 

significant change was seen in the HFrEF and control groups. Change in LA strain was 

also significantly associated with lower exercise time. These findings suggest that lack 

of LA functional reserve is associated with poor exercise capacity in HFpEF. The use 

of stress test for understanding and exploring the chamber reserve and 

haemodynamics represents an emerging frontier in understanding LA mechanics. This 

shows that the availability of non-invasive tools for assessment of LA mechanics has 

resulted to an in-depth knowledge of LA structure, thus transcending beyond being just 

a research tool, but with potential application in clinical practice to improve outcomes 

for patients.  

Besides physiological stress testing, the pathophysiology of HFpEF and HFrEF was 

assessed using pharmacological (dobutamine) stress in Chapter 7. Dobutamine stress 

echo (DSE) is a good alternative to exercise stress with an acceptable safety profile 

and can be useful in HF patients who cannot walk or cycle due to associated 

pulmonary, orthopaedic or rheumatologic problems.(Pellikka et al., 2007) Moreover, it 

is easier to acquire echocardiography images using DSE compared to exercise testing. 

DSE provides pharmacologic inotropic stress and causes more rise in filling pressure 

in HFpEF, which is absent in HFrEF. Also, it decreases LA and LV strains more in 
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HFpEF than HFrEF, further highlighting differences in haemodynamic responses 

between both classes of HF studied. These changes seen are due to myocardial 

mechanical, energetic and flow reserve alteration with reduced coupling of blood flow 

to demand and increase in myocardial oxygen demand.(Abouezzeddine et al., 2019) 

DSE has been regularly used for patients with coronary artery disease, aortic stenosis 

and mitral regurgitation patients. This study shows that DSE can be used safely in HF 

patients and provides new insights into the HF pathophysiology. 

The primary symptom of HFpEF patients,  is exercise intolerance, which can severely 

undermine quality of life.(Fukuta et al., 2019) HFpEF is now being considered as an 

exercise deficiency syndrome.(La Gerche et al., 2022) Physical inactivity in patients 

with HF is associated with increased risk of all-cause death and cardiac death.(Doukky 

et al., 2016) This association is seen irrespective of LVEF. On the contrary, recent 

prospective observational studies have shown that regular physical activity and 

increased cardiorespiratory fitness lower the risk of developing HF.(Santoso et al., 

2019) Physical activity is associated with increase in stroke volume, cardiac output, 

cardiac mass and decrease in clinical events. In Chapter 8, we described the feasibility, 

effectiveness of personalised physical activity intervention which is home based 

(Active-at-Home-HF) in HFpEF. Using a single centre study design, data showed that 

the intervention was easily possible and resulted in improvement in LV filling pressure, 

LA performance, exercise tolerance and quality of life in HFpEF patients. Functional 

capacity in patients living with chronic diseases has been a focus of many recent 

studies. Functional incapacity and sedentary lifestyle correlated with morbidity and has 

now become very important in patients with HFpEF who have problems related to poor 

exercise tolerance and breathlessness, forcing them to be dependent on others for 

activities of daily living. Regular physical activity  has proven to be useful in improving 

exercise tolerance and QOL in HFrEF,(Okwose et al., 2019). In the present research 

programme, the Active-at-Home-HF intervention was safe and well adhered to, and 

resulted in a significant improvement in quality of life. It was also associated with the 

reduction in LV filling pressure and improvement in LA reservoir function. The most 

common risk involved in physical activity are musculoskeletal injuries like sprained 

ligaments, strained muscles and overuse injuries. None of the patients in the present 

study suffered from any adverse event.  

9.1 Implications for patients, practice and future research 

The present thesis has proven to be timely and important because 1) it provides 
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evidence that response to different forms of stress is distinctly different between 

HFpEF and HFrEF suggesting differing pathophysiology, 2) left atrial function 

contribute to the hemodynamics of HFpEF at rest and during exercise, 3) home-based 

personalised physical activity intervention can help people with HFpEF to enhance 

their quality of life, physical and cardiac function. There is a high level of interest in the 

medical research to identify new prevention, management, and monitoring strategies 

in HFpEF. Studies contained in this thesis provide evidence for better understanding 

of the pathophysiology, and the effect of home based physical activity intervention on 

quality of life and clinical phenotype in HFpEF.  

Future research is warranted to investigate molecular and cellular mechanisms 

underpinning pathophysiological findings in HFpEF. This can further lead to discovery 

of novel therapeutic targets and interventions. Based on the research conducted as 

part of this thesis it can be recommended that more attention should be directed 

towards the assessment of left atrial strain and haemodynamics at rest and in response 

to stress that can potentially guide management of HFpEF. Integration of home-based 

physical activity interventions, such as Active-at-Home in patients with HFpEF may 

improve their quality of life and symptoms.  
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Appendices 
Appendix 1 Consent Form 
 
 
----------------------------------------------------------------------------------------------------------------------------- --------- 
Patient Identification number for this trial:  

CONSENT FORM 
Title of Project: Pathophysiology of Heart Failure with Preserved Ejection Fraction   

Name of researchers: Dr Shantanu P Sengupta, Dr Djordje Jakovljevic, Dr Guy MacGowan, Dr Kunda 
Mungulmare 

 
Please initial box 

 
1. I confirm that I have read and understand the information sheet dated 30th April 2018  

(version 1.0) for the above study and have had the opportunity to ask questions.  
 
2. I understand that my participation is voluntary and that I am free to withdraw at any 

time, without giving any reason, without my medical care or legal rights being affected.  
 

3. I agree to my GP being informed of my participation in the study. 
 
 

4. I understand that my results will be kept confidential. 
 
 

5. I understand that my data will be stored securely. 
 
 

6. I understand that relevant sections of my medical notes and data collected  
during the study, may be looked at by members of the research team or  
individuals from Sengupta Hospital and Research Institute and Newcastle upon 
Tyne Hospital, where it is relevant to my taking part in this  
research. I give permission for these individuals to have access to my records. 

 
 
7.    I agree to take part in the above study. 
 
 
8. I agree, that if I am asked I will take part in a focus group discussion with the  
       member of the research team and other participants recruited to the study     
       for the purpose of this research.  
 
 
 
Name of patient    Date  Signature 
 
 
 
Name of person taking consent  Date  Signature 
(if different from researcher) 
 
 

Researcher    Date  Signature 

1 copy for patient; 1 copy for researcher; 1 copy for medical records                30th April 2018, Patient consent form Version 1.0 
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Patient Identification number for this trial:  

CONSENT FORM 
Title of Project: Physical activity in heart failure with preserved ejection fraction  

Name of researchers: Dr Shantanu P Sengupta, Dr Nduka Okwose, Dr Djordje Jakovljevic, Dr Guy 
MacGowan, Dr Kunda Mungulmare 

 
Please initial box 

 
9. I confirm that I have read and understand the information sheet dated 30th April 2018  

(version 1.0) for the above study and have had the opportunity to ask questions.  
 
10. I understand that my participation is voluntary and that I am free to withdraw at any 

time, without giving any reason, without my medical care or legal rights being affected.  
 

11. I agree to my GP being informed of my participation in the study. 
 
 

12. I understand that my results will be kept confidential. 
 
 

13. I understand that my data will be stored securely. 
 
 

14. I understand that relevant sections of my medical notes and data collected  
during the study, may be looked at by members of the research team or  
individuals from Sengupta Hospital and Research Institute and Newcastle upon 
Tyne Hospital, where it is relevant to my taking part in this  
research. I give permission for these individuals to have access to my records. 

 
 
15.    I agree to take part in the above study. 
 
 
16. I agree, that if I am asked I will take part in a focus group discussion with the  
       member of the research team and other participants recruited to the study     
       for the purpose of this research.  
 
 
 
Name of patient    Date  Signature 
 
 
 
Name of person taking consent  Date  Signature 
(if different from researcher) 
 
 

Researcher    Date  Signature 

1 copy for patient; 1 copy for researcher; 1 copy for medical records                30th April 2018, Patient consent form Version 1.0 
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Appendix 2 Patient Information Sheet 
 

Patient Information Sheet 
 

Pathophysiology of Heart Failure with Preserved Ejection Fraction 
 

You are invited to participate in this research project. Please take time to read the 
following information carefully. It explains why the research is being done and what it 
involves. If you have any questions about the information, you are very welcome to 
ask for further explanation. Thank you for reading this. 
 

• Part 1 tells you about the purpose of this study and what will happen during 
the study. 

• Part 2 gives more detailed information about the conduct of the study. 
 
Discuss with others if you wish and take time to decide regarding your participation. 
 
Part 1 
 
What is the purpose of the research project? 
 
Heart Failure (HF) occurs when the heart’s ability to pump blood is reduced. HF can 
lead to health complications including damage to other organs (e.g. kidneys) and 
blood vessels. It is a chronic progressive condition that can be treated but not cured. 
There is no specific treatment for HF which occurs because of relaxation abnormality 
of the heart (diastolic dysfunction), apart from diuretics. The main aim of this project 
is to better understand the mechanism of this condition so that better treatment 
strategies develop and help the generations to come.  
 
Why have I been chosen? 
 
You have been chosen because you have been diagnosed with Heart Failure due to 
diastolic or systolic dysfunction. You are taking prescribed optimal medication and 
your condition is clinically stable. The project will involve up to 80 people.  
 
Do I have to take part? 
 
Your participation is purely voluntary and all results will be strictly anonymous. If you 
decide to take part, you are still free to withdraw at any time without giving reasons 
and without your medical care being affected. If you do decide to take part, you will 
be given this information sheet to keep and be asked to sign a consent form. 
 
What will the research project involve? 
 
You will be asked to attend the Clinical Research Facility at Sengupta Hospital and 
Research Institute, Ravinagar, Nagpur on minimum 4 occasions 0,3,6,12 months as 
detailed below. During these visits you will have your heart checked.  
 
 
Visit 1 (Screening): After reading this information sheet and after having had time to 

make a decision and ask any questions to the researcher, you will be asked to 
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sign the consent form saying that you would like to take part in this research 
study. You will be asked to undertake a short physical examination, 
anthropometric data including height, weight, BMI, waist circumference and 
blood pressure will be measured, a resting electrocardiogram (ECG), ultra 
sound of the heart called echocardiography (Echo) and blood sample will be 
done. Then you will perform either an exercise (treatdmill) test or a medication 
(Dobutamine) stress test. Echo will be repeated at peak stress. During 
exercise test you may be wearing a face mask to collect expired gases and 
measure response of the heart using ECG.  
Total visit time: 1 to 1.5 hours 

 
Visit 2,3,4 (Follow-up): The same as visit 1. 
 
Expenses and payments 
 
No expenses for travel are being made. 
 
What do I have to do? 
 
You will continue with your usual treatment(s) during the project. It is very important 
that you attend all required visits. You will be asked not to drink alcohol or exercise 
the day before the two visit days. Each of the visits will be in the morning before 
breakfast and you should not eat from 10pm the prior evening. You can drink water 
only and take your medication as advised.  
 
What are the side effects of treatment received when taking part? 
 
Exercise and Dobutamine stress tests are performed routinely in clinical practice to 
help clinical care teams to better understand heart problems and develop appropriate 
plan in regards to therapy. Normal response to stress tests is that your heart beats 
faster and your blood pressure raises as in people without heart failure. The following 
signs and symptoms may also occur including a chest pain, irregular heartbeats, 
dizziness, nausea, tiredness, and heart attack (rare). For these reasons your visits 
will be supervised by a doctor at all times.  
 
What you should do if you feel unwell 
In case you are feeling unwell during the study you should immediately contact the 
research team on 9923190925. In case of emergency you should contact the 
emergency room of the hospital. 
 
  
Are there any other possible disadvantages of taking part? 
 
There are no anticipated disadvantages to taking part in this study but you will need 
to attend all of the study visits and complete the physical activity intervention. 
 
What are the possible benefits of taking part? 
 
You will be supported throughout the study by the member of the research team and 
will be educated regarding heart failure.  
 
What if there is a problem? 
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If you have any concern or complaint about any aspect of the study this will be dealt 
with immediately by the study research team members. Contact details for the 
primary researcher are given at the end of Part 1.  
 
Will my taking part in the project be kept confidential? 
 
All information obtained during the course of the research project will be kept strictly 
confidential.  
What will happen to the results of the research study? 
 
The results of the project will be presented in national and international cardiology 
and heart failure meetings and will be published in cardiac journals. You will not be 
identified in any report or publication. You will be welcome to have a copy of the 
results once they are published. 
 
Who are the contacts for further information? 
 
Further information can be obtained from: 
              

Dr Shantanu P Sengupta 
Sengupta Hospital and Research Institute 
Ravinagar Square, Nagpur- 440033 
India 
Phone : 9923190925 
Email  : senguptasp@gmail.com     

 
Thank you.                                                                                                        
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Part 2 
 
 
What if relevant new information becomes available? 
 
If new information is published during the course of a study this can sometimes 
change how the research should go forward. If this were to happen we would inform 
you of this revised information and ask you to confirm your consent to participate in 
the study. For this study it is highly unlikely that this would occur.  
 
What will happen if I don’t want to carry on with the study? 
 
You are free to withdraw from the study at any time. Any data already obtained from 
you would still be used if you were to agree to this.  
 
What if there is a problem? 
 
a) Complaints 
If you have any concern or complaint about any aspect of this study you should 
contact the study team directly by phone on 9923190925, or write to them at the 
address at the end of Part 1 of this document.  
 
b) Harm 
In the unlikely event that something does go wrong and you suffer harm due to a 
member of the team’s negligence you should contact the study team directly by 
phone on 9923190925  
 
c)   Detection of abnormal, none heart failure related findings  
In the unlikely event of any abnormality being found during the research visits this will 
be referred to a qualified specialist. This will then be discussed with the lead 
investigator and they will discuss whether other specialist analysis is required.  
 
Will my taking part in the project be kept confidential? 
 
All information obtained during the course of the research project will be kept strictly 
confidential. This will be achieved by storing information in password-protected 
computer files, and appointment information in locked filing systems within the 
Clinical Research Facility. No individually identifiable information will be stored 
outside the Centre.  
 
Analysis of the detailed results of the research will be done by the research team 
members. At this stage no personal information is part of the dataset. Results will be 
sent to participants, presented at scientific meetings and published in scientific 
journals without personal identification of any volunteer although thanks to the 
volunteers will be recorded.  
 
What will happen to blood samples? 
Samples will be stored until it is certain that the test results are accurate, and then 
they will be disposed of. During storage, samples are identified only by a code 
number, not your name. No other tests will be carried out on the samples.  
 
What will happen to results of the research? 
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The results will be presented at scientific meetings for discussion by other experts in 
this field. They will be written up in the form of a scientific paper and this will be 
intended to be published in a suitable scientific journal. As soon as the results are 
fully analysed after the end of the entire study you will receive a letter describing 
what we have found, and what implications it has for people with heart failure. We will 
also hold an open evening for participants at which we will present the results of the 
study. 
 
Who is organising and funding the research? 
 
This project is not funded as of now. The design and organisation of the study is the 
responsibility of Dr Shantanu Sengupta who is internationally recognised expert in 
this field.  
 
There is no payment to any of the researchers involved in this study. They are 
employed by Sengupta Hospital and Newcastle University, to teach and to research 
and have no financial link with the study.  
 
Who has reviewed the study? 
 
The study was reviewed by researchers and clinical care teams based at the Negpur 
Hospital and Newcastle upon Tyne Hospitals (UK).  An Independent Ethics 
committee of the Sengupta Hospital has reviewed and approved the study protocol.  
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Appendix 3 Physical Examination Form  

 

 

Name:     ______________________________ Age (years): __________            

Body weight (kg): _________ Height (cm) : _____________________  

Pulse rate (/min): __________   , Rhythm : ______________________ 

Resting blood pressure (mmHg): ______________________________ 

Edema feet: Yes/No 

Jugular venous pressure :      Yes/No  

Auscultation of the lungs      Ok/ Not Ok 
specific attention to uniformity of breath sounds  _______________ 
in all areas (absence of rales and wheezes)   _______________ 

Auscultation of the heart      Ok/ Not Ok 
specific attention murmurs, gallops, clicks            _______________ 
and rubs       _______________ 

Evaluation of the abdomen     Ok/ Not Ok 
Bowel sounds, masses, Liver, Spleen             _______________ 
enlargement       _______________ 

Evaluation of Neurologic function     Ok/ Not Ok 
Power, reflexes      _______________ 

Any orthopaedic or medical condition   Yes/ No 
that would limit exercise      _______________ 

 

 

 

Cleared to start exercise test    Yes/ No 

Completed by ___________    Date ___________ 
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Physical examination (page 2 on reverse of page 1)  

 

Exercise Stress Testing Exercise Protocol          ______________________ 

Absolute indicators for terminating the Exercise Stress test:  
___________________________________________________________________ 

Drop in blood pressure of >10mm Hg   Ok/ Not OK 
from baseline blood pressure despite   _______________________ 
an increase in workload, when    _______________________ 
accompanied by other evidence of ischemia.  
___________________________________________________________________ 

Any form of chest pain or     OK / Not OK  
shortness of breath      _______________________                                                   

___________________________________________________________________ 

Ventricular tachycardia / Fibrillation  OK / Not OK 
       _______________________ 
___________________________________________________________________ 

ST elevation/ significant ST-T changes  OK / Not OK 
       _______________________ 
___________________________________________________________________ 

Fatigue, shortness of breath, wheezing,   OK / Not OK  
leg cramps, or patient develops    _______________________ 
discomfort      _______________________ 
___________________________________________________________________ 

Hypertensive response     Yes/ No 
Systolic blood pressure of > 200 mm Hg  _______________________ 
and/or diastolic pressure of >100 mm Hg  _______________________ 
___________________________________________________________________
__ 

 

Competed by: ___________                               Date _____________  
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Appendix 4  
 

MINNESOTA LIVING WITH HEART FAILURE£ QUESTIONNAIRE 
 

The following questions ask how much your heart failure (heart condition) affected your 
life during the past month (4 weeks).  After each question, circle the 0, 1, 2, 3, 4 or 5 
to show how much your life was affected.  If a question does not apply to you, circle 
the 0 after that question. 
 
Did your heart failure prevent  
you from living as you wanted during                            Very                   Very 
the past month (4 weeks) by -                            No        Little  Much  
       
1.  causing swelling in your ankles or legs?           0            1        2        3        4        5 
2.  making you sit or lie down to rest during    
     the day?                    0            1        2        3        4        5 
3.  making your walking about or climbing      
     stairs difficult?                   0            1        2        3        4        5 
4.  making your working around the house    
     or yard difficult?                   0            1        2        3        4        5 
5.  making your going places away from           
     home difficult?                   0            1        2        3        4        5 
6.  making your sleeping well at night 
     difficult?                    0            1        2        3        4        5 
7.  making your relating to or doing things 
     with your friends or family difficult?                0            1        2        3        4        5 
8.  making your working to earn a living 
     difficult?                    0            1        2        3        4        5                                                               
9.  making your recreational pastimes, sports 
     or hobbies difficult?                  0            1        2        3        4        5 
10.  making your sexual activities difficult?   0            1        2        3        4        5 
11.  making you eat less of the foods you  
        like?                    0            1        2        3        4        5 
12.  making you short of breath?                 0            1        2        3        4        5 
13.  making you tired, fatigued, or low on 
       energy?                    0            1        2        3        4        5 
14.  making you stay in a hospital?    0            1        2        3        4        5 
15.  costing you money for medical care?   0            1        2        3        4        5 
16.  giving you side effects from treatments?   0            1        2        3        4        5  
17.  making you feel you are a burden to your  
       family or friends?         0            1        2        3        4        5 
18.  making you feel a loss of self-control 
        in your life?                   0            1        2        3        4        5  
19.  making you worry?                  0            1        2        3        4        5 
20.  making it difficult for you to concentrate 
        or remember things?                  0            1        2        3        4        5  
21.  making you feel depressed?                 0            1        2        3        4        5 
_________________________________________________________________________ 
 
©1986 Regents of the University of Minnesota, All rights reserved.  Do not copy or reproduce without permission. LIVING WITH 
HEART FAILURE® is a registered trademark of the Regents of the University of Minnesota. 
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Appendix 5 Physical Activity Readiness Questionnaire  

 

Physical Activity Readiness Questionnaire  

Name: ______________ Age (years)______________ 

 

1. Has your doctor ever said that you have a heart condition and you should only 

do physical activity recommended by a doctor?    Yes / No  

2. Do you ever feel pain in your chest when you do physical activity?  Yes / No  

3. Do you ever feel faint or have spells of dizziness?    Yes / No  

4. Do you have a joint problem (also back problem) that goes worse by exercise? 

         Yes / No  

5. Have you ever been told that you have high blood pressure?  Yes / No  

6. Do you have any breathing problems?      Yes / No  

7. Do you have any problems with liver, thyroid, kidneys or diabetes?  Yes / No  

8. Are you currently taking any medication?     Yes / No if 

Yes, details __________________  

9. Are you pregnant, have you had a baby in the last 6 months?           Yes / No  

10. Has your mother or father had any heart problems?    Yes / No  

11. Whether you exercise in a week? if Yes, details _______________  Yes / No 

If yes, how many times __________ 

 

  

Signed by : ___________________     Date: ___________________  
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Appendix 6 Telephone Record Sheet / Follow-up OPD record sheet 

 

Patient ID _________________________ Date __________________ 

Researcher _______________________  

Week of intervention _________ Today’s date ____/_____/_____  

Time call/meeting started ______________  

Time call/meeting finished______________ Duration _________  

Self-monitoring  

Steps each day (record day of week)  

Day 1 ___________Day 2 ___________Day 3 __________Day 4 ___________ 

Day 5 ___________Day 6 ___________Day 7 __________  

Any problems experienced __________________________ 

 

Goal setting  
________________________________________________________________ 

Agreed goal  

Look at days of the week (weekday vs. weekend day). Active days?  

Ideally, we would like you to achieve 2000 steps more that what you would do normally 
each day How do you feel about this target? Achievable? Experience any problems? 
Positive reinforcement (i.e. any increase is positive, but how do you think you could 
increase further?). Reflect upon baseline. May need to reassess goal, record new 
goal. Also record in the activity planner the number of steps. Regular encouragement 
needed.   

________________________________________________________________ 

 
 
Signed by : ___________________        Date: ___________________  
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Appendix 7 Telephone Record Sheet (Questions asked by co-ordinator) 

 

Patient ID _________________________ Date __________________ 

Researcher _______________________  

Week of intervention _________ Today’s date ____/_____/_____  

Time call/meeting started ______________  

Time call/meeting finished______________ Duration _________  

Self-monitoring  

Any problems experienced    Yes / No  

Alive       Yes / No 

Is the watch and pedometer working properly Yes / No 

Breathlessness     Yes / No 

Chest pain      Yes / No 

Syncope/ dizziness     Yes / No 

Palpitation      Yes / No 

Any fall while walking    Yes / No 

Any other problem      Yes / No 

    Specify _____________________________ 

 

 
 
Signed by : ___________________        Date: ___________________  
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Appendix 8 
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Appendix 9 
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