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POPULÄRVETENSKAPLIG SAMMANFATTNING 

I avhandlingen har olika samband mellan det sviktande hjärtat och periferin hos 

hjärtsviktpatienter studerats för att belysa bakomliggande patofysiologiska mekanismer och 

möjlig prognostisk valör av biomarkörer. Nya sätt att mäta kvalitativa aspekter på fysisk 

aktivitet baserade på accelerometer visade sig ha stark bäring på prognosen hos patienter med 

svår hjärtsvikt, även som tillägg till de bästa prognostiska modellerna som finns att tillgå 

idag. I studierna har också utnyttjats metoder för att mäta ett stort antal cirkulerande proteiner 

(targeted proteomics) för att finna biologiska processer, som kopplar samman mått på det 

sviktande hjärtat med fysisk aktivitet och prestationsförmåga. Metoden kunde bekräfta några 

väl etablerade samband mellan hjärtats pumpförmåga, cirkulerande så kallade natriuretiska 

peptider och prognos men identifierande också ett antal proteiner kopplade till inflammation, 

extracellulär matrix remodellering, celltillväxt och celladhesion samt angiogenes som 

betydelsefulla för både fysisk prestationsförmåga och hjärtfunktion vid svår hjärtsvikt. 

Studierna har också visat att ett protein av betydelse för kontraktionsförmågan (RyR1) i 

skelettmuskeln verkar vara förändrad genom så kallade posttranslationella förändringar hos 

patienter med hjärtsvikt. Undersökning av en specifik behandlingsmetod vid hjärtsvikt, som 

har liknats vid passiv träning, påvisade inga signifikanta förändringar av genexpression och 

talade emot adaptiva förändringar i skelettmuskulaturen som förklaring till ökad 

gångförmåga. Sammanfattningsvis har studiena påvisat samband som kan belysa möjliga 

patofysiologiska mekanismer vid hjärtsvikt som delvis kan spegla periferins inflytande. 

Studierna har identifierat vissa cirkulerande proteiner kopplade till processer som angiogenes 

och även till prognos. Förändringar i ett protein av möjlig negativ betydelse för 

kontraktionsförmågan och nya, kvalitativa aspekter på fysisk aktivitet utgör länkar som 

binder samman det sviktande hjärtat med periferin.  

 

  



ABSTRACT 

The overall aim of the present thesis was to provide a better understanding of the 

pathophysiology of heart failure (HF), especially to explore possible mechanistic links 

between the failing heart and the periphery, as well as to explore variables with possible 

prognostic utilisation. 

In Study I we asked if the degree of variability in physical activity (PA) could hold 

prognostic value. We examined 60 patients with HF, using echocardiography, blood 

sampling, VO2 peak and accelerometer. Accelerometer-derived variables were analysed for 

covariance using a PCA, bi-plotted together with mortality and added to the established 

clinical score, HFSS, in Cox regression models. Skewness and kurtosis, measurements of 

asymmetry in intensity level of periods of high PA, were analysed. Conclusion: skewness 

had additive value to predict all-cause mortality.  

In Study II we asked if we could identify links between physical capacity, PA, myocardial 

function and circulating proteins, comparing patients with HF with controls, and if circulating 

proteins could hold prognostic information. We examined 66 patients and 28 controls, with 

echocardiography, blood sampling, VO2 peak and accelerometer. Circulating proteins were 

quantified via a multiplex immunoassay. Proteins that differed between groups and that were 

linked with prognosis were identified using OPLS-DA and univariate analyses. Conclusion: 

10 circulating proteins covaried with physical capacity, PA and myocardial function, identi-

fying possible links in HF pathophysiology, and 8 of these carried prognostic information.  

In Study III we asked if circulating proteins could give insights into disease progression and 

prognosis.16 patients with HF were followed for 2 to 4 years. Depending on changes in 

LVEF, VO2 peak and NT-proBNP between inclusion and follow-up, the patients were 

divided into stable or deteriorated. Data was analysed, at baseline (t-test) as were the changes 

between baseline and follow-up (ANOVA). Conclusion: 10 circulating proteins covaried 

with disease progression, while 5 different circulating proteins were prognostic.  

In Study IV, we asked if skeletal muscle in patients with HF undergoes ryanodine receptor 1 

(RyR1) posttranslational remodelling. 8 patients with HF and 7 controls were examined using 

VO2 peak, echocardiography, NT-proBNP, accelerometer and lateral vastus muscle biopsies. 

Biopsies were analysed with immunoblots. Conclusion: skeletal muscle RyR1 was post-

translationally modified, excessively phosphorylated, S-nitrolysated and oxidized in HF.  

In Study V, we asked if EECP in HF patients showed significant up or down-regulation of 

gene expression in skeletal muscle. 9 patients had 7 weeks of EECP. Before and after, lateral 

vastus muscle biopsies and 6MWT were obtained. Quality of life (QoL) was assessed by 

MLHF questionnaire. Skeletal muscle expression was analysed using microarray 

transcriptional profiling with subsequent differential expression and network analysis. 

Conclusion: EECP significantly improved 6MWT. QoL remained unchanged. No 

significantly expressed genes were identified, ruling out skeletal muscle adaptation as the 

reason behind increase in 6MWT.  

 



 

 

 

SAMMANFATTNING 

Det övergripande målet med avhandlingen var att, hos patienter med hjärtsvikt, studera 

bakomliggande patofysiologiska mekanismer som sammanbinder det sviktande hjärtat med 

periferin, samt att utforska variabler med möjlig prognostisk användning. 

I studie I studerade vi om variabiliteten i fysisk aktivitet mätt med accelerometer kan ha 

prognotisk information. Vi undersökte 60 patienter med hjärtsvikt med ekokardiografi, 

blodprover, VO2 peak och accelerometer. Variabler från accelerometern analyserades för 

samvarians med hjälp av PCA och en biplot gjordes. Slutsats: Skewness, ett mått på 

variabiliteten i fysisk aktivitet, hade additivt prognostiskt värde utöver Heart Failure Survivial 

Score och VO2 peak. 

I studie II studerade vi möjliga samband mellan fysiologiska, prognostiska variabler (fysisk 

kapacitet, fysisk aktivitet och ejektionsfraktion) och cirkulerande protiener för att utröna 

potentiella patofysiologiska och prognostiska samband. Vi undersökte 66 patienter med 

hjärtsvikt och 28 kontroller, med ekokardiografi, blodprover, VO2 peak och acclerometer. 

Cirkulerande proteiner kvantifierades med immunoassay. Slutsats: Analyser med OPLS-DA, 

PCA och MI networks visade 10 cirkulerande proteiner som samvarierade med fysisk 

kapacitet, fysisk aktivitet och ejektionsfraktion, samt 8 av dessa hade prognotisk valör. 

I studie III följde vi upp 16 av patienter från kohorten i studie II över en period på 2 till 4 år. 

Utifrån en sammanvägning av förändring i fysiologiska, prognostiska variabler (VO2 peak, 

ejektionsfraktion och NT-proBNP) delades patienterna in i stabila eller försämrade. Slutsats: 

10 cirkulerande proteiner samvarierade med sjukdomsprogression, medan 5 andra 

cirkulerande proteiner hade prognostisk valör. 

I studie IV undersökte vi om skelettmuskulaturen hos patienter med hjärtsvikt genomgår 

posttranslationell remodellering av ryanodine receptor 1 (RyR1). 8 patienter med hjärtsvikt 

och 7 kontroller undersöktes med VO2 peak, ekokardiografi, NT-proBNP, accelerometer och 

biopsier av vastus lateralis. Biopsierna analyserades med immunoblots. Slutsats: RyR1 var 

nitrolyserad, fosforylerad och oxiderad hos patienterna med hjärtsvikt. 

I studie V undersökte vi om enhanced external counterpulsation (EECP) ökade gångsträckan 

hos patienter med hjärtsvikt och om denna ökning kunde förklaras av förändringar i 

skelettmuskulaturen. Slutsats: EECP ökade signifikant gångsträckan men inga signifikanta 

förändringar i genexpressionen i skelettmuskeln kunde detekteras. 
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1 INTRODUCTION 

Heart failure (HF) is ‘a clinical syndrome characterised by typical symptoms that may be 

accompanied by signs, caused by a structural and/or functional cardiac abnormality. This 

results in in a reduced cardiac output and/or elevated intra-cardiac pressures at rest or during 

stress’ (1,2). The overall prevalence of HF is about 1–2% in the western world with an 

estimated 64.3 million people affected globally (3). The prevalence is believed to increase 

due to more people living longer and better survival for myocardial infarction (4). In HF 

quality of life (QoL) is generally poor (5,6). Common causes of HF are ischemic heart 

disease and hypertension as well as valve disease (1,2).  

1.1 Variability in physical activity: role in prognosis   

HF is in most cases a chronic, progressive disease that despite advances in medical treatment, 

surgical procedures and device therapy has a grim prognosis, and ultimately leads to death - 

generally there is a 50% five-year mortality (7), and in severe HF one-year mortality could be 

as high as 50% (8). Despite improvement in prognosis in the twentieth century, prognosis has 

not improved significantly in later years (9). There is a great heterogeneity in the rate of 

disease progression (10). In some patients the deterioration is rapid despite adequate or 

aggressive treatment, but in others treatment can (temporarily) hinder the disease progression. 

Different prognostic variables and tools are used for identification of patients most at risk of 

dying. It is difficult to accurately identify which patients have the worst prognosis, especially 

in patients in a clinical grey-zone of moderately to severely impaired aerobic exercise 

capacity (11), as well as to identify which patients will deteriorate rapidly, despite the 

prognostic tools available. For the clinician it is important to determine prognosis to enhance 

management, improve patient outcomes and decide which patient is most in need of more 

aggressive treatment such as heart transplantation or left ventricular assist device (LVAD). 

Many clinicians ask for more refined prognostic tools. 

Measuring left ventricular ejection fraction (LVEF) is a cornerstone in the diagnosis of HF, 

and for determining prognosis (12,13). However, there is a weak correlation between LVEF 

at rest and peak oxygen uptake (VO2 peak), which holds the strongest prognostic value in HF 

(14–17). To aid the clinician in evaluating prognosis, several scoring models are available. 

The HF survival score (HFSS) prediction model , Meta‐Analysis Global Group in Chronic 

(MAGGIC) HF Risk Score and the Seattle Heart Failure Model (SHFM) are validated 

multivariate risk scores, that are used in the evaluation for heart transplantation or LVAD 

(18–20). The HFSS prediction model combines VO2 peak with selected clinical variables. 

Impaired aerobic exercise capacity is a hallmark of HF (21–23). Cardiopulmonary exercise 

test (CPX), or VO2 peak, is considered gold standard in determining prognosis in HF (24,25). 

Other parameters derived from CPX also carry prognostic information, e.g. the minute 

ventilation/carbon dioxide production (VE/VCO2 slope) and oxygen uptake efficiency slope  

(26–28). 6-minute walk test (6MWT) is sometimes used to assess aerobic exercise capacity, 

because it is less time consuming than CPX and does not require elaborate equipment or 

technically trained personnel. While neither precision nor accuracy of 6MWT is as good as 

VO2 peak, 6MWT also carries prognostic information in HF (29). Patients with HF have 

generally somewhat lower levels of physical activity (PA) compared to healthy individuals 
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(30,31). PA is correlated with aerobic exercise capacity in HF (32). Studies with 

accelerometers in patients with HF, have shown that low daily PA correlates to a poor New 

York Heart Association Functional Class (NYHA) (33) and high mortality (34). Da Silva et 

al. (35) evaluated PA patterns from accelerometers and potential association with CPX 

variables and showed a strong correlation between PA and aerobic exercise capacity in HF. 

Considering the almost linear associations between PA and exercise capacity, we questioned 

if measuring mere volumes of PA could hold any additive information above VO2 peak ,or if 

other aspects of PA should be evaluated. Interestingly, patients with severe HF have a distinct 

walking pattern with frequent stops (36). This walking pattern has the potential of containing 

additive information that could be of value. Therefore, in Study I we asked if variability in 

PA could be identified and characterised through analysis of accelerometer data and if the 

degree of variability could hold additive prognostic value on mortality above established 

survival scores. 

1.2 Links between failing heart and periphery: role of circulating proteins 

The pathophysiology of HF is complex and involves activation of renin-angiotensin-

aldosterone system (RAAS), vasopressin and the sympathetic system (37). The effects of the 

neurohormonal activation are fluid retention, leading to increased filling pressures and direct 

increased contractility aiming to restore cardiac output (38). The adaptive mechanisms with 

neuroendocrine activation contributes to the damaging processes that affect several other 

organs such as renal, respiratory and skeletal muscle, resulting in a vicious circle with an 

increased load on the heart and more impaired function (remodelling) (39,40). The activation 

of the sympathetic system leads to peripheral vasoconstriction to maintain circulation of 

central organs and the brain (38).  

The role of circulating proteins is increasingly acknowledged in HF management for making 

the diagnosis and determining prognosis. One of the most used in clinical context is N-

terminal pro–B-type natriuretic peptide (NT-proBNP), which is a strong prognostic marker to 

identify patients with high risk of mortality (41,42). However, the prognostic value of NT-

proBNP is weaker in HF with mid-reduced ejection fraction (HFMrEF) and HF with 

preserved ejection fraction (HFpEF) compared to HF with reduced ejection fraction (HFrEF) 

(43). Many other circulating proteins carry prognostic information, like galectin-3, insulin-

like growth factor-1 (IGF-1), interleukin-6 (IL-6), mid-regional pro-adrenomedullin (MR-

proADM), suppression of tumorigenicity 2 (ST2),  tumour necrosis factor-alpha (TNFα), 

however these are not commonly used in clinical practice (44–49). If a circulating protein 

holds prognostic value, it is reasonable to assume it could play a role in the pathophysiology 

and disease progression of HF but there are gaps in knowledge that need to be filled. 

Therefore, in Study II we wanted to explore possible associations between circulating 

proteins and established prognostic variables, such as physical capacity, PA, myocardial 

function, to identify pathophysiological links that connect circulating proteins with the failing 

heart to the periphery, as well as to explore variables with possible prognostic ability.  
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1.3 Disease progression and prognosis: role of circulating proteins 

Heart failure is a progressive disease that deteriorates over time but there is a large 

heterogeneity in how fast a patient deteriorates (50). Despite recent advances in HF therapy, 

many patients experience an increase in symptom burden over time as the HF progresses 

(51). However, symptoms of HF are often under-recognized and as a consequence thereof the 

HF is left undertreated (52). There is also a discrepancy between symptoms and objective 

measures of functional capacity (53). An observation shared by many clinicians is that risk 

stratification of HF patients is difficult. Despite predictable patterns of progression that 

parallel worsening of the HF syndrome and survival risk score models available, it is difficult 

to accurately identify the individual patient most at risk of dying. Some patients with a 

seemingly good prognosis deteriorate fast, while other patients with a bad prognosis 

according to prognostic tools live on for years (50,54,55). By analysing changes at baseline 

and follow-up in three prognostic, physiological variables (VO2 peak, LVEF, NT-proBNP), 

and studying association with circulating proteins, our hypothesis was that it would be 

possible to explore mechanistic links related to disease progression by identifying patients 

that deteriorated in HF. Therefore, in Study III we asked if circulating proteins measured at 

follow-up could give insights into disease progression and thereby on pathophysiology. We 

also asked if circulating proteins at baseline could carry prognostic information on disease 

progression. 

1.4 Reduced exercise capacity in heart failure: role of skeletal muscle 

The mechanisms behind reduced exercise capacity in HF have historically been attributed to 

the malfunction of the heart as a pump, with systolic dysfunction and reduced cardiac output. 

However, even though the pathophysiology of HF starts with an abnormality of the heart, 

strong evidence shows that central hemodynamic factors, correlates poorly with exercise 

capacity (14,56,57). Ventricular dysfunction or peak cardiac output is not the only limiting 

factor in exercise capacity in HF (58), in contrast to subjects without HF where cardiac output 

is the major limiting factor (59). Supporting this are studies that have showed gains in aerobic 

exercise capacity and VO2 peak in HF, without demonstrated improvements in cardiac 

output, stroke volume or LVEF (60). The skeletal muscle undergoes a variety of alternations 

in HF, including muscle atrophy, alterations in fibre type, reduced mitochondrial enzymes, 

and decreased mitochondrial volume density (61–63). The muscle hypothesis is derived from 

the fact the exercise-limiting symptoms in HF, skeletal muscle fatigue and dyspnoea, could 

be explained by abnormalities in peripheral blood flow and in the skeletal muscle, in addition 

to  disturbances in central haemodynamic blood flow (23). The exact mechanisms behind 

skeletal muscle fatigue and the contribution to exercise intolerance as well as symptoms are 

not fully understood. Fatigability has been shown in small muscle groups in which blood 

flow is unlikely to be limited by cardiac reserve, which supports the fact that intrinsic muscle 

factors mediate fatigability, and dysfunctional Ca2+ handling has been suggested as a possible 

mechanism (64). Skeletal muscle contraction is a complex process that involves excitation-

contraction coupling. The muscular action potential activates the voltage-gated L-type Ca2+ 

channels dihydropyridine receptors (DHPRs). The action potential spreads across the cell 

surface and into the muscle fibre's network of T-tubules, depolarizing the inner portion of the 

muscle fibre. The depolarization activates DHPRs in the terminal cisternae, which are near 
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the calcium-release channel, ryanodine receptor (RyR), in the adjacent sarcoplasmic 

reticulum (SR) and physically interact with RyR to activate them. By this, RyR opens and 

releases calcium from the SR into the cytoplasm. The calcium released into the cytosol binds 

to the troponin C present on the actin-containing thin filaments of the myofibrils, to allow 

cross-bridge cycling, and thereby enabling production of force. RyR1 is primarily found in 

skeletal muscle (65,66), RyR2 in myocardium (67,68), and RyR3 in the brain (69). Animal 

HF models have shown that maladaptive changes of the RyR1, including excessive 

phosphorylation, S-nitrolysation, oxidation and depletion of the stabilizing protein FK506 

binding protein 12 (FKBP12 or calstabin1), play an important role in the disturbed calcium 

handling. However, no studies of skeletal muscle in human HF have been performed. In 

animal models, elevated levels of catecholamines, which is seen in HF, leads to 

hyperphosphorylation of RyR1 in skeletal muscle (70,71). We wanted to get a better 

understanding of the maladaptive calcium metabolism in HF. Therefore, in Study IV, we 

asked if skeletal muscle in human HF undergoes RyR1 posttranslational remodelling as 

shown in animal models and if this is associated with reduced exercise capacity. 

1.5 Effects of External Enhanced Counterpulsation: role of skeletal muscle 

There exists robust evidence for the treatment of HF with reduced ejection fraction (HFrEF) 

with several treatments that improve survival. Treatment could be divided into non-

pharmacological, pharmacological, implantation of devices and surgical. Examples of 

medicines that increase survival are angiotensin-converting enzyme inhibitor (ACEi), 

angiotensin receptor blocker (ARB), angiotensin receptor neprilysin inhibitor (ARNI), 

betablockers, mineral receptor antagonist (MRA), sinus node inhibitor, and recently the 

addition of sodium glucosecotransporters2 (SGLT2)-inhibitors (1,72–85). Diuretics are often 

needed but should be kept at minimal dose possible (1,2,86). All symptomatic patients with 

HFrEF, unless there are contraindications, should be on pharmacological treatment of ACEi, 

or ARNI, betablockers, MRA and SGLT2-inhibitors (2). Devices are used as the next step in 

the treatment algorithm, such as implantable cardioverter defibrillator (ICD) and treatment of 

electrical dyssynchrony with cardiac resynchronization therapy (CRT) (increased width ECG 

QRS ≥150 ms (class I indication according to ESC guidelines 2021) or 130-149 ms (class IIa 

indication) particularly seen in left bundle branch block (LBBB)) in patients with LVEF ≤ 

35% despite optimal medical treatment (2,87). Heart transplantation and LVAD are the final 

treatment options available when everything else is done (2).  

Despite several novel treatment options, prognosis for patients with HF has not improved 

much in recent years (9). Physical activity and exercise programmes are recommended in the 

current guidelines and improves QoL, wellbeing and physical function. There is however 

little support that exercise programmes decrease mortality or hospitalisations (31,88,89). 

External Enhanced Counterpulsation (EECP), a treatment used for refractory angina, has 

been put forward as a potential new treatment in HF. EECP, where cuffs around the legs 

inflate and deflate and thereby increase blood flow to the heart, is sometimes described as a 

form of passive training. Studies have shown improvement in physical capacity with 

increased walking distance (90,91). However, the mechanisms behind this improved physical 

capacity remains elusive as there seems not to be any significant central hemodynamical 

effect to explain the improvement. Therefore, in Study V, we asked if treatment with EECP 
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in HF affects gene expression in skeletal muscle. This would indicate that the effect of EECP 

om physical capacity is mediated by peripheral changes. 
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2 RESEARCH AIMS 

The overall aim of the present thesis was to explore possible mechanistic links between the 

failing human heart and the periphery, as well as to explore variables with possible impact on 

pathophysiology and prognosis. 

Specifically, the objectives were: 

1) To explore if a high degree of variability in physical activity could be identified and 

characterised through an analysis of accelerometer data as well as predict all-cause 

mortality in heart failure in addition to established prognostic factors. 

2) To explore associations between circulating proteins and established prognostic models 

including myocardial function, physical capacity and physical activity in heart failure in 

relation to mortality. 

 

3) To explore if changes in circulating proteins in heart failure differed between patients that 

remained stable in relation to those with deteriorating clinical status over time and to 

explore possible links behind disease progression.  

 

4) To investigate if skeletal muscle in heart failure displayed posttranslational RyR1 

remodelling. 

 

5) To explore if external enhanced counterpulsation, used in treatment of heart failure, had 

an effect on skeletal muscle and evaluate possible effect on physical capacity as well as 

quality of life. 
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3 MATERIAL AND METHODS 

3.1 Methods at a glance 

Table 1 summarises the design, number of participants, study population and main statistics 

and bioinformatics used in Studies I-V: 

Study I II III IV V 

Design Cross-sectional Case control Cross-sectional, 

longitudinal 

Cross-sectional, 

case control 

Prospective, 

interventional 

Numbers of 

participants 

60 HF: 66 

C: 28 

16 HF: 8 

C: 7 

9 

 

Age, years 

 

 

EF, % 

 

 

NYHA 

 

VO2 peak, 

mL/(kg x min)  

 

6MWT (m)  

 

70 

 

 

24 

 

 

III 

 

10  

 

 

- 

 

HF: 70  

C: 70  

 

HF: 25  

C: 58  

 

III 

 

HF: 13   

C: 24  

 

- 

 

Baseline: 69  

Follow-up: 72   

 

Baseline: 26  

Follow-up:27   

 

III 

 

Baseline: 16  

Follow up:14   

 

- 

 

HF: 65 

C: 71 

 

HF: 24  

C: 61 

 

III 

 

HF: 16   

C: 29  

 

- 

 

62  

 

 

Before: 19  

After: 24  

 

III-IV 

 

- 

 

 

Before: 329  

After: 377   

Variables are means, medians, frequencies or categories. 

C Controls, HF Heart Failure. 

3.2 Study populations 

In Studies I, II and III, the same population of patients with severe HF, was investigated. 

The patients had HF with reduced ejection fraction (HFrEF), with LVEF ≤ 35%, and were in 

NYHA-class III. The patients were predominantly male, clinically stable and had not been 

hospitalized within the last 8 weeks prior to study enrolment.  In Study II an age-matched 

control group was also included, consisting of 28 patients that were referred to the out-patient 

clinic because of dyspnoea, but where HF was ruled based om LVEF >50% and NT-proBNP 

levels <300 ng/L. In Study IV, a cohort of eight patients with HF was investigated. The 
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patients all had severe HF, NYHA III, EF ≤35% and NT-proBNP >300 ng/L. A control group 

of seven age-matched healthy controls was included. The absence of HF was defined as 

LVEF >50% and NT-proBNP <300 ng/L.  The patients and controls were predominantly 

males. In study V a second cohort of nine patients with severe HF, NYHA III-IV, LVEF 

≤35% was investigated. The patients were clinically stable and were not readmitted during 

the study. The patients were all male. 

3.3 New York Heart Association classification 

The severity of symptoms is often described by the New York Heart Association (NYHA) 

classification. Patients with HF grade their symptoms in relation to physical activity (PA) by 

means of a self-reported form. Patients in NYHA class I have no limitation of PA, NYHA II 

experience symptoms upon strong PA, NYHA III experience symptoms upon light PA, 

whereas patients in NYHA class IV have symptoms at rest and cannot carry out any PA 

without discomfort (92). The NYHA classification is related to prognosis (93–95).  

3.4 Echocardiography 

LVEF is widely used as a phenotypic parameter to classify HF. In modern terminology, HF is 

classified into three groups: HFrEF with LVEF ≤ 40%, HF with mildly reduced ejection 

fraction (HFmrEF) with LVEF 41-49% and HF with preserved ejection fraction (HFpEF) 

with LVEF ≥ 50% (2). 

Echocardiography uses sound waves that are reflected by the different structures of the heart 

as well as the blood within to produce images (96). Echocardiographic assessment gives 

information about the heart´s dimensions, and through the doppler phenomena information 

about valvular function as well as systolic and diastolic function.  

Systolic function is a proxy for contractility but not a direct measurement. Using 

echocardiography, systolic function can be assessed by different methods, e.g. fractional 

shortening, fractional area change, LVEF, stroke volume and systolic myocardial velocity. In 

the context of HF and all five studies we assessed LVEF as a marker for systolic function and 

defined systolic HF as LVEF ≤ 35%, which was also the inclusion criteria in all studies. The 

most common ways of calculating LVEF is by using Teicholtz method (97) or Simpson’s 

method (98). Of these, Simpson´s method is currently recommended in clinical guidelines 

(99) and the method used in all studies. In Simpson’s method, LV area is measured at end 

diastole and end systole in both four-chamber view as well as two-chamber view. (98). 

TAPSE is a marker for right ventricular function, where measurements of the longitudinal 

displacement of the tricuspid annulus is performed (100,101). LVEDD and LA-area was 

measured for dimensions. 

Diastolic function is measurement of the heart´s ability for relaxation. Diastolic function is 

criteria-based and graded. Diastolic function can be assessed by combining various 

measurements, e.g. mitral in flow E/A-wave, transmitral flow velocity, left atrial volume 

index as well as tricuspid regurgitation velocity (102,103). In Study II assessment of tissue 

doppler index E/É and É was used for estimation of left ventricular filling pressure and 

diastolic dysfunction. PA-pressure was calculated by tricuspid valve velocity (according to 

the formula 4v2 = TV pressure gradient) + estimated CVP (104–106). Assessing diastolic 
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function in sinus rhythm is easy, however assessing diastolic function in patients with atrial 

fibrillation or who have pacemakers is difficult, because of the missing atrial contraction.  

In all five studies, echocardiographic measurements were carried out in the same manner and 

in accordance with clinical guidelines (Vivid 7, General Electric Healthcare, Little Chalfont, 

United Kingdom). The echocardiograms were analysed by an echocardiographer blinded to 

the specific clinical history of the patient. 

3.5 Functional capacity 

There are several ways of measuring functional capacity. NYHA-classification is an easy 

self-administered questionnaire assessing activity and exercise limitation. NYHA-

classification is routinely used in the clinic to stratify the severity of HF in patients. NYHA I 

indicate that the patient has no symptoms or limitation of physical exercise. NYHA II means 

slight limitation of physical exercise, whereas NYHA III means marked limitation of physical 

exercise. NYHA III is often divided into NYHA IIIa and IIIb, the latter means that the patient 

can walk 200 meters at the most without stopping for rest. NYHA IV indicates that the 

patient has symptoms of HF at rest and is unable to perform any physical activity without 

discomfort. Notwithstanding its very crude estimations, NYHA-classification has a 

surprisingly good prognostic impact and is easy to use (107). In all studies NYHA-

classification was used to stratify the severity of HF. 

The six-minute walk test (6MWT) is a submaximal exercise test that entails measurement of 

distance walked over a span of 6 minutes. 6MWT is widely used and has advantages over 

VO2 peak; simple, inexpensive, less patient discomfort. The reproducibility of 6MWT has 

been shown to be good (108). In Study V 6MWT was used as assessment of functional 

capacity due to feasibility. 

During a cardiopulmonary exercise test (CPX), peak oxygen uptake (VO2 peak) was 

measured, as it holds strong prognostic information. In fact, VO2 peak is considered gold 

standard in estimating functional capacity in HF (17). VO2 peak is a diagnostic procedure to 

measure oxygen consumption during a maximal exercise test. VO2 peak is affected by 

pulmonary and cardiovascular factors including the ability to extract oxygen in peripheral 

tissues and haemoglobin concentration (59), as well noncardiac factors like age, gender and 

muscle mass. Further insights into cardiopulmonary exercise testing have resulted in other 

variables than mere VO2 peak being used in the risk stratification in HF, like VE/VCO2 slope 

and the presence of exercise oscillatory ventilation, both among the strongest predictors of 

poor outcome in HF (55,109,110). VE/VCO2 slope has the advantage of carrying prognostic 

information even when the exercise test is submaximal, in contrast to VO2 peak (111).  

In Studies I, II, III and IV VO2 peak was performed for measures of functional capacity, for 

risk stratifying HF as well as for providing prognostic information. In Study V we examined 

the effect of EECP on functional capacity in patients with HF. Functional capacity was 

assessed by 6MWT. In hindsight, VO2 peak would have provided more information, but was 

not part of the study protocol. 

VO2 peak was performed in Studies I, II, III and IV. The test consisted of maximum 

symptom-limited exercise either on a cycle ergometer (increments of 10 W every 60 s) or on 
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a treadmill (1 m/s with a stepwise increase in the angle of 0.5 degree/min). Continuous 

assessment of gas-exchange data (Vmax, Sensor Medics, Anaheim, CA, USA) was 

performed. The exercise was terminated due to volitional exhaustion and/or the patient’s 

inability to maintain the correct speed despite strong verbal encouragement. In Study V a 50-

m course was marked in the hospital corridor and patients were instructed to walk from end 

to end at their own pace with the objective of walking as far as possible within six minutes 

(112). 

3.6 Borg Rating of Perceived Exertion (RPE) Scale® 

The Borg RPE scale is a rating scale used to estimate perceived physical exertion and goes 

from 6 to 20 (104). The Borg RPE scale was used in Studies I, II, III, IV and V. 

3.7 Daily physical activity 

Measurements of daily PA describes various measures of time spent active or inactive in 

different exercise intensities during daily living. These measurements include self-assessment 

questionnaires, pedometers and accelerometers. Accelerometric assessment of daily PA is 

considered gold standard (113). Accelerometers measure acceleration and integrate the data 

collected into intensity of activity. Accelerometers are used to assess the total activity and 

time spent at varying intensities of activity.  Usually intensity is integrated into one-minute 

intervals. The temporal resolution in accelerometers is better than measurements of PA 

derived from devices like implantable cardioverter defibrillator (ICD) and cardiac 

resynchronization therapy (CRT) (114,115), where data is often compressed into a period of a 

day. A pedometer only measures discrete movement and is sensitive to the correct use. 

Unlike pedometers, accelerometers are not as sensitive to correct positioning on the body 

(116). 

In Studies I, II and III PA was assessed using accelerometers and the various intensity of 

activity was evaluated. The patients were instructed to wear the accelerometer for 7 

consecutive days. The definition of non-wear time was 60 consecutive minutes of 0 cpm, 

with allowance for 1-2 minutes of 0-99 cpm. Intensity of activity was assessed using the 

following accelerometric metrics: 1) total number of minutes the monitor was worn; 2) 

sedentary time (vertical axis cpm <100); 3) light activity time (vertical axis cpm between 100 

and 1951); moderate vigorous physical activity time (vertical axis cpm greater than 1952). 

1952 cpm corresponds to walking at 4 km/h. In Study II episodes of continuous PA were 

identified by applying a rolling mean to the raw data and 1-, 3- and 12-hour periods with the 

highest mean activity over the recorded 7-day period. In these three time periods an average 

activity was measured, and variables used for pattern recognition in accelerometers were 

calculated: IQR, skewness and kurtosis. High skewness indicates high levels of activity 

during a particular time, whereas kurtosis is a measure of ‘peakedness’ and also illustrates the 

number of outliers.  

In Studies I, II and III accelerometers were used by the patients and the controls in the same 

manner. Daily activity was assessed in all participants by accelerometers (GT3X; Actigraph, 

Pensacola, FL, USA), which were mailed to all patients within 6 weeks of the CPX 

measurements. The patients were instructed to attach the accelerometer to their waist belt 

upon rising in the morning and to remove it only for showering, bathing, and sleeping. The 
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monitors were set to begin collecting data 1 day before the delivery date, as estimated by the 

postal service, and to continue recording data until they were downloaded. The patients were 

asked to return the monitor by mail using a prepaid return envelope after having worn it for 7 

consecutive days. Raw data collected by the accelerometer were integrated into 60-s epochs 

using ActiLife software with the normal filter option and expressed as cpm. Wear time was 

estimated using the algorithm described by Troiano et al (117). 

3.8 Heart Failure Survival Score 

There are several prediction models used in determining prognosis in HF. Perhaps the most 

established prediction model in HF to date is HFSS (118), that uses seven parameters 

including variables taken from echocardiography, blood sampling, VO2 peak, ECG and 

medical history (19). Another prognostic score model, Seattle Heart Failure Model (SHFM), 

uses 20 variables combining clinical, laboratory and therapeutic data (18) while Meta-

Analysis Global Group in Chronic Heart Failure (MAGGIC) risk score is composed of 13 

clinical variables (119).  

We used HFSS since it is one of the most studied prediction models in HF and, unlike SHFM 

and MAGGIC, includes VO2 peak as a measure of physical capacity. 

HFSS was calculated by summarizing the beta-coefficients of VO2 peak, LVEF, resting heart 

rate, serum sodium, ischemic aetiology (categorical) and intraventricular conduction delay 

(categorical) for each patient in accordance with Aaronson et al. (19). HFSS was used in 

Studies I and V. 

3.9 Quality of life 

There are several validated instruments to measure quality of life (QoL) in patients with HF. 

One of the most frequently used generic measures is the SF-36 (19,120). Other instruments 

include the Kansas City Cardiomyopathy Questionnaire (KCCQ) (121) and Minnesota Living 

with Heart Failure Questionnaire (MLHFQ) (122). Of these, MLHFQ is the most commonly 

used in studies of the QoL in hospital settings and has been shown to have good reliability 

and validity. In comparison to SF-36, MLHFQ is considered better for patients with more 

advanced HF and more sensitive to changes over time (123). 

In Study V QoL was assessed using the disease specific MLHFQ (122). MLHFQ is a 21-

question self-assessment questionnaire addresses the physical, social, emotional, dietary and 

economic limitations and the side-effects of treatment typical for HF. MLHFQ assesses 

HRQoL, from 0 (none) to 5 (very much). It provides a total score (range 0–105, from best to 

worst HRQoL). The questionnaire assesses both physical (8 items, range 0–40) and emotional 

(5 items, range 0–25) aspects.  

3.10 External Enhanced Counterpulsation  

External Enhanced Counterpulsation (EECP) is used to relieve pain and to increase physical 

capacity in patients with refractory angina pectoris (124). It gives subjective and objective 

reduction of myocardial ischemia and is considered an established treatment (124–126). In 

HF, EECP treatment is still considered to be experimental. 
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In Study V, the EECP equipment (Vasomedical, Westbury, New York) comprised an air 

compressor, a console, a treatment table, and two sets of three cuffs. Treatment was given for 

1 hour per day, 5 days per week, for a total of 35 hours. Before the start of each treatment 

session, the cuffs are positioned around the legs (127). The cuffs are thereafter sequentially 

inflated and deflated in synchrony with the patient’s electrocardiogram. A finger 

plethysmograph monitors diastolic and systolic pressure waveforms. From the systolic and 

diastolic curves two ratios are computed. A ratio >1 is considered as optimal treatment, 

corresponding to diastolic values greater than the systolic pressure (128). In early diastole, a 

pressure of 260 mmHg is applied sequentially in order to propel blood back to the heart. This 

augments the diastolic pressure which in turn increases coronary perfusion pressure, and also 

leads to a reduction of afterload and increased venous return with a subsequent increase in 

cardiac output (129,130). At end diastole, air is instantaneously released from all cuffs, 

reducing vascular impedance and decreasing peripheral vascular resistance. 

3.11 Muscle biopsies 

Skeletal muscle biopsies of the vastus lateralis muscle were performed at rest, using the 

Bergström needle technique (131). The biopsies were frozen in liquid nitrogen and stored at -

80 °C until processing. In Study IV analysis of skeletal muscle RyR1 complex was 

performed with quantification of phosphorylation, S-nitrosylation, oxidation and calstabin1 

association to the RyR1. In Study V gene expression analysis of the muscle biopsies was 

performed, as was analysis of specific mRNA.  

3.12 Blood samples 

Blood samples were collected from a vein with the subject in a fasting state in the morning in 

EDTA-coated tubes. The blood samples were put on ice and then centrifuged; plasma was 

aliquoted and stored at −80 °C until analysis.  

3.13 Protein measurements 

3.13.1 Multiplex immunoassay 

Immunoassays is a technique to measure the presence or concentration of proteins, through 

binding of antibody to antigen.  

The Proseek Multiplex (Olink Bioscience, Uppsala, Sweden), is a 92-plex immunoassay 

based on a proximity ligation extension assay. Proximity extension assays use target-specific 

antibody pairs that are linked to DNA strands that, upon simultaneous binding to the target 

analyte, create a real-time polymerase chain reaction amplicon by the action of a DNA 

polymerase. In Studies II and III we used the Proseek Multiplex immunoassay, because of 

its major advantage over conventional multiplex immunoassays in that only correctly 

matched antibody pairs give rise to a signal 

3.13.2 Immunoprecipitation  

Immunoprecipitation is a technique of precipitating a protein antigen out of solution. It is a 

technique that uses an antibody that specifically binds to a specific protein. The advantage is 
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that the process can isolate and concentrate a specific protein from samples containing many 

different proteins. 

3.13.3 Immunoblot  

Immunoblotting is a technique to detect specific proteins. After denaturation, the sample 

undergoes gel electrophoresis, where the protein is separated through an electric current. An 

antibody is added and recognizes and binds to a specific target protein. A second antibody is 

then added, binding to the primary antibody. Via immunofluorescence, the second antibody is 

visualized.  

In Study IV skeletal muscle samples were isotonically lysed. RyR1 was immunoprecipitated 

by incubating homogenate with anti-RyR antibody (Affinity Bioreagents, Boulder, CO, USA) 

followed by immunoblotting with anti-calstabin (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), anti-phospho-RyR1-pSer2843 (local production in the laboratory), and anti-SNO 

(Sigma, St. Louis, MO, USA) antibodies. To assess oxidation-mediated formation of 

carbonyls on RyR2, the immunoprecipitate was treated with 2, 4-dinitrophenyl hydrazine 

(DNP), and derivatized carbonyls were detected using an OxyBlot Protein Oxidation 

Detection Kit (Chemicon, Temecula, CA, USA). Quantifications were normalized to total 

RyR1. 

3.14 RNA measurements 

3.14.1 RNA – extraction 

Fifteen mg of skeletal muscle tissue was homogenized in 0.5-ml TRIzol, and the RNA was 

extracted using TRIzol (Sigma, Sigma-Aldrich, Saint Louis, Missouri, USA), in accordance 

with the manufacturer’s instructions (132). The quality of the extracted total RNA was 

analysed by spectrophotometry and chromatography (Agilent Bioanalyzer, Agilent 

Technologies, Santa Clara, CA, USA). 

3.14.2 Microarray 

Microarray is a technique to analyse gene-expression by DNA hybridization. RNA is 

extracted from tissues or cells, reversed-transcribed and labelled with a dye (usually 

fluorescent), and hybridized on the prefabricated array. See 3.14.1 for the procedure of RNA 

extraction. The amount of fluorescence reflects the amount of mRNA in the sample.  

In Study V we used Affymetrix for analysis of DNA microarrays. Gene-expression was 

analysed on the Affymetrix HuGene 1.0 ST1 gene chip at the Bioinformatics and expression 

core facility. Quality control and normalization were carried out using the AffyPLM and 

Oligo packages from Bioconductor on the R platform. As a means to control the quality of 

the individual arrays, all arrays were examined using hierarchical clustering, Normalized 

Unscaled Standard Error (NUSE), a variance-based metric to identify outliers and normalised 

using robust multiarray average (RMA).  

3.14.3 Real-time quantitative polymerase chain reaction 

Real-time quantitative polymerase chain reaction (RT-PCR), is a technique that measures the 

amplification of nucleic acids during the PCR. In conventional PCR, mRNA is amplified and 
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measured at the end of the amplification. The RT-PCR products are identified and quantified 

via fluorescence through binding to specific DNA or RNA. The advantage of RT-PCR is that 

it allows for sensitive, specific and reproducible quantitation of DNA and RNA.  

In Study V one microgram of total RNA was reverse transcribed to cDNA  by Superscript 

reverse transcriptase (Life Technologies) using random hexamer primers (Roche Diagnostics) 

in a total volume of 20 μl. Detection of mRNA was performed on an ABI-PRISM7700 

Sequence Detector (Perkin-Elmer Applied Biosystems). Primer and probe were ordered as 

assay on demand (IGF-1: Hs00153126_m1; FGF-2: Hs00960934_m1; GAPDH: 4352934E; 

Perkin-Elmer Applied Biosystems). Target gene expression was calculated by 2-ΔCT using 

GADH as reference gene. 

3.15 Main statistics and bioinformatics 

3.15.1 T-test 

Continuous variables were tested using t-test in Studies II, III, IV and V. T-test is used for 

group and paired comparisons. Statistical significance was set at p < 0.05 (two-tailed). 

3.15.2 ANOVA  

In Study III repeated two-way ANOVAs were carried out to analyse the effect of group 

(stable and deteriorated) and time (baseline and follow-up) and of interaction between group 

and time. A p-value of 0.05 was considered significant.  

3.15.3 Wilcoxon matched-pairs signed-ranks test 

Wilcoxon’s test is a nonparametric statistic test and was used in Study V for paired 

comparisons. 

3.15.4 Chi-square test 

In Study II and IV chi-square test was used to test frequencies. Chi-square test is 

nonparametric test for categorical data. Chi-square test compares how a model compares to 

observed data, comparing the size of discrepancies between the expected and actual results.  

3.15.5 Fischer’s test 

In Study II Fischer’s test was used. Fischer´s test is a nonparametric test for categorical data. 

It can be used when the chi-square test cannot, such as with small sample sizes. Generally, 

Fisher’s exact test is preferable to the chi-squared test because it is an exact test. The chi-

squared test should be particularly avoided if there are few observations (e.g. less than 10) for 

individual cells. Since Fisher’s exact test may be computationally infeasible for large sample 

sizes and the accuracy of the chi-square test increases with a larger number of samples, the 

chi-square test is a suitable replacement in this case. Another advantage of the chi-square 

test is that it is more suitable for contingency tables whose dimensionality exceeds 2×2. 

3.15.6 C-index 

C-index, or concordance statistic, was used in Study I. C-index is equal to the area under the 

Receiver Operating Characteristic (ROC) curve. It measures the probability that a patient that 



 

 19 

has been affected by an event is at greater risk than a patient that has not. C-index ranges 

from 0.5 to 1. 

3.15.7 Cox proportional regression 

In Studies I and II Cox proportional regression was used. Cox proportional regression 

measures the effect of several variables upon the time a specified event takes to happen. 

3.15.8 Multiple hypothesis compensation 

In Study I, Bonferroni correction was used to manage the problem of multiple hypothesis 

tests. 

In Study V, false discovery rate (FDR) was used. FDR is used when conducting multiple 

comparisons, and is defined as the expected proportion of false positives among the declared 

significant results (133,134). Microarray studies are not suitable for the P-value scale, and 

FDR has an advantage with greater power, however with the risk of increased Type I errors 

(false negatives).  

3.15.9 Principal Component Analysis  

In Studies I and II Principal Component Analysis (PCA) was used together with biplots to 

characterise variance of the individual variables and to identify collinearities. All variables 

were scaled to unit variance and mean-centred. PCA is a way to reduce multidimensionality 

of large sets of data. A large set of variables is transformed into a smaller variable that 

maintains most of the information. A biplots is a graph, a form of two-variable scatterplot, 

with variables visualized as vectors, linear axes or nonlinear trajectories.  A biplot can 

incorporate both continuous and categorical variables. 

3.15.10 Orthogonal Projections to Latent Structures Discriminant Analysis  

In Study II Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) 

was used. OPLS-DA is similar to PCA but is used for classification 

rather than correlation. OPLS-DA is a classification model constructed using the rOPLS-

library in R. Each value was represented by a loading value compared with what was 

predicted (patient or control). In short, the OPLS model finds the multidimensional direction 

in the X space that explains the maximal variance in the Y space. OPLS regression is 

particularly suitable when the matrix of predictors has more variables than observations and 

when there is multicollinearity among X values. 

3.15.11 Differential gene expression analysis  

In Study V Significance Analysis of Microarray (SAM) was used. SAM is a non-parametric, 

permutation-based statistical test for identifying significant genes in a microarrray (135). It 

calculates the empirical False-Discovery Rate (FDR). FDR was set at p-value <0.1, 

corresponding to a FDR of less than 10%. 

In Study V Linear Models for Microarray data (LIMMA) was used for analysing microarrays 

and RNA data.  
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3.15.12 Functional analysis of differential gene expression 

In Study V Ingenuity Pathways Analysis (IPA) (IPA, http://www.qiagen.com) is a web-

based bioinformatics application allowing researchers to upload data analysis results from 

microarray and next generation sequencing for functional analysis and integration (136).  

In Study V Database for Annotation, Visualization and Integrated Discovery (DAVID) was 

used. DAVID is a set of functional annotation tools for researchers to comprehend biological 

meaning behind large sets of genes. 

3.16 Ethical considerations 

Ethical approvals were obtained for all studies. The studies were conducted in accordance 

with the Declaration of Helsinki. All data was handled using good research ethics. 

Patients with severe HF have poor quality of life and prognosis. Therefore, recruitment to 

participate in research projects can be a delicate matter. In this dissertation project, biological 

material was collected from both patients and healthy volunteers. For many participants, it 

should be noted that the disadvantages of participation (inconvenience of collecting 

biological material) are probably less important than the advantages (contributing to a good 

cause). Skeletal muscle biopsies are invasive, but the risk of permanent damage is low and 

the pain during the procedure is brief. For patients suffering from HF, it can be stated that the 

disadvantages of participating in a study are likely outweighed by the benefits of study 

participation for the individual. Research can benefit individuals directly and/or indirectly in 

terms of their health, perhaps not today, but hopefully in the future. When it comes to 

recruiting patients, it is important to consider the dependency that patients feel towards the 

healthcare system and caregivers. To minimise the risk of patients participating against their 

true will, it is important to emphasize that participation is voluntary and without 

consequences. It is important to minimize the fear of, for example, worse treatment and care. 

It is important to emphasize that it is possible to discontinue participation at any time and that 

discontinuation can occur without justification. The studies we conducted cannot be 

considered interchangeable, and similar studies in experimental animals would not be 

clinically relevant. As the clinical problems addressed were of importance to many patients, 

any potential gain in knowledge was of great interest. 
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4 RESULTS 

4.1 Study I – ‘Variability in Physical Activity Assessed with Accelerometer is an 

Independent Predictor of Mortality in CHF Patients’ 

Protocol:  

Sixty patients with HF were enrolled in the study over a period of three years, and the 

patients underwent echocardiography, blood sampling and VO2 peak. Individual HFSS score 

was calculated from these measurements. Daily physical activity was assessed by an 

accelerometer worn for a period of seven days. 23 patients died during follow-up. The deaths 

were categorized as cardiovascular. 

The protocol included: 

1) The degree of variability was assessed from the accelerometer data. Various variables 

were used to describe physical activity pattern, including skewness and kurtosis.  

2) Accelerometer-derived variables were analysed for covariance using PCA including bi-

plots for mortality. 

3) Accelerometer-derived variables were analysed with regard to all-cause mortality and 

added to a baseline model utilizing Heart Failure Survival Score (HFSS).  

4) The predictive value was assessed by c-index. 

Results:  

1) Analysis of accelerometer derived variables showed that a high degree of variability in   

periods of high intensity level could be identified and characterised.  

2) The PCA analysis identified a high degree of covariance amongst the different 

accelerometer-derived variables: 69 % of variance was explained by principal 

components 1 and 2. The PCA analysis further showed that all patients who died earlier 

than 36 months correlated positively with 1, 3 and 12 h skewness.  

3) All accelerometer-derived variables were analysed with regard to all-cause mortality and 

added to a baseline model utilizing HFSS scores. The variables with the most significant 

contribution to mortality were 1, 3 and 12 h skewness.  

4) The predictive value of adding peak 3h skewness to established prognostic factors 

(HFSS) was tested and showed that the addition of peak 3h skewness to HFSS had 

additive value to predict all-cause mortality (likelihood ratio p<0.02). The c-index 

increased to 0.74 (CI, 0.69–0.78). 
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4.2 Study II – ‘Circulatory Factors Associated with Function and Prognosis in 

Patients with Severe Heart Failure’ 

Protocol: 

Sixty-six patients with HF and 28 controls were enrolled in the study over a period of three 

years. The patients were examined for circulating proteins as determined in blood samples as 

well as with echocardiography, VO2 peak and NT-proBNP. Daily activity was assessed by an 

accelerometer worn for a period of seven days. Of the 66 monitored patients, 42 died during 

follow-up (median time, 1.8 years). All mortality events were categorized as cardiovascular.  

The protocol included: 

1) Circulating proteins were quantified via a multiplex immunoassay. The array contained 

92 circulating proteins. By using OPLS-DA circulating proteins that differed significantly 

between patients and controls were identified.  

2) By using PCA and MI networks, links between circulating proteins and established 

prognostic models including myocardial function, physical capacity and PA were 

identified.  

3) Lastly, association between circulating proteins and all-cause mortality were analysed by 

using univariate Cox regression crude analysis and by multiple Cox regression controlled 

for the established prognostic markers: age, eGFR, VO2 peak and LVEF. FDR was set to 

<5%. 

Results: 

1) Thirty-nine circulating proteins that differed significantly between patients and controls 

were identified. 

2) Ten circulating proteins differentially expressed in patients with HF versus controls 

covaried with physical capacity, daily PA, and myocardial function. These ten circulating 

proteins were Galectin-4, GDF15, IGFBP7, NT-proBNP, PON3, ST2, TfR1, TRAP5, 

TNFR1, TNFR. According to MI networks analysis, these ten circulating proteins were 

involved in inflammation, extracellular matrix remodelling, cell adhesion and migration 

and angiogenesis. These circulating proteins provide a possible link between peripheral 

function and systolic function and could be a part of the pathophysiology of HF. 

3) Eight of these ten circulating proteins correlated with mortality. The eight circulating 

proteins were Galectin-4, GDF15, IGFBP7, NT-proBNP, ST2, TfR1,TNFR1, TNFR2. 

Six factors remained associated with all-cause mortality, after controlling for the 

established prognostic markers age, eGFR, VO2 peak, and LVEF. These circulating 

proteins were Galectin-4, GDF15, IGFBP7, ST2, TfR1,TNFR1. 
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4.3 Study III – ‘Circulating Proteins in Progression and Pathophysiology of 

Heart Failure with Reduced Ejection Fraction’ 

Protocol: 

Sixteen patients with HF were followed over a period of two to four years. The patients were 

examined for circulating proteins as determined in blood samples as well as with 

echocardiography, VO2 peak and NT-proBNP at inclusion and follow-up.  

The protocol included: 

1) Circulating proteins were quantified via a multiplex immunoassay. The array contained 

92 circulating proteins selected with a cardiovascular profile. Depending on changes in 

LVEF, VO2 peak and NT-proBNP between inclusion and follow-up, the patients were 

divided into stable (n=7) or deteriorated (n=9).   

2) Disease progression  was analysed by comparing the changes between baseline and 

follow-up for the groups stable and deteriorated using two-way ANOVA. 

3) The prognostic information was analysed by comparing the groups stable and deteriorated 

by studying the baseline values of the circulating proteins using t-test.  

Results: 

1) Analyses of the changes between baseline and follow-up showed that ten circulating 

proteins were significantly different between the two groups stable and deteriorated: 

FABP4, JAMA, MMP-9, PDGF subunit-A, PECAM-1, PLC, SELP, TIMP4, TNFRSF14, 

and uPAR. These circulating proteins were associated with disease progression. 

2) Analyses at baseline showed that five circulating proteins were significantly different 

between the groups stable and deteriorated: CD93, CHIT1, IGFBP 7, MB and ST2. These 

circulating proteins carried prognostic information on disease progression.  
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4.4 Study IV – ‘Modifications of the Skeletal Muscle Ryanodine Receptor Type 1 

and Exercise Intolerance in Heart Failure’ 

Protocol:  

Eight patients with HF and seven controls were examined with echocardiography, VO2 peak, 

NT-proBNP, and muscle biopsies from vastus lateralis.  

The protocol included: 

1) Daily physical activity was assessed by an accelerometer worn for a period of seven days. 

2) Skeletal muscle biopsy specimens were analysed for post-translational changes in the 

RyR1 complex with immunoblots and quantification of  

a) phosphorylation. 

b) S-nitrosylation, the oxidation marker DNP. 

c) calstabin1 association to the RyR1. 

3) All values are mean ± SD, and statistical group comparison was made with t-test, p < 

0.05.  

Results:  

1) Data from accelerometers showed that the patients and controls were equally sedentary in 

terms of percent active time. During the seven days, the number of episodes of sustained 

activity lasting longer than five minutes were fewer in HF patients than in controls (1.6±2, 

16±17). 

2) RyR1 from patients with HF as compared to controls 

a) was excessively Protein Kinase A phosphorylated (quantification of immunoblot 

in arbitrary units, 3.6±0.3, 1.9±0.2 p < 0.001). 

b) was excessively S-nitrosylated  (4.2±0.5, 2.1±0.4, p < 0.001). 

c) was excessively oxidized (4.0±0.2, 2.0±0.4 , p < 0.001). 

d) was depleted of calstabin1 (0.9±0.3, 3.0±0.2, p < 0.001). 
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4.5 Study V – ‘Effects of enhanced external counterpulsation (EECP) on skeletal 

muscle gene expression in patients with severe heart failure’ 

Protocol: 

Nine patients with HF were subjected to 35 hours of EECP five times a week for seven weeks 

and examined before and after treatment with echocardiography, VO2 peak, NT-proBNP, and 

muscle biopsies from vastus lateralis.  

The protocol included: 

1) Gene expression in skeletal muscle was analysed. 

2) Functional capacity was assessed with 6MWT. 

3) Quality of Life (QoL) was assessed with Minnesota Living with HF Questionnaire. 

4) Symptoms and HF severity were assessed with NYHA classification, echocardiography 

and plasma NT-proBNP.  

5) Global gene expression was analysed by microarray. The results were evaluated by SAM 

for differentially expressed genes as well as by network analysis. Conformation was done 

by RT-PCR. Thereafter, comparison of the gene expression profile with previously 

published datasets was performed. 

Results:  

1) Skeletal muscle expression did not detect any significantly differentially expressed genes 

after EECP treatment. 

2) Maximum walking distance increased by an average of 15%  (from 329±125 m to 377±120 

m, p<0.01) at similar level of exhaustion on both tests (13/20 on the Borg RPE Scale®). 

All patients stated breathlessness as limiting factor. 

3) QoL remained unchanged. 

4) NYHA functional class improved in five of nine patients (p=0.06). Echocardiographic 

variables and plasma NT-proBNP concentration remained unchanged after EECP. 

5) Skeletal muscle expression analysed using SAM did not detect any significantly 

differentially expressed genes after EECP treatment with a false discovery rate cut-off at 

10%. Two highly significant networks were identified, one with -log10 p-value of 36 

consisting of 20 focus molecules with IGF-1 as central regulator and the second one with 

a -log10 p-value of 38 consisting of 21 focus molecules with FGF-2 as central regulator 

by using network analysis. RT-PCR confirmed that both IGF-1 and FGF-2 increased 1.3-

fold (p=0.035) and 1.2-fold (p=0.03) respectively. Comparing with a previously 

published dataset on endurance type exercise in elderly men, the EECP gene-expression 

profile found three overlapping transcripts, fewer than expected by chance. Thus, it was 

concluded that there was no significant resemblance in the gene expression profile with 

exercise training. 
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5 DISCUSSION 

5.1 Main findings 

The overall aim of the present work was to explore possible mechanistic relationships 

between the failing human heart and the periphery and to investigate variables with possible 

influence on pathophysiology and prognosis. 

1) The distinct walking pattern observed in patients with severe HF had additional prognostic 

value over HFSS clinical score. The study was innovative in that the quality of exercise was 

found to be prognostic information.  

2) Ten circulating proteins were associated with myocardial function, exercise capacity, and 

PA at HF, suggesting that these circulating proteins may play a role in the pathophysiology of 

HF. Eight of these proteins had prognostic value and six after controlling for the established 

prognostic markers age, eGFR, VO2 peak, and LVEF to predict all-cause mortality. 

3) Patients with HF, who were followed for a period of two to four years, were divided into 

stable or worsening groups based on their clinical outcomes. Ten circulating proteins 

increased over time in deteriorated but not in stable patients. This suggests that these 

circulating proteins may play a role in disease progression. Five circulating proteins differed 

significantly between deteriorated and stable patients at baseline, suggesting that they have 

prognostic value. 

4) RyR1 in skeletal muscle was post-translationally modified at HF. This is a possible 

mechanism underlying exercise intolerance and reduced functional capacity in HF. 

5) External enhanced counterpulsation (EECP) improved functional capacity at HF. Analysis 

of the skeletal muscle transcriptome revealed no significant similarity to the transcriptome 

reported after physical training. This suggests that the improvements in functional capacity 

are most likely not due to transcriptional adaptations in skeletal muscle. 

5.2 Physical activity: role in prognosis above physical capacity and clinical scores 

The clinician has several tools at his/her disposal when determining prognosis. However, an 

intriguing and often frustrating fact is that determining prognosis for the individual patient 

can be misleading. A patient with a dismal prognosis on paper could live for years while a 

patient with seemingly good prognosis rapidly deteriorates and dies. It is especially 

challenging to identify patients most risk of rapid deterioration in the grey-zone area of VO2 

peak 10-18 ml/(kg x min) (81). It is important to remember that survival curves for patients 

with a VO2 peak in the range 10-14 ml/(kg x min) and 14-18 ml/(kg x min) do not 

significantly differ (11). It is important for clinicians to identify patients at highest risk of 

mortality to ensure that these patients receive the optimal treatment. The most advanced 

treatments, such as heart transplantation or LVAD, are still underutilized and sometimes not 

thought of until it is too late. Therefore, it is important to find potential candidates at the right 

time. There are many prognostic models available, but they need to be refined to improve 

prognostic accuracy in terms of mortality. To put it clearly and simply, there is an urgent 

need for new and better prognosticators. 
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Maximal exercise capacity contains prognostic information and VO2 peak is considered the 

strongest prognostic indicator available and is commonly used in clinical evaluation for 

cardiac transplantation and LVADs (17). Recent studies have shown that daily PA also 

carries prognostic information (137) where patients who are more active have a better 

prognosis and vice versa (138). This is used in daily clinical practice with the NYHA 

classification, which is crude but works to sort patients into groups with similar functional 

capacity and prognosis (92). The approach of measuring PA with accelerometers is rapidly 

increasing because accelerometers are more accessible and easier to use. Interestingly, studies 

have shown a strong correlation between PA and VO2 peak (35). This challenges the notion 

that PA may provide additional prognostic information. Therefore, we wanted to examine 

whether PA could be used as a prognostic marker and whether novel aspects of PA could be 

identified and used as prognosticators in HF. Preferably, one should find a prognostic marker 

with an additive value and thereby refine the prognostic ability. Our data confirm that time 

spent in physical activity is associated with prognosis HF. However, when VO2 peak or HFSS 

clinical score was added and after correcting for multiple hypothesis testing, time spent in 

physical activity was not significantly associated with prognosis. We then sought to assess 

whether other aspects of PA might contain prognostic information. One interesting aspect is 

that patients with severe HF have a distinctive gait pattern with shorter stride length and 

frequent stops (36). The reasons for this gait pattern are not known, but we hypothesized that 

the gait pattern leads to a high degree of variability in PA that could be identified and 

analysed. Skewness, a new variable that measures the asymmetry of intensity levels of high 

PA periods, proved to provide additional prognostic information about HFSS. The interesting 

and novel aspect of this study is that by analysing new aspects of PA we were able to derive 

prognostic information that goes beyond currently used prognostic tools. Therefore, the use 

of accelerometers in the clinical assessment of HF patients could be an attractive alternative, 

as they are easy to use and risk-free for the patient. Another interesting aspect is that 

skewness has proven its prognostic value in a homogeneous group of patients with severe 

HF, NYHA III- IV. Since it is easier to identify differences in prognosis in a heterogeneous 

group, we believe that the results are strong and valid. In our study, we demonstrated strong 

correlations between skewness and mortality. This opens the possibility of finding even 

stronger prognosticators in further studies and refining prognostic tools that could be of help 

to clinicians. By more easily identifying patients in need of advanced treatment, a possible 

long-term outcome could be to reduce the known underutilization of available therapies. As 

this is a single centre study and there are questions about external validity, the results need to 

be validated. 

In summary, analysis of accelerometer-derived variables added value to the established 

prognostic model for predicting all-cause mortality. This finding highlights the use of 

accelerometer analysis in a clinical setting as it provides additional prognostic information. 

Maximal exercise capacity contains prognostic information and VO2 peak is considered the 

strongest prognostic indicator available and is commonly used in clinical evaluation for 

cardiac transplantation and LVADs (17). Recent studies have shown that daily PA also 

carries prognostic information (137) where patients who are more active have a better 

prognosis and vice versa (138). This is used in daily clinical practice with the NYHA 

classification, which is crude but works to sort patients into groups with similar functional 
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capacity and prognosis (92). The approach of measuring PA with accelerometers is rapidly 

increasing because accelerometers are more accessible and easier to use. Interestingly, studies 

have shown a strong correlation between PA and VO2 peak (35). This challenges the notion 

that PA may provide additional prognostic information. Therefore, we wanted to examine 

whether PA could be used as a prognostic marker and whether novel aspects of PA could be 

identified and used as prognosticators in HF. Preferably, one should find a prognostic marker 

with an additive value and thereby refine the prognostic ability. Our data confirm that time 

spent in physical activity is associated with prognosis HF. However, when VO2 peak or HFSS 

clinical score was added and after correcting for multiple hypothesis testing, time spent in 

physical activity was not significantly associated with prognosis. We then sought to assess 

whether other aspects of PA might contain prognostic information. One interesting aspect is 

that patients with severe HF have a distinctive gait pattern with shorter stride length and 

frequent stops (36). The reasons for this gait pattern are not known, but we hypothesized that 

the gait pattern leads to a high degree of variability in PA that could be identified and 

analysed. Skewness, a new variable that measures the asymmetry of intensity levels of high 

PA periods, proved to provide additional prognostic information above HFSS. The interesting 

and novel aspect of this study is that by analysing new aspects of PA we were able to derive 

prognostic information that goes beyond currently used prognostic tools. Therefore, the use 

of accelerometers in the clinical assessment of HF patients could be an attractive alternative, 

as they are easy to use and risk-free for the patient. Another interesting aspect is that 

skewness has proven its prognostic value in a homogeneous group of patients with severe 

HF, NYHA III- IV. Since it is easier to identify differences in prognosis in a heterogeneous 

group, we believe that the results are strong and valid. In our study, we demonstrated strong 

correlations between skewness and mortality. This opens the possibility of finding even 

stronger prognosticators in further studies and refining prognostic tools that could be of help 

to clinicians. By more easily identifying patients in need of advanced treatment, a possible 

long-term outcome could be to reduce the known underutilization of available therapies. As 

this is a single centre study and there are questions about external validity, the results need to 

be validated. 

In summary, analysis of accelerometer-derived variables added value to the established 

prognostic model for predicting all-cause mortality. This finding highlights the use of 

accelerometer analysis in a clinical setting as it provides additional prognostic information in 

HF. 

5.3 Circulating proteins: role in pathophysiology and prognosis 

HF is a complex disease that progressively worsens. Understanding the mechanisms 

underlying disease progression may open new therapeutic approaches. The rate of disease 

progression varies both over time and between patients. Why disease progression is faster in 

some patients or what triggers disease progression is not fully understood. Damage to the 

heart leads to a cascade of inflammatory and fibrosis pathways. However, the mechanistic 

links between the failing heart and peripheral organs are still largely unknown. In HF, 

activation of the neurohormonal and sympathetic systems plays a key role in maintaining 

cardiac output and counteracting reduced stroke volume. Many circulating proteins increase 

in HF. Natriuretic peptides are perhaps the best-known example and are widely used in both 

clinical and research contexts for diagnosis and prognosis.  
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Exercise capacity, PA and myocardial function all have their own prognostic value in HF, 

and many circulating proteins covary with these three variables as cardiac dysfunction 

progresses. Many of these circulating proteins can be quantified with high sensitivity, 

allowing investigation of a possible clinical role in disease progression beyond potential tools 

for prognosis. We therefore speculated that circulating proteins provide an ideal platform for 

detecting and monitoring disease progression and for understanding pathophysiological 

mechanisms in HF. In Study II, we identified 17 circulating proteins that covaried with 

exercise capacity, PA and cardiac muscle function. Of these, ten circulating proteins 

(Galectin-4, GDF15, IGFBP7, NT -proBNP, PON3, ST2, TfR1, TRAP5, TNFR1, TNFR) 

differed between the HF group and controls. We deem that these ten circulating proteins 

represent a possible link between peripheral function and systolic function. Although 

causality could not be established with this approach, we believe the likelihood of a 

biologically significant association is high because covariation was found between all three 

physiological variables. We then searched for prognostic variables for possible clinical use 

using Cox regression analysis. Eight circulating proteins (Galectin-4, GDF15, IGFBP7, NT -

proBNP, ST2, TfR1, TNFR1, TNFR) correlated with mortality, even when controlling for 

established prognostic markers. 

By incorporating clinical deterioration and repeated measurements of circulating proteins, we 

aimed to identify the underlying biological processes driving disease progression. To our 

knowledge, the use of serial measurements of circulating proteins in combination with 

clinical deterioration in disease progression has not been extensively studied for HF.  

We found ten circulating proteins (FABP4, JAMA, MMP-9, PDGF subunit-A, PECAM-1, 

PLC, SELP, TIMP4, TNFRSF14 and uPAR) with significantly different changes between 

baseline and follow-up. We hypothesise that these circulating proteins contribute to the 

pathophysiology of HF and clinical deterioration in patients. However, the potential 

pathophysiological mechanisms associated with these circulating proteins remain unclear. 

These circulating proteins have been linked to inflammation, extracellular matrix (ECM) 

turnover, and cardiac fibrosis, all important components in the pathophysiology of HF and 

drivers of disease progression. Inflammation plays an important role in the pathophysiology 

of HF (16). Studies have indicated a possible association between elevated TNF-alpha levels 

and physical performance and prognosis in HF, which may argue for a biological effect of 

TNF-alpha in disease progression (19). We found increased levels of TNFRSF14, and it has 

previously been associated with HF (21). We also found elevated levels of other biomarkers 

of inflammation, uPAR, PDGF subunit A, TNFRSF14, and elevated levels of MMP-9 and 

TIMP Metallopeptidase Inhibitor 4 (TIMP4), both of which correlate positively with 

interstitial fibrosis, diastolic dysfunction, and LVH (139,140). Since a key mechanism of 

malignant remodelling typical of HF is the progression of myocardial fibrosis, it seems 

logical that both MMP-9 and TIMP4 play an important role in disease progression HF. The 

circulating proteins in Study III differ from those found in Study II. There are several 

explanations for this. First, the study might be underpowered and therefore fail to detect 

factors that were significantly associated with prognosis in the larger cohort in Study II. But 

there are also different control groups used in the two studies considering that in the Study II 

a cohort of patients with HF was compared with control subjects, whereas in the Study III 

we studied a cohort of patients with severe HF longitudinally. In summary, two different 
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cohorts were studied, which could explain the different circulating proteins we found. It 

seems plausible that the 10 circulating proteins we found could play a role in disease 

progression. However, causality has not been proven with our studies of HF. These 

circulating proteins represent a possible link between peripheral function and systolic 

function in patients and provide insight into disease progression. 

In Study III, with the aim of studying possible prognostic variables, we also studied 

associations with circulating proteins at baseline. We identified five circulating proteins that 

significantly differed at baseline (CD93, CHIT1, IGFBP 7, MB and ST2), and thus carrying 

prognostic information on disease progression.  

In summary, in Study II and III we identified circulating proteins associated with the 

pathophysiology of HF as well as prognosis, and we believe these circulating proteins are 

tightly linked to disease progression and should be studied further. 

5.4 Reduced exercise capacity - role of skeletal muscle 

Exercise intolerance is a hallmark of HF. Despite the intuitive belief that the symptomatology 

of HF is derived by the failing heart, many of the symptoms origins from the defective 

skeletal muscle (58). The skeletal muscle undergoes a variety of alternations in HF, including 

muscle atrophy, alterations in fibre type, reduced mitochondrial enzymes, and decreased 

mitochondrial volume density (61–63). However, there are gaps in knowledge behind the 

muscle pathophysiology in human HF. Muscle contraction is dependent on cytoplasmic Ca2+ 

release. The action potential leads to activation of the RyR1, resulting in Ca2+ release into 

cytoplasm. Ca2+ then binds to troponin C at the myofilaments, enabling the formation of 

actin-myosin cross-bridging (141,142). Animal studies have shown that RyR1 is post-

translationally altered with phosphorylation, S-nitrolysation and oxidation of RyR 1 with 

depletion of the stabilising protein FK506 binding protein 12 (FKBP12 or calstabin1) taking 

place (143–146). This results in leakage of Ca2+ into the cytoplasm, instead of a burst release 

of Ca2+ and is believed to lead to a less effective muscle contraction. We wanted to get a 

better understanding of the maladaptive calcium metabolism in human HF. Therefore, in 

Study IV, we asked if skeletal muscle in human HF undergoes RyR1 posttranslational 

remodelling as shown in animal models and if this is associated with reduced exercise 

capacity. 

We demonstrated for the first time in humans the occurrence of the same RyR1 remodelling 

as previously demonstrated in animal studies. RyR1 was post-translationally altered with 

phosphorylation, S-nitrolysation and oxidation and with depletion of the stabilising protein 

FKBP12. A possible mechanistic link could be the activated sympathetic system in HF. In 

acute stress, the activation of the sympathetic system and release of catecholamines leads to a 

stronger skeletal and cardiac contraction (147). However, chronic adrenergic response and 

high levels of catecholamines, as seen in HF, lead in animals to hyperphosphorylation of 

RyR1 (148). Interestingly, betablockers have been shown to inhibit cardiac RyR2 

remodelling (149) and if proven to also have an effect on RyR1, could have a beneficial 

effect on muscle contraction and attenuate muscle weakness. Betablockers are one of the four 

medicines (together with ACEi/ARB/ARNI, MRA and SGLT2-inhibitors) that all patients 

with HFrEF should receive, in the absence of contraindications (2,150,151). 



 

32 

In our study, there was no difference between patients with HF and controls regarding PA, 

indicating that the disease itself, that is HF, and not inactivity, explains the RyR1 

remodelling. The post-translational remodelling has also been linked to ageing and ageing-

dependent muscle weakness (146), possibly mediated through mitochondria-derived ROS 

(152). This could serve as a mechanistic link between age-induced mitochondrial oxidants 

and age-related muscle weakness. As the HF group in our study was excessively 

hyperphosphorylated, S-nitrolysated and oxidised compared to age-matched controls, HF 

seems to worsen the ageing process of the skeletal muscle. Apart from betablockers, new 

medicines (‘rycals’) targeting RyR directly are being developed, which will open up new 

ways of treating HF (153). ‘Rycals’ have been shown to improve contractile function in both 

heart and skeletal muscle but are not yet available for patients. There are currently no 

medications targeting muscle weakness in HF. Hopefully these medicines will eventually be 

available as they have the potential of increasing muscle contraction (of both skeletal and 

cardiac muscle) and improving QoL, morbidity and prognosis.  

5.5 Treatment by External Enhanced Counterpulsation: role of skeletal muscle 

As stated, HF goes with a dismal prognosis and QoL is severely impaired. In HFrEF there is 

strong scientific evidence on how to treat the patients. However, there are problems with 

adhering to guidelines and implementation of new scientific findings. Because of the severity 

and dismal prognosis of HF, new treatments are constantly sought after. External Enhanced 

Counterpulstation (EECP) has been put forward as an option in HF treatment. Studies 

showed improvement in functional capacity and improved QoL. The reasons for the 

improvement in functional capacity remained elusive as no clear central hemodynamic 

effects had been found at the time for the planning of the current study. Therefore, we asked 

if the improvement could be mediated by effects on the skeletal muscle. As EECP has been 

compared with passive training in HF patients and in line with the improved skeletal muscle 

function seen in physical exercise, the hypothesis seemed plausible. Our study showed an 

improved walking distance of 48 meters, which might not seem impressive, but has been 

considered clinically meaningful for patients in other studies (154). An important aspect to 

consider is if the increase in walking distance could be attributed to the test being repeated at 

follow-up as the present study lacks a control group. A previous study has shown that 

repeated tests of 6MWT increase the walking distance by approximately 19 m (155). 

Interestingly, in patients with HF the walking distance increased only by 9 meters when the 

test was repeated and it was concluded that 6MWT in HF is highly reliable and that one test 

is sufficient (108). To be able to account for a possible placebo effect the ideal study design 

would have been to add a placebo group consisting of sham EECP. Placebo can induce 

substantial effects, as shown in several studies (70). However, the question of why EECP 

increased functional capacity remained unanswered. We saw no statistically significant 

improvements in echocardiographic variables, and NT-proBNP remained unchanged. 

Moreover, QoL remained unchanged indicating that the improvement in physical capacity 

was not a result of a general clinical recovery. However, a type II error cannot be excluded 

for EF that numerically increased from 19 to 24 % by ECCP. A newly published systematic 

review on the effect of EECP demonstrated that EF increased in response to EECP in HF 

(90). 
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Skeletal muscle gene expression analysis by SAM did not detect any significantly 

differentially expressed genes after EECP treatment with a false discovery rate cut-off at 

10%. However, true changes in gene expression could be missed with SAM when using a 

false discovery rate cut-off at 10% due to false negative results (type II errors). In order to 

find subtle changes, the data was also analysed with LIMMA robust regression analysis. This 

has the advantage of finding subtle changes but with the risk of type I errors, that is false 

positive findings.  This method showed 197 genes that were up and downregulated. By using 

network analysis, two highly significant networks of genes were identified. The networks 

were focused on fibroblast growth factor 2 (FGF-2) and insulin-like growth factor-1 (IGF-1). 

The expression of these key molecules was further validated using RT-PCR. FGF-2 and IGF-

1 are involved in angiogenesis and anabolic regulation. However, no other genes associated 

with angiogenesis or anabolic regulation were upregulated. We compared the gene expression 

results with a previously published dataset on endurance type exercise in elderly men. This 

analysis showed only three overlapping transcripts, which is fewer than what would have 

been expected by chance, indicating that there was no significant overlap in the gene 

expression profile between the previously published data on exercise training and EECP-

treatment. Although a small cohort, the statistical power of the number of microarrays and 

detected variance was large enough to detect smaller changes than those found in previously 

published data sets on elderly men.  

In summary, EECP in patients with HF significantly improved the functional capacity. 

Analysis of the skeletal muscle transcriptome found no significant resemblance with what has 

been reported after exercise training, indicating that the improvements in functional capacity 

cannot be attributed to skeletal muscle transcriptional adaptations.  

5.6 Strengths and limitations 

In Study I, new ways of determining prognosis in HF by analysing new aspects of PA 

determined by accelerometers have been shown. This not only affected prognosis, but also 

improved prognostic ability when added to conventional prognostic models. This has the 

potential to move into clinical use and help physicians with clinical prioritisation. Another 

strength is the analytic approach used in the II and III studies. There, we used a systems 

biology strategy to link circulating proteins to important physiological variables to increase 

knowledge of pathophysiological mechanisms and to find circulating proteins that carry 

prognostic information.  

A limitation is the generalizability of the studies. Patients were recruited in a single centre 

(Karolinska University Hospital) and were predominantly male, which could limit external 

validity. A strength was that in Study II, the validity of the study group was confirmed after 

comparison with a broader reference material of outpatient clinic data: patients in the study 

were similar to the average patient in terms of age, body composition, comorbidities, and 

underlying diseases. However, there were fewer women, study-patients had worse cardiac 

function, and were treated more aggressively than in the general heart failure population. The 

circulatory factors found in Study III differed from those found in Study II. There are 

several possible explanations that need to be discussed: The study might be underpowered 

because only 16 patients were included but the results might be correct considering that in 

Study II a cohort of patients with HF was compared with control subjects, whereas in Study 



 

34 

III we studied a cohort of patients with severe HF longitudinally. In summary, two different 

cohorts were studied, which may explain the different circulatory factors we found. 

In Studies II and III, the proximity extension assay was used to quantify the circulatory 

factors, which limits the possibility of absolute quantification of the samples. The factors are 

also prespecified, leading to selection bias, which limits the interpretation of the results.  

A limitation of Study IV is the small sample size, with eight patients with HF and seven 

controls. However, the results were compelling and showed a strong significant difference 

between HF patients and controls. Another limitation is that immunoblots do not allow 

quantification of the extent of RyR1 remodelling. It seems plausible to assume that the more 

severe HF the patient has, the more pronounced the RyR1 remodelling. In the absence of 

associations between the degree of RyR1 remodelling, daily activity, and VO2 peak, causality 

could not be established and remains to be investigated. Nevertheless, we believe the results 

are consistent with findings from previous studies on RyR2 and animal studies on RyR1. 

In Study V, the lack of a control group is a limitation. It is difficult to have a control group in 

studies of EECP because the treatment involves inflatable cuffs around the legs, but sham 

EECP has been tested in some studies, and it would have been better if we had used a similar 

protocol. 
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6 CONCLUSIONS 

Individuals with severe heart failure exhibit patterns in their daily physical activity 

characterized by high variance that can be detected by accelerometers. These patterns, which 

differ from those of healthy, age-matched individuals, are related to disease severity but also 

have the potential to predict mortality, even when established prognostic markers such as 

LVEF and peak VO2 are taken into account. Several circulating proteins involved in 

inflammation and extracellular matrix remodelling should be considered potential 

pathophysiological moderators of heart failure severity because they correlate with 

echocardiographic measures of cardiac function as well as with exercise capacity and daily 

physical activity. Several of these proteins also have potential clinical utility in the 

prognostication of patients with severe heart failure, as they contribute significantly to Cox 

regression models of mortality or have significantly elevated levels in patients who 

deteriorate clinically over time compared with patients who remain clinically stable. Post-

translational modifications of the ryanodine receptor (RyR) in skeletal muscle represent a 

possible mechanism underlying exercise intolerance and reduced functional capacity in heart 

failure. Treatment with external enhanced counterpulsation in patients with heart failure 

results in a modest increase in exercise capacity with no evidence of activation of 

transcriptional programs associated with improved exercise capacity in skeletal muscle. 
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7 POINTS OF PERSPECTIVE 

Measuring PA over time and studying alterations in PA patterns has the potential of refining 

prognostic information. A prognostic model that incorporates daily PA could catch the 

disease progression as cardiac contractile and chronotropic functions deteriorate.  

Finding novel circulating proteins that hold prognostic information could improve current 

prognostic tools. One goal is to find new circulating proteins that could provide additional 

prognostic information and be used to monitor disease progression, as well as the effect of 

treatment. It would be desirable to find more, novel cardiac specific biomarkers to refine the 

prognostic information. Not only blood samples, but also protein molecules like non-coding 

RNA (e.g. microRNA) have the potential to be novel and to be promising prognostic 

biomarkers. Circulating proteins could also have a therapeutical effect, opening the way for 

new treatments.  

Finding drugs that target the maladaptive RyR1 in HF and normalize the Ca2+ release could 

be a new therapeutic option to reduce muscle fatigue and improve QoL. The question of why 

Ca2+ release from leaky RyR1 in some cases is harmful and leads to apoptosis and cell 

damage, while under other circumstances is tolerated by the muscle cells needs to be further 

studied. 
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