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1. Introduction 

 

1.1 Heart failure in adults with congenital heart disease (ACHD) 

Major advances in medical care led to a substantially increasing population of aging patients 

with congenital heart disease (CHD). The estimated prevalence is accounting for 1.9 million 

children and 2.3 million adults with CHD in Europe [1]. However, these patients still suffer 

from distinctly higher and premature morbidity and mortality [2].  

Heart failure (HF) constitutes the common central issue in CHD, despite the wide heterogeneity 

of various congenital heart defects [2]. Leading causes of death in adults with congenital heart 

disease (ACHD) represent, indeed, heart failure (43%), infections such as pneumonia and 

endocarditis (12%), as well as sudden cardiac death (7%) [2]. In contrast to non-congenital HF, 

ACHD-related HF (ACHD-HF) is characterised by primary right ventricular failure and a 

lifelong chronic cardiac impairment with frequent surgical corrections or interventions 

(depending on the distinct malformations). Clinical care focusses on surgical or interventional 

improvement of haemodynamics, HF drug therapy (extrapolated from non-congenital HF), as 

well as treatment of complications and comorbidities.  

In non-congenital HF neurohormonal activation and inflammation are well-described mediators 

of disease progression providing prognostic information [3–5]. Likewise in the heterogeneous 

ACHD collective neurohormonal activation, in particular NT-proBNP and noradrenaline, was 

associated with progressive HF and adverse outcome [6,7]. Pro-inflammatory markers such as 

Tumour necrosis factor (TNF)-α, interleukin (IL)-6 and C-reactive protein (CRP) were 

described to be elevated in ACHD [8–10].  

Overall, HF represents a very broad syndrome of cardiac failure with various entities.  

Pulmonary hypertension, renal failure, congestion and other comorbidities contribute to HF 

development and progression in ACHD.  The role of inflammation and immunity in this 

complex interplay has not been studied sufficiently in this patient population.
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1.2 Neurohormonal activation in heart failure 

1.2.1 Catecholamines 

Adrenaline, noradrenaline and dopamine belong to the catecholamine hormones. Either acting 

as neurotransmitter in a neuronal synaptic cleft (dopamine and noradrenaline), or as a 

circulating hormone (noradrenaline and especially adrenaline), catecholamines execute several 

functions. Mainly stress-induced, these hormones increase blood pressure and heart rate to 

maintain the blood circulation and perfusion. The various effects of catecholamines on organ 

functions can be explained by different expression ratios of their α1, α2, β1, β2 and β3 

adrenoceptors (AR). For example, β1-ARs are strongly expressed in the heart and promote an 

increasing heart rate, contractility and impulse conduction, whilst β2-AR stimulation leads to 

vasodilation, bronchodilation, glycogenolysis and lipolysis.   

Catecholamines are part of a vicious cycle of cardiac impairment in HF [3,4]. Reduced cardiac 

output in chronic HF and subsequent hypoperfusion induce a higher catecholamine release, a 

down-regulation of ARs in the heart and cardiotoxic effects of excessive adrenaline and 

noradrenaline levels, that contribute to further cardiac dysfunction and HF progression [4]. By 

therapeutic inhibition of these adverse effects, the mortality and morbidity of HF patients was 

dramatically improved using beta blockade treatment [11]. In ACHD, noradrenaline levels have 

already been studied by Bolger et al., who described a markedly elevation of plasma 

noradrenaline in ACHD relating to HF severity. In contrast to noradrenaline, plasma adrenaline 

levels remained unchanged and showed no association to parameters of cardiac impairment [7]. 

In order to assess the extent of catecholamine surge as possible disease-driving factor plasma 

noradrenaline levels were measured in relation to parameters of inflammation, HF and cardiac 

function. 

1.2.2 Mineralocorticoids and glucocorticoids 

The steroid hormones are produced from cholesterol molecules in the adrenal gland. They are 

characterised by their lipophilic properties and act via intracellular influence on transcriptional 

processes. Representatives of steroid hormones produced in the adrenal gland are aldosterone, 

cortisol and androgens. Both, mineralocorticoid and glucocorticoid receptors are expressed on 

cardiomyocytes and immune cells and were shown to be critically involved in cardiovascular 

disease, such as post-infarct remodelling [12–14]. 



Introduction 

 

 3 
 

Aldosterone is a potent mineralocorticoid produced in the zona glomerulosa of the adrenal 

cortex. Its synthesis and release are regulated by the renin-angiotensin aldosterone system 

(RAAS), the adrenocorticotropic hormone (ACTH) and by high plasma potassium 

concentrations. Aldosterone binds to mineralocorticoid receptors (MR) and triggers the 

transcription of genes in order to control the body’s sodium and water balance. Thereby, 

aldosterone increases the blood pressure by elevation of circulating blood volume through 

reabsorption of sodium and water from the distal tubules of the kidney into the circulation. 

Chronic overproduction and secretion of aldosterone lead to hypertension, worsening of chronic 

HF and adverse cardiac remodelling [14,15]. In ACHD, elevated blood aldosterone 

concentrations were already described compared to healthy controls. However, no significant 

differenced were observed between groups of HF severity, but aldosterone levels correlated 

with atrial volumes [7].  

Cortisol is a glucocorticoid exhibiting various effects onto the renal, sympathetic, 

cardiovascular, immune, gastrointestinal and endocrine systems. Principal functions constitute 

mobilisation of energy reserves and immunosuppression. The side of production is mainly the 

zona fasciculata of the adrenal gland, but also other tissues are capable of low-level synthesis. 

Cortisol is released with a diurnal cycle and can be increased by stress or low blood glucose 

levels. Plasma cortisol levels have not been investigated in large numbers of ACHD patients. 

Because of its stress-induced regulation and immunosuppressive functions plasma cortisol 

levels were investigated in ACHD. 

1.2.3 Brain natriuretic peptides 

Brain natriuretic peptide (BNP) is a circulating hormone secreted by cardiomyocytes in 

response to stretching of the ventricular wall caused by increased blood volume. BNP itself, or 

the stable cleavage product N-terminal prohormone of BNP (NT-proBNP), are both having 

high clinical impact for HF diagnose, treatment and prognosis. Currently, NT-proBNP is the 

best evaluated HF biomarker in non-congenital HF and ACHD-HF [6,16–18]. 

 

1.3 Inflammation and immunity 

The immune system includes innate and adaptive immune strategies to combat pathogen or 

tissue damage-associated harm of the hosting organism. Both, the innate and adaptive immunity 
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play crucial roles in the pathomechanisms of various cardiovascular diseases, cardiac injury 

and healing [5,19]. 

The initial immune activation in HF is driven by the innate immune system following an 

activation of the adaptive immunity [19]. Innate immunity can be seen the first line of defence 

including physical, chemical, cellular and humoral barriers and protection strategies. The innate 

immune cells are characterised by the ability to react against pathogens or dangers very quickly 

by using pattern recognition receptors (PRR) to identify, eliminate and initiate a specific 

immune response against abnormal cells. An important PRR-ligand is lipopolysaccharide 

(LPS) expressed by e.g. bacteria inducing a direct immune response. The immune response can 

be mediated by different effectors of the innate immune system. Humoral (cytokines, 

chemokines and complement) and cellular (especially neutrophils and 

monocytes/macrophages) strategies can activate further immune or endothelial cells to mediate 

local tissue injury as well as systemic inflammation [20]. 

The adaptive immune response is a highly effective and specific immune defence that takes 

hours to days until activation is fully initiated. Central effectors of the adaptive immune defence 

are lymphocytes, including B, T, and natural killer (NK) cells. In contrast to NK cells, most B 

and T cells need antigen presenting innate immune cells to fulfil their major defending function.  

1.3.1 Open-heart surgery-related thymectomy 

Surgical repair using sternotomy includes often the removal of the thymus to access the 

operation field – the heart and its great vessels. Lifesaving corrective cardiothoracic surgery in 

CHD is often performed during the first years of life, which represents a crucial period 

regarding thymic lymphocyte production [21]. The thymus is the main source of T cells during 

childhood and remains responsible for a low-level renewal of T cells into the 6th decade of life 

[22]. Profound immune deficiency is known to result from complete thymus aplasia during 

foetal development caused by genetic syndromes, such as DiGeorge Syndrome, which is 

associated with congenital heart disease. Several studies reported T cell alterations in ACHD 

possibly caused by cardiac surgery performed during the first year of life [21,23]. Independently 

of thymic function, B cell counts seem to be unaffected by infant thymectomy (Tx) in ACHD 

[24]. The impact of T cell deficiency in ACHD regarding HF syndromes and mechanisms 

remains unclear. 
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1.3.2 Markers of systemic inflammation 

Chronic systemic inflammation is the result of persistent activation of the innate immune 

system including the release of inflammatory molecules from immune-related cells. Systemic 

inflammation differs from local inflammation by the presence of circulating cytokines and 

remote immune activation, e.g. in the bone marrow or other organs. It is known that chronic 

inflammation contributes to the onset or progression of certain diseases [25,26]. Markers of 

systemic inflammation pools all molecules related to systemic immune activation. Therefore, 

various cytokines, chemokines and acute-phase proteins can be used to monitor the extent of 

chronic inflammation. Some reports about elevated levels of pro-inflammatory cytokines and 

C-reactive protein (CRP) relating to HF in ACHD can be found in the literature [8–10]. In order 

to measure markers of chronic inflammation in HF of ACHD patients, CRP and S100A8/A9 

levels were determined, next to complete blood counts. 

 

1.3.2.1 C-reactive protein 

The clinically most favoured and used circulating molecule to assess acute and chronic 

inflammation represents the pentraxin C-reactive protein (CRP) [9]. CRP is an acute-phase 

protein, secreted by hepatocytes, smooth muscle cells or macrophages. Circulating CRP 

increases following IL-6 release by immune cells, like monocytes/ macrophages or T cells. Its 

physiological role is binding to surface molecules of dead or injured cells in order to initiate an 

immune response. CRP seems to play a crucial role in mediating inflammatory responses. In 

clinical routine CRP is the most commonly available marker of inflammation, next to blood 

cell counts. The high-sensitivity CRP (hsCRP) is an accurate test that even allows to 

differentiate concentrations within the normal range. Elevated hsCRP was associated with 

increased cardiovascular events and mortality in ACHD as well as in the general population 

[9].  

1.3.2.2 S100A8/A9 

The S100A8/A9 heterodimer is also known as calprotectin, calgranulin A and B, or myeloid-

related protein (MRP) 8 and 14 and belongs to the calcium-binding S100 protein 

family.  S100A8/A9 is secreted from activated neutrophils and monocytes/ macrophages. The 

heterodimer is seen as the principal biologically active compound compared to free S100A8 
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and S100A9. S100A8/A9 was reported to interact with the PRRs Toll-like receptor 4 (TLR4) 

and receptor for advanced glycation end products (RAGE) leading to immune cell activation 

and recruitment [27]. S100A8/A9 is a major protein among neutrophil-produced molecules as 

it represents about 45% of all cytosolic proteins. Whereas monocytes contain smaller amounts, 

their expression levels differ between human monocyte subsets. CD14++CD16- (Mon1, classical) 

monocytes express higher levels of S100A8 mRNA compared to CD14+CD16++ (Mon3, 

nonclassical) cells [28].  

The heterodimer recently gained scientific interest as new biomarker to monitor inflammatory 

activity in chronic cardiovascular and autoimmune diseases [27,28]. For functional imaging 

techniques S100A8/A9 has been identified to permit localisation of sites of infection or injury. 

Furthermore, it might represent a promising therapeutic target since the inhibition of 

S100A8/A9 activity lead to beneficial effects in animal models of autoimmune diseases [27]. 

Nevertheless, S100A8/A9 has not been assessed before in HF of ACHD. 

 

1.3.3 Effector cells of innate and adaptive immunity 

1.3.3.1 Neutrophils 

Neutrophils are produced and released by the bone marrow and represent the most abundant 

type of blood immune cells performing the early innate immune defence by degranulation, 

phagocytosis and cell recruitment to the inflammation side. In HF and post-infarction 

remodelling, the extent of neutrophil action and timing as well as the production of neutrophil-

derived microparticles and extracellular traps (NETs) seemed to play significant roles for 

disease development [29]. Circulating quiescent neutrophils are currently considered as very 

homogeneous cell compartment compared to monocytes or lymphocytes.  

1.3.3.2 Monocytes/ macrophages 

Monocytes/ macrophages represent powerful mediators of inflammation and innate immunity 

involved in cytokine production and cell recruitment. In HF and myocardial infarction, they 

play key roles in healing and remodelling exhibiting both beneficial and detrimental functions 

[30,31]. This might be explained by the time course of activity and the existence of different 

monocyte and macrophage subtypes. Precisely, three human blood monocyte subsets were 

described and classified according to their LPS receptor (CD14) and the antibody-binding Fcγ-
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III receptor (CD16) expression. The Mon1 (classical) phenotype consists of CD14++CD16- 

monocytes accounting for 80-90% of peripheral blood monocytes. CD16 expressing monocytic 

cells were described to expand in inflammatory conditions and can be subdivided into 

CD14++CD16+ (Mon2, intermediate) and CD14+CD16++ (Mon3, non-classical) monocytes 

[32,33]. The Mon2 subset was found to produce high amounts of cytokines and reactive oxygen 

species following LPS stimulation and demonstrated an enhanced potential for the induction of 

angiogenesis, T cell proliferation and stimulation [33,34]. Regarding heart diseases, Mon2 

counts correlated with HF characteristics in different types of non-congenital HF [35–38]. 

Mon3 cells are considered to have an endothelial patrolling function, as these cells express high 

levels of the adhesion-related fractalkine receptor (CX3CR1) [39]. 

1.3.3.3 Lymphocytes 

The adaptive immune response is defined as highly effective and specific immune defence that 

takes hours to days until activation is fully initiated. Activating pathways are driven by antigen 

presentation of antigen-presenting cells and central effectors of the adaptive immune defence 

are lymphocytes, including T, B, and natural killer (NK) cells. Bone marrow-derived B cells 

can produce soluble antibodies leading to ether direct or indirect cell neutralisation. T 

lymphocytes are initially produced in the bone marrow, but maturation into self-tolerant naïve 

T cells occurs in the thymus comprising important screening steps to avoid autoimmunity. T 

cells comprise several subtypes like CD4+ T helper cells and CD8+ cytotoxic T cells. T helper 

cells support other pathogen-eliminating immune cells, while the main function of cytotoxic T 

cells is identification and elimination of virus-infected or malignant degenerated cells by 

induction of apoptosis. To improve and accelerate the adaptive immune reaction upon 

reinfections, both B and T cells can produce memory cells. Altered lymphocyte subset 

composition, increased immune senescence and reduced total T lymphocyte counts were 

described in ACHD due to infant thymectomy or protein-losing enteropathy in Fontan patients 

[21,23,40,41]. 

Natural killer T (NKT) cells are CD1d-restricted, immunoregulatory T lymphocytes bridging 

the adaptive and innate immune system. They are acting by either enhancing or suppressing 

cell-mediated immunity dependent on the circumstances or disease pathophysiology. In the 

presence of tumours or infectious pathogens, NKT cells are known to promote immune defence. 

Diversely, NKT cells can suppress immunity in the context of autoimmune diseases [42]. 
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Having lipid-sensing abilities, NKT cells are crucially involved in the pathophysiology of 

atherosclerosis exhibiting deleterious effects by cytokine release and cytotoxic properties. 

Circulating NKT cell counts might represent a biomarker for highly inflammatory 

atherosclerotic lesions [43]. NKT cell-mediated cytokine and perforin production promote 

instable atherosclerotic lesions and their rupture, leading to thromboembolic events such as 

myocardial infarction [43]. In early post-myocardial infarction remodelling the activation of 

NKT cells had beneficial effects by ameliorating left ventricular dilatation and dysfunction in 

a mouse model via IL-10 mediated pathways [44].  NKT cells have not been investigated yet 

in HF of ACHD. 

Another T cell subset represents the T CD3bright population, which was reported to contain a high 

fraction of gamma-delta T cells. CD4- and CD8αβ T cells represent the most abundant 

circulating T cells (~95%) whilst the residual proportion is accounting for gamma-delta T cells, 

dedicated to mucosal immunity. Gamma-delta T cells develop only partially from thymic tissue 

[45]. 

1.3.3.4 Natural Killer cells 

Classified as innate lymphoid cells, natural killer (NK) cells can act immediately without 

specific antigen recognition and are therefore part of the innate immunity representing an 

interface between the adaptive and innate immune system. According to their name, NK cells 

eliminate virus-infected or malignant cells. Hence, this cell lineage is essential for anti-tumor 

strategies of the organism. In addition, NK cells have important immunoregulatory properties 

by inducing or limiting T cell immunity [46]. NK cells are bone marrow-derived and 

independent of T cell and thymus development as they do not undergo thymic maturation. The 

NK cell compartment is a very heterogeneous cell lineage derived from T and B cells 

constituting for 5–15% of circulating lymphocytes in healthy adults [47]. Various different 

tissue specific NK cell subsets have been characterised, whilst mainly two peripheral blood NK 

subpopulations can be classified in humans according to their neural cell adhesion molecule 

(CD56) and CD16 expression.  Accounting for 90% of circulating NK cells, CD56dim NK cells 

have high cytotoxic properties and exhibit rather low cytokine production. Unlike CD56bright NK 

cells, which are potent producers of cytokines, such as interferon-γ, TNF and granulocyte–

macrophage colony-stimulating factor (GM-CSF) [46]. Similar to T cells, NK cells can form 

immunological memory cells in response to environmental stimuli [47]. Conflicting data were 
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reported concerning NK cell counts in ACHD patients. Some studies have not observed 

differences in ACHD patients compared to healthy controls, whilst a few reported increased 

total or CD56bright NK cell counts [23,48,49]. In infant Fontan patients, high NK cell counts were 

present next to reduced T lymphocyte counts [41]. 

 

1.4 Long non-coding RNAs 

Only less than 2% of the human genome is translated into proteins. The non-coding part was 

found to exhibit gene regulatory functions by interaction with transcription, RNA maturation, 

translation, and final protein degradation. According to their size, the non-coding RNA can be 

divided into small (less then 200 nucleotides length) microRNAs (miR) and long non-coding 

RNA (lncRNA) sequences. MiRs as well as lncRNAs were shown having crucial physiological 

and pathophysiological roles in humans and are an upcoming treatment strategy [50,51]. In 

various cellular functions lncRNAs seem to play multiple roles, such as regulating signalling 

activities and intercellular communication. Furthermore, it was described that lncRNAs are 

involved in heart development and are mechanistically implicated in the pathophysiology of 

several cardiovascular diseases [52]. 

1.4.1 LIPCAR 

The circulating long intergenic noncoding RNA predicting cardiac remodelling (LIPCAR) is 

mitochondria-derived and was the first lncRNA found to serve as potential biomarker in HF. In 

fact, Thum et al. reported that LIPCAR plasma levels were increased in ischemic and non-

ischemic HF and predicted outcome in HF patients without chronic kidney disease [53,54]. 

LIPCAR was downregulated early, but upregulated late after myocardial infarction. Plasma 

levels were able to identify patients at risk for adverse left ventricular remodelling and 

cardiovascular death [53]. However, it is still unclear whether LIPCAR might be functionally 

involved in HF pathomechanisms, by e.g. regulating mitochondrial pathways, or if the elevated 

plasma levels only reflect cell damage and mitochondrial death.  
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1.5  Aim of the study 

Little is known about the role and interactions of inflammation, immune activation and 

sympathetic mediators in ACHD-HF. Therefore, this study aimed to shed light into leukocyte 

characteristics, markers of inflammation and neurohormonal activation in ACHD-HF. 

Circulating monocytes, such as Mon2, seem to be involved in several inflammation related 

disease mechanisms, but have never been related to ACHD cardiac function. NT-proBNP, 

noradrenaline, renal and liver failure have already been described to be associated with HF 

prognosis or cardiac function in ACHD [7,17,55–57].  

Four main research questions were defined: 

1. Do echocardiographic parameters of left and especially right ventricular (LV, RV) 

function in ACHD relate to circulating monocyte subset counts, systemic inflammation 

(CRP), noradrenaline, NT-proBNP and to markers of renal and liver function?  

 

2. Do anatomical subgroups of ACHD-related malformations distinguish in terms of 

monocyte subset counts, markers of systemic inflammation, right ventricular pressure, 

NT-proBNP, oxygen saturation, noradrenaline and markers of renal and liver function? 

 

3. Do markers of neurohormonal activation, systemic inflammation and cellular mediators 

of the innate and adaptive immunity (monocytes and lymphocytes) vary between groups 

of HF severity and do they distinguish ACHD patients from healthy controls? 

 

4. Is the long non-coding RNA LIPCAR associated with heart failure functional capacity 

representing a possible biomarker for ACHD? 
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2. Materials and Methods 

 

Heart failure in ACHD includes a wide range of various cardiac malformations, functional 

impairment and impact of comorbidities. Especially right ventricular failure constitutes a 

central pathophysiologic problem in some ACHD patients. A total of 209 consecutive patients 

with congenital heart disease were recruited from the ACHD outpatient clinic at Hannover 

Medical School between December 2013 and January 2016. In parallel, 21 healthy controls 

were recruited. Exclusion criteria were age <18 years, pregnancy, cancer, any clinical sign of 

ongoing infection as well as relevant chronic infectious or inflammatory disease to avoid 

potential confounders in terms of immune activation and function. Five patients were diagnosed 

with DiGeorge syndrome, four had congenital heart disease associated with Down syndrome. 

The study was performed in accordance with the declaration of Helsinki and was approved by 

the local ethic committee of Hannover Medical School (approval number: 2866/2015). All 

patients provided written informed consent.  

The methods, analysis and presentation of the data were structured into four parts referring to 

the main research questions. Afterwards, the detailed laboratory techniques are described. 

2.1 Study designs 

2.1.1 Study design of chapter 3.1 

In the first section of this study, echocardiographic parameters of cardiac function including 

assessment of the right ventricle were related to monocyte subset counts, oxygen saturation, 

noradrenaline, CRP, NT-proBNP and to markers of renal and liver function. To obtain robust 

results when comparing several parameters, multivariate binary logistic regression analysis was 

performed for this data set.  

All patients were examined by the same certified ACHD cardiologist who performed and 

analysed the echocardiographic assessments. Echocardiography was performed to assess 

cardiac function including diastolic dysfunction (E/E’), left/ systemic and right ventricular end-

diastolic dimensions (LVEDD, RVEDD), left/ systemic ventricular ejection fraction (LVEF), 

semi-quantitively assessed RV function, pulmonary valve gradient, tricuspid annular plane 
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systolic excursion (TAPSE), estimated right ventricular systolic pressure (RVSP) and vena cava 

diameter, according to the current guidelines of the European Society of Cardiology (ESC) [58]. 

Fontan circulation patients were excluded from RVSP and RVEDD multivariate analysis due 

to the anatomic and hemodynamic condition. 

2.1.2 Study design of chapter 3.2 

For the second section (chapter 3.2), anatomical subgroups were defined to compare different 

groups of heart defects including the following parameters: monocyte subsets, neutrophil-to-

lymphocyte ratio, CRP, noradrenaline, NT-proBNP, oxygen saturation, right ventricular 

pressure and pulmonary valve gradient (if present) as well as parameters of renal and liver 

function. The five anatomical subgroups were separated in minor valvular lesions together with 

corrected simple shunts, left heart disease including coarctation, right heart disease including 

pulmonary artery lesions, native single ventricles with Eisenmenger syndrome and Fontan 

circulation. Data analysis between the subgroups was based on ANOVA.  

2.1.3 Study design of chapter 3.3 

The third section (chapter 3.3) describes differences between ACHD patients and controls as 

well as between groups of HF functional capacity concerning markers of systemic 

inflammation, such as S100A8/A9 and neutrophil-to-lymphocyte ratio, neurohormonal 

activation, including noradrenaline, aldosterone and cortisol levels as well as lymphocyte 

subpopulations. For this part, simple descriptive statistical analysis was used to compare the 

group differences, as described in chapter 2.10. 

A certified ACHD cardiologist classified patients to HF symptoms (New York Heart 

Association [NYHA] class) and heart disease severity (Bethesda class [59]). NYHA class was 

chosen for graduation of HF symptoms. Approximately 64% of the enrolled patients presented 

with asymptomatic HF according to NYHA class I, whereas 22% were classified to NYHA II. 

As only two patients with NYHA class IV HF complied with study criteria, NYHA class III 

and IV patients were pooled together resulting in a NYHA III/IV collective accounting for 14% 

of all surveyed patients (Table 2).  



Materials and Methods 

 

 13 
 

Some of the analysed parameters have not been measured in all patients or controls because 

there were not enough plasma aliquots or insufficient fresh blood volume. Exact n numbers of 

analysed samples are displayed in the figures if deviating. 

2.1.4 Study design of chapter 3.4 

Levels of the circulating long non-coding RNA LIPCAR were measured in plasma samples of 

185 ACHD patients. Because of insufficient quantities of sample aliquots LIPCAR levels could 

not have been determined in all recruited individuals. This study aimed to investigate, whether 

this circulating long non-coding RNA might represent a potential marker for HF stage. 

Therefore, LIPCAR was measured in 117 NYHA I, 41 NYHA II and 27 NYHA III/IV patients 

with ACHD. Detailed laboratory methods are described in chapter 2.8 and 2.9.  

2.2 Blood sampling and storage 

Peripheral venous blood samples were drawn by venepuncture after the patients and controls 

had spent 25 minutes at rest in a quiet room. Blood samples for noradrenaline measurements 

were placed on ice immediately after withdrawal and kept cooled until being centrifuged at 

4°C, 1500g for 15min and stored subsequently as plasma aliquots at -80°C. Routine blood 

measurements (CRP, NT-proBNP, liver enzymes, parameters of renal function, etc.) were 

performed by the hospital’s laboratory facilities. An automated Sysmex XT-2000i haematology 

analyser determined complete blood cell counts. 

2.3 Catecholamine analysis  

Noradrenaline plasma levels were measured by high-performance liquid chromatography with 

electrochemical detection (HPLC-EC) as published previously [60]. Prior to chromatographic 

analysis, an extraction of catecholamines and their metabolites from plasma is necessary. The 

principle of this method is based on the selective adsorption of catecholamine molecules bound 

to alumina followed by washing steps and an elution of the catecholamines under acid 

conditions.  

The preparation of plasma samples for extraction was performed as following. Patient and 

control plasma samples as well as control standard aliquots were thawed on ice and kept cooled 

until the extraction process started. 30mg of alumina (Sigma Aldrich) were placed into a tube 

with conical tip shape. 200μL of Tris buffer (pH 8.6, 1M; Sigma Aldrich) were added. 
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Subsequently, 400μL plasma sample and 40μL of the internal standard DHBA (3,4 

Dihydroxybenzylamine hydrobromide, Sigma Aldrich) were mixed gently with the alumina at 

room temperature for 15min in capped tubes using a rotator. After the incubation, the 

catecholamine-bound alumina was washed three times with a washing solution of Tris buffer 

(0.2M). The supernatant was aspirated between the washing steps following a final 

centrifugation (4°C,1500g, 3min) and aspiration. The elution was realised by adding 60μL 

eluent (0.2M HClO4). The solution was mixed gently and centrifuged (4°C,1500g, 3min) to 

obtain the catecholamine-containing supernatant, which was pipetted into a new 1.5mL tube 

(Eppendorf) and placed on ice.  

For every extraction procedure, a standard control mix was extracted just as plasma samples. 

This control mix contained the same amount of alumina, Tris buffer, 40μL of the internal 

standard DHBA, 400μL of PBS (phosphate-buffered saline) and 40μL of a catecholamine mix 

with defined concentrations (Table 1). This mix was extracted in parallel to study samples to 

minimise variances due to the extraction procedure. After HPLC analysis, the peak size of the 

control mix catecholamines were related to the known concentrations to calculate a reference 

factor (Formula 1). Every patient and control sample were finally analysed with the respective 

control reference factor of its extraction procedure turn. 

 

Substance Volume Concentration Total amount per mix 

    

DHBA 40μL 10-8 g/mL 400pg 

Noradrenaline 20μL 10-8 g/mL 200pg 

Adrenaline 10μL 10-8 g/mL 100pg 

Dopamine 5μL 10-8 g/mL 50pg 

DHPG 20μL 10-8 g/mL 200pg 

DOPAC 20μL 10-8 g/mL 200pg 

L-DOPA 20μL 10-8 g/mL 200pg 

DHPG = dihydroxyphenylglycol, L-DOPA = L-dopamine, DHBA = 3,4 dihydroxybenzylamine hydrobromide, DOPAC = 3,4-

dihydroxyphenylacetic acid 

Table 1: Mix for catecholamine standard control 

 

The measurement of the extracted catecholamines was performed using a HPLC-EC 

Coulochem III detector (ESA). Using a glass syringe, 30μL of sample or mix catecholamine 
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2.4 Enzyme-linked Immunosorbent Assay (ELISA) 

2.4.1 Aldosterone ELISA 

To measure plasma aldosterone levels, solid phase Enzyme-linked Immunosorbent Assays 

(ELISA) were used. This method is based on the principle of competitive antibody binding. 

The kit contains precoated microtiter wells manufactured with a layer of polyclonal rabbit 

antibodies against an antigenic part of the aldosterone structure. The added plasma sample 

contains endogenous aldosterone molecules competing with an aldosterone-horseradish 

peroxidase enzyme conjugate for the binding site of the antibody inside the microtiter wells. 

Following an incubation step, the surplus unbound conjugates are washed off. The addition of 

a substrate solution is indicating the amount of bound enzyme conjugate due to the intensity of 

colour developed produced by the substrate-enzyme reaction. The colour intensity is therefore 

anti-proportional to the concentration of aldosterone in the patient or control sample. This 

inverse relation is characterised in a standard curve. Applying this curve and internal standards 

as inter-assay quality control allow an accurate assessment of the analysed hormone (Fig. 2-4).  

 

Aldosterone ELISA was performed using a 96 well plate IBL ELISA kit (IBL, RE52301) 

according to the manufacturer’s instructions. Lyophilised standard and positive/negative 

control reagents were reconstituted with deionised water. Plasma samples and internal controls 

were thawed on ice, vortexed and kept cooled until the experiment started. 

 

The assay was performed in duplicate and the entire procedure was carried out at room 

temperature following the manufacturers’ instructions. A volume of 50μL of each internal 

standard, control and plasma sample was pipetted into the appropriate wells, following an 

30min incubation to allow binding of the aldosterone molecule to the coated antibodies. Next, 

150μL of the enzyme conjugate solution was dispensed into each well and mixed for 10 seconds 

afterwards on a plate vortex. The plate was then incubated for 60min. The following five 

washing steps include rinsing of the wells with 400μL of wash solution and subsequent 

aspiration by using a plate washer. After adding 200μL of the substrate solution into each well, 

the plate was incubated for 30min. The enzymatic reaction was blocked adding 100μL of stop 

solution. Optical density of the final solution was measured by using a Microplate Reader 

Model 550 (Bio-Rad) at a wavelength of 450nm.  
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2.4.3 S100A8/A9 ELISA 

In order to investigate human S100A8/A9 (MRP8/14) plasma levels a sandwich ELISA was 

used, which contains anti-human MRP8/14 capture antibody pre-coated wells. The sandwich 

ELISA technique uses two different antibodies binding to separate binding sites of the 

investigated molecule. The wells (solid phase) are coated with a known quantity of capture 

antibodies. Contact with S100A8/A9 in the added samples leads to binding to the solid phase 

antibody. After the incubation time, residual unbound molecules are removed by washing and 

only capture antibody-bound molecules remain. In the next step, a second specific human 

MRP8/14 detection antibody is added and can stick to the solid phase-bound S100A8/A9 at 

another binding site. After another washing step, an avidin conjugated with horseradish 

peroxidase solution is added, that binds specifically to the detection antibody’s Fc region. 

Following a washing step, the addition of a substrate solution leads to an enzymatic colour 

reaction. The absorbance is positively proportional to the S100A8/A9 concentration. 

 

The assay was performed using a 96-well sandwich ELISA kit (BioLegend, 439707) according 

to the manufacturer’s instructions. Unfortunately, S100A8/A9 ELISA could not be analysed in 

all patients included in the study but precisely in 109 ACHD patients and 23 controls (2 

additional controls analysed) because of limited number of plasma aliquots. According to the 

protocol, lyophilised human MRP8/14 was reconstituted by adding assay buffer to prepare a 

stock solution that was used to generate standards by stepwise dilution. Plasma samples were 

thawed on ice and vortexed after thawing. All samples were diluted 1:40 by mixing 5μL of 

plasma sample with 195μL of the provided assay buffer. 

 

Into each well 50μL of assay buffer and 50μL of standard dilution or sample were added before 

the plate was sealed and incubated at room temperature for 60min while shaking at 200rpm. 

Afterwards, the contents were discarded and the plate was washed four times with 300μL of 

wash buffer. After each step, the plate was tapped gently onto absorbent paper. 100μL of 

detection antibody solution were added, the plate sealed and incubated for 30min while shaking. 

Following further washing, 100μL of avidin-HRP B solution were added, the plate sealed and 

incubated at room temperature while shaking. Finally, 100μL of substrate solution was added 

and incubated in the dark for 25min; the enzymatic reaction was blocked adding 100μL of stop 

solution. The absorbance was read at 450nm immediately using a plate reader Synergy HT 

(BioTek). 
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100μL of fresh whole blood was pipetted into each tube. 1mL of Hank’s balanced salt solution 

(HBSS) was added to wash the blood by gently pipetting up and down. Next, the tubes were 

topped up with 4mL HBSS and centrifuged subsequently (300g, 8min, at 18°C). The 

supernatant was aspirated and the pellet resuspended in 200μL HBSS. Mouse anti-human 

monoclonal fluorochrome conjugated antibodies were added and incubated at room 

temperature in the dark for 10 min with antibody mix 1. After incubation with mix1, antibody 

mix 2 was added and incubated afterwards again for 20 min. The following antibodies were 

used for the monocyte FACS panel: mix 1 included 2μL anti-CCR2 PerCP Cy5.5 (357204, Bio 

Legend; mix 2 included 1.5μL anti-HLA-DR FITC (307604, Bio Legend), 1μL anti-CX3CR1 

PE (341603, Bio Legend), 2μL anti-CD14 APC H7 (560270, BD Pharmingen) and 5μL anti-

CD16 eFluor 605NC (93-0168-41, eBioscience). The following antibodies were used for the 

lymphocyte FACS panel: mix 1 included 5μL anti-CD56 PE and mix 2 included 5μL anti-CD8 

Alexa 488 (302219, Bio Legend), anti-CD4 APC (313712, Bio Legend), anti-CD3 APC H7 

(580275, BD Pharmingen) and anti-CD16 eFlour 605 NC (930168-42, eBioscience). Red blood 

cells were lysed by 2mL Veralyse Lysing Solution (Beckman Coulter) for 10 min followed by 

two washing steps with 4mL Hanks’ Balanced Salt Solution (HBSS) and centrifugation (18°C, 

300G, 8min). The final pellet was resolved in 300μL HBSS and FACS analysis was performed 

immediately. 

First single cells were identified through reduced time of flight (TOF) and included in the 

subsequent analysis (Fig. 6). Leukocyte subsets were gated and defined as described below. 

Absolute blood counts were measured by using an automated Sysmex XT-2000i haematology 

analyser. By multiplying the cell concentrations of monocytes or lymphocytes from blood 

counts with the percentages of gated subsets from FACS analysis absolute subset counts 

(cells/μL) were calculated. 

Flow cytometric analysis was performed using a GalliosTM flow cytometer and dedicated 

GalliosTM software (Beckman Coulter). All experiments were performed and analysed blinded 

to patient’s clinical data.  
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2.5.3.3 Natural killer (NK) cells 

Gating of lymphocytes was performed as described for T cell analysis. NK cells are defined as 

CD56+CD3- expressing lymphocytes and can be subdivided into a larger CD56dim (CD56+CD16+) 

and a smaller CD56bright (CD56++CD16-) NK cell subset (Fig. 8E). Subset percentages represent 

the respective proportion inside the SSC/FSC gated lymphocytes. Gating was performed as 

illustrated in Figure 8. 
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2.6 Plasma RNA isolation 

Plasma RNA insolation using miRNeasy 50 Plasma/Serum kits (Qiagen, 217184) was 

performed according to the manufactures instructions (miRNeasy Serum/Plasma Handbook 

02/2012) using a lyophilized C. elegans miR-39 miRNA mimic (Qiagen, 219610) as internal 

spike-in control prior to the isolation steps for final quantification. 750μL of patient’s plasma 

were used to gain total RNA. Following isolation, the quality was verified by assessing the 

RNA integrity number (RIN) and concentration of RNA samples by using NanoDrop (Thermo 

scientific) and an Agilent 2100 Bioanalyzer System. RNA samples were stored at -80°C until 

near-time polymerase chain reaction (PCR). 

 

2.7 LIPCAR real-time quantitative polymerase chain reaction 

The isolated plasma RNA was analysed for LIPCAR long non-coding RNA levels using a 

SYBR green real-time quantitative PCR. The PCR was performed according to the protocol of 

Professor Thomas Thum’s laboratory [53]. After reverse transcription of the total RNA into 

cDNA using an oligo dT-primer or random primer the quantitative real-time-PCR reaction was 

induced. The fluorescent dye SYBR green intercalates between the double-stranded DNA 

bases. The subsequently measured fluorescence at the end of every amplification cycle allows 

the relative or absolute quantification of the amount of amplified DNA. Respective primers for 

LIPCAR PCR were derived from AG Thum (LIPCAR forward primer: 

TAAAGGATGCGTAGGGATGG; reverse primer TTCATGATCACGCCCTCATA). The 

miRNA TaqMan PCR was performed additionally for each sample to measure the levels of the 

internal spike-in control cel-miR-39 according to manufacturer’s instructions. Every sample 

was analysed in duplicates and average value was calculated. Finally, the respective LIPCAR 

levels were calculated by normalisation to the standard spike-in control to exclude variances 

during the isolation process or storage. 

 

2.8 Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM), if not indicated otherwise. 

Equality of variances was assessed by Levene’s test. Shapiro-Wilk test was used to test 

normality of the data. Statistical significance of differences between two groups was calculated 

by Student’s 2-tailed-test or Mann-Whitney U test, among more than two groups by ANOVA 
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and the multiple comparison Tukey’s HSD test as appropriate. In case of non-normal 

distribution comparison of more than two groups was performed by Kruskal-Wallis. 

Multivariate analysis was performed by binary logistic regression using backward selection and 

Wald statistical analysis. Primary univariate analysis included parameters of patient 

characteristics, monocyte subsets and blood biomarkers. Multivariate analysis included all 

respective significant parameters from previous univariate analysis. Multivariable adjustment 

was performed for age, sex and NYHA class. Correlation heat maps of data section 3.3 were 

derived from Spearman correlation coefficients. If n numbers deviated from total recruited 209 

subjects, the respective n number per group was indicated additionally. Values of p<0.05 were 

considered statistically significant. Statistical analysis was performed using SPSS 23.0 software 

and Prism (GraphPad) 8.0 software to create graphs and heat maps.



Results 

 

 29 
 

3. Results 

 

3.1 Binary logistic regression of echocardiographic parameters 

Multivariate analysis indicated that NT-proBNP was independently associated with reduced 

LV, RV function and diastolic dysfunction, but not with right ventricular systolic pressure 

(RVSP) (Table 6). Elevated RVSP (upper tercile >35 mmHg) was indeed independently 

associated with both, higher Mon2 counts and low oxygen saturation, even after multivariable 

adjustment for age, sex and NYHA class (Table 6-8). Mean RVSP was substantially elevated 

in NYHA class III-IV compared to NYHA class I-II (I-II vs. III-IV, 32.92±1.2 vs. 58.58±5.71 

mmHg, p<0.001) and rose with worsening NYHA class (Table 4), whilst TAPSE did not differ 

significantly (I-II vs. III-IV, 19.44±0.41 vs. 18.0±1.22 mm, p=0.23). In multivariate analysis, 

impaired LVEF (lower tercile: <52%) was related to diminished oxygen saturation, elevated 

NT-proBNP levels and to increased GGT indicating liver damage (Table 6, 11-12). Diastolic 

dysfunction of both, the medial (upper tercile >13.4) and lateral (upper tercile >8.8) wall was 

associated with age, whereas only medial E/E’ showed a significant association to NT-proBNP 

after multivariate analysis (Table 6, 13-16). These results were not consistent after statistical 

adjustment for age and sex. 

 

 
 

Figure 9: Multivariate analysis.  

RVSP levels were divided into terciles. Binary logistic regression compared the upper vs. 

middle + lower tercile. Analysis performed using backward selection and Wald statistical 

analysis. Odds ratios and corresponding confidence intervals displayed.  
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Figure 17: Correlation heat map monocyte subsets, CRP, NT-proBNP and NOR 

Absolute cell counts used for correlations. NOR, plasma noradrenaline. Spearman correlation 

was calculated and correlation coefficient r illustrated by colour intensity. P value indicated 

as *p<0.05, **p<0.01, ***p<0.001 

 
 

3.3.4.1.1 Monocyte subsets relating to HF stages 

Circulating counts of Mon1 did not differ between the NYHA groups (Fig. 18A). Advanced 

stages of HF (NYHA III/IV) were associated with significantly elevated Mon2 and Mon3 

concentrations compared to functionally asymptomatic NYHA class I patients or controls (Fig. 

18B-C). Both subsets were associated with NT-proBNP levels (Fig. 17). Notably, only the 

Mon2 subset correlated significantly with plasma noradrenaline levels in ACHD (spearman 

r=0.179, p=0.006; Fig. 17). Multivariate binary logistic regression revealed Mon2 (p=0.022), 

noradrenaline (p=0.002), albumin (p=0.001) and NT-proBNP (p<0.001) as independent 

predictors of higher NYHA class (I+II vs. III+IV), reflecting a relationship between Mon2 

monocyte subset, neurohormonal activation and HF severity. Although Mon3 absolute counts 

were found to be elevated in advanced HF, multivariate analysis found no significant predictive 

association with the studied parameters of cardiac function (Table 6). 
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4. Discussion 

This is the first study evaluating monocyte and lymphocyte subsets in heart failure (HF) of 

adults with congenital heart disease (ACHD). NYHA class and elevated right ventricular 

pressure (>35 mmHg) were independently associated with CD14++CD16+ monocyte (Mon2) 

counts. These observations point to an inflammatory state in patients with ACHD-HF supported 

by increased low-grade CRP levels and neutrophil-to-lymphocyte ratio (NLR). Reduced counts 

of T helper and cytotoxic T cells were present in ACHD. Elevated CD56bright NK cells might be 

induced by HF-related immune activation and correlated with CD14+CD16++ (Mon3) counts 

exclusively. 

4.1 Cardiac function in relation to monocyte counts 

Little is known about the complex interplay between inflammatory mediators and HF in ACHD. 

Increased Mon2 and Mon3 levels in ACHD were demonstrated, which correlated with NT-

proBNP. Mon2 counts were independent predictors of elevated right ventricular pressure and 

NYHA class. 

NT-proBNP is currently the most accurate biomarker with regard to cardiac function, 

occurrence of HF and mortality in ACHD [6,17]. Likewise, in the studied ACHD cohort, NT-

proBNP was the most powerful indicator of left ventricular (LV) and right ventricular (RV) 

function as well as LV diastolic dysfunction, however it was not related to right ventricular 

pressure (RVSP).  

Monocytes represent powerful mediators of inflammation and immunity. In non-congenital 

heart disease, the number of circulating Mon2 increases in several types of HF [36]. In patients 

with chronic non-congenital HF (LVEF ≤ 45%) elevated Mon2 levels increased with NYHA 

class and impaired LV function [37]. Another study including patients with chronic HF of 

various aetiology and found higher Mon2 counts to be independently associated with all-cause 

mortality [61]. Standard medical treatment of acute decompensated HF led to declining Mon2 

counts in the period between hospital admission and patient’s discharge. Higher Mon2 

admission levels were associated with worse cardiovascular outcome [62]. Mon2 counts 

declined after transcatheter aortic valve replacement (TAVR) and high levels pre-TAVR 

predicted worse functional capacity and LV systolic function after 3 months [63].  
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In contrast, the present data did not show an association between Mon2 concentrations and 

LVEF, which can be explained by the still preserved LV function and complex anatomy in this 

cohort, pointing out the distinct pathomechanisms and haemodynamics causing HF in ACHD.  

4.1.1 Right ventricular systolic pressure and monocyte subsets 

Due to shunt volume overload and pulmonary valve stenosis or pulmonary arterial hypertension 

(PAH) induced pressure overload of the right ventricle, rather right than left HF predominates 

in ACHD. Thus, consecutive abdominal congestion and hypoxia, either related to shunting or 

PAH, represent a central pathophysiological issue in ACHD-HF.  

In the investigated ACHD population Mon2 and hypoxia were independently associated with 

increased RVSP. Previous studies described pro-inflammatory cytokines relating to RVSP in 

patients with CHD and observed an even higher inflammatory state in cyanotic versus acyanotic 

patients [8,64,65]. It was hypothesized that both hypoxia and congestion act as potent immune 

stimulators in ACHD [8]. In accordance, the highest Mon2 and CRP levels were observed in 

single ventricle patients. This malformation is characterised by one common systemic and 

pulmonary ventricle and subsequently causes severe hypoxia and excessive congestion into the 

vena cava. Monocytes, such as the Mon2 subset, may contribute to high cytokine levels and 

inflammation in ACHD with RV failure and/or cyanosis. However, cytokine secretion profiles 

and functional properties of patient monocytes were not determined in this study. 

RVSP is determined by the huge heterogeneity of underlying morphology, such as valvular 

lesions, absent or stenotic pulmonary arteries, RV dysfunction and PAH. Hypoxia-causing PAH 

is a relevant inflammation-mediated comorbidity, not only associated with Eisenmenger 

syndrome, and its prevalence increases in ACHD over lifetime [66]. The innate immune system, 

including monocytes and pulmonary macrophages, is mechanistically involved in PAH disease 

progression [67]. In some of the patients high RVSP levels partially point to the presence of 

PAH, but invasive hemodynamic data cannot be presented to precisely analyse the role of PAH 

in ACHD-associated Mon2 increase, chronic inflammation and immune alterations.  
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4.2 Morphologic subgroup analysis 

ACHD represents a very heterogeneous group with varying complexity of malformations. 

Despite these anatomical and pathophysiological distinctions, differences between 

morphological subgroups were not observed regarding the studied monocyte subsets. Already 

minor or surgically corrected heart defects might cause a long-lasting cardiac impairment with 

subsequent complications and comorbidities inducing systemic immune activation and 

increasing Mon2 populations. 

However, morphologic ACHD subgroup analysis revealed native single ventricles and right 

heart disease patients as populations with significantly elevated RVSP and Mon2 levels 

compared to controls. ACHD-HF patients with congestion and peripheral oedema due to RV 

failure displayed significantly elevated blood bacterial endotoxin (e.g. LPS) levels in a previous 

study [8]. In this context congestion may cause liver damage and intestinal oedema, which 

promotes LPS translocation from the bowel into blood circulation stimulating cytokine 

production and inflammation [68].  

Interestingly, no differences in the investigated parameters of neurohormonal activation have 

been found between different morphological subgroups. This is in line with other reports, 

showing that neither noradrenaline, adrenaline, renin, aldosterone, atrial natriuretic peptide 

(ANP), brain natriuretic peptide (BNP) nor endothelin-1 distinguished the anatomic types of 

heart defects [7,69]. Although ACHD represent a very heterogeneous population, the congenital 

malformation does not necessarily determine the degree of neurohormonal activation and HF 

progression, indeed.  

4.3 Neurohormonal activation in ACHD 

Neurohormonal activation, particularly noradrenaline, is a well-investigated mediator of 

disease progression in non-congenital HF [11,70,71]. The level of plasma noradrenaline was 

shown to predict survival in HF patients [71]. Even in mild stages of ACHD-HF strongly 

elevated plasma noradrenaline was observed, however, its prognostic impact was not 

investigated. Previously, Bolger et al. described similar levels of elevated plasma noradrenaline 

in ACHD patients [7]. Whether an intensified beta-blockade therapy would be beneficial for 

selected patients remains an important question, although clear evidence for mortality-reducing 

beta blockade in ACHD-HF is still lacking. 
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HF has also been shown to directly impact monocytes. Human monocytes/ macrophages are 

known to express catecholamine receptors and in the context of HF, these cells seem to have 

an impaired noradrenaline regulation of their inflammatory cytokine production [72]. The 

sympathetic system modulates innate immune responses, given that monocytes and 

granulocytes exhibit adrenoceptors. Therefore, the observations concerning associated high 

noradrenaline levels and Mon2 counts in ACHD-HF might be mechanistically linked. 

However, further research investigating in vitro monocyte functions in ACHD should be 

performed in the future. 

Consistent with Bolger et al., this study observed an increase of noradrenaline and NT-proBNP 

levels in stages of NYHA class and systemic ventricular impairment [7]. In contrast to this 

study, the authors described a significantly increased aldosterone concentration in NYHA II 

ACHD patients compared to controls. Relevant differences were not observed in the current 

study, but interpretation of the results is hindered by patients receiving mineralocorticoid (MR) 

blockers leading to a bias in terms of disturbed feedback loops.  

Differences in cortisol plasma levels were not seen, however, samples were not drawn at the 

same day time. The current literature does not report plasma cortisol changes in ACHD patients. 

In previous reports, cortisol levels in ACHD scalp hair were not elevated compared to other 

structural heart diseases and cortisol circadian rhythmic in infants with CHD was also reported 

to be intact and unchanged by cyanosis [73,74].  

4.4 Pro-inflammatory markers in ACHD 

Accumulating evidence indicates an inflammatory state associated with HF in ACHD patients. 

Next to increasing CRP, an elevated neutrophil-to-lymphocyte ratio (NLR) was observed in 

patients. Furthermore, some patients displayed substantially higher plasma S100A8/A9 levels. 

A low-grade CRP elevation was observed in ACHD increasing with NYHA class. Although no 

significant differences between morphological groups were present, native single ventricle 

ACHD exhibited the highest absolute CRP levels. The possible causes and underlying 

mechanisms can be diverse regarding HF-induced innate immune activation, congestion, 

cyanosis, comorbidities or immune deficiencies due to thymectomy and genetic syndromes 

(DiGeorge Syndrome, Down Syndrome, Noonan Syndrome) aggravating pathogen elimination. 

Regardless the causing mechanisms, CRP elevation represents a major prognostic biomarker 
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for all-cause mortality and cardiovascular hospitalisation in ACHD patients [9]. The same study 

by Opotowsky et al. reported elevated CRP relating to worse functional status and exercise 

performance [9]. Regarding anatomic and haemodynamic differences in ACHD, Miyamoto et 

al. revealed an association between cardiovascular death and CRP levels, but only in two-

ventricle physiology and systemic left ventricle ACHD patients [10].  

Neutrophil-to-lymphocyte ratio (NLR) levels can be gathered commonly and inexpensively 

from complete blood counts and were investigated broadly in various inflammatory and 

cardiovascular diseases, predicting mortality and outcome. For example, elevated NLR was 

associated with mortality in patients with acute coronary syndrome, non-ST and ST elevation 

myocardial infarction [75–77]. The prognostic value of NLR for risk stratification in ACHD 

has not been revealed. However, NLR was already assessed in Fontan patients and correlated 

with parathyroid hormone, but a possible association with HF severity was not analysed [78]. 

In bicuspid aortic valve patients NLR correlated with dilating ascending aorta diameter and 

reduced LVEDD, LVESD and LVEF. By note, this association was only observed in a 

relatively small group of patients with advanced disease manifestation (aorta >3.9cm) [79]. 

Besides that, NLR has never been investigated in HF of ACHD patients. Thus, this is the first 

report showing a stepwise increase in NLR with rising functional HF grade. Investigating NLR 

as a possible prognostic factor in ACHD might be promising, because its easy assessment could 

ameliorate clinical care. 

The circulating S100A8/A9 heterodimer is involved in inflammatory responses of leukocytes 

and was tendentially elevated in ACHD patients and significantly higher in NYHA I patients 

compared to healthy controls. Secreted from activated neutrophils and monocytes, this study 

showed S100A8/A9 levels to relate closely with both producing cell types. In cyanotic ACHD 

an enhanced neutrophil activation with elevated plasma neutrophil elastase levels was described 

[80]. Presumably, cyanotic ACHD patients might also exhibit higher S100A8/A9 compared to 

acyanotic individuals, which needs to be confirmed by further investigations. 

The calcium-binding S100A8/A9 molecule gained recently much interest and was reported to 

be involved in adverse cardiac remodelling after myocardial infarction and ischaemia 

reperfusion injury by activating cardiac fibroblasts, inducing inflammatory signalling pathways 

(e.g. NF-κB, RAGE) and by causing mitochondrial dysfunction in mouse models [81–84]. 

Furthermore, plasma S100A8/A9 levels related to lower LVEF and increased hospitalisations 
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for HF in acute coronary syndrome patients and was associated with cardiovascular events and 

death in middle-aged healthy individuals [28,81]. Hence, the S100A8/A9 heterodimer 

represents a promising biomarker and therapeutic target in acute cardiac injury. The prognostic 

potential for ACHD has never been evaluated and by now, as this is the first study investigating 

S100A8/A9 concentrations in ACHD patients. As wide variances in circulating levels were 

observed, this molecule might help to identify patients with pronounced myeloid inflammatory 

activity. Further research is needed to elucidate the mechanistical role of S100A8/A9 in HF of 

ACHD. 

Systemic chronic inflammation is present in ACHD affected by progressing HF. Several pro-

inflammatory cytokines, such as TNF-α, IL-6 and IL-8, were described to be elevated in ACHD 

relating to HF characteristics and prognosis [8,10,85]. In addition, red cell distribution width 

(RDW), a marker for chronic inflammation and associated anaemia, was reported to predict 

independently cardiovascular events and mortality [86,87].  

4.5 T lymphocyte subsets in ACHD 

The present study revealed significantly reduced T helper and cytotoxic T lymphocyte counts 

in ACHD compared to controls. Advanced stages of HF exhibited lower T cell counts. T 

lymphocytes have never been investigated before in relation to HF functional capacity in 

ACHD. 

However, T cell subsets have been extensively studied by immunologists using ACHD patients 

as human in vivo model to investigate postnatal thymus function. In this context, several reports 

have been published demonstrating an immune deficiency by T cell alterations and premature 

immunosenescence [23,88,89]. Precisely, reduced counts of circulating blood T helper and 

cytotoxic T cells have been found by several studies, predominantly driven by a decrease in 

naïve T cells [21,23]. In absence of thymic T cell maturation, compensative extrathymic 

peripheral expansion of T cell clones takes place regulated by IL-7 in thymectomized (Tx) 

ACHD patients [90,91]. However, T cell homeostasis remains impaired to a certain extent 

without postnatal thymic output [91]. The data of this study revealed similarly reduced CD4+ 

and CD8+ T cell counts in ACHD. However naïve T cell populations were not determined and 

no precise information were available about thymectomy and the removed volume of thymus 

tissue. In literature reports, magnetic resonance imaging was performed after infant surgery to 
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measure the residing thymus mass. As this study investigated adult patients, a comparable data 

acquisition was not possible.  

Interestingly, progressive HF in ACHD was also related to reduced absolute CD4+ and CD8+ T 

cell counts. Indeed, low lymphocyte counts were related to adverse cardiac remodelling and 

worse prognosis in non-congenital HF [92–94]. Several reports revealed reduced absolute and 

relative lymphocyte counts in chronic HF patients, although the exact mechanisms behind are 

not entirely understood [94]. First of all, the HF-induced systemic release of pro-inflammatory 

cytokines, especially TNF-α, may cause direct lymphocyte apoptosis, predominantly of T-

helper cells and B cells. In HF patients, relative lymphocyte count was inversely related to 

soluble TNF-α receptor levels [95]. Intestinal congestion with subsequent endotoxemia as 

potent immune stimulators, as well as abdominal lymphatic stasis were described to be 

associated with lymphopenia in HF [94]. Secondly, an activation of the hypothalamic–

pituitary–adrenal axis by stress and sympathetic activation may directly influence lymphocyte 

counts and function. It is known that high cortisol levels reduce lymphocyte counts and 

sympathetic activation augments myeloid cell release from the bone marrow. The present 

observations support these assumptions partially, as NYHA class III/IV patients exhibited the 

lowest lymphocyte counts.  

However, the observed T cell differences in advanced HF could be biased, as sicker patients 

and more complex anomalies require surgical correction, including thymectomy, earlier in life. 

In addition, screening for subclinical DiGeorge syndrome was not performed, thus genetic 

alterations might constitute a confounding factor for thymus function.  

Regarding T cell populations, adverse and beneficial effects were reported in HF and cardiac 

injury. For example, CD4+ T cells demonstrated a protective role following cardiac injury, and 

may feature immunosuppressive functions within the myocardium by presentation of auto-

antigens from antigen-presenting cells to CD4+ T cells [93]. In contrast, CD4+ T cells may also 

promote the deterioration from compensated hypertrophy to decompensated HF in the context 

of chronic pressure overload [96]. CD8+ T cells have been reported to exhibit beneficial 

regulatory, predominantly anti-inflammatory roles following ischaemic injury [97]. However, 

in a mouse model the complete inhibition of T cell co-stimulation by abatacept improved 

pressure overload-induced HF by blocking T cell activation and cardiac infiltration. This new 

anti-inflammatory treatment option led to reduced cardiomyocyte death and induced the release 
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of the anti-inflammatory cytokine IL-10. Furthermore, cardiac fibrosis was reported to be 

differentially affected by different T cell subsets representing an interesting therapeutic target 

[98]. Recently, Aghajanian et al. showed that the adoptive transfer of T cells expressing a 

chimeric antigen receptor (CAR-T cells) directed against the fibroblast activation protein 

induced a marked reduction in cardiac fibrosis and amelioration of cardiac function after injury 

in a mouse model [99]. CAR-T cells are already implemented into clinical routine for the 

treatment of haematological malignancies. Such an immunotherapeutic treatment might be a 

potential breakthrough in HF therapy of ACHD. However, the mechanistic role of T 

lymphocyte subsets in HF pathophysiology of ACHD including the various adaptive immune 

compromises by thymectomy are still unknown and need further research.  

NKT cells, described as marker for atherosclerotic disease progression, were unchanged in 

ACHD and do not point to increased risk for atherosclerosis in ACHD. However, the examined 

patient cohort might have been too young to exhibit significant disease manifestation. In 

parallel, CD3bright T cells remained unchanged, as well. This is in line with reports describing 

normal gamma-delta T cell counts in ACHD [91]. 

Early thymectomy was reported to induce premature immunosenescence in ACHD patients, 

but immune aging has never been related to HF progression and prognosis. This might be 

interesting, as in non-congenital HF immunosenescence was found to drive atherosclerosis, HF 

development and disease progression [100–102]. The immunosenescence and impaired T 

lymphocyte functions did not result in clinically relevant complications in several small short-

term studies [21]. The only large and recently published long-term observation revealed an 

increased incidence of infections, auto-immune diseases and cancer in ACHD thymectomized 

prior to 5 years of age [103]. Thus, immune dysfunction and chronic inflammation might cause 

adverse effects and the onset of complicating comorbidities. Strategies to maintain as much 

thymic tissue in situ as possible during CHD corrective surgery should be evaluated. 

Indeed, ACHD patients present several times higher incidences of inflammation-related 

comorbidities compared to the general population [104]. Hence, it is still unclear whether the 

observed increase in inflammatory markers and mediators constitute rather cause or 

consequence of ACHD-related comorbidities. Nevertheless, immunoregulatory therapies for 

ACHD may be investigated to improve morbidity, mortality and reduce comorbidities.   
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4.6 Natural killer cell subsets in ACHD 

NK cells are essential for anti-tumor and pathogen eliminating strategies of the organism. Being 

bone-marrow-derived they are independent of thymus function [105]. Accordingly, a number 

of studies in CHD did not find any differences in NK cell number or composition, neither 

shortly nor years after thymectomy [23,48,106]. However, Ramos et al. reported an increased 

number of the CD56bright (CD56++CD16-) subset and a tendentially increase of NK cell activity 

exclusively in children who had been thymectomized during the first year of life [49]. The 

authors suggested that the absence of the thymus promoted a differentiation of the common T 

and NK cell precursors into NK cells [49]. Thus, the current literature reports are partially 

conflicting with the present observations.  

By investigating NK cells in the largest immunophenotyped ACHD population so far, this study 

found significantly increased percentages of total NK cells and CD56dim subpopulation levels 

compared to healthy controls. This could also be due to other lymphocyte subset changes, 

although absolute counts tended towards significant increase. Of interest, the observed 

differences in these cells were independent from of HF stages. An explanation for these 

observations can be either, as suggested by Ramos et al., because of common T and NK 

precursors that predominantly differentiate into NK cells in the setting of lacking thymus 

function. Another explanation could be found in the fact that NK cells are crucial regulators of 

T cell responses [46]. Perhaps, lacking T cells might induce compensatory NK cells. NK cells 

can support CD4+ and CD8+ T cell responses by cytolysis of suspicious cells or by cytokine and 

chemokine production. Otherwise, NK cells are also able to kill activated T cells and 

hyperactivation of NK cells was shown to reduce memory T cell numbers [46,47]. The memory 

T cell pool in Tx patients is significantly extended in immunosenescent thymectomized  ACHD 

patients [23]. NK cells might have regulatory and compensatory properties in adaptive immune 

alterations after thymectomy, participating in immune responses against pathogens.  

Interestingly, substantially elevated relative and absolute CD56bright NK cells were found, as 

reported by Ramos et al previously. Though, aggravating HF functional capacity and NT-

proBNP were relating to increased CD56bright NK subset, suggesting that immune activation 

caused by HF expanded the cytokine-producing CD56bright NK subset. In favour of this 

interpretation, CD56bright NK cells expand at inflammatory sites and interact with monocytes by 

mutual cytokine-induced stimulation. This positive feedback loop between both cells is 
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suggested to contribute to the pathogenesis of chronic inflammatory diseases [107]. In this 

ACHD collective, CD56bright NK cells were observed to correlate exclusively with Mon3, which 

might indicate a mechanistical link. Another hypothesis for increased counts suggests CD56bright 

cells being precursors of further differentiated CD56dim NK cells [108]. A high CD56dim turnover 

under inflammatory conditions might consequently induce an increased release of their 

precursor cells. 

In conclusion, this study does not completely correspond with previous reports concerning NK 

cells in ACHD. Whether these results might have a pathophysiological or clinical impact 

regarding the onset of infections or comorbidities remains unknown. 

4.7 Long non-coding RNA LIPCAR in ACHD 

The analysis of the lncRNA LIPCAR did not reveal changes between the groups. Perhaps this 

neutral result indicates the different pathophysiology and underlying mechanisms behind 

ACHD-HF compared to non-congenital HF. It was previously shown that the level of 

the circulating miR-423_5p was not related to systemic ventricular function in adults after atrial 

repair for transposition of the great arteries [109]. However, the same miR was already 

characterised as biomarker in non-congenital HF relating to LVEF and NT-proBNP [109]. 

Thus, gene regulatory pathways might differ profoundly in ACHD-HF as compared to non-

congenital HF. 
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5. Summary 

In heart failure (HF) of adults with congenital heart disease (ACHD), systemic low-grade 

inflammation and immune activation are present. The Mon2 (CD14++CD16+) monocyte 

subset related to circulating noradrenaline levels and represented an independent predictor of 

higher NYHA class and right ventricular pressure in ACHD patients.  

Subgroup analysis of different cardiac malformations showed higher Mon2 in single ventricle 

and right heart disease patients compared to controls. No significant differences were observed 

between the different morphological subgroups in terms of leukocyte subpopulations, markers 

of inflammation or NT-proBNP. 

Markers of systemic inflammation, such as CRP, neutrophil-to-lymphocyte ratio and 

S100A8/A9, were increased in HF of ACHD. Cyanosis and congestion might contribute to HF-

induced systemic inflammation.  

In addition, ACHD patients had decreased T helper and cytotoxic T cells, however NKT and 

CD3bright T cells remained unaffected. The cytokine-producing CD56bright NK cells related to NT-

proBNP and were elevated in advanced HF, suggesting an enhanced release due to HF-related 

immune activation. Mon3 and CD56bright NK cell expansion might be functionally connected.  

Pathophysiological molecular mechanisms might differ profoundly between ACHD and non-

congenital HF, as non-coding RNA biomarkers for cardiac dysfunction were not increased in 

ACHD-HF.  

Thus, this study presents several associations between neurohormonal activation, systemic 

inflammation and changes in immune effector cell composition, such as monocyte, T cell and 

NK cell counts, relating to HF in ACHD. However, further in-depth and outcome studies need 

to investigate the mechanistic and prognostic impact of leukocyte subsets, S100A8/A9, and 

neutrophil-to-lymphocyte ratio, as well as their potential use as biomarkers. Immunity and 

inflammation should be considered for treatment and clinical care of ACHD patients to improve 

morbidity and mortality. 
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6. Appendix 

Table 2: Group characteristics 

 
Healthy controls (n=21) ACHD (n=209) 

Age, years 29.81±2.75  35.34±0.77 § 
Male, (%) 10 (47.6) 125 (59.8) 
Cardiovascular risk factors/ comorbidities 

Art. hypertension, (%) 2 (9.5) 47 (22.5) 
Smoker, (%) 3 (14.3) 34 (16.3) 
Diabetes, (%) - 3 (1.4) 
Pulmonary hypertension, (%) - 12 (5.7) 

CRP (mg/L) 1.25±0.50 2.99±0.27 
NT-proBNP (ng/L) 38.44±7.94  371.30±53.51 * 
TSH (mU/L) 1.99±0.27 2.20.21±0.14 
Renal/ liver function   

Creatinine (μmol/L) 80.62±3.06 85.24±3.00 
Urea (mmol/L) 4.45±0.30 5.15±0.13 
Albumin (g/L) 42.62±1.22 42.17±0.31 
GGT (IU/L) 18.69±2.96 41.60±3.07 § 
AST (IU/L) 28.92±4.27 28.97±0.64 

Leukocyte subsets   

       Neutrophils (10
3
/µL) 3.08±0.23 4.23±0.1 * 

       Lymphocytes (10
3
/µL) 1.73±0.09 1.73±0.04 

       Monocytes (10
3
3/µL) 0.54±0.03   0.63±0.01 § 

Mon1 (cells/µL) 455.7±25.5 508.8±11.4 

Mon2 (cells/µL) 23.97±3.3 43.60±1.7 * 

Mon3 (cells/µL) 30.92±4.11 43.55±1.77 * 

Mon1 (%) 84.13±1.16 80.4±0.39 § 

Mon2 (%) 4.57±0.66 6.86±0.21 § 

Mon3 (%) 5.62±0.67 6.98±0.23 

Values are expressed as absolute numbers or mean±SEM; Statistical analysis performed using t-
test, §p<0.05, *p<0.001 
ACHD, adult congenital heart disease; AST, aspartate transaminase; CRP, C-reactive protein; GGT, 
gamma-glutamyltransferase; Mon1, CD14++CD16-; Mon2, CD14++CD16+; Mon3, CD14+CD16++; 
TSH, thyroid stimulating hormone 



Appendix 

 

 57 
 

Table 3: Patient characteristics 

 
ACHD (n=209) 

Type of congenital heart defect  

 Simple shunts 17 

Atrioventricular septal defect 7 

Mitral valve disease 3 

Congenital aortic insufficiency 1 

Bicuspid aortic valve 16 

Subaortic stenosis 9 

Supravalvular aortic stenosis 2 

Coarctation 22 

Congenital pulmonary stenosis 7 

Double chambered right ventricle 1 

Tetralogy of Fallot 37 

Ebstein anomaly 4 

Marfan Syndrome 19 

D-Transposition: Atrial switch 27 

D-Transposition: Arterial switch 4 

Congenital corrected transposition 3 

Fontan circulation 13 

Eisenmenger Syndrome 9 

Single ventricle 7 

Venous anomaly 1 

Concomitant treatment  

ACE-/AT- inhibitors, (%) 95 (45.5) 
β-blockers, (%) 68 (32.5) 
Calcium antagonists, (%) 12 (5.7) 
Diuretics, (%) 32 (15.3) 
MR antagonists, (%) 25 (12.0) 
Digitalis, (%) 13 (6.2) 
Oral anticoagulation, (%) 60 (28.7) 
L-Thyroxine, (%) 14 (6.7) 
ICD, (%); Pacemaker, (%) 6 (2.9); 25 (12.0) 

ACE, angiotensin-converting enzyme; ACHD, adult congenital heart disease; AT, angiotensin-II-
receptor; BMI, body mass index; BSA, body surface area; ICD, implantable cardiac defibrillator; 
MR, mineralocorticoid receptor; NYHA, New York Heart Association 
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Table 4: ACHD heart failure group characteristics 

 
 

NYHA I (n=134) NYHA II (n=45) NYHA III/IV (n=30) 
Age (years) 32.44±0.77 39.29±1.89 † 42.37±2.32 † 
Male sex, (%) 88 (65.7) 24 (53.3) 13 (43.3) 
BMI (kg/m

2
) 25.0±0.36 25.13±0.57 25.85±1.03 

Mean number of operations 1.32±0.08 1.87±0.16 ‡ 1.97±0.39 ‡ 
Cardiac function (echocardiography) 

LVEF (%) 57.60±0.56 49.74±1.31 † 49.20±1.54 † 
LVEDD (mm) 53.58±0.56 55.40±1.35 54.33±2.06 
RVEDD (mm) 37.93±0.41 40.42±1.35 43.42±2.03 ‡ 
E/E’ medial wall 11.15±0.39 15.13±1.55 14.75±1.58 
E/E’ lateral wall 7.67±0.30 11.33±1.39 10.65±1.65 
RVSP estimated 
(mmHg) 31.07±0.90 38.84±4.00 58.58±5.71 †$ 

Vena cava diameter 
(mm) 17.08±0.31 18.82±1.17 22.12±1.47 

TAPSE (mm) 19.77±0.47 18.10±0.88 18.00±1.22 
NT-proBNP (ng/L) 126.65±11.30 443.96±56.67 ‡ 1355.10±300.4 †$ 
ECG parameters 

QRS (ms) 121.31±2.38 122.44±4.23 130.67±6.61 
QTc (ms) 433.16±2.88  446.33±4.42 ‡ 459.44±6.62 ‡ 

Oxygen saturation (%) 98.43±0.17 96.64±0.54 ‡ 90.59±1.47 †$ 
Renal/ liver function    

Creatinine (μmol/L) 80.04±1.19 80.07±2.61 116.23±19.18 †$ 
Urea (mmol/L) 4.72±0.11 5.43±.33 ‡ 6.65±0.52 †¶ 
Albumin (g/L) 42.88±0.34 42.78±0.57 38.17±1.04 
GGT (IU/L) 35.92±3.07 52.29±9.81 50.93±6.67 
AST (IU/L) 27.90±0.71 29.82±1.63 32.473±1.77 

Values are expressed as mean±SEM; Statistical analysis performed using Tukey’s HSD: 
‡p<0.05 vs. NYHA I, †p<0.001 vs. NYHA I, ¶p<0.05 vs. NYHA II, $p<0.001 vs. NYHA II 
AST, aspartate transaminase; BMI, body mass index; ECG, electrocardiography; GGT, gamma-glutamyltransferase; 
LVEF, left ventricular ejection fraction; LVEDD/ RVEDD, left/ right ventricular end-diastolic dimension; NYHA, New 
York Heart Association; RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic excursion 
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Table 5: Blood counts and monocyte subsets according to heart failure functional capacity 

 
 

Healthy controls 
(n=21) NYHA I (n=134) NYHA II (n=45) NYHA III/IV (n=30) 

Haemoglobin (g/dL) 13.77±.41 15.02±0.21 14.85±0.36  16.62±0.85 § ‡ 
Platelets (10

3
/μL) 218.85±17.36 215.75±4.83 211.11±9.72 162.70±10.00 † ¶ 

Neutrophils (10
3
/μL) 3.07±0.23 4.06±0.12 § 4.63±0.23 * 4.34±0.28 § 

Lymphocytes (10
3
/μL) 1.73±0.09 1.78±0.05 1.77±0.08 1.49±0.12 

Eosinophils (10
3
/μL) 0.19±0.05 0.18±0.02 0.19±0.03 0.14±0.02 

Basophils (10
3
/μL) 0.03±0.004 0.04±0.002 0.04±0.004 0.05±0.006 

Monocytes (10
3
/μL) 0.54±0.03 0.62±0.02 0.64±0.03 0.68±0.03 § 

Mon1 (%)  84.13±1.16 81.17±0.46 79.63±0.84 § 78.22±1.14 * ‡ 
Mon2 (%) 4.57±0.66 6.40±0.25 § 7.20±0.41 § 8.37±0.60 * ‡ 
Mon3 (%)  5.62±0.67 6.70±0.28 7.20±0.4 7.92±0.70 

Values are expressed as mean±SEM; Statistical analysis performed using Tukey’s HSD: 
§p<0.05 vs. control, *p<0.001 vs. control, ‡p<0.05 vs. NYHA I, †p<0.001 vs. NYHA I, ¶p<0.05 vs. NYHA II 
Mon1, CD14++CD16-; Mon2, CD14++CD16+; Mon3, CD14+CD16++; NYHA, New York Heart Association 
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Table 6: Multivariate binary logistic regression analysis: matrix 

 

 Mon2 
Oxygen 

Saturation 
NT-proBNP GGT Age 

 P 
OR 
(CI) 

P 
OR 
(CI) 

P 
OR 
(CI) 

P 
OR 
(CI) 

P 
OR 
(CI) 

RVSP 
(>35mmHg) 

0.001 

1.35  
(1.13 
– 
1.63) 

0.003 

0.81  
(0.71 
– 
0.93) 

      

RV function 
(impaired) 

0.082 

1.16  
(0.98 
– 
1.36) 

  0.001 

1.002 
(1.001 
– 
1.003) 

    

LVEF  
(<52%) 

  0.008 

0.87  
(0.79 
– 
0.97) 

<0.001 

1.003 
(1.002 
– 
1.004) 

0.009 

1.014 
(1.004 
– 
1.025) 

  

E/E‘ medial 
(>13.3mm) 

    0.007 

1.001 
(1.000 
– 
1.002) 
1
 

  0.018 

1.037 
(1.006 
– 
1.068) 

E/E‘ lateral  
(>8.8mm) 

    0.061 

1.001 
(1.000 
– 
1.002) 

  0.029 

1.03 
(1.00 
– 
1.06) 
1
 

Echocardiographic parameter groups were set by upper or lower terciles of all patients. Single predictors of univariate binary 

regression analysis were included in the multivariate analysis. 
1
 No significant relation after adjusting for age and sex 

CI, 95% confidence interval; GGT, gamma-glutamyltransferase; LVEF, left ventricular ejection fraction; Mon2, CD14++CD16+; OR, 
Odds ratio; P, p-value; RVSP, right ventricular systolic pressure 
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Table 7: Univariate analysis: right ventricular pressure 

 

Biomarker OR (95% CI) p value 
Haemoglobin 1.25 (1.09 – 1.44) 0.002 
NLR (N/L-Ratio) 1.47 (1.11 – 1.93) 0.006 
Monocytes (10^3/μL) 3.27 (0.48 – 22.42) 0.227 
 Classical monocytes (cells/μL) 1.01 (0.98 – 1.03) 0.682 
 Intermediate monocytes (cells/μL) 1.4 (1.19 – 1.65) <0.001 
 Non-classical monocytes (cells/μL) 1.12 (1.01 – 1.25) 0.03 
CRP 1.12 (1.02 – 1.23) 0.02 
Noradrenaline 1.001 (1.000 – 1.003) 0.047 
NT-proBNP 1.000 (1.000 – 1.001) 0.099 
Oxygen saturation (%) 0.79 (0.70 – 0.89) <0.001 
Creatinine 1.02 (0.998 – 1.038) 0.072 
Urea 1.29 (1.02 – 1.62) 0.032 
Albumin 0.96 (0.88 – 1.04) 0.294 
AST 1.01 (0.97 – 1.06) 0.508 
ggT 1.01 (0.99 – 1.02) 0.438 
Age 1.01 (0.98 – 1.04) 0.373 
Sex 1.42 (0.69 – 2.90) 0.337 
NYHA class 2.79 (1.73 – 4.51) <0.001 

 
 
Table 8: Multivariate analysis: right ventricular pressure 

 

Biomarker OR (95% CI) p value 
Intermediate monocytes (cells/μL) 1.35 (1.13 – 1.63) 0.001 
Oxygen saturation (%) 0.81 (0.71 – 0.93) 0.003 
Binary logistic regression compares upper (>35mmHg) vs. middle und lower tercile (<35mmHg) of estimated 
right ventricular systolic pressure, Stepwise back (Wald) analysis 
The model for multivariate analysis included variables that showed significant results in univariate analysis: 
NLR (N/L-Ratio), noradrenaline, intermediate monocyte counts, non-classical monocyte counts, oxygen 
saturation, hemoglobin, creatinine, urea, CRP 
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Table 9:  Univariate analysis: right ventricular systolic function 

 

Biomarker OR (95% CI) p value 
Haemoglobin 1.06 (0.95 – 1.19) 0.294 
NLR (N/L-Ratio) 1.15 (0.87 – 1.51) 0.334 
Monocytes (10^3/μL) 3.05 (0.41 – 22.74) 0.276 
 Classical monocytes (cells/μL) 1.01 (0.99 – 1.03) 0.431 
 Intermediate monocytes (cells/μL) 1.18 (1-02 – 1.37) 0.025 
 Non-classical monocytes (cells/μL) 1.06 (0.926 – 1.22) 0.395 
CRP 1.13 (1.05 – 1.23) 0.002 
Noradrenaline 1.002 (1.001 – 1.004) 0.001 
NT-proBNP 1.001 (1.000 – 1.002) 0.005 
Oxygen saturation (%) 0.87 (0.81 – 0.94) <0.001 
Creatinine 1.004 (0.99 – 1.01) 0.209 
Urea 1.34 (1.11 – 1.63) 0.003 
Albumin 0.85 (0.77 – 0.94) 0.002 
ggT 1.01 (1.002 – 1.022) 0.024 
Age 1.01 (0.979 – 1.04) 0.513 
Sex 2.82 (1.28 – 6.18) 0.01 
NYHA class 4.47 (2.64 – 7.57) <0.001 

 
 
 
Table 10: Multivariate analysis: right ventricular systolic function 

 

Biomarker OR (95% CI) p value 

Intermediate monocytes (cells/μL) 1.16 (0.98 – 1.36) 0.082 
NT-proBNP 1.002 (1.001 – 1.003) 0.001 
Urea 1.24 (0.98 – 1.57) 0.071 
Binary logistic regression compared good to slightly restricted vs. moderately to severely restricted right ventricular 
function; Stepwise back (Wald) 
The model for multivariate analysis included variables that showed significant results in univariate analysis: 
intermediate monocyte counts, CRP, noradrenaline, NT-proBNP, oxygen saturation, urea, albumin, ggT 
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Table 11: Univariate analysis: left ventricular ejection fraction 

 

Biomarker OR (95% CI) p value 
Haemoglobin 1.13 (1.02 – 1.25) 0.019 
NLR (N/L-Ratio) 1.17 (0.94 – 1.44) 0.155 
Monocytes (10^3/μL) 5.35 (1.16 – 24.67) 0.032 
 Classical monocytes (cells/μL) 1.02 (1.00 – 1.04) 0.048 
 Intermediate monocytes (cells/μL) 1.10 (0.98 – 1.24) 0.109 
 Non-classical monocytes (cells/μL) 1.06 (0.85 – 1.18) 0.327 
CRP 1.06 (0.98 – 1.13) 0.147 
Noradrenaline 1.003 (1.001 – 1.004) <0.001 
NT-proBNP 1.002 (1.001 – 1.003) <0.001 
Oxygen saturation (%) 0.83 (0.76 – 0.90) <0.001 
Creatinine 1.003 (0.996 – 1.01) 0.358 
Urea 1.31 (1.09 – 1.56) 0.003 
Albumin 0.98 (0.92 – 1.05) 0.551 
AST 1.06 (1-02 – 1.09) 0.001 
ggT 1.02 (1.01 – 1.03) <0.001 
Age 1.03 (1.01– 1.06) 0.012 
Sex 0.70 (0.39 – 1.27) 0.243 
NYHA class 3.31 (2.16 – 5.08) <0.001 

 
 
Table 12: Multivariate analysis: left ventricular ejection fraction 

 

Biomarker OR (95% CI) p value 

Oxygen saturation (%) 0.87 (0.79 – 0.97) 0.008 
NT-proBNP 1.003 (1.002 – 1.004) <0.001 
ggT 1.014 (1.004 – 1.025) 0.009 
Binary logistic regression compared lower (<52%) vs. middle and upper LVEF tercile; Stepwise back (Wald) 
The model for multivariate analysis included variables that showed significant results in univariate analysis: 
Haemoglobin, Classical monocyte counts, noradrenaline, NT-proBNP, oxygen saturation, urea, AST, ggT 
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Table 13: Univariate analysis: diastolic dysfunction (medial-septal wall) 

 

Biomarker OR (95% CI) p value 
Haemoglobin 0.96 (0.86 – 1.08) 0.533 
NLR (N/L-Ratio) 0.92 (0.71 – 1.19) 0.520 
Monocytes (10^3/μL) 1.45 (0.30 – 6.99) 0.642 
 Classical monocytes (cells/μL) 1.003 (0.99 – 1.02) 0.753 
 Intermediate monocytes (cells/μL) 0.98 (0.86 – 1.11) 0.732 
 Non-classical monocytes (cells/μL) 1.09 (0.96 – 1.25) 0.172 
CRP 1.05 (0.97 – 1.13) 0.252 
Noradrenaline 1.002 (1.000 – 1.003) 0.012 
NT-proBNP 1.001 (1.000 – 1.002) 0.019 
Oxygen saturation (%) 0.95 (0.88 – 1.04) 0.254 
Creatinine 0.996 (0.98 – 1.01) 0.593 
Urea 1.01 (0.87 – 1.18) 0.878 
Albumin 1.02 (0.96 – 1.10) 0.506 
AST 1.02 (0.99 – 1.06) 0.167 
ggT 1.001 (0.995 – 1.008) 0.749 
Age 1.04 (1.01 – 1.06) 0.014 
Sex 0.86 (0.46 – 1.60) 0.631 
NYHA class 1.56 (1.02 – 2.40) 0.042 

 
 
Table 14: Multivariate analysis: diastolic dysfunction (medial-septal wall) 

 

Biomarker OR (95% CI) p value 

NT-proBNP 1.001 (1.000 – 1.002) 0.061 
Age 1.03 (1.00 – 1.06) 0.029 1

 

Binary logistic regression compared E/E`upper (>13.3mm) tercile vs. middle and lower; Stepwise back (Wald); 
1No significant relation after adjusting for age and sex 
The model for multivariate analysis included variables that showed significant results in univariate analysis: 
noradrenaline, NT-proBNP, age and NYHA class 
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Table 15: Univariate analysis: diastolic dysfunction (lateral wall) 

 

Biomarker OR (95% CI) p value 

Hemoglobin 0.96 (0.86 – 1.08) 0.533 
NLR (N/L-Ratio) 0.92 (0.71 – 1.19) 0.520 
Monocytes (10^3/μL) 1.45 (0.30 – 6.99) 0.642 
 Classical monocytes (cells/μL) 1.003 (0.99 – 1.02) 0.753 
 Intermediate monocytes (cells/μL) 0.98 (0.86 – 1.11) 0.732 
 Non-classical monocytes (cells/μL) 1.09 (0.96 – 1.25) 0.172 
CRP 1.05 (0.97 – 1.13) 0.252 
Noradrenaline 1.002 (1.000 – 1.003) 0.012 
NT-proBNP 1.001 (1.000 – 1.002) 0.019 
Oxygen saturation (%) 0.95 (0.88 – 1.04) 0.254 
Creatinine 0.996 (0.98 – 1.01) 0.593 
Urea 1.01 (0.87 – 1.18) 0.878 
Albumin 1.02 (0.96 – 1.10) 0.506 
AST 1.02 (0.99 – 1.06) 0.167 
ggT 1.001 (0.995 – 1.008) 0.749 
Age 1.04 (1.01 – 1.06) 0.014 
Sex 0.86 (0.46 – 1.60) 0.631 
NYHA class 1.56 (1.02 – 2.40) 0.042 

 
 
Table 16: Multivariate analysis: diastolic dysfunction (lateral wall) 

 

Biomarker OR (95% CI) p value 

NT-proBNP 1.001 (1.000 – 1.002) 0.061 

Age 1.03 (1.00 – 1.06) 0.029 1 

Binary logistic regression compared E/E`upper (>8.8mm) tercile vs. middle and lower; Stepwise back (Wald);  
1No significant relation after adjusting for age and sex 
The model for multivariate analysis included variables that showed significant results in univariate analysis: 
noradrenaline, NT-proBNP, age and NYHA class 
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Table 17: Morphological subgroup differences 

 

 
Healthy 

controls 

(n=21) 
Minor valvular 

lesion/corrected 

shunts (n=26) 
Left heart 

disease, CoA 

(n=79) 
Right heart 

disease, PA 

(n=76) 
Native single 

ventricles, PAH 

(n=15) 
Fontan  

(n=13) 

Mon1 
(10/μL) 45.6±11.7 49.4±19.5 54.0±15.9 48.0±15.3 51.3±15.3 49.4±15.6 

(%) 84.3±5.3 80.7±5.6 81.3±5.2 80.0±5.7* 77.9±5.7* 80.9±6.5 

Mon2 
(10/μL) 2.4±1.5 4.2±1.9 

(p=0.087) 4.4±2.5* 4.2±2.4* 6.0±3.3° 3.8±1.2 

(%) 4.6±3.0 6.9±2.9 

(p=0.052) 
6.5±3.2 

(p=0.07) 6.8±2.9* 8.6±3.3° 6.8±2.7 

Mon3 
(10/μL) 3.1±1.9 4.1±2.1 4.3±2.2 4.5±3.0 5.1±3.2 3.9±2.0 

(%) 5.6±3.1 6.6±2.9 6.6±3.2 7.3±3.2 7.9±3.7 7.1±3.7 
NLR 1.67±0.37 2.47±1.36 2.56±1.14 2.74±1.32 3.31±1.92* 3.58±1.4° 

Lymphocytes (10
3
/μL) 1.7±0.4 1.8±0.54 1.9±0.6 1.63±0.6 1.68±0.65 1.2±0.43 

Noradrenaline (pg/mL) 153±81 478±208° 548±250° 560±278° 705±271° 705±378° 
CRP (mg/L) 1.3±2.8 2.0±1.4 3.0±3.8 2.8±3.7 6.0±5.0* 2.6±2.1 
NT-proBNP (ng/L) 38±33 85±87 284±382 398±918 1113±1450° 577±872 
Creatinine (μmol/L) 80.6±11.1 75.5±12.3 81±14.8 92.3±70.6 92.6±29.4 80.6±11.0 
Albumin (g/L) 42.2±4.5 41.5±3.2 43.1±3.9 42.6±3.9 37.3±6.4* 41.3±6.9 
GGT (IU/L) 18.9±29.7 32.6±37.8 32.8±35.1 43.6±36.2 32.3±17.8 116.8±107.5° 
Oxygen saturation (%)  98.5±1.3 98.3±1.7 98.4±2.0 84.4±6.0

2 7 92.5±3.0
2 7 

Pulmonary valve 

gradient (mmHg)  6.5±7.1 6.9±5.4 19.8±15.1
4 5 30.5±31.7

4 5  

RVSP estimated 
(mmHg)  27.7±4.5 29.1±6.8 37.1±11.1

4 6 83.6±21.5
4 6  

Values are expressed as mean ± SD; Statistical analysis performed using ANOVA with Tukey: 
*p<0.05 vs. control; °p<0.01 vs. control; 
1
 p<0.05, 

2
p<0.01 vs. minor lesion/ shunts, left/ right heart disease; 

3
 p<0.05, 

4
p<0.01 vs. minor lesion/ shunts, left heart disease 

5
 p<0.05, 

6
 p<0.01: right heart disease vs. native single ventricles; 

7
p<0.01 native single ventricles vs. Fontan 

CoA, coarctation; CRP, C-reactive protein; GGT, gamma glutamyltransferase; Mon1, CD14++CD16-; Mon2, 
CD14++CD16+; Mon3, CD14+CD16++; NLR, neutrophil-to-lymphocyte ratio; PA, pulmonary 
artery lesions; PAH, Eisenmenger syndrome and pulmonary hypertension, RVSP, right ventricular systolic pressure 
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