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“Science is organized knowledge. Wisdom is organized life.” 

Immanuel Kant 
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Right Ventricle 

Contrary to diseases of the left ventricle, right ventricular diseases remain 

rather underexposed and poorly understood. This discrepancy has been 

recognized, and in a recent decision-making summary, the National Heart, 

Lung, and Blood Institute concluded that right ventricular heart failure is 

distinctively different from left ventricular heart failure, and is recognized as 

an established mechanism of cardiovascular collapse [1]. 

1. Development, structure and function 

From embryonic stage on, the right and left ventricles differ from each 

other. Numerous studies have suggested that the heart forms from two 

distinctly different cell populations that share a common progenitor cell 

population [2–4]. These progenitor cell populations are referred to as heart 

fields. The primary heart field contributes to the left ventricle (LV) and 

atria, while the secondary heart field contributes to the right ventricle (RV) 

and outflow tract. Specific cellular markers and transcription factors 

distinguish cells from these two distinct heart fields. Primary heart field 

cells are marked by the T-box transcription factor Tbx5 and the bHLH 

transcription factor Hand1 (which plays a role in cardiac morphogenesis). 

Some of the transcription factors required for the secondary heart field 

development and its derivates (outflow tract, right ventricle) are LIM-

homeodomain protein Islet-1, Mef2c, Hand2, Foxh1, Foxc1/c2, Smyd 

(Bop).  Other cardiac genes, however, such as the homeobox gene Nkx2-5, 

are expressed in both heart fields, but rely on distinctly different regulatory 

elements for expression [5]. Different cellular markers and potentially 

different intracellular signaling cascades may allow right and left cardiac 

myocytes to respond differently in terms of functional recovery after a 

noxious insult. It is also likely that the differences in origin of the cardiac 
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progenitor cells may contribute to the structural, functional, and geometric 

differences between the right and left heart.  

Anatomically, the RV is crescent shaped in cross-section, as compared 

to the elliptically shaped concentric LV. Structurally, the RV is thin walled, 

and its mass is only about 1/6 that of the LV. It performs approximately 1/4 

of the cardiac stroke work, and must overcome the pulmonary vascular 

resistance which is 1/10 of the systemic circulation [6]. The RV also has a 

lower volume to surface area ratio, thereby making it a highly compliant 

chamber. The primary function of the RV is to deliver deoxygenated blood 

to the lungs for gas exchange. The RV effectively serves as a reservoir for 

blood returning to the heart via the right atrium, thereby optimizing venous 

return and providing sustained low-pressure perfusion through the lungs. In 

contrast, the LV generates a high-pressure pulsatile flow through arterial 

vessels with low compliance. The RV is anatomically adapted for the 

generation of sustained low-pressure perfusion. It is comprised of two 

anatomically and functionally different cavities, namely the sinus and the 

conus. The sinus generates pressure during systole and the conus regulate 

this pressure [6-11]. The resulting effect of RV contraction is pressure 

generation in the sinus with a peristaltic motion that starts at the apex and 

moves toward the conus. The RV is very compliant; thus, the peak pressure 

is reduced but prolonged. This physiological effect sustains ejection into the 

pulmonary system until the RV is completely emptied. 

Animal models for RV hypertrophy/failure 

Developing animal models of RV failure is particularly useful in 

determining factors that initiate RV dysfunction. Models would also help to 

identify biomarkers and changes in gene expression and protein synthesis 

associated with RV failure. Furthermore, experimental studies help to 
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understand the differences, similarities and interplay of the left and right 

heart. This issue can be addressed with chamber specific studies in animal 

models, which examine changes in gene expression, protein synthesis, 

histology and geometry during development, injury and stress.  

The monocrotaline (MCT) model is commonly used as a model of 

pulmonary hypertension that leads to RV hypertrophy and RV failure. The 

MCT model was introduced more than 40 years ago [12]. It is based upon a 

single injection of MCT (typically 60 mg/kg intraperitoneally or 

subcutaneously) which rapidly leads to severe pulmonary vascular disease 

in the absence of intrinsic heart and lung disease. The resulting pulmonary 

hypertension in turn induces RV hypertrophy and, eventually RV failure. 

The major advantages are the ease and rapidity of producing the model. The 

disadvantages of the MCT model are the reported effects not associate with 

RV failure (i.e. hepatic cirrhosis and megalocytosis, venooclusive disease 

[13] disease and thrombocytopenia [14]). RV hypertrophy develops in 

humans living at high altitude and has been simulated in chronic hypoxia 

rats [15]. Both the MCT model and the hypoxia model appear to produce 

similar cardiac changes, especially selective RV hypertrophy, as in human 

pulmonary hypertension, although the pulmonary changes do not seem to be 

comparable in rats and human [16]. RV hypertrophy independent of 

pulmonary hypertension can be produced by increasing RV pressure 

following pulmonary artery banding [17]. This model would appear to 

mimic a minor cause of RV dysfunction in humans. 

In conclusion, the use of relevant animal models for RV diseases may 

provide useful information allowing understanding of cause and progression 

of the disease as well as potential therapeutic interventions. The most 

common pathophysiological changes in the human cardiovascular system 
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(i.e. hypertension, cardiac hypertrophy and heart failure) have been 

successfully reproduced in animal models. No model mimics exactly all the 

symptoms of the human disease, partly because many of the changes in the 

human disease are not thoroughly understood. However, a thorough 

understanding of both advantages and disadvantages of each model is 

necessary if the results are to be extrapolated to humans. 

2. Ventricular Remodeling 

The pathophysiology of RV remodeling is a complex process. In addition to 

basic changes in geometry, wall thickness, and ventricular pressure-volume 

relationships, it includes structural and electrical alterations. Structural 

remodeling involves changes in myocyte dimensions and number as well as 

alterations in myocardial extracellular matrix. In addition, the biochemical 

milieu might be modified and infiltration of inflammatory cells might occur. 

Electrical remodeling involves alterations in gap junction and ion channel 

expression, distribution and/or their biophysical properties. Remodeling has 

been associated with pulmonary hypertension, RV failure, lung 

transplantation, LV pathology, Chagas' disease, arrhythmogenic right 

ventricular cardiomyopathy/dysplasia (ARVCD), and, recently Brugada 

syndrome. Disease progression may lead to further RV changes, including 

hypertrophy, dilatation, and subsequently to variable alterations in RV 

hemodynamic status. 

2.1 Triggers for cardiac remodeling  

Pulmonary vascular-related right ventricular remodeling 

In a canine study of pulmonary hypertension, increased RV after-load was 

associated with increased RV weight, RV weight to body weight ratio, and 

ratio of RV weight to the combined LV plus septum weight [18]. However, 

none of these changes were accompanied by evidence of cardiac failure. In 
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addition to primary pulmonary hypertension, remodeling is often observed 

in pulmonary hypertension secondary to severe congestive heart failure. 

Eltzschig et al have described RV failure in the donor heart of heart 

transplant recipients, probably as a result of residual pulmonary 

hypertension secondary to heart failure [19]. Bhatia et al. monitored RV 

changes in donor hearts following transplant [20]. At 1-year post 

transplantation, there was an enlargement of the RV in donor hearts despite 

a decrease in pulmonary vascular pressure and resistance to high-normal 

levels by 2 weeks post transplant. These findings suggest that increased 

donor RV dimensions and wall thickening following transplantation persist 

despite normalization of RV after-load. Kowalewski et al. examined the 

effect of pulmonary resection on RV performance [21]. In addition to a 

significant RV dilatation following pneumonectomy, patients exhibited 

elevated RV end-diastolic pressure and end-systolic pressure as well as 

decreased RV ejection fraction. Nearly half of these patients developed 

arrhythmias, which were associated with even higher RV end-diastolic 

volume index and lower RV ejection fraction. These findings were 

attributed to postoperative increases in RV afterload [21].  

Right ventricular remodeling secondary to left ventricular dysfunction 

Changes induced by LV hypertrophy and/or dysfunction are also important 

in RV remodeling. Pathomorphological RV changes and RV remodeling in 

a post-infarction LV situation are most frequently associated with 

transmural scars located circularly or in septal/apical regions of the LV [22]. 

One mechanism by which LV myocardial infarction (MI) may lead to RV 

remodeling is via pulmonary hypertension following LV failure [22]. Hirose 

et al. suggested that post-MI remodeling is a biventricular process [23]. In 

response to an anterior LV infarction, RV remodeling may be primarily due 
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to septal remodeling resulting from changes in both LV loading and blood 

supply from the left anterior descending artery to the apical RV. Over a 5-

year follow-up period, the same researchers concluded that increased RV 

chamber volumes mirror increases in LV chamber volume following 

anterior MI [24]. Another study noted initial RV changes and biventricular 

remodeling in patients with inferior wall MI in the absence of RV infarction 

[25]. This study also suggested that early RV distension has a favorable 

effect on LV remodeling, possibly because the expanded RV occupies a 

large portion of the rigid pericardial sac, preventing excess LV dilation 

immediately following MI [25]. Animal studies often use induced LV MI to 

study heart failure–associated changes, noting numerous RV changes 

secondary to subsequent LV volume overload [26-29]. 

Neurohormonal factors 

Neurohormonal activation plays an important role in cardiac remodeling, 

especially when manifested through the renin-angiotensin-aldosterone 

system. Nahrendorf et al. suggested that pressure/volume overload is 

insufficient to induce RV hypertrophy, and that local and systemic 

activation of the renin-angiotensin-aldosterone system may underlie this 

change [26]. In addition to RV structural changes, angiotensin II type 1 

(AT1) receptor mRNA expression was significantly increased in the RV 

following atrioventricular conduction block in dogs [30]. In addition to the 

role of the renin-angiotensin system in the development of RV hypertrophy 

there seems to be an interesting protective role of the ovarian function [31]. 

In this study both male and ovariectomized female rats with induced 

pulmonary hypertension exhibited increased renin mRNA expression in the 

RV, whereas male rats exhibited increased expression of angiotensinogen 

mRNA. Ovariectomized female rats exhibited significantly increased AT1a 
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and AT1b receptor expression in the RV, providing a basis for the use of 

angiotensin-converting enzyme inhibitors (ACE-I) and angiotensin receptor 

blockers (ARBs) to prevent maladaptive cardiac remodeling. This study also 

suggested that endogenous estrogen plays a protective role in remodeling, 

because ovariectomized females displayed more severe cardiac changes in 

response to pulmonary hypertension compared to rats with intact ovaries 

[31]. The role of estrogen in cardiac remodeling is likely linked to its ability 

to mediate inflammatory signaling and to increase nitric oxide synthase 

activities [32]. In a canine-based study of RV adaptive mechanisms, there 

was an increased α1- and β-adrenergic receptor density in the RV associated 

with increased preload-recruitable stroke work [18]. Stimulation of β- 

adrenergic receptor represents the major endogenous mechanism for 

increasing cardiac work, whereas α1-mediated signaling contributes to both 

cardiac development and the hypertrophic response in adult myocardium.  

Atypical causes of right ventricular remodeling 

ARVC/D is an autosomal dominant inherited disease with incomplete 

penetrance and variable expression. Causative mutations in genes encoding 

desmosomal proteins (for cell adhesion) and TMEM43 (transmembrane 

protein 43 that plays a role in maintaining nuclear envelope structure) are 

present in large proportion of the probands. ARVC/D leads to primary 

maladaptive RV changes, although LV may be involved as well. General 

pathologic features include gross RV volume increases, with diffuse, 

transmural fibro-fatty infiltration; decreased myocardial wall thickness; 

chronic pericardial inflammation; and myocyte elongation [33]. 

Occasionally a reduction in connexin43 expression has been observed [34]. 

These parameters display greater alterations in older patients, suggesting a 

progressive disease course. Moreover, many patients with ARVC/D display 
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increased RV end-diastolic volumes with subsequently impaired RV wall 

motion and decreased ejection fraction [35]. The pathophysiology behind 

the loss of RV myocardium in ARVC/D and the fibro-fatty replacement is 

unresolved. A consistent post-mortem finding in ARVC/D is patchy cell 

death with inflammatory infiltration [36]. This has spawned the proposal 

that ARVC/D has an infectious/inflammatory etiology, involving a primary 

chronic myocarditis that evokes an inflammatory injury, and culminates in 

fibro-fatty repair and progressive loss of RV myocardium. 

Genetic mutations that result in loss-of-function of the cardiac 

voltage-gated sodium channel, Nav1.5, encoded by SCN5A gene are 

associated with various inherited arrhythmia syndromes that revolve around 

reduced cardiac excitability ("loss-of-function SCN5A channelopathy") [37]. 

The most prevalent is the Brugada syndrome (BrS) [38]. It has long been 

assumed that cardiac structural abnormalities are undetectable by clinical 

imaging methods in individuals with “loss-of-function SCN5A 

channelopathies”. This would be consistent with the conventional concept 

that Nav1.5 is only involved in maintaining electrical integrity of the heart. 

However, this paradigm has been challenged by the recent discovery that 

Nav1.5 may also be involved in maintaining structural integrity of the heart. 

Although unexpected, such an involvement was supported by experimental 

studies, which have indicated that Nav1.5 is part of a macromolecular 

complex that contains cytoskeleton proteins [39]. Moreover, loss-of-

function SCN5A mutations were found in patients with dilated 

cardiomyopathy (DCM) [40]. While one study showed histopathological 

derangements in myocardial biopsies of BrS patients [41], the 

pathophysiologic role of these derangements was questioned in another 

study [42]. Cardiac magnetic resonance (CMR) imaging in BrS patients 
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showed subtle abnormalities, including mild dilation of the RV outflow tract 

(RVOT) and reduced contractile function [43-47]. As in ARVC/D, 

structural changes predominantly occur in RV (especially the RVOT in 

BrS), despite the fact that the genetic alterations affect cells from both RV 

and LV. 

2.2 Hemodynamic and cellular changes of cardiac remodeling  

Hemodynamic changes 

The RV internal surface consists of rough trabeculae and a wide angle 

between inflow and outflow tracts, further complicating determinations of 

ventricular function. The complexity of the geometry of the RV often 

increases in relation to different diseases of the RV. Postmortem 

examination of patients with varying degrees of LV MI showed profound 

RV geometric changes, most often dilatation, followed by hypertrophic and 

aneurysmatic remodeling [48]. Paradoxically, dilatational remodeling led to 

decreased ventricular volume, probably because hypertrophy of the inter-

ventricular septum with subsequent lateral displacement of the RV and a 

subsequent change of the triangular shape. Secondary to remodeling both 

increased [25,49] and decreased RV ejection fraction have been described 

[21,50-52]. Furthermore, altered end-diastolic volume, [21,23,26,50,52,53] 

end-systolic volume, [51,50,53] end-diastolic pressure, [21,54] and end-

systolic pressure [21,26,55] have been described. In addition to altered 

pressure and volume, RV hypertrophy is also common. Because baseline 

RV muscle mass is less than that of the LV, the RV is more sensitive to 

changes in after-load [21]. Accordingly, RV hypertrophy has been 

associated with increased RV after-load in numerous animal 

[27,28,54,56,57] and human investigations [48]. Though RV geometry, 

hypertrophy, and pressure-volume relationships are frequently interrelated, 
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studies have noted relatively stable RV hemodynamics despite RV 

hypertrophy [26,58], suggesting that RV hypertrophy is due to more than 

simple pressure/volume overload, and that hypertrophy alone may not be a 

harmful process. 

Cellular changes 

Several investigations have observed alterations in cardiac myocytes from 

increased RV myocytes diameter in congestive heart failure [59] to 

increased myocytes length with decreased cross-sectional area in dilated 

cardiomyopathy [60]. Olivetti et al. reported in long term pressure overload-

induced RV hypertrophy increased mean myocytes cross-sectional area with 

a less elongated cellular shape in rats [54]. In a chronic high-altitude 

hypoxia rat model of RV remodeling, significantly wider myocytes were 

found in the youngest age groups, suggesting age-related changes in 

remodeling [61]. Furthermore, RV pressure overload in felines also 

increased mean myocardial cell volume, primarily through increased 

myocyte diameter [59]. In guinea pigs, myocyte volume increased following 

increased RV systolic pressure, secondary to LV failure [55]. Evidence 

suggests that remodeling may also manifest as increased extracellular space 

between myocytes [50]. Currently, it is accepted that apoptosis plays an 

important role in LV disease [62]. Moreover, accumulation of collagen was 

demonstrated in hypertrophied and failing hearts [63]. Apoptosis and 

fibrosis have been shown to act in isolation or in concert to reduce LV 

performance [64, 65]. In contrast, the association of apoptosis with RV 

disease progression is unclear [66, 67]. 

In addition, activation of immune-inflammatory response plays an 

important role in the pathogenesis and progression of LV heart failure 

[68,69]. Patients with LV heart failure have increased levels of circulating 
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inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), 

interleukin-6 (IL-6), IL-1β, and various chemokines, e.g., monocyte chemo-

attractant peptide (MCP)-1 and macrophage inflammatory protein (MIP)-1α 

[70-72]. Furthermore, levels of activated circulatory cytokines correlate 

directly with the severity of LV disease [71,73,74]. However, the 

knowledge of immune-inflammatory processes in RV remodeling and 

failure is limited.  

3. Aims of the thesis 

The fundamental involvement of the RV in both common and rare 

cardiovascular diseases and the lack of knowledge about its normal and 

pathophysiological function, were the main motivation for this study. 

Experimental model of RV heart failure secondary to chronic pulmonary 

hypertension, ARVC/D patients and Brugada patients were studied.  

The first aim of this thesis was to determine the occurrence of 

apoptosis in RV disease progression. Also, we tested the feasibility of 

imaging apoptosis with the use of serial in vivo 99mTc-annexin V 

scintigraphy. 

The etiology of RV failure involves multiple triggers and conditions, 

but the progressive loss of cardiac myocytes is one of the most important 

pathogenic components. During the past few years, there has been 

accumulating evidence in both human and experimental models suggesting 

that apoptosis may be an important mode of cell death during heart failure. 

Despite the wealth of available data, there are still controversies on the role 

of apoptosis in heart failure. These controversies stem largely from the 

limitation of the techniques used to detect apoptosis and the difficulties in 

translating these to the clinical significance of apoptosis in heart failure. In 

recent years, in vivo imaging of cardiac apoptosis with the use of 99mTc-
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annexin V was proven feasible. 99mTc-annexin V binds to exposed 

phosphatidylserine on the outer surface of apoptotic cells and allows for 

consecutive assessment of apoptosis in vivo. This may not only provide 

insight into the time course of apoptosis, but it may also aid in determining 

the optimal timing of anti-apoptotic therapy, and in assessing the therapy 

efficacy.  

Thus far, the role of immune-inflammatory processes has been studied 

only in patients with left ventricular disease. The mechanism of 

inflammation includes structural and functional changes of the myocardium 

that are responsible for the development of symptoms, but also for the 

progression of disease. To study the association between immune-

inflammatory activation and RV disease progression was therefore the 

second aim of this thesis. 

Thirdly, we investigated the structural remodeling of the RV 

myocardium in rare diseases such as ARVC/D and Brugada syndrom. Using 

complementary findings from imaging assays and functional assay we 

aimed to obtain clinical evidence that SCN5A is involved in maintaining 

cardiac structural integrity. Visualization of the localization and extent of 

cell death and the inflammatory process within the myocardium in ARVC/D 

allows guided procedures, therapeutic decisions and initiation of appropriate 

treatment.  
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“No question is so difficult to answer as that to which the answer is obvious.” 

Cicero 
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Abstract 

Various animal models of pulmonary hypertension (PH) exist, among which 

injection of monocrotaline (MCT) and exposure to hypoxia are used most 

frequently. These animal models have not only been used to characterize the 

pathophysiology of PH but also to test novel therapeutic strategies. This 

manuscript summarizes the available treatment studies in animal models of 

PH and compares the findings to those obtained in patients with PH. The 

analysis shows that all approaches which have proven successful in patients, 

most notably prostacyclin and its analogs, and endothelin receptor 

antagonists, are also effective in various animal models. However, the 

opposite it not necessarily true. Therefore, promising results in animals have 

to be interpreted carefully until confirmed in clinical studies.  
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Pulmonary hypertension (PH) is a serious illness with multiple potential 

causes that may progressively worsen and eventually prove fatal. PH was 

previously classified into two categories: primary pulmonary hypertension 

(PPH) and secondary pulmonary hypertension, depending on the absence or 

the presence of identifiable causes or risk factors. In 1998, during the 

Second World Symposium on Pulmonary Hypertension held in Evian, 

France, a clinical classification of PH was proposed [1]. In 2003, the 3rd 

Symposium on Pulmonary Arterial Hypertension in Venice included several 

improvements over the 1998 Evian Classification [2]. The current 

classification consists of five categories in which PH is grouped according 

to specific therapeutic interventions directed at dealing with the cause: 1) 

pulmonary arterial hypertension (this includes idiopathic pulmonary arterial 

hypertension, IPAH); 2) pulmonary hypertension associated with left heart 

disease; 3) PH associated with lung diseases and/or hypoxemia; 4) PH due 

to chronic thrombotic and/or embolic disease; 5) miscellaneous. 

PH is characterized by progressive remodeling of the small pulmonary 

arteries, causing increased resistance to blood flow in the lung, which, in 

turn, raises the pulmonary artery pressure (PAP). As the pressure builds, the 

afterload on the right ventricle (RV) increases. Unrelieved PH, regardless of 

the underlying cause, leads to RV failure. PH is difficult to diagnose and a 

challenge to treat. 

Although the long-term prognosis for patients with PH is poor at 

present, there have been recent advances in our understanding of the 

pathophysiological mechanisms underlying the progression of PH. 

Accordingly, novel therapeutic approaches, which target various molecular 

pathways, hold promise for an improved prognosis. Most treatment studies 

have mainly targeted the vascular derangements (vasoconstriction, vascular 
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remodeling) of PH. Fewer studies have addressed the RV sequelae of PH 

(RV hypertrophy and ultimately failure). In the following, we will briefly 

review the various animal models which have been used to investigate the 

pathophysiology of PH as well as to evaluate novel therapeutic approaches. 

The potential value of such models will be discussed in light of the available 

treatment data in humans. The most commonly used models of PH are the 

monocrotaline (MCT) model and the chronic hypoxia model. 

ANIMAL MODELS 

Monocrotaline injection 

The MCT model was introduced more than 40 years ago [3]. It is based 

upon a single injection of MCT (typically 60 mg/kg intraperitoneally or 

subcutaneously) which rapidly leads to severe pulmonary vascular disease 

in the absence of intrinsic heart and lung disease, thus suggesting its value 

as an animal model of IPAH. Despite its frequent use for many decades, the 

basic mechanism underlying PH induction by MCT remains to be fully 

resolved. It is accepted that MCT is not intrinsically toxic, but must be 

activated to the reactive MCT pyrrole, the initial dehydrogenation product 

of MCT, by hepatic cytochrome P450 3A [4-6]. The pulmonary vascular 

endothelium is thought to be an early target of MCT intoxication and also 

plays a central role in the development of human PH [7,8]. Interestingly, 

only the combination of MCT-injection with one-sided pneumonectomy 

causes the neointima formation and vascular obliteration of small 

pulmonary arterioles that reproduces many of the pathological features of 

human IPAH [9]. 

Major differences exist between rat strains with regard to their MCT 

sensitivity, and even within a given strain the inter-individual differences in 

time of onset and extent of toxic effects can vary markedly [10]. These 
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differences in susceptibility may relate to the pharmacokinetics of MCT and 

possibly include differences in absorption, degradation, hepatic formation of 

the toxic MCT pyrrole or conjugation and excretion [11]. Thus, MCT 

injection is an artificial model but mimics well the processes occurring 

secondary to dysfunction of the pulmonary arteries. 

Chronic hypoxia 

Reduction of the alveolar oxygen pressure to <70 mm Hg elicits strong 

pulmonary arterial vasoconstriction. Hypoxia-induced pulmonary 

vasoconstriction is common in mammals, but important species differences 

exist. Rabbits show almost no reaction to hypoxia, whereas cattle exhibit the 

strongest vasoconstriction; hypoxic vasoconstriction is weaker in humans 

than in rats [12]. There is also a great variability among humans [13].  

The pathophysiological mechanism of hypoxic pulmonary 

vasoconstriction is still under discussion. While a short exposure to hypoxia 

causes pulmonary vasoconstriction, prolonged hypoxia results in 

remodeling of the distal branches of pulmonary arteries. Experiments 

conducted in rats that were chronically exposed to hypoxia showed 

endothelial and myocyte hyperplasia in the walls of pulmonary arteries 

during the first days of continuous hypoxia [14-16]. 

Hypoxia applied in animal experiments has been much more severe 

than the hypoxia that generally develops in human disease states. This could 

result in a different severity of vasoconstriction and remodeling. It is also 

possible, that an episode of hypoxic pulmonary vasoconstriction in humans 

must last a certain time before it initiates reactions that ultimately lead to 

arterial wall remodeling [17]. Another cause of discrepancy may be related 

to variations in the individual susceptibility to the hypoxic stimulus [18]. In 

animal models, intermittent severe hypoxia leads to the development of PH, 
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regardless of the duration of the hypoxia/normoxia intervals. Intermittent 

hypoxia in humans, however, seems to exert only a small, probably 

clinically unimportant, effect on pulmonary hemodynamics. Thus, hypoxia 

is a stimulus also occurring in some forms of human PH, but the duration 

and severity of hypoxia may differ between the animal models and humans. 

Ligation of ductus arteriosus 

Persistent PH of the newborn is a clinical syndrome characterized by 

elevated pulmonary vascular resistance, resulting in right-to-left shunting 

across the foramen ovale and ductus arteriosus with severe hypoxemia [19]. 

Chronic intrauterine PH due to ligation of the ductus arteriosus in fetal 

lambs mimics this condition and causes marked elevation of intrauterine 

PAP, RV hypertrophy, hypertension-related structural changes in the lung, 

and failure to achieve the normal decline in pulmonary resistance at birth 

[20-22]. 

Ligation of the ductus arteriosus in late-gestation fetal lambs has 

provided an experimental model for studying mechanisms that contribute to 

structural and functional changes associated with perinatal PH. Studies of 

this experimental model of persistent PH of the newborn suggest that high 

pulmonary vascular resistance is partly due to vascular remodeling and an 

imbalance in production or responsiveness to vasodilator and 

vasoconstrictor stimuli [23,20,21].  

Chronic embolic PH 

Repeated microembolizations with Sephadex microspheres generate 

moderate chronic PH in dogs [24]. Based upon the size of the injected 

microspheres, the vascular lesions can be targeted at smaller or larger 

vessels. Primary vascular mechanical obstruction and vasoconstriction [25] 

are the mechanisms of the high pulmonary vascular resistance [24] 
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Weimann et al.  [26] established a model of sustained PH in pigs using three 

repeated embolizations with polydextrane microspheres, which lead to a 

sustained elevation in PAP. In this model, PAP was increased for at least 1 

week. Models of acute pulmonary embolism using various different 

materials [27,28] or autologous blood clots [29] have been used to study the 

pathophysiological mechanisms or drug effects within the first hour 

following the embolization.  

Genetically modified animals 

Genetic screening has identified a number of potentially important gene 

variants that may contribute to the development of PH. The discovery a 

heterozygous mutation of the BMPR2 gene, which encodes for the bone 

morphogenetic protein receptor–II (BMPR-II), in a substantial proportion of 

patients with IPAH [30,31] represents a major advance towards an 

understanding of the molecular mechanisms underlying PH. However, 

heterozygous BMPR2-deficient mice generally exhibit only a mild 

phenotype with slight increases in PAP and evidence of reduced arterial 

remodeling after chronic exposure to hypoxia [32], indicating that this 

mouse model may not appropriately reflect human PH. 

A role of serotonin (5-hydroxytryptamine, 5-HT) and its plasmatic 

membrane transporter (5-HTT) was recently reported in the pathogenesis of 

PH in human and experimental models. Specifically, genetically engineered 

mice lacking the 5-HTT exhibit attenuated hypoxia-induced PH [33,34], 

whereas 5-HHT overexpression can induce PH in mice [35]. 

TREATMENT TARGETS IN PH 

Various drug classes are currently used or under investigation for the 

treatment of PH, both in animal models and in patients. They include 
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prostanoids, endothelin receptor antagonists, phosphodiesterase 5 inhibitors, 

serotonin transporter inhibitors, NO, other vasodilators, and statins [36]. 

Prostanoids 

Prostacyclin and several of its analogs have been tested in animal models 

and patients with PH with good success. Their conceptual role in the 

treatment of PH has been confirmed using MCT-treated rats which were 

rescued by gene therapy with prostacyclin synthase [37]. Repeated 

inhalation of iloprost also reversed both hemodynamic derangements and 

structural changes of the small pulmonary arteries in the MCT rat model of 

PH [38]. Beraprost sodium, a stable and orally active prostacyclin congener, 

exhibited protective effects on the development of PH in the MCT rat model 

[39]. Interestingly, a combination of the phosphodiesterase 5 (PDE5) 

inhibitor sildenafil plus beraprost was significantly more effective than 

either drug alone in MCT-induced PH [40]. Recently, subcutaneous 

administration of the prostacyclin agonist ONO-1301 markedly attenuated 

PH and improved survival in MCT-treated rats [41]. Potential benefits of 

ONO-1301 as compared to prostacyclin may include its long plasma half-

life, which results in long lasting increases in plasma cAMP levels and 

attenuation of increases in plasma thromboxane levels. Thus, various 

prostacyclin receptor agonists have shown beneficial effects in the rat MCT 

model. Differences among the compounds may largely relate to differential 

pharmacokinetic properties. 

In line with the consistent efficacy of prostacyclin and its analogs in 

the MCT model, such compounds have also been studied extensively in the 

treatment of human PH. Based upon such studies, prostacyclin has become 

part of the standard treatment for PH patients [42,43]. The vasoprotective 

effects of prostacyclin include vasodilatation and inhibition of platelet 
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aggregation and pulmonary artery smooth muscle cells (PASMC) 

proliferation [44]. While prostacyclin can be administered intravenously or 

by inhalation, its pharmacokinetic properties, particularly its very short half-

life, are clearly not optimal for chronic treatment. Therefore, several 

prostacyclin analogs have been tested. The prostacyclin analog iloprost has 

vasodilatory and antithrombotic properties and exhibits long-term beneficial 

effects in PH patients upon daily inhalations [45]. Inhalation of aerosolized 

iloprost promoted selective pulmonary vasodilatation in severe PH of both 

primary and secondary origin [46,47]. On the other hand, the effectiveness 

of the prostacyclin analog beraprost sodium was limited in patients with 

primary and secondary PH [48,49]. Intravenous epoprostenol improves 

exercise capacity and survival in patients with PH [50]. Moreover, 

continuous intravenous epoprostenol treatment prior to pulmonary 

endarterectomy in patients with chronic thromboembolic PH produced 

beneficial hemodynamic and clinical effects [51]. In a direct comparative 

cross-over study treprostinil had even better overall therapeutic efficacy 

than epoprostenol after intravenous administration in PH patients [52]. Of 

interest, according to that study treprostinil also exhibited bioequivalence 

whether administered subcutaneously or intravenously, and it has a longer 

half-life than epoprostenol.   

In conclusion, prostacyclin and its analogs have largely been tested in 

the MCT rat model, and the animal data, with the possible exception of 

beraprost, are largely in good agreement with those found in clinical studies. 

Therefore, the MCT rat model appears useful for studies on prostacyclin 

analogs. Whether beneficial long-term effects of prostanoids are due to the 

sustained pulmonary dilatatory effects, or whether they indicate reverse 

remodeling of the pulmonary vasculature, is still unclear [53].  
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Endothelin antagonists 

Endothelin (ET) levels are elevated in PH, providing the rationale for the 

use of endothelin receptor antagonists [54]. BQ-123, a selective antagonist 

of the ETA subtype of ET receptors was the first ET receptor antagonist to 

exhibit beneficial effects in animal models of PH [55]. BQ-123 is a peptide 

and hence not orally active. It has a short duration of action, requiring 

continuous intravenous infusion. Medial wall thickness and 

neomuscularisation were successfully inhibited using continuous infusion of 

BQ-123 in a rat hypoxia model [56,57], the MCT rat model [55], and in 

newborn sheep in which the ductus arteriosus was ligated [58,59]. It was 

demonstrated that inhibition of pulmonary vascular remodeling by BQ-123 

is associated with concomitant reductions in PAP, but the rise in PAP was 

prevented completely only with the highest dose of BQ-123 (9.6 mg/day) 

[57]. Other ETA receptor antagonists, which are orally active and can be 

administered once daily, e.g. A 127722, LU135252, and sitaxsentan, have 

also been examined in various animal models of PH, where they 

consistently attenuated or even prevented medial thickening of pulmonary 

arteries [60-65]. 

Bosentan, an antagonist of both ETA and ETB receptors, has also been 

examined in various animal models of PH. Similar to ETA–selective 

receptor antagonists, bosentan had beneficial effects on medial thickening 

and neomuscularisation of distal pulmonary arteries and reduced PAP in a 

rat hypoxia model and rat MCT model [60,66, 67]. In a canine model of 

chronic thromboembolic hypertension treatment with bosentan not only 

reduced medial thickening of pulmonary arteries, but also reduced 

adventitial thickening and prevented intima fibrosis and peripheral 

neomuscularisation [68]. In hypoxic models of PH, bosentan administration 
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after PH had developed not only attenuated the remodeling of the 

pulmonary vessels but actually reversed it towards values seen in normoxic 

animals; additionally, any further rise in PAP was either prevented or 

reversed [60,61,65]. Of note, inhibition of the remodeling in the rat MCT 

model required higher doses of bosentan and sitaxsentan than in the rat 

hypoxia model [60,66,67,65]. Another mixed ETA/B antagonist, BSF420627, 

was effective in a hypoxia model of PH [64].  Thus, ET receptor antagonists 

appear to readily inhibit remodeling associated with hypoxic exposure.The 

combined therapy of an oral ET receptor antagonist and the prostacyclin 

analogue beraprost was superior to the single use of each drug alone in PH 

induced by MCT injection in rats, even if started after the onset of PH [69]. 

Clinical data with selective ETA receptor antagonists have not been 

communicated, and hence it remains unclear whether selective inhibition of 

this subtype is sufficient to yield effective treatment in PH patients. 

Bosentan has shown therapeutic efficacy in several studies with patients 

with PH [70]. Completed randomized, placebo controlled pilot trials of 

bosentan, showed significant improvement in exercise capacity, functional 

class, and pulmonary hemodynamics in patients with PH [71,72]. In patients 

with chronic thromboembolic PH, bosentan provided an alternative medical 

therapy to improve six-minute walking distance, functional class, cardiac 

index, total pulmonary resistance, and one-year survival [73]. Retrospective 

studies in children with PH (IPAH or associated with congenital heart or 

connective tissue diseases), suggested that bosentan, with or without 

concomitant prostanoid therapy, is efficient and safe and may improve 

survival [74,75]. Taken together, these data show that hypoxia-related PH 

models were more sensitive towards inhibition of ET receptors than other 

models; however, it remains unclear whether this translates in a differential 
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sensitivity of PH patients based upon the underlying cause of their 

condition. 

Ca2+-channel blockers 

In both hypoxic and MCT-treated rats, diydropyridine Ca2+-entry blockers 

such as nifedipine, nitrendipine, and amlodipine had beneficial effects on 

pulmonary vascular remodeling [76,77,78]. Although Ca2+-entry blockers 

are widely used in the treatment of human PH, the evidence base for such 

use is insufficient. As compared to other uses of this drug class, relatively 

high doses are needed in PH patients, possibly due to both impaired drug 

absorption and lower sensitivity of the pulmonary vasculature [79]. It had 

been proposed that acute responses to such drugs may predict long-term 

responses, as improved survival in acute responders as compared to non-

responders has been reported [79]. More recent analyses, however, found 

that <10% of the IPAH evaluated patients exhibited long-term benefit upon 

Ca2+-entry blocker treatment [80]. These authors strongly advised not to 

consider Ca2+-entry blockers as a routine first-line treatment for PH. While a 

comprehensive discussion of the benefits and risks of Ca2+-entry blockers in 

the treatment of PH is beyond the scope of this manuscript, these data 

highlight the possibility that positive data in animal models, even if shown 

in multiple models, do not necessarily predict clinical efficacy in PH, 

particularly with regard to end-points such as survival. 

PDE5 inhibitors 

The pulmonary arterial vasodilating effects of PDE5 inhibitors, which were 

originally developed for the management of erectile dysfunction, were 

discovered incidentally. Most available studies have been performed with 

sildenafil, but limited data with other compounds such as T-1032 [81] 

suggest that the sildenafil findings may represent class effects. Chronic oral 
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treatment of MCT-treated rats with sildenafil significantly attenuated PH 

despite delayed administration, i.e. commencement of treatment after PH 

had already developed [82]. Sildenafil was also found to be effective in PH 

of newborn rats exposed to hypoxia [83]. In vitro studies suggest that this 

may involve beneficial effects on endothelial capillary network formation 

[83], on calcium signaling in pulmonary artery smooth muscle cells from 

hypoxia-exposed rats leading to a reduced vascular reactivity [84] and on 

smooth muscle cell proliferation [85]. Moreover, sildenafil also blunted the 

acute hypoxia-induced vasoconstriction response in isolated lungs obtained 

from both wild-type mice and those genetically engineered to lack the 

endothelial NO synthase [86]. Interestingly, a combination of the prostanoid 

beraprost and sildenafil was significantly more effective than either drug 

alone in MCT-induced PH; plasma levels of cAMP and cGMP also 

increased substantially more and remained elevated for a longer period of 

time in animals treated with the combination [87]. 

Hence, sildenafil was shown to be effective in treating PH in humans. 

This applies to high altitude-induced transient PH in healthy volunteers [88] 

as well as to patients suffering from PH [89,90]. Moreover, sildenafil 

treatment of PH patients has been associated with reduction in RV mass 

[90], suggesting that PDE-5 inhibitors may have a role in the prevention or 

reversal of remodeling of the RV secondary to PH. Similar to the animal 

studies, the combination of sildenafil and beraprost has also yielded 

beneficial effects in PH patients [87]. Nevertheless, the long-term benefits 

of sildenafil are not clear and the risk for adverse effects should be 

considered [91]. Interestingly, sildenafil has been effective in various 

pathophysiologically different models of PH, raising the possibility that it 

may be suitable for the treatment of PH patients irrespective of the 
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underlying cause. It is also interesting to note that sildenafil exhibited its 

beneficial clinical effects upon once daily dosing despite its relatively short 

half-life. 

NO and L-arginine 

Within PASMC, NO and PDE5 are part of the same signaling cascade, as 

inhibition of the latter potentiates effects of the former, i.e. reduced 

breakdown of cGMP enhances cGMP-dependent effects of NO. A possible 

role of NO in the management of PH has been studied using inhaled NO 

gas, NO donor drugs, L-arginine (the precursor of NO), and gene transfer of 

NO synthase. Animal and human studies have demonstrated that NO causes 

selective pulmonary vasodilatation, lowering PAP and pulmonary vascular 

resistance [92,93]. 

In animal studies, the effectiveness of NO seems to vary depending on 

the experimental model. In adult rats injected with MCT, inhalation of NO 

had no effect on remodeling [94,95], but this approach was effective in 

newborn rats treated with MCT [96]. Treatment of both hypoxia-induced 

and MCT-induced PH in rats with L-arginine inhibited medial thickening 

and neomuscularisation, and this was associated with a reduction in PAP 

[97]. The beneficial effect of L-arginine in the rat MCT model was observed 

in studies aimed at reversing rather than preventing PH and its sequelae. 

Neomuscularisation was reduced, but there was no effect on medial 

thickening or PAP. The beneficial effect of L-arginine in the MCT model is 

surprising in light of the lack of effect of NO gas in adult rats under similar 

conditions. A recent experimental approach for increasing NO in the 

pulmonary vasculature is via gene transfer of NO synthase, the enzyme 

responsible for the production of NO from L-arginine. Using the hypoxia 

model in rats, the transfer by aerosol of an adenoviral vector containing the 
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gene for inducible NO synthase was found to decrease neomuscularisation 

of small pulmonary arteries and to reduce both pulmonary vascular 

resistance and PAP [98]. 

Until now, elevation of NO tone has been tested clinically only on a 

limited basis. In critically ill adults, NO is used as an option in the short 

term management of PH, because it reduces PAP and improves oxygenation 

by increasing the fraction of blood flow to lung regions with a normal 

ventilation-perfusion ratio in acute respiratory syndrome [99]. A possible 

role for NO donors or L-arginine in the chronic treatment of PH remains to 

be established. This also makes it difficult to compare clinical and 

experimental data based upon an NO approach. 

Statins 

Based upon their anti-proliferative and anti-inflammatory cardiovascular 

benefits in addition to cholesterol-lowering effects [100,101], statins have 

also been tested in animal models and patients with PH. Most of these 

studies have used simvastatin. Originally, it was reported that simvastatin 

was effective in the rat MCT model when administered at the time of 

induction of vascular injury, but had only smaller effects when given 2 

weeks after the induction of PH [102]. In a later study from the same group 

using the more severe MCT/pneumonectomy rat model of fatal PH, 

simvastatin attenuated and reversed both PH and neointimal formation and 

conferred a 100% survival; this was accompanied by a reversed vascular 

occlusion through reduced intima proliferation and increased apoptosis of 

pathological smooth muscle cells in pulmonary arteries [103]. Similar 

results were noted in a rat model of hypoxic pulmonary hypertension [104]. 

A study in this issue of the journal [105] extends findings on the use of 

statins in PH to pravastatin by demonstrating beneficial effects when 
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administered at the time of PH induction by MCT. This is interesting 

because pravastatin differs from simvastatin and other statins due to its open 

lactone ring chemical structure [106]. While it is too early to determine the 

utility of statins in the treatment of PH, it is encouraging that simvastatin 

was shown to improve exercise capacity in an observational study with PH 

patients [107].  

5-HTT inhibitors 

Perivascular inflammation, i.e. infiltration with macrophages and 

lymphocytes in the region of occlusive lesions, is a histopathological feature 

of PH [8]. It may involve endothelial dysfunction with deregulated 

expression of vasoactive, mitogenic and pro-inflammatory mediators [108]. 

These findings are the rationale to test anti-inflammatory approaches, such 

as immunosuppressant and cytokine antagonists, in the treatment of PH. 

Indeed the immunosuppressants rapamycin and triptolide were shown to 

significantly reduce PAP in rats that had undergone pneumectomy and 

subsequent MCT injections [109,110]. Interleukin-1 is excessively produced 

in the lungs of MCT-treated rats, but not in hypoxia-induced PH; 

accordingly, repeated injections of a recombinant interleukin-1 receptor 

antagonist reduced PH and RV hypertrophy in the MCT model, but not in 

the chronic hypoxia model [111]. The possible implications of such findings 

for the treatment of PH patients are difficult to evaluate in the absence of 

clinical data. 

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin 

receptor blockers 

The effects on PH or its sequelae of drugs that prevent either the production 

or the action of the potent mitogen/growth factor angiotensin II have been 

examined in both hypoxic and MCT rat models. In chronically hypoxic rats, 
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various ACE inhibitors have been shown to inhibit pulmonary vascular 

remodeling associated with the development of PH. When rats were studied 

for the entire hypoxic period [112,114], medial thickening and 

muscularisation of the pulmonary arteries were attenuated. In one study with 

the ACE inhibitors cilaprazil, medial thickening of these vessels was even 

totally prevented [114]. The beneficial effects of ACE inhibitors were even 

found when treatment started 7 or 12 days after commencement of hypoxic 

exposure [115]. On the other hand, the effects of ACE inhibitors in MCT-

treated rats are not fully clear. While treatment with captopril (12 mg/kg/day 

for 4 weeks) had no effects on medial thickness, neomuscularisation or on 

PAP [113], a longer treatment with a higher dose (60 mg/kg/day for 6 

weeks) reduced the degree of neuromuscularisation of peripheral pulmonary 

arteries [116]. The role of angiotensin II in PH is further confirmed by 

findings with angiotensin receptor antagonists. Thus, losartan, inhibited 

medial hypertrophy and neuromuscularisation in hypoxic rats [117] as well 

as in the MCT-plus-pneumonectomy rats [118]. Similarly, olmesartan 

medoxomil inhibited RV hypertrophy and also inhibited increases in mRNA 

levels of various markers of RV dysfunction such as atrial and brain 

natriuretic peptides in a chronic hypoxia model of PH [119]. The possible 

implications of such findings for the treatment of PH patients are difficult to 

evaluate in the absence of clinical data. 

Conclusion 

In conclusion, a variety of therapeutic strategies have been tested in various 

animal models of PH, most often hypoxia- or MCT-based models. Several 

of these approaches were also shown to be effective in PH patients, and all 

clinically proven treatments also work in the animal models. However, 

some models may be more sensitive to certain approaches than others (e.g. 
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the greater potency of ET receptor antagonists in hypoxia than in other 

models). Moreover, the clinical role of Ca2+-entry blockers remains unclear 

despite their consistent beneficial effects in animal models. Therefore, 

promising animal data e.g. 5-HTT inhibitors, inhibitors of the rennin-

angiotensin-system, statins and anti-inflammatory drugs need to be 

interpreted with caution until confirmed in clinical studies. 
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Abstract 

Introduction: The temporal relations between the onset of echocardiographic 

changes and clinical diagnosis of right ventricular (RV) failure are 

unresolved. We have characterized such relations in a rat monocrotaline 

(MCT) model of RV failure. 

Methods: Eight-week old male Wistar rats were injected with MCT (60 

mg/kg) or vehicle and underwent serial echocardiography. RV free-wall 

thickness (RVWT), pulmonary artery acceleration time normalized to cycle 

length (PAAT/CL), RV end-diastolic diameter (RVEDD), and tricuspid 

annular plane systolic excursion (TAPSE) were measured.  

Results: Significant differences in echocardiographic parameters between 

MCT-treated and control rats were found as early as 14 days prior to RV 

failure for RVWT, 10 days for PAAT/CL, and 7 days for RVEDD and 

TAPSE. The time intervals between the onset of changes in RVWT, 

PAAT/CL, RVEDD, TAPSE and diagnosis of RV failure were 11.3 ± 0.8 

days, 10.9 ± 0.7 days, 6.5 ± 0.5 days, and 5.4 ± 0.7 days, respectively. The 

sequence of echocardiographic changes was consistent in all animals during 

development of RV failure. 

Conclusions: Pulmonary hypertension (assessed by PAAT/CL) and RV 

free-wall thickening (characterized by RVWT) precede RV dilation and RV 

systolic dysfunction (measured by RVEDD and TAPSE, respectively). 

Echocardiographic analysis permits accurate determination of the stage of 

disease development in MCT induced RV failure.   
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Introduction 

Congestive heart failure (CHF) affects approximately 1% of the general 

population with progressively increasing prevalence in industrialized 

countries. Despite significant advances in its medical treatment, CHF 

continues to be a major source of morbidity and mortality [1-3]. While left-

sided CHF is more prevalent and has been studied intensively, right-sided 

CHF is also common but much less is known about its pathophysiology and 

treatment. Causes of right-sided CHF are not only advanced left-sided CHF 

but also congenital cardiac malformations [4], increased pulmonary vascular 

resistanc [5,6], chronic obstructive pulmonary disease [7] and myocardial 

ischemia of the right ventricle (RV) [8,9]. For example, RV failure is the 

main cause of death in patients with primary and thromboembolic 

pulmonary hypertension [7]. Thus, development of optimal treatment 

strategies for RV failure is of great importance. 

A well-established animal model of RV failure is injection of 

monocrotaline (MCT) into rats [10-12]. This model is often used to study 

the effects of various drugs on progression of pulmonary hypertension 

[13,14]. MCT is a pyrrolizidine alkaloid which causes structural remodeling 

of pulmonary arteries with consequent severe progressive pulmonary 

hypertension. A single MCT injection leads to RV hypertrophy and in most, 

but not all, cases RV failure [10,11,14-17]. However, in rats that develop 

RV failure the speed of progression to RV failure after MCT injection is 

highly variable between individual animals [10,11,17,18]. This variability 

confounds the design of treatment studies.  

Echocardiography plays an important role in diagnosing pulmonary 

hypertension and its outcome in patients [5,6,19-21]. It is also used for non-

invasive assessment of progressive pulmonary hypertension in the rat MCT 
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model [16,18]. Thus, we aimed to monitor the development of RV failure in 

MCT-injected rats in detail using echocardiography and to characterize the 

temporal relation between echocardiographic changes and the onset of RV 

failure. This may aid in delineating the disease stage in vivo and allowing 

better design of future treatment studies in this model. 

 

Methods 

Animal treatment  

The study protocol was approved by the institutional animal use committee 

and was in line with European Union directives on the care and use of 

experimental animals. Seven weeks old male Wistar rats (225-285 gr) were 

obtained from Harlan (The Netherlands). After acclimatization for one 

week, the animals were anesthetized with single intraperitoneal (i.p.) 

injections of ketamine (75 mg/kg) and midazolam (7.5 mg/kg). Their chest 

was shaved and transthoracic echocardiography was performed. Thereafter, 

the rats were divided into two groups. One group (n=17) was injected with a 

single dose of 60 mg/kg i.p. of MCT (dissolved in Dulbecco’s phosphate-

buffered solution at 20 mg/ml with the pH adjusted to 7.4 with 5 N HCl). 

The control group (n=22) was injected i.p. with a comparable amount (3 

ml/kg) of the MCT vehicle. Animals were then returned to their cages and 

housed at 22-24 °C with free access to water and commercially available rat 

chow. MCT was obtained from Sigma (The Netherlands). 

Based upon published studies, the subsequent planned observation 

time was 56 days. MCT-injected rats were to be killed if they developed 

clinical signs of RV failure and/or appeared clinically to be severely 

stressed. For the purpose of this study, we operationally predefined such a 

condition by the occurrence of a body weight loss of more than 30 g in the 
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preceding week or more than 15 g in the preceding 4 days, in combination 

with at least one of the following criteria: 1) Dyspnea, defined as visibly 

increased respiratory efforts and chest-opposite-to-belly breath movement; 

2) Cold lower body, tail and limbs temperature assessed subjectively by 

physical examination; 3) Cyanotic ears; 4) Markedly decreased activity 

level (lethargy). Whenever a MCT-injected rat was killed because it had 

developed clinical signs of RV failure, 1-2 control animals with a 

corresponding time after injection were killed to allow for optimal 

matching. All MCT-injected animals and their controls, that had not 

developed RV failure, were sacrificed on day 56. Each animal was killed by 

i.p. injection of 100 mg/kg pentobarbital. The thorax was opened and 

checked for the presence of fluid. The heart, lungs and liver were 

immediately dissected, blotted dry and weighed. RV was separated from 

atria and left ventricle (LV) plus septum in 4 MCT-treated animals and 4 

age-matched controls. In all animals, we calculated the whole heart to body 

weight ratio (HW/BW, mg/g). In 4 animals, we also calculated the RV to 

body weight ratio (RV/BW, mg/g), and the RV to LV plus interventricular 

septum ratio (RV/[LV+IVS]). 

During the period between the MCT or vehicle injection and the 

sacrifice, the animals were routinely monitored clinically and by 

echocardiography. Such assessments were done once per week during the 

first 21 days, and twice per week thereafter. In some cases, when animals 

appeared ill but did not fulfill our above criteria for the clinical diagnosis of 

RV failure, they were assessed on additional days. If they were diagnosed 

with RV failure on such an additional day, they were sacrificed and the 

measurements from that day were taken as their final day. Additionally, 
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rectal temperature was measured on the day of sacrifice in 4 MCT-treated 

rats with RV failure and their age-matched controls. 

Echocardiographic measurements  

Echocardiographic measurements were performed in anaesthetized 

(ketamine plus midazolam, see above), but spontaneously breathing rats 

which were positioned on their left side. The dose of anaesthetics was 

reduced down to 50% only on the day when a rat had developed clinical 

signs of RV failure. Transthoracic two-dimensional, M-mode (according to 

standards of American Society of Echocardiography) and Doppler imaging 

were performed with a VingMed Sound System Five (General Electric, 

USA) with a 10 MHz transducer. Two-dimensional images, M-mode and 

Doppler tracings were stored on a computer for subsequent analysis, with 

the latter two being recorded at a sweep speed of 200 mm/s. Each parameter 

was measured and averaged over 3 cardiac cycles.  

The RV morphology was assessed as RV free-wall thickness (RVWT) 

and RV end-diastolic diameter (RVEDD). RVWT was measured either in 

the 2-dimensional short-axis parasternal view below the tricuspid valve or in 

the long-axis parasternal view by M-mode, depending on the quality of RV 

free-wall visualization. RVEDD was measured as the maximal distance 

from the RV free-wall to the septum from the apical four-chamber view 

(Figure 1). The position of the transducer was aligned to visualize the RV 

apex. To select accurately a true end-diastolic frame, the diastole was 

screened frame-by-frame with the rate of 132 frames per second. The last 

frame with maximal RV cavity size preceding the frame with the onset of 

systolic closure of tricuspid valve leaflets was used as a true one to measure 

RVEDD. To assess RV function, the base-to-apex shortening during systole, 

measured as the tricuspid annular plane systolic excursion (TAPSE) of the 
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lateral portion of the tricuspid annular plane, was recorded in the M-mode 

format under two-dimensional echocardiographic guidance from the apical 

four-chamber view. Pulse-wave Doppler of the pulmonary outflow was 

recorded in the parasternal view at the level of the aortic valve. For this 

purpose, the sample volume was positioned proximal (2-3 mm) to the 

pulmonary leaflets and aligned to maximize laminar flow. The pulmonary 

artery acceleration time (PAAT) was used as an echocardiographic indicator 

of pulmonary hypertension [18,22,23] and measured from the onset of 

systolic flow to peak pulmonary outflow velocity. This was normalized to 

cardiac cycle length (CL) as measured within the same images.  

Figure 1 

 
Typical examples of 2-D echocardiographic images. A. 2-dimensional short-axis 
parasternal view (a control rat); B. apical 4-chamber view (a control rat); C. 2-dimensional 
short-axis parasternal view (a rat with RV failure); D. apical 4-chamber view (a rat with RV 
failure). 
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Determination of cut-off value 

The cut-off values for each analyzed echocardiographic parameter were 

derived from serial measurements in control rats. For RVWT and RVEDD, 

these values were the mean values plus 2 standard deviations found in 

control rats at each measurement day. For PAAT/CL and TAPSE, the mean 

values minus 2 standard deviations, found in control rats at each 

measurement day, were used. The cut-off values determined at each 

measurement day were plotted against time and connected with straight 

lines. The day at which echocardiographic variables started to change 

continuously were defined as the day at which the cut-off values were 

reached. 

Data analysis  

In line with several other studies [11,17,18], the interval between MCT 

injection and the onset of RV failure differed markedly between animals 

(Figure 2). Thus, we analyzed the data in two ways: by counting from the 

MCT injection day (Figures 3 and 4, upper panels) and by “backward 

counting”. Since the individual clinical and echocardiographic course 

appeared similar in all MCT-treated rats during the last three weeks prior to 

RV failure, the backward counting was performed from the day at which 

each individual rat developed clinical RV failure. In the backward counting 

analysis, all measured values were plotted against time before RV failure 

and averaged (Figures 3 and 4, lower panels). 

The sequence of changes of echocardiographic parameters in RV 

failure rats was determined in two ways. In the forward counting analysis, 

we compared the intervals between the MCT injection and the day when the 

parameter reached its cut-off value. In the “backward counting” analysis, the 

intervals between the day at which the parameter reached its cut-off value 
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and the day of clinical RV failure were compared. Since the intervals 

between measurements ranged from 3 to 7 days, while the 

echocardiographic changes progressed continuously (Figures 3 and 4, upper 

panels), the day when each echocardiographic parameter reached its cut-off 

value was interpolated as demonstrated in Figure 5. The measured values 

were plotted against time and connected with straight lines. From these 

lines, the day at which the cut-off value was reached, was read. 

Figure 2 

 
Distribution of time of onset of RV failure in MCT-treated rats.  No rat developed RV 
failure later than 42 days after MCT injection. 
 

Statistical analysis 

All values are expressed as mean ± SEM. Mean values of control and MCT-

treated rats were compared using two-tailed unpaired Student’s t-test 

(Figures 3 and 4). One-way ANOVA test with Bonferroni t-test was applied 

to find the difference in the days at which echocardiographic parameters 

reached their cut-off values (Figure 6). The differences with p < 0.05 were 
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considered statistically significant. Software (SigmaStat® 3.0; Aspire 

Software International, Leesburg LA) was used for statistical analysis. 

Figure 3  

 
Effect of monocrotaline (MCT) injection on right ventricular free-wall thickness 
(RVWT). Data are shown from individual MCT-treated rats relative to the time of injection 
(upper panel), and as group means ± SEM of MCT (n= 4-13)- and vehicle-treated rats (n= 
9-22) relative to the time when they developed clinical signs of RV failure (lower panel). *- 
p < 0.05 vs. control. 
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Figure 4 

 
Effect of monocrotaline (MCT) injection on right ventricular end-diastolic diameter 
(RVEDD). Data are shown from individual MCT-treated rats relative to the time of 
injection (upper panel), and as group means ± SEM of MCT (n= 4-13)- and vehicle-treated 
rats (n= 9-22) relative to the time when they developed clinical signs of RV failure (lower 
panel). *- p < 0.05 vs. control 
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Figure 5 

 
Determination of day at which the cut-off value of echocardiographic variable was 
reached. In this typical example, solid circles are measured data from a MCT-treated rat 
that developed RV failure. PAAT/CL, Pulmonary artery acceleration time normalized to 
cycle length. 
 

Results 

Biometrical changes 

MCT treatment induced clinical signs of RV failure in 13 of 17 rats within 

56 days. The time to do so varied considerably between animals, ranging 

from 24-42 days after injection (Figure 2). The four animals which did not 

develop RV failure were excluded from the further analysis. Compared to 

vehicle-injected rats, MCT-injected rats with RV failure had a significantly 

reduced body and liver weight and rectal temperature at the time of sacrifice 

(Table 1). This was accompanied by significantly increased HW/BW, 

RV/BW and RV/[LV+IVS] ratios (Table 1) demonstrating development of 

RV hypertrophy. A significantly increased mean lung weight (Table 1) and 

pleural effusion in all MCT rats (in 5 animals with hemorrhage) confirmed 

the decompensation of RV pump function.  
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Table 1 

 
Body 

weight        
(g) 

HW/BW 
ratio 

(mg/g) 

RV/BW 
ratio    

(mg/g) 

RV/[LV+IVS]           
ratio 

Lung 
weight     

(g) 

Liver 
weight     

(g) 

Rectal 
temperature 

(°C) 

Control 366±7 3.9±0.1 0.57±0.06 0.19±0.01 1.4±0.1 15.3±0.3 37.7±0.2 

RVF  290±5 4.8±0.2 1.49±0.10 0.39±0.01 2.4±0.1 10.9±0.4 35.4±0.3 

p-value p<0.0001 p<0.0001 p<0.001 p<0.0001 p<0.0001 p<0.0001 p<0.001 

 
Biometrical parameters of RV failure and control rats at the time of sacrifice.Data are 
means ± SEM of 13 RV failure and 22 control animals, except RV/BW and RV/LVS ratios, 
and rectal temperature measurements, where n = 4. RVF: right ventricular failure; HW/BW: 
heart weight to body weight ratio; RV/BW: right ventricle to body weight ratio; 
RV/[LV+IVS]: right ventricle to left ventricle plus interventricular septum ratio. 
 

Echocardiographic changes 

The increased RV weight seen at autopsy was detectable by 

echocardiography as increased RVWT (Figure 3). While all MCT-injected 

animals with RV failure developed an RVWT of at least 0.8 mm, none of 

the control rats exceeded 0.7 mm. The mean RVWT was significantly 

greater in RV failure than in control rats as early as 14 days prior to 

developing clinical signs of RV failure (Figure 3). A functionally altered 

morphology of the RV in MCT-induced RV failure was demonstrated by 

increases in RVEDD (Figure 4). While all MCT-injected animals with RV 

failure developed an RVEDD of at least 6 mm, none of the control rats 

exceeded 4.5 mm. The mean RVEDD was significantly greater in RV 

failure than in control rats as early as 7 days prior to developing clinical 

signs of RV failure (Figure 4).  

The TAPSE was used to assess RV systolic function. While all MCT-

injected animals with RV failure had a TAPSE of 1.6 mm or less, none of 

the control rats had less than 1.75 mm. The mean TAPSE was significantly 

smaller in CHF than in control rats as early as 7 days prior to developing 
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clinical signs of RV failure, i.e. at the same time point when RV dilatation, 

assessed by RVEDD, was first observed.   

Since the RV morphological and functional alterations in the MCT 

model result from increased pulmonary vascular resistance, we measured 

the PAAT/CL as an echocardiographic indicator of pulmonary hypertension. 

While all MCT-injected animals with RV failure developed a PAAT/CL 

ratio of 0.08 or less, none of the control rats had a ratio of less than 0.15. 

The mean PAAT/CL was significantly smaller in RV failure than in control 

rats as early as 10 days prior to development of clinical signs of RV failure. 

The heart rate of MCT-treated animals did not differ significantly 

from that in control rats during the echocardiographic measurements (not 

shown), except on the day when the diagnosis of RV failure was 

established. At the day of sacrifice, heart rate in MCT-injected rats was 

significantly slower than in control rats (311 ± 14 beats/minute versus 349 ± 

19 beats/minute, respectively; p<0.05). 

Sequence of echocardiographic changes  

The sequence of echocardiographic changes culminating in RV failure was 

derived from the days at which each echocardiographic parameter reached 

its cut-off value. The first echocardiographic parameters to change were 

RVWT and PAAT/CL at 22.2 ± 1.6 days (range 14-34) and 22.7 ± 1.7 days 

(range 11-32) after MCT injection, respectively, followed by RVEDD at 

27.0 ± 1.7 days (range 18-37) and, finally, TAPSE at 28.2 ± 1.7 days (range 

20-40) (Figure 6). The same sequence of echocardiographic changes was 

found with respect to the day of development of RV failure, i. e. by 

“backward counting”. Indeed, the first echocardiographic parameters to 

change were RVWT and PAAT/CL at 11.3 ± 0.8 days (range from 7 to 16) 

and 10.9 ± 0.7 days (range from 7 to 17), respectively, prior to clinical RV 
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failure. These changes were followed by RVEDD at 6.5 ± 0.5 days (range 

from 4 to 9) and, finally, TAPSE at 5.4 ± 0.7 days (range from 2 to 9) 

(Figure 6).  

Figure 6 

 
Day at which echocardiographic parameters reached cut-off values in RV failure rats 
with respect to the day of the onset of clinical RV failure (axis) and the day of MCT 
injection (ordinate). Note that the error bars are much smaller in “Day before RV failure” 
than in “Day after MCT injection”. Data are means ± SEM. *- p < 0.05 - vs. RVWT, # - vs. 
PAAT/C. 
 
Thus, during development of RV failure in this rat model, the onsets of 

pulmonary hypertension and RV thickening assessed by PAAT/CL and 

RVWT, respectively, preceded RV dilation and RV systolic dysfunction as 

characterized by RVEDD and TAPSE, respectively.  The sequence of 

echocardiographic changes was consistent in all MCT-treated animals that 

developed RV failure.Of note, Figure 6 demonstrates the strong correlation 

in the sequence of echocardiographic changes between the forward analysis 

and the backward analysis methods. Furthermore, the finding that the 

horizontal error bars are smaller but the vertical error bars large indicates 
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that the onset of echocardiographic changes is more closely related to the 

onset of RV failure than to the MCT injection day. This shows that the 

speed of progression of echocardiographic changes, once started, varies 

little between individual rats. 

 

Discussion 

The injection of MCT into rats is a well-established model of pulmonary 

hypertension [15,16,24,25], which leads to RV hypertrophy and, ultimately, 

to RV failure [10-12,14,17,18].  We have used echocardiography to non-

invasively monitor this process and found PAAT/CL, RVWT, RVEDD and 

TAPSE of use. PAAT reflects pulmonary artery pressure [18,22,23], while 

RVWT, RVEDD and TAPSE are indicators of RV hypertrophy [7,13], RV 

dilation [26] and RV contractile function [27], respectively.  

The animal model 

The presence of RV hypertrophy was confirmed by an increase in HW/BW, 

RV/BW and RV/[LV+IVS] ratios. RV failure was indicated clinically by a 

combination of the following symptoms: body weight loss and cyanotic ears 

and/or cold limbs and/or dyspnea and/or lethargy. Autopsy demonstrated 

increased lungs weight and massive pleural effusion in all MCT-treated rats 

that exhibited the symptoms of RV failure. It has been recently reported 

that, in patients with severe CHF, hypothermia was a predictor of death 

[28]. In the present study, we found a significant decrease in rectal 

temperature. Diminished liver weight in rats with RV failure might be 

explained by the occurrence of liver cirrhosis. The presence of liver 

cirrhosis was demonstrated in patients with severe right-sided CHF [29] and 

in MCT-treated rats [11]. 

Anaesthesia used and cardiac performance  
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Anaesthetics may affect cardiac performance in rodents [31]. Therefore, the 

measured values of echocardiographic parameters might be influenced by 

anaesthesia. To minimize this possible confounder, we used the lowest drug 

dosage that was sufficient to keep a rat unconscious and immobilized and 

completed echocardiographic examination within 15-20 minutes. Thus, the 

ketamine dose was 75 mg/kg, while a 100 mg/kg dose per se was shown not 

to affect cardiac performance in healthy rats [30]. To potentiate a short 

anaesthetic effect of ketamine, we used midazolam, a hypnotic-sedative 

drug. In contrast with xylazine, which markedly suppress cardiac 

performance in rodents [30], midazolam has only slight effects on the 

cardiovascular system in animals [31]. 

Despite negligible effects of anaesthesia on cardiac performance of 

healthy animals, ketamine causes a significant dose-dependent decrease in 

developed tension of failing atrial and ventricular muscles in vitro [32]. 

Also, the systemic clearance of midazolam in patients with CHF is lowered 

[33]. Accordingly, on the day of sacrifice, the dose of anaesthetics was 

reduced down to 50% in MCT-treated rats with RV failure. Yet, this dose 

was still sufficient to complete the protocol of echocardiographic 

measurements. However, despite the dose reduction, minor heart rate 

depression on this day was observed. 

Determination of disease stage of individual animal  

In the present study, not all MCT-treated animals developed RV failure in 

accordance with previous studies [24,25]. In those which did, we found that 

RV failure occurred at highly variable time points relative to time point of 

MCT injection. An important observation of the present study was the 

finding that the variability in the timing of changes of echocardiographic 

estimates of RV morphology and function were markedly reduced when 
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changes during the last 17 days prior to clinical RV failure are analyzed 

(“backward counting”). This method revealed a close relation between the 

onset of echocardiographic changes and the day when RV failure is 

clinically obvious in each individual case.  

This situation makes it desirable to identify changes in cardiac 

morphology and/or function that precede the development of clinical signs 

of RV failure as early as possible. Indeed, we identified several 

echocardiographic parameters which discriminated MCT-treated and control 

rats, i.e. RVWT as early as 14 days, PAAT/CL 10 days, and RVEDD and 

TAPSE 7 days prior to RV failure. Jones and colleagues [18] also 

demonstrated a significant increase in RVWT and PAAT in MCT rats. 

However, in contrast with our data, they did not find a significant increase 

in RVEDD. There are several possible explanations for this difference. 

Jones et al. included into analysis all the injected with MCT rats, while our 

primary aim was to study only animals which developed RV failure. 

Another possible explanation is that Jones et al. used a parasternal view for 

measurements of RVEDD, whereas we measured this parameter using the 

four-chamber apical view. The latter method has been shown to be more 

accurate [26].  

Thus, based on echocardiographic data, we are able to identify the 

following disease states in MCT rats: pulmonary hypertension, RV 

hypertrophy, RV dilation and RV contractile dysfunction, as assessed by 

PAAT/CL, RVWT, RVEDD and TAPSE, respectively. RVWT and 

PAAT/CL were the earliest echocardiographic parameters to change during 

development of RV failure. These parameters were followed by RVEDD 

and TAPSE. The sequence of echocardiographic changes indicates that RV 
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failure occurs shortly after the onset of RV dilation and contractile 

dysfunction in this model.  

Implication of echocardiography for treatment study design 

In several previous studies, the effects of tested drugs on the progression of 

pulmonary hypertension in MCT-injected rats were assessed at fixed time 

points after MCT injection [13,14]. Our data demonstrate that changes in 

echocardiographic parameters started at different time points after MCT 

injection. Thus, 7 of 13 (54%) RV failure-destined rats had no 

echocardiographic changes up to day 21 after MCT injection. Therefore, 

because of variability in the onset of these changes, the effects of tested 

drugs in this model may be misinterpreted, when assessed at fixed time 

points after MCT injection. For example, seemingly positive effects of 

treatment may be false-positive if given to animal that had not truly 

developed into an advanced disease stage. Echocardiographic monitoring 

may help to avoid these misinterpretations.  

The accurate identification of the disease stage with echocardiography 

has another benefit. It has been reported that biochemical and 

histopathologic characteristics of MCT rats differed markedly between 

animals with RV hypertrophy and those with symptoms of RV failure.12 

This observation may suggest differences in response to treatment between 

RV hypertrophy and RV failure rats. Since the symptoms of RV failure 

occur shortly after the onset of contractile dysfunction (decreased TAPSE) 

and appear irreversible in the case of progressive pulmonary hypertension 

(continuous decrease in PAAT/CL), treatment may be more effective for 

attenuation of RV failure if started at the RV hypertrophy stage when RV 

systolic function is preserved. Thus, echocardiography permits more refined 

testing of the effectiveness of drugs by targeting the onset of treatment to 
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different stages during development of RV failure in this model. Such 

analysis of disease stage-targeted drug effectiveness may also prove to be 

helpful in patients when clinical therapies are considered.    

Time course of development of MCT-induced RV failure  

In the present study, the time interval between MCT injection and 

development of clinical RV failure ranged from 24 to 42 days. Although 

echocardiographic changes, once started, progressed homogeneously and 

predictably, the intervals between MCT injection and time points at which 

echocardiographic parameters reached their cut-off values varied markedly 

among individual rats. This observation may be in part explained by 

differences in the effects of MCT on the pulmonary vasculature between 

individual rats leading to unequal rates of increase in pulmonary vascular 

resistance [15,34]. Indeed, Ghodsi et al. [15] observed rats with minimal 

changes of pulmonary vessels and pulmonary artery pressure comparable 

with control values even 4 weeks after MCT injection. Similarly, clinically 

observed heterogeneities in the rate of development of RV failure may be 

explained by varying speeds at which the underlying mechanisms cause RV 

overload. 

Summary 

In summary, we have demonstrated the close temporal relation between the 

onset of changes of echocardiographic parameters and occurrence of clinical 

signs of RV failure in individual rats and the sequence of such changes. 

Echocardiographic analysis permits accurate determination of the stage of 

disease development in MCT induced RV failure. This may allow a better 

design of treatment studies in the MCT model by targeting treatments at 

specific disease states. Our data also raise the possibility that similar 

echocardiographic measurements could also be helpful in patients with 
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chronic pulmonary hypertension to assess their likelihood of progressing to 

RV failure. However, this possibility remains to be studied clinically. 
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“The function of wisdom is to discriminate between good and evil”. 

George Bernard Shaw 
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Abstract 

Introduction: Right ventricular (RV) function is the major determinant of 

survival in patients with pulmonary hypertension. Yet, the pathophysiologic 

basis of RV disease is unresolved. We aimed to study 1) the role of 

apoptosis in right ventricular (RV) disease by monitoring it serially during 

disease progression using in vivo 99mTc-Annexin-V (99mTc-ANX) 

scintigraphy; 2) whether reduction in apoptosis resulting from chronic 

treatment with valsartan (VAL) can be detected by 99mTc-ANX 

scintigraphy.  

Methods: RV disease following pulmonary hypertension was induced by 

monocrotaline (MCT) injection in rats. Three groups were studied: MCT-

treated (MCT-rats), rats treated with MCT+VAL (VAL-rats), and age-

matched controls (CON-rats). Serial echocardiography and in vivo 99mTc-

ANX scintigraphy were performed. Apoptosis was confirmed by 99mTc-

ANX autoradiography and TUNEL. Fibrosis was assessed by Picro-sirius 

Red staining.  

Results: In MCT-rats, in vivo 99mTc-ANX uptake peaked early and declined 

thereafter, but remained elevated compared to baseline. These stage-

dependent changes of in vivo 99mTc-ANX uptake were paralleled by changes 

in autoradiography and TUNEL. VAL-rats had longer RV failure-free 

survival than MCT-rats, along with reduced apoptosis. These changes were 

accompanied by commensurate delays in RV hypertrophy and RV dilation. 

VAL-rats also had less fibrosis than MCT-rats at all disease stages.  

Conclusion: RV disease progression is associated with an early increase in 

RV apoptosis, as monitored using serial in vivo 99mTc-ANX scintigraphy. 

Delay in RV disease progression by VAL is accompanied by reduction in 
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RV apoptosis. Apoptosis plays a role in RV disease progression and may be 

assessed by serial in vivo 99mTc-ANX scintigraphy. 
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Introduction  

Right ventricular (RV) disease receives increasing clinical recognition [1]. 

RV (dys) function is the major determinant of survival in patients with 

pulmonary hypertension, regardless of the underlying cause [2]. However, 

the pathophysiologic basis of RV disease is unresolved [3]. 

The molecular mechanisms that underlie left ventricular (LV) disease 

progression have been intensely studied [4-6]. It is generally accepted that 

apoptosis [7] plays an important role in LV disease. Moreover, 

accumulation of collagen was demonstrated in hypertrophied and failing 

hearts [8]. Apoptosis and fibrosis have been shown to act in isolation or in 

concert to reduce LV performance [9,10]. In contrast, the association of 

apoptosis with RV disease progression [11,12] is unclear. Recently, in vivo 

imaging of cardiac apoptosis with the use of 99mTc-annexin V (99mTc-ANX) 

was proven feasible, as 99mTc-ANX binds to exposed phosphatidylserine on 

the outer surface of apoptotic cells [13]. These studies demonstrated 

apoptosis at single time points. Clearly, serial monitoring of apoptosis in 

vivo is relevant. This may not only provide insight into the time course of 

apoptosis, but it may also aid in determining the optimal timing of anti-

apoptotic therapy, and in assessing the efficacy of therapy. We aimed to 

study the role of apoptosis in RV disease progression with the use of serial 

in vivo 99mTc-ANX scintigraphy. Furthermore, we aimed to establish 

whether reduction in apoptosis resulting from treatment with the angiotensin 

II receptor-1 blocker (ARB), valsartan (VAL), can be detected in vivo. 

ARBs have been shown to exert beneficial effects on RV disease [14]. 

These effects may be due to inhibition of apoptosis, as angiotensin II is a 

mediator of apoptosis [15,16]. 
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Methods 

Study design 

This investigation was performed in accordance with the Guide for the Care 

and Use of Laboratory Animals published by the US National Institutes of 

Health (NIH publication 85-23, revised 1996). Male 8-weeks old Wistar 

rats, weighing 225-285g at the beginning of the experiment, were studied. 

RV disease was induced with a single intraperitoneal injection (60mg/kg 

body weight) of monocrotaline (MCT). MCT injection leads to severe 

pulmonary disease in the absence of intrinsic heart and lung disease [17]. 

The ensuing pulmonary hypertension results in RV hypertrophy and RV 

failure. We monitored changes in RV function and apoptosis over time in 

untreated rats (MCT-rats) and rats that received long-term treatment with 

VAL (10mg/kg/day, dissolved in saline, kindly provided by Novartis, 

Switzerland), administered via Alzet™ osmotic minipumps that were 

implanted subcutaneously directly before MCT injection (VAL-rats). As a 

control group (CON-rats), we used age-matched rats that received 

intraperitoneal saline with/without VAL via osmotic minipumps; we pooled 

these groups because there were no significant differences between them. 

Cardiac function and in vivo apoptosis were serially monitored by 

echocardiography and in vivo 99mTc-ANX scintigraphy, respectively, in 10 

rats of each treatment group (CON, MCT, and VAL). Measurements were 

performed twice a week and the rats were sacrificed after a maximum of 6 

weeks or when RV failure occurred. To distinguish whether the in vivo 
99mTc-ANX signal originated in RV or LV, we harvested hearts at each of 

three stages of RV disease progression (RV hypertrophy, RV dilation, and 

RV failure) and performed ex vivo tracer autoradiography in 10 CON-rats 

and 10 MCT-rats, with n=3 in RV hypertrophy, n=3 in RV dilation, and n=4 
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in RV failure in each group. In addition, 12 CON-rats, 12 MCT-rats and 12 

VAL-rats were sacrificed for TUNEL assays, with n=4 at each RV disease 

stage. RV hypertrophy and RV dilation were identified using serial 

echocardiography. RV failure was defined by clinical signs (body weight 

loss, cyanotic ears, cold limbs, and dyspnea) [18]. 

Echocardiography  

Transthoracic two-dimensional, M-mode and Doppler echocardiography 

was performed in accordance with the standards of the American Society of 

Echocardiography, using a 10MHz transducer in anesthetized, 

spontaneously breathing, rats (3% isoflurane). The dose of the anaesthetic 

was reduced by 50% in RV failure rats. RV free wall thickness (RVFWT) 

was measured in the two-dimensional short-axis parasternal view below the 

tricuspid valve or in the long-axis parasternal view by M-mode, depending 

on the quality of visualization. RV end-diastolic diameter (RVEDD) was 

measured as the maximal distance from the RV free wall to the 

interventricular septum from the apical four-chamber view. Each parameter 

was averaged over 3 cardiac cycles. RV hypertrophy was defined by 

RVFWT>0.7mm (22.2±1.7days after MCT injection in MCT-rats), RV 

dilation by RVEDD>4.5mm (27.0±1.7 days in MCT-rats) [18]. 
99mTc-Annexin-V scintigraphy 

After the echocardiographic recordings, 40MBq 99mTc-ANX was injected 

into a tail vein. Anterior planar scintigraphy was performed one hour 

thereafter with a dedicated single pinhole system designed for SPECT [19]. 

Acquisition in the left anterior oblique position was not feasible due to 

overprojection of nonspecific bone marrow uptake. Rats were immobilized 

in a perspex cylinder, mounted on a stepping-motor driven system and 

positioned above the up-facing pinhole collimator of the γ-camera. This 
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enables anterior scintigraphy at a standardized orientation and distance from 

the pinhole aperture. In the present study, a tungsten insert with a 3mm 

pinhole aperture was used. SPECT images could not be reliably 

reconstructed due to minimal myocardial 99mTc-ANX uptake. SPECT is 

therefore not part of the current analysis. The γ-camera was connected to a 

HERMES acquisition and processing station. Static images of the thorax 

were obtained for 20min with a 20% energy window at the 140-keV 99mTc 

photon peak in a 128x128 matrix. One standardized region of interest (ROI) 

was drawn over the myocardium (specific activity) and two over extra-

thoracic soft tissue in the axilla (nonspecific activity). As there were no 

differences in the results for the two axillary ROIs, the data were combined 

to produce aggregate axillary uptake data for further analysis. Myocardial 

uptake ratio was calculated as the ratio of specific and nonspecific uptake 

(expressed as mean counts/pixel) as follows: (myocardium-

nonspecific)/nonspecific. The image analyzer was blinded to the disease 

stage of the rats. 

Tracer autoradiography 

After in vivo scintigraphy, the animals were sacrificed and their hearts were 

used for tracer autoradiography using phosphor imaging. The hearts were 

excised, quickly frozen and sliced into 50μm short axis slices. Every fifth 

slice was mounted on a glass plate and covered with a Saran wrap to prevent 

contamination of the phosphor plate. The short axis slices were exposed to a 

Fuji BAS-MS imaging plate for ~24h. The images were scanned at 50μm 

resolution with a 16-bit pixel depth using a Fuji FLA-3000 phosphor imager 

and analyzed using AIDA image software (Version 3.20.007). For 99mTc, 

this technique has a strong linear relation between activity and photo-
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stimulated luminescence, and a high resolution of 0.35±0.06mm, expressed 

as full width half-maximum [20]. 

TUNEL 

In situ terminal deoxynucleotidyl-transferase-mediated dUTP nick-end 

labeling (TUNEL) was performed using the In Situ Apoptosis Detection Kit 

POD (Roche, Germany) [21]. Histologic sections were prepared and stained 

according to the manufacturer's instructions. As a negative control, the TdT 

enzyme was omitted from the assay. As a positive control, we used rat 

colon. Methyl-green and hematoxylin-eosin were used as counterstaining 

for non-cardiomyocytes and colon cell respectively. The number of 

TUNEL-positive cardiomyocyte nuclei was expressed as percentage of the 

total number of cardiomyocyte nuclei and was called the apoptosis index. 

Six paraffin sections (7μm thickness) from each tissue block were obtained 

at 210μm distances in the coronal plane. In each section, 10 random 

microscopic fields from RV and LV each were analyzed. Thus, the number 

of TUNEL-positive cardiomyocytes was determined in 60 microscopic 

fields (light microscopy, 40 X magnifications) from RV and LV of each 

animal. We studied 12 rats in each study group, i.e., 4 rats at each of the 3 

stages of RV disease progression (RV hypertrophy, RV dilation, and RV 

failure). The reader was blinded to the disease stage. 

Picro-sirius Red staining 

To assess the total collagen in myocardial tissue, specimens were stained 

with Picro-sirius Red F3BA. Tissue sections of 7μm thickness were treated 

and incubated in 0.1% Picro-sirius Red. Before dehydration, the slides were 

treated with 0.01N HCL and mounted. Four animals per group were 

analyzed. Analysis was performed in 60 microscopic fields from RV and 

LV which was obtained as previously described. The Picro-sirius Red 
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stained area was expressed as a percentage of the total ventricular tissue area 

using Image Pro Plus (version 5.02). 

Statistical analysis 

Two-way analysis of variance (factors treatment and time or disease stage) 

was performed. Because of a significant interaction between treatment and 

time, the initial analysis was followed by a one-way analysis between 

treatments per time point or disease stage. For analysis of the 

echocardiographic data, these data were fit to an exponential curve (to 

reflect RV hypertrophy) through the mean values of RVFWT and RVEDD 

per time point. Delay in time was calculated as the average time distance 

between these best fitted exponential curves, including all data points for 

which the treated groups had RVFWT and RVEDD above control values. 

Data are expressed as mean±SEM.  P value of less than 0.05 was considered 

to indicate a statistically significant difference. 

 

Results 

Apoptosis detection during the natural time course of RV disease 

progression  

• Serial in vivo 99mTc-ANX scintigraphy 

Figure 1A shows 99mTc-ANX uptake in a MCT-rat in the RV hypertrophy 

stage (right) and an age-matched CON-rat (left). MCT-rats exhibited a 

biphasic time course of 99mTc-ANX uptake (Figure 1B, squares). Initially, 
99mTc-ANX uptake increased and became significantly higher than baseline 

at 15 days after MCT injection. Thereafter, 99mTc-ANX uptake declined 

towards the end of the study (RV failure), but remained elevated compared 

to baseline. 99mTc-ANX uptake remained at baseline levels in CON-rats 

(Figure 1B, triangles). 
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Figura 1 

 
In vivo detection of apoptosis using 99mTc-annexin-V scintigraphy. A. Representative 
planar pinhole scintigrams 1 hour after intravenous injection of 99mTc-annexin-V in a MCT-
rat in the RV hypertrophy stage (right panel) and age-matched CON-rat (left panel). 
Regions of interest were drawn around the myocardium (red) and in the extra-thoracic soft 
tissue (yellow, blue) to determine the cardiac uptake ratio. Note 99mTc-annexin-V uptake in 
the cardiac region and liver (arrow) of the MCT-rat. B. Cardiac uptake ratios at various 
times after MCT injection, n=10 per group. p<0.05 from day 15 until day 42 in MCT-rats 
(square) and from day 18 until day 42 in VAL-rats (circles) vs. age-matched CON-rats 
(triangle). CON, age-matched control; MCT, monocrotaline-injected rat; VAL, valsartan-
treated rat; RV, right ventricle. Data are mean±SEM. 
 

• Ex vivo quantitative 99mTc-ANX autoradiography 

Planar in vivo 99mTc-ANX scintigraphy did not allow us to distinguish 

whether the observed 99mTc-ANX uptake occurred in RV or LV. To resolve 

this issue, we conducted ex vivo semi-quantitative 99mTc-ANX 
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autoradiography. Because the time course of in vivo 99mTc-ANX uptake 

suggested differential 99mTc-ANX uptake at the three successive RV disease 

stages, rats were sacrificed at each stage. We found increased 99mTc-ANX 

uptake in RV at all stages in MCT-rats compared to CON-rats. This signal 

was highest at the RV hypertrophy stage (Figure 2). In contrast, the 

autoradiography signal in LV did not change between disease stages in 

CON-rats and MCT-rats. 

Figure 2 

 
99mTc-ANX autoradiography. A. Representative short axis myocardial slices from a 
MCT-rat in the RV hypertrophy stage (right) and an age-matched CON-rat (left). Note 
higher signal intensity in RV compared to the interventricular septum (IVS) or LV 
(background). B. Signal intensities of region of interest minus background (PSL/mm2), 
n=10 in CON and MCT groups each, with n=3 at RV hypertrophy and RV dilation, and n=4 
in RV failure. *p<0.05 vs. age-matched CON-rat. PSL: photo-stimulated luminescence, 
other abbreviations as in Figure 1. Data are mean±SEM. 
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• TUNEL analysis 
Figure 3 

 
TUNEL staining. A. Representative examples of apoptotic cell. Left panel: TUNEL-
positive cardiomyocyte (arrow), methyl green counterstain. Right panel: positive control, 
TUNEL-positive rat colon cell (arrows). B. Apoptosis index during RV disease 
progression, n=4 per disease stage in each group. *p<0.001 vs. CON-rat; #p<0.01 vs. MCT-
rat. Abbreviations as in Figure 2. Data are mean±SEM. 
 

To obtain histologic confirmation that 99mTc-ANX uptake reflected 

apoptosis, we determined the apoptosis index using TUNEL assays of RV 

and LV. Figure 3A shows a TUNEL-positive cardiomyocyte (arrow left 

panel) in a MCT-rat heart and a TUNEL-positive rat intestine cell (positive 

control, arrow right panel). The stage-dependent changes in apoptosis index 

of MCT-rats paralleled those of the 99mTc-ANX autoradiography signal, 

while the apoptosis index of CON-rats remained at baseline levels. Thus, the 

apoptosis index of MCT-rats was increased over age-matched CON-rats at 
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all three stages and highest during RV hypertrophy. In LV, TUNEL-positive 

cardiomyocytes were virtually undetectable at all disease stages (data not 

shown). 

Taken together, these findings indicate that serial 99mTc-ANX 

scintigraphy allows for noninvasive evaluation of the time course of RV 

apoptosis. To establish whether 99mTc-ANX scintigraphy may also be used 

to monitor the effects of therapies that counteract RV disease progression by 

reducing RV apoptosis, we next conducted 99mTc-ANX scintigraphy in 

VAL-rats. 

Apoptosis detection during long-term valsartan treatment 

• Serial echocardiographic measurements of RV function 

The onsets of RV hypertrophy and RV dilation, as assessed by 

echocardiography, were delayed by 5.5±0.3days and 4.4±0.3days, 

respectively, in VAL-rats compared to MCT-rats (Figure 4 A and 4 B). 

Figure 4 
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Time course of development of RV hypertrophy and RV dilation. A. Time course of 
development of RV hypertrophy assessed echocardiographically by RV free wall thickness 
(RVFWT). B. Time course of development of RV dilation assessed echocardiographically 
by RV end-diastolic diameter (RVEDD). Abbreviations as in Figure 2. Data are 
mean±SEM. 
 

• In vivo 99mTc-ANX uptake 

In accordance with the delay in the onset of the successive RV disease 

stages in VAL-rats, the increase of in vivo 99mTc-ANX uptake of these rats 

was delayed, as 99mTc-ANX uptake became significantly higher than 

baseline only at 18 days after MCT injection (Figure 1B, circles). Moreover, 

the 99mTc-ANX uptake was lower in VAL-rats than in MCT-rats throughout 

disease progression. Still, the 99mTc-ANX uptake of VAL-rats was 

significantly increased over CON-rats at day 42 after MCT injection. 

• TUNEL 

The apoptosis index in VAL-rats exhibited the same time course as in MCT-

rats (Figure 3), but it was significantly lower in VAL-rats than in MCT-rats 

at the RV hypertrophy and RV dilation stages. 

Collagen deposition 

MCT-rats exhibited increased levels of interstitial collagen deposition. In 

contrast to the changes in RV apoptosis which peaked at early RV disease 
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stages, the amount of RV fibrosis continuously increased throughout RV 

disease progression, being highest during RV failure (Figure 5A). In LV, 

collagen levels remained at baseline (not shown). VAL-rats had a similar 

time course of RV fibrosis as MCT-rats, but RV fibrosis levels were 

significantly lower than in MCT-rats at all disease stages (Figure 5B). LV 

fibrosis remained unaltered, similar to MCT-rats (not shown). 

Figure 5 

 
Collagen deposition. A. Representative sections of interstitial fibrosis using Picro-sirius 
Red staining from a CON-rat (left panel) and a MCT-rat with RV failure (right panel). Note 
homogenous distribution of Picro-sirius Red staining in RV during RV failure. B. 
Quantification of collagen deposition during RV disease progression, n=4 per group; 
*p<0.01 vs. age-matched controls. Abbreviations as in Figure 2. Data are mean±SEM. 
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Discussion 

We found increases in apoptosis during early stages of RV disease 

progression that can be monitored by serial in vivo 99mTc-ANX scintigraphy. 

Moreover, delay in RV disease progression by VAL treatment paralleled 

reduction in RV apoptosis, as detected using in vivo 99mTc-ANX 

scintigraphy. These findings demonstrate that noninvasive serial monitoring 

of myocardial apoptosis during RV disease progression is feasible and has 

potential clinical relevance. 

We demonstrate that serial 99mTc-ANX scintigraphy can be used to 

monitor RV apoptosis throughout disease progression in a noninvasive 

manner. The 99mTc-ANX scintigram signal reflected apoptosis, as confirmed 

by 99mTc-ANX autoradiography and TUNEL, and exhibited a particular 

time course, peaking at early disease stages (hypertrophy) and declining 

thereafter (failure), but remaining significantly increased over baseline 

values at all RV disease stages. Furthermore, we found that a delay in RV 

disease progression by VAL was attended by a reduction in RV apoptosis, 

as detected with serial in vivo 99mTc-ANX scintigraphy. This observation not 

only illustrates that serial in vivo 99mTc-ANX scintigraphy may be used to 

monitor the effects of therapy aimed at counteracting apoptosis, but supports 

the notion that apoptosis is causally related to RV disease in this model. 

Still, it must be noted that it does not prove a causal relation, because RV 

disease progression was not completely arrested, and apoptosis was not 

completely abolished.  
99mTc-ANX scintigraphy has been effectively used to noninvasively 

map regions of apoptosis in patients with various pathologies [22-26], as 

well as in experimental model of autoimmune myocarditis [27]. We 

anticipate that the ability to detect apoptosis serially in vivo using 99mTc-
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ANX scintigraphy, as demonstrated in the present study, will not only 

facilitate mechanistic studies related to apoptosis, but will also allow for 

monitoring of the disease course or the response to various treatments aimed 

at counteracting RV failure. Using serial echocardiography allowed us to 

pinpoint apoptosis to specific RV disease stages. Defining the disease stages 

precisely is of great value to conduct such studies. The occurrence of 

apoptosis during early RV disease stages suggests a potentially beneficial 

effect of apoptosis inhibition. We found that apoptosis started early and 

declined when clinically manifest RV failure occurred. This finding is 

consistent with other pressure-overload mediated RV disease studies 

[11,12]. 

Our findings that VAL administration delayed RV disease progression 

correspond to the reported protective effects of olmesartan in the same 

animal model [14]. Yet, they contrast with studies which showed that 

losartan did not prevent RV hypertrophy in the MCT model [28,29]. These 

discrepancies may be due to greater potency of newer ARBs (VAL, 

olmesartan) over first-generation ARBs (losartan). Furthermore, our results 

are consistent with the Valsartan Heart Failure Trial which showed that 

VAL attenuates morbidity in LV failure patients [30,31].  

Chronic activation of the RAAS plays an important role in the 

structural and functional pathogeneses of heart failure. AII provides the 

pathophisiological insight in the development of cardiac fibrosis and heart 

failure. Moreover, it is now generally accepted that apoptosis is mediated 

via type-1 angiotensin II receptors (AT1) [15,16]. Leri et al. [32] and Li et al 

[33] demonstrated in vitro that myocyte stretch-induced apoptosis can be 

inhibited by losartan. 



Pathophisiology of Right Ventricular Heart Disease  

 96 

Our study shows that delay in RV disease progression is not only 

associated with a reduction in apoptosis, but also with reduced collagen 

deposition. The mechanisms leading to angiotensin II induced fibrosis are 

thought to be at least in part mediated through growth factor pathways 

induced by AT1 activation [34,35].  

Although our findings are in line with previous studies in LV disease 

which provided clear evidence that apoptosis promotes heart failure, 

estimates regarding the amount of cell death from apoptosis, and the role of 

apoptosis in the progression into heart failure, are still controversial. The 

reported percentage of apoptosis in end-stage LV failure is similar to our 

findings in the RV failure stage [36]. However, the contribution of apoptosis 

to disease progression remains controversial. Studies from a transgenic 

mouse model of cardiac-restricted expression of ligand-activated pro-

caspase 8 have demonstrated that even low levels of cardiomyocyte 

apoptosis are sufficient to cause lethal dilated cardiomyopathy [37]. 

Furthermore, in end-stage LV failure, oncosis and autophagic cell death 

have also been reported to play an important role in disease progression 

[38]. The role of these alternative modes of cell death in RV disease 

progression remains to be explored.  

Our study has several limitations. Recent studies have shown that 

phosphatidylserine externalization occurs not only in apoptosis but also in 

activated macrophages. Furthermore, it has been shown that annexin binds 

to externalized phosphatidylserine and can also be internalized through an 

annexin-specific mechanism. These findings suggest that annexin cannot 

exclusively be used as a marker of apoptosis but can also be used to 

visualize inflammation [39]. We did not conduct double staining to exclude 

the possibility that 99mTc-annexin V was bound by non-cardiomyocytes. 
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Still, we found that all apoptosis assays which we used (99mTc-ANX 

scintigraphy and autoradiography, and TUNEL staining) were consistent 

with each other, exhibiting similar time-dependent changes throughout RV 

disease progression. These findings suggest that these signals faithfully 

reflected the time course of apoptosis during RV disease throughout the 

time course of apoptosis, which we believe is strongly associated with 

apoptotic cardiomyocytes in our animal model. 

 Conclusions  

In vivo 99mTc-ANX scintigraphy may be used for the serial assessment of 

apoptosis throughout RV disease progression, and the efficacy of treatments 

aimed at counteracting apoptosis. Thus, in vivo 99mTc-ANX scintigraphy is a 

valuable tool for mechanistic studies, drug development and clinical 

management alike, because of its easy implementation and its noninvasive 

nature. 
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“The function of wisdom is to discriminate between good and evil” 

George Bernard Shaw 
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Abstract 

Introduction: Inflammatory activation plays an important role in the 

pathogenesis and progression of left ventricular (LV) heart failure. In right 

ventricular (RV) heart failure development and progression, the role of 

inflammatory activation is little known. We aimed to study the role of 

inflammatory activation in RV heart failure by serial monitoring during 

disease progression.  

Methods: RV heart failure following pulmonary hypertension was induced 

by monocrotaline (MCT) injection in rats. Two groups were studied: MCT-

treated rats (MCT-rats), and age-matched controls (CON-rats). Serial 

echocardiography and in vivo 67-Gallium (67Ga) scintigraphy were 

performed. Local inflammation of RV was studied by (1) ex vivo semi-

quantitative 67Ga-autoradiography, (2) immunohistochemistry of 

myeloperoxidase (MPO), a marker of neutrophiles activity, and (3) mRNA 

assays of tumor necrosis factor alpha (TNF-α).  

Results: In MCT-rats, 67Ga-scintigraphy showed increased myocardial 

uptake which started during early RV disease stages. 67Ga autoradiography 

revealed that this increased 67Ga-uptake occurred in RV and interventricular 

septum, but not in LV. The stage-dependent increases of in vivo 67Ga RV 

myocardial uptake were paralleled by increases in mRNA gene expression 

for TNF-α in RV, and increased MPO staining in RV. 

Conclusion: RV heart failure development and progression is associated 

with an early increase in RV inflammation. 67Ga-scintigraphy may be used 

for the serial assessment of inflammation and monitoring of disease 

progression in RV heart failure. 
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Introduction 

Inflammatory activation plays an important role in the pathogenesis and 

progression of left ventricular (LV) heart failure [1,2]. Patients with LV 

heart failure have increased levels of circulating inflammatory cytokines 

such as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), IL-1β, 

and various chemokines, e.g., monocyte chemoattractant peptide (MCP)-1 

and macrophage inflammatory protein (MIP)-1α [3-5]. Furthermore, levels 

of activated circulatory cytokines correlate directly with the severity of LV 

disease [4,6,7]. Accordingly, studies in experimental models and 

preliminary clinical experience have suggested a possible therapeutic role 

for cytokine inhibition in heart failure [8-10]. However, specific TNF-α 

blockade in a trial of patients with stable heart failure from various causes 

did not yield the expected benefit [11]. To better understand the role of both 

systemic and local inflammatory responses in mediating ventricular 

dysfunction, further research is needed.  

In contrast to LV heart failure, the role of inflammatory activation in 

right ventricular (RV) heart failure development and progression is little 

known. The current understanding of the molecular mechanisms of RV 

heart failure is small in comparison to that of LV. However, understanding 

how RV heart failure differs from LV heart failure might be essential for 

patient management. So far, only a limited number of studies have been 

performed to determine the role of inflammation in RV heart failure [12,13]. 

Therefore, the aim of this study was to determine the association between 

inflammatory activation and RV heart failure progression in the 

monocrotaline (MCT) rat model.  
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Methods 

Study design 

The study was performed according to the Guide for the Care and Use of 

Laboratory Animals (NIH publication 85-23, revised 1996).  In total forty-

four male 8-weeks old Wistar rats, weighing 225-285g at the beginning of 

the experiment, were studied. RV disease was induced with a single 

intraperitoneal injection (60mg/kg body weight) of MCT (MCT-rats). MCT 

injection leads to severe pulmonary disease in the absence of intrinsic heart 

and lung disease14. The ensuing pulmonary hypertension results in RV 

hypertrophy and RV failure. As a control group (CON-rats), we used age-

matched rats that received an intraperitoneal saline injection. Previously, we 

found that RV disease progression in this model follows a specific time 

course composed of subsequent RV disease stages: RV hypertrophy, RV 

dilation and RV failure15. We used serial echocardiography to identify the 

RV hypertrophy and RV dilation stages, and clinical assessment (presence 

of body weight loss, cyanotic ears, cold limbs, and dyspnea) to identify the 

RV failure stage (Table 1). 

Table 1  

 Control RV 
hypertrophy RV dilation RV failure 

     
Days after 
MCT-injection 

age-matched 19.6±2 23.5±0.6 38.3±5 

RVFWT (mm) 0.62±0.03 0.96±0.04 1.2±0.02 0.9±0.03 
RVEDD (mm) 4±0.2 4.4±0.4 6.4±0.7 6.8±0.9 
Ascites - - - - 
Pleural effusion - - - - 
 
Echocardiographic and postmortem findings. RV, right ventricle; RVFWT, right 
ventricle free wall thickness; RVEDD, right ventricle end-diastolic diameter. Data are 
expressed as mean±SEM. 
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Cardiac function and in vivo inflammation was assessed by serial 

echocardiographic measurements and in vivo 67-Gallium (67Ga) scintigraphy, 

respectively, in 10 rats of each group (MCT and CON). To establish 

whether the signal, which was obtained during in vivo 67Ga-scintigraphy, 

arose from RV or LV, we harvested the hearts of the MCT-rats at the 

completion of the time course study, i.e., when RV failure had occurred. In 

these hearts, we conducted ex vivo 67Ga autoradiography. Confirmation that 

the signal obtained by 67Ga-scintigraphy reflected inflammation was 

obtained by immunohistochemistry for the detection of myeloperoxidase 

(MPO) activity, and assessment of mRNA gene expression of tumor 

necrosis factor alpha (TNF-α). These studies were performed in the hearts of 

12 MCT-rats (n=4 sacrificed during the RV hypertrophy; n=4 with RV 

dilation; and n=4 with RV failure) and 12 CON-rats. 

Echocardiography  

Transthoracic two-dimensional, M-mode and Doppler echocardiography 

was performed in accordance with the standards of the American Society of 

Echocardiography, using a 10MHz transducer in anesthetized, 

spontaneously breathing, rats (3% isoflurane). RV free wall thickness 

(RVFWT) was measured in the two-dimensional short-axis parasternal view 

below the tricuspid valve or in the long-axis parasternal view by M-mode, 

depending on the quality of visualization. RV end-diastolic diameter 

(RVEDD) was measured as the maximal distance from the RV free wall to 

the interventricular septum from the apical four-chamber view. Each 

parameter was averaged over 3 cardiac cycles. As reported before15, RV 

hypertrophy was defined by RVFWT>0.7mm (22.2±1.7days after MCT 

injection in MCT-rats), RV dilation by RVEDD>4.5mm (27.0±1.7 days in 

MCT-rats). 
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67Ga-scintigraphy 

Forty-eight hours after injection of 40MBq 67Ga-citrate in a lateral tail vein, 

anterior planar scintigraphy was performed with a dedicated single pinhole 

system designed for SPECT [16]. Acquisition in the left anterior oblique 

position was not feasible due to overprojection of nonspecific bone marrow 

uptake. Rats were immobilized in a perspex cylinder, mounted on a 

stepping-motor driven system, and positioned above the up-facing pinhole 

collimator of the γ-camera. This enables anterior scintigraphy at a 

standardized orientation and distance from the pinhole aperture. 

Acquisitions were performed under the same anesthesia as used during 

echocardiography. We used a tungsten insert with a 3mm pinhole aperture. 

SPECT images could not reliably be reconstructed due to the limited 67Ga 

myocardial uptake, especially in controls and early stages of RV failure. 

SPECT was therefore not part of the current analysis. The γ-camera was 

connected to a HERMES acquisition and processing station (HERMES 

Medical Solutions). Static images of the thorax were obtained for 20min 

with a 15% energy window at the 93 and 185keV 67Ga-photon peaks in a 

128x128 matrix. One standardized region of interest (ROI) was drawn over 

the myocardium (specific activity) and two over extra-thoracic soft tissue in 

the axilla (nonspecific activity). As there were no differences in the results 

for the two axillary ROIs, the data were combined to produce aggregate 

axillary uptake data for further analysis. Myocardial uptake ratio was 

calculated as the ratio of specific to nonspecific uptake (expressed as mean 

counts/pixel) as follows: (myocardium-nonspecific)/nonspecific. The 

images were analyzed blinded to the disease stage of the rats.  

Tracer autoradiography 
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Tracer autoradiography using phosphor imaging was conducted in hearts 

which were quickly frozen after excision, and sliced into 50μm short axis 

slices. Every fifth slice was mounted on a glass plate and covered with a 

Saran wrap to prevent contamination of the phosphor plate. The short axis 

slices were exposed to a Fuji BAS-MS imaging plate for ~24h. The images 

were scanned at 50μm resolution with a 16-bit pixel depth using a Fuji 

FLA-3000 phosphor imager and analyzed using AIDA image software 

(Version 3.20.007). For 67Ga, this technique has a strong linear relation 

between activity and photo-stimulated luminescence, and a high resolution 

of 0.30±0.03mm, expressed as full width half-maximum [17]. 

Real-time quantitative RT-PCR 

We extracted total RNA from the hearts using RNA NucleoSpin kit as 

described by the manufacturer's protocol with the aim of measuring mRNA 

levels of TNF-α. cDNA was synthesized on 2μg mRNA with an RNA PCR 

kit (Reverse Transcriptase Invitrogen) using the oligo-dT primer. Reaction 

mixtures were incubated for 30 min at 42°C, 5min at 99°C, and 5min at 

5°C. SYBR Green quantitative PCR assays were performed using the 

MX3000P Multiplex Quantitative PCR System (Stratagene) and Brilliant 

SYBR Green QPCR Master Mix kit (Stratagene). Primer sequences used to 

amplify various cDNAs were: forward=gctcacaaggctgctgaag, 

reverse=gacagcctggtcaccaaat. A typical PCR protocol was performed under 

the following conditions: 10min at 95°C, followed by 50 three-temperature 

cycles (95°C denaturation for 30s, annealing temperature for 1min, and 

72°C extension for 1min). The specificity of the SYBR Green assays was 

confirmed by melting point analysis and gel electrophoresis in the presence 

of ethidium bromide. Gene expression of the housekeeping gene GAPDH 

was used for normalization. 
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Immunohistochemistry 

Tissue sections (7μm thick) were cut from formalin-fixed, paraffin-

embedded hearts. Sections were deparaffinized and rehydrated by passage 

through a graded series of ethanol and distilled water. For MPO 

immunohistochemistry, the antigen was retrieved by heating the slides in a 

pressure cooker in Tris-buffered saline with 0.075% Tween-20 (pH 7.6) for 

10min. Endogenous peroxidase activity was quenched by incubation in 

0.3% v/v H2O2 in methanol for 20min at room temperature. Sections were 

incubated with primary antibody polyclonal rabbit anti-human MPO 

antibody diluted 1:500 at 25°C for 1 hour followed by a secondary antibody 

(Envision kit 1 hour at 25°C). Hematoxilin-eosin was used as 

counterstaining. Six paraffin sections (7μm thickness) from each tissue 

block were obtained at 210μm distances in the coronal plane. In each 

section, 5 random microscopic fields from RV were analyzed.  

The number of MPO-positive infiltrates (inflammatory infiltrates 

index) was determined in 10 microscopic fields (light microscopy, 20 X 

magnifications) from RV and LV of each animal. We studied 12 rats in each 

study group, i.e., 4 rats at each of the 3 stages of RV disease progression 

(RV hypertrophy, RV dilation, and RV failure). The reader was blinded to 

the disease stages. 

Statistical analysis 

All data are expressed as mean±SEM. Means between the various groups 

were compared for differences with analysis of variance (ANOVA). In case 

of multiple comparisons, a post-hoc Bonferroni correction was applied 

(SPSS for Windows 15.1, SPSS Inc.). A p-value <0.05 was considered to 

indicate a statistically significant difference.   
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Results 

Serial in-vivo detection of inflammation with 67Ga-scintigraphy 

Figure 1A shows 67Ga uptake in a MCT-rat in the RV failure stage (right) 

and an age-matched CON-rat (left). MCT-rats exhibited a significant 

increase in 67Ga uptake during RV disease development (Figure 1B, 

squares). 67Ga uptake increased at early disease stages, becoming already 

significantly higher than baseline levels at the RV hypertrophy stage 

Thereafter, 67Ga-uptake continued to rise and reached a maximum at the RV 

dilation stage. Although 67Ga-uptake slightly declined towards the end of 

the study (not statistically significantly different from the RV dilation 

stage), it remained elevated compared to baseline. In CON-rats, 67Ga-uptake 

did not change throughout the study (Figure 1B, circles). 

Ex vivo quantitative 67Ga autoradiography 

To establish whether the increased myocardial 67Ga-uptake, found during in 

vivo 67Ga-scintigraphy, occurred in RV, LV or inter-ventricular septum, we 

conducted ex vivo semi-quantitative 67Ga autoradiography in the hearts of 

MCT-rats in the RV failure stage. We found that 67Ga-uptake was increased 

in RV and inter-ventricular septum, but not in LV (Figure 2). In CON-rats, 

the autoradiography signals in RV and inter-ventricular septum did not 

differ from those of LV. 
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Figura 1 

 
 
In vivo detection of inflammation using 67Ga-scintigraphy: A. Representative planar 
pinhole 67Ga-scintigrams in a MCT-rat in the right ventricle (RV) dilation stage (right 
panel) and an age-matched  control rat (left panel). Regions of interest were drawn around 
the myocardium (red line) and in the axillary region (yellow, blue) to determine the 
myocardial uptake ratio. The MCT-rat shows increased 67Ga myocardial uptake. B. 
Myocardial uptake ratios at various times after MCT injection, n=10 per group. P<0.05 
from day 21 (RV hypertrophy) until day 35 in MCT-rats (squares) vs. age-matched control 
rats (circles). Data are expresses as mean±SEM. * p=0.004 vs. age-matched control; # 
p<0.001 vs. MCT-rat on day 14; ^ p=0.002 vs. MCT-rat on day 21. 
 

Gene expression profiles 

Myocardial TNF-α expression levels in RV of MCT-rats were significantly 

higher compared to CON-rats (where they were undetectable) at all disease 

stages (p<0.001, Figure 3). The expression levels of myocardial TNF-α 

during the development of the different disease stages showed a significant 

increase from RV hypertrophy to RV dilation and RV failure. However, 

there was no significant difference in TNF-α myocardial expression between 
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RV dilation and RV failure. We did not detect TNF-α transcript activity in 

LV tissue preparations. 

Figure 2 

 
 

67Ga autoradiography: A. Representative short axis myocardial slices from a 
monocrotaline (MCT)-injected rat in the RV failure stage (right) and an age-matched 
control (CON) rat (left). There is increased signal intensity in right ventricle (RV) and 
interventricular septum (IVS) compared to left ventricle (LV).B. Photo-stimulated 
luminescence (PSL) for RV, IVS, and LV (PSL/mm2). PSL values are corrected for 
background. n=10 in CON-rats and MCT-rats each.  Data are expressed as mean±SEM. RV 
MCT vs. RV CON, p<0.001; LV MCT vs. LV CON, P=0.08; IVS MCT vs. IVS CON, 
p=0.002 
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Figure 3 

 
Time course of TNF-α gene expression during RV disease progression. Expression of 
mRNA TNF-α in the right ventricle (RV) at the RV hypertrophy, RV dilation, and RV 
failure stages. Myocardial TNF-α mRNA expression was undetectable in hearts of age-
matched control rats (CON). Data are expressed as mean±SEM.  
 

Immunohistochemistry 

To obtain histological confirmation that 67Ga-uptake reflected inflammation, 

we performed immunohistochemistry analysis to detect neutrophiles activity 

using MPO staining.  

Figure 4A (arrows) shows MPO-positive infiltrates in MCT-rats at 

different disease stages. We observed disease stage-dependent changes in 

inflammatory infiltrates index, which started at the RV hypertrophy stage, 

and continued into the RV failure stage (Figure 4B). We did not detect 

inflammatory infiltrates in the LV of MCT-rats nor in age-matched CON-

rats. 
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Figure 4 

 
Time course of myeloperoxidase activity during RV disease progression. A. 
Representative examples of neutrophile activity expressed as myeloperoxidase antibody 
activity (arrow) in the right ventricle (RV) at the RV hypertrophy, RV dilation, and RV 
failure stages (20X magnification).B. Inflamatory infiltrates index during RV disease 
progression, n=4 per disease stage in each group. Data are mean±SEM. 

RV hypertrophy RV dilation RV failure

A

B

%
 M

P
O

 p
os

iti
ve

 in
fil

tra
te

s

p=0.0002 p=0.265

p<0.0001

RV hypertrophy        RV dilation       RV failure                                  
0

2

4

6



Pathophisiology of Right Ventricular Heart Disease  

 114 

Discussion 

Our study provides evidence of an association between inflammatory 

activation and RV disease progression. The inflammatory activation 

exhibited a particular time course, becoming elevated at an early disease 

stage (RV hypertrophy), peaking at the stage of RV dilation, and remaining 

elevated compared to baseline throughout disease progression to RV failure. 

The inflammatory response was non-invasively assessed with 67Ga-

scintigraphy and reflected local inflammation in RV, as confirmed by 67Ga 

autoradiography, immunohistochemistry, and gene expression profiles.  

Inflammation and heart failure 

Studies into the presence of an inflammatory response in patients with heart 

failure began more than four decades ago, when elevated C-reactive protein 

levels were found in the serum of patients with chronic heart failure and the 

severity of disease was correlated with high levels of C-reactive protein18. 

Levine et al. [19] observed elevated levels of circulating TNF-α in patient 

with heart failure. A “cytokine hypothesis” was since proposed as a basic 

mechanism in heart failure [20]. This hypothesis states that a systemic 

activation of pro-inflammatory cytokines is triggered by a cardiac event 

(e.g., myocardial infarction) and is associated with deleterious effects on LV 

function; this, in turn, accelerates the progression of heart failure. However, 

the results of the RENEWAL study failed to show a clinically relevant 

benefit of the specific TNF-α antagonist etanercept on the rate of death or 

hospitalization due to chronic heart failure [11]. Although one interpretation 

of those results is that specific anti-inflammatory mediators are not viable 

targets in heart failure, the prevailing point of view is that targeting a single 

component of the inflammatory cascade is not sufficient to counteract a 

disease as complex as heart failure. Whether broader-spectrum anti-
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inflammatory strategies (e.g., statins, immunoadsorption, or immune 

modulation therapy) will have any added value in heart failure is currently 

being addressed in ongoing clinical trials. 

Despite the wealth of data on the role of inflammation in LV failure, 

little is known on the role of inflammation in RV heart failure. So far, it has 

been demonstrated that acute RV heart failure following pulmonary 

embolism is associated with up-regulated chemokine expression and 

infiltration of both neutrophiles and monocyte/macrophages. Furthermore, 

treatment with anti-MPO antibody reduced RV MPO activity and prevented 

RV dysfunction [12,13]. In accordance with these studies [13], our results 

suggest the presence of early neutrophile activation in RV that might 

contribute to the development of the disease. Our results also demonstrate 

that noninvasive serial monitoring of myocardial inflammation during RV 

disease progression is feasible and therefore has potential clinical relevance. 

RV failure: inflammation and apoptosis 

With the use of the MCT-rat model, we previously demonstrated that 

development of RV heart failure is associated with cardiomyocyte death and 

collagen deposition [21]. Inflammation and cell death are mechanisms 

which are activated early during RV disease progression, while fibrosis 

occurs at later stages. When novel therapeutic strategies are considered, this 

might imply that combined inhibition of inflammation and apoptosis at early 

stages of RV disease must be targeted. However, these questions are subject 

of ongoing investigation.  

Serial non-invasive assessment of disease progression with 67Ga-

scintigraphy 

In general, 67Ga is handled as ferric iron and thus it is bound to transferrin 

(and concentrates) in areas of inflammation, such as an infection site and 

http://en.wikipedia.org/wiki/Ferric�
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areas of rapid cell division. 67Ga binds to transferrin, leukocyte lactoferrin, 

bacterial siderophores, inflammatory proteins, and cell membranes in 

neutrophiles. This allows sites with tumor, inflammation, and both acute and 

chronic infection to be visualized with scintigraphic techniques [22-25]. 
67Ga-scintigraphy for the detection of inflammation has been reported in 

cases of cardiac mycotic aneurysm [26], infective endocarditis [27], and 

infective complications of prosthetic valve surgery [28]. Controversial data 

were reported in cases of detection of inflammatory foci using 67Ga-

scintigraphy in myocarditis [29]. Although 67Ga-scintigraphy has a high 

sensitivity, a major disadvantage of 67Ga-scintigraphy is its limited 

specificity.  

In recent years, 18F-fluorodeoxyglucose positron emission tomography 

(18F-FDG PET) has emerged as an alternative and superior method to assess 

inflammation. However, for the myocardial, one of the preferred substrate 

of metabolism is glucose. Therefore, although 67Ga-scintigraphy is limited 

by its limited specificity, the technique is most likely to be superior to 18F-

FDG for the detection of myocardial inflammation. Thus, it is anticipated 

that the ability to detect inflammation serially in vivo using 67Ga-

scintigraphy, as demonstrated in the present study, will not only facilitate 

mechanistic studies related to inflammation, but will also allow for 

monitoring the time course of the disease or the response to various 

treatments aimed at counteracting RV heart failure. 

MCT model of right ventricular failure 

The MCT-rat model of RV failure is based upon a single MCT injection that 

leads to severe pulmonary disease in the absence of intrinsic heart and lung 

disease30. The resulting pulmonary hypertension in turn induces RV 

hypertrophy and RV failure. We have previously demonstrated in this model 

http://en.wikipedia.org/wiki/Transferrin�
http://en.wikipedia.org/wiki/Leukocyte�
http://en.wikipedia.org/wiki/Lactoferrin�
http://en.wikipedia.org/wiki/Bacterium�
http://en.wikipedia.org/wiki/Siderophore�
http://en.wikipedia.org/w/index.php?title=Inflammatory_protein&action=edit&redlink=1�
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that distinct disease stages occur during the progression of RV disease, and 

can be precisely identified by echocardiography and clinical assessment 

[15]. Using serial echocardiography allowed us to pinpoint inflammation to 

specific RV disease stages. Defining the disease stages precisely is of great 

value to conduct such studies. Thus, in this model, the remodeling events 

that culminate to RV failure can be accurately linked to the specific disease 

stages.  

Conclusion 

Inflammation is an early mechanism that may contribute to the development 

of RV failure. In vivo 67Ga-scintigraphy may be used for the serial 

assessment of inflammation to monitor disease progression in RV failure.  
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Abstract 

Introduction: Arrhythmogenic right ventricular cardiomyopathy/dysplasia 

(ARVC/D) is a myocardial disease that predominantly affects the right 

ventricle (RV). Its hallmark feature is fibro-fatty replacement of RV 

myocardium. However, patchy inflammatory infiltrates in RV are also 

consistently reported using autopsy and myocardial biopsy. Although the 

role of inflammation in ARVC/D is unresolved, the ability to assess 

inflammation noninvasively may aid in the diagnostic process. We aimed to 

establish whether cardiac inflammation can be assessed noninvasively in 

ARVC/D patients. 

Methods: In 8 ARVC/D patients and 9 control patients from the 

hematology/oncology department, the level of inflammatory activation was 

assessed by measuring plasma levels of inflammatory cytokines. Regional 

myocardial inflammation was assessed with 67Gallium (67Ga)-scintigraphy. 

Results: ARVC/D patients had higher plasma levels than controls of the pro-

inflammatory cytokines IL-1β (1.22±0.07 vs. 0.08±0.01pg/ml, p<0.0001), 

IL-6 (3.86±0.44 vs. 0.38±0.04pg/ml, p<0.0001), and TNF-α (9.16±0.90 vs. 

0.40±0.06pg/ml, p<0.0001), while levels of the anti-inflammatory cytokine 

IL-10 were not significantly different (1.28±0.15 vs. 1.56±0.30pg/ml, 

p=0.74). 67Ga uptake in RV was higher in ARVC/D patients than in 

controls. In ARVC/D patients, 67Ga uptake in the RV wall was higher than 

in the inter-ventricular septum or left ventricular wall. 

Conclusion: Inflammation in the RV wall of ARVC/D patients can be 

detected noninvasively with the combined analysis of plasma levels of 

inflammatory cytokines and cardiac 67Ga-scintigraphy.  
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Introduction 

Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) is a 

myocardial disease that predominantly affects the right ventricle (RV), 

although biventricular involvement may occur in advanced cases [1]. 

ARVC/D is characterized by structural derangements that may cause a 

broad range of signs and symptoms. Yet, disease expression is highly 

variable and incomplete in most patients, confounding both the diagnostic 

process and clinical management, particularly at early disease stages [2]. 

 The histopathologic hallmark of ARVC/D is fibro-fatty replacement 

of RV myocardium [3]. Nevertheless, patchy inflammatory infiltrates in RV 

are also consistently reported [4,5]. How fibro-fatty replacement and 

inflammatory infiltrates are related is a matter of speculation. 

It has been proposed that the progressive loss of RV myocardium is 

caused by an inflammatory injury, and that subsequent fibro-fatty 

replacement is part of a healing process [4-6]. 

At present, detection of myocardial inflammation requires the use of 

endomyocardial biopsies or analysis of autopsy material. Although sampling 

of endomyocardial biopsies is relatively safe, particularly when guided by 

electroanatomic mapping [7], the availability of noninvasive diagnostic 

tools would provide obvious advantages for clinical practice. Thus far, the 

pro-inflammatory cytokines ((interleukin-1β [IL-1β], interleukin-6 [IL-6], 

tumor necrosis factor-α [TNF-α])) have been shown to be activated and to 

play a role in chamber dysfunction in patients with left ventricular heart 

failure [8,9]. Yet, in ARVC/D, there are no data on possible activation and 

detection of the pro-inflammatory cytokines. Although the pro-

inflammatory cytokines are possibly sensitive markers for state of disease, 

the interpretation is hampered by the lack of organ-specific identification. In 
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addition to systemic evaluation, localization of disease to a specific organ, 

i.e. within the myocardium, is essential. 

Previously, with the use of 67Ga-scintigraphy, we have shown that 

activation of inflammatory infiltrates can be noninvasively detected in the 

ventricular myocardium [10]      

  Therefore, the aim of the present study was to test whether 

inflammation in ARVC/D may be monitored noninvasively with the 

complementary use of plasma inflammatory cytokine analysis and cardiac 
67Gallium (67Ga)-scintigraphy. 

 

Methods 

Patients and control subjects 

The institutional review board approved the study protocol and informed 

consent was obtained from all study subjects. Eight ARVC/D patients and 

nine controls were examined. The patients, who fulfilled the ARVC/D Task 

Force criteria [11], were randomly taken from the cohort of ARVC/D 

patients at our institution, a tertiary referral center. Patients were included if 

they were in clinically stable condition (no ventricular tachyarrhythmias or 

heart failure symptoms in the 2 months before inclusion). Genetic analysis 

for plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), 

desmocollin-2 (DSC2), plakoglobin (JUP), and transmembrane protein 43 

(TMEM43) were conducted in all patients or the probands in their family, 

[12,13].  

Controls were retrospectively taken from our institution's 

hematological/oncological database, and were individuals in whom 67Ga-

scintigraphy was routinely performed in their diagnostic workup. Their 

primary disease locus was extra-thoracic, and the acquisition was made 
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before any form of chemotherapy or radiotherapy. Neither ARVC/D patients 

nor controls had a history of coronary artery disease, diabetes or 

hypertension. 

Plasma level of inflammatory cytokines 

We analyzed plasma levels of pro-inflammatory cytokines (IL-1β, IL-6, 

TNF-α), and the anti-inflammatory cytokine interleukin-10 (IL-10) using 

commercially available ultrasensitive enzyme-linked immunosorbent assay 

(ELISA) kits for human IL-1β, IL-6, TNF-α, and IL-10 according to the 

manufacturer's recommendations (Bio-Rad Laboratories, USA). The 95%-

confidence interval of the in-hospital reference values obtained in 62 healthy 

volunteers were for IL-1β: 0.0018-0.2118pg/ml; for IL-6: 0.0895-

1.2238pg/ml; for TNF-α: 0.0212-2.2556pg/ml; and for IL-10: 0.0483-

16.7000pg/ml. 
67Ga-scintigraphy 

SPECT of the thorax was performed 48h after an intravenous injection of 

200MBq of 67Ga-citrate by use of a γ-camera (Infinia, General Electric, 

USA) with a medium-energy all-purpose collimator and a 128x128 matrix. 

Fifteen percent windows were set for the 3 main energy peaks of 67Ga (93, 

184, and 296keV). SPECT images were iteratively reconstructed (OSEM) 

and corrected for attenuation using the low-dose CT of the Infinia (no 

intravenous contrast). To define the anatomical borders of the myocardium 

within the thorax, anatomical tomographic images are essential and the low-

dose CT images of the Infinia could not be used for this purpose. Therefore, 

tomographic anatomical images (contrast enhanced CT or cardiac MRI), 

performed prior to ICD implantation (within 6 months of 67Ga-

scintigraphy), were retrieved for all subjects. To align the anatomical images 

with the SPECT data, first the matrix size of the anatomical images was 
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adjusted to the SPECT matrix size (128x128) and secondly the images were 

automatically aligned (MultiModality, HERMES Medical Solutions, 

Sweden). To semi-quantify 67Ga myocardial uptake, 3 regions of interest 

(ROI) (RV wall, interventricular septum [IVS] and left ventricle [LV] free 

wall) were drawn on 3 summed mid-myocardial horizontal long-axis 

anatomical images. These ROIs on the anatomical images were copied to 

the aligned SPECT images. 67Ga uptake in each separate ROI was calculated 

as the ratio of mean counts per pixel in the specific myocardial region over 

mean counts per pixel in the total myocardium (the sum of all 3 ROIs).  

Statistical analysis 

Data are presented as mean±SD. Mean values were compared for 

differences using the (un)paired Student’s T-test when appropriate. In case 

of multiple comparisons, means were compared for differences with 

analysis of variance (two-way ANOVA) using a post-hoc Bonferroni 

correction. The correlation coefficient was used to study possible 

associations between plasma levels of inflammatory cytokines and 

myocardial 67Ga-uptake (SPSS for Windows 15.1, SPSS Inc., USA). A 

p<0.05 was considered to indicate statistical significance.  

 

Results 

Patient characteristics 

Table 1 summarizes the demographic/clinical data and the presence/absence 

of the ARVC/D criteria in the ARVC/D patients. All ARVC/D patients 

fulfilled the ARVC/D Task Force criteria [14]. Their mean age was 

36.8±13.3 years (range 20-55 years) and 62.5% (n=5) were female. One 

patient had the C796R mutation in PKP2, while one had the V158G 

mutation in DSG2. Both variants were previously reported as ARVC/D-
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causing mutations (12,15). There were no clinical signs of heart failure and 

echocardiography revealed normal left ventricular function (not show). The 

mean age of controls was 55.4±11.9 and 22.2% (n=2) were female. 
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Plasma levels of inflammatory cytokines 

The ARVC/D patients had higher plasma levels than controls of the pro-

inflammatory cytokines IL-1β (1.22±0.07 vs. 0.08±0.01pg/ml, p<0.0001), 

IL-6 (3.86±0.44 vs. 0.38±0.04pg/ml, p<0.0001), and TNF-α (9.16±0.90 vs. 

0.40±0.06pg/ml, p<0.0001). The levels of the anti-inflammatory cytokine 

IL-10 were statistically not significantly different between both groups 

(1.28±0.15 vs. 1.56±0.30pg/ml, p=0.72) (Figure 1). 

Figure 1 

 
Plasma concentrations of cytokines in ARVC/D patients and controls. IL-1β, 
interleukin-1 beta; IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor 
alpha. 
 

Myocardial 67Ga uptake 

Figure 2 shows a typical example of an ARVC/D patient with increased 
67Ga uptake in the RV wall. ARVC/D patients had significantly higher 

uptake of 67Ga in the RV wall and IVS than in the LV wall (1.11±0.08, 

1.04±0.06, and 0.89±0.06, respectively, Figure 3A). In controls, no 

differences between these regions were observed (0.97±0.11, 1.04±0.05, and 
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0.99±0.04, respectively, Figure 3B). Moreover, 67Ga uptake in the RV wall 

was significantly higher in ARVC/D patients than in controls (1.11±0.08 vs. 

0.97±0.11, p=0.01), while 67Ga uptake was not different between both 

groups in IVS (1.04±0.06 vs. 1.04±0.05, p=0.90) and LV wall (0.89±0.06 

vs. 0.99±0.04, p=0.06). 

Figure 2. 

 
ARVC/D patient with increased 67Ga uptake in right ventricular wall. Coregistered 
transaxial images of cardiac magnetic resonance imaging (left) and 67Ga SPECT 
scintigraphy (right). There is increased 67Ga uptake in the right ventricular (RV) wall. IVS, 
interventricular septum; LV, left ventricular free wall. 
 

Correlations between plasma levels of inflammatory cytokines and 

myocardial 67Ga uptake 

Plasma levels of IL-1β and 67Ga uptake in the RV appeared to correlate 

positively, but this correlation did not reach statistical significance (r=0.62; 

p=0.1). No correlations were found between plasma levels of IL-6, TNF-α, 

or IL-10 and the 67Ga uptake in the RV wall. Similarly, no correlations were 

found between plasma levels of IL-6, TNF-α, or IL-10 and  67Ga uptake in 

the LV wall or IVS. 
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Figure 3 

 
Myocardial 67Ga uptake in ARVC/D patients and controls. Semi-quantitative 
myocardial 67Ga uptake in ARVC/D subjects (A) and controls (B). 67Ga uptake in the right 
ventricular (RV) wall, interventricular septum (IVS), or left ventricular (LV) wall was 
calculated as the ratio of uptake (mean counts per pixel) in this myocardial region over the 
uptake in the total myocardium (i.e., the sum of all 3 regions of interest). 



Pathophisiology of Right Ventricular Heart Disease  

 132 

Discussion 

With a combined analysis of plasma level of inflammatory cytokines and 

cardiac 67Ga-scintigraphy, we demonstrate that myocardial inflammation 

can be noninvasively detected in ARVC/D patients. 

The pathophysiology behind the loss of RV myocardium in ARVC/D 

is unresolved. A common finding is patchy cell death with inflammatory 

infiltration [16]. This has spawned the proposal that ARVC/D has an 

infectious/inflammatory etiology, involving a primary chronic myocarditis 

that evokes an inflammatory injury, and culminates in fibro-fatty repair and 

progressive loss of RV myocardium. Different types of cardiotropic viruses 

may play a role in the pathophysiology of ARVC/D. A genetic 

predisposition may lead to increased viral susceptibility and myocarditis 

[17]. 

One explanation for the presence of pro-inflammatory cytokines in 

ARVC/D is the “cytokines hypothesis” of heart failure, which proposes that 

a precipitating event triggers innate stress response [18].  These cytokines 

are believed to be produced by nucleated cells in the heart and subsequently 

released into the blood stream [19]. In patients with left ventricular heart 

failure, pro-inflammatory cytokines contribute, by various mechanisms, to 

the deterioration of cardiovascular function [18, 20, 21]. Furthermore, 

various cytokines, including TNF-α, IL-2, interferon-γ, and IL-1β-

converting enzyme are increased in viral myocarditis [22]. In ARVC/D, no 

data on a possible association between pro-inflammatory cytokines and 

disease are available. 

 Inflammatory mediators such as TNF-α and IL-1β, known to be 

elevated in viral myocarditis, can stimulate the expression of inducible nitric 

oxide synthase (iNOS) [23]. Induction of iNOS leads to strand breaks, p53 
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accumulation, and apoptosis, and these processes were prevented by iNOS 

inhibition [24]. Apoptosis, in turn, evokes an inflammatory response.  

The inflammatory response in ARVC/D may not only be an initial 

response to a noxious trigger (e.g., viral infection), but it may also be 

enhanced because of apoptosis induced by pro-inflammatory cytokines. Our 

findings, (increased plasma levels of pro-inflammatory cytokines and 67Ga 

uptake in the RV wall), did not allow us to distinguish whether they 

indicated an initial response to infection or a secondary inflammatory 

response induced by apoptosis. Moreover, to determine whether 

inflammation is a viral-related inflammation or a post-apoptosis 

inflammatory reaction is essential to perform endo-myocardial biopsies.  

Although pro-inflammatory cytokines may be sensitive disease 

markers, they cannot localize the disease to a specific organ. Previously, we 

reported that 67Ga-scintigraphy can be used to map inflammation 

noninvasively in the ventricular myocardium [10]. Although 67Ga-

scintigraphy has a high sensitivity, a major disadvantage of 67Ga-

scintigraphy is its limited specificity [29/25]. In recent years, 18F-

fluorodeoxyglucose positron emission tomography (18F-FDG PET) has 

emerged as an alternative and superior method to assess inflammation. 

However, one of the preferred substrates of myocardial metabolism is 

glucose. This limits the use of 18F-FDG for the detection of localized 

myocardial inflammation. Therefore, 67Ga-scintigraphy is most likely to be 

superior to 18F-FDG for the detection of myocardial muscle inflammation, 

despite its limited specificity. 67Ga thus marks areas of inflammation (e.g., 

an infection site) and rapid cell division, allowing sites with tumor, 

inflammation, and both acute and chronic infection to be visualized with 
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scintigraphic techniques [26-28]. Controversial data were reported in case of 

inflammatory foci in myocarditis. 

Study limitations and clinical usefulness 

Firstly, a limitation of our study is the small patient number. The finding 

that the correlations between plasma levels of pro-inflammatory cytokines 

and myocardial uptake of 67Ga in the RV wall failed to reach statistical 

significance probably relates to this limited number. Still, the results were 

highly consistent, as both plasma levels of pro-inflammatory cytokines and 

myocardial 67Ga uptake in the RV wall were increased in ARVC/D patients. 

Secondly, it was recently suggested that ARVC/D and myocarditis cannot 

be distinguished with the use of currently established clinical criteria, and 

that a distinction requires analysis of biopsy specimens [7]. Although we 

conducted no cardiac biopsies, we obtained support for the notion that we 

studied patients with ARVC/D, rather than myocarditis, by including 6 

patients (patients 1,2,3 4,6,7) who had first-degree relatives that also 

fulfilled established criteria for ARVC/D, and one other patient (patient 5) 

with a mutation that was previously reported to be associated with 

ARVC/D. 

 The ability to detect inflammation noninvasively provides us with a 

tool that may be used to obtain a better understanding of the role of 

inflammation in the pathophysiology of ARVC/D as it does in other 

diseases [29,30]. 

Conclusion 

Inflammation may contribute to disease progression in ARVC/D and can be 

assessed non-invasively with the combined analysis of plasma inflammatory 

cytokine levels and cardiac 67Ga-scintigraphy. The ability to detect 

inflammation non-invasively provides us with a tool that may be used to 



CHAPTER VI  
 

 135 

obtain a better understanding of the role of inflammation in the 

pathophisiology of ARVC/D as it dose in other diseases [29, 30].  The 

clinical implications of these findings remain to be assessed in future 

studies. 
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“Because things are the way they are, thinks will not stay the way they are.” 

Bertolt Brecht 
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Abstract 

Introduction: Arrhythmogenic right ventricular cardiomyopathy/dysplasia 

(ARVC/D) is a myocardial disease that predominantly affects the right 

ventricle (RV). Its hallmark feature is fibro-fatty replacement of RV 

myocardium. Apoptosis in ARVC/D has been proposed as an important 

process that mediates the slow, ongoing loss of heart muscle cells which is 

followed by ventricular dysfunction. We aimed to establish whether cardiac 

apoptosis can be assessed non-invasively in ARVC/D patients. 

Methods: Six patients fulfilling the ARVC/D criteria were studied. Regional 

myocardial apoptosis was assessed with 99mTc-annexin V scintigraphy. 

Results: Overall, the RV wall showed a higher 99mTc-annexin V signal 

compared to the left ventricular wall (p = 0.049) and the inter-ventricular 

septum (p = 0.026). However, significant increased uptake of 99mTc-annexin 

V in the RV was present in only three of the six ARVC/D patients (p = 

0.001 compared to 99mTc-annexin V uptake in the RV wall of the other three 

patients).  

Conclusions: Our results are suggestive of a chamber specific apoptotic 

process. Although the role of apoptosis in ARVC/D is unsolved, the ability 

to assess apoptosis non-invasively may aid in the diagnostic course. In 

addition, the ability to detect apoptosis in vivo with 99mTc-annexin V 

scintigraphy might allow for individual monitoring of disease progression 

and response to diverse treatments aimed at counteracting ARVC/D 

progression. 
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Introduction 

Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) is a 

disease that predominantly affects the right ventricle (RV), although 

biventricular involvement may occur in advanced cases [1]. ARVC/D is 

characterized by structural derangements that may cause a broad range of 

signs and symptoms. Yet, disease expression is highly variable and 

incomplete in most patients, confounding both the diagnostic process and 

clinical management, particularly at early disease stages [2].  

The histopathological hallmark of ARVC/D is fibro-fatty replacement 

of RV myocardium. Apoptosis has been proposed as an important 

mechanism that mediates the slow, ongoing loss of heart muscle cells which 

is followed by ventricular dysfunction [3]. How fibro-fatty replacement and 

apoptosis are related in ARVC/D is a matter of speculation. The possibility 

to detect apoptosis in vivo in ARVC/D may add to a better understanding of 

the pathophysiological mechanism underlying disease progression [4]. In 

vivo imaging of cardiac apoptosis with the use of 99mTc-annexin V was 

proven feasible, as 99mTc-annexin V binds to exposed phosphatidylserine 

(PS) on the outer surface of apoptotic cells [5]. Accordingly, 99mTc-annexin 

V has been effectively used to noninvasively visualize regions of apoptosis 

in patients with various pathologies [6-9], as well as experimental models 

[10, 11]. We aimed to establish whether cardiac apoptosis can be assessed 

non-invasively in ARVC/D patients. 
 

Methods 

Patients 

The institutional review board approved the study protocol and informed 

consent was obtained from all study subjects. Six ARVC/D patients were 
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examined. The patients, who fulfilled the ARVC/D Task Force criteria [12], 

were randomly taken from the cohort of ARVC/D patients at our institution. 

At the time of diagnosis echocardiography (patient 3,4,5, and 6) and MRI 

(patient 1 and 2) were used to describe the RV kinetic abnormalities. 

Anatomical changes of the RV consist of mild to severe global dilatation, 

aneurysms, and segmental hypokinesia. Sites of involvement of the RV are 

found in the triangle of dysplasia, namely the RVOT, the apex and the 

infundibulum.  In all patients, molecular genetic analysis was performed and 

focused on known mutations related to ARVC/D; this included plakophilin-

2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), desmocollin-2 

(DSC2), plakoglobin (JUP), and transmembrane protein 43 (TMEM43) [13, 

14]. Scintigraphy was performed when they were in clinically stable 

condition (no ventricular tachyarrhythmias or heart failure symptoms in the 

2 months prior to inclusion). No patient had a history of coronary artery 

disease, diabetes or hypertension. 

Scintigraphy 

Patients were intravenously injected with 600MBq of technetium-99m 

Hynic-rh-Annexin V (99mTc-annexin V). Four hours after administration, 

single photon emission computed tomography (SPECT) acquisitions were 

made using a dual-headed gamma camera equipped with 3/8” NaI(Tl) 

crystal and combined with a low-dose CT (Infinia, General Electric Medical 

Systems, Haifa, Israel). SPECT acquisitions were made with low-energy, 

high-resolution collimators, a 15% energy window on the 140 keV 

photopeak, according to a step-and-shoot protocol with a total of 90 frames 

and 30 sec per frame in a 128*128 matrix and a zoom of 1.28. SPECT 

images were iteratively reconstructed (OSEM) and corrected for attenuation 

using the low-dose CT of the Infinia (no intravenous contrast).  
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Analysis of scintigraphic data 

To define the anatomical borders of the myocardium within the thorax, 

anatomical tomographic images are essential and the low-dose CT images of 

the Infinia could not be used for this purpose. Therefore, tomographic 

anatomical images (contrast enhanced CT or cardiac MRI performed prior 

to ICD implantation) performed within 2 months of 99mTc-annexin V 

scintigraphy, were retrieved for all subjects. To align the anatomical images 

with the SPECT data, first the matrix size of the anatomical images was 

adjusted to the SPECT matrix size (128x128) and secondly the images were 

automatically aligned (MultiModality, HERMES Medical Solutions, Sweden). To 

semi-quantify 99mTc-annexin V myocardial uptake, three regions of interest 

(ROI) (RV wall, interventricular septum [IVS] and left ventricle [LV] free 

wall) were drawn on 3 summed mid-myocardial horizontal long axis 

anatomical images. To correct for background activity (i.e. non-specific 

uptake) a separate region was drawn in both lungs. As there were no 

differences in both lung regions these values were aggregated to one value 

(mean counts per pixel). The ROIs were determined on the anatomical 

images and subsequently the ROIs were copied to the aligned SPECT 

images. 99mTc-annexin V uptake in each separate ROI was calculated as the 

ratio of mean counts per pixel in the specific myocardial region over the 

mean counts per pixel in the total myocardium (i.e. the sum of all 3 ROIs). 

Both the regional as the total myocardial activity were corrected for 

background activity by subtraction of non-specific uptake. The attenuation 

corrected SPECT data were used for analysis. The reader was blinded to the 

clinical information. 
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Follow-up 

Long-term follow-up data were obtained from at least one of three sources: 

visit to the outpatient clinic; review of the patient’s hospital records; 

personal communication with the patient’s physician. This analysis focused 

on the occurrence of ventricular arrhythmias, appropriate ICD discharge, 

and sudden cardiac death. One patient was lost to follow-up. The mean 

follow-up was 27 ± 8 months (range 18 – 57 months). 

Statistical analysis 

Data are presented as mean ± SD. Mean values were compared for 

differences using the (un)-paired Student’s T-test when appropriate. In case 

of multiple comparisons, means were compared for differences with 

analysis of variance (ANOVA) using a post-hoc Bonferroni correction 

(SPSS for Windows 16.0.2.1, SPSS Inc., USA). A p value < 0.05 was 

considered to indicate statistical significance. 

 
Results 
 
Clinical spectrum 

Table 1 summarizes the demographic/clinical data. All patients fulfilled the 

ARVC/D Task Force criteria [12]. Their mean age at clinical presentation 

was 36.7±13.9 years (range 19-55 years) and 33% (n=2) were women. In 

five patients, ventricular tachycardia (VT) with left bundle branch block 

(LBBB) morphology was the first expression of ARVC/D. One patient 

presented with syncope. Two patients had a positive family history of 

premature sudden cardiac death. All patients had normal LV function by 

echocardiography and all patients had an implantable cardioverter 

defibrillator (ICD). All patients had a history of haemodynamically unstable 

VT. Four patients were on anti-arrhythmic agents. One patient had the 
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C796R mutation in PKP2, while one had the T335A mutation in DSG2. In 

the remaining patients, no DNA mutations were found. One patient (patient 

6) had severe segmental dilation of the RV on echocardiography (major 

ARVC/D Task Force criterion [12]). The other five patients had regional 

RV hypokinesia (patients 2,3 and 5), mild segmental dilation of the RV 

(patient 4) and mild global RV dilatation with normal LV function (patient 

1) on echocardiography (minor ARVC/D Task Force criteria [12]).  
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Myocardial 99mTc-annexin V uptake 

Figure 1 shows a typical example of a patient who exhibited increased 
99mTc-annexin V uptake in the RV wall (patient 2). Overall, the RV wall 

showed a higher 99mTc-annexin V uptake (1.328 ± 0.437) than the LV wall 

(0.936 ± 0.175, p = 0.049) or the IVS (0.902 ± 0.222, p = 0.026). There was 

no difference in 99mTc-annexin V uptake between the LV wall and the IVS 

(p = 0.986). However, the overall higher uptake of 99mTc-annexin V in the 

RV wall could be explained by the fact that 50% of patients (patient 3, 5 and 

6) showed increased 99mTc-annexin V uptake in the RV compared to the 

other 3 patients (patient 1, 2 and 4) (1.788 ± 0.133 vs 0.983 ± 0.034 

respectively, p = 0.001, Figure 2).  

Figure 1 

 
ARVC/D patient with increased 99mTc-annexin V uptake in right ventricular wall. 
Coregistered transaxial images of patient 3 with cardiac magnetic resonance imaging (left) 
and 99mTc-annexin SPECT scintigraphy (right). There is increased 99mTc-annexin V uptake 
in the right ventricular (RV) wall. IVS: interventricular septum; LV: left ventricular free 
wall 
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Figure 2 

 
Myocardial 99mTc-annexin uptake in ARVC/D patients.  99mTc-annexin uptake in the 
right ventricular (RV) wall, interventricular septum (IVS), or left ventricular (LV) wall was 
calculated as the ratio of uptake (mean counts per pixel) in this myocardial region over the 
uptake in the total myocardium (i.e., the sum of all 3 regions of interest) 
 

Follow-up 

The extent of 99mTc-annexin V uptake in the RV wall did not distinguish 

patients with arrhythmias within 2 years after 99mTc-annexin V scintigraphy 

from those without, nor did it distinguish patients in whom a gene mutation 

was found from those in whom it was not (Table 2).  
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Discussion 

Apoptosis is a significant pathophysiological feature of ARVC/D and is a 

consistent post-mortem finding of both RV and LV [1, 15]. In this study, 
99mTc-annexin V scintigraphy was performed with the purpose of 

establishing whether apoptosis can be visualized in vivo in patients with 

ARVC/D. Our results demonstrate increased 99mTc-annexin V uptake in the 

RV free wall of three ARVC/D patients, suggestive of RV-specific 

apoptotic activity in these patients. The variation in myocardial uptake of 
99mTc-annexin V between patients is not surprising and might partly be 

explained by the random distribution and the episodic nature of the 

apoptotic process [16]. Furthermore, patients differed with respect to the 

time since diagnosis and severity of morphologic abnormalities. These 

variations are probably reflected by differences in myocardial uptake of 
99mTc-annexin V.  

All our ARVC/D patients had a history of documented VT episodes. 

Mallat et al. speculated that apoptosis in ARVC/D might result from 

repetitive ventricular tachyarrhythmia episodes [15]. Furthermore, apoptotic 

myocytes are found frequently in the regions of myocardium which are not 

subjected to the invasion of adipocytes and fibrosis, suggesting that the loss 

of myocytes through apoptosis occurs as a primary process before 

adipocytes and fibrous tissues fill the vacant cellular space. Also, Valente et 

al. have reported that apoptosis is present in endomyocardial biopsy samples 

of patients with ARVC/D, especially in the early symptomatic phase of the 

disease [17].  

The exposure of PS on the cell surface is a general marker of 

apoptotic cells. Non-apoptotic PS externalization is induced by several 

activation stimuli, including engagement of immunoreceptors. Externalized 
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PS is observed in apoptotic, injured, infected, senescent, or necrotic cells 

and becomes a target for recognition by phagocytes [18-20]. Thus, in 

addition to acting as a marker for apoptosis, annexin V may be a marker of 

inflammation and cell stress. Accordingly, the myocardial uptake of 99mTc-

annexin V is most likely not only a marker of apoptosis, but may also partly 

reflect local inflammation. Patchy inflammatory infiltrates in RV are 

consistently reported in ARVC/D, both in in-vitro and in-vivo examinations 

[3, 21, 22]. 

Patchy cell death combined with inflammatory infiltration is a 

common histological finding in ARVC/D [23]. The inflammation might be a 

reaction to proinflammatory cytokines induced by cell detah and/or 

apoptosis or caused by an infectious myocarditis (e.g. viral infection) [21, 

24]. Although it is most likely that these factors are, at least to some extent, 

interrelated, it is not known whether there is a causal relationship between 

inflammation and cell death in ARVC/D. However, it remains unclear 

whether myocarditis in ARVC/D is disease-initiating (a primary event) or a 

reaction to processes initiated by ARVC/D.  

Study limitations and clinical usefulness 

A first limitation of our study is the small number of patients. The findings 

that 99mTc-annexin V myocardial uptake was observed in three out of six 

patients might be explained by the random distribution and the episodic 

nature of the apoptotic process. Secondly, no cardiac biopsies were 

obtained. Therefore, a validation of the 99mTc-annexin V myocardial uptake 

with histology was not possible.  

Recently a proposal for modification of the in 1994 published highly 

specific ARVC/D Task Force criteria has become available [25]. The 

revision has incorporated new knowledge and technology to improve 
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especially the sensitivity of the Task Force criteria without changing the 

high specificity. However, at the time of patient inclusion the in 1994 

published ARVC/D Task Force criteria were used [12]. As expected, 

because of the relatively unchanged specificity, re-evaluation of the patients 

included in our study according these new criteria did not change the 

clinical diagnosis in any of the patients. 

Conclusion 

Apoptosis may be detected noninvasively in ARVC/D. This possibility may 

provide us with a tool that may be used to obtain a better understanding of 

the role of apoptosis in the pathophysiology of ARVC/D. Whether it allows 

for monitoring of the disease course or the response to various treatments 

aimed at counteracting disease progression remains to be studied. 
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“Wisdom is knowing what to do next; Skill is knowing how to do it, and Virtue is 

doing it.” 
David Starr Jordan 
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Abstract 

Introduction: The cardiac sodium channel (Nav1.5) controls cardiac 

excitability. Accordingly, SCN5A mutations that result in loss-of-function of 

Nav1.5 are associated with various inherited arrhythmia syndromes that 

revolve around reduced cardiac excitability, most notably Brugada 

syndrome (BrS). Experimental studies have indicated that Nav1.5 interacts 

with the cytoskeleton and may also be involved in maintaining structural 

integrity of the heart. We aimed to determine whether clinical evidence may 

be obtained that Nav1.5 is involved in maintaining cardiac structural 

integrity. 

Methods: Using cardiac magnetic resonance (CMR) imaging, we compared 

right ventricular (RV) and left ventricular (LV) dimensions and ejection 

fractions between 40 BrS patients with SCN5A mutations (SCN5a-mut-

positive) and 98 BrS patients without SCN5A mutations (SCN5a-mut-

negative). We also studied 18 age/sex-matched healthy volunteers. 

Results: SCN5a-mut-positive patients had significantly larger end-diastolic 

and end-systolic RV and LV volumes, and lower LV ejection fractions, than 

SCN5a-mut-negative patients or volunteers. 

Conclusion: Loss-of-function SCN5A mutations are associated with 

dilatation and impairment in contractile function of both ventricles that can 

be detected by CMR analysis. 
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Introduction 

The cardiac sodium channel, Nav1.5, controls cardiac excitability by 

triggering the action potential of working cardiac myocytes and driving 

electric impulse transmission. Its pore-forming α-subunit is encoded by 

SCN5A. Accordingly, SCN5A mutations that result in loss-of-function of 

Nav1.5 are associated with various inherited arrhythmia syndromes that 

revolve around reduced cardiac excitability ("loss-of-function SCN5A 

channelopathy")[1]. The most prevalent syndrome is Brugada syndrome 

(BrS) [2]. More rarely, loss-of-function SCN5A mutations cause progressive 

cardiac conduction disease [3], atrial standstill [4], atrioventricular (AV) 

block [5], or sinus node disease [6]. It has long been assumed that cardiac 

structural abnormalities are undetectable by clinical imaging methods in 

individuals with loss-of-function SCN5A channelopathies. This would be 

consistent with the conventional concept that Nav1.5 is only involved in 

maintaining electrical integrity of the heart. However, this paradigm has 

been challenged by the recent discovery that Nav1.5 may also be involved in 

maintaining structural integrity of the heart. Although unexpected, such an 

involvement was supported by experimental studies which have indicated 

that Nav1.5 is part of a macromolecular complex that contains 

cystoskeleton/cytoskeleton-associated proteins (reviewed in [7]). Moreover, 

loss-of-function SCN5A mutations were found in rare patients with dilated 

cardiomyopathy [8]. Still, clinical evidence to link SCN5A mutations to 

structural derangements is anecdotal [9-11], equivocal [12,13], or indirect 

[14-16]. For instance, while one study showed histopathological 

derangements in myocardial biopsies of BrS patients [12], the 

pathophysiologic role of these derangements was questioned in another 

study [13]. Studies of BrS patients that used cardiac magnetic resonance 
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(CMR) imaging [14-17] showed subtle abnormalities, including reduced 

contractile function of both right ventricle (RV) and left ventricle (LV), and 

dilatation of the RV outflow tract (RVOT). Yet, these studies were not 

designed to analyze whether such changes are related to the presence of 

SCN5A mutations, as they did not specifically compare patients with SCN5A 

mutations to patients without SCN5A mutations (BrS is also linked to other 

genes, and SCN5A mutations, while playing an important role in BrS, are 

only found in up to 25% of BrS patients [18]). Such an analysis would 

address the question whether SCN5A variants per se cause structural cardiac 

derangements.  

With the aim of obtaining clinical evidence whether SCN5A is 

involved in maintaining cardiac structural integrity, we systematically 

compared cardiac dimensions and contractility between 40 BrS patients with 

SCN5A mutations and 98 BrS patients without SCN5A mutations using 

cardiac magnetic resonance imaging (CMR). 

 

Methods 

This single-center study was conducted according to the principles 

expressed in the Declaration of Helsinki. The Ethics Committee of the 

Academic Medical Center Amsterdam approved this study. Written 

informed consent was obtained from all patients and controls. 

CMR analysis  

We studied 138 consecutive SCN5A genotyped BrS patients (57 probands) 

who had undergone CMR. We studied 3 groups: (1) patients with SCN5A 

mutations (SCN5A-mut-positive, n=40), (2) patients without SCN5A 

mutations (SCN5A-mut-negative, n=98), (3) age/sex-matched healthy 

volunteers (n=18). We used a 1.5 Tesla whole-body imaging system 
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(Avanto, Siemens, Germany) with a dedicated phased-array cardiac coil. 

The heart was visualized in the standard long axis and short axis views, the 

latter encompassing the total heart, using standard available steady state free 

precession sequences. Scan parameters were: TR 1-2ms, TE 2-4ms, Flip 

Angle 60-80o, slice thickness 6mm, spatial resolution in the x-y direction: 1-

2mm/pixel, temporal resolution 20-30ms. To evaluate the presence of 

myocardial fatty infiltration and edema, we acquired short axis double 

inversion T1 weighed and T2 weighed, fat saturated black blood images, 

encompassing the total heart (TR=RR interval, TE 40ms, slice thickness 

6mm, interslice gap 2mm, spatial resolution in the X-Y plane ≥1mm/pixel). 

After administration of intravenous Gadolinium contrast, additional double 

inversion T1 weighed black blood images with fat-suppression to assess late 

enhancement (as an indicator of myocardial fibrosis) was acquired in the 

axial direction. Images were acquired during repeated end-expiratory 

breath-holds. Quantitative analysis was performed off-line using dedicated 

commercially available software (MASS, Leiden, The Netherlands). LV and 

RV end-systolic and end-diastolic images were isolated in the stack of short 

axis CINE images and the endocardial borders were delineated manually. 

From end-systolic and end-diastolic LV and RV volumes, calculated by the 

modified Simpson’s rule, stroke volumes and ejection fractions were 

derived. Thickness of the LV posterior wall and anterior interventricular 

septum (IVS) were measured on an end-diastolic short-axis slice 

immediately basal to the tips of the papillary muscles. RVOT area was 

measured at the level of the aortic valve on the axial black blood images. 

Dimensions were corrected for body surface area (BSA). All image analyses 

were performed by two experienced observers who were blinded to the 

clinical history and results of genetic screening. 
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Molecular genetic analysis 

The entire coding region of SCN5A was analyzed as described previously 

[19]. Truncating mutations were defined as those in which a premature stop 

codon was present or caused by a frameshift. In all SCN5A-mut-negative 

patients, we also screened SCN1B and GPD1-L, but found no mutations. 

Statistical analysis 

Data are mean±SD. Two-tailed t-test was performed to compare group 

means, Chi-square test to compare proportions. Linear regression analysis 

was performed to study the relation between ECG parameters (heart rate, PR 

duration, QRS duration) and cardiac dimensions. Linear regression analysis 

was also performed to compare CMR data between patient groups, thereby 

correcting for sex and presence of coronary artery disease. p<0.05 was 

considered statistically significant.  
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Results 

Demographic and ECG data 

Demographic data were not different between groups (Table 1). Consistent 

with our previous study [20], SCN5A-mut-positive patients had evidence of 

generally slower conduction than SCN5A-mut-negative patients, i.e., longer 

electrocardiographic PR and QRS intervals. No patient had right or left 

bundle branch block. 

Table 1 
 SCN5A 

positive 
(n=40) 

SCN5A 
negative 
(n=98) 

volunteers 
(n=18) 

P value* 
SCN5A positive 

vs. 
SCN5A negative 

Age, years 45.1±14.3 43.9±12.5 42.0±8.7 0.77 
Sex, man/woman (n) 22/18 49/49 8/10 0.46 

  

Type of SCN5A 
mutation, 

   

missense/truncation (n) 33/7   

     
     

ECG parameters     
Heart rate, beats per 
min 

64.7±10.1 68.8±11.0  0.049 

PR, ms 192.2±30.5 162.3±23.4  <0.001 

QRS, ms 110.7±15.2 100.7±11.7  <0.001 

QT, ms 383.9±26.5 365.3±30.7  0.001 
QTc, ms 396.3±28.3 387.9±24.2  0.09 
S duration in II, ms 41.2±27.2 35.2±19.8  0.16 
S amplitude in II, mV 0.23±0.23 0.19±0.15  0.23 
S duration in III, ms 33.5±32.0 34.3±26.0  0.88 
S amplitude in III, mV 0.18±0.24 0.21±0.26  0.46 
 
         Demographic and ECG data. * P value calculated with two-tailed t-test 
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Qualitative CMR analysis 

Only few patients had some evidence for myocardial fibrosis or fatty 

infiltration, and the proportion of such patients did not differ statistically 

significantly between the groups: fibrosis in 3 of 40 SCN5A-mut-positive 

and 3 of 98 SCN5A-mut-negative patients (p=0.1); fatty infiltration in 1 of 

40 SCN5A-mut-positive and 2 of 98 SCN5A-mut-negative patients (p=0.9). 

No patient had evidence for myocardial edema. 

Quantitative CMR analysis 

• Right ventricle 

SCN5A-mut-positive patients had larger RV dimensions than subjects 

without SCN5A mutations (SCN5A-mut-negative patients or volunteers), as 

evidenced by larger RV end-systolic and end-diastolic volumes. Moreover, 

their RV ejection fractions were lower, albeit still in the normal range, than 

in volunteers (Table 2). In contrast, RVOT areas were significantly larger in 

both patient groups (SCN5A-mut-positive or SCN5A-mut-negative) than in 

volunteers. All other RV dimensions were similar between the 3 groups. 

• Left ventricle 
 
SCN5A-mut-positive patients also had larger LV end-systolic volumes and 

lower (within the normal range) LV ejection fractions than subjects without 

SCN5A mutations (SCN5A-mut-negative patients or volunteers, Table 2). 

All other LV dimensions were similar between the 3 groups. 
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Correlation between CMR changes and severity of reduction in Nav1.5 

current  

Having found that SCN5A mutations are associated with changes in 

ventricular dimensions and contractility, we studied whether the severity of 

CMR changes correlated with the severity of reduction in Nav1.5 current. As 

a measure of such reduction, we used the magnitude of PR or QRS 

prolongation. We found that PR and QRS width correlated statistically 

significantly with end-systolic volumes of RV and LV (Table 3). We also 

studied whether RV/LV dimensions and ejection fractions were lower in 

SCN5A-mut-positive patients with truncating SCN5A mutations (more 

reduction in Nav1.5 current predicted, n=7) than in those with missense 

SCN5A mutations (less reduction in Nav1.5 current predicted, n=33). 

Although RV and LV ejection fractions tended to be lower in the small 

group of patients with truncating mutations than in patients with missense 

mutations, these differences did not reach statistical significance (Table 4). 

Finally, we conducted a subanalysis in the 2 patients in this cohort (2 men, 

aged 25 and 38 years) who were compound heterozygous carriers of a 

SCN5A mutation. These patients appeared to have, on average, more RV 

and LV dilatation (RVEDV/BSA 107.5±0.9, RVESV/BSA 60.0±5.7, 

LVEDV/BSA 99.4±1.6, LVESV/BSA 50.0±3.7) and more reduced RVEF 

and LVEF (RVEF 44.1±5.8, LVEF 49.7±4.5) than patients with a single 

SCN5A mutation. Because these were only 2 patients, we conducted no 

statistical analysis to test for differences with patients with a single SCN5A 

mutation. 
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Table 3  
 correlation coefficient, R P value* 

PR vs. RVESV 0.21 0.014 

QRS vs. RVESV 0.24 0.006 

PR vs. LVESV 0.25 0.005 

QRS vs. LVESV 0.26 0.003 

 
Correlation between electrocardiographic PR and QRS width and end-systolic 
volumes of RV and LV. LVESV, left ventricular end-systolic volume; RVESV, right 
ventricular end-systolic volume.* P value calculated with linear regression analysis 
Table 4 

 truncating 

mutation 

(n=7) 

missense mutation 

(n=33) 

P value* 

Age, years 43.0±21.2 45.5±12.8 0.06 

Sex, man/woman (n) 3/4 19/14 0.48 

RVEDV/BSA, ml/m2 85.4±10.9 88.5±15.1 0.61 
 

RVESV/BSA, ml/m2 44.4±9.6 42.5±11.4 0.68 

RVEF, % 48.7±5.3 52.7±6.0 0.11 

LVEDV/BSA, ml/m2 78.4±22.7 84.3±14.8 0.39 
 

LVESV/BSA, ml/m2 35.4±8.7 38.0±9.6 0.51 

LVEF, % 53.2±8.7 55.2±6.0 0.46 

 
RV/LV dimensions and ejection fractions in patients with truncating SCN5A 
mutations and missense SCN5A mutations. LVEDV/BSA, left ventricular end-diastolic 
volume corrected for body surface area; LVEF, left ventricular ejection fraction; 
LVESV/BSA, left ventricular end-systolic volume corrected for body surface area; 
RVEDV/BSA, right ventricular end-diastolic volume corrected for body surface area; 
RVEF, right ventricular ejection fraction; RVESV/BSA, right ventricular end-systolic 
volume corrected for body surface area.* P value calculated with two-tailed t-test 
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Analysis of possible confounders 

We studied the possible role of confounders for RV/LV contractile function. 

First, we studied for differences in the prevalence of a spontaneous type-1 

pattern on the baseline ECG [21]. Among SCN5A-mut-positive patients, 10 

had a spontaneous type-1 pattern on the baseline ECG, while 30 had a type-

1 pattern only after ajmaline testing. These numbers were 7 and 91, 

respectively, for SCN5A-mut-negative patients (the number of ECGs per 

patient were 7.3±4.6 and 7.4±4.4 among SCN5A-mut-positive and SCN5A-

mut-negative patients, respectively). The proportion of patients with a 

spontaneous type-1 pattern was statistically significantly higher among 

SCN5A-mut-positive patients (p=0.004). It is conceivable that the higher 

proportion of such patients may indicate that SCN5A-mut-positive patients 

were more severely affected, and that this may (partly) explain the 

difference in RV and LV dimensions between SCN5A-mut-positive and 

SCN5A-mut-negative patients [15]. Yet, patients with a spontaneous type-1 

pattern were not statistically significantly different from patients with a 

type-1 pattern only after ajmaline testing with regards to RVEDV, RVESV, 

LVEDV or LVESV. 

The prevalences of hypertension or diabetes were not statistically 

significantly different between SCN5A-mut-positive patients (hypertension: 

5/40, diabetes: 1/40) and SCN5A-mut-negative patients (hypertension: 14/98 

[p=0.8 vs. 5/40], diabetes: 5/98 [p=0.5 vs. 1/40]). The prevalence of 

coronary artery disease was statistically significantly higher among SCN5A-

mut-positive patients (4/40) than among SCN5A-mut-negative patients (1/98 

[p=0.01]). Yet, it is unlikely that the higher proportion of patients with 

coronary artery disease explained the higher values of RVEDV, RVESV, 

LVEDV or LVESV observed among SCN5A-mut-positive patients, because 
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we corrected for the presence of coronary artery disease (and sex) when we 

compared these measures between the groups. Moreover, the average values 

for RVEDV, RVESV, LVEDV, and LVESV did not differ statistically 

significantly between patients with coronary artery disease and those 

without. 

Heart rates of SCN5A-mut-positive patients were statistically significantly 

lower than in SCN5A-mut-negative patients during cardiac MRI 

examination (66.3±10.8 vs. 72.3±11.9 beats per minute, p=0.007). Longer 

diastolic filling times may have contributed in part to larger end-diastolic 

volumes of RV and LV in SCN5A-mut-positive patients. Indeed, we found 

that cycle length correlated statistically significantly with RVEDV/BSA 

(p=0.002), RVESV/BSA (p=0.003), LVEDV/BSA (p=0.001), and 

LVESV/BSA (p=0.02) (but not with RVEF [p=0.2] or LVEF [p=0.9]). Yet, 

these correlations were only weak (correlation coefficients were 0.27, 0.25, 

0.28, and 0.20, respectively), suggesting that this is not the only factor to 

explain differences in RV and LV dimensions between SCN5A-mut-positive 

and SCN5A-mut-negative patients.  
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Discussion 

We found that BrS patients with an SCN5A mutation have enlargement of 

both RV and LV, compared with persons without an SCN5A mutation 

(SCN5A-mut-negative BrS patients or volunteers). The severity of RV/LV 

enlargement correlated with the magnitude of reduction in Nav1.5 current, 

suggesting a causative role of reduction in Nav1.5 current. However, this 

correlation was not strong. Previous studies add further evidence to the 

notion that Nav1.5 current reduction alone is not sufficient to cause 

structural changes in RV and LV. For instance, rats and mice with 

chronically reduced Nav1.5 current secondary to long-term (18-24 months) 

treatment with flecainide, a cardiac antiarrhythmic drug that blocks Nav1.5 

current, did not develop cardiac fibrosis [22]. Thus, the presence of 

abnormal Nav1.5 proteins per se in our SCN5A-mut-positive patients may 

have contributed to the increases in cardiac dimensions and reductions in 

contractility. This finding would support the recent proposal that Nav1.5 is 

involved in maintaining structural integrity of the heart. This proposal is 

supported by various transgenic mouse studies in which SCN5A was 

mutated to recapitulate loss-of-function SCN5A channelopathy exhibited 

age-dependent degenerative histopathologic changes, including fibrosis and 

fatty replacement [23,24]. 

 Nav1.5 is a transmembrane protein composed of the main pore-

forming α-subunit and two subsidiary β-subunits (β1 and β2)1. There is 

accumulating evidence that Nav1.5 forms part of a macromolecular 

complex7 and that its function is modulated by cytoskeleton proteins, e.g., 

tubulin [25], syntrophin, and dystrophin [ 26,27]. Given these interactions 

between Nav1.5 and cytoskeleton proteins, it is conceivable that, conversely, 

abnormal Nav1.5 proteins affect cytoskeleton function and structural 
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integrity of cardiomyocytes. Yet, this proposal awaits experimental 

evidence. 

While we found that ejection fractions of RV and LV were lower in 

carriers of a SCN5A mutation than in non-carriers, RVOT diameters were 

similarly increased in SCN5A-mut-positive and SCN5A-mut-negative 

patients. This finding indicates that structural derangement of RV is a 

common feature of BrS. RV may be more susceptible than LV to stressors 

that disrupt structural integrity. Support for this notion comes from the 

observation that fibrosis was largest in RV, in particular, RVOT, in control 

hearts. The biological basis of these observations is a matter of speculation. 

It may lie in fundamental differences in gene expression profiles between 

RV and LV that can be traced to embryologic development of the heart [28]. 

Thus, electrical and mechanical properties of RV and LV are intrinsically 

different, and genetic and environmental stressors may act differently in RV 

and LV. Importantly, SCN5A expression is higher in RV than in LV [29]. 

Thus, if Nav1.5 contributes to cytokeleton integrity of the heart, loss-of-

function SCN5A channelopathy is expected to affect RV more strongly than 

LV. Still, we obtained evidence that the pathophysiologic derangements in 

BrS are not confined to RV, as long assumed, but that LV is also 

significantly affected, as recently reported [15]. The observation that BrS 

affects both ventricles, and that RVOT dilatation is a feature shared by all 

BrS patients, regardless of the presence of a SCN5A mutation, may be taken 

as supportive evidence for the notion that BrS should be considered a 

cardiomyopathy with predominant but not exclusive involvement of RV, 

similar to arrhythmogenic right ventricular cardiomyopathy. Moreover, it 

suggests that the disease-causing genes in BrS patients who have no SCN5A 

mutation are also involved in structural integrity of the heart, similar to 
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SCN5A. One explanation could be that the protein products of these genes 

(most of which await discovery) also interact with the cytoskeleton, possibly 

through their interaction with SCN5A. Indeed, some known genes that are 

involved in BrS (although rarely) interact with SCN5A, notably SCN1B [30] 

and GPD1-L [31]. It is conceivable that the SCN5A-mut-negative BrS 

patients in our study carried mutations in such genes (but not in SCN1B and 

GPD1-L, which were screened), and that the presence of these mutations 

explained, at least in part, why SCN5A-mut-positive patients differed far 

less from SCN5A-mut-negative patients than from controls with regards to 

CMR parameters. Similarly, the differences between SCN5A-mut-positive 

and SCN5A-mut-negative patients were only statistically significant for 

RVEDV, RVESV, LVESV, and LVEF, and we observed no differences in 

the incidence of fibrosis or fatty infiltration between both groups. While the 

lack of statistical significance for fibrosis or fatty infiltration may indicate a 

lack of statistical power in our study, it is to be expected that differences 

between SCN5A-mut-positive and SCN5A-mut-negative patients are 

relatively small, and that other parameters for structural properties are not 

different between both groups, given the fact that Brugada syndrome is 

generally regarded a primary electrical disease, i.e., a disease in which gross 

structural changes cannot be routinely detected with current cardiac imaging 

methods. 

Our findings of larger RV dimensions, reduced contractile function 

of both RV and LV, and larger RVOT areas in BrS patients are in 

accordance with previous studies [14-17].  However, some of our values 

(e.g., RVEDV and LVEDV) are different from those studies. Since our 

values of end-diastolic volumes, end-systolic volumes, and ejection 

fractions of LV and RV are within the range of published normalized data 
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[32], we believe that these differences can be mainly attributed to 

methodological differences (e.g., determining which basal slice to include in 

the analysis). Of importance, we included our own cohort of healthy 

volunteers in which the analysis was done in the same way as in the 

patients. 

While we found that SCN5A-mut-positive BrS have reduced ejection 

fractions, previous studies have indicated that BrS patients also have slow 

conduction of the cardiac electrical impulse, notably in RV [33,34]. We 

cannot rule out that conduction slowing may have resulted in loss of 

contractile synchrony between various regions of the heart [35], and that this 

may have contributed partly to reduced ejection fractions. In any case, 

patients with right or left bundle branch block were not included in the 

present analysis. 

Moreover, we found that QRS (and PR) width correlated with end-

systolic volumes of RV and LV. Yet, it must be noted that QRS width per se 

may not reflect solely sodium channel malfunction/deficiency, but that it 

may also be caused by other factors, e.g., nonsynchronous activation. 

Clearly, ECG analysis alone cannot distinguish between the effects of each 

of these (and possibly other) factors. Still, nonsynchronous activation may 

be an important factor that may adversely affect RV and LV hemodynamics. 

This has been clearly shown in numerous studies that demonstrated the 

beneficial effects of cardiac resynchronization therapy for patients with left 

ventricular failure which is associated with dyssynchronous activation of 

parts of the LV [36]. However, in the case of BrS, a disease that 

predominantly affects the RV, dyssynchrony is more likely to relate to later 

activation of RV with respect to LV, rather than between various parts of 

LV [35]. Moreover, we recently showed not only that, in RV disease, RV 
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activation is delayed with respect to LV activation, and that this delay is 

associated with adverse hemodynamic effects, but also that these adverse 

effects can be corrected by resynchronization (pacing) of RV [37]. 

Limitations 

Cardiac dilatation and reduced contractility may be due to histologic 

changes (fibrosis, fatty degeneration), as recently reported12. However, we 

found virtually no signs for these abnormalities. It is probable that the 

spatial resolution of current clinical imaging methods, such as CMR, is too 

low to detect such changes; this would explain why BrS has been classified 

a primary electrical disease, and it has taken long before it was recognized 

that structural derangements are also present. We expect that the ability to 

study larger cohorts or use new imaging techniques may unmask differences 

in the incidence of histopathologic abnormalities between SCN5A-mut-

positive and SCN5A-mut-negative patients and/or between BrS patients and 

non-BrS patients. It is conceivable that such an ability may have immediate 

clinical implications, e.g., for risk stratification. For instance, studies are 

now emerging which clearly demonstrate that areas of fibrosis are crucially 

linked to the occurrence/inducibility of reentrant arrhythmias, including 

ventricular fibrillation, in BrS patients [9,10,38]. 

While this study focused on a possible role of Nav1.5 in determining 

RV and LV dimensions and contractility, it is conceivable that other 

sarcolemmal ion channels involved in BrS, e.g., L-type calcium channels 

may also play a role; the L-type calcium channel encoding genes implicated 

in BrS [39] were, however, not screened. 

Conclusions 

Loss-of-function SCN5A mutations are associated with dilatation and 

impairment in contractile function of both ventricles that can be detected by 
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CMR analysis. These findings support the notion that Nav1.5 is involved in 

maintaining structural integrity of the heart. 
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“Life can be pulled by goals just as surely as it can be pushed by drives”. 
Viktor E. Frankl  
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Heart failure, a major and still growing public health problem, appears to 

result not only from cardiac overload or injury but also from a complex 

interplay among genetic, neurohormonal, inflammatory, and biochemical 

changes acting on cardiomyocytes, the cardiac interstitium, or both. 

Multitudes of recent studies suggest that loss of terminally differentiated 

cardiac myocytes contributes to the development of heart failure. Studies 

have reported that apoptosis occurs in myocardial tissue samples from 

patients suffering from myocardial infarction, dilated cardiomyopathy and 

end-stage heart failure [1-4] as well as in animal model of ischemia-

reperfusion injury [5-7]. Apoptosis is activated in cardiomyocytes by 

multiple stressors that are commonly seen in cardiovascular disease such as 

cytokine production [8,9], increased oxidative stress [10], and DNA damage 

[11].  

It is generally accepted that apoptosis plays an important role in left 

ventricular (LV) disease [12]. While initial studies of LV failure reported 

unrealistically high levels of apoptotic cell death [13], later work has 

consistently shown that approximately 80-250 cardiomyocytes per 105 

cardiac nuclei undrgo apoptosis at any given time in patients with late-stage 

dilated cardiomyopathy [14-16]. In contrast, the base-line rate of apoptosis 

in healthy human hearts is only 1-10 cardiomyocytes per 105 nuclei. 

Whether the chronically elevated but extremely low level of cardiomyocytes 

observed in LV failing hearts play a causal role remains a controversial 

issue with major therapeutic implications. In contrast, the association of 

apoptosis with RV disease progression (17,18) is unclear. 

In the MCT rat model we demonstrated that apoptosis exhibits a 

particular time course, peaking at early disease stages (RV hypertrophy) and 

declining thereafter (RV failure), but remaining significantly increased over 
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baseline values at all RV disease stages. Furthermore, we showed that serial 
99mTc-ANX V scintigraphy can be used to monitor apoptosis throughout RV 

disease progression in a noninvasive manner [19]. 99mTc-ANX V binds to 

exposed phosphatidylserine on the outer surface of apoptotic cells [20], thus 

allowing the visualization and localization of cells undergoing apoptosis. 

Also, we found that a delay in RV disease progression by Valsartan 

(angiotensin II receptor antagonist) was attended by a reduction in RV 

apoptosis [19]. This observation not only illustrates that serial in vivo 99mTc-

ANX V scintigraphy may be used to monitor the effects of therapy aimed at 

counteracting apoptosis, but supports the notion that apoptosis is causally 

related to RV disease. Still, it must be noted that it does not prove a causal 

relation, because RV disease progression was not completely arrested and 

apoptosis was not completely abolished. The reported percentage of 

apoptosis in end-stage LV failure is similar to our findings in the RV failure 

stage [21]. The occurrence of apoptosis during early RV disease stages 

suggests a potentially beneficial effect of apoptosis inhibition. Studies from 

a transgenic mouse model of cardiac-restricted expression of ligand-

activated pro-caspase 8 have demonstrated that even low levels of 

cardiomyocyte apoptosis are sufficient to cause lethal dilated 

cardiomyopathy. Most significantly, the treatment with caspase inhibitors 

prevents cardiac dilatation and attenuates cardiac decomposition [22]. 

Since the regenerative capacity of the myocardium is limited, there is 

intense interest in the prevention of cardiomyocytes loss in cardiovascular 

diseases to prevent development of heart failure.  

Apart from apoptosis, the past decade has provided increasing 

evidence that inflammation is involved in the clinical deterioration of 

patients with LV failure, with increased production and enhanced release of 



Pathophisiology of Right Ventricular Heart Disease  

 180 

pro-inflammatory cytokines. Patients with heart failure have high plasma 

levels of tumor necrosis factor-alpha (TNF-α), and soluble TNF-α receptors 

1 and 2 serve as prognostic markers in this population [23]. 

The association between immune-inflammatory activation and RV 

disease progression is an essential observation in our study.  The 

inflammatory activation exhibited a particular time course, becoming 

elevated at an early disease stage (RV hypertrophy), peaking at the stage of 

RV dilation, and remaining elevated compared to baseline throughout 

disease progression to RV failure. Furthermore, the immune-inflammatory 

response was non-invasively assessed with 67Ga-scintigraphy and reflected 

local inflammation in RV, as confirmed by 67Ga autoradiography, 

immunohistochemistry, and gene expression profiles [24]. 

 Over the last years, two large clinical studies were conducted with 

TNF-α blockers in patients with LV failure. The RENAISSANCE study 

used Etanarcept and the ATTACH study used Infliximab [25]. Both agents 

directly antagonized TNF-α but did not prove to have any clinical benefit 

[26]. One possible explanation for the lack of response to Etanarcept is that 

it is a highly selective TNFα inhibitor, and this compound has no cross-

reaction with any known cytokine, and the highly selective nature of this 

compound could be a disadvantage [23,26]. One other argument is that the 

immune system is redundant and other pro-inflammatory cytokines 

(interleukin 1-beta, interleukin 6, and transforming growth factor-beta) can 

participate in the process of heart failure. Following this concept, there are 

now at least two forms of non-specific immunomodulatory strategies under 

investigation: the intravenous gamma globulin [27,28] and 

immunoadsorption [29]. 
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A better understanding of the mechanism of RV failure may enable us 

to find a better cure and improve the prognosis. Will it be a better insight 

into the apoptotic cascade or the inflammatory system? Will it be the ability 

to manipulate the immunological system or maybe stem cell 

transplantation? Which one of these approaches will open the door to long-

term success in the fight against RV failure? This enigma has yet to be 

solved. 

The remodeling of the RV myocardium in rare diseases such as 

arrhythmogenic right ventricular cardiomyopathy/ dysplasia ARVC/D and 

BrS was further focus of our investigation. Regardless of the mode of 

inheritance, it appears that the majority of ARVC/D-related genes encode 

for proteins that make up desmosomes, which are intracellular adhesion 

complexes that provide mechanical connections between cardiac myocytes. 

When placed under mechanical stress, the impaired desmosomes cause 

myocytes to detach from each other leading to cell death [30, 31]. This cell 

death causes inflammation with scar formation and fat deposition. 

Since ARVC/D involves focal areas of the RV and spares the inter-

ventricular septum, myocardial biopsy tends to have a low sensitivity and 

specificity. Myocardial biopsy of the RV free wall may increase the 

diagnostic yield, at the risk of increased perforation rate. Moreover, some 

degree of fat is interspersed between myocytes in healthy individuals, 

affecting the specificity of the biopsy sample. Conversely, in early stages of 

ARVC/D changes to the myocardium may not be well developed and not 

detected.  

In ARVC/D, we conducted studies using 99mTc-ANX V and 67Ga-

scintigraphy. Our results demonstrate increased 99mTc-ANX V uptake in the 

RV free wall of ARVC/D patients, suggestive of RV-specific apoptotic 
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activity in these patients. [32]. Also, with a combined analysis of plasma 

level of inflammatory cytokines and cardiac 67Ga-scintigraphy, we 

demonstrate that myocardial inflammation can be noninvasively detected in 

ARVC/D patients [33].  In vivo imaging approaches play an important role 

in understanding the complex pathophisiological mechanisms underlying 

ARVC/D disease progression, thus aiding in the development of tailored 

and efficient therapeutic tools. 

It has long been assumed that cardiac structural abnormalities are 

undetectable by standard clinical imaging methods in individuals with loss-

of-function SCN5A channelopathies.  

We found evidence that patients with a loss-of-function SCN5A mutation 

had enlargement of both RV and LV, as measured by CMR analysis [34]. 

These result support the idea that Nav1.5 is involved in maintaining 

structural integrity of the heart. 

The increasing recognition of the importance of RV dysfunction in the 

pathogenesis and outcomes of many cardiovascular diseases has led to 

resurgence in interest in assessing its pathological remodeling and function. 

While remaining a challenge, the last decades have been yielded improved 

understanding the pathophysiological mechanism underlying RV 

progression.  
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“Every man's life lies within the present; for the past is spent and done with, and 

the future is uncertain.” 

Marcus Aurelius 
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Knowledge of RV in health and disease has lagged behind that of LV. Less 

muscular, restricted to pumping blood through a single organ, and less 

frequently or obviously involved than LV in diseases of epidemic 

proportions such as myocardial ischemia, cardiomyopathy, or valvulopathy, 

the RV has generally been considered a simple spectator, a victim of 

pathological processes affecting the cardiovascular system. Accordingly, 

little attention has been devoted to how RV dysfunction may be best 

detected and measured, what specific molecular and cellular mechanisms 

contribute to maintenance or failure of normal RV function, how RV 

dysfunction evolves structurally and functionally, or what interventions 

might best preserve RV function. Nevertheless, the impairment of the RV in 

various disease states and its impact on the outcome of those diseases 

suggests that the RV is an important contributor and that further 

understanding of these issues is of fundamental importance. Data so far 

suggest that there are distinctions between the ventricles that need to be 

further evaluated and clarified to understand the differences, similarities, 

and interplay between the left and right ventricle. These issues can be 

addressed with chamber-specific studies in animal models that examine 

changes in gene expression, protein synthesis, histology, and geometry 

during initiation and progression of diseases, injury, and stress (exercise and 

disease).  

Animal models are particularly useful in determining factors that 

initiate RV dysfunction. Models would also help to identify biomarkers and 

changes in gene expression and protein synthesis associated with RV 

failure. Valuable information can be obtained from animal models through 

side-by-side comparisons of changes in the left and right ventricles. 

Parameters on which to focus would include tissue analysis; gene and 
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protein expression; and markers of oxidative stress, apoptosis, 

inflammation, collagen deposition and cell growth. When possible, such 

analyses should compare samples of patients with RV disease with animal 

models of right heart failure and pulmonary hypertension. This would help 

to address the question whether data obtained from manipulated animals can 

be extrapolated to patients with RV diseases. Animal models will be a 

necessary component to determine whether RV failure is associated with 

myocyte apoptosis or cytokine expression. With the use of the 

monocrotaline-rat model, we proved that development of RV failure is 

associated with cardiomyocyte death, inflammation and collagen deposition. 

Furthermore, we demonstrated that inflammation and apoptosis are 

mechanisms that are activated early during RV disease progression, while 

fibrosis occurs at later stages. There has been great interest for in vivo 

imaging of cellular remodelling. Non-invasive visualization of 

pathophysiological processes at the cellular level is a significant tool that 

helps translating findings in animals to the human setting. Disease 

progression and effects of novel treatments can be closely monitored with 

the use of 67Ga-scintigraphy and 99mTc-ANX V scintigraphy. The 

development of new therapeutic strategies for RV failure should be 

promoted. These novel approaches may include cell-based or gene therapy, 

new drugs or combination of existing drugs. We strongly recommend, based 

on amongst others on the findings of the studies described in this thesis, to 

focus the development of new therapeutic strategies for RV failure on 

apoptosis inhibitors and anti-inflammatory therapies.  
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“When a scientist is ahead of his times, it is often through misunderstanding of 

current, rather than intuition of future truth. In science there is never any error so 

gross that it won't one day, from some perspective, appear prophetic.” 

Jean Rostand 
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The pathophysiology of RV remodeling is a complex process and includes 

changes in geometry, wall thickness, and ventricular pressure-volume 

relationships. Additionally, myocyte dimensions, myocyte number and 

myocardial extracellular matrix are modified and infiltration of 

inflammatory cells might occur. Next to structural remodeling, alterations in 

gap junction and ion channel expression and function (electrical 

remodeling) might occur. Remodeling has been associated with pulmonary 

hypertension, RV failure, lung transplantation, LV pathology, Chagas' 

disease, ARVC/D, and recently Brugada syndrome. 

In Chapter I the development, structure and the function of the RV is 

reviewed with an emphasis on the differences with the LV. Furthermore, the 

purpose of this thesis was formulated. The cellular and molecular 

mechanisms underlying the progression to RV failure were reviewed. 

Although there is a clear distinction between both ventricles, there is a lack 

of data to understand these differences, similarities, and interplay between 

the right and left ventricle. These issues must be addressed in chamber-

specific studies in both animal models and in specific human RV diseases. 

These studies should focus on changes in gene expression, protein 

expression, histology, and geometry during the development of RV failure, 

using different RV “injury” and stress modalities. The importance of 

choosing a relevant animal model to study the pathophysiological 

mechanism underlying RV failure was emphasized in Chapter II. 

Chapter III describes the sequence of echocardiographic changes 

during development of RV failure in a monocrotaline-injected rat model of 

chronic pulmonary hypertension (PAH). In this model PAH and RV-free 

wall thickness preceded RV dilation and RV contractile dysfunction. In 
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addition, echocardiography allowed for accurate determination of clinical 

disease stage.  

In Chapter IV, 99mTc-ANX V scintigraphy showed that apoptosis 

starts in the early stages of RV disease progression and declined when 

clinically manifest RV failure occurred. TUNEL labeling confirmed that the 
99mTc-annexin scintigraphic results were a reflection of apoptosis. The study 

demonstrated that serial 99mTc-ANX V scintigraphy can be used to monitor 

RV apoptosis throughout disease progression in a noninvasive manner. In 

addition the occurrence of apoptosis during early stages of RV disease 

suggests a potentially beneficial outcome of a novel therapy targeting at 

apoptosis inhibition. The delay in RV disease progression after Valsartan 

treatment caused a reduction in RV apoptosis, as detected with serial in vivo 
99mTc-ANX V scintigraphy. This observation not only illustrates that serial 

in vivo 99mTc-ANX V scintigraphy may be used to monitor the effects of 

therapy aimed at counteracting apoptosis, but supports the notion that 

apoptosis might be related to RV disease progression in this model. 

However, it must be noted that it does not prove a causal relation, because 

RV disease progression was not completely arrested, and apoptosis was not 

completely abolished. Although these findings are in line with previous 

studies focusing on LV failure the role of apoptosis in the progression of RV 

disease into heart failure, is still controversial.  

Thus far, the role of immune-inflammatory processes has been studied 

only in patients with left ventricular disease. In these patients increased 

levels of circulating inflammatory cytokines have been shown, e.g., tumor 

necrosis factor alpha (TNF-α), interleukin-6 (IL-6), IL-1β, and various 

chemokines, e.g., monocyte chemoattractant peptide (MCP)-1 and 

macrophage inflammatory protein (MIP)-1α. Furthermore, levels of 
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activated circulatory cytokines correlated directly with the severity of left 

ventricular disease. Little is known about the role of immune-inflammatory 

activation in RV disease. Chapter V presents data of immune-inflammatory 

activation during the development of RV failure in a monocrotaline induced 

PAH rat model. Early in the development of RV failure there was an 

activation of neutrophiles in the RV. In addition noninvasive serial in vivo 
67Ga-scintigraphy for the monitoring of myocardial inflammation during RV 

disease progression was shown to be feasible. These data suggest a possible 

role of immune-inflammatory processes in the development of RV failure. It 

is anticipated that the ability to detect inflammation serially in vivo using 
67Ga-scintigraphy will not only facilitate mechanistic studies related to 

inflammation, but will also allow for monitoring the time course of the 

disease or the response to various treatments aimed at counteracting RV 

heart failure. Translational research, with an emphasis on human myocardial 

tissue, is required to determine the specific markers of RV function and 

dysfunction. Studies to identify markers in plasma as well as those in tissue 

might facilitate early diagnosis of ventricular dysfunction and may prevent 

failure. In Chapter VI, with a combined analysis of plasma level of 

inflammatory cytokines and cardiac 67Ga-scintigraphy, we demonstrated 

that myocardial inflammation can be noninvasively detected in patients with 

arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D). The 

ability to detect inflammation noninvasively provides us with an important 

tool that may be used to obtain a better understanding of the role of 

inflammation in the pathophysiology of ARVC/D. In addition to 

inflammation, apoptosis has been proposed as an important mechanism in 

ARVC/D mediating the slow, ongoing loss of heart muscle cells followed 

by ventricular dysfunction. The relation between fibro-fatty replacement and 
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apoptosis remains a matter of speculation. The possibility to detect 

apoptosis in vivo in ARVC/D patients may add to a better understanding of 

the pathophysiological mechanisms underlying disease progression. In 

Chapter VII, 99mTc-annexin V scintigraphy was performed for in vivo 

assessment of apoptosis in patients with ARVC/D. Our results demonstrated 

an increased 99mTc-annexin V uptake in the RV free wall in 3 of the 6 

studied ARVC/D patients. The variation in myocardial uptake of 99mTc-

annexin V between patients is not surprising and might be explained by the 

random distribution and the episodic nature of apoptossis. Our results are 

suggestive of a chamber specific apoptotic process. Although the role of 

apoptosis in ARVC/D is unresolved, the ability to assess apoptosis non-

invasively may aid in the diagnostic course. In addition, the ability to detect 

apoptosis in vivo with 99mTc-annexin V scintigraphy might allow for 

individual monitoring of disease progression and response to treatments 

aimed at counteracting ARVC/D progression.  

With the aim of obtaining clinical evidence on the involvement of 

SCN5A in maintaining cardiac structural integrity, we systematically studied 

144 BrS patients (Chapter VIII). Using complementary findings from 

imaging assays (CMR dimensions) and functional assays (CMR contractile 

function), we provide clinical evidence that support the idea that Nav1.5 is 

involved in maintaining structural integrity of the heart.  





 

 

 
SAMENVATTING 
 



Pathophisiology of Right Ventricular Heart Disease  

 198 

De pathofysiologie van veranderingen in het rechter ventrikel (RV) is 

complex en omvat wijzigingen in geometrie, wanddikte en ventriculaire 

druk-volume verhoudingen. Ook zijn er er modificaties in myocyt dimensies 

en aantallen en in de extracellulaire matrix, en kan infiltratie voorkomen van 

ontstekingscellen. Naast structurele veranderingen kunnen ook op electrisch 

niveau veranderingen optreden in gap junctions en in de expressie en functie 

van ion kanalen. Remodeling wordt in verband gebracht met pulmonaire 

hyypertensie, RV-falen, long transplantatie, linker ventrikel  (LV) 

pathologie, de ziekte van Chagas, arrhythmogene RV 

cardiomyopathie/dysplasie (ARVC/D) en, recentelijk, bij het Brugada 

syndroom. Hoofdstuk I biedt een overzicht van de ontwikkeling, structuur 

en functie van het RV, waarbij de nadruk ligt op de verschillen met het LV.   

Het doel van het onderzoek beschreven in dit proefschrift wordt uitgelegd 

Een overzicht wordt gegeven van de cellulaire en moleculaire mechanismen 

die ten grondslag liggen aan de progressie naar RV-falen. Hoewel er 

duidelijke verschillen zijn tussen beide ventrikels, is er een gebrek aan 

gegevens die deze verschillen, de overeenkomsten en de interactie tussen 

rechter en linker ventrikel verklaren. Voor deze kwesties is ventrikel-

specifiek onderzoek nodig in zowel diermodellen als in specifieke humane 

RV aandoeningen.  Dit onderzoek moet zich richten op veranderingen in 

genexpressie, eiwitexpressie, histologie en geometrie gedurende de 

ontwikkeling van RV-falen. Daarbij moeten diverse RV-schade en stress 

modaliteiten worden toegepast. Hoofdstuk II benadrukt het belang van de 

keuze voor een relevant diermodel voor het onderzoek naar de 

pathofysiologische mechanismen die ten grondslag liggen aan RV-falen                           

Hoofdstuk III beschrijft de opeenvolging van echocardiografische 

veranderingen gedurende de ontwikkeling van RV-falen in monocrotaline-
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geïnjecteerde ratten  met chronische pulmonale hypertensie (PAH).  Na het 

ontwikkelen van PAH in dit diermodel ontstond hypertrophy van de vrije 

wand van het RV, daarna dilatatie van deze kamer en vervolgens  

contractiele dysfunctie van het RV .Echocardiografie maakte het mogelijk 

om het stadium  van het  klinisch ziekteverloop nauwkeurig te bepalen. In 

Hoofdstuk IV wordt door middel van scintigrafie het proces van apoptose 

duidelijk gemaakt. 99mTc-ANX V scintigrafie toonde aan dat apoptose 

begint in het vroege stadium van het RV ziekteverloop en afneemt bij 

klinisch duidelijk RV-falen. TUNEL-labeling weerspiegelde de resultaten 

van 99mTC-annexin V scintigrafie en apoptose. De studie demonstreerde dat 

seriële 99mTC-ANX V scintigrafie geschikt is om op niet-invasieve wijze 

RV-apoptose te volgen gedurende het ziekte verloop. Ook suggereert de 

aanwezigheid van apoptose in de vroege stadia van aandoeningen van het 

RV een potentieel gunstig perspectief van nieuwe mogelijk toekomstige 

therapie gericht op de inhibitie van apoptose. De vertraging in de voortgang 

van RV-ziekte na behandeling met Valsartan veroorzaakte een reductie in 

RV apoptose, waargenomen met seriële in vivo  99mTC-ANX V scintigrafie.  

Deze observatie illustreert niet alleen dat seriële, in vivo 99mTC-ANX V 

scintigrafie geschikt is voor het volgen van de effecten van therapie die 

apoptose moet tegengaan, maar ook ondersteuning biedt voor de 

veronderstelling van een verband tussen apoptose en de progressie van RV-

ziekte in dit diermodel. Een causale relatie is echter niet bewezen, aangezien 

de progressie van RV-ziekte niet volledig tot stilstand kwam, en apoptose 

niet volledig werd stopgezet. Hoewel deze bevindingen overeenkomen met 

die uit eerdere studies die zich richtten op LV-falen, is de rol van apoptose 

in de progressie van RV-ziekte tot hartfalen nog steeds controversieel. Tot 

nu toe werd de rol van immuun-ontstekings processen bestudeerd uitsluitend 
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in patiënten met aandoeningen van het linker ventrikel. Bij deze patiënten 

worden verhoogde waarden in het bloed gezien van inflammatie cytokinen 

zoals tumor necrose factor alpha (TNF-α), interleukine-6 (IL-6), IL-1β, 

evenals diverse chemokines zoals monocyt chemoattractant peptide (MCP)-

1 en macrofaag inflammatie eiwit (MIP)-1α. Ook was er directe correlatie 

tussen de waarden van geactiveerde cytokines in het bloed en de ernst van 

LV-ziekte. Weinig is bekend over de rol van immuun-ontstekings activatie 

gedurende de ontwikkeling van aandoeningen van het RV. 

Hoofdstuk V geeft data van immuun-inflammatie activatie tijdens de 

ontwikkeling van RV-falen in een monocrotaline-geïnduceerd PAH 

rattenmodel. Vroeg in de ontwikkeling van RV-falen werd activatie 

waargenomen van neutrofiele granulocyten in het RV. Ook kon in vivo 

myocardiale inflamammatie tijdens de progressie van RV-ziekte worden 

gevolgd tijdens de progressie van RV-ziekte, door toepassing van niet-

invasieve 67Ga-scintigrafie. Deze waarnemingen wijzen op een mogelijke 

rol van immuun-ontstekingsprocessen in het ontwikkelen van RV-falen.  

Het is te verwachten dat het vermogen om inflammatie in vivo serieel te 

detecteren met 67Ga-scintigrafie ook het volgen van het tijdsverloop van de 

ziekte en de respons op diverse behandelingen gericht op het bestrijden van 

RV hartfalen zal faciliteren. Translationeel wetenschappelijk onderzoek, 

met name op humaan myocardiaal weefsel is vereist om de specifieke 

kenmerken (markers) van RV functie en dysfunctie vast te stellen. 

Onderzoek naar markers in plasma en weefsel kan mogelijk bijdragen aan 

de vroege diagnose van ventriculaire dysfunctie, waardoor hartfalen kan 

worden voorkomen. 

Hoofdstuk VI beschrijft de gecombineerde analyse van plasma spiegels van 

ontstekings cytokines en cardiale 67Ga-scintigrafie. Hiermee 
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demonstreerden wij de mogelijkheid van niet-invasieve detectie van 

myocardiale inflammatie in patiënten met arrhythmogene RV 

cardiomyopatie/dysplasie (ARVC/D). Dit vermogen verschaft ons een 

belangrijk middel om beter inzicht te krijgen over de rol van inflammatie in 

de pathofysiologie van ARVC/D.  

Naast inflammatie is apoptose voorgedragen als belangrijk 

mechanisme in ARVC/D, dat bijdraagt aan het trage, aanhoudende verlies 

van hartspiercellen gevolgd door ventriculaire dysfunctie. De relatie tussen 

apoptose en de vervanging van hartspiercellen door bindweefsel- en 

vetcellen blijft speculatief.  Het vermogen om apoptose in vivo  te detecteren 

in ARVC/D patienten kan mogelijk een bijdrage leveren aan een beter 

begrip van de pathofysiologische mechanismen die ten grondslag liggen aan 

de progressie van  aandoeningen van het RV ziekte.  

Hoofdstuk VII behandelt de toepassing van 99mTc-annexin V scintigrafie 

voor het in vivo bepalen van apoptose in patiënten met ARVC/D. In drie van 

de zes onderzochte patienten werd een verhoging aangetoond van 99mTc-

annexin V opname in de vrije wand van het RV. De variabiliteit in de 

myocardiale opname tussen patiënten is niet verassend en kan wellicht 

worden verklaard door de willekeurige distributie en het episodische 

karakter van apoptose. Onze resultaten suggereren een ventrikel-specifiek 

apoptotisch proces. Hoewel de rol van apoptose in ARVC/D onopgelost is 

kan de niet-invasieve bepaling van apoptose mogelijk een bijdrage leveren 

aan de diagnostische voortgang. Ook is het mogelijk dat in vivo onderzoek 

naar apoptosis met behulp van 99mTc-annexin V scintigrafie indivuele 

controle toelaat van de progressie van het ziekteverloop en van de respons 

op behandelingen die gericht zijn tegen de voortgang van  ARVC/D.   
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Hoofdstuk VIII betreft een systematisch onderzoek in 144 patienten met 

het Brugada Syndroom (BrS).  Deze studie was gericht op het verkrijgen 

van klinisch bewijs voor de betrokkenheid van SCN5A bij het handhaven 

van cardiale structurele integriteit. Door middel van complementaire 

resultaten van zowel beeldvormende analyses (CMR dimensie) als 

functionele metingen (CMR contractiele functie) wordt klinisch bewijs 

gepresenteerd, dat ondersteuning biedt aan de gedachte dat Nav1.5 

betrokken is bij het in stand houden van de structurele integriteit van het 

hart.      
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