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The incredible improvement in survival and clinical status of patients with tetralogy of Fallot 

is a success of modern medicine.1 However, as discussed in the introduction, great challenges 

remain in the long-term follow-up of these patients.2 Considering that patients with repaired 

tetralogy of Fallot, or other types of congenital heart diseases, have a life expectancy that is far 

higher than only a few decades ago3, the amount of adult and elderly patients with congenital 

heart disease increases. The problems and complications that these patients increasingly face 

in long-term follow-up, such as arrhythmia and heart failure, will form a growing burden on 

both individual patients, but also on health care systems.4,5 It has even been stated that the 

increase in hospitalizations for congenital heart disease has been “dramatic”4 in recent years, 

and we are about to face a “tsunami of arrhythmia”.6 The overarching focus of this thesis was 

aimed at improving the long-term functional status of the growing group of patients with 

repaired tetralogy of Fallot. To do so, by means of both experimental studies and imaging-based 

studies, the aims of this thesis were:

  - To characterize RV adaptation to chronic abnormal loading. By studying functional 

and molecular characteristics of RV adaptation in animal models, we aimed to identify 

molecular pathways involved in the decline towards RV failure, to aid the development 

of future targets of treatment.

  - To identify prognostic factors on cardiac magnetic resonance imaging. Prognostic factors 

are essential for the development of risk stratification schemes, to allow a tailored and 

preventive approach for patients with repaired tetralogy of Fallow in long-term follow-

up. Therefore, we aimed to assess the predictive value of cardiac magnetic resonance, a 

cornerstone of long-term follow up, in patients with repaired tetralogy of Fallot.

  - To study sex differences in RV adaptation to chronic abnormal loading, Currently, it 

remains unknown whether differences between sexes emerge not before puberty or 

already prior to pubertal development, and whether such differences merit a tailored 

approach with regards to cardiac imaging. Therefore, we aimed to describe sex differences 

both an imaging-based study in patients with repaired tetralogy of Fallot and an animal 

model of childhood RV pressure load.

Chronic experimental RV volume load

The systematic review and meta-analysis that chapter 2 describes, provide an overview of 

studies that experimental studies on right ventricular (RV) volume load. It became apparent 

that studies that focus on chronic, RV volume load are scarce, exposing the existence of a 

relatively blind spot in our understanding of long-term RV failure. Despite that the low number 

of studies on this topic, in combination with high heterogeneity and lack of consistent study 

designs and outcome variables hampered meta-analyses of cellular and molecular responses, 

one of the conclusions that were drawn was that long-term experimental volume load seemed 

to be associated with RV fibrosis. This could imply that fibrosis in the volume-loaded RV might 

be a future target of treatment. However, as the causal relation of RV fibrosis in the pressure 

loaded RV is increasingly disputed7,8, further investigation of the relation between volume-

loaded RV failure and fibrosis was warranted.

Right ventricular fibrosis

Therefore, in chapter 4, we aimed to assess whether myocardial fibrosis is truly associated 

with long-term volume load. We utilized an animal model of chronic volume overload leading 

and established clinical long-term RV failure, and described the temporal pattern of ventricular 

adaptation, fibrosis, and pro-fibrotic signaling. In this chapter, the main finding was that, despite 

the development of end-stage RV failure, there was no overt myocardial fibrosis. This finding 

challenges the dogma that myocardial fibrosis, either as cause or consequence, is associated 

with volume load-induced end-stage RV failure. Also, this also highlights the importance of this 

study: while suggestions in chapter 2, based on little and heterogeneous data, first seemed to 

suggest that long-term experimental volume load seemed to be associated with RV fibrosis, 

the comprehensive assessment on this topic in chapter 4 demonstrated otherwise. Potential 

factors that may have contributed to the initial suggestion raised in our review, include the use 

of various animal species, different methods of volume load induction and different methods 

to quantify fibrosis in the studies included. For example, one of the studies that report fibrosis 

induces volume loading by creating pulmonary valve insufficiency in mice and describes 

subendocardial fibrosis.9 Potentially, the myocardial stitches that have been used to induce 

valvular insufficiency may have triggered subendocardial hypo-perfusion and subsequent 

formation of fibrotic areas. Another study uses pigs in which aortocaval shunt was created, 

but these pigs demonstrated increased RV pressures, inducing a mixed load, instead of isolated 

volume load.10 At last, publication bias might have caused that studies that assessed fibrosis, 

but found no fibrosis, did not report these measurements. Such confounding factors are not 

present in chapter 4, also underscoring its relevance and importance.

Although the results described in chapter 2 and chapter 4 provide new insights on cardiac 

adaptation to chronic abnormal loading conditions of the right ventricle, these have not 

resulted in an easily applicable new treatment strategy. However, by discouraging targeting 

fibrosis in RV volume loading, it may prevent useless pharmacological therapies and clinical 

studies, which can potentially be harmful. Additionally, besides fibrosis and pro-fibrotic 

signaling, other pathways have been studied for involvement with RV failure. For example, 

gene expression of the cardioprotective four and a half LIM domains protein 2 (FHL2) was 

decreased, which might form a treatment target.11–13 Pirfenidone, a drug mostly known for its 

anti-fibrotic effect14, also independently stimulates FHL2 activity15 and could therewith be a 

candidate drug for the volume loaded RV.
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Furthermore, the organic compound juglone was used to treat rats with pulmonary 

hypertension and isolated RV pressure load in chapter 5. Juglone has been previously shown 

to decrease myocardial fibrosis of the LV in various models.16–18 However, in the rats that were 

subjected to RV pressure, no reduction in myocardial fibrosis could be demonstrated. This is 

yet another example of an anti-fibrotic treatment strategy that has proven to be successful 

in LV fibrosis, but not in RV fibrosis; many have preceded juglone in the context of the RV 

under pressure.7,19–21 It increasingly seems that RV fibrosis, and RV molecular adaptation in 

general, have a very different mechanistic role in myocardial dysfunction, when compared to 

the LV, with different driving factors and response to therapy.22 Perhaps it is therefore that no 

pharmacological treatment is available that directly and effectively targets RV dysfunction in 

congenital heart disease23, as most therapies are developed for the LV, and then later tested 

in the RV. Therefore, basic studies that specifically aim for understanding and targeting 

RV adaptation, as performed in this thesis, are essential in order to be able to directly and 

successfully support this once forgotten chamber in the near future.24

Prognostic value of CMR

Besides heart failure, the other leading cause of cardiovascular death in adults with congenital 

heart disease is sudden death and arrhythmia.25,26 Identifying patients who are at high risk 

is therefore of utmost importance, to be able to timely identify patients at risk to prevent or 

reduce further deterioration, and eventually select patients who are eligible for implanting an 

ICD if risk reduction appears to be insufficient. For secondary prevention, in every patient 

who has experienced cardiac arrest, VT, or unexplained syncope, without reversible causes, 

ICD implantation is indicated.27,28 RV and LV dysfunction, non-sustained VT, QRS duration > 

180ms, RV fibrosis on CMR and inducible VT during electrophysiological (EP) testing have 

been described as risk factors for SCD.29–35 However, despite the existence of predictors and 

as previously discussed, there is no clear treatment algorithm for primary prevention.

This thesis describes the prognostic capacities of CMR variables for ventricular tachycardia in 

patients with repaired tetralogy of Fallot in chapter 7 and chapter 8. RV end-diastolic volume 

(EDV), RV end-systolic volume (ESV) RV mass, BMI and QRS duration were independent 

prognosticators of VT. These results are partly confirmatory of previous studies, in which RV 

dimensions and hypertrophy have been demonstrated to predict VT and/or SCD. However, 

despite that RV mass has been described to be associated with VT and/or SCD, it is currently 

not mentioned as a risk factor in leading guidelines.27,28,36 Perhaps, this is due to a lack of 

measuring RV mass in CMR measurements in older CMR studies. In chapter 7, a value of 50g/

m2 is proposed as the optimal cut-off point for prediction of VT, with 83% specificity and 63% 

sensitivity. Confirmation of this cut-off point in other populations is necessary, but we do believe 

that our data confirm that RV mass, as an independent predictor of arrhythmia, deserves a solid 

place in guidelines for risk stratification for VT in the repaired tetralogy of Fallot population.

Also, an often-described predictor of VT, namely RV EDV, was again confirmed to be an 

independent predictor. Additionally, in chapter 8, RV EDV is described as a predictor of 

deterioration of ventricular function. Although it may not seem of particular importance to 

confirm this nowadays almost undisputed predictor, this does remind us of its importance, in 

the same year that its prognostic value is disputed by results from the INDICATOR cohort.36 

This study demonstrated no predictive value of pre-operative RV EDV for death and VT, in 

a cohort of patients who underwent pulmonary valve replacement (PVR). In an editorial that 

accompanied this study, it was even questioned whether RV volumes should be thrown out 

of decision making in repaired tetralogy of Fallot.37 However, it seemed that the authors of 

these citations ignored the potential bias due to the widely spread use of RV EDV as an the 

indication for PVR itself. PVR is in most centers indicated whenever multiple thresholds in a 

list of relative indications are met. Patients who are in a relatively good physical and functional 

state, but who only have a very high RV EDV, are thus generally not operated on, since high 

RV EDV would be the only relative indication in the list of indications. However, patients who 

are in symptomatic state may already reach indication for PVR, despite a potentially low RV 

EDV. Therefore, patients that are enrolled in the study with lower RV EDV may actually be 

in a ‘worse’ condition, compared to patients with higher RV EDV. When a cohort of patients 

who are operated on is studied, one cannot ignore the fact that variables which are clinically 

used indications for operation induce selection bias. Only prospective randomized controlled 

trials that test various indication thresholds would be able to fully eliminate such biases, but 

such studies would need to include many patients with a long follow-up, severely limiting 

feasibility. Chapter 7 and chapter 8 describe cohorts of patients without this operation 

indication selection bias and still demonstrate that RV EDV is a strong predictor of outcome. 

Therefore, RV volumes remain important determinants of outcome in the follow-up of these 

patients, and should thus not be thrown out of decision making in repaired tetralogy of Fallot.

Another finding with relevance for counseling patients with tetralogy of Fallot, is the strong 

association of increased BMI with both VT and atrial tachyarrhythmia (ATA). The described 

hazard ratio of 1.09 and 1.11 for VT and ATA, respectively, mean that a patient with a BMI of 

30kg/m2 has a two- to threefold higher risk of VT and/or ATA, compared to a patient with a 

BMI of 20kg/m2. This may not seem surprising, as this association is also similarly present in 

the general population.38,39 However, it does suggest that BMI could potentially be a future 

target for both patients and their caretakers, to beneficially influence patients’ health status 

and long-term outcome. Since the current data only demonstrate that BMI is a predictor at 

baseline, studies that attempt to intervene, for example by means of dietary counseling or 
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weight reduction programs, are needed to establish whether obesity could truly be a target 

of treatment. Since the increased risk associated with obesity adds to the already increased 

risk of arrhythmia, this is of particular importance for patients with repaired tetralogy of Fallot.

Additionally, we used the newer and more advanced post-processing technique of ‘standard’ 

cine-CMR images: feature tracking deformation analysis and assessed its prognostic capacities 

for VT in chapter 8. Deformation analysis enables analyses of cardiac motion in different, e.g. 

longitudinal shortening or circumferential shortening, while conventional CMR measures only 

measure ventricular volumes and masses, and subsequently EF. Deformation analyses would 

only have incremental value to conventional CMR variables if they provide any information, 

that conventional functional variables cannot already provide. Therefore, it is important to 

recognize the theoretical relations of deformation and EF. Deformation, or strain, is shortening 

of the myocardium in a certain direction. When shortening of all myocardial area’s is ‘added 

up’, one theoretically comes to EF.40 Therefore, when two populations differ in EF, it is to be 

expected that strain variables also differ. In this situation, there is little additive information that 

can be derived from deformation analyses. However, in the situation that two populations do 

not differ in EF, there may still be differences in contraction patterns. For example, longitudinal 

strain can be decreased but compensated for by circumferential strain.40 This phenomenon 

of altered contraction patterns to compensate for abnormal loading conditions has long been 

recognized.41 In the repaired tetralogy of Fallot population, two studies have examined the 

prognostic capacities of deformation analyses in the prediction of VT or SCD, described by 

Moon and colleagues, and Orwat and colleagues.42,43 These authors describe deformation 

variables of both ventricles to be prognostic of VT, albeit with EF also being a predictor. Moon 

and colleagues have performed multivariable analysis with all CMR variables included, showing 

no additive value of CMR deformation variables to conventional CMR variables. In contrast, 

Orwat and colleagues showed prognostic capacities of deformation variables, independent from 

conventional CMR measurements. We describe a cohort of tetralogy of Fallot patients, in which 

there was no difference in EF between patients with VT, and patients without VT. Using CMR 

deformation analysis, however, LV circumferential strain appeared to be prognostic of VT, and 

superior compared to conventional measures. Thus, this study demonstrates that deformation 

analyses can provide information that, in this population, conventional analyses could not.

Sex differences in RV adaptation to chronic abnormal loading conditions

There is an increasing body of evidence that substantial differences between sexes exist in 

cardiac adaptation to chronic abnormal RV loading conditions. However, such differences are 

currently not accounted for in clinical guidelines, and it remained unclear whether differences 

between sexes are already present prior to pubertal development. Chapter 9 demonstrates 

that in patients with repaired tetralogy of Fallot, male patients have substantially higher RV 

volumes and masses, even when indexed for body surface area. However, when related to 

reference values of healthy subjects by means of Z-scores, the extent of RV dilatation was 

similar between sexes. This can be explained by the fact that in healthy subjects, indexed RV 

volumes and mass are also higher in males, compared to females. It is thus normal for males to 

have bigger and heavier hearts, also in patients with repaired tetralogy of Fallot.44–46 Keeping 

this in mind, the commonly used unisex thresholds for RV volume as indication for pulmonary 

valve replacement may erroneously cause that PVR in female patients is considered in a later, 

more advanced stage of dilatation, compared to male patients. Furthermore, in chapter 7, male 

sex was identified as a predictor of VT. Therefore, sex-specific treatment recommendations, 

for instance sex-specific cutoff values or the use of Z-scores, are needed.

Also, it was demonstrated that female patients with repaired tetralogy of Fallot have higher 

biventricular ejection fraction, compared to male patients. Since sex hormones carry 

cardioprotective properties on RV function47–50, one can speculate that the favorable profile 

of female patients with repaired tetralogy of Fallot results from their beneficial hormonal 

environment. However, these differences between males and females were ubiquitously 

present in various ages, thus also in patients between 8-12 years of age. Most patients in this 

age group are pre-pubertal, and although some patients may have reached puberty prior to 

the age of 12, the amount of time exposed to post-pubertal levels of sex hormones is little. 

These observations are exactly in line with our experimental findings, which demonstrate that 

already prior to pubertal development, female rats show less clinical symptoms and a beneficial 

systolic adaptation pattern, compared to male rats. The results of both these studies indicate 

that sex differences in RV adaptation are not solely a phenomenon of adulthood, but already 

exist in pre-pubertal RV failure. Also, the two chapters provide a clear picture that sex and 

sex hormones merit attention in future clinical and experimental studies, as well as in clinical 

practice. Sex-tailored recommendations in relevant guidelines are warranted in the strive for 

precision medicine for this group of patients.

Blind trust in numbers: the Achilles’ heel of research?

Ejection fraction has recently been named the Achilles’ heel of Cardiology by the European 

Society of Cardiology on social media when referring to an elegant review about heart failure 

classification.51 In this review, the authors argue that the use of EF, and the use of arbitrary cut-

off points that have gradually created separate disease entities, have led to oversimplification 

of the scientific view of complex syndromes. This is a telling example of how an initially practical 

and clever method of categorizing subjects, with increasing knowledge, eventually becomes 

an oversimplification. The same phenomenon can be observed in indexing cardiac measures 

in small animal models, as described in chapter 3. The common practice of decades appeared 

to be a simplification of mathematical relations, inducing substantial error. Another example of 
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oversimplification is the meta-analysis of extremely heterogeneous data from a limited number 

of studies, as recently described in a study regarding patients with Fontan circulation.52 In 

a letter to the editor53, we criticize this study for overrating the available evidence, which 

automatically becomes a higher level of evidence when labeled “meta-analysis”. Caution and 

modesty are therefore appropriate when writing meta-analyses.54 These statements may seem 

anecdotal, but share the denominator of oversimplified or misused quantification. The use of 

quantification methods can of course not at all be regarded as the Achilles’ heel of research. 

However, they merit continuous validation and skepticism, and should never be regarded as 

objective truth, but rather as a subjectively chosen method to strive for objectivity. When 

something ‘has always been done like this’, presumably even more caution is warranted.

Future prospects

Data from various chapters in this thesis identify variables that may be used to select 

specific patients at risk of arrhythmia who potentially qualify for treatments, such as PVR 

or ICD implantation. As time progresses, more and more knowledge is being obtained, and 

subsequently, more and more variables are incidentally or repeatedly reported as a predictor. 

In 2013 it was already stated that ‘numerous’ predictors of sudden cardiac death have been 

identified, yet without adequate risk stratification schemes.2 Without clear treatment 

algorithms or cutoff values, the clinical relevance of these findings remains little. Therefore, 

to aid clinical utility, we proposed specific thresholds to be used when RV mass or LV strain-rate 

are used as predictors of VT. Nevertheless, opportunities lie in translating the abundance of 

data into practical guidelines or treatment strategies. An interesting and promising modality 

in all fields of medical research, but also in (congenital) cardiology and cardiovascular imaging, 

is machine learning: an overarching term for computer-aided methods to learn how to 

make predictions.57–61 Using machine learning, one can create practical algorithms or even 

decision-making tools from a multitude of variables more efficiently than could have been 

created by conventional statistics. For example, machine learning improved the prediction 

of deterioration of ventricular function in patients with repaired tetralogy of Fallot where 

conventional statistics could not.62 Furthermore, machine learning proved to be useful 

in enhancing imaging quality, estimating prognosis, guiding therapy, and predicting critical 

events in congenital heart disease.63–65 However, in comparison to industry and other fields 

of medicine, such as dermatology and ophthalmology, the advance of machine learning into 

cardiology came relatively late60, which applies perhaps even more to congenital cardiology. 

However, machine learning could especially be helpful in complex and heterogeneous diseases 

as repaired tetralogy of Fallot, as these techniques can help unravel the relative value of each 

predictor in the near future. Machine learning-derived risk stratification models or treatment 

indication models could therewith soon have a major impact on daily clinical practice, especially 

in third world countries.66

Concluding remarks

The clinical state and long-term outcome of patients with repaired tetralogy of Fallot have 

dramatically improved over the last decades. However, therewith, long-term complications 

become increasingly prevalent. This thesis has characterized RV adaptation to chronic 

abnormal loading, has identified prognostic factors for adverse events, and has identified sex 

differences, both in animal models and in studies with repaired tetralogy of Fallot patients. 

Herewith, this thesis eventually contributes to improving outcome and clinical state of this 

growing group of patients.
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