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THE RIGHT VENTRICLE

General introduction
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thus stenotic (feature 1). Furthermore, the aorta is wider and displaced towards the RV. This
causes both overriding of the aorta (feature 2), and a VSD (feature 3). The fourth feature of

The heart is a complex muscular organ that generates blood pressure and therewith blood

TOF, the RV hypertrophy, is generally regarded as a secondary anomaly, as it results from the

flow in the circulatory system, in order to accommodate transportation of gases, nutrients and

increased pressure that the RV has to withstand, because of the pulmonary stenosis and VSD.

waste products. The mammalian heart consists of two separate, yet fused pumping systems:
the right ventricle (RV) and the left ventricle (LV). These pumps are in-series connected by
the pulmonary vascular bed distally from the RV, and the systemic vascular bed distally from

1

the LV. Because of the serial connection, the output in terms of blood volume is equal for both
ventricles in the absence of shunting. However, in terms of blood pressure, there are marked
differences between the two ventricles in normal conditions. The resistance of the pulmonary
vascular bed is far lower than the systemic vascular bed, resulting in a relatively low-pressure
system in the RV, and a relatively high-pressure system in the LV. The RV was, since an oftencited study from the 1940’s, for decades long considered to be relatively unimportant for
maintaining adequate cardiac function.1 Acknowledgement for its clinical relevance increased
from the 1980’s, until naming the RV “the forgotten chamber” in 1995 removed all doubts
on its importance. 2 Since, our understanding of clinical RV pathophysiology has substantially
increased. With regards to molecular and cellular mechanisms contributing to failure and
targeted therapy, however, knowledge about the RV still lags behind that of the LV.3–5 This is
of particular importance for congenital heart diseases, such as tetralogy of Fallot, in which RV
failure appears to be a key determinant of clinical status and outcome.

TETRALOGY OF FALLOT
Tetralogy of Fallot is a cyanotic congenital heart disease, named after Étienne Fallot, a French
physician who described this syndrome in 1888 as “maladie bleue”.6 Dr. Fallot acknowledged in
his report that he was not the first to describe this syndrome, as multiple descriptions preceded
that of Fallot. To date, the first known report of TOF was described by Niels Stensen in 1671.7

Figure 1 | Diagram of tetralogy of Fallot. Reproduced from Blalock A, Taussig HB. JAMA. 1945 May
19;128(3):189–202 with permission.

This syndrome, schematically displayed in Figure , consists of the following tetralogy:
The aforementioned defects are not always present in the same degree when comparing
1.

Stenosis of the pulmonary artery (PA)

patients.8 Therefore, TOF can be seen as a disease-spectrum, with accompanying variability in

2.

Overriding aorta

clinical presentation and required management. The symptomology is mainly dependent on the

3.

Ventricular septal defect (VSD)

degree of RV outflow tract (RVOT) obstruction and the resulting balance between pulmonary

4.

RV hypertrophy

and systemic blood flow. This balance is determined by the direction of the blood flow through
the VSD, which is in turn dependent on the pressure difference between the RV and the

Despite that dr. Fallot was not the first to describe this syndrome, he was the first to describe

left ventricle (LV). This is because blood will always flow from the ventricle with the highest

that these four features are not a coincidental gathering of distinct features. As he unequivocally

pressure, towards the ventricle with the lowest pressure. In normal hearts, the pressure in the

showed, all these features result from anterior displacement of the aortopulmonary septum.

LV is far higher than the RV. Therefore, when the RVOT and PA obstruction in TOF patients is

Resulting from this displacement, the pulmonary trunk is narrower than in normal hearts, and

not very severe, the RV pressure will not exceed LV pressure, so there will be a left-right shunt
through the VSD. However, in the case of severe RVOT/PA obstruction, RV pressure would have

12
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exceeded LV pressure, if there would not have been a VSD. Therefore, in such cases, there will be

neonatal period prior to surgery, have been exposed to hypoxemia and have been scarred

a right-left shunt through the VSD. This leads to hypo-perfusion of the pulmonary vasculature

during surgery. After surgery, their RV’s are often exposed to abnormal loading conditions

and cyanosis, which often requires early intervention. This is in contrast with infants who have

due to residual lesions as pulmonary valve incompetence, leading to increased RV volume

balanced pulmonary and systemic flow, as those infants are usually asymptomatic in early life.

load, or RV outflow tract or pulmonary artery obstruction, leading to increased RV pressure

13

load. The long term increased risk of RV failure can mostly be attributed to chronic pulmonary

CORRECTIVE SURGERY

regurgitation, as prolonged RV volume loading is known to cause progressive RV dilatation,
dysfunction and also LV dysfunction.23–27 Monitoring RV dilatation and biventricular function

Since the early ’50s, TOF can be corrected surgically, by closing the VSD with a patch,

is therefore reason for periodic cardiac follow-up in these patients. 28,29 For assessing RV

relieving the RVOT obstruction, and widening the pulmonary artery.9,10 The result of surgery

morphology and function, cardiac magnetic resonance (CMR) imaging is the golden standard.30

is that the pressure load that burdened the RV in early life, due to RVOT obstruction, PA
stenosis, and VSD, has at least for the most part been resolved. Pressure-loading conditions

Pulmonary regurgitation can be treated by either surgical or transcatheter pulmonary valve

are therefore normal, and there is no more risk of cyanosis. However, the price of widening

replacement (PVR), which relieves the RV of the increased volume load. This reverses RV

the stenotic PA is that the pulmonary valve (PV) mostly becomes incompetent, resulting in

dilatation and hypertrophy at least partially, and improves biventricular systolic function

pulmonary regurgitation. Thus, the RV that has been exposed to increased pressure load in

and functional status. 31–36 However, treating these patients with PVR also comes at a

early life, is now exposed to increased volume load. Surgeons attempt to minimize the degree

cost: perioperative mortality is low, but not zero, implanted valves are at increased risk of

of regurgitation by using as little patching over the pulmonary valve annulus (trans-annular

endocarditis, and implanted valves deteriorate over time, eventually requiring re-do PVR.34,37,38

patch, TAP) as possible, or even without patching (annulus sparing). However, depending

Therefore, performing PVR too early would unnecessarily expose patients to perioperative

on the anatomy and the degree of PA stenosis, some degree of regurgitation often remains

risks and stress and makes future re-do PVR or other interventions more complex. On the

inevitable. Surgery is nowadays preferably performed in early childhood, before the age one

other hand, when PVR is being performed beyond a certain stage of remodeling, the RV

year, since repair beyond this age has been associated with increased risk of morbidity and

will remain dilated and functionally impaired, and patients are at increased risk of death and

mortality.

However, primary repair prior to the age of three months has also been described

arrhythmia.39,40 Adequate timing of PVR is therefore key. Currently, timing is heavily based

as a risk factor for complicated operation or postoperative management in the intensive

on the presence of symptoms, QRS duration on electrocardiography, and measures of RV

care unit.12 Therefore, if an infant becomes symptomatic and requires early intervention,

dilatation and biventricular function on CMR imaging. 28,29,41

11,12

palliative procedures, such as for example aorto-pulmonary shunt palliation, RVOT stenting
or enlargement, ductus arteriosus stenting or balloon pulmonary valvuloplasty may be needed

As mentioned previously, the occurrence of arrhythmia’s is, besides decreasing ventricular

before surgical repair.

function, a common complication in the long-term follow-up of patients with TOF. Atrial

13–15

arrhythmia’s, such as atrial fibrillation or atrial flutter, are frequently seen in these patients

LIFE AFTER SURGICAL ‘REPAIR’

and are associated with increased hospitalization and mortality.42,43 Furthermore, patients
are at risk of ventricular tachycardia (VT), ventricular fibrillation (VF) and sudden cardiac

Post-surgical patients are usually referred to by ‘repaired tetralogy of Fallot’ patients,

death (SCD), comprising a significant part of late morbidity and mortality.40,42,44–46 To prevent

suggesting that they now have fixed and normal hearts. And indeed, after surgical correction,

mortality from ventricular arrhythmia, timely interventions are needed, such as PVR in

survival into adulthood is excellent, and most children and adolescents experience no or

the case of pulmonary regurgitation, to prevent progressive adverse remodeling. In some

little functional impairment.

Even patients with residual lesions, such as pulmonary

selected cases with a high risk of VT in which other treatment options were unsuccessful or

regurgitations, usually do not experience limitations for many years. However, at long term,

insufficient, or after the occurrence of VT / VF, an implantable cardioverter-defibrillator (ICD)

patients remain at increased risk of RV failure and hazardous arrhythmias, both of which often

can be implanted. However, just like PVR, ICD implantation comes at a cost, as many patients

lead to substantial morbidity and mortality. Also at long term, patients experience impaired

experience distress, decreased quality of life, and anxiety after implantation.47 Therefore, only

physical functioning and quality of life compared to healthy individuals.

Despite surgical

a subset of patients, who are believed to be at substantially increased risk, are considered for

repair, their hearts have namely been exposed to increased pressure load of the RV in the

ICD implantation. Identifying patients who are at high risk is therefore of great importance.

16–18

19–22
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For secondary prevention, the treatment algorithm for implanting an ICD is clear, namely that

myocardial function. 61 Understanding the underlying mechanisms of cardiac adaptation,

in every patient who has experienced cardiac arrest, VT, or unexplained syncope, without

dysfunction and failure is of great importance to be able to develop targeted therapy for

reversible causes, ICD implantation is indicated.

However, for primary prevention, there

(right) heart failure. For such studies, cardiac tissue from patients in different stages of disease

is no clear treatment algorithm, and therefore ICD implantation for primary prevention can

would be the ideal study material. However, for obvious reasons, these tissues are scarce as

still be regarded as ‘controversial’. Both the American and European guidelines classify ICD

they can only be collected by biopsy, during surgery or post mortem. Furthermore, tissues

implantation for primary prevention as ‘reasonable’, when multiple risk factors are present.

are never collected at standardized stages of disease. Therefore, animal studies have greatly

These risk factors include RV and/or LV dysfunction, non-sustained VT, QRS duration > 180ms,

contributed to basic cardiology over the past decades. At first, experimental studies were

extensive RV fibrosis on CMR and inducible VT during electrophysiological (EP) testing.

mostly focused on the LV, and it was presumed that the knowledge obtained would be easily

28,29

28

28,29

translatable to the RV. However, as we have come to increasingly understand, the RV and LV

SEX DIFFERENCES

are not identical twins.5 The RV and LV namely have a different embryological origin, as the
RV originates from the secondary (or anterior) heart field and the LV from the primary heart

In the last decades, evidence has been increasing that, in all fields of cardiovascular medicine,

field.62 Furthermore, the RV and LV are designed for different pressure demands, and are

sex differences exist. These differences include different prevalence and incidence, different

therefore morphologically different and have specific motion and fiber orientation patterns.

disease presentation and severity, different mortality, and subsequent differences in optimal

The LV cardiomyocytes are predominantly oriented in the circumferential direction, whereas

treatment. This also applies to patients with congenital heart disease.

Female patients

the RV cardiomyocytes are mostly oriented in the longitudinal direction. Likewise, the LV

experience more symptoms, and are at increased risk to develop pulmonary hypertension,

contracts mostly circumferential, whereas longitudinal motion comprises the largest part of

compared to male patients.

48

On the other hand, male patients are at higher risk of

RV motion. With the increased appreciation of the differences between the RV and the LV,

arrhythmia and mortality, compared to female patients.42,52 In patients with repaired tetralogy

experimental research has now increasingly been focusing on the RV. However, within the

of Fallot, male patients have lower biventricular ejection fraction, and both heavier and larger

field of experimental RV studies, there is a clear predominance of models of increased RV

hearts, even when indexed for body surface area.53,54 Furthermore, the RV of female patients

pressure load, such as pulmonary artery banding (PAB) or models of pulmonary hypertension

with PAH demonstrated better recovery after initiation of treatment, compared to male PAH

(PH).3,63 However, RV volume load is known to induce a different pattern of RV adaptation,

patients, under similar loading conditions and with similar pulmonary vascular resistance.55

compared to RV pressure load.64–66 Pressure load induces concentric hypertrophy, fibrosis

However, despite apparent differences between sexes, guidelines barely provide sex-tailored

accompanied by diastolic dysfunction, alterations in cardiac lipid composition, compensatory

recommendations.

enhancement of systolic function and eventually also loss of ventricular capillarisation and

49–51

28,29

systolic failure, while volume load induces eccentric hypertrophy with initially stable diastolic
The demonstrated differences between sexes raise the question of whether they arise from

and systolic function.65,67,68 However, most studies compare pressure load and volume load

either beneficial or deleterious effects of sex hormones, or other factors, such as genetic

of equal durations, while it is known that volume load causes RV failure not before long-term

differences. Data from a large cardiovascular disease-free cohort have demonstrated that sex

exposure. Considering that patients experience no or little functional impairment within the

hormones are at least partially accountable for cardiac sex differences, as increased levels of

first years of exposure to volume load, while it may induce progressive, severe dysfunction on

estradiol, or estradiol metabolism, are associated with better RV systolic function.56,57 This is

the longer term, it may thus be more appropriate to study volume load of a longer duration to

confirmed in experimental studies of RV dysfunction, in which estrogen exerts positive effects

better mimic the actual human clinical problem.

on RV function and testosterone decreases RV function.58–60 However, it remains unknown
whether these effects of sex-hormones on the RV could lead to new treatment options.

An often named mechanistic factor in heart failure is myocardial fibrosis: being excessive
deposition of extracellular matrix in the myocardium. 69,70 Generally, fibrosis is regarded as

MOLECULAR RIGHT VENTRICULAR REMODELING

detrimental for both systolic and diastolic function, and is thus considered to be a treatment
target in various cardiovascular diseases. 69,71 In patients with repaired tetralogy of Fallot,

While the need for heart failure therapy in congenital heart disease is growing, there is no

indirect imaging markers of fibrosis indeed may be elevated.72–75 However, its significance

pharmacological treatment available that has been proven to directly and effectively target

in RV failure is by no means clear yet76, as successfully targeting fibrosis in experimental RV

15
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pressure load has not necessarily resulted in improved RV function.77 Furthermore, it remains

In clinical practice, research with humans and in experimental studies, measures of cardiac

unclear what has caused fibrosis, as suggested by imaging markers, in patients with tetralogy

morphology and function are often indexed for subject size, to allow comparison of subjects

of Fallot. A causal factor could be increased RV volume load due to pulmonary regurgitation,

of different sizes. However, there has been little attention to the efficacy of current methods

but also surgery at young age and pre-operative RV pressure load could be factors that induce

of indexing. In chapter 3, the current common practice of normalizing cardiac parameters in

fibrosis. To establish the role of fibrosis in the RV’s of patients with tetralogy of Fallot, it is

small animal models is evaluated and optimized. This novel methodology allows better temporal

therefore of paramount importance to dissect the relative contribution of each potential cause

assessment of cardiac measures in growing animals as performed in some of the following chapters.

of fibrosis, to determine what underlies the temporal development of fibrosis. To do so, animal
experiments are necessary. Furthermore, it is highly relevant to determine whether novel

As described previously, imaging-based studies suggest that patients with tetralogy of Fallot

anti-fibrotic therapies might benefit the dysfunctional RV.

demonstrate fibrosis. However, what has caused these processes remains unclear. Our
systematic review in chapter 2 also raises the suggestion that fibrosis might be involved in

AIMS OF THIS THESIS

volume load-induced RV dysfunction, but deals with a low amount of evidence with high
heterogeneity. To assess whether myocardial fibrosis is truly associated with long-term volume

To address the challenges outlined above in the long-term follow-up of patients with repaired

load, chapter 4 assesses the temporal development of ventricular fibrosis and pro-fibrotic

tetralogy of Fallot, understanding RV adaptation to chronic abnormal loading is of the essence.

signaling in a rat model of long-term cardiac volume load.

Therefore, the aims of this thesis were:
In both the development of myocardial fibrosis and pulmonary vascular remodeling in the case
•

•

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

of pulmonary arterial hypertension, disturbed TGFβ/BMP signaling is a hallmark pathological

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

process. Therefore, we aim to target remodeling and fibrosis in the pulmonary vasculature

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

and myocardium with juglone, a pharmacological agent that in part inhibits disturbed TGFβ/

targets of treatment.

BMP signaling, in models of pulmonary arterial hypertension and right ventricular pressure

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

load in chapter 5.

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-

While it is clear from literature that sex differences in RV adaptation to abnormal loading

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

conditions exist, this has not been investigated nor described in children or young animal

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

models. Such models of young animals provide the opportunity to study RV adaptation

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

during pubertal development, before exposure to sex hormones begin to differ between

remains unknown whether differences between sexes emerge not before puberty or

sexes. Therefore, in chapter 6, pre- and post-pubertal sex differences in RV adaptation are

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

investigated in a juvenile rat model of RV pressure load.

approach with regards to cardiac imaging. Therefore, we aim to describe sex differences
both an imaging-based study in patients with repaired tetralogy of Fallot and an animal

To aid future refinement of risk stratification for arrhythmia, chapter 7 describes the

model of childhood RV pressure load.

prognostic value of conventional measures on cardiac magnetic resonance imaging for the
development of both atrial and ventricular tachyarrhythmia is investigated in a combined

OUTLINE OF THIS THESIS

Dutch and American cohort of patients with repaired tetralogy of Fallot.

In chapter 2, we first establish what the current state of knowledge iss on experimental volume

In chapter 8, feature-tracking analyses are used to assess patterns of cardiac motion on cardiac

load-induced RV dysfunction. By systematic review, we provide an overview of what is known,

magnetic resonance imaging. The prognostic value of such measures for the development of

expose gaps in our knowledge and understanding, and delineate where we should be headed.

ventricular tachyarrhythmia and deterioration of ventricular function is investigated in a Dutch
cohort of patients with repaired tetralogy of Fallot.

17
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Celebrating the 75th anniversary of the BTT-shunt

Dear editor,

REFERENCES

Recently, the Editors of the Lancet Group announced a laudable “Diversity Pledge” to
increase gender equity, diversity, and inclusion in research.1 They also encouraged members
of the scientific community to contribute to this initiative. This year’s 75th anniversary of a
landmark medical achievement provides the perfect opportunity for the congenital cardiology
community to follow their lead.

1

In 1944, the first surgical creation of a systemic-to-pulmonary shunt was successfully
performed in a blue baby, as a surgical palliative treatment for tetralogy of Fallot. 2 Helen
Taussig, a White paediatric cardiologist at John Hopkins Hospital, realised that infants
with severe cyanosis would benefit from an assured pulmonary blood flow. She therefore
challenged Alfred Blalock, head of surgery at John Hopkins and also White, to surgically create
a similar type of shunt.3 This procedure, which became known as the Blalock–Taussig shunt,
has prolonged thousands of lives and spearheaded the development of heart surgery for
congenital heart disease. However, it is nowadays generally acknowledged that a third person
played a key role in leading this life-saving surgical procedure into clinical practice: Vivien
Thomas, Blalock’s African-American laboratory assistant. He first developed the technique
in a myriad of laboratory dogs, then adapted the instruments for human use, and eventually
coached Blalock through the first operations on infants.4,5

5

In those times of racial segregation, Thomas did not share in the fame and recognition that
Blalock and Taussig received after publishing this landmark achievement. As a Black, nondegreed laboratory assistant Thomas was initially not included in any form of publicity nor
acknowledged for his undisputed experimental and clinical contributions. Decades later,
attempts were made to alleviate this inequity: Thomas was awarded an honorary Doctor’s
degree by Johns Hopkins University. Yet, despite earlier suggestions to rename the Blalock–
Taussig shunt into the Blalock–Thomas–Taussig shunt5–7, trivial arguments as “it would be
impractical to change the name of the shunt”6 have apparently precluded to provide Vivien
Thomas the deserved honour of having the shunt named after him.
Let us now put this Diversity Pledge into practice, and rename the Blalock–Taussig shunt to
the Blalock–Thomas–Taussig shunt, as a shining example to support and encourage diversity.
The Blalock–Thomas–Taussig shunt would not only rightfully honour Vivien Thomas but also
repeatedly remind us to value intellectual contribution instead of race, gender, socio-economic
status, or other factors that may influence authorship until today. Especially in paediatrics and
adolescent medicine, such statements are encouraged and highly needed. 8 We therefore call
on the congenital cardiology community to follow the laudable initiative of the Editors of the
Lancet Group: let us celebrate the 75th anniversary of this landmark achievement and, instead
of the former Blalock–Taussig shunt, from today on use the name Blalock–Thomas–Taussig
shunt.

2
3
4

6
7
8

.

The Editors of the Lancet Group. The Lancet Group’s commitments to gender equity and diversity.
Lancet 2019; 394: 452–3.
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Chapter 2

Systematic review of experimental RV volume load

ABSTRACT

INTRODUCTION

Objective: To systematically review and combine available data regarding volume load-induced

The improved survival of children with congenital heart disease has led to a new generation

RV dysfunction in animal models.

of adolescents at risk for chronic heart diseases.1,2 Due to longstanding residual lesions

31

after correction or palliation of their cardiac defect, these adolescents are prone to develop
Background: The improved treatment of patients with congenital heart diseases has led to a

heart failure. In the early days of corrective surgery, several of these residual lesions were

growing group of survivors living with residual abnormalities. The most prevalent is increased

erroneously perceived as benign.3 The most prevalent of these is pulmonary regurgitation

right ventricular (RV) volume load that eventually induces RV dysfunction. It is unclear how to

after correction for Tetralogy of Fallot, leading to right ventricular (RV) volume overload.

recognise and treat volume load-induced RV dysfunction.

Longstanding RV volume load is now known to induce RV dysfunction and failure.4,5 At present,
still many questions remain unanswered. It is unclear how to recognise reversible versus

Methods and results: MEDLINE and EMBASE were searched using a pre-specified search

irreversible RV failure of a volume loaded RV and how to prevent or support a failing volume

strategy. 18 articles met the inclusion criteria. Ventricular volume data, variables of functional

loaded RV. To answer these questions, experimental and clinical data are needed that allow

adaptation and ventricular remodelling were extracted and combined using random-effects

the interrogation of the functional, cellular and molecular pathophysiology of RV adaptation

meta-analysis (Hedges’ g (HG). We identified two models of RV volume overload in five

to volume overload.6

species: pulmonary regurgitation and aorto-caval shunt. Meta-analysis demonstrated a timedependent decrease in cardiac output (HG 1.1, CI 0.3;1.8). RV end-diastolic pressure increased

To study RV adaptation to volume load, several animal models mimicking specific types

in both models (HG 3.4, CI 2.1;4.7), whereas preload-recruitable stroke work was decreased

of volume overload have been designed. Ideally, such models should be able to induce a

only in the pulmonary regurgitation model (HG -1.8, CI -2.9;-0.9)). RV weight consistently

standardised volume overload and should yield valuable data that allow the creation of a

increased (HG 4.0, CI 2.9;5.1) and late RV fibrosis was observed in both models. Various

spatiotemporal profile of functional and cellular adaptation. However, translation of results

variables describing RV remodelling were reported inconsistently, hampering meta-analyses.

from such animal studies to human pathophysiology is challenged by inconsistencies in model
types and contradictory findings between research groups. Systematic reviews and meta-

Conclusions: This systematic review describes the adaptation pattern of volume overload-

analyses of animal studies have proven very useful to contribute to a reduction and refinement

induced RV remodelling in two models. Both models consistently induced increased RV

of animal experiments by overcoming these challenges and by identifying and defining needs

EDP and RV weight and revealed a pattern of late fibrosis, which may be a potential target

for standardization.7,8 Therefore we aimed to systematically review and combine available

for therapy. The lack of structured analyses highlights the clearly existing gaps in our

experimental data from animal models and focus on the functional, cellular and molecular

understanding of the volume loaded RV in animal models.

adaptation mechanisms involved in volume load-induced RV dysfunction.

METHODS
Literature search
We performed a systematic literature search in Medline and EMBASE on August 26th 2015.
The search strategy and methodological protocol were published a priori on the online platform
of the working group Collaborative Approach to Meta-Analysis and Review of Animal Data
from Experimental Studies (CAMARADES).9 The search strategy was composed to capture
the overlapping part of the following four domains: 1) animal study; 2) RV; 3) volume load; 4)
pathophysiological effects (see supplementary table 1). We used a recently published search
filter for animal experiments to create the search domain “animal study”.10,11 To ensure inclusion
of all juvenile animal models, we added juvenile names of animals to this search filter.

2
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Study selection
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RESULTS

Two researchers (G.P.L.B. and Q.A.J.H.) independently screened the primarily identified
abstracts according to the following inclusion criteria: 1) original study was written in English;

Studies

2) article contained animal research; 3) RV was studied; 4) RV was subjected to >24 hours

We identified 1220 unique citations, of which 105 fulfilled criteria for inclusion for full text

of isolated volume overload; 5) Degree of RV volume load was quantified and reported as:

review. Of these, 18 citations were included for data extraction (figure 1), combining data

RV end-diastolic volume and/or area (EDV/A), RV end-systolic volume and/or area (ESV/A),

derived from a total of 467 animals.13–30 From the included citations, 15 variables were reported

cardiac output (CO) or RV stroke volume (SV); 6) a sham-operated control group was described

at least five times, of which data were extracted (table 1). We combined hemodynamic data of

and 7) RV adaptation was studied. Reviews and case reports were excluded. Disagreements

the two included articles of Borgdorff et. al., and likewise combined the data of the articles of

between the reviewers were resolved by discussion leading to consensus or by consulting a

Ersboell et. al., Kjaergaard et. al. and Smith et. al. due to the repeated use of results involving

third-party arbitrator (B.B.).

the same animals.15,16,19,22,29 We referred to the reference that was published first, i.e. Borgdorff
2012 and Kjaergaard 2010 respectively. Results are displayed in table 2 and correspond with

Data extraction

the forest plots as displayed in the supplemental material. In a total of five different species

Outcome measures to be extracted were predefined in the systematic review protocol.

(rat, mouse, pig, dog, lamb), the following two experimental models of RV volume overload

The following methodological choices were made during the extraction phase. If separate

were identified: the aorto-caval shunt model and the pulmonary regurgitation model. Also,

experimental groups were sacrificed at different time points in one paper, we considered the

five articles described a model of tricuspid regurgitation and five described a model of atrial

groups as unique experiments. As statistical synthesis of scarcely reported variables would not

septal defect, but none of these met the requirements for inclusion.

contribute, we chose to extract variables reported in at least five experiments. Extracted data
were subdivided into two groups: functional adaptation and cellular / molecular adaptation.
End-diastolic volume and end-diastolic area were combined (EDV/A), since both variables

970 PUBMED

835 EMBASE

represent ventricular dimensions, allowing for relative comparison. In a similar fashion, endsystolic volume and area (ESV/A) were combined. We extracted means and standard deviations
of the intervention group and control group, or recalculated the standard deviations from the

1220 unique publications
identified

1114 publications excluded during abstract review
94

Not English

124

Not original article

standard error of the mean or 95% confidence interval. The experiment-level standardised

128

Not an animal study

mean differences were calculated by dividing the mean difference between intervention and

283

RV not studied

473

Volume overload not studied

13

Pathobiological effects not studied

control groups by the pooled standard deviation, corrected for upward bias using Hedges’ g.12
This allowed for a uniform reporting of differences relative to control group values.

105 publications included for
full text review

87 publications excluded during full text review
13

Data synthesis
We conducted multiple separate random-effects meta-analyses to calculate combined
effect estimates. We used Cochran’s Q-test and the I quantity to test for between-study
2

18 publications eligible
for inclusion

RV not studied or not separately reported

14

No sham-operated control group

7

No chronic volume overload model

50

RV volume overload not quantified

2

Remodelling not described

1

Data not eligible for analysis

heterogeneity. When we found evidence for substantial heterogeneity, (Q-test p-value
<0.10 or I2 value >50%), we performed univariable meta-regression to explore the following
three potential explanations for the identified between-study variety: 1) different durations
of volume load (expressed as experiment time), 2) different degrees of volume overload
(expressed as RV EDV/A) and 3) different model types (either shunt or regurgitation). We
considered P-values <0.05 as statistically significant. We used STATA 14.0 (STATA corp.,
College Station, Texas, USA) for statistical analysis. We displayed the subtracted effect
estimates of the in forest plots, and displayed different models of volume overload separately.

Figure 1 | Flowchart showing study selection. RV indicates right ventricle.
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1

Liu 1991 chapter 1(24)

1

2

3

2
4

4

1

1

2

2

3

3

1

1

1

1

1

1

Liu 1991 chapter 2(25)

1

1

1

1

Modesti 2004(26)

3

1

1

1

1

Reddy 2013(27)

1

3

1

1

1

1

Ruzicka 1993(28)

1

1

3

3

1

1

1

1

5

2

Number of studies

1

1

1

1

1

1

1

Number of time points

PRF

Table 1 | Continued

3

1

1

1

1

1

1

RV SV

1

3

1

1

1

1

Bartelds 2011(14)

1

Borgdorff 2012(15)

CO

3

1

1

1

Borgdorff 2013(16)

1

1

1

1

Bove 2012(17)

1

1

1

1

Bove 2014(18)

1

1

1

1

Ersboell 2012(19)

1
1

1

1

Gray 2003(20)

RV ESV/A

1

1

1

1

Number of time points

RV EDV/A

Hemodynamic parameters

Post-pubertal

Pre-pubertal

Developmental stage at intervention

1

1

Hyldebrandt 2015(21)

1

Ersboell 2012(19)
1

Kjaergaard 2010(22)

Regurgitation

Bove 2014(18)
1

Kuehne 2003(23)

Shunt

Bove 2012(17)
1

Liu 1991 chapter 2(25)
1

Modesti 2004(26)

Disease model

Agger 2010(13)
1

Gray 2003(20)
1

Liu 1991 chapter 1(24)
1

Smith 2012(29)

Pig

Borgdorff 2013(16)
1

Szabó 2006(30)

Dog

Borgdorff 2012(15)
1

Reddy 2013(27)

Sheep

Bartelds 2011(14)
1

Ruzicka 1993(28)

Rat

Number of studies

Mouse

Species

Table 1 | Study characteristics.
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Functional RV adaptation
Both RV EDV/A and RV ESV/A were significantly increased in the two model groups compared
to controls, (p<0.001), indicating effective induction of experimental RV volume load. CO
was significantly increased in intervention groups compared to controls, in shunt models only
(shunt: p<0.001; regurgitation: p=0.737, figure 2).

Cardiac Output

A
Study

RV Weight
Hedges’ g (95% CI)

Regurgitation models (n=135): p=0.737, I²=90.6%

0.2 (-1.0-1.5)

Study

Hedges’ g (95% CI)
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Agger 2010, 70d (n=15)

-1.2 (-2.2--0.1)
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Ruzicka 1993, 7d (n=16)

5.4 (3.3-7.5)

Liu 1991, 30d (n=16)

1.8 (0.7-3.0)

Ruzicka 1993, 28d (n=16)

7.9 (5.0-10.8)

Liu 1991, 152d (n=16)

1.3 (0.2-2.3)

Szabó 2006, 90d (n=18)

0.7 (-0.3-1.7)

Ruzicka 1993, 7d (n=12)
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Bartelds 2011, 30d (n=11)
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Ruzicka 1993, 28d (n=12)
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Borgdorff 2012, 28d (n=20)

2.1 (1.1-3.2)

Modesti 2004, 14d (n=6)

3.1 (0.9-5.2)

Modesti 2004, 30d (n=6)

2.6 (0.7-4.6)

Modesti 2004, 60d (n=6)

0.5 (-0.8-1.9)

Modesti 2004, 90d (n=6)

1.9 (0.3-3.6)

Szabó 2006, 90d (n=18)

-0.6 (-1.6-0.4)

Bartelds 2011, 30d (n=11)

1.0 (-0.2-2.1)

Borgdorff 2012, 28d (n=20)

2.3 (1.2-3.4)

COMBINED (n=280): p=0.005, I²=86.7%

1.1 (0.3-1.8)

-7,5

B

0

COMBINED (n=190): p<0.001, I²=84.8%

7,5

Time-dependent decrease in CO

0

10

Early hypertrophy
8

p= 0.041

5.0

4.0 (2.8-5.2)

-10

6

RV weight

2.5

CO

CI indicates confidence interval. RV indicates right ventricle. EDV/A indicates end-diastolic volume/end-diastolic area. ESV/A indicates end-systolic volume/end-systolic area. SV
indicates stroke volume. PRF indicates pulmonary regurgitation fraction. EF indicates ejection fraction. EDP indicates end-diastolic pressure. ESP indicates end-systolic pressure.
HR indicates heart rate. PRSW indicates preload recruitable stroke work. SW indicates stroke work. dP/dt max indicates maximum rate of pressure rise. TAPSE indicates tricuspid
annular plane systolic excursion. ESPVR indicates end-systolic pressure-volume relationship.
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Table 2 | Hemodynamic characteristics.
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Figure 2 | A. Forest plots showing cardiac output and right ventricular (RV) weight. Data are presented
as Hedges’ g (95% confidence interval). CI indicates confidence interval. CO indicates cardiac output.
Combined Hedges’ g displayed as squares ■, pig models displayed as black dots •, mouse models displayed
as grey dots •, rat models displayed as white dots ○, models with other animals displayed as diamonds ♦.
Bars represent 95% confidence interval (CI). B. Bubble plots showing relations between the variables
shown in A and volume load duration. Data are presented as Hedges’ g. Volume load duration is presented
in days. Bubble size represents study precision, calculated as standard deviation times group size. Red
bubbles represent shunt models. Blue bubbles represent regurgitation models.
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Pulmonary regurgitation fraction was significantly increased in all regurgitation studies

of cellular adaptation reveals that plasma renin and RV renin are activated early after induction

(p<0.001). RV SV was significantly increased in intervention groups compared to controls, in both

of a volume load and remain so after more than one month.28 There is a modest activation of

models (p<0.001). RV ejection fraction (EF), a parameter frequently used to assess RV failure

inductors of hypertrophy, e.g. angiotensin-II, endothelin-1, insulin-like growth factor 1 (IGF-1),

in clinical practice, did not consistently change in either of the models. RV preload recruitable

regulator of calcineurin 1 (RCAN1).14,16,26 A gene array analysis study in mice revealed a switch in

stroke work (PRSW) and RV end-systolic pressure-volume relation (ESPVR), both parameters

transforming growth factor β (TGF-β) expression between 1 and 3 months of RV volume load.27

of contractility, were significantly decreased in intervention groups compared to controls, in

Also, metabolic pathways, G protein-coupled receptors and calcium-signaling were reported

regurgitation models only (p<0.001 and p=0.031 respectively). RV dP/dt max was significantly

to be downregulated during volume loading. Another study in mice reported downregulation

increased in intervention groups compared to controls, in shunt models only (p<0.001). The RV

of phosphor-ERK but not phospho-Akt in response to volume loading.14 There were no

end-diastolic pressure volume relation (EDPVR) was not consistently reported in the studies,

studies with interfering strategies revealing the functional role of the described changes.

2

which hampered meta-analysis. Tricuspid annular plane systolic excursion (TAPSE) did not
14

significantly differ between intervention groups and controls. RV dP/dt min was not consistently
reported. RV end-diastolic pressure (EDP), a surrogate for impaired ventricular function, was

Fibrosis

27

Duration

30

significantly increased in intervention groups compared to controls, in both models (p<0.001).
Significant heterogeneity was present in all meta-analyses (I >50%), indicating that the
2

14

effect sizes of the included studies varied substantially. Hence, separate univariable meta-

β/α-MHC ratio

15

26

+

27

+

90

18
27
29

180

15
27

27

regression analyses were performed to explore the potential role of differences in (1) durations
of volume load, (2) degrees of volume load and (3) model types, in explaining this betweenstudy heterogeneity.
Duration of volume load. Meta-regression revealed that longer duration of volume overload
was significantly associated with lower CO effect estimates (p=0.041, figure 2B).

Figure 3 | Figure showing development of fibrosis and β/α-myosin heavy chain ratio (β/α-MHC ratio)
changes over time. Volume load duration is presented in days. Minus sign (-) indicates that no change was
detected. Plus sign (+) indicates that an increase was detected. Red dots represent shunt models. Blue dots
represent regurgitation models. Numbers in superscript refer to included articles in this systematic review.

Degree of volume load. More volume load in the models (defined as higher effect estimates of
EDV/A), was significantly associated with higher CO effect estimates (p=0.027), higher RV

Table 3 | Molecular responses studied in experimental volume overload.

SV effect estimates (p=0.005), higher HR effect estimates (p=0.021), higher RV dP/dt max
effect estimates (p=0.036) and lower RV FS effect estimates (p=0.038).

Natriuretic peptides

Model type. None of the parameters showed a significant association with model type, although
a trend towards higher CO in shunt models was observed (p=0.054).
Ventricular remodelling
In both models, RV weight was significantly increased in intervention groups compared to
controls, indicating the consistent occurrence of RV hypertrophy (p<0.001). The individual
study-level effect estimates show that RV hypertrophy is independent of the duration of
volume load and also present in short-duration models (figure 2b). Figure 3 lists articles
reporting occurrence of fibrosis or β-myosin heavy chain/α-myosin heavy chain (β-MHC/αMHC) ratio change. Fibrosis is consistently reported after 90 days of volume load duration or
longer, whereas this is not the case at earlier time points. In contrast, the presence of β-MHC/
α-MHC ratio change is independent of volume load duration. Molecular responses were
described in less than five papers, precluding meta-analysis (table 3). The scarce description

RAAS

Up
Rat shunt 28d (15, 16)
Mouse reg. 90d (27)

Stable
Mouse shunt 28d (14)

Mouse reg.
30,90,180d (27)
Pig shunt 90d (26)
Rat shunt 28d (15, 16)

ERK
Collagen, TGF-β
Glucose metabolism
Fatty acid metabolism

Down
Mouse reg. 30d (27)

Pig shunt 14,30,60,90d (26)
Rat shunt 7,28d (28)

G-protein signaling
Endothelin
Calcineurin
AKT

Mouse reg. 90d (27)
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Mouse shunt 28d (14)
Rat shunt 28d (15, 16)
Mouse shunt 28d (14)
Rat shunt 28d (15,16)
Mouse shunt 28d (14)

Mouse shunt 28d
(14)
Mouse reg. 30d (27)
Mouse reg. 30d (27)
Mouse reg. 90d (27)

Data are presented as upregulation (up), no change in regulation (stable) and downregulation (down).
Reg. indicates regurgitation. RAAS indicates renin-angiotensin-aldosterone-system. ERK indicates
extracellular signal-regulated kinase. TGF-β indicates transforming growth factor β.
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logical result of left-right shunting, declines over time. The observed decrease of RV PRSW
and RV ESPVR indicates impaired systolic RV function. Intuitively, the reader may suggest a

To our knowledge, this is the first systematic review on RV remodelling in response to chronic

paradox in the rise in RV dP/dt max. We suggest that the rise in dP/dt max, which is a load-

volume overload in animal models. Effective volume overloading was confirmed in two

dependent parameter, can be explained for by the Frank-Starling mechanism: more pre-stretch

experimental models: the aorto-caval shunt model and the pulmonary regurgitation model.

increases the rate of pressure development independent from cardiac contractility. Also, RV

This was associated with significant haemodynamic changes indicative of RV dysfunction.

EF did not decrease over time in response to RV volume overload, which may be expected

RV adaptation to volume overload was characterised by early onset of RV hypertrophy and

when cardiac function is impaired.

late onset fibrosis. Studies of cellular and molecular adaptation were scarce, hampering the
interpretation of molecular pathways involved in the development of RV dysfunction.

In addition to a decline in systolic functional parameters, the systematic analysis revealed
a uniform increase in RV EDP. The EDPVR is described by a curvilinear relationship, which

This review aims to provide an overview of RV adaptation patterns in response to volume

implies that severe increase in preload is always accompanied by an increase in end-diastolic

overload. In this systematic literature review of the literature, we identified two equally suitable

pressure. The rate at which the EDP increases is higher in “stiffer” ventricles associated with

types of experimental volume loading: shunt models, associated with an increased pulmonary

decreased diastolic function. It is unclear from the reviewed data set, whether the rise in RV

blood flow volume and pulmonary regurgitation models, associated with a normal pulmonary

EDP is in proportion to the volume load (normal diastolic function) or disproportional due to

blood flow volume. Based upon the present haemodynamic data, we did not find notable

diastolic dysfunction. The latter would assume a similar profile as has been described in the

different hemodynamic responses. However, shunt models may be at risk for development

pressure loaded RV.36,37

of pulmonary vascular disease, such as pulmonary hypertension (PH) due to the increased
pulmonary blood flow. If the pulmonary artery pressure increases, the RV is not only subjected

The lack of available data is hampering further analysis of functional adaptation. Load-

to volume load, but also to pressure load, which is known to induce a different adaptation

independent parameters of diastolic dysfunction, i.e. the RV EDPVR or tau, a time constant

profile.16 Other causes of RV volume overload, clinically relevant in patients with CHD, include

of isovolumetric relaxation, were not systematically reported. Furthermore, clinical findings

tricuspid regurgitation (TR) and atrial septal defect (ASD). TR has been recognized as an

widely used in guidelines of human disease are scarcely reported (e.g. exercise intolerance,

important factor in RV failure. Animal models of TR and ASD have been described, however

dyspnoea, syncope and QRS duration). 38 Borgdorff et al. have shown that systematically

these models were mostly used to analyse the feasibility of transcatheter repair and did not

identifying clinical RV failure in small animal models with RV pressure overload is feasible.37

meet the inclusion criteria for this review, i.e. quantification of volume load. Nevertheless, such

Also, various studies have shown that exercise can be used as clinical parameter in larger

models may be of great interest since they allow to study the effects of unloading of the RV.32,33

animals.39,40 We strongly recommend systematic inclusion of clinical parameters, to improve

31

translational utility, and load independent haemodynamic analysis by pressure-volume
The presented hemodynamic data in this review describe a pattern of RV adaptation to chronic

measurements.

experimental volume load. In line with observations in human RV adaptation to volume load,
RV dilatation was consistently present in the animal models, evidenced by increased ESV/A

How can the insights regarding hemodynamic adaptation from these experimental studies be

and EDV/A. In the pressure loaded RV, as in patients with PH, RV dilatation is an early sign of

used in clinical practice? For assessment of RV volume, cardiac MRI still is the gold standard.41

failure of the initial homeometric adaptation (increased systolic function) and is accompanied

However, in the volume loaded RV, dilatation is a direct result of the changes in loading

by clinical deterioration.34 In this review of the chronically volume loaded RV, heterometric

conditions rather than a first sign of deteriorating RV function in PH.6,42 In addition, parameters

adaptation (Starling) is the predominant mechanism involved in RV adaptation. This may be

assessing motion, e.g. TAPSE, are strongly affected by preload, since the velocity of shortening

different from the initial observation by Rosenblueth et. al. from 1959. 35 In this study, the

increases with increased pre-stretch. The function of the heart is to pump blood against a

effects of RV ventricular adaptation to an acute rather than a chronic volume load were studied.

resistance, hence cardiac work is best described by parameters incorporating pressure and

This may account for the differences observed. In the volume loaded models, no other signs

volume. Unfortunately, assessment of EDPVR or ESPVR is clinically often not feasible. A clinical

of overt RV failure at rest were observed, such as decreased CO or EF, although the meta-

more feasible parameter suggested to gauge RV function and its adaptation to volume load is

regression indicates that the initial rise in CO, predominantly present in shunt models and a

RV stroke work (RV SW). RV SW can be measured clinically during right heart catheterisation,
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and has been shown to correlate with NYHA class and outcome in specific patient groups, such

the included articles. For example, there is no report of soluble ST2 or galectin 3, emerging

as patients with heart failure and RV volume load due to TR and mixed loading conditions.43,44

prognostic parameters of clinical heart failure in human adults. 38 Structured analysis and

However, considering the invasiveness of catheterisation, there is increasing attention for

report of cellular and molecular pathways, that includes non-significant results, will lead to

clinically more applicable echocardiographic derivatives of SW, such as echocardiographic

a better understanding of the pathophysiological processes involved in the development of

RV SW (estimated stroke volume times estimated RV pressure using TR velocity). Recently,

volume overload-induced RV failure.

43

echocardiographic techniques to assess RV SW have been validated also in pediatric patients
with mixed loading conditions.45 In addition, combined parameters, e.g. the product of TAPSE

Study limitations

(motion) and dP/dt of the TR jet (pressure), correlate with outcome in adults with TR and

The results of this study must be considered in the context of several limitations. Substantial

heart failure.46 Future prospective analyses are necessary to further validate these functional

between-study heterogeneity was observed in the combined experiments. Heterogeneity

parameters in the volume loaded RV.

could be due to the use of different surgical techniques and different grades of volume
overload severity. Another limitation affecting heterogeneity of the analysed data is the

Multiple papers included in this review reported RV hypertrophy and fibrosis, allowing us to

comparison of equal volume load durations in different animal species, without taking different

assess specific patterns over time. No association was demonstrated between RV weight and

developmental stages and life expectancies into account. The predominant use of animals

model type or degree and duration of volume load. This, in combination with the significant

before puberty in pig models versus the predominant use of animals after puberty in rodent

increase in RV weight in both model types, might suggest that hypertrophy is an early response

models could create bias, and could be a possible explanation for the high heterogeneity (table

mechanism, with no further progression during late remodelling. In contrast, RV fibrosis

1). Despite these limitations, we were able to obtain an overview of the currently available

appeared to be related to prolonged volume load duration. This time-dependent development

knowledge on the volume loaded RV in animal models.

of fibrosis could be a contributing factor to the development of diastolic dysfunction. This
is in line with the significant relation between fibrosis and patient age observed in clinical

CONCLUSION

research.47 Further studies investigating the role of cardiac fibrosis in the adaptation to RV
volume overload are warranted to explore the therapeutic potential of anti-fibrotic treatments.

This systematic review combined with separate meta-analyses enabled us to provide a concise
overview of all available studies, to describe a pattern of ventricular adaptation and to highlight

We have included 467 experimental animals in this systematic review, but unfortunately we

the clearly existing gaps in our knowledge of the volume loaded RV in animal models. Volume

were not able to meta-analyse any further cellular and molecular RV remodelling in response

overload can be achieved by the aorto-caval shunt model and the pulmonary regurgitation

to volume load (figure 3 and table 3). The lack of systematic reports of molecular pathways

model, and leads to haemodynamic adaptation characterised by systolic and diastolic RV

involved in the process of RV adaptation may be due to underreporting of negative results.

dysfunction. Onset of RV hypertrophy due to volume load occurs early, and onset of RV fibrosis

Nevertheless, using the data available, the following pattern of RV adaptation to volume

appears to occur later after volume load initiation. We recommend standardised volume

overload emerges. In literature, the volume loaded left ventricle and the pressure loaded

load quantification and identification of involved molecular pathways in order to bridge the

RV show an adaptation profile with hypertrophy, fibrosis, a switch to the fetal gene pathway,

translational gap from bench-to-bedside in CHD.

proliferation and inflammation.37,48,49 Some of these components are also present in the volume
loaded RV, e.g. a consistent change in β-MHC/α-MHC ratio, suggestive of a switch to the fetal
gene program. However, fibrosis is less consistently reported and only emerges after several
months of volume loading. Also, the ERK-pathway was de-activated, which is suggested to
induce the eccentric hypertrophy and is specific for volume loading.50 The gene-array study,
performed in mice with pulmonary regurgitation, also showed a biphasic response in TGF-β
activation, possibly specific for the RV, and some genes that were RV loading condition
specific, e.g. SFRP2 for volume loading and BL1 and DKK3 for pressure loading. 26 Multiple
serum biomarkers that are commonly reported in human heart failure, are under-studied in
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ABSTRACT

INTRODUCTION

Aims: For indexing cardiac measures in small animal models, tibia length (TL) is a recommended

In the study of human cardiovascular diseases and in preclinical cardiovascular disease models,

surrogate for body weight (BW) that aims to avoid biases due to disease-induced BW

cardiac dimensions and weight are important measures for disease severity, cardiac adaptation,

changes. However, we question if indexing by TL is mathematically correct. This study aimed

and the effect of interventions. These measurements are commonly normalized for subject

to investigate the relation between TL and BW, heart weight, ventricular weights and left

size, to correct for variations in body size. This is called indexing and is usually performed with

ventricular diameter to optimize the current common practice of indexing cardiac parameters

body weight (BW), body surface area (BSA), or body mass index. Despite that indexing by BSA

in small animal models.

is common practice in both clinical and research settings, the most commonly used method to
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calculate BSA is still based on century-old formulas, derived from only nine subjects 1. In animal
Methods and Results: In 29 healthy Wistar rats (age 5-34 weeks), and 116 healthy Black 6

experiments, BW is generally considered the preferred measure to index cardiac measures.

mice (age 3-17 weeks) BW appeared to scale non-linearly to TL1, but linearly to TL3. Formulas

However, BW might be directly affected or confounded by the disease under study, for

for indexing cardiac weights were derived. To illustrate the effects of indexing, cardiac weights

example by cachexia or fluid retention in heart failure. Furthermore, treatments may induce

between the 50% with highest BW, and the 50% with lowest BW were compared. The non-

alterations in body composition. In such cases, indexing organ size for BW may be misleading

indexed cardiac weights differed significantly between groups, as could be expected (p<0.001).

and may introduce significant error in normalized values and comparisons between groups. To

However, after indexing by TL , indexed cardiac weights remained significantly different

avoid such error, tibia length (TL) has been recommended and widely used for indexing cardiac

between groups (p<0.001). Using the derived formulas for indexing, indexed cardiac weights

measures in small animal models. Even though BW and TL are related, there is a conceptual

were similar between groups.

difference between indexing by BW and by TL. When using BW, disease or treatment-induced

1

changes in BW will affect the indexing, whereas TL normalizes for subject size, irrespective of
Conclusions: In healthy rats and mice, BW and heart weights scale linearly to TL . This

alterations in body composition. For instance, in animal heart failure studies, fluid retention

indicates that not TL1, but TL3 is the optimal surrogate for BW. New formulas for indexing

(e.g., edema, ascites, pleural effusion) will obscure actual BW and thus affect the indexing of

heart weight and isolated ventricular weights are provided, and we propose a concept in

cardiac variables by BW. Because of the increased BW resulting from fluid retention, indexed

which cardiac parameters should not all be indexed to the same measure, but one-dimensional

cardiac measurements are underestimated when compared with controls. In such cases,

measures to BW1/3 or TL1, two-dimensional measures to BW2/3 or TL 2 and three-dimensional

indexing these variables by TL would be preferable. On the other hand, when normalizing for

measures to BW or TL .

altered body composition is desired, BW may be preferred for normalizing cardiac variables.

3

3

For example, in the case of obese animals, if one considers some degree of cardiac hypertrophy

NEW & NOTEWORTHY

to be normal for their body composition and subsequently prefers to normalize for this, the
measure of choice to index by would be BW. However, if one considers this hypertrophy to be

In healthy rats and mice, body weight (BW) scales linearly to tibia length (TL) to the power of

abnormal compared with animals of normal body composition, one should in such case choose

three (TL ). This indicates that for indexing cardiac parameters, not TL , but TL is the optimal

TL. The choice of either BW or TL depends on the disease model under study and the research

surrogate for BW. New formulas for indexing heart weight and isolated ventricular weights

question that is being addressed.

3

1

3

are provided, and we propose a concept of dimensionally consistent indexing. This concept is
proposed to be widely applied in small animal experiments.

Despite the generally appreciated importance of indexing, remarkably little attention has
been paid to the question if indexing by either BW or TL exerts the desired effects. The
objective of indexing is to relate variables to a measure of animal size (e.g., BW, TL) so that in
a group of normal, healthy animals of one species only different in body size, indexed values
can be compared. To achieve this, the measure of body size used for indexing must scale
proportionally and thus linearly to the to-be-indexed measure. A generally accepted concept
is that a mammal’s heart weight scales linearly to its BW, when different mammal species of

3
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a wide range of sizes are compared 2. With respect to natural growth within one species, the

All animal experimental protocols have been approved by the Dutch Central Committee

assumption is that cardiac growth also scales proportionally to body growth. This seems to

for Animal Experiments and the Animal Care Committee of the University Medical Center

apply to humans

. Various other cardiovascular parameters also scale to BW, although not

Groningen (permit nos. AVD105002015134, AVD10500201583, DEC6827A, DEC6920A).

necessarily linearly. For example, aortic length (from valve to bifurcation) scales to BW to the

The experiments were conducted according to the guidelines from Directive 2010/63/EU of

power of 0.32, aortic radius to the power of 0.36, aortic luminal area to BW to the power of

the European Parliament on the protection of animals used for scientific purposes and the

0.67, and ventricular volumes and stroke volume linearly to BW

ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.

3,4

5,6

. These relations resemble
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the mathematical relations of one- (x1/3), two- (x2/3) and three-dimensional (x1) measures to
mass and volume, following the straightforward mathematics formula volume = length * width

RESULTS

* height. The relationship between BW and TL, however, has not been explored previously.
The former formula implies that TL, being a one-dimensional measure, scales to BW1/3, and

Rats

thus BW scales to TL3. Therefore, we question if the use of TL1 for indexing is physically and

Rats. BW correlated nonlinearly (cubically) with TL1 but linearly with TL3 (R 2 = 0.996 and

mathematically correct. We investigated the relationship between TL and BW, and the relation

0.995, respectively; Fig. 1, A and B). Heart weight, LV weight, and RV weight showed a linear

of these parameters to ventricular weights and diameter in a cohort of healthy rats and in a

relationship with BW (R2 = 0.957, 0.950, and 0.939, respectively; Fig. 1, C, E, and G). The linear

cohort of healthy mice of different ages and sizes to optimize the current common practice of

equation of heart weight crossed the x-axis at BW = -143.2 [95% confidence interval (CI) -183;

indexing cardiac parameters in small animal models.

-109.2], whereas LV weight crossed the x-axis at BW = -127.9 (95% CI -169.8; -92.65) and RV
weight at BW = -116.7 (95% CI -162.7; -78.62). This indicates that for optimal indexing by BW,

METHODS

the heart weight, LV weight, and RV weight should be indexed by dividing the weights by 143.2
+ BW, 127.9 + BW, and 116.7 + BW, respectively. Heart weight, LV weight, and RV weight

Twenty-nine sham-operated, drug-naive male Wistar rats and 117 nonoperated or sham-

also followed a close linear relation with TL3 (R 2 = 0.938, 0.931, and 0.931, respectively; Fig.

operated, drug-naive male and female Black 6 mice, used in various animal experiments

1, D, F, and H). The linear equation of heart weight crossed the x-axis at TL3 = -27.73 (95% CI

conducted in our laboratory, were included retrospectively. Age at termination of included

-30.63; -24.83), LV weight crossed the x-axis at TL3 = -26.73 (95% CI -29.83; -23.43), and RV

rats ranged from 5 to 34 wk, and age of termination of included mice ranged from 3 to 17 wk.

weight at TL3 = -26.53 (95% CI -29.03; -22.23). This indicates that for optimal indexing by TL,

All animals were euthanized by exsanguination and extraction of the heart under inhalation

the heart weight, LV weight, and RV weight should be indexed by dividing the weights by 27.73

of 2%–3% isoflurane. TL, BW, and heart weight were measured of both the mice and rats. In

+ TL3, 26.73 + TL3, and 26.53 + TL3, respectively.

the rats, left ventricular (LV) weight (including septum), right ventricular (RV) weight, and LV
end-diastolic internal diameter (measured using echocardiography before termination) were

To illustrate the effects of indexing, heart weight and LV and RV weight were compared

additionally measured. One mouse was excluded, as it was considered to be an outlier with a

between the 50% with highest BW and the 50% with lowest BW. As expected, nonindexed

heart weight of 232 mg, leaving 116 mice included. All included rats and mice were divided,

heart weight and LV and RV weights differed significantly between groups (P < 0.001, Fig. 2,

according to BW, into the heaviest 50% (i.e., above the median BW) and the lightest 50%

A–F). Heart weight and LV and RV weights still differed significantly between groups when

(i.e., below the median BW). Furthermore, 15 full-grown, drug-naïve Wistar rats (defined as

they were indexed by BW or TL1 (P < 0.001). After indexing by BW, indexed values appeared

TL > 40 mm) with increased cardiac workload (by either pulmonary artery banding, n = 8 or

to be higher in the group with the lightest rats, whereas after indexing by TL1, values remained

aortocaval shunt, n = 7) were included. These rats were stratified according to the presence

lower when compared with the group with heaviest rats. When heart weight and LV and RV

or absence of clinical symptoms of congestive heart failure (CHF) and fluid retention (defined

weights were indexed by the newly proposed formulas, indexed weights did not differ between

as the presence of ascites, pleural effusion, or visible liver edema/cirrhosis at termination).

groups (Fig. 2, A–F). LV diameter, a one-dimensional measure, differed significantly between

Appropriate regression analyses were performed. Groups were compared using the Mann-

groups without indexing (P < 0.001). However, after indexing by BW1/3 or TL1, indexed LV

Whitney U-test. Statistical analyses were performed using SPSS (version 23, 2015) and

diameter did not differ between groups (Fig. 2G).

GraphPad Prism (version 7, 2016).
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Figure 1 | BW and cardiac weights of the rat scale to TL3. Scatter plot illustrating the cubic relationship
between BW and TL (A), the linear relationship between BW and TL3 (B), heart weight versus BW (C),
heart weight versus TL3 (D), LV weight versus BW (E), LV weight versus TL3 (F), RV weight versus BW (G),
and RV weight versus TL3 (H). BW, body weight; LV, left ventricular; RV, right ventricular; TL, tibia length.
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of CHF (CHF+ and CHF, respectively), were compared with healthy rats. Out of the 15 rats
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Figure 2 | Effects of indexing in rats. Comparison of the heaviest 50% (by body weight) of the rats
○ with the lightest 50% of the rats ∆ by (a,e) Heart weight, (b,f) LV weight, (c,g) RV weight, and (d) LV
diameter (relative to mean of the heaviest 50% group) using either no indexing, indexing by dividing by
tibia length (TL) or body weight (BW), or indexing by our newly proposed formulas. (h) Comparison of
the body weight (BW) to tibia length3 (TL3) ratio between healthy full-grown rats, and full-grown rats
with increased cardiac workload, either in the absence ○ or presence • of congestive heart failure (CHF),
relative to the mean of the healthy rats group. Bars represent mean ± standard deviation, *** represents
p < 0.001, ** represents p < 0.01, * represents p < 0.05.
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In contrast, rats with signs of clinical CHF (ascites, pleural effusion, or visible liver edema/

Mice

cirrhosis) had increased BW to- TL3 ratios and were thus heavier compared with healthy rats

Similar to rats, BW in mice appeared to scale linearly to TL3 (R2 = 0.887, Fig. 3A). Heart weight

(P = 0.012, Fig. 2H). To illustrate how the alterations in BW induced by CHF will affect indexing

showed a linear relationship with both BW and TL3 (R 2 = 0.913 and 0.849, respectively, Fig.

of cardiac variables, RV weight was indexed using the newly proposed formulas based on either

3, B and C). The linear equations for heart weight with BW and TL3 crossed the x-axis at

BW or TL and compared between CHFand CHF+ rats (Fig. 2I). Because the RV is subjected

BW = -0.36 (95% CI -1.83; 0.96) and TL3 = 5.83 (95% CI -8.43; 5.43), respectively. Because

to increased load both in the pulmonary artery banding and the aortocaval shunt models in

zero falls within both CIs, the origins of the equations are not significantly different from zero.

this series, RV weight was chosen for this comparison. Nonindexed RV weight did not differ

This implies that for optimal indexing, heart weight should be indexed by dividing by BW or

between CHFand CHF+ rats. RV weight indexed for BW differed significantly between groups

TL3 without additional correction factor. Similar to rats, heart weight was compared between

(P = 0.037) whereas RV weight indexed for TL did not differ between groups (Fig. 2I).

the 50% of the mice with highest BW and the 50% with lowest BW. Nonindexed heart weight
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differed significantly between groups (P < 0.001). As in rats, heart weight in mice still differed
significantly between groups when indexed by TL1 (P < 0.001). However, when indexed by TL3
or BW, indexed heart weight did not differ between groups (Fig. 3D).

Body weight / tibia length3
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groups of rats with different BW disappeared when indexed with the proposed formulas. In
heart weight in mice by TL1 is insufficient, whereas indexing by TL3 results in similarly indexed
heart weights between groups. The authors therefore issue a warning that both in rats and in
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mice, indexing cardiac weights by TL1 should be considered pseudo-indexing.
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As previously discussed, the choice to use either BW or TL for indexing remains dependent
of the desired concept of indexing, whether indexing for subject size, incorporating disease-
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to indexing by uncorrected BW or by TL1, as the differences in cardiac weights between the
mice, indexing by BW directly seemed to be appropriate. However, similarly to rats, indexing
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measures, one should use TL3 instead of TL1. Indexing cardiac weights in rats directly by
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DISCUSSION
The present study shows that in healthy rats and mice of a broad range of ages, BW scales

100

Healthy mice
0

R2 linear: 0.91

150

Relative heart weight

Body weight (g)

30

0

Heart weight / body weight
200

R2 linear: 0.89

Heart weight (mg)

56

Mice, heaviest 50%
Mice, lightest 50%
No index. Heart w.
TL

Heart w.

Heart w.

TL3

BW

induced body weight alterations (BW), versus indexing for normal subject size (TL). The present
study provides formulas for either approach in both rats and mice, summarized in Table 1.
We propose new methods for indexing cardiac weights using either BW or TL. The current
study did not address the question of how to index other cardiovascular measures optimally,

Figure 3 | BW and heart weight of the mouse scale to TL3. Scatter plots illustrating the linear relationship
between BW and TL3 (A), heart weight and BW (B), and heart weight and TL3 (C) in 116 mice. Comparison
of the heaviest 50% (by BW) of the mice with the lightest 50% of the mice by heart weight (relative to
mean of the heaviest 50% group), using no indexing, indexing by dividing by TL, indexing by dividing by
TL3, or indexing by dividing by BW (D). Bars represent means ± SD; ***P < 0.001. BW, body weight; LV,
left ventricular; RV, right ventricular; TL, tibia length.

such as cardiac output, but the authors propose to stick to the mathematic formula,
volume = length * width * height. Accepting this concept would mean that cardiac parameters
should not be all indexed to the same measure but one-dimensional measures (diameter) to
BW1/3 or TL1, twodimensional measures (area) to BW2/3 or TL2, and threedimensional measures

3
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(volume or mass) to BW or TL3. This concept, summarized in Table 1, is strengthened by the

CONCLUSION

finding that LV diameter in rats, being a one-dimensional measure, was accurately indexed by

The present study shows that in healthy rats and mice of a broad range of ages, BW scales

BW

to TL3. Therefore, when using TL as surrogate for BW for indexing, one should thus use TL3

1/3

and TL (Fig. 2D). The use of parameter-specific and dimensionally consistent methods
1

of indexing, similar to this concept, have also been proposed in humans 7.

to avoid pseudo-indexing. We provide new formulas for indexing cardiac weights in rats and

The data from the current study underscore the substantial knowledge gaps regarding indexing

mice and propose a concept in which cardiac parameters should not all be indexed to the same

of experimental cardiac measures. The observation that the equations of cardiac weights with

measure but one-dimensional measures to BW1/3 or TL1, two-dimensional measures to BW2/3

BW and TL in rats do not cross the x = 0 and y = 0 point, in contrast to the equations in mice,

or TL 2, and three-dimensional measures to BW or TL3.

3
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illustrates that indexing may be more complex than often appreciated. As the youngest ages
of inclusion (rat 5 wk, mouse 3 wk) are relatively similar in relation to the respective life spans,
it seems unlikely that different ages of inclusion account for this difference between rats and
mice. One could speculate that this could be because of differences between rats and mice
in either fetal cardiac growth rate or cardiac growth rate in the neonatal period, before the
youngest included animals in this study.
Finally, the effects of increased cardiac workload on BW in relation to TL3 were studied in rats.
The decreased BW in rats without CHF, presumably because of a certain degree of cachexia,
and the increased BW in rats with CHF, presumably resulting from fluid retention, underscore
that the choice of indexing by BW or TL depends on the research question, goal of indexing,
and the animal model under study. Figure 2I shows that in this cohort of rats with increased
cardiac loading conditions, alterations in BW can significantly influence indexing and thus
induce error by underestimation of the indexed variable in the group with fluid retention. In
case of fluid retention, the use of the proposed formulas containing TL instead of BW should
be used to avoid substantial error.
Table 1 | Formulas for indexing cardiac weights.
BW formula

TL formula

Heart weight

HW / (143.2 + BW)

HW / (27.73 + TL3)

LV weight

LVW / (127.9 + BW)

LVW / (26.73 + TL3)

RV weight

RVW / (116.7 + BW)

RVW / (26.53 + TL3)

HW / BW

HW / TL3

1D-measures (diameter)

x / BW1/3

x / TL1

2D-measures (area)

x / BW2/3

x / TL 2

3D-measures (volume/mass)

x / BW1

x / TL3

Rat

Mouse
Heart weight
Dimensionally consistent concept

Values for weight are in grams. Values for TL are in millimeters. x represents the to-be-indexed parameter.
1-D, one-dimensional; 2-D, twodimensional; 3-D three-dimensional; BW, body weight; HW, heart weight;
LVW, left ventricular weight; RVW, right ventricular weight; TL, tibia length.
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ABSTRACT

INTRODUCTION

Background: Right ventricular (RV) function and failure are key determinants of morbidity and

Right ventricular (RV) function and failure are key determinants of morbidity and mortality

mortality in various cardiovascular diseases. Myocardial fibrosis is regarded as a contributing

in various cardiovascular diseases. When exposed to chronic abnormal loading conditions,

factor to heart failure, but its importance in RV failure has been challenged. Therefore, this

as is often the case in patients with congenital heart disease, deterioration of RV function

study aims to assess whether myocardial fibrosis drives the transition from compensated to

and progression towards failure can occur.1 Abnormal loading conditions consist either of

decompensated volume load-induced RV dysfunction.

increased pressure load, for example in the case of pulmonary hypertension (PH), or increased
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volume load, for example in the case of pulmonary regurgitation in repaired tetralogy of Fallot
Methods and results: Male Wistar rats were subjected to aorto-caval shunt (ACS, n=23) or

(rTOF). Both types of ventricular loading induce very distinct phenotypes.2–4 In PH, increased

sham (control, n=15) surgery, and sacrificed after 1, 3 or 6 months. At 6 months, 6/8 ACS-

RV pressure load leads to rapid RV deterioration and failure5, whereas RV volume loading in

rats (75%) showed clinical signs of RV failure (pleural effusion, ascites and/or liver edema),

patients with rTOF is generally tolerated for decades until eventually failure occurs.6,7 Also

whereas at 1 and 3 month(s), no signs of RV failure had developed yet. Echocardiography

experimentally, RV pressure load demonstrates an unfavorable clinical course, compared

demonstrated a two- to three-fold increased cardiac output and biventricular dilatation, while

to volume load, even when the duration of adverse loading and mean total wall stress are

LV ejection fraction gradually decreased. At 1 and 3 month(s), pressure-volume analyses

similar. 2,4 RV pressure load has been studied rather extensively, compared to RV volume

demonstrated unaltered RV end-systolic elastance (Ees), but at 6 months, RV Ees had

load. 8–11 However, knowledge obtained from the pressure-loaded RV cannot be transferred

decreased substantially. RV dP/dtmin gradually decreased over time in ACS-rats. In the RV, no

one-by-one to our understanding of RV volume load. Yet the distinct phenotype of volume

oxidative stress, inflammation, pro-fibrotic signaling (TGFβ1 and pSMAD2/3) or histological

load-induced RV failure is seriously understudied, while the group of patients with rTOF at risk

fibrosis were present at any time point.

of volume-load induced RV failure is growing. Therefore, to induce volume load-associated RV
failure, long-term animal models are required.

Conclusion: In the ACS rat model, long-term volume load was initially well tolerated at 1 and
3 month(s), but induced overt clinical signs of end-stage RV failure at 6 months. However, no

Fibrosis is a process of excessive deposition of extracellular matrix that is observed in various

myocardial fibrosis or increased pro-fibrotic signaling had developed. These findings indicate

types of heart failure, and is generally regarded as a detrimental factor and a potential

that myocardial fibrosis is not involved in the transition from compensated to decompensated

treatment target in heart failure therapy.12–15 Indeed, RV adaptation to pressure load has been

RV dysfunction in this model.

shown to be associated with progressive myocardial fibrosis. However, the causal relation
between fibrosis and failure has recently been challenged by the lack of beneficial effects of
anti-fibrotic therapies on RV performance.16–18 Also, animals with symptomatic RV failure were
shown to actually have less RV fibrosis, compared to animals without clinical symptoms.19 In
the volume-loaded RV, the role of myocardial fibrosis and its relation with ventricular failure
is even more unclear.11 In patients with rTOF, often exposed to RV volume loading, indirect
imaging markers have suggested both focal and interstitial fibrosis, correlated to function,
dilatation and the degree of volume load.15,20–22 However, since these studies only report
associations, it remains unclear whether this process plays either a causal and detrimental, or
secondary and reactive role in RV remodeling to volume loading. Furthermore, these studied
patients all have underwent at least one cardiac surgery at young age with accompanying
scarring and cross-clamp time, and were subjected to pressure load pre-operatively. These are
confounding factors when studying fibrosis. Distinguishing the effects of volume overload from
these confounders requires animal studies, but experimental studies on chronic RV volume
loading are scarce. Therefore, to assess whether myocardial fibrosis drives the transition from

4
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compensated to decompensated volume load-induced RV dysfunction, this study aimed to

After thoracotomy, the catheter (pressure-admittance, 1.9F, 6mm spacing, Transonic, Ithaca,

describe the temporal pattern of ventricular adaptation, fibrosis and pro-fibrotic signaling in

NY, USA) was introduced through the apex towards the RV outflow tract. Analyses were

a long-term model of volume load induced RV failure.

performed using Circlab 2015, version 10.8 (P. Steendijk, Leiden University Medical Center,
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Leiden, The Netherlands). Echocardiographic stroke volume was used to calibrate volumetric

METHODS

measurements. The maximal rate of pressure increase (dP/dtmax) and pressure decrease (dP/

Animal experiments

and arterial elastance (Ea) were obtained from single-beats in steady-state. After gradually

Thirty-nine male Wistar WU rats (160-180g, Charles River) were randomly subjected to aorto-

decreasing preload by slow constriction of the inferior caval vein, end-systolic and end-diastolic

caval shunt surgery (ACS, n=24) or sham surgery (control, n=15). The ACS was performed as

elastance (Ees and Eed, respectively) were calculated by measuring the slope of the end-

described previously. In short, rats were anesthetized by inhalation of 2-3% isoflurane, and

systolic and end-diastolic points of selected heartbeats.

dtmin) were calculated and divided by maximal pressure (Pmax). End-diastolic pressure (EDP)

23

were given buprenorphine 0.01mg/kg subcutaneously for post-operative analgesia. After
mid-line laparotomy, a puncture was made with a 18G needle through the abdominal aorta

Termination

towards the inferior caval vein. The puncture site in the aorta was closed with tissue glue.

Animals were sacrificed at three different time points: 1 month (1m) after surgery (ACS n=7,

Sham surgery consisted of laparotomy and application of tissue glue on the abdominal aorta.

control n=3), 3 months (3m) after surgery (ACS n=8, control n=6) and 6 months (6m) after

One rat died peri-operatively and one ACS rat was excluded, as assessment of shunt during

surgery (ACS n=8, control n=6). All animals were euthanized by exsanguination and extraction

termination revealed no shunting. All animal experimental protocols have been approved by

of the heart under inhalation of 2-3% isoflurane. The presence of pleural effusion, ascites, or

the Dutch Central Ethical Committee for Animal Experiments and the Animal Care Committee

visible liver edema/cirrhosis was registered. Cardiac weights (LV, RV, both atria) and TL were

of the University Medical Center Groningen (permit number: AVD105002015134). The

measured. Cardiac weights were indexed as described previously. 24 The heart was partially

experiments were conducted according to the guidelines from Directive 2010/63/EU of the

snap-frozen for gene and protein analyses, and partially formalin fixed and embedded in

European Parliament on the protection of animals used for scientific purposes and the ethical

paraffin for histological analyses.

standards laid down in the 1964 Declaration of Helsinki and its later amendments.
Histology
Echocardiography

Cardiomyocyte cross-sectional area (CCSA) was measured on wheat germ agglutinin (WGA)

Just before termination of every rat, echocardiographic assessment was performed using a

stained paraffin sections. Capillary/myocyte ratio was measured by dividing the counted

Vivid Dimension 7 and 10S-transducer (GE Healthcare, Waukesha, WI, USA) under inhalation

amount of capillaries on 5 views of 100x100µm by the expected amount of cardiomyocytes

of 2-3% isoflurane. Flow-measurements of the aorta and pulmonary artery were performed,

(calculated as area of analysis divided by mean CSSA). For assessment of the amount of fibrosis,

and LV cardiac output (CO) and pulmonary artery acceleration time (PAAT) were calculated.

Masson’s trichrome staining (all time points) and Sirius red staining (as confirmation, only 6m

In the apical four-chamber view, LV internal diastolic diameter (LVIDd), RV internal diastolic

time point) was performed on paraffin whole sections of the heart, and analyzed using Image

diameter (RVIDd), tricuspid annular plane systolic excursion (TAPSE, using M-mode), and

Scope 11 (Aperio Technologies, Vista, CA). The amount of fibrosis was quantified, per ventricle,

the presence of regurgitation of the mitral valve or tricuspid valve was assessed. LV ejection

as the blue-stained (Masson’s trichrome) or red-stained (Sirius red) percentage of the total

fraction (EF) was assessed using M-mode in the short-axis, using Teichholz’s formula. RVIDd,

tissue area, excluding major vessels. Pulmonary vascular histology was qualitatively assessed

LVIDd, and TAPSE were indexed by dividing by tibia length (TL), and LV CO was indexed by

on Verhoeff stained paraffin sections of the left lung, based on previous experience. 23

dividing by tibia length to the power of three (TL3), as described previously. 24
Gene expression
Invasive hemodynamics

RNA was isolated from snap-frozen tissue using Trizol reagent (Invitrogen) according to the

Invasive RV pressure-volume analysis was performed, also prior to termination, while intubated

manufacturer’s instructions and as described previously. 25 cDNA was made using the iScript

and ventilated with 2-3% isoflurane in oxygen as described previously. First, a two-lead

cDNA synthesis kit (Bio-Rad). Real-time reverse transcription PCR was performed using the

electrocardiogram (ECG) was made for rhythm analysis and QRS duration measurement.

MyIQ system (Bio-Rad). As an internal control for cDNA content of the samples, GAPDH

2
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was measured. Primer sequences are available on request. The relative gene expression was

(AV) block, indicative of severe heart failure (figure 1C). This AV block occurred immediately

calculated using the 2−ΔΔct method.

after intubation, and spontaneously converted into sinus rhythm in 2 out of 3 cases. Due to
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bradycardia in the rat with persisting AV block, PV-analyses of this rat were excluded from
Protein levels

this study.

The amount of cardiac ATP was assessed using ATP Assay Kit (Abcam, ab83355) following
manufacturer’s instructions. Using colorimetric quantification, levels of ATP were determined

Echocardiography

in both ACS (n=5 per time point) and controls (n=3 per time point), and normalized for protein

Echocardiography demonstrated that ACS induced substantial volume overload, as cardiac

concentration in each sample.

index in ACS rats increased more than three-fold at 1m, compared to control, and remained
significantly higher until 6m (figure 1D). RVIDd and LVIDd were significantly increased at

Whole-tissue lysates were prepared with NP-40 lysis buffer containing phosphatase and

all time points, compared to control (figure 1G-I). TAPSE was increased in the ACS rats and

protease inhibitors (Sigma-Aldrich), and western blotting was performed as described

remained so at all time points (figure 1F). LV EF gradually decreased over time (figure 1E,H).

previously.

26,27

Equal amounts of protein was resolved by SDS-PAGE, and transferred to

polyvinylidene difluoride (PVDF) membranes (Millipore). Blots were blocked with 5% non-

Invasive RV hemodynamics

fat dry milk in PBS/TBS with 0.1% Tween 20 (PBST/TBST) and incubated with primary

Results of invasive hemodynamic measurements are displayed in figure 1J-N. At 6m, RV Ees

antibodies overnight at 4°C . After washing with TBST buffer, membranes were incubated

was significantly decreased in the ACS group, compared to control, whereas RV dP/dtmax did

with appropriate horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit (GE

not change in any of the ACS time points, compared to control. RV dP/dtmin was decreased in

Healthcare) secondary antibodies for 1 hour in 5% non-fat milk. Antibodies were revealed

the 6m ACS group, compared to control, which appeared to be progressive when compared

using an ECL system (Fisher Scientific) and labeled proteins were detected with the imaging

to 1m and 3m ACS. RV Pmax, RV EDP and RV Eed were not altered at any of the time points.

Chemidoc MP system (Bio-Rad). Protein expression was quantified using ImageJ software

Finally, RV Ees/Ea was significantly decreased after 6m ACS.

and normalized to vinculin as previously described.27 Antibodies directed against pSMAD2/3
(pS2 antibody28), phosphorylated extracellular-regulated kinase 1/2 (pERK1/2; Cell signaling;
#9101), and vinculin (H300; Santa Cruz; sc-5573) were used.
Statistics
Data are displayed as median ± interquartile range. Statistical analyses were performed using
GraphPad Prism 7.02. Comparisons between ACS and control per time point, and between
time points for ACS were performed using Kruskal-Wallis test. False discovery rate was
controlled for by means of the two-stage linear step-up procedure of Benjamini, Krieger and
Yekutieli. 29

RESULTS
Clinical state and electrocardiography
Although initially well tolerated at 1m and 3m after surgery without clinical symptoms, 6 out of
8 rats demonstrated signs of severe clinical heart failure 6 months after ACS (pleural effusion
3/8, ascites 5/8, and visible liver edema/cirrhosis 1/8, figure 1A). On ECG, QRS duration
increased in the 3m and 6m ACS groups, compared to 1m ACS and compared to control
(figure 1B). Notably, at 6m after ACS, 3 out of 8 rats demonstrated a complete atrioventricular
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increased in the RV at all time points, but only at 6m in the LV of ACS rats when compared

0.5

M

120

*

1.0

-10

-50

*

1.5

0.0

6m

INVASIVE RV HEMODYNAMICS
0

LVIDd indexed
2.0

100

75

CONTROL
30.0

*

1.0

0.0

K

RV dP/dtmax
45

H

RVIDd indexed
2.0

6m

50

25

G

mm/mm (fold change)

*

2.5

decreased over time (figure 2J). In contrast, MHCβ/α ratio decreased in the LV at 1m only

6m

mmHg/µL

3m

%

1m

TAPSE indexed

mmHg/µL

Control

F

mm/mm (fold change)

0

mm/mm (fold change)

increase in the RV was much higher than the LV (21-fold vs. 11-fold, respectively). The ratio

4
2

J

ACS rats demonstrated progressive hypertrophy of both ventricles (figure 2A,B) and atria (not
displayed), compared to control. CCSA increased progressively in both ventricles, compared
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regulator between eccentric and concentric growth34, increased in the RV at 6m ACS, but
were unchanged in the LV (figure 2R). Levels of ATP were unaltered in the RV in all time points,

Ees:
7.8 ±0.4*

but were elevated in the LV at 6m, compared to control (figure 2S,T). Gene expression of

22.5

titin’s stiffer isoform N2B increased at 1m ACS in the RV, but decreased at 1m ACS in the LV,

15.0

compared to control (figure 2U,V). Titin’s more compliant isoform N2BA remained unaltered in
the RV, but was decreased at 1m and 6m ACS in the LV, compared to control (figure 2W,X). The
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Figure 1 | Long-term volume loading induces clinical signs of RV failure and biventricular dysfunction.
A: Prevalence of clinical signs of heart failure at 6m, rows represent individual rats, grey cells indicate the
presence of a symptom, clear cells indicate the absence of a symptom. B: QRS duration on ECG. C: ECG
registrations prior to termination. Top two are representative examples of sinus rhythm (SR) in a control
rat and a 6m ACS rat, bottom three are the rats that demonstrated AV-block. D-I: Summary data and
representative examples (short-axis M-mode) of echocardiographic examinations. J-N: Summary data
and representative examples of invasive pressure-volume analyses.

N2B/N2BA expression ratio was unaltered in both ventricles at all time points (not displayed).
In accordance with the unaltered RV Pmax in ACS rats, qualitative assessment of pulmonary
histology demonstrated no signs of pulmonary vascular remodeling in ACS rats.
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was observed for TGFβ’s counterpart bone morphogenetic protein receptor 2 (BMPR2), a
member of the TGFβ superfamily that plays a protective role in different forms of fibrosis35–37,
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1

Control

1m

3m

6m

6m ACS (figure 3C,D). In the RV, but especially in the LV, TGFβ1 and BMPR2 expression
showed a close correlation (figure 3K,L). Growth/differentiation factor 15 (GDF15), another

RV FHL2

member of the TGFβ superfamily related to inflammation, remained unaltered in the RV of

2.0
1.5

*

1.0

*

0.0

Control

1m

3m

6m

LV FHL2

1.5

*

1.0

*
*

0.5

Control

1m

3m

points, and in the LV at 3m and 6m (figure 3G,H). Oxidative stress marker NADPH oxidase
2 (NOX2) remained unaltered in the RV of ACS rats, and increased in the LV at 6m ACS,

2.0

0.0

ACS rats, but increased in the LV at 3m and 6m ACS, compared to control (figure 3E,F). Tissue
inhibitor of metalloproteinases 1 (TIMP1), a TGFβ target gene, increased in the RV at all time

0.5

6m

compared to control (figure 3I,J). Collagen 1a (Col1a) expression slightly increased at 3m in
the RV in ACS rats, and slightly increased in the LV at 6m ACS, compared to control (figure
3N,O). At protein level, there was no increase in both ventricles of phospho-SMAD2/3 protein
levels in ACS rats, compared to control (figure 3M). Also histologically, there was no increased

RV Titin N2BA

fibrosis in the RV nor in the LV of ACS rats, compared to control at any time point (figure 3P-S).

4
3

Qualitative assessment demonstrated no perivascular areas of fibrosis. A schematic overview

2
1
0

of remodeling and fibrosis results is displayed in figure 4.
Control

X

LV Titin N2B
3

1m

3

W

RV Titin N2B
3

Fibrosis and pro-fibrotic signaling
the RV, but increased in the LV at 1m and 6m ACS (figure 3A,B). Interestingly, a similar pattern

Control

Q

LV SERCA2a
2.0

V

LV ATP

Control

1.0

U

0.2

Control

1.5

71

Transforming growth factor beta (TGFβ) 1, a potent inducer of fibrosis, remained unaltered in

P

RV SERCA2a
2.0

O
*

0.3

0.0

6m

6

RV ATP

T
ATP (nmol/µg protein)

Vinculin

3m

LV RCAN1

0.4

pERK1/2

1m

8

0.4

0.0

0

2

M

LV MHC/ ratio
10

S

RV pERK1/2
3

1m

*

4

6m

mRNA level (fold change)

2

K

LV NPPA
120

40

4

*

3m

mRNA level (fold change)

0

6

*

6

1m

mRNA level (fold change)

5

*

Control

*

1

0

mRNA level (fold change)

*

15
10

*

8

mRNA level (fold change)

*

40

N

RV RCAN1
8

mRNA level (fold change)

80

L

RV MHC/ ratio
10

mRNA level (fold change)

J

*

mRNA level (fold change)

RV NPPA

120

6m

mRNA level (fold change)

3m

mRNA level (fold change)

1m

ATP (nmol/µg protein)

Control

0

*

2

0

6m

µm2

1.5

*

500

6m ACS

6m

mRNA level (fold change)

mg/mm3 (fold change)

2.0

H
mRNA level (fold change)

1m ACS

LV weight indexed
2.5

0.0

mRNA level (fold change)

CONTROL

RV

0

B

C

1

RV capillary/myocyte ratio
3

*

LV variable
1000

*

2

F

RV CCSA
1500

RV variable

µm2

mg/mm3 (fold change)

3

D

Legend
*

*

capillaries per myocyte

RV weight indexed
4

capillaries per myocyte

A

protein level (fold change)

70

1m

3m

6m

LV Titin N2BA
4
3
2

*

*

1
0

Control

1m

3m

6m

Figure 2 | Myocardial remodeling and heart failure markers. A-B: Ventricular weights, indexed for
tibia length C: Representative examples of WGA-staining, on which cardiomyocyte cross-sectional area
(CCSA) and capillary/myocyte ratio were determined. White bars represent 25µm. D-E: Summary data
of CCSA and capillary/myocyte ratio. H-Q mRNA levels of markers of myocardial stress and heart failure
processes. R-T: Protein levels of RV pERK1/2 and biventricular ATP. U-X: mRNA levels of titin isoforms
N2B and N2BA.

4

Chapter 4

Volume load-induced RV failure is not associated with myocardial fibrosis

6m

3

mRNA level (fold change)

mRNA level (fold change)

4

*

*

1
0

Control

1m

1m

D

LV TGF1

2

Control

3m

6m

3m

6m

F

LV BMPR2
4

*

3

*

2
1
0

Control

1m

Control

3m

6m

1m

6

*

2

0

Control

1m

BMPR2
mRNA level (fold change)

2.0

p<0.001

1.0

1m ACS
3m ACS
6m ACS
0

1

2

3

4

BMPR2
mRNA level (fold change)

L

RV TGF1/BMPR2

0.0

LV TGF1/BMPR2
4
3

1m ACS
3m ACS
6m ACS

p<0.001

0
0.0

CONTROL

Control

1m

3m

*

*

4

2

0

Control

1m

3m

6m

1.5
1.0
0.5

Control

1m

6 m control

3m

6m
6 m ACS

pSMAD2
pSMAD3
0.5

1.0

1.5

2.0

1m ACS

2.5

Vinculin

3m ACS

6m ACS

S

5.4

3

0.4

1
0

8.9

11.1

0.3

2

Control

1m

3m

LV NOX2
4

3.6

3.6

5.2

1.6

1.7

2.7

20.8

MYH7/6

0.7

6m

NPPA

SERCA2
2.3

*

3.3

RCAN1

2.2

pERK1/2

0.5

FHL2

3

0.7

2

0.8

0.5

0.6

1
0

Control

N

RV pSMAD2/3

0.0

RV NOX2
4

J

LV TIMP1
6

mRNA level (fold change)

6m

2.0

1

TGF 1
mRNA level (fold change)

R

RV fibrosis

6m

2

TGF 1
mRNA level (fold change)

P

3m

protein level (fold change)

LV variable

2.5

0.5

*

4

*

2

0

H

M

RV variable

1.5

6m

LV GDF15

Legend

K

3m

*

4

mRNA level (fold change)

3m

2

0

*

mRNA level (fold change)

B

1m

1
0

4

I

RV TIMP1
6

1m

3m

1.5

ATP

2.7

GDF15

1.7

NOX2

1.5

1.8

TGFβ1

1.7

2.3

1.5

2.8

2.2

RV Col1a

4

2.1

*

3
2

HEART FAILURE / HYPERTROPHY
Biventricular upregulation of heart
failure (NPPA) and hypertrophy
(RCAN1) markers. Early MYH isoform
switch, opposite direction in RV vs. LV.
Early downregulation of calcium
handling in the LV only. Increased
biventricular calcineurin signaling,
earlier in RV. Late pERK1/2 increase in
RV only. Biventricular decreased FHL2
expression. Unaltered ATP levels in RV,
late increase in LV.
INFLAMMATION / OXIDATIVE STRESS
Late increase of inflammation (GDF15)
and oxidative stress (NOX2) in LV only.

1
0

Control

1m

3m

6m

LV Col1a
5
4

2.8

*

3
2

2.0

1
0

CONTROL

Control

1m

3m

2.8

1.1

BMPR2

2.3

TIMP1

1.9

Col1a

6m

pSMAD2/3

6m ACS

TGFβ / BMP / FIBROSIS AXIS
Balanced and mild increase in both
TGFβ1 and BMPR2 in the LV. BMPR2,
but not TGFβ1, also increased in the
RV. Increased profibrotic signaling
(TIMP1), but only late and mild
collagen upregulation and no increase
in pSMAD2/3 or tissue-level fibrosis.

Fibrosis

4

%

3

0.5

2

Titin
N2B
Titin
N2BA
Titin
N2B/N2BA

1.9

1
0

0.4
Control

Q

1m

3m

0.7

6m

LV fibrosis

4

1m

3

3m

LV

2
1
0

Control

1m

3m

73

6m

5

O
mRNA level (fold change)

Control

*

*

G

RV GDF15
6

mRNA level (fold change)

1
0

3
2

mRNA level (fold change)

mRNA level (fold change)

mRNA level (fold change)

3
2

E

RV BMPR2
4

mRNA level (fold change)

C

RV TGF1
4

mRNA level (fold change)

A

%

72

6m
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collagen expression could be observed in the LV. These might reflect a reactive phenomenon
considering the later stages at which these signals occurred, and considering that these signals

The present study demonstrates that the ACS rat model of long-term volume load leads

did not result in tissue-level increases in collagen deposition. Altogether, in the course towards

to end-stage RV failure after 6 months. At this point, clinical signs of end-stage RV failure

end-stage RV failure, there were only mild and late, and mostly left-sided changes in pro-

had developed (pleural effusion, liver edema, ascites), along with cardiac hypertrophy and

fibrotic signaling, which did not result in increased tissue fibrosis.

severely impaired RV contractility. Furthermore, gradual decreases of both RV relaxation and
LV contractility had occurred, which were relatively mild in comparison to the decrease in RV

These findings challenge the dogma that myocardial fibrosis, either as cause or consequence,

contractility. Myocardial fibrosis was, however, not observed, nor was activation of pro-fibrotic

is associated with volume load-induced end-stage RV failure. As discussed earlier, previous

pathways. Our data add to the growing evidence that, different from LV failure, fibrosis is not

studies in models of RV pressure load have demonstrated that targeting RV fibrosis does

a hallmark of RV failure associated with chronic volume overload.

not improve ventricular function16, and that rats with symptomatic RV failure showed less
RV fibrosis than those without clinical symptoms.19 In line with these reports on pressure

The steep decrease of RV contractility (Ees) at 6m, in contrast with the more gradual and

loaded RV’s, the present study demonstrates that also in volume loaded RV’s, these is no

less severe decrease of LV function, indicates that the symptomatic heart failure in the

relation between myocardial fibrosis and RV function. The absence of myocardial fibrosis in this

current model is driven by RV failure. Also, the significant decrease of RV contractility at

animal model of volume load-induced RV failure, and the consequential lack of a relation with

6m, in contrast with the more gradual impairment of RV relaxation (dP/dtmin), implicates RV

ventricular function, may have relevant consequences for the interpretation of imaging-based

failure due to decreased contractility. This is in contrast with the pressure-loaded RV, in

studies, reported earlier. These studies demonstrate indirect markers of increased fibrosis in

which clinical symptoms of RV failure have been associated with diastolic, more than systolic

the RV of human subjects with rTOF, who are often subjected to chronic RV volume load due

dysfunction.19 These observations demonstrate that distinct RV loading conditions not only

to pulmonary valve incompetence.15,20–22 Now experimental studies increasingly disconnect

reveal specific patterns of remodeling, but also differential functional culprits in the transition

RV fibrosis from function16, it seems more likely that the observed markers in humans depict

from compensated to decompensated RV failure. In ACS rats, there was no substantial increase

processes that are secondary to remodeling or adverse loading conditions prior to surgical

in RV peak pressures and no signs of pulmonary vascular remodeling could be demonstrated.

repair, rather than primary processes that are detrimental and are caused by volume loading.

In other words, in the absence of any signs of increased RV pressure load, this ACS model can

Even though it may seem hopeful that a potentially treatable process as fibrosis correlates

be regarded as a model of isolated volume overload, by definition similar for the RV and LV.

with disease severity and cardiac function, it is not necessarily a suitable target of treatment,

Therefore, this animal model provides fair comparability of RV and LV adaptation to similar

as has been suggested.15

volume loading. The findings in the current study, showing predominant RV failure instead of
LV failure, indicates that the LV has the potential to adapt better to volume load than the RV.

The present study demonstrates a certain degree of impaired RV relaxation, in terms of RV
dP/dtmin, that apparently has not been caused by increased deposition of collagens. Previous

A pivotal finding in this study is that no myocardial fibrosis could be demonstrated, despite

reports on volume-loaded LV remodeling showed that not interstitial stiffness, but sarcomeric

the end-stage degree of RV failure. Also in terms of pro-fibrotic signaling in ACS rats, only

stiffness may be responsible impaired LV relaxation.39–41 In cardiac muscle, titin’s isoforms

minor and balanced changes were observed compared to controls. For example, in the RV,

N2B and N2BA are most important, of which N2B is stiffer, and N2BA more compliant.42

only an increase in TIMP1 was found, but no concurrent alterations in TGFβ1 expression, no

In the present study, titin’s stiffer isoform N2B was increased at 1m ACS in the RV, and the

inflammation in terms of GDF15 expression, and no oxidative stress (NOX2). Subsequently,

more compliant isoform N2BA remained unaltered. Even though the ratio was not significantly

this resulted in barely altered collagen gene expression and unaltered levels of phosphorylated

altered, the increase in N2B may have induced increased RV sarcomeric stiffness. Interestingly,

SMAD2/3. This all is in accordance with the absence of fibrosis by histological assessment.

an opposite response of the LV was observed, with decreases of both isoforms. At 6m ACS,

Also, in both ventricles, TGFβ1 and BMPR2 expression were balanced, illustrated by their

however, only the more compliant isoform N2BA was decreased, suggesting that not only in

linear correlation. This balance and the unaltered levels of phosphorylated SMAD2/3 are also

the RV, but also in the LV, N2B expression is relatively more pronounced, compared to N2BA,

in line with the absence of myocardial fibrosis, as BMPR2 is an antagonist in the TGFβ fibrotic

suggesting increased sarcomeric stiffness.

pathway, preventing fibrosis.

38

At 6m, some signals of inflammation, oxidative stress and
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Chronic volume loading further resulted in molecular adaptation patterns that were different

points. These hinge points are clinically shown to be susceptible to focal fibrosis in patients

between ventricles. Both ventricles demonstrated a strong increase in NPPA expression,

with rTOF.20 However, even if there would have been some hinge point fibrosis, that we then

where the increase in NPPA expression was most abundant in the RV, in agreement with

have missed using longitudinal sections, these regions would be small and focal. Moreover,

the most pronounced dysfunction of the RV, compared to the LV. Levels of ATP remained

the overall pattern of little to no pro-fibrotic signaling has been derived from whole-ventricle

unaltered in the RV, and thus challenge the ‘engine out of fuel’ concept , as has also been done

tissue, including those regions. Therefore this limitation is considered to not come with a

43

recently in the pressure-loaded RV. RV adaptation further comprises increased RCAN1

functionally relevant bias that could have altered conclusions. Another point to take into

expression, MHC isoform switch and increased pERK1/2 protein expression, indicative of

consideration when reading this manuscript is the high amount of statistical comparisons.

calcineurin activation and a stress-related hypertrophic response.

44

ERK1/2 signaling has

Despite that the false discovery rate was controlled in the statistical methodology, the high

been identified as regulator between eccentric and concentric growth34, and since volume

amount of comparisons merits the readers’ critical appraisal of patterns, rather than blind

overload has been associated with dilating/eccentric growth, one may not expect an increase

trust in individual p-values.

30,31

77

in myocardial pERK1/2 expression in the ACS-rats. However, a progressive increase in the RV
cardiomyocyte cross-sectional area was observed in ACS rats, a measure of cardiomyocyte

In conclusion, the present study demonstrates that in a rat model of, long-term volume

thickness. As increasing cardiomyocyte thickness is usually observed in concentric growth,

overload, clinical signs of RV failure occur at 6 months. At this point, RV contractility steeply

this could depict a concentric, compensating mechanism to limit further dilatation at the 6m

decreased, while LV function remained relatively spared, in accordance with a more abundant

time point. The LV, however, does not demonstrate a MHC isoform switch, nor were protein

increase of natriuretic peptide expression in the RV. However, despite the end-stage degree of

expression levels of pERK1/2 altered. The late increase of LV ATP levels potentially reflect a

RV failure, no myocardial fibrosis or pro-fibrotic signaling was observed. These findings indicate

compensatory mechanism to maintain LV function. The LV further demonstrated decreased

that myocardial fibrosis is not involved in the transition from compensated to decompensated

calcium handling (SERCA2a), which is in line with previous reports, whereas this was not

RV dysfunction in this model of long-term volume loading.

observed in the RV. As SERCA2a modulates excitation–contraction coupling , this may have
40

32

contributed to the gradually decreasing LV systolic function observed in the present study.
SERCA2a regulation has been posed as potential factor in RV failure in a research statement
of the American Thoracic Society10, but the lack of altered SERCA2a in RV’s of ACS rats in the
present study, despite clinical RV failure, suggests that SERCA2a is not involved in volumeloaded RV failure.
An interesting observation is the ubiquitous downregulation of FHL2 gene expression in
ACS rats. FHL2 is known to inhibit phosphorylation of ERK1/2 and calcineurin activity, and
therewith dampens cardiac hypertrophic responses.33 Thus, the decreased FHL2 expression
may have resulted in the increase of pERK1/2 protein expression and RCAN1 gene expression
in ACS rats. Furthermore, FHL2 is involved in sarcomere integrity, partly through interaction
with actin and titin45, and FHL2 mutations are associated with both dilated46 and hypertrophic47
cardiomyopathy, and FHL2 is thus believed to contain cardioprotective properties. Prolonged
downregulation of FHL2 expression therefore may have contributed to the gradual decrease
of biventricular function. However, the relation between a prolonged decrease of FHL2
expression and cardiac function remains to be elucidated.
A limitation of the present study is that longitudinal sections of the myocardium have been
obtained, as displayed in figure 3R and 3S, which do not include the RV insertion sites, or hinge
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ABSTRACT

INTRODUCTION

Background: Pulmonary arterial hypertension (PAH) is a devastating disease, characterized

Pulmonary arterial hypertension (PAH) is a progressive disorder in which endothelial

by obstructive pulmonary vascular remodelling that leads to right ventricular (RV) failure

dysfunction and vascular remodeling obstruct small pulmonary arteries. This results in a marked

and death. Endothelial cell dysfunction, increased proliferation of smooth muscle cells

and sustained elevation of pulmonary artery (PA) pressure, and eventually right ventricular

and fibroblasts, inflammation, and disturbed transforming growth factor β (TGFβ)/bone

(RV) failure and death.1–4 The abnormal pulmonary vascular remodeling is characterized by

morphogenetic protein (BMP) signalling contribute to this abnormal remodeling. Peptidyl

a hyperproliferative, apoptosis-resistant and inflammatory phenotype of pulmonary arterial

prolyl isomerase Pin1 has been identified as a critical driver of proliferation and inflammation

endothelial cells (PAECs) and smooth muscle cells (SMCs).5–8 The pathophysiologic mechanism

in vascular cells, but its role in the disturbed TGFβ/BMP signaling and vascular remodeling

involves several signaling pathways, including the TGF-β/BMP pathway.9 Despite recent

observed in PAH is unknown. We aimed to investigate whether Pin1 is involved in the
pathogenesis of PAH, and whether pharmacological inhibition of Pin1 can halt PAH progression
and maintain or improve RV function.
Methods: Microvascular endothelial cells (MVECs) isolated from PAH patients, rats with
PAH induced by monocrotaline+shunt (MS-PAH), and rats with RV pressure load induced by
pulmonary artery banding (PAB) were treated with the Pin1 inhibitor, juglone.
Results: Pin1 expression is increased in MVECs and lungs of PAH patients. Juglone significantly
decreased TGFβ signaling, increased BMP signaling, and normalized the hyper-proliferative
and inflammatory phenotype of MVECs isolated from PAH patients. Juglone was well tolerated
and reversed vascular remodeling in rats with MS-PAH. Juglone treatment did not affect or
harm cardiac function and remodeling in PAB rats. Treatment with juglone was associated with
a reduced TGFβ/FOXM1/PLK1 pathway, activated BMP signaling and attenuated neointimal
lesions in the pulmonary arterioles.
Conclusions: Inhibition of Pin1 reversed the PAH phenotype in PAH-MVECs in vitro and
in PAH rats, potentially through modulation of TGFβ/FOXM1/PLK1 and BMP signalling
pathways. Together, these data are the first to demonstrate a causal role of Pin1 in PAH
pathogenesis, and to identify selective inhibition of Pin1 as a novel therapeutic option for the
treatment of PAH.
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advances in the molecular understanding of vascular remodeling in PAH, current therapies
fail to reverse this vascular remodeling, resulting in only a modest improvement in morbidity
and mortality. Therefore, there remains an urgent need to identify new molecular targets
that reverse vascular remodeling to develop effective and safe treatments for PAH patients.
We and others have previously shown that the peptidyl prolyl isomerase Pin1 acts as a
critical driver of vascular cell proliferation, apoptosis and inflammation, and is implicated
in several cardiovascular diseases such as atherosclerosis, coronary restenosis, and
cardiac hypertrophy.10–12 Pin1 belongs to the parvulin subfamily of the peptidyl-prolyl cistrans isomerase (PPIase) group of proteins and is the only PPIase that specifically binds
phosphorylated Ser/Thr-Pro protein motifs and catalyzes the cis/trans isomerization of the
peptide bond.13–16 Through protein-protein interactions and inducing conformational changes
on the substrates, Pin1 regulates diverse cellular processes. Pin1 has been shown to interact
with transcription factors, including NF-κB, BRD4, c-Jun, β-catenin, p53, Nur77, PPARγ, tissue
factor (TF), FOXM1, and PLK1.13,17–20 Pin1 has been to interact with TGF-β/BMP-specific
receptor-regulated Smads Smad1, Smad2 and Smad3 but not with Smad4. 21 FOXM1 and
PLK1, the substrates of Pin1 also modulate TGF-β signalling.22,23 Interestingly, all of these Pin1
interacting proteins have been shown to be involved in PAH pathogenesis. 24–26 Although Pin1
interacts with TGFβ/BMP dependent Smad proteins, the function for Pin1 on the disturbed
TGFβ/BMP signaling and vascular remodeling in PAH is unknown.
Given the effects on proliferation, apoptosis and inflammation of ECs and SMCs, and its effects
on several known PAH signalling pathways, including TGFβ/BMP signalling, we hypothesized
that Pin1 is involved in PAH pathophysiology and, as such, could constitute a new molecular
target. Here, we indeed provide evidence that inhibition of Pin1 decreases proliferation,
inflammation and TGFβ signalling in microvascular ECs. Chronic oral administration of the
Pin1 inhibitor juglone reversed abnormal vascular remodelling, without affecting RV function
in a rat model of PAH nor in a rat model of isolated RV pressure loading. To our knowledge, this
is the first time a role for Pin1 in PAH was demonstrated, and suggests that selective inhibition
of Pin1 represents a novel therapeutic target in PAH.
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Cell viability assays

METHODS

Cell viability was determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
Cell culture and tissue sections

bromide (MTT) assays and were performed as described previously.28 Briefly, cells were seeded

Collection of lung specimens was approved by the local ethical committee and written informed

in a 96-well plate at a density of 3×103 cells/well in ECM medium (Sciencell, Catalog#1001)

consent from patients was obtained. Human pulmonary artery microvascular endothelial cells

and incubated overnight. Cells were made quiescent by incubation in medium without FCS for

(MVECs) and smooth muscle cells (PASMCs) were isolated and cultured from idiopathic PAH

6 h and then incubated overnight with FCS (10% [vol/vol]) and vehicle or juglone (1uM) for 24

patients and control lung explant tissue as previously described. 24 Cells between passage 5

h. After the incubation, 10μl of MTT reagent (5 mg/ml) was added to the cells for 3 h at 37°C.

and 8 were used for experiments. Lung tissue sections from untreated monocrotaline (MCT)

100μl of isopropanol was added to each well and incubated for 15 min at RT. Colorimetric

and Sugen-hypoxia (SuHx) induced PH rat models were used, as described previously.24,27

analysis was performed with an enzyme-linked immunosorbent assay (ELISA) plate reader.
Each experiment (in quadruplicate) was repeated at least three times.

Quantitative Real Time-PCR (qRT-PCR)
Total RNA from cultured cells was isolated using NucleoSpin RNA II isolation kit (Machery

Cell count analysis

Nagel, Düren) according to the manufacturer’s instructions. Total RNA from rat lung and RV

MVECs and PASMCs were pretreated with vehicle or juglone (1uM) for 48h and the number

tissue was isolated using TRIPURE (Roche). All the cDNA was synthesized with the iScript

of cells was counted using TC20™ Automated Cell Counter (Bio-Rad).

cDNA kit (Bio-Rad) following the manufacturer’s instructions. RT-qPCR was performed with
SYBR Green Supermix (Bio-Rad) using specific primers on CFX Real-Time PCR detection

Determination of PASMC growth in cultured medium of MVECs

System (Bio-Rad). Analysis of qPCR results was done using the delta delta Ct method. GAPDH

PAH MVECs were pretreated with vehicle or juglone (1uM) for 24 h. Conditioned medium

was used as an internal control for the amount of cDNA present in each sample. Primers used

from these cells was added to control PASMCs and incubated for 48 hours after which the

for real-time PCR are available on request.

number of cells were counted using TC20™ Automated Cell Counter (Bio-Rad). Of note, the
half-life of juglone is 2 hours.

Western blot
Whole cell and lung lysates were prepared with NP-40 lysis buffer containing phosphatase

Transient transfection and luciferase assays

and protease inhibitors (Sigma-Aldrich), and western blotting was performed as described.

24

HEK293T cells were transiently transfected with the indicated luciferase reporter plasmids

Briefly, equal amount of protein was resolved by SDS-PAGE and transferred to polyvinylidene

and Pin1 using PEI transfection reagent (Polysciences), following the recommendations of

difluoride (PVDF) membranes (Millipore). Blots were blocked with 5% non-fat dry milk in

the manufacturer. Primary MVECs were transfected using Lipofectamine 3000 (Thermo

PBS/TBS with 0.1% Tween 20 (PBST/TBST) for 1 hour at RT and incubated with primary

Scientific) as per the instructions of the manufacturer. Renilla plasmid was co-transfected as

antibodies overnight at 4°C. After washing with TBST buffer, membranes were incubated

an internal control in both HEK293T cells and MVECs. 48 hours post-transfection, cells were

with appropriate horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit (GE

harvested and lysed to measure the luciferase activity using the dual luciferase reporter assay

Healthcare) secondary antibodies for 1 hour at RT in 5% non-fat milk. Antibodies were revealed

system (Promega) by a Perkin Elmer luminometer Victor3 1420. An empty vector was used to

using an ECL system (Fisher Scientific) and labeled proteins were detected with the imaging

equalize the total amount of plasmid DNA in each well when necessary and each experiment

Chemidoc MP system (Bio-Rad). Protein expression was quantified using Image J software

(in triplicate) was repeated at least three times.

and normalized to GAPDH or Vinculin as previously described. The following antibodies
directed against Pin1 (Proteintech, 10495-1-AP), pSmad2/3 (pS2 antibody), pSmad1/5/8 (pS1

Plasmids and chemicals

antibody), BMPR2 (Thermo Scientific, MA5-15827), ID1 (Santa Cruz, sc-490), FOXM1 (Santa

Pin1 over-expression plasmids, luciferase reporter constructs: BMP response element (BRE)-

Cruz Biotechnology, sc-376471), Vinculin (H300; Santa Cruz), and PLK1 (Abcam, ab17056)

luc, TGF-β–responsive CAGA-luc, CyclinD1-luc, and NFκB-luc have been described before.24,29

were used.

TNFα (Peprotech; cat#300-01A) and TGFβ3 ( 8420-B3, R&D SYSTEMS and Andrew P.
Hinck, University of Pittsburg, USA) were used . Lentiviral shRNA plasmids targeting Pin1
[shPIN1 (1-5)] were ordered from a shRNA library (shPin1-1: TRCN0000010577, shPin1-2:
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TRCN0000001036, shPin1-3: TRCN0000001033, shPin1-4: TRCN0000001034, shPin1-5:

artery banding (PAB) surgery at T0, with a tight constriction at the size of an 18G needle.

TRCN0000001035; Sigma-Aldrich, Cat No: SHCLND-NM_006221, Missouri, USA).

One rat died within the first hour after surgery. One rat was excluded due to a non-significant

89

degree of pressure load, defined as a minimum PAB gradient of 40mmHg on echocardiography
Lenti-viral transduction

at day 14. All rats showed to be subjected to effective RV pressure load (defined as a minimum

Recombinant lentiviral particles of overexpression of Pin1 and shRNAs targeting Pin1

pressure difference of 40mmHg). PAB gradient was assessed by means of echocardiography

were produced, concentrated, and titrated as described previously. Five different human

at T14, where after rats were grouped into two groups with equal mean PAB gradient. Rats

shRNAs that target different regions in the Pin1 mRNA were tested and two shRNAs

were randomly assigned to 1) treatment with vehicle (5% DMSO in drinking water) from

(TRCN0000010577, TRCN0000001036) were chosen for generation of lentiviruses based on

T28 with sacrifice at T56 (PABveh56), or 2) treatment with 5mg/kg Juglone in vehicle (5%

the efficiency of the knockdown. Lentiviral transduction in cultured MVECs was performed as

DMSO in drinking water) from T28 with sacrifice at T56. Before sacrifice, all rats underwent

described previously. Transduction efficiency was determined by qRT-PCR and western blot.

haemodynamic evaluation by echocardiography, after which lungs and hearts were collected

24

24

for histopathologic evaluation. To assess the extent of RV hypertrophy, the RV free wall was
Juglone treatment in the MCT+Shunt rat PAH model

separated from the left ventricle (LV) and ventricular septum. Wet weights of the RV, free LV and

All animal experiments were approved by the Dutch Central Ethical Committee for Animal

septum were determined separately, and the ratio of RV weight to LV plus interventricular septum

Experiments and the Animal Care Committee of the University Medical Center Groningen

weight (Fulton index: RV/[LV+IVS]) was calculated for RV hypertrophy. For further analysis of

and were carried out in compliance with guidelines issued by the Dutch government (permit

RV dimensions, 5-µm-thick paraffin sections of cardiac tissues were stained with haematoxylin

numbers AVD105002015129 and AVD105002015134). All experiments were conducted

and eosin, and a mean transversal cardiomyocyte cross-sectional area (CSA) was assessed.

according to published standards for preclinical and translational research in PAH.

30

The

MCT+Shunt rat PAH model was used to study pulmonary vascular remodeling and was

Quantitative pulmonary vascular morphometry

performed as described previously. Briefly, 25 Lewis male rats (±200g; Envigo UK) were

5 µm paraffin-embedded lung sections were stained according to the Elastica-Van Gieson

kept in a 12-hour light:dark cycle and received standard rodent food and water ad lib. Flow-

protocol and scanned on 40x magnification (Hamamatsu nanoviewer, Japan). All slides were

induced PAH was induced by a subcutaneous 60 mg/kg injection of monocrotaline (MCT,

masked, blinding the investigator for the experimental group. 40 vessels (diameter <50 µm) per

Sigma) at T0 days, followed at T7 by aorto-caval shunt surgery, which approximately doubles

lung were analyzed according to a standardized pulmonary vascular morphometry protocol,

pulmonary blood flow. MCT+Shunt (MS) induces neomuscularization and medial hypertrophy

described in detail previously. 25,31

31

from T7 to T14, neointimal lesions from T14 to T21 and RV failure from T21 to T28. Rats
were randomly assigned to 3 groups: 1) MCT+Shunt sacrificed at T21 (MS21) as a baseline

Measurement of RV fibrosis

group; 2) treatment with vehicle (5% DMSO in drinking water) from T21, with sacrifice at

For measurement of tissue fibrosis, 5 µm paraffin-embedded RV sections were stained

T35 (MS35Veh); 3) treatment from T21 with 5mg/kg juglone in vehicle (5%DMSO in drinking

according to the Masson protocol and scanned on 40x magnification (Hamamatsu nanoviewer,

water) with sacrifice at T35 (MS35Juglone). Echocardiography was also performed before the

Japan). Then, % fibrosis was calculated using the positive pixel count algorithm (V9) on image

treatment(at day 21) started to determine baseline cardiac function. At the end of the study

scope V12.3.

period, before sacrifice the animals, rats were anesthetized and subjected to hemodynamic
evaluation by echocardiography and right heart catheterization. The lungs and heart were

Immunofluorescence (IF) and immunohistochemistry (IHC)

collected for further analysis. All measurements and analyses were done in a blinded manner.

Paraffin-embedded lung or RV tissues were sectioned at 5µm, deparaffinized, rehydrated
in graded washes of xylene to ethanol, and then subjected to heat-induced epitope retrieval

Juglone treatment in the PAB rat RV pressure load model

using citrate buffer. Following antigen retrieval, the sections were blocked with 1% BSA

In models of PAH, it is difficult to dissect whether effects of therapy on the RV result from a direct

in 0.1% Tween-PBS for 1h at room temperature. Then, sections were incubated with

therapeutic effect on RV myocardium, or an indirect effect caused by modulated afterload.

primary antibodies at 4°C overnight. Hematoxylin and eosin staining was performed for the

Therefore, to assess direct myocardial effects of juglone in this setting, isolated RV pressure

morphometric assessment of pulmonary vessels. All sections were mounted with ProLong®

load was created in 16 adult male Wistar rats (±200g, Charles River, Fr) by main pulmonary

Gold antifade reagent (Invitrogen) containing DAPI. Mouse monoclonal anti-PLK1 (1:100,
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Figure 1
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were modestly increased in cultured human pulmonary microvascular ECs (MVECs) of iPAH
compared to controls (Fig. 1B-C). Protein levels of Pin1 were significantly increased in the total
lung lysates of the MCT rat model for experimentally induced PH (Fig. 1D). Consistent with
these findings, Pin1 expression is increased in the lungs of MCT-, SuHx- and MCT-Shunt (MS)-

H
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PAI1
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*
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induced PH rats as demonstrated by immunofluorescent staining (Sup Fig. 1). In summary, Pin1
levels are increased in lungs and pulmonary MVECs of patients with iPAH.
Pin1 modulates TGFβ/BMP-SMAD signaling in MVECs
It is well accepted that disturbed TGFβ/BMP signaling plays a crucial role in the development
and progression of PAH,9,32 and several Smad proteins are substrates of Pin1 (Sup Table
1). Therefore we aimed to investigate how Pin1 influences TGFβ/BMP-SMAD signaling in
MVECs. Of note, other members of TGFβ/BMP signaling are not direct substrates of Pin1
(Sup Table 1). In MVECs, inhibition of Pin1 expression by shRNA significantly inhibited
TGFβ-induced phosphorylation of Smad2 and Smad3 (pSmad2/3), an established readout of
canonical TGFβ signal transduction (Fig. 1E).9 shRNAs targeting Pin1 decreased expression
of Pin1 in MVECs (Sup Fig. 2A). In addition, knock-down of Pin1 also decreased expression of
pSmad2/3 in PASMCs (Sup Fig. 2B).
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Figure 1 | Pin1 expression is increased in PAH and Pin1 inhibition modulates TGFβ/BMP signaling
in microvascular ECs. (A) Representative immunofluorescence photomicrographs of Pin1 (red) and
α-smooth muscle actin (SM-actin, white) in human pulmonary arteries from control and iPAH lungs (n=5).
DAPI (blue). (B) qRT-PCR was performed to assess mRNA expression of Pin1 in MVECs from control and
iPAH patients (n=6 per group). (C) Representative western blots with relative densitometric analyses
showing Pin1 in MVECs from control and iPAH patients (n=4 per group).(D) Representative western
blots with relative densitometric analyses showing Pin1 in total lungs from MCT induced PAH rats (n=4
per group). (E) Representative western blots (n=3) showing pSmad2 in MVECs following knock-down
of Pin1 by shPin1 lentivirus. (F) qRT-PCR was performed to assess mRNA expression of Pin1 in MVECs,
following treatment with Pin1 inhibitor, juglone. G) Representative western blots (n=3) showing pSmad2
in MVECs, following treatment with juglone. (H) qRT-PCR was performed to assess mRNA expression of
PAI-1 in MVECs, following treatment with juglone (n=3). (I) Representative western blots (n=3) showing
pSmad1/5 in PASMCs following knock-down of Pin1 by shPin1 lentivirus. (J) qRT-PCR was performed
to assess mRNA expression of Id1 in MVECs, following treatment with juglone (n=3). *p<0.05. Student’s
t-test was used for comparisons between two groups. Error bars, mean ± s.e.m.
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Figure 2

Juglone inhibits inflammation of MVECs by inhibiting NFκB activity
We next investigated the effect of juglone on the pro-inflammatory response of PAH MVECs.
Juglone significantly decreased TNFα-induced expression of MCP-1 at protein level (Fig. 2H)
and inhibited the expression levels of MCP-1, RANTES and TNFα at mRNA level (Fig. 2I) in
PAH MVECs. Furthermore, juglone strongly decreased while overexpression of Pin1 markedly
increased the transcriptional activity of the NFκB promoter (Fig. 2J; Sup Fig. 3A), suggesting
that inhibition of Pin1 attenuates the pro-inflammatory response of PAH MVECs through
inhibition of the NFκB pathway. Finally, we also found that juglone decreases endothelin
expression, suggesting that inhibition of NFκB pathway decreases endothelin expression
(Sup Fig. 3B).
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Since Pin1 is reported to induce cell proliferation by increasing the expression of CyclinD134, we
explored whether inhibition of Pin1 normalizes the hyper-proliferative status of PAH MVECs.
Juglone reduced cell viability and proliferation of both PAH and control MVECs (Fig. 2A-B).
Furthermore, juglone also inhibited the cell viability of PASMCs (Fig. 2C). Finally, we found that
juglone decreased the mRNA levels of CyclinD1 (Fig. 2D), a key mediator of cell proliferation.
Consistent with this, over-expression of Pin1 increased (Fig. 2E) and inhibition of Pin1 activity
by juglone decreased CyclinD1 promoter activity in HEK293T cells (Fig. 2F). We further
showed that medium conditioned by PAH-MVECs induced proliferation of normal SMCs,
whereas juglone treatment of PAH-MVECs resulted in conditioned medium that decreased
SMC proliferation (Fig. 2G), signifying that juglone modulates the pro-proliferative crosstalk
of ECs to SMCs. Taken together, these data suggest that Pin1 drives PAH MVEC proliferation
via regulation of CyclinD1.
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To investigate the effect of Pin1 on canonical BMP signaling, we determined the level of
Smad1/5/8 phosphorylation upon knock-down of Pin1. Reduced Pin1 levels markedly
increased the phosphorylation of Smad1/5/8 upon BMP9-stimulated conditions in PASMCs
(Fig. 1I). In line with this, in PAH MVECs juglone augmented the expression levels of Id1, a
downstream target gene of BMP signaling. Moreover, Pin1 over expression decreased while
juglone enhanced BMP9-induced BMP/SMAD reporter (BRE-luc) activity in PAH MVECs
(Sup Fig. 2C-D).33 Finally, under full serum and TNFα-stimulated conditions, knock-down of
Pin1 enhanced BMPR2 and Id3 expression as demonstrated by western blot analysis (Sup
Fig. 2E). Pin1 over expression did not influence BMPR2 stability in HEK293T cells (Sup Fig.
2F-H), suggesting that Pin1 might directly enhance the BMPR2 expression. Taken together,
our data demonstrated that inhibition of Pin1 decreases TGFβ/SMAD signaling while BMP/
SMAD signaling in MVEC is increased.
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Figure 2 | Pin1 inhibits proliferation and inflammation of MVECs. (A-B) MTT (upper panel) and cell
count (lower panel) assays were performed to assess proliferation of control (A) and PAH (B) MVECs
following treatment with juglone (n=4). (C) MTT assays were performed to assess proliferation of healthy
PASMCs following treatment with juglone (n=3). (D) qRT-PCR was performed to assess mRNA expression
of CyclinD1 in PAH MVECs following treatment with juglone (n=3). (E-F) CyclinD1 promoter luciferase
activity in HEK293T cells was measured following ectopic expression of Pin1 (E) and treatment with
juglone (F). (G) SMCs cultured in medium conditioned by PAH-MVECs treated with vehicle or juglone. (H)
ELISAs for MCP-1 were performed using supernatants from MVECs following treatment with juglone and
stimulation with TNFα for 6 h (n=4). (I) qRT-PCR was performed to assess mRNA expression of MCP-1,
RANTES and TNFα following treatment with juglone and stimulation with TNFα for 6 h (n=4). (J) TNFα
induced NFκB-luciferase activity in HEK293T cells was measured following treatment with juglone and
stimulation with TNFα for 6 h (n=3). **p<0.05. Student’s t-tests were used for comparisons between
two groups. Error bars, mean ± s.e.m.
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Juglone treatment reverses the development of PAH, attenuates inflammation and in-

cardiac output, tricuspid annular plane systolic excursion (TAPSE), LV fractional shortening,

hibits TGFβ/FOXM1/PLK1-signalling in vivo

RV hypertrophy, RV fibrosis, and the ratio of capillaries to myocytes both in LV and RV were

To assess the therapeutic potential of inhibiting Pin1 with juglone in the treatment of PAH, we

not affected by juglone (Figure 5). Finally, juglone had no effect on blood cell composition.

induced PAH in rats using the MCT+Shunt model and treated them with juglone (1 mg/kg/day)

Collectively, these data indicated that juglone does not seem to benefit nor harm cardiac

orally in drinking water from 21 days onwards after the induction of PAH (Figure 3A). As can

function in response to increased RV pressure load, with no signs of altered or adverse

be appreciated, vascular occlusion score, intimal thickness, medical thickness and % of vessels

remodeling. We summarized our findings in Figure 6.
Figure 3
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uglone does not harm RV function during increased pressure load
We next studied the direct effects of juglone treatment on RV remodeling in the setting of
isolated RV pressure load, induced by PAB in rats. At Day 14, we measured PAB pressure
gradient using echocardiography to confirm effective and equal pressure load at baseline.
In both groups, the pressure gradient equally increased from Day 14 to Day 56, indicating
adaptation to pressure load (Sup. Figure S4A). Although juglone decreased Fulton index,
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Figure 3 | Juglone reverses pulmonary vascular remodeling in vivo. (A) Experimental design for the in vivo
intervention study with juglone in MCT-shunt rats (MS-PAH). (B) EvG staining. representative examples
of vascular lesions. Scale bars, 50 mm. (C-F) Quantiﬁcation of vascular occlusion (C), intimal thickness (D),
medial thickness (E) and % of the neointimal lesions (F). (G-I) Quantiﬁcation of hemodynamics: Fulton index
(G), pulmonary artery acceleration time (PAAT; H) and cardiac output (CO, I) **p<0.05. Student’s t-tests
were used for comparisons between two groups. Error bars, mean ± s.e.m. Veh=vehicle (5% DMSO).
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Figure 4

CyclinD1
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Figure 4 | In vivo effects of juglone on TGFβ/FoxM1/PLK1 signaling, proliferation, and inﬂammation.
(A-B) Representative western blots with relative densitometric analyses showing pSmad2, FOXM1 and
Pin1 in whole-lung lysates of vehicle and juglone treated MS-rats (n=4-5/group). (C) Representative
immunofluorescence photomicrographs of pSmad2 (red, upper panel), FoxM1 (green, middle panel)
and CyclinD1 (green, lower panel) in vehicle and juglone treated MS-rats (n=6/group). (D) qRT-PCR was
performed to assess mRNA expression of VCAM-1, ICAM-1 and MCP-1 in vehicle and juglone treated
MS-rats (n=6/group). **p<0.05. Student’s t-tests were used for comparisons between two groups. Error
bars, mean ± s.e.m. Veh=vehicle (5% DMSO).

Figure 5 | Juglone has no direct cardioprotective effect. (A) Experimental design for the in vivo
intervention study with juglone in the rat pulmonary artery banding (PAB) model for isolated RV pressure
load. (B-D) Quantification of hemodynamics: Fulton index (B), Cardiac output (C), and TAPSE (D). (E)
Wheat germ agglutinin staining for cardiomyocyte cross-sectional area measurement and quantification.
(F) Weight of the RV. (G) Masson staining for ﬁbrosis measurement. (H) LV fractional shortening. **p<0.05.
Student’s t-tests were used for comparisons between two groups. Error bars, mean ± s.e.m. Veh=vehicle
(5% DMSO); CSA=cross-sectional area measurement; CO=cardiac output; RV/(LV/IVS)=right ventricular
to left ventricular/intraventricular septal weight ratio; TAPSE=tricuspid annular plane systolic excursion.
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DISCUSSION
In this study, we identify the peptidyl prolyl isomerase Pin1 as a novel regulator of vascular

ECs

remodeling and TGFβ/BMP signaling in PAH. We demonstrate that Pin1 is up-regulated in
the pulmonary vasculature in PAH, and postulate that inhibition of Pin1 by juglone could be

FOXM1/PLK1
signaling

TGF-β
signaling

BMP
signaling

a novel therapeutic option to reverse the abnormal vascular remodeling in PAH. The model
we propose (Fig. 6) is based on our observations that (i) Pin1 expression is up-regulated in
both pulmonary MVECs and lungs of iPAH patients; (ii) lack of Pin1 inhibits EC dysfunction
and PA-SMC proliferation; (iii) inhibition of Pin1 by juglone as well as Pin1 knock-down
attenuates inflammation through inhibition of the NFκB pathway; (iv) juglone inhibits MVEC

Juglone

pSmad 2/3

pSmad 1/5/8

Juglone

dysfunction, inhibits TGFβ signaling and potently augments BMP/SMAD signaling in MVECs
in vitro and rat lungs in vivo. This was accompanied by decreased FOXM1/PLK1 signaling in
vivo. Furthermore, we demonstrated that (v) Pin1 inhibition reduces abnormal remodeling of
the pulmonary vasculature in a rat model of PAH. Finally, in a second rat model of proximal
RV pressure load, where RV remodeling occurs independently from effects on the pulmonary

Proliferation
(CyclinD1)

Inﬂammation
(NFκB)

vasculature, (vi) Pin1 inhibition does not affect cardiac function, in the context of isolated RV
pressure loading.
Pin1 has been implicated in several vascular diseases, including atherosclerosis, cardiac
hypertrophy, and coronary restenosis, where Pin1 induces proliferation of endothelial cells,

Pulmonary vascular remodeling
Neointimal formation

smooth muscle cells and fibroblasts, while at the same time promotes inflammation through
activation of the NFκB pathway.10–12 Pulmonary vascular cell proliferation and inflammation
are key features of pulmonary vascular remodeling in PAH.5–8 A key mechanism by which
Pin1 and its inhibitor juglone inhibit cell proliferation is through regulation of CyclinD1, a
known substrate of Pin1.34 Indeed, in the present study we demonstrated that inhibition of
Pin1 in PAH MVECs reduced CyclinD1 expression and cellular proliferation. Consistent with
this, we also found that juglone decreases proliferation of healthy human PASMCs (Fig. 2X).
Communication between ECs and SMCs plays an essential role in the pathogenesis of PAH.

Figure 6 | Proposed mechanism of Pin1 in the reversal of PAH. Juglone inhibits Pin1 activity which i)
blocks proliferation through inhibition of cell cycle proteins; ii) inhibits inflammation through blocking the
NFκB pathway; iii) inhibits TGFβ/FOXM1/PLK1 signaling; iv) enhances BMP signalling via pSmad1/5Id1/3 axis. Abnormal proliferation and excessive inflammation along with enhanced TGFβ/FOXM1/PLK1
signaling and impaired BMP signalling leads to initiation and progression of PAH. Inhibition of Pin1 with
selective Pin1 inhibitors reverses the abnormal remodeling and inhibits PAH.

In our study, we found that Pin1 is a key player at the interplay between these cells since
the secretome of diseased PA-ECs stimulated the growth of PA-SMC. Pin1 and its inhibitor
juglone inhibit EC and SMC proliferation via inhibition of the NFκB pathway, thereby reducing
the production of several cytokines . Here, we confirm that juglone reduces the secretion of
inflammatory cytokines in pulmonary MVECs and also in lung tissue of the juglone treated
rats with PAH.
To test efficacy of juglone in vivo, we showed that oral treatment with juglone to rats with
established PAH halted and even reversed the phenotype. To our knowledge, this is the first time
a pathological role for Pin1 in abnormal pulmonary remodeling of PAH was shown, providing a
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rationale for Pin1 inhibition as a novel therapeutic strategy for PAH. Juglone as an inhibitor of

Juglone significantly reversed abnormal vascular remodeling and increased the pulmonary

Pin1 was evaluated in MCT-Shunt model of PAH, which demonstrates endothelial dysfunction,

acceleration time in the MS PAH rat model. Importantly, the beneficial effect of juglone

vascular remodeling and neointimal formation similarly to human PAH. Current PAH treatments

was associated with inhibition of Pin1 expression and TGFβ/FOXM1/PLK1 signaling and

aim to relieve vasoconstriction rather than directly inhibiting pulmonary vascular remodeling

activation of BMP signaling. Although juglone exhibited beneficial effects in MS rats in this

and improving RV function. Here, we demonstrate that juglone reduced pulmonary vascular

short treatment period, prolonged use of juglone might be toxic.41 In the current study, we

remodeling and that the therapeutic efficacy conferred by juglone was not likely due to

provide proof of principle showing that Pin1 inhibition might be beneficial in experimental

vasodilation, because chronic inhibition of Pin1 did not affect systemic blood pressures and

PAH. Arguably, selective inhibition of Pin1 with a more specific inhibitor, with a prolonged

heart rate in this model. Therefore the efficacy of Pin1 inhibition on improving the pulmonary

time period may even result in a stronger reversal of PAH. Although no side effects were

acceleration time in vivo was likely due to attenuation of pulmonary vascular remodeling.

observed in these preclinical models, future studies should test novel selective inhibitors of

Indeed, we found that juglone reduced vascular remodeling which was accompanied by the

Pin1 in combination with other PAH drugs and also should aim to develop lung-specific delivery

restoration of EC function, inhibition of TGFβ/FOXM1/PLK1 signaling and augmented BMP

methods42 to achieve efficient efficacy at low concentrations.
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signaling. Furthermore, germline mutations in BMPR2 is the strongest known genetic risk factor
associated with PAH, and both BMPR2 and BMP signaling are reduced even in iPAH patients.4

Next steps

Importantly, loss of BMPR2 has been linked to increased inflammation and proliferation of

To draw definitive conclusions on the direct effect of juglone on FOXM1/PLK1 signaling, the

pulmonary ECs, and contributes to abnormal vascular remodeling in PAH. Indeed, either

next step of this study will be to study the effects of juglone on FOXM1/PLK1 signaling in vitro.

enhanced BMP signaling or inhibition of TGFβ/FOXM1/PLK1 signaling reduced the development

Current data show that juglone leads to reduced FOXM1/PLK1 signaling in vivo. As previous

of PAH in pre-clinical models.

Our data provides the first in vitro and in vivo evidence

studies have demonstrated that Pin1 modulates FOXM1/PLK1 signaling22,23, we hypothesize

that juglone inhibits increased TGFβ signaling while augmenting impaired BMP signaling. Our

that this is at least in part a direct effect. To confirm this, we will perform experiments in which

findings imply that juglone, via the modulation of TGFβ/FOXM1/PLK1 and BMP signaling, may

cells will be treated with juglone, and expression patterns of the FOXM1/PLK1 pathway will

significantly promote EC function in iPAH. Therefore, inhibition of Pin1 can serve as a novel

be assessed. Another mechanism which juglone modulates is apoptosis. Apoptosis-resistance

therapeutic approach for PAH patients with augmented TGFβ/FOXM1/PLK1 signaling and

plays an important role in progression of vascular remodeling in PAH, and inducing apoptosis in

impaired BMP signaling. On the basis of our present data, as well as literature describing a role

apoptosis-resistant cells has been demonstrated to reduce vascular remodeling by our group

for both TGFβ/FOXM1/PLK1 and BMP signaling pathways in ECs and SMCs, further research

previously.25 Therefore, analyses on this pathway are planned to be performed to complement

is warranted to dissect the mechanistic role of Pin1 on these pathways in ECs and SMCs.

the current study. Finally, additional studies are needed to independently confirm the findings

35

36–39

of the current study in other PAH models.
Although Pin1 inhibition supports RV function in the MS rat model in vivo, any effects on
the RV in this model could very well have resulted from reduced pulmonary pressure and

CONCLUSION

afterload. Therefore, to examine the direct effect of Pin1 inhibition on RV function and the
RV myocardium, juglone was evaluated in a rat model of isolated RV pressure load. Oral

In summary, we provide evidence that Pin1 plays a role in inducing EC dysfunction and thereby

administration of juglone, starting 28 days after PAB surgery when RV dysfunction was

promotes adverse vascular remodeling in PAH. Inhibition of Pin1 reduces proliferation,

established, did not influence RV function, demonstrating that while reducing pulmonary

inflammation and TGFβ/FOXM1/PLK1 signaling, and augments BMP signaling. We conclude

vascular remodeling, Pin1 inhibition did not benefit nor harm the RV in the context of RV

that inhibition of Pin1 displays beneficial effects in vitro and in vivo, and the development of a

pressure load. Previous studies demonstrated in animal models of LV remodeling and heart

more selective Pin1 inhibitor might be beneficial (either alone or in combination with existing

failure that juglone reduces fibrosis and improves LV function. However, juglone had no effect

therapeutic approaches) for treating this deadly disease PAH.

on the pathological RV remodeling and RV hemodynamics in the PAB model, possibly due to
shorter duration of treatment, dosage, or most importantly, differences in LV vs RV remodeling
mechanisms.40 Therefore, future studies are needed to understand the role of Pin1 in the RV
function.
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Motif analysis data represents results obtained from PROSITE (Swiss Institute of Bioinformatics, Lausanne, Switzerland). Column 1 (Protein) represents all analysed
proteins. Column 2 (Literature) shows whether proteins are known Pin1 substrate according to reviewed literature. Column 3 (Pro-rich region) represents proline-rich
region search (where Pin1 has more binding affinity) within the analysed proteins. Column 4 (pSer/Thr-Pro motif) shows whether proteins contained Pin1 binding
motif. Column 5 illustrates other domains found within the protein sequences. Column 6 depicts whether proteins are Pin1 substrates. (aa.: amino acid numbers; PK:
Protein Kinase; DBD: DNA-binding Domain)

Known Pin1 substrate (43)

Literature (known Pin1
substrate)

Microtubuleassociated Tau
Isoform 1

Protein

Supplementary table 1 | Continued.

Literature (known Pin1
substrate)

Protein

Supplementary table 1 | pSer/Thr-Pro motif analysis of known Pin1 substrates and BMP signalling components.
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Supplementary figure 1 | Pin1 expression is increased in various animal models of PAH.
Representative immunofluorescence photomicrographs of Pin1 (red) and α-smooth muscle actin (SMactin, white) in pulmonary arteries from (A) monocrotalin (MCT) rats, (B) Sugen-hypoxia (SuHx) rats, and
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in PAH MVECs. (E) Representative western blots showing BMPR2, Id3 and Pin1 in MVECs following
knock-down of Pin1 by shPin1 lentivirus under full serum and TNFα-stimulated conditions. Knock-down
of Pin1 enhanced BMPR2 and Id3 expression. (F-H) Representative western blots showing that Pin1 over
expression did not influence BMPR2 stability in HEK293T cells.

Chapter 5

Pin1 inhibition attenuates vascular remodeling in PAH

Figure S3

600

5

200

0

0

hi
c

Pi
n1

pL
V

VehicleJuglone

Ve

0.0

0

400

e

10

le

100

0.5

15

Ju
gl
on

200

800

le

300

1.0

Platelet count

20

hi
c

mRNA

400

B

cells/ml

1.5

500

Hemoglobin (g/dL)

Ve

A

e

Endothelin

Ju
gl
on

NFkB activity

109

Figure S4

B

g/dL

A
Relative Luciferase Activity (a.u.)

C
White bloodcell count
10

**

8
6

5

4
2

e
Ju
gl
on

hi
c

le

0

Ve

Supplementary figure 3 | (A) NFκB luciferase activity in PAH MVECs was measured following Pin1
overexpression. Overexpression of Pin1 markedly increased NFκB activity. (B) Endothelin gene expression
was measured in PAH MVECs following treatment with either vehicle or juglone, demonstrating that
juglone decreases endothelin expression.

cells/ml

108

Supplementary figure 4 | Blood count analyses were performed in PAB rats treated with either vehicle
or juglone, demonstrating unaltered hemoglobin (A) and platelet count (B), and slightly increased white
blood cell count (C) after treatment with juglone in vivo.
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ABSTRACT

INTRODUCTION

Introduction: Sex is increasingly emerging as determinant of right ventricular (RV) adaptation

Right ventricular (RV) dysfunction is an important determinant of outcome in various

to abnormal loading conditions. However, it remains unclear whether sex-related differences

cardiovascular diseases, such as congenital heart disease (CHD), pulmonary arterial

already occur in childhood. Therefore, this study aimed to assess sex differences in a juvenile

hypertension (PAH) and heart failure with preserved ejection fraction (HFpEF).1,2 In the last

model of early RV pressure load by pulmonary artery banding (PAB) during transition from

decade, increasing evidence has emerged indicating that in patients with these conditions

pre- to post-puberty.

substantial differences between sexes exist with regards to disease severity, clinical course of

113

the disease, and mortality.3,4 The prevalence of CHD in general is higher in females, whereas
Methods and results: 3-weeks old rat pups (n=57, 30-45g) were subjected to PAB or sham

the prevalence of severe CHD, as well as mortality, is higher in males.1,5 This also applies

surgery. Animals were sacrificed either before or after puberty (4 and 8 weeks post-surgery,

to patients with PAH, as well as in patients with HFpEF: female patients are more likely to

respectively). Male PAB rats demonstrated failure to thrive already after 4 weeks, whereas

develop these conditions, whereas men show worse RV function and clinical outcomes.3,6–8

females did not. After 8 weeks, female PAB rats showed less clinical symptoms of RV failure

These observations raise the question which factors underlie these observed sex differences.

than male PAB rats. RV pressure-volume analysis demonstrated increased end-systolic

A mechanistic role for sex hormones has been suggested by data from large studies on

elastance after 4 weeks in females only, and a trend toward preserved end-diastolic elastance

cardiovascular disease-free subjects, demonstrating that higher levels of estradiol and

in female PAB rats compared to males (p=0.055). Histology showed fibrosis to be significantly

estradiol metabolism are associated with better RV function.9,10 Further clinical studies to

less present in female compared to male PAB rats 8 weeks after surgery. Myosin heavy chain

dissect the effects of sex chromosomes from sex hormones are scarce, but the suggested

7/6 ratio switch and calcineurin signaling were less pronounced in female PAB rats, compared

role of sex hormones is consistently supported by experimental studies.11 Various protective

to males.

properties of estrogen have been demonstrated in both general cardiac dysfunction, and
specifically pressure-loaded RV dysfunction.12–18 In contrast, male sex hormones are associated

Conclusion: In a juvenile rat model of RV pressure load, female rats appeared to be less prone

with worse RV function in healthy humans, and experimental RV pressure load.10,19

to clinical heart failure, compared to males. This was driven by increased RV contractility before
puberty, and better preservation of diastolic function with less RV myocardial fibrosis after

Altogether, it seems that sex substantially affects RV adaptation to abnormal ventricular loading

puberty. These temporal findings add to our limited understanding of the pathophysiology of

conditions. It has not been elucidated yet, whether these sex differences are solely driven by

pediatric RV failure due to chronic abnormal loading.

sex hormones or whether genetic constitution also plays a role. To answer this question, it
would be helpful to know whether these sex differences also occur in childhood, before sex
hormones become active. Unfortunately, insufficient data are available on sex-specific patterns
of RV adaptation in pediatric, pre-pubertal heart diseases. Both clinical and experimental
studies have all been conducted in adult humans, or animals. Therefore, the present study
aimed to assess sex-related differences in RV adaptation in a rat pup model of early RV
pressure load by pulmonary artery banding (PAB) during transition from pre- to post-puberty.

METHODS
Animal care and experiments were conducted according to the Dutch Animal Experimental
Act and conform to the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996) and the declaration
of Helsinki. The Animal Experiments Committee of the University of Groningen, in the
Netherlands approved the experimental protocol (permit number: AVD10500201515134).
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a pressure-admittance catheter (1.9F, 6mm spacing, Transonic, Ithaca, NY, USA). After

To induce RV pressure overload in rat pups, we adapted the previously described procedure for

thoracotomy and pericardiotomy, the catheter was introduced in the apex of the RV towards

PAB used in our laboratory. Wistar rat pups (Charles River, France) were as soon as possible

the outflow tract. The pressure signal was recorded in Chartlab 5 with an ADVantage PV

after weaning (3rd-4th week of life, 30-40 grams) randomized into two groups: sham (male n=13

system (ADV500) processor (Transonic, Ithaca, NY, USA). Analyses of the obtained signal was

/ female n=10) or pulmonary artery banding (PAB, male n=22 / female n=14). PAB was applied

performed with Circlab 2015 (developed by P. Steendijk, Leiden University Medical Center,

under general anaesthesia with ventilation (isoflurane/oxygen mixture, 5% induction; 2-3%

Leiden, The Netherlands). LV stroke volume as measured by echocardiography (in mL) was

maintenance; analgesia with subcutaneous carprofen 5 mg/kg) with a 22 gauge needle through

used to calibrate the RV conductance-derived stroke volume. Steady-state pressure-volume

a left thoracotomy to standardize the degree of RV pressure load. Sham animals underwent the

loops were used for calculation of all parameters. End-systolic and end-diastolic elastance (Ees

same procedure, without the banding of the pulmonary artery. During PAB surgery, one male

and Eed, respectively) were determined using the single-beat method. 24,25

20

and one female rat died, leaving 21 male PAB rats and 13 female PAB rats. In Wistar rats, both
male and female, puberty has been demonstrated to start not before rats reach the age of 52

Organ weights and histological analyses

days (≈7.5 weeks).

Rats were sacrificed at two time points: 4 weeks post-surgery, being ≈7

After catheterization, the rats were sacrificed by blood withdrawal. After flushing the heart

weeks of age and thus predominantly pre-puberty (10 sham animals; male n=5/ female n=5,

with NaCl 0,9%, the heart and organs were removed. Tibia’s were collected to measure TL.

15 PAB animals; male n=9 / female n=6) and 8 weeks post-surgery, being ≈11 weeks of age

RV, ventricular septum, left ventricle and both atria were dissected and weighed. Cardiac

and thus post-puberty (13 sham animals; male n=8 / female n=5; 19 PAB animals; male n=12 /

weights were indexed according to previously published formulas. 23 After fixation of the RV

female n=7). When a humane endpoint (i.e. lethargy, ≥10% weight loss and/or severe dyspnea)

(formalin), cardiomyocyte cross-sectional area (CCSA, on wheat germ agglutinin staining),

was reached before planned sacrifice, rats were immediately sacrificed. At sacrifice, either

fibrosis (Masson Trichrome) were measured. Capillary density (on Lectin staining) was

planned or at a humane endpoint, the occurrence of dyspnea prior to termination and the

assessed in the RV free wall by counting the amount of capillaries on 5 views of 100x100µm,

finding of ascites/ pleural effusion during termination were scored as symptoms of RV failure.

20x magnification. Capillary/myocyte ratio was measured by dividing the capillary density by

21,22

the mean amount of cardiomyocytes (calculated as area of analysis divided by mean CCSA).
Echocardiography
Validation of RV pressure load and assessment of cardiac function was performed by means of

Gene expression

echocardiography in all animals prior to termination (Vivid Dimension 7 and 10S-transducer, GE

RT-qPCR of specific genes representing cardiomyocyte stress (NPPB), fetal gene switch

Healthcare, Waukesha, WI,USA). Rats were anesthetized by inhalation of isoflurane (induction

(MYH7/MYH6 ratio), pro-fibrotic signaling (TIMP1) and pathological hypertrophy (regulator

5%; 2-3% maintenance) and warmed at 37°C. RV pressure load was defined as pressure

of calcineurin [RCAN]1) were measured as described previously. 20 Expression data were

gradient over the pulmonary artery (PA), measured by maximal flow velocity in the PA. Two

corrected for the expression of GAPDH by means of the double-delta CT method. PAB groups

female PAB rats showed a PAB gradient <20 mmHg, which was regarded as a non-significant

were compared to its respective sex and time point control group.

pressure load, and these were excluded due to failure of adequate PAB surgical procedure,
leaving 11 female PAB rats. Tricuspid annular plane systolic excursion (TAPSE) was measured,

Statistical analyses

representing longitudinal systolic RV function. LV cardiac output (CO) was calculated using

Quantitative data are expressed as mean ± standard error of the mean (SEM). ANOVA with

aortic flow and diameter as follows: (aortic diameter)² x 3.14 x velocity time integral x heart rate.

Holm-Sidak correction for multiple tests was performed to test differences between sham

Beat-to-beat variation was accounted for by averaging measurement from 6 to 12 consecutive

and PAB animals at the different time points for continuous variables (GraphPad Prism 5.04

beats. TAPSE was indexed by dividing by tibia length (TL), and LV CO was indexed by dividing

for Windows), Chi-squared test for categorical variables (SPSS, version 23, 2015). Kaplan

by TL to the power of three (TL3), according to previously published methods for indexing. 23

Meier survival curves were plotted and log-rank test was performed to compare survival
between sexes. Rats were censored when planned sacrifice took place, mortality was defined

Invasive RV pressure-volume analyses

as death or unplanned euthanasia when a humane endpoint was reached. Alpha <0.05 was

Prior to termination (either at 4 weeks after PAB, or at 8 weeks after PAB), open-chest

considered significant.

pressure-volume measurements were performed in anesthetized and intubated rats using

6

116

Chapter 6

Sex differences in young rats with RV pressure load

117

RESULTS
Clinical status
After 4 weeks, three out of 21 male PAB rats had died, while there was no mortality among
female rats and none of the remaining PAB rats showed clinical signs of RV failure. Eight
weeks after PAB surgery, one additional male PAB rat had died, as well as one female PAB
rat. Furthermore, 70% of the remaining male PAB rats had developed at least one clinical
sign of RV failure (5/10 ascites, 5/10 tachypnea, 7/10 pleural effusion, figure 1A), whereas
40% of the remaining female PAB rats had developed at least one clinical sign of RV failure
(2/5 ascites, 1/5 tachypnea, 0/5 pleural effusion). The occurrence of pleural effusion was
significantly lower in female PAB rats, compared to male PAB rats (p=0.003). The occurrence
of ascites and tachypnea, as well as the occurrence of at least one clinical sign and the total
number of clinical signs did not differ significantly between sexes. Also, the survival difference
between sexes did not reach statistical significance (p=0.33, figure 1B). From the 4 weeks
time point, male PAB rats showed failure to thrive, defined as decreased bodyweight, when
compared to control male rats (p<0.001 for both 4 and 8 weeks). Also tibia length, a measure of
body size independent of body composition, was significantly lower in male PAB rats compared
to male controls at the 8 weeks time point (p<0.001, figure 1C,D). Female PAB rats did not
show decreased body weight or tibia length, compared to female control rats at any time point.
Right ventricular function
Echocardiography showed that the pressure load induced by PAB was equal between groups
(figure 2A). Cardiac index appeared to be lower in PAB rats, compared to controls, similarly
in both male and female rats, although this decrease did not reach statistical significance
(p=0.459 ; Fig 2C). TAPSE, a measure of longitudinal RV function, decreased over time in
PAB rats, compared to control groups (4 weeks: females p=0.003, males p=0.186, 8 weeks:
females p=0.007, males p=0.018), without significant differences between males and females
(figure 2B).
PV-loop analysis showed an increase in RV Ees, a load-independent measure of RV contractility,
in female PAB rats, compared to female controls at both 4 and 8 weeks (p<0.001 and p=0.011,
figure 2D), whereas in male PAB rats, RV Ees did not increase compared to male controls. RV
Ees/Ea ratio did not significantly differ between PAB rats and controls in either sex. RV Eed, a
load-independent measure of RV stiffness, increased over time in both male and female PAB
rats, when compared to control groups, reaching statistical significance at 8 weeks (males
p<0.001 and females p=0.010, figure 2E). RV Eed increased more pronouncedly in male PAB
rats, compared to female PAB rats (p=0.055).

Figure 1 | Symptoms, survival and growth. A: Graphic representation of the proportion of rats that have
one of the following symptoms: ascites, tachypnea or pleural effusion. Black represents the proportion
with the symptom present, grey represents the proportion without the symptom present. B: Kaplan Meier
survival curve of PAB rats. Red line represents females, blue line represents males. Rats are censored
when planned sacrifice at 4 weeks took place. C: graph representing bodyweight at various time points
of male PAB rats in blue and female PAB rats in red, displayed as mean and standard deviation (SD),
superimposed on 95% confidence interval (1.96 SD) of control rats. D: graph representing tibia length at
various time points of male PAB rats in blue and female PAB rats in red, displayed as mean and standard
deviation (SD), superimposed on 95% confidence interval (1.96 SD) of control rats. PAB: pulmonary
artery banding.
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rats showed a marked increase of MYH7/6 ratio, marker of a switch to the fetal gene program
due to cardiac injury27, compared to controls already at 4 weeks after PAB (p=0.016). At 8
weeks after PAB, this increase was even more pronounced, as was the difference with female
PAB rats (figure 4D-F). The differences in MYH7/6 ratio between male and female PAB rats
were mainly driven by a strong increase in MYH7 in male PAB rats, whereas no such increase
was observed in female PAB rats. The key findings and differences of the present study are
displayed in table 1.

Figure 2 | Echocardiography and pressure-volume analyses. A-C: Echocardiographic measures:
pulmonary artery (PA) gradient, tricuspid annular plane systolic excursion (TAPSE) and cardiac index,
respectively. D,E: pressure-volume derived measures: RV end-systolic elastance (Ees) and RV end-diastolic
elastance (Eed), respectively. Data are presented as means ±standard errors of the mean. * represents
p<0.05 compared to control, # represents p<0.05 between sexes. PAB: pulmonary artery banding

6

Right ventricular remodeling
Both male and female PAB rats demonstrated a marked increase in RV and RA weight, both at
the 4 and 8 weeks’ time point, compared to control groups. In addition, immunohistochemistry
demonstrated increased CCSA also already at both time points, compared to control animals
(figure 3A-D). No differences in RV hypertrophy, defined by these variables, could be
demonstrated between sexes. At 8 weeks after PAB, capillary/myocyte ratio was increased
similarly in both sexes (male p=0.002 and female p=0.002, figure 3E). Already at 4 weeks after
PAB, increased RV fibrosis was present in both male and female rats, when compared to control
animals (p=0.002 and p=0.048, respectively). However, at 8 weeks after PAB, the extent of
RV fibrosis was significantly higher in male PAB rats, compared to female PAB rats (p=0.004,
figure 3F). Increased gene expression in the RV of stress marker NPPB was demonstrated by
RT-qPCR at both 4 and 8 weeks after PAB, similarly in male and female PAB rats, compared
to respective controls (figure 4A). Pro-fibrotic signaling marker TIMP1 showed a similar gene
expression pattern. Gene expression of RCAN1, activator of pathological hypertrophy26,
increased similarly in the RV of both male and female PAB rats after 4 weeks, compared to
control (p=0.005 and p=0.044, respectively, figure 4C), whereas after 8 weeks, this increased
RCAN1 expression persisted only in male PAB rats, which differed significantly from the
expression in female PAB rats (p<0.001). Finally, different from female PAB rats, male PAB

Figure 3 | Cardiac weights and histology. A,B: indexed right ventricular (RV) weight and right atrial
(RA) weight, respectively. C: Fulton index, being RV weight divided by left ventricular including septum.
D: RV cardiomyocyte cross-sectional area (CCSA). E: RV capillary/myocyte ratio. F: RV fibrosis. Data are
presented as means ±standard errors of the mean. * represents p<0.05 compared to control, # represents
p<0.05 between sexes. PAB: pulmonary artery banding
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Table 1 | Key findings.
4 weeks after surgery

8 weeks after surgery

Clinical state

•
•

Females: normal growth
Males: failure to thrive

RV function

•

Females: increased Ees, in •
contrast to males.
•

Females: increased Ees, increased
Eed
Males: increased Eed, tends to be
higher than females

Structural adaptation •

All: RV fibrosis

Females: Lower degree of RV
fibrosis, compared to males.

Gene expression

Males: increased MYH7/6 •
ratio, in contrast to females.

•

•
•

•

Females: normal growth
Males: failure to thrive, more
symptomatic than females

Females: Lower RCAN1 and
MYH7/6 ratio, compared to males.

Table displaying the key findings and differences between sexes per time point. RV right ventricle, Ees endsystolic elastance, Eed end-diastolic elastance, MYH myosin heavy chain, RCAN regulator of calcineurin.

DISCUSSION
The present study is the first to describe temporal sex differences in a rat pup model of RV
pressure load during pubertal development. In this model, female sex appears to be protective
for clinical signs of heart failure, including failure to thrive, and was associated with increased
adaptive systolic RV function and less diastolic RV-dysfunction, compared to male sex. These
sex-related differences in functional adaptation of the RV to increased pressure loading were
accompanied by differences in structural adaptation between sexes. Early pressure load of
the RV induced less RV-fibrosis in female rats, less pronounced fetal gene switch and RCAN1
signaling, compared to male rats. First signs of differences in RV adaptation between male and
female rats started already at pre-pubertal age, although differences between sexes became
more predominant after the onset of puberty and longer duration of the pressure overload.
Male PAB rats demonstrated reduced body growth, compared to male control rats, whereas
body growth was not affected in female PAB rats. In male PAB rats, not only body weight, but
also tibia length was reduced, indicating that the reduced body weight is not solely caused
Figure 4 | Gene expression levels of NPPB, TIMP1, RCAN1, MYH7/6 ratio, MYH7 and MYH6. Data are
presented as means ±standard errors of the mean. * represents p<0.05 compared to control, # represents
p<0.05 between sexes. PAB: pulmonary artery banding

by altered body composition, but reflects failure to maintain growth: failure to thrive. This,
together with the more frequent occurrence of clinical symptoms of RV failure in male PAB
rats, demonstrates that male rats, compared to female rats, are more prone to develop clinical
heart failure at an equal degree of RV pressure overload.
The more favorable clinical profile of female PAB rats was associated with increased RV
contractility and less diastolic impairment when compared to male PAB rats. Cardiac index,
however, was equally reduced in males and females. The assessment of RV function revealed
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seemingly contradictory results between echocardiographic measurement of longitudinal

of existing pressure load. Nevertheless, the results of the current study suggest that sex

systolic function (TAPSE) or invasive pressure-volume analysis. Where TAPSE decreased after

related differences in RV function and adaptation to increased pressure load are not only

PAB, most prominent in female rats, RV contractility reflected by Ees appeared to be increased

due to sex hormones, but may also be affected by differences in genetic constitution between

exclusively in female PAB rats. Speculatively, female PAB rats were, better than male PAB rats,

sexes. These insights are relevant for a variety of heart diseases, since understanding the

able to adapt their RV contraction pattern more efficiently from longitudinal towards more

differences in RV adaptation to pressure overload between males and females may lead to the

circumferential contraction, a known and effective RV compensatory mechanism to increased

identification of new treatment targets for patients with premature RV failure due to abnormal

afterload. 28,29 This apparent beneficial systolic adaptation in female rats occurred already at

loading conditions, as is the case in CHD, PAH or HFpEF.
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pre-pubertal age. Diastolic dysfunction has been previously shown to be closely related to
clinical RV failure, both in patients and animal studies25,30, which is in line with the current

Limitations

observation that preservation of diastolic function in female PAB rats is accompanied by less

A drawback of the current study is that the onset of puberty in the rats was not objectified

clinical RV failure. In contrast to the difference in systolic RV function, this better preservation

either by clinical assessment or by measurements of sex hormones, both of which are not

of RV diastolic function occurs not before 8 weeks after PAB, at post-pubertal age of the rats,

straight forward and can thus be hazardous. Therefore, we chose to adhere to previous reports

and coincides with a lower degree of RV fibrosis in females compared to males, a difference

that have focused on the assessment of such clinical signs, and demonstrated that puberty

that also becomes apparent only from post-pubertal age. This difference between sexes in

in rats starts at around 7.5 weeks of age. 21,22 In the current study-design, this means that

post-pubertal structural adaptation is further associated with a more pronounced signal of

puberty starts predominantly in the fifth week after PAB. Even if puberty onset would be in

pathological hypertrophy (RCAN1) at 8 weeks in male compared to female rats. Altogether,

the fourth week after banding in a small portion of PAB rats, sacrifice at week four post-PAB

juvenile, female PAB rats demonstrate a favorable RV adaptation pattern, characterized by

would have prevented any significant exposition to sex hormones at that time. In any case, the

maintained growth and better systolic adaptation before the onset of puberty, and less fibrosis,

8 weeks PAB groups are post-pubertal. Also, with the current study protocol, when comparing

less diastolic dysfunction and less signs of clinical heart failure after puberty, compared to male

pre-pubertal and post-pubertal groups, it is important to keep in mind that also the factor

PAB rats under equal hemodynamic loading conditions.

time of pressure loading may play a role. Furthermore, the current study did not intervene in
hormonal pathways, prohibiting to demonstrate causal effects of sex hormones. However, the

The beneficial profile of RV function in female PAB rats may have originated from a more

picture provided by the current study is clear: clinically relevant sex differences, both pre- and

dampened maladaptive response to stress, in terms of calcineurin signaling (RCAN1) and

post-pubertal, occur in juvenile RV pressure load. Future studies that intervene in hormonal

myosin heavy chain switch, in comparison to male PAB rats. A switch in myosin heavy chains

pathways, for example by means of ovariectomy, castration or hormonal replacement or

is regarded as a stress-related marker of a switch to the fetal gene program in response to

inhibition therapies, may aid further mechanistic exploration of juvenile RV dysfunction.

cardiac injury

27,31

, and the calcineurin pathway is described as an activator of pathological

hypertrophy, associated with impaired cardiac function. 26,32,33 Pathological hypertrophy

CONCLUSION

negatively influences contractility, but does not induce fibrosis. Therefore, the sex differences
32

in levels of fibrosis are presumably not induced by alternate hypertrophic responses. However,

The present study demonstrates that in a juvenile rat model of RV pressure load, female

RV fibrosis is a direct target of estrogens, both in vivo and in vitro.15,34 This, combined with the

rats are less prone to clinical heart failure, compared to male rats. This is driven by increased

fact that sex differences in fibrosis arise not before puberty, suggests that the lower degree

RV contractility before puberty, and better preservation of diastolic function with less RV

of fibrosis in female PAB rats, compared to male PAB rats, results from hormonal influences

myocardial fibrosis after puberty in female PAB rats, compared to males. This implies that

rather than from myocardial stress. However, the present study also provides evidence that

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

certain sex differences in RV adaptation occur already in juvenile, pre-pubertal RV failure.

in pre-pubertal RV failure. These temporal findings add to our limited understanding of the

These phenomena have not been shown nor investigated previously, neither in animal studies,

pathophysiology of pediatric RV failure due to chronic abnormal loading.

nor in human studies. It is important to keep in mind that in the current study, sex differences
that occur not before 8 weeks post-PAB in post-pubertal animals, may be attributed to the
effect of sex hormones, but could also be pre-pubertal differences enhanced by the duration
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ABSTRACT

INTRODUCTION

Background: Cardiac tachyarrhythmias are the leading cause of morbidity and mortality

The life expectancy of patients with tetralogy of Fallot (TOF) has increased substantially

in patients with repaired tetralogy of Fallot (TOF). We evaluated risk factors for sustained

over time due to advanced management and therapeutic options [1, 2]. However, residual

ventricular tachyarrhythmia (VT) and atrial tachyarrhythmia (ATA) in these patients.

anatomic cardiac anomalies and surgical sequels are a common phenomenon, which may result
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in long-term morbidity and mortality [3, 4]. With the raising life expectancy of repaired TOF
Methods: Patients (n = 319) who underwent cardiac magnetic resonance (CMR) imaging

patients, adequate monitoring and valuing of late detrimental impact of the disease becomes

at two tertiary centers between 2007 and 2016 were assessed. Potential risk markers,

increasingly relevant.

based on history, cardiac magnetic resonance imaging (CMR), electrocardiography (ECG)
and echocardiography, were analyzed for prediction of the primary endpoint of VT, and the

Repaired TOF patients may develop conduction disturbances, such as ventricular

secondary endpoint of ATA.

tachyarrhythmia (VT) and atrial tachyarrythmia. These conduction disturbances often result
in substantial morbidity or—although uncommon— may lead to sudden cardiac death (SCD) [5].

Results: During a follow-up of 3.5 (0.9–6.1) years, 20 (6.3%) patients reached the primary

Adequate and timely prediction of these cardiac events enhances treatment strategy in these

endpoint, and 30 (9.4%) the secondary endpoint. Multivariable cox hazards regression

patients, such as implantation of an implantable cardioverter defibrillator (ICD) implantation. In

identified right ventricular (RV) end-diastolic volume (Hazard ratio [HR] 2.03, per 10 ml/m2

current clinical practice, echocardiography, electrocardiography (ECG) and cardiac magnetic

increase; p = 0.02), RV end-systolic volume (HR 3.04, per 10 ml/m2 increase; p = 0.04), RV

resonance imaging (CMR) are essential diagnostic tools for monitoring patients with repaired

mass (HR 1.88, per 10 g/m2 increase; p = 0.02), and RV ejection fraction (HR 6.06, per 10%

TOF [6–9]. These tools are important since cardiac morphology and function can be assessed

decrease; p = 0.02) derived from CMR to be independent risk factors of VT. In addition, QRS-

over time providing prognostic information which may contribute to the decision-making of

duration (HR 1.70, per 10 ms increase; p = 0.001) and body mass index (BMI: HR 1.8, per 5

cardiac interventions [8–10].

kg/m2 increase; p = 0.02) were independent markers of VT. Older age at TOF repair (HR
1.33, per 2 months increase; p = 0.03) and BMI (HR 1.76, per 5 kg/m2 increase; p < 0.001)

Aggressive management of suspected or reported atrial and ventricular cardiac arrhythmias

independently predicted ATA.

is often considered to improve functional outcome and prevent relapse of these adverse
events. ICD therapy is currently the most aggressive and preferred treatment for secondary

Conclusion: RV systolic dysfunction, hypertrophy and dilatation on CMR, together with QRS

prevention of sustained VT or cardiac arrest. Yet, there are currently no class I indication

prolongation, and obesity are predictive of VT in TOF patients. Older age at TOF repair and

treatment strategies for primary prevention in these patients. The value of the available

obesity were associated with the occurrence of ATA.

diagnostic tools to predict life-threatening events, still warrants further investigation.
Therefore, to aid clinical outcome and decision-making, we sought to define risk factors for
cardiac tachyarrhythmia in children and adults with repaired TOF in a large multicenter cohort.

METHODS
In this retrospective multi-center study, we identified consecutive patients, both adults and
children, with repaired TOF who underwent routine CMR between January 2007 and May
2016 at two tertiary centers (i.e. Stanford University Medical Center [SUMC], California,
USA, and University Medical Center Groningen [UMCG], the Netherlands). If a patient has
undergone more than one CMR, the first CMR that was performed between 2007 and
2016 was used for analysis. TOF patients with major residual and confounding structural
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intra-cardiac disease (i.e. pulmonary atresia, absent pulmonary valve and partial anomalous

mass/volume ratio were calculated using standard formulas. Analyses of pulmonary flow were

pulmonary venous return) were excluded. Patients with claustrophobia and patients with

analyzed using QFlow 5.6 (Medis, Leiden, The Netherlands). Pulmonary artery contours were

insufficient CMR image quality (i.e. artifacts or velocity aliasing) were also excluded. In

generated semi-automatically on the standard magnitude images, and thereafter manually

addition, we excluded patients who were lost to follow-up. Demographic data (i.e. age, sex

adjusted for each phase image. Post-processing automated background offset correction is

and body surface area) and surgical history (i.e. date and type of initial repair, palliative shunt

an integral part of QFlow 5.6 and was performed for each case based on previous experience

if any, and any re-interventions) were extracted from the medical records. This study was

[12]. Pulmonary forward flow and regurgitant flow were measured and used to calculate cardiac

approved by each participating site’s Medical Ethical Review Board. All assessments used in

output (CO) and pulmonary regurgitant fraction using standard formulas. All absolute volumes

the current study were performed in the setting of regular care for these patients. Because of

and masses were indexed for body surface area (BSA) using the calculation of Haycock [13].
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the retrospective character of the study, the need for individual informed consent was waived.
Cardiac magnetic resonance imaging protocol
CMR assessments were performed either on a 1.5-T scanner at the UMCG (Siemens, Erlangen,
Germany, SUMC and LPCG; Signa TwinSpeed, Signa 450-w) or a 3 T MR scanner at SUMC
(Signa 750, GE Healthcare, Wisconsin, the United States). A retrospectively gated steadystate freeprecession (SSFP) sequence was used to obtain ECG-gated cine loop images with
breath holding. The four-chamber view was used for long-axis slices and short-axis slices were
subsequently acquired covering both ventricles from base to apex. To help define positions of
the tricuspid and mitral valves, additional SSFP cine images were taken in the long axis planes.
All non-sedated patients were instructed to hold their breath during the examinations, and the
images were acquired during end-expiratory breath holds. Two-dimensional velocity encoded
CMR flow measurements, perpendicular and ± 1.5 cm cranial to the pulmonary valve, were
performed using 2-D gradient echo Fast Low Angle Shot (FLASH), acquired during normal
respiration with retrospective cardiac gating.

Figure 1 | Short-axis CMR image of a patient with repaired tetralogy of Fallot. a The blue line
represents the epicardial border and the yellow line the endocardial border of the RV. b Using semiautomatic threshold-based segmentation, papillary muscle and trabeculae within in the endocardial
contour (i.e., yellow line) are included in the RV mass (i.e., blue shade)

Cardiac magnetic resonance imaging analysis
All CMR studies were analyzed offline using available software (QMass 7.6, Medis, Leiden, The

Echocardiographic protocol

Netherlands) to quantify right and left ventricular function, volume and mass. The assessments

Echocardiographic studies were performed on commercially available machines according

were performed by three observers (T.M.G, N.E.G. and Q.A.J) and if deemed necessary,

to standardized local protocols. Variables of the echocardiographic study closest to the

reviewed by two radiologists (T.P.W. and F.P.C.). The short-axis endoand epicardial borders of the

CMR, and only if performed within 3 months from the CMR study, were extracted from

left ventricle (LV) followed by the right ventricle (RV) were manually traced in end-diastolic and

echocardiographic reports. The pulmonary valve (PV) peak gradient was calculated from the

end-systolic phases, according to post-processing guidelines of the Society for Cardiovascular

maximal pulmonary velocity jet, using the simplified Bernoulli equation: 4v2. The severity

Magnetic Resonance. On the most basal slice, both atria, the aorta and the pulmonary artery

of pressure load on the RV was categorized into three groups: mild (PV peak gradient < 36

were excluded. The right ventricular outflow tract was included until the pulmonary valve. As

mmHg), moderate (PV peak gradient 36–64 mmHg) and severe (PV peak gradient ≥ 64

described previously, the papillary muscle and trabeculae were excluded from RV and LV blood

mmHg). For determining the severity of tricuspid regurgitation (TR), color flow Doppler, pulsed

volume, by using semi-automatic threshold-based segmentation software (MassK Mode®,

wave Doppler, continuous wave Doppler, vena contracta diameter, peak tricuspid systolic

Medis, Leiden, The Netherlands). (Fig. 1) [11] RV and LV end-systolic and end-diastolic volumes

inflow and hepatic flow were used and TR was graded as absent/trivial (grade 0), mild (grade

and mass were automatically generated by the summation of slice areas multiplied by slice

1), moderate (grade 2) and severe (grade 3). In addition, any residual atrial septal defects and/

thickness. Stroke volume (SV), ejection fraction (EF), RV/ LV volume and mass ratio and RV

or ventricular septal defects were reported.
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Electrocardiographic protocol

Statistical significance was considered achieved at a p-value < 0.05. All statistical analyses

QRS duration was measured on standard 12-lead ECGs. The ECG closest to CMR was

were performed using SPSS (Version 23, 2015).
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extracted from the medical records and was only used when performed within 3 months
from the CMR study.

RESULTS

Outcomes

Study population

Outcomes were extracted from medical records from January 2007 until May 2016. The

Figure 2 displays the flow chart of in- and exclusion of patients in the study. In total, 423 CMR

primary outcome measure was the occurrence of VT, determined as a documented episode

studies in patients with repaired TOF were identified. Of these, 50 patients with confounding

on a 12-lead ECG or holter recording of sustained VT ≥ 30 s, sudden cardiac arrest survivor

intra-cardiac defects were excluded, as well as 15 patients with insufficient CMR quality, and

(i.e. documented and needed resuscitation), symptomatic VT requiring an ICD implantation

six cases due to claustrophobia. Furthermore, 33 patients with incomplete clinical data were

or appropriate ICD shock (i.e. triggered by VT or VF documented by stored intracardiac

excluded, leaving a final amount of 319 unique patients. Baseline characteristics of these

electrogram). Patients with more than one event (e.g. appropriate ICD shock after sustained

patients are summarized in Table 1.

VT) were categorized according to the first event. The secondary outcome measure was the
occurrence of sustained atrial tachyarrhythmia, defined as intra-atrial re-entrant tachycardia,

The median time between TOF repair and CMR was 23 (IQR 15–31) years. In 318 patients

including typical atrial flutter, atrial fibrillation and other types of supraventricular tachycardia

(99%) Doppler echocardiographic quality was sufficient to obtain tricuspid regurgitation

(e.g. atrioventricular nodal reentrant tachycardia, accessory pathway mediated tachycardia

velocity and severity and pulmonary valve peak gradient. The median interval between the

and ectopic atrial tachycardia) derived from 12-lead ECG and holter recordings.

echocardiographic assessment and CMR was − 24 (IQR − 72 to [− 14]) days. In 315 patients
(99%), ECG data was available for analysis. The median time between ECG and CMR was − 11

Statistical analysis

(IQ: − 45 to [− 33]) days.

Data were presented as numbers and percentages, mean ± standard deviation (SD) and median

7

(interquartile range). According to their distribution, continuous variables of subgroups were
compared using independent samples t-test or Mann–Whitney U test. Categorical variables
of subgroups were compared using Chi-squared test or Wilcoxon signed rank test. Pearson
correlation or Spearman rank correlation were used for bivariate correlations, according to
distribution.
Follow-up time was defined as time from CMR to either an endpoint, or in the absence of an
endpoint the date of the last-follow-up record. All variables with a p-value less than 0.1 were
included in the multivariable stepwise backward regression analysis selection model. For RV
mass, a receiver operator characteristic (ROC) curve was plotted. The optimal cut-off value
for RV mass was determined, with highest sensitivity and specificity.
For the determination of the inter-observer variability of CMR analysis, two fully blinded
observers (N.E.G. and Q.A.J.) analyzed ten randomly selected CMR studies. 20 randomly
selected CMR studies were used for assessment of intra-observer variability of CMR
analysis, performed by one observer (N.E.G.), who was blinded for the clinical, CMR, ECG
and echocardiographic variables. The interval between the intra- and inter-observer analyses
was more than three months. The Two-way mixed Intraclass Correlation Coefficient was used.

Figure 2 | Flowchart of the study population
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CI 1.25–2.31; p = 0.001) on ECG, and BMI (HR 1.8, per 5 kg/m2 increase; 95% CI 1.1–3.07;
p = 0.02) were independent predictors of VT. The optimal cut-off value for RV mass was 50
g/m2 (sensitivity 63%, specificity 83%).

Ventricular tachyarrhythmia
During a median follow-up of 3.5 (0.9–6.1) years, a total of 20 (6.3%) patients reached the
primary endpoint of VT (median age 43 [IQR 34–53] years) of whom nine patients experienced

Atrial tachyarrhythmia

documented VT ≥ 30 s, four were cardiac-arrest survivors, five underwent ICD implantation

A total of 30 (9.4%) patients (median age 44 [IQR 35–51] years) reached the secondary

for symptomatic VT and two had an appropriate ICD shock after ICD implantation for primary

endpoint of atrial tachyarrhythmia, of whom 16 had intra-atrial re-entrant tachycardia, three

prevention. There were no sudden cardiac deaths. Three patients died of non-cardiac cause

had atrial fibrillation, nine experienced other types of supraventricular tachycardia and two had

and one patient died of unknown cause. Death was not included as event in the analyses.

a combination of atrial fibrillation, intra-atrial re-entrant tachycardia and/or supraventricular
tachycardia. Univariate associated risk factors for atrial tachyarrhythmia are displayed in Table
3. In the multivariate analysis, BMI (HR 1.76, per 5 kg/m2; 95% CI 1.23–2.49; p ≤ 0.001), and

Table 1 | Baseline characteristics of the study population.

older age at TOF repair (HR 1.32, per 2 month increase; 95% CI 1.04–1.69; p = 0.03) were

Demographics

Total n=319

Cardiac magnetic resonance imaging n=319

Sex, male

156 (49.0%)

RV mass index (g/m )

Age, years

24 (15-36)

RV end-diastolic volume index (ml/m2) 122 ± 35.6

Body mass index, kg/m2

22.8 ± 5.52

RV end-systolic volume index (ml/m2)

61.5 ± 22.5

Body surface area, m

1.66 ± 0.39

RV stroke volume index (ml/m2)

60.4 ± 18.3

RV ejection fraction (%)

49.9 ± 7.85

RV/LV volume ratio

1.62 ± 0.47

0.80 (95% CI 0.21–0.95, p = 0.01), for LV end-systolic volume was 0.84 (95% CI 0.34–0.95,

RV mass/volume ratio

0.35 ± 0.09

p = 0.006), for LV mass was 0.91 (95% CI 0.85–0.99, p < 0.001), for RV end-diastolic volume

2

Surgical history
Shunt

76 (23.8%)

Shunt type

2

40.1 ± 10.3

independently predictive of the secondary outcome.
Intra‑ and interclass correlation
For the inter-observer measurements, the correlation for LV end-diastolic volume was

Blalock–Thomas–Taussig

62 (19.4%)

LV mass index (g/m )

54.3 ± 15.2

was 0.91 (95% CI 0.64–0.98, p = 0.001), for RV end-systolic volume was 0.94 (95% CI 0.79–

Waterston

7 (2%)

LV end-diastolic volume index (ml/m2)

77.1 ± 18.3

Aorta pulmonary

4 (1%)

LV end-systolic volume index (ml/m2)

32.8 ± 11.3

0.99, p < 0.001), for RV mass was 0.92 (95% CI 0.66–0.98, p = 0.001) and for pulmonary

Other

3 (0.3%)

LV stroke volume index (ml/m2)

44.3 ± 20.8

Age at initial correction (years)

1.29 (0.9 – 4.7) LV ejection fraction (%)

2

regurgitation fraction was 0.93 (95% CI 0.82–0.97, p < 0.001). The intraclass correlation for

57.9 ± 8.34

the intra-observer variability for RV end-diastolic volume, RV end-systolic volume, and RV

Time TOF repair to CMR (years) 23 (15 – 31)

Pulmonary regurgitation fraction (%)

27.1 ± 17.2

mass was 0.93 (95% CI 0.79–0.94, p < 0.001), 0.93 (95% CI 0.78–0.94, p < 0.006) and 0.92

Correction type

Echocardiography

n=318

(95% CI 0.80–0.96, p < 0.001), respectively. For the intra-observer measurements of the

Transannular patch

185 (58%)

Pulmonary valve peak gradient (mmHg) 22.8 ± 15.4

no-Transannular patch

51 (16%)

Tricuspid regurgitation (≥moderate)

43 (8.1%)

Conduit

12 (4%)

Electrocardiography

n=315

Unknown

69 (22%)

QRS duration

144 (122 -158)

Variables are expressed as n (%), mean ± standard deviation or median (interquartile range) LV left
ventricular, RV right ventricular

Several demographic, CMR, electrocardiographic and echocardiographic variables were
associated with the primary outcome in the univariate Cox-proportional Hazard regression
analysis, as can be seen in Table 2. In the multivariable Cox-proportional Hazard regression
analysis, the CMR variables RV end-diastolic volume (HR 2.03, per 10 ml/m2 increase; 95%
confidence interval [CI] 1.11–3.69; p = 0.02), RV end-systolic volume (HR 3.04, per 10 ml/m2
increase; 95% CI 1.04–8.94; p = 0.04) and RV mass (HR 1.88, per 10 g/m2 increase; 95% CI
1.11–3.18; p = 0.02), together with RV ejection fraction (HR 6.06, per 10% decrease; 95% CI
1.36–16.9; p = 0.02) were predictive of VT. QRS-duration (HR 1.70, per 10 ms increase; 95%

left ventricle, the correlation for LV end-diastolic volume was 0.95 (95% CI 0.92–0.99, p <
0.001), for LV endsystolic volume 0.94 (95% CI 0.90–0.98, p < 0.007), and for LV mass the
correlation was 0.93 (95% CI 0.86–0.98, p < 0.001). The intra-observer intraclass correlation
for pulmonary regurgitation fraction was 0.97 (95% CI 0.92–0.98, p < 0.001).
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Table 3 | Cox proportional hazard analysis for atrial tachyarrhythmia.

Table 2 | Cox proportional hazard analysis for ventricular tachycardia.
Univariable analysis
Demographic variables
Sex, male
Age at CMR
BMI
Surgical History
Age at TOF correction
Shunt
Cardiac MRI variables
RV end diastolic volume
RV end systolic volume
RV stroke volume
RV mass
RV ejection fraction
RV cardiac output
Ratio RV/LV volume
LV end diastolic volume
LV end systolic volume
LV stroke volume
LV mass
LV ejection fraction
LV cardiac output
Pulmonary regurgitation fraction
ECG variables
QRS-duration
Echocardiographic variables
PV peak gradient
≥ moderate TR

Hazard Ratio
6.14
1.05
1.09

95% CI
1.78-21.1
1.02-1.08
1.02-1.19

P Value
0.004
0.001
0.01

1.06
2.59

1.02-1.11
0.59-11.3

0.008
0.20

1.01
1.03
0.92
1.09
0.89
1.14
2.85
1.00
1.02
1.01
1.04
0.97
1.18
1.02

1.00-1.02
1.01-1.05
0.97-1.03
1.05-1.13
0.84-0.95
0.98-1.32
1.25-6.52
0,98-1.03
0.98-1.06
0.96-1.05
1.01-1.06
0.93-1.02
0.87-1.59
0.99-1.05

0.05
0.003
0.92
<0.001
<0.001
0.08
0.01
0.79
0.22
0.84
0.001
0.29
0.28
0.14

1.06

1.04-1.09

<0.001

1.01
0.27

0.99-1.04
0.09-0.76

0.31
0.006

95% CI
1.1 – 3.07
1.11-3.69

P Value
0.02
0.02

1.04-8.94

0.04

1.36 - 16.9

0.02

1.11-3.18
1.25-2.31

0.02
0.001

Multivariable Cox proportional hazard model
Hazard Ratio
1.8
BMI (per 5 kg/m2 increase)
2.03
RV end-diastolic volume (per 10 ml/ m2
increase)
3.04
RV end-systolic volume
(per 10 ml / m2 decrease)
RV ejection fraction
6.06
(per 10 % decrease)
1.88
RV mass (per 10 g/ m2 increase)
QRS-duration (per 10ms increase)
1.70
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Univariable analysis
Demographic variables
Sex, male
Age at CMR
BMI
Surgical History
Age at TOF correction
Shunt
Cardiac MRI variables
RV end diastolic volume
RV end systolic volume
RV stroke volume
RV mass
RV ejection fraction
RV cardiac output
Ratio RV/LV volume
LV end diastolic volume
LV end systolic volume
LV stroke volume
LV mass
LV ejection fraction
LV cardiac output
Pulmonary regurgitation fraction
ECG variables
QRS-duration
Echocardiographic variables
PV peak gradient
≥ moderate TR

Hazard Ratio
0.74
1.06
1.11

95% CI
0.33-1.63
1.04-1.09
1.05-1.19

P Value
0.46
0.001
<0.001

1.06
0.82

1.02-1.11
0.34-1.96

0.002
0.66

0.99
1.00
0.98
1.01
0.95
0.96
1.58
0.99
0.99
0.96
1.00
0.97
0.78
0.98

0.98-1.00
0.98-1.02
0.96-1.00
0.97-1.05
0.91-1.01
0.75-1.24
0.71-3.53
0.96-1.01
0.96-1.03
0.92-0.99
0.98-1.03
0.93-1.02
0.54-1.15
0.96-1.01

0.56
0.82
0.15
0.57
0.09
0.77
0.26
0.24
0.73
0.04
0.74
0.16
0.22
0.27

1.01

0.99-1.02

0.54

0.99
0.79

0.96-1.03
0.23-2.67

0.80
0.71

Hazard Ratio
1.76
1.33

95% CI
1.23-2.49
1.04-1.69

P Value
0.001
0.03

Multivariable Cox proportional hazard model

CI confidence interval, BMI body mass index, CMR cardiac magnetic resonance imaging, ECG
electrocardiography, LV left ventricle, PV pulmonary valve, RV right ventricle, TOF tetralogy of Fallot,
TR tricuspid regurgitation Significant p values (<0.05) are bold

BMI (per 5 kg/m2 increase)
TOF correction age (per 2 months increase)

CI confidence interval, BMI body mass index, CMR cardiac magnetic resonance imaging, ECG
electrocardiography, LV left ventricle, PV pulmonary valve, RV right ventricle, SD standard deviation,
TOF tetralogy of Fallot, TR tricuspid regurgitation Significant p values (<0.05) are bold
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showed that RV mass ≥ 50 g/m2 was the optimal cut-off value in predicting VT. Accordingly,
we suggest that RV mass ≥ 50 g/m2 might be used as an additional prognostic marker in the

The present study demonstrated that CMR derived RV volumes, mass and ejection fraction

follow-up of these patients. Intraventricular conduction delay and a right bundle branch block

predict the occurrence of VT in patients with repaired TOF. In addition, prolonged QRS

is a common electrocardiographic finding following TOF repair [17]. The current result that

duration on ECG, and higher BMI were associated with VT development over time. We further

prolonged QRS duration is an important risk marker for VT is in line with previous studies [7,

observed that older age at TOF repair and higher BMI were independent predictors of atrial

10, 17]. Scar formation following surgical interventions and mechanical stretching of the RV

tachyarrhythmia in this cohort. Our study represents the only study thus far to describe BMI as

may culminate the observed prolonged QRS duration in these patients. It has been shown that

independent predictor of sustained VT and atrial tachyarrhythmia development in these patients.

CMR derived RV dilatation is a key predictor of VT, SCD and impaired clinical status [18]. This
is confirmed in the current study. RV systolic dysfunction proves to be a reliable risk marker for

Multiple evaluations of potential risk factors for the occurrence of cardiac arrhythmias and

VT, which is in line with the findings of Bokma et al. and Knauth et al. [18, 19] Chronic hypoxia

SCD in patients with repaired TOF have been conducted [5–7]. Surgical history, clinical

and pressure loading before TOF repair on the one hand, and chronic volume loading after

symptoms, QRS-duration and residual anatomic cardiac anomalies have been consequently

repair on the other hand may lead to pathophysiological RV remodeling that is responsible

reported as risk markers for these adverse events [10]. Therapeutic interventions are based

for RV dysfunction, and concomitant cardiac tachyarrhythmia. In the present cohort, higher

on these risk markers. There is a class I indication for ICD therapy for secondary prevention

BMI was identified as a risk factor for VT. Obesity and its associated disorders are known

after ventricular fibrillation or hemodynamic unstable VT. The decision for ICD implantation

to induce ventricular hypertrophy, fibrosis and increased epicardial fat [20]. These changes

for primary prevention is challenging and should be made in a multidisciplinary setting. ICD

might form a substrate for electrical instability. In the general population, obesity also widely

therapy may protect TOF patients for future VT, ventricular fibrillation and SCD. On the

showed to be an independent risk factor for sudden cardiac death [21]. Furthermore, obesity

other hand, implanting cardiologists should consider potential overtreatment in primary ICD

is associated with subclinical RV dysfunction and increased RV volumes and wall thickness in

implantation, since these interventions are associated with significant rates of complications,

the general population, and is often associated with other risk factors for arrhythmias (e.g.

such as infection and inappropriate shocks. Suggested indications for ICD implantation,

metabolic disease, hypertension, obstructive sleep apnea and diabetes mellitus) that may lead

although inconsistent, are: an history of syncope, non-sustained VT and palliative shunts,

to remodeling and subsequently arrhythmia [22]. The observed association between higher

late timing of TOF repair, ventricular systolic dysfunction, prolonged QRS duration, myocardial

BMI and increased risk of VT in our study could be regarded as in line with observations in

fibrosis and pulmonary regurgitation [14].

the general population, added onto an already affected RV at risk of VT.

Pathological mechanisms that result in cardiac arrhythmias include electrical instability due

Supraventricular tachycardia is common and is an important cause of morbidity in patients

to formation of fibrosis and fat disposition at surgical scars as a consequence of TOF repair

with repaired TOF [5]. Patients experiencing atrial tachyarrhythmia are at risk for heart

(i.e., re-entrant arrhythmias) [15]. In addition, residual structural heart defects may result in

failure, re-intervention, VT, cerebral vascular accident and SCD [10, 15]. Higher BMI was

pressure and volume overloading, leading to potential atrial and ventricular remodeling. The

the most important predictor of atrial tachyarrhythmia in the present cohort. In the general

current study confirmed previously published associations between diagnostic assessments

population, obesity is also considered a risk factor for atrial tachyarrhythmia [23]. Obesity

and cardiac arrhythmias [5–7]. RV mass was an independent predictor of VT. In the general

is associated with atrial enlargement, ventricular diastolic dysfunction and pericardial fat

population, RV hypertrophy is associated with the development of heart failure, diastolic

deposition, and these are risk factors for developing atrial tachyarrhythmia. In addition, before-

dysfunction, and cardiac death [16]. Myocardial stretching induced by volume overloading

mentioned consequences of obesity contributive of risk of VT also increase the risk of atrial

in combination with fibrosis development induced by pressure overloading might result in

tachyarrhythmia. Our study was in line with previously published studies that have suggested

electrical instability leading to conduction disturbances. The current results are in line with

older age at TOF repair is an independent predictor of atrial tachyarrhythmia [10, 17]. Several

Valente et al. in that RV hypertrophy is predictive of VT [7]. However, in contrast with our

etiological factors have been described for this phenomenon, such as prolonged hemodynamic

findings they concluded that RV dilation was not predictive of VT. Yet to date, CMR derived

burden as a result of anatomic anomalies or the negative impact of palliative interventions.

RV mass is not considered an important indication for possible therapeutic interventions

Increased duration of hemodynamic burden before correction surgery may induce increased

like primary ICD implantation in most medical centers and in current guidelines [14]. We

atrial remodeling, such as increased atrial size and diffuse fibrosis, which may in turn lead to
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subsequent atrial arrhythmia. Surgical interventions before correction, which may occur more
often when correction age is higher, might lead to macro reentrant circuits localized around the
atrial surgical scars [15]. The results provide additional evidence that early TOF repair might
be beneficial in order to prevent the development of atrial conduction disturbances on the
long-term. The results of this study may enhance the risk stratification of cardiac arrhythmias
in patients with repaired TOF. Prospective longitudinal studies are required to determine if the
suggested risk models contribute to more effective treatment strategies and better outcome
in patients with repaired TOF.
This current analysis is limited by its retrospective nature. Only patients who underwent a
CMR were included, which may have introduced a selection bias. Unfortunately, Dopplerbased LV longitudinal strain, RV pressure data and atrial volumes, exercise data, diffuse
myocardial fibrosis and use of late gadolinium enhancement assessed by CMR, were absent
in this retrospective analysis. Because of the retrospective character of the study, the outcome
parameters may have been missed in some patients, since Holter recordings were not made in
all patients at standardized time points. In total, 18 TOF patients underwent a redo pulmonary
valve replacement, which may be a confounder in the current analysis. No risk stratification
for SCD was performed, since no SCD occurred in this study cohort.

CONCLUSION
Increased RV mass, RV end-systolic volume, and RV enddiastolic volume together with
decreased RV ejection fractionon CMR, in addition to lengthened QRS duration are
independent predictors of VT in patients with repaired TOF. The results suggest that in
addition to RV dilatation and RV dysfunction, RV hypertrophy derived from CMR should be
included in strategies and indications for primary ICD implantation. Older age at time of TOF
repair was associated with the occurrence of atrial tachyarrhythmia. In addition, our study
represents the only study thus far to describe the association between an high BMI with
the occurrence of both atrial tachyarrhythmia and VT in Fallot patients. The present study
therefore contributes to the risk stratification for cardiac tachyarrhythmia in patients with
repaired TOF.

Risk of cardiac tachyarrhythmia in rTOF
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ABSTRACT

BACKGROUND

Background: Myocardial strain has been shown to predict outcome in various cardiovascular

Tetralogy of Fallot (TOF) is one of the most prevalent types of congenital heart diseases,

diseases, including congenital heart diseases. The aim of this study was to evaluate the

with excellent survival into adulthood when surgical repair is performed in early childhood.

predictive value of cardiac magnetic resonance (CMR) feature-tracking derived strain

However, the high prevalence of residual lesions, mostly pulmonary regurgitation (PR), and

parameters in repaired tetralogy of Fallot (TOF) patients for developing ventricular tachycardia

late complications, including right ventricular (RV) dysfunction, often require re-intervention.

(VT) and deterioration of ventricular function.

Previous surgery and progressive RV and left ventricular (LV) dilatation in combination with
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ventricular dysfunction are believed to form a substrate for electrical instability, resulting in
Methods: Patients with repaired TOF who underwent CMR investigation were included.

both atrial- and ventricular tachyarrhythmias and sudden cardiac death (SCD) 1–3. Exercise

Strain and strain-rate of both ventricles were assessed using CMR feature tracking. The

intolerance, signs of heart failure, QRS prolongation, and RV dilatation form the cornerstone

primary outcome was a composite of the occurrence of sustained VT or non-sustained VT

in the risk stratification of patients with repaired TOF (rTOF) 2,4,5. Cardiac magnetic resonance

requiring invasive therapy. The secondary outcome was analyzed in patients that underwent

(CMR) imaging is the imaging modality of choice for measuring ventricular morphology,

a second CMR after 1.5 to 3.5 years. Deterioration was defined as reduction (≥10%) in right

function, and quantification of PR 6,7. To identify patients at risk for SCD and aiming at primary

ventricular (RV) ejection fraction, reduction (≥10%) in left ventricular (LV) ejection fraction or

prevention, research has focused on identifying parameters predictive of malignant ventricular

increase (≥30mL/m ) in indexed RV end-diastolic volume compared to baseline.

arrhythmias 8.

Results: 172 patients (median age 24.3 years, 54 patients <18 years) were included.

Myocardial deformation (strain), measured using cardiac magnetic resonance feature tracking,

Throughout a median follow-up of 7.4 years, 9 patients (4.5%) experienced the primary

has shown to contain additive value in predicting outcome, when compared to conventional

endpoint of VT. Multivariate Cox-regression analysis showed that LV systolic circumferential

measurements of ventricular function and volume in various cardiovascular diseases 9,10. Even

strain-rate was independently predictive of primary outcome (p = 0.023). 70 patients

in the absence of impaired ejection fraction (EF), strain variables are affected in heart failure,

underwent a serial CMR, of whom 14 patients (20%) showed ventricular deterioration. Logistic

indicating that strain could be a more sensitive marker of myocardial dysfunction than EF 11.

regression showed no predictive value of strain and strain-rate parameters.

Several studies have shown that in patients with rTOF, both RV and LV deformation, measured

2

as strain using either echocardiography or CMR, are decreased when compared to healthy
Conclusions: In repaired TOF patients, LV systolic circumferential strain-rate is an

controls 12–14. In addition, deformation parameters of both ventricles have been reported to

independent predictor for the development of VT. Ventricular strain parameters did not

predict quality of life, exercise capacity and SCD and/or ventricular tachycardia (VT) in patients

predict deterioration of ventricular function in the studied population.

with rTOF 15–18. Furthermore, in patients with rTOF, RV longitudinal strain, LV circumferential
strain, and LV longitudinal strain were also associated with deterioration of ventricular function
and dilatation over time, when combined with conventional parameters of ventricular function,
surgical history and QRS duration 19. In this and other studies, deterioration of ventricular
function is commonly defined as a composite of either decreased RV EF, decreased LV EF or
increased indexed RV end-diastolic volume (EDVi) 19–21.
Ventricular strain is a measure of relative deformation in a certain direction, with the unit
percentage. In contrast, strain-rate measures the rate of this deformation, and therefore
provides conceptually different information regarding myocardial performance. Furthermore,
strain-rate can be measured during both contraction phase and relaxation phase, providing
information on systolic and diastolic function. The predictive value of CMR derived strain-rate
parameters has not been reported previously in patients with rTOF. Thus, it remains unknown
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whether the conceptual differences between strain and strain-rate translate into different

CMR analysis

prognostic potential. The aim of this study was to investigate the value of both CMR-feature

All assessments of mass, volume, function and PA-flow were performed by two independent

tracking derived strain and strain-rate as predictors for VT, and additionally as a predictor for

observers (Q.A.J.H. and T.M.G.), blinded for patient’s history. Ventricular mass, volume, and

deterioration of ventricular function on CMR in patients with rTOF.

function were analyzed using QMass 7.6 (Medis Medical Imaging, Leiden, The Netherlands)
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according to guidelines of the Society for Cardiovascular Magnetic Resonance. Good intra-

METHODS

and inter-observer variability analyses in our group have been reported previously 4. Based
on previous experience, the papillary muscle and trabeculae were excluded from ventricular

Consecutive patients with rTOF, both adults and children, who underwent routine CMR

volumes by using MassK Mode® (semi-automatic threshold-based segmentation software) 4,22.

between January 2007 and March 2016 at the University Medical Center Groningen were
identified. Patients with pulmonary atresia, absent pulmonary valve, and partial anomalous

PA-flow was analyzed using QFlow 5.6 (Medis Medical Imaging, Leiden, The Netherlands). PA-

pulmonary venous return were excluded. The first CMR within the inclusion period was used

contours were semi-automatically generated, and thereafter manually adjusted. Automated

for mass and volume, pulmonary artery (PA) flow and myocardial deformation, as described

background offset correction was performed, based on previous experience 7. Pulmonary

below. CMR studies with significant artifacts limiting study quality were excluded. Patient

regurgitant fraction (PRF) was calculated.

characteristics at the time of CMR, including age, sex, and surgical history were collected from
medical records. QRS duration was extracted from the standard 12-lead electrocardiogram

Strain and strain-rate analyses were performed using QStrain 2.0 (Medis Medical Imaging,

(ECG) obtained <4 months from CMR. Pulmonary valve (PV) peak gradient was obtained from

Leiden, The Netherlands) by one observer (J.D.L.V.). In all analyses, strain was defined as the

echocardiography performed within 6 months from CMR.

peak of the global strain curve, systolic strain-rate the peak of the global strain-rate curve in
systole, and diastolic strain-rate the peak in diastole. RV and LV longitudinal strain analyses were

Furthermore, a subset of patients who underwent a second CMR study, performed between

performed in the 4-chamber view, RV and LV circumferential strain at mid-papillary level using

1.5 and 3.5 years after the first CMR, was identified. From this second CMR, mass and

the short-axis view. Endocardial borders were manually traced in end-systole and end-diastole.

volume measurements were performed and used to categorize patients into ‘deterioration’

Feature tracking was visually reviewed, and border tracing was manually adjusted if necessary.

or ‘no deterioration’, as described below. Patients with secondary CMR were excluded from

RV longitudinal strain was defined as longitudinal strain in the RV free wall. RV delay was defined

this analysis if a valvular intervention (i.e. valve replacement, valvuloplasty) was performed

as the time difference in time to peak global circumferential strain between RV and LV. If feature

between both CMRs. This study conforms to the Declaration of Helsinki. The need for

tracking in more than one of the views failed, strain analyses of this patient were not included.

individual informed consent for this study was waived by the institutional Medical Ethical
Review Board.

Patient height and weight were extracted from the original CMR report to calculate body
surface area (BSA) using Haycock’s formula 23. All volumes and masses were indexed for BSA.

CMR imaging protocol
CMR scans were performed using a 1.5 T scanner (Siemens, Erlangen, Germany), using a

Outcomes

retrospectively gated steady-state free- precession (SSFP) sequence, ECG-gated cine loop

The primary endpoint was a combined endpoint of the occurrence of SCD, sudden cardiac

images with breath holding at end-expiration were acquired. The four-chamber and two-

arrest with successful resuscitation, VT (defined as documented episode of sustained VT

chamber views were used for long-axis slices. Short-axis slices were subsequently acquired

lasting ≥30 seconds), an appropriate implantable cardioverter defibrillator (ICD) shock or non-

covering both ventricles from base to apex. Two-dimensional velocity encoded CMR flow

sustained VT (NSVT) requiring invasive therapy (i.e. ICD implantation, VT ablation). Follow-up

measurements, perpendicular and 1.5 cm cranial to the PV, were performed using 2-D gradient

time was defined as the time from the baseline CMR to the primary endpoint, or, in the absence

echo Fast Low Angle SHot (FLASH), acquired during normal respiration with retrospective

of an endpoint, time to the last recorded patient contact.

cardiac gating.
The secondary endpoint was defined as deterioration of ventricular function or dimensions,
based on any of the three criteria: a decrease in RV EF of ≥10% (absolute percent change), a
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decrease in LV EF of ≥10% (absolute percent change) or an increase in RV EDVi of 30ml/m2,
in line with previous studies 19–21.

CMR strain rate predicts VT in rTOF

Table 1 | Baseline characteristics (n=172).
Male sex

91 (53%)

Age (years)

24.3 (15.9 - 35.4)

Age at TOF repair (years)

1.6 (1.1 - 5.2)

Statistical analyses were performed using SPSS (version 23, 2015). A p-value below 0.05

Body mass index (kg/m2)

22.4 ±4.7

was considered statistically significant. Data are displayed as mean ± standard deviation (SD)

Cardiac magnetic resonance

Statistics

or number (percentage). Continuous variables were compared using independent samples
t-test and categorical variables using Chi-squared test. Univariate Cox-regression analysis

RV EDVi (mL/m2)

125 ±38

RV ESVi (mL/m2)

62 ±23

RV mass index (g/m2)

42 ±11

was performed to assess the predictive value of baseline characteristics, mass and volume

RV EF (%)

51 ±8

measures, PRF, and strain for the primary endpoint. Parameters with p<0.05 were included

LV EDVi (mL/m2)

80 ±17

in the multivariate stepwise backward Cox-regression analysis, using p>0.1 as criterion for

LV ESVi (mL/m2)

34 ±11

removal. For all parameters with a univariate p<0.05, a receiver operator characteristic (ROC)

LV mass index (g/m2)

55 ±16

LV EF (%)

58 ±8

independent parameter in the multivariate analysis, the optimal cut-off value was chosen

PRF (%)

26 ±17

Echo PV peak gradient (mmHg)

24 ±15

according to the ROC curve. A Kaplan-Meier VT-free survival plot was made for the patient

QRS duration on ECG (ms)

136 ±27

curve was plotted with the corresponding area under the curve (AUC) calculations. For the

group above this cut-off value, compared with the group below this cut-off value. Associations
between CMR parameters and the secondary outcome of deterioration were assessed using
logistic regression. For intra-observer analyses, ten CMR studies were randomly selected
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Values are mean ± standard deviation or median (interquartile range). BMI body mass index, LV left
ventricular, EDVi indexed end-diastolic volume, ESVi indexed end-systolic volume, EF ejection fraction,
RV right ventricular, PRF pulmonary regurgitant fraction, PV pulmonary valve, ECG electrocardiography.

and analyzed by J.D.L.V., at least two months after the original analysis. Even though all
deformation analyses in this study were performed by one observer, inter-observer variability

Primary endpoint: ventricular tachyarrhythmias

was assessed to provide reproducibility of these measures. Therefore, two blinded observers

During a median follow-up time of 7.4 years (IQR 4.6 - 9.4 years), 9 patients (4.5%) experienced

(J.D.L.V. and S.L.M.) performed deformation analyses in ten randomly selected CMR studies.

the primary outcome, of whom 6 patients experienced documented sustained VT, 1 patient

Two-way mixed intra-class correlation coefficient was used, and mean bias ±SD was calculated.

experienced an appropriate ICD shock due to sustained VT in a symptomatic patient, 1 patient

One-sample t-test was used to assess whether bias was significantly different from zero.

underwent VT ablation for recurrent NSVTs and 1 patient underwent ICD implantation for
recurrent NSVTs. There were no SCDs or cardiac arrest survivors. Table 2 shows baseline

RESULTS

deformation measures for the groups with or without the primary endpoint, figure 1 displays
representative examples of feature tracking analyses from either group. When compared

In total, 172 patients were included in this study, with a median age at the time of CMR

with normal values, measured using the same software vendor (Medis) in a cohort of healthy

examination of 24.3 years (interquartile range (IQR) 15.9 – 35.4). Due to significant artifacts,

volunteers, the measured strain and strain-rate values in the cohort described in this study

11 patients were excluded. Of the included patients, 54 patients (31%) were pediatric (<18

are all substantially lower

years). Mass and volume measurements could be performed in 169 patients (98%), pulmonary

associations between RV-strain variables and primary outcome (table 2). However, a significant

flow measurements could be performed in 166 patients (97%), and strain measurements

association of both systolic and diastolic LV circumferential strain-rate with primary outcome

could be performed in 166 patients (97%). Within the predefined timeframe, a baseline

was demonstrated. From patient characteristics, ECG, PV peak gradient, masses, volumes and

echocardiographic examination was available for 143 patients (83%), and a baseline ECG

pulmonary flow, age (p=0.015), RV mass index (p=0.022) and QRS duration (p=0.023) were

examination was available for 162 patients (94%). Baseline characteristics are displayed in

identified as predictors of the primary endpoint of VT (supplementary table 2). A multivariate

table 1. Intra- and inter-observer variability analysis showed good reproducibility and precision

Cox-regression model, including these variables, revealed systolic LV circumferential strain-

of strain and strain-rate measures (supplementary table 1).

rate as an independent predictor of the primary outcome events (p=0.023, table 2).

24

. Univariate Cox-regression analysis showed no significant
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Also when RV EF and LV EF, which are known predictors in previous studies, were added to this
model or when analyzing RV EF and LV EF, together with LV systolic and diastolic circumferential

Strain-rate (1/s)

Strain (%)

No event

End-diastole

CMR strain rate predicts VT in rTOF

strain-rate in a multivariate model, LV systolic circumferential strain-rate remained significantly
associated with primary outcome (p=0.007 and p=0.002, respectively). In ROC analysis, the
predictors which were significantly associated with outcome in univariate analysis showed the

End-diastole

following AUC: LV systolic circumferential strain-rate 0.792 (95% CI 0.605 – 0.979, p=0.005),

End-systole

LV diastolic circumferential strain-rate 0.780 (95% CI 0.572 – 0.989, p=0.008), age 0.713 (95%
CI 0.525 – 0.901, p=0.043), RV mass 0.696 (95% CI 0.496 – 0.896, p=0.062) and QRS duration

Strain-rate (1/s)

Strain (%)

Event

0.761 (95% CI 0.590 – 0.933, p=0.013), displayed in figure 2a. The ROC-analysis identified a
systolic LV circumferential strain-rate of -1.05 as the optimal cut-off value, resulting in 75%
sensitivity and 82% specificity. As the normal-value for LV circumferential strain-rate is -1.81

Figure 1 | Strain and strain-rate analysis. Representative examples of feature-tracking strain and strainrate analysis in a patientwithout the primary outcome (no event) and a patientwith a primary outcome
(event).

±0.43, the cut-off value of -1.05 is substantially lower than normal 24. Using this cut-off value, a
Kaplan-Meier curve was plotted for VT-free survival of patients with either above or below the
identified cut-off value of LV circumferential strain-rate (figure 2b). Log Rank analysis showed
that using this cut-off point, survival was significantly different between groups (p<0.001).

Table 2 | Cox-regression analysis for prediction of VT.

Step size
per Δ5
per Δ0.25
per Δ-0.25

Cox-regression
p-value HR (95% CI)
0.592
1.19 (0.62 - 2.29)
0.495
1.22 (0.69 - 2.18)
0.458
1.19 (0.75 - 1.89)

per Δ5
per Δ0.25
per Δ-0.25
per Δ5
per Δ0.25
per Δ-0.25
per Δ5
per Δ0.25
per Δ-0.25
per Δ25

0.138
0.158
0.185
0.436
0.747
0.988
0.094
0.002
0.021
0.298

1.83 (0.82 - 4.07)
1.73 (0.81 - 3.71)
1.54 (0.81 - 2.96)
1.48 (0.55 - 3.95)
1.11 (0.58 - 2.11)
1.00 (0.61 - 1.66)
1.35 (0.95 - 1.93)
3.15 (1.53 - 6.46)
2.06 (1.12 - 3.76)
1.31 (0.78 - 2.25)

Multivariate Cox-regression analysis
Step size
Age (years)
per Δ10
RV mass index (g/m2)
per Δ5
QRS duration (ms)
per Δ10
LV circ. strain-rate syst. (1/s) per Δ0.25
LV circ. strain-rate diast. (1/s) per Δ-0.25

Univariate
p-value
0.002
0.021
0.002
0.002
0.021

HR (95% CI)
1.71 (1.12 - 2.62)
1.38 (1.05 - 1.73)
1.45 (1.05 - 2.00)
3.15 (1.53 - 6.46)
2.06 (1.12 - 3.76)

Multivariate
p-value HR (95% CI)
0.090
1.68 (0.92 -3.02)
0.083
1.36 (0.97 - 1.83)
0.114
1.33 (0.93 - 1.91)
0.023
4.30 (1.22 - 15.20)
0.168
0.47 (0.16 - 1.37)

VT ventricular tachycardia, RV right ventricular, HR hazard ratio, CI confidence interval, LV left ventricular,
Circ. Circumferential. Significant p-values (<0.05) are bold.

A

B

1.0

0.8

0.6

0.4
Area under the curve
Age
RV mass
QRS duration
LV circ. strain-rate systole
LV circ. strain-rate diastole

0.2

0.0
0.0

0.2

0.4
0.6
1 - Specificity

0.8

1.0

VT-free survival (fraction)

No event
Event
RV longitudinal
mean ±SD
mean ±SD
Strain (%)
-25.1 ±5.4
-24.3 ±3.3
Strain-rate systole (1/s) -1.21 ±0.32 -1.14 ±0.19
Strain-rate diastole (1/s) 1.21 ±0.41
1.09 ±0.52
RV circumferential
Strain (%)
-19.9 ±4.7
-17.2 ±4.7
Strain-rate systole (1/s) -0.81 ±0.24 -0.69 ±0.27
Strain-rate diastole (1/s) 0.88 ±0.30
0.73 ±0.40
LV longitudinal
Strain (%)
-19.5 ±4.0
-18.0 ±5.4
Strain-rate systole (1/s) -1.01 ±0.28 -0.95 ±0.33
Strain-rate diastole (1/s) 1.06 ±0.37
1.02 ±0.32
LV circumferential
Strain (%)
-25.6 ±5.3
-23.2 ±4.0
Strain-rate systole (1/s) -1.23 ±0.25 -0.98 ±0.28
Strain-rate diastole (1/s) 1.26 ±0.3
1.01 ±0.42
RV delay (ms)
31.3 ±35.6
47.9 ±35.6

Sensitivity

152

0.713
0.696
0.761
0.792
0.780

0.9

Log-rank: p<0.001

0.8

8
0.7
LV circ. strain-rate systole < -1.05

0.6

1.0

LV circ. strain-rate systole > -1.05

0

2

Number at risk
< -1.05
> -1.05

130
34

126
32

4
6
8
Follow-up (years)

10

104
26

17
2

85
20

51
13

12

Figure 2 | Predictors of VT. a: Receiver-operator characteristic (ROC) curve for prediction of VT. VT
ventricular tachycardia, RV right ventricle, LV left ventricle, circ. circumferential. b: Kaplan-Meier VT-free
survival curve according to LV circumferential systolic strain rate.

Secondary endpoint: ventricular deterioration
For the secondary outcome of ventricular deterioration, 82 patients were identified who
had a second CMR examination available within the predefined timeframe. Of these, 12
underwent pulmonary valve replacement (PVR) between both CMRs and were thus excluded
from this analysis, leaving 70 patients included for secondary endpoint analysis. Of these, 14
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patients were classified as deteriorated and 56 as not deteriorated. At baseline, RV EDVi and

The finding that strain-rate variables are prognosticators of VT, even in the absence of affected

RV mass index were significantly different between the deteriorated and not-deteriorated

strain parameters, highlights the relevance of strain-rate parameters in addition to strain.

group (145.7±29.3 vs. 121.1±32.4mL/m , p=0.012 and 47.0±8.1 vs. 41.5±9.3g/m , p=0.048

Systolic strain-rate is a conceptually different parameter of myocardial contractility than EF or

respectively). Using logistic regression, only RV EDVi at baseline appeared significantly

strain, as it reflects the rate at which the myocardium deforms, rather than absolute proportion

associated with deterioration (p=0.018, odds ratio 1.26, 95% CI 1.04 - 1.51 per 10mL/m

2

of deformation (strain) or volume change (EF). Diastolic strain-rate could potentially be a new

increase) whereas for RV mass index, there was a borderline significant association (p=0.055,

approximation of assessment of diastolic function using CMR. The conceptual difference

odds ratio 1.37, 95% CI 1.00 - 1.88 per 5g/m2 increase). None of the strain or strain-rate

between strain and strain-rate parameters can explain why in the present study, strain-rate

variables were associated with deterioration (supplementary table 3).

but not strain parameters proved to be predictive of VT. The message that the data of the

2

2
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current manuscript contains is therefore twofold. At first, it provides confirmation of results of

DISCUSSION

previous studies, namely that deformation variables can predict outcome in patients with rTOF.
Secondly, the current manuscript is the first to establish that strain-rate can predict outcome,

This study describes the value of CMR-feature tracking derived measures of myocardial

in a population in which more conventional functional variables, such as strain and EF, could

deformation for the prediction of VT or deterioration of ventricular function in patients with

not. The authors advocate for future studies to include strain-rate parameters in their analyses.

rTOF. LV systolic and diastolic circumferential strain-rate are identified as strong predictors
of VT, of which LV systolic circumferential strain-rate was an independent predictor. In

In contrast to RV deformation variables, LV strain-rate emerged as a prognosticator of VT

contrast, no association could be demonstrated between strain and strain-rate parameters

in the present cohort. Despite the perception of many that TOF is a mainly right-sided heart

and deterioration of ventricular function. The AUC values of LV circumferential strain-rate in

disease, various LV parameters have been associated with outcome. For example, LV end-

the primary endpoint ROC-analysis were higher than the previously reported predictor QRS

diastolic pressure is prognostic for appropriate ICD discharge, LV dimensions and function

duration, illustrating the strong predictive value of these parameters.

are associated with SCD or VT, and LV strain is associated with SCD and VT 2,3,16,17,25. This has
also been described in other heart diseases with altered RV loading conditions, for example

Two studies that have previously examined the prognostic value of CMR-feature tracking

pulmonary arterial hypertension (PAH) where LV dimensions correlate with hemodynamics

derived strain parameters for VT and SCD in rTOF patients. Moon et al. in a case-control

and survival, and LV strain predicts early mortality 26–28. It thus appears that in right-sided heart

cohort including 16 cases of mainly SCD, showed that both RV and LV longitudinal strain

diseases, monitoring the LV is of increasing importance 29. Mechanical interventricular coupling

and circumferential strain were predictors of VT and SCD 16. Orwat et al. examined a large,

could potentially play a role in the affected LV systolic function, as RV dilatation or RV pressure

prospective cohort, in which the authors describe a significantly decreased LV circumferential

load leads to decreased LV function 30–32. Furthermore, in rTOF patients, reduced RV dilatation

strain and RV longitudinal strain in the event group when compared with the no-event group

after valve replacement resulted in improved LV strain, whereas RV strain was unaltered 33.

. This is in contrast with the current study, as the studied cohort did not show decreased

The present study supports the increasing attention for the LV in right-sided heart diseases.

17

strain measures in the VT group when compared with the no event group. Several factors
may account for this difference. At first, both previous studies reported a significantly lower

In the described cohort, deterioration of ventricular function was associated with higher RV

LV EF in the SCD/VT groups, whereas in the current cohort, LV EF was not associated with

EDVi and RV mass index at baseline. The higher RV EDVi in the deterioration group is in

VT. As strain parameters are known to be correlated with EF, the preserved LV function might

accordance with the cohort described by Jing et al., but not with the cohort described by Wald

have also resulted in preserved strain. The current study shows that even in the absence of

et al., in which RV EDVi did not differ between the deteriorated group and not deteriorated

impaired ventricular function, deformation variables predict clinically relevant VT, therefore

group. Tretter et al. questioned in a recently published editorial whether RV volumes should

demonstrates the incremental value of deformation analyses next to conventional CMR

be excluded from of decision making in rTOF patients, partly based on data of the INDICATOR

variables. Secondly, the cohort described by Moon et al. experienced mainly SCD as outcome,

cohort, where no association of pre-operative RV EDVi with all-cause mortality, aborted

and the cohort described by Orwat et al. experienced mainly either NSVT or SCD, but not

SCD or sustained VT after PVR could be demonstrated 34. However, as the decision for PVR

sustained VT. In contrast, the latter was the predominant outcome event in the current study.

and therefore enrollment in the study was presumably partly based on RV EDV, this result
should be interpreted with caution. The present study shows that RV EDVi is associated
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with deterioration of ventricular function during follow-up without valvular interventions
or replacements, and remains, therefore, a useful biomarker for clinical follow-up of rTOF
patients.
The present study supports the association between RV mass and disease progression in rTOF
patients. However, none of the studied CMR-strain variables differed significantly between
both groups. This implies no additive value of strain and strain-rate parameters to conventional
mass and volume measures for predicting ventricular deterioration. This finding is in line with
the study of Jing et al., although a later study of this same group suggested an additional
prognostic value of LV circumferential, LV longitudinal and RV longitudinal strain parameters
when combined in a model with conventional CMR measures using machine learning 19. In
summary, secondary endpoint analysis shows that increased RV EDVi and mass precede
ventricular deterioration, but no additional value for strain parameters in the prediction of
ventricular deterioration could be demonstrated.
Study limitations
This retrospective study inevitably comes with limitations. Although all patients, according to
institutional protocol, undergo standardized follow-up, including CMR examination regularly,
patients with contraindications, such as pacemaker implantation, did not undergo CMR, and
were excluded for this study which might have resulted in some selection bias. The total
number of primary endpoint events was only nine, limiting the statistical power of multivariate
analyses. Also, only a subgroup of patients that underwent a second CMR examination within
the defined timeframe was included for ventricular deterioration analysis, also having the
potential for selection bias, and the number of patients in this subgroup limits the statistical
power of deterioration analyses. Whether the conclusions drawn from these data hold for the
general rTOF population should be addressed by prospective longitudinal studies.

CONCLUSION
The present study shows that systolic LV circumferential strain-rate is a strong predictor for
the primary endpoint of VT, independent of conventional variables in a population of both
children and adults with rTOF. Furthermore, RV EDVi was associated with deterioration of
ventricular function. On the contrary, no association could be demonstrated between strain
and strain-rate parameters and deterioration of ventricular function. As surveillance for
potentially life-threatening arrhythmias and ventricular deterioration is key in the long-term
clinical follow-up of rTOF, the current study suggests that strain-rate parameters may improve
risk stratification in these patients.

CMR strain rate predicts VT in rTOF
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SUPPLEMENTARY DATA

Supplementary table 3 │ Logistic regression for associations with deterioration.

Supplementary table 1 │ Inter- and intra-observer variability analyses.

Sex, male vs. female
Age (years)
BMI (kg/m2)
Correction age (years)
RV EDVi (mL/m2)
RV ESVi (mL/m2)
RV mass index (g/m2)
RV EF (%)
LV EDVi (mL/m2)
LV ESVi (mL/m2)
LV mass index (g/m2)
LV EF (%)
Cardiac index (L/min/m2)
PRF (%)
PV peak gradient (echo, mmHg)
QRS duration (ms)

RV longitudinal
Strain
Strain-rate systole
Strain-rate diastole
RV circumferential
Strain
Strain-rate systole
Strain-rate diastole
LV longitudinal
Strain
Strain-rate systole
Strain-rate diastole
LV circumferential
Strain
Strain-rate systole
Strain-rate diastole
RV delay

Inter-observer
ICC (95% CI)
Mean bias ±SD
0.76 (-0.05 - 0.94)
-0.26 ±3.61
0.94 (0.76 - 0.99)
0.01 ±0.18
0.88 (0.56 - 0.97)
0.10 ±0.31

Intra-observer
ICC (95% CI)
Mean bias ±SD
0.87 (0.47 - 0.97)
-0.75 ±3.40
0.90 (0.61 - 0.98)
-0.04 ±0.19
0.98 (0.90 - 0.99)
-0.01 ±0.17

0.92 (0.70- 0.98)
0.94 (0.74 - 0.98)
0.98 (0.91 - 0.99)

0.26 ±2.14
0.01 ±0.12
0.00 ±0.09

0.83 (0.30 - 0.96)
0.80 (0.18 - 0.95)
0.92 (0.70 - 0.98)

0.80 (0.26 - 0.95)
0.90 (0.63 - 0.98)
0.74 (0.01 - 0.94)

-1.74 ±3.46
-0.08 ±0.20
0.09 ±0.31

0.62 (-0.643- 0.91) -0.50 ±2.69
0.93 (0.73 - 0.98)
0.01 ±0.14
0.99 (0.96 - 1.00)
0.00 ±0.08

0.78 (0.14 - 0.95)
0.77 (0.14 - 0.94)
0.93 (0.51 - 0.99)
0.89 (0.53 - 0.97)

-1.83 ±2.58
-0.11 ±0.16
0.11 ±0.12*
1.90 ±18.85

0.91 (0.61 - 0.98)
0.91 (0.66 - 0.98)
0.98 (0.94 - 1.00)
0.71 (-0.29 - 0.93)

-0.45 ±2.73
-0.03 ±0.16
0.07 ±0.14

0.94 ±1.56
0.06 ±0.16
-0.02 ±0.10
-0.30 ±17.92

RV right ventricular, ICC intraclass correlation coefficient, CI confidence interval, SD standard deviation,
LV left ventricular, * means bias is significantly different from zero (p<0.05).
Supplementary table 2 │ Cox-regression analysis for prediction of VT.

Age (years)
Age at TOF repair (years)
Body mass index (kg/m2)
Cardiac magnetic resonance
RV EDVi (mL/m2)
RV ESVi (mL/m2)
RV mass index (g/m2)
RV EF (%)
LV EDVi (mL/m2)
LV ESVi (mL/m2)
LV mass index (g/m2)
LV EF (%)
PRF (%)
Echocardiography
PV peak gradient (mmHg)
Electrocardiography
QRS duration (ms)

No event
mean ±SD
26.2 ±13.3
3.6 ±5.1
22.3 ±4.6

Event
mean ±SD
38.4 ±15.3
7.4 ±6.4
24.9 ±6

Cox-regression
Step size p-value
HR (95% CI)
per Δ10
0.015 1.71 (1.12 - 2.62)
per Δ5
0.094 1.79 (0.9 - 3.56)
per Δ1
0.057 1.07 (1 - 1.14)

124.7 ±38.4
61.2 ±23.6
41.7 ±11.2
51.5 ±7.7
79.2 ±16.6
33.2 ±10.8
54.8 ±16
58.3 ±8.4
25.5 ±17

127.6 ±28.9
68.4 ±14.5
50.8 ±14.1
46 ±6.5
90.4 ±23.3
39.5 ±12.5
65.2 ±22.5
56.4 ±7.7
27.2 ±16.2

per Δ10
per Δ10
per Δ5
per Δ-10
per Δ10
per Δ10
per Δ5
per Δ-10
per Δ0.5

0.931
0.462
0.022
0.055
0.052
0.127
0.075
0.649
0.673

1.01 (0.84 - 1.2)
1.1 (0.85 - 1.44)
1.38 (1.05 - 1.73)
2.48 (0.98 - 6.29)
1.49 (1 - 2.22)
1.51 (0.9 - 2.55)
1.14 (0.99 - 1.33)
1.2 (0.56 - 2.57)
1.11 (0.68 - 1.82)

24.1 ±15.6

21 ±14.4

per Δ10

0.574

0.86 (0.51 - 1.45)

134.8 ±26.8

158 ±20.5

per Δ10

0.023

1.45 (1.05 - 2)

VT ventricular tachycardia, HR hazard ratio, CI confidence interval, TOF tetralogy of Fallot, RV right
ventricular, EDVi indexed end-diastolic volume, ESVi indexed end-systolic volume, EF ejection fraction,
LV left ventricular, PRF pulmonary regurgitant fraction, PV pulmonary valve

RV longitudinal
Strain (%)
Strain-rate systole (1/s)
Strain-rate diastole (1/s)
RV circumferential
Strain (%)
Strain-rate systole (1/s)
Strain-rate diastole (1/s)
LV longitudinal
Strain (%)
Strain-rate systole (1/s)
Strain-rate diastole (1/s)
LV circumferential
Strain (%)
Strain-rate systole (1/s)
Strain-rate diastole (1/s)
RV delay (ms)

per Δ10
per Δ5
per Δ1
per Δ10
per Δ10
per Δ5
per Δ-10
per Δ10
per Δ10
per Δ5
per Δ-10
per Δ0.5
per Δ10
per Δ10
per Δ10

p
0.472
0.694
0.245
0.708
0.018
0.097
0.055
0.968
0.536
0.758
0.754
0.263
0.069
0.215
0.232
0.117

OR (95% CI)
1.56 (0.46 - 5.24)
1.09 (0.69 - 1.72)
0.63 (0.29 - 1.37)
0.98 (0.86 - 1.11)
1.26 (1.04 - 1.51)
1.26 (0.96 - 1.63)
1.37 (1.00 - 1.88)
0.98 (0.46 - 2.11)
1.13 (0.78 - 1.63)
0.91 (0.50 - 1.64)
1.03 (0.88 - 1.20)
0.66 (0.31 - 1.37)
1.63 (0.96 - 2.77)
1.32 (0.85 - 2.02)
0.72 (0.42 - 1.24)
1.28 (0.94 - 1.74)

per Δ5
per Δ0.25
per Δ-0.25

0.337
0.073
0.506

0.75 (0.42 - 1.34)
0.62 (0.37 - 1.05)
0.87 (0.57 - 1.32)

per Δ5
per Δ0.25
per Δ-0.25

0.747
0.522
0.651

1.10 (0.60 - 2.02)
1.21 (0.68 - 2.16)
1.12 (0.69 - 1.81)

per Δ5
per Δ0.25
per Δ-0.25

0.818
0.230
0.172

0.90 (0.38 - 2.16)
0.65 (0.32 - 1.31)
0.70 (0.42 - 1.17)

per Δ5
per Δ0.25
per Δ-0.25
per Δ25

0.207
0.588
0.564
0.480

1.75 (0.73 - 4.16)
1.21 (0.61 - 2.38)
1.17 (0.69 - 1.97)
0.84 (0.53 - 1.35)

OR odds ratio, CI confidence interval, BMI body mass index, RV right ventricular, EDVi indexed enddiastolic volume, ESVi indexed end-systolic volume, EF ejection fraction, LV left ventricular, PRF
pulmonary regurgitant fraction, PV pulmpnary valve

161

8

Sex differences in patients with repaired
tetralogy of Fallot support a tailored approach
for males and females: a cardiac magnetic
resonance study
Quint A. J. Hagdorn
Niek E. G. Beurskens
Thomas M. Gorter
Graziëlla Eshuis
Hans L. Hillege
George K. Lui
Scott R. Ceresnak
Frandics P. Chan
Joost P. van Melle
Rolf M. F. Berger
Tineke P. Willems

Revised version published in
International Journal of Cardiovascular Imaging 2020, online ahead of print

164

Chapter 9

Sex differences on CMR in rTOF

ABSTRACT

INTRODUCTION

Background: Substantial differences between sexes exist with respect to cardiovascular

Tetralogy of Fallot (TOF) is one of the most prevalent congenital heart diseases, with

diseases, including congenital heart disease. Nevertheless, clinical decisions in the long-term

excellent and mostly symptom-free survival into adulthood after surgical repair in the current

follow-up of patients with repaired tetralogy of Fallot (rTOF) are currently based on unisex

era.1,2 However, patients remain at risk of progressive right ventricular (RV) dilatation and

thresholds for cardiac magnetic resonance (CMR) measurements. This study aimed to assess

deterioration of cardiac function on the longer term.2,3 Timing of major clinical decisions, for

whether sex differences exist in cardiac adaptation to hemodynamic loading conditions in

example pulmonary valve replacement (PVR), is therefore key.4 Cardiac magnetic resonance

patients with rTOF.

(CMR) derived measures of ventricular morphology and function form the cornerstone of

165

decision making in the long-term follow-up of patients with repaired TOF (rTOF).
Methods and Results: This cross-sectional, two-center, combined pediatric and adult cohort
included 320 patients (163 males, 51%,) with rTOF who underwent routine CMR. Despite

Currently, timing of PVR, for instance, is heavily based on CMR-derived RV volume thresholds,

similar age (median age 23.4 years), surgical history, and hemodynamic loading, and similar

without distinction between sexes.5,6 However, it has been increasingly recognized in recent

to the healthy population, males with rTOF demonstrated higher biventricular CMR-derived

years that substantial differences exist between healthy men and women with respect to

volumes and masses, indexed for body surface area, compared to females (e.g. median right

cardiac volumes and masses. In the healthy population, even after indexing for body surface

ventricular (RV) end-diastolic volume: 123mL/m in males, 114mL/m in females p=0.007).

area (BSA), males appear to have approximately 10% higher indexed volumes of both ventricles,

Sex-specific Z-scores of biventricular volumes and masses were similar for males and females.

and approximately 20% higher indexed mass of both ventricles, compared to women.7–9

RV volumes and masses correlated with hemodynamic loading, but these relations did not

Ejection fraction (EF) did not differ between healthy men and women in these reports. Also

differ between sexes. Biventricular ejection fraction (EF) appeared to be lower in male patients,

in patients with congenital heart disease (CHD), relevant sex differences are increasingly

compared to female patients (e.g. median RVEF: 48% in males, 52% in females p<0.001).

recognized.10 For example, females are more frequently symptomatic11 and are more prone

2

2

to develop pulmonary hypertension,12,13 whereas the occurrence of arrhythmia and mortality
Conclusions: Ventricular volumes and masses are higher in males with rTOF, compared

is higher in males.14–16 Further, similar to the healthy population, male rTOF patients appear to

to females, similar to the healthy population. RV hypertrophy and dilatation correlated to

have higher biventricular volumes and mass (indexed for BSA) compared to female patients,

loading conditions similarly for both sexes. However, under comparable loading conditions,

despite equal hemodynamic burden and surgical history.17,18

males demonstrated more severe functional deterioration. These results indicate that sexdifferences should no longer be ignored in treatment strategies, including timing of pulmonary

The observation that biventricular volumes and mass differ substantially, both in the healthy

valve replacement.

population and the rTOF population, even when indexed for BSA, suggests that indication
thresholds for interventions should be sex-specific.19 However, the course of cardiac

Keywords: Tetralogy of Fallot, cardiac magnetic resonance, sex, sex differences, pulmonary

dimensions per sex in the rTOF population beyond the age of 20 years, relatively to healthy

valve replacement

subjects, has not been described to date. Furthermore, it is unknown whether biventricular
adaptation to abnormal loading conditions in rTOF might be different for male and female
patients. The aim of the present study was to assess whether sex differences exist in cardiac
adaptation to loading conditions in a combined American and Dutch, and combined pediatric
and adult cohort of patients with rTOF.

9

166

Chapter 9

Sex differences on CMR in rTOF

167

Healthy reference cohorts

METHODS

As reference cohort of healthy subjects from 8-20 years of age, a cohort of 49 girls and 49 boys,
Study population

previously reported, was used.7 In this report, subjects were grouped into 8-16, and 16-20

Patients with rTOF, who underwent CMR imaging between January 2007 and May 2016

years of age. As reference cohort of healthy subjects beyond 20 years of age, a previously

in Stanford University Medical Center (SUMC) or University Medical Center Groningen

reported cohort of 60 men and 60 women was used, of which RV and LV data are published

(UMCG) were retrospectively included, as reported previously. Pulmonary atresia and absent

separately. 8,9 In these studies, subjects were grouped into 10-year age groups. Patients in

pulmonary valve were excluded. Only patients between 8 and 60 years of age were included

the present study cohort were grouped accordingly. These healthy reference cohorts were

16

to adhere to the lowest age for which normal values are available , and since above 60 years of

chosen since, in accordance with our method of CMR analysis, threshold-based analyses were

age, patient numbers were insufficient to make adequate comparisons. The need for individual

used to exclude papillary muscles and trabecular structures from ventricular volumes, and to

informed consent for this study was waived by institutional Medical Ethical Review Boards

include in ventricular masses. Z-scores were calculated for every patient, using sex-specific

of participating sites.

and age-group specific normal values from the reference cohorts.

Patient characteristics, echo- and electrocardiography

Statistics

Patient characteristics (i.e. age, sex, length, height) and medical history (i.e. occurrence of

Data were presented as numbers and percentages or median and interquartile range (IQR).

palliative shunt, date and type of TOF repair, any re-intervention) were extracted from records.

Continuous variables were compared between sexes using Mann–Whitney U test, categorical

The echocardiographic study and electrocardiogram closest to CMR, only if performed within

variables were using Chi-squared test. One-sample Wilcoxon signed rank test was performed

3 months from CMR and without relevant interventions in the time between echocardiography

to assess whether Z-scores were significantly different from zero. To assess whether PVR

and CMR, were identified. Pulmonary valve (PV) peak gradient was extracted from

might have biased results, subgroup analyses of patients with PVR, and patients without

echocardiographic report. The electrocardiogram was used to measure QRS duration.

PVR, were performed. Linear regression of CMR variables with echo PV peak gradient, PRF

7

and age was performed. For linear regression, CMR variables and Z-scores of CMR variables
CMR analysis

that were not normally distributed were transformed until normal distribution was reached

CMR images were analyzed by three observers (T.M.G., N.E.G.B., or Q.A.J.H.) using QMass

(defined as visually normal distribution on histogram and Q-Q plot, and a Kolmogorov-Smirnov

7.6 (Medis, Leiden, The Netherlands) to measure biventricular volumes and mass. Good

P-value >0.05). To assess whether associations with PV peak gradient are different between

intra- and inter-observer variability analyses of these three observers have been reported

sexes, linear regression of CMR variables was performed with PV peak gradient, sex, and an

previously.16 Short-axis epi- and endocardial borders of both ventricles were traced manually

interaction term of PV peak gradient multiplied by sex. When the P value of the interaction

in end-systole and end-diastole, in accordance with guidelines of the Society of Cardiovascular

term was <0.05, we rejected the null hypothesis that sexes have similar associations with

Magnetic Resonance. RV outflow tract was included in RV volume until the PV. Trabecular

PV peak gradient. Similar procedures were used to assess differences in associations with

mass and papillary muscle mass were included into ventricular mass using MassK mode (semi-

PRF and age between sexes. To allow clinical interpretation of the data, B-coefficients of the

automatic threshold-based segmentation). Pulmonary flow (phase-contrast) was measured

untransformed CMR data were displayed. Statistical significance was considered achieved at

using QFlow 5.6 (Medis, Leiden, The Netherlands), after which pulmonary regurgitant fraction

a P value <0.05.

20

(PRF) was calculated. Post-processing background offset correction was performed, based on
previous experience.21 Volumes and masses were indexed for BSA using Haycock’s formula.

9
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Table 1 │ Study population characteristics.

Age (years)

were included. Of these, 112 patients (35%) were under the age of 18 years. Study population

Correction age (years)

characteristics are displayed in table 1. Age at CMR, age at TOF-correction, body mass index

BMI (kg/m2)

ranged from 0–80%, and PV peak gradient ranged from 0–85mmHg. QRS duration and BSA

Male (n=163)

Female (n=157)

23.0 [15.7 ‒ 33.5]

23.9 [10.1 ‒ 52.8]

0.965

1.3 [0.0 ‒ 13.0]

1.4 [0.0 ‒ 11.0]

0.877

23.8 [20.0 ‒ 26.0]

22.2 [19.7 ‒ 25.6]

BSA (m2)

0.084

1.6 [1.4 ‒ 1.8]

<0.001

1.9 [1.6 ‒ 2.1]

History
32 (19.6%)

36 (22.9%)

- No TAP

25 (15.3%)

25 (15.9%)

CMR variables compared to normal

- TAP

86 (52.8%)

88 (56.1%)

Table 2 displays CMR variables, either indexed for BSA, or expressed as Z-score relative to

- Conduit

were significantly higher in male patients.

healthy subjects. Regarding the RV, both male and female patients with rTOF demonstrate
substantially higher indexed RV end-diastolic volume (RVEDVi), higher indexed RV mass
(RVMi), and lower RV ejection fraction (RVEF), compared to healthy subjects. Regarding the
LV, both male and female patients with rTOF demonstrate decreased LV ejection fraction
(LVEF), and a mildly decreased indexed LV end-diastolic volume (LVEDVi) and indexed LV mass
(LVMi), compared to healthy subjects.
Sex differences in CMR variables
Indexed CMR variables all differed significantly between sexes (table 2). Roughly, males
appeared to have 10% higher indexed ventricular volumes, 20% higher indexed ventricular
masses and lower EF of both ventricles. However, when normalized for sex and age (Z-score),
only RVEF and LVEF were lower in males compared to females. To be able to compare with
previous studies, subgroup analysis of patients within the age range of 8 to 20 years was
performed.7,17 To assess whether sex differences are similarly present in young children,
subgroup analysis of patients within the age range of 8 to 12 years was performed.
Furthermore, to assess whether PVR might have influenced the described results, subgroup
analyses of patients with and without PVR were performed. All these subgroup analyses
demonstrate results that are similar to the complete study cohort (supplemental table 1).

P value

Patient characteristics

A total of 320 patients, consisting of 163 (51%) male patients and 157 (49%) female patients,

(BMI), PRF, PV peak gradient and cardiac index were similar between males and females. PRF

169

Shunt palliation
Correction type

0.471
0.955

5 (3.1%)

6 (3.8%)

- Unknown

47 (28.8%)

38 (24.2%)

PVR prior to CMR

32 (19.6%)

26 (16.6%)

0.476

3 (1.8%)

2 (1.3%)

0.683

Redo-PVR prior to CMR
Age at first PVR (years)

24.7 [16.5 ‒ 37.6]

23.7 [14.6 ‒ 36.6]

0.832

Electrocardiography (n=275)
QRS duration (ms)

148.5 [124.0 ‒ 164.5] 138.0 [116.0 ‒ 152.0]

0.003

Cardiac magnetic resonance PC-flow
PRF (%)
Cardiac index (L/min/m2)

30.0 [16.0 ‒ 42.0]

28.8 [17.0 ‒ 38.8]

0.509

3.0 [2.5 ‒ 3.6]

3.1 [2.6 ‒ 3.7]

0.382

20.2 [12.4 ‒ 33.3]

19.0 [13.1 ‒ 29.6]

0.830

Echocardiography (n=241)
PV peak gradient (mmHg)

BMI body mass index, BSA body surface area, TAP trans-annular patch, PVR pulmonary valve
replacement, CMR cardiac magnetic resonance, PC phase-contrast, PRF pulmonary regurgitant fraction,
PV pulmonary valve.

9

CMR cardiac magnetic resonance, LVEF LV ejection fraction, LVEDVi LV indexed end-diastolic volume, LVESVi LV indexed end-systolic volume, LVMi LV indexed
mass, RVEF RV ejection fraction, RVEDVi RV indexed end-diastolic volume, RVESVi RV indexed end-systolic volume, RVMi RV indexed mass. The displayed P-values
are from male-female comparisons. The medians of all Z-scores are significantly different from zero (p<0.001, not displayed).

0.210

0.340
2.10 [0.42 ‒ 3.61]

3.84 [2.30 ‒ 6.35]
4.57 [2.31 ‒ 6.74]
<0.001

<0.001

52.5 [41.4 ‒ 66.8]

34.3 [29.7 ‒ 41.2]

64.4 [48.1 ‒ 79.7]

44.4 [36.1 ‒ 52.1]

RVESVi (mL/m2)

RVMi (g/m2)

2.27 [1.38 ‒ 3.33]

0.001

0.339
3.72 [1.36 ‒ 5.49]

-2.10 [-3.00 ‒ -0.97]

0.007

3.00 [1.10 ‒ 5.58]

<0.001
52.3 [46.4 ‒ 57.3]

114.4 [94 ‒ 131.1]

47.7 [42.8 ‒ 54.1]

122.5 [99.5 ‒ 151.4]
RVEDVi (mL/m2)

RVEF (%)

-2.65 [-3.52 ‒ -1.46]

0.462

0.219
0.15 [-0.68 ‒ 1.54]

-1.12 [-2.08 ‒ -0.16]
47.3 [41.6 ‒ 55.1]
57.5 [49.9 ‒ 68.8]

0.67 [-0.65 ‒ 2.13]
0.001

<0.001

28.6 [24.2 ‒ 35.6]
34.5 [25.2 ‒ 42.2]
LVESVi (mL/m2)

LVMi (g/m2)

-0.84 [-2.20 ‒ 0.20]

0.003

0.726
-0.68 [-1.71 ‒ 0.54]
0.002
73.1 [63.3 ‒ 85.6]
80.6 [67.3 ‒ 92.6]
LVEDVi (mL/m2)

-0.44 [-1.82 ‒ 0.78]

Female

-0.87 [-2.05 ‒ 0.00]
0.013
60.0 [54.9 ‒ 65.0]
57.7 [52.0 ‒ 62.6]
LVEF (%)

-1.60 [-2.80 ‒ -0.43]

P value
Female

Indexed CMR variables

Sex differences on CMR in rTOF

Male

Male

Z-scores of CMR variables

P value

Chapter 9

Table 2 │ CMR variables by sex.
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Association with RV pressure load, RV volume load and age
Associations with PV peak gradient, PRF and age are displayed in table 3. All RV, but no LV
variables correlated with RV pressure load, represented by PV peak gradient: RVEF and RVMi
were higher at higher RV pressure load, whereas RV volumes were lower at higher RV pressure
load. These associations did not differ significantly between sexes. Furthermore, LV variables
correlated with RV volume load, represented by PRF: LVEF and LVMi were lower at greater
RV volume load, while RV volumes and RVMi were higher at greater RV volume load. Both
RV and LV mass were higher at higher age, whereas RVEF was lower at higher age. Neither
of these associations differed significantly between sexes. Linear regression analyses were
additionally performed with Z-score values, with similar results, as displayed in supplemental
table 2. The only relevant difference was that LVEF Z-score, but not LVEF, was lower at
higher age (B-coefficient -0.032, P value <0.001, R 2 0.045), indicating that older patients
with repaired TOF demonstrate more impairment of biventricular systolic function compared
to younger patients. No associations between CMR variables and age at TOF correction were
demonstrated (not displayed). A graphical depiction of indexed CMR variables in different age
groups, superimposed on normal values, is provided in figure 1 and supplemental figure 1.
Median Z-scores of different age groups are displayed in supplemental figure 2.
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Z-scores according to healthy reference values, no differences in volumes and masses between

Table 3 | Linear regression with PV peak gradient, PRF and age.
PV peak gradient
LVEF (%)
LVEDVi (mL/m2)
LVESVi (mL/m2)
LVMi (g/m2)
RVEF (%)
RVEDVi (mL/m2)
RVESVi (mL/m2)
RVMi (g/m2)

B-coefficient
0.052
-0.049
-0.081
0.054
0.070
-0.365
-0.262
0.089

P value
0.169
0.496
0.148
0.421
0.026
0.019
0.003
0.028

R2
0.008
0.002
0.009
0.003
0.021
0.023
0.036
0.020

Interaction with sex (P value)
0.592
0.943
0.890
0.772
0.971
0.820
0.859
0.722

PRF
LVEF (%)
LVEDVi (mL/m2)
LVESVi (mL/m2)
LVMi (g/m2)
RVEF (%)
RVEDVi (mL/m2)
RVESVi (mL/m2)
RVMi (g/m2)

B-coefficient
-0.072
-0.093
0.009
-0.160
-0.004
1.219
0.636
0.204

P value
0.021
0.115
0.938
0.005
0.882
<0.001
<0.001
<0.001

R2
0.017
0.008
<0.001
0.026
<0.001
0.344
0.225
0.095

Interaction with sex (P value)
0.290
0.728
0.620
0.896
0.842
0.505
0.488
0.685

Age
LVEF (%)
LVEDVi (mL/m2)
LVESVi (mL/m2)
LVMi (g/m2)
RVEF (%)
RVEDVi (mL/m2)
RVESVi (mL/m2)
RVMi (g/m2)

B-coefficient
-0.046
-0.025
0.022
0.279
-0.080
-0.043
0.079
0.151

P value
0.300
0.747
0.735
<0.001
0.016
0.442
0.752
0.001

R2
0.003
<0.001
0.000
0.058
0.018
0.002
<0.001
0.033

Interaction with sex (P value)
0.517
0.197
0.277
0.224
0.794
0.442
0.566
0.742

males and females with rTOF remained. This indicates that male and female patients with
rTOF demonstrate a similar deviation from healthy subjects, and thus demonstrate similar
cardiac remodeling in response to comparable loading conditions. This also applies to both the
subgroup of patients without PVR (131 males, 131 females), and the subgroup of patients who
received PVR (32 males, 26 females, supplemental table 1). Also, age at first PVR was similar
between men and women. Together, these findings suggest that PVR was not a confounding
factor in this study.
The degree of RV dilatation (RVEDVi) and RV hypertrophy (RVMi) correlated with volume- and
pressure load respectively. RV volumes were smaller at higher RV pressure load, and larger with
increasing RV volume load, indicative of concentric and eccentric remodeling, respectively. RV
mass was higher with both increasing RV pressure and volume load. Interestingly, LVEF and LV
mass were lower with increasing RV volume load. However, none of these associations between
cardiac measures and ventricular loading conditions or age differed significantly between
sexes. These findings suggest that male and female rTOF patients respond similarly to abnormal
loading conditions of the RV and increasing age with respect to ventricular volumes and mass.

PV pulmonary valve, PRF pulmonary regurgitant fraction, LVEF LV ejection fraction, LVEDVi LV indexed enddiastolic volume, LVESVi LV indexed end-systolic volume, LVMi LV indexed mass, RVEF RV ejection fraction,
RVEDVi RV indexed end-diastolic volume, RVESVi RV indexed end-systolic volume, RVMi RV indexed mass.

With respect to ventricular function, both RVEF and LVEF were decreased in patients
with rTOF, compared to healthy reference values. This observation is in line with previous
reports.3,17 After normalizing for sex-specific healthy reference values (by means of Z-scores),
this decrease in biventricular EF was larger in males compared to females with rTOF. This is
in contrast to the healthy population, where LVEF and RVEF do not differ between men and
women.7–9 Since biventricular EF is already lower in the subgroup of rTOF patients within 8-12
years of age, it seems unlikely that comorbidities, such as atherosclerotic disease, can be held
accountable for the lower EF in male patients. Taken together, functional adaptation of the
RV is impaired in male rTOF patients, when compared with female patients with similar age,
surgical history, RV loading conditions and similar degrees of RV dilatation and RV hypertrophy.

DISCUSSION
These findings seem to be in striking contrast with those of Sarikouch et al. who also found
The present study in a comprehensive cohort of patients with rTOF, ranging from 8 to 60 years

lower RVEF in males with rTOF compared to females, but after normalization for sex, reported

of age, identified substantial differences in indexed CMR-derived measures of cardiac size

a lower Z-score of RVEF in females compared to males.22 This is remarkable and difficult to

and function between males and females. Whilst clinical characteristics, such as age, surgical

understand, since the cohort of this study, and that of Sarikouch et al., show very similar mean

history, and loading conditions of the RV did not differ between sexes, males appeared to

RVEF values, and use the same healthy reference cohort for Z-score calculation. Review of

have longer QRS duration and about 10% higher left and right ventricular volumes and 20%

these published reports shows that in the healthy reference cohorts, there were no significant

higher right and left ventricular masses, even after indexing for BSA, when compared to

differences in RVEF between sexes, whereas in the rTOF population of the Sarikouch-cohort,

females. These differences are similar to differences in the healthy population, where males

RVEF was significantly lower in male patients compared to female patients (48.9% ±6.7 in

also have larger and heavier hearts.

men, 53.4% ±5.8 in women, p <0.001). Then, it is hard to explain that the RVEF Z-score in

7–9

After normalizing for sex, by creating sex-specific
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men suddenly is higher than that in women. Thus, the lower RVEF Z-scores in men, described

more frequent. Therefore, the previously reported finding that female sex is a favorable

in the present study, are more plausible to adequately depict a more pronounced decrease of

predictor for RV normalization after PVR in rTOF should be interpreted with suspicion. 29
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RVEF in male patients compared to female patients under similar conditions.
The results of the current study have relevant consequences for clinical practice. The observed sex
Sex hormones may play a role in these observed differences in biventricular systolic

differences in the rTOF population are currently not taken into account in guidelines addressing

function between men and women with rTOF. In cardiovascular disease-free subjects, a

the cutoff points for interventions, such as PVR, in patients with rTOF and residual lesions.5,6 The

large study has demonstrated that higher levels of estradiol were associated with higher

current findings implicate that diagnostic and treatment recommendations should be sex-specific,

RVEF.

Furthermore, animal studies suggest that estrogen can preserve both RV and LV

and both confirm and underscore previous suggestions in this direction.17–19,31 The present study

contractility.25–27 This protective characteristic of female sex hormones might also be observed

demonstrates that, as long as RV dimensions and function are recommended and widely used

in pulmonary arterial hypertension, where female patients demonstrate improvement of RVEF

as indication for PVR, sex-differences should no longer be ignored in treatment strategies.

23,24

after treatment, whereas males demonstrate deterioration, despite comparable baseline
disease severity. 28 However, the observed differences between males and females were

Limitations

already present in patients younger than 12 years of age. Most patients in this age group are

This is a retrospective study, including patients over a 10-year period. A limitation of any cross-

pre-pubertal, and although some patients may have reached puberty prior to the age of 12, the

sectional attempt to relate measures of disease severity to age in the rTOF population, is that

amount of time exposed to post-pubertal levels of sex hormones is little. This suggests that,

older patients have had their surgical repair and neonatal treatment in a different era, biasing

besides possible hormonal factors, other mechanisms additionally play a role in the differences

relations with age. Furthermore, only patients who underwent a CMR were included, which

between male and female patients. Taken together, evidence is increasing that female sex, or

may have introduced a selection bias. However, as current guidelines prescribe CMR imaging

female sex hormones, beneficially influences cardiac function.

as the modality of choice for assessment of RV volume and function, CMR imaging is performed
routinely, limiting such biases.5 Unfortunately, we did not have history of pregnancy available.

The commonly used absolute unisex criteria for RV volume as indication for PVR may erroneously

However, the present study describes lower RV volumes in female patients, compared to male

cause female patients to reach operation indications later, at a more advanced stage of dilatation,

patients, whereas pregnancy is known to increase RV volumes.32 Therefore, it seems unlikely

compared to males. Furthermore, male patients with rTOF and dilated RV might need PVR

that the described differences between sexes result from pregnancy. At last, comparability

earlier than female patients with similar dilatation, due to the occurrence of more or earlier

with studies that calculate standard deviation scores, instead of Z-scores as calculated in the

deterioration of RV function. With this in mind, one could expect that men would receive PVR

present study, may be limited due to different statistical approaches. However, it is unlikely

at a younger age, and more often, compared to female patients. In the current study, however,

that either method would cause systematic error, and therefore, it seems unlikely that this

men and women demonstrated similar rates of PVR, and men were not younger at the time of

methodological discrepancy significantly influenced results.

first PVR. Speculatively, this might be due to women reaching other indications for PVR earlier
than men. For example, female patients with CHD have lower exercise capacity, and are more
frequently symptomatic, compared to male patients.

11,22

CONCLUSION

This apparent discrepancy between

this unfavorable clinical course in women with rTOF, whereas they have less impaired ventricular

This study of patients with rTOF ranging from 8 to 60 years of age shows that ventricular

function, compared to men, requires further study. Also, it remains unknown if referral bias,

volumes and masses, indexed for BSA, are substantially higher in male patients, compared to

or other sex biases in the physician’s approach towards patients, plays any role in this matter.

females. This is in accordance with the healthy population. Thus, taking into account that it is
normal for males to have higher volumes and mass, male and female patients with rTOF show

Moreover, one might expect that, if women reach operation thresholds at a relatively more

the same pattern of morphological adaptation to abnormal loading. However, under comparable

advanced stage of RV dilatation compared to men, outcome after PVR would be less favorable in

loading conditions, biventricular systolic function was lower in male patients with rTOF,

women. However, studies addressing outcomes after PVR are flawed by sex differences, since

compared to female patients. The results of this study indicate that research and treatment

these studies use unisex CMR-derived criteria to assess RV normalization.

Using such unisex

recommendations in patients with rTOF need more focus on sex differences, including

criteria will result in women reaching the RV normalization definition earlier and thus presumably

the use of sex-specific thresholds or Z-scores for timing of pulmonary valve replacement.

29,30
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0.002
<0.001
<0.001

114.4 [97.3 ‒ 125.8]
51.7 [41.7 ‒ 61.3]
34.0 [27.9 ‒ 40.2]

127.9 [101.6 ‒ 151.4]
66.5 [48.1 ‒ 77.9]
40.7 [33.8 ‒ 48.5]

RVEF (%)
RVEDVi (mL/m2)
RVESVi (mL/m2)
RVMi (g/m2)

<0.001
<0.001

56.4 [42.5 ‒ 62.6]
34.1 [28.1 ‒ 37.5]

56.4 [45.2 ‒ 70.0]
33.7 [29.7 ‒ 40.3]

RVESVi (mL/m2)
RVMi (g/m2)

Female

Female
-0.81 [-2.09 ‒ 0.00]
-0.69 [-1.72 ‒ 0.67]
0.21 [-0.66 ‒ 1.80]
-1.17 [-2.19 ‒ -0.21]
-1.95 [-3.02 ‒ -0.86]
3.92 [1.54 ‒ 6.10]
4.16 [2.30 ‒ 6.73]
2.26 [0.53 ‒ 3.92]

3.58 [2.3 ‒ 4.29]

5.90 [2.89 ‒ 7.26]

4.19 [2.84 ‒ 5.14]

-2.00 [-3.33 ‒-0.86 ]

-0.78 [-1.13 ‒ -0.47]

-0.57 [-1.67 ‒ 0.23]

-0.17 [-1.50 ‒ 0.03]

0.38 [-0.24 ‒ 1.10]

Female

3.04 [2.10 ‒ 4.29]

4.18 [2.37 ‒ 6.62]

3.70 [1.77 ‒ 4.66]

-2.13 [-3.02 ‒ -0.9]

-0.54 [-1.20 ‒ 0.33]

-0.15 [-0.69 ‒ 0.46]

-0.72 [-1.53 ‒ 0.08]

-0.35 [-0.97 ‒ 0.27]

Z-scores of CMR variables
Male
Female
-1.04 [-1.8 ‒ -0.43]
-1.05 [-1.78 ‒ 0.06]
-0.24 [-2.02 ‒ 1.04]
-0.59 [-1.71 ‒ -0.02]
0.59 [-0.78 ‒ 2.41]
0.02 [-0.79 ‒ 1.12]
-0.25 [-1.74 ‒ 0.88]
-1.03 [-1.87 ‒ 0.06]
-3.30 [-4.01 ‒ -2.35]
-2.48 [-3.00 ‒ -1.78]
2.31 [0.24 ‒ 3.44]
1.74 [-0.40 ‒ 2.65]
4.41 [2.72 ‒ 5.68]
2.75 [1.38 ‒ 4.89]
1.88 [1.01 ‒ 3.06]
1.17 [0.08 ‒ 1.99]

Z-scores of CMR variables
Male
-1.78 [-2.89 ‒ -0.43]
-0.46 [-1.76 ‒ 0.77]
0.67 [-0.64 ‒ 1.96]
-1.01 [-2.44 ‒ 0.03]
-2.46 [-3.49 ‒ -1.32]
3.45 [1.16 ‒ 6.18]
4.60 [2.14 ‒ 7.23]
2.46 [1.41 ‒ 3.39]

2.80 [2.07 ‒ 4.00]

4.11 [2.27 ‒ 6.34]

1.72 [0.85 ‒ 3.89]

-3.50 [-3.93 ‒ -2.65]

-0.59 [-0.79 ‒ 0.14]

-0.26 [-0.65 ‒ 1.56]

-1.03 [-1.87 ‒ 0.48]

-1.02 [-2.59 ‒ -0.96]

Male

Z-scores of CMR variables

3.02 [2.00 ‒ 4.22]

5.40 [2.75 ‒ 7.36]

3.46 [1.48 ‒ 5.62]

-3.19 [-3.65 ‒ -1.84]

-0.34 [-1.18 ‒ 0.31]

0.22 [-0.59 ‒ 1.94]

-0.14 [-1.57 ‒ 0.83]

-1.12 [-2.33 ‒ -0.39]

P value

P value
0.472
0.390
0.302
0.205
0.038
0.364
0.070
0.065

P value
0.004
0.959
0.375
0.862
0.009
0.268
0.463
0.695

0.181

0.098

0.719

0.004

0.590

0.408

0.670

0.035

P value

0.674

0.168

0.558

0.005

0.573

0.021

0.138

<0.001

CMR cardiac magnetic resonance, LVEF LV ejection fraction, LVEDVi LV indexed end-diastolic volume, LVESVi LV indexed end-systolic volume, LVMi LV indexed
mass, RVEF RV ejection fraction, RVEDVi RV indexed end-diastolic volume, RVESVi RV indexed end-systolic volume, RVMi RV indexed mass.

P value
0.274
0.056
0.038
<0.001
0.008
0.025
0.001
<0.001

Z-scores of CMR variables
Male
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Supplemental table 1d: CMR variables by sex, only patients with PVR
Indexed CMR variables
Male (n=32)
Female (n=26)
LVEF (%)
59.8 [56.7 ‒ 62.8]
60.5 [57.3 ‒ 65.1]
87.7 [63.8 ‒ 98]
72.0 [65.8 ‒ 78.5]
LVEDVi (mL/m2)
35.5 [23.5 ‒ 44.4]
28.2 [23.5 ‒ 33.0]
LVESVi (mL/m2)
67.8 [56.9 ‒ 79.1]
51.3 [46.3 ‒ 60.1]
LVMi (g/m2)
RVEF (%)
44.7 [39.5 ‒ 47.6]
49.1 [44.1 ‒ 54.1]
115.1 [91 ‒ 128.6]
97.0 [80.2 ‒ 108.9]
RVEDVi (mL/m2)
63.5 [53.7 ‒ 73.1]
48.6 [41.1 ‒ 55.4]
RVESVi (mL/m2)
45.4 [38.7 ‒ 50.2]
32.4 [28.4 ‒ 38.4]
RVMi (g/m2)

Supplemental table 1c: CMR variables by sex, only patients without PVR
Indexed CMR variables
Male (n=131)
Female (n=131)
LVEF (%)
57.0 [52.0 ‒ 62.6]
59.6 [54.0 ‒ 65.0]
79.1 [68.9 ‒ 92.5]
73.3 [63.0 ‒ 85.8]
LVEDVi (mL/m2)
34.1 [25.5 ‒ 41.1]
28.7 [24.2 ‒ 37.0]
LVESVi (mL/m2)
55.4 [48.0 ‒ 65.1]
46.2 [40.5 ‒ 53.6]
LVMi (g/m2)
RVEF (%)
48.6 [44.3 ‒ 54.7]
52.8 [46.5 ‒ 57.7]
128.0 [100.5 ‒ 158.5]
116.5 [95.4 ‒ 137.5]
RVEDVi (mL/m2)
66.1 [47.7 ‒ 83.9]
55.2 [41.4 ‒ 67.7]
RVESVi (mL/m2)
44.2 [35.6 ‒ 52.3]
35.0 [29.7 ‒ 42.0]
RVMi (g/m2)

P value
0.026
0.016
0.007
<0.001
<0.001
0.024
0.001
<0.001

0.002

118.9 [105.8 ‒ 128.1]

104.5 [93.6 ‒ 131.9]

RVEDVi (mL/m2)

Supplemental table 1a-d │ CMR variables by sex in various subgroups.

0.002
<0.001

41.8 [38.9 ‒ 44.4]
55.4 [50.6 ‒ 59.5]

45.8 [43.73 ‒ 53.6]

0.002

25.4 [18.7 ‒ 30.3]

26.4 [23.8 ‒ 38.7]

LVESVi (mL/m2)
47.3 [45.4 ‒ 50.9]

<0.001

76.9 [62.7 ‒ 79.0]

68.6 [57.8 ‒ 88.2]

LVEDVi (mL/m2)

RVEF (%)

0.050

65.6 [61.7 ‒ 70.1]

60.7 [53.0 ‒ 61.0]

LVEF (%)

LVMi (g/m2)

P value

Female (n=65)

Male (n=71)

Indexed CMR variables

Supplemental table 1b: CMR variables by sex, within an age range of 8 – 12 years

<0.001
<0.001

44.4 [39.7 ‒ 51.5]
53.6 [49.0 ‒ 57.7]

53.8 [46.4 ‒ 61.5]
48.5 [45.2 ‒ 54.4]

LVMi (g/m2)

<0.001
<0.001

71.4 [63.0 ‒ 80.6]
27.9 [24.3 ‒ 32.3]

85.7 [69.8 ‒ 98.6]
35.2 [25.8 ‒ 44.3]

LVESVi (mL/m2)

0.025

61.1 [57.2 ‒ 64.9]

58.6 [53.1 ‒ 62.6]

LVEF (%)
LVEDVi (mL/m2)

P value

Female (n=65)

Male (n=71)

Indexed CMR variables

Supplemental table 1a: CMR variables by sex, within an age range of 8 – 20 years

Supplemental table 1a-d │ CMR variables by sex in various subgroups.
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Supplemental figure 1 | Sex-specific CMR variables in various age groups of patients with rTOF.
Median and interquartile range of rTOF patients in blue (males) or red (females), superimposed on 95%
confidence interval (1.96 SD) of healthy subjects [7-9] per age group. LVEDVi LV indexed end-diastolic
volume, LVMi LV indexed mass.
Supplemental figure 2 | Sex-specific Z-scores of CMR variables in various age groups of patients with rTOF. A) in patients within an age range of 8 – 20 years,
B) in patients within an age range of 8 – 12 years, C) in patients who have not undergone pulmonary valve replacement (PVR) prior to CMR, D in patients who have
undergone PVR prior to CMR. CMR cardiac magnetic resonance, LVEF LV ejection fraction, LVEDVi LV indexed end-diastolic volume, LVESVi LV indexed end-systolic
volume, LVMi LV indexed mass, RVEF RV ejection fraction, RVEDVi RV indexed end-diastolic volume, RVESVi RV indexed end-systolic volume, RVMi RV indexed mass.
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Supplemental table 2
PV peak gradient

B-coefficient

p value

R2

Interaction with sex (P value)

LVEF Z-score

0.013

0.109

0.011

0.594

LVEDVi Z-score

-0.004

0.573

0.001

0.972

LVESVi Z-score

-0.015

0.101

0.011

0.990

LVMi Z-score

0.007

0.239

0.006

0.414

RVEF Z-score

0.011

0.060

0.015

0.339

RVEDVi Z-score

-0.035

0.012

0.026

0.808

RVESVi Z-score

-0.038

0.003

0.037

0.471

RVMi Z-score

0.019

0.011

0.022

0.117

PRF

B-coefficient

P value

R2

Interaction with sex (P value)

LVEF Z-score

-0.015

0.024

0.017

0.252

LVEDVi Z-score

-0.010

0.085

0.010

0.499

LVESVi Z-score

0.001

0.995

<0.001

0.742

LVMi Z-score

-0.021

<0.001

0.048

0.335

RVEF Z-score

-0.002

0.733

<0.001

0.516

RVEDVi Z-score

0.111

<0.001

0.337

0.885

RVESVi Z-score

0.095

<0.001

0.225

0.950

RVMi Z-score

0.034

<0.001

0.092

0.507

Age

B-coefficient

P value

R2

Interaction with sex (P value)

LVEF Z-score

-0.032

<0.001

0.045

0.131

LVEDVi Z-score

0.008

0.298

0.003

0.276

LVESVi Z-score

0.029

0.004

0.026

0.194

LVMi Z-score

-0.026

<0.001

0.042

0.406

RVEF Z-score

-0.001

0.853

<0.001

0.793

RVEDVi Z-score

0.008

0.939

<0.001

0.274

RVESVi Z-score

-0.009

0.497

0.001

0.830

RVMi Z-score

-0.043

<0.001

0.080

0.936

Linear regression of Z-scores with PV peak gradient, PRF, and age. PV pulmonary valve, PRF pulmonary
regurgitant fraction, LVEF LV ejection fraction, LVEDVi LV indexed end-diastolic volume, LVESVi LV
indexed end-systolic volume, LVMi LV indexed mass, RVEF RV ejection fraction, RVEDVi RV indexed
end-diastolic volume, RVESVi RV indexed end-systolic volume, RVMi RV indexed mass.
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The incredible improvement in survival and clinical status of patients with tetralogy of Fallot

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

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

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

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

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

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

loaded RV failure and fibrosis was warranted.

2
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higher than only a few decades ago , the amount of adult and elderly patients with congenital
3

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

Right ventricular fibrosis

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

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

both individual patients, but also on health care systems.

It has even been stated that the

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

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

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

4,5

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

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

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

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

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

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

studies, the aims of this thesis were:

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

6

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






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

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

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

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

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

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

of future targets of treatment.

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

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

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

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

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

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

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

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

valvular insufficiency may have triggered subendocardial hypo-perfusion and subsequent

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

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

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

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

remains unknown whether differences between sexes emerge not before puberty or

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

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

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

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

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

both an imaging-based study in patients with repaired tetralogy of Fallot and an animal
model of childhood RV pressure load.

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

Chronic experimental RV volume load

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

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

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

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

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

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

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

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

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

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

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

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

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

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

candidate drug for the volume loaded RV.

10
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Furthermore, the organic compound juglone was used to treat rats with pulmonary

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

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

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

to decrease myocardial fibrosis of the LV in various models.

16–18
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However, in the rats that were

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Prognostic value of CMR

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

similar between sexes. This can be explained by the fact that in healthy subjects, indexed RV
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volumes and mass are also higher in males, compared to females. It is thus normal for males to
Additionally, we used the newer and more advanced post-processing technique of ‘standard’

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

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

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

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

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

longitudinal shortening or circumferential shortening, while conventional CMR measures only

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Moon and colleagues, and Orwat and colleagues.

These authors describe deformation

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

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

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

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

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

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

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

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

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

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

precision medicine for this group of patients.

42,43

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

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

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

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

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

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-

Sex differences in RV adaptation to chronic abnormal loading conditions

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

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

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

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

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

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

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

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

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

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

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

Concluding remarks

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

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

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

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

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

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

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

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

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

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

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

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

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

growing group of patients.
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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
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volumebelasting goed getolereerd. Echter eist volumebelasting van de rechter hartkamer
uiteindelijk ook zijn tol: patiënten lopen het risico op progressieve vergroting (dilatatie) van

Adaptatie van de rechter ventrikel aan chronische abnormale belasting en implicaties

de rechter hartkamer, met mogelijk zelfs falen van de rechter kamer tot gevolg. Daarnaast

voor patiënten met tetralogie van Fallot

hebben patiënten met tetralogie van Fallot een verhoogd risico op hartritmestoornissen, die

Het hart van zoogdieren bestaat uit twee harthelften: de linker hartkamer en de rechter

zowel belastend als levensbedreigend kunnen zijn.

hartkamer. De linker hartkamer pompt het bloed naar het lichaam, waarna het terugstroomt
naar de rechter hartkamer. Vanuit hier wordt het de longen in gepompt, en komt het weer

In hoofdstuk 1b betogen we dat een procedure die ontwikkeld is voor kinderen met tetralogie

terug in de linker hartkamer uit. Vroeger was de rechter hartkamer het ondergeschoven kindje

van Fallot, en die meestal de Blalock-Taussig shunt wordt genoemd, een naamsverandering

van de twee, omdat gedacht werd dat het functioneren van de rechter hartkamer niet van

moet krijgen tot de Blalock-Thomas-Taussig shunt. Vivien Thomas is namelijk een van de drie

vitaal belang was, in tegenstelling tot het functioneren van de linker hartkamer. Tegenwoordig

grondleggers van deze procedure, maar vanwege zijn huidskleur kreeg in de jaren ‘40 niet de

weten we dat dit onjuist is: het functioneren van de rechter hartkamer is van groot belang in

verdiende erkenning en faam van de vernoeming van de procedure. Nu deze procedure dit jaar

vele ziektebeelden van het hart, zoals aangeboren hartafwijkingen als tetralogie van Fallot.

75 jaar bestaat, vinden wij dit een goed moment voor een naamsverandering.

Tetralogie van Fallot is een aangeboren hartafwijking, welke vernoemd is naar een Franse
arts: Étienne Fallot. De ziekte is een syndroom dat uit de volgende vier kenmerken bestaat:

Om de uitkomsten op de lange termijn van deze patiëntengroep te verbeteren, heeft het
onderzoek in dit proefschrift zich op een aantal zaken gericht. Allereerst is het van groot

1.

Vernauwing van de longslagader

belang om goed te begrijpen wat er precies gebeurt in de adaptatie van het hart op chronische

2.

Scheef geplaatste aorta richting de rechter hartkamer (overrijdende aorta)

abnormale belasting. Daarnaast is het van belang om prognostische factoren te onderscheiden

3.

Ventrikelseptum defect (VSD): een gat tussen de linker en rechter hartkamer

die eventuele achteruitgang of complicaties kunnen voorspellen, om daarop de behandeling

4.

Verdikte hartspier van de rechter hartkamer

te kunnen aanpassen. Ten slotte is er nog onvoldoende kennis over verschillen tussen mannen
en vrouwen met tetralogie van Fallot, en verschillen in hun adaptatie van de rechter hartkamer.

Zonder behandeling is dit een ziekte waar kinderen erg ziek van kunnen zijn, en op jonge leeftijd
aan kunnen overlijden. Daarom is het belangrijk dat er bij voorkeur in het eerste levensjaar

In hoofdstuk 2 beschrijven we op systematische wijze wat er op dit moment bekend is ten

chirurgisch wordt ingegrepen. Tijdens de operatie wordt de vernauwing van de longslagader

aanzien van experimentele studies die volumebelasting van de rechter hartkamer bestuderen.

verminderd of opgeheven door middel van een kunststof ‘patch’ en wordt het VSD gesloten.

We constateren dat een aantal mechanismen geassocieerd lijkt te zijn met rechterkamer
volumebelasting. Een van de belangrijkste conclusies van deze studie is echter dat er een

Na deze operatie wordt een patiënt met tetralogie van Fallot vaak een ‘gerepareerde’ tetralogie

lacune bestaat in de kennis van deze specifieke vorm van abnormale belasting van het hart.

van Fallot patiënt genoemd. Het woord ‘gerepareerd’ suggereert dat er nu sprake is van een
geheel normaal hart, maar helaas is dat niet het geval. Het hart is, tot het punt van de operatie,

In hoofdstuk 3 houden we de huidige praktijk van het normaliseren, of indexeren, van maten

blootgesteld geweest aan een veel te hoge druk in de rechter hartkamer. Dit noemen we

waarmee functie of formaat van het hart gemeten worden tegen het licht. Indexeren betekent

drukbelasting. Onder andere de verdikte hartspier van de rechter hartkamer is hier een gevolg

dat een gemeten maat gedeeld wordt door een maat van lichaamsgrootte, om zo mensen

van. Verder is het hart blootgesteld geweest aan een openhartoperatie, en na de operatie is

of dieren van verschillend formaat te kunnen vergelijken. We concluderen dat de huidige

de klep tussen de rechter hartkamer en de longslagader vaak lek. Dit komt doordat die klep

praktijk, waarin cardiale maten vaak door tibia lengte worden gedeeld, onjuist is. We tonen

gemaakt is voor de longslagader toen hij nog vernauwd was, maar deze klep sluit dus niet

aan dat er rekening gehouden moet worden met de dimensionale verhouding van maten: een

meer goed wanneer de vernauwing is opgeheven. Deze lekkende klep zorgt ervoor dat de

driedimensionale maat (bijvoorbeeld hartgewicht) moet dus ook door een driedimensionale

rechter hartkamer, die voor de operatie was blootgesteld aan een verhoogde drukbelasting,

maat gedeeld worden, en niet door een eendimensionale maat als tibia lengte. Om dit probleem

nu een groter bloedvolume dan normaal moet rondpompen doordat steeds een deel van het

te verhelpen kan gedeeld worden door tibia lengte tot de derde macht.

verpompte volume terug lekt. Dit noemen we volumebelasting. De ‘ruil’ van drukbelasting voor
volumebelasting is aanvankelijk een gunstige ruil, want in tegenstelling tot drukbelasting, wordt
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Hoofdstuk 4 bestudeert een diermodel van volumebelasting van het hart, om beter inzicht te

Uit de literatuur, alsook uit hoofdstuk 6, blijkt dat er sterke aanwijzingen zijn dat er verschillen

krijgen in de mechanismen die aan adaptatie volumebelasting, zoals in patiënten met tetralogie

zijn tussen mannen en vrouwen in adaptatie van de rechter hartkamer ten gunste van vrouwen.

van Fallot, ten grondslag liggen. We observeren dat er in ons rat-model, waarin we één, drie en

In hoofdstuk 9 beschrijven we verschillen tussen mannen en vrouwen met tetralogie van Fallot,

zes maanden volumebelasting onderzocht hebben, na zes maanden sprake is van ernstig klinisch

gebaseerd op metingen met cardiale MRI. We concluderen dat er substantiële verschillen

hartfalen. Echter constateren we ook dat er geen sprake is van cardiale littekenvorming, ofwel

bestaan tussen mannen en vrouwen. Zo hebben mannen grotere en zwaardere harten, ook

fibrose. Dit is verrassend, aangezien fibrose wel in veel andere vormen van hartfalen wordt

wanneer er gecorrigeerd wordt voor lichaamsformaat. Deze verschillen zijn vergelijkbaar

gezien, en daarom vaak beschouwd wordt als alomtegenwoordig fenomeen in eindstadium

met verschillen in de gezonde populatie. Dit impliceert dat, wanneer een meting van rechter

hartfalen. Deze associatie wordt dus in dit hoofdstuk betwist.

hartkamerformaat gebruikt wordt voor het maken van een klinische beslissing, verschillen
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tussen mannen en vrouwen in acht genomen moeten worden. Daarnaast constateren we dat
In hoofdstuk 5 wordt een nieuw moleculair mechanisme blootgelegd dat bijdraagt aan de

de knijpfunctie van beide hartkamers meer aangedaan is in mannelijke patiënten, in vergelijking

ziekteontwikkeling van pulmonale arteriële hypertensie. Door in dit mechanisme in te grijpen

met vrouwelijke patiënten. Dit lijkt in overeenstemming te zijn met de literatuur en hoofdstuk 6.

met een geneesmiddel wordt bovendien de ziekte succesvol behandeld. Omdat patiënten
met pulmonale arteriële hypertensie een rechter hartkamer met drukbelasting hebben,

Concluderend kan gesteld worden dat dit proefschrift bijdraagt aan het inzicht in adaptatie

wordt de veiligheid van ingrijpen in dit mechanisme ook getest in de context van geïsoleerde

van de rechter hartkamer bij chronische abnormale belasting, in zowel diermodellen als

drukbelasting van de rechter ventrikel, het zelfde soort belasting waaraan patiënten met

klinische studies. Hiermee wordt beoogd om patiënten met een verhoogd risico beter en

tetralogie van Fallot worden blootgesteld voorafgaand aan hun chirurgische correctie. Dit

eerder te kunnen identificeren, en richting te geven aan toekomstige studies naar nieuwe

blijkt niet tot verbeterde hartfunctie te leiden, maar blijkt wel veilig en zonder schadelijke

behandelmogelijkheden. Uiteindelijk hopen we zo de uitkomsten op de lange termijn en

neveneffecten.

klinische status van patiënten met tetralogie van Fallot te kunnen verbeteren.

Waar hoofdstuk 4 zich heeft gericht op lange termijn volumebelasting, zoals patiënten
met tetralogie van Fallot kunnen hebben na hun chirurgische correctie op jonge leeftijd,
richt hoofdstuk 6 zich op de drukbelasting voorafgaand aan de operatie. In een diermodel
op de kinderleeftijd van ratten met drukbelasting van de rechterkamer beschrijven we hoe
mannetjes- en vrouwtjesratten verschillen in hun adaptatie aan deze drukbelasting. We
concluderen dat vrouwtjesratten onder gelijke belasting een betere klinische status hebben dan
mannetjesratten. Dit verschil ontstaat na de puberteit, wat suggereert dat geslachtshormonen
hier een rol in spelen.
In hoofdstuk 7 en 8 gebruiken we magnetic resonance imaging, ofwel MRI, van het hart om
prognostische factoren te identificeren die ritmestoornissen of achteruitgang van hartfunctie
kunnen voorspellen. We concluderen in hoofdstuk 7 dat in het voorspellen van ventriculaire
tachycardie, een levensbedreigende ritmestoornis, veranderingen de rechter hartkamer het
meest voorspellend zijn: vergroting, achteruitgang van functie, en verdikking zijn onafhankelijke
voorspellers. Daarnaast is obesitas een voorspeller voor ritmestoornissen. In hoofdstuk 8
gebruiken we een nieuwere en meer geavanceerde methode om MRI’s te analyseren, en
concluderen we dat circumferentiële vervormingssnelheid van de linkerhartkamer ook
voorspellend is voor ventriculaire tachycardie.
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