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1. Introduction 

1.1 Hypoplastic left heart syndrome (HLHS) 

Hypoplastic left heart syndrome (HLHS) is one of the most severe forms of congenital heart 

disease (CHD). The term describes a spectrum of left heart under development (Figure 1) 

(Graupner et al., 2019). HLHS is the most common form of functional single ventricle heart 

disease, with a birth prevalence of approximately 2 to 3 cases per 10,000 live births in the 

United States (Reller et al., 2008) and constitutes 1% to 2% of all cardiac malformations 

(Leirgul et al., 2014).  

It is characterised by hypoplasia of the left ventricle (LV) and multilevel obstruction of 

systemic cardiac output from the level of the mitral valve to the proximal descending thoracic 

aorta. The anatomic variants of the disease can be distinguished by the status of the mitral and 

aortic valves resulting in a classification system that is described below.  

The mitral atresia and aortic atresia (MA-AA) subtype is the most extreme of HLHS, 

accounting for 36% to 46%,  There is either an absent or a slit-like LV cavity and diminutive 

ascending aorta (Rathod et al., 2022) (Tweddell JS et al., 2021).  

 

The second subtype is characterised by mitral stenosis and aortic atresia (MS-AA) and occurs 

in conjunction with a severely hypoplastic ascending aorta Depending on the degree of mitral 

stenosis, LV pressures may be subsystemic, systemic, or even suprasystemic. The degree of 

ventricular hypertrophy is also variable, but there is usually severe LV systolic dysfunction. 

The third subtype comprises mitral stenosis and aortic stenosis (MS-AS). At the mildest end of 

the spectrum is the "borderline left heart", in which both valves are stenotic but not atretic. In 

some patients with MS-AS, the mitral and aortic valves are near-normal in size but a 

combination of LV diastolic and systolic dysfunction, or valvar stenosis, results in inadequate 
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LV systemic output. (Figure 1). After birth the systemic circulation is driven by the right 

ventricle (RV) via a patent ductus arteriosus. Without intervention, HLHS is fatal (Rathod et 

al., 2022). 

 

At present, many infants with HLHS receive a prenatal diagnosis, which allows planning of 

delivery and treatment. The impact of prenatal diagnosis on surgical outcomes, however, 

remains controversial (Bautista-Hernandez et al., 2019). 

 

 

Figure 1: Spectrum of hypoplastic left heart syndrome (Tweddell JS et al., 2021). 

(A) Mitral atresia and aortic atresia. This is the most extreme form of HLHS.  

(B) Mitral stenosis and aortic atresia.  

(C) Mitral stenosis and aortic stenosis. There is considerable variability in the size of the LV.  

Echocardiographic imaging, whether pre- or postnatal, is sufficient in most cases to make a 

diagnosis of HLHS (Alabdulgader., 2018). During all stages of palliation, children with 

HLHS are at risk of circulatory failure and mortality. UK survival estimates corresponding to 

cases born between 2000 and 2015 were improved at 56%, but survival was examined up to 

age five only (Best et al., 2021). 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Best%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=34295856
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1.1.1 Treatment of patients with HLHS 

1.1.1.1 Initial treatment after birth 

Neonates with HLHS are critically ill and will need to be managed in the intensive care unit 

and stabilised before surgical intervention during the first week of life. Initial management 

will include (Kritzmire and Cossu, 2022): (1) maintaining ductal patency, (2) avoid excess 

pulmonary blood flow, and (3) ensure adequate blood flow from the left atrium to the right 

atrium (Rao, 2019). 

The immediate therapy for all infants with HLHS after birth is an intravenous infusion of low 

dose PGE1 to ensure ductal patency and maintain systemic circulation (Akkinapally S et al., 

2018). If a restrictive atrial septum is present, then the Rashkind procedure along with stent 

implantation might be a potential treatment option (Rai et al., 2019).  

 

1.1.1.2 Surgical palliation 

A three-stage surgical palliation is typically the treatment strategy of choice. The first stage 

takes place in the neonatal period and includes the Norwood operation or hybrid procedure, 

the second stage is the hemi-Fontan or Glenn operation performed at around 4–6 months of 

life, and the final stage is the completion of the Fontan circulation which is normally 

performed between 2-4 years of age (Kołcz and Skalski, 2011). 

Norwood operation and hybrid procedure  

In many cardiac centers the Norwood operation in the neonatal period is the first operative 

stage. The aim of the Norwood operation is to use the RV as the main pumping ventricle for 

the systemic circulation. During the Norwood operation a so-called neo-aorta arising from the 

RV is created by using the patient’s pulmonary valve and trunk and patch material (Figure 

2A). The pulmonary blood flow is maintained by a modified Blalock-Taussig (Figure 2A) 

https://www.cochranelibrary.com/cdsr/doi/10.1002/14651858.CD011417.pub2/information#CD011417-cr-0002
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shunt or a RV-to-pulmonary artery shunt (Sano modification, Figure 2B). The shunt is a long-

term replacement for prostaglandin E1 (PGE1) administration and atrial septectomy is done to 

secure good atrial communication, which is required to permit pulmonary venous return to 

reach the RV (Rai et al., 2019). 

 

The hybrid palliation expands the surgical options for patients born with HLHS. It consists of 

bilateral surgical pulmonary artery banding and percutaneous stenting of the Ductus arteriosus 

with or without atrial septum manipulation (Schranz et al., 2015; Figure 2B). The hybrid 

approach lessens the initial operative risk and is hypothesized to improve in particular 

neurological survival (Licht et al., 2009).  

 

Figure 2:  Stage 1 palliation of hypoplastic left heart syndrome (Tweddell JS et al., 2021). 

A: Stage 1 palliation (Norwood procedure) using a modified Blalock–Thomas–Taussig (BT) 

shunt for provision of pulmonary blood flow.  

B: Stage 1 palliation using RV-to-pulmonary artery conduit (Sano modification). 

C: Stage 1 palliation using a hybrid approach. Pulmonary blood flow is restricted with branch 

pulmonary artery bands, and the ductal patency is maintained by placement of a stent. A stent 

is placed to create a nonrestrictive atrial septal defect.  
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Hemifontan operation and Glenn anastomosis  

The superior cavopulmonary connection is typically the second surgical step and involves the 

creation of an anastomosis between the superior vena cava and the pulmonary artery 

(Eckhauser et al., 2018). Currently, the bidirectional Glenn shunt and the hemi-Fontan 

procedure are the commonly used surgical options (Figure 3).  

For the Glenn anastomosis the superior vena cava is divided and separated from the right 

atrium and an end-to-side anastomosis is made between the superior vena cava and the right 

pulmonary artery (Figure 3B). The hemi-Fontan operation includes creation of an anastomosis 

between the superior vena cava and the surgically augmented right pulmonary artery.  

The entrance of the superior vena cava into the right atrium is closed with a patch (Edelson et 

al., 2020; Figure 3A).  

 

Figure 3: Stage 2 procedure (Tweddell JS et al., 2021). 

  A: The hemi Fontan procedure consists of an end-to-side anastomosis of the superior vena 

cava to the right pulmonary artery. The entrance of the superior vena cava into the right atrium 

is closed by a patch. 

B: The bidirectional Glenn shunt is a direct anastomosis of the superior vena cava to the 

central pulmonary artery. 
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Completion of the Fontan circulation   

During the completion of the Fontan circulation the inferior vena cava is connected with the 

pulmonary artery using an intra-arterial lateral tunnel or extracardiac conduit with or without a 

fenestration between the tunnel or conduit and the atria (Rai et al., 2019; Figure 4).  

 

Figure 4: Completion of the Fontan circulation (Tweddell JS et al., 2021). 

A: The lateral tunnel Fontan involves creating an intra-atrial baffle that connects the inferior 

vena cava to the pulmonary arteries.  

B: The extracardiac Fontan uses a tube graft to connect the inferior vena cava to the central 

pulmonary artery. In both cases all caval return with the exception of the coronary sinus is 

directed to the pulmonary arteries, simulating as closely as possible the normal circulatory 

pattern. To improve hemodynamics, especially in the early postoperative period, a fenestration 

is often placed between the baffle or conduit and the pulmonary venous atrium. This decreases 

central venous pressure and increases preload to the single ventricle, albeit at the cost of some 

systemic desaturation. 
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1.1.1.3 Heart transplantation 

Although heart transplantation is a potential primary treatment option for newborns with 

HLHS, it is limited by the scarcity of donors. It is, however, a more commonly used treatment 

modality in cases of extreme heart failure during or after the three-stage surgical palliation, 

especially when the background is dysfunction of the right ventricle (Rai et al., 2019). 

1.1.2 Outcome of patients with HLHS 

1.1.2.1 Survival  

Only two-thirds of children with HLHS survive to 5 years of age (Roeleveld et al., 2018).  

Recent studies show an overall survival of children with HLHS of 52% (Siffel et al., 2015). 

Preterm infants had significantly poorer survival (31%) compared with term infants (56%) 

(Erikssen et al., 2018). 

Postoperative and long-term survival after Fontan procedure improved. By 15 to 20 years after 

Fontan procedure survival rates range from 60 to 85 percent and currently Fontan patients are 

predicted to have a 30-year survival rate of approximately 85 percent (Johnson J,2022) (Ono 

M et al., 2006). 

Fifteen years institutional experience with the Norwood procedure for patients with and 

without HLHS found that early and long-term survivals and postoperative complications were 

similar between patients with and without HLHS undergoing a Norwood operation. Recurrent 

aortic arch obstruction was common in both groups but more prevalent in patients without 

HLHS (Hansen et al., 2012). 

The Society of Thoracic Surgeons Congenital Heart Surgery Database (STS CHSD) reported 

in 2019 procedure mortality rates of stage I palliation 15%, Hemi-Fontan/Glenn 1.8%, and 

Fontan 1.0% (Jacobs et al., 2019). 
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1.1.2.2 Long-term follow-up 

Long-term prognosis post Fontan completion has significantly benefit from the experience and 

technical developments of the past decades. However, postoperative long-term mortality and 

morbidity related to arrhythmias, thromboembolic events and protein-losing enteropathy as 

well as reoperations and reinterventions is concerning (Kverneland LS, 2018) (Feinstein JA 

et al., 2012). Regular cardiac follow-up and surveillance for early detection of potential 

complications and abnormalities will aid in decreasing the rates of failing Fontan (Driscoll DJ 

et al., 1992) (Rychik J et al., 2019).                                                                                                                                                            

Echocardiography should be part of every examination and is useful for the assessment of 

ventricular function, tricuspid regurgitation, thrombus formation and function of the neo-aortic 

root and valve as. Transesophageal echocardiography can visualise the entire Fontan pathway 

and might be helpful in thrombus detection (Johnson J, 2022). 

Cardiovascular magnetic resonance imaging (CMR) plays an important role for the assessment 

of ventricular ejection fraction, cardiac output, visualisation of the Fontan pathways, branch 

pulmonary arteries as well as aorta and estimation of the impact of aortopulmonary collaterals 

on the Fontan circulation. Recently published American heart association (AHA) guidelines 

suggest that CMR should be performed every two to three years in Fontan patients (Johnson 

J,2022) (Anderson RH et al., 2021). 

Cardiac catheterisation is indicated to investigate failing Fontan physiology and interventions. 

AHA guidelines suggest performing a cardiac catheterization at minimum every 10 years after 

the Fontan operation (Johnson J, 2022) (Anderson RH et al., 2021) (Ono M et al., 2006). 

Annual electrocardiogram (ECG) is recommended to evaluate heart rhythm, further 

arrhythmia assessment may include Holter monitoring, event monitoring, prolonged rhythm 
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assessment, or exercise ECG to assess heart rate response and heart rhythm with exercise 

(Johnson J, 2022) (Stout KK et al., 2019).  

Annual chest radiography and cardiopulmonary exercise testing are generally suggested every 

one to three years (Johnson J, 2022) (McCrindle BW et al., 2007). 

Additional diagnostic tests such as markers of neurohumoral activation (N-terminal pro B-

type natriuretic peptide,NT-pro BNP) and lung function tests are recommended for follow-up 

(Budts et al., 2016) (Samarai et al., 2020) (Schneider et al., 2020). 

 

1.2. Single systemic right ventricular function and physiology  

1.2.1. Right ventricular physiology and dysfunction in HLHS 

From even before birth, the single systemic right ventricle ( SRV) is subject to abnormal 

hemodynamic demands and morphological abnormalities that can predispose to systolic or 

diastolic dysfunction. Palliation of the single ventricle with an aortopulmonary shunt or 

pulmonary artery band in the neonatal period results in increased ventricular volume load, a 

condition caused by the presence of pulmonary and systemic circulations existing in parallel, 

with mixing within the single ventricle. Valvular regurgitation (atrioventricular or semilunar) 

can also add to the hemodynamic stress on the myocardium. As a result of intracardiac mixing, 

arterial oxygen saturation is low, and the myocardium is subject to a chronically hypoxic 

environment (Rychik et al., 2019) (Anderson et al., 2008). 

Another reason for RV dysfunction might be disturbed myocardial fiber arrangement as well 

as the presence and extent of myocardial fibrosis associated with dilated and hypertrophied 

systemic ventricles, systolic dysfunction, regional wall motion abnormalities, and non-

sustained ventricular tachycardia (Rathod et al., 2010).  
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At the time when the Fontan procedure is performed, the ventricle commonly evolves from 

being volume overloaded, overgrown, and overstretched to volume deprived with a smaller 

cavity and increased wall thickness (Rychik et al., 2019).  

There are two types of HF in Fontan patients. They present as the classic ventricular pump 

failure and the Fontan circulatory failure. The latter relates to the chronic increased central 

venous pressure and low cardiac output but with a remaining acceptable ventricular function. 

The systolic and diastolic ventricular function are relatively preserved during the first decades 

after Fontan completion but decline over time (Atz et al., 2017). Systolic dysfunction is 

present in 40–60% of patients considered for heart transplantation (Miller et al., 2016). 

Because of remarkable surgical and medical advances over the past several decades, there are 

growing numbers of infants and children living with single ventricle CHD, Nevertheless, 

cardiac dysfunction (and ultimately HF) is a common complication in the single ventricle 

population, and pharmacological HF therapies have largely been ineffective in mitigating the 

need for heart transplantation (Garcia et al., 2020).  

 

 

 

1.2.2. Studies that have evaluated RV function in HLHS  

A study from Bellsham-Revell et al. investigated changes in ventricular volumes and vascular 

dimensions before hemi-Fontan and before Total cavopulmonary connection (TCPC) in 

children with HLHS using CMR (Bellsham-Revell HR et al., 2013). The authors found that 

in HLHS, serial CMR imaging is well-suited to show the adaptation of the SRV after hemi-

Fontan operation with volume reduction in the context of a preserved stroke volume and an 

increased ejection fraction.  

Michel et al. assessed changes in systolic and diastolic RV function within a 5-year follow-up 

period of HLHS patients after TCPC using conventional and two-dimensional speckle tracking 

echocardiography showed the Systolic and diastolic RV function parameters of HLHS patients 
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decreased from 1.6 to 5.1 years after TCPC (Michel MM et al., 2016). Changes in global 

strain rate parameters may be signaling early RV dysfunction that is not detectable by 

traditional echocardiography. 

In a cohort of clinically stable Fontan patients to assess longitudinal Fontan hemodynamics 

using serial CMR data and to study the impact of aortopulmonary collateral flow and type of 

single ventricle morphology revealed no significant changes in single ventricle dimensions and 

myocardial performance while aortopulmonary collateral  flow decreased spontaneously 

(Latus H et al., 2020). 

 

 

 

1.3 Evaluation of systemic right ventricular function 

Accurate evaluation of RV volumes and function in HLHS patients forms an essential aspect 

of surgical planning, peri-operative care and long-term management. The RV is volume 

loaded in the period after Norwood operation and before creation of a superior cavo-

pulmonary connection, and there is often tricuspid regurgitation. Additionally, the size and 

shape of the accompanying hypoplastic left ventricle is variable and has a significant impact 

on RV geometry. Furthermore, the RV is in an anterior position and that may limit acoustic 

windows (Bell et al., 2014) (Salehi et al., 2018) (Zaidi et al., 2018). 

Reliable quantification of the ventricular function is difficult in patients with a single ventricle 

physiology because of the complex diverse anatomy and lack of normal reference values and 

functional indexes for a non-left systemic ventricle (Meyer et al., 2020). There is no clear EF 

cut-off value that defines abnormal EF in SRV. This has also an impact on treatment strategies 

as it might be difficult to define the appropriate timing for initiating heart failure treatment, 

especially in asymptomatic CHD patients. In most cases, RV dysfunction by non-invasive 

imaging precedes the onset of clinical HF (Santens et al., 2020). 
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In clinical practice, echocardiography is predominantly used for the assessment of RV 

function, as it is non-invasive, widely available, relatively inexpensive. and has no adverse 

side effects. However, because of complex geometry, the assessment of SRV function by 

echocardiography has remained mostly qualitative (Iriart et al., 2016). Two-dimensional 

speckle tracking echocardiography parameter global longitudinal strain rate has been 

suggested as possible preload independent parameter of systemic RV contractility in HLHS 

after TCPC (Husain et al., 2013) (Schlangen et al., 2014). Zaidi et al. reported that 

echocardiographic measures could distinguish between HLHS patients with and without 

reduced RV function (Zaidi et al., 2018).     

                                                                                                                       

CMR assessment of RV function 

The reference method for the assessment of RV volumetric function is CMR imaging. It 

provides high-resolution 3D images of the RV, which enable accurate assessments of RV 

systolic and diastolic volumes, which can then be used to calculate EF (Abouzeid et al., 

2017). In addition, it allows a detailed assessment of the cardiovascular anatomy and 

myocardial structure and can evaluate blood flow parameters (D'Alto et al., 2016). However, 

CMR is time consuming, expensive, not universally available, cannot be used in some patients 

with claustrophobia and in some patients with cardiac pacemakers. CMR is the gold standard 

for the measurement of ventricular volumes and EF, and it also allows to easily measure 

TAPSE and long axis strain (Riffel et al., 2015; Figure 5). 
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Figure 5: Right ventricular volumetry in a HLHS patient from short axis images at (A) end-

diastole and (B) end-systole. (Sobh M et al., 2021). 

 

Figure 6: Long axis strain was assessed in a “4chamber-like view” by measuring the distance 

between the epicardial border of the LV apex and the middle of a line connecting the origins 

of the tricuspid valve leaflets in both (A) end-systole and (B) end-diastole. C+D) Tricuspid 

annular plane systolic excursion was assessed by measuring the largest distance between the 
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lateral tricuspid annulus and the right ventricular apex at (C) end-systole and (D) end-diastole 

(Sobh M et al., 2021). 

TAPSE is obtained from a standard apical four-chamber view and measures systolic excursion 

of the RV annular segment along its longitudinal plane. The greater the RV systolic excursion 

measurement, the greater the function of the RV. Measurement of the RV systolic function by 

using TAPSE is simple, less dependent on optimal image quality, and fairly reproducible. 

However, the measurement is made in a SRV segment to represent a complex 3D structure. 

Limitations include angle dependence, technical issues such as alignment difficulties, and a 

lack of validation in non-sinus rhythm (Abouzeid et al., 2017; Figure 6). 

Long axis strain in CMR analysis as a reliable and fast assessable parameter for RV global 

longitudinal function and has been shown to be valuable screening tool for patients with 

concomitant RV dysfunction in the clinical routine (Arenja et al., 2016; Figure 6).  
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1.4 The aim of the work  

HLHS is a complex form of congenital heart disease defined by anatomic and functional 

inadequacy of the left side of the heart. Following birth, surgical palliation is undertaken 

through staged operations comprising of the Norwood operation (or hybrid procedure) in the 

first week of life, creation of a superior cavopulmonary connection at 4-6 months of life, and 

finally completion of a TCPC at 2-4 years of age. Children with HLHS are at risk of various 

complications including dysfunction of the SRV.  

In patients with HLHS RV dysfunction is common. However, only few studies exist that have 

evaluated RV function during serial follow-up after Fontan completion. The present work 

aimed to fill this gap by assessing RV volumes and RV functional markers from serial CMR 

studies in a large cohort of HLHS patients after completion of the TCPC. 
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2. Methods 

2.1 Study population 

This retrospective single-center study was performed at the Department of Congenital Heart 

Disease and Paediatric Cardiology at the University Hospital Schleswig-Holstein, Campus 

Kiel.  Paediatric and adult patients with HLHS who underwent routine clinical CMR imaging 

between December 2005 and June 2020 were included in the study.  

Inclusion criteria were All HLHS patients who had at least 2 serial CMR studies after Fontan 

completion in that period with a four-chamber cine view to measure long-axis strain (LAS) 

and/or a complete stack of short-axis cines for RV volumetry were included. Exclusion criteria 

were (i) patients with only one CMR study and (ii) insufficient data sets for the analysis of RV 

volumes and/or LAS. 

Ninety-five patients had two examinations and thirty-six patients had three CMR 

examinations. The median interval between the first and the second examination was 5.0 years 

(range 0.9-8.4 years) and between the second and third examination was 4.9 years (range 0.7-

7.5 years). The oldest patient at the time of the third examination was 21 years. All patients 

underwent Fontan completion with TCPC at a mean age of 2.7 ± 0.8 (0.9-5.4) years.  

For 162 examinations in children, sedation with midazolam and propofol was performed. In 

sedated patients, heart rate, respiratory motion, oxygen saturation, and noninvasive blood 

pressure were monitored.  

 

2.2 Ethical considerations 

The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and 

was approved by the local ethics committee (Ref.-Nr.: D503/20). Informed consent was 

obtained from the parents or guardians of the children enrolled into the study.  
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2.3 CMR acquisition 

CMR was performed using a 3T scanner (Philips Achieva and Philips Ingenia; Philips Health 

Systems, The Netherlands). Short-axis cine stacks were acquired using gradient echo or steady 

state free precession (SSFP) cine imaging with retrospective ECG gating, to measure RV 

volumes, myocardial mass and function. The scan parameters were as follows: field of view 

180-400 mm, slice thickness 5-8 mm, 25 cardiac phases, no slice gap, non-breath-hold in 

sedated children, breath-hold in conscious patients. In addition, an oblique cine image showing 

the atria and right ventricle in a similar manner as a standard 4-chamber view was obtained 

with the following scan parameters: field of view 180-320 mm, slice thickness 5-8 mm, 25 

cardiac phases, non-breath-hold in sedated children, breath-hold in conscious patients.  
 

2.4 CMR analysis 

Post-processing was performed using commercially available software (cvi42 for 

Cardiovascular MRI, Circle Cardiovascular Imaging, Calgary, Canada).  

Assessment of RV volumes, myocardial mass and ejection fraction (RVEF) was performed by 

manual tracing of endocardial contours for each slice from the stack of short-axis cine images 

at end-systole and end-diastole using Simpson’s method (Leiner T et al., 2020).  

 The position of the tricuspid valve was confirmed by linking the short-axis stack to a long-

axis view of the RV. Trabeculations and papillary muscles were included into the ventricular 

volume (Figure 5). RV volumes were measured RVEDV, RVESV, RVSV, RVEF and RV 

mass. The RVSV and RVEF were measured according to the following formulas:  

(1)  RVSV = RVEDV- RVESV   

                  

(2) RVEF =                                              x 100  

All ventricular volumes and ventricular mass were indexed to body surface area (BSA). 
RVEDV 

   RVEDV- RVESV 
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In 89 patients, tricuspid regurgitant fraction was calculated from RV stroke volume and neo-

aortic forward flow from phase contrast acquisitions and expressed as a percentage of the 

ventricular stroke volume. The degree of tricuspid regurgitation was documented and 

classified as none, trivial (regurgitant fraction <10%), mild (regurgitant fraction <30%), 

moderate (regurgitant 30-40%) and severe (Devos DG et al., 2010).  

Long axis strain (LAS) was assessed from 4-chamber views by measuring the displacement of 

the tricuspid valve annulus. For this the distance between the epicardial border of the LV apex 

and the middle of a line connecting the origins of the tricuspid valve leaflets were measured in 

both end-systole and end-diastole. LAS was then measured and expressed as a percentage 

according to the following formula (Riffel et al., 2015): 

 

(3)   LAS [%] =                                                                                       x 100  

    

 Tricuspid annular plane systolic excursion (TAPSE) was measured by subtracting the distance 

between the lateral tricuspid annulus and the right ventricular apex in end-diastole from the 

same distance in end-systole (Figure 6 C+D).  

 In four patients, ventricular volumetry was not possible and in one patient the measurement of 

TAPSE and LAS was not performed, all because of poor image quality. 

 

2.5 Statistical analysis and reproducibility (Sobh M et al., 2021) 

Statistical analysis was carried out by using SPSS (version 25) and R (version 3.50). As most 

of the continuous data were skewed distributed, they are shown as median with the first and 

third quartiles (always given in square brackets). Categorical variables are expressed as total 

counts with percentages. To detect possible confounding variables as gender or age, the 

RV length end−systole−RV length end−diastole 

       RV length end−diastole 
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measured cardiological parameter at the first and the second examinations were compared 

between male and female patients, and between age groups (dichotomized at the median of 

10 years) using independent Wilcoxon tests in an explorative manner, and, therefore, not 

adjusted for multiple testing. 

Taking the impact of age on RV parameters into account, subsequent analyses of the primary 

end points were done for both age groups (below 10 years and above 10 years) separately: The 

difference in the RV end-diastolic volume index (RVEDVi) and in the RV end-systolic 

volume index (RVESVi) from the first to the second examinations was analysed by a 

Wilcoxon signed-rank test, hypothesising that there are no changes over time. Similarly,  

The difference between the first/second and the third examinations, where a total of 35 out of 

95 patients were available, was analysed as well. Regarding the repeated measurements on the 

same patient over time, the significance level was adjusted by Bonferroni correction as follows 

(VanderWeele TJ et al., 2019) the global significance level of 5% was divided by the number 

of comparisons at 3 time points, which were additionally multiplied by 2 as considering the 2 

volume indices (RVESVi, RVEDVi).  

This calculation resulted in a corrected significance level of 0.0083 = 0.05/(3 × 2).Spearman’s 

rank correlation was used to assess associations between RV size and functional parameters at 

the time of the second and third examinations. Intraclass correlation analysis was performed to 

measure interobserver variability (moderate <0.7, good ≥0.7–0.9 and excellent >0.9).  
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3. Results 

3.1 Patients 

3.1.1 Patient basic data 

Sixty patients had two CMR examinations and thirty-five patients had three CMR 

examinations. The median interval between the first and the second examination was 4.9 years 

(range 1.1-6.9 years) and between the second and third examination was 4.8 years (range 0.7-

7.5 years). All patients underwent Fontan completion with TCPC at a median age of 2.7 [1st 

quartile 2.2; 3rd quartile 3.1] (range 1.5-5.2) years. Forty patients (42.1 %) had (MA-AA), 

thirty patients had (MS-AS) (31.6 %), twenty patients had (MS-AA)  (21.1 %) and five patients 

had (MA-AS) (5.3 %) (Table 1).  

 

Table 1. Characteristics of studied HLHS patients (n=95) 

 

Variables 

HLHS patients (n= 95) 

NO. % 

 

Male Female  

 

66 

29 

 

69.5 

30.5 

No. of patients with completed 

CMR scans: 

Two scans  

Three scans  

 

 

60 

35 

 

 

63.2 

36.8 

HLHS spectrum: 
MA-AA  
MS-AS 

MS-AA 

MA-AS 

 

40 

30 

20 

5 

 

42.1 

31.6 

21.1 

5.3 

 

 

Age at Fontan completion with 

TCPC (years) 

Median [IQR] 

 

2.7 [2.2; 3.1] 

Interval between scans (years)  

1st and 2nd scan  

2nd and 3rd scan  

 

4.9 [3.5-5.6] 

4.8 [3.9-5.7] 

 

IQR, interquartile range; MA-AA, aortic atresia and mitral atresia; MA-AS, mitral atresia and 

aortic valve stenosis; MS-AA, mitral stenosis and aortic valve atresia; MS-AS, mitral and 

aortic valve stenosis. 
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Median age and interquartile range (IQR) of included patients at the three examinations was 

4.2 [3.3; 6.1] years, 9.4 [5.7; 11.4] years and 14.6 [11.8; 16.8] years. The oldest patient at the 

time of the third examination was 21.2 years. Median weight at the time of first CMR 

examination was 16 kg while at the time of third examination was 50 kg.  Changes in 

anthropometric measures through CMR examinations are summarized in Table 2.  

Table 2: Patients findings at each CMR examination  

Variables  

 

 

1st CMR after 

TCPC 

completion 

(n= 95) 

2nd CMR after 

TCPC   

completion                                        

(n= 95) 

3rd CMR after 

TCPC 

completion 

(n= 35) 

Median (IQR) Median (IQR) Median (IQR) 

Age (y) 4.2 [3.3;6.1] 9.4 [5.7;11.4] 14.5 [10.4;16.8] 

Weight (kg) 16 [13.6;18.7] 27.5 [20;34] 50 [34;60.5] 

Weight centile 50 (<5-95) 50 (<5-95) 50 (<5-95) 

Height (cm) 101.0 [93;111] 130.9 [114;145] 160 [147;171.5] 

Height centile 25 (<5-95) 50 (<5-95) 50 (<5-95) 

BMI (kg/m2) 15.7 [14.5;16.8] 16.0 [14.7;17.8] 18.9 [16.5;23.3] 

BSA (m2) 0.7 [0.6;0.7] 1.0 [0.8;1.2] 1.5 [1.2;1.7] 

BMI; Body mass index; BSA, body surface area; IQR, interquartile range; y, year.  

For patients with a height or weight below the 5th centile, we used the value 1 to 

calculate the median centile. 

 

One patient had mild aortic stenosis at the proximal anastomosis of the neo-aorta at the time of 

the third examination. Nine patients had moderate TR at the time of first and third 

examinations while one patient had severe TR at the time of second examination as described 
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in Table 3. Moderate TR was associated with higher RVEDVi and RVESVi compared to less 

degrees of TR, but this difference was not significant. The degree of TR did not have any 

impact on RVEF and LAS.  

Table 3. Frequency of TR, AR at the time of each examination 

 1st CMR after 

TCPC completion 

(n= 95) 

2nd CMR after 

TCPC completion 

(n= 95) 

3rd CMR after 

TCPC completion 

(n= 35) 

TR 

- Trivial (n, %) 

- Mild (n, %) 

- Moderate (n, %) 

- Severe (n, %) 

 

49 (51.7 %)        

21 (23.6 %)               

9 (9.5 %) 

 

41 (43.2 %)           

28 (29.5 %)          

11 (11.6 %)            

1 (1.1 %) 

 

13 (37.1 %)             

8 (22.9 %)                

9 (25.7 %) 

 

AR 

- Trivial (n, %) 

- Mild (n, %) 

- Moderate (n, %) 

- Severe (n, %) 

 

45 (47.4)              

32 (33.7)               

1 (1.1) 

 

52 (54.7) 

22 (23.2) 

5 (5.3) 

1 (1.1) 

 

19 (54.3)                 

10 (28.6) 

1 (2.8) 

 

    TR, tricuspid regurgitation; N, number; AR, aortic regurgitation 

3.1.2 Cardiac medication  

Thirty-five patients (36.8%) were treated with angiotensin converting enzyme inhibitors 

(ACEI) at the time of the first examination. Indications were: 1) to lower systemic vascular 

resistance and to improve diastolic dysfunction after TCPC completion (n= 26 out of 35), 2) 

RV dysfunction, tricuspid regurgitation, or neo-aortic valve regurgitation (n= 9 out of 35). 

ACEI were continued in some patients due to RV dysfunction, arterial hypertension, tricuspid 
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regurgitation and neo-aortic valve regurgitation (second CMR examination: n= 17; third CMR 

examination: n= 11).  

Betablockers were taken by eleven patients at the time of the first examination. At the time of 

the second examination seven patients and at the time of the third examination three patients 

were on betablockers in the context of RV dysfunction. Aspirin was taken by eighty-one 

patients at the time of the first examination and seventy-nine and twenty-five at the time of the 

second examination and the third examination respectively. A summary of the medication at 

the time of each examination is given in Table 4. 

Table 4. Cardiac medications used at the time of each CMR examination 

Medications 1st CMR after 

TCPC 

completion 

(n= 95) 

2nd CMR after 

TCPC 

completion 

(n= 95) 

3rd CMR after 

TCPC 

completion 

(n= 35) 

NO. (%) NO. (%) NO. (%) 

Aspirin  81 (85.3) 79 (83.2) 25 (71.4) 

ACEI  35 (36.8) 17 (17.9) 11 (31.4) 

Βeta-blocker 11 (11.6) 7 (7.4) 3 (8.6) 

Diuretics  16 (16.8) 6 (6.3) 5 (14.3) 

Phenprocoumon 13 (13.7) 13 (13.7) 4 (11.4) 

ACEI: angiotensin converting enzyme inhibitor; TCPC, Total cavopulmonary 

connection; N, number 
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3.2 Cardiovascular MRI  

 

3.2.1 Right ventricular volumes and mass 

Serial changes of RV volumes and mass are described in table (5). Median RVEDV increased 

from 61.4 ml at the time of first examination to 89.8 ml at time of second examination to 156.6 

ml at the time of third examination. Also, median RVESV increased through the three 

examinations from 27.9 ml to 39.4 ml to 71.6 ml. There was no significant change for indexed 

myocardial mass throughout the examinations.  

Table 5. Serial changes of RV volumes and mass at the time of each CMR examination 

Parameters 1st CMR after 

TCPC completion 

(n= 95) 

2nd CMR after 

TCPC completion 

(n= 95) 

3rd CMR after 

TCPC completion 

(n= 35) 

Median [IQR)] Median [IQR)] Median [IQR)] 

RVEDV (ml) 61.4 [50.4; 72.8] 89.8 [69.2; 118.3] 156.6 [108.8; 198.7] 

RVESV (ml) 27.9 [21.4; 34.3] 39.4 [29.7; 58.8] 71.6 [45.6; 96.0] 

RVEDVi (ml/m²) 88.8 [76.3; 104.9] a 89.7 [76.6; 105.7] 100.3 [85.8; 116.2] 

RVESVi (ml/m²) 41.2 [30.7; 50.3] a 41.0 [32.4; 50.5] 46.7 [39.6; 63.2] 

RVMM (g) 58.9 [48.3; 74.0] 81.8 [59.5; 114.4] 134.1 [87.7; 182.4] 

RVMMi (g/m²) 88.9 [67.9; 103.3] 84.8 [61.1; 106.9] 90.4 [66.7; 122.5] 

 

EDV, end diastolic volume; ESV, end systolic volume; IQR, interquartile range; LAS, long 

axis strain; RV, right ventricle; RVEDVi, right ventricular end diastolic volume index; 

RVESVi, right ventricular end systolic volume index; RVMM, right ventricular myocardial 

mass; RVMMi, right ventricular myocardial mass index;       
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a significant difference between age groups in the change from the 1st CMR examination 

compared to the 2nd CMR, tested by Wilcoxon test for independent samples, p<0.05.   

 

 

There was a significant increase in RV indexed end-systolic and end-diastolic volumes 

(RVEDVi, RVESVi) from the first to the second as well as from the first and the second 

examination to the third examination in patients with an age >10 years. Gender did not impact 

the changes of RV volumes across the examinations as shown in Table 6 & 7 and illustrated in 

Figure 7 & 8. 

Table 6.  Comparison of RVEDVi at the three examinations expressed as P values of the 

Wilcoxon rank-sum tests for patients less and older than 10 years and for males and females 

Age group RVEDVi 1 - RVEDVi 2 RVEDVi 1 - RVEDVi 3 

 

RVEDVi 2 - RVEDVi 3  

 

Age<10 0.026 (n=39) 0.28 (n=10) 0.33 (n=10)  

Age≥10 <0.001*(n=52) <0.003* (n=25) <0.004* (n=25) 

Gender RVEDVi 1 - RVEDVi 2 RVEDVi 1 - RVEDVi 3 RVEDVi 2 - RVEDVi 3  

Male  0.7 (n=63) 0.11 (n=26) 0.01 (n=26) 

Female  0.34 (n=28) 0.07 (n=9) 0.3 (n=9) 

RVEDVi, right ventricular end diastolic volume index; *significant after Bonferroni 

correction. 
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Figure 7:  RV indexed end-diastolic volumes at the first, second and third examinations for 

children <10 years (grey box) and older or equal to 10 years (white box).  

EDV: end-diastolic volume. 

 

Table 7. Comparison of RVESVi at the three examinations expressed as P values of the 

Wilcoxon rank-sum tests for patients less and older than 10 years and for males and females 
 

Age group  RVESVi 1 - RVESVi 2  RVESVi 1 - RVESVi 3 RVESVi 2 - RVESVi 3  

Age<10 0.115 (n=39) 0.24 (n=10) 0.88 (n=10) 

Age≥10 <0.001* (n=52) <0.001* (n=25) <0.001* (n=25) 

Gender  RVESVi 1 - RVESVi 2  RVESVi 1 - RVESVi 3 RVESVi 2 - RVESVi 3  

Male  0.6 (n=63) 0.02 (n=30) 0.02 (n=30) 

Female  0.09 (n=28) 0.068 (n=5) 0.13 (n=5) 

 RVESVi, right ventricular end systolic volume index; *significant after Bonferroni 

correction. 
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Figure 8:  RV indexed end-systolic volumes at the first, second and third examinations for 

children <10 years (grey box) and older or equal to 10 years (white box).  

ESV: end-systolic volume. 

 

3.2.2 Right ventricular ejection fraction and LAS 

There was no significant change for indexed RV stroke volume throughout the examinations 

(48.4 [42;55.7], 47.6 [42.2;57.5], 49.7 [45.1;59.4]). Cardiac output and cardiac index were 

derived from RVSV. Serial changes of the RV ejection fraction, LAS (%) and TAPSE (mm) 

are described at Table 8. RVEDVi and RVESVi were correlated with RVEF and LAS (Table 

9, Figure 9 B-E).  
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Table 8. CMR functional parameters at the time of each examination 

Paramters 1st CMR after 

TCPC completion 

(n= 95) 

2nd CMR after 

TCPC completion 

(n= 95) 

3rd CMR after 

TCPC completion 

(n= 35) 

LAS (%) -9.3 [-7.0; -11.1] -8.7 [-6.6; -11.0] -8.9 [-5.5; -11.3] 

RVSV (ml) 31.7 [29.3; 38.1] 48.2 [39.2;57.1] 73.3 [58.;89.0] 

RVEF (%) 54.0 [50.0; 59.2] 54.0 [48.4;58.9] 52.6 [45.7;57.6] 

RVSVi (ml/m²) 48.4 [42.0; 55.7] 47.6 [42.2;57.5] 49.7 [45.1;59.4] 

Cardiac index (l/min/m²) 4.1 [3.2; 4.9] 3.7 [3.1;4.6] 4.0 [3.4;5.2] 

Heart rate (bpm) 86.0 [78.0; 94.0] 81.0 [69.0;93.0] 79.0 [70.0;89.0] 

Cardiac output (l/min)  2.8 [2.3; 3.2] 3.7 [3.1;4.5] 6.0 [4.5;7.4] 

TAPSE (mm) 6.1 (4.9-7.9) 6.6 (5.1-9) 7.1 (4.9-8.9) 

bpm, beats per minute; LAS, long axis strain; RVEF, right ventricular ejection fraction; 

RVSVi, right ventricular stroke volume index; SV, stroke volume; TAPSE, Tricuspid annular 

plane systolic excursion. 
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Table 9. Relationship between right ventricular volumes and functional parameters 

Parameters RVEF (n=221) 

(Spearman’s correlation) 

RV LAS (n=220) 

(Spearman’s correlation) 

r P-value r P-value 

RVEDVi 

(ml/m2) 

-0.17 0.018 0.26 <0.001 

RVESVi 

(ml/m2) 

-0.32 <0.001 0.43 <0.001 

RVMMi 

(ml/m2) 

-0.08 0.3 0.20 0.002 

RVEF (%)   -0.23 <0.01 

 

LAS, long axis strain; N, number; RVEDVi, right ventricular end diastolic volume index; 

RVEF, right ventricle ejection fraction; RVESVi, right ventricular end systolic volume index; 

RVMMi, right ventricular myocardial mass index. 
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Figure 9: (A-B- D) Relationship between RV long-axis strain and indexed RV volumes as 

well as RV EF, ( C- E) Relationship between RV ejection fraction and indexed RV volumes . 

LAS: long-axis strain; RVEDVi: right ventricular end-diastolic volume index; RVEF: right 

ventricular ejection fraction; RVESVi: right ventricular end-systolic volume index. 
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3.3 Reproducibility of right ventricular measurements  

Good-to excellent interobserver agreement was shown for all right ventricular measurements 

in 25 patients. The intra-class correlation coefficient ranged from 0.782 to 0.996 (Table 10). 

Table 10. Intra-class correlation coefficients from interobserver assessment  

 

 

 

 

 

 

 

 

 

 

                      ICC, intra-class correlation coefficient; CI, confidence interval  

  

 ICC  CI 

RVEF 0.948 0.884-0.977 

RVEDV 0.993 0.983-0.997 

RVESV 0.996 0.990-0.998 

RVSV  0.973 0.940-0.988 

RVMM 0.964 0.918-0.984 

LAS 0.782 0.510-0.903 
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4. Discussion 

Careful evaluation of the function of the systemic RV is important in children with HLHS 

after TCPC completion as early deterioration of RV function is expected.  In this CMR study, 

the longitudinal changes of RV volumes and function in a large cohort of patients with HLHS 

after TCPC completion are demonstrated. The study results expand the available literature 

with the following main findings: 1) during long-term follow-up, there is an increase of 

indexed RV volumes in HLHS patients along with a mild but not significant decrease in RVEF 

and LAS, 2) indexed RV volumes mildly correlate with RVEF and LAS 3) CMR-derived LAS 

might be useful to assess RV function and is a promising marker for longitudinal contractile 

function in future studies as it correlates with RVEF and is easy to measure. 

4.1 Importance of ventricular function in single ventricle patients 

Despite advances in surgical management and post-operative follow-up, HLHS remains a 

complex disease that carries substantial morbidity and mortality. Well-described risk factors 

for worse survival in Fontan patients include prematurity, genetic syndromes, restrictive atrial 

septum and right ventricular (RV) dysfunction (Son JS et al., 2018). Accurate evaluation of 

RV volumes and function in these patients forms an essential aspect of surgical planning, peri-

operative care and long-term management and is increasingly recognized as having prognostic 

significance in various disease processes (Zaidi SJ et al., 2018) (Fonseca BM, 2013) (Bell A 

et al., 2014). 

 

4.2 Methods to evaluate ventricular function in single ventricle patients 

In HLHS, long-term outcome is closely related to RV function. In clinical practice RV 

function is mostly analyzed qualitatively by transthoracic echocardiography. Simple indices 

such as LAS, TAPSE and RVEF are used, however, they are often subjective in HLHS 
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patients. In addition, acquiring these indices by transthoracic echocardiography have the 

limitations of angle dependency and a significant degree of inter-user variability (Bellsham-

Revell HR et al., 2013). 

CMR demonstrated to be accurate and reproducible for the assessmnt of RV volumes, EF and 

mass as well as TAPSE and LAS in patients with a biventricular circulation (Shang Y et al., 

2022). Studies in HLHS showed the potential utility of TAPSE as a descriptor of ventricular 

performance in the population of children and adolescents with HLHS after Fontan operation 

(Avitabile et al., 2014) (Goldberg DJ et al., 2016) (Morcos et al., 2009). TAPSE quantifies 

the longitudinal shortening of the RV, accepted as a simple, reproducible, reliable method for 

estimating RV function and correlates well with exercise capacity and important markers of 

function outcome in healtyh adults (Zhao H et al., 2019) (Goldberg DJ et al., 2016).  

In the present study we demonstrated that TAPSE correlates with RV function in patients with 

HLHS after Fontan operation, but that there is no association between TAPSE and RVEF This 

is similar to studies from Avitabile et al. Goldberg et al. and Morcos et al. (Avitabile et al., 

2014) (Goldberg DJ et al., 2016) (Morcos et al., 2009).  Largelypreserved RVEF despite 

diminished longitudinal shortening as found in our group may suggests that global function of 

the systemic RV may be more dependent on radial or circumferential contraction. (Goldberg 

DJ et al., 2016) (Avitabile et al., 2014) (Morcos PG et al., 2009) (Zhao H et al., 2019). 

We also demonstrated that LAS is a promising marker for longitudinal contractile function and 

is suited for the assessment in HLHS patients and correlates with RVEF. This is compatible 

with studies of Arenja et al. and Riffel et al. as well as Shang Y study showed LAS has been 

proposed as an accurate and simple measure of RV function, and correlated well with RVEF   

(Arenja et al., 2016) (Riffel et al., 2015) (Shang Y et al., 2022). 

https://pubmed.ncbi.nlm.nih.gov/?term=Bellsham-Revell%20HR%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Bellsham-Revell%20HR%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Shang%20Y%5BAuthor%5D
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Abraham et al and Kanngiesser et al. showed that Speckle tracking echocardiography and 

CMR-based feature-tracking are tools that might be able to detect early alterations in RV 

myocardial deformation and function (Abraham et al., 2007) (Kanngiesser et al., 2022). 

Gasparini et al. performed a systematic review to evaluate how strain measurements with 

cardiac magnetic resonance feature tracking could be used to evaluate right ventricular 

function in patients with HLHS patients (Gasparini M et al., 2021). They were able to show 

that cardiac magnetic resonance feature tracking for RV strain analysis can be used in patients 

with HLHS for early detection of ventricular dysfunction alongside clinical symptoms and EF 

values (Gasparini M et al., 2021).  

In patients with HLHS, RV function and segmental deformation may be affected by LV 

morphology before and after Fontan palliation. In this context Wang et al. could show that 

patients with an absent or slitlike LV had better average RV systolic function (Wang AP et 

al., 2021). However, the long-term effect of LV morphology is still unknown.  

 

4.3 Serial changes in RV volumes and mass 

There is a gap of knowledge regarding the fate of the single right ventricle in HLHS patients 

during long-term follow-up. It is, however, of importance to improve our understanding of the 

longitudinal performance of the single RV in this patient group for the early detection of 

adverse RV remodeling and to improve patient management. In this study, we reported 

longitudinal data about RV dimensions and mass in HLHS patients after Fontan completion 

and were able to demonstrate that there is a significant increase in BSA normalized RV 

volumes over time in older patients with an age of above 10 years.  

Serial RV changes in HLHS patients have been reported by other authors; however, the 

majority of studies focused on RV changes throughout the staged palliation (Bellsham-Revell 

et al., 2013; Kutty et al., 2012; Khoo et al, 2011; Son et al., 2018), whereas we included 

paediatric and adult patients after completed three stage palliation.  
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Latus et al collected CMR data on single ventricular function in a mixed cohort of single LV 

and single RV Fontan patients and found, similarly to our study, an increase in RVEDVi in 

patients with a single RV during follow-up (Latus et al., 2020). That ventricular size is 

associated with ventricular outcome in Fontan patients has been shown by Rathod et al. who 

retrospectively assessed CMR data from a group of 215 Fontan patients and found that EDVi 

is an independent predictor of transplant-free survival after Fontan completion (Rathod et al., 

2014). Therefore, they pointed out that measuring ventricular size by CMR is of clinical 

importance. The main finding of our study was a significant increase in RV indexed volumes 

over time in patients with an age >10 years. Van den Eynde et al. discussed in his letter that 

RV dilation might begin after 10 years of age due physiological changes associated with 

puberty such as the increase in blood pressure with associated increased afterload (Van den 

Eynde J, et al 2022). They refer to a study by Lui et al. that showed that puberty might impact 

RV fate in older children with cyanotic CHD by suppressing myocardial hypoxia-inducible 

factor (HIF-1α), which regulates the adaptive metabolic program to maintain relatively normal 

ATP production and cardiac function in chronic hypoxia hearts by increasing glycolysis and 

glucose oxidation and by inhibiting fatty acid oxidation. HIF-1α signaling might be suppressed 

by insulin resistance during puberty, which is associated with cardiac metabolic maladaptation 

and cardiac dysfunction (Liu Y et al., 2021). 

However, in our study the patient group with an age <10 years was relatively small. Therefore, 

it should be considered that significant changes in young patients could have been detected 

with a larger sample and, thus, increased power. We found only a mild increase in RVMMi 

during follow-up, but this finding was not significant. Similarly, there was no significant 

change in RVSVi throughout the examinations.  

 

4.4.  Serial changes RV ejection fraction and LAS 
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Serial assessment of RV function is essential in children with HLHS following surgical 

palliation with the TCPC, due to the complex geometry of the single RV (Mahle et al., 2001) 

and the expected development of RV dysfunction. Attrition of ventricular function is well 

recognized among Fontan patients, but early detection of ventricular dysfunction is difficult 

(Meyer et al., 2020). A recent multicenter study in a large and mixed cohort of Fontan 

patients demonstrated a decrease of ventricular ejection fraction over time (Atz et al., 2017). 

However, ventricular functional data in HLHS patients after TCPC completion are sparse. An 

echocardiographic study from our institution reported longitudinal data on a smaller cohort of 

patients with HLHS. It could be demonstrated that global strain rate parameters decreased 

significantly from 1.6 years to 5.1 years after TCPC, whereas there was no change in 

traditional echocardiographic parameters such as fractional area change (Michel et al., 2016). 

Meyer et al. in prospective follow-up study in Fontan patients, age ≥ 10 years reported a 

decrease in cardiac strain over 2 years in Fontan patients without clinical signs of Fontan 

failure, where EF, CI and clinical status were still preserved and concluded that cardiac strain 

might be a sensitive early indicator of systolic ventricular decline (Meyer et al., 2020).  

In this study, we investigated a larger cohort of patients during a longer follow-up period and 

could demonstrate only a mild decrease in RVEF and LAS over time. A potential reason might 

be that the type of adaption of the systemic RV myofibers to systemic pressures allows to 

maintain a reasonable cardiac function during medium-term follow-up ( Bellsham-Revell HR 

et al., 2013) ( Khoo NS et al., 2011). 

Future research needs to investigate a longer follow-up period and it might be of interest to 

assess additional parameters of RV regional function. We demonstrated that moderate 

tricuspid regurgitation was associated with higher RVEDVi and RVESVi compared to less 

degrees of tricuspid regurgitation, but this difference was not significant while the degree of 

tricuspid regurgitation did not have any impact on RVEF and LAS. In Fontan patients, the EF 
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was found to be stable over 15 years of follow-up (Nakamura et al., 2011). Therefore, size 

may be a better marker than EF. 

CMR is the gold standard for the measurement of ventricular volumes and EF, and it also 

allows to easily measure LAS (Riffel et al., 2015; Arenja et al., 2017). We could demonstrate 

that LAS is suited for the assessment in HLHS patients and correlates with RVEF. Therefore, 

it seems suitable to add these parameters to future serial studies in HLHS patients. However, 

giving the fact that we could only observe significant changes for indexed RV volumes over 

time along with good correlations with RVEF as well as LAS (Figure 9 A), we suggest, that 

RVEDVi and RVESVi are superior markers to monitor the right ventricle in HLHS patients.  

 

4.5 Limitations 

This is a retrospective study with all its inherent limitations. Compared to the number of 

patients who had two examinations, the number of patients who had three CMR examinations 

is smaller, and this might have had an impact on the study results. However, to our knowledge, 

this is the largest study investigating longitudinal geometry and function in HLHS patients 

using CMR.  

The impact of additional interventions and surgeries between the CMR examinations as well 

as the effect of an open fenestration was not assessed in this study. Aortopulmonary collaterals 

are common in Fontan patients and may account for volume loading over time. In particular 

older CMR examinations included in our analysis did not include enough data to calculate 

pulmonary collateral flow and therefore we are unable to provide follow-up data on this 

measure. In addition, we did not investigate the effect of an ACEi therapy on volumetric 

measurements and data from cardiac catherisation, cardiopulmonary exercise testing as well as 

adverse events were also not considered in our analysis. Although we started routine 

measurements of N-terminal pro B-type natriuretic peptide (NT-proBNP) ~5 years ago, the 
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number of patients with available results was relatively small and therefore we decided to 

exclude these data.  

LAS was measured for a more comprehensive assessment of RV function. However, it has to 

be acknowledged that it is an extrapolation of an LV functional parameter. Both, LAS and 

RVEF are load dependent markers that can be influenced by tricuspid valve regurgitation, we 

did not analyse load-independent parameters. Sedation was necessary in 162 children. 

Although we believe that the effect of sedation is negligible, we cannot exclude an impact on 

ventricular volumes.  
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5. SUMMARY 

HLHS is one of the most severe forms of congenital heart disease and is characterized by 

hypoplasia of the left ventricle, mitral valve and aortic valve atresia or stenosis as well as 

hypoplasia of the ascending aorta.  

Neonates with HLHS are critically ill and will need to be managed in the intensive care unit 

and stabilized before surgical intervention include maintaining ductal patency, avoid excess 

pulmonary blood flow, and ensure adequate blood flow from the left atrium to the right atrium. 

The Norwood operation in many cardiac centers, is the surgical palliation of choice followed 

by an upper cavopulmonary connection and completion of the Fontan circulation by creation 

of a total cavopulmonary connection (TCPC).  

The outcome after Fontan operations shows a clear trend toward improved early and long-term 

survival. However, specialized long-term follow-up is paramount for detection of early RV 

failure and other Fontan associated complications.  

Accurate evaluation of RV function based on simplified geometrical models is difficult due to 

RV shape and its coarse trabeculations and is even more challenging for the single RV in 

patients with HLHS. CMR is the gold standard for the assessment of RV volumes and 

function, and this includes patients with HLHS as CMR provides accurate visualisation of the 

entire RV chamber. So far, only few studies have evaluated RV function in HLHS patients 

after TCPC completion and most of them included other single ventricle patients.  

The present work aimed to fill this gap by assessing RV volumes and RV functional markers 

from serial cardiovascular magnetic resonance (CMR) studies in a large cohort of HLHS 

patients after completion of the TCPC. 

Inclusion criteria were HLHS patients who had at least 2 serial CMR studies after Fontan 

completion with a four-chamber cine view to measure long-axis strain (LAS) and/or a 
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complete stack of short-axis cines for RV volumetry. Exclusion criteria were patients with 

only one CMR study and insufficient data sets for the analysis of RV volumes and/or LAS. 

Sixty patients had two examinations and thirty-five patients had three CMR examinations. All 

patients underwent Fontan completion with TCPC at a median age of 2.7. Median age and 

interquartile range (IQR) of included patients at the three examinations was 4.2 [3.3; 6.1] 

years, 9.4 [5.7; 11.4] years and 14.6 [11.8; 16.8] years. The oldest patient at the time of the 

third examination was 21.2 years. 

RV volumes were measured from manual tracing of endocardial contours for each slice from 

the stack of short-axis cine images at end-systole and end-diastole using Simpson’s method. 

TAPSE and LAS were measured from a standard apical four-chamber view. 

There was a significant increase in RV indexed end-systolic and end-diastolic volumes 

(RVEDVi, RVESVi) from the first to the second as well as from the first and the second 

examination to the third examination in patients with an age >10 years. 

Good-to excellent interobserver agreement was shown for all right ventricular measurements 

in 25 patients. The intra-class correlation coefficient ranged from 0.78 to 0.996. There was no 

significant change for indexed RV stroke volume throughout the examinations.  

The main finding of our study was a significant increase in RV indexed volumes over time in 

patients with an age >10 years only a mild decrease in RVEF and LAS over time. 

LAS correlated with correlated with RVEF suggesting that it might be a suitable marker for 

RV assessment in HLHS patients. Therefore, our results suggest that indexed RV volumes 

might be best to monitor the RV in patients with HLHS.  

Future research needs to investigate a longer follow-up period and it might be of interest to 

assess additional parameters of RV regional function and to investigate the influence of 

anatomical HLHS subtypes.  
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