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Thesis Abstract 

 

Chronic volume overload is a common physiological stressor encountered during an 

individual‘s lifetime, both in health and disease. Titin truncating mutations are a highly 

prevalent genetic risk factor for dilated cardiomyopathy, present in 1 – 3% of the 

population. The effects of volume overload in titin truncating mutation carriers represent a 

commonly occurring gene-environmental interaction. This thesis investigated whether 

chronic volume overload is an important risk factor for heart failure in heterozygous carriers 

of this heart failure genetic susceptibility factor. 

 

Zebrafish models of titin truncation provide a unique approach for examining the 

physiological consequences of this genetic condition and the potential deleterious effects of 

volume overload. Echocardiography studies in genetically engineered zebrafish offer 

fundamental insights into the key systolic and diastolic features of titin truncation in-vivo, in 

the context of the univentricular cardiovascular system of this lower-order vertebrate. 

 

This thesis reports a world-first development and validation of a standardised method of 

high frequency echocardiography, adapted from clinical cardiology for use in adult 

zebrafish models of cardiac disease. This method was then used to characterise, for the first 

time, the adult phenotype of four different lines of zebrafish carrying titin truncating 

mutations, and the impact of volume overload on the myocardial properties of a zebrafish 

model of an A-band titin truncating variant. Adult heterozygous zebrafish mutation carriers 

exhibited mutation position-dependent propensity for dilated cardiomyopathy, prolonged 

ventricular relaxation and abnormal late-diastolic ventricular passive stiffness. These 

zebrafish also displayed impaired tolerance of volume overload, similar to the human 

patients from whom they were modelled, a phenomenon that appeared to be conserved 

despite 400 million years of vertebrate evolution. 

 

These zebrafish models therefore provide tantalising insights into the propensity for dilated 

cardiomyopathy and the increased susceptibility to the effects of volume overload in titin 

truncation. The altered ventricular compliance seen in zebrafish titin truncating models may 

also help explain the occurrence of atrial fibrillation often observed in human heterozygous 

carriers. Collectively, these studies have demonstrated an innovative means of investigating 

the physiological consequences of genetic heart disease. 
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Prologue: “The Problem with Titin” 
 

A note for the examiner 

 

This prelude offers a fresh perspective regarding the difficulty that biomedical scientists 

across the world face in trying to unravel the mysteries surrounding the role of titin 

truncating mutations in the pathogenesis of heart failure.  

 

Titin is an essential sarcomeric protein found in all types of muscle, including the 

myocardium. A single protein spans from the Z-line to the M-line in a sarcomere 

(Krüger and Linke, 2011). As well as acting as a scaffold for the actin-myosin 

interaction within the sarcomere, it has other important biophysical functions during 

muscle contraction and relaxation. Not surprisingly, truncating mutations affecting the 

titin gene have been strongly associated with the development of dilated 

cardiomyopathy (Schafer et al., 2017). 

 

Although the role of such mutations as a major genetic risk factor for dilated 

cardiomyopathy in humans is increasingly appreciated, the consequences of this 

mutation on cardiovascular physiology as well as the prognostic significance of 

truncating mutations for any individual heterozygous carrier remain unclear.  

 

Why has it been so difficult to answer these questions?  

 

The answer lies in the enormous size of the titin gene (TTN) and its protein product. The 

titin gene contains 363 exons (Bang et al., 2001), and is the largest human gene. 

 

Its size has hindered the interpretation of genomic information. Deciphering the impact 

of truncating variants of the titin gene on protein expression using Western blotting has 

proven enormously difficult. Furthermore, gene- and gene-protein interactions are many 

and diverse. The length of titin‘s genetic code also makes finding errors in the reading 

frame, as well as alternative transcription start sites and alternative splice sites 

particularly laborious. 

 

In short, readability (or rather, the difficulty in its readability) is titin‘s major problem. 
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To help explain the difficulty in titin‘s readability, I applied the following standard 

metrics that allow an assessment of readability.  

 

1. Flesch reading ease score: This is the world‘s longest established readability test 

(Flesch, 1948). Its calculator is embedded in Microsoft Word
®
 

(www.microsoft.com) as part of the spelling and grammar check function, and is 

defined as: 

 

                                    
           

               
      

               

           
 

 

Table I: Interpretation of Flesch reading ease scores 

Score Reading Level Readability 

100-90 5
th
 grade Very easy to read 

90-80 6
th
 grade Conversational English 

80-70 7
th
 grade Fairly easy to read 

70-60 Junior high school Plain English 
60-50 Senior high school Printed newspapers 
50-30 University undergraduate Difficult to read 
<30 University postgraduate Theses, journal articles, technical reports 

 

The above scores are offered as a reference (Table I). The highest (easiest) possible 

Flesch reading score is 121.22. Readability scores for journal articles are often <30. The 

Flesch reading ease of this prologue is 23.4. A score of zero or less indicates that a text 

is practically unreadable.  

 

2. Flesch-Kincaid reading grade level: This second metric was developed as a method 

of assessing the difficulty of reading military technical manuals (Kincaid et al 

1975), and estimates the level of schooling required to understand a piece of writing. 

It is defined as: 

 

                            
           

               
         

               

           
       

 

Table II: Flesch-Kincaid grade level scores for various samples of writing.  

 Flesch reading ease Flesch-Kincaid grade level 

Advance Australia Fair 79.2 4.6 
“One fish, two fish, red fish, blue fish” 100 0 
Prologue of my thesis 23.4 15.3 
Epilogue of my thesis 70.3 8.2 
Glutathione (chemical name) 
 

-470.98 79.2 

Titin (chemical name) -6,128,883.62 854,812.2 

 

http://www.microsoft.com/
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Table II lists various samples of writing and their corresponding Flesch reading ease 

and Flesch-Kincaid grade level score. The readability score for the Australian national 

anthem (Flesh reading ease: 79.2, Flesch-Kincaid grade level: 4.6) implies that a person 

would need to be in Year 4 to be able to understand the meaning of the words, an 

assessment that is fairly accurate. On the other hand, the popular Dr Seuss text ‗One 

fish, two fish, red fish, blue fish‘ (Flesh reading ease: 100, Flesch-Kincaid grade level: 

0) can be read by most pre-schoolers. Glutathione is the smallest protein in the human 

body, and has a chemical name, glutamylcysteinylglycine. Its readability score implies 

that biochemistry is an inherently difficult scientific field to study. 

 

The chemical name for titin, when listed as amino acids (methionylthreonylthreonyl… 

serylisoleucine; 189,819 characters and 72,443 syllables), is arguably the longest known 

word in the English and scientific language. When the above readability tests are 

applied to titin, it generates a Flesch reading ease score of -6,128,883 and a Flesch-

Kinkaid reading grade level of Year 854,812! This more than likely represents the 

lowest possible reading score in existence and predicts the impossibility of deciphering 

the molecular mysteries of this protein. 

 

It is in this context that I was asked by Professor Diane Fatkin to focus the three years 

of my PhD candidature, and to use a novel, and hitherto unproven, animal model (i.e. 

the adult zebrafish) to test my hypotheses. However, being a clinician and a realist, I did 

not believe for one moment that I could solve a problem that countless other more 

experienced scientists have previously struggled to explain. So rather than trying to 

unravel titin‘s mysteries using molecular biology (which remains exceedingly difficult 

even for international groups that are far better resourced than our own), I instead 

concentrated my efforts at investigating the in-vivo physiological consequences of this 

group of genetic mutations at a ―whole-organ‖ level, and to link its relevance to a 

cardiovascular physiological state frequently commonly experienced in a person‘s 

lifetime (i.e. volume overload). This approach has enabled me to focus on elucidating 

how a relatively common genetic change causes clinically relevant downstream effects 

on systolic and diastolic myocardial properties, findings that not only have significance 

for people affected by titin truncations but may also be relevant for other cardiovascular 

disorders. 
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Summary of Chapters 

 
Chapter  Summary 

1 Introduction This chapter introduces a paradigm of heart failure 
susceptibility: the interaction between a common physiological 
stressor (volume overload) and a prevalent genetic risk factor 
for dilated cardiomyopathy susceptibility (truncating mutations 
of the titin gene). Due to the long lag-time before dilated 
cardiomyopathy manifests in many patients who are 
heterozygous carriers of this mutation, animal models offer 
cardiovascular researchers an opportunity to gain important 
insights using in-vivo physiological studies.  

2 Literature 
review 

This chapter discusses the theory, history, as well as current 
and future applications of high frequency echocardiography. In-
vivo phenotypic assessment of cardiac structure and function is 
crucial to elucidating important insights in cardiovascular 
research. This chapter provides a background to high frequency 
echocardiography, an important imaging modality used in the 
investigations reported by this thesis. 

3 Methods This chapter provides information relating to the zebrafish 
animal models and molecular techniques that were utilised 
during the experiments reported in this thesis. 

4 Results This chapter presents the results of the development, 
refinement and validation of underwater zebrafish 
echocardiography, and the application of high frequency 
ultrasound for studying normal adult zebrafish and 
cardiovascular disease models. 

5 Theoretical 
physics 

This chapter presents the theory behind using a novel 
echocardiographic marker of late-diastolic ventricular stiffness. 
This marker has not been previously reported in the literature 
and has particular relevance to the zebrafish models reported in 
this thesis. 

6 Results This chapter presents the echocardiographic natural history 
study of three different adult zebrafish models of titin truncating 
mutations. These results demonstrate that adult zebrafish 
heterozygous carriers of titin truncation develop features of 
dilated cardiomyopathy 

7 Results This chapter presents the results of the natural history and 
responses to volume overload in a fourth zebrafish model of 
titin truncation, modelled on a mutation found in two human 
families where individuals experienced early onset, severe 
dilated cardiomyopathy after exposure to volume overload. This 
showed that volume overload precipitates disease in genetically 
susceptible individuals, an observation that appeared to be 
conserved despite 400 million years of vertebrate evolution. 

8 Results This chapter integrates the physiological results of the four 
zebrafish models of titin truncation. The data suggests that 
mutation position affects the severity of the dilated 
cardiomyopathy phenotype. These results offer new 
physiological insights into the pathophysiological consequences 
of titin truncation. 

9 Conclusion This chapter summarises the implications of this thesis for 
understanding the physiological impact of titin truncation on the 
hearts of affected carriers, the hazard of volume overload in 
these genetically susceptible individuals, the utility as well as 
limitations of using the adult zebrafish model in cardiovascular 
research, as well as the future possibilities of applying a novel 
marker of late-diastolic ventricular stiffness in cardiovascular 
research. 
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Chapter 1: Volume overload and heart failure risk 

1.1. Overview of Chapter 1 

 

This thesis brings attention to an under-recognised but important paradigm of heart 

failure susceptibility that is relevant to a significant proportion of the general 

population: the interaction between 1) volume overload, a common physiological state 

frequently encountered in both health and disease, and 2) a highly prevalent genetic risk 

factor for dilated cardiomyopathy (i.e. truncating mutations of the titin gene). In doing 

so, it aims to improve knowledge in this area, as well as stimulating future research that 

will hopefully help reduce the future burden of this global health epidemic. 

 

The first section of this chapter discusses the impact of heart failure on an individual‘s 

health and prognosis, as well as the economic costs associated with healthcare.  

 

The second section explores the concept of volume overload, a common physiological 

state associated with many different conditions (both normal physiological and 

pathological disease states) that require the heart to handle more blood volume than 

normal. This, therefore, acts as a common environment precipitant for heart failure in 

susceptible individuals.  

 

The third section introduces the concept of truncating variants of the titin gene, a 

common mutation seen in the community that has been associated with an increased 

risk of dilated cardiomyopathy.  

 

The fourth section will introduce the zebrafish as a model for studying cardiovascular 

disease. 

 

Human studies aimed at elucidating the physiological impact and prognostic 

implications of titin truncating variants in humans, as well as whether volume overload 

is an important exacerbating factor, are limited by many biological, economic and 

societal factors. These include the long duration of follow-up required in human studies, 

as well as the social and economic barriers related to performing genetic studies in 
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Australia. This difficulty in conducting sufficiently powered, high quality human 

studies provides an opportunity for the use of animal models to provide important 

insights. Therefore, this chapter sets the scene for the rest of the thesis, where I utilised 

genetically engineered adult zebrafish to test my main hypothesis, that the hearts of 

animals harbouring this intrinsic heart failure susceptibility factor display abnormal 

systolic and diastolic properties, and have reduced tolerance to volume overload. 

 

All schematic diagrams presented in this thesis are my own original work. In this 

chapter, where figures and tables are derived from the work of others (Table 1.1, Table 

1.2, and Figure 1.7), the source of this data has been acknowledged in the 

corresponding table or figure legend. In addition to this, Figure 1.1 is derived from the 

following abstract of mine that was presented during my PhD candidature: 

 

Wang LW, Keogh AM, Macdonald PS, Jabbour A, Kotlyar E, Feneley MP, Fatkin D, 

Hayward CS. Right ventricular function is a powerful independent predictor of adverse 

heart failure outcomes. European Heart Journal. 2015;36:830-831. European Society of 

Cardiology Congress, London, August 2015. 
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1.2. Introduction 

 

1.2.1. Heart failure is a common problem in the community 

 

Heart failure is defined as a pathophysiological disease state where the cardiovascular 

system is unable to meet the metabolic or physiological demands of the body. It is 

characterised by a constellation of symptoms (e.g. dyspnoea, fatigue) and signs (e.g. 

pulmonary crackles of left ventricular failure and/or elevated jugular venous pressure 

and peripheral oedema of right ventricular failure) that result from abnormalities in 

systolic and diastolic function (Metra and Teerlink, 2017). The prevalence of heart 

failure in Australia has been estimated between 1.0 – 2.0%, with a crude incidence rate 

of 2.1 per 1000 population (Sahle et al., 2016).  

 

1.2.2. Advanced heart failure is associated with a poor prognosis 

 

 
Figure 1.1: Advanced heart failure has a grave prognosis. Kaplan-Meier survival curve obtained 
from a registry analysis of all patients, referred for potential heart transplantation at St Vincent‟s 
Hospital (Sydney, Australia) between 2008 – 2013, who underwent right heart catheterisation as part 
of work-up for cardiac transplantation. The main outcome of interest was freedom from death, left 
ventricular assist device implantation and cardiac transplantation. The median freedom from death, 
cardiac transplant or ventricular assist device implantation was 220 days. Data from Wang LW, 
Keogh AM, Macdonald PS, Jabbour A, Kotlyar E, Feneley MP, Fatkin D, Hayward CS. Right 
ventricular function is a powerful independent predictor of adverse heart failure outcomes. European 
Heart Journal 2015;36:830-831. 
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Although advances in pharmacological and device therapy in heart failure have 

improved long-term outcome, the overall prognosis of heart failure remains poor. As an 

example, the RALES study investigating the effects of spironolactone in addition to 

angiotensin converting enzyme inhibition in patients, who had New York Heart 

Association (NHYA) Class IV symptoms in the 6 months prior to enrolment and were 

in NYHA Classes III or IV at the time of enrolment, showed that 46% of the placebo 

arm died after a mean follow-up period of 24 months (Pitt et al., 1999). Furthermore, in 

the same study, despite a highly significant reduction in mortality in the spironolactone 

group (hazard ratio 0.70, 95% CI 0.60 – 0.82, P<0.001), 35% of the treatment arm also 

died in the same period. This is an observation seen across all intervention trials in 

severe heart failure, and is also corroborated by real-world registry data, such as the 

results seen among patients referred for heart transplantation assessment at St Vincent‘s 

Hospital Sydney (Figure 1.1).  

 

1.2.3. The enormous economic burden of heart failure 

 

Notwithstanding the enormous personal cost of heart failure to an individual with this 

disease, there are also very substantial economic costs to society. Congestive cardiac 

failure remains an Australian national health priority, with total healthcare costs estimated at 

over A$3.1 billion per year (Chen et al., 2017). Heart failure affects both the young and the 

old. Over 10% of people aged 75 years and older have a history of congestive cardiac failure 

(Dickstein et al., 2008). Elderly patients are at increased risk of developing congestive 

cardiac failure resistant to conventional therapy, and often have clinical courses characterised 

by lengthy hospital stays and frequent re-hospitalisations (Wang and Hayward, 2014). 

However, while the costs of heart failure in the elderly are considerable for the community, it 

is the impact of early onset heart failure in younger patients that is particularly devastating.  

 

Table 1.1, on the next page, is adapted from data obtained from the National Hospital Cost 

Data Collection Australian Public Hospitals Cost Report 2012 – 2013, which estimated the 

cost of heart failure admissions during this period. Each heart failure admission that does not 

require an admission to a coronary care unit or higher dependency unit was costed at 

approximately $5,763 per admission, which is slightly higher than the national average cost 

per hospital separation ($5,052). A heart failure admission requiring coronary care unit 
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admission was associated with more than a doubling of cost. An admission for a heart 

transplant or a left ventricular assist device, both of which are options only offered to patients 

with advanced heart failure refractory to conventional therapy, exceeded $200,000 per 

admission. An appreciation of the significant costs associated with these advanced heart 

failure treatments can be made when one considers that the above quoted amounts only 

reflect the costs associated with the initial admission, and do not include the considerable 

downstream expenses associated with ongoing care and future hospitalisations.  

 

Table 1.1: Estimated national average costs of various heart failure related admissions 

Separation Code Average cost per admission (A$) 

Heart failure admissions  
Heart failure admission without critical care $5,763 
Heart failure admission with critical care $11,637 
Insertion of ventricular assist device $374,908 
Heart transplantation $204,969 
  
National average cost per hospital separation $5,052 

Data from the National Hospital Cost Data Collection Australian Public Hospitals Cost Report 
2012-2013, Independent Hospital Pricing Authority (IHPA). 
https://www.ihpa.gov.au/publications/round-17-nhcdc-cost-weight-tables-v60x-drg. Accessed 18 
February 2018. 

 
In the United States, the cost-effectiveness of ventricular assist device implantation for 

patients with advanced heart failure is improving (Table 1.2), but still falls short of 

other commonly used therapies in clinical medicine in terms of dollars spent per quality 

adjusted life year (QALY) gained (Miller et al., 2013).  

 

Table 1.2: Cost-effectiveness in dollars spent per quality adjusted life year (QALY) gained 
in different heart failure treatments 

Treatment Cost per QALY gained (US$) 

ACE inhibitor (enalapril) $9700 
Carvedilol $29,477 
Cardiac resynchronisation therapy $62,000 
Implantable cardioverter-defibrillator $71,700 
Heart transplantation $150,000 
Ventricular assist device implantation $175,397 – $216,902 

Data derived from a cost-effectiveness analysis published in Circulation in 2013 (Miller et al., 
2013). Please note that the estimated costs reported above are in US dollars, and based on 
hospital costs in the United States, which may differ from the costs incurred in the Australian 
health system. Nevertheless, the relative costs between pharmacological agents, device 
therapies, cardiac transplantation and left ventricular assist device implantation in advanced 
heart failure can be seen. Cost effectiveness ratios of <$20,000 per QALY gained are highly 
desirable by analysts in health economics. $20,000 – $60,000 per QALY gained is acceptable, 
$60,000 – $100.000 per QALY gained is viewed as high but still acceptable depending on the 
situation, >$100,000 per QALY gained is considered costly. As a comparison, haemodialysis in 
patients with end stage renal failure has been costed at $40,000 per QALY gained, and is used 
as the benchmark of acceptable expense. 

https://www.ihpa.gov.au/publications/round-17-nhcdc-cost-weight-tables-v60x-drg.%20Accessed%2018%20February%202018
https://www.ihpa.gov.au/publications/round-17-nhcdc-cost-weight-tables-v60x-drg.%20Accessed%2018%20February%202018
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With improvements in life expectancy and the increasing epidemic of medical 

conditions that predispose to ischaemic heart disease and heart failure (e.g. diabetes 

mellitus, obesity and hypertension), heart failure will pose a very serious public health 

issue. Prevention will be very important in reducing the future costs associated with 

treatment, a fact that is especially relevant due to scarcity in resources. Reducing, or 

even delaying, the number of patients progressing from the early stages of structural 

heart disease, where patients are still asymptomatic and have good quality of life, to 

more advanced stages of heart failure, where patients require frequent hospitalisations 

and costly treatments, would go a long way in reducing both the personal and societal 

cost of disease.  

 

1.2.4 The significant clinical heterogeneity in heart failure 

 

On top of the poor prognosis and high healthcare costs, another factor that complicates 

the management of heart failure patients is the significant clinical heterogeneity in 

disease progression seen among patients with heart failure (Figure 1.2).  

 

 
 

Figure 1.2: Clinical heterogeneity in heart failure prognosis. This original figure depicts the 
clinical course of four different heart failure patients. The green curve represents a patient who 
remains stable. The red curve describes a patient who experiences multiple episodes of 
deterioration. Many of these episodes only result in a partial recovery, where the baseline level 
of health prior to the acute decompensation is never truly regained. The purple dashed curve 
shows a patient who has an accelerated disease course, while the orange dashed curve 
describes a patient who has a single calamitous heart failure presentation, which, despite all 
medical therapy, leads to rapid death. The latter is occasionally seen in cases of fulminant 
myocarditis, a condition that is not uncommonly seen in major heart transplant centres around 
the world. 
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This is a very important observation, and raises an important question: Why are there 

differences in disease trajectory in cohorts of patients with heart failure? This is 

observed even among patients who have very similar disease processes (e.g. 

heterogeneity in clinical course and prognosis even among patients with familial dilated 

cardiomyopathy, who share a similar genetic background). The answer probably lies in 

the complex interplay between the physiological stressors (e.g. the severity and duration 

of the disease-causing risk factor or aggravating physiological condition), myocardial 

susceptibility (e.g. heart failure genetic susceptibility factor, pre-existing damage from 

ischaemic heart disease) and treatment response.  

 

To test for gene-environmental interactions, I first needed to develop an animal model 

and methods for assessing cardiac structure and function in-vivo. This then allowed the 

study of the gene-environmental interaction resulting from a common physiological 

stressor (i.e. volume overload) and a prevalent genetic factor that is associated with an 

increased risk of dilated cardiomyopathy (i.e. titin truncating mutation). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

43 

1.3. Volume overload: a conserved and highly clinically relevant 

pathogenic mechanism of heart failure susceptibility 

 

1.3.1. Introduction to volume overload 

 

Within the field of cardiac mechanics, volume overload is a term used to describe any 

physiological or pathological state where a heart chamber is exposed to increased 

mechanical stress as a result of a requirement to pump more blood volume than normal 

(Carabello, 2012). This results in a multitude of adaptive and maladaptive responses in 

the cardiomyocyte and the surrounding extracellular matrix within the myocardium of 

the affected individual, which may lead to the development of heart failure.  

 

Despite being commonly encountered in clinical medicine and occurring in a myriad of 

conditions spanning the entire spectrum of normal human cardiovascular health and 

cardiovascular disease, chronic volume overload remains an under-appreciated pathway 

to heart failure. It therefore remains a fertile area of research for cardiologists and 

cardiovascular researchers. With the advent of personalised genomic medicine, and in 

an era where an increasing number of patients are being tested for genetic variants 

associated with cardiomyopathy (Lakdawala et al., 2012a, Tayal et al., 2017), 

delineating the true extent of heart failure risk conferred by untreated volume overload 

in individuals carrying cardiomyopathy-associated genetic mutations will become 

increasingly relevant from a public health perspective in the years to come.  

 

1.3.2 Causes of volume overload 

 

A wide variety of cardiac structural abnormalities, metabolic conditions and 

physiological states result in volume overload. Nevertheless, despite the fact that all of 

these conditions cause increased preload in at least one heart chamber, not all conditions 

that produce volume overload are equivalent. Depending on the type of defect or lesion, 

the physiological impact may result in an increased volume load primarily to the left 

heart chambers, right heart chambers or both (Tables 1.3, 1.4, and 1.5).  
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Table 1.3: Conditions associated with isolated left ventricular volume overload. 

Condition Effect on afterload Notes 

Valvular disorders   
Mitral incompetence ↓ Causes left ventricular volume 

overload & left atrial volume overload 
Aortic incompetence ↑ Causes left ventricular volume 

overload 
Congenital heart disease   
Ventricular septal defect (VSD) ↓ Afterload is reduced due to ejection 

across the VSD into the pulmonary 
circuit. As the defect is at the level of 
the ventricle, the left heart chambers 
receive increased blood volume to 
compensate for the regurgitation, 
resulting in chamber dilation. Despite 
the right-to-left shunt, the majority of 
increased volume load is ejected into 
the pulmonary outflow tract via the 
VSD during systole, thus limiting the 
diastolic wall stress experienced by the 
right ventricle (Cordell et al., 1976). 

Patent ductus arteriosus ↓ Afterload is reduced due to diversion of 
blood from the aorta into the 
pulmonary artery. This causes 
increased blood flow through the 
pulmonary circulation, and 
subsequently left heart chambers, but 
not the right heart chambers (Kimball 
et al., 1996). 

↑: increase; ↓: decrease 

 
Table 1.4: Conditions associated with isolated right ventricular volume overload. 

Condition Effect on afterload Notes 

Valvular disorders   
Tricuspid incompetence ↓ Causes right ventricular volume 

overload & right atrial volume overload 
Pulmonary incompetence ↑ This can occur as the result of native 

valve incompetence, but is frequently 
seen following pulmonary conduit 
incompetence after previous surgery 
(e.g. pulmonary incompetence 
following childhood surgical correction 
of Tetralogy of Fallot). 

Congenital heart disease   
Atrial septal defect ↔ / ↑ This causes right chamber volume 

overload due to left-to-right shunting at 
the level of the atrium. In the long-
term, the development of secondary 
pulmonary hypertension can lead to 
increased right ventricular afterload. 

Pulmonary venous anomalous 
drainage 

↔ / ↑ This causes right chamber volume 
overload due to left-to-right shunting at 
the level of the atrium. In the long-
term, the development of secondary 
pulmonary hypertension can lead to 
increased right ventricular afterload. 

↑: increase; ↓: decrease; ↔: no change 
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The complex interplay between changes in preload and afterload helps explain the 

different phenotypic features of the affected heart chambers in various volume overload 

conditions (Fukuta and Little, 2008). Preload represents the wall stress experienced by 

the heart chamber at end-diastole (Grossman et al., 1975, Grossman and Paulus, 2013). 

According to Grossman‘s theory of wall stress and its effect on patterns of hypertrophy, 

increased preload results in greater cardiomyocyte stretch, increased resting sarcomere 

length and end-diastolic length, which stimulates the development of eccentric 

hypertrophy (Grossman et al., 1975, Grossman and Paulus, 2013). Afterload represents 

the stress of the wall of the ventricle during ejection. Increased afterload leads to 

increased systolic wall tension, which results in concentric hypertrophy and increased 

myocardial wall thickening. Volume overload conditions can be associated with 

increased, decreased or normal afterload. Those occurring in the setting of increased 

afterload (e.g. aortic regurgitation) typically develop a mixed picture of hypertrophy, 

where there is a degree of concentric hypertrophy occurring in association with 

eccentric hypertrophy, while those that occur in the context of normal or decreased 

afterload classically are characterised by dilated ventricles with walls of normal or 

reduced thickness. 

 

1.3.2.1. Valvular abnormalities 

 

In a four-chambered mammalian heart, incompetence of the semilunar valves, as seen in 

aortic and pulmonary regurgitation, results in volume overload of the left and right 

ventricles respectively. This occurs in the setting of increased ventricular afterload. 

Incompetence of the atrioventricular valve, as seen in mitral and tricuspid regurgitation, 

results in both atrial and ventricular volume overload of the left and right heart 

respectively, as the regurgitant blood flow through an incompetent atrioventricular 

valve results in atrial volume overload. Ventricular volume overload results from the 

need to increase preload in order to maintain adequate forward stroke volume. In 

atrioventricular valve incompetence, ventricular volume overload is associated with a 

decrease in ventricular afterload as the atrium provides a low-resistance alternative 

during ventricular ejection. Therefore, although ventricular dilatation occurs in both 

types of incompetence, atrial dilatation occurs early in the setting of significant 

atrioventricular valve incompetence. Atrial dilatation can also occur in isolated 
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incompetence of a semilunar valve, but this is a secondary response due to elevated 

filling pressures caused by impaired ventricular compliance.  

 

1.3.2.2. Intra-cardiac shunts, especially in the setting of congenital 

heart disease 

 

Intra-cardiac shunts represent another major cause of volume overload (Tables 1.3 and 

1.4) (Cordell et al., 1976, Kimball et al., 1996). Abnormal communications between the 

left and right heart generally result in right-to-left shunts resulting in volume overload 

of the right heart chamber(s) due to the relatively higher pressures encountered in the 

left heart chambers and systemic circulation. Volume overload affecting the right heart 

chambers has an additional physiological complication: the development of 

compensatory increased pulmonary vascular resistance leading to pulmonary 

hypertension. This then results in a situation where increased right ventricular afterload 

complicates the increase in ventricular preload. In the long-term, the progressive 

increase in pulmonary vascular resistance in an untreated left-to-right shunt commonly 

leads to severe pulmonary hypertension, right ventricular hypertrophy, and subsequent 

right heart failure. 

 

1.3.2.3. Systemic conditions which resulted in elevated cardiac output 

 

High cardiac output states represent an important, albeit less commonly recognised, 

category of cardiac volume overload (Table 1.5). Cardiac output is defined according to 

formula: 

 

                                        . 

 

This conceptually can be thought of as the amount of blood volume that the heart is 

required to pump in terms of volume per unit time. A hyper-dynamic state subjects the 

heart to increased work, as predicted by the formula:  

 

                                                    . 
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This usually affects both the left and right heart chambers. Dilatation invariably occurs 

in established and severe cases, and many high cardiac output states including 

hyperthyroidism (Klein and Danzi, 2007) and anaemia (Metivier et al., 2000) have been 

classically associated with heart failure, especially if these medical conditions are severe 

and left untreated for a sufficient duration. 

 

Table 1.5: Conditions associated with biventricular volume overload. 

Condition Effect on afterload Notes 

Pregnancy ↓ Reduced afterload occurs due to systemic 
peripheral vasodilation, starting in the 
second trimester and resolves after birth. 

Regular high-intensity 
endurance exercise 

↑ Exercise is generally associated with an 
increase in blood pressure. Different 
exercise regimens have varying effects on 
afterload (isometric ↑↑ vs. isotonic - / ↑).  

Systemic arteriovenous 
fistula 

↔ / ↓ Bypassing a large arteriolar bed results in 
decreased total peripheral resistance. 

Hyperthyroidism ↔ / ↑ Increased responsiveness to sympathetic 
stimulation leads to increased peripheral 
vascular resistance and blood pressure. 

Severe anaemia ↔ / ↓ Decreased afterload results from reduced 
vascular resistance because of lower blood 
viscosity, hypoxia and nitric oxide-mediated 
vasodilatation. Increased cardiac output 
results from compensatory tachycardia and 
reduced systemic vascular resistance. 
Tachycardia is mediated by hypoxia-
stimulated chemoreceptors and increased 
sympathetic activity (Metivier et al., 2000). 

Obesity ↔ / ↑ Left and right ventricular afterload is often, 
but not always, elevated in obese individuals 
due to the increased vascular resistance 
resulting from other comorbidities (e.g. 
systemic hypertension, pulmonary 
hypertension, etc.). 

Chronic tachycardia 
states (e.g. longstanding 
atrial fibrillation with 
inadequate ventricular 
rate control) 

↔ / ↑ Usually no significant effect, but may be 
elevated if the cause of the tachycardia is 
due to an adrenergic cause that causes 
significant elevations in blood pressure or 
increased peripheral vascular resistance 
(e.g. phaeochromocytoma) 

Renal disease ↓ Uncommon cause. Cardiomyopathy in renal 
disease is usually multifactorial in origin. 
Volume overload results from fluid overload. 

Cirrhosis ↓ Uncommon cause. This arises from 
decreased vascular resistance and a hyper-
dynamic circulation. 

Sepsis ↓ Uncommon cause. May be one of the 
mechanisms via which Takotsubo 
cardiomyopathy occasionally occurs in the 
setting of significant sepsis, although 
microvascular dysfunction and direct toxic 
effects are also likely to be significant 
aetiological factors. 

↑: increase; ↓: decrease; ↔: no change 
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During vigorous exercise, cardiac output can increase as much as eight-fold (Ekblom 

and Hermansen, 1968, Janicki et al., 2010). Volume overload results from increased 

venous return to the heart, which increases end-diastolic volume and preload. Increased 

sympathetic activation also serves to increase heart rate and stroke volume, the latter 

mediated by an increase in ventricular inotropy. Systemic blood pressure generally 

increases during exercise. This is especially the case in isometric exercise, but is a 

phenomenon also observed in mixed isometric exercise as well as high intensity 

isotonic exercise (Janicki et al., 2010). As a result of all these factors, afterload is 

generally increased, despite the presence of exercise-induced peripheral vasodilation. 

Exercise has significant health benefits and is generally associated with improved 

longevity and enhanced cardiovascular risk profile (Sharma et al., 2015). However, 

regular endurance or high-intensity exercise training results in a sustained elevation in 

cardiac output and imposes loading conditions to the heart similar to that seen in other 

conditions of chronic volume overload (Dangardt et al., 2013). Such high output states, 

particularly if present for several hours per day, most days of the week, can lead to 

pathological remodelling (O'Keefe et al., 2012). High intensity endurance exercise often 

leads to acute changes in the right ventricle, including right ventricular dilatation and 

hypokinesis (Trivax et al., 2010). In the long-term, endurance athletes often develop 

enlarged left and right ventricular dilatation, varying degrees of ventricular hypertrophy 

(as a result in the increase in afterload), as well as increased left atrial size, features that 

represent the classical appearance of an ―athlete‘s heart‖ (Pelliccia et al., 1999, Trivax et 

al., 2010, La Gerche et al., 2012). Repetitive mechanical stress over the course of many 

years can lead to patchy myocardial fibrosis in some individuals, often affecting the 

atria, interventricular septum, and right ventricle. Atrial and ventricular arrhythmias are 

more common among those who are endurance athletes or who have a history of regular 

high intensity exercise. A recent meta-analysis of observational studies showed that the 

risk of atrial fibrillation was more than five times higher in athletes compared with non-

athletes (Abdulla and Nielsen, 2009).  

 

Pregnancy is a naturally occurring state of volume overload characterised by increased 

plasma volume, heart rate, stroke volume and cardiac output (Katz et al., 1978). It is 

also associated with reduced afterload, particularly in the second trimester. Increases in 

cardiac output begin in the middle of the first trimester, and continue until 24 weeks 

gestation, at which point it is 45% higher than baseline (Hunter and Robson, 1992). This 
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elevated level is maintained for the remainder of the pregnancy. Reverse remodelling 

begins shortly after birth; eccentric hypertrophy however often persists for up to one 

year post-partum in humans (Clapp and Capeless, 1997, Chung and Leinwand, 2014). 

Although the pathophysiology of peripartum cardiomyopathy appears to be 

multifactorial, many cases share common aetiological factors that also predispose to 

dilated cardiomyopathy. In addition, cases of peripartum cardiomyopathy also occur 

among patients with a family history of dilated cardiomyopathy suggesting the 

possibility that the physiological volume overload during pregnancy has unmasked an 

underlying dilated cardiomyopathy phenotype (Arany and Elkayam, 2016). 

 

Tachycardia-induced cardiomyopathy, such as that observed in patients with untreated 

atrial fibrillation and inadequate ventricular rate control, is defined as an impairment of 

myocardial function resulting from prolonged tachycardia, in the absence of any other 

clear cause of cardiomyopathy (Ellis and Josephson, 2013). Occasionally, myocardial 

dysfunction improves after adequate ventricular rate control or abolition of the 

arrhythmia. Major putative pathogenic mechanisms for this condition include 

mitochondrial oxidative stress and cardiac inflammation resulting from chronic 

excessive work, which are associated with changes in cardiomyocyte morphology, 

mitochondrial distribution and increased cardiac inflammation (Umana et al., 2003). 

Increased cardiac work appears to be central to these processes. Volume overload 

mediated by the chronically elevated heart rate is an important contributing factor. An 

interesting observation related to the clinical presentation of tachycardia-induced 

cardiomyopathy is that it does not affect all individuals. Therefore, it is possible that 

tachycardia-induced cardiomyopathy may preferentially affect patients with increased 

susceptibility (e.g. patients with additional genetic or environmental risk factors placing 

them at increased risk of cardiomyopathy). That the first presentation of dilated 

cardiomyopathy often occurs in the context of atrial fibrillation and rapid ventricular 

response rate also helps support this hypothesis (Ellis and Josephson, 2013). 

 

Among the remaining causes of systemic high output states, obesity is another condition 

of interest as it is increasingly recognised as an independent risk factor for 

cardiomyopathy and heart failure. Obesity is associated with increased blood volume 

and a state of volume overload, secondary to the increased metabolic demand imposed 

by the substantially elevated total body mass, relative to an individual‘s ideal body 
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weight (Vasan, 2003). In addition to increased preload, left and right ventricular 

afterload is often typically elevated in obese individuals due to increased vascular 

resistance resulting from other comorbidities (e.g. systemic hypertension, obstructive 

sleep apnoea, and pulmonary hypertension).  

 

1.3.3. Volume overload: a common and potentially modifiable pathway 

to heart failure 

 

The evolution and progression of heart failure with reduced ejection fraction (HFrEF) 

typically depicts four key clinical stages (Hunt et al., 2001). Volume overload may 

represent a key linking pathway to heart failure, existing in a variety of pathological 

conditions as well as physiological processes associated with normal health. Figure 1.3 

is a diagram that I constructed that summarises the pathway to heart failure in various 

conditions of volume overload.  

 

Whether or not a patient develops heart failure, as well as the time course of disease 

progression, are likely to be influenced by a whole host of aggravating factors (e.g. 

reduced myocardial vigour resulting from genetic variants that confer susceptibility to 

heart failure, severity of the structural lesion, acuity of onset, and chronicity of the 

disease). As an example, lesions with severe haemodynamic consequences that develop 

rapidly are likely to result in early decompensation as there is less chance for the heart 

to develop adequate compensatory mechanisms (Stout and Verrier, 2009). This figure 

also shows areas where measures aimed at early detection and targeted intervention in 

at-risk individuals may potentially delay disease progression in the future. 

 

Identifying volume overload as a common and potentially modifiable pathway to 

HFrEF should help in managing heart failure and its enormous attendant health costs. 

Treatment of patients with advanced heart failure is particularly expensive; increasingly, 

hope is placed on strategies aimed at heart failure prevention. For this reason, future 

research in volume overload is important, as identifying patients at increased risk of 

heart failure (e.g. Stage A & B) and identifying exacerbating factors and delaying 

progression to late stage disease (e.g. Stage C & D) will have important health as well 

as health-cost savings in the future.  
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Figure 1.3: Volume overload is a key linking pathway to heart failure. According to the 
established method of categorising heart failure, Stage A describes the patient who is at high 
risk for developing heart failure (e.g. a patient with a systemic condition conferring volume 
overload) but who has no structural disorder of the heart. Stage B refers to a patient with a 
structural disorder of the heart who is asymptomatic. Stage C denotes a patient with past or 
current symptoms of heart failure associated with underlying structural heart disease. Stage D 
designates a patient with end-stage disease. Irrespective of the underlying cause, volume 
overload can be viewed conceptually as a linking mechanism that can mediate progression to 
heart failure. Whether or not a patient develops heart failure, as well as the time course of 
disease progression, are likely to be influenced by a whole host of aggravating factors (e.g. 
reduced myocardial vigour resulting from genetic variants that confer susceptibility to heart 
failure, severity of the structural lesion, acuity of onset, and chronicity of the disease). As an 
example, lesions with severe haemodynamic consequences that develop rapidly are likely to 
result in early decompensation as there is less chance for the heart to develop adequate 
compensatory mechanisms. Other important factors include the presence of other medical 
conditions or comorbidities that also contribute additional volume overload. Pharmacological 
therapy may have a role for reducing deleterious neurohormonal activation and adverse 
remodelling processes that occur during volume overload, although their role in has thus far not 
been studied adequately in clinical trials.  
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1.4. Introducing titin, a prevalent genetic predisposing factor to heart 

failure 

 

1.4.1: Individual myocardial substrate is an important determinant of 

outcome in volume overload 

 

Prognosis in volume overload conditions may depend on the underlying vigour of the 

myocardial substrate (Figure 1.4). Conceptually, myocardial substrate is determined by 

the following factors: 

 

                    

                                            

                                      

 

Myocardial substrate vigour is likely to be a crucial factor in determining the clinical 

response to volume overload. Any genetic mutation that affects a variety of proteins, 

enzymes or signalling pathways involved in any aspect of cardiomyocyte homeostasis 

(e.g. sarcomere and cytoskeletal structure, nuclear integrity, force transduction, 

signalling processes and metabolism) can predispose to cardiomyopathy (Fatkin and 

Graham, 2002, Burke et al., 2016). 

 

Gene-environmental interactions are likely to contribute to the variable penetrance of 

disease phenotype of dilated cardiomyopathy and progression to heart failure, and may 

explain variable prognosis in dilated cardiomyopathy, particularly in familial dilated 

cardiomyopathy kindreds. A study using patients from the Maastricht Cardiomyopathy 

Registry in the Netherlands showed that while genetic status was of no prognostic 

significance by itself, but that environmental factors such as viral cardiomyopathy, 

rhythm disturbances, or toxins were associated with poor outcome (Hazebroek et al., 

2015).  
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Figure 1.4: Prognosis in volume overload conditions may depend on myocardial 
substrate vigour. (A) Four hypothetical scenarios after the onset of sustained volume overload. 
Curve 1 denotes a patient with very strong intrinsic myocardial vigour, which is able, through 
adaptive compensatory processes, to handle the additional volume overload without any decline 
in myocardial integrity. Curve 2 denotes the typical patient in the general population, where 
eventually, despite initial compensation, sustained volume overload results in a reduction in 
myocardial integrity. Curves 3 and 4 denote patients with pre-existing abnormality in their 
underlying myocardial substrate (e.g. inherited cardiomyopathy or history of significant 
myocardial infarction). These patients have accelerated decline in function. (B) The same 
hypothetic scenarios outlined according to the stages of heart failure. It follows that patients with 
reduced myocardial vigour progress more rapidly to Stage C and Stage D, a process that is 
likely to be exacerbated by volume overload. From a public health perspective, the aim of 
intervention is to delay the progression to stage C and D (dashed lines), especially if 
intervention or the removal of the environmental hazard occurs early. The arrow denotes the 
point at which a potential therapeutic intervention is applied. 
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Although this was not examined in the above study, we propose that volume overload is 

an important risk factor for heart failure development in patients at risk of dilated 

cardiomyopathy. The complex interplay between a common haemodynamic stressor as 

well as the underlying health of the myocardial substrate may help explain the 

differential prognosis often observed in the natural history of many common volume 

overload conditions. Its presence could precipitate disease, unmask heart failure and 

accelerate disease progression in patients who would otherwise have a much later 

presentation in its absence. Given the multitude of conditions, genetic and acquired, that 

result in myocardial weakness, problems with myocardial substrate vigour may help 

explain the heterogeneity in clinical course and prognosis within populations of patients 

with the same volume overload condition. Conversely, differential exposure to a variety 

of environmental risk factors, including volume overload, may help explain the variable 

penetrance in families that harbour a particular genetic mutation associated with dilated 

cardiomyopathy. Two observations provide key supporting evidence relating to the 

importance of myocardial substrate vigour to outcome following volume overload: 

 

Observation 1: Large-scale population studies suggest that a single volume overload hit 

occurring in patients with documented weakness of their myocardium (i.e. a pre-

existing cardiomyopathy) has a much graver prognosis than a “double hit” of volume 

overload, such as pregnancy occurring in the context of congenital heart disease that 

already confers volume overload. 

 

Illustrating the importance of myocardial substrate as a key modulating factor towards 

heart failure in volume overload is an observational study of outcomes during 

pregnancy using 5 years of data from the Healthcare Research and Quality Healthcare 

Cost and Utilization Project National Inpatient Sample (2006 – 2010). This study found 

that the incidence of poor maternal outcome during pregnancy was high among patients 

with intrinsic myocardial abnormality, with 46% of peripartum cardiomyopathy 

(N=1039), 39% of pre-existing cardiomyopathy (N=987) and 23% of hypertrophic 

cardiomyopathy (N=52) having major adverse cardiac events (including death, heart 

failure, cardiac arrhythmias), compared with only 0.4% of women (N=4,4380,439) with 

no cardiomyopathy and presumably structurally normal hearts (Lima et al., 2015). This 

implies that baseline structure and myocardial vigour is important in dealing with 

physiological volume overload. Further supporting the idea of the primacy of 
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myocardial substrate vigour in dealing with volume overload stress in pregnancy is a 

complementary study which showed a lower incidence of major adverse cardiac events 

(6.2%) in women who had congenital heart disease without pulmonary hypertension 

(Lima et al., 2017). As this is a large, population-level study, where pre-existing 

cardiomyopathy has already been separately coded (and therefore excluded from the 

analysis), it is assumed that the majority of women with congenital heart disease in this 

cohort did not have a pre-existing cardiomyopathy. The fact that these rates were lower 

in women who incurred an additional ―double hit‖ of volume overload (i.e. pregnancy 

plus volume overload associated with various congenital heart disease conditions) than 

women who did not have the additional problems of volume overload due to congenital 

heart disease but already had intrinsically weakened hearts due to cardiomyopathy 

suggests that reduced myocardial vigour is the key factor that determines whether or not 

volume overload will result in future myocardial dysfunction.  

 

Observation 2: Patients with a weakened myocardium either due to ischemia or non-

ischemic dilated cardiomyopathy have worse prognosis if there is concomitant 

regurgitation of an atrioventricular valve.  

 

This heterogeneity in myocardial substrate vigour could also explain the heterogeneity 

observed in prognosis in acquired valvular disorders. Although progression towards 

heart failure is usually inevitable if valvular regurgitation is severe and sustained for a 

sufficient duration, in clinical practice, functional decline often occurs more rapidly in 

some patients than others. Much of this heterogeneity relates to the complex interplay 

between the stressor (onset, duration, and severity), the presence of comorbidities, as 

well as the underlying health of the myocardium. Functional mitral regurgitation often 

complicates dilated cardiomyopathy, which is usually a secondary phenomenon caused 

by annular dilatation of a dilated ventricle. Its presence therefore may suggest a 

ventricle that is already weaker than one where annular dilatation and secondary mitral 

regurgitation has not occurred. Nevertheless, the presence of functional mitral 

regurgitation adds additional work to the ventricle due to the additional volume 

overload, and leads to poorer prognosis (Asgar et al., 2015). Furthermore, papillary 

muscle dysfunction secondary to myocardial dysfunction often complicates ischemic 

cardiomyopathy. This causes mitral regurgitation, and results in an increased volume 

load to a myocardium that has a compromised blood supply and a combination of 
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infarcted wall segments and healthy wall segments which may already be working 

harder than normal to compensate. This additional mechanical stress may help explain 

why even mild-to-moderate residual mitral regurgitation following coronary artery 

bypass grafting negatively impacts long-term survival, compared with patients who do 

not have residual mitral regurgitation (Lam et al., 2005). Although no studies currently 

exist in the literature, it will be interesting to see whether, among patients with valvular 

conditions such as mitral regurgitation and aortic regurgitation, genetic variants of 

cardiomyopathy are enriched among patients who have accelerated decline in 

ventricular function and poorer prognosis. 

 

1.4.2. Titin and the sarcomere 

 

 
 
 

Figure 1.5: Titin and the sarcomere. Titin spans half the length of a sarcomere. Here a single 
cardiac sarcomere is depicted. A single titin (TTN) protein has four main regions (Z-line, red; I-
band, dark blue, A-band, light blue, and M-line, green) It has been increasingly appreciated that 
truncating mutations of the gene encoding TTN (TTNtv) are associated with the development of 
dilated cardiomyopathy. Truncating mutations can affect all parts of the titin protein from the N-
terminus to the C-terminus but are particularly common in the A-band among patients with 
dilated cardiomyopathy.  

 

Truncating variants of the titin gene (TTNtv) are of enormous interest as a major genetic 

susceptibility factor for heart failure. Titin is an important sarcomeric protein. It is the 

largest known protein, exceeding 1 µm in length. A single protein spans half the length 

of a sarcomere, from the Z-line to the M-line (Figure 1.5). Due to its location in the 

sarcomere and its relationship to other important sarcomeric proteins, particularly actin 

and myosin, it has important biophysical functions during muscle contraction and 
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relaxation. It acts not only as a molecular scaffold for the actin-myosin interaction, but 

also serves as a molecular spring responsible for the passive elasticity of muscle 

(Krüger and Linke, 2011).  

 

1.4.3. Titin isoforms (N2BA, N2B, and Cronos) 

 

 

Figure 1.6: Titin isoforms. The above diagram is a schematic showing the relative lengths and 
included exons in various titin isoforms. The internal promoter for Cronos resides in the distal I-
band. Figure adapted from Fatkin D, Huttner IG. Titin-truncating mutations in dilated 
cardiomyopathy: the long and short of it. Curr Opin Cardiol. 2017;32:232-238. 

 

There are numerous titin isoforms (Figure 1.6), which are the result of alternative 

splicing. N2A is a skeletal muscle titin isoform. In the adult human heart, there are two 

main titin isoforms, the more compliant N2BA isoform and the stiffer N2B isoform. 

The ratio of N2BA:N2B in humans is 40:60, although compensatory changes occur 

during pathological disease states such as heart failure (Neagoe et al., 2002). Zou and 

colleagues identified a partial length titin isoform, Cronos, which was shown to 

ameliorate skeletal myopathy in homozygous titin truncations upstream of its promoter, 

a mechanism considered relevant for the myocardium of heterozygous animals (Zou et 

al., 2015). The internal promoter for the titin Cronos isoform is situated 110 base pairs 

upstream of exon 116 (within the intron between exon 115 and exon 116) in the I-band 

(Zou et al., 2015). 
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1.4.4. Titin truncating mutations are associated with dilated 

cardiomyopathy: the impact of mutation position in the A-band as well 

as alternative splicing 

 

Insights from a large study performed by Roberts and colleagues in individuals with 

dilated cardiomyopathy demonstrate that titin truncations were much more frequent in 

patients with dilated cardiomyopathy than in controls (OR 13, 95% CI 9 – 18, 

P=2.8x10
-43

)
 
(Roberts et al., 2015). Position of the mutation also appeared important, 

with truncating mutations that affected the A-band being more common in cases of 

dilated cardiomyopathy than in controls (OR 3.9, 95% CI 1.8 – 8.3, P=1.4x10
-4

). 

Whether or not truncating mutations affected the two major titin cardiac isoforms also 

appeared to be important, with cases of dilated cardiomyopathy more likely to have titin 

truncating mutations that affected both the N2BA and N2B titin isoforms than controls 

(OR 19, 95% CI 12 – 29, P=5.5x10
-46

) (Roberts et al., 2015). Titin truncating variants 

were found in approximately 2% of patients without dilated, cardiomyopathy, but in 

many, these mutations were found in exons not incorporated into N2BA and N2B 

transcripts.  

 

Alternative splicing is a related concept that may help explain differences in strength of 

association of dilated cardiomyopathy among titin truncating mutations located in 

different parts of the titin gene. Titin truncating mutations are more likely to be 

associated with dilated cardiomyopathy if they occur in exons with a high percentage 

spliced in (PSI) score (i.e. exons that are highly utilised across a wide range of cardiac 

titin isoforms) (Roberts et al., 2015). On the other hand, titin truncating mutations that 

were observed in otherwise healthy controls are more likely to be in exons having lower 

usage (i.e. lower PSI scores) than dilated cardiomyopathy patients, suggesting that these 

exons may be spliced out in many expressed transcripts. A-band exons are generally 

constitutively expressed, while many N-terminus and I-band exons are subject to 

variable splicing depending on the titin isoform.  

 

The prevailing hypotheses relating to the pathogenesis of dilated cardiomyopathy 

associated with titin truncating mutations are elaborated in Chapter 8, Section 8.5, and 

Chapter 9, Section 9.3.  
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1.4.4. Variable penetrance in familial dilated cardiomyopathy  

 

In familial dilated cardiomyopathy kindreds that harbour a titin truncating mutation, 

variable penetrance is often observed. There is a significant effect of age as well as 

gender on the onset of diagnosis of dilated cardiomyopathy (Figure 1.7). However, 

penetrance is highly variable and the prognostic implications for an individual patient 

are unclear. Despite the fact that it is generally accepted that gene-environmental 

interactions likely contribute to clinical heterogeneity, further research is needed to 

elucidate aggravating as well as protective factors for these patients.  

 

Figure 1.7: The effects of age and sex on penetrance in familial dilated cardiomyopathy. 
The results are derived from 137 individuals from 11 kindreds harbouring a TTNtv under study 
by the Fatkin Laboratory, Victor Chang Cardiac Research Institute. (A) The median onset of 
dilated cardiomyopathy in TTNtv positive patients was 44 years , with a slightly earlier onset in 
male genotype positive individuals compared with females (B, 39 years vs. 52 years, log rank 
P=0.03). Results derived from unpublished work by Dr Renee Johnson, Dr Claire Horvat and 

Professor Diane Fatkin. 

 

1.4.4. Prevalence of titin truncating mutations makes it an important 

genetic susceptibility factor to study 

 

What makes the potential interaction of genetic susceptibility factors in conditions with 

volume overload such an important public health issue is the fact that truncating 

variants of titin (TTNtv) are highly prevalent in the general population (Figure 1.8). 

Studies that have investigated the prevalence of these genetic variants have shown that 

this mutation is not uncommon, with population frequencies between 0.85 – 3% in 

healthy controls, and up to 10 – 20% of dilated cardiomyopathy cases (Herman et al., 

2012, Roberts et al., 2015, Schafer et al., 2017). Idiopathic dilated cardiomyopathy has 
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an estimated population prevalence of about 1 in 250 people (Hershberger et al., 2013). 

Factors that precipitate early onset disease in an at-risk population are particularly 

damaging and costly, because it means patients will develop the disease earlier than 

usual, thus exposing them to a longer cumulative risk of complications and eventual 

decline that inevitably accompany a longer period of time living with the disease. 

 

 
 

Figure 1.8: A diagrammatic representation of the prevalence of dilated cardiomyopathy in 
the community as well as individuals with titin truncating mutations (TTNtv+). Each dot 
represents a person. 2000 individuals in a community are shown. With a prevalence of 1:250, 8 
members of the community have dilated cardiomyopathy, of which two carry a titin truncating 
variant (red). The population frequency of TTNtv ranges from 0.85 – 3%. If this population has a 
1% prevalence of TTNtv, this would mean there are 20 individuals who carry the mutation 
(yellow dots). These patients are currently asymptomatic. This could be due to their genetic 
mutation not being pathogenic, but may also be because they are at an asymptomatic stage of 
early disease. A factor which causes any of these “at-risk” individuals to develop disease sooner 
(even if only a portion of these individuals end up developing disease (as indicated by the red 
dots) would result in a much greater burden of heart failure than that currently experienced. 

 
Next generation sequencing and whole genome sequencing is increasingly utilised as a 

diagnostic tool for testing patients with dilated cardiomyopathy, especially if there is 

significant family history of heart failure. Interpretation of these results is often not 

straightforward. Important challenges remain, especially in relation to the management 

of individuals who are genotype positive but phenotypically negative for mutations 

associated with dilated cardiomyopathy. As such individuals may either represent those 

with preclinical disease or who have yet to develop disease despite their genetic 

predisposition, this opens an important window of opportunity for disease prevention as 

well as modification of an individual‘s likely natural history (Fatkin, 2012).  
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1.4.5. Putative reason for the susceptibility of titin truncating 

mutations in conditions of volume overload 

 

The function of titin, as a scaffold and molecular spring in the sarcomere that modulates 

diastolic tension (Krüger and Linke, 2011), makes it biologically plausible that patients 

with genetic changes affecting the expression of normal titin protein are more 

susceptible to the effects of volume overload, a condition associated with increased 

diastolic wall stress. Studies in mice have shown that compensatory responses to 

volume overload in normal titin help limit eccentric remodelling (Hutchinson et al., 

2015). Therefore, it follows that patients with abnormal titin are at increased risk of 

aggravated eccentric remodelling in response to volume overload stress.  

 

Supporting this hypothesis is evidence from rats, where animals harbouring truncating 

mutations of titin had reduced ability to handle the haemodynamic effects of volume 

overload, which caused greater chamber dilatation, reduced stroke volume, reduced 

dP/dtmax and dP/dtmin and ejection fraction (Schafer et al., 2017). In humans, TTNtv is 

over-represented among patients with peripartum cardiomyopathy. The association 

between peripartum cardiomyopathy and familial dilated cardiomyopathy, as well as the 

over-representation of dilated cardiomyopathy-associated genes (e.g. truncating genetic 

variants of titin) among patients with peripartum cardiomyopathy compared with a 

normal reference population also points towards an interaction between chronic volume 

overload and reduced myocardial substrate vigour (Ware et al., 2016).  

 

TTNtv has also been associated with the development of atrial fibrillation. This is often 

observed as a common heart failure presentation among patients with newly diagnosed 

of dilated cardiomyopathy. Although atrial fibrillation among patients with truncating 

TTNtv may result from abnormalities in diastolic compliance or an underlying atrial 

myopathy, another interpretation of the association between atrial fibrillation and 

patients with truncating TTNtv is that the increased workload imposed by atrial 

fibrillation and its associated rapid ventricular response rate may also contribute to a 

decline in ventricular function, unmasking a disease phenotype that would not have 

been otherwise manifest. 
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1.5. Zebrafish models of cardiovascular disease 

 

 
 

Figure 1.9: The zebrafish (Danio rerio). This model organism offers a unique opportunity to 
study the impact of genetic changes in a low-order vertebrate system. This may provide 
potential mechanistic insights in human cardiovascular disease processes. Photo of a pet 
zebrafish purchased from a commercial aquarium using a Canon 5D Mark III. Camera settings: 
35mm, ISO 1000, 1/60s, f/2.8. 

 

Investigations performed in this thesis utilised the zebrafish animal model. The 

zebrafish (Danio rerio, Figure 1.9) is a tropical freshwater teleost (―bony‖) fish 

belonging to the genus, Danio, and is a member of the Cyprinidae (―minnow‖) family. 

It is native to freshwater streams in the Himalayan region. This animal is commonly 

used for the study of development, especially due to similarities of form and function in 

early embryonic life across all vertebrate classes (Richardson et al., 1998). 

 

It is important to note that teleost fish, although being vertebrates, are separated in 

evolutionary distance from humans by a period of 400 million years. Therefore, there 

are many physiological differences from warm blooded, terrestrial mammals. Its cardiac 

circulation consists of a single ventricle and single atrium (Hu et al., 2001). Its gill 

circulation (equivalent to pulmonary circulation in higher order, terrestrial vertebrates) 

and low-pressure systemic circulation are connected in series. This is in stark contrast 

with mammalian hearts, which are four-chambered and consist of a pulmonary 

circulation and high-pressure systemic circulation connected in parallel. However, 

despite significant physiological differences between zebrafish and human 

cardiovascular physiology, there are many reasons why zebrafish have become an 

increasingly popular model organism for medical research in recent years (Bakkers, 

2011, Shih et al., 2015). These include the following: 
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1. The zebrafish genome has been fully sequenced. There are over 26,000 protein 

coding gene sequences, and at least 70% of human genes have at least one zebrafish 

orthologue (Howe, 2013). The majority of known genes for human dilated 

cardiomyopathy have a corresponding zebrafish orthologue. Out of 51 known 

human dilated cardiomyopathy associated genes, 30 had a single orthologue, 14 had 

two homologues and 5 had more than three homologues (Shih et al., 2015). A 

corresponding zebrafish gene has been identified for 44/51 human disease genes 

implicated in human dilated cardiomyopathy.  

2. The zebrafish genome can also be easily manipulated using transcription activator-

like effector nucleases (TALEN) and clustered regularly interspaced short 

palindromic repeat (CRISPR) gene-editing techniques.  

3. Zebrafish are able to be housed relatively cheaply in medical research aquaria.  

4. Female zebrafish have high fecundity and spawn hundreds of eggs at a time. This 

allows the study of high numbers of genetically similar offspring, all the same age. 

This is extremely useful when high numbers of animals are required to generate 

sufficient power to detect a statistical difference. 

5. Zebrafish undergo external development during their early embryonic and larval 

stages. Their transparent nature during early embryonic life facilitates direct 

visualisation of the development of major organs including the heart through direct 

optical techniques. Cardiac development during these stages can therefore be 

studied in detail.  

6. The zebrafish in early embryonic life can survive via passive diffusion. This allows 

the study of homozygous mutants that carry deleterious effects on cardiac function 

that would otherwise be lethal in early mammalian development in-utero. 

 

Nevertheless, it is important to appreciate that the adult zebrafish model system does 

not act as a direct physiological model for human cardiac physiology, but rather as a 

lower-order correlate that can be used to test hypotheses and ―proof of principle‖ 

concepts in an in-vivo univentricular cardiovascular system. Results generated from a 

zebrafish model are therefore hypothesis-generating. However, because of the disparate 

physiology present between fish and humans, if conservation of a disease mechanism is 

demonstrated in a lower-order vertebrate system despite over 400 million years of 

vertebrate evolution, this suggests that these mechanisms are very important. 
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1.6. Hypothesis 
 

This thesis proposes that volume overload is a key environmental stressor that unmasks 

the heart failure phenotype and potentially accelerates disease progression, particularly 

in individuals with a genetic susceptibility to heart failure caused by titin truncating 

mutations. If this is the case, then it would be of significant clinical interest as chronic 

volume overload is a ubiquitous condition present in not only a whole host of 

cardiovascular disorders, but also many physiological processes associated with normal 

health.  

 

1.7. Aims 
 

Despite the association between titin truncating mutations and dilated cardiomyopathy, 

the prognostic implications for any individual heterozygous carrier of a titin truncating 

mutation remain unclear. It has been proposed that the position of the truncating 

mutation may influence likelihood of dilated cardiomyopathy and disease severity. 

Therefore, the aims of this thesis also include the following key questions: 

 

1 Does titin truncation independently lead to heart failure in a zebrafish model of 

titin truncation? 

2 What are the in-vivo cardiac physiological characteristics of titin truncation? 

3 Does volume overload exacerbate the dilated cardiomyopathy phenotype in titin 

truncation carriers? 

 

Due to the long lag-time before dilated cardiomyopathy develops in human 

heterozygous carriers, this provides an opportunity for animal models of titin truncation, 

such as in the zebrafish, to provide important insights that would otherwise not be easy 

to obtain from human studies.  

 

In order to address these key aims, I needed to first develop techniques to allow in-vivo 

cardiac phenotyping in adult zebrafish. Echocardiography is a key imaging modality 

that facilitates serial in-vivo characterisation of cardiac structure and function. Prior to 

my development of this modality, I will first present, in Chapter 2, a comprehensive 

review of the history and the principles behind high frequency echocardiography. 
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Chapter 2: High frequency echocardiography: transformative 

clinical and research applications in humans, mice, and zebrafish 

 

2.1. Overview of Chapter 2 

 

Echocardiography is an invaluable tool for characterising cardiac structure and function 

in-vivo. Technological advances in high frequency ultrasound over the past three 

decades have increased spatial and temporal resolution, and have facilitated many 

important clinical and basic science discoveries. Successful reverse translation of 

established echocardiographic techniques, including M-mode, B-mode, colour Doppler, 

pulsed-wave Doppler, tissue Doppler, and most recently, myocardial deformation 

imaging, from clinical cardiology into the basic science laboratory has enabled 

researchers to achieve a deeper understanding of myocardial phenotypes in health and 

disease. With high frequency echocardiography, detailed evaluation of ventricular 

systolic function in a range of small animal models is now possible. Furthermore, 

improvements in frame rate and the advent of diastolic strain rate imaging, when 

coupled with the use of select pulsed-wave Doppler parameters, such as isovolumic 

relaxation time and E-wave deceleration, have enabled nuanced interpretation of 

ventricular diastolic function. Comparing pulsed-wave Doppler indices of 

atrioventricular inflow during early and late diastole with parameters that describe the 

simultaneous myocardial deformation (e.g. tissue Doppler é and á, global longitudinal 

strain rate and global longitudinal velocity) may yield additional insights relating to 

myocardial compliance.  

 

This chapter provides an overview of high frequency echocardiography, an in-vivo 

imaging modality that is central to the investigations and physiological insights gained 

in this thesis. It also provides a historical background as well as the principles behind its 

translation for use in zebrafish. The contents of this chapter have been published, in full, 

in the following review article: 

 

Wang LW, Kesteven SH, Huttner IG, Feneley MP, Fatkin D. High frequency 

echocardiography: transformative clinical and research applications in humans, mice, 

and zebrafish. Circulation Journal. 2018;82(3):620-28. 
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Additionally, this chapter also contains a figure adapted from a journal article that I 

published during my PhD candidature. 

 

Wang LW, Grygiel JJ, O‘Neill JH, Fatkin D, Feneley MP. ―Snowflakes‖ in the heart: 

an ultrasonic marker of severe hypercoagulability. Lancet. 2015;385(9964):302. 

 

As the use of this technology in zebrafish had not been well established worldwide at 

the start of my PhD candidature in early 2015, a key part of my doctoral thesis has been 

to optimise and validate this imaging modality, and to characterise the normal in-vivo 

cardiac physiology of living adult zebrafish. Therefore, the results of standardisation of 

zebrafish echocardiography and its application in two different cardiac disease models 

will be presented in the first results chapter of this thesis (Chapter 4).  

 

2.2. Introduction 

 

Echocardiography is an ultrasound-based imaging method that enables serial, in-vivo 

structural and functional characterisation of the heart. Studies are well-tolerated and can 

be performed in a relatively short amount of time, and the technology is generally 

readily available and affordable. Because of this, transthoracic echocardiography has 

been widely used as a first-line investigation for the diagnosis of numerous cardiac 

disorders, including cardiomyopathies, valvular abnormalities and congenital heart 

defects.  

 

Over the years, attempts to improve image resolution have been constrained by an 

unavoidable trade-off between higher transducer operating frequency and the resultant 

reduction in the depth of imaging field due to frequency-dependent attenuation 

(Feigenbaum, 2004). This, together with the advent and increasing popularity of other 

phenotyping tools that have superior spatial resolution, such as cardiovascular magnetic 

resonance imaging (CMR) and cardiac computed tomography, have challenged the 

primacy of ultrasound as the cardiac imaging investigation of choice for clinical and 

research applications. Offsetting this perceived obsolescence are recent advances in 

high frequency ultrasound, the temporal resolution of which remains unparalleled and 

highest among all the existing in-vivo imaging methods (Ketterling and Aristizábal, 

2009).  
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This chapter will discuss the evolution of high frequency echocardiography over the 

past three decades, and the successive technical advances that have led to major 

breakthroughs for imaging cardiac structure and function in humans, mice, and 

zebrafish. This enabling technology has uniquely facilitated seminal studies that have 

not only provided deeper insights into normal cardiac physiology, but have also 

expanded the suite of animal models that can be used for mechanistic studies of human 

disease.  

 

2.3. Fundamental considerations of ultrasound wavelength and frame 

rate 

 

Echocardiography utilises the reflection of emitted high frequency sound waves (i.e. 

ultrasound) to yield information relating to cardiac structure and function. Image 

resolution is directly influenced by the wavelength (λ) of the ultrasound beam, which is 

inversely correlated with the depth-of-field and image quality (Feigenbaum, 2004). As 

with light-based imaging modalities, ultrasound-based imaging is subject to Abbe‘s 

Law of diffraction-limited resolution, where two objects are distinguishable from one 

another if they are more than half a wavelength apart (Abbe, 1873, Cox and Beard, 

2015). The wavelength of the ultrasound beam is governed by the fundamental wave 

equation:  

 

         ( )            ( )              ( ) 

 

The velocity of ultrasound is relatively constant in tissues (~1540m.s
-1

). Advances 

aimed at improving image resolution have sought to produce the smallest feasible 

ultrasound wavelength. The inverse relationship between frequency and wavelength 

means that the higher the transducer operating frequency, the smaller the wavelength of 

the ultrasound wave and the better the spatial resolution (Figure 2.1). Spatial resolution 

(R), defined as the minimal distance at which two ultrasound reflectors can be 

distinguishable from one another, is determined by the ultrasound wavelength and 

therefore, by the frequency of the transducer producing the ultrasound wave, according 

to the following two equations (Foster et al., 2000):  
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Figure 2.1: Relationship between transducer frequency, lateral resolution, and depth-of-
field. The operating characteristics (and year of introduction) of commonly-used high frequency 
ultrasound systems for small animal echocardiography are shown. When a curve of best fit (red 
dashed line) is plotted, there is an inverse relationship between frequency and lateral resolution. 
Although higher transducer frequencies result in improved lateral resolution, this is offset by a 
reduction in the effective depth of the imaging field due to frequency-dependent attenuation. As 
transducer frequencies increase above 70 MHz, there is diminishing improvement in lateral 
resolution, which appears to plateau around 30 µm with existing technologies. Clinical 
ultrasound systems used in humans operate at frequencies between 2 and 15 MHz because 
they require depths of field ≥10 cm. Above 50 MHz, the depth-of-field is ≤2 cm, which precludes 
echocardiography in adult rodents, although it is still possible in zebrafish and neonatal mice, 
which have smaller body sizes.  

 

Temporal resolution, which is determined by frame rate (i.e. the number of still images 

visualised per second), is another important consideration in real-time live imaging. 

Frame rate is influenced by many factors, including: 1) imaging depth, 2) scanning 

angle, 3) number of foci, 4) number of scan lines, and 5) the pulse repetition frequency 

(Feigenbaum, 2004). M-mode imaging gives a time-and-motion display of an 

ultrasound wave along a single line, and has been used for real-time assessment of wall 

thickness, intra-cavity chamber diameter and heart rate. The uni-dimensional nature of 

M-mode imaging results in high frame rates and provides the highest temporal 

resolution of all ultrasound modalities. Frequency-dependent attenuation remains the 
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major disadvantage of high frequency ultrasound (Harris et al., 1991). This limits depth-

of-field and the ability to visualise deeper structures with sufficient clarity. This is 

represented by the formula:  

 

                          

(α represents the attenuation coefficient of the medium transmitting the ultrasound) 

 

High frequency echocardiographic transducers, especially those with operating 

frequencies between 30 – 70 MHz, typically have a depth-of-field of 10 mm. This 

precludes any meaningful use in adult clinical cardiology, although there are potential 

applications for evaluation of superficial vascular structures, particularly in paediatric 

populations (Latham et al., 2013). This frequency-dependent attenuation is much less of 

an issue for small animal echocardiography. As an example, the size of the zebrafish 

(~10 mm in dorsal height) and the minimal distance (~0.5 mm) between the ventral 

surface of the animal and the heart provide a unique opportunity of using very high 

frequency ultrasound without incurring the problems of reduced depth-of-field. 

 

2.4. Biplane 5 MHz transducer and transoesophageal 

echocardiography: advances for imaging the human heart 

 

Clinical transthoracic echocardiography is usually performed using transducers with 

operating frequencies ranging between 2 and 5 MHz. The development of biplane 5 

MHz transducers as well as transoesophageal echocardiography (TOE) were major 

advances that provided improved resolution of deep, posterior structures of the heart. 

TOE has been used to gain detailed information about cardiac chamber size and 

function, valve morphology and function, and to detect cardiac developmental defects, 

tumours, pericardial and aortic pathologies. It is frequently utilised intra-operatively to 

guide reparative procedures. Seminal studies using TOE that were performed by 

Professors Diane Fatkin and Michael Feneley, as well as others in the 1990‘s also 

revealed ―smoke-like‖ echoes (termed ―spontaneous echocardiographic contrast‖) in the 

left atrium in patients with atrial fibrillation. The presence of spontaneous echo contrast 

was found to strongly correlate with left atrial thrombus and risk of embolic stroke 

(Fatkin et al., 1994). The inverse association between left atrial thrombus and the 
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magnitude of the left atrial appendage blood flow velocity measured on pulsed-wave 

Doppler helped to establish that the increased thromboembolic risk in patients with 

atrial fibrillation was likely the result of poor atrial mechanical function and the 

resulting stasis of blood (Fatkin et al., 1994). The resolution of modern 

echocardiography systems is ~300 µm, but red cell aggregates as small as 50 – 100 µm 

(when measured on blood film) can occasionally be discerned on two-dimensional B-

mode transthoracic echocardiography (Figure 2.2) (Wang et al., 2015). These large 

intra-cavity aggregates (―snowflakes‖) may be indicative of underlying hyperviscosity 

disorders and are often more noticeable on M-mode due to its higher temporal 

resolution.  

 

 
 

Figure 2.2: “Snowflakes” in the heart chambers: an ultrasonic marker of severe 
hypercoagulability. M-Mode still image (A) from transthoracic echocardiography (Phillips IE33, 
2.5 MHz B-mode transducer, 1000 fps) of a human patient with severe hypercoagulability due to 
disseminated cancer (auto-agglutination and red cell rouleaux on blood film, ESR 119 mm.hr

-1
, 

D-dimer 4.51 mg.dL
-1

, normal <0.50 mg.dL
-1

). This M-mode image demonstrates the presence 
of multiple echogenic targets due to red cell aggregates in the chambers of a heart that had 
otherwise normal ventricular contractile function and no valvular abnormality. These were visible 
at normal contrast resolution, and their rapid swirling motion was detectable on M-mode 
imaging, a modality which allows identification of rapidly moving objects due to >1000 Hz 
sampling frequency. This is an example of ultrasound being able to detect red cell macro-
aggregates at the severe end of the spectrum of hypercoagulability. The size of these macro-
aggregates (50 – 100 µm) accounts for the appearance of “snow” (spotty appearance within the 
ventricle, red arrows) instead of the fine “smoke”-like echoes seen in the chambers of poorly 
cardiac chambers that have poor contractile function. As blood is usually echolucent, in a 
person with normal coagulation profile, the heart chambers normally appear black. (B, inset): 
Blood film from the same patient at 40x magnification revealing predominantly macro-
aggregrates (vertical black arrows) of red cells up to 150 µm in length, and rouleaux (horizontal 
red arrow). Adapted from Wang LW, Grygiel JJ, O‟Neill JH, Fatkin D, Feneley MP. “Snowflakes” 
in the heart: an ultrasonic marker of severe hypercoagulability. Lancet. 2015;385(9964):302.  
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2.5. Applications of high frequency echocardiography for assessment of 

heart function in rodents  

 

Animal studies have formed a cornerstone of cardiovascular research studies for many 

decades. Large animal physiology studies involving dogs, pigs and sheep are able to use 

ultrasound transducers with equivalent frequencies to those used in human 

echocardiography due to the similar anatomical sizes of their hearts. In contrast, 

imaging studies in small animals, particularly mice and rats, require substantially higher 

transducer frequencies. The development of high frequency echocardiography not only 

provided a non-invasive method for measuring cardiac chamber size and structure in 

rodent models, which previously could only be measured during necropsy, but also 

uniquely enabled in-vivo assessment of cardiac function (Respress and Wehrens, 2010, 

Tanaka et al., 1996). This technological advance coincided with a burgeoning interest in 

human genetics and a need for generation of small animal models to study the roles of 

genes and selected genetic variants.  

 

Early forays into murine echocardiography used techniques adapted from paediatric 

clinical use with 12 to 15 MHz transducers. After a period of time during which 

imaging techniques and anaesthesia protocols were optimised, the publication of 

seminal methods papers using echocardiography in adult mice helped standardise the 

use of this important phenotyping tool (Gao et al., 2011, Respress and Wehrens, 2010, 

Tanaka et al., 1996). The development of dedicated devices in the early 1990s, such as 

the Humphrey ultrasound biomicroscope, allowed lateral image resolution that 

approached 65 µm, although this came at the expense of a limited penetration depth (4 – 

5mm). The ultrasound biomicroscope made it possible to study neonatal mice, with 

novel insights gained into cardiomyopathy phenotypes and disease mechanisms. As an 

example, in a mouse model of hypertrophic cardiomyopathy, although it was known 

that homozygous α-MHC Arg403Gln animals died in the early neonatal period, serial 

echocardiography helped demonstrate that this was not due to massive hypertrophy, but 

rather, to a severe dilated cardiomyopathy and rapidly-progressive heart failure in the 

days leading up to death (Fatkin et al., 1999). 
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The technology of this instrument was then incorporated into the VS40 (VisualSonics, 

Toronto, Canada). It had a single transducer with a nominal centre frequency of 40 

MHz, a diameter of 3 mm, and a focal length of 6 mm. This resulted in a lateral 

resolution of 50 – 100 μm and an axial resolution that ranged from 81 μm at 19 MHz to 

28 μm at 55 MHz (Zhou et al., 2002). However, the low frame rate of this instrument (4 

frames per second [fps]) was an important limiting issue, and meant that sequential real-

time visualisation of all parts of a single cardiac cycle was not possible. Procedural 

times for echocardiographic studies were lengthy, typically lasting 30 to 45 minutes per 

examination. 

 

VisualSonics launched a second-generation system (Vevo 660; transducer 30 – 55 

MHz) in 2003. While providing comparable spatial resolution (lateral resolution 115 

µm, axial resolution 55 µm), this new instrument provided a much faster frame rate (30 

fps). This allowed characterisation of ventricular structures as well as pulsed-wave 

Doppler interrogation of ventricular inflow and outflow (Zhou et al., 2005). Further 

improvements to the frame rate (100 fps) and tissue Doppler and M-mode capabilities 

were incorporated into a third-generation system, the Vevo 770, in 2006. Current 

systems (e.g. Vevo 2100, Vevo 3100) now have significantly higher frame rates (300 – 

400 fps; up to 1000 fps in a narrow field of view) and the ability to conduct analysis of 

speckle-based deformation parameters. 

 

2.6. Zebrafish echocardiography 

 

In recent years, the zebrafish has been rapidly gaining popularity as an animal model for 

diverse research applications. The bodies of embryonic and early larval zebrafish are 

transparent, allowing cardiac structure and function to be readily assessed using direct 

optical techniques. As a result of this, zebrafish have been used frequently to study 

cardiac developmental processes. This transparency is lost with age, and until recently, 

the use of adult zebrafish models had been severely hampered by a lack of tools for 

imaging the mature heart. The development of high frequency echocardiography in 

zebrafish would be crucial for allowing real-time in-vivo assessment of cardiac structure 

and function in adult fish.  
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Prior to my PhD candidature, other groups around the world had begun to apply high 

frequency echocardiography in zebrafish. The first study that reported the use of 

ultrasound in zebrafish was published in 2002, when Ho et al. used an Acuson Sequoia 

system with a 15L8 transducer (colour Doppler 8.5 MHz, frame rate 13 – 33 Hz) (Ho et 

al., 2002). Although adequate structural and functional assessment of the ventricle was 

unable to be performed due to the very small size of the zebrafish heart (1 – 2 mm) 

relative to the B-mode resolution limits of this system, pulsed-wave Doppler studies 

were feasible, and this allowed visualisation of distinct phases of ventricular filling 

during early and late diastole. Measurement of blood outflow from the single fish 

ventricle into the bulbus arteriosus was also possible.  

 

Subsequent developments included a specially constructed ultrasound biomicroscope 

with 75 MHz B-mode (theoretical axial and lateral resolutions, 16 μm and 48.5 μm, 

respectively) and 45 MHz pulsed-wave Doppler capability, and this was able to 

elucidate zebrafish ventricular structure as well as ventricular inflow and outflow (Sun 

et al., 2008). Hein and colleagues made important exploratory steps in the use of 

speckle-based strain to evaluate cardiac function, but they utilised an out-of-water 

protocol where ultrasound gel was used to preserve an air-free interface between the 

transducer and the ventral surface of the fish (Hein et al., 2015).  

 

By 2016, a number of different protocols were in use, each displaying differences in 

methodology, including scanning environment, choice of anaesthetic agent and 

concentration, scanning views and analysis techniques, gender and age selection, with 

limited data on quality control and reproducibility.  

 

2.7. Additional indices of myocardial systolic function in small animals 

 

The utility of echocardiography stems from its ability to quantify a number of different 

parameters of ventricular systolic and diastolic function that can help provide insight 

into the contractile and relaxation properties of the myocardium in-vivo. For many 

parameters, there are close similarities between humans and small animals. However, 

for some parameters, distinctive species differences are present that need to be 

considered.  
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Ejection fraction.  

 

The ventricular ejection fraction, the ratio of the stroke volume over the end-diastolic 

volume expressed as a percentage, is frequently used to gain an overall assessment of 

ventricular systolic function in humans and in small animals. Other indices of 

myocardial systolic performance, such as +dP/dtmax, preload recruitable stroke work, 

and end-systolic elastance are less commonly used, as these require the invasive 

measurement of ventricular pressure, which is a terminal procedure in many small 

animals. High frequency echocardiography allows the adoption of strain-based 

deformation parameters as well as detailed analysis of the pulsed-wave Doppler 

waveform, and this has now provided an alternative non-invasive method for estimating 

some of these indices. 

 

Myocardial strain assessment.  

 

The extent of myocardial strain, or deformation of the myocardial wall, has been used to 

quantify myocardial mechanical function. Ventricular wall strain (ε) is defined as the 

change in length of a deformed segment of interest relative to its original length: 

 

ε = [L – L0]/ L0 

(L is the final length and L0 is the baseline length) 

 

During systole, the ventricular myocardium shortens in the longitudinal and 

circumferential dimensions, producing a negative strain, while at the same time, 

thickening in the radial direction, resulting in a positive strain. Strain rate (έ, SR) 

represents the time-derivative of strain, and measures the rate of deformation (Marwick, 

2006). In echocardiographic analyses, myocardial strain is assessed in separate wall 

segments, with global values (computed average of all segments) and peak values 

(highest value of any of the segments) determined.  

 

In human heart failure studies, it has been noted that systolic strain abnormalities can 

precede changes in conventional parameters such as the ejection fraction, suggesting 

that myocardial strain could be used to detect early disease (Omar et al., 2016). Two 

main methods of strain measurement have been employed in clinical medicine and have 
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been adapted for use in small animal studies: tissue Doppler-based imaging and speckle 

tracking-based imaging (Ferferieva et al., 2013). Radial and circumferential strain in the 

ventricular short axis were favoured initially in mice because they had superior clarity 

when compared with measurements in other views, and the entire cross section of the 

left ventricle could often be observed without image drop-out. In a murine study, 

speckle-tracking strain echocardiography enabled identification of both acute and 

chronic left ventricular dysfunction following transverse aortic constriction, with 

circumferential strain showing better correlation with the development of cardiac 

fibrosis than radial strain (Peng et al., 2009). In another murine study, peak longitudinal 

strain and strain rate were able to detect changes in ventricular systolic function 

following myocardial infarction at an earlier time than conventional B-mode indices, 

and predicted the later development of adverse left ventricular remodelling (Bauer et al., 

2011). The different sensitivities of strain parameters may relate to the differential 

functional properties of the myocardial layers. Whereas circumferential and radial strain 

reflect the contractile properties of the mid myocardium, longitudinal strain is a 

particularly sensitive marker of subendocardial myofibre dysfunction, which often 

occurs early in mechanical or ischemic stress (Bauer et al., 2011).  

 

Maximum aortic acceleration (aorticacc) 

Mean acceleration is defined as the change in velocity divided by time: 

 

 ̅    
  

  
   

      

 
 

 

For blood flow out of the ventricle, mean aortic acceleration of blood flow can be 

calculated by dividing the maximum peak velocity by the time it takes to reach the peak 

aortic velocity (defined as AT) as              at    .  
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Instantaneous aortic acceleration is the limit of the average acceleration over an 

infinitesimal interval of time (dt). In traditional calculus, instantaneous acceleration is 

the derivative of velocity with respect to time: 

 

           
    

        
  

   
        
  

 

 

The maximum instantaneous acceleration can be estimated by measuring the steepest 

tangent to the aortic pulsed-wave Doppler at the beginning of ejection. This is shown in 

Figure 2.3.  

 

 
 

 

Figure 2.3: Comparison of atrioventricular pulsed-wave Doppler, ventricular tissue 
Doppler, and ventricular longitudinal strain rate signals across species. The following 
ultrasound systems were used: humans (Philips EPIQ 7, 2.5 MHz, left column), mouse (Vevo 
2100, MS550D, 30 MHz, middle column) and zebrafish (Vevo 2100, MS700, 40 MHz, right 
column). In the pulsed-wave Doppler tracings (top row), the peak E-wave velocity (E), peak A-
wave velocity (A), isovolumic contraction time (IVCT), and isovolumic relaxation time (IVRT) are 
shown. Maximal aortic acceleration (aorticacc) denotes the steepest tangent (dashed white line) 
to the aortic pulsed-wave envelope. E/DT represents the E-wave deceleration rate (where DT = 
E-wave deceleration time). In myocardial tissue Doppler signals (middle row), ICVT and IVRT 
are indicated, as well as the ś, é and á waves, representing ventricular myocardial tissue 
velocities adjacent to the atrioventricular annulus during ventricular systole (ś), early diastole 
(é), and atrial systole (á). In ventricular strain rate tracings (bottom row), the global longitudinal 
strain rate (white dashed curve), peak strain rate in systole (SRsys), early diastolic strain rate 
(SRe) and late-diastolic strain rate (SRa) are shown.  
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Maximum aorticacc (Figure 2.3) has been shown to be related to +dP/dtmax (Noble et al., 

1966). This is not surprising given the close temporal relationship between maximal 

aorticacc and +dP/dtmax in the cardiac cycle. The rationale behind this parameter is the 

assumption that ventricular +dP/dtmax is equal to aortic +dP/dtmax , an assumption that is 

valid in the absence of any significant aortic stenosis.(Sugawara et al., 1994) Maximal 

aorticacc has been shown to be sensitive to the inotropic state of the heart and is 

relatively insensitive to preload (Bennett et al., 1984, Noble et al., 1969, Wallmeyer et 

al., 1986). However, unlike +dP/dTmax, it is significant influenced by changes in 

afterload (Redaelli and Montevecchi, 1998). Nevertheless, studies correlating maximum 

aorticacc and +dP/dtmax have shown that it can be used to non-invasively assess the 

contractile state of the left ventricle in humans (Sabbah et al., 1988, Sabbah et al., 

1986). Maximum aorticacc has been observed to be lower in patients with critical 

coronary artery disease who had normal haemodynamic and angiographic indices of left 

ventricular systolic function. This suggests that this parameter may have utility in 

detecting early myocardial impairment not otherwise detected with other conventional 

non-invasive indices in disease states (Cucchini et al., 1991), as well as day-to-day 

changes in ventricular function among heart failure patients (Sabbah et al., 1988). 

 

In an ideal world, Doppler measurements of maximum aorticacc offer an effective means 

to noninvasively assess short-term changes in left ventricular performance under 

conditions of varying preload, heart rate, and inotropic state. In practice, however, 

considerable measurement variability has limited its widespread applicability in both 

humans and small animals. An automated method of obtaining this measurement using 

the Vevo2100 or Vevo3100 machine currently does not exist. Automation will help to 

improve reproducibility of such measurements. This will enable the possibility of 

researchers gaining access to this potentially useful future echocardiographic surrogate 

of maximal force generation, not only in small animals but also humans. 

 

2.8. Additional indices of myocardial diastolic function in small 

animals 

 

Ventricular diastolic properties are important determinants of normal heart function, and 

abnormalities of these properties may contribute to various disease phenotypes. There 
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are four phases of ventricular diastole: 1) isovolumic relaxation, which represents the 

rate of early active relaxation, where the ventricle is relaxing but the atrioventricular 

valve has not yet opened, 2) early diastolic filling, which occurs with the opening of the 

atrioventricular valve, 3) diastasis, where there is relatively little flow (this is 

sometimes not present), followed by 4) late-diastolic filling resulting from atrial 

systole. These components of ventricular diastolic function are often studied in animal 

models using invasive techniques such as micromanometry, but can also be assessed 

non-invasively by echocardiography.  

 

Isovolumic relaxation time.   

 

Isovolumic relaxation time (IVRT) is the time interval between the closure of the aortic 

valve and the opening of the mitral valve (Figure 2.3). It has been used as a measure of 

the rate of myocardial relaxation, which relates to the rate of calcium sequestration by 

the sarcoplasmic reticulum following cardiomyocyte excitation (Kass et al., 2004). 

IVRT has been used as a non-invasive surrogate for Tau (τ), a parameter that describes 

the time constant of ventricular relaxation (Weiss et al., 1976). Tau can be estimated 

from echocardiographic parameters according to the following formula (Scalia et al., 

1997):  

 

   oppler  
    (       )

   (        )      (  ) 
 

 

The major limitation of IVRT is the fact that it is the result of multiple competing 

factors that can be altered in conditions of systolic and diastolic heart failure. IVRT is 

shortened by high heart rates and by increased atrial pressure, which itself results in an 

earlier atrioventricular valve opening, and is lengthened with increasing age. IVRT has 

been used to assess diastolic relaxation in mice (Schnelle et al., 2018). I will later show 

in Chapter 6 and 7 that IVRT abnormalities are present in zebrafish with dilated 

cardiomyopathy (Wang et al., 2017a). 
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Evaluation of early and late-diastolic filling.  

 

Measurement of the peak velocities of the early (E) and late (A) diastolic filling waves 

and the E/A ratio using pulsed-Doppler interrogation of blood flow through the 

atrioventricular annulus are used to assess diastolic ventricular function in humans and 

small animals. Reduction in the peak E-wave velocity indicates reduced early 

ventricular filling, and results in a reduced E/A ratio that typically characterises the 

early stages of impaired diastolic relaxation. The peak A-wave velocity coincides with 

atrial systole, and may be influenced by atrial mechanical function, ventricular 

compliance and the diameter of the atrioventricular valve orifice. In healthy young 

humans, the E/A ratio is >1.0. This ratio reverses in older humans, as age-related 

reductions in ventricular relaxation and compliance necessitate an increased 

contribution of atrial contraction to ventricular filling (Miyatake et al., 1984). Human 

pulsed-wave Doppler signals are often noisy due to interference and distance of the 

region of interest from the ultrasound probe (Figure 2.3). In rodents, the E/A ratio is E-

dominant (Figure 2.3). Noise is less of an issue in rodents than in human Doppler 

tracings, but it may be difficult to clearly differentiate E- and A-waves because of high 

heart rates. In zebrafish, pulsed-wave Doppler tracings are remarkably clear, and in 

contrast with mice and healthy human adults, the E/A ratio is generally <0.30 (Figure 

2.3). 

 

Myocardial deformation in diastole (i.e. the rate of chamber expansion) can be assessed 

by ventricular parameters such as the tissue Doppler diastolic velocity, and the speckle-

based global longitudinal diastolic strain rate and global longitudinal diastolic velocity. 

Combining ventricular inflow and strain characteristics provides useful information 

about ventricular relaxation and compliance properties, as exemplified by studies of the 

normal zebrafish heart (Figure 2.4). Detailed analysis of diastolic parameters may also 

be useful to distinguish between fundamental defects of left ventricular compliance and 

of atrial function. For example, in the setting of a reduced myocardial diastolic 

deformation response in late diastole, a primary atrial myopathy would be accompanied 

by reduced pulsed-wave peak A-wave velocity while preserved A-wave velocities 

would suggest impaired left ventricular compliance during late diastole (i.e. increased 

passive ventricular stiffness).  

 



 
 

80 

 
 

Figure 2.4: Assessment of diastolic function in a zebrafish. (A) Schematic showing 
ventricular inflow through the atrioventricular valve (quantified using pulsed-wave Doppler) and 
ventricular deformation. The latter can be assessed using parameters such as global 
longitudinal strain rate (overall ventricular deformation) or tissue Doppler (ventricular 
deformation in the myocardium adjacent to the atrioventricular annulus). (B) Schematic 
representation of blood flow (red arrows) and myocardial deformation (blue arrows) in the atrium 
(a) and ventricle (v) in a normal zebrafish heart. In each panel, the position of the chamber wall 
in the preceding phase of the cardiac cycle is represented by the dashed line. During early 
diastole, ventricular relaxation is associated with an outwards deformation of the myocardium, 
followed by early ventricular filling which is represented by the E-wave on pulsed-wave Doppler 
and outward deformation (SRe). During late diastole, ventricular filling due to atrial contraction is 
represented by the A-wave on pulsed-wave Doppler, with a corresponding further outward 
movement of the ventricular myocardium (SRa). Comparing the peak E-wave and peak A-wave 
with the corresponding ventricular deformation parameters (SRe or SRa, respectively) may 
provide insights into ventricular compliance properties. 
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2.9. Limitations of echocardiography in small animals 

 

Variability, due to biological, technical, and operator factors, is an important issue when 

performing echocardiographic studies in small animals. Although genetic and 

environmental factors can be more tightly controlled in animal models than in human 

subjects, there is still physiological variability within and between animals that can 

affect echocardiographic measurements. In contrast with humans, a distinguishing 

feature of echocardiography in small animals is the requirement for anaesthesia to 

facilitate tolerability of the procedure and technical feasibility. Anaesthetic agents can 

directly affect heart rate and myocardial contractile function, and can confound 

assessment of myocardial phenotypes. There is also a significant learning curve for 

acquiring high-quality images and for reproducible data analysis in small animals. To 

facilitate repeatability and translatability of results between different institutions, steps 

should be taken to limit the impact of variability. This includes undertaking randomised 

and blinded studies that are adequately powered and standardised for age, sex and 

background strain, standardising and minimising anaesthetic dose and duration, 

avoiding data collection during an operator‘s learning curve, and assessing operator 

variability by reporting inter-observer and intra-observer agreement.  

 

Specific care is needed when using deformation (strain) parameters in small animal 

echocardiography, as myocardial strain properties differ according to the muscle layers 

interrogated (Rademakers et al., 1994). Systems that calculate measurements based on 

one particular layer of the myocardium would vary from another system that evaluates a 

different layer. Variability of measurements performed on the same echocardiography 

machine can be improved by automation of strain protocols, but inter-vendor variability 

is still significant, and has been shown to complicate interpretation of results arising 

from different analysis programs (Nagata et al., 2015). This remains a problematic area 

in small animal echocardiography. Due to the anatomical factors, such as a relatively 

posterior position of the heart, and limited spatial resolution, assessment of atrial size is 

challenging in small animals. Size estimation of the irregular, bi-lobed single atrium in 

zebrafish is particularly problematic because geometric shape assumptions cannot be 

applied. Similarly, in the mouse, the anatomical position of the right ventricle often 

precludes accurate assessment of chamber size and function.  
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2.10. Future directions 

 

Achieving higher image clarity is an ongoing quest of ultrasound imaging. In the field 

of light microscopy and imaging, techniques such as photo-activated localisation 

microscopy and other methods of super-resolution, through spatial or temporal 

summation of standard resolution images in order to produce a super-resolved image, 

have allowed greater resolution than would be expected according to Abbe‘s Law. 

Similar ideas can be applied to sound waves to enhance the resolution of ultrasound 

(Cox and Beard, 2015). One promising technique is the signal-averaging of ECG-gated 

images obtained over multiple heart beats in order to produce a super-resolved cine 

video (Ketterling and Aristizábal, 2009). This concept, known as ECG-gated Kilohertz 

Visualisation (EKV), has been employed in certain high frequency ultrasound systems 

to allow for increased temporal and spatial resolution imaging. The temporal resolution 

of B-mode images obtained using this method can reach up to 10,000 fps. Applied to 

clinical echocardiography, this may allow much better resolution of important 

structures, such as cardiac valves, but will significantly increase study duration.  

 

Super-resolution ultrasound, however, is still in its formative stages. High temporal 

frame rates and the use of point scatterers of ultrasound such as microbubbles, similar to 

the fluorescent point scatterers of light used in photo-activated localisation microscopy, 

have allowed characterisation of intracranial blood vessels (Errico et al., 2015). One 

disadvantage with this technique is that the summation of multiple images would likely 

result in long scanning times. This technique also requires intravascular access, and is 

unlikely to be a practical option in many species used in preclinical research.  

 

CMR measurements of cardiac dimensions and function have superior spatial resolution 

when compared with ultrasound. Many of the modalities offered by echocardiography 

(including strain) have an analogous modality in CMR. Although rodent CMR has been 

reported, several factors limit its potential widespread use. On top of the considerable 

infrastructure and operating costs, CMR studies often require deeper sedation or 

anaesthesia than that required in echocardiography, an issue that can significantly 

confound studies of systolic and diastolic function. Temporal resolution in CMR 

remains lower than that of echocardiography and this is a very important limiting factor 

in rodent studies due to the very high resting heart rates.  
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2.11. Conclusions 

 

Therefore, echocardiography remains an important, relevant and useful imaging 

modality in cardiovascular research. Technological developments in cardiac imaging 

have facilitated high quality in-vivo cardiac phenotyping and have underpinned many 

new discoveries in cardiovascular medicine. Contemporary high frequency 

echocardiographic systems, utilising transducer frequencies of 40 to 70 MHz and B-

mode frame rates in excess of 300 fps, have provided unprecedented opportunities to 

study human heart disease in a range of small animal models. The ability to generate 

and study clinically relevant animal models is vital for elucidating primary pathogenetic 

factors, effects of lifestyle factors and the efficacy of therapeutic interventions. 

Continued collaborative interactions between users of echocardiography in the clinical 

and research communities, as demonstrated in the projects detailed in the remainder of 

this thesis, will help promote methods development, enrich mechanistic studies and 

foster translational outcomes.  
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Chapter 3. Materials and Methods 

 

3.1. Overview of Chapter 3 

 

This chapter will present the materials and methods used to perform studies involving 

zebrafish models of cardiac disease. It will provide background to the laboratory 

methods that have enabled structural and molecular phenotyping of zebrafish. For the 

more specialised molecular techniques, I am indebted to members of the Fatkin 

Laboratory, including Dr Inken Huttner (senior postdoctoral scientist) and Ms Celine 

Santiago (former research assistant, and current PhD student) for their assistance with 

performing zebrafish husbandry, breeding, genotyping, and animal experiments. In the 

subsequent results chapters, I will specifically acknowledge the figures that report 

results derived from specialised molecular experiments performed by others in the 

Fatkin Laboratory. The illustrations, figures and tables derived from echocardiography 

and/or physiological experiments, as well as the analysis and interpretation of all data in 

this thesis are my own original work.  

 

3.2.1. Zebrafish husbandry 

 

All experiments using zebrafish were performed in accordance with institutional 

guidelines and were approved by the Garvan Institute of Medical Research and St 

Vincent‘s Hospital Animal Ethics Committee and the Institutional Biosafety Committee 

(Zebrafish AEC 15_18). Zebrafish were raised and maintained according to standard 

procedures (Westerfield, 2000). Water quality in the Victor Chang aquarium is 

continually monitored. Concentrations of Ammonia, Nitrate, Nitrite, Iron and Copper 

are tested weekly using commercially available testing kits by dedicated Victor Chang 

Cardiac Research Institute aquarium staff. Particulates in the system water are removed 

by mechanical filtration, and pathogens such as bacteria and viruses eliminated using 

ultraviolet irradiation of circulating water to maintain optimal water quality. 

Temperature is continually monitored and an alarm is sounded if the water temperature 

deviates from its set point (28ºC) by more than 1ºC.  
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3.2.2. Zebrafish breeding 

 

Zebrafish embryos from the lines described in this chapter were produced in the 

aquarium facility. Fertilised eggs were obtained by mating a zebrafish pair (1 male, 1 

female) in a specialised mating tank. The zebrafish were placed in the mating tank in 

fresh system water on an aquarium laboratory bench on the afternoon prior to the day 

the embryos were required. The following morning, the fish spawn, after which the eggs 

settle to the bottom of the tank. The fish were returned to the rack and the eggs carefully 

harvested by pouring the water from the mating tank through a mesh ―tea-strainer‖. The 

eggs were then incubated in a petri dish containing buffered water. The majority of the 

breeding of the zebrafish used in the studies contained in this thesis was performed by 

other members of the Fatkin Laboratory at the Victor Chang Cardiac Research Institute. 

 

Embryos raised to adulthood were kept in petri dishes in an incubator until the stage of 

free feeding (7 days post fertilisation), when they were transferred onto the main 

aquarium system in 3-10 L tanks. Tanks were cleaned daily and fish fed with three daily 

feeding cycles using specialised larval, juvenile and adult diets. As stocking density and 

temperature play a role in determining zebrafish size (Hazlerigg et al., 2012), zebrafish 

were raised at a standardised density of 10 fish per 3 L tank containing fresh system 

water kept at 28°C. 

 

3.2.3. Transgenic zebrafish lines 

 

3.2.3.1. Conditional transgenic diphtheria toxin A induced 

cardiomyopathy 

 

As part of the original validation of the zebrafish echocardiography method (results 

detailed in Chapter 4), I employed the Tg(cmlc2:CreER;bactin2:loxP-mCherry-STOP-

loxP-DTA176)
pd36 

transgenic zebrafish model (Figure 3.1) as a positive control model. 

This transgenic line was kindly provided by Dr Kazu Kikuchi (Victor Chang Cardiac 

Research Institute, Sydney, NSW, Australia) and Professor Ken Poss (Duke University 

Medical Center, Durham, NC, USA). As previously published by J. Wang and 
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colleagues, in a paper of which Professor Ken Poss was senior author and Dr Kazu 

Kikuchi was co-author, this transgenic line results in cardiomyocyte-specific expression 

of diphtheria toxin A after exposure to 4-hydroxytamoxifen (4-HT). Cardiomyocyte-

specific DTA toxin expression then resulted in significant cardiomyocyte death (Wang 

et al., 2011).  

 

 
 
Figure 3.1: The Tg(cmlc2:CreER;bactin2:loxP-mCherry-STOP-loxP-DTA176)

pd36 
zebrafish 

model of conditional diphtheria toxin-induced myocarditis. 4-hydroxytamoxifen (4-HT) 
induces diphtheria toxin A (DTA) expression; cardiomyocyte-specific Cre recombinase 
expression limits this to cardiomyocytes. The above is a diagram I put together to help illustrate 
the key concepts of this model. It is modified from a figure published by the creators of this line 
in their original report: Wang J, et al. Development. 2011;138:3421-3430 (Wang et al., 2011).  

 

Figure 3.1 details how cardiomyocyte-specific cell death via DTA was facilitated by 

crossing two transgenic zebrafish lines. The first transgenic line has a 4-

hydroxytamoxifen (4-HT)-inducible Cre recombinase (CreER) that has a cmlc2 

promoter so that expression of CreER only occurs in cardiomyocytes (Kikuchi et al., 

2010). This was crossed with a second line (bactin2:loxp-mCherry-STOP-loxp-DTA) 

that causes diphtheria toxin A expression in CreER-expressing cells upon 4-HT 

injection. The β-actin2 promoter fragment ensured that expression occurred in 

cardiomyocytes within the myocardium (Kikuchi et al., 2010). Ventricular myocyte cell 

death was observed by day 2 following 4-HT exposure on TUNEL staining. The authors 

found that by day 7 post 4-HT exposure, 61% of the myosin heavy chain (MHC) 

positive or phalloidin-stained myocardium was depleted from ventricular sections which 

corresponded to a 71% loss of the original number of cardiomyocytes. 

 

These transgenic zebrafish are rare and notoriously difficult to breed. Only male fish 

carry the required mutation. As a result, only 8 male adult zebrafish were used in our 

study.  
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These zebrafish received baseline echocardiography before exposure to either 

1.5µmol.L
-1

 4-HT (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 100% ethanol, or 

vehicle alone. Treatment was administered to fish housed in individual 100 mL glass 

beakers for 12 hours before recovery in fresh system water. These beakers were covered 

at night and protected from light sources. The treated fish were then taken out of 4-HT 

solution, rinsed in standard system water and returned onto the main aquarium racks in 

single tanks. Fish underwent repeat echocardiography on day 7 post exposure to 

document changes in cardiac function (Figure 3.2).  

 

 
 

Figure 3.2: 4-HT protocol to induce diphtheria toxin A expression in cardiomyocytes in 
the Tg(cmlc2:CreER;bactin2:loxP-mCherry-STOP-loxP-DTA176)

pd36 
transgenic zebrafish 

model. The repeat evaluation of cardiac function was performed 7 days after the original 
exposure to 4-HT, a time-period that coincided with approximately 70% cardiomyocyte ablation 
in the original paper. 

 

The extent of viable heart tissue was quantified by determining the ratio of tissue 

expressing mCherry (viable cardiomyocytes without DTA expression) to the amount of 

tissue in the entire ventricle. Areas of the image that did not appear fluorescent red 

(DTA present) were considered to represent ―dead tissue‖. All images were analysed 

using FIJI ImageJ version 1.48k (National Institutes of Health, 

https://imagej.nih.gov/ij/). 

https://imagej.nih.gov/ij/
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3.2.3.2. Zebrafish with titin truncating mutations 

 

During my time at the Victor Chang Cardiac Research Institute, I was privileged to have 

the opportunity to study the following transgenic zebrafish lines that each carried 

truncating mutations located in different parts of the zebrafish titin ttna gene (Figure 

3.3): 

 

1. Mutant 1 (ttna
uq22ks

): truncation located in exon 5, in the Z-line. 

2. Mutant 2 (ttna
e105-tv

): truncation located in exon 105 the distal I-band. 

3. Mutant 3 (ttna
hel

): truncation thought to be located in the proximal A-band. 

4. Mutant 4 (ttna
e-201-tv

): truncation located in exon 201, in the A-band. 

 

 
 
Figure 3.3: The four zebrafish titin ttna gene truncating mutants that were studied in this 
thesis, and the locations of their truncating mutations relative to the full amino acid 
sequence of the zebrafish titin-a (ttna) protein, with the N-terminus (NH2-) located on the 
left and the C-terminus (-COOH) located on the right. A full length ttna protein is shown, as 
is the partial length isoform Cronos, whose “masked” internal promoter is present in the distal I-
band. Mutant 1 (ttna

uq22ks
) is located in the area of the Z-line. Mutant 2 (ttna

e105-tv
) is in the distal 

I-band located upstream from the internal promoter for Cronos. Mutant 3 (ttna
hel

) has not been 
definitively sequenced, but there is very strong evidence for its position shown in the diagram 
above, in the proximal A-band, downstream from the position of the internal promoter for 
Cronos. Mutant 4 (ttna

e201-tv
), the mutant that closely resembles two key human families of 

interest where volume overload precipitated an early, accelerated severe dilated 
cardiomyopathy phenotype, and the subject of study in Chapter 7, is located in the middle of the 
A-band. 
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3.2.3.2.1. ttnauq22ks: truncation located in exon 4, in the Z-line 

 

This zebrafish titin truncating mutant was provided to Professor Diane Fatkin and Dr 

Inken Huttner to study at the Victor Chang Cardiac Research Institute as a generous gift 

by Dr Kelly Smith (Institute for Molecular Bioscience, University of Queensland, 

Brisbane, Australia). Dr Kelly Smith identified this mutant in an ENU (N-ethyl-N-

nitrosourea) screen aimed at identifying cardiac and lymphatic development mutants 

(Koltowska et al., 2015). The description of the homozygote embryonic cardiac 

phenotype at the time of screening was that at 2 days post fertilisation, there was no 

looping of the developing heart and severely impaired ventricular function. The location 

of the mutation on chromosome 9 is indicated by the following nomenclature:  

 

Chr9:44140074 G>T (Zebrafish build genome, version 9). 

 

Figure 3.4 shows part of the sequence of exon 5 of the zebrafish ttna gene on 

Chromosome 9 The location of this genetic change in the zebrafish is analogous to a 

sequence in human exon 5, an exon that is highly utilised (percent spliced in, PSI: 1.00) 

and present in virtually all titin isoforms.  

 

 
Figure 3.4: Part of the normal reading frame of exon 5 of the zebrafish ttna gene, 
identifying the position where the point mutation occurs in the ttna

uq22ks
 mutant (in red). 

This guanine nucleotide (G) undergoes a point mutation to thymine (T) at the amino acid G, 
which leads to a premature stop codon (TAA) after the preceding triplet GAA (encoding 
glutamate). 
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3.2.3.2.2. ttnahel: truncation located in proximal A-band  

 

This previously published zebrafish titin ttna gene truncating mutant (Myhre et al., 

2014) was provided to Professor Diane Fatkin and Dr Inken Huttner at the Victor Chang 

Cardiac Research Institute as a generous gift by Professor David Pilgrim (University of 

Alberta, Edmonton, Canada). The zebrafish herzschlag mutant was originally identified 

by the Nüsslein-Volhardt lab (Chen et al., 1996, Granato et al., 1996). This strain, which 

was imported into the Victor Chang Cardiac Research Institute, was then crossed in our 

lab with the zebrafish TE strain, a commonly used wildtype line derived from the 

original TU (Tuebingen) zebrafish strain. Myhre and colleagues previously established, 

through microsatellite mapping with simple sequence length polymorphism markers, 

that the herzschlag mutation is an allele of the ttna gene on zebrafish chromosome 9 

(Myhre et al., 2014). The homozygous herzschlag mutant phenotype includes skeletal 

muscle paralysis, bradycardia, small head and eyes, and pericardial effusion.  

 

Although its exact genetic locus remains unknown, it is now established that the 

truncation likely lies in the early A-band of ttna, downstream from the internal promoter 

for the Cronos isoform that was identified by Zou and colleagues (Zou et al., 2015). 

There is a very strong scientific rationale for this. Reduced twitch response is a finding 

consistent in all ttna truncating mutations located downstream from the internal 

promoter for Cronos, while truncating mutations located upstream from the internal 

promoter for Cronos have an intact twitch response (Zou et al., 2015). Homozygous 

mutants carrying the herzschlag allele have reduced twitch response following 

dechorionation, a finding seen both by Myhre and colleagues (Myhre et al., 2014) and 

in our laboratory (Dr Inken Huttner, unpublished), confirming that the mutation position 

in this mutant is downstream from the Cronos promoter. Heterozygotes carriers for the 

herzschlag mutation were identified through assortative mating and phenotypic 

correlation of embryo offspring. Embryos homozygous for the herzschlag allele display 

a severe cardiomyopathy phenotype during early embryonic life, and their presence is 

only possible if both parents were heterozygous for the herzschlag allele, with an 

expected 25% of fertilised eggs being homozygous as per Mendelian ratios. 
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3.2.3.2.3. Novel zebrafish ttna mutants  

 

Two completely novel zebrafish ttna mutants were created. In both these mutants, the 

truncation in the titin ttna gene was modelled so that it occurred in the homologous 

position as a novel human TTN truncating variant identified in a familial dilated 

cardiomyopathy kindred being investigated at the Victor Chang Cardiac Research 

Institute and St Vincent‘s Hospital Sydney. The pedigrees of these families are shown 

in Figure 3.5 on the next page.  

 

3.2.3.2.4. ttnae105-tv: truncation located in exon 105, in the distal I-band  

 

This mutant was a novel zebrafish mutant created by Dr Inken Huttner in the Fatkin 

Laboratory. This zebrafish line was modelled on a human titin truncating variant carried 

by members of a family that was studied by Professor Diane Fatkin (Family P, Figure 

3.6), where individuals affected by dilated cardiomyopathy carried the titin truncating 

mutation, TTNtv p.Y13945* (meta-transcript nomenclature), which is in exon 227, a 

highly-conserved exon (PSI: 0.98) in the distal I-band. 
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Figure 3.5: Pedigrees of familial dilated cardiomyopathy kindreds harbouring a human truncating TTN mutation. These human titin truncating 
mutations were modelled in zebrafish. (A) Family P is a very large family associated with the titin truncating mutation, TTNtv p.Y13945* (meta-transcript 
nomenclature). This mutation was modelled in the zebrafish mutant ttna

e105-tv
 (known as Mutant 2). (B) Both Family EA and BR harboured the same titin 

truncating mutation, TTNtv p.R26331* (meta-transcript nomenclature). This mutation was modelled in the zebrafish mutant ttna
e201-tv

 (known as Mutant 4). In 
all three kindreds, the genotype status (+ positive carrier of the titin truncating mutation Y12304*, - non-carrier of disease causing allele) and presence of 
dilated cardiomyopathy (black: affected individual) are depicted across all generations. Grey: unknown. The diagonal lines indicated deceased individuals. 
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3.2.3.2.5. ttnae201-tv: truncation located in exon 201, in the A-band 

 

This mutant was a second, novel zebrafish mutant created by Dr Inken Huttner in the 

Fatkin Laboratory, modelled on a human titin truncating variant that was carried by 

members of two unrelated families (Family EA and Family BR, Figure 3.5) studied by 

Professor Diane Fatkin. Individuals from both families that were affected by dilated 

cardiomyopathy were found to be heterozygous carriers of the titin truncating mutation, 

TTNtv R.26331* (meta-transcript nomenclature). This mutation is in exon 326 (out of 

363 exons in the human TTN gene). Exon 326 is the largest exon of titin and is a highly-

conserved exon (PSI: 0.95) in the mid A-band.  

 

3.2.3.2.6. Creation of ttna mutant line ttnae105-tv and ttnae201-tv  

 

The two ttna mutant zebrafish lines described above were generated by Dr Inken 

Huttner in the Fatkin Laboratory (Victor Chang Cardiac Research Institute, Sydney, 

Australia) on the TE zebrafish strain background using Transcription Activator-Like 

Effector Nuclease-mediated genetic engineering. This method was reported by Ma and 

colleagues (Ma et al., 2016). TALEN pairs targeting the ttna gene (Seeley et al., 2007) 

at exon 105 (ENSDARE00000922086) and exon 201(ENSDARE00000440246) were 

designed using TAL Effector Nucleotide Targeter (https://tale-nt.cac.cornell.edu) and 

assembled using the Golden Gate kit (Addgene, Cambridge, MA, USA)(Cermak et al., 

2011). 

 

The TALEN sequences are described as follows: 

 

ttnae105: T GGCAAAGAGATCACA cttacagtcaagaat GCTCAACCTGATGATATTGG A 

ttnae201: T GTGGAGCAACCATGTTCAAAG ttacaaagcttctaaa AGGAAATGAATATAT A 

 

Capped mRNAs were synthesised using mMESSAGE mMachine T3 (Ambion, 

Pittsburgh, PA, USA) and injected into single-cell stage embryos. Successful 

mutagenesis was confirmed by PCR followed by digestion with restriction enzymes. 

Two mutant alleles that resulted in 2 different shifts of reading frame for each mutant 

locus were selected, which resulted in identical embryonic phenotypes so detailed adult 

https://webmail.victorchang.edu.au/owa/redir.aspx?C=ROHx5_jDPKCN_vPHd4T06DIAaJr3OGSRVPuyPjt9RiEBsyr72q7UCA..&URL=https%3a%2f%2ftale-nt.cac.cornell.edu
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studies were performed on one mutant line per locus only. ttna
e105-tv

 carried a 7-

nucleotide deletion resulting in a frame shift and premature stop codon at the same 

corresponding amino acid as the TTN stop mutation found in Family P (Y13945*) 

(Figure 3.6). ttna
e201-tv

 carried an 8-nucleotide deletion resulting in a frame shift and 

premature stop codon 22 amino acids downstream from the TTN stop mutation in 

families BR and EA (R26331*) albeit in the same exon (Figure 3.7). Stable mutants 

were generated by outcrossing F0 injected fish to wildtype to select F1 founders 

followed by genotyping and analysis of F2 and F3 offspring. In stable ttna mutant lines, 

homozygous and heterozygous zebrafish were born in normal Mendelian ratios.  

 

 
 

Figure 3.6: Genomic DNA sequencing trace of ttna
e105-tv 

carrier showing a 7-nucleotide 
deletion in exon 105 introduced via TALEN technology. The protein sequence of human 
TTN and zebrafish ttna (both wildtype and mutant gene products) is shown. * indicates the 
premature STOP codon.  

 

 

 
 

Figure 3.7: Genomic DNA sequencing trace of ttna
e201-tv 

carrier showing an 8-nucleotide 
deletion in exon 201 introduced via TALEN technology. The protein sequence of human 
TTN and zebrafish ttna (both wildtype and mutant gene products) is shown. * indicates the 

premature STOP codon. 
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3.2.3. Zebrafish fin clipping to enable genomic DNA extraction.   

 

Genotyping was performed on zebrafish tissue obtained from fin clipping, which was a 

once-only procedure performed under brief anaesthesia using 1.5 mmol.L
-1

 (0.04%) 

tricaine. Once unconscious, the zebrafish was netted and placed on its side in a Petri 

dish and a small piece (~2 mm) of the tail fin was amputated using a clean scalpel. A 

diagonal cut was made below the midline fin vessels. This reduced bleeding from the 

procedure and minimised the impact on the zebrafish‘ swimming ability. The fin sample 

was placed in a small specimen tube for analysis. The zebrafish was returned to fresh 

system water for recovery and temporary monitoring in single tanks. The partially 

amputated tail fin regenerated within a few weeks after the procedure. 

 

3.3. Zebrafish genotyping 

 

The zebrafish tissue obtained from fin clipping was then used for genotyping. The DNA 

was first amplified using the standard technique of polymerase chain reaction (PCR) 

and restriction fragment length polymorphism (RFLP) was then performed, which 

characterises DNA based on the size of fragments that result from digestion of the DNA 

with a restriction enzyme. The steps are detailed below. 

 

3.3.1. Polymerase Chain Reaction (PCR)  

 

Table 3.1: PCR procedure performed on the Bio-Rad T100 Thermal Cycler 

Step PCR Operating conditions  

Initialisation 95ºC for 3 minutes  
   
Denaturation 95ºC for 30 seconds  

 
In total 43 cycles of 
denaturation, annealing and 
extension 

Annealing 67ºC for 30 sec (with the 
temperature decreasing by 
0.7ºC degrees each cycle for 
13 cycles until the annealing 
temperature reaches 57ºC), 
followed by 55ºC for 30 more 
cycles 

Extension 72ºC for 45 sec 
   
Final elongation 72ºC for 10 minutes  
Final hold 12ºC indefinitely  
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PCR was performed on the Bio-Rad T100 Thermal Cycler (Bio-Rad Laboratories Pty 

Ltd, www.bio-rad.com). Table 3.1 details the touch-down program that was used. 

 

The PCR mix containing the following dNTP, fast start taq DNA polymerase, 

magnesium chloride and buffers from Roche Holding AG (www.roche.com) was 

prepared and added to zebrafish DNA. 

 

Ingredients 

 

The following ingredients were included in each well: 

 

 2 µL Fast start buffer (containing MgCl2) 

 4 µL (dNTP mix, 1mmol.L
-1

) 

 0.7 µL F1 (forward) primer 

 0.7 µL R1 (reverse) primer 

 0.2 µL Fast start taq DNA Polymerase enzyme 

 9.4 µL MilliQ-H2O 

 3 µL genomic DNA (from zebrafish fin clipping) 

 

3.3.2. Primer Pairs 
 

Table 3.2: Primers used for genotyping ttna
uq22ks

, ttna
e105-tv

 and ttna
e201-tv

. 

Primers Genetic code (from 5'-3') 

Ttna
uq22ks

 

ttna-exon3_F TTGTTCAAGATGGAGACCTTTACA 

ttna-exon5_R GAAAACTTCAGACACGTTACCTG 

  
ttna

e105-tv
  

ttna-intron104_F1 tgcctacagaaattctttatggttgt 

ttna-intron105_R1 agagaaaacaaaaacaatcttcttcaa 

 
ttna

e201-tv
  

ttna-exon201_F3 AACCTATGAGGTTGCTTCAG 

ttna-exon201_R3 ACGTAGGTCTGTGACTCTGC 

 

http://www.bio-rad.com/
http://www.roche.com/


 

97 

The primer pairs used for genotyping are listed in Tables 3.2 and 3.3. Restriction digest 

was performed with MboII, HpyCH4III and HindIII (New England Biolabs, MA, USA) 

for ttna
uq22ks

, ttna
e105-tv

 and ttna
e201-tv

, respectively. 

 

Table 3.3: Primers used for genotyping the corresponding positions of the mutations 
found in ttna

uq22ks
, ttna

e105-tv
 and ttna

e201-tv
 in the zebrafish ttnb gene to ensure that 

zebrafish ttnb was unaltered at these locations.  

Primers Genetic code (from 5'-3') 

Ttna
uq22ks

 

ttnb-intron4_F TGGTTTCACCCAAATTTCAC 

ttnb-exon6_R CTTTAACAGGCCTCACAGGA 

  
ttna

e105-tv
  

ttnb-intron47_F1 acagcccttttgaattcaccc 

ttnb-intron48_R1 tggtagaacagtccacagtca 

 
ttna

e201-tv
  

ttnb-exon147_F1 TTCTCCAGCTCAATAATATTGC 

ttnb-exon147_R1 GGGGATCCTGGATGAATAAATG 

 

3.3.3. Restriction digest procedure: 

 

The following ingredients were included in each well: 

 

 0.2 µL MboII, HpyCH4III and HindIII (New England Biolabs, MA, USA) for 

ttna
uq22ks

, ttna
e105-tv

 and tna
e201-tv

, respectively. 

 1.0 µL Cutsmart buffer (New England Biolabs) 

 3.8 µL MilliQ H2O 

 5.0 µL PCR product 

 

Procedure 

This mix was incubated at 37ºC for 2 – 3 hours. After the restriction digest, the DNA 

was analysed using agarose gel electrophoresis. The PCR products were run on 

ethidium bromide-stained 1.5% agarose in TAE buffer (Tris base, acetic acid and 

EDTA) for 30 minutes at 130 volts. Wildtype zebrafish, which carry two copies of the 

normal ttna gene, were identified by two bands as the restriction enzyme cuts the 

normal ttna DNA fragment into two different-sized strand lengths (the size of the band 
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depended on the restriction enzyme used). Heterozygous zebrafish carry a single copy 

of the normal ttna gene and a copy of the truncated gene. As a result, they show three 

bands (the two bands seen in the wildtype, and a third band which is the truncated 

sequence).  

 

3.4. Stress experiments for wildtype zebrafish and ttna mutants 

 

3.4.1. Haemolytic anaemia-induced volume overload 

 

A haemolytic anaemia-induced volume overload model was first employed as a positive 

control model in assessing whether high frequency echocardiography was able to detect 

the augmented hyper-dynamic response associated with volume overload in normal 

wildtype zebrafish. Later, this anaemia model was used as the method of inducing 

volume overload stress in ttna
e201-tv

 heterozygotes.  

 

Phenylhydrazine hydrochloride (PHZ; Sigma-Aldrich, St. Louis, MO, USA) was used 

to induce chronic haemolytic anaemia. This method was first reported by Sun and 

colleagues (Sun et al., 2009). Male wildtype fish (aged 6 months), housed in individual 

100 mL glass beakers, were exposed to increasing doses of PHZ every second day for 

an 18-day period as described (Sun et al., 2009), with the following protocol 

modifications implemented to improve acclimatisation and prevent mortality: day 1 - 

1.0 µg.mL
-1

, 30 minutes; day 3 - 1.5 µg.mL
-1

, 30 minutes; days 5, 7 - 1.5 µg.mL
-1

, 1 

hour; days 9, 11, 13, 15 - 2.0 µg.mL
-1

, 1 hour. Echocardiography was performed before 

(day 1) and after PHZ treatment (day 18).  

 

3.4.2. Adrenaline exposure 

 

To assess the ability of wildtype zebrafish to augment their heart rate and systolic 

contractile function in response to adrenergic stimulation, ten wildtype zebrafish were 

exposed to adrenaline (Aspen Pharmacare Australia Pty Ltd) at two different drug 

concentrations (100 μmol.L
-1

 and 500 μmol.L
-1

)
 
by immersion

 
in individually labeled 

beakers for short periods of time of up to 10 minutes. Fish then underwent 
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echocardiography under the standard sedation anaesthetic protocol described in detail in 

Chapter 4, with the only difference being that the anaesthetic solution also contained the 

same target concentration of adrenaline as the original beaker. Following measurement 

of heart rate and ejection fraction, the zebrafish were placed in recovery tanks 

containing normal aquarium system water for observation, and then returned to their 

usual aquarium tanks. There was no morbidity or mortality during this procedure. 

 

3.5. Histopathology 

 

3.5.1. Tissue harvesting and preparation 

 

Zebrafish, the hearts of which were marked for tissue harvesting, were euthanised by 

lethal overdose of Tricaine anaesthetic (MS222; 3-aminobenzoic acid ester). This was 

done by immersion in a 7.5 mmol.L
-1

 (0.2%) solution of tricaine. After a period of at 

least 10 minutes following cessation of gill movement, the fish are removed for 

dissection or fixation. Zebrafish hearts were then explanted for histological analysis. 

Explanted hearts were fixed in 4% paraformaldehyde for 1 hour at room temperature, 

washed 3 times in phosphate-buffered saline (pH 7.2) before being placed in 30% 

sucrose overnight. Hearts were then embedded in optimal cutting temperature 

compound and frozen on dry ice and stored at -20°C. Frozen tissue was sectioned at 10 

µm and imaged on a fluorescence microscope (Zeiss Axioplan2IE Motorized 

Microscope System, Scientific Imaging Corporation, California, USA). Sections 

representative of the entire heart were imaged at 20 times magnification.  

 

3.5.2. Haematoxylin and Eosin staining 

 

For Haematoxylin and Eosin staining, slide-mounted 7 µm frozen adult heart sections 

(obtained as outlined above) were re-fixed in 70% ethanol for 30 seconds and rinsed 

with double distilled water before immersion in Mayer‘s Haematoxylin (Sigma-

Aldridge) for 1 minute. Haematoxylin was removed using running distilled water before 

sections were briefly immersed in Eosin Y solution (Sigma-Aldridge). Tissue sections 

were dehydrated in 95% then 100% ethanol, immersed in two changes of xylene, before 
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slides were mounted with DEPEX mounting medium (Ajax Finechem; Thermo Fisher). 

Sections were imaged using a bright-field microscope (DM4000 B LED; Leica, 

Wetzlar, Germany). 

 

3.5.3. Picro-Mallory staining 

 

For Picro-Mallory staining, slides were dried and washed in distilled water before 

immersion in Bouin‘s fixative at 70ºC for 1.5 hours. Slides were rinsed in distilled 

water, placed in 95% ethanol for 5 minutes, immersed in picro-orange for 5 minutes, 

and then immediately placed in red stain for 8-10 minutes. Stain was rinsed off with 

0.5% acetic acid. Slides were dipped several times into yellow differentiator before 

being rinsed in distilled water. Slides were then placed in blue stain for 20 seconds, 

rinsed again with 0.5% acetic acid, then placed into blue differentiator for 1 – 2 minutes. 

Blue differentiator was rinsed off with distilled water. Slides were briefly dipped in 

95% ethanol then rinsed in 100% ethanol twice, cleaned with xylene twice, before 

mounting with DEPEX (Ajax) and imaging using a brightfield microscope (DM4000 B 

LED; Leica).  

 

Collagen content in Picro-Mallory stained heart sections was determined using a custom 

macro written by Ms Celine Santiago (then Research Assistant, Victor Chang Cardiac 

Research Institute) in FIJI Image J2, quantifying the proportion of collagen (blue tissue) 

vs. normal myocardium (yellow). Blue and yellow RGB values were set by averaging 

two randomly selected regions of equal dimension in either the collagen-rich bulbus 

arteriosus or the collagen-poor trabeculated ventricular myocardium. Blue tissue content 

in compact and trabeculated ventricular myocardium was calculated using colour 

deconvolution. Values from three repeat calculations per tissue section, and two tissue 

sections per heart were averaged (N=3 per genotype). 

 

Collagen content for each section was calculated according to the following formula:  

 

                             ( )   
                                        

                 
 

 

This allowed an average collagen content for each heart to be calculated. 



 

101 

3.7. Titin protein analysis. 

 

As Western Blotting for titin has been extremely difficult due to the large size of the 

molecule, we collaborated with an expert in titin biology, Professor Wolfgang A. Linke 

(University of Muenster, Germany) and his postdoctoral scientist, Marion von Frieling-

Salewsky. Pellets of pooled, de-yolked zebrafish embryos or isolated adult zebrafish 

hearts and small pieces of adult human donor heart for titin size markers (Neagoe et al., 

2002) were homogenised in a modified Laemmli buffer containing 8 molar urea, 2 M 

thiourea, 3% (w/v) sodium dodecyl sulfate (SDS), 75 mmol.L
-1

 dithiothreitol (DTT), 

0.03% (w/v) bromophenol blue, 10% (v/v) glycerol, and 50 mmol.L
-1

 Tris-HCl, pH 6.8, 

heated for 3 minutes at 96°C, and centrifuged at 14,000 revolutions per minute. Samples 

were loaded onto 2.5% polyacrylamide/1% agarose or 1.8% polyacrylamide/1% agarose 

gels. Proteins were separated by electrophoresis (5 mA constant current for 16 hours), 

and gels stained with Coomassie brilliant blue. Gel images were digitised using the 

LAS-4000 Image Reader (Fujifilm, Tokyo, Japan) and densitometry was performed 

using the manufacturer‘s Multi Gauge V3.2 software, as previously described (Hinson 

et al., 2015). On 2.5% gels, titin protein levels were normalised to those of myosin 

heavy chain as a loading control. 

 

3.8. Videomicroscopy of embryonic heart size and function.  

 

As a supplementary investigation to the adult zebrafish cardiac phenotyping, which 

formed the basis of this thesis, Dr Inken Huttner performed videomicroscopy of 

zebrafish embryos. In order to facilitate this, zebrafish embryos were treated with 1-

phenyl 2-thiourea from 1-day post fertilisation (dpf) to delay pigment formation. 

Videomicroscopy was performed at room temperature using a Leica DM IL inverted 

microscope (Leica Microsystems, Wetzlar, Germany) and a Nikon DS-Qi1MC camera 

(Nikon Instruments, Tokyo, Japan) with NIS Elements AR v.3.1 software (Nikon 

Instruments). Atrial and ventricular chamber contractility were evaluated. End-diastolic 

(EDA) and end-systolic (ESA) chamber areas were derived from short (a) and long axis 

(b) diameters according to the formula:  
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Fractional area change (FAC) was derived using the formula: 
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Chapter 4: Standardised echocardiographic assessment of cardiac 

function in normal adult zebrafish and heart disease models 

 

4.1. Overview of Chapter 4 

 

This results chapter details my development of a standardised method for performing 

zebrafish echocardiography, a program which I pioneered in Australia and spearheaded 

at the Victor Chang Cardiac Research Institute between December 2014 and December 

2017. It also reports several world-first observations regarding cardiac physiological 

insights obtained from zebrafish in normal health as well as in cardiac disease models. 

These include the presence of 1) gender differences in cardiac structure and diastolic 

function in the zebrafish, 2) the importance of standardisation of ventricular chamber 

dimensions to body surface area, and 3) the comparative utility of all modes of 

echocardiography, including their advantages and disadvantages when applied to this 

small aquatic organism. The techniques I developed, as well as the systematic 

comparison of different factors that contribute to variability in measurements and 

methods of minimising this, have being recognised for making a major contribution to 

how this imaging modality should be used in future zebrafish studies (González‐Rosa et 

al., 2017). The work contained in this chapter has been published in its entirety in the 

following two journal articles: 

 

Wang LW*, Huttner IG*, Santiago CF, Kesteven SH, Yu Z-Y, Feneley MP†, Fatkin 

D†. Standardised echocardiographic assessment of cardiac function in normal adult 

zebrafish and heart disease models. Disease Models & Mechanisms. 2017;10:63-76.  

(* co-equal first authors; † co-equal senior authors) 

 

Wang LW, Huttner IG, Santiago CF, Fatkin D. Bradycardia in zebrafish heart failure: 

A true physiological response or anesthetic-induced red herring? Zebrafish. 

2016;13:475-476. 
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4.2. Introduction 

 

Zebrafish are particularly suited to studies of cardiovascular disorders, due to the optical 

transparency of young fish that allows direct visualisation of cardiac function. Although 

embryonic zebrafish are highly informative for investigating cardiac developmental 

processes, the progressive loss of body transparency with increasing age has limited the 

use of zebrafish to study phenotypes in adult hearts. Recently, adult zebrafish have been 

shown to develop profound ventricular remodelling in response to environmental insults 

(Sun et al., 2009, Hein et al., 2015). These important observations provide proof-of-

principle support for the potential utility of zebrafish for modelling a broad range of 

human heart disorders including heritable and acquired cardiomyopathies and post-

infarction myocardial regeneration. Robust methods for in-vivo assessment of the 

mature zebrafish heart are critically required.  

 

Echocardiography is widely used in clinical practice and in mammalian animal models 

to assess cardiac function in-vivo (Gueret et al., 1980, Locatelli et al., 2011, Schiller et 

al., 1983, Tanaka et al., 1996, Watson et al., 2004). As a non-invasive ultrasound-based 

imaging modality, it allows serial assessment of cardiac structure and function. 

Studying an aquatic organism with an adult size ranging from 20 – 40 mm in length is 

not without its challenges, but is now possible through advances in high frequency 

ultrasound (up to 70 MHz, 30 µm axial resolution). Although the use of high frequency 

echocardiography in zebrafish has recently begun to be explored, there is a critical lack 

of standardised approaches for image acquisition and data analysis. Studies to date 

(Table 4.1) have displayed substantial differences in methodology, including scanning 

environment (room air vs. underwater), choice and concentration of anaesthetic agent, 

scanning views and analysis techniques, and fish age, sex and background strain, with 

limited data on quality control and reproducibility (Ernens et al., 2016, González-Rosa 

et al., 2014, Hein et al., 2015, Ho et al., 2002, Huang et al., 2015, Kang et al., 2015, Lee 

et al., 2014, Lee et al., 2016, Parente et al., 2013, Sun et al., 2008, Sun et al., 2015, 

Wilson et al., 2015). 
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Table 4.1: Previously published studies of echocardiography in zebrafish. 

   Anaesthetic Agent     

Study Scanning 
Method 

System Agent Reported Dose Dose 
(mmol.L

-1
) 

WT strain/ 
Age 
(months) 

HR 
(bpm) 

Systolic 
function 
 

PW Doppler 
(mm.s

-1
) 

Ho 
(2002)  

Underwater 
Acuson  
Sequoia  
(7-8.5 MHz) 

2-PE 1 μg.L
-1

* 7.2 × 10
-6

 NA/3-4 
128 ± 14 
(at 25°C) 

NA 
E: 57 ± 6 
A: 154 ± 40 

Sun 
(2008) 

Underwater 
UBM  
(75 MHz) 

Tricaine
†
 

Induction 0.08% 
Scanning 0.04% 

Induction 3.1 
Scanning 1.5 

NA/12 93 ± 25 NA 
E: 36 ± 4 
A: 144 ± 36 

Parente 
(2013) 

Underwater 
Vevo 770  
(50-70 MHz) 

Tricaine
†
 0.04 mg.mL

-1
* 0.15 AB/4-6 NA 

0.29 ± 0.07 
(FAC, epi) 

NA 

González-
Rosa 
(2014) 

Underwater 
Vevo 2100 
(50 MHz) 

Tricaine/ 
Isoflurane

†
 

Tricaine 60μM 
Isoflurane 3mM 

Tricaine 0.06 
Isoflurane: 3 

AB/6-18 NA. 
0.39 ± 0.05 
(FVS, epi) 

NA 

Lee  
(2014) 

Underwater 
Linear array 
(30 MHz) 

Tricaine 0.02% 0.75 NA/>12 NA NA 
E: 11 ± 4 
A: 90 ± 12 

Hein 
(2015) 

Out of water# 
Vevo 2100 
(50 MHz) 

2-PE 1:2000 dilution 0.0036 
TE,Tg(myl7: 
GFP)

f1
/3-6 

91 ± 4 
0.54 ± 0.03  
(EF, epi) 

E: 32 ± 4 
A: 160 ± 12 

Huang 
(2015) 

Underwater 

Single-
element  
transducer  
(80 MHz) 

Tricaine 
0.16% (stock) 
4.2% (working 
solution)* 

6.1 (stock) 
0.26 (working 
solution) 

AB/4-5 124 ± 18 NA 
E: 5 ± 1 
A: 29 ± 7 

Kang 
(2015) 

Underwater 
Linear array 
(30 MHz) 

Tricaine 
Induction 0.08% 
Scanning 0.04% 

Induction 3.1 
Scanning 1.5 

NA/NA NA NA 
E: 18 ± 7 
A: 152 ± 29 

Wilson 
(2015) 

Underwater 
Vevo 770  
(55 MHz) 

Tricaine
†
 4.2%* 1.61 × 10

2
 

Tg(CMLC2: 
GFP)/ ~4 

175 ± 40 
 

0.39 ± 0.04 
(FAC, epi) 

NA 

Sun  
(2015) 

Underwater 
Vevo 2100 
(50 MHz) 

Tricaine 0.16 mg.mL
-1

 0.61 NA/8 97 ± 18 
0.33 ± 0.08 
(FAC) 

E: 16 ± 8 
A: 244 ± 118 

Lee  
(2016) 

Underwater 
Vevo 2100 
(50 MHz) 

Tricaine/ 
Isoflurane 

Tricaine 45 ppm 
Isoflurane 45 ppm 

Tricaine 0.17 
Isoflurane 0.24 

NA/~6 162 ± 32 
0.48 ± 0.03  
(EF) 

E: 52 ± 15 
A: 213 ± 76 

Ernens 
(2016) 

Out of water 
IVUS catheter  
(20 MHz) 

Tricaine 160 mg.L
-1

 0.61 AB/8-10 118 ± 9 
0.28 ± 0.04 
(FS) 

NA 

Reported doses were re-calculated and expressed as mmol.L
-1

 (mM) for comparison with doses used in the present study. * Doses as reported in the original study – differs 
from standard dosage. † No product information provided in paper. # Transducer contact with fish via foil, ultrasound gel required. 2-PE, 2-phenoxyethanol; EF, ejection 
fraction; FAC, fractional area change; FS, fractional shortening; FVS, fractional volume shortening; HR, heart rate; IVUS, intravascular ultrasound; NA, not available; SD, 
standard deviation. “Epi” denotes that an epicardial tracing technique (c.f. tracing of the inner border of the compact myocardium) was used during contractility assessment. 
Data are expressed as mean ± SD. 
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4.3. Aim 

 

The aim of this study was to develop, optimise and validate a protocol for underwater 

zebrafish echocardiography under conditions as close as possible to the normal 

physiological state. This study employed reverse translation of echocardiographic 

principles used in clinical practice, and have adapted these for use in a small aquatic 

organism. It showed that high resolution imaging of adult zebrafish hearts is feasible 

and can provide detailed quantitative assessment of ventricular size and function. This 

study also evaluated indices of ventricular systolic and diastolic performance, and 

determined the effects on these parameters of anaesthetic agent, age, sex, and 

background strain. To investigate whether echocardiography is sufficiently sensitive to 

detect disease-associated changes in myocardial contraction, two models of adult 

cardiac dysfunction were employed: 1) a hypo-contractile model caused by diphtheria 

toxin A (DTA)-induced myocarditis (Wang et al., 2011),
 
and 2) a hyper-contractile  

model resulting from volume overload secondary to phenylhydrazine hydrochloride 

(PHZ)-induced haemolytic anaemia (Sun et al., 2009). This data highlights the exciting 

potential of high frequency echocardiography as a tool for comprehensive in-vivo 

assessment of cardiac function in adult zebrafish.  

 

4.4. Materials and methods 

 

4.4.1. Zebrafish husbandry 

 

Zebrafish were maintained according to standard procedures (Westerfield, 2000). All 

experiments were performed in accordance with institutional guidelines and were 

approved by the Garvan Institute of Medical Research and St. Vincent‘s Hospital 

Animal Ethics Committee and the Institutional Biosafety Committee. In order to 

standardise fish size, zebrafish were raised at a density of 10 fish per 3 L tank 

containing fresh system water kept at 28°C (Hazlerigg et al., 2012). Adult wildtype 

zebrafish of TE background were evaluated (unless specified otherwise). 
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4.4.2. Zebrafish echocardiography 

 

4.4.2.1. Protocol/procedure 

 

Fish were placed in an anaesthetic chamber containing system water with low-dose 

tricaine mesylate at a final concentration of 0.75 mmol.L
-1

 (0.02%, MS-222; Sigma-

Aldrich, St. Louis, MO, USA) (unless specified otherwise) to induce sedation without 

cessation of breathing. Anaesthetised fish were transferred into a scanning chamber, 

containing system water with the same concentration of anaesthetic. The scanning 

chamber consisted of a glass beaker containing a weighted sponge with a groove cut 

into it, which served as a support for the fish while it was undergoing scanning. The fish 

was positioned on the sponge ventral side up, covered by approximately 10 mm of 

water. The ultrasound transducer was then lowered gently into the water over the fish 

with 3 mm clearance of the body (Figure 4.1). Fine adjustments of the transducer head 

position and movement in all three axes were achieved by mounting the transducer on 

to a micro-manipulator (Vevo Imaging Station, VisualSonics, Amsterdam, 

Netherlands). Image acquisition was typically completed within 3 minutes of inducing 

anaesthesia. After echocardiography, fish were placed in an aerated recovery chamber 

containing fresh system water without anaesthetic and monitored. The zebrafish 

generally recovered within 30 seconds to 2 minutes, and there were no deaths. 
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Figure 4.1: Zebrafish echocardiographic imaging. (A) Transducer position for the 
longitudinal axis (LAX) view. (B, C) LAX images, with ventricle (v, red tracing denotes 
epicardium), atrium (a, green tracing) and bulbus arteriosus (b, blue tracing) indicated in (C). (D) 
Transducer position for the short axis (SAX) view. (E, F) SAX images, with ventricle and atrium 
indicated in (F). The ventricle joins the atrium at the atrioventricular annulus, with the 
atrioventricular groove (white arrow) overlying this area. An asterisk labels the area of 
myocardium immediately adjacent to atrioventricular annulus which is the site of tissue Doppler 
interrogation. (G, H) Colour Doppler in the LAX view showing (G) ventricular inflow (orange) 
from the atrium during ventricular diastole, and (H) ventricular outflow (blue) to the bulbus 
arteriosus during ventricular systole. (I) Ventricular wall motion was analysed in six segments: 
AA, anterior (ventral) apex; AM, anterior mid; AB, anterior base; PA, posterior (dorsal) apex, 
PM, posterior mid, PB, posterior base. The epicardium (outer green border) and the inner 
border of the compact myocardium (inner green border) of the ventricle (v) are shown. (J) 
Pulsed-wave Doppler interrogation of atrioventricular inflow at the level of the atrioventricular 
valve, showing the E- (early diastole) and A- (atrial systole) waves. (K) Pulsed-wave Doppler 
interrogation of ventricular outflow. (L) Tissue Doppler interrogation of the atrioventricular 
annulus demonstrating the é (early diastole), á (atrial systole) and ś (ventricular systole) waves.  
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4.4.2.2. Technical specifications and image acquisition 

 

Echocardiography was performed using the Vevo2100
®
 Imaging System and Vevo 

Imaging Station (VisualSonics) equipped with a high frequency transducer (MS700D, 

band width 30 – 70 MHz, central operating frequency 40 – 50 MHz). 

Echocardiographic images were obtained in two planes: long axis view (LAX, 

transducer positioned above the ventral surface of the fish with the transducer head in 

the midline, parallel to the long axis of the fish; Figure 4.1A, 4.1B, 4.1C), and short 

axis view (SAX, transducer placed across the gills and heart with an orientation initially 

orthogonal to the LAX plane; further cranial tilting between 15 – 45° was required in 

some cases to achieve the views shown in Figure 4.1D, 4.1E, 4.1F). Two-dimensional 

(B-Mode) images, colour Doppler, pulsed-wave Doppler and tissue Doppler signals 

were recorded in each view. The two-dimensional B-mode was used for measurement 

of heart rate, systolic function, and strain analysis. B-Mode specifications were: field of 

view 4.73 × 7.00 mm, high line density, medium persistence, and high sensitivity; 50 

MHz transducer frame rates: 141 – 200 fps, spatial resolution 75 µm (lateral) × 30 µm 

(axial). B-Mode imaging quality was further optimised by adjusting focal depth, gain, 

image width and depth. Colour Doppler and pulsed-wave Doppler were used for the 

haemodynamic assessment of ventricular inflow from the atrium during diastole 

(Figure 4.1G, 4.1J), as well as ventricular outflow to the bulbus arteriosus during 

ventricular systole (Figure 4.1H, 4.1K). Care was taken to ensure that the direction of 

the ultrasound beam was parallel with the direction of flow. Maximum inflow velocity 

was identified as the centre of the atrioventricular valve, just distal to the open valve 

leaflets. Similarly, for the ventricular outflow, maximal outflow velocity was obtained 

at the centre of the bulbo-ventricular valve just distal to the valve. Pulsed-wave Doppler 

specifications were: sample volume size 0.18 mm, transducer transmission frequency 40 

MHz, pulse repetition frequency 25 kHz, with a 250 Hz wall filter. Tissue Doppler 

assessment was performed by examining the movement of the myocardium adjacent to 

the atrioventricular groove during the cardiac cycle, similar to the principle of 

myocardial tissue Doppler in humans (Figure 4.1L). Specifications for tissue Doppler, 

used for assessment of diastolic function, were: sample volume size 0.18 mm, 

transducer transmission frequency 40 MHz, pulse repetition frequency 2 kHz. To 

account for beat-to-beat variation in ventricular measurements, at least two B-mode 

image sequences containing ≥5 cardiac cycles were recorded. For both pulsed-wave 
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Doppler and tissue Doppler, ≥4 second image sequences including ≥10 cardiac cycles 

were recorded.  

 

4.4.2.3. Image analysis 

 

Image analysis was performed using the Vevo Lab™ analysis software package v1.7.1 

(VisualSonics) with the operator blinded to treatment group. Heart rate was measured 

from B-mode image sequences by sampling the number of heart beats in a 15-second 

window. For ventricular measurements, at least three representative cardiac cycles were 

averaged. Given that wildtype zebrafish showed mild physiological variation of their 

cardiac cycle length, special care was taken to ensure that beats occurring during 

significant irregularity of cardiac cycle length, and also beats affected by motion 

artefacts, were excluded from analysis.  

 

Ventricular chamber dimensions were obtained from B-mode images in the LAX view. 

EDDBASE and ESDBASE were obtained by measuring the distance between the inner 

border of the compact myocardium at the base of the ventricle at end-diastole and end-

systole respectively (Figure 4.2). The corresponding ventricular EDDLONG and 

ESDLONG were then measured as the perpendicular distance from the basal diameter to 

the ventricular apex. VAd and VAs were defined as the area within the inner border of 

the compact myocardium at end-diastole and end-systole respectively. The following 

estimates of ventricular systolic function, fractional shortening (FS) and fractional area 

change (FAC), were derived from diameter and area measurements: 

 

    
                 )

       
 

 

     
         

   
 

 

Speckle tracking analysis of ventricular wall motion was performed with the 

VevoStrain™ analysis software package (Version 1.5.0, VisualSonics) and was used to 

assess ventricular ejection fraction (EF): 
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(where EDV is the end-diastolic volume and ESV is the end-systolic volume) 

 

For this analysis, the inner border of the compact myocardium was used to define the 

internal chamber. The speckle tracking software was also used to calculate ventricular 

wall strain (ε), defined as the change in the length (L) of a deformed object divided by 

the original length (L0) 

 

  
      

  
. 

 

Ventricular myocardial strain, displacement, strain rate, and velocity were recorded as 

individual values (for six separate wall segments), global values (computed average of 

all six segmental peak values), or peak values (highest value of any of the six 

segments).  

 

To help devise a standardised ventricular measurement, we indexed ventricular 

dimensions to body weight, body length (defined as maximal length from snout to base 

of tail), BMI (calculated as      
      

(                                ) 
 and BSA (calculated 

using the formula                      ). The latter formula for body surface area 

had been previously validated for fish of similar size and shape to zebrafish (Murphy 

and Murphy, 1971, Niimi, 1975). 

 

For assessment of diastolic function, we examined the following pulsed-wave Doppler 

signals: E-wave - peak velocity of blood inflow across the atrioventricular valve during 

early diastole; A-wave - peak velocity of blood inflow across the atrioventricular valve 

during atrial systole. Tissue Doppler signals obtained were: é - tissue velocity at the 

atrioventricular annulus during early diastole; á - tissue velocity at the atrioventricular 

annulus during atrial systole; ś: tissue velocity of the atrioventricular annulus during 

ventricular systole. 
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4.4.3. Anaesthetic comparisons 

 

Male wildtype fish (6 months old) were anaesthetised using tricaine mesylate 1.5 

mmol.L
-1

 (0.04%) or 0.75 mmol.L
-1

 (0.02%) (Tris-buffered; Sigma-Aldrich) or 2-

phenoxyethanol (2-PE) at 0.0036 mmol.L
-1

 (1:2000 dilution) or 0.0024 mmol.L
-1

 

(1:3000 dilution. Sigma-Aldrich). Fish were immersed in anaesthetic solution for 30-45 

seconds before transfer to the scanning chamber. Heart rate and ventricular functional 

indices were estimated at 1, 3, 6 and 9 minutes after first exposure to anaesthetic 

solution.  

 

4.4.4. Background zebrafish strain comparisons 

 

Body size, heart rate, ventricular dimensions and cardiac function were compared in 

male fish (N=10-13) from four separate wildtype strains (TE, SUN, WIK, AB), each 

aged 9 months. Studies were performed using the same protocol and environmental 

conditions. 

 

4.4.5. Diphtheria toxin A induced myocarditis model 

 

As described more extensively in Chapter 3: Materials and Methods, Section 3.2.3.1, 

the Tg(cmlc2:CreER;bactin2:loxP-mCherry-STOP-loxP-DTA176)
pd36  

line (kindly 

provided by Kazu Kikuchi and Ken Poss) was used to induce acute toxic 

cardiomyopathy, as described (Wang et al., 2011). In this model, cardiomyocyte-

specific expression of Cre recombinase in the presence of 4-HT (Sigma-Aldrich) 

induces DTA expression, resulting in marked cardiomyocyte death peaking at 7 days 

post exposure. Male wildtype fish (aged 6 months) were exposed to 1.5 µmol.L
-1

 4-HT 

dissolved in 100% ethanol for 12 hours. Cardiac function was compared in individual 

fish by echocardiography before and 7 days after treatment. Following 

echocardiography, fish were then euthanised and their hearts explanted for 

morphological assessment and histology. The extent of viable heart tissue was 

quantified by determining the ratio of tissue expressing mCherry (viable 

cardiomyocytes without DTA expression) to the amount of tissue in the entire ventricle. 
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Areas of the image that did not appear fluorescent red were considered to represent dead 

tissue (Wang et al., 2011). All images were analysed using FIJI ImageJ Version 1.48k 

(National Institutes of Health, https://imagej.nih.gov/ij/). 

 

4.4.6. Chronic anaemia model 

 

As previously described in Chapter 3: Materials and Methods, Section 3.4.1, PHZ 

(Sigma-Aldrich) was used to induce chronic haemolytic anaemia and volume overload-

related cardiac remodelling in zebrafish (Sun et al., 2009). Male wildtype fish (aged 6 

months), housed in individual 100 mL glass beakers, were exposed to increasing doses 

of PHZ every second day for an 18-day period as described in a previous study (Sun et 

al., 2009), with the following protocol modifications implemented to improve 

acclimatisation and prevent mortality: day 1 - 1.0 µg.mL
-1

, 30 minutes; day 3 - 1.5 

µg.mL
-1

, 30 min; days 5 and 7 - 1.5 µg.mL
-1

, 1 h; days 9, 11, 13 and 15 - 2.0 µg.mL
-1

, 1 

hour. Echocardiography was performed before (day 1) and after PHZ treatment (day 

18).  

 

4.4.7. Heart rate responses to adrenaline 

 

10 wildtype TE fish aged 6 months were exposed to sequential exposure to adrenaline 

(Sigma-Aldrich), with the first concentration 100 µmol.L
-1

, followed by 500 µmol.L
-1

 

(15 minutes, each step). Heart rate was measured by observing cardiac contraction over 

a 15-second period on B-mode echocardiography which was performed in male 

wildtype TE fish anaesthetised using tricaine methane-sulfonate 0.75 mmol.L
-1 

(Sigma-

Aldrich, St. Louis, MO, USA), in a chamber containing the same concentration as the 

adrenaline exposure step being evaluated. Fish were then placed in a recovery tank. 

There was no morbidity or mortality. 

 

4.4.8. Statistics 

 

Means ± standard deviations (SD) were used to report normally distributed continuous 

variables, whereas medians and interquartile ranges were used to report variables that 

were not normally distributed. Unpaired t-tests were used to determine differences 

https://imagej.nih.gov/ij/
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between fish populations, and paired t-tests were used to compare repeated 

measurements in identified individual fish. Difference in means between groups at 

multiple time-points was calculated using repeated measures ANOVA. Intra-observer 

and inter-observer agreement of continuous variables between two raters was assessed 

(Bland and Altman, 1986). Intra-class and inter-class correlation coefficients were also 

calculated. Based on observations in wildtype fish, power calculations were carried out 

to calculate sample size for experimental models allowing the detection of up to a 20% 

difference in EF, with a power of 0.8 and Type I error probability of 0.05. Statistical 

analyses were performed using SPSS Statistics 23 

(www.ibm.com/software/analytics/spss/) and GraphPad Prism 6 

(www.graphpad.com/prism). In this chapter as well as the other results chapters of this 

thesis, graphs will illustrate results in terms of means ± standard errors of the mean 

(SEM). 

 

http://www.ibm.com/software/analytics/spss/
http://www.graphpad.com/prism
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4.5. Results  

 

4.5.1. Technical feasibility 

 

The heart was adequately visualised in all fish with high image quality (see Figure 4.1 

for representative images). Following a learning curve of up to 100 studies, image 

acquisition was typically completed within 3 minutes after induction of anaesthesia. The 

procedure was well tolerated and there were no procedure-related deaths. Although 

imaging was technically feasible in young fish (3 months; ≥20 mm length, >350 mg 

weight), we found that superior image quality was obtained in older, larger fish (6 – 9 

months). Image quality in female fish, especially those heavily gravid with eggs, was 

often lower than in males, which affected the accuracy of ventricular measurements, 

particularly for automated speckle tracking and strain analysis.  

 

4.5.2. Biological considerations in developing an echocardiography 

protocol 

 

The zebrafish heart comprises a single atrium and ventricle, in contrast with the four-

chambered hearts of reptiles, birds and mammals. The two scanning positions [LAX: 

Figure 4.1A, 4.1B, 4.1C, and SAX (Figure 4.1D, 4.1E, 4.1F)] were selected because 

they provided clear delineation of the cardiac chambers and anatomical landmarks, thus 

facilitating rapid and reproducible measurement. During systole, the ventricle pumps 

blood into the bulbus arteriosus, a reservoir from which blood empties into the ventral 

aorta (Figure 4.1C). In zebrafish, the heart is located in the ventral midline, 

immediately caudal to the level of the gills. The apex of the heart is directed ventro-

caudally. The atrium is located dorsal to the ventricle in the LAX view, whereas the 

bulbus arteriosus is situated dorso-cranial to the ventricle (Figure 4.1C).  
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Figure 4.2: Localisation of anatomical landmarks in the zebrafish heart. (A) Representative 
optical section from a three-dimensional micro-computed tomography reconstruction of a 
wildtype, adult zebrafish heart (Skyscan 1072, ZEISS XRadia, Belgium) performed by Ms Celine 
Santiago (Fatkin Laboratory, Victor Chang Cardiac Research Institute). (B) False-coloured heat 
map of the section shown in (A) demonstrating differing densities within the ventricular 
myocardium. The outer compact layer possesses greater density (red) in comparison with the 
highly trabeculated, non-compact spongy myocardium (yellow/green). (C) Representative high 
frequency echocardiography B-mode image. In all three panels, the white border demarcates 
the interface between the compact and non-compact layers of the myocardium. The red border 
in (C) demarcates the outer layer of the epicardium. Pink line: basal diameter (DBASE), the 
distance between anterior and posterior borders of compact myocardium; blue line: 
perpendicular longitudinal diameter (DLONG) between ventricular base to apical compact 
myocardial border. a: atrium; av: atrioventricular valve; b: bulbus arteriosus; bv: bulboventricular 
valve; v: ventricle. 

 

Reproducible sections of the ventricle were more reliably obtained in the LAX view 

than in the SAX view. Consequently, B-mode images and speckle tracking in the LAX 

view were used to derive measurements of ventricular chamber size and function. In 

human heart development, there is progressive compaction of the trabeculated 

ventricular myocardium. Consequently, the blood-endocardial border is clearly seen and 

is used in clinical echocardiography to demarcate the ventricular chamber cavity. 

Residual trabeculation, valve leaflets and chords are included as part of the chamber 

cavity and not the ventricular wall for echocardiographic measurements (Rudski et al., 

2010). In contrast, the mature zebrafish myocardium remains highly trabeculated (Hu et 

al., 2001), which complicates reproducible delineation of an endocardial border. We 

used the inner border of the compact myocardium, immediately adjacent to the 

trabeculated non-compact (―spongy‖) myocardium (inner green border, Figure 4.1I) 

and excluded trabeculation for measurements of ventricular chamber size and 

contractility, analogous to standard clinical practice for measuring the relatively more 

trabeculated human right ventricle (Rudski et al., 2010). This border is clearly 

demonstrated by three-dimensional micro-computed tomography imaging (Figure 

4.2A, 4.2B) and can be discerned on high frequency B-mode echocardiography owing 

to changes in echogenicity arising from different tissue densities of the compacted and 

non-compacted myocardium (Figure 4.2C). Although the epicardium (outer green 
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border, Figure 4.1I) has been used in some studies to approximate ventricular size, B-

mode and speckle-based deformation imaging showed that it undergoes relatively less 

displacement than the compact myocardial layer during the cardiac cycle. Consequently, 

epicardial-based measurements can result in underestimation of myocardial contraction. 

 

Colour Doppler and pulsed-wave Doppler were used for the haemodynamic assessment 

of ventricular inflow from the atrium during diastole (Figure 4.1G, 4.1J), as well as 

ventricular outflow to the bulbus arteriosus during ventricular systole (Figure 4.1H, 

4.1K). Care was taken to ensure that the direction of the ultrasound beam was parallel to 

the direction of flow. Tissue Doppler assessment was performed by examining the 

movement of the myocardium adjacent to the atrioventricular groove during the cardiac 

cycle, similar to the practice of myocardial tissue Doppler assessment in humans 

(Figure 4.1L). Doppler shift depends not only on velocity but also the angle of 

incidence θ (Δf is proportional to v × cosθ, and the maximum cosθ = 1 when θ = 0) and 

the highest measured velocity best approximates the true velocity. In the SAX view, the 

atrioventricular annulus was clearly discerned (Figure 4.1E), and movement of the 

atrioventricular annulus during the cardiac cycle (ventrally during systole, dorsally 

during diastole) was parallel to the direction of the ultrasound beam, allowing more 

accurate assessment of tissue Doppler indices than in the LAX view.  

 
4.5.3. Comparison of different anaesthetic regimens 
 

Resting heart rates in adult zebrafish have been estimated to be 120-130 beats per 

minute (bpm) at 28°C (Barrionuevo and Burggren, 1999, Nemtsas et al., 2010, Verkerk 

and Remme, 2012). Since most anaesthetic agents have negative chronotropic effects, 

optimising drug selection and dose is essential in order to avoid the confounding effects 

of drug-induced bradycardia on measurements of cardiac chamber size and function. 

Two of the most commonly used agents in zebrafish studies are tricaine and 2-

phenoxyethanol (2-PE). We compared these agents in male wildtype zebrafish (N=10 

each group) and observed heart rate responses prior to echocardiographic imaging 

(Supplemental Table 4.1). Using tricaine 1.5 mmol.L
-1

, heart rates were (mean ± SD) 

72 ± 15 bpm, 72 ± 12 bpm, 71 ± 10 bpm, and 63 ± 10 bpm at 1, 3, 6 and 9 min after 

induction of anaesthesia. Reducing the dose of tricaine to 0.75 mmol.L
-1

 resulted in 

higher heart rates, particularly during the first 6 min: 125 ± 10 bpm, 122 ± 10 bpm, 106 
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± 11 bpm, 96±8 bpm, respectively; P<0.001 for all time-points vs. tricaine 1.5 mmol.L
-

1
. With 2-PE 0.0036 mmol.L

-1
, heart rates were higher than with tricaine 1.5 mmol.L

-1
 

(P<0.001) but lower than tricaine 0.75 mmol.L
-1

 (P<0.001): 89 ± 13 bpm, 90 ± 14 bpm, 

83 ± 13 bpm, and 72 ± 16 bpm at 1, 3, 6 and 9 minutes after anaesthesia induction 

(Figure 4.3A, Supplemental Table 4.1). Sedation was adequately achieved to allow 

echocardiographic imaging with tricaine 0.75 mmol.L
-1

 and with 2-PE 0.0036 mmol.L
-1

. 

Lower doses of these agents resulted in inadequate or inconsistent sedation and were not 

evaluated further.  

 

 
Figure 4.3: Effects of anaesthetic agents on cardiac function. (A-C) Male wildtype fish were 
anaesthetised with tricaine 0.75 mmol.L

-1
 (black line) or 2-phenoxyethanol 0.0036 mmol.L

-1
 (2-

PE; red line) (N=10 each group) followed by serial echocardiography over a 9-minute period. 
Differences in (A) heart rate, (B) ejection fraction, and (C) cardiac output were determined. Data 
shown are mean ± SEM. * P≤0.05, ** P≤0.01, *** P≤0.001, unpaired t-test. 

 

Anaesthetic agents can also have negative inotropic effects. There were no differences 

in ejection fraction (EF) between tricaine 0.75 mmol.L
-1

 and 2-PE 0.0036 mmol.L
-1

 at 

any time-point (Figure 4.3B), however 2-PE 0.0036 mmol.L
-1

 was associated with a 

lower stroke volume at 3 minutes, and greater depression of cardiac output at 3, 6, and 9 

minutes (Figure 4.3C). Beyond 9 minutes, there were progressive reductions in heart 

rate and in ventricular contraction for all doses of anaesthetic tested (data not shown). 

 

In summary, tricaine 0.75 mmol.L
-1

 showed the most favourable anaesthetic profile, 

with higher heart rate and less cardio-depressant effects than the other drug and dose 

combinations tested. Given these findings, and the fact that the cardiac sonographer was 

able to complete all measurements within 3 minutes of anaesthesia induction, we 

selected tricaine 0.75 mmol.L
-1

 for all subsequent studies.  
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4.5.4. Effects of age and sex on ventricular function 

 

Male and female wildtype fish (N=10 each group) underwent serial echocardiography at 

3, 6, 9, and 12 months (Supplemental Table 4.2).  

 

Figure 4.4: Effects of age and sex on cardiac function. Serial echocardiography was 
performed at 3, 6, 9 and 12 months in male (white bars) and female (grey bars) wildtype fish 
(N=10 each group). Graphs depict (A) heart rate, (B) ejection fraction, (C) fractional area 
change, (D) peak E-wave velocity, (E) peak A-wave velocity, (F) E/A ratio, (G) peak é-wave 
velocity, (H) peak á-wave velocity, (I) peak ś-wave velocity. Data shown are mean ± SEM. * 
P≤0.05, ** P≤0.01, *** P≤0.001, unpaired t-test. 

 

There were no significant differences in heart rate between anaesthetised males and 

females (Figure 4.4A). Systolic function, indicated by EF (Figure 4.4B) and fractional 

area change (FAC, Figure 4.4C), did not change over time (P>0.05, ANOVA) and 

there were no significant differences between males and females. Temporal and sex 

differences were found, however, in diastolic function. The peak E-wave changed with 

age in males (P<0.001) and females (P=0.001). E-wave velocity was similar in both 
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sexes at 3 months, but declined from 6 months onwards, with greater reductions seen in 

females (Figure 4.4D). Reciprocal increases in peak A-wave velocities occurred over 

time (P<0.001 for both sexes), which were more pronounced in females (Figure 4.4E). 

These combined changes in peak E-wave and A-wave velocities resulted in temporal 

reductions in the E/A ratio in males and females (P<0.001), with relatively lower ratios 

in females at 6, 9 and 12 months (Figure 4.4F). These findings suggest that compared 

with males, ventricular filling in female fish relies less on passive early diastolic 

ventricular filling and more on active atrial contraction. Tissue Doppler indices also 

showed significant sex differences in é-wave (Figure 4.4G), á-wave (Figure 4.4H) and 

ś-wave (Figure 4.4I) velocities, with males having significantly higher values than 

females. In females, there was a decrease in é- (P=0.03), á- (P=0.01), and ś- (P<0.001) 

wave velocities with increasing age. There were no statistically significant changes in é-

wave and á-wave velocity over time in males, but the peak ś-wave velocity decreased 

with age (P<0.001).  

 

4.5.5. Assessment of ventricular size 

 

In clinical cardiology, ventricular chamber size is typically estimated using orthogonal 

diameters or derived volumes, measured at both end-diastole and end-systole. In 

zebrafish echocardiographic studies reported to date, ventricular size has mainly been 

assessed using volume, and to a lesser extent, diameter and area (Ernens et al., 2016; 

González-Rosa et al., 2014; Hein et al., 2015; Lee et al., 2016; Parente et al., 2013; Sun 

et al., 2015; Wilson et al., 2015). To evaluate methods for ventricular size estimation, 

we compared one-dimensional (end-diastolic longitudinal diameter [EDDLONG], end-

systolic longitudinal diameter [ESDLONG], end-diastolic basal diameter [EDDBASE], end-

systolic basal diameter [ESDBASE]), two-dimensional (end-diastolic area [VAd], end-

systolic area [VAs]), and three-dimensional (end-diastolic volume [EDV], end-systolic 

volume [ESV]) parameters in wildtype zebrafish. The one-dimensional parameters, 

particularly EDDLONG and ESDLONG, consistently had the smallest coefficients of 

variation, while EDV and ESV had the greatest variability (Supplemental Table 4.3).  
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4.5.6. Effects of age, gender, and body size on ventricular size 

 

The substantial variability in EDV and ESV could be due to the fact that ventricular 

volumes are not directly measured, but derived from one-dimensional and two-

dimensional data. We also considered the possibility that body size might be a 

confounding factor and that normalisation of volumes might be required. Corresponding 

with normal growth, weight and body length (snout to base of tail fin) increased in all 

fish from 3 to 12 months of age (P<0.001). For males and females, ventricular chamber 

diameters significantly increased with increasing age (P<0.001). Ventricular areas and 

volumes were similar in male and female fish at 3 months, but were higher in females at 

6, 9 and 12 months (Figure 4.5A, Supplemental Table 4.3). When compared with 

males, female fish were significantly heavier (Figure 4.5B) and longer (Figure 4.5C) at 

all time-points, with higher body mass index (BMI, Figure 4.5D) and body surface area 

(BSA, Figure 4.5E). This was especially notable after 3 months, corresponding with the 

onset of gravidity in females (Supplemental Table 4.3). 

 

We indexed EDV to weight (Figure 4.5B), length (Figure 4.5C), BMI (Figure 4.5D) 

and BSA (Figure 4.5E) in male and female fish of different ages (Supplemental Table 

4.4). With regards to sex differences, we found that indexing to weight, BMI and BSA 

abolished differences in EDV between male and female fish of the same age, while 

indexing to length did not. With regards to fish of different ages, EDV differences were 

no longer significant after indexing for BSA and weight, but not for BMI and length. 

For EDV (and VAd), normalisation to BSA and weight consistently reduced the 

coefficient of variation compared with that for non-standardised values, especially in 

male animals. Normalisation did not have any noticeable effect on the coefficient of 

variation for the one-dimensional parameters (e.g. EDDLONG) but these still had the 

smallest coefficients of variation irrespective of normalisation. 
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Figure 4.5: Standardisation of ventricular dimensions. (A) Serial analysis of male and 
female wildtype zebrafish (N=10 each group) at 3, 6, 9 and 12 months showed temporal 
increases in ventricular end-diastolic area (left panel) and end-diastolic volume (EDV, right 
panel). Bar graphs showing effects of age and sex (left columns) on (B) weight, (C) length, (D) 
body mass index, and (E) body surface area. Right columns show EDV normalised to each of 
these parameters. Data shown are mean ± SEM. * P≤0.05; ** P≤0.01; *** P≤0.001, (ANOVA 
across four time-points for each group). 
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4.5.7. Effects of background strain on cardiac function parameters in 

wildtype zebrafish 

 

Characteristics of 9-month-old male fish (N=10-13) from four separate wildtype strains 

(TE, AB, SUN, WIK) are reported in Table 4.2. There were significant effects of 

background strain with respect to length, weight, and heart rate (P<0.001 for all 

comparisons). Ventricular EDV differed between wildtype strains (P<0.001), even after 

normalisation to BSA (P=0.007). Although EF was similar (P=0.15), the results for 

global longitudinal strain (GLS) suggest that there may be subtle inter-strain differences 

in baseline systolic function. There were significant differences in pulsed wave Doppler 

and tissue Doppler indices indicating likely inter-strain effects on diastolic function. 
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Table 4.2: Effects of background strain on morphology and cardiac parameters in male wildtype zebrafish aged 9 months. 

Parameter Background strain 

 TE (N=10) SUN (N=11) WIK (N=12) AB (N=13) P value
*
 

Length (mm) 31.9 ± 2.6 32.3 ± 0.9 28.3 ± 1.2 30.8 ± 1.8 <0.001 

Weight (mg) 662 ± 108 668 ± 80 493 ± 59 609 ± 117 <0.001 

Heart rate (bpm) 131 ± 12 162 ± 16 146 ± 27 171 ± 17 <0.001 

EDV (µL) 0.81 ± 0.18 0.88 ± 0.24 0.63 ± 0.14 0.95 ± 0.28 0.007 

ESV (µL) 0.53 ± 0.12 0.61 ± 0.18 0.41 ± 0.09 0.63 ± 0.20 0.005 

EDV/BSA (mL.m
-2

) 1.24 ± 0.25 1.37 ± 0.37 1.19 ± 0.24 1.54 ± 0.34 0.03 

ESV/BSA (mL.m
-2

) 0.82 ± 0.19 0.94 ± 0.28 0.78 ± 0.17 1.03 ± 0.20 0.02 

Ejection Fraction (%) 33.5 ± 4.9 29.2 ± 5.9 33.8 ± 5.7 33.5 ± 4.8 0.15 

GLS (%) -11.7 ± 2.2 -8.7 ± 2.8 -10.7 ± 3.2 -13.1 ± 2.6 0.01 

E (mm.s
-1

) 32 ± 12 33 ± 9 22.4 ± 4.5 41 ± 12 <0.001 

A (mm.s
-1

) 272 ± 49 488 ± 127 279 ± 57 418 ± 70 <0.001 

E/A 0.12 ± 0.04 0.07 ± 0.03 0.08 ± 0.02 0.10 ± 0.03 0.02 

é (mm.s
-1

) 4.6 ± 2.9 3.7 ± 0.8 4.7 ± 0.5 5.0 ± 1.5 0.23 

á (mm.s
-1

) 26.3 ± 7.4 19.6 ± 4.9 25.7 ± 4.3 27.3 ± 7.9 0.02 

ś (mm.s
-1

) 11.7 ± 3.2 10.1 ± 3.3 10.8 ± 2.0 13.6 ± 3.0 0.03 

E/é 7.9 ± 3.6 9.5 ± 3.8 4.8 ± 1.0 8.5 ± 2.2 0.002 

*
 
ANOVA statistic used to compare means from different groups. Parameter values given as mean ± SD. EDV, ventricular end-diastolic 

volume; ESV, ventricular end-systolic volume; EDV/BSA, ventricular end-diastolic volume, indexed for body surface area (mL.m
-2

), 
ESV/BSA: ventricular end-systolic volume, indexed for body surface area (mL.m

-2
), GLS: global longitudinal strain. 
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4.5.8. DTA-mediated cardiomyocyte loss impairs ventricular 

contractile function 

 

To determine whether pathological myocardial contractile impairment could be 

effectively identified by echocardiography, we evaluated cardiac function in male 

wildtype fish (N=8) before and 7 days after induction of DTA by 4-hydroxytamoxifen 

(4-HT) (Supplemental Tables 4.5 and 4.6). There was a high correlation between the 

reduction in EF (mean decrease -0.19 ± 0.06, P<0.001) and the extent of cardiomyocyte 

loss (72 ± 13%, r=0.93, P=0.003; Figure 4.6). The 4-HT-treated fish typically 

developed a ventral protrusion (Figure 4.7A) associated with pericardial effusion and 

cardiac chamber dilatation (Figure 4.7B, 4.7C). There were significant reductions in EF 

and in all other indices of ventricular systolic contraction (Figure 4.7D). Despite a 

preserved E/A ratio, there was clear evidence of diastolic dysfunction, with reductions 

in E, A, é, and á, indicative of impairment of both ventricular relaxation and atrial 

systolic contraction (Figure 4.7E). 4-HT treatment was associated with increased 

myocardial wall thickness (mean increase 0.18 ± 0.10 mm, P=0.001), consistent with 

oedema resulting from cardiomyocyte cell death, which is frequently observed 

echocardiographically in humans affected by acute fulminant myocarditis (Felker et al., 

2000).  

 

 
 

Figure 4.6: Correlation between diphtheria toxin A expression (DTA) in 4-HT treated fish 
and ventricular contractile function. There was a high correlation between the reduction in 
ventricular ejection fraction (EF, mean absolute decrease -0.19 ± 0.06, relative reduction 53 ± 
16%) and the extent of non-viable cardiomyocytes (72 ± 13%, r=0.93, P=0.003). The extent of 
viable heart tissue was quantified by determining the ratio of tissue expressing mCherry (viable 
cardiomyocytes without DTA expression) to the amount of tissue in the entire ventricle. Areas of 
the image that did not appear fluorescent red (DTA present) were considered to represent 
“dead tissue”. Images were analysed using FIJI ImageJ version 1.48k 
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Figure 4.7: Diphtheria toxin A (DTA) myocarditis model. Serial echocardiography was 
performed in male wildtype fish (N=8) to assess the effects of conditional cardiomyocyte-
specific expression of DTA by 4-hydroxy-tamoxifen (4-HT) exposure. (A) Macroscopic 
appearance before (left) and 7 days after (right) 4-HT exposure. Treated fish show ventral 
protrusion (arrow) associated with pericardial effusion and cardiac chamber enlargement. (B) 
Echocardiographic longitudinal axis images showing ventricle (v, outlined in red) and atrium (a, 
outlined in green) before (left) and after (right) 4-HT exposure. (C) Bar graphs depicting mean 
absolute change in end-diastolic volume indexed to BSA (EDVi), end-systolic volume indexed to 
BSA (ESVi) and stroke volume indexed to BSA (SVi). (D) Bar graph depicting the mean 
absolute change from baseline for indices of systolic function including ejection fraction (EF), 
fractional area change (FAC), fractional shortening (FS), global longitudinal strain (GLS), peak 
longitudinal strain (PLS) and peak ś velocity on tissue Doppler. (E) Bar graph depicting mean 
absolute change in parameters of diastolic function: peak E-wave velocity, peak A-wave 
velocity, peak é velocity and peak á velocity. For parameters shown in C-E, the coefficient of 
variation (CV, where CV = SD/mean) was calculated for pre-treatment and post-treatment 
measurements. Data are shown as mean ± SEM. * P<0.05; ** P<0.01; *** P<0.001 (paired t-
test). Scale bar: 0.2 mm. 

 

4.5.9. Anaemia-induced volume overload results in ventricular 

hypercontractility 

 

Sustained treatment of adult zebrafish with PHZ has been shown to induce chronic 

haemolytic anaemia and cardiac remodelling associated with cardiomyocyte 

hypertrophy and hyperplasia (Sun et al., 2009). In human hearts, chronic anaemia 

causes a high cardiac output state and ventricular hyper-contractility, but whether these 

changes are recapitulated in the zebrafish heart has not been evaluated. We performed 

echocardiographic studies in male wildtype zebrafish (N=8) at baseline and after an 18-

day period of PHZ administration given every second day (Figure 4.8, Supplemental 

Tables 4.5, 4.7). The hearts of PHZ-treated fish showed visible pallor (Figure 4.8A) 
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with ventricular dilatation (Figure 4.8B, 4.8C), increases in EF and all other indices of 

ventricular systolic contraction (Figure 4.8D) and increased cardiac output. There were 

increases in all diastolic inflow and tissue velocities (Figure 4.8E). The net increase in 

the E/A ratio suggests that in volume-overloaded hearts, a greater proportion of 

ventricular filling results from early passive filling resulting from enhanced ventricular 

relaxation.  

 

 
Figure 4.8: Chronic anaemia model. Serial echocardiography was performed in male 
wildtype fish (N=8) to assess cardiac function before and after an 18-day 
phenylhydrazine hydrochloride (PHZ) treatment protocol to induce haemolytic anaemia. 
(A) Representative explanted hearts from an untreated fish (left) and a fish treated with PHZ 
(right); treated hearts developed pallor and enlargement of the ventricle (v) and atrium (a). (B) 
Longitudinal axis images showing ventricular and atrial size before (left) and after (right) PHZ. 
(C-E) Description of bar graphs depicted in C-E as for Figure 4.7. Data are shown as mean ± 
SEM. * P≤0.05, ** P<0.01; *** P<0.001 (paired t-test). Scale bar: 0.2 mm. 

 

4.5.10. Bradycardia in zebrafish heart failure: a true physiological 

response or anaesthetic-induced red herring? 

 

Another group from Luxembourg also studied the effects of phenylhydrazine induced 

haemolytic anaemia on adult zebrafish and reported an 11% decrease in heart rate in 

their anaemic zebrafish following 5 weeks of PHZ exposure at a similar dose used in 

this chapter (Ernens et al., 2016). This bradycardia is in stark contrast with the usual 

finding of compensatory tachycardia seen in human heart failure (Bahl et al., 1992). In 

the human heart, chronic anaemia induces a hyper-dynamic state due to volume 
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overload, which, over time, predisposes to cardiac chamber enlargement and contractile 

dysfunction. The apparent bradycardia reported by this group posed intriguing questions 

regarding the cause of observed bradycardia and its physiological implications in 

zebrafish heart failure.  

 

There are three possible explanations for their results: 

 

1. Bradycardia represents a primary response to heart failure in zebrafish, with 

zebrafish potentially incapable of mounting a compensatory tachycardia response. 

2. Bradycardia reflects a maladaptive cardiac response, indicative of a moribund 

phenotype in advanced disease. 

3. Bradycardia is an experimentally-induced phenomenon, resulting from the 

confounding effects of procedural anaesthesia.  

 

The first possible explanation assumes that bradycardia represents a primary feature of 

heart failure in zebrafish, with zebrafish potentially incapable of mounting a 

compensatory tachycardia response. Since cardiac output = heart rate × stroke volume, 

an adaptive increase in heart rate serves as an important physiological response to 

maintain cardiac output in settings of contractile dysfunction. The possibility, however, 

that zebrafish are incapable of developing a compensatory increase in heart rate when in 

heart failure appears unlikely given that tachycardia has been documented in a different 

heart failure model associated with a sarcomere protein mutation (Scheid et al., 2016). 

Moreover, in our hands, we have noted a dose-dependent tachycardia during adrenaline 

administration in wildtype TE fish aged 6 months (Figure 4.9A, 4.9B), demonstrating 

that zebrafish are able to mount an appropriate chronotropic response to increased 

sympathetic stimulation. 

 

Another possibility is that the observation of Ernens and colleagues reflects a 

maladaptive cardiac response, indicative of advanced disease and a decompensated 

state. A true bradycardia would therefore accelerate a decline in overall cardiac 

performance in low cardiac output states where myocardial contractile function is 

already compromised. It is notable that Sun et al., who first reported the haemolytic 

anaemia protocol used by Ernens et al., observed an initial tachycardia in 

unanaesthetised tr265/tr265 transgenic fish with severe anaemia at 5 days and 10 days 
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of age, but bradycardia was present from 3 weeks of life onwards (Sun et al., 2009).
 

Interestingly, this time-point also coincided with the need for anaesthesia to facilitate 

measurements.  

 

 
Figure 4.9: Zebrafish heart rate responses to adrenaline. Heart rate was measured by 
observing cardiac contraction over a 15 seconds period on B-mode echocardiography which 
was performed in male wildtype TE fish anaesthetised using tricaine methane-sulfonate 0.75 
mmol.L

-1
 (Sigma-Aldrich, St. Louis, MO, USA). (A) Scatter plots showing heart rate at baseline 

and following sequential exposure (15 minutes each step) to adrenaline (Sigma-Aldrich), 100 
µmol.L

-1
 then 500 µmol.L

-1
, in fish aged 6 months (N=10). (B) Bar graphs showing mean 

increment in heart rate compared with baseline with increasing doses of adrenaline. Data 
shown are mean ± SEM. ** P<0.01; *** P<0.001, paired t-test, two-tailed.  

 

 
Figure 4.10: Heart rate responses to anaesthesia in a zebrafish model of heart failure 
caused by phenylhydrazine induced haemolytic anaemia. (A) Scatter plots showing 
changes in heart rate with increasing time after induction of anaesthesia in fish aged 3 months 
(N=8) that were studied at the end of an 18-day haemolytic anaemia protocol. (B) Bar graphs 
showing mean reduction in heart rate compared to baseline with increasing anaesthetic time. 
Experiments were approved by the local institutional animal ethics committee. Data shown are 
mean ± SEM. ** P<0.01; *** P<0.001, paired t-test, two-tailed.  
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Anaesthetic agents and temperature are known to influence heart rate during 

echocardiography (Huang et al., 2010, Lee et al., 2016), and Ernens et al. suggested that 

the dose of anaesthetic agent used (tricaine methanesulfonate, 0.61 mmol.L
-1

), and/or 

the performance of their studies at room temperature, may have contributed to their 

heart rate results (Ernens et al., 2016). These factors would apply equally to wildtype 

and anaemic fish, however, and thus do not explain the observed differences between 

groups (Ernens et al., 2016). A parsimonious explanation is that anaemic zebrafish have 

a substantially greater susceptibility than healthy zebrafish to cardiodepressant effects of 

anaesthesia. We also found that a similar dose of tricaine caused bradycardia in anaemic 

zebrafish, with progressive reductions of heart rate occurring with increasing duration of 

anaesthetic agent exposure (Figure 4.10A, 4.10B). 

 

Optimising anaesthetic regimens to gain adequate sedation and image acquisition at the 

same time as minimising side effects is challenging, and the use of anaesthetic agent 

during echocardiography may confound interpretation of the underlying disease 

phenotype. It should be noted that in addition to negative chronotropic effects, 

anaesthetic drugs can also directly depress myocardial contraction. These considerations 

argue for a critical need to use minimum doses of anaesthetic drugs when performing 

in-vivo cardiac phenotype analysis, particularly in zebrafish heart failure models. 

 

4.5.11. Comparison of cardiac functional parameters  

 

Echocardiography provides a number of different parameters of ventricular systolic and 

diastolic function, but optimal indices for cardiac function assessment in adult zebrafish 

have yet to be determined. To address this question, we evaluated the relative extent of 

change and variability in B-mode, pulsed-wave Doppler, and tissue Doppler parameters 

in our two models of acquired myocardial dysfunction. Variability was represented 

using the coefficient of variation, where: 

 

                                                ⁄  

 

In general, there was often more variability in the post-treatment measurements than in 

baseline data, and this may reflect differential responses to treatment.  
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For the derived systolic parameters, the best index with respect to high net change and 

small variability was EF, followed by FAC (Figure 4.7D, 4.8D). In each of our two 

disease models, it is notable that the major indices of systolic function showed parallel 

directions of change, indicative of hypocontractility and hypercontractility, respectively. 

Consistent with our observation that the epicardium in zebrafish does not undergo the 

same degree of displacement as the endocardium during the cardiac cycle, estimation of 

FAC using the inner border of the compact myocardium detected larger changes in 

systolic function than epicardial FAC, with a greater net change and statistical 

significance in both disease models (Supplemental Table 4.5). A comparative 

segmental strain analysis showed that longitudinal strain parameters were more 

consistently altered than radial parameters. This is in keeping with the observation that 

in the LAX view, contraction of the zebrafish ventricle occurs from the base to the apex 

predominantly in a direction parallel to the plane of the axis rather than radial 

shortening. Global and peak values for longitudinal strain, strain rate and displacement 

had less variability than individual segment values (Figure 4.11, Supplemental Tables 

4.6, 4.7).  

 

 
Figure 4.11: Longitudinal strain analysis in zebrafish disease models. Ventricular strain 
analysis was performed in 6-month-old wildtype zebrafish at baseline and (A) 7 days after 4-HT 
treatment to induce DTA myocarditis, or (B) after an 18-day course of PHZ to induce chronic 
haemolytic anaemia. Bars show absolute change (%) in global, peak and segmental longitudinal 
strain. Data are shown as mean ± SEM. For coefficients of variation, see also Figures 4.7 and 
4.8, and Supplemental Tables 4.6 and 4.7. * P≤0.05; ** P≤0.01.  

 

For diastolic parameters, higher velocity signals tended to show less variability than low 

velocity signals, with the A-wave showing the highest net change and lowest variability 

across both models (Figure 4.7E, 4.8E). As for the systolic variables, there was a 

concordance in the direction of change for all the diastolic variables in both the DTA 

and chronic anaemia models.   
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4.5.12. Reproducibility of echocardiographic data  

 

To determine intra-observer variability and repeatability of echocardiographic 

measurements, 10 male wildtype fish were scanned twice, at a 5-day interval, with 

image acquisition and data analysis undertaken by a single observer. When the first set 

of images was analysed twice by the same observer, the mean difference in EF was -

0.02% (95% CI -2.4 to 2.4 %) with an intra-class correlation coefficient for single 

measures of 0.92 (95% CI 0.82 to 0.97). The average measures intra-class correlation 

coefficient was 0.96 (95% CI 0.90 to 0.98), suggesting that there was high 

reproducibility in mean EF in the same population when images were measured by the 

same operator. For two-dimensional area measurements, short axis length, pulsed-wave 

Doppler and tissue Doppler indices, the intra-class correlation coefficients were very 

high (0.98 to 1.00) (Table 4.3). 

 

When the first and second set of images were both analysed by the same observer, the 

mean difference in EF between two measurements was -0.02% (95% CI -3.3 to 3.3 %), 

with an intra-class correlation coefficient for single measures of 0.90 (95% CI 0.77 to 

0.96). The average measures intra-class correlation coefficient was 0.95 (95% CI 0.87 to 

0.98), suggesting that there was relatively high reproducibility in mean EF when it was 

measured in the same population on different days. For other parameters, the agreement 

between the two sets of measurements was very high with intra-class correlation 

coefficients ranging from 0.97 to 0.99 (Table 4.3).  

 

To evaluate inter-observer variability, the first set of echocardiographic images was 

analysed by two independent observers. Reproducibility for EF was moderate (single 

measures inter-class correlation coefficient 0.74, 95% CI 0.46 to 0.89, average measures 

inter-class correlation coefficient 0.85, 95% CI 0.63 to 0.94). For other parameters, the 

inter-class correlation coefficients remained moderately high, particularly with regards 

to the average measures inter-class correlation coefficient (Table 4.3). Thus, although 

inter-observer variability was greater than intra-observer variability for individual 

measurements, there remained moderately high reproducibility in the mean population 

measurements. 
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Table 4.3: Intra-observer variability, repeatability and inter-observer variability of echocardiographic measurements 

Variable 
Mean difference between 
measurements (95% CI) 

Coefficient of variation 
[SD(difference)/mean] 

Single measures 
correlation coefficient† 

Average measures 
correlation coefficient† 

Ejection fraction (%)     
Intra-observer variability -0.02 (-2.4 – 2.4) 4.1% 0.92 (0.82 – 0.97) 0.96 (0.90 – 0.98) 
Repeatability -0.02 (-3.3 – 3.3) 5.4% 0.90 (0.77 – 0.96) 0.95 (0.87 – 0.98) 
Inter-observer variability -0.2 (-4.9 – 4.5) 7.1% 0.74 (0.46 – 0.89) 0.85 (0.63 – 0.94) 

E (mm.s
-1

)     
Intra-observer variability 0.1 (-3.6 – 3.9) 4.7% 0.98 (0.93 – 1.00) 0.99 (0.97 – 1.00) 
Repeatability 0.1 (-4.5 – 4.7) 5.8% 0.97 (0.90 – 0.99) 0.99 (0.95 – 1.00) 
Inter-observer variability -2.1 (-15.2 – 10.9) 16% 0.83 (0.44 – 0.95) 0.90 (0.961 – 0.98) 

A (mm.s
-1

)     
Intra-observer variability 0.7 (-7.6 – 9.1) 2.2% 0.99 (0.96 – 1.00) 1.00 (0.98 – 1.00) 
Repeatability 0.9 (-12.1 – 13.9) 3.4% 0.98 (0.91 – 0.99) 0.99 (0.95 – 1.00) 
Inter-observer variability 3.9 (-9.2 – 16.9) 3.5% 0.97 (0.89 – 0.99) 0.99 (0.94 – 1.00) 

é (mm.s
-1

)     
Intra-observer variability -0.06 (-0.4 – 0.3) 4.3% 0.99 (0.98 – 1.00) 1.00 (0.99 – 1.00) 
Repeatability -0.1 (-0.8 – 0.5) 8.5% 0.98 (0.91 – 0.99) 0.99 (0.95 – 1.00) 
Inter-observer variability 0.2 (-1.6 – 2.1) 24% 0.80 (0.37 – 0.95) 0.89 (0.54 – 0.97) 

á (mm.s
-1

)     
Intra-observer variability -0.35 (-1.6 – 0.9) 3.3% 0.99 (0.96 – 1.00) 0.99 (0.98 – 1.00) 
Repeatability -0.5 (-2.3 – 1.2) 4.7% 0.98 (0.91 – 0.99) 0.99 (0.95 – 1.00) 
Inter-observer variability 0.5 (-6.3 – 7.4) 19% 0.77 (0.32 – 0.94) 0.87 (0.48 – 0.97) 

VAd (mm
2
)     

Intra-observer variability -0.0003 (-0.1 – 0.1) 4.5% 0.99 (0.97 – 1.00) 1.00 (0.99 – 1.00) 
Repeatability -0.005 (-0.2 – 0.2) 6.8% 0.98 (0.94 – 0.99) 0.99 (0.97 – 1.00) 
Inter-observer variability -0.02 (-0.4 – 0.4) 15% 0.91 (0.76 – 0.97) 0.95 (0.86 – 0.98) 

EDDBASE (mm)     
Intra-observer variability -0.01 (-0.05 – 0.04) 1.8% 0.99 (0.97 – 1.00) 0.99 (0.98 – 1.00) 
Repeatability -0.01 (-0.07 – 0.05) 3.0% 0.98 (0.94 – 0.99) 0.99 (0.97 – 1.00) 
Inter-observer variability -0.01 (-0.2 – 0.2) 8.0% 0.88 0.69 – 0.96) 0.94 (0.81 – 0.98) 
A group of ten male TE wildtype fish were scanned twice, at a 5-day interval. To determine intra-observer variability, the first set of images was analysed twice by the 
same observer. A group of ten male TE wildtype fish were scanned twice, at a 5-day interval. To determine intra-observer variability, the first set of images was 
analysed twice by the same observer. To determine repeatability, two separate echocardiographic studies of the same fish were performed on the different days, and 
then analysed by the same observer. To determine inter-observer variability, the first set of images was analysed by two independent observers. † Correlation 
coefficients were calculated using a one-way, random model. The “single measures” correlation coefficient represents the reliability of repeated single measurements, 
while the “average measures” correlation coefficient represents the reliability of measured means. VAd, ventricular end-diastolic area; EDDBASE, ventricular end-
diastolic basal diameter. 
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4.5.13. Power calculations 
 

Animal and operator variability and intervention effect size directly influence the 

sample size needed to sufficiently power studies to reliably detect statistically 

significant differences when present. To estimate the numbers of fish required for 

zebrafish echocardiographic studies, we undertook power calculations based on data 

from our group and others for standard deviations in EF in wildtype fish (Table 4.4). 

For standard deviations (SD) of 5%, experimental models expecting large changes in EF 

require few fish to achieve sufficient power. However, study groups of ≥10 fish per 

investigation arm are required to detect absolute changes in EF of ~5% in a paired study 

design and ≥17 fish per investigation arm in an unpaired design. Experiments expecting 

higher standard deviations or smaller differences in mean EF would require 

substantially greater numbers of fish per investigation arm for adequate power. 

 
Table 4.4: Sample size calculation for zebrafish echocardiography studies. 

 
No. animals per group 

(for SD 5%) 
 

No. animals per group 
(for SD 7%) 

ΔEF Paired Unpaired  Paired Unpaired 

3% 24 45  45 86 

5% 10 17  17 32 

10% 4 5  6 9 

15% 3 3  4 5 

20% 3 3  3 3 

Sample size numbers are calculated for a Type 1 error probability P=0.05, and Power = 80%. 
Paired: the numbers needed for studies that allow serial monitoring of the same individual fish. 
Unpaired: the numbers needed for studies that do not identify individual fish, but rather compare 
means between groups. SD, standard deviation; ΔEF, expected absolute change in mean 
ejection fraction between the samples studied when EF is reported as a percentage. 
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Table 4.5: Recommendations for zebrafish echocardiography 

General Recommendations  

Observation Recommendation 

 Comprehensive echocardiography examination, 
including pulsed-wave and tissue Doppler 
imaging, involves assessment of cardiac 
structure, systolic and diastolic function.  

 Cardiac assessment in the zebrafish should not 
only report cardiac chamber dimensions and 
systolic function but also diastolic function. 

 Various parameters measuring systolic function 
are available. Each parameter has its advantages 
and limitations arising from the nature of the 
ultrasound modality used (B mode, speckle-based 
deformation imaging, pulsed-wave Doppler, tissue 
Doppler).  

 Studies should report a suite of systolic function 
parameters including ejection fraction (or 
fractional area change), fractional shortening, 
global longitudinal strain, peak ś-wave velocity. 
Concordance in a number of systolic function 
parameters will increase confidence that any 
changes are real.  

 Global longitudinal strain (GLS), particularly 
ΔGLS, is emerging as a useful parameter for 
measuring systolic function in zebrafish. It is 
increasingly used in clinical cardiology to track 
serial changes in cardiac function. 

 Global longitudinal strain should be reported, 
where possible. 

Recommendations for limiting the impact of variability in zebrafish echocardiography 

Observation Recommendation 

 Cardiac cycle variation in heart rate, ventricular 
dimensions, stroke volume as well as pulsed-
wave and tissue Doppler indices. 

 Measurements should be taken over a number 
(≥3) of cardiac cycles.  

 Measurements should not be performed when 
there is significant irregularity of cardiac cycle 
length, or motion artefact. 

 Significant sex differences in ventricular 
dimensions and diastolic function are noted 
between age-matched male and female fish. 

 Experiments should not include fish of mixed sex 
unless there are matched controls and sufficient 
numbers to account for high variability. 

 Options include presenting separate results for 
each sex, or only analysing male fish. 

 Significant age differences in ventricular 
dimensions and diastolic function are noted in 
both sexes. 

 For experiments that compare the results of 
populations of different fish, comparison needs to 
be made with age-matched controls. 

 Normalisation of ventricular dimensions reduces 
much of the observed differences in ventricular 
volumes in groups of different age and sex.  

 Ventricular volumes should be reported as an 
indexed measurement (e.g. to body surface area) 
in order to account for age- and sex-related 
differences in body size. This facilitates 
comparisons between different ages and sex.  

 Inter-strain differences in animal size, heart rate, 
indexed ventricular dimensions and markers of 
diastolic function have been observed in wildtype 
fish. Subtle inter-strain differences in systolic 
function have also been observed.  

 In study designs that compare different groups of 
fish, these should be matched with respect to 
background strain. 

 

 Biology variability within groups of age- and sex-
matched animals remains an important 
consideration. Experiments that allow serial 
identification of individual fish permit assessment 
of change in each animal, therefore requiring 
fewer animals in each study arm to achieve 
sufficient statistical power, compared with 
experiments where fish cannot be individually 
identified over time.  

 Where feasible, studies should aim to develop 
strategies which allow identification and tracking 
of fish at serial time-points as this will help reduce 
the sample size required to achieve sufficient 
statistical power. 

 Variability in ventricular dimensions, especially in 
EDV and ESV, is least in fish aged 6 – 9 months, 
compared with fish aged 3 months and fish aged 
12 months. 

 Where feasible and practical, adult zebrafish 
studies should ideally study zebrafish aged 6 – 9 
months to minimise variability and reduce the 
sample size required to achieve sufficient 
statistical power. 

 Significant inter-operator variability is an expected 
finding. 

 To minimise the effects of inter-operator 
variability, experimental groups should ideally 
have echocardiography performed by the same 
individual. 

 Studies should not be performed during the 
learning curve. 

 Even if only one operator conducts an entire 
study, the possibility of significant intra-observer 
variability is real. 

 All groups performing zebrafish echocardiography 
should acquire in-house data for reproducibility for 
each operator.  
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4.6. Discussion 

 

This chapter presents a comprehensive evaluation of underwater high frequency 

echocardiography for assessment of cardiac function in adult zebrafish. A number of 

technical and biological factors were identified that influence image quality and data 

analysis, and different indices of cardiac systolic and diastolic function were compared. 

Echocardiography provided novel insights into zebrafish cardiac physiology, and was 

able to successfully discriminate between normal heart function and pathological states. 

As a result of this data, the following recommendations for undertaking 

echocardiographic studies in adult zebrafish can be made (Table 4.5).  

 

In order to obtain meaningful functional information, echocardiographic imaging ideally 

needs to be performed under conditions that closely approximate the normal 

physiological state. Important factors that can profoundly influence heart rate and 

contractile function include the imaging milieu, anaesthesia and environmental 

temperature (Barrionuevo and Burggren, 1999; Huang et al., 2010). In previous work, 

both underwater and out-of-water techniques have been used (Ernens et al., 2016, 

González-Rosa et al., 2014, Hein et al., 2015, Ho et al., 2002, Huang et al., 2015, Kang 

et al., 2015, Lee et al., 2014, Lee et al., 2016, Parente et al., 2013, Sun et al., 2008, Sun 

et al., 2015, Wilson et al., 2015). Since zebrafish are aquatic organisms, underwater 

scanning has distinct advantages for in-vivo imaging including maintenance of normal 

gill ventilatory activity and gas exchange. Temperature, water characteristics and 

hydrostatic pressure can all affect oxygen concentration and are more readily controlled 

in an underwater setting (Barrionuevo and Burggren, 1999).
 
Additionally, underwater 

scanning obviates the need for ultrasound gel owing to the excellent ultrasound 

conducting properties of water and is overall likely to be less stressful for fish than out-

of-water methods.  

 

Although anaesthesia is necessary to allow immobilisation and positioning of fish, drug-

related reductions in heart rate and myocardial contractility can confound the 

assessment of cardiac phenotypes. Tricaine and 2-PE have been previously used to 

induce and maintain anaesthesia in zebrafish (Table 4.1). Progressive bradycardia and 

reduced EF were observed with both agents over a range of doses and found that 

tricaine 0.75 mmol.L
-1

 gave the most favourable profile while at the same time 
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providing adequate anaesthesia and respiration. Given the marked decline in functional 

parameters after 6 minutes of anaesthesia, information obtained after this time is 

unreliable and image acquisition should ideally be completed within 3 minutes. Fish 

that are physiologically compromised as a result of disease (e.g. heart failure) display a 

significant time-dependent decrement in heart rate and are likely to be more susceptible 

to the cardio-depressant effects of anaesthesia (Wang et al., 2016). This is an important 

consideration in zebrafish disease models evaluating heart rate and cardiac function. 

There are a number of other options for zebrafish anaesthesia, including gradual 

cooling, isoflurane, metomidate hydrochloride, and ketamine. These methods each have 

their limitations and were deemed less suitable for high throughput studies than the 

agents we selected for testing. Future refinements of anaesthetic protocols using 

different agents or combinations might help to minimise adverse effects and permit 

longer imaging times, but as a result of this work, I used tricaine 0.75 mmol.L
-1 

for 

future zebrafish studies. 

 

Fish age, sex, and background strain were found to be significant variables in cardiac 

function analysis. Female fish were technically more difficult to scan underwater than 

male fish as their lipid rich eggs added buoyancy, which created movement artefacts 

and reduced image quality. Indices of systolic function were similar over time and 

between sexes. However, there was a divergence between sexes in diastolic function 

that became apparent with increasing age. When compared with males, female fish had 

lower peak E-wave velocity from 6 months of age, with correspondingly higher peak A-

wave velocities. These observations are consistent with females having lower 

ventricular compliance than age-matched males, a finding similarly noted in humans 

(Hayward et al., 2001). This study did not investigate the molecular mechanisms 

underlying sex differences in diastolic function in zebrafish, but there are a number of 

possible factors, including age-related changes in myocardial collagen content, 

sarcomere protein expression levels and post-translational modifications. At any given 

age, female fish were much larger than male fish raised in identical conditions (feeding, 

tank density, temperature). Although female fish had larger ventricular chamber 

dimensions than males, there were no sex differences in ventricular size when these 

measurements were normalised to body size. There were also inter-strain differences in 

morphology, heart rate, and cardiac function parameters in male wildtype zebrafish 

aged 9 months, a time-point when a majority of lifetime growth has occurred and both 
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sexes are fertile. Taken together, these data suggest that studying a single sex may be 

preferable to mixed populations, depending on the research question under 

consideration, as this is likely to minimise both variability and the numbers of animals 

required to detect statistically significant differences. This principle was followed in the 

zebrafish studies reported in Chapters 6, 7 and 8. Standardising background zebrafish 

strain during zebrafish breeding is also an important additional consideration in 

experimental design. 

 

There are a number of options for estimating ventricular size. Of the various parameters 

assessed, variability was least with one-dimensional parameters (e.g. EDDLONG), and 

highest with three-dimensional parameters (e.g. EDV and ESV). The variability in 

ventricular volumes was maximal in zebrafish at the extremes of the ages studied. This 

can be explained in young fish by problems of finite resolution when imaging small 

ventricles, and in older fish, by variations in body size. The more modest variability in 

volumes seen in at 6 – 9 months suggests that this might be an ideal age range for 

undertaking adult zebrafish studies. Given these variability considerations, ventricular 

size seemed to be best assessed by measurement of linear diameters, especially 

EDDLONG and ESDLONG. However, EDV and ESV need to be determined as these are 

required for calculation of EF. It is useful to provide these complementary types of 

measurements, as any changes in ventricular size would be more confidently identified 

by concordant trends in these data. To account for individual body habitus, indexation 

of ventricular size is common practice in clinical echocardiography (Rudski et al., 

2010). Accordingly, normalising for BSA and weight facilitated standardised 

comparison of ventricular volume between groups of zebrafish of different age and sex. 

There were negligible effects of normalisation on chamber diameters, as these already 

had small coefficients of variation.  

 

EF is a commonly used parameter of ventricular systolic function in humans and 

rodents. In wildtype zebrafish, reported values for EF have ranged from <30% to >50% 

(Ernens et al., 2016, González-Rosa et al., 2014, Hein et al., 2015, Ho et al., 2002, 

Huang et al., 2015, Kang et al., 2015, Lee et al., 2014, Lee et al., 2016, Parente et al., 

2013, Sun et al., 2008, Sun et al., 2015, Wilson et al., 2015). Several factors might 

contribute to these differences, including scanning methods (underwater vs. out-of-

water), epi- or endocardial border tracing, anaesthetic protocols, animal handling and 
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levels of stress-related sympathetic activation. The lower EF in embryonic and adult 

zebrafish (35%)
 
compared with healthy humans (≥60%) (Chahal et al., 2010) is not 

unexpected given that zebrafish have a relatively low pressure circulatory system with a 

systolic blood pressure of ~2 mmHg, compared with 120 mmHg in humans (Hu et al., 

2001).   

 

A number of B-mode, pulsed-wave Doppler and tissue Doppler indices of systolic 

function were evaluated. EF was generally associated with the largest absolute changes 

and smallest coefficients of variation. This is likely a result of the more reliable 

delineation of the ventricular chamber and volume estimations provided by speckle 

tracking software in comparison with manual tracing of chamber area (for FAC) or 

linear dimensions (for fractional shortening, FS). Averaging data obtained from 

multiple heart beats helped to account for cardiac cycle variation, and also reduced the 

within-animal physiological variation. Care was taken to exclude cardiac cycles affected 

by significant motion artefact. GLS has been shown to predict adverse cardiovascular 

outcome in cardiac disease (Kalam et al., 2014) and might be a more sensitive marker of 

early disease than EF in myocardial pathologies (Thavendiranathan et al., 2014). Hence, 

although GLS often had a slightly greater coefficient of variation than EF, this 

parameter provides useful incremental information. In our two acquired disease models, 

there were parallel directions of change in all the systolic parameters measured. Thus, 

the combined and complementary information provided by B-mode, speckle-based 

deformation imaging, pulsed-wave Doppler and tissue Doppler indices might provide 

more robust evidence of altered contractile function, and be more useful than relying on 

a single parameter such as EF, particularly in borderline cases. 

 

The high resolution permitted by the high frequency transducer as well as the excellent 

conducting properties of water and proximity of the zebrafish heart to the transducer 

allow remarkable clarity of the pulsed-wave Doppler and tissue Doppler signals, 

permitting an unprecedented opportunity to study diastolic ventricular function in adult 

zebrafish. Evaluation of diastolic properties is a key component of human cardiac 

function assessment particularly in disease states in which diastolic defects precede 

systolic dysfunction, yet this has generally been lacking from zebrafish cardiac studies. 

After comparing different imaging planes, this study found that pulsed-wave Doppler 

and tissue Doppler signals were best recorded in the SAX view, where the 
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atrioventricular annulus was clearly seen and the angle between the velocity of motion 

and the beam of the ultrasound was minimised. 

 

In the normal zebrafish heart, the A-wave velocity was characteristically higher than the 

E-wave, indicating that ventricular filling predominantly occurs during atrial systole. 

This was reflected by low E/A ratios, ranging from 0.20 – 0.30 in adolescent fish, down 

to 0.06 in adult fish, and is in marked contrast with humans, where the E/A ratio is 

typically ≥1.0 in healthy young adults (Dalen et al., 2010). Zebrafish with DTA-induced 

acute myocarditis were able to survive despite virtually negligible ventricular systolic 

function, suggesting that atrial contraction was the principal driver of cardiac output. 

Given this reliance on atrial contraction for ventricular filling, it can be predicted that 

atrial contractile impairment, for example, as a result of atrial dysrhythmias, would have 

profound haemodynamic, and potentially fatal, consequences in zebrafish.  

 

Although high frequency echocardiography represents a major advance in assessing 

cardiac function, assessment of cardiac structure remains challenging. In particular, the 

irregular shape of the zebrafish atrium complicates evaluation of chamber size and 

precludes the potential application of geometric models for volume estimation. Three-

dimensional imaging modalities such as micro-computed tomography and optical 

projection tomography might facilitate cardiac structural characterisation and warrant 

further evaluation. As is the case for rodent echocardiography, operator expertise is a 

significant variable and optimal results can only be obtained when image acquisition 

and data analysis are undertaken by trained experienced personnel.  

 

In conclusion, these findings show that high frequency echocardiography is a powerful 

tool for non-invasive serial assessment of cardiac function in adult zebrafish. 

Techniques used in human echocardiography such as pulsed-wave Doppler, tissue 

Doppler, speckle-based deformation imaging, and ventricular strain can now be reliably 

used to obtain functional data from zebrafish as young as 3 months of age. 

Understanding the importance of biological and technical variability, and employing 

techniques aimed at reducing their impact, will be crucial to future study design. This 

enabling technology opens new avenues of investigation that can take advantage of 

zebrafish models to study cardiac regeneration as well as mechanisms, treatment and 

prevention of adult-onset human heart disease.  
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Chapter 5: A non-invasive echocardiographic surrogate for late-

diastolic ventricular stiffness 

 

5.1. Overview of Chapter 5 

 

Chapter 4 demonstrated how echocardiographic parameters that are in current standard 

clinical practice can be reverse-translated and adapted for use in the zebrafish. What sets 

zebrafish echocardiography apart from echocardiography in other animal models is that 

it enables the use of very high frequency ultrasound in an animal that has a 

comparatively lower heart rate than small mammals (zebrafish 120 – 150 bpm; rodents 

450 – 650 bpm). This allows a much higher frame rate to animal heart rate ratio, a 

parameter which is important for accuracy and clarity of short duration events in the 

cardiac cycle (Peng et al., 2009). High frequency echocardiography in zebrafish can 

therefore provide additional physiological insights into ventricular myocardial 

properties during diastole. In this chapter, I will present a novel echocardiographic 

parameter that can serve as a surrogate for ventricular stiffness during late diastole (i.e. 

passive ventricular compliance).  

 

5.2. Introduction 
 

The aim of Chapter 5 is to present a novel method of assessing altered ventricular 

compliance in late diastole. This concept we will apply to our study of zebrafish models 

of titin truncation in Chapter 6.  

 

Compliance is a physical property of a material and relates to its ability to stretch in 

response to a distending force. Applied to an intact heart, ventricular compliance is 

defined as the ability of the chamber to distend in response to the distending pressure 

caused by the addition of volume into the chamber. It is defined as: 

 

            
       

         
 

 



 

142 

The more compliant a material, the more it will stretch as a result of a distending force 

or pressure. The inverse of compliance is stiffness. The higher the stiffness, the less it 

will stretch in response to increased volume. In this setting, the pressure of a stiff 

chamber rises higher than a more compliant chamber for the same increase in volume. 

 

First, I will recapitulate the conceptual framework for comparing ventricular inflow 

with myocardial deformation, first introduced in Chapter 2, and how comparing 

information derived from pulsed wave Doppler signals, which measure ventricular 

inflow, with parameters which measure the ventricular deformation during the same 

period, can provide insights into ventricular compliance and stiffness. During late 

diastole, ventricular filling is driven largely by passive filling caused by the inflow of 

blood that occurs during atrial systole. I will illustrate how passive ventricular stiffness 

and compliance, and therefore late-diastolic filling pressures, can be represented 

numerically by a ratio: the late-diastolic atrioventricular inflow (A) to late-diastolic 

ventricular strain rate (SRa) ratio (the A:SRa ratio). This is a novel means of assessing 

passive ventricular compliance and stiffness during late diastole. 

 

5.2. Comparing pulsed-wave ventricular inflow information with 

myocardial deformation parameters allows improved understanding 

of myocardial compliance 

 

Ultrasound modalities that examine diastolic properties of the heart (e.g. pulsed-wave 

Doppler, tissue Doppler or strain rate, Table 5.1) should never be reviewed in isolation. 

Comparing the results of pulsed wave Doppler interrogation of ventricular inflow with 

parameters that measure myocardial deformation that occurs at a similar time to this 

flow (e.g. tissue Doppler, global longitudinal strain rate or global longitudinal velocity) 

allows an appreciation of the underlying compliance properties of the ventricle in-vivo, 

especially during the key phases of early diastole, which is a period of active ventricular 

relaxation, as well as late diastole, a period where passive ventricular filling processes 

predominate.  
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Table 5.1: Different ultrasound modalities that provide information about cardiac 
physiology during diastole. 

Ultrasound modality Parameter Property 
 Early diastole 

(Relaxation) 
Late diastole 

(Passive filling) 
 

Pulsed-wave Doppler E A Measurement of blood inflow 
into the ventricle during diastole 

Tissue Doppler é 
 

á 
 

Measurement of the velocity of 
myocardial deformation in a 
region of interest (i.e. 
ventricular myocardium 
adjacent to the atrioventricular 
annulus).  

Ventricular global 
longitudinal strain rate  
(Deformation imaging) 

SRe SRa Measurement of the time-
derivative of strain of the 
ventricular myocardium during 
diastole. The global value 
provides an “average” 
measurement. 

Ventricular global 
longitudinal velocity  
(Deformation imaging) 

GLVe GLVa Measurement of the average 
velocity of the myocardium 
during diastole. 

 

The E- and A- wave pulsed-wave Doppler velocities represent the flow of blood 

through the atrioventricular annulus during early and late ventricular filling respectively 

(Figure 5.1A). During late ventricular filling, which coincides with atrial systole, many 

factors influence the peak A-wave velocity, including atrial function, ventricular 

compliance and the atrioventricular valve. In the absence of significant atrioventricular 

valve pathology, a reduced peak A-wave velocity on pulsed-wave Doppler is usually 

explained by the presence of reduced atrial contractile function. A reduced E-wave may 

indicate reduced early ventricular filling. At the same time, the myocardial response (i.e. 

the rate of ventricular chamber expansion to the inflow of blood) occurring at a similar 

phase in the cardiac cycle to this inflow can be assessed by parameters such as 

ventricular tissue Doppler diastolic velocities, ventricular global longitudinal diastolic 

strain rate (Figure 5.1B) and ventricular global longitudinal diastolic velocity (Figure 

5.1C). The zebrafish, with its ventricular filling occurring predominantly in late 

diastole, offers a novel approach towards the investigation of late-diastolic ventricular 

myocardial properties using this method. 
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Figure 5.1: Assessment of diastolic function in the zebrafish. (A) The zebrafish pulsed-
wave Doppler signal across both the atrioventricular and bulboventricular (aortic) valves, 
showing both the diastolic and systolic pulsed-wave envelopes, respectively. (B) Zebrafish 
ventricular longitudinal strain rate analysis, demonstrating the peak systolic global longitudinal 
strain rate (SRsys), global longitudinal strain rate in early diastole (SRe) and global longitudinal 
strain rate in late diastole (SRa). (C) Zebrafish ventricular longitudinal velocity analysis, 
demonstrating global longitudinal velocity in systole (GLVsys), global longitudinal velocity in early 
diastole (GLVe) and global longitudinal velocity in late diastole (GLVa). (D) Rationale for the 
A/SRa ratio as a surrogate for late-diastolic ventricular stiffness.  
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5.3. Quantification of the inflow to ventricular deformation: 

established examples in humans and other mammals during the early 

diastolic filling period 

 

Combining the separate parameters of inflow and ventricular deformation to create a 

single numerical value offers a way of representing ventricular compliance/stiffness 

with a single numerical value. One method is to create a ratio from parameters that 

measure the respective variables of inflow and myocardial deformation (Figure 5.1D).  

 

Several existing derived variables that use this principle that are currently in use in 

clinical cardiology include: 

 

E/é ratio: This parameter is commonly used in clinical echocardiography as a surrogate 

for left ventricular filling pressure. It represents the ratio of the peak ventricular early 

diastolic (E-wave) peak velocity to the peak early diastolic myocardial velocity 

measured by tissue Doppler (é). The tissue Doppler é-wave velocity can be measured at 

either the lateral or septal wall of the left ventricle, or is calculated as an averaged value 

of both. As early as 1997, Nagueh and colleagues demonstrated that the tissue Doppler 

é wave velocity was a preload-independent index of left ventricular relaxation, and that 

simultaneous right heart catheterisation showed that the echocardiographic index E/é 

had good correlation with left ventricular filling pressures, as estimated from the 

pulmonary capillary wedge pressure (Nagueh et al., 1997). Subsequent studies, 

including a key paper by Ommen and colleagues showed that isolated parameters of 

transmitral flow correlated with the mean left ventricular diastolic pressure only when 

there was left ventricular impairment (i.e. left ventricular ejection fraction ≤50%), and 

that, in an era before the discovery of the E/SRe ratio, the E/é showed better correlation 

with left ventricular end-diastolic pressure than other variables for all levels of systolic 

function (Ommen et al., 2000).  

 

E/SRe ratio: This is the ratio of the ventricular early diastolic (E-wave) peak velocity to 

the global longitudinal strain rate during early diastole (SRe). Here, global longitudinal 

strain rate, instead of ventricular tissue Doppler velocity, is the echocardiographic 

parameter used to represent ventricular deformation. Dokainish and colleagues were 
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among the first to show that early diastolic strain rate correlated with left ventricular 

diastolic function in humans and that the E/SRe ratio was a better predictor of left 

ventricular filling pressure than E/é (Dokainish et al., 2008). Diastolic strain rate (SRe) 

has also been shown to be relatively load-independent compared with other markers 

(Marwick, 2006), just as was the case for the tissue Doppler é-wave velocity, and 

therefore shares the same advantages as the original denominator in the previously 

described variable. However, the use of SRe instead of the tissue Doppler é-wave 

velocity has other advantages as 1) the strain rate more accurately reflects diastolic 

performance of all myocardial segments (c.f. the é-wave velocity, which often only 

represents myocardial velocity in a small region of interest), and 2) diastolic 

deformation imaging information calculated from two-dimensional speckle-based 

tracking software is less affected by the scanning angle used during performance of the 

ultrasound examination. This reduces the inherent problems of parallax error that can 

affect tissue Doppler velocity measurements. 

 

Using a ―derived ratio‖ to quantify the inflow relative to the ventricular deformation is 

not an entirely new concept, and has been seen in other variables currently in use in 

clinical cardiology (e.g. the E/é ratio). What is novel, however, is that we are now 

applying this concept specifically to the phase of late diastole. 

 

5.4. Numerical representations of late-diastolic stiffness 

 

An appreciation of late-diastolic filling pressures (and, by inference, late diastole 

compliance or stiffness) can therefore be achieved by using a ratio that comprises of a 

variable that represents inflow during atrial systole (i.e. the pulsed A-wave) as its 

numerator, and a variable that describes the myocardial deformation response during the 

same period of time (e.g. the tissue Doppler á or the SRa). In human, large and small 

mammal echocardiography, the early diastolic component of ventricular filling is 

significant, and the atrial component of ventricular diastolic filling is relatively small. 

This makes calculation of late-diastolic stiffness in humans and other mammals 

relatively difficult. However, in the zebrafish, late-diastolic filling is very prominent, 

and features of late diastole are readily identified and measurable on different 

ultrasound imaging modalities, as seen in Figure 5.1. 
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Similar to the rationale used for E/é and E/SRe in measurements during early diastole in 

human subjects (Dokainish et al., 2008), the A/á and A/SRa ratios can be employed in 

zebrafish as a surrogate marker for filling pressures and ventricular stiffness, albeit 

during late diastole. The late-diastolic flow to ventricular deformation relationship can 

be expressed numerically by the following ratios: 

 

A/á: this is the ratio of the ventricular late-diastolic (A-wave) peak velocity to the late-

diastolic myocardial velocity measured by tissue Doppler at either the lateral or septal 

wall of the left ventricle, or an averaged value of both. This is seldom used, and, as the á 

value is obtained only from a small region of the myocardium, it is not very useful for 

representing late-diastolic stiffness. 

 

A/SRa: this ratio consists of a ratio of two parameters, late ventricular filling resulting 

from atrial filling (the peak A-wave) and the ventricular deformation response to this 

filling (the SRa). The A/SRa ratio therefore is a numerical value that represents late-

diastolic ventricular stiffness. This is a particularly useful parameter in zebrafish as the 

zebrafish has an atrial dominant ventricular filling pattern (i.e. the majority of its 

ventricular filling occurs in late diastole).  

 

Of the two ratios, the A/SRa ratio is particularly attractive as, unlike the tissue Doppler 

peak á-wave velocity, which is measured in a small region of interest (i.e. the small area 

of the ventricular myocardium adjacent to the atrioventricular annulus) and subject to 

parallax error, the global longitudinal strain rate value is less affected by the scanning 

angle. Furthermore, being an ―average‖ or ―global‖ value, it more accurately represents 

the entire ventricular response in late diastole.  

 

5.5. The A/SRa ratio across vertebrate cardiac physiology 

 

At the time of the publication of this thesis, the A/SRa ratio has not been reported in 

human studies. The late-diastolic strain rate, however, has been studied in humans and 

has been shown to predict poor adverse outcome in the first six months after listing for 

heart transplant among patients with idiopathic dilated cardiomyopathy (Dandel et al., 

2009). Patients with dilated cardiomyopathy who had stable clinical courses had higher 
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late-diastolic strain rate values. Jasaityte and colleagues studied late-diastolic strain rate 

(SRa) in idiopathic dilated cardiomyopathy and found significant differences between 

stable and unstable patients, with unstable patients having significantly reduced SRa 

(0.19 ± 0.12 vs. 0.42 ± 0.13 s
-1

, unstable vs. stable, P<0.001) (Jasaityte et al., 2009). 

This supports the idea that the degree of impairment in ventricular compliance may 

predict the clinical course of dilated cardiomyopathy patients.  

 

The A/SRa ratio, however, was not calculated in these patients. Theoretically, if the 

peak atrial velocities were similar between stable and clinically unstable patients, then 

given that the SRa values in unstable patients was lower than in stable patients, it would 

follow that the A/SRa ratio would be higher in unstable patients than in stable patients. 

However, Jasaityte and colleagues reported that the peak A-wave velocity was 

significantly lower in unstable patients compared with stable patients (0.37 ± 0.15 vs. 

0.74 ± 0.73 m.s
-1

, unstable vs. stable patients, P=0.014). As one determinant of the peak 

A-wave velocity is the force of atrial contraction (i.e. atrial systolic function), one 

possible inference from the results of Jasaityte and colleagues is that this could 

represent the development of an atrial myopathic process (i.e. the same process that was 

causing ventriculary systolic dysfunction was also occurring in the atrial myocardium). 

Therefore, without performing an additional analysis using the raw data of this original 

study, it is unclear whether the A/SRa ratios are different between patients with dilated 

cardiomyopathy who remain stable, and those who deteriorate rapidly. 

 

The A/SRa ratio, to our knowledge, has also not yet been studied in rodent 

echocardiography. Several factors limit the translation of this derived parameter into 

mice. Mice have E-dominant ventricular filling patterns, due to the significantly greater 

contribution of early ventricular filling to overall ventricular filling; mice have E/A 

ratios typically >1.5. The very fast heart rates of rodents lead to fusion of the pulsed 

wave Doppler E- and A-waves when they are operating at their normal physiological 

heart rates. This poses challenges in measurement of the A-wave, as it is often near-

impossible to differentiate the individual E- and A-wave components of the transmitral 

pulsed-wave Doppler envelope at physiological mouse heart rates. As a result, 

parameters focusing on the early diastolic parameters (i.e. E/é and E/SRe) are more 

feasible in mice. The E/é has been studied in mice as a surrogate for elevated left atrial 

pressure and this ratio has been correlated with invasive measures of ventricular end-
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diastolic pressure and atrial filling pressure (Horgan et al., 2014). These results are 

consistent with the idea that the stiffer (i.e. less distensible) a chamber, the higher its 

end-diastolic pressure, and also the higher the filling pressure of the chamber 

immediately upstream. The use of ventricular deformation imaging is currently in its 

infancy in rodent echocardiography, and while several publications have reported use of 

the systolic strain rate (Bauer et al., 2011, Schnelle et al., 2018), none have so far 

reported use of diastolic strain rate variables.  

 

On the other hand, the zebrafish exists in a low pressure, lower contractile state. Its 

early diastolic parameters are relatively small compared with those from late diastole. 

The E/SRe ratio in zebrafish is less likely to be of much informative value as the peak E-

wave velocity is low, and this increases the impact of measurement error on variability.  

 

The A/SRa ratio in zebrafish therefore offers an important way of estimating ventricular 

compliance in late diastole. The higher the A/SRa ratio, the less compliant the ventricle, 

and the higher the assumed ventricular filling pressures in late diastole. In zebrafish, due 

to the reliance of zebrafish for late ventricular diastolic filling, the A/SRa, in addition to 

being a marker for late-diastolic stiffness, is also a surrogate of overall left ventricular 

filling pressure, similar to the rationale for the use of E/é and E/SRe as surrogates for 

left ventricular filling pressures in mice and humans. 

 

5.6. Conclusion 

 

Zebrafish cardiac physiology is very different from that of humans. Zebrafish have 

relatively low systolic function compared with mammalian models (e.g. normal EF 35 – 

40%; c.f. normal human EF 60 – 70%) and rely on atrial systole to drive the majority of 

ventricular filling. Nevertheless, its prominent late-diastolic filling pattern offers a 

unique opportunity to develop methods of assessing late-diastolic ventricular properties. 

A novel echocardiographic parameter of late-diastolic stiffness would be of particular 

interest in characterising patients with heart failure, and other conditions where 

abnormalities in late-diastolic compliance and secondary atrial dilatation are expected to 

feature strongly (e.g. heart failure with preserved ejection fraction, as well as 

individuals that have truncating titin mutations).  
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As ventricular pressures are not easily obtained in zebrafish in-vivo, the A/SRa ratio 

currently represents the only method of estimating left ventricular filing pressures in 

late diastole. This rationale is similar to that used for estimating the left ventricular 

diastolic filling pressure with the E/SRe ratio and E/é ratio in humans. Given that the 

zebrafish has a late-diastolic filling pattern, whereas humans and other mammals in 

normal health have an E-dominant filling pattern in normal health, the zebrafish A/SRa 

ratio may also serve as a late-diastolic analogue for these left ventricular filling pressure 

surrogates derived from echocardiographic variables during early diastole in mammals. 
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Chapter 6: A natural history echocardiographic study of zebrafish 

carrying heterozygous mutations in titin: a study of three 

zebrafish models of titin truncation 

 

6.1. Overview of Chapter 6 

 

Before I studied the ttna
e201-tv

 mutant, which was modelled on the human BR and EA 

dilated cardiomyopathy kindreds described in Chapter 3, I first applied the methods of 

assessing cardiac structure and function using high frequency ultrasound developed in 

Chapter 4 to study zebrafish carrying other zebrafish titin truncating mutations (Figure 

6.1). These mutants included: 

 

1. Mutant 1 (ttna
uq22ks

): truncation located in exon 5, in the Z-region of the ttna gene. 

2. Mutant 2 (ttna
e105-tv

): truncation located in exon 105 in the distal I-band. 

3. Mutant 3 (ttna
hel

): truncation thought to be located in the proximal A-band. 

 

 
 

Figure 6.1: The four zebrafish titin (ttna) gene truncating mutants that were studied in 
this thesis. The locations of their truncating mutations relative to the full amino acid sequence 
of the zebrafish titin-a (ttna) protein are shown, with the N-terminus (NH2-) located on the left 
and the C-terminus (-COOH) located on the right. A full length ttna protein is shown. Mutant 1 
(ttna

uq22ks
) is located in the area of the Z-line. Mutant 2 (ttna

e105-tv
) is in the distal I-band located 

upstream from the internal promoter for Cronos (position denoted by the dashed red line). 
Mutant 3 (ttna

hel
) has not been definitively sequenced, but there is very strong evidence for its 

position shown in the diagram above, in the proximal A-band, downstream from the position of 
the internal promoter for Cronos. Mutant 4 (ttna

e201-tv
), the subject of study in Chapter 7, is 

located in the middle of the A-band. 
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6.2. Mutant 1: The ttna
uq22ks mutant  

 

6.2.1. Genotype and age differences in survival and zebrafish growth 

 

Embryonic and juvenile zebrafish heterozygous for the mutant ttna
uq22ks

 allele appeared 

phenotypically normal, while homozygosity was associated with severe cardiac 

dysfunction and early embryonic death. As a measure of ventricular systolic function, at 

day four post fertilisation, the ventricular fractional area change in homozygote mutants 

carrying both copies of the ttna
uq22ks

 mutation was 4.7 ± 4.7 % compared with 34.9 ± 

5.4 % for the wildtypes (P<0.0001) (Figure 6.2).  

 

 
Figure 6.2: Homozygous male mutant ttna

uq22ks
 zebrafish display severe cardiac 

dysfunction in early embryonic life. Homozygous male zebrafish carrying the mutant 
ttna

uq22ks
 allele (blue ■, N=12-17 each time-point) exhibit severely reduced (A) ventricular 

fractional area change (FAC) and (B) atrial FAC, compared with their male wildtype siblings 
(black ●, N=19-23 each time-point). The ANOVA for genotype was P<0.001. There was no 
significant interaction between genotype and age. Unpaired t-test statistics at each time-point 
are also shown. *** P≤0.001. Data provided by Dr Inken Huttner. 

 

Morphological parameters, heart rate, cardiac chamber dimensions as well as 

parameters of systolic and diastolic function for male ttna
uq22ks

 heterozygotes and their 

male wildtype siblings were measured serially in-vivo using echocardiography at 3, 6, 9 

and 12 months (Supplemental Tables 6.1, 6.2 and 6.3). As expected, weight and body 

length increased with increasing age (P<0.001 for both, 2-way ANOVA). In addition, 

there were genotype differences in weight between heterozygote fish and their wildtype 

siblings (P<0.001, 2-way ANOVA, Figure 6.3), with heterozygotes weighing 

significantly less than their wildtype siblings at 9 and 12 months (Supplemental Tables 

6.1 and 6.3).  
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Figure 6.3: Heterozygous male ttna
uq22ks

 zebrafish have less body mass than wildtypes. 
Heterozygous male zebrafish carrying the mutant ttna

uq22ks
 allele (blue ■, N=11-16 each time-

point) have less body mass compared with their male wildtype siblings (black ●, N=10-13 each 
time-point). The results of the 2-way ANOVA for genotype- and age-dependent effects on each 
parameter are shown. There was no significant interaction. Unpaired t-test statistics at each 
time-point are also shown. * P<0.05, ** P≤0.01. 

 

6.2.2. Modest increase in indexed ventricular chamber dimensions of 

borderline statistical significance observed in heterozygotes 

 

 
 

Figure 6.4: Heterozygous male ttna
uq22ks

 zebrafish develop very mild ventricular chamber 
dilatation. Heterozygous male zebrafish carrying the mutant ttna

uq22ks
 allele (blue ■, N=11-16 

each time-point) develop modest ventricular chamber dilatation compared with their male 
wildtype siblings (black ●, N=10-13 each time-point). (A) End-diastolic volume indexed to body 
surface area (EDV/BSA). (B) End-systolic volume indexed to body surface area (ESV/BSA). 
The results of the 2-way ANOVA for genotype- and age-dependent effects on each parameter 
are shown. There was no significant interaction. Unpaired t-test statistics at each time-point are 
also shown. * P<0.05.  
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ANOVA analysis demonstrated that there was a modest effect resulting from genotype 

status that was of borderline statistical significance (P=0.03, 2-way ANOVA, 

Supplemental Tables 6.3). Nevertheless, although the mean end-diastolic volume was 

significantly smaller in heterozygotes than wildtypes at 9 months, there was significant 

overlap between genotypes at the 12-month time-point, indicating that any difference 

between heterozygotes and wildtypes was tenuous at best (Figure 6.4, Supplemental 

Table 6.1).  

 

6.2.3. Assessment of contractile function 

 

There was no evidence to suggest that ttna
uq22ks

 heterozygotes had any reduction in 

contractile function, when measured using the conventional parameters ejection fraction 

(P=0.51, 2-way ANOVA, Figure 6.5A), ventricular fractional area change (P=0.15, 2-

way ANOVA), global longitudinal strain (P=0.75, 2-way ANOVA, Figure 6.5B) or 

peak ś velocity on tissue Doppler (P=0.10, 2-way ANOVA) (Supplemental Tables 6.1 

and 6.3). There was no statistically significant interaction between age and genotype 

(Supplemental Tables 6.3).  

 

 
Figure 6.5: Heterozygous male ttna

uq22ks
 zebrafish do not develop overt systolic 

dysfunction. Heterozygous male zebrafish carrying the mutant ttna
uq22ks

 allele (blue ■, N=11-
16) display similar measures of contractile function compared with their male wildtype siblings 
(black ●, N=10-13 each time-point), when assessed using (A) ejection fraction (EF) and (B) 
global longitudinal strain (GLS). The results of the 2-way ANOVA for genotype- and age-
dependent effects on each parameter are shown. There was no significant interaction between 
age and genotype. Unpaired t-test statistics at each time-point were not statistically significant. 
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6.2.4. Assessment of diastolic function 

 

There was no significant genotype difference in IVRT between ttna
uq22ks

 heterozygotes 

and age-matched wildtype siblings (P=0.29, 2-way ANOVA, Figure 6.6A, 

Supplemental Tables 6.1 and 6.3). There were genotype differences in the E/A ratio 

(P=0.005, 2-way ANOVA, Figure 6.6B), which was the result of ttna
uq22ks

 

heterozygotes having significantly reduced mean peak E-wave velocity during early 

ventricular diastolic filling (P=0.001, 2-way ANOVA, Figure 6.6C). There were no 

significant genotype differences in late ventricular diastolic filling (i.e. peak A-wave 

velocity, Figure 6.6D).  

 

 
Figure 6.6: Diastolic function in heterozygous male ttna

uq22ks
 zebrafish. This figure displays 

traditional markers of diastolic function in heterozygous male zebrafish carrying the mutant 
ttna

uq22ks
 allele (blue ■, N=11-16) and male wildtype siblings (black ●, N=10-13 each time-point), 

measured by (A) isovolumic relaxation time (IVRT), (B) E/A ratio, (C) peak E-wave velocity and 
(D) peak A-wave velocity on pulsed-wave Doppler interrogation of ventricular diastolic filling at 
the atrioventricular annulus. The results of the 2-way ANOVA for genotype- and age-dependent 
effects on each parameter are shown. Unpaired t-test statistics at each time-point are also 
shown. * P<0.05, ** P≤0.01. 
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In terms of ventricular deformation during diastole, there was no discernible effect of 

genotype on ventricular tissue Doppler diastolic parameters measured at the 

myocardium adjacent to the atrioventricular annulus, peak é wave (P=0.83, 2-way 

ANOVA) and peak á velocity (P=0.06, 2-way ANOVA). An assessment of myocardial 

deformation of the ventricular during diastole was also made using the more novel 

parameters global longitudinal diastolic strain rate in early diastole (SRe) and late 

diastole (SRa). Heterozygosity for the ttna
uq22ks

 mutation was not associated with any 

difference in peak global longitudinal strain rate during early diastole (P=0.30, 2-way 

ANOVA), nor late diastole (P<0.001, 2-way ANOVA). The values for the individual 

time-points as well as the results of the ANOVA analysis can be found in 

Supplemental Table 6.3. 

 

6.2.5. Atrial size 

 

There was no effect of genotype status on indexed atrial area (P=0.49, 2- way ANOVA, 

Figure 6.7).  

 

 
Figure 6.7: Indexed atrial area in heterozygous male ttna

uq22ks
 zebrafish. This figure 

displays atrial area indexed to body surface area (BSA) in heterozygous male zebrafish carrying 
the mutant ttna

uq22ks
 allele (blue ■, N=11-16 each time-point) and male wildtype siblings (black 

●, N=10-16 each time-point). The results of the 2-way ANOVA for genotype- and age-
dependent effects were not significant and there was no significant interaction. Unpaired t-test 
statistics at each time-point were not statistically significant. 
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6.2.6. The effect of the ttnauq22ks mutation on parameters of ventricular 

structure and function 

 

Multiple linear regression and statistical modelling was performed to examine the effect 

of carrying the ttna
uq22ks

 allele on key parameters of ventricular structure and function. 

Univariate and multivariate results are reported in Table 6.1. Of note, there was 

evidence that heterozygosity for the ttna
uq22ks

 allele was associated with a small increase 

in indexed end-diastolic volume (0.06 mL per m
2
 body surface area, 95% CI 0.01 – 

0.26), but no difference in EF, IVRT and indexed atrial size. There was no significant 

difference between ttna
uq22ks

 heterozygotes and wildtype with respect to the A/SRa ratio, 

an echocardiographic marker of late-diastolic passive compliance (P=0.40). 

 
Table 6.1: The effect of the ttna

uq22ks
 mutation on parameters of cardiac structure and 

function. 

 Unadjusted Result Adjusted Result 
Parameter β (95% CI) P value β (95% CI) P value 

     
Systolic function     
Ejection fraction (%) 0.4 (-1.0 – 1.9)* 0.57 0.4 (-1.0 – 1.9)* 0.57 
GLS (%) 0.5 (-0.6 – 1.6)* 0.38 0.5 (-0.6 – 1.6)* 0.38 
s (mm.s

-1
) 1.0 (-0.2 – 2.2)* 0.10 1.0 (-0.2 – 2.2)* 0.10 

     
Diastolic function     
IVRT (ms) 2 (-2 – 6)* 0.10 2 (-2 – 6)* 0.10 
E/A -0.03 (-0.05 – -0.01) 0.003 -0.03 (-0.05 – -0.01)* 0.003 
SR E (s

-1
) -0.06 (-0.15 – 0.03) 0.21 -0.06 (-0.15 – 0.03)* 0.21 

SR A (s
-1

) 0.03 (-0.17 – 0.23)* 0.79 0.03 (-0.17 – 0.23)* 0.79 
     
Chamber size     
EDV/BSA (mL.m

-2
) 0.14 (0.01 – 0.26) 0.03 0.14 (0.01 – 0.26)* 0.03 

ESV/BSA (mL.m
-2

) 0.06 (0.00 – 0.13) 0.06 0.06 (0.00 – 0.13)* 0.06 
Atrial size (mL.m

-2
) 0.19 (-0.26 – 0.65) 0.40 0.19 (-0.26 – 0.65)* 0.40 

     
Late diastolic stiffness     
A/SRa (cm) -1.07 (-3.56 – 1.42) 0.40 -1.07 (-3.56 – 1.42)* 0.40 

For each parameter, the β coefficients (95% CI) derived from univariate and multivariate 
linear regression are reported. * denotes the situation when the final adjusted effect size for 
the parameter is derived from the univariate result. This occurred when the univariate model 
was accepted as the final model when neither age nor the interaction between age and 
genotype were statistically significant. P values for statistical significance for these variables 
may vary slightly from the ANOVA P value due to the different statistical technique being 
used. 
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6.2.7. Summary of results 

 

The results in the previous pages represent the first-ever in-vivo characterisation of 

cardiac structure and function in adult heterozygote zebrafish carriers of the ttna
uq22ks

 

mutation.  

 

Heterozygosity is associated with very mild ventricular chamber dilatation, according to 

the results of the multivariate regression model. The effect size was small and the level 

of statistical significance was modest at best. There was no discernible difference in 

systolic contractile function, when assessed using a whole variety of parameters. 

 

With regards to diastolic function, there was no difference in ventricular isovolumic 

relaxation. Heterozygotes had a reduction in the E/A ratio, which suggests that their 

ventricles are more reliant on atrial filling. This may be due to an intrinsic feature of this 

genetic mutation. An alternative explanation is that heterozygotes of the ttna
uq22ks

 

mutation were significantly smaller than adults. Small size hearts have been associated 

with increased stiffness, and this could have contributed to their reduced E/A ratio.  
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6.3. Mutant 2: The ttnae105-tv mutant 
 

6.3.1. Genotype and age differences in survival and zebrafish growth 

 

Similar to the ttna
uq22ks

 mutant, morphology and survival studies in embryonic and 

juvenile zebrafish heterozygous for the ttna
e105-tv

 mutation revealed that they were no 

different from their wildtype siblings, while homozygosity was embryonically lethal 

(Figure 6.8).  

 

 
Figure 6.8: Homozygous male ttna

e105-tv
 zebrafish display severe cardiac dysfunction in 

early embryonic life. Homozygous male zebrafish carrying the mutant ttna
e105-tv

 allele (green ♦, 
N=14 each time-point) exhibit severely reduced (A) ventricular fractional area change (FAC) and 
(B) atrial FAC, compared with their male wildtype siblings (black ●, N=19-23 each time-point). 
The ANOVA for genotype was P<0.001. There was no significant interaction between genotype 
and age. Unpaired t-test statistics at each time-point are also shown. *** P≤0.001. Data 
provided by Dr Inken Huttner. 

 

Morphological parameters, heart rate, cardiac chamber dimensions as well as 

parameters of systolic and diastolic function for male ttna
e105-tv

 heterozygotes and 

wildtype siblings were compared serially in-vivo using echocardiography at 3, 6, 9 and 

12 months (Supplemental Tables 6.4, 6.5 and 6.6). As expected, weight and body 

length increased with increasing age (P<0.001 for both, 2-way ANOVA), but there were 

no genotype differences in these parameters between heterozygote fish and their 

wildtype siblings (P=0.33 and 0.61 respectively, 2-way ANOVA), Supplemental Table 

6.6).  
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6.3.2. Spontaneous cardiac chamber dilatation occurs in ttnae105-tv 

heterozygotes. 

 

Male ttna
e105-tv

 heterozygotes had similar baseline raw and indexed ventricular 

dimensions (e.g. ventricular lengths, areas and volumes) at 3 and 6 months compared 

with their wildtype siblings (Supplemental Tables 6.4 and 6.6). However, at 9 and 12 

months, male ttna
e105-tv

 heterozygotes displayed evidence of ventricular chamber 

dilatation (Figure 6.9, Supplemental Table 6.4). Both genotype (P=0.004, 2-way 

ANOVA) and age (P=0.002, 2-way ANOVA) had independent statistically significant 

effects on indexed end-diastolic volume, with no statistically significant interaction 

(P>0.05, Supplemental Table 6.6). A similar result was seen in indexed end-systolic 

volume. 

 

 
Figure 6.9: Heterozygous male ttna

e105-tv
 zebrafish develop ventricular chamber dilatation. 

Heterozygous male zebrafish carrying the mutant ttna
e105-tv

 allele (green ♦, N=18-20 each time-
point) develop progressive ventricular chamber dilatation with age compared with their male 
wildtype siblings (black ●, N=10-16 each time-point). (A) End-diastolic volume indexed to body 
surface area (EDV/BSA). (B) End-systolic volume indexed to body surface area (ESV/BSA). 
The results of the 2-way ANOVA for genotype- and age-dependent effects on each parameter 
are shown. There was no significant interaction. Unpaired t-test statistics at each time-point are 
also shown. * P<0.05, ** P≤0.01.  

 

6.3.3. Assessment of contractile function 

 

Although there appeared to be a very mild reduction in the point estimates of mean 

ejection fraction in male ttna
e105-tv

 heterozygotes compared with their wildtype siblings 

at each measured time-point (Figure 6.10A, Supplemental Table 6.4), this difference 
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was very small and did not reach statistical significance (P=0.16, 2-way ANOVA, 

Supplemental Table 6.6) despite large numbers in latter time-points (e.g. N=15 

wildtypes, N=18 heterozygotes at both 9 and 12 months) that should have enabled the 

analysis to be sufficiently powered to detect a small (i.e. ≥3%) absolute difference in 

ejection fraction. There was also no statistical evidence to suggest that heterozygotes 

had any reduction in contractile function, when measured using fractional area change 

(P=0.15, 2-way ANOVA) or global longitudinal strain (P=0.82, 2-way ANOVA, 

Figure 6.10B). Both genotype status (P=0.008, 2-way ANOVA) and age (P=0.04) had 

a significant effect on peak ś-wave velocity on tissue Doppler, with male ttna
e105-tv

 

heterozygotes generally having a lower mean result compared with their wildtype 

siblings (Supplemental Tables 6.4 and 6.6). There was no statistically significant 

interaction (Supplemental Table 6.6).  

 

 
Figure 6.10: Heterozygous male ttna

e105-tv
 zebrafish do not develop overt systolic 

dysfunction. There is no statistical evidence of impaired contractile function in heterozygous 
male zebrafish carrying the mutant ttna

e105-tv
 allele (green ♦, N=18-20 each time-point) have 

reduced contractile function compared with their male wildtype siblings (black ●, N=10-16 each 
time-point), when assessed using (A) ejection fraction (EF) and (B) global longitudinal strain 
(GLS). A mild separation of curves in EF is noted between genotypes, but this did not reach 
statistical significance on 2-way ANOVA despite large numbers in each group, particularly in the 
later time-points (9 and 12 months). The results of the 2-way ANOVA for genotype- and age-
dependent effects on each parameter are shown. There was no significant interaction. Unpaired 
t-test statistics at each time-point were not statistically significant. 

 

6.3.4. Assessment of diastolic function 

 

Interestingly, despite the apparent absence of any overt abnormality in ejection fraction, 

male ttna
e105-tv

 heterozygotes had prolonged isovolumic relaxation compared with age-
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matched wildtype siblings at all time-points (P<0.001, 2-way ANOVA, Figure 6.11A, 

Supplemental Tables 6.4, 6.5 and 6.6). Age had a significant effect on the E/A ratio 

(P<0.001, 2-way ANOVA). However, there was no genotype difference in the E/A ratio 

(P=0.78, 2-way ANOVA, Figure 6.11B) as 1) there were no genotype differences in 

early ventricular diastolic filling (i.e. peak E-wave velocity, P=0.81, 2-way ANOVA, 

Figure 6.11C), and 2) the late ventricular diastolic filling (i.e. peak A-wave velocity) 

was only significantly influenced by age (P<0.001, 2-way ANOVA) and not genotype 

(P=0.78, 2-way ANOVA, Figure 6.11D).  

 

 
Figure 6.11: Diastolic function in heterozygous male ttna

e105-tv
 zebrafish. Traditional 

markers of diastolic function in heterozygous male zebrafish carrying the mutant ttna
e105-tv

 allele 
(green ♦, N=18-20 each time-point) and male wildtype siblings (black ●, N=10-16 each time-
point), measured by (A) isovolumic relaxation time (IVRT), (B) E/A ratio, (C) peak E-wave 
velocity and (D) peak A-wave velocity on pulsed-wave Doppler interrogation of ventricular 
diastolic filling at the atrioventricular annulus. The results of the 2-way ANOVA for genotype- 
and age-dependent effects on each parameter are shown. There was no significant interaction. 
Unpaired t-test statistics at each time-point are also shown. ** P≤0.01, *** P≤0.001. 
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In terms of measuring ventricular myocardial deformation during diastole, there were 

genotype differences (P=0.005, 2-way ANOVA) evident in the peak early diastolic 

ventricular tissue Doppler (é-wave) velocity measured at the myocardium adjacent to 

the atrioventricular annulus. However, genotype differences were not observed in the 

peak á-wave velocity in late diastole (P=0.09, 2-way ANOVA). A modest but 

statistically significant genotype effect was evident in both the early (P=0.03, 2-way 

ANOVA, Figure 6.12A) and late-diastolic global longitudinal strain rate (P=0.04, 2-

way ANOVA, Figure 6.12B). Age had a significant effect in early (P=0.04, 2-way 

ANOVA) but not late global longitudinal diastolic strain rate (P=0.15, 2-way ANOVA). 

The values for the individual time-points as well as the results of the ANOVA analysis 

can be found in Supplemental Tables 6.4, 6.5, and 6.6. 

 

 
Figure 6.12: Ventricular strain rate in heterozygous male ttna

e105-tv
 zebrafish. This figure 

illustrates global longitudinal strain rate in early diastole (SRe, A) and late diastole (SRa, B) in 
heterozygous male zebrafish carrying the mutant ttna

e105-tv
 allele (green ♦, N=18-20 each time-

point) compared with male wildtype siblings (black ●, N=10-16 each time-point). The results of 
the 2-way ANOVA for genotype- and age-dependent effects on each parameter are shown. 
There was no significant interaction. Unpaired t-test statistics at each time-point are also shown. 
* P<0.05, ** P≤0.01, *** P≤0.001. 

 

6.3.5. Atrial size 

 

There was no effect of genotype status on indexed atrial area (P=0.29, 2- way ANOVA, 

Figure 6.13).  
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Figure 6.13: Indexed atrial area in heterozygous male ttna

e105-tv
 zebrafish. Atrial area 

indexed to body surface area (BSA) in heterozygous male zebrafish carrying the mutant ttna
e105-

tv
 allele (green ♦, N=18-20 each time-point) and male wildtype siblings (black ●, N=10-16 each 

time-point). The results of the 2-way ANOVA for genotype- and age-dependent effects were not 
significant and there was no significant interaction. Unpaired t-test statistics at each time-point 
were not statistically significant. 

 

6.3.6. The effect of the ttnae105-tv mutation on parameters of ventricular 
structure and function 
 

Table 6.2: The effect of the ttna
e105-tv

 mutation on parameters of cardiac structure and 
function. 

 Unadjusted Result Adjusted Result 
Parameter β (95% CI) P value β (95% CI) P value 

     
Systolic function     
Ejection fraction (%) -1.2 (-2.8 – 0.4) 0.14 -1.2 (-2.8 – 0.4)* 0.14 
GLS (%) 0.0 (-0.9 – 0.9) 0.99 0.0 (-0.9 – 0.9)* 0.99 
s (mm.s

-1
)   -1.6 (-2.8 – -0.4) 0.007 

     
Diastolic function     
IVRT (ms) 16 (13 – 20) <0.0001 16 (13 – 20)* <0.0001 
E/A 0.00 (-0.02 – 0.02) 0.98 0.00 (-0.02 – 0.02) 0.90 
SR E (s

-1
) -0.09 (-0.17 – -0.01) 0.02 -0.09 (-0.17 – -0.02) 0.009 

SR A (s
-1

) -0.14 (-0.29 – 0.00) <0.05 -0.14 (-0.29 – 0.00)* <0.05 
     
Chamber size     
EDV/BSA (mL.m

-2
) 0.18 (0.05 – 0.30) 0.007 0.16 (0.04 – 0.29) 0.009 

ESV/BSA (mL.m
-2

) 0.15 (0.06 – 0.23) 0.0006 0.14 (0.06 – 0.22) 0.0006 
Atrial size (mL.m

-2
) 0.21 (-0.12 – 0.55) 0.21 0.21 (-0.12 – 0.55)* 0.21 

     
Late Diastolic stiffness     
A/SRa (cm) 2.70 (0.49 – 4.91)* 0.02 2.70 (0.49 – 4.91)* 0.02 

For each parameter, the β coefficients (95% CI) derived from univariate and multivariate linear 
regression are reported. * denotes the situation when the final adjusted effect size for the 
parameter is derived from the univariate result. This occurred when the univariate model was 
accepted when neither age nor the interaction between age and genotype were significant. P 
values for statistical significance for these variables may vary slightly from the ANOVA P-value 

due to the different statistical technique being used. 
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Multiple linear regression was performed to examine the effect of carrying the ttna
e105-tv

 

allele on key parameters of ventricular structure and function. Univariate and 

multivariate results are reported in Table 6.2. Of note, heterozygosity for the ttna
e105-tv

 

allele resulted in a 0.16 (95% CI 0.04 – 0.29) mL.m
-2

 body surface area increase in 

indexed ventricular end-diastolic volume and prolongation of the IVRT by 16 (13 – 20) 

ms, but no significant change in EF (-1.2, 95% CI -2.8 – 0.4) %. Heterozygotes for the 

ttna
e105-tv

 mutation appear to have significantly increased late-diastolic stiffness (i.e. 

reduced passive late-diastolic compliance) when compared with wildtypes (P=0.02). 

 

6.3.7. Summary of results 

 

Ventricular chamber dilatation is present in ttna
e105-tv

 heterozygotes. Furthermore, the 

results of the ttna
e105-tv

 heterozygotes indicate that, although they do not have any 

significant difference in systolic function when considering the traditional measurement 

ejection fraction or the newer parameter global longitudinal strain, they have reduced 

peak ś-wave velocity on tissue Doppler. Diminished peak ś-wave velocity on tissue 

Doppler has been shown in human clinical studies of cardiomyopathy cohorts to be 

associated with early disease (Lakdawala et al., 2012b). Abnormal ventricular 

myocardial properties were manifest, as evidenced by impaired ventricular relaxation 

(i.e. prolonged isovolumic relaxation time), and reduced early and late global 

longitudinal strain rate. ttna
e105-tv

 heterozygotes also demonstrate echocardiographic 

markers of increased late-diastolic stiffness. Overall, these features indicate that the 

ttna
e105-tv

 heterozygotes, although not having manifest contractile dysfunction, are likely 

showing an early forme fruste dilated cardiomyopathy phenotype. 

 

The discrepancy between the forme fruste phenotype in zebrafish and the original 

human family from which the zebrafish mutant line was derived, where dilated 

cardiomyopathy was manifest in genotype positive carriers, can be explained by the fact 

that the zebrafish may have protective factors that may not result in the full dilated 

cardiomyopathy phenotype. One highly plausible explanation is that zebrafish have a 

much lower systemic blood pressure and operate at a different filling pressure than 

humans, which may provide protection against the mechanical stress that may be 

deleterious in carriers of this mutation.  
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6.4. Mutant 3: The herzchlag (ttnahel) mutant (Proximal A-band) 

 

6.4.1. Genotype and age differences in survival and zebrafish growth 

 

Embryonic and juvenile zebrafish heterozygous for the mutant herzschlag allele 

appeared phenotypically normal, while homozygosity was embryonically lethal (Figure 

6.14).  

 

 
Figure 6.14: Homozygous male ttna

hel
 zebrafish display severe cardiac dysfunction in 

early embryonic life. Homozygous male zebrafish carrying the mutant herzschlag allele 
(orange ▲, N=18-19 each time-point) exhibit severely reduced (A) ventricular fractional area 
change (FAC) and (B) atrial FAC, compared with their male wildtype siblings (black ●, N=19-23 
each time-point). The ANOVA for genotype was P<0.001. There was no significant interaction 
between genotype and age. Unpaired t-test statistics at each time-point are also shown.  
*** P≤0.001. Data provided by Dr Inken Huttner. 

 

Morphological parameters, heart rate, cardiac chamber dimensions as well as 

parameters of systolic and diastolic function for male herzschlag heterozygotes and 

wildtype siblings were compared serially in-vivo using echocardiography at 3, 6, 9 and 

12 months (Supplemental Tables 6.7, 6.8 and 6.9). As expected, weight and body 

length increased with increasing age (P<0.001 for both, 2-way ANOVA), but there were 

no genotype differences in these parameters between heterozygote fish and their 

wildtype siblings (P=0.09 and 0.60 respectively, 2-way ANOVA, Supplemental Table 

6.9).  
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6.4.2. Spontaneous cardiac chamber dilatation occurs in herzschlag 

heterozygotes. 

 

Male herzschlag heterozygotes had similar baseline raw and indexed ventricular 

dimensions (e.g. ventricular lengths, areas and volumes) at 3 months compared with 

their wildtype siblings (P>0.05 for all, Supplemental Tables 6.7 and 6.9). However, 

male herzschlag heterozygotes developed spontaneous age-dependent ventricular 

dilation, first manifest at 6 months (Figure 6.15, Supplemental Tables 6.7 and 6.9). 

Both genotype (P=0.004, 2-way ANOVA) and age (P=0.002, 2-way ANOVA) had 

independent statistically significant effects on indexed end-diastolic volume, with no 

statistically significant interaction (P>0.05, Supplemental Table 6.9). A similar result 

was seen in indexed end-systolic volume. 

 

 
 

Figure 6.15: Heterozygous male ttna
hel

 zebrafish develop progressive ventricular 
chamber dilatation. Heterozygous male zebrafish carrying the mutant herzschlag allele 
(orange ▲, N=9-12 each time-point) develop progressive chamber dilatation with age compared 
with their male wildtype siblings (black ●, N=9-11 each time-point). (A) End-diastolic volume 
indexed to body surface area (EDV/BSA). (B) End-systolic volume indexed to body surface area 
(ESV/BSA). The results of the 2-way ANOVA for genotype- and age-dependent effects on each 
parameter are shown. There was no significant interaction. Unpaired t-test statistics at each 
time-point are also shown. * P<0.05, ** P≤0.01.  
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6.4.3. Assessment of contractile function 

 

Male herzschlag heterozygotes also developed spontaneous contractile dysfunction 

when assessing contractile function using a suite of systolic parameters including 

ejection fraction (P<0.001, 2-way ANOVA, Figure 6.16A), fractional area change 

(P<0.001, 2-way ANOVA), global longitudinal strain (P<0.001, 2-way ANOVA, 

Figure 6.16B) and peak ś-wave velocity on tissue Doppler (P=0.02, 2-way ANOVA), 

while age did not have an independent statistically significant effect, nor was there any 

statistically significant interaction (Supplemental Table 6.9). Contractile dysfunction 

in these parameters became statistically significant at 6 months of age (Figure 6.16, 

Supplemental Table 6.7 and 6.9).  

 

 
Figure 6.16: Heterozygous male ttna

hel
 zebrafish develop overt systolic dysfunction. 

Heterozygous male zebrafish carrying the mutant herzschlag allele (orange ▲, N=9-12 each 
time-point) have reduced contractile function compared with their male wildtype siblings (black 
●, N=9-11 each time-point), when assessed using (A) ejection fraction (EF) and (B) global 
longitudinal strain (GLS). The results of the 2-way ANOVA for genotype- and age-dependent 
effects on each parameter are shown. There was no significant interaction. Unpaired t-test 
statistics at each time-point are also shown. * P<0.05, ** P≤0.01. 

 

6.4.4. Assessment of diastolic function 

 

In male zebrafish, IVRT was significantly longer in herzschlag heterozygotes compared 

with age-matched wildtype siblings at all time-points (P<0.001, 2-way ANOVA, 

Figure 6.17A, Supplemental Tables 6.7 and 6.9). Both age (P<0.001, 2-way 

ANOVA) and genotype P<0.001, 2-way ANOVA) had an impact on diastolic function, 
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when measured as the E/A ratio (Figure 6.17B). Increasing age and heterozygosity for 

the herzschlag mutant allele (P=0.02, 2-way ANOVA) were associated with a decline in 

early ventricular diastolic filling (i.e. peak E-wave velocity, P<0.001, 2-way ANOVA, 

Figure 6.17C), but the corresponding increase in late ventricular diastolic filling (i.e. 

peak A-wave velocity) was only significantly influenced by increase age (P<0.001, 2-

way ANOVA) and not genotype (P=0.31, 2-way ANOVA, Figure 6.17D). This 

indicates that the mostly likely explanation for the relative reduction of the E/A ratio in 

heterozygotes was largely due to the impact on early diastolic filling.  

 

 
Figure 6.17: Diastolic function in heterozygous male ttna

hel
 zebrafish. This figure illustrates 

traditional markers of diastolic function in heterozygous male zebrafish carrying the mutant 
herzschlag allele (orange ▲, N=9-12 each time-point) and male wildtype siblings (black ●, N=9-
11 each time-point), measured by (A) isovolumic relaxation time (IVRT), (B) E/A ratio, (C) peak 
E-wave velocity and (D) peak A-wave velocity on pulsed-wave Doppler interrogation of 
ventricular diastolic filling at the atrioventricular annulus. The results of the 2-way ANOVA for 
genotype- and age-dependent effects on each parameter are shown. There was no significant 
interaction. Unpaired t-test statistics at each time-point are also shown on each panel. * P<0.05, 
** P≤0.01, *** P≤0.001. 
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In terms of measuring ventricular deformation during diastole, there was no discernible 

effect of genotype on ventricular tissue Doppler parameters measured at the 

myocardium adjacent to the atrioventricular annulus, peak é-wave (P=0.16, 2-way 

ANOVA) and peak á-velocity (P=0.91, 2-way ANOVA). An assessment of myocardial 

deformation of the ventricular during diastole was also made using the more novel 

parameters global longitudinal diastolic strain rate in early diastole (SRe) and late 

diastole (SRa). Heterozygosity for the herzschlag mutation was not associated with a 

reduced global longitudinal strain rate during early diastole (P=0.15, 2-way ANOVA, 

Figure 6.18A), but a strong genotype effect was evident in the late-diastolic global 

longitudinal strain rate (P<0.001, 2-way ANOVA, Figure 6.18B), with much less 

ventricular deformation in heterozygotes during late diastole compared with their 

wildtype siblings. The values for the individual time-points as well as the results of the 

ANOVA analysis can be found in Supplemental Tables 6.7, 6.8 and 6.9. 

 

 
Figure 6.18: Ventricular strain rate in heterozygous male ttna

hel
 zebrafish. This figure 

illustrates global longitudinal strain rate in early diastole (SRe, A) and late diastole (SRa, B) in 
heterozygous male zebrafish carrying the mutant herzschlag allele (orange ▲, N=9-12 each 
time-point) compared with male wildtype siblings (black ●, N=9-11 each time-point). The results 
of the 2-way ANOVA for genotype- and age-dependent effects on each parameter are shown. 
There was no significant interaction. Unpaired t-test statistics at each time-point are also shown. 
* P<0.05, *** P≤0.001. 
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6.4.5. Atrial size 

 

Both genotype (P=0.007, 2-way ANOVA) and age (P=0.02) had independent 

statistically significant effects on indexed atrial size, although this effect was small and 

unpaired t-tests comparing mean values at each time-point were not statistically 

significant (Figure 6.19, Supplemental Table 6.7). This will be examined further in 

the multiple regression analysis in the following section. Given that there were no 

statistically significant genotype differences in surrogate measures of the peak A-wave 

velocity on pulsed-wave Doppler, which can be considered a surrogate of atrial 

contractile function in the absence of any atrioventricular annular pathology, this 

suggests that the dilatation of the atrium is not due to a primary atrial myopathy and 

potentially secondary to the alterations in ventricular diastolic function in herzschlag 

mutants.  

 

 
 

Figure 6.19: Indexed atrial area in heterozygous male ttna
uq22ks

 zebrafish. Atrial area 
indexed to body surface area (BSA) in heterozygous male zebrafish carrying the mutant 
herzschlag allele (orange ▲, N=9-12 each time-point) and male wildtype siblings (black ●, N=9-
11 each time-point). The results of the 2-way ANOVA for genotype- and age-dependent effects 
on each parameter are shown. There was no significant interaction. Unpaired t-test statistics at 
each time-point were not statistically significant. 
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6.4.6. The effect of the herzschlag mutation on parameters of 

ventricular structure and function 

 

Multiple linear regression and statistical modelling was performed to examine the effect 

of carrying the herzschlag allele on key parameters of ventricular structure and function. 

Univariate and multivariate results are reported in Table 6.3. Of note, heterozygosity 

for the herzschlag allele resulted in a reduction in absolute EF by 4.8 (95% CI 3.0 – 6.5) 

%, prolongation of IVRT by 18 (14 – 22) ms, and a 0.23 (95% CI 0.06 – 0.40) mL.m
-2

 

body surface area increase in indexed ventricular end-diastolic volume. The adjusted 

effects of genotype on parameters of diastolic function are shown, as is the small, but 

statistically significant increase in indexed atrial size (0.58, 95% CI 0.18 – 0.97, mm
2
 

per m
2
 of body surface area). Heterozygotes for the herzschlag mutation appear to have 

significantly increased late-diastolic stiffness when compared with wildtypes, with 

respect to the echocardiographic marker of late-diastolic stiffness: the A/SRa ratio 

(P<0.0001). 

 

Table 6.3: The effect of the ttna
hel

 mutation on parameters of cardiac structure and 
function. 

 Unadjusted Result Adjusted Result 
Parameter β (95% CI) P value β (95% CI) P value 

     
Systolic function     
Ejection fraction (%) -4.8 (-6.5 – -3.0) <0.0001 -4.8 (-6.5 – -3.0)* <0.0001 
GLS (%) 1.8 (0.9 – 2.7) 0.0001 1.8 (0.9 – 2.7)* 0.0001 
s (mm.s

-1
) -1.9 (-3.4 – 0.4) 0.01 -1.9 (-3.4 – -0.4)* 0.01 

     
Diastolic function     
IVRT (ms) 18 (14 – 22) <0.0001 18 (14 – 22)* <0.0001 
E/A -0.05 (-0.07 to -0.02) 0.002 -0.05 (-0.07 – 0.02) <0.0001 
SR E (s

-1
) -0.06 (-0.15 – 0.03) 0.22 -0.06 (-0.15 – 0.02) 0.14 

SR A (s
-1

) -0.37 (-0.54 – -0.19) <0.0001 -0.37 (-0.54 – -0.19)* <0.0001 
     
Chamber size     
EDV/BSA (mL.m

-2
) 0.21 (0.07 to 0.36) 0.005 0.21 (0.08 – 0.35) 0.001 

ESV/BSA (mL.m
-2

) 0.22 (0.12 – 0.32) <0.0001 0.23 (0.13 – 0.32) <0.0001 
Atrial size (mL.m

-2
) 0.58 (0.16 to 0.99) 0.007 0.58 (0.18 – 0.97) 0.002 

     
Late Diastolic stiffness     
A/SRa (cm) 7.92 (4.55 – 11.28) <0.0001 7.92 (4.55 – 11.28)* <0.0001 

For each parameter, the β coefficients (95% CI) derived from univariate and multivariate linear 
regression are reported. * denotes the situation when the final adjusted effect size for the 
parameter is derived from the univariate result. This occurred when the univariate model was 
accepted when neither age nor the interaction between age and genotype were significant. P 
values for statistical significance for these variables may vary slightly from the ANOVA P-value 

due to the different statistical technique and different model being used. 
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6.4.7. Summary of results 

 

The adult phenotype of heterozygous carriers of the herzschlag allele has not been 

previously reported. Heterozygotes develop spontaneous dilated cardiomyopathy with 

increasing age, manifest by dilatation of cardiac chambers and contractile dysfunction. 

Diastolic abnormalities are present, including prolonged isovolumic relaxation, reduced 

E/A ratio compared with wildtypes, as well as reduced late ventricular global 

longitudinal strain rate. There is evidence of increased late-diastolic stiffness, as 

estimated by the A/SRa ratio. Atrial dilatation is also present. This is potentially the 

result of the increased ventricular late-diastolic passive stiffness.  

 

Overall, the analysis of these three zebrafish ttna titin truncating mutations indicate that 

the zebrafish can be used to model titin truncating mutations, thus lending credence to 

the aim of using the zebrafish to model the A-band titin truncating mutation carried by 

the BR and EA families. Heterozygotes in the A-band mutant (i.e. the herzschlag 

mutant) develop features of dilated cardiomyopathy.  

 

These results outlined in this chapter indicate that the cardiac phenotype of zebrafish 

that carry various titin truncating mutations appears to be different. The data so far 

suggests that the Z-line mutant (Mutant 1) does not display much in the way of a dilated 

cardiomyopathy phenotype, while the I-band mutant (Mutant 2) appears to have a less 

severe phenotype than the A-band mutant (Mutant 3). Detailed integrative analysis of 

the results of these three mutants, together with the fourth titin truncating mutant, will 

be later presented and discussed in Chapter 8. 
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Chapter 7: A novel zebrafish model of human A-band truncated 

titin exhibits altered ventricular diastolic compliance in-vivo and 

reveals enhanced susceptibility to the effects of volume overload  

 

7.1. Overview of Chapter 7 

 

In the early days of my PhD, I made the observation that, in two kindreds with familial 

dilated cardiomyopathy caused by the same truncating variant of the titin gene (TTNtv 

p.R26331*), individuals developed early-onset dilated cardiomyopathy following 

exposure to various medical conditions associated with chronic volume overload. In this 

chapter, I applied the methods described in earlier chapters (and first performed in the 

three other models of zebrafish titin truncation) to a zebrafish titin ttna mutant that was 

modelled on the TTNtv that was carried by these two kindreds. I found that chronic 

volume overload was particularly deleterious in zebrafish that were heterozygous for 

this mutation, and resulted in exaggerated chamber dilatation and impaired contractile 

function. Detailed evaluation of ventricular diastolic function in these genetic mutants 

using deformation imaging and strain analysis showed that the ventricular myocardium 

in heterozygous zebrafish displayed evidence of reduced late-diastolic compliance, 

properties that would predict the reduced tolerance to volume overload and propensity 

for atrial dilatation and atrial fibrillation seen in patients with TTNtv. Given that TTNtv 

mutations are relatively common in humans, this work is of enormous clinical 

significance as it supports the idea of volume overload being a common, under-

recognised, and potentially modifiable risk factor for early deterioration in individuals 

with a heart failure genetic susceptibility. This work was presented at the American 

Heart Association FGTB Young Investigator Award competition at the American Heart 

Association Scientific Sessions at Anaheim, California, on November 12, 2017. 

 

Wang LW, Huttner IG, Santiago CF, Johnson R, Horvat C, Linke WA, Feneley MP, 

Fatkin D. A novel zebrafish model of human A-band truncated titin exhibits altered 

ventricular diastolic compliance in-vivo and reveals enhanced susceptibility to the 

effects of volume overload in mutation carriers. Circulation. 

2017;136(Suppl1):A17245. 
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7.2. Introduction 

 

TTNtv has been shown to be a major genetic risk factor, not only in dilated 

cardiomyopathy, but also peripartum cardiomyopathy (Herman et al., 2012, Roberts et 

al., 2015, Ware et al., 2016), the latter condition occurring in the context of a natural 

physiological process associated with significant volume overload. Whether or not 

TTNtv carriers have an enhanced predisposition to the adverse effects of volume 

overload remained unclear prior to the commencement of this work. 

 

Our laboratory studied two separate families where dilated cardiomyopathy occurred in 

heterozygous carriers of the same truncating mutation in the titin gene (TTNtv 

p.R26331*). This TTNtv is located in a highly-utilised exon (PSI: 0.95) in the titin A-

band and was not in the Exome Aggregation Consortium (ExAC) database. Detailed 

pedigree analysis (Figure 7.1, Table 7.1) revealed early-onset and accelerated disease 

trajectory in individuals when exposed to different medical conditions associated with 

chronic volume overload. Both probands had undergone targeted re-sequencing of a 

panel of 69 cardiomyopathy-related genes, with no additional likely disease-causing 

variants identified. TTNtv p.Arg26331* was present in all 5 affected individuals tested 

and in one affected obligate carrier. There were 4 unaffected genotype-positive family 

members, including one 44-year-old male and 3 females aged 53 to 75 years, consistent 

with age-related penetrance of TTNtv. 

 

 
 

Figure 7.1: Pedigrees of Family BR and Family EA, two un-related families which carry 
the same truncating mutation in the titin A-band (TTNtv p.R26331*). Genotype positive 
individuals are marked (+) while genotype negative individuals are marked (-). Patients 
diagnosed with dilated cardiomyopathy are coloured black, while white indicates an individual 
who is phenotype negative. Individuals who genotype and phenotype remain unknown are 
coloured grey. Deceased individuals are marked with a diagonal line. 
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Table 7.1: Clinical characteristics of genotype-positive family members. 

Individual 
Age at 

last echo 
(yr)/sex 

Age at 
DCM (yr) 

LVEDD* 
(mm) 

LVEF* 
(%) 

ECG Outcome Co-morbidities/risk factors 

Family BR 

I-2 90/F NA Normal 55 SR, LBBB  Hypertension (ACE-I, BB) 

II-3 67/F 51 56 40 SR, LBBB   

II-5 41/M 40 69 17 SR, 1
st
 AVB, LBBB Died, heart failure (41 yr)  

II-6 44/M NA 48 66 SR   

II-7 53/F NA 44 59 SR   

III-3 18/F 18 
Moderate 
dilation 

20 SR Died, heart failure (18 yr) 
TOF (surgical correction 4 yr), PR 

and RV dilation (11 yr) 

Family EA 

II-2 59/M 54 66 30 AF ICD  

II-3 65/F NA 53 66 SR  Hypertension 

II-6 48/F 27 66 40 SR Heart transplant (31 yr) PPCM (second pregnancy) 

II-7 45/F 44 57 40 SR  Hypertension 

AF, atrial fibrillation; AVB, atrioventricular conduction block; DCM, dilated cardiomyopathy; ICD, implantable cardioverter-defibrillator; LBBB, left bundle 
branch block; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; NA, not applicable; TOF, Tetralogy of Fallot. PPCM, 
peripartum cardiomyopathy; PR, pulmonary valve regurgitation; RV, right ventricle; SR sinus rhythm. * Echocardiographic parameters at DCM diagnosis 
(affected individuals) or most recent echocardiogram (unaffected individuals).  
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The index case of the first family (Family BR) was a young female heterozygous carrier 

of TTNtv p.R26331* with history of surgically corrected Tetralogy of Fallot who died at 

the age of 18 from complications relating to severe right ventricular failure in 

association with longstanding right ventricular volume overload. After an initial 

operation to create a Blalock shunt at age 2, she had corrective surgery at age 4, with a 

pulmonary valvectomy, infundibular resection, ligation of Blalock shunt, ventricular 

septal defect repair and Gusset reconstruction of the right ventricular outflow tract to the 

main pulmonary artery. During her teenage years, free pulmonary regurgitation was 

noted on echocardiography. At age 16, progress echocardiography demonstrated a 

dilated right ventricle with preserved function. By age of 18, she had experienced 

frequent episodes of decompensated congestive cardiac failure, and her 

echocardiography showed a severely dilated right ventricle with severe impairment of 

function. The index member of Family EA developed peripartum cardiomyopathy at the 

age of 27. She responded poorly to medical therapy and required heart transplantation. 

Both probands had dilated cardiomyopathy that was more severe and earlier in onset 

than other affected family members, and in each case, chronic volume overload was 

identified as a precipitating stressor.  

 

7.3. Aim 

 

We hypothesised that A-band TTNtv carriers are at increased risk of myocardial 

dysfunction in settings of cardiac volume overload, and aimed to investigate the role of 

this mutation in dilated cardiomyopathy pathogenesis and the in-vivo functional effects 

of volume overload using a novel zebrafish line modelled on human A-band TTNtv.  

 

7.4. Results 

 

7.4.1. Effect of ttnae201-tv on titin transcript levels 

 

Effects of ttna
e201-tv

 on titin transcript levels were investigated by qPCR. Using wildtype 

(ttna) allele-specific primers, we found a 50% reduction of wildtype titin transcript 
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expression in whole embryo and adult heart tissue samples from heterozygous ttna
e201-tv

 

fish, with negligible expression in homozygous embryos (Figure 7.2).  

 

 
Figure 7.2: Evaluation of titin mRNA and protein in ttna

e201-tv
 fish. Expression levels of ttna 

mRNA were evaluated by Dr Inken Huttner using qPCR in whole-embryo (3 days post 
fertilisation) and adult heart lysates (N=3 per group) from wildtype (wt), heterozygote

 
(tv/+) and 

homozygote (tv/tv) zebrafish. For both ttna and ttnb, primers were designed to amplify 
fragments that were specific to the wildtype ttna allele (ttna-WT). Data were normalised to 
acta1b and are plotted relative to the wildtype allele. Mean ± SEM are shown. *P <0.05, 
**P<0.001, ***P<0.0001 (one-way ANOVA). 

 

7.4.2. Effect of ttnae201-tv on titin protein levels 

 

To determine titin protein levels in ttna
e201-tv 

mutants, polyacrylamide/agarose gel 

electrophoresis, followed by Coomassie staining and densitometry, was performed by 

Professor Wolfgang Linke and his group (University of Muenster, Germany) as 

described in a previous publication (Hinson et al., 2015). There were two major 

prominent bands in whole embryo and adult heart tissues that were presumed to 

represent N2BA- (upper band) and N2B- (lower band) containing isoforms of ttna and 

ttnb (Figure 7.3A, upper panels). Comparison of upper and lower bands yielded an 

estimated N2BA:N2B ratio of 40:60 in both embryonic and adult zebrafish hearts 

(Figure 7.3B). There was no evidence of a truncated titin peptide at the expected size in 

any tissues studied. This is similar to previous reports in zebrafish and humans with A-

band titin truncations and suggests that truncated proteins are degraded (Roberts et al., 

2015, Schafer et al., 2017, Shih et al., 2016).  
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Figure 7.3: Western blot analysis. (A) Protein extracts from whole embryo (5 dpf) lysates (left) 
and adult zebrafish hearts (middle) were analysed by protein gel electrophoresis (2.5% and 
1.8% gels) and Coomassie stain; myosin heavy chain (MHC) is used as a loading control. 
Human adult left ventricle (right) obtained from a normal donor heart is used for molecular size 
reference. In the human tissue, there are two major bands that correspond to the N2BA and 
N2B titin isoforms. There is also a weaker T2 band that represents a degraded form of titin. On 
the 2.5% gel, there are two prominent bands (labelled 1 and 2) in all the zebrafish samples that 
are expected to represent all the N2BA and N2B titin isoform species present (ttna ± ttnb). 
Further separation of these bands on the 1.8% gel demonstrates that both of these bands are 
comprised of several sub-bands. Arrowhead indicates expected size of an A-band truncation 
product. Quantification of bands 1+2 from the 2.5% gels (B) The ratio of band 1 (N2BA) to band 

2 (N2B) was 40:60 in zebrafish whole-embryo and adult heart. In comparison, the N2BA:N2B 

ratio in human left ventricle was 30:70. Mean ± SEM are shown; *P<0.05 (unpaired t-test); N=2 
fish per group, N=3 densitometric measurements per fish. These images were obtained from 
Western blot analysis on zebrafish used in our experiment. Western blot analysis was 
performed by Wolfgang Linke and Marion von Frieling-Salewsky from the Institute of Physiology 
II, University of Muenster, Germany. This highly specialised titin analysis has only ever been 
successfully performed by this group, and was not able to be performed in Australia. 

 

7.4.3. Genotype, gender and age differences in survival and zebrafish 
growth 
 

Homozygosity was associated with severe cardiac dysfunction and early embryonic 

death, with no fish surviving past 10 days post fertilisation (Figure 7.4). As an example 

of the degree of ventricular systolic dysfunction in homozygotes, at day four post 

fertilisation, the ventricular fractional area change in homozygous mutants was 3.2 ± 2.4 

% compared with 34.9 ± 5.4 % for the wildtypes (P<0.0001).  
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Figure 7.4: Homozygous male ttna

e201-tv
 zebrafish display severe cardiac dysfunction in 

early embryonic life. Homozygous male zebrafish carrying the mutant ttna
e201-tv

 allele (red ▼, 
N=16-23 each time-point) exhibit severely reduced (A) ventricular fractional area change (FAC) 
and (B) atrial FAC, compared with their male wildtype siblings (black ●, N=19-23 each time-
point). The ANOVA for genotype was P<0.001. There was no significant interaction between 
genotype and age. Unpaired t-test statistics at each time-point are also shown. *** P≤0.001. 

Data provided by Dr Inken Huttner. 

 

Embryonic and juvenile ttna
e201-tv

 appeared phenotypically normal. Morphological 

parameters, heart rate, cardiac chamber dimensions as well as parameters of systolic and 

diastolic function for male ttna
e201-tv

 heterozygotes and wildtype siblings were compared 

serially in-vivo using echocardiography at 3, 6, 9 and 12 months (Supplemental Tables 

7.1, 7.2 and 7.3). As expected, weight and body length increased with increasing age 

(P<0.001 for both, 2-way ANOVA). Heterozygote fish weighed less than their wildtype 

siblings (P<0.001, 2-way ANOVA, Supplemental Tables 7.1 and 7.3).  

 

7.4.4. Spontaneous cardiac chamber dilatation occurs in ttnae201-tv 

heterozygotes of both genders. 

 

Male ttna
e201-tv

 heterozygotes had similar raw and indexed ventricular dimensions (e.g. 

ventricular lengths, areas and volumes) at 3 months compared with their wildtype 

siblings (P>0.05 for all, Supplemental Tables 7.1 and 7.3). However, male ttna
e201-tv

 

heterozygotes developed spontaneous age-dependent ventricular dilation, first manifest 

at 6 months (Figure 7.5, Supplemental Table 7.1). Both genotype (P<0.001, 2-way 

ANOVA) and age (P<0.001, 2-way ANOVA) had independent statistically significant 

effects on indexed end-diastolic volume, with no statistically significant interaction 
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(P>0.05, Supplemental Table 7.3). A similar result was seen in indexed end-systolic 

volume. 

 

 
Figure 7.5: Heterozygous male ttna

e201-tv
 zebrafish develop progressive ventricular 

chamber dilatation. Heterozygous male zebrafish carrying the mutant ttna
e201-tv

 allele (red ▼, 
N=10-15 each time-point) develop progressive chamber dilatation with age compared with their 
male wildtype siblings (black ●, N=10-11 each time-point). (A) End-diastolic volume indexed to 
body surface area (EDV/BSA). (B) End-systolic volume indexed to body surface area 
(ESV/BSA). The results of the 2-way ANOVA for genotype- and age-dependent effects on each 
parameter are shown. There was no significant interaction. Unpaired t-test statistics at each 
time-point are also shown. * P<0.05, ** P≤0.01.  

 

7.4.5. Assessment of contractile function 
 

Male ttna
e201-tv

 heterozygotes also developed spontaneous contractile dysfunction when 

assessing contractile function using a suite of systolic parameters including ejection 

fraction (P<0.001, 2-way ANOVA, Figure 7.6A), fractional area change (P<0.001, 2-

way ANOVA), and global longitudinal strain (P<0.001, 2-way ANOVA, Figure 7.6B), 

after adjusting for the significant effect of age (P=0.02 for EF and GLS, P=0.01 for 

FAC, 2-way ANOVA. There was no statistically significant interaction between 

genotype and age (P>0.01, Supplemental Table 7.3). Similar to that seen in the 

herzschlag mutant, contractile dysfunction in these parameters became statistically 

significant at 6 months of age (Figure 7.6, Supplemental Table 7.1).  
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Figure 7.6: Heterozygous male ttna

e201-tv
 zebrafish develop overt systolic dysfunction. 

Heterozygous male zebrafish carrying the mutant ttna
e201-tv

 allele (red ▼, N=10-15 each time-
point) have reduced contractile function compared with their male wildtype siblings (black ●, 
N=10-11 each time-point), when assessed using (A) ejection fraction (EF) and (B) global 
longitudinal strain (GLS). The results of the 2-way ANOVA for genotype- and age-dependent 
effects on each parameter are shown. There was no significant interaction. Unpaired t-test 
statistics at each time-point are also shown. * P<0.05, ** P≤0.01, *** P≤0.001. 

 

7.4.6. Assessment of diastolic function 
 

In male zebrafish, IVRT was significantly longer in ttna
e201-tv

 heterozygotes compared 

with age-matched wildtype siblings at all time-points (P<0.001, 2-way ANOVA, 

Figure 7.7A, Supplemental Tables 7.2 and 7.3). Age had a significant effect on the 

E/A ratio (P<0.001, 2-way ANOVA), but there was no significant effect of genotype 

(P=0.80, 2-way ANOVA, Figure 7.7B). Neither genotype nor age significantly 

influenced early diastolic ventricular filling (i.e. peak E-wave velocity). Increasing age 

(P<0.001, 2-way ANOVA) was associated with an increase in late-diastolic ventricular 

filling (i.e. peak A-wave velocity), although here were no genotype differences (P=0.13, 

2-way ANOVA). 
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Figure 7.7: Diastolic function in heterozygous male ttna

e201-tv
 zebrafish. Traditional markers 

of diastolic function in heterozygous male zebrafish carrying the mutant ttna
e201-tv

 allele (red ▼, 
N=10-15 each time-point) and male wildtype siblings (black ●, N=10-11 each time-point), 
measured by (A) isovolumic relaxation time (IVRT), (B) E/A ratio, (C) peak E-wave velocity and 
(D) peak A-wave velocity on pulsed-wave Doppler interrogation of ventricular diastolic filling at 
the atrioventricular annulus. The results of the 2-way ANOVA for genotype- and age-dependent 
effects on each parameter are shown. There was no significant interaction. Unpaired t-test 
statistics at each time-point are also shown. * P<0.05, ** P≤0.01, *** P≤0.001. 

 

In terms of measuring ventricular deformation during diastole, there were genotype 

differences in ventricular tissue Doppler parameters measured at the myocardium 

adjacent to the atrioventricular annulus, including peak é-wave (P=0.02, 2-way 

ANOVA, Figure 7.8A) and peak á-wave velocity (P=0.03, 2-way ANOVA, Figure 

7.8B). An assessment of myocardial deformation of the ventricular during diastole was 

also made using global longitudinal diastolic strain rate in early diastole (SRe) and late 

diastole (SRa). Heterozygosity for the ttna
e201-tv

 mutation was not associated with a 

reduced global longitudinal strain rate during early diastole (P=0.87, 2-way ANOVA, 

Figure 7.8C), but a strong genotype effect was evident in the late-diastolic global 
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longitudinal strain rate (P<0.001, 2-way ANOVA, Figure 7.8D), with much less 

ventricular deformation in heterozygotes during late diastole compared with their 

wildtype siblings. The values for the individual time-points as well as the results of the 

ANOVA analysis can be found in Supplemental Tables 7.1, 7.2 and 7.3. 

 

 
 

Figure 7.8: Ventricular myocardial deformation in heterozygous male ttna
e201-tv

 zebrafish. 
Peak é velocity (A), peak á velocity (B), global longitudinal strain rate in early diastole (SRe, C) 
and late diastole (SRa, D) in heterozygous male zebrafish carrying the mutant ttna

e201-tv
 allele 

(red ▼, N=10-15 each time-point) compared with male wildtype siblings (black ●, N=10-11 each 
time-point). The results of the 2-way ANOVA for genotype- and age-dependent effects on each 
parameter are shown. There was no significant interaction. Unpaired t-test statistics at each 
time-point are also shown. * P<0.05, ** P≤0.01, *** P≤0.001. 
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7.4.7. Atrial area 
 

Both genotype (P=0.003, 2-way ANOVA) and age (P=0.004) had independent 

statistically significant effects on indexed atrial size, although this effect was small and 

unpaired t-tests comparing mean values at each time-point were not statistically 

significant (Figure 7.9, Supplemental Table 7.1). This will be examined further in the 

multiple regression analysis in the following section. Similar to the finding in 

herzschlag mutants, given that there were no statistically significant genotype 

differences in surrogate measures of the peak A-wave velocity on pulsed-wave Doppler, 

which can be considered a surrogate of atrial contractile function in the absence of any 

atrioventricular annular pathology, this suggests that the dilatation of the atrium in the 

ttna
e201-tv

 heterozygotes is not due to a primary atrial myopathy and may be potentially 

secondary to the alterations in diastolic function.  

 

 
Figure 7.9: Indexed atrial area in heterozygous male ttna

e201-tv
 zebrafish. Atrial area 

indexed to body surface area (BSA) in heterozygous male zebrafish carrying the mutant ttna
e201-

tv
 allele (red ▼, N=10-15 each time-point) compared with male wildtype siblings (black ●, N=10-

11 each time-point). The results of the 2-way ANOVA for genotype- and age-dependent effects 
on each parameter are shown. There was no significant interaction. Unpaired t-test statistics at 
each time-point were not statistically significant. 

 

7.4.8. The effect of the ttna
e201-tv

 mutation on parameters of ventricular 
structure and function 
 

Multiple linear regression and statistical modelling was performed to examine the effect 

of carrying the ttna
e201-tv

 allele on key parameters of ventricular structure and function. 

Univariate and multivariate results are reported in Table 7.2. Of note, heterozygosity 
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for the ttna
e201-tv

 allele resulted in a reduction in absolute EF by 4.0 (95% CI 2.1 – 5.9) 

%, prolongation of IVRT by 9 (4 – 15) ms, and a 0.23 (95% CI 0.06 – 0.40) mL.m
-2

 

body surface area increase in indexed ventricular end-diastolic volume. The adjusted 

effects of genotype on parameters of diastolic function are shown. Heterozygotes for the 

ttna
e201-tv

 mutation appear to have significantly increased late-diastolic stiffness when 

compared with wildtypes, as inferred from the A/SRa ratio (P=0.001). 

 

Table 7.2: The effect of the ttna
e201-tv

 mutation on parameters of cardiac structure and 
function. 

 Unadjusted Result Adjusted Result 
Parameter β (95% CI) P value β (95% CI) P value 

     
Systolic function     
Ejection fraction (%) -4.0 (-5.9 – -2.1)* <0.0001 -4.0 (-5.9 – -2.1)* <0.0001 

GLS (%) 2.6 (1.5 – 3.8)* <0.0001 2.6 (1.5 – 3.8)* <0.0001 

s (mm.s
-1

) -2.0 (-3.4 – -0.7)* 0.003 -2.0 (-3.4 – -0.7)* 0.003 

     
Diastolic function     
IVRT (ms) 9 (3 – 15) 0.003 9 (4 – 15) 0.002 

E/A 0.01 (-0.02 – 0.03) 0.56 0.01 (-0.01 – 0.03) 0.35 

SR E (s
-1

) -0.02 (-0.14 – 0.10)* 0.74 -0.02 (-0.14 – 0.10)* 0.74 

SR A (s
-1

) -0.43 (0.58 – -0.28)* <0.0001 -0.43 (0.58 – -0.28)* <0.0001 

     
Chamber size     
EDV/BSA (mL.m

-2
) 0.25 (0.06 – 0.44) 0.009 0.23 (0.06 – 0.40) 0.008 

ESV/BSA (mL.m
-2

) 0.24 (0.10 – 0.38) 0.001 0.22 (0.09 – 0.35)* 0.0009 

Atrial size (mL.m
-2

) -0.21 (-0.64 – 0.23) 0.35 -0.21 (-0.62 – 0.20) 0.31 

     
Late Diastolic stiffness     
A/SRa (cm) 4.90 (1.85 – 7.95) 0.002 4.54 (1.81 – 7.28) 0.001 

For each parameter, the β coefficients (95% CI) derived from univariate and multivariate linear 
regression are reported. * denotes the situation when the final adjusted effect size for the 
parameter is derived from the univariate result. This occurred when the univariate model was 
accepted when neither age nor the interaction between age and genotype were significant. P 
values for statistical significance for these variables may vary slightly from the ANOVA P-value 

due to the different statistical technique being used. 
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7.4.9. ttnae201-tv heterozygotes developed exaggerated chamber 

dilatation compared with wildtypes and were more likely to develop 

contractile dysfunction in response to anaemia-induced volume 

overload. 

 

Groups of weight-matched 6 month-old male ttna
e201-tv

 heterozygotes and wildtype 

siblings were treated with 0.6 µg.mL
-1

 of PHZ (N=20 – 25 per genotype) or vehicle 

(N=10 per genotype) for 18 days. All PHZ-treated fish had a marked reduction in 

haemoglobin levels to 15 – 20% of baseline values, with no significant difference in 

level of haemoglobin reduction between PHZ-treated heterozygotes and wildtypes, and 

showed appropriate increments in heart rate and cardiac output in response to anaemia 

induction (Figure 7.10).  

 

 
 

Figure 7.10: Relative haemoglobin (Hb) concentration in wildtype and ttna
e201-tv

 
heterozygotes in the PHZ treatment (0.6 µg.mL

-1
) group and vehicle control groups. The 

results from the vehicle group were used as controls. *** P≤0.001. 

 

PHZ treatment in 6-month zebrafish resulted in significant anaemia, with a mean 

reduction in zebrafish haemoglobin to 19 ± 6 % of baseline values, with no significant 

difference in level of haemoglobin reduction between PHZ-treated heterozygotes and 

wildtypes. Anaemia induced by PHZ treatment was associated with a compensatory 

tachycardia in both ttna
e201-tv

 heterozygotes (Δ heart rate 11 ± 24 bpm, P=0.04) and 

wildtype siblings (Δ heart rate 25 ± 34 bpm, P=0.004, Supplemental Table 7.4) and 

similar rises in cardiac output in both ttna
e201-tv

 heterozygotes (Δ cardiac output 49 ± 22 

µL.min
-1

) and wildtypes (Δ cardiac output 63 ± 36 µL.min
-1

) (Figure 7.11).  
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Figure 7.11: Comparison of cardiac output in wildtype and ttna
e201-tv

 heterozygotes in the 
PHZ treatment (0.6 µg.mL

-1
) group and vehicle control groups. *** P≤0.001. 

 

In accordance with the Frank-Starling mechanism, increased ventricular pre-load results 

in increased ventricular filling and myocardial contraction in the normal heart. The E/é 

ratio was increased in both ttna
e201-tv

 heterozygotes (ΔE/é 4.0 ± 7.9, P=0.05) and 

wildtype siblings (ΔE/é 2.1 ± 4.6, P=0.05) following anaemia, also consistent with a 

state of elevated ventricular filling pressure resulting from anaemia treatment 

(Supplemental Table 7.5). ttna
e201-tv

 heterozygotes experienced greater ventricular 

dilatation than wildtype siblings in response to chronic anaemia (Figure 7.12A, 7.13A).  

 

 
Figure 7.12: Bar graphs depicting the physiological effect of haemolytic anaemia induced 
volume overload in 6-month-old male ttna

e201-tv
 heterozygotes (red bars) and wildtype 

siblings (white bars). (A) ttna
e201-tv

 heterozygotes displayed spontaneous ventricular dilatation 
(here, represented by indexed end-diastolic volume, EDV/BSA, in mL.m

-2
), compared with 

wildtypes at baseline and experienced greater ventricular dilatation in response to chronic 
anaemia caused by PHZ. (B) Male ttna

e201-tv
 heterozygotes were also less able to mount the 

expected compensated contractile response to anaemia as their wildtype siblings (here, 
represented by ejection fraction, EF). Data shown as mean ± SEM. Significant differences due 
to genotype and treatment are indicated by black asterisks (*) and blue hats (^) respectively. A 
statistically significant difference in the Δ of each parameter is indicated by the blue hats in the 
top graph. *** P≤0.001. 
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In response to sustained volume load, ttna
e201-tv

 heterozygotes failed to mount the same 

hyper-dynamic response as wildtypes (ΔEF: 1.6 ± 5.6 vs. 8.5 ± 5.1 %, P<0.0001, 

Figure 7.12B, 7.13B, Supplemental Table 7.5).  

 

 
Figure 7.13: The effect of PHZ versus sham in individual 6-month-old male ttna

e201-tv
 

heterozygotes (red bars) and their wildtype siblings (white bars). (A) Change in indexed 
ventricular end-diastolic volume (EDV/BSA, in mL.m

-2
). (B) Change in ejection fraction (EF). 

Data shown as mean ± SEM. *P≤0.05, **P≤0.01; ***P≤0.001, unpaired t-test. 

 

The reduced ability of ttna
e201-tv

 heterozygotes to mount the expected compensatory 

hyper-dynamic response to anaemia-induced volume overload compared with wildtypes 

was also seen in other parameters of systolic function including global longitudinal 

strain and peak ś-wave velocity on tissue Doppler (Supplemental Table 7.5). Our in-

vivo echocardiographic findings were supported by RT-PCR analysis of NPPA and 

NPPB transcripts, which show elevations in the transcripts for pro-ANP and pro-BNP 

after anaemia-induced volume overload (Figure 7.14).  
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Figure 7.14: RT-PCR analysis of transcript levels of genes which express pro-ANP and 
pro-BNP. Relative abundance in transcript levels of (A) NPPA (pro-ANP) and (B) NPPB (pro-
BNP) were measured in PHZ- and sham-treated wildtypes and heterozygotes. The reference 
levels were based on results of sham-treated wildtypes. *P≤0.05, **P≤0.01; ***P≤0.001, 
unpaired t-test. Data provided by Dr Claire Horvat (Fatkin Laboratory, Victor Chang Cardiac 

Research Institute). 

 

Ventricular diastolic function, as assessed by the peak E- and A-wave velocities and 

E/A ratio, showed no genotype differences at baseline and equivalent changes with 

volume overload (Supplemental Table 7.5, Figure 7.15A-B). However, more detailed 

evaluation revealed significant baseline prolongation of the IVRT in ttna
e201-tv

 fish 

(Supplemental Table 7.5), indicating impaired ventricular relaxation. There were no 

genotype differences in peak E-wave velocity (Figure 7.15A), peak A-wave velocity 

(Figure 7.15B), E/A ratio (Table 3) and é-wave velocity (Figure 7.15C) at baseline, 

although peak á-wave velocities were mildly reduced in heterozygotes at baseline 

(Figure 7.15D). As expected, volume overload resulted in an increase in diastolic 

parameters, but there were no genotype differences in peak E-wave velocity (Figure 

7.15A), peak A-wave velocity (Figure 7.15B), E/A ratio (Supplemental Table 7.5), or 

peak á-wave velocity (Figure 7.15D). The change in peak é-wave velocity in 

heterozygotes was less in ttna
e201-tv

 heterozygotes compared with wildtype siblings 

(Figure 7.15C). This finding is consistent with an early diastolic relaxation abnormality 

also being present in heterozygotes being more manifest during volume overload, 

although a statistically significant difference in SRe was not also observed (Figure 

7.15E). There were, however, significant differences in SRa between heterozygotes and 

wildtypes at baseline. Following volume overload, these differences were more marked, 

with heterozygotes less able to mount as high an increase in absolute SRa compared 

with their wildtype siblings (Figure 7.15F).  
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Figure 7.15: Bar graphs depicting diastolic indices at baseline and during volume 
overload in male ttna

e201-tv
 heterozygotes (red bars) and wildtype siblings (white bars). 

Bar graphs depict differences in (A) peak E-wave velocity, (B) peak A-wave velocity, (C) peak é-
velocity, (D) peak á-velocity, (E) global longitudinal strain rate during early diastole (SRe), and 
(F) global longitudinal strain rate during late diastole (atrial systole, SRa). Data shown as mean 
± SEM. Significant differences due to genotype and treatment are indicated by black asterisks 
(*) and blue hats (^) respectively. A statistically significant difference in the Δ of each parameter 
is indicated by the blue hats in the top graph. *P≤0.05, **P≤0.01; ***P≤0.001, unpaired t-test. 

 

The reduction in SRa in ttna
e201-tv

 heterozygotes in the absence of any significant 

difference in peak A-wave velocity suggests that this represents a primary abnormality 

of the myocardium (i.e. increased late-diastolic passive ventricular stiffness, Figure 

7.16). We did not observe any difference in collagen content the ventricular 

myocardium in heterozygotes vs. wildtypes, as assessed by quantification of Picro-

Mallory stained cryosections from explanted hearts (Figure 7.17).  
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Figure 7.16: Chamber filling and myocardial deformation in wildtypes and ttna
e201-tv

 
heterozygotes. Top row: Schematic representation of chamber blood flow and myocardial 
deformation (measured by strain rate, SR) during ventricular systole, early diastole and late 
diastole in a normal zebrafish heart. The atrium is represented by the top chamber, while the 
ventricle is represented by the bottom chamber. Blood flow is represented by the red arrows, 
while myocardial wall velocity is depicted by the blue arrows. In each panel, the position of the 
chamber wall in the preceding phase of the cardiac cycle is represented by the dashed line. 
During ventricular systole, the ventricular myocardial wall velocity moves inwards with 
ventricular contraction. During early ventricular diastole, ventricular relaxation is associated with 
an outwards velocity movement of the ventricular myocardium. Inflow of blood into the ventricle 
from the atrium (small red arrow) occurs during ventricular relaxation, and is represented by the 
E-wave on pulsed wave Doppler. Ventricular relaxation is associated with an outwards 
movement of the ventricular myocardium (SRe). During late diastole, the atrium contracts and 
this causes further inflow of blood (large red arrow), represented by the A-wave on pulsed wave 
Doppler, with a corresponding further outwards movement of the ventricular myocardium (SRa). 
Middle row: At baseline, there are no significant differences between heterozygote and 
wildtypes in the peak E-wave velocity or SRe during early diastole. In late ventricular diastole, 
however, although there is no significant difference in peak A-wave velocity, heterozygotes 
have a diminished SRa (solid red) compared with wildtypes (dashed black), indicating that 
despite similar blood flow velocities from the atrium into the ventricle during this time period, the 
myocardial deformation in response to this similar flow is less in heterozygotes than wildtypes. 
This suggests that ttna

e201-tv 
heterozygotes having reduced ventricular compliance during late 

diastole (i.e. increased late passive diastolic stiffness). Bottom row: In wildtypes, volume 
overload (blue) results in increased E, A, SRe and SRa compared with baseline (black). In 
heterozygotes, there is a significantly diminished augmentation in these values (orange) 
compared with that seen in wildtypes (dashed blue) in ventricular strain rate in both early 
diastole and late diastole.  
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Figure 7.17: Quantification of collagen content. (A) There was no change in the overall 
collagen content in the myocardium between ttna

e201-tv 
heterozygotes (red bars) and wildtype 

siblings (white bars). (B) There was also no change when the analysis was performed 
separately for the compact and trabeculated myocardium. These results were obtained by Ms 
Celine Santiago (Fatkin Laboratory, Victor Chang Cardiac Research Institute). 

 

7.4.10. Atrial dilatation in ttnae201-tv heterozygotes after volume 
overload 
 

We noted that there was no significant difference in indexed atrial area between ttna
e201-

tv
 heterozygotes and wildtypes at baseline, but ttna

e201-tv
 heterozygotes experienced 

atrial dilatation in response to chronic anaemia caused by PHZ, while the delta change 

in indexed atrial area for wildtypes was not significant (Figure 7.18).  

 

 
Figure 7.18: Bar graphs depicting the physiological effect of PHZ-haemolytic anaemia 
induced volume overload in 6-month-old male ttna

e201-tv 
heterozygotes (red bars) and 

wildtype siblings (white bars). (A) Genotype differences before and after treatment with PHZ. 
(B) Bar graphs showing the delta change for each animal in the vehicle control and PHZ active 
arms. Data shown as mean ± SEM. Significant differences due to genotype and treatment are 
indicated by black asterisks (*) and blue hats (^) respectively. ***P≤0.001. 
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7.4.11. Key findings 
 

In summary, our results indicate that ttna
e201-tv

 heterozygous zebrafish had evidence of 

impaired contractile reserve in response to volume overload, as well as features of 

impaired diastolic reserve: 

 

 ttna
e201-tv

 heterozygous zebrafish displayed abnormalities in early active ventricular 

relaxation, as manifest by prolonged isovolumic relaxation time. 

 Despite an absence of baseline genotype differences, peak é-wave velocity changes 

with chronic volume overload were less in ttna
e201-tv

 than in wildtype fish, providing 

further evidence of an early diastolic relaxation defect.  

 There were no effects of genotype or chronic volume overload on SRe. However, 

SRa was significantly lower in heterozygotes than in wildtype fish at baseline and 

showed a smaller increment with volume overload.  

 Given the similar peak A-wave velocities in wildtype and ttna
e201-tv

 heterozygous 

zebrafish, the reduced ability of the myocardium to move in response to this filling 

(i.e. as seen by the lower SRa values) suggests that ttna
e201-tv

 heterozygous zebrafish 

have increased late-diastolic passive stiffness.  

 This increased stiffness was not attributable to myocardial collagen deposition and 

was associated with relatively greater atrial dilation in PHZ-treated ttna
e201-tv

 

heterozygous zebrafish when compared with wildtype fish. This is consistent with 

the hypothesis that atrial dilatation in heterozygous zebrafish is a secondary process 

and the result of impaired ventricular compliance and increased late-diastolic 

stiffness. 
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7.5. Discussion 
 

This is the first animal model of any kind to show spontaneous development of dilated 

cardiomyopathy in adult heterozygous carriers of a titin truncating mutation (Wang et 

al., 2017a, Gramlich et al., 2009, Schafer et al., 2016, Zhou et al., 2015). Homozygous 

mutants had severe embryonic cardiac defects while heterozygous mutants had adult-

onset disease analogous to affected heterozygous human TTNtv carriers. These data 

point to a highly conserved role of titin in normal cardiac function and in mechanical 

stress responses. This has implications for volume overload as a clinically-relevant 

modifiable risk factor in human TTNtv-associated dilated cardiomyopathy.  

 

These observations suggest that severe dilated cardiomyopathy and an accelerated 

disease course with volume overload is a conserved response across species and hence 

likely to be clinically important. It is also of particular significance in humans as 

volume overload is a relatively common physiological phenomenon found in a variety 

of normal human health and disease processes, including pregnancy, regular endurance 

exercise, anaemia, thyrotoxicosis, as well as common cardiac valvular pathologies and 

congenital heart disease. Given the fact that chronic volume overload is relatively 

common, the gene-environment interaction between volume overload and TTNtv may 

help explain some of the heterogeneity in heart failure disease trajectory as well as the 

variable penetrance in people who carry this relatively common heart failure 

susceptibility genetic factor. 

 

For the index case of Family BR with a previous history of repaired Tetralogy of Fallot, 

early-onset severe right ventricular dysfunction and death occurred in early adulthood 

after she had been documented to have severe right ventricular volume overload during 

her teenage years. Although right ventricular outflow tract obstruction and the 

associated ventricular septal defect are now commonly surgically corrected during 

infancy, achieving long-term pulmonary competence is difficult due to degeneration of 

the pulmonary homograft and failure of growth with time (Uebing et al., 2002). In a 

long-term follow-up study of patients with Tetralogy of Fallot who survived 30 days 

after surgical correction, the long-term actuarial survival rate was less than an age- and 

sex-matched control population (86% vs. 96%, P<0.01), with a thirty-year actuarial 

survival of 90% in patients who received surgical repair before the age of 5 (Murphy et 
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al., 1993). Early right ventricular failure in this patient is thought to be due to functional 

consequences of TTNtv in the sarcomere, resulting in the right ventricular myocardium 

unable to adapt to the increased volume overload caused by the severe pulmonary 

regurgitation. 

 

Similarly, in the index case of Family EA, early-onset disease was observed following 

pregnancy. Pregnancy is a naturally occurring volume-overload state that is 

characterised by increased plasma volume, heart rate, stroke volume and cardiac output 

(Katz et al., 1978). Peripartum cardiomyopathy has an incidence that ranges from 1:100 

to 1:4000 (Ware et al., 2016). Recently, DNA sequencing demonstrated an over-

representation and increased prevalence of truncating genetic variants previously 

associated with dilated cardiomyopathy among women with a history of peripartum 

cardiomyopathy compared with a reference population (Ware et al., 2016). Therefore, in 

such individuals with a subclinically weakened myocardial substrate due to a genetic 

susceptibility factor (e.g. a mutation associated with dilated cardiomyopathy), it is entire 

plausible that an otherwise physiological haemodynamic stressor such as pregnancy-

associated volume overload may precipitate or accelerate the dilated cardiomyopathy 

phenotype. 

 

The Fatkin laboratory decided against modelling pregnancy-induced volume overload in 

female zebrafish due to the disparate reproductive physiology between humans and fish 

as well as the technical difficulties in imaging female fish (due to their gravidity, as 

previously discussed in Chapter 4). Given that pregnancy-associated volume overload 

could not be directly modelled in the zebrafish, we instead chose to model volume 

overload induced by chronic anaemia in male zebrafish, as cardiac ventricular 

measurements are subject to less biological variability in males as their size is less 

variable (Wang et al., 2017b). On the other hand, female weight is very much affected 

by their gravidity (i.e. the number of eggs carried). In humans, anaemia initially induces 

a compensatory hyper-dynamic cardiac response, with increased cardiac output due to 

elevated stroke volume and heart rate resulting in volume overload (Bahl et al., 1992).
 

Over time, chronic mechanical stress due to this hyper-dynamic state progresses to 

ventricular chamber dilatation and impaired contractile response, corresponding with 

the clinical state of heart failure. Previous studies including those performed in the 

Fatkin laboratory (Ernens et al., 2016, Sun et al., 2009, Wang et al., 2017b), have shown 
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that anaemia in zebrafish, in the early compensated phase, was associated with an 

increase in ventricular chamber dimensions and increased contractile function in 

wildtype fish, as seen in humans. These findings demonstrated that anaemia was 

associated with the expected compensatory increase in heart rate and cardiac output (i.e. 

volume overload), the degree of which was similar in both heterozygotes and wildtypes.  

 

A major result of this study was that a ttna truncation analogous to the human 

p.Arg26331* TTNtv was sufficient to cause dilated cardiomyopathy in adult 

heterozygous zebrafish. These observations differ from those in mice with a 

heterozygous knock-in of a human TTNtv and in rats with a titin A-band truncation 

(Gramlich et al., 2009, Schafer et al., 2016, Zhou et al., 2015). This varying threshold 

for dilated cardiomyopathy development may be explained in part by species 

differences in myocardial titin isoform composition. In contrast with the human 

ventricle, in which the N2BA:N2B titin isoform ratio is 30:70 (Neagoe et al., 2002), 

there is more marked predominance of the N2B isoform in rats (range, 15:85 to 5:95) 

and mice (range, 20:80 to 10:90) (Cazorla et al., 2000, Neagoe et al., 2003). 

Consequently, the rodent heart is intrinsically stiffer than the human heart, and this may 

mitigate against dilated cardiomyopathy development. The high basal levels of 

sympathetic activation in rodents may also help to sustain compromised contractile 

function. The N2BA:N2B ratio in zebrafish hearts (40:60) is similar to the human titin 

isoform ratio and is higher than that of rodents (Verkerk and Remme, 2012).
 

 

High frequency echocardiography in zebrafish and the translation of clinical techniques 

into this adult zebrafish model have also allowed important insights regarding the likely 

physiological mechanism by which A-band truncating variants of titin may cause 

disease in humans. Examination of global diastolic strain rate and global diastolic 

velocity in order to elucidate properties of ventricular relaxation and filling pressures 

has been previously established and validated in humans (Wang et al., 2007). What is 

novel about our work is that we have used these diastolic deformation parameters in the 

adult zebrafish to demonstrate the concept of impaired diastolic reserve. This can be 

seen in ttna
e201-tv

 heterozygote zebrafish which abnormalities in isovolumic relaxation 

(prolonged IVRT at baseline), and mild abnormalities in early ventricular relaxation and 

late ventricular myocardial deformation, with differences from wildtypes becoming 

much more manifest and significant after volume overload. This difference in the 
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myocardial physical property of the heterozygote myocardium is likely to be one of the 

main reasons for the secondary atrial dilatation observed in heterozygous zebrafish, 

particularly after volume overload. These findings have biological plausibility as titin 

has a putative role in modulating passive diastolic stiffness (Fukuda et al., 2005, Krüger 

and Linke, 2011).  

 

In zebrafish at baseline, examination of the pulsed-wave Doppler velocities during 

ventricular inflow and the ventricular myocardial velocities during diastole shows that 

despite similar peak E- and A-wave velocities, the myocardial velocity during late 

diastole (SRa) is significantly reduced in ttna
e201-tv

 heterozygotes. That the peak A-wave 

velocities between ttna
e201-tv

 heterozygotes are not significantly different from their 

wildtype siblings suggests that the atrial contribution to ventricular filling is similar, and 

therefore, this reduced peak SRa most likely reflects the reduced ability of the 

ventricular myocardium to move in response to this filling (i.e. increased passive late-

diastolic stiffness). This increased ventricular stiffness (i.e. impaired ventricular 

compliance) during late diastole would predict increased atrial pressures. Therefore, 

these findings suggest that atrial dilatation in the zebrafish, and, by inference, the atrial 

dilatation seen in human A-band TTNtv carriers, are potentially secondary to 

abnormalities in left ventricular compliance, rather than due to a primary atrial 

myopathy. A primary atrial myopathy, nevertheless, remains a possible cause of atrial 

dilatation in TTNtv carriers, especially as titin is an important sarcomeric protein in not 

only the ventricle but also the atrium as well; the same cardiomyopathy process that 

occurs in the ventricle would also be expected to occur in the atrium. However, as atrial 

contraction is much more relatively important in a zebrafish, a primary atrial myopathy 

would be expected to have been accompanied by reduced peak A-wave velocities on 

pulsed-wave Doppler analysis. Peak A-wave velocities were similar in heterozygous 

zebrafish and wildtypes. Therefore, the echocardiographic evidence of impaired left 

ventricular compliance, particularly during late diastole, in zebrafish heterozygous for 

the ttna
e201-tv

 mutation is of clinical interest as human A-band TTNtv heterozygous 

carriers may also be at increased risk of atrial fibrillation due to other causes of poor left 

ventricular compliance (e.g. diastolic dysfunction associated with hypertension or 

increasing age). We also showed that the baseline impaired ventricular compliance in 

zebrafish heterozygous for the ttna
e201-tv

 mutation is exacerbated in the setting of 

volume overload, which probably contributed to their greater atrial dilatation after 
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volume overload, when compared with wildtypes. These echocardiographic results, 

especially when taken in light of the fact that there are no significant genotype 

differences in collagen content, indicate that the change in diastolic compliance is 

unlikely due to be extracellular matrix-based stiffness. 

 

Given the putative role as a scaffolding protein in sarcomere structure (Krüger and 

Linke, 2011), it makes sense that physiological conditions which resulting in the heart 

to operate at higher end-diastolic and end-systolic volumes, such as volume overload, 

are particularly deleterious in patients with abnormal titin function. Interestingly, a 

small clinical study of patients with severe end-stage heart failure has shown that in 

patients with end-stage dilated cardiomyopathy caused by TTNtv, recovery of cardiac 

function sufficient to enable subsequent device explantation has been possible following 

left ventricular assist device implantation to reduce volume overload (Felkin et al., 

2016). This suggests a window of opportunity where early correction of volume 

overload may potentially modify disease course.  

 

7.6. Conclusion 
 

While these zebrafish results need to be confirmed in human cohorts, they suggest an 

important modifiable risk factor for deterioration in human TTNtv heterozygous 

carriers. The abnormalities in ventricular diastolic function also predict secondary atrial 

dilatation and an increased risk of atrial fibrillation. Chronic volume overload may 

prove to be a very important and potentially modifiable risk factor in human A-band 

TTNtv heterozygous carriers. Hazard avoidance of conditions that cause chronic volume 

overload, screening and early correction of such conditions may be particularly 

beneficial in altering natural history and disease trajectory in this population at risk of 

heart failure. This work opens possibilities for future large-scale human epidemiological 

studies that may help confirm the increased risk of cardiomyopathy following chronic 

volume overload in TTNtv heterozygous carriers, as well as establishing this relatively 

common genetic variant as an independent risk factor for atrial dilatation and atrial 

fibrillation.  
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Chapter 8: Titin truncation position determines propensity for 

dilated cardiomyopathy, abnormal ventricular relaxation and 

late-diastolic stiffness: an echocardiographic analysis of four 

zebrafish models 

 

8.1. Overview of Chapter 8 

 

Truncating variants of the titin gene (TTNtv) are associated with an increased risk of 

dilated cardiomyopathy, but the prognostic implications for any individual heterozygous 

carrier remains unclear. It has been proposed that dilated cardiomyopathy is more likely 

if a TTNtv is located 1) in a highly utilised exon present in the majority of cardiac 

isoforms or 2) towards the C-terminus of the gene. Echocardiography studies in 

genetically engineered zebrafish are able to offer fundamental insights into the key 

systolic and diastolic features of titin truncation in-vivo, in the context of the 

univentricular cardiovascular system of this lower-order vertebrate. In addition to the 

effects of volume overload in zebrafish that are heterozygous for an A-band titin 

truncating mutation, as detailed in Chapter 7, the study of four adult zebrafish models of 

different titin truncations can also provide insights into the effects of mutation position 

on systolic and diastolic function in-vivo. 

 

Not all titin mutations appear to have an equal effect on cardiac physiology (Fatkin, 

2017). As first introduced in Chapter 1, Section 1.4.4, several hypotheses have been 

proposed to explain differences in disease manifestation. These include: 

 

1. Location of the genetic mutation, relative to the N- and C-terminus of the 

wildtype ttna protein and its regions (e.g. Z-line, I-band, A-band), with 

mutations affecting the A-band likely to be more pathogenic than others. 

2. Whether or not the genetic mutation is located in a highly utilised exon, present 

in the majority of cardiac isoforms. Mutations in exons with high PSI scores are 

more likely to pathogenic than those that are not. 

3. The position of the genetic mutation in relation to any alternative transcription 

start sites for shorter isoforms of titin, such as the partial length Cronos isoform.  
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Additionally, exposure to other environmental or genetic modifying factors may also 

influence differences in the observed phenotypes between carriers of the same genetic 

mutation. These factors include physiological conditions associated with increased 

mechanical stress (e.g. volume overload), or toxins that result in impaired 

cardiomyocyte cellular homeostasis (e.g. alcohol and anthracycline-based chemotherapy 

regimens). Age is also an important consideration, as age increases an individual‘s 

exposure to key environmental factors.  

 

The presence of longitudinal in-vivo physiological data derived from conventional and 

more novel echocardiographic parameters in adult zebrafish from four different 

zebrafish models of titin truncation, with mutations spread across the zebrafish ttna 

gene, allows an unprecedented opportunity to assess not only the individual impact of 

each genetic mutation (as reported in Chapter 6), but also the ability to integrate this 

data to assess whether ventricular compliance and the propensity for dilated 

cardiomyopathy are influenced by location of the mutation within the titin gene. This 

will be the focus of this chapter. 

 

8.2. Aim 

 

In this Chapter, our aims are: 

 

1. To compare the four lines of zebrafish titin truncating mutations, with respect to 

parameters of cardiac chamber size, ventricular contractile function, conventional 

markers of diastolic function, as well as echocardiographic markers of late-diastolic 

ventricular stiffness. 

2. To assess the impact of position of the truncating mutation on the above markers of 

cardiac structure and function, to consider whether the results are in keeping with 

the previously described prevailing hypotheses for the differential effects of titin 

truncating mutations in human populations.  
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8.3. Methods 

 

Comparison of the four lines was performed in two ways. The pooled data of 

heterozygotes for each mutant line, separately collected for each time-point (3, 6, 9, and 

12 months), were reported in tabular format as well as in graphical format.  

 

8.3.1. Analysis of variance (ANOVA) 
 

First, a 2-way ANOVA, assessing for the effect of the key variables, genotype and age, 

was performed on the statistical software package IBM SPSS Statistics
®
 24 

(www.ibm.com). This allowed an appreciation of whether there were any differences in 

the group means of various parameters between genetic groups.  

 

8.3.2. Multiple regression and statistical computing 
 

8.3.2.1. Assessing the individual impact of a truncating mutation for 
each of the mutant lines 
 

Multiple regression and statistical computing was performed in the statistical software 

package SAS
®
 9.4 (www.sas.com) in order to elucidate the individual impact of the 

genetic mutation on parameters of cardiac structure and function. First, I integrated data 

from Chapter 6, where, for each of the mutant lines, the male heterozygote was 

compared with male wildtype siblings bred from some the same parents and in the same 

clutch of eggs. This is the most valid way of comparing the impact of any given genetic 

mutation. Male heterozygotes and their wildtype siblings, bred from the same clutch of 

eggs from the same parents, are very similar genetically and experience very similar (if 

not the same) environmental conditions during their development, and growth. 

Multivariate regression modelling allows estimation of the individual effect of each 

truncating mutations of titin on parameters of zebrafish chamber size, systolic function, 

diastolic function and markers of late-diastolic ventricular stiffness. Each estimated 

effect size (i.e. the β coefficient) was calculated in a model that compared heterozygous 

carriers with their wildtype siblings that were raised in the same batch, adjusted for age 

if the model determined that age had a statistically significant effect.  

 

http://www.ibm.com/
http://www.sas.com/
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For each parameter of interest, a standard protocol for multiple regression and statistical 

computing was performed. Against each parameter of interest, exploratory variables 

such as (e.g. age and genotype, or age and position) were assessed individually to 

provide univariate results. If the effect of age was statistically significant result in the 

univariate analysis, it was then added in a multivariate model. A model fitting approach 

was then employed. Separate models were built to test the interaction with age, and 

significance testing was performed. A backwards stepwise approach of model fitting 

was then employed to derive the most appropriate model, which would include the 

variables age and genotype (or position) if both variables had a statistically significant 

effect on multivariate modelling, and only genotype (or position) if age was not 

significant. Where an interaction between genotype (or position) and age was present, 

variance inflation factor testing was employed to assess for co-linearity to help choose 

the best model. To ensure that the multiple regression was a valid statistical method for 

analysing this data, standard validity tests were performed to ensure that the 

assumptions of multiple regression were met. These included: 1) the assumption of 

linearity was met between the parameter of interest and each explanatory variable, 2) 

homoscedasticity (i.e. constant variance); and 3) tests for normality of the distribution 

of residuals. From these statistical tests, I was able to conclude that the assumptions of 

multiple regression were not violated, and that the multiple regression model was an 

appropriate analysis.   

 

Separate multivariate regression models for each of the lines were performed so that the 

point effect size of each genetic mutation, relative to wildtype, could be calculated. 

These individual results have been previously reported separately for each line in Table 

6.1 (Mutant 1: ttna
uq22ks

), Table 6.2 (Mutant 2: ttna
e105-tv

), Table 6.3 (Mutant 3: ttna
hel

), 

and Table 7.2 (Mutant 4: ttna
e201-tv

). 

 

8.3.2.2. Comparing the different mutant lines 
 

Next, in order to test mutation position-dependent effects in a statistically valid manner, 

multiple regression and statistical computing was performed in SAS® 9.4 

(www.sas.com) on a pooled data set consisting of all the male heterozygotes of all four 

lines, as well as the pooled group of all wildtype male siblings. 

http://www.sas.com/
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8.3.2.3. Assessing the effect of genetic position 
 

The impact of the relative position of the four titin truncating mutants was assessed 

using multiple regression by introducing a new ordinal variable into the pooled data set 

which described the relative position of the titin mutation from N-terminus to C-

terminus, with wildtypes being the reference standard. This procedure was meticulously 

applied to each line of data generated by a single zebrafish. As per standard procedure 

when coding for ordinal variables in multiple regression in SAS
®
, dummy variables 

were created and then coded to denote the relative position on the ttna gene.  

 

8.3.2.4. Testing the potential impact of alternative transcription start 
sites 
 

The alternate transcription hypothesis aims to explain the differential impact of titin 

truncating mutations on disease phenotype by postulating that, along the titin gene, 

there are several (some known, e.g. Cronos, and others unknown) transcription start 

sites that may encode for alternative shorter-length titin isoforms. These may have 

biological function, albeit potentially different from the normal wildtype protein, and 

may potentially ameliorate the disease phenotype. One known example is the partial 

length isoform, Cronos, which has an internal promoter located in the distal I-band. 

Homozygous titin truncations in zebrafish are embryonically lethal due to severe 

cardiac dysfunction. The Cronos isoform ameliorates skeletal myopathy in homozygous 

titin truncations upstream of its promoter, a mechanism considered relevant for the 

myocardium in heterozygous animals (Zou et al., 2015). 

 

To test whether our results are consistent the potential impact of possible alternate 

transcription start sites, and the action of Cronos, sites, we used multiple regression to 

assess whether zebrafish from adjacent mutations differed from each other with respect 

to key physiological parameters. The rationale for doing this is that if adjacent 

mutations are significantly different from each other, then this would be consistent with 

there being some factor that may potentially ameliorate or aggravate the disease 

condition, This could represent an alternate start site or an exon skipping event, but in 

reality it could be any factor present either on the gene, or occur during the processes of 

transcription, translation, protein synthesis, or protein-gene interaction. On the other 
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hand, if zebrafish from adjacent mutations were not significantly different from each 

other, this would be consistent with these mutations resulting in an equivalent 

phenotype (i.e. not different from each other), and therefore not influenced by another 

factor. A key analysis would be to compare the ttna
e105-tv

 heterozygous carriers with 

ttna
hel

 heterozygous carriers as these two truncations are situated relatively close to each 

other, but on either side of the position of the internal promoter for Cronos (ttna
e105-tv

 

upstream of the Cronos promoter, ttna
hel

 downstream of the Cronos promoter). 

 

8.4. Results 

 

8.4.1. Revisiting the results of Chapter 6 

 

Table 8.1 on the next page summarises the results from Chapter 6 where a separate 

multivariate analysis was performed to compare the male heterozygote of each mutant 

line with male wildtype siblings bred from the same clutch of eggs from the same 

parents. As a refresher, the position of the four zebrafish titin truncating mutations, 

previously illustrated in Figure 3.3, has been reiterated below.
 

 

 
 
 

Figure 3.3 revisited: The four zebrafish titin ttna gene truncating mutants that were 
studied and the locations of their truncating mutations relative to the full amino acid 
sequence of the zebrafish titin-a protein, with the N-terminus (NH2-) located on the left 
and the C-terminus (-COOH) located on the right. A full length ttna protein is shown, as is the 
shortened isoform Cronos, whose “masked” internal promoter is present in the distal I-band. 
Mutant 1 (ttna

uq22ks
) is located in the area of the Z-line. Mutant 2 (ttna

e105-tv
) is in the distal I-band 

located in a position upstream from the internal promoter for Cronos. Mutant 3 (ttna
hel

) has not 
ever been definitively sequenced, but the prevailing thought is that it is located in the position 
shown in the diagram above, in the proximal A-band, downstream from the internal promoter for 
Cronos. Mutant 4 (ttna

e201-tv
) is located in the middle of the A-band. 
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Table 8.1 The individual effect of each truncating mutations of titin on parameters of zebrafish chamber size, systolic function, diastolic function 
and markers of late-diastolic stiffness, according to multivariate regression modelling. 

 ttnauq22ks
 ttnae105-tv

 ttnahel
 ttnae201-tv

 

Parameter β (95% CI) P value β (95% CI) P value β (95% CI) P value β (95% CI) P value 

Chamber size         

EDV/BSA (mL.m
-2

 BSA) 0.14 (0.01 – 0.26)* 0.03 0.16 (0.04 – 0.29) 0.009 0.21 (0.08 – 0.35) 0.001 0.23 (0.06 – 0.40) 0.008 

ESV/BSA (mL.m
-2

 BSA) 0.06 (0.00 – 0.13)* 0.06 0.14 (0.06 – 0.22) 0.0006 0.23 (0.13 – 0.32) <0.0001 0.22 (0.09 – 0.35)* 0.0009 

Atrial size (mL.m
-2

 BSA) 0.19 (-0.26 – 0.65)* 0.40 0.21 (-0.12 – 0.55)* 0.21 0.58 (0.18 – 0.97) 0.002 -0.21 (-0.62 – 0.20) 0.31 

         

Systolic function         

Ejection fraction (%) 0.4 (-1.0 – 1.9)* 0.57 -1.2 (-2.8 – 0.4)* 0.14 -4.8 (-6.5 – -3.0)* <0.0001 -4.0 (-5.9 – -2.1)* <0.0001 

GLS (%) 0.5 (-0.6 – 1.6)* 0.38 0.0 (-0.9 – 0.9)* 0.99 1.8 (0.9 – 2.7)* 0.0001 2.6 (1.5 – 3.8)* <0.0001 

GLSR systole (s
-1

) 0.00 (-0.13 – 0.14) 0.96 0.10 (0.01 – 0.19) 0.04 0.15 (0.03 – 0.27)* 0.02 0.33 (0.20 – 0.45) <0.0001 

ś (mm.s
-1

) 1.0 (-0.2 – 2.2)* 0.10 -1.6 (-2.8 – -0.4) 0.007 -1.9 (-3.4 – -0.4)* 0.01 -2.0 (-3.4 – -0.7) 0.003 

         

Diastolic function         

IVRT (ms) 2 (-2 – 6)* 0.10 16 (13 – 20)* <0.0001 18 (14 – 22)* <0.0001 9 (4 – 15) 0.002 

E/A Ratio -0.03 (-0.05 – -0.01)* 0.003 0.00 (-0.02 – 0.02) 0.90 -0.05 (-0.07 – 0.02) <0.0001 0.01 (-0.01 – 0.03) 0.35 

SRe (s
-1

) -0.06 (-0.15 – 0.03)* 0.21 -0.09 (-0.17 – -0.02) 0.009 -0.06 (-0.15 – 0.02) 0.14 -0.02 (-0.14 – 0.10) 0.74 

SRa (s
-1

) 0.03 (-0.17 – 0.23)* 0.79 -0.14 (-0.29 – 0.00)* <0.05 -0.37 (-0.54 – -0.19)* <0.0001 -0.43 (0.58 – -0.28)* <0.0001 

         

Late diastolic ventricular stiffness         

A/SRa Ratio (cm) -1.07 (-3.56 – 1.42)* 0.40 2.70 (0.49 – 4.91)* 0.02 7.92 (4.55 – 11.28) <0.0001 4.54 (1.81 – 7.28) 0.001 

Each estimated effect size (i.e. the β coefficient) was calculated in a model that compared heterozygous carriers with their wildtype siblings that were raised in the same batch, and 
adjusted for age if the model determined that age had a statistically significant effect. * denotes the situation when the final adjusted effect size for the parameter is derived from the 
univariate result. This occurred when the univariate model was accepted when neither age nor the interaction between age and genotype were significant. NB: P values for statistical 
significance for these variables may vary slightly from the ANOVA P-value due to the different statistical technique and different model being used. These individual results have been 
previously reported separately for each line in Tables 6.1 (Mutant 1: ttnauq22ks), 6.2 (Mutant 2: ttnae105-tv), 6.3 (Mutant 3: ttnahel), and 7.2 (Mutant 4: ttnae201-tv). 
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8.4.2. ANOVA analysis of the four zebrafish titin truncating mutations 

 

The results in Table 8.1 suggested that there were differences between the various 

mutations with respect to cardiac chamber size, systolic function, diastolic function and 

markers of late-diastolic ventricular stiffness. To help assess these differences, the 

natural history echocardiography study data is presented graphically, and ANOVA 

testing was performed to assess whether there were any significant effects on the results 

caused by 1) genotype and 2) age, as well as the presence of any interaction between 

genotype and age. The full report of the ANOVA results can be found in Supplemental 

Table 8.1.  

 

8.4.2.1. Ventricular chamber size 
 

 
Figure 8.1: Comparison of (A) ventricular end-diastolic volume indexed to body surface 
area (EDV/BSA) and (B) ventricular end-systolic volume indexed to body surface area 
(ESV/BSA) across heterozygotes of all four titin truncating zebrafish lines and wildtypes 
(black ●). The numbers of heterozygotes in each line was reported previously in Chapter 6. The 
mutants from N-terminus position to C-terminus position are ttna

uq22ks
 (blue ■), ttna

e105-tv
 (green 

♦), ttna
hel

 (orange ▲) and ttna
e201-tv

 (red ▼).  

 

When plotting heterozygotes from all four different lines, together with their wildtype 

siblings there were very significant genotype differences in EDV/BSA and ESV/BSA 

across the four heterozygote lines (P<0.001 for both, 2-way ANOVA, Figure 8.1). 

Heterozygotes from both the A-band mutations, ttna
e201-tv

 and
 
ttna

hel
, developed the 

greatest ventricular dilatation, while heterozygotes from the Z-line located mutation 
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(ttna
uq22ks

) had the least change in ventricular size compared with wildtypes. The 

ttna
e105-tv

 heterozygotes had an intermediate phenotype.   

 

8.4.2.2. Systolic function 
 

 
Figure 8.2: Comparison of (A) ejection fraction (EF) and (B) global longitudinal strain 
(GLS) across heterozygotes of all four titin truncating zebrafish lines and wildtypes 
(black ●). There were very significant genotype differences. The numbers of heterozygotes in 
each line was reported previously in Chapter 6. The mutants from N-terminus position to C-
terminus position are ttna

uq22ks
 (blue ■), ttna

e105-tv
 (green ♦), ttna

hel
 (orange ▲) and ttna

e201-tv
 (red 

▼).  

 

There were very significant genotype differences in conventional markers of systolic 

function, ejection fraction (EF) and global longitudinal strain (GLS) across the four 

heterozygote lines (P<0.001 for both, 2-way ANOVA, Figure 8.2). Heterozygotes from 

both the A-band mutations, ttna
e201-tv

 and
 
ttna

hel
, developed the greatest cardiac systolic 

dysfunction, while heterozygotes from the Z-line located mutation (ttna
uq22ks

) were not 

significantly different from wildtypes. The ttna
e105-tv

 heterozygotes did not demonstrate 

any statistically significant difference in EF or GLS.  
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8.4.2.3. Diastolic function 

 

There were also significant differences across all four genotypes in markers of diastolic 

function (Supplemental Table 8.1), including isovolumic relaxation time (P<0.001, 2-

way ANOVA), ventricular early diastolic filling (peak E-wave velocity, P<0.001, 2-

way ANOVA), late-diastolic filling (peak A-wave velocity, P<0.001, 2-way ANOVA), 

E/A ratio (P<0.001, 2-way ANOVA), early diastolic ventricular tissue Doppler velocity 

(P<0.001, 2-way ANOVA), and late-diastolic ventricular tissue Doppler velocity 

(P=0.003, 2-way ANOVA).  

 

8.4.2.4. Atrial size 
 

 
 

Figure 8.3: Comparison of indexed atrial area across heterozygotes of all four titin 
truncating zebrafish lines (ttna

uq22ks
 blue ■, ttna

e105-tv
 green ♦, ttna

hel
 orange ▲, and 

ttna
e201-tv

 red ▼), and wildtypes (black ●).  

 

There also appeared to be significant genotype differences in indexed atrial size 

(P<0.001, 2- way ANOVA), while the effect of age was only borderline significant 

(P=0.049, 2-way ANOVA, Figure 8.3). The ttna
uq22ks

 (Z-line) mutant appeared to have 

the highest indexed atrial size after adjusting for age. This result for the ttna
uq22ks

 

mutation may have been due to the effects of body size. As previously demonstrated in 

Chapter 4, given significant differences in body size between zebrafish of different age 

and zebrafish belonging to different strains, standardisation of cardiac chamber 

measurements is essential to allow any meaningful comparison between lines. The 

ttna
uq22ks

 mutants had a smaller weight compared with wildtype animals and zebrafish 
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heterozygous for other titin mutations. While the standardisation procedure for chamber 

size, which indexes chamber size to body surface area, is valid (as can be seen by the 

fact that indexed cardiac chambers dimensions in wildtypes remain stable across 

different age groups; see Figure 8.1 as an example), it is nevertheless imperfect. This 

may have resulted in an over-corrected indexed atrial size in ttna
uq22ks

 mutants such that 

their result was the highest among the four mutants. Nevertheless, the important 

observations from these results of indexed atrial size are that there appeared to be 

significant genotype differences in indexed atrial size, and that many of the zebrafish 

titin truncating mutants had evidence of atrial dilatation when compared with their 

wildtype siblings.  

 

8.4.2.5. Late diastolic ventricular stiffness 
 

 

Figure 8.4: Comparison of A/SRa ratio across heterozygotes of all four titin truncating 
zebrafish lines (ttna

uq22ks
 blue ■, ttna

e105-tv
 green ♦, ttna

hel
 orange ▲, and ttna

e201-tv
 red ▼), 

and wildtypes (black ●).  

 

Both age and genotype had significant effects on the A/SRa ratio, which is an 

echocardiographic surrogate for late-diastolic ventricular stiffness (P<0.001 for both, 2-

way ANOVA, Figure 8.4). 
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8.4.3. Elucidating the effect of position of the mutation on parameters 

of cardiac structure and function 

 

From the above results, it appeared that the impact of genotype in altering cardiac 

structure and function is potentially position-dependent. In order to test the hypothesis 

of a position-dependent effect, multiple regression and statistical computing was 

performed in SAS
®
 9.4 (www.sas.com) on a pooled data set consisting of all the male 

heterozygotes of all four lines, as well as all their pooled wildtypes male siblings 

(grouped together). 

 

The results are displayed in Table 8.2 on the next page. Each estimated effect size (i.e. 

the β coefficient) was calculated in a model that compared heterozygous carriers with 

their wildtype siblings that were raised in the same batch, adjusted for age if the model 

determined that age had a statistically significant effect. The β coefficient represents the 

point estimate (± 95% confidence interval) of the absolute change from the wildtype 

value. The P value next to each β coefficient reports the level of statistical significance 

between each mutant line and the wildtype value. 

http://www.sas.com/


 

212 

 

 

 

 
Table 8.2: The individual effect of each truncating mutations of titin on parameters of zebrafish chamber size, systolic function, diastolic function 
and markers of late-diastolic stiffness according to multivariate regression modelling when heterozygotes from all titin truncation mutation lines 
as well as all their wildtype siblings are included in the single model. 

 
Each estimated effect size (i.e. the β coefficient) was calculated in a model that compared heterozygous carriers with the pooled group of male wildtypes, and 
was adjusted for age if the model determined that age had a statistically significant effect on the parameter. The β coefficient represents the point estimate 
(±95% confidence interval) of the absolute change from the wildtype value. The P value next to each β coefficient reports the level of statistical significance 
between each heterozygote mutant line and the wildtype value. * denotes the situation when the final adjusted effect size for the parameter is derived from 
the univariate result. This occurred when the univariate model was accepted when neither age nor the interaction between age and genotype were significant. 
NB: P values for statistical significance for these variables may vary slightly from the ANOVA P-value due to the different statistical technique and different 

model being used. 
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8.4.3.1. The effect of position of truncating mutation on indexed end-

diastolic volume and ejection fraction 

 

 
Figure 8.5: The age-adjusted effect of the truncating mutation position on the (A) end-
diastolic volume, indexed to body surface area, and (B) ejection fraction.  
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The absolute increase in indexed end-diastolic volume (± standard error of the mean) 

displayed by heterozygotes in each mutant line compared with the baseline values for 

wildtypes, calculated through multiple regression modelling, is illustrated in the 

composite bar graph on the previous page (Figure 8.5). The relative position of each 

mutation is also shown. On multivariate regression, after adjusting for the effect of age 

(P=0.03), there was a very statistically significant effect of the position of the mutation 

on indexed end-diastolic volume (P<0.0001). For this variable, there appeared to be an 

increase in indexed end-diastolic volume from N-terminus to C-terminus. In this 

analysis, reported in full in Table 8.2, there was no significant difference in indexed 

end-diastolic volume between heterozygotes from the Mutant 1 line and wildtype. For 

all other mutant lines, there was a very statistically significant change compared with 

wildtypes (P≤0.0001 for all comparisons). A similar finding was also observed for 

indexed end-systolic volume. 

 

The estimated absolute reduction in ejection fraction (± standard error of the mean) 

displayed by heterozygotes in each mutant line compared with the baseline values for 

wildtypes, calculated through multiple regression modelling, is illustrated in the 

composite bar graph on the preceding page. The position of each mutant is also shown. 

On multivariate regression, there was a very statistically significant effect of the 

position of the mutation on ejection fraction (P<0.0001), with a large change between 

Mutants 2 and 3 (Table 8.2). Interestingly, this apparent jump occurred between 

mutants on either side of the known internal promoter for the partial length titin isoform 

(Cronos). Mutants that had truncating mutations located on the C-terminus side of the 

Cronos promoter (i.e. Mutant 3 and Mutant 4) had a greater reduction in ejection 

fraction. I will later show that the ejection fraction in Mutant 3 and Mutant 4 was 

similar. In this analysis, reported in full in Table 8.2, there was no significant difference 

in ejection fraction between wildtype zebrafish and heterozygous zebrafish from Mutant 

1 (P=0.97) and Mutant 2 (P=0.09). Both Mutant 3 and Mutant 4 had significantly 

reduced EF compared with wildtypes (P<0.0001 for both comparisons). 
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8.4.3.2. The effect of position of truncating mutation on an 

echocardiographic surrogate of late-diastolic stiffness 

 

 
 

Figure 8.6: The effect of position of the truncating mutation on the late-diastolic 
atrioventricular inflow (A-wave) to late-diastolic ventricular strain rate (SRa; i.e. the A/SRa 
ratio) of affected heterozygous male zebrafish.  

 

The absolute increase in the A/SRa ratio (± standard error of the mean) displayed by 

heterozygotes in each mutant line compared with the baseline values for wildtypes, 

calculated through multiple regression modelling, is illustrated in the above composite 

bar graph (Figure 8.6). The position of each mutant is also shown. Mutant 2 (P=0.03), 

Mutant 3 (P<0.0001) and Mutant 4 (P<0.0001) had significantly higher A/SRa ratios 

than wildtypes, consistent with their having elevated late-diastolic ventricular filling 

pressures. Mutants that had truncating mutations located downstream from the Cronos 

promoter (i.e. Mutant 3 and Mutant 4) had a significantly greater A/SRa ratio than 

wildtypes. On multivariate regression, after adjusting for the significant effect of age 

(P<0.0001), there was a very statistically significant effect of the position of the 
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mutation (P<0.0001), with increased A/SRa in the A-band mutants relative to the 

mutations affecting the N-terminus side of the protein. There appeared to be a 

progressive increase in indexed end-diastolic volume from N-terminus to C-terminus, 

with a large jump in values between Mutants 2 and 3 (Table 8.2). Interestingly, this 

apparent jump occurred between mutants on either side of the known internal promoter 

for the partial length titin isoform (Cronos).  

 

8.4.4. Is there further statistical evidence that the mutations are 

different from each other? 

 

As we have already observed, it appears that Mutant 3 and Mutant 4 generally appear to 

have a more severe phenotype than the other mutants. In addition, for several variables 

such as EF, the estimated change from the wildtype baseline in Mutant 3 (ttna
hel

) was 

greater than Mutant 4 (ttna
e201-tv

). There are several possible explanations:  

 

1. There is no true difference in physiology between Mutant 3 and Mutant 4, and 

essentially these mutations have the same physiological effect.  

2. There is a true incremental effect that is related to the position of the truncation on 

the ttna gene, with Mutant 4 (ttna
e201-tv

) expected to have a more severe phenotype, 

but this effect was not detected during the studies that were performed due to 

variability (both physiological variability and measurement error). 

3. There are additional modifying factors (e.g. additional gene- or gene-protein 

interactions, or another cryptic splice site location or alternate exon skipping event) 

that may modify or ameliorate a disease phenotype in A-band mutants.  

4. The effect is an artefact due to statistical modelling when including all other variant 

lines. 

 

Therefore, to explore whether there is a true statistical difference between adjacent 

mutants, a direct comparison between physiological parameters of adjacent mutants was 

made using multivariate analysis. 
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8.4.4.1. Differences in cardiac physiological characteristics between 
Mutant 3 (ttnahel) and Mutant 4 (ttnae201-tv) 
 
Table 8.3: Comparison of echocardiographic parameters between Mutant 3 (ttna

hel
) vs. 

Mutant 4 (ttna
201-tv

), with Mutant 3 considered as the reference. 

 

 
Change in ttna

e201-tv
 

relative to ttna
hel

 
  

Parameter β (95% CI) P value 
P value for 

effect of age 
P value  

for interaction 

Chamber size     

EDV/BSA (mL.m
-2

 BSA) 0.06 (-0.11 – 0.22) 0.49 <0.0001 0.73 

ESV/BSA (mL.m
-2
 BSA) 0.02 (-0.12 – 0.16) 0.80 0.0003 0.66 

Atrial size (mL.m
-2

 BSA) 0.48 (0.07 – 0.89) 0.02 0.02 0.58 

     

Systolic function     

Ejection fraction (%) -1.0 (-2.8 – 0.9)* 0.31* >0.05 0.49 

GLS (%) -0.1 (-1.1 – 0.8) 0.77 0.01 0.89 

GLSR systole (s
-1
) 0.07 (-0.05 – 0.18) 0.24 0.003 0.28 

ś (mm.s
-1
) -2.3 (-2.6  -0.1)* 0.08 <0.05 0.78 

     

Diastolic function     

IVRT (ms) 3.1 (-1.4 – 7.6)* 0.18* 0.11 0.08 

E/A Ratio 0.02 (0.00 – 0.04) 0.06 <0.0001 0.18 

SRe (s
-1
) 0.08 (-0.03 – 0.18) 0.15 0.17 0.03 

SRa (s
-1
) -0.01 (-0.16 – 0.14) 0.90 0.03 0.19 

     

Late diastolic stiffness      

A/SRa Ratio (cm) -3.95 (-7.53 – 0.36) 0.03 0.001 0.91 

The effect of the change in position in Mutant 4 relative to Mutant 3 was calculated for 
parameters of zebrafish chamber size, systolic function, diastolic function and markers of late-
diastolic stiffness using multivariate regression modelling. Each estimated effect size (i.e. the β 
coefficient) was calculated in a model that compared the heterozygous carriers, adjusted for 
age if the model determined that age had a statistically significant effect or if age and genotype 
had a significant interaction. * denotes the situation when the final adjusted effect size for the 
parameter is derived from the univariate result. This occurred when the univariate model was 
accepted when neither age nor the interaction between age and genotype were significant. NB: 
P values for statistical significance for these variables may vary slightly from previous models as 

only individuals from Mutant 3 and Mutant 4 lines were included. 

 

The results, presented in Table 8.3, show that, on multiple regression, the P values for 

differences between genotype (grey column) were not significant for the great majority 

of variables other than Mutant 4 having a slightly higher indexed atrial size (0.48, 95% 

CI 0.07 – 0.89, mL.m
-2

) and a slightly lower A/SRa Ratio (-3.95, 95% CI -7.53 – 0.36, 
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cm). For both of these variables, the P value was only 0.02 and 0.03 respectively, a 

level of significance that is not strong. This suggests that these two A-band mutations, 

which are spread quite far apart on the A-band, appear to have a fairly similar effect on 

cardiac structure and function.  

 

8.4.4.2. Differences in cardiac physiological characteristics between 

Mutant 2 (ttnae105-tv) and Mutant 3 (ttnahel) 

 
Table 8.4: Difference in echocardiographic parameters between Mutant 2 (ttna

e105-tv
) vs. 

Mutant 3 (ttna
hel

), with Mutant 2 considered as the reference. 

 
Change in ttna

hel
 

relative to ttna
e105-tv

 
  

Parameter β (95% CI) P value 
P value for 

effect of age 
P value  

for interaction 

Chamber size     

EDV/BSA (mL.m
-2

 BSA) 0.05 (-0.10 – 0.20) 0.51 <0.0001 0.96 

ESV/BSA (mL.m
-2
 BSA) 0.09 (-0.01 – 0.20) 0.08 0.0005 0.90 

Atrial size (mL.m
-2

 BSA) 0.30 (-0.11 – 0.70)* 0.15* 0.18 0.12 

     

Systolic function     

Ejection fraction (%) -3.6 (-5.5 – 1.7)* 0.0002* 0.19 0.76 

GLS (%) 2.3 (1.3 – 3.4)* <0.0001* 0.50 0.17 

GLSR systole (s
-1
) 0.09 (-0.02 – 0.21) 0.10 0.003 0.01 

ś (mm.s
-1
) -0.1 (-1.6  -1.4)* 0.92* 0.54 0.03 

     

Diastolic function     

IVRT (ms) 2.4 (-2.2 – 6.9) 0.30 0.07 0.03 

E/A Ratio -0.05 (-0.07 – -0.03) <0.0001 0.53 0.01 

SRe (s
-1
) 0.03 (-0.06 – 0.12) 0.56 0.17 0.03 

SRa (s
-1
) -0.25 (-0.42 – -0.07)* 0.006 0.58 0.26 

     

Late diastolic stiffness      

A/SRa Ratio (cm) 5.09 (1.74 – 8.44) 0.003 0.07 0.17 

The effect of the change in position in Mutant 3 relative to Mutant 2 was calculated for 
parameters of zebrafish chamber size, systolic function, diastolic function and markers of late-
diastolic stiffness using multivariate regression modelling. Each estimated effect size (i.e. the β 
coefficient) was calculated in a model that compared the heterozygous carriers, adjusted for 
age if the model determined that age had a statistically significant effect or if age and genotype 
had a significant interaction. * denotes the situation when the final adjusted effect size for the 
parameter is derived from the univariate result. This occurred when the univariate model was 
accepted when neither age nor the interaction between age and genotype were significant. NB: 
P values for statistical significance for these variables may vary slightly from previous models as 

only individuals from Mutant 2 and Mutant 3 lines were included. 



 

219 

The presence of statistically significant differences between groups (grey column) in 

Table 8.4 suggests that these two mutants are physiologically different. Chamber size 

was not statistically significantly different, but systolic function and several markers of 

diastolic function and ventricular stiffness were significantly different.  

 

8.4.4.3. Differences in cardiac physiological characteristics between 

Mutant 1 (ttnauq22ks) and Mutant 2 (ttnae105-tv) 

 
Table 8.5: Difference in echocardiographic parameters between Mutant 1 (ttna

uq22ks
) vs. 

Mutant 2 (ttna
e105-tv

), with Mutant 1 considered as the reference. 

 
Change in ttna

e105-tv
 

relative to ttna
uq22ks

 
  

Parameter β (95% CI) P value 
P value for 

effect of age 
P value  

for interaction 

Chamber size     

EDV/BSA (mL.m
-2

 BSA) 0.18 (0.04 – 0.31) 0.01 0.02 0.18 

ESV/BSA (mL.m
-2
 BSA) 0.12 (0.03 – 0.20) 0.006 0.02 0.01 

Atrial size (mL.m
-2

 BSA) -1.63 (-2.02 – 1.25)* <0.0001* 0.17 0.64 

     

Systolic function     

Ejection fraction (%) -1.2 (-2.8 – 0.4)* 0.15 0.22 0.47 

GLS (%) -0.4 (-1.5 – 0.6)* 0.44* 0.13 0.65 

GLSR systole (s
-1
) 0.11 (-0.01 – 0.23) 0.07 0.19 0.04 

ś (mm.s
-1
) -0.5 (-1.8  -0.8) 0.92* 0.37 0.01 

     

Diastolic function     

IVRT (ms) 12.4 (8.0 – 16.7) <0.0001 0.42 0.03 

E/A Ratio 0.08 (0.06 – 0.10) <0.0001 0.96 0.03 

SRe (s
-1
) 0.00 (-0.08 – 0.08) 0.97 0.80 0.002 

SRa (s
-1
) -0.23 (-0.41 – -0.05) 0.01 0.07 0.04 

     

Late diastolic stiffness      

A/SRa Ratio (cm) 1.34 (-1.11 – 3.79) 0.28 0.69 0.09 

The effect of the change in position in Mutant 2 relative to Mutant 1 was calculated for 
parameters of zebrafish chamber size, systolic function, diastolic function and markers of late-
diastolic stiffness using multivariate regression modelling. Each estimated effect size (i.e. the β 
coefficient) was calculated in a model that compared the heterozygous carriers, adjusted for 
age if the model determined that age had a statistically significant effect or if age and genotype 
had a significant interaction. * denotes the situation when the final adjusted effect size for the 
parameter is derived from the univariate result. This occurred when the univariate model was 
accepted when neither age nor the interaction between age and genotype were significant. NB: 
P values for statistical significance for these variables may vary slightly from previous models as 

only individuals from Mutant 1 and Mutant 2 lines were included. 
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The results in Table 8.5 indicate that Mutant 1 (ttna
uq22ks

) and Mutant 2 (ttna
e105-tv

) 

differed in cardiac structure and function. Mutant 1 and Mutant 2 differed in diastolic 

function, with Mutant 1 displaying evidence of increased ventricular stiffness. A 

plausible explanation for this is that zebrafish that were heterozygous for the ttna
uq22ks

 

were small, and therefore had smaller hearts. Diastolic function and stiffness is likely 

influenced by overall chamber size.  

 

Therefore, it appears that male heterozygotes belonging to the two A-band located 

mutants (Mutant 3 and Mutant 4) appear to have similar physiological properties, 

whereas male Mutant 2 heterozygotes have distinctly different physiological 

characteristics from male heterozygotes belonging to the two A-band located mutants. 

Furthermore, Mutant 1 (the Z-line mutant) has distinctly physiologically different 

characteristics from male wildtypes and male heterozygotes belonging to the I-band 

mutation (i.e. Mutant 2).  

 

8.4.5. Summary of findings 

 

Integration of the in-vivo physiological parameters derived from conventional and novel 

echocardiographic parameters in four separate zebrafish lines modelling human titin 

truncating mutations reveal that the propensity for dilated cardiomyopathy and 

alterations in ventricular compliance is significantly influenced by the position of the 

gene mutation (Figure 8.7). These phenomena, observed in human dilated 

cardiomyopathy cohorts, have now been shown to occur in adult zebrafish models.  

 

Not only is there a propensity among heterozygous titin truncation mutation carriers for 

ventricular chamber dilatation that is gene-position dependent, as well as gene-position 

dependent differences in systolic function, there are also gene-position dependent 

differences in in-vivo ventricular stiffness. The zebrafish results seem to suggest that 

this is a problem intrinsic to the myocardium, as it chiefly affects myocardial 

deformation variables and not pulsed-wave Doppler parameters measuring ventricular 

diastolic inflow. As seen in the results of SRe and SRa in Table 8.2, the abnormality in 

diastolic ventricular deformation is greater in late diastole than early diastole, although 

this could be due to the reliance of zebrafish ventricular filling on atrial systole.  
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Figure 8.7: Effects on ventricular dilatation, systolic function and diastolic function in 
titin truncating mutations are position (“length”) dependent. (A) The relative position of the 
four zebrafish titin ttna truncating mutations studied during the PhD. A full length ttna protein is 
shown, as is the shortened isoform Cronos, whose internal promoter is present in the distal I-
band. Mutant 1 is located in the area of the Z-line. Mutant 2 is in the distal I-band located in a 
position upstream from the internal promoter for Cronos. Mutant 3 is thought to be located in the 
proximal A-band, downstream from the internal promoter for Cronos. Mutant 4 is located in the 
middle of the A-band. (B) The differential effect of position of titin truncating mutation on 
ventricular size, systolic function and diastolic function. Although invasive haemodynamic 
studies are not yet able to be routinely performed in zebrafish, echocardiography allows the 
measurement of several variables which act as surrogates for maximal force generation, such 
as peak systolic global longitudinal strain rate, (Marwick, 2006). Zebrafish mutants located in 
the A-band (Mutants 3 and 4) develop overt features of chamber dilatation and impaired 
contractile function in middle age. They also display abnormalities in diastole, including 
prolonged isovolumic relaxation, reduced ventricular deformation during late diastole, a time 
period that represents the major part of zebrafish ventricular filling, and display evidence of 
increased late-diastolic ventricular stiffness. The variables in green measure systolic function, 
whereas the variables in red represent indices of diastolic function. 

 

These echocardiographic results provide confirmatory physiology consistent with the 

alternate transcription start site hypothesis (one of the key prevailing putative 

mechanisms explaining the mechanism of pathology in titin truncating mutation). The 

significant difference in cardiac physiology between Mutant 2 and Mutant 3, which lie 

on either side of the internal promoter for the known Cronos isoform, is consistent with 

this hypothesis. Additionally, the fact that Mutant 1 (ttna
uq22ks

), a Z-line mutant in an 
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exon with a very high PSI (PSI: 1.00) was significantly different from Mutant 2 

(ttna
e105-tv

) with regards to several key physiological parameters points towards another 

potential alternative near full-length titin isoform that has not been yet discovered, or a 

crucial exon-skipping event that abrogates the effect of this proximal titin truncating 

mutation.  

 

8.5. Discussion 

 

This work extends on the prevailing lines of evidence in the titin literature suggesting 

that not all truncating mutations of the titin gene have an equal effect on cardiac 

physiology, and the viewpoint that there is differential pathogenicity according to the 

location of the gene mutation (Fatkin, 2017).  

 

I will discuss the three prevailing hypotheses and detail how the results of this chapter 

fit in the context of the existing scientific literature: 

 

1. Length-dependent hypothesis: A-band titin truncating mutations appear to be more 

deleterious than I-band truncating mutations. Herman and colleagues first reported 

an over-representation of A-band titin truncating mutants among cases of TTNtv in 

dilated cardiomyopathy cases (Herman et al, 2012). Titin truncating mutants were 

also noted in otherwise healthy controls, but instead of the A-band predominance 

seen in disease cases, TTNtv in controls were distributed throughout the entire 

length of the titin gene. The integrative analysis of the four lines performed in this 

chapter is consistent with this original position-dependent hypothesis, as male 

heterozygotes from the two zebrafish titin truncating mutations that are situated in 

the A-band (i.e. Mutant 3 and Mutant 4) have more features of dilated 

cardiomyopathy than the zebrafish mutant located in the I-band (Mutant 2), while 

the mutation affecting the Z-line (Mutant 1) did not display an features of contractile 

dysfunction despite being located in an exon that was highly utilised. 

 

2. Exon-usage / Alternative splicing hypothesis: To explain the pathogenicity of titin 

truncating mutations that do not affect the A-band, Roberts and colleagues 

introduced the concept of exon usage to predict the potential pathogenicity of TTNtv 
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(Roberts et al., 2015). They performed RNA sequencing in human left ventricular 

tissue samples and used the PSI index to quantify the frequency in which each exon 

was incorporated into titin transcripts. Exons that were constitutively present in all 

titin isoforms had high PSI scores (maximum score 1.00, equivalent to 100% 

frequency), whereas exons that were subject to alternative splicing had lower scores. 

This idea was consistent with the first hypothesis, as A-band exons usually had high 

PSI scores, indicating that most, if not all, of the titin isoforms would be affected by 

the mutation. In contrast, a majority of I-band exons had low PSI scores. 

Truncations in these exons may not necessarily result in a biological effect if 

alternative splicing avoids expression of a truncated product. However, several I-

band and Z-line TTNtv associated with dilated cardiomyopathy have been observed 

in exons with high PSI (Roberts et al., 2015). Nevertheless, exon-usage of a titin 

truncating mutation is not the sole determinant of disease, as Roberts and colleagues 

also found a strong association between disease severity and increasing distance of 

the mutation from the N-terminus. My integrative analysis in this chapter is also 

consistent with this hypothesis as each of the four zebrafish mutants harbor 

mutations in exons that are high conserved (i.e. PSI: 0.98-1.00). Two of the 

mutations (Mutant 3 and Mutant 4) have manifest dilated cardiomyopathy, while the 

I-band mutant (Mutant 2) has features of forme fruste dilated cardiomyopathy (i.e. 

chamber dilatation, evidence of impaired maximal force generation, impaired 

isovolumic relaxation and increased late-diastolic stiffness). We did not have any 

zebrafish titin truncating mutants from low PSI exons that would help shed more 

light into the importance of PSI scores in disease pathogenesis.  

 

3. Partial rescue of disease phenotype due to alternative transcription start sites and 

expression of intermediate isoforms: Schafer and colleagues performed ribosome 

sequencing and allele-specific RNA sequencing in rats with Z-line and A-band titin 

truncations and found that in rats with Z-line situated mutations, titin protein was 

able to be translated from alternative start sites downstream of the TTNtv, whereas 

mutant A-band alleles were not translated (Schafer et al., 2017). The potential 

implication of this work is that alternative splicing in N-terminally located titin 

truncation has the potential of producing a near-full length titin isoform that can 

rescue the dilated cardiomyopathy phenotype. The results of our zebrafish Z-line 

mutant (Mutant 1), with its near normal phenotype (albeit with baseline mild 
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changes in diastolic function relative to male wildtype siblings), is physiologically 

consistent with this hypothesis. Additionally, Zou et al. reported a conserved 

internal promoter for a functional, partial length titin isoform, the Cronos isoform, 

in humans, other mammals and zebrafish, and that it occurs at the precise location 

where there is a difference in the disease severity of genotype positive individuals 

(Zou et al., 2015). Given that, among exons that were highly utilised (i.e. PSI: 

≥0.95), dilated cardiomyopathy was shown to be approximately three times more 

prevalent in mutations located in exons distal to the Cronos isoform promoter (Deo, 

2016), the hypothesis is that this partial length isoform partially rescues the disease 

phenotype in individuals with truncations located upstream (i.e. in the N-terminus 

direction) to this promoter. Although an epidemiological analysis by Schafer and 

colleagues could not find any differences in association with dilated 

cardiomyopathy in truncating mutations located on either side of the Cronos 

promoter (Schafer et al., 2017), the results of our phenotypic characterisation of 

Mutants 3 and 4 (which lie on either side of the Cronos promoter) are consistent 

with the presence of a partial length isoforms potentially ameliorating the disease 

phenotype. Mutant 2 (located upstream from the Cronos promoter) has a milder 

phenotype than Mutant 3 (located downstream), with statistically significant 

differences in many markers of systolic and diastolic function.  

 

The near-normal phenotype of Mutant 1 could be explained by the presence of a 

possible alternative near full-length titin isoform that has not been yet discovered, or a 

crucial exon-skipping event that abrogates the effect of this proximal titin truncating 

mutation. The Cronos isoform has been shown to be expressed in mutations located 

upstream of its internal promoter, such as Mutant 2. In addition to the confirmatory data 

already provided by a key existing study (Zou et al., 2015), the hypothesis of alternative 

transcription start sites could be further confirmed by future studies that aim to confirm 

the expression of partial length transcripts in Mutant 2, and a near full-length transcript 

in Mutant 1. These would need to be very detailed and involve RNA sequencing (RNA-

Seq) of pooled samples of cardiac tissue from zebrafish belonging to these zebrafish 

lines. It would be expected that an increase in partial length transcripts would be seen in 

Mutant 2. It would also be interesting to see whether there is an alternative near full 

length transcript present in heterozygous carriers of Mutant 1.  
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8.6. Clinical implications 

 

This preclinical work therefore provides supporting evidence for the above hypotheses 

relating to the potential pathogenicity of titin truncating mutations, and can provide a 

framework for understanding the likely pathogenicity of any given titin truncating 

mutation (Figure 8.8). Zebrafish harbouring the mutation also have reduced tolerance to 

mechanical stress such as volume overload (as seen in Chapter 7). This warrants more 

systematic evaluation in human cohorts. In zebrafish, titin truncating mutations that are 

located upstream from the Cronos promoter appear to develop a less severe form of 

disease, which is in contrast with the example seen in the human family on which this 

zebrafish mutant was modelled. However, this could be due to the peculiarities of the 

zebrafish animal model system: the zebrafish heart operates in a low-pressure, low-

volume cardiovascular system, and this may confer a degree of protection against the 

effects of mechanical stress over a zebrafish lifetime, compared with the systemic 

pressures experienced by human hearts. 
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Figure 8.8: Decision tree illustrating possible physiological consequences of a truncating titin mutation. This is based on the results of my work using 
zebrafish models of human truncating titin mutations. The results of this thesis are consistent with the prevailing hypotheses relating to the pathogenicity of 
titin truncating mutations, and marry the alternate splicing/exon skipping hypothesis with the alternative transcription start site hypothesis.  
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8.7. Conclusion 
 

This integrated analysis of four different zebrafish titin truncations provides in-vivo 

physiological evidence supporting the hypothesis that not all titin truncating mutations 

are equal, and that there is differential pathogenicity according to truncation position. 

 

The position of the truncating mutation in the zebrafish titin ttna gene significantly 

influenced the severity of chamber dilatation and contractile dysfunction. A-band 

located mutants were more severely affected than the I-band or Z-line mutants. 

Additionally, A-band and I-band mutants had prolonged IVRT and reduced late-

diastolic ventricular deformation rates. The A/SRa ratio suggested that A-band mutants 

had increased late-diastolic ventricular stiffness compared with wildtypes. 

 

Additionally, the ttna
e105-tv

 mutant exhibited a forme fruste dilated cardiomyopathy 

phenotype, with no reduction in EF or GLS, but increased chamber dilatation, 

prolonged IVRT, and an increased A/SRa ratio compared with wildtypes and ttna
uq22ks

 

heterozygotes. As the ttna
e105-tv

 mutation is located upstream from the internal promoter 

for Cronos, this is in keeping with the idea that alternative transcription start sites for 

shorter-length titin isoforms, such as Cronos, may ameliorate the dilated 

cardiomyopathy phenotype. The A-band mutations display the full disease phenotype, 

presumably because the position of their truncating mutations relative to the Cronos 

promoter affects the normal expression of both Cronos as well as the wildtype titin 

isoforms. 

 

Therefore, these adult zebrafish models have provided tantalising insights into the 

propensity for dilated cardiomyopathy, early relaxation abnormalities and impaired late-

diastolic ventricular compliance that occurs with this genetic condition. Increased 

stiffness results in reduced diastolic reserve, including increased susceptibility to the 

effects of increased mechanical load including volume overload, as seen in Chapter 7. 

This altered ventricular compliance may also promote atrial dilatation and help explain 

the occurrence of atrial fibrillation in human heterozygous carriers. 
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Chapter 9: Discussion 

 

9.1. Context of this thesis 

 

In recent years, many international groups have made considerable advances in 

improving the understanding of the impact of titin truncating mutations, using a 

combination of epidemiological methods in large-scale cohorts of individuals with 

dilated cardiomyopathy and healthy control patients, animal modelling, as well as 

sophisticated mechanistic studies using human induced pluripotential stem cells. 

Although it has been established that truncating variants of the titin gene (TTNtv) are 

associated with risk of dilated cardiomyopathy (as first discussed in Chapter 1, Section 

1.4.4), the prognostic implications for any individual heterozygous carrier remain 

unclear.  

 

As explained in the prologue, and demonstrated in the body of this thesis, I concentrated 

my time and research efforts towards investigating the physiological consequences of 

titin truncating mutations in-vivo and its potential relevance as a susceptibility factor for 

heart failure in the context of a relatively common physiological phenomenon 

commonly experienced in human health and disease (i.e. volume overload). Figure 9.1 

summarises the key novel contributions of my work to the scientific literature (in blue) 

and how these physiological insights – not previously described in any great detail in 

carriers of a truncating mutation of titin (both human and animal) – have helped provide 

physiological supporting evidence for the prevailing hypotheses relating to the 

pathogenesis of heart failure in heterozygous carriers. Furthermore, this work provides 

evidence that titin truncating mutation position determines propensity for dilated 

cardiomyopathy, impaired ventricular relaxation and passive stiffness in zebrafish, 

factors that would predict reduced tolerance for volume overload. 
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Figure 9.1: This thesis in context. This flow chart illustrates the pathway from genetic change to heart failure phenotype, with the key steps and prevailing 
hypotheses relating to factors that modify disease phenotype listed (key references in red). This thesis offers novel insights into the in-vivo physiological 

consequences of titin truncation at an organ level, as well as the risk of heart failure secondary to volume overload (blue). 
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9.2. Summary of key findings 
 

The key findings of my work include: 

 

1. Demonstrating in an adult zebrafish model of heterozygous human titin 

truncating mutations that these genetic changes are associated with altered 

features of systolic dysfunction and propensity for dilated cardiomyopathy. 

 

Our zebrafish studies of titin truncation have recapitulated the features of human dilated 

cardiomyopathy in a lower-order vertebrate. The fact that these observations, seen in 

human patients, are also present in zebrafish, despite an evolutionary distance of over 

400 million years, suggests that the interaction between this genetic change and volume 

overload is an important risk factor in heart failure pathogenesis.  

 

2. Novel insights into the diastolic properties of the myocardium in heterozygous 

titin truncating mutations.  

 

The phenotypic spectrum of titin truncations is not limited to systolic impairment but 

also include abnormalities in ventricular diastole, including impaired early diastolic 

ventricular relaxation (e.g. prolonged isovolumic relaxation time) as well as 

abnormalities in late-diastolic ventricular compliance. Diastolic properties in titin 

truncating muations have not previously been studied in any great detail. This was made 

possible through advances in high frequency echocardiography that were achieved 

during the course of this PhD, particularly with respect to the reverse translation of high 

frequency deformation imaging (e.g. diastolic strain rate) and the development of a 

novel marker of late-diastolic stiffness, the A/SRa ratio.  

 

3. The altered late-diastolic ventricular chamber compliance in titin truncating 

variants in zebrafish offers a plausible explanation for atrial dilatation and 

atrial fibrillation commonly seen in human patients with similar mutations. 

 

These diastolic ventricular properties in titin truncation suggest that atrial dilation, a 

predisposing factor to atrial fibrillation, may not necessarily arise from the direct impact 

of titin truncation on the mechanical function of the atrial myocardium (similar to that 
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seen in the ventricular myocardium), but perhaps as a secondary process resulting from 

the altered ventricular diastolic compliance. Interestingly, ventricular diastolic 

dysfunction in ttna
e201-tv

 zebrafish was associated with disproportionate atrial 

enlargement following chronic volume overload when compared with wildtype fish. If 

such changes relating to propensity for atrial dilatation also occurred in human TTNtv 

carriers, this could foreseeably increase the risk of atrial fibrillation over time.  

 

4. Titin truncation mutation position results in differential effects ventricular 

properties in-vivo. This supports the alternative transcription start site 

hypothesis as well as the variable length poison polypeptide hypothesis. 

 

The results of Chapters 6 – 8 demonstrate the critical importance of titin truncation 

position as a determinant of dilated cardiomyopathy. Severity of the dilated 

cardiomyopathy phenotype varied according to mutation position in zebrafish titin 

truncation, with the effect greatest in A-band mutants. We demonstrated that the 

position of the truncating mutation in the zebrafish titin ttna gene significantly 

influenced the severity of chamber dilatation and contractile dysfunction. A-band 

located mutants were more severely affected than the I-band or Z-line mutants. 

Additionally, A-band and I-band mutants had prolonged IVRT and reduced late-

diastolic ventricular deformation rates. The A/SRa ratio suggested that A-band mutants 

had increased late-diastolic ventricular stiffness compared with wildtypes. This will be 

discussed in more detail in Section 9.5. 

 

5. Titin truncating mutation carriers have impaired tolerance of volume overload.  

 

Volume overload is a relatively common in human health and occurs in diverse 

physiological and pathological conditions including pregnancy, anaemia, thyrotoxicosis, 

endurance exercise, cardiac valvular disease and congenital heart defects. Consequently, 

the impact of volume overload on TTNtv-related cardiac phenotypes represents an 

important and frequently-encountered gene-environment interaction. The interplay 

between volume overload and titin truncating mutations therefore represents an 

important paradigm of heart failure susceptibility for individuals at increased risk of 

dilated cardiomyopathy. This work showed that titin truncating mutants had enhanced 

susceptibility to the deleterious effects of volume overload. Given titin‘s key role in 
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mechanical stretch-sensing and the length-dependent activation of sarcomeres that 

underlies the Frank-Starling mechanism (Granzier et al., 2014, Linke and Hamdani, 

2014), it is not surprising that ventricular responses to chronic volume overload are 

impaired in titin-deficient hearts, in addition to baseline features of dilated 

cardiomyopathy. Clinical observations in Families BR and EA pointed to 

haemodynamic volume stress as a likely TTNtv phenotype-modifying factor, with 

probands showing dilated cardiomyopathy onset with severe pulmonary regurgitation 

and pregnancy, respectively. Volume overload is not required for the development of 

dilated cardiomyopathy in zebrafish with an A-band mutation, but it, crucially, 

exacerbates its phenotypic severity. These findings argue strongly for the avoidance of 

conditions that cause volume overload in TTNtv carriers, or their timely correction if 

already present.  

 

9.3. Addressing the major outstanding questions relating to the cause 

and the physiological impact of titin truncating mutations 

 

9.3.1. How do titin truncation mutations cause ventricular systolic 

dysfunction? 

 

One of the key mechanistic questions relating to titin truncating mutations is how do 

these mutations cause cardiac dysfunction, and whether this is due to 1) a dominant 

negative, poison polypeptide effect (i.e. due to the incorporation of an abnormal, 

truncated protein into the sarcomere, which then results in cardiac dysfunction), or 2) a 

haploinsufficiency effect (i.e. due to a reduction of functional titin levels in the 

sarcomere) (Fatkin and Huttner, 2017, Herman et al., 2012, Hinson et al., 2015, Roberts 

et al., 2015, Schafer et al., 2016). 

 

Previously, the main argument supporting a dominant negative (poison polypeptide) 

effect was that disease severity appeared to be influenced by the position of the titin 

truncating mutation, with A-band truncating mutations resulting in a more severe 

phenotype than truncations located closer to the N-terminus (Roberts et al., 2015). 

These authors showed that A-band mutations were associated with worse prognosis and 
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worse ventricular function, including right ventricular parameters on cardiovascular 

magnetic resonance (Roberts et al., 2015). Hinson and colleagues performed induced 

pluripotential stem cell experiments which showed that some titin truncating variants 

produced stable truncated protein but that this mutant peptide failed to assemble with 

other contractile proteins into well-organised functional sarcomeres (Hinson et al., 

2015). This resulted in sarcomere insufficiency which caused baseline contractile 

deficits and attenuated signalling that limited cardiomyocyte reserve in response to 

mechanical and adrenergic stress. However, despite many attempts by various groups 

around the world to measure the cardiac expression of a truncated protein product in 

either human cohorts or mammalian models of heterozygous titin truncation, no group 

has managed to provide convincing evidence of truncated titin protein present in the 

myocardium of affected heterozygotes with protein gel electrophoresis (Herman et al., 

2012, Roberts et al., 2015, Schafer et al., 2017). Recent studies in rats favour 

haploinsufficiency, with evidence to suggest that mutant protein is synthesised but 

undergoes rapid degradation (Schafer et al., 2017). Our zebrafish data are in accordance 

with findings by others in various species. The absence of a truncated protein in our 

study (see Western blot analysis reported in Chapter 7, Section 7.4.2) is consistent with 

haploinsufficiency, and can be explained by the transcript or the protein product 

potentially undergoing nonsense-mediated decay.  

 

The investigations reported in my thesis have also helped provide detailed 

characterisation of the in-vivo ventricular chamber systolic and diastolic properties of 

titin truncation. These are consistent with the prevailing hypotheses relating to how titin 

truncation leads to sarcomere dysfunction and failure. 

 

Reduced amounts of full-length titin may give rise to structural instability of sarcomeres 

or inhomogeneity of thick and thin filament interactions, resulting in mechanical 

inefficiencies of cross-bridge cycling. These changes would be expected to increase 

energy requirements and adaptive metabolic changes have been documented in rats 

(Schafer et al., 2017). In addition to A-band defects, reduced titin content may adversely 

impact on I-band function, reducing the additional contractile energy that is normally 

produced by re-folding of titin immunoglobulin domains (Rivas-Pardo et al., 2016).  
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Adverse effects of mechanical wall stretch were also found in ex-vivo Langendorff 

preparations from rats that were heterozygous carriers of titin truncation, with 

progressive reductions of dP/dtmax in response to acute incremental balloon dilations 

(Schafer et al., 2017). This thesis extends the findings from Schafer and colleagues by 

showing in-vivo that zebrafish heterozygous for ttna
e201-tv

 have impaired contractile 

reserve when exposed to chronic volume overload. 

 

Much of what has been learned about titin‘s contribution to ventricular diastolic 

properties has been gained from murine I-band deletion models (Bull et al., 2016, 

Granzier et al., 2014), with less focus on the potential effects of A-band truncation. I 

reported that 6-month old ttna
e201-tv

 heterozygote zebrafish, which carry an A-band 

truncation, have diastolic defects that impact on ventricular filling especially under 

conditions of chronic volume overload. These defects include prolongation of the IVRT, 

a non-invasive marker of impaired active ventricular relaxation. IVRT prolongation is a 

non-specific finding and can occur normal ageing and diverse ventricular pathologies 

including hypertrophy and acute ischemia (Hirota, 1980). Reductions of both active 

contraction and active relaxation would be expected to have a major role in limiting 

passive ventricular filling in heterozygote zebrafish carriers of titin mutations.  

 

Zebrafish that were heterozygous carriers of an A-band titin truncating mutation also 

showed a reduction in late-diastolic ventricular global longitudinal strain rate, a finding 

consistent with the presence of increased ventricular late-diastolic passive stiffness. 

There was no evidence of increased fibrosis in the hearts of ttna
e201-tv

 heterozygote 

zebrafish at baseline or after volume overload, but the extent to which other factors 

might alter ventricular compliance (e.g. changes in titin isoform ratios, or 

phosphorylation status) has yet to be determined. Deletion of the I-band/A-band 

junction in mice increases passive stiffness by altering the function of titin‘s molecular 

spring element (Granzier et al., 2014). An A-band titin truncation could plausibly result 

in similar defects. 

 

Chopra and colleagues recently showed that inducible pluripotential stem cells derived 

from titin truncating mutation variant cell lines developed issues relating to impaired 

responses to diastolic forces, resulting in impaired early-stage sarcomerogenesis 

(Chopra et al., 2018). Under normal conditions during growth and adaptive responses to 
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mechanical stress, the cardiomyocyte produces more sarcomeres as a response to the 

centrifugal forces of diastolic stress. Sarcomerogenesis therefore represents the 

physiological response of the cardiomyocyte to any sustained mechanical stress; the 

addition of sarcomeres offset this force. Sarcomere insufficiency reduces the ability of 

cardiomyocytes to deal with diastolic strain, which would therefore explain their 

propensity for dilatation. This tendency to dilate has also been shown in in studies that 

have looked at individual cardiomyocytes and ex-vivo studies of muscle fibres 

(Vikhorev et al., 2017). The results of Chopra and colleagues therefore propose an 

elegant mechanism for the observations in muscle fibre physiology: the propensity for 

dilatation is due to impaired sarcomerogenesis and insufficiency in sarcomeres (Chopra 

et al., 2018). If the proposed underlying mechanism of how titin truncations predispose 

to heart failure in heterozygous carriers is that titin truncations result in deficient 

sarcomerogenesis and adaptive reserve to diastolic forces during the cardiac cycle (i.e. a 

haploinsufficiency effect), this is very much consistent with what we are seeing in terms 

of the in-vivo cardiac ventricular chamber physiology of affected zebrafish mutants. 

 

9.3.2. Clarifying and reconciling the differences in interpretation of the 

definition of altered compliance in muscle fibre and ventricular 

chambers 

 

My echocardiography results demonstrate the consequences of this propensity for 

dilatation in the ventricles in living zebrafish. In addition, our data also presents novel 

insights into in-vivo whole organ physiology and the issues relating to poor compliance 

in the already dilated ventricles of affected heterozygotes. 

 

At this point, it is important to recognise that many basic science laboratory studies that 

have studied titin biology in isolated myofibers have indicated that muscle fibres that 

contain an abnormality of titin content are generally more compliant (i.e. less stiff) than 

normal controls, a finding that would appear to be in contrast with the findings reported 

in this thesis (i.e. increased late-diastolic stiffness in the ventricles of living zebrafish). 
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How do we reconcile the observation that these ventricles manifest features of increased 

late-diastolic stiffness (i.e. reduced late-diastolic ventricular compliance) when other 

scientists have reported reduced stiffness in individual muscle fibres?  

 

This has caused some degree of confusion amongst cardiovascular scientists for many 

years, despite the fact that both these concepts are inherently compatible, and, together, 

provide complementary information that illustrate the full physiological consequences 

of this TTNtv. To help clarify this issue, I have illustrated the key principles showing 

how both these observations are compatible in Figure 9.2. 

 

 

Figure 9.2: Clarifying the differences in interpretation of altered compliance/stiffness 
between muscle fibre physiology and in-vivo ventricular physiology. Reduced muscle fibre 
compliance leads to dilated ventricles with poor chamber compliance (i.e. they have reduced 
tolerance of increased volume without a marked increase in pressure, especially during late 
diastole). Muscle fibre physiology studies are consistent with titin truncating variant (TTNtv) 
affected fibres having increased compliance at the fibre level. This is illustrated in (A), where the 
same amount of distending force (red arrow) would result in a longer stretch in the titin 
truncating variant. This leads to ventricular dilatation. (B) In the ventricle, the term “compliance” 
or “stiffness” no longer refers to an individual myofibre, but rather the ability of the ventricle to 
handle more blood volume during diastole. Echocardiographic markers in heterozygous 
zebrafish were consistent with there being a shift in the end-diastolic pressure volume 
relationship such that these dilated ventricles were on the non-linear part of the compliance 
curve. Any further increment in volume (e.g. through atrial systole) would result in markedly 
elevated pressures. This is what is meant by the term “late-diastolic ventricular stiffness”.  

 
The apparent confusion no longer exists once a distinction is made between the 

properties of an individual myofibre vs. ventricular chamber properties. This is because 

when clinical cardiologists and cardiovascular physiologists use ―compliance‖ and 

―stiffness‖ to describe ventricular properties, they are no longer describing the 

compliance (i.e. response to a stretching force) of an individual myofibre, but rather the 
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ability of the heart chamber (e.g. ventricle) to receive more blood volume. In zebrafish 

echocardiography study results were consistent with there being a shift in the end-

diastolic pressure volume relationship in these dilated hearts such that they are in the 

non-linear part of the compliance curve where any further increment in volume (e.g. 

through atrial systole) would result in markedly elevated pressures. This situation 

represents late-diastolic ventricular stiffness or ―passive compliance‖, where the term 

―passive‖ relates to the fact the ventricular filling largely occurs as a passive process 

secondary to atrial systole, rather than the predominantly active process that occurs in 

early ventricular diastole.  

 

9.3.3. Are all titin mutations equal? 

 

The data from zebrafish that were homozygous for ttna truncating mutations confirms 

that the wildtype ttna allele is essential for normal cardiac development and function. Its 

complete absence results in early embryonic death.  

 

The prevailing thought in the scientific literature thus far is that a titin truncating 

mutation appears more likely to be deleterious if 1) it is located in a highly utilised exon 

(i.e. with a high PSI index) that is present in a large number of titin isoforms, and 2) 

affects the A-band or C-terminus side of the titin protein (Fatkin and Huttner, 2017, 

Herman et al., 2012, Hinson et al., 2015, Roberts et al., 2015, Schafer et al., 2016). To 

explain differences in the pathogenicity of different titin truncating mutations in human 

patients, there are several hypotheses that propose possible compensatory mechanisms 

when a truncating mutation is present (e.g. either an alternative transcription start site or 

an alternative splice site / exon skipping event).  

 

The integrated analysis of heterozygotes belonging to four different mutation positions 

indicates that, in truncating mutations that have a high PSI index, partial compensation 

appears to exist in non A-band titin truncating mutations. The expression of a shorter 

but biologically active isoform could help explain the partial or even near-complete 

amelioration of the disease phenotype in truncating mutations located upstream (i.e. on 

the N-terminus side of its location) whereas mutations downstream (i.e. on the C-

terminus side of its location) would remain severely affected. One such candidate is the 

partial length titin isoform, Cronos, which has an internal promoter located in the distal 
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I-band. Zou and colleagues found that homozygous titin truncations are embryonically 

lethal due to severe cardiac dysfunction, and that the Cronos isoform ameliorates 

myopathy in homozygous titin truncations on the N-terminus side of its promoter (Zou 

et al., 2015).  

 

Chapters 6 and 8 present physiological data from adult zebrafish consistent with an 

ameliorating effect mediated by a partial length isoform such as Cronos. The ttna
e105-tv

 

mutation is located on the N-terminus side of the internal promoter for Cronos, and has 

a forme fruste dilated cardiomyopathy phenotype, when compared with the two A-band 

mutations that display the full disease phenotype. The A-band mutations have manifest 

features of dilated cardiomyopathy, presumably because the position of their truncating 

mutations relative to the Cronos promoter affects the normal expression of both Cronos 

as well as the wildtype titin isoforms.  

 

Furthermore, our results also support the alternative splice site or exon skipping 

hypothesis. The fact that the Z-line mutant (i.e. ttna
uq22ks

 heterozygotes) appeared near-

normal in terms of cardiac physiology, compared with that seen in ttna
e105-tv

 

heterozygotes, suggests that there is either another, hitherto undiscovered, internal 

promoter for a near-full length functional titin isoform, or an alternative compensatory 

mechanism (e.g. exon skipping event) that allows these heterozygous animals to have 

near-normal systolic function. 

 

Another important question to address is why we observed only a forme fruste in the I-

band mutant, ttna
e105-tv

, while heterozygous carriers from the human family on which 

this zebrafish was modelled displayed manifest dilated cardiomyopathy and strong 

disease penetrance? 

 

Plausible explanations include: 

 

1. Key differences in physiology between the zebrafish model and humans: The hearts 

of zebrafish exist in a low-pressure state and low-volume state during normal health. 

The systolic blood pressure of zebrafish is between 1 – 2 mmHg, which is almost 

two orders of magnitude lower than that of a human (Hu et al., 2001). The zebrafish 

ventricle also operates with a significantly lower +dP/dtmax than humans during 
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normal physiological states. Therefore, the zebrafish ventricle may not necessarily 

be subjected to the same degree of mechanical stress as seen in humans. The partial 

compensation that is potentially provided by a shorter biological active titin isoform 

such as Cronos in heterozygous zebrafish may be insufficient to offset the greater 

mechanical stress experienced by the hearts of heterozygous human carriers. This is 

a very attractive reason for the differences in phenotype between human and 

zebrafish heterozygous carriers. 

 

2. Other factors present in human patients. There may be other relevant gene-

environmental interactions and clinical comorbidities present in the human family 

that were not present in the zebrafish study population. 

 

9.3.4. Does myocardial substrate vigour determine response to volume 

overload? 

 

The results of this thesis are consistent with myocardial substrate vigour being a 

potentially important factor in determining the physiological response and clinical 

outcome following volume overload (Figure 9.3). Any genetic mutation that affects any 

aspect of cardiomyocyte homeostasis (e.g. sarcomere and cytoskeletal structure, nuclear 

integrity, force transduction, signalling processes and metabolism) can be a 

predisposing factor for the future development of dilated cardiomyopathy (Fatkin and 

Graham, 2002, Burke et al., 2016).  

 

The complex interplay between a common haemodynamic stressor as well as the 

underlying health of the myocardial substrate may help explain the differential 

prognosis often observed in the natural history of many common volume overload 

conditions. Its presence could precipitate disease, unmask heart failure and accelerate 

disease progression in patients who would otherwise have a much later presentation in 

its absence. Differences in myocardial substrate vigour between individuals may help 

explain the heterogeneity in clinical course and prognosis within populations of patients 

with the same volume overload condition. Conversely, differential exposure to a variety 

of environmental risk factors, including volume overload, may help explain the variable 

penetrance in families that harbour a cardiomyopathy disease mutation.  
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Figure 9.3: The myocardial response to volume overload is largely determined by the 
integrity of the underlying myocardium (i.e. myocardial substrate vigour). Volume 
overload can act as (1) a primary environmental insult that initiates the sequence of events lead 
to heart failure. In established heart failure with reduced ejection fraction, volume overload can 
act as (2) a secondary aggravating factor, creating vicious cycle of further mechanical stress on 
an already weakened myocardium. 
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9.4. Zebrafish is a potential useful ancillary animal model in 

cardiovascular research. 

 

Zebrafish have a prominent late-diastolic ventricular filling pattern. Although this 

animal model has very different cardiovascular physiology from humans, provided the 

model is utilised in an appropriate way, it can offer an elegant approach to studying 

fundamental problems in systole and diastole. Echocardiography studies in genetically 

engineered zebrafish have demonstrated fundamental insights into the key systolic and 

diastolic features of titin truncation in-vivo, in the context of the univentricular 

cardiovascular system of this lower-order vertebrate. This detailed study of cardiac 

function and diastolic myocardial properties in zebrafish models of a prevalent genetic 

cause of human heart failure therefore showcases the value of this animal model in 

cardiovascular research. The zebrafish may be particularly useful for studying 

cardiovascular diseases where abnormalities of ventricular function in late diastole (e.g. 

abnormal late-diastolic ventricular compliance) might be of significant interest (e.g. 

heart failure with preserved ejection fraction, and athlete‘s heart), or genetic diseases 

that cause severe cardiac dysfunction.  

 

9.5. Limitations of the study 
 

There are several limitations of this thesis. In the detailed study of the impact of chronic 

volume overload on ttna
e201-tv

 heterozygous zebrafish, although heterozygote and 

wildtype zebrafish were exposed to comparable levels of anaemia, I was unable to 

exclude the possibility that there were differential responses to hypoxia that might have 

contributed to the relatively greater contractile defects elicited by PHZ treatment in 

heterozygous zebrafish. Not all heterozygous fish responded uniformly to volume 

overload, with some showing accelerated cardiac dysfunction while others remained 

normal. Since all fish had shared genetic background and environmental conditions, the 

reason for individual variability is unclear. The extent to which the range of 

echocardiographic abnormalities seen in heterozygous fish is also observed in human 

TTNtv carriers remains to be determined.  

 



 

242 

While the anaemia model in zebrafish is a volume overload model, the anaemia 

achieved in these experiments was quite severe, and although it caused significant 

increases in cardiac output, consistent with the volume overload experienced in severe 

human anaemia, it may have also caused an additional ischaemic insult to the heart. 

 

Titin-based stiffness is influenced by the N2BA:N2B titin isoform ratios as well as 

changes in titin phosphorylation status, which could make the heart stiffer or more 

compliant, depending on the specific protein region of titin (e.g. N2B-element or 

PEVK) involved (Hamdani et al., 2017). Shifts in the N2BA:N2B isoform ratio to 

favour more compliant isoforms have been found in humans in settings of volume 

overload and heart failure and these adaptive changes would further depress Frank-

Starling responses (Franaszczyk et al., 2017, Makarenko et al., 2004). On the other 

hand, reductions of the N2BA:N2B ratio and increased titin stiffness have been found in 

human studies and in a mouse model of volume overload (Borbély et al., 2009, 

Hutchinson et al., 2015). Ideally, these measurements would have also been performed, 

but these are highly specialised tests and the cardiac tissue yielded by our zebrafish 

experiments were expended on the existing analyses reported in this thesis. Due to the 

difficulty in protein assessment, our laboratory was unable to assess the titin isoform 

ratios and phosphorylation status in heterozygous hearts that could have shed light on 

this conundrum. 

 

It would also be useful to see whether human echocardiography studies in the families, 

whose titin truncating variants were modelled in zebrafish, display similar findings with 

respect to isovolumic relaxation time and late-diastolic strain rate that we found in 

zebrafish. A human study was not feasible due to the fact that many of the individuals 

of the included families were spread across different geographical locales, with many 

living in regional New South Wales. Many ventricular diastolic echocardiographic 

parameters, including IVRT and late-diastolic strain rate, are affected by other factors 

such as age and other comorbidities that introduce significant clinical heterogeneity. 

This, together with the relatively small numbers of available families, limits the 

statistical power required to demonstrate significant effects. It was for these reasons that 

we focused on studying cohorts of zebrafish containing these heterozygous mutations, 

as these background variables could be more tightly controlled, thus allowing sufficient 

numbers in our natural history study to guarantee sufficient statistical power. 
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9.6. Future directions 
 

9.6.1. Echocardiographic characterisation of patients with TTNtv 
 

As mentioned above, although we were not able to perform a detailed longitudinal 

echocardiographic analysis of the EA and BR families, it would be very interesting to 

study human patients with titin truncating variants in the future, to see whether they 

display similar echocardiographic markers of diastolic dysfunction including prolonged 

isovolumic relaxation, reduced late-diastolic strain rate and late-diastolic stiffness 

markers (e.g. A/SRa). Human studies are complicated by the fact that many other 

variables can affect these diastolic parameters, and that sometimes, the effects can be 

bidirectional. As an example, IVRT prolongs with increasing age, but severe diastolic 

dysfunction increases left atrial filling pressure, which leads to earlier opening of the 

mitral valve, and therefore shortens this interval. Given the confounding effects of age 

and other factors that cause diastolic dysfunction and elevated ventricular filling 

pressures, clinical heterogeneity is likely to significant impact on the ability to make 

meaningful conclusions in human studies.  

 

9.6.2. Investigating the utility of late-diastolic deformation markers 

 

Echocardiographic parameters such as the late-diastolic global longitudinal strain rate 

(SRa) and the A/SRa ratio can provide information relating to late-diastolic ventricular 

stiffness. As late-diastolic ventricular filling plays a major part of total ventricular 

filling during diastole, this may mean that the A/SRa ratio may not necessarily translate 

directly to the A/SRa ratio in healthy human hearts, where there is a greater contribution 

from early filling in ventricular diastole. SRa has been previously measured in a group 

of idiopathic dilated cardiomyopathy patients referred to a transplant centre (Jasaityte et 

al., 2009). The authors found that low SRa (indicative of reduced late ventricular 

diastolic compliance, and increased late-diastolic ventricular stiffness) was associated 

with worse short term prognosis. Given this was a non-selective population of 

idiopathic dilated cardiomyopathy patients, and not a cohort consisting of only patients 

with titin truncating mutations, this would seem to indicate that reduced late-diastolic 

ventricular deformation is a property found in all dilated cardiomyopathy patients who 

have dilated ventricles that are poorly compliant rather than a titin-specific finding. 
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Nevertheless, it is likely that SRa may help identify patients at worse prognosis and 

increased risk of cardiac complications.  

 

Diastolic strain rate imaging, however, increases the time taken to perform an 

echocardiography, and therefore is not currently in mainstream clinical use. Further 

studies establishing the utility of these markers in classifying severity of disease, as well 

as their prognostic utility may be warranted, as this would help clinicians decide 

whether these markers should be measured in select populations. These markers may be 

of interest not only in dilated cardiomyopathy, but other cardiac conditions where 

elevated late-diastolic ventricular filling pressures and/or the ventricular response might 

be of interest (e.g. heart failure with preserved ejection fraction, and athlete‘s heart).  

 

9.6.3. Can early intervention in volume overload avoid disease severity 

in genetically susceptible individuals? 

 

Prolonged exposure to the increased workload associated with chronic volume overload 

results in progressive heart chamber dilatation and dysfunction. The overarching tenets 

of management of chronic volume overload include:  

 

1) Correction or amelioration of the underlying lesion causing the volume overload; 

2) Early identification and treatment of concomitant conditions which may exacerbate 

the problem (e.g. anaemia, hyperthyroidism, etc.);  

3) Consideration of pharmacological therapy that may potentially delay the progression 

of ventricular dysfunction.  

 

This work highlights the importance of determining whether there is a genetically 

predisposed substrate and whether preventative strategies may delay the onset or 

severity of dilated cardiomyopathy in genetically predisposed individuals. The 

significant differences in physiology between fish and humans have thus far limited 

interest in performing experiments on zebrafish, as experimental findings performed in 

zebrafish may not necessarily be directly translatable to humans. However, this data 

clearly show that new insights can be gained in zebrafish models that are hypothesis-

generating and provide a rationale for future clinical studies.  
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The results of the zebrafish studies in this thesis indicate that volume overload may 

cause a more severe heart failure phenotype in carriers of titin truncation. As a 

corollary, these results would also predict that prophylactic intervention to reduce 

cardiac mechanical stress might attenuate dilated cardiomyopathy severity. Future 

studies would be extremely invaluable in informing clinical management. However, a 

major limitation for human studies is sample size and the need for long durations of 

follow-up. The Fatkin laboratory previously performed a short-term (6 month) 

randomised controlled trial of carvedilol in patients with early familial dilated 

cardiomyopathy in non-genotyped patients, which did not demonstrate any effect of 

carvedilol on echocardiographic parameters that measured left ventricular dimensions 

and systolic function during the time frame of the trial (Yeoh et al., 2011). This was 

likely influenced by the slow rate of progression to dilated cardiomyopathy in genotype 

positive individuals. Due to the slow progression of dilated cardiomyopathy over many 

decades in life, clinical trials for harm minimisation or intervention studies are difficult 

to organise as they will need to be conducted for decades to have any meaningful 

chance of achieving reasonable statistical power.  

 

9.6.3.1. Do otherwise normal physiological processes confer additional 

risk for the “at-risk” patient? 

 

Given the unclear impact that pharmacological intervention has in reducing further 

decline in myocardial function and improving prognosis in ―at risk‖ individuals exposed 

to volume overload, avoidance of volume overload conditions (i.e. hazard minimisation) 

may prove to be a very important aspect of management. Two situations of enormous 

clinical interest are: 1) high intensity exercise, and 2) pregnancy.  

 

9.6.3.2. High intensity exercise in patients with volume overload or 

reduced myocardial vigour 

 

Light to moderate physical activity is generally encouraged in all patients with heart 

failure, including those who have conditions of volume overload. Regular physical 

activity has a wide variety of health benefits including improving exercise capacity, 

improving metabolic profile, and reversing left ventricular remodelling (Gielen et al., 
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2010). For patients with dilated cardiomyopathy, regular gentle-to-moderate exercise, 

with each session consisting of a 15 – 20 minute warm up phase of stretching exercise 

followed by 40 minutes on a cycle ergometer (target intensity: 60% of peak VO2), has 

been shown to improve exercise tolerance, peak VO2, and left ventricular diastolic 

filling (Belardinelli et al., 1995). Animal models of left ventricular volume overload, 

including a rat model of severe aortic regurgitation, have shown that moderate exercise 

training resulted in improvements in left ventricular diastolic function and was 

associated with reduced myocardial fibrosis and improved survival (Lachance et al., 

2009a, Lachance et al., 2009b).  

 

What is less clear is the impact of regular high-intensity endurance exercise on such 

patients, and whether it is likely to accelerate disease progression to heart failure in 

patients with cardiomyopathy genetic variants but who are ―genotype positive‖ but 

―phenotype negative‖. Although there are anecdotal reports of patients with genetically 

confirmed cardiomyopathy who are able to undertake regular endurance exercise over 

many decades without major adverse cardiac event (Wilson et al., 2011), excessive high 

intensity exercise causes acute volume overload of the heart chambers, with increased 

risk of the development of chamber enlargement and myocardial fibrosis if sustained 

over many years (O'Keefe et al., 2012).  

 

An early study showed that exercise in idiopathic dilated cardiomyopathy patients was 

associated with progressive left ventricular dilatation, limited cardiac output reserve and 

failure of stroke volume augmentation (Kirlin et al., 1984). These risks are likely to be 

elevated in patients with pre-existing myocardial dysfunction, but it remains unclear 

what level of exercise should be considered excessive in patients with dilated 

cardiomyopathy. It is also plausible that genetic variants associated with 

cardiomyopathy may be enriched in endurance athletes with more severe athlete‘s heart 

phenotypes. Future genetic studies involving endurance athletes that correlate the 

presence, severity and prognosis of the athlete‘s heart phenotype with the presence of 

cardiomyopathy variants may help shed light into the relative safety of endurance 

exercise in patients with genetic factors associated with increased risk of dilated 

cardiomyopathy.  
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9.6.3.3. Pregnancy  

 

Pregnancy occurring in the setting of pre-existing volume overload raises an important 

management issue in clinical medicine as it is associated with adverse maternal (e.g. 

decline in ventricular function, decompensated heart failure, and arrhythmia) and foetal 

outcomes (e.g. increased risk of miscarriage, premature labour, small for gestational age 

weight, and death). In patients with pre-existing congenital heart disease, there is also a 

slightly higher than population risk of congenital heart disease in offspring. As an 

example, between 2 – 6% of offspring from mothers with Tetralogy of Fallot were also 

diagnosed with congenital heart disease (Balci et al., 2011, Veldtman et al., 2004). The 

additional stress of volume overload in congenital heart disease is variable and depends 

on the condition as well as the individual (uncorrected vs. corrected, degree of shunt, 

comorbidities, and myocardial function). There is an increased risk in women with 

cyanotic congenital heart disease compared with acyanotic congenital heart disease, 

with the highest risk observed in women who have also developed severe pulmonary 

hypertension and secondary Eisenmenger‘s syndrome (Drenthen et al., 2007).  

 

Although the incidence of arrhythmias and heart failure among pregnant women with 

atrial septal defects or ventricular septal defects is relatively low, the risk is higher 

among women with a previous history of arrhythmia or who already have right 

ventricular dysfunction (Nanna and Stergiopoulos, 2014). On the other hand, patients 

with pre-existing dilated cardiomyopathy are considered at high risk of serious adverse 

maternal cardiac events, with moderate or severe left ventricular dysfunction at baseline 

and/or NYHA Class III or IV status being the main determinants of adverse outcome 

during pregnancy (Grewal et al., 2009).  

 

Pregnancy in dilated cardiomyopathy therefore is not without significant risk, especially 

in patients with significant ventricular dysfunction. Antenatal counselling, as well as 

close monitoring if a patient becomes pregnant, is therefore recommended. However, 

whether or not pregnancy precipitates dilated cardiomyopathy in genotype positive, 

phenotype negative carriers of a titin truncation mutation is currently not known. A 

future longitudinal study could help provide answers to this important clinical question. 

This, however, will require many years (possibly decades) of follow-up to gain 

sufficient statistical power for a meaningful result. 
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9.7. Conclusion 

 

Volume overload is an important, common and often under-appreciated risk factor for 

heart failure pathogenesis. It remains an important area of research for cardiology due to 

the enormous health care expenditure costs associated with treating people in 

established heart failure. Chronic volume overload is an important modifiable risk 

factor for patients with intrinsic myocardial weakness.  

 

In individuals exposed to volume overload, the underlying health of the myocardium 

appears to be vital to the ability of the heart to adapt to mechanical stress and a key 

determinant of prognosis. Volume overload appears to aggravate the dilated 

cardiomyopathy phenotype in carriers of a truncating mutation of the titin gene. 

Consequently, the impact of volume overload on individuals that carry titin truncating 

mutations may represent an important and frequently-encountered gene-environment 

interaction. It is also important to investigate whether volume overload has similar 

effects in individuals with other gene mutations associated with heart failure. With an 

increasing number of individuals being identified as carriers of genetic variants 

associated with cardiomyopathy, hazard avoidance, as well as the early detection and 

correction of conditions that cause chronic volume overload may prove to be beneficial 

in altering natural history and disease trajectory in these at-risk populations. 
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Supplemental Table 4.1: Effects of tricaine (0.75 mmol.L
-1

) and 2-phenoxyethanol (2-PE, 0.004 mmol.L
-1

) on cardiac function in wildtype 
fish. 

 3 min 6 min 9 min 

Parameter Tricaine 2-PE P
†
 Tricaine 2-PE P

†
 Tricaine 2-PE P

†
 

HR (bpm) 122 ± 9.6 90 ± 13.5 <0.001 106 ± 11 83 ± 13 <0.001 96 ± 7.9 72 ± 16.2 0.001 

EDV (µL) 0.98 ± 0.15 0.76 ± 0.14 0.004 1.07 ± 0.23 0.91 ± 0.17 0.09 1.07 ± 0.26 0.92 ± 0.26 0.21 

ESV (µL) 0.67 ± 0.13 0.52 ± 0.10 0.01 0.70 ± 0.13 0.58 ± 0.08 0.03 0.73 ± 0.19 0.61 ± 0.14 0.11 

SV (µL) 0.36 ± 0.08 0.25 ± 0.05 0.001 0.36 ± 0.11 0.32 ± 0.09 0.39 0.36 ± 0.11 0.31 ± 0.13 0.36 

EF 0.34 ± 0.04 0.34 ± 0.02 0.88 0.34 ± 0.05 0.34 ± 0.04 0.91 0.32 ± 0.06 0.31 ± 0.05 0.99 

CO (µL.min
-1

) 44 ± 11 22 ± 4.7 <0.001 38 ± 12 26 ± 6.4 0.01 34 ± 9 22 ± 9 0.007 

GLS (%) -10.6 ± 1.7 -10.8 ± 2.0 0.80 -10.4 ± 2.6 -11.6 ± 2.5 0.31 -9.1 ± 3.0 -11.0 ± 2.9 0.17 

E (mm.s
-1

) 45 ± 15 48 ± 16 0.58 36 ± 10 47 ± 13 0.05 27 ± 9.4 44 ± 14 0.005 

A (mm.s
-1

) 289 ± 86 297 ± 95 0.84 266 ± 58 308 ± 83 0.21 254 ± 73 310 ± 69 0.11 

E/A 0.16 ± 0.05 0.18 ± 0.07 0.61 0.14 ± 0.06 0.16 ± 0.05 0.52 0.11 ± 0.05 0.15 ± 0.04 0.01 

Male wildtype fish (N=10 each group) were anaesthetised with tricaine (0.75 mmol.L
-1

) or 2-phenoxyethanol (2-PE, 0.004 mmol.L
-1

) followed by 
serial echocardiography over a 9-minute period. CO, cardiac output; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; 
HR, heart rate; GLS, global longitudinal strain; SV, stroke volume. 

†
 Unpaired t-test. Data reported as mean ± SD. 
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Supplemental Table 4.2: Sex differences in cardiac function in wildtype zebrafish aged 3-12 months. 

Parameter 3 months 6 months 9 months 12 months 

 Male Female P Male Female P Male Female P Male Female P 

Cardiac Output Assessment 

HR (bpm) 122 ± 14 108 ± 10 0.03 118 ± 14 114 ± 18 0.12 132 ± 13 118 ± 16 0.09 123 ± 14 129 ± 10 0.27 

SV (µL) 0.18 ± 0.06 0.27 ± 0.13 0.06 0.27 ± 0.06 0.40 ± 0.13 0.03 0.28 ± 0.08 0.48 ± 0.15 0.02 0.29 ± 0.09 0.49 ± 0.24 0.04 

CO (µL/min) 19.5 ± 9.5 29.8 ± 14.1 0.09 31.3 ± 7.3 44.5 ± 12.5 0.03 36.1 ± 7.8 55.0 ± 13.9 0.02 34.9 ± 9.7 62.5 ± 28.9 0.02 

Parameters of Ventricular Systolic Function 

EF 0.33 ± 0.06 0.33 ± 0.06 0.79 0.36 ± 0.04 0.34 ± 0.03 0.11 0.34 ± 0.05 0.32 ± 0.06 0.71 0.36 ± 0.04 0.33 ± 0.07 0.29 

FAC 0.35 ± 0.05 0.39 ± 0.06 0.16 0.34 ± 0.02 0.33 ± 0.07 0.74 0.35 ± 0.02 0.33 ± 0.03 0.37 0.35 ± 0.06 0.34 ± 0.05 0.82 

ś (mms
-1

) 20.1 ± 4.3 14.8 ± 4.7 0.03 12.4 ± 3.8 8.1 ± 2.4 0.01 11.7 ± 3.2 8.7 ± 1.6 0.03 11.8 ± 2.1 8.6 ± 2.8 0.01 

Parameters of Diastolic Function 

E (mms
-1

) 51 ± 16 49 ± 29 0.84 32 ± 10 17 ± 5 0.002 32 ± 12 17 ± 4 0.009 25 ± 7 17 ± 8 0.03 

A (mms
-1

) 172 ± 35 214 ± 29 0.02 216 ± 28 276 ± 47 0.01 272 ± 49 324 ± 48 0.04 288 ± 54 362 ± 63 0.01 

E/A 0.30 ± 0.09 0.23 ± 0.13 0.20 0.15 ± 0.07 0.06 ± 0.02 0.006 0.12 ± 0.04 0.05 ± 0.01 0.002 0.09 ± 0.03 0.05 ± 0.02 0.002 

é (mms
-1

) 6.4 ± 2.2 4.0 ± 0.73 0.02 4.5 ± 2.0 2.9 ± 1.0 0.06 4.6 ± 2.9 3.2 ± 0.6 0.15 4.3 ± 0.6 2.7 ± 0.9 <0.001 

á (mms
-1

) 25.9 ± 5.5 24.5 ± 6.0 0.61 23.6 ± 5.5 15.3 ± 3.8 0.002 26.3 ± 7.4 18.2 ± 7.7 0.05 23.8 ± 6.0 17.4 ± 4.1 0.01 

E/é 8.6 ± 2.9 12.1 ± 5.6 0.13 7.7 ± 2.7 7.3 ± 3.4 0.84 7.9 ± 3.6 5.6 ± 1.8 0.17 6.1 ± 2.4 6.9 ± 4.2 0.62 

Serial echocardiographic studies were performed in the same group of male and female wildtype zebrafish (n=10 each sex); fish were not individually 
identified at each time-point. An unpaired t-test was used to compare sex differences at each age time-point. Data reported as mean ± SD. VAd, ventricular 
area at end-diastole; VAs, ventricular area at end-systole; EDV, ventricular end-diastolic volume; ESV, ventricular end-systolic volume; HR, heart rate; SV, 
stroke volume; CO, cardiac output (HR × SV); EF, ejection fraction; FAC, fractional area change (VAd – VAs)/VAd.  



 

275 

 
 
Supplemental Table 4.3: Morphometric and ventricular dimensions in wildtype zebrafish aged 3-12 months. 

 3 months 6 months 9 months 12 months 

Parameter Male Female P Male Female P Male Female P Male Female P 

Morphological Parameters 

Weight (mg) 
CV 

494 ± 70 
0.14 

718 ± 95 
0.13 

<0.001 
562 ± 93 

0.17 
1188 ± 155 

0.13 
<0.001 

662 ± 108 
0.16 

1585 ± 219 
0.14 

<0.001 
748 ± 119 

0.16 
1606 ± 252 

0.16 
<0.001 

Length (mm) 
CV 

30.3 ± 1.3 
0.04 

32.1 ± 1.8 
0.06 

0.03 
30.6 ± 2.0 

0.07 
35.7 ± 1.6 

0.04 
<0.001 

31.9 ± 2.6 
0.08 

38.4 ± 1.1 
0.03 

<0.001 
33.0 ± 2.0 

0.06 
39.2 ± 1.6 

0.04 
<0.001 

BMI
†

 (kg.m
-2

) 

CV 
0.54 ± 0.13 

0.24 
0.78 ± 0.13 

0.17 
<0.001 

0.60 ± 0.04 
0.07 

0.93 ± 0.08 
0.09 

<0.001 
0.65 ± 0.04 

0.06 
1.07 ± 0.14 

0.13 
<0.001 

0.68 ± 0.05 
0.07 

1.04 ± 0.04 
0.04 

<0.001 

BSA
‡
 (cm

2
) 

CV 
5.30 ± 0.50 

0.09 
6.79 ± 0.60 

0.09 
<0.001 

5.76 ± 0.63 
0.11 

9.46 ± 0.80 
0.08 

<0.001 
6.43 ± 0.69 

0.11 
11.44 ± 1.07 

0.09 
<0.001 

6.96 ± 0.74 
0.11 

11.55 ± 0.79 
0.07 

<0.001 

Ventricular Distance Parameters 

EDDBASE (mm) 

CV 
0.90 ± 0.09 

0.10 
1.00 ± 0.13 

0.13 
0.07 

0.95 ± 0.11 
0.11 

1.03 ± 0.16 
0.16 

0.28 
0.96 ± 0.16 

0.16 
0.98 ± 0.14 

0.14 
0.58 

0.94 ± 0.12 
0.13 

1.12 ± 0.11 
0.10 

0.003 

ESDBASE (mm) 
CV 

0.72 ± 0.10 
0.14 

0.80 ± 0.09 
0.11 

0.07 
0.79 ± 0.06 

0.08 
0.82 ± 0.11 

0.14 
0.50 

0.79 ± 0.12 
0.15 

0.78 ± 0.12 
0.16 

0.92 
0.78 ± 0.11 

0.14 
0.92 ± 0.10 

0.11 
0.009 

EDDLONG (mm) 
CV 

1.08 ± 0.10 
0.09 

1.33 ± 0.13 
0.10 

0.007 
1.21 ± 0.06 

0.05 
1.53 ± 0.13 

0.09 
<0.001 

1.23 ± 0.16 
0.13 

1.83 ± 0.19 
0.11 

<0.001 
1.31 ± 0.14 

0.10 
1.75 ± 0.18 

0.10 
<0.001 

ESDLONG (mm) 

CV 
0.89 ± 0.09 

0.10 
1.11 ± 0.13 

0.12 
0.008 

1.01 ± 0.08 
0.08 

1.40 ± 0.07 
0.05 

<0.001 
1.07 ± 0.14 

0.13 
1.51 ± 0.16 

0.11 
<0.001 

1.11 ± 0.13 
0.12 

1.51 ± 0.22 
0.15 

<0.001 

Ventricular Area Parameters 

VAd (mm
2
) 

CV 
0.61 ± 0.13 

0.21 
0.73 ± 0.19 

0.25 
0.14 

1.07 ± 0.16 
0.15 

1.62 ± 0.28 
0.17 

0.001 
1.13 ± 0.18 

0.16 
1.75 ± 0.36 

0.20 
0.003 

1.27 ± 0.24 
0.19 

1.91 ± 0.27 
0.14 

<0.001 

VAs (mm
2
) 

CV 
0.40 ± 0.11 

0.27 
0.44 ± 0.10 

0.23 
0.41 

0.71 ± 0.10 
0.15 

1.07 ± 0.17 
0.17 

<0.001 
0.74 ± 0.12 

0.16 
1.17 ± 0.26 

0.22 
0.004 

0.83 ± 0.17 
0.20 

1.27 ± 0.26 
0.21 

<0.001 

Ventricular Volume Parameters 

EDV (µL) 
CV 

0.57 ± 0.20 
0.35 

0.81 ± 0.38 
0.47 

0.09 
0.72 ± 0.17 

0.24 
1.33 ± 0.27 

0.20 
<0.001 

0.80 ± 0.19 
0.23 

1.60 ± 0.40 
0.25 

0.001 
0.81 ± 0.23 

0.28 
1.66 ± 0.57 

0.35 
0.002 

ESV (µL) 

CV 
0.39 ± 0.15 

0.39 
0.55 ± 0.30 

0.55 
0.13 

0.45 ± 0.13 
0.28 

0.94 ± 0.18 
0.19 

<0.001 
0.53 ± 0.13 

0.25 
1.17 ± 0.34 

0.30 
0.005 

0.51 ± 0.16 
0.33 

1.17 ± 0.39 
0.32 

<0.001 

An unpaired t-test was used to compare sex differences at each age time-point. Data reported as mean ± SD. The coefficients of variation for each 
parameter, stratified by sex and age, are presented in italics below each parameter. CV, coefficient of variation (where CV = Sc.D./ mean); 

†
 BMI, body mass 

index, in kg.m
-2

, where BMI = weight /length
2
;
 ‡

 BSA, body surface area, in cm
2
, where BSA = 8.46 × Weight

0.66
 (Niimi, 1975; Murphy and Murphy, 1971); 

EDDBASE, ventricular basal end-diastolic diameter; ESDBASE, ventricular basal end-systolic diameter; EDDLONG, ventricular longitudinal end-diastolic diameter; 
ESDLONG, ventricular longitudinal end-systolic diameter – these distances are defined in Fig. 2; VAd, ventricular end-diastolic area; VAs, ventricular end-
systolic area; EDV, ventricular end-diastolic volume; ESV, ventricular end-systolic volume. 
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Supplemental Table 4.4: Standardisation of ventricular dimension measurements in wildtype zebrafish aged 3-12 months. 

 3 months 6 months 9 months 12 months 

Parameter Male Female P Male Female P Male Female P Male Female P 

Ventricular Longitudinal End-Diastolic Distance 

EDDLONG (mm) 
CV 

1.08 ± 0.10 
0.09 

1.33 ± 0.13 
0.10 

0.007 
1.21 ± 0.06 

0.05 
1.53 ± 0.13 

0.09 
<0.001 

1.23 ± 0.16 
0.13 

1.83 ± 0.19 
0.11 

<0.001 
1.31 ± 0.14 

0.10 
1.75 ± 0.18 

0.10 
<0.001 

EDDLONG/Weight 
CV 

2.20 ± 0.15 
0.07 

1.88 ± 0.28 
0.15 

0.64 
2.20 ± 0.30 

0.14 
1.31 ± 0.24 

0.18 
<0.001 

1.91 ± 0.36 
0.19 

1.17 ± 0.16 
0.13 

<0.001 
1.77 ± 0.23 

0.13 
1.09 ± 0.10 

0.09 
<0.001 

EDDLONG/Length 
CV 

0.36 ± 0.02 
0.06 

0.42 ± 0.04 
0.10 

0.02 
0.40 ± 0.02 

0.04 
0.43 ± 0.05 

0.11 
0.14 

0.39 ± 0.05 
0.14 

0.48 ± 0.04 
0.09 

0.003 
0.40 ± 0.03 

0.09 
0.45 ± 0.03 

0.08 
0.005 

EDDLONG/BMI
†
 

CV 
2.01 ± 0.12 

0.06 
1.93 ± 0.20 

0.10 
0.59 

2.04 ± 0.16 
0.08 

1.65 ± 0.22 
0.13 

0.003 
1.91 ± 0.31 

0.16 
1.73 ± 0.27 

0.16 
0.17 

1.92 ± 0.18 
0.09 

1.68 ± 0.19 
0.11 

0.01 

EDDLONG/BSA
‡
 

CV 
0.20 ± 0.01 

0.03 
0.20 ± 0.02 

0.11 
0.52 

0.21 ± 0.02 
0.09 

0.16 ± 0.02 
0.14 

<0.001 
0.19 ± 0.03 

0.16 
0.16 ± 0.02 

0.10 
0.007 

0.19 ± 0.02 
0.09 

0.15 ± 0.01 
0.08 

<0.001 

Ventricular End-diastolic Area 

VAd (mm
2
) 

CV 
0.61 ± 0.13 

0.21 
0.73 ± 0.19 

0.25 
0.14 

1.07 ± 0.16 
0.15 

1.62 ± 0.28 
0.17 

0.001 
1.13 ± 0.18 

0.16 
1.75 ± 0.36 

0.20 
0.003 

1.27 ± 0.24 
0.19 

1.91 ± 0.27 
0.14 

<0.001 

VAd/Weight 
CV 

1.23 ± 0.14 
0.11 

1.04 ± 0.29 
0.28 

0.09 
1.93 ± 0.25 

0.13 
1.39 ± 0.34 

0.25 
0.001 

1.72 ± 0.24 
0.14 

1.11 ± 0.19 
0.17 

<0.001 
1.70 ± 0.20 

0.12 
1.19 ± 0.15 

0.12 
<0.001 

VAd/Length 
CV 

0.18 ± 0.08 
0.45 

0.23 ± 0.06 
0.26 

0.14 
0.35 ± 0.04 

0.12 
0.45 ± 0.09 

0.19 
0.02 

0.35 ± 0.04 
0.12 

0.45 ± 0.08 
0.19 

0.02 
0.38 ± 0.05 

0.14 
0.49 ± 0.06 

0.12 
<0.001 

VAd/BMI
† 

CV 
1.14 ± 0.21 

0.18 
1.06 ± 0.27 

0.25 
0.51 

1.81 ± 0.25 
0.14 

1.76 ± 0.38 
0.22 

0.77 
1.75 ± 0.30 

0.17 
1.65 ± 0.34 

0.21 
0.53 

1.86 ± 0.36 
0.20 

1.83 ± 0.26 
0.14 

0.83 

VAd/BSA
‡ 

CV 
11.47 ± 1.50 

0.14 
10.87 ± 2.87 

0.26 
0.79 

18.67 ± 2.10 
0.11 

17.26 ± 3.77 
0.22 

0.39 
17.57 ± 2.23 

0.13 
15.30 ± 2.54 

0.17 
0.13 

18.13 ± 2.34 
0.15 

16.52 ± 1.99 
0.17 

0.11 

Ventricular End-Diastolic Volume 

EDV (µL) 
CV 

0.57 ± 0.20 
0.35 

0.81 ± 0.38 
0.47 

0.09 
0.72 ± 0.17 

0.24 
1.33 ± 0.27 

0.20 
<0.001 

0.80 ± 0.19 
0.23 

1.60 ± 0.40 
0.25 

0.001 
0.81 ± 0.23 

0.28 
1.66 ± 0.57 

0.35 
0.002 

EDV/Weight 
CV 

1.14 ± 0.30 
0.27 

1.02 ± 0.35 
0.35 

0.41 
1.28 ± 0.22 

0.17 
1.13 ± 0.24 

0.21 
0.22 

1.22 ± 0.25 
0.21 

1.02 ± 0.24 
0.23 

0.54 
1.08 ± 0.26 

0.24 
1.03 ± 0.35 

0.34 
0.73 

EDV/Length 
CV 

0.19 ± 0.07 
0.35 

0.25 ± 0.11 
0.44 

0.12 
0.23 ± 0.05 

0.20 
0.37 ± 0.07 

0.20 
0.001 

0.25 ± 0.05 
0.21 

0.42 ± 0.10 
0.25 

0.02 
0.24 ± 0.06 

0.27 
0.42 ± 0.14 

0.34 
0.005 

EDV/BMI
† 

CV 
1.09 ± 0.46 

0.42 
1.03 ± 0.43 

0.41 
0.76 

1.20 ± 0.28 
0.24 

1.44 ± 0.31 
0.22 

0.14 
1.24 ± 0.30 

0.24 
1.50 ± 0.36 

0.24 
0.13 

1.59 ± 0.55 
0.24 

1.18 ± 0.29 
0.35 

0.07 

EDV/BSA
‡ 

CV 
1.06 ± 0.30 

0.29 
1.11 ± 0.42 

0.38 
0.77 

1.24 ± 0.23 
0.18 

1.41 ± 0.29 
0.20 

0.21 
1.24 ± 0.25 

0.20 
1.40 ± 0.32 

0.23 
0.28 

1.15 ± 0.28 
0.24 

1.43 ± 0.48 
0.34 

0.15 

Data reported as mean ± SD. The coefficients of variation (CV, where CV = SD/mean) are presented in italics below each parameter. 
†
 BMI, body mass index, in kg.m

-2
;
 ‡

 BSA, body surface area, in cm
2
; 

EDDLONG, ventricular longitudinal end-diastolic diameter. EDDLONG/Weight, ventricular longitudinal end-diastolic diameter, indexed for weight (mm, per g); EDDLONG/Length, ventricular longitudinal end-diastolic 
diameter, indexed for length (mm, per cm); EDDLONG/BMI, ventricular longitudinal end-diastolic diameter, indexed for BMI (mm, per kg.m

-2
); EDDLONG/BSA, ventricular longitudinal end-diastolic diameter, indexed 

for BSA (mm, per cm
2
); VAd, ventricular end-diastolic area; VAd/Weight, ventricular end-diastolic area, indexed for weight (mm

2
, per g); VAd/Length, ventricular end-diastolic area, indexed for length (mm

2
, per 

cm); VAd/BMI, ventricular end-diastolic area, indexed for BMI (mm
2
, per kg.m

-2
); VAd/BSA, ventricular end-diastolic area, indexed for BSA (cm

2
, per m

2
); EDV, ventricular end-diastolic volume; EDV/Weight, 

ventricular end-diastolic volume, indexed for weight (µL, per g); EDV/Length, ventricular end-diastolic volume, indexed for length (µL, per cm). EDV/BMI, ventricular end-diastolic volume, indexed for BMI (µL, per 
kg.m

-2
); EDV/BSA, ventricular end-diastolic volume, indexed for BSA (mL, per m

2
).  
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Supplemental Table 4.5: Echocardiographic assessment in zebrafish models of diphtheria toxin A induced myocarditis and chronic anaemia. 

 4-HT treated fish (N=8) PHZ-treated fish (N=8) 

Variable Baseline 
Post-

treatment 
Change P* Baseline 

Post-
treatment 

Change P* 

Heart rate (bpm) 109 ± 10.5 119 ± 13.4 10 ± 18 0.16 109 ± 14.2 105 ± 16.6 4.0 ± 15.2 0.20 

VAd (mm2) 0.99 ± 0.14 1.11 ± 0.30 0.12 ± 0.35 0.36 0.98 ± 0.12 1.85 ± 0.31 0.85 ± 0.31 <0.001 

VAs (mm
2
) 0.64 ± 0.12 0.90 ± 0.28 0.26 ± 0.35 0.08 0.65 ± 0.07 1.08 ± 0.27 0.43 ± 0.28 0.003 

FAC (endocardium) 0.36 ± 0.07 0.19 ± 0.06 -0.16 ± 0.10 0.002 0.33 ± 0.03 0.42 ± 0.07 0.09 ± 0.08 0.01 

FAC (epicardium) 0.18 ± 0.07 0.12 ± 0.07 -0.06 ± 0.06 0.04 0.21 ± 0.04 0.29 ± 0.06 0.08 ± 0.07 0.02 

EDDBASE (mm) 0.93 ± 0.16 0.92 ± 0.18 -0.01 ± 0.16 0.88 0.99 ± 0.14 1.25 ± 0.12 0.27 ± 0.15 0.001 

ESDBASE (mm) 0.73 ± 0.14 0.82 ± 0.16 0.09 ± 0.18 0.19 0.79 ± 0.14 0.91 ± 0.11 0.15 ± 0.15 0.07 

EDDLONG (mm) 1.17 ± 0.20 1.31 ± 0.16 0.13 ± 0.25 0.17 1.18 ± 0.08 1.74 ± 0.21 0.56 ± 0.15 <0.001 

ESDLONG (mm) 0.93 ± 0.18 1.07 ± 0.16 0.14 ± 0.27 0.20 1.00 ± 0.07 1.34 ± 0.19 0.34 ± 0.15 <0.001 

FS 0.21 ± 0.06 0.10 ± 0.05 -0.10 ± 0.06 0.003 0.15 ± 0.04 0.23 ± 0.05 0.08 ± 0.37 <0.001 

EDV (µL) 0.80 ± 0.16 1.09 ± 0.24 0.29 ± 0.25 0.01 0.58 ± 0.15 1.66 ± 0.48 1.09 ± 0.42 <0.001 

EDV/BSA 1.28 ± 0.33 1.71 ± 0.57 0.43 ± 0.46 0.04 0.98 ± 0.21 2.89 ± 0.66 1.91 ± 0.54 <0.001 

ESV (µL) 0.55 ± 0.17 0.91 ± 0.25 0.34 ± 0.27 0.006 0.39 ± 0.11 0.95 ± 0.32 0.56 ± 0.32 0.002 

ESV/BSA 0.89 ± 0.32 1.40 ± 0.53 0.51 ± 0.44 0.01 0.66 ± 0.17 1.63 ± 0.41 0.97 ± 0.40 <0.001 

EF 0.35 ± 0.05 0.15 ± 0.05 -0.19 ± 0.06 <0.001 0.33 ± 0.05 0.44 ± 0.08 0.10 ± 0.09 0.01 

GLS (%) -16.2 ± 2.9 -9.1 ± 5.6 7.1 ± 5.8 0.01 -10.7 ± 4.3 -15.7 ± 4.7 -4.9 ± 4.9 0.03 

CO (µL.min
-1

) 36.4 ± 5.3 20.9 ± 5.6 -14.8 ± 7.2 0.002 19.2 ± 8.9 59.1 ± 20.5 39.9 ± 16.9 <0.001 

E (mm.s
-1

) 27.4 ± 7.6 18.0 ± 12.4 -9.4 ± 10.3 0.04 38.3 ± 9.5 153.2 ± 34.1 114.9 ± 38.8 <0.001 

A (mm.s
-1

) 258.0 ± 57.4 166.5 ± 25.2 -91.5 ± 43.7 <0.001 194.0 ± 43.7 303.5 ± 65.6 109.5 ± 44.9 <0.001 

E/A 0.11 ± 0.04 0.10 ± 0.07 -0.01 ± 0.07 0.77 0.21 ± 0.06 0.52 ± 0.15 0.32 ± 0.16 <0.001 

é (mm.s
-1

) 6.0 ± 2.1 2.0 ± 1.0 -4.0 ± 2.6 0.003 4.2 ± 1.4 8.8 ± 4.1 4.7 ± 3.5 0.007 

á (mm.s
-1

) 13.6 ± 2.7 5.0 ± 2.2 -8.6 ± 1.9 <0.001 16.2 ± 6.8 25.2 ± 8.1 9.0 ± 8.3 0.02 

ś (mm.s
-1

) 11.5 ± 2.9 7.0 ± 2.1 -4.5 ± 3.0 0.004 11.6 ± 3.6 14.8 ± 4.8 3.2 ± 3.3 0.03 

E/é 5.8 ± 4.5 8.0 ± 5.1 1.7 ± 6.9 0.54 10.4 ± 5.2 21.9 ± 15.0 11.4 ± 12.4 0.03 

* Paired t-test. Data reported as mean ± SD. Definitions of abbreviations and units for each parameter as per Supplemental Tables 4.1 and 4.4. 
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Supplemental Table 4.6: Echocardiographic strain parameters in zebrafish with diphtheria toxin A-induced myocarditis. 

 

* Paired t-test; coefficient of variation = SD/mean; CV: coefficient of variation. 

Variable 
Baseline 

(mean ± SD; CV) 
Post-treatment 

(mean ± SD; CV) 
Change 

(mean ± SD) 
P* 

Longitudinal Displacement Analysis (mm) 

Global 0.08 ± 0.03; 0.33 0.06 ± 0.03; 0.55 -0.02 ± 0.05 0.23 

Peak 0.17 ± 0.06; 0.34 0.09 ± 0.07; 0.76 -0.08 ± 0.11 0.14 

Posterior Base 0.16 ± 0.06; 0.39 0.05 ± 0.04; 0.75 -0.11 ± 0.09 0.02 

Posterior Mid 0.09 ± 0.05; 0.49 0.06 ± 0.05; 0.79 -0.04 ± 0.08 0.29 

Posterior Apex 0.04 ± 0.02; 0.60 0.03 ± 0.02; 0.70 -0.01 ± 0.04 0.37 

Anterior Base 0.10 ± 0.04; 0.38 0.09 ± 0.06; 0.68 -0.005 ± 0.07 0.85 

Anterior Mid 0.09 ± 0.05; 0.59 0.06 ± 0.05; 0.87 -0.03 ± 0.09 0.43 

Anterior Apex 0.05 ± 0.02; 0.43 0.04 ± 0.04; 0.90 -0.004 ± 0.05 0.86 

Longitudinal strain analysis (%) 

Global -16.2 ± 2.9; 0.18 -9.1 ± 5.6; 0.61 7.1 ± 5.8 0.01 

Peak -37.8 ± 7.9; 0.21 -18.2 ± 13.9; 0.76 16.9 ± 9.5 0.003 

Posterior Base -20.9 ± 12.1; 0.58 -12.9 ± 7.2; 0.56 8.0 ± 8.4 0.05 

Posterior Mid -14.5 ± 7.9; 0.54 -12.4 ± 12.2; 0.98 0.03 ± 18.6 0.60 

Posterior Apex -13.6 ± 11.3; 0.83 -7.9 ± 8.2; 1.04 5.8 ± 12.5 0.26 

Anterior Base -26.5 ± 11.8; 0.45 -14.5 ± 13.2; 0.91 12.1 ± 17.0 0.11 

Anterior Mid -16.8 ± 7.7; 0.46 -17.4 ± 12.4; 0.71 -0.6 ± 17.0 0.93 

Anterior Apex -22.6 ± 15.0; 0.66 -7.8 ± 4.7; 0.60 14.8 ± 16.7 0.06 

Longitudinal strain rate analysis (s
-1

) 

Global -2.1 ± 0.5; 0.24 -1.7 ± 0. 7; 0.41 0.4 ± 0. 6 0.002 

Peak -4.1 ± 1.4; 0.34 -2.4 ± 1.5; 0.63 1.2 ± 1.2 0.02 

Posterior Base -2.5 ± 1.5; 0.60 -1.9 ± 1.1; 0.58 0.5 ± 1.1 0.28 

Posterior Mid -2.1 ± 0.5; 0.24 -1.6 ± 0.9; 0.56 0.5 ± 0.8 0.16 

Posterior Apex -2.3 ± 0.8; 0.35 -1.6 ± 1.0; 0.63 0.6 ± 1.4 0.28 

Anterior Base -3.1 ± 1.3; 0.42 -2.5 ± 1.0; 0.40 0.6 ± 0.7 0.08 

Anterior Mid -2.4 ± 1.0; 0.42 -2.1 ± 1.4; 0.67 0.2 ± 1.3 0.67 

Anterior Apex -1.7 ± 0.5; 0.29 -4.0 ± 2.0; 0.50 -2.3 ± 2.1 0.02 
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Supplemental Table 4.7: Echocardiographic strain parameters in zebrafish with chronic haemolytic anaemia. 

 

* Paired t-test; coefficient of variation = SD/mean; CV: coefficient of variation. 

Variable 
Baseline 

(mean ± SD; CV) 
Post-treatment 

(mean ± SD; CV) 
Change 

(mean ± SD) 
P* 

Longitudinal displacement analysis (mm) 

Global 0.11 ± 0.02; 0.21 0.14 ± 0.03; 0.22 0.03 ± 0.02 0.02 

Peak 0.19 ± 0.04; 0.19 0.24 ± 0.06; 0.23 0.06 ± 0.04 0.009 

Posterior Base 0.17 ± 0.05; 0.29 0.19 ± 0.06; 0.31 0.02 ± 0.05 0.34 

Posterior Mid 0.14 ± 0.05; 0.34 0.15 ± 0.04; 0.29 0.01 ± 0.05 0.30 

Posterior Apex 0.07 ± 0.05; 0.67 0.09 ± 0.05; 0.52 0.01 ± 0.06 0.55 

Anterior Base 0.13 ± 0.06; 0.45 0.23 ± 0.06; 0.25 0.10 ± 0.08 0.007 

Anterior Mid 0.10 ± 0.05; 0.51 0.16 ± 0.06; 0.39 0.06 ± 0.06 0.03 

Anterior Apex 0.08 ± 0.04; 0.49 0.05 ± 0.03; 0.56 -0.03 ± 0.04 0.08 

Longitudinal strain analysis (%) 

Global -10.7 ± 4.3; 0.40 -15.7 ± 4.7; 0.30 -4.9 ± 4.9 0.03 

Peak -24.5 ± 6.5; 0.27 -31.0 ± 4.8; 0.15 -6.4 ± 6.0 0.02 

Posterior Base -15.7 ± 6.9; 0.44 -17.4 ± 10.3; 0.59 -1.7 ± 7.3 0.53 

Posterior Mid -18.1 ± 5.9; 0.33 -19.2 ± 9.0; 0.47 -1.0 ± 7.3 0.70 

Posterior Apex -23.3 ± 9.2; 0.39 -23.6 ± 5.8; 0.25 -0.3 ± 10.7 0.94 

Anterior Base -15.3 ± 10.0; 0.65 -15.8 ± 6.0; 0.38 -0.5 ± 12.3 0.91 

Anterior Mid -18.5 ± 5.1; 0.28 -15.9 ± 9.6; 0.60 -2.6 ± 11.2 0.53 

Anterior Apex -16.1 ± 5.9; 0.37 -18.7 ± 7.6; 0.41 -2.5 ± 10.6 0.52 

Longitudinal strain rate analysis (s
-1

) 

Global -1.3 ± 0.4; 0.28 -1.5 ± 0.6; 0.40 -0.2 ± 0.7 0.46 

Peak -2.6 ± 0.5; 0.19 -4.9 ± 1.5; 0.31 -2.3 ± 1.7 0.007 

Posterior Base -1.8 ± 0.7; 0.39 -3.7 ± 1.0; 0.27 -2.0 ± 0.8 0.0002 

Posterior Mid -1.8 ± 0.5; 0.28 -3.6 ± 1.4; 0.39 -1.9 ± 1.5 0.01 

Posterior Apex -2.2 ± 0.6; 0.27 -3.5 ± 0.8; 0.23 -1.3 ± 1.0 0.009 

Anterior Base -2.1 ± 0.7; 0.33 -3.6 ± 0.6; 0.17 -1.5 ± 0.9 0.003 

Anterior Mid -1.9 ± 0.6; 0.32 -3.2 ± 1.0; 0.31 -1.3 ± 1.0 0.007 

Anterior Apex -1.7 ± 0.5; 0.29 -4.0 ± 2.0; 0.50 -2.3 ± 2.1 0.02 
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Supplemental Table 6.1: Echocardiographic data from the natural history study of male ttna

uq22ks
 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=13 

Heterozygote 
N=15 

P  
value† 

Wildtype 
N=10 

Heterozygote 
N=16 

P  
value† 

Wildtype 
N=10 

Heterozygote 
N=12 

P  
value† 

Wildtype 
N=10 

Heterozygote 
N=11 

P  
value† 

Weight (mg)  382 ± 50 354 ± 59 0.18 432 ± 78 411 ± 64 0.46 541 ± 51 480 ± 51 0.01 627 ± 86 534 ± 67 0.02 

Length (mm) 26.6 ± 1.0 26.3 ± 1.7 0.50 27.7 ± 1.1 26.7 ± 1.6 0.05 29.6 ± 0.5 28.8 ± 1.6 0.14 30.2 ± 0.4 29.5 ± 1.4 0.18 

BSA (cm
2
) 4.48 ± 0.39 4.25 ± 0.47 0.17 4.85 ± 0.58 4.69 ± 0.48 0.47 5.64 ± 0.35 5.20 ± 0.37 0.01 6.21 ± 0.55 5.60 ± 0.46 0.01 

Heart rate (bpm) 111 ± 18 102 ± 15 0.21 124 ± 19 117 ± 15 0.29 137 ± 14 128 ± 17 0.19 135 ± 12 134 ± 18 0.89 

EDA (mm
2
) 0.78 ± 0.14 0.80 ± 0.12 0.63 0.83 ± 0.10 0.88 ± 0.11 0.96 0.91 ± 0.14 1.00 ± 0.19 0.23 1.12 ± 0.12 1.02 ± 0.15 0.09 

ESA (mm
2
) 0.51 ± 0.08 0.54 ± 0.09 0.35 0.60 ±0.08 0.61 ± 0.08 0.81 0.64 ± 0.12 0.69 ± 0.14 0.43 0.72 ± 0.10 0.64 ± 0.11 0.07 

EDDLONG (mm) 1.10 ± 0.13 1.03 ± 0.10 0.11 1.04 ±0.13 1.12 ± 0.09 0.08 1.21 ± 0.14 1.18 ± 0.15 0.61 1.23 ± 0.09 1.21 ± 0.13 0.72 

EDDSHORT (mm) 0.81 ± 0.09 0.90 ± 0.10 0.02 0.93 ± 0.15 0.93 ± 0.12 0.97 0.85 ± 0.14 0.94 ± 0.07 0.10 1.00 ± 0.09 0.92 ± 0.07 0.04 

ESDLONG (mm) 0.94 ± 0.12 0.91 ± 0.12 0.45 0.95 ± 0.11 0.96 ± 0.13 0.89 1.03 ± 0.10 1.02 ± 0.13 0.73 1.04 ± 0.10 0.99 ± 0.11 0.24 

ESDSHORT (mm) 0.67 ± 0.10 0.72 ± 0.11 0.26 0.76 ±0.15 0.75 ± 0.09 0.77 0.69 ± 0.16 0.79 ± 0.12 0.14 0.78 ± 0.10 0.76 ± 0.07 0.56 

EDV (µL) 0.47 ± 0.13 0.54 ± 0.16 0.21 0.57 ± 0.12 0.60 ± 0.14 0.83 0.60 ± 0.15 0.73 ± 0.22 0.10 0.87 ± 0.19 0.73 ± 0.16 0.07 

ESV (µL) 0.24 ± 0.06 0.28 ± 0.08 0.14 0.33 ± 0.08 0.33 ± 0.07 0.85 0.34 ± 0.11 0.40 ± 0.12 0.28 0.43 ± 0.09 0.35 ± 0.09 0.06 

Ind. VAd (cm
2
.m

-2
) 17.36 ± 2.98 18.90 ± 2.98 0.18 17.31 ± 3.03 18.88 ± 2.16 0.16 16.20 ± 2.15 19.30 ± 3.74 0.03 18.11 ± 2.04 18.08  ± 1.88 0.97 

Ind. VAs (cm
2
.m

-2
) 11.49 ± 1.68 12.79 ± 1.96 0.07 12.63 ± 2.45 13.04 ± 1.44 0.63 11.38 ± 1.99 13.25 ± 2.60 0.07 11.71 ± 1.64 11.35 ± 1.44 0.60 

Ind. EDDLONG (mm.cm
-2
) 0.25 ± 0.04 0.24 ± 0.03 0.81 0.22 ± 0.02 0.24 ± 0.03 0.02 0.21 ± 0.02 0.23 ± 0.03 0.26 0.20 ± 0.02 0.22 ± 0.01 0.05 

Ind. EDDSHORT (mm. cm
-2
) 0.18 ± 0.03 0.21 ± 0.02 0.004 0.20 ± 0.05 0.20 ± 0.03 0.89 0.15 ± 0.02 0.18 ± 0.02 0.002 0.16 ± 0.01 0.17 ± 0.02 0.64 

Ind. ESDLONG (mm.cm
-2
) 0.21 ± 0.03 0.21 ± 0.03 0.77 0.20 ± 0.03 0.21 ± 0.03 0.54 0.18 ± 0.02 0.20 ±0.03 0.22 0.17 ± 0.02 0.18 ± 0.01 0.38 

Ind. ESDSHORT (mm.cm
-2
) 0.15 ± 0.02 0.17 ± 0.02 0.04 0.16 ± 0.04 0.16 ± 0.02 0.99 0.12 ± 0.03 0.15 ± 0.02 0.01 0.13 ± 0.02 0.14 ± 0.02 0.21 

Ind. EDV (mL.m
-2
) 1.05 ± 0.27 1.27 ± 0.36 0.07 1.20 ± 0.33 1.27 ± 0.25 0.51 1.06 ± 0.24 1.41 ± 0.42 0.02 1.41 ± 0.29 1.29 ± 0.23 0.32 

Ind. ESV (mL.m
-2
) 0.54 ± 0.13 0.66 ± 0.19 0.05 0.69 ± 0.20 0.71 ± 0.12 0.78 0.61 ± 0.18 0.77 ± 0.22 0.07 0.70 ± 0.14 0.63 ± 0.13 0.25 

Atrial area LAX (mm2) 0.31 ± 0.04 0.29 ± 0.04 0.28 0.32± 0.06 0.35 ± 0.06 0.14 0.35 ± 0.07 0.36 ± 0.07 0.73 0.47 ± 0.10 0.40 ± 0.05 0.09 

Ind. atrial area LAX (cm
2
.m

-2
) 6.34 ± 2.04 6.93 ± 1.29 0.39 6.66 ± 1.31 7.58 ± 1.16 0.07 6.20 ± 1.48 6.88 ± 1.26 0.27 7.56 ± 1.35 7.24 ± 0.97 0.54 

Ejection fraction (%) 36.2 ± 2.6 35.4 ± 3.5 0.49 32.5 ± 2.9 34.6 ± 4.5 0.15 34.4 ± 4.1 33.7 ± 3.7 0.68 33.3 ± 3.9  34.7 ± 3.3 0.38 

FAC (%) 33.4  ± 4.4 32.2 ± 4.4 0.49 33.3 ± 3.9  35.9 ± 4.9 0.54 36.7 ± 4.4 34.3 ± 4.5 0.22 35.6 ± 5.1 35.4 ± 4.8 0.93 

GLS (%) -12.0 ± 3.3 -10.5 ± 2.1 0.16 -11.0 ± 1.6 -11.6 ± 3.6 0.05 -12.4 ± 2.2 -11.0 ± 3.2 0.26 -12.4 ± 2.2 -12.9 ± 2.2 0.57 

ś (mm.s
-1
) 10.4 ± 1.6 11.9 ± 2.2 0.04 11.0 ± 2.3 11.1 ± 2.6 0.93 12.2 ± 3.8 12.4 ± 3.3 0.90 12.0 ± 3.1 14.2 ± 4.4 0.21 

E (mm.s
-1
) 30 ± 11 21 ± 9 0.04 36 ± 12 21 ± 8 0.002 30 ± 12 28 ± 7 0.63 34 ± 12 29 ± 16 0.41 

A (mm.s
-1
) 262 ± 60 249 ± 52 0.56 265 ± 53 292 ± 56 0.22 346 ± 101 262 ± 72 0.05 278 ± 46 285 ± 56 0.75 

E/A 0.12 ± 0.05 0.09 ± 0.04 0.09 0.14 ± 0.06 0.08 ± 0.04 0.005 0.09 ± 0.05 0.11 ± 0.03 0.39 0.13 ± 0.05 0.10 ± 0.05 0.29 

E deceleration (m.s
-2
) -0.49 ± 0.23 -0.26 ± 0.18 0.006 -0.56 ± 0.40 -0.29 ± 0.23 0.06 -0.66 ± 0.34 -0.41 ± 0.19 0.08 -0.46 ± 0.25 -0.37 ± 0.22 0.37 

A deceleration (m.s
-2
) -5.5 ± 1.5 -5.9 ± 1.4 0.54 -6.7 ± 1.4 -6.9 ± 1.8 0.76 -8.1 ± 2.1 -6.6 ± 2.2 0.12 -6.3 ± 0.9 -6.0 ± 1.7 0.63 

é (mm.s
-1
) 6.1 ± 2.5 4.9 ± 1.2 0.15 5.0 ± 1.6 5.6 ± 2.0 0.39 5.7 ± 1.3 6.3 ± 2.6 0.46 6.1 ± 2.6 5.6 ± 0.9 0.59 

á (mm.s
-1
) 20.8 ± 4.8 23.1 ± 6.33 0.29 21.0 ± 4.5 23.6 ± 8.7 0.33 25.1 ± 7.5 27.9 ± 9.7 0.46 23.7 ± 6.6 27.5 ± 7.3 0.23 

E/é 5.7 ± 2.9 4.4 ± 2.3 0.23 8.2 ± 3.8 4.3 ± 2.1 0.009 5.8 ± 3.4 5.1 ± 2.4 0.62 6.4 ± 2.8 5.7 ± 4.0 0.63 

IVRT (ms) 51 ± 8 52 ± 13 0.87 48 ± 9 54 ± 9 0.06 51 ± 7 53 ± 14 0.71 50 ± 10 50 ± 11 0.98 

IVCT (ms) 36 ± 8 34 ± 7 0.52 31 ± 6 35 ± 8 0.18 24 ± 7 34 ± 8 0.009 28 ± 6 30 ± 9 0.51 

ET (ms) 180 ± 23 170 ± 32 0.33 143 ± 22 168 ± 27 0.01 149 ± 20 149 ± 35 0.98 157 ± 28 157 ± 14 0.94 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution. The two sample populations are 
assumed to have unequal variance, as they are not genetically identical. 
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Supplemental Table 6.2: Supplementary echocardiographic data from the natural history study of male ttna
uq22ks

 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=10 

Heterozygote 
N=10 

P  
value† 

Wildtype 
N=16 

Heterozygote 
N=20 

P  
value† 

Wildtype 
N=15 

Heterozygote 
N=18 

P  
value† 

Wildtype 
N=15 

Heterozygote 
N=18 

P  
value† 

E (mm.s
-1
) 30 ± 11 21 ± 9 0.04 36 ± 12 21 ± 8 0.002 30 ± 12 28 ± 7 0.63 34 ± 12 29 ± 16 0.41 

A (mm.s
-1
) 262 ± 60 249 ± 52 0.56 265 ± 53 292 ± 56 0.22 346 ± 101 262 ± 72 0.05 278 ± 46 285 ± 56 0.75 

E/A 0.12 ± 0.05 0.09 ± 0.04 0.09 0.14 ± 0.06 0.08 ± 0.04 0.005 0.09 ± 0.05 0.11 ± 0.03 0.39 0.13 ± 0.05 0.10 ± 0.05 0.29 

é (mm.s
-1
) 6.1 ± 2.5 4.9 ± 1.2 0.15 5.0 ± 1.6 5.6 ± 2.0 0.39 5.7 ± 1.3 6.3 ± 2.6 0.46 6.1 ± 2.6 5.6 ± 0.9 0.59 

á (mm.s
-1
) 20.8 ± 4.8 23.1 ± 6.33 0.29 21.0 ± 4.5 23.6 ± 8.7 0.33 25.1 ± 7.5 27.9 ± 9.7 0.46 23.7 ± 6.6 27.5 ± 7.3 0.23 

é/á 0.29 ± 0.09 0.22 ± 0.06 0.03 0.24 ± 0.07 0.25 ± 0.10 0.70 0.24 ± 0.07 0.24 ± 0.11 0.98 0.27 ± 0.15 0.21 ± 0.05 0.28 

SRe (s
-1
) 0.47 ± 0.17 0.45 ± 0.16 0.79 0.60 ± 0.33 0.40 ± 0.21 0.09 0.59 ± 0.23 0.56 ± 0.27 0.83 0.58 ± 19 0.63 ± 0.17 0.52 

SRa (s
-1
) 1.48 ± 0.58 1.36 ± 0.46 0.55 1.57 ± 0.47 1.67 ± 0.58 0.61 1.57 ± 0.48 1.43 ± 0.30 0.43 1.61 ± 0.42 1.90 ± 0.52 0.17 

GLVe (mm.s
-1
) -0.55 ± 0.24 -0.49 ± 0.23 0.51 -0.53 ± 0.17 -0.56 ± 0.20 0.65 -0.93 ± 0.20 -0.76 ± 0.31 0.13 -0.91 ± 0.47 -0.94 ± 0.26 0.83 

GLVa (mm.s
-1
) -0.83 ± 0.31 -0.68 ± 0.24 0.17 -0.74 ± 0.25 -0.86 ± 0.31 0.26 -1.06 ± 0.30 -0.95 ± 0.38 0.47 -1.06 ± 0.51 -1.23 ± 0.31 0.37 

E/SRe (cm) 7.04 ± 3.22 5.42 ± 3.55 0.22 8.86 ± 7.28 6.18 ± 3.59 0.28 6.79 ± 6.93 6.08 ± 3.16 0.77 6.56 ± 3.01 5.12 ± 3.61 0.33 

E/GLVe -63.10 ± 33.91 -33.45 ± 57.76 0.11 -74.41 ± 33.26 -38.99 ± 15.13 0.006 -34.05 ± 17.63 -46.18 ± 30.58 0.26 -49.85 ± 32.40 -30.57 ± 13.50 0.11 

A/SRa (cm) 19.56 ± 6.29 20.08 ± 6.89 0.84 17.82 ± 4.33 19.14 ± 6.72 0.53 23.05 ± 6.76 18.50 ± 4.30 0.09 18.76 ± 6.84 16.21 ± 6.23 0.39 

A/GLVa -347 ± 114 -438 ± 261 0.24 -387 ± 112 -367 ± 109 0.65 -345 ± 123 -306 ± 120 0.47 -332 ± 188 -250 ± 87 0.23 

GLSR systole (s
-1
) -1.33 ± 0.32  -1.27 ± 0.33 0.63 -1.32 ± 0.25 -1.31 ± 0.48 0.92 -1.62 ± 0.23 -1.43 ± 0.31 0.12 -1.39 ± 0.33 -1.67 ± 0.27 0.05 

GLV systole (mm.s
-1
) 1.19 ± 0.31 0.99 ± 0.24 0.07 1.04 ± 0.23 1.01 ± 0.25 0.77 1.54 ± 0.30 1.32 ± 0.41 0.17 1.55 ± 0.43 1.69 ± 0.35 0.40 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution. The two populations are assumed 
to have unequal variance, as they are not genetically identical. 
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Supplemental Table 6.3: P values and F statistics for the 2-way ANOVA analysis of the 
effect of genotype (ttna

uq22ks
 vs. wildtype) and age on parameters of cardiac structure and 

function. 

Variable Genotype Age Genotype*Age 

Weight <0.001 
F1=15.097 

<0.001 
F3=52.965 

0.226 
F3=1.478 

Length 0.100 
F1=2.763 

<0.001 
F3=34.429 

0.605 
F3=0.618 

BSA <0.001 
F1=14.241 

<0.001 
F3=52.551 

0.333 
F3=1.152 

HR 0.058 
F1=3.672 

<0.001 
F3=16.121 

0.839 
F3=0.281 

VAd/BSA 0.006 
F1=7.823 

0.960 
F3=0.100 

0.318 
F3=1.190 

VAs/BSA 0.044 
F1=4.181 

0.146 
F3=1.835 

0.236 
F3=1.443 

EDDLONG / BSA 0.024 
F1=5.253 

<0.001 
F3=7.869 

0.298 
F3=1.246 

EDDSHORT / BSA 0.003 
F1=9.127 

<0.001 
F3=11.924 

0.100 
F3=2.142 

ESDLONG / BSA 0.168 
F1=1.933 

<0.001 
F3=10.311 

0.946 
F3=0.124 

ESDSHORT /BSA 0.006 
F1=8.019 

<0.001 
F3=9.256 

0.211 
F3=1.533 

Atrial area / BSA 0.487 
F1=0.487 

0.424 
F3=0.942 

0.257 
F3=1.370 

EDV / BSA 0.034 
F1=4.643 

0.217 
F3=1.513 

0.071 
F3=2.424 

ESV / BSA 0.087 
F1=2.994 

0.111 
F3=2.057 

0.089 
F3=2.239 

FAC 0.753 
F1=0.100 

0.128 
F3=1.946 

0.253 
F3=1.384 

EF 0.507 
F1=0.444 

0.113 
F3=2.048 

0.387 
F3=1.022 

GLS 0.435 
F1=0.616 

0.298 
F3=1.245 

0.329 
F3=1.162 

E 0.001 
F1=12.118 

0.274 
F3=1.315 

0.196 
F3=1.596 

A 0.225 
F1=1.491 

0.070 
F3=2.433 

0.022 
F3=3.353 

E/A 0.005 
F1=8.38 

0.794 
F3=0.343 

0.026 
F3=3.225 

é 0.829 
F1=0.047 

0.601 
F3=0.624 

0.285 
F3=1.284 

á 0.059 
F1=3.670 

0.069 
F3=2.447 

0.987 
F3=0.046 

ś 0.102 
F1=2.735 

0.057 
F3=2.601 

0.557 
F3=0.697 

E/é 0.009 
F1=7.042 

0.463 
F3=0.863 

0.200 
F3=1.578 

IVRT 0.292 
F1=1.124 

0.919 
F3=0.167 

0.640 
F3=0.563 

GLSR systole (s
-1
) 0.954 

F1=0.003 
0.022 

F3=3.359 
0.141 

F3=1.863 

SRe (s
-1
) 0.296 

F1=1.106 
0.089 

F3=2.238 
0.221 

F3=1.496 

SRa (s
-1
) 0.744 

F1=0.107 
0.113 

F3=2.048 
0.401 

F3=0.989 

GLV systole (cm.s
-1
) 0.251 

F1=1.336 
<0.001 

F3=18.847 
0.180 

F3=1.664 

GLVe (cm.s
-1
) 0.451 

F1=0.572 
<0.001 

F3=14.528 
 0.506 

F3=0.784 

GLVa (cm.s
-1
) 0.875 

F1=0.25 
<0.001 

F3=7.180 
0.227 

F3=1.475 

A/SRa (cm) 0.299 
F1=1.089 

0.305 
F3=1.227 

0.329 
F3=1.162 
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Supplemental Table 6.4: Echocardiographic data from the natural history study of male ttna

e105-tv
 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=10 

Heterozygote 
N=10 

P  
value† 

Wildtype 
N=16 

Heterozygote 
N=20 

P  
value† 

Wildtype 
N=15 

Heterozygote 
N=18 

P  
value† 

Wildtype 
N=15 

Heterozygote 
N=18 

P  
value† 

Weight (mg) ± 578 ± 67 551 ± 60 0.39 612 ± 69 639 ± 76 0.29 779 ± 88 774 ± 94 0.87 774 ± 122  845 ± 99 0.08 

Length (mm) 30.2 ± 1.3 30.4 ± 1.2 0.70 32.1 ± 1.4 31.7 ± 1.3 0.29 33.7 ± 1.5 33.6 ± 1.5 0.83 34.7 ± 1.8 34.5 ± 1.3 0.72 

BSA (cm
2
) 5.88 ± 0.45 5.70 ± 0.41 0.39 6.11 ± 0.46 6.28 ± 0.49 0.29 7.17 ± 0.54 7.13 ± 0.57 0.87 7.12 ± 0.74 7.56 ± 0.59 0.08 

Heart rate (bpm) 108 ± 12 121 ± 18 0.10 113 ± 20 128 ± 17 0.03 131 ± 17 128 ± 16 0.64 138 ± 19 126 ± 15 0.06 

EDA (mm
2
) 0.94 ± 0.11 0.92 ± 0.11 0.72 1.08 ± 0.14 1.11 ± 0.22 0.62 1.23 ± 0.22 1.34 ± 0.20 0.13 1.24 ± 0.18 1.36 ± 0.18 0.07 

ESA (mm
2
) 0.63 ± 0.07 0.61 ± 0.07 0.63 0.71 ± 0.10 0.73 ± 0.15 0.58 0.82 ± 0.16 0.91 ± 0.15 0.10 0.83 ± 0.13 1.00 ± 0.21 0.01 

EDDLONG (mm) 1.09 ± 0.07 1.10 ± 0.09 0.84 1.23 ± 0.13 1.17 ± 0.12 0.20 1.29 ± 0.14 1.31 ± 0.11 0.65 1.29 ± 0.12 1.29 ± 0.10 0.83 

EDDSHORT (mm) 0.98 ± 0.11 0.96 ± 0.12 0.69 0.97 ± 0.08 1.06 ± 0.12 0.02 1.06 ± 0.12 1.16 ± 0.13 0.03 1.04 ± 0.10 1.12 ± 0.12 0.04 

ESDLONG (mm) 0.93 ± 0.10 0.95 ± 0.08 0.57 1.02 ± 0.13 0.99 ± 0.09 0.48 1.11 ± 0.13 1.11 ± 0.10 0.89 1.15 ± 0.11 1.16 ± 0.12 0.67 

ESDSHORT (mm) 0.81 ± 0.08 0.75 ± 0.11 0.25 0.80 ± 0.10 0.90 ± 0.12 0.02 0.82 ± 0.10 0.95 ± 0.14 0.006 0.86 ± 0.06 0.91 ± 0.14 0.13 

EDV (µL) 0.69 ± 0.14 0.66 ± 0.14 0.65 0.81 ± 0.14 0.92 ± 0.33 0.23 1.00 ± 0.26 1.18 ± 0.29 0.07 1.02 ± 0.23 1.22 ± 0.26 0.03 

ESV (µL) 0.37 ± 0.06 0.34 ± 0.06 0.36 0.42 ± 0.08  0.48 ± 0.18 0.28 0.51 ± 0.15 0.64 ± 0.18 0.03 0.51 ± 0.12 0.74 ± 0.25 0.003 

Ind. VAd (cm
2
.m

-2
) 15.97 ± 2.08 16.19 ± 2.70 0.85 17.68 ± 1.69 17.72 ± 3.05 0.96 17.04 ± 2.43 19.01 ± 2.76 0.04 17.40 ± 2.27 17.99 ± 2.13 0.46 

Ind. VAs (cm
2
.m

-2
) 10.76 ± 1.31 10.84 ± 1.70 0.91 11.60 ± 1.25 11.69 ± 2.05 0.87 11.32 ± 1.73 12.84 ± 2.07 0.03 11.60 ± 1.36 13.20 ± 2.58 0.04 

Ind. EDDLONG (mm.cm
-2
) 0.19 ± 0.01 0.19 ± 0.02 0.40 0.20 ± 0.02 0.19 ± 0.02 0.04 0.18 ± 0.02 0.19 ± 0.02 0.41 0.18 ± 0.02 0.17 ± 0.02 0.13 

Ind. EDDSHORT (mm. cm
-2
) 0.17 ± 0.02 0.17 ± 0.03 0.89 0.16 ± 0.02 0.17 ± 0.02 0.15 0.15 ± 0.01 0.16 ± 0.02 0.01 0.15 ± 0.02 0.15 ± 0.01 0.81 

Ind. ESDLONG (mm.cm
-2
) 0.16 ± 0.02 0.17 ± 0.02 0.27 0.17 ± 0.02 0.16 ± 0.02 0.15 0.16 ± 0.02 0.16 ± 0.02 0.80 0.16 ± 0.01 0.15 ± 0.02 0.22 

Ind. ESDSHORT (mm.cm
-2
) 0.14 ± 0.02 0.13 ± 0.02 0.59 0.13 ± 0.02 0.14 ± 0.02 0.06 0.11 ± 0.03 0.13 ± 0.02 0.01 0.12 ± 0.01 0.12 ± 0.02 0.98 

Ind. EDV (mL.m
-2
) 1.18 ± 0.26 1.16 ± 0.30 0.93 1.33 ± 0.19 1.45 ± 0.46 0.29 1.38 ± 0.31 1.67 ± 0.38 0.03 1.43 ± 0.30 1.61 ± 0.30 0.10 

Ind. ESV (mL.m
-2
) 0.63 ± 0.11 0.60 ± 0.14 0.69 0.69 ± 0.11 0.75 ± 0.27 0.35 0.71 ± 0.17 0.91 ± 0.24 0.01 0.71 ± 0.13 0.97 ± 0.30 0.004 

Atrial area LAX (mm2) 0.33 ± 0.04 0.32 ± 0.04 0.62 0.32 ± 0.06 0.37 ± 0.05 0.01 0.41 ± 0.06 0.42 ± 0.07 0.62 0.39 ± 0.06 0.39 ± 0.07 0.77 

Ind. atrial area LAX (cm
2
.m

-2
) 5.60 ± 0.76 5.63 ± 0.99 0.93 5.16 ± 0.81 5.83 ± 0.85 0.02 5.71 ± 0.60 5.99 ± 1.16 0.39 5.47 ± 0.93 5.23 ± 1.02 0.49 

Ejection fraction (%) 33.0 ± 4.9 33.0 ± 3.5 1.00 35.8 ± 4.1 35.3 ± 6.1 0.78 34.1 ± 3.7 32.6 ± 3.1 0.20 35.2 ± 2.9 32.5 ± 4.8 0.07 

FAC (%) 33.3 ± 2.5 33.2 ± 1.1 0.90 34.3 ± 5.1 33.6 ± 7.2 0.76 33.5 ± 2.7 32.6 ± 3.0 0.34 35.4 ± 2.9 32.3 ± 4.3 0.02 

GLS (%) -11.3 ± 1.4 -10.8 ± 3.0 0.68 -12.0 ± 1.9 -12.6 ± 3.5 0.72 -11.8 ± 2.2 -11.4 ± 2.0 0.57 -12.1 ± 1.6 -12.0 ± 2.6 0.89 

ś (mm.s
-1
) 11.4 ± 2.7 10.1 ± 2.6 0.32 13.2 ± 2.6 13.7 ± 3.0 0.62 14.3 ± 3.4 11.2 ± 3.5 0.02 14.3 ± 2.6 11.5 ± 4.2 0.03 

E (mm.s
-1
) 43 ± 8 40 ± 19 0.67 48 ± 14 46 ± 14 0.68 37 ± 11 44 ±20 0.17 39 ± 8 39 ± 18 0.99 

A (mm.s
-1
) 196 ± 30 217 ± 32 0.17 254 ± 54 252 ± 62 0.89 278 ± 56 272 ± 68 0.77 280 ± 84 266 ± 49 0.56 

E/A 0.22 ± 0.04 0.18 ± 0.08 0.25 0.19 ± 0.06 0.19 ± 0.05 0.81 0.13 ± 0.03 0.17 ± 0.06 0.07 0.15 ± 0.04 0.14 ± 0.05 0.87 

E deceleration (m.s
-2
) -0.56 ± 0.18 -0.51 ± 0.25 0.61 -0.71 ± 0.29 -0.77 ± 0.40 0.62 -0.47 ± 0.24 -0.64 ± 0.38 0.12 -0.66 ± 0.34 -0.50 ± 0.31 0.19 

A deceleration (m.s
-2
) -3.8 ± 1.1 -4.8 ± 1.1 0.10 -7.0 ± 1.6 -6.4 ± 1.5 0.23 -7.2 ± 2.3 -6.7 ± 1.6 0.52 -6.3 ± 2.1 -5.8 ± 1.1 0.38 

é (mm.s
-1
) 4.1 ± 1.2 3.1 0.03 5.8 ± 1.9 5.1 ± 1.8 0.30 5.2 ± 1.4 4.3 ± 1.8 0.14 4.9 ± 1.4 3.9 ± 2.0 0.10 

á (mm.s
-1
) 19.8 ± 6.6  18.0 ± 5.3 0.53 23.2 ± 5.5 26.4 ± 5.0 0.09 27.8 ± 6.6 20.1 ± 6.5 0.004 23.9 ± 6.7 21.4 ± 7.4 0.32 

E/é 11.2 ± 3.4 13.3 ± 6.0 0.41 9.0 ± 3.3 9.7 ± 3.5 0.55 6.5 ± 3.3 11.4 ± 6.0 0.008 9.2 ± 3.2 12.4 ± 7.3 0.11 

IVRT (ms) 48 ± 4 64 ± 11  0.007 48 ± 8 59 ± 12 0.003 48 ± 8 67 ± 12 <0.0001 51 ± 7 72 ± 8 <0.0001 

IVCT (ms) 28 ± 6 31 ± 6 0.28 27 ± 5 26 ± 5 0.54 32 ± 6 32 ± 6 0.91 24 ± 5 26 ± 7 0.33 

ET (ms) 178 ± 26 153 ± 26 0.06 157 ± 23 152 ± 35 0.65 138 ± 18 149 ± 24 0.14 153 ± 29 158 ± 23 0.60 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution. The two sample populations are 
assumed to have unequal variance, as they are not genetically identical. 
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Supplemental Table 6.5: Supplementary echocardiographic data from the natural history study of male ttna
e105-tv

 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=10 

Heterozygote 
N=10 

P  
value† 

Wildtype 
N=16 

Heterozygote 
N=20 

P  
value† 

Wildtype 
N=15 

Heterozygote 
N=18 

P  
value† 

Wildtype 
N=15 

Heterozygote 
N=18 

P  
value† 

E (mm.s
-1
) 43 ± 8 40 ± 19 0.67 48 ± 14 46 ± 14 0.68 37 ± 11 44 ±20 0.17 39 ± 8 39 ± 18 0.99 

A (mm.s
-1
) 196 ± 30 217 ± 32 0.17 254 ± 54 252 ± 62 0.89 278 ± 56 272 ± 68 0.77 280 ± 84 266 ± 49 0.56 

E/A 0.22 ± 0.04 0.18 ± 0.08 0.25 0.19 ± 0.06 0.19 ± 0.05 0.81 0.13 ± 0.03 0.17 ± 0.06 0.07 0.15 ± 0.04 0.14 ± 0.05 0.87 

é (mm.s
-1
) 4.1 ± 1.2 3.1 ± 0.6 0.03 5.8 ± 1.9 5.1 ± 1.8 0.30 5.2 ± 1.4 4.3 ± 1.8 0.14 4.9 ± 1.4 3.9 ± 2.0 0.10 

á (mm.s
-1
) 19.8 ± 6.6  18.0 ± 5.3 0.53 23.2 ± 5.5 26.4 ± 5.0 0.09 27.8 ± 6.6 20.1 ± 6.5 0.004 23.9 ± 6.7 21.4 ± 7.4 0.32 

é/á 0.22 ± 0.06 0.18 ± 0.07 0.30 0.26 ± 0.10 0.20 ± 0.07 0.05 0.20 ± 0.06 0.22 ± 0.07 0.25 0. ± 0. 0.18 ± 0.06 0.07 

SRe (s
-1
) 0.49 ± 0.16 0.50 ± 0.09 0.80 0.61 ± 0.18 0.60 ± 0.21 0.84 0.51 ± 0.22 0.46 ± 0.22 0.56 0.73 ± 0.16 0.44 ± 0.22 0.0002 

SRa (s
-1
) 1.38 ± 0.32 1.22 ± 0.44 0.39 1.54 ± 0.25 1.48 ± 0.49 0.64 1.58 ± 0.35 1.49 ± 0.46 0.54 1.56 ± 0.36 1.25 ± 0.38 0.03 

GLVe (mm.s
-1
) -0.61 ± 0.16 -0.65 ± 0.22 0.71 -0.58 ± 0.15 -0.54 ± 0.18 0.54 -0.84 ± 0.33 -0.57 ± 0.23 0.01 -0.77 ± 0.31 -0.64 ± 0.16 0.18 

GLVa (mm.s
-1
) -0.67 ± 0.27 -0.68 ± 0.31 0.99 -0.75 ± 0.20 -0.85 ± 0.28 0.23 -0.90 ± 0.27 -0.81 ± 0.34 0.42 -0.95 ± 0.35 -0.69 ± 0.27 0.03 

E/SRe (cm) 10.38 ± 5.62 8.40 ± 4.77 0.43 8.33 ± 3.10 8.69 ± 4.04 0.77 8.19 ± 3.54 11.01 ± 5.34 0.07 5.64 ± 2.03 12.27 ± 10.71 0.02 

E/GLVe -82.78 ± 56.86 -70.26 ± 41.36 0.60 -90.06 ± 37.88 -92.61 ± 36.80 0.84 -49.90 ± 25.10 -94.23 ± 64.98 0.02 -58.81 ± 26.09 -64.60 ± 32.15 0.58 

A/SRa (cm) 14.98 ± 4.57 19.05 ± 4.99 0.09 16.97 ± 4.43 17.84 ± 4.78 0.58 18.25 ± 5.03 19.94 ± 8.71 0.50 18.28 ± 4.71 22.95 ± 7.53 0.04 

A/GLVa -318 ± 121 -380 ± 161 0.74 -355 ± 96 -314 ± 102 0.23 -341 ± 138 -429 ± 353 0.35 -318 ± 107 -423 ± 138 0.02 

GLSR systole (s
-1
) -1.29 ± 0.25 -1.16 ± 0.22 0.28 -1.40 ± 0.22 -1.43 ± 0.20 0.64 -1.42 ± 0.29 -1.23 ± 0.23 0.04 -1.47 ± 0.24 -1.33 ± 0.34 0.21 

GLV systole (mm.s
-1
) 1.05 ± 0.21 1.12 ± 0.30 0.56 1.11 ± 0.27 1.27 ± 0.32 0.12 1.37 ± 0.47 1.07 ± 0.65 0.15 1.48 ± 0.29 1.13 ± 0.32 0.003 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution. The two populations are assumed 
to have unequal variance, as they are not genetically identical. 



 

285 

Supplemental Table 6.6: P values and F statistics for the 2-way ANOVA analysis of the 
effect of genotype (ttna

e105-tv
 vs. wildtype) and age on parameters of cardiac structure and 

function. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variable Genotype Age Genotype*Age 

Weight 0.328 
F1=0.964 

<0.001 
F3=46.255 

0.210 
F3=1.534 

Length 0.613 
F1=0.257 

<0.001 
F3=43.878 

0.853 
F3=0.261 

BSA 0.345 
F1=0.899 

<0.001 
F3=47.773 

0.207 
F3=1.543 

HR 0.367 
F1=0.819 

0.002 
F3=5.463 

0.007 
F3=4.244 

VAd/BSA 0.136 
F1=2.258 

0.054 
F3=2.620 

0.396 
F3=0.999 

VAs/BSA 0.023 
F1=5.314 

0.030 
F3=3.088 

0.219 
F3=1.497 

EDDLONG / BSA 0.459 
F1=0.551 

0.001 
F3=5.925 

0.071 
F3=2.410 

EDDSHORT / BSA 0.055 
F1=3.772 

<0.001 
F3=6.454 

0.404 
F3=0.983 

ESDLONG / BSA 0.737 
F1=0.114 

0.363 
F3=1.076 

0.219 
F3=1.497 

ESDSHORT /BSA 0.038 
F1=4.426 

0.001 
F3=5.661 

0.022 
F3=3.329 

Atrial area / BSA 0.285 
F1=1.155 

0.168 
F3=1.717 

0.229 
F3=1.461 

EDV / BSA 0.025 
F1=5.158 

0.001 
F3=5.503 

0.486 
F3=0.818 

ESV / BSA 0.003 
F1=9.445 

0.001 
F3=5.520 

0.075 
F3=2.370 

FAC 0.154 
F1=2.065 

0.807 
F3=0.325 

0.594 
F3=0.636 

EF 0.161 
F1=1.992 

0.106 
F3=2.086 

0.687 
F3=0.495 

GLS 0.819 
F1=0.053 

0.302 
F3=1.231 

0.807 
F3=0.326 

E 0.813 
F1=0.056 

0.133 
F3=1.904 

0.491 
F3=0.810 

A 0.964 
F1=0.002 

0.001 
F3=6.082 

0.779 
F3=0.364 

E/A 0.775 
F1=0.082 

<0.001 
F3=7.817 

0.141 
F3=1.856 

é 0.005 
F1=8.272 

0.002 
F3=5.445 

0.962 
F3=0.096 

á 0.086 
F1=2.998 

0.015 
F3=3.661 

0.012 
F3=3.834 

ś 0.008 
F1=7.239 

0.037 
F3=2.925 

0.101 
F3=2.128 

E/é 0.002 
F1=10.425 

0.095 
F3=2.175 

0.274 
F3=1.314 

IVRT <0.001 
F1=83.943 

0.004 
F3=4.694 

0.156 
F3=1.778 

GLSR systole (s
-1
) 0.033 

F1=4.653 
0.048 

F3=2.725 
0.294 

F3=1.253 

SRe (s
-1
) 0.029 

F1=4.888 
0.035 

F3=2.970 
0.013 

F3=3.755 

SRa (s
-1
) 0.041 

F1=4.271 
0.147 

F3=1.823 
0.581 

F3=0.656 

GLV systole (cm.s
-1
) 0.180 

F1=1.824 
0.311 

F3=1.205 
0.024 

F3=3.286 

GLVe (cm.s
-1
) 0.026 

F1=5.061 
0.027 

F3=3.168 
0.086 

F3=2.260 

GLVa (cm.s
-1
) 0.259 

F1=1.285 
0.212 

F3=1.526 
0.086 

F3=2.258 

A/SRa (cm) 0.015 
F1=6.107 

0.095 
F3=2.175 

0.720 
F3=0.542 
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Supplemental Table 6.7: Echocardiographic data from the natural history study of male ttna

hel
 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=9 

Heterozygote 
N=10 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=11 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=9 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=12 

P  
value† 

Weight (mg) ± 523 ± 42 585 ± 66 0.03 632 ± 65 601 ± 72 0.31 776 ± 91 811 ± 106 0.44 771 ± 119 839 ± 112 0.13 

Length (mm) 30.9 ± 0.8 31.1 ± 0.8 0.55 33 ± 1.2 32.1 ± 1.2 0.32 34.0 ± 1.2 33.2 ± 4.3 0.61 35.1 ± 1.4 35.3 ± 1.6 0.05 

BSA (cm
2
) 5.51 ± 0.29 5.93 ± 0.44 0.03 6.24 ± 0.43 6.04 ± 0.48 0.31 7.14 ± 0.56 7.36 ± 0.64 0.45 7.11 ± 0.73 7.52 ± 0.67 0.09 

Heart rate (bpm) 108 ± 19 108 ± 13 0.98 109 ± 15 103 ± 18 0.39 132 ± 15 120 ± 16 0.10 146 ± 22 137 ± 21 0.15 

EDA (mm
2
) 0.97 ± 0.15 0.96 ± 0.12 0.91 1.10 ± 0.14 1.18 ± 0.13 0.21 1.21 ± 0.26 1.40 ± 0.26 0.13 1.22 ± 0.15 1.42 ± 0.25 0.03 

ESA (mm
2
) 0.64 ± 0.11 0.67 ± 0.09 0.48 0.73 ± 0.11 0.85 ± 0.14 0.04 0.81 ± 0.18 1.03 ± 0.21 0.03 0.83 ± 0.13 1.02 ± 0.22 0.02 

EDDLONG (mm) 1.18 ± 0.13 1.14 ± 0.09 0.40 1.25 ± 0.15 1.32 ± 0.11 0.26 1.30 ± 0.16 1.37 ± 0.14 0.35 1.30 ± 0.12 1.33 ± 0.13 0.47 

EDDSHORT (mm) 0.92 ± 0.09 0.92 ± 0.06 0.96 0.95 ± 0.08 1.11 ± 0.09 0.0002 1.05 ± 0.13 1.13 ± 0.19 0.35 1.02 ± 0.09 1.18 ± 0.13 0.003 

ESDLONG (mm) 0.99 ± 0.14 0.99 ± 0.10 0.93 1.05 ± 0.15 1.15 ± 0.13 0.11 1.14 ± 0.14 1.23 ± 0.08 0.07 1.15 ± 0.12 1.16 ± 0.15 0.82 

ESDSHORT (mm) 0.75 ± 0.07 0.73 ± 0.08 0.14 0.79 ± 0.09 0.97 ± 0.10 0.0005 0.80 ± 0.11 0.93 ± 0.18 0.08 0.86 ± 0.06 0.97 ± 0.09 0.002 

EDV (µL) 0.67 ± 0.14 0.69 ± 0.12 0.79 0.82 ± 0.13 0.90 ± 0.15 0.25 1.35 ± 0.35 1.69 ± 0.46 0.09 0.99 ± 0.19 1.30 ± 0.35 0.02 

ESV (µL) 0.35 ± 0.08 0.39 ± 0.08 0.28 0.43 ± 0.09 0.55 ± 0.16 0.06 0.69 ± 0.20 1.01 ± 0.34 0.03 0.51 ± 0.12 0.78 ± 0.24 0.004 

Ind. VAd (cm
2
.m

-2
) 17.50 ± 2.33 16.24 ± 2.06 0.24 17.59 ± 1.63 19.51 ± 1.61 0.01 16.88 ± 2.79 19.15 ± 3.43 0.13 17.20 ± 1.32 18.91 ± 2.85 0.08 

Ind. VAs (cm
2
.m

-2
) 11.55 ± 1.79 11.35 ± 1.54 0.81 11.59 ± 1.31 14.14 ± 2.10 0.005 11.25 ± 2.00 14.01 ± 2.68 0.02 11.67 ± 1.15 13.57 ± 2.50 0.03 

Ind. EDDLONG (mm.cm
-2
) 0.21 ± 0.02 0.19 ± 0.02 0.03 0.20 ± 0.02 0.22 ± 0.02 0.03 0.18 ± 0.02 0.19 ± 0.02 0.59 0.18 ± 0.01 0.18 ± 0.02 0.47 

Ind. EDDSHORT (mm. cm
-2
) 0.17 ± 0.01 0.16 ± 0.02 0.13 0.15 ± 0.02 0.19 ± 0.02 0.0009 0.15 ± 0.01 0.15 ± 0.03 0.5 0.15 ± 0.02 0.16 ± 0.02 0.14 

Ind. ESDLONG (mm.cm
-2
) 0.18 ± 0.02 0.17 ± 0.02 0.23 0.17 ± 0.02 0.19 ± 0.02 0.02 0.16 ± 0.01 0.17 ± 0.02 0.16 0.16 ± 0.01 0.15 ± 0.02 0.26 

Ind. ESDSHORT (mm.cm
-2
) 0.14 ± 0.01 0.14 ± 0.01 0.82 0.13 ± 0.02 0.16 ± 0.02 0.0004 0.11 ± 0.01 0.13 ± 0.03 0.17 0.12 ± 0.01 0.13 ± 0.01 0.15 

Ind. EDV (mL.m
-2
) 1.22 ± 0.23 1.17 ± 0.21 0.64 1.32 ± 0.18 1.48 ± 0.18 0.05 1.35 ± 0.35 1.69 ± 0.46 0.09 1.38 ± 0.19 1.73 ± 0.42 0.02 

Ind. ESV (mL.m
-2
) 0.63 ± 0.13 0.66 ± 0.13 0.66 0.69 ± 0.11 0.91 ± 0.24 0.02 0.69 ± 0.20 1.01 ± 0.34 0.03 0.72 ± 0.13 1.03 ± 0.28 0.004 

Atrial area LAX (mm2) 0.29 ± 0.07 0.33 ± 0.03 0.18 0.37 ± 0.05 0.38 ± 0.06 0.67 0.41 ± 0.07 0.46 ± 0.04 0.08 0.45 ± 0.06 0.48 ± 0.04 0.25 

Ind. atrial area LAX (cm
2
.m

-2
) 5.20 ± 1.38 5.52 ± 0.68 0.55 5.89 ± 0.55 6.27 ± 0.91 0.27 5.73 ± 0.71 6.29 ± 0.77 0.11 6.34 ± 0.67 6.38 ± 0.69 0.88 

Ejection fraction (%) 34.2 ± 4.5 30.8 ± 2.5 0.07 35.6 ± 4.0 30.3 ± 4.4 0.01 33.6 ± 4.0 28.4 ± 5.1 0.02 35.0 ± 2.9 29.5 ± 4.8 0.004 

FAC (%) 34.0 ± 4.0 30.0 ± 3.2 0.03 34.1 ± 4.5 27.6 ± 7.3 0.03 33.4 ± 3.1 26.7 ± 4.0 0.001 35.2 ± 3.9 29.1 ± 5.5 0.05 

GLS (%) -10.4 ± 1.7 -10.9 ± 1.4 0.56 -11.5 ± 1.8 -9.1 ± 1.6 0.004 -11.3 ± 2.2 -9.1 ± 1.6 0.02 -12.2 ± 1.6 -9.2 ± 2.9 0.006 

ś (mm.s
-1
) 12.8 ± 2.6 13.4 ± 4.5 0.75 13.5 ± 3.1 10.4 ± 2.4 0.02 14.7 ± 3.7 11.9 ± 3.2 0.10 14.4 ± 2.9 10.9 ± 2.9 0.01 

E (mm.s
-1
) 40 ± 12 39 ± 8 0.87 43 ± 12 26 ± 5 0.0008 35 ± 9 23 ± 10 0.01 39 ± 8 29 ± 10 0.03 

A (mm.s
-1
) 176 ± 38 193 ±42 0.37 251 ± 49 211 ± 32 0.04 261 ± 35 293 ± 65 0.24 267 ± 53 300 ± 40 0.11 

E/A 0.24 ± 0.11 0.21 ± 0.05 0.46 0.18 ± 0.05 0.12 ± 0.01 0.009 0.14 ± 0.03 0.08 ± 0.02 0.0003 0.15 ± 0.03 0.10 ± 0.03 0.001 

E deceleration (m.s
-2
) -0.74 ± 0.31 -0.66 ± 0.17 0.49 -0.69 ± 0.32 -0.29 ± -0.31 0.01 -0.45 ± 0.26 -0.32 ± 0.08 0.14 -0.71 ± 0.39 -0.37 ± 0.17 0.02 

A deceleration (m.s
-2
) -4.0 ± 1.0 -4.9 ± 1.5 0.16 -7.1 ± 1.6 -5.3 ± 1.3 0.01 -6.6  ± 1.5 -7.1 ± 2.1 0.61 -6.1 ± 1.5 -7.4 ± 1.3 0.06 

é (mm.s
-1
) 4.8 ± 1.5 4.0 ± 1.7 0.32 6.2 ± 2.1 4.3 ± 1.3 0.02 5.3 ± 1.7 5.5 ± 2.0 0.77 5.0 ± 1.5 4.6 ± 1.3 0.55 

á (mm.s
-1
) 22.5 ± 5.1 24.8 ± 10.8 0.57 24.1 ± 6.0 20.9 ± 6.3 0.25 27.2 ± 6.6 27.7 ± 12.6 0.92 24.7 ± 7.4 21.6 ± 12.4 0.52 

E/é 8.9 ± 3.2 11.6 ± 6.5 0.28 7.4 ± 2.3 6.9 ± 3.1 0.64 5.7 ± 2.8 4.9 ± 3.1 0.54 9.3 ± 3.7 6.2 ± 2.3 0.03 

IVRT (ms) 51 ± 5 64 ± 12 0.01 46 ± 9 68 ± 11 0.0001 48 ± 9 73 ± 8 <0.0001 51 ± 8 65 ± 8 0.0003 

IVCT (ms) 29 ± 6 32 ± 4 0.16 28 ± 5 31 ± 4 0.12 30 ± 5 36 ± 6 0.07 23 ± 3 25 ± 6 0.34 

ET (ms) 158 ± 20 140 ± 19 0.06 163 ± 24 159 ± 18 0.68 134 ± 15 145 ± 14 0.12 144 ± 22 156 ± 24 0.22 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution. The two sample populations are 
assumed to have unequal variance, as they are not genetically identical. 
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Supplemental Table 6.8: Supplementary echocardiographic data from the natural history study of male ttna
hel

 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=9 

Heterozygote 
N=10 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=11 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=9 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=12 

P  
value† 

E (mm.s
-1
) 40 ± 12 39 ± 8 0.87 43 ± 12 26 ± 5 0.0008 35 ± 9 23 ± 10 0.01 39 ± 8 29 ± 10 0.03 

A (mm.s
-1
) 176 ± 38 193 ±42 0.37 251 ± 49 211 ± 32 0.04 261 ± 35 293 ± 65 0.24 267 ± 53 300 ± 40 0.11 

E/A 0.24 ± 0.11 0.21 ± 0.05 0.46 0.18 ± 0.05 0.12 ± 0.01 0.009 0.14 ± 0.03 0.08 ± 0.02 0.0003 0.15 ± 0.03 0.10 ± 0.03 0.001 

é (mm.s
-1
) 4.8 ± 1.5 4.0 ± 1.7 0.32 6.2 ± 2.1 4.3 ± 1.3 0.02 5.3 ± 1.7 5.5 ± 2.0 0.77 5.0 ± 1.5 4.6 ± 1.3 0.55 

á (mm.s
-1
) 22.5 ± 5.1 24.8 ± 10.8 0.57 24.1 ± 6.0 20.9 ± 6.3 0.25 27.2 ± 6.6 27.7 ± 12.6 0.92 24.7 ± 7.4 21.6 ± 12.4 0.52 

é/á 0.22 ± 0.07 0.20 ± 0.13 0.68 0.27 ± 0.12 0.21 ± 0.08 0.18 0.20 ± 0.07 0.22 ± 0.07 0.64 0.27 ± 0.12 0.29 ± 0.20 0.86 

SRe (s
-1
) 0.59 ± 0.13 0.45 ± 0.23 0.15 0.54 ± 0.15 0.43 ± 0.12 0.09 0.47 ± 0.22 0.57 ± 0.26 0.39 0.74 ± 0.15 0.63 ± 0.24 0.37 

SRa (s
-1
) 1.29 ± 0.51 1.22 ± 0.29 0.74 1.53 ± 0.29 0.99 ± 0.35 0.001 1.58 ± 0.29 1.22 ± 0.57 0.11 1.57 ± 0.41 1.13 ± 0.44 0.02 

GLVe (mm.s
-1
) -0.62 ± 0.19 -0.54 ± 0.20 0.42 -0.58 ± 0.16 -0.87 ± 0.93 0.35 -0.96 ± 0.31 -0.86 ± 0.32 0.50 -0.87 ± 0.31 -0.80 ± 0.30 0.59 

GLVa (mm.s
-1
) -0.52 ± 0.17 -0.72 ± 0.20 0.15 -0.72 ± 0.18 -0.52 ± 0.14 0.01 -0.93 ± 0.31 -0.78 ± 0.15 0.16 -0.97 ± 0.41 -0.88 ± 0.24 0.53 

E/SRe (cm) 6.96 ± 2.16 10.38 ± 4.25 0.05 8.62 ± 3.49 6.77 ± 3.23 0.22 8.70 ± 4.01 5.08 ± 4.04 0.07 5.40 ± 1.40 5.19 ± 2.59 0.82 

E/GLVe -67.31 ± 22.35 -80.19 ± 32.09 0.34 -80.29 ± 
30.86 

-44.72 ± 22.15 0.007 -39.20 ± 14.99 -29.44 ± 21.54 0.29 -50.43 ± 21.68 -45.65 ± 29.17 0.67 

A/SRa (cm) 15.85 ± 6.71 16.56 ± 4.75 0.80 16.85 ± 4.34 23.38 ± 7.30 0.03 16.87 ± 2.63 28.43 ± 13.38 <0.05 17.54 ± 3.50 29.65 ± 1.92 0.004 

A/GLVa -333 ± 173 -281 ± 86 0.43 -364 ± 92 -459 ± 224 0.24 -314 ± 126 -397 ± 149 0.22 -309 ± 106 -385 ± 218 0.31 

GLSR systole (s
-1
) -1.10 ± 0.19 -1.28 ± 0.19 0.07 -1.32 ± 0.22 -1.05 ± 0.23 0.01 -1.49 ± 0.30 -1.23 ± 0.35 0.10 -1.49 ± 0.27 -1.30 ± 0.30 0.13 

GLV systole (mm.s
-1
) 1.02 ± 0.28 1.04 ± 0.13 0.87 1.08 ± 0.29 0.96 ± 0.29 0.35 1.54 ± 0.42 1.46 ± 0.50 0.69 1.55 ± 0.28 1.37 ± 0.47 0.27 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution.  
The two populations are assumed to have unequal variance, as they are not genetically identical. 
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Supplemental Table 6.9: P values and F statistics for the 2-way ANOVA analysis of the 
effect of genotype (ttna

hel
 vs. wildtype) and age on parameters of cardiac structure and 

function. 

Variable Genotype Age Genotype*Age 

Weight 0.090 
F1=2.945 

<0.001 
F3=40.120 

0.258 
F3=1.372 

Length 0.599 
F1=0.279 

<0.001 
F3=20.134 

0.736 
F3=0.424 

BSA 0.090 
F1=2.943 

<0.001 
F3=41.426 

0.231 
F3=1.466 

HR 0.094 
F1=2.885 

<0.001 
F3=18.928 

0.780 
F3=0.363 

VAd/BSA 0.029 
F1=4.953 

0.166 
F3=1.739 

0.090 
F3=2.249 

VAs/BSA <0.001 
F1=16.428 

0.122 
F3=1.996 

0.091 
F3=2.239 

EDDLONG / BSA 0.807 
F1=0.06 

<0.001 
F3=13.768 

0.005 
F3=4.656 

EDDSHORT / BSA 0.017 
F1=5.936 

0.011 
F3=3.979 

0.010 
F3=4.054 

ESDLONG / BSA 0.420 
F1=0.657 

0.001 
F3=5.676 

0.009 
F3=4.137 

ESDSHORT /BSA <0.001 
F1=14.540 

<0.001 
F3=8.443 

0.009 
F3=4.143 

Atrial area / BSA 0.007 
F1=7.683 

0.023 
F3=3.380 

0.895 
F3=0.201 

EDV / BSA 0.004 
F1=9.055 

0.002 
F3=5.649 

0.142 
F3=1.870 

ESV / BSA <0.001 
F1=21.638 

0.006 
F3=4.422 

0.130 
F3=1.943 

FAC <0.001 
F1=33.806 

0.315 
F3=1.202 

0.774 
F3=0.371 

EF <0.001 
F1=26.090 

0.611 
F3=0.609 

0.867 
F3=0.242 

GLS <0.001 
F1=15.293 

0.917 
F3=0.170 

0.063 
F3=2.534 

E <0.001 
F1=21.625 

0.017 
F3=3.648 

0.068 
F3=2.484 

A 0.304 
F1=1.073 

<0.001 
F3=20.071 

0.033 
F3=3.080 

E/A <0.001 
F1=18.437 

<0.001 
F3=19.678 

0.834 
F3=0.287 

é 0.159 
F1=2.025 

0.278 
F3=1.309 

0.094 
F3=2.212 

á 0.906 
F1=0.014 

0.312 
F3=1.212 

0.790 
F3=0.349 

ś 0.02 
F1=5.699 

0.605 
F3=0.619 

0.333 
F3=1.155 

E/é 0.727 
F1=0.123 

0.001 
F3=6.448 

0.143 
F3=1.869 

IVRT <0.001 
F1=83.948 

0.667 
F3=0.525 

0.139 
F3=1.891 

GLSR systole (s
-1
) 0.024 

F1=5.316 
0.018 

F3=3.575 
0.036 

F3=2.992 

SRe (s
-1
) 0.146 

F1=2.160 
0.004 

F3=4.751 
0.219 

F3=1.510 

SRa (s
-1
) <0.001 

F1=15.749 
0.620 

F3=0.596 
0.297 

F3=1.251 

GLV systole (cm.s
-1
) 0.239 

F1=1.409 
<0.001 

F3=11.005 
0.841 

F3=0.278 

GLVe (cm.s
-1
) 0.892 

F1=0.019 
0.082 

F3=2.321 
0.361 

F3=1.086 

GLVa (cm.s
-1
) 0.151 

F1=2.1094 
<0.001 

F3=7.663 
0.173 

F3=1.706 

A/SR (cm) <0.001 
F1=21.993 

0.012 
F3=3.911 

0.067 
F3=2.495 
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Supplemental Table 7.1: Echocardiographic data from the natural history study of male ttna
e201-tv

 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=10 

Heterozygote 
N=10 

P  
value† 

Wildtype 
N=10 

Heterozygote 
N=13 

P  
value† 

Wildtype 
N=10 

Heterozygote 
N=12 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=15 

P  
value† 

Weight (mg) 488 ± 80 556 ± 111 0.15 562 ± 93 573 ± 73 0.74 670 ± 105 636 ± 88 0.42 748 ± 119 667 ± 100 0.08 

BSA (cm
2
) 5.19 ± 0.57 6.26 ± 1.23 0.03 5.76 ± 0.63 5.84 ± 0.49 0.74 6.48 ± 0.67 6.26 ± 0.57 0.42 6.96 ± 0.74 6.46 ± 0.65 0.09 

Heart rate (bpm) 112 ± 21 99 ± 10 0.11 118 ± 18 111 ± 20 0.37 141 ± 29 138 ± 18 0.79 122 ± 17 136 ± 20 0.08 

VAd (mm
2
) 0.90 ± 0.19 0.93 ± 0.15 0.84 1.07 ± 0.16 1.18 ± 0.18 0.17 1.14 ± 0.17 1.31 ± 0.23 0.06 1.25 ± 0.24 1.46 ± 0.31 0.06 

VAs (mm
2
) 0.59 ± 0.15 0.61 ± 0.12 0.76 0.71 ± 0.10 0.82 ± 0.14 0.03 0.75 ± 0.12 0.95 ± 0.25 0.02 0.80 ± 0.14 1.06 ± 0.29  0.006 

EDDLONG (mm) 1.14 ± 0.11 1.18 ± 0.14 0.55 1.21 ± 0.06 1.31 ± 0.16 0.07 1.29 ± 0.11 1.31 ± 0.15 0.64 1.30 ± 0.14 1.52 ± 0.16 0.001 

EDDSHORT (mm) 0.86 ± 0.16 0.94 ± 0.12 0.21 0.96 ± 0.12 1.14 ± 0.14 0.004 0.92 ± 0.13 1.13 ± 0.13 0.001 0.95 ± 0.12 1.10 ± 0.20 0.03 

ESDLONG (mm) 0.98 ± 0.13 1.02 ± 0.17 0.54 1.01 ± 0.08 1.18 ± 0.11 0.0004 1.08 ± 0.15 1.13 ± 0.16 0.40 1.09 ± 0.16 1.34 ± 0.13 0.0006 

ESDSHORT (mm) 0.73 ± 0.09 0.77 ± 0.09 0.26 0.79 ± 0.06 0.95 ± 0.15 0.004 0.77 ± 0.12 0.95 ± 0.20 0.02 0.77 ± 0.11 0.97 ± 0.20 0.003 

EDV (µL) 0.62 ± 0.21 0.63 ± 0.13 0.90 0.82 ± 0.22 0.91 ± 0.23 0.35 0.87 ± 0.25 1.12 ± 0.30 0.05 1.04 ± 0.30 1.22 ± 0.44 0.23 

ESV (µL) 0.35 ± 0.14 0.34 ± 0.13 0.91 0.42 ± 0.10 0.49 ± 0.16 0.19 0.45 ± 0.12 0.69 ± 0.29 0.02 0.51 ± 0.12 0.74 ± 0.36 0.03 

Ind. VAd (cm
2
.m

-2
) 17.07 ± 2.88 15.68 ± 2.89 0.30 18.67 ± 2.10 20.12 ± 2.65 0.16 17.58 ± 2.11 20.88 ± 2.79 0.005 17.88 ± 2.31 22.61 ± 4.07 0.001 

Ind. VAs (cm
2
.m

-2
) 11.09 ± 1.98 10.22 ± 2.03 0.34 12.24 ± 1.25 14.03 ± 2.08 0.02 11.56 ± 1.55 15.05 ± 3.11 0.003 11.50 ± 1.39 16.44 ± 3.88 0.0002 

Ind. EDDLONG (mm.cm
-2
) 0.22 ± 0.02 0.20 ± 0.03 0.16 0.21 ± 0.02 0.22 ± 0.03 0.21 0.20 ± 0.02 0.21 ± 0.02 0.16 0.19 ± 0.02 0.24 ± 0.03 <0.0001 

Ind. EDDSHORT (mm. cm
-2
) 0.16 ± 0.03 0.16 ± 0.03 0.80 0.17 ± 0.02 0.20 ± 0.02 0.003 0.14 ± 0.02 0.18 ± 0.02 0.0001 0.14 ± 0.02 0.17 ± 0.02 0.0003 

Ind. ESDLONG (mm.cm
-2
) 0.19 ± 0.02 0.17 ± 0.03 0.30 0.18 ± 0.02 0.20 ± 0.02 0.007 0.17 ± 0.02 0.18 ± 0.02 0.10 0.16 ± 0.02 0.21 ±0.02 <0.0001 

Ind. ESDSHORT (mm.cm
-2
) 0.14 ± 0.02 0.13 ± 0.02 0.43 0.14 ± 0.02 0.16 ± 0.02 0.01 0.12 ± 0.02 0.15 ± 0.03 0.004 0.11 ± 0.01 0.15 ± 0.03 <0.0001 

Ind. EDV (mL.m
-2
) 1.16 ± 0.34 1.05 ± 0.23 0.43 1.41 ± 0.31 1.55 ± 0.35 0.34 1.34 ± 0.34 1.78 ± 0.39 0.01 1.47 ± 0.35 1.87 ± 0.58 0.04 

Ind. ESV (mL.m
-2
) 0.65 ± 0.20 0.57 ± 0.18 0.36 0.73 ± 0.13 0.84 ± 0.25 0.17 0.69 ± 0.17 1.09 ± 0.40 0.007 0.73 ± 0.14 1.14 ± 0.51 0.008 

Atrial area LAX (mm2) 0.37 ± 0.04 0.34 ± 0.08 0.31 0.35 ± 0.06 0.34 ± 0.07 0.81 0.45 ± 0.08 0.43 ± 0.07 0.62 0.50 ± 0.07 0.42 ± 0.06 0.01 

Ind. atrial area LAX (cm
2
.m

-2
) 6.34 ± 1.06 6.47 ± 1.01 0.78 6.10 ± 0.93 5.90 ± 1.18 0.66 6.89 ± 0.76 6.91 ± 0.88 0.95 7.29 ± 1.05 6.59 ± 0.92 0.09 

Ind. atrial area SAX (cm
2
.m

-2
) 6.83 ± 1.61 7.27 ± 1.23 0.50 5.88 ± 0.92 6.38 ± 0.62 0.18 6.64 ± 0.49 5.71± 0.69 0.04 7.58 ± 0.95 6.95 ± 0.83 0.09 

Ejection fraction (%) 33.8 ± 4.5 34.5 ± 3.9 0.71 36.1 ± 4.2 30.9 ± 2.6 0.004 33.5 ± 4.9 29.6 ± 3.6 0.05 35.5 ± 4.3 29.1 ± 6.2 0.005 

FAC (%) 35.0 ± 4.8 35.0 ± 4.5 0.99 34.4 ± 2.0 30.4 ± 2.8 0.0008 34.3 ± 2.5 29.4 ± 5.4 0.01 35.5 ± 4.1 27.6 ± 5.7 0.0004 

GLS (%) -12.9 ± 1.6 -11.5 ± 3.4 0.24 -10.9 ± 3.3 -9.5 ± 1.6 0.21 -11.7 ± 2.2 -8.7 ± 2.1 0.004 -13.5 ± 3.2 -9.3 ± 3.0 0.001 

ś (mm.s
-1
) 15.0 ± 3.9 11.1 ± 2.3 0.02 12.4 ± 3.8 8.9 ± 2.6 0.03 12.1 ± 3.2 9.0 ± 1.6 0.02 11.8 ± 2.1  8.9 ± 2.3 0.003 

E (mm.s
-1
) 34 ± 10 34 ± 9 0.99 32 ± 10 24 ± 8 0.05 32 ± 10 23 ± 9 0.05 25 ± 7 23 ± 7 0.43 

A (mm.s
-1
) 187 ± 31 175 ± 20 0.31 216 ± 28 210 ± 44 0.72 270 ± 34 230 ± 30 0.01 288 ± 54 215 ± 34 0.001 

E/A 0.18 ± 0.05 0.19 ± 0.05 0.67 0.15 ± 0.07 0.12 ± 0.06 0.20 0.09 ± 0.03 0.11 ± 0.06 0.30 0.09 ± 0.03 0.11 ± 0.03 0.13 

é (mm.s
-1
) 5.0 ± 1.1 3.7 ± 0.8 0.01 4.5 ± 2.0 3.4 ± 0.9 0.14 4.6 ± 2.7 3.9 ± 1.2 0.50 4.3 ± 0.6 3.9 ± 1.2 0.30 

á (mm.s
-1
) 27.3 ± 6.8 19.4 ± 1.6 0.005 23.6 ± 5.5 19.2 ± 3.1 0.04 26.2 ± 7.0 24.5 ± 5.8 0.54 23.8 ± 6.0 20.9 ± 6.7 0.26 

E/é 6.9 ± 1.6 9.4 ± 3.1 0.04 7.7 ± 2.7 7.5 ± 3.7 0.90 5.9 ± 2.0 5.4 ± 0.9 0.51 6.1 ± 2.4 6.3 ± 2.3 0.87 

A deceleration (m.s
-2
) -5814 ± 811 -4132 ± 666 <0.0001 -5460 ± 819 -4656 ± 572 0.02 -7262 ± 945 -5043 ± 1016 <0.0001 -8071 ± 1691 -5130 ± 1142 0.0001 

IVRT (ms) 58 ± 7 75 ± 9 0.0002 53 ± 12 66 ± 13 0.02 45 ± 9 62 ± 7 0.0002 50 ± 15 70 ± 12 0.002 

IVCT (ms) 32 ± 6 34 ± 4 0.31 33 ± 7 37 ± 7 0.19 32 ± 9 32 ± 10 0.98 33 ± 8 30 ± 9 0.31 

ET (ms) 172 ± 30 188 ± 23 0.21 179 ± 30 190 ± 45 0.50 148 ± 19 143 ± 24 0.61 163 ± 36 143 ± 23 0.13 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution. The two sample populations are 
assumed to have unequal variance, as they are not genetically identical. 
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Supplemental Table 7.2. Supplementary echocardiographic data from the natural history study of male ttna
e201-tv

 heterozygotes. 

Variable 3 month 6 month 9 month 12 month 

 Wildtype 
N=10 

Heterozygote 
N=10 

P  
value† 

Wildtype 
N=10 

Heterozygote 
N=13 

P  
value† 

Wildtype 
N=10 

Heterozygote 
N=12 

P  
value† 

Wildtype 
N=11 

Heterozygote 
N=15 

P  
value† 

E (mm.s
-1
) 34 ± 10 34 ± 9 0.99 32 ± 10 24 ± 8 0.05 32 ± 10 23 ± 9 0.05 25 ± 7 23 ± 7 0.43 

A (mm.s
-1
) 187 ± 31 175 ± 20 0.31 216 ± 28 210 ± 44 0.72 270 ± 34 230 ± 30 0.01 288 ± 54 215 ± 34 0.001 

E/A 0.18 ± 0.05 0.19 ± 0.05 0.67 0.15 ± 0.07 0.12 ± 0.06 0.20 0.09 ± 0.03 0.11 ± 0.06 0.30 0.09 ± 0.03 0.11 ± 0.03 0.13 

é (mm.s
-1
) 5.0 ± 1.1 3.7 ± 0.8 0.01 4.5 ± 2.0 3.4 ± 0.9 0.14 4.6 ± 2.7 3.9 ± 1.2 0.50 4.3 ± 0.6 3.9 ± 1.2 0.30 

á (mm.s
-1
) 27.3 ± 6.8 19.4 ± 1.6 0.005 23.6 ± 5.5 19.2 ± 3.1 0.04 26.2 ± 7.0 24.5 ± 5.8 0.54 23.8 ± 6.0 20.9 ± 6.7 0.26 

é/á 0.19 ± 0.05 0.19 ± 0.04 0.95 0.19 ± 0.06 0.18 ± 0.05 0.67 0.17 ± 0.06 0.25 ± 0.11 0.04 0.19 ± 0.04 0.20 ± 0.06 0.70 

SRe (s
-1
) 0.65 ± 0.39 0.80 ± 0.37 0.38 0.62 ± 0.23 0.53 ± 0.17 0.35 0.65 ± 0.31 0.54 ± 0.22 0.35 0.57 ± 0.33 0.57 ± 0.25 1.00 

SRa (s
-1
) 1.48 ± 0.37 1.44 ± 0.43 0.84 1.46 ± 0.25 1.08 ± 0.24 0.002 1.59 ± 0.33 1.15 ± 0.28 0.003 1.66 ± 0.48 0.91 ± 0.22 0.0003 

GLVe (mm.s
-1
) -0.68 ± 0.31 -0.52 ± 0.30 0.27 -0.75 ± 0.63 -0.48 ± 0.15 0.22 -0.86 ± 0.28 -0.61 ± 0.29 0.04 -0.85 ± 0.36 -0.65 ± 0.25 0.14 

GLVa (mm.s
-1
) -0.95 ± 0.30 -0.72 ± 0.33 0.13 -0.85 ± 0.39 -0.61 ± 0.22 0.11 -0.88 ± 0.28 -0.61 ± 0.29 0.04 -0.12 ± 0.50 -0.46 ± 0.24 0.0004 

E/SRe (cm) 6.29 ± 2.85 5.46 ± 3.36 0.56 5.65 ± 2.01 4.92 ± 2.53 0.45 6.23 ± 3.65 5.51 ± 4.25 0.67 6.19 ± 4.36 5.88 ± 4.22 0.86 

E/GLVe -58.84 ± 
28.38 

-107.40 ± 
103.58  

0.18 -74.31 ± 
62.04 

-55.66 ± 30.34 0.40 -42.51 ± 19.57 -29.95 ± 15.57 0.12 -37.94 ± 
27.09 

-50.24 ± 35.77 0.33 

A/SRa (cm) 13.20 ± 3.22 13.11 ± 4.34 0.96 15.18 ± 3.16 20.42 ± 6.89 0.03 17.59 ± 4.60 22.03± 5.03 0.04 18.65 ± 6.64 26.31 ± 10.84 0.04 

A/GLVa -220 ± 95 -285 ± 118 0.19 -299 ± 122 -382 ± 143 0.15 -335 ± 119 -532 ± 409 0.14 -276 ± 124 -639 ± 425 0.006 

GLSR systole (s
-1
) -1.60 ± 0.50 -1.38 ± 0.26 0.25 -1.41 ± 0.25  -1.03 ± 0.27 0.002 -1.47 ± 0.22 -1.13 ± 0.22 0.002 -1.41 ± 0.27 -1.09 ± 0.31 0.01 

GLV systole (mm.s
-1
) 1.15 ± 0.52 0.92 ± 0.43 0.29 1.03 ± 0.42 0.91 ± 0.27 0.46 1.31 ± 0.43 1.00 ± 0.34 0.09 1.61 ± 0.58 0.86 ± 0.30 0.002 

† Unpaired t-test assessing level of statistical significance between two means of populations that have normal distribution. The two populations are assumed 
to have unequal variance, as they are not genetically identical. 
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Supplemental Table 7.3: P values and F statistics for the 2-way ANOVA analysis of the 
effect of genotype (ttna

e201-tv
 vs. wildtype) and age on parameters of cardiac structure and 

function 

Variable Genotype Age Genotype*Age 

Weight <0.001 
F1=26.104 

<0.001 
F3=60.406 

0.18 
F3=1.649 

Length 
 

0.295 
F1=1.11 

<0.001 
F3=13.101 

0.207 
F3=1.555 

BSA <0.001 
F1=23.638 

<0.001 
F3=60.190 

0.307 
F3=1.214 

HR 0.84 
F1=0.041 

<0.001 
F3=19.784 

0.291 
F3=1.257 

VAd/BSA <0.001 
F1=25.659 

<0.001 
F3=60.190 

0.03 
F3=2.978 

VAs/BSA <0.001 
F1=53.779 

<0.001 
F3=8.814 

0.004 
F3=4.663 

EDDLONG / BSA <0.001 
F1=29.315 

<0.001 
F3=6.782 

0.015 
F3=3.616 

EDDSHORT / BSA <0.001 
F1=32.898 

<0.001 
F3=10.785 

0.044 
F3=2.763 

ESDLONG / BSA <0.001 
F1=40.966 

0.002 
F3=5.119 

0.15 
F3=1.826 

ESDSHORT /BSA <0.001 
F1=39.421 

0.007 
F3=4.209 

0.02 
F3=3.541 

Atrial area / BSA 0.003 
F1=9.066 

0.004 
F3=4.541 

0.38 
F3=1.036 

EDV / BSA <0.001 
F1=15.012 

<0.001 
F3=12.657 

0.07 
F3=2.365 

ESV / BSA <0.001 
F1=34.505 

<0.001 
F3=8.653 

0.02 
F3=3.522 

FAC <0.001 
F1=47.305 

0.012 
F3=3.797 

0.018 
F3=3.472 

EF <0.001 
F1=41.871 

0.02 
F3=3.26 

0.27 
F3=1.316 

GLS <0.001 
F1=22.755 

0.02 
F3=3.255 

0.02 
F3=3.489 

E 0.06 
F1=0.161 

0.02 
F3=0.713 

0.26 
F3=0.09 

A 0.13 
F1=2.328 

<0.001 
F3=26.648 

0.17 
F3=1.711 

E/A 0.80 
F1=0.063 

<0.001 
F3=11.012 

0.567 
F3=0.678 

é 0.02 
F1=5.456 

0.07 
F3=2.361 

0.32 
F3=1.174 

á 0.03 
F1=4.798 

0.06 
F3=2.597 

0.41 
F3=0.958 

ś 0.76 
F1=0.097 

0.01 
F3=3.702 

0.05 
F3=2.726 

E/é 0.09 
F1=2.891 

0.28 
F3=1.285 

0.40 
F3=0.988 

IVRT <0.001 
F1=61.217 

0.43 
F3=0.936 

0.16 
F3=1.731 

GLSR systole (s
-1
) <0.001 

F1=24.586 
<0.018 

F3=3.552 
0.816 

F3=0.313 

SRe (s
-1
) 0.870 

F1=0.27 
0.265 

F3=1.346 
0.445 

F3=0.899 

SRa (s
-1
) <0.001 

F1=32.907 
0.214 

F3=1.525 
0.006 

F3=4.411 

GLV systole (cm.s
-1
) <0.001 

F1=15.915 
0.123 

F3=1.980 
0.053 

F3=2.664 

GLVe (cm.s
-1
) 0.023 

F1=5.333 
0.057 

F3=2.601 
0.697 

F3=0.479 

GLVa (cm.s
-1
) <0.001 

F1=28.593 
0.555 

F3=0.699 
0.15 

F3=3.704 

A/SRa (cm) 0.002 
F1=9.893 

<0.001 
F3=8.118 

0.258 
F3=1.369 
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Supplemental Table 7.4: Cardiac output changes and augmented chamber dilatation in 6-month-old adult ttna

e201-tv 
heterozygotes as a result of 

haemolytic anaemia induced volume overload. 

Variable Baseline Post PHZ Change from baseline after PHZ 

 Wildtype 
N=20 

Heterozygote 
N=25 

P value† Wildtype 
N=20 

Heterozygote 
N=25 

P value† Wildtype 
N=20 

Heterozygote 
N=25 

P value‡ 

Heart rate and Cardiac Output 
 

Heart rate (bpm) 130 ± 19 134 ± 17 0.55 155 ± 23 144 ± 15 0.08 25 ± 34  
(**) 

11 ± 24  
(*) 

0.12 

Cardiac output (µL.min
-1

) 26 ± 8 28 ± 8 0.32 89 ± 38 77 ± 24 0.16 63 ± 36 
(****) 

49 ± 22 
(****) 

0.13 

Chamber Dimensions 
 

VAd/BSA (cm
2
.m

-2
) 

 
16.59 ± 2.46 19.36 ± 3.51 0.003 29.66 ± 5.50 37.52 ± 5.33 <0.0001 13.08 ± 5.95 

(****) 
18.16 ± 5.27 

(****) 
0.005 

VAs/BSA (cm
2
.m

-2
) 

 
10.72 ± 2.00 13.82 ± 2.68 <0.0001 20.09 ± 4.11 25.54 ± 4.04 <0.0001 9.37 ± 4.02 

(****) 
11.73 ± 4.30 

(****) 
0.05 

EDDLONG /BSA (mm.cm
-2

) 
 

0.21 ± 0.02 0.22 ± 0.02 0.08 0.28 ± 0.04 0.31 ± 0.05 0.03 0.07 ± 0.04 
(****) 

0.09 ± 0.05 
(****) 

0.16 

EDDBASE/BSA (mm.cm
-2

) 
 

0.18 ± 0.02 0.19 ± 0.03 0.01 0.23 ± 0.03 0.25 ± 0.03 0.14 0.06 ± 0.04 
(****) 

0.05 ± 0.04 
(****) 

0.85 

EDV/BSA (mL per m
2
) 

 
1.12 ± 0.28 1.45 ± 0.46 0.005 2.41 ± 0.73 3.95 ± 0.85 <0.0001 1.59 ± 0.77 

(****) 
2.50 ± 0.85 

(****) 
0.0006 

ESV/BSA (mL per m
2
) 

 
0.57 ± 0.20 0.87 ± 0.30 0.0003 1.53 ± 0.48 2.21 ± 0.51 <0.0001 0.96 ± 0.49 

(****) 
1.34 ± 0.50 

(****) 
0.02 

Atrial area LAX/BSA (cm2.m-2) 4.00 ± 0.92 4.34 ± 0.72 0.19 5.31 ± 1.52 7.58 ± 2.25 0.0002 1.31 ± 1.45 
(***) 

3.24 ± 2.06 
(****) 

0.0007 

Results reported in mean ± SD. VAd/BSA: Ventricular area at end-diastole, indexed for body surface area (cm
2
, per m

2
); VAs/BSA: Ventricular area at end-

systole, indexed for body surface area (cm
2
, per m

2
); EDDLONG/BSA: ventricular longitudinal end-diastolic distance , indexed for BSA (mm, per cm

2
); 

EDDBASE/BSA: ventricular basal end-diastolic distance , indexed for BSA (mm, per cm
2
); EDV/BSA: ventricular end-diastolic volume, indexed for body surface 

area (mL, per m
2
); ESV/BSA: ventricular end-systolic volume, indexed for body surface area (mL, per m

2
); Atrial area LAX: maximal atrial area in the LAX 

view (mm
2
); Atrial area LAX /BSA: maximal atrial area in the LAX view, indexed for body surface area (cm

2
, per m

2
); † Unpaired t-test assessing level of 

statistical significance between two means of populations that have normal distribution. ‡ For the columns under the heading “Change from baseline after 
PHZ”, the level of statistical significance of the change from baseline within each group was also calculated using a paired t-test. * P≤0.05; ** P≤0.01; *** 
P≤0.001; **** P≤0.0001. 
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Supplemental Table 7.5: Ventricular contractile dysfunction and diastolic abnormalities in 6-month-old adult ttna
e201-tv 

heterozygotes as a result of 
haemolytic anaemia induced volume overload. 

Variable Baseline Post PHZ Change from baseline after PHZ 

 Wildtype 
N=20 

Heterozygote 
N=25 

P value† Wildtype 
N=20 

Heterozygote 
N=25 

P value† Wildtype 
N=20 

Heterozygote 
N=25 

P value‡ 

Systolic function 

Ejection fraction (%) 35.1 ± 3.4 29.8 ± 6.2 0.0009 43.6 ± 4.7 31.4 ± 3.0 <0.0001 8.5 ± 5.1 
(****) 

1.6 ± 5.6 
 

<0.0001 

FAC (%) 35.6 ± 4.9 30.1 ± 6.1 0.002 48.4 ± 8.5 31.9 ± 4.6 <0.0001 12.9 ± 7.9 
(****) 

1.9 ± 7.7 <0.0001 

GLS (%) -12.8 ± 2.0 -9.9 ± 3.9 0.002 -17.5 ± 2.7 -11.6 ± 1.7 <0.0001 -4.7 ± 3.5 
(****) 

-1.7 ± 3.9 
(*) 

0.01 

GLSR (s
-1

) -1.39 ± 0.29 -1.22 ± 0.39 0.11 -1.88 ± 0.51 -1.25 ± 0.21 <0.0001 -0.50 ± 0.60 
(**) 

-0.03 ± 0.45 0.007 

ś (mm.s
-1

) 11.3 ± 2.6 10.5 ± 2.8 0.33 25.8 ± 5.5 21.2 ± 4.3 0.004 14.5 ± 4.6 
(****) 

10.7 ± 5.2 
(****) 

0.01 

Diastolic Function 

E (mm.s
-1

) 31 ± 8 33 ± 11 0.37 93 ± 26  90 ± 30 0.76 62 ± 27 
(****) 

57 ± 28 
(****) 

0.53 

A (mm.s
-1

) 240 ± 47 250 ± 64 0.54 389 ± 86 375 ± 83 0.59 149 ± 74 
(****) 

125 ± 75 
(****) 

0.29 

E/A 0.13 ± 0.04 0.14 ± 0.05 0.58 0.24 ± 0.06 0.24 ± 0.07 0.93 0.11 ± 0.06 
(****) 

0.10 ± 0.06 
(****) 

0.63 

é (mm.s
-1

) 4.4 ± 1.3 4.0 ± 1.9 0.45 11.5 ± 5.4 7.6 ± 2.6 0.007 7.2 ± 5.9 
(****) 

3.6 ± 2.5 
(****) 

0.02 

á (mm.s
-1

) 23.3 ± 7.6 19.0 ± 5.3 0.04 39.5 ± 10.5  36.5 ± 8.3 0.30 16.1 ± 11.1 
(****) 

17.5 ± 8.6 
(****) 

0.66 

E/é 7.4 ± 2.7 9.4 ± 3.9 0.05 9.5 ± 4.1 13.4 ± 8.1 0.04 2.05 ± 4.6 
(*) 

4.0 ± 7.9 
(*) 

0.32 

SRe (%.s
-1

) 0.73 ± 0.19 0.57 ± 0.42 0.12 0.82 ± 0.36 0.56  0.20 0.006 0.10 ± 0.50 
 

-0.02 ± 0.40 0.41 

SRa (%.s
-1

) 1.50 ± 0.44 1.15 ± 0.49 0.02 2.72 ± 0.76 1.49 ± 0.37 <0.0001 1.23 ± 0.73 
(****) 

0.34 ± 0.63 
(*) 

0.0001 

IVRT(ms) 47 ± 10 70 ± 11 <0.0001 51 ± 16 71 ± 14 0.0001 5 ± 20 1 ± 18 0.54 
 

Results reported in mean ± SD. FAC: ventricular fractional area change; GLS: global longitudinal strain in systole; SRe: global longitudinal strain rate in early 
diastole; SRa: global longitudinal strain rate in late diastole; IVRT: isovolumic relaxation time. † Unpaired t-test assessing level of statistical significance 
between two means of populations that have normal distribution. ‡ For the columns under the heading “Change from baseline after PHZ”, the level of 
statistical significance of the change from baseline within each group was also calculated using a paired t-test. * P≤0.05; ** P≤0.01; *** P≤0.001; **** 
P≤0.0001. 
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Supplemental Table 8.1: P values and F statistics for the 2-way ANOVA analysis of the 
effect of genotype (all four lines) and age on parameters of cardiac structure and 
function. 

 

 

Variable Genotype Age Genotype*Age 

Weight <0.001 
F4=95.259 

<0.001 
F3=12.332 

0.061 
F12=0.949 

Length <0.001 
F4=46.413 

<0.001 
F3=45.034 

0.212 
F12=1.306 

BSA <0.001 
F4=58.784 

<0.001 
F3=65.951 

0.008 
F12=2.301 

HR 0.087 
F4=2.052 

<0.001 
F3=36.736 

0.001 
F12=2.945 

VAd/BSA <0.001 
F4=10.895 

<0.001 
F3=11.094 

0.019 
F12=3.792 

VAs/BSA <0.001 
F4=17.031 

<0.001 
F3=13.785 

<0.001 
F12=5.470 

EDDLONG / BSA <0.001 
F4=33.645 

<0.001 
F3=8.759 

<0.001 
F12=4.522 

EDDSHORT / BSA <0.001 
F4=21.369 

<0.001 
F3=17.800 

0.019 
F12=3.223 

ESDLONG / BSA <0.001 
F4=26.846 

<0.001 
F3=7.623 

0.019 
F12=3.792 

ESDSHORT /BSA <0.001 
F4=18.887 

<0.001 
F3=14.357 

<0.001 
F12=3.475 

Atrial area / BSA <0.001 
F4=17.437 

0.049 
F3=2.643 

0.134 
F12=1.467 

EDV / BSA <0.001 
F4=10.043 

<0.001 
F3=22.124 

0.004 
F12=2.490 

ESV / BSA <0.001 
F4=18.210 

<0.001 
F3=21.772 

<0.001 
F12=3.732 

FAC <0.001 
F4=20.849 

0.350 
F3=1.099 

0.003 
F12=2.520 

EF <0.001 
F4=15.838 

0.027 
F3=3.097 

0.365 
F12=1.092 

GLS <0.001 
F4=12.501 

0.250 
F3=1.374 

0.041 
F12=1.839 

E <0.001 
F4=18.341 

0.708 
F3=0.464 

0.014 
F12=2.146 

A <0.001 
F4=8.009 

<0.001 
F3=17.842 

0.049 
F12=1.786 

E/A <0.001 
F4=16.770 

<0.001 
F3=12.799 

<0.001 
F12=3.288 

é <0.001 
F4=7.934 

0.001 
F3=5.812 

0.024 
F12=1.995 

á 0.003 
F4=4.144 

0.016 
F3=3.490 

0.035 
F12=1.883 

ś 0.001 
F4=5.001 

0.419 
F3=0.945 

0.029 
F12=1.938 

E/e <0.001 
F4=22.497 

0.002 
F3=5.095 

0.013 
F12=2.153 

IVRT (ms) <0.001 
F4=41.340 

0.416 
F3=0.951 

<0.001 
F12=3.226 

SR systole (s
-1
) <0.001 

F4=10.491 
0.046 

F3=2.697 
0.001 

F12=2.953 

SRe (s
-1
) 0.018 

F4=3.013 
0.209 

F3=1.519 
0.002 

F12=2.660 

SRa (s
-1
) <0.001 

F4=16.453 
0.939 

F3=0.135 
0.001 

F12=2.858 

GLV systole (cm.s
-1
) <0.001 

F4=10.048 
<0.001 

F3=11.304 
<0.001 

F12=3.670 

GLVe (cm.s
-1
) 0.009 

F4=3.446 
<0.001 

F3=9.383 
0.061 

F12=1.720 

GLVa (cm.s
-1
) <0.001 

F4=11.435 
0.007 

F3=4.125 
<0.001 

F12=3.464 

A/SRa <0.001 
F4=10.292 

<0.001 
F3=9.885 

<0.001 
F12=3.213 
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Epilogue: “The Roads Both Taken” 

 

 
Charlotte and Alex, aged 4 and 1 respectively, in 2016 

 

My dearest Charlotte and Alex, 

 

One day, while exploring our study, you may stumble across your Dad‘s doctoral thesis, 

its yellowing pages collecting dust somewhere on a long-forgotten bookshelf. But a 

thesis is more than just words and the research that it contains. Rather, it also captures 

the essence of a person and embodies the decisions one makes during the long years of 

study. So I thought I‘d hide a little note in this time-capsule of a book for your future 

selves. Because, at some point in your lives, you will probably find yourselves in a 

situation where you may need to make some difficult life choices. And I want you to 

know that I was also once in a similar position – so that you can learn from my own 

experience and what I did when times were not easy.  

 

You may recall that, during your early childhood, I spent many hours away from home 

working on my ―book‖. There were weeks when I simply was not around at all, and you 

could not understand why. You may also remember that I was incredibly unhappy - 

wishing that I could have spent more time with you but also finding it very difficult 

balancing the life of being a clinician as well as a top-tier scientist. Deep down in my 

heart, I knew that my true calling was in clinical medicine and that was where I 

belonged. But once upon a time, I had been also lured in by Science, which asked me to 

work on a project that was really unique.  
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One day, you will realise that the profession of clinical medicine allows most doctors to 

have a happy working life and home. Life in Medicine is busy, but it is very fulfilling.  

But Science will constantly ask that you place it above everything else, and tempt you 

into sacrificing all that you hold dear. To be a successful clinician and a scientist, and, 

on top of that, also have a happy home, that is infinitely times harder.  

 

I once read a poem which I think will have enormous meaning for you as you learn to 

find your place in the world, on the path unwinding: 

 

The Road Not Taken by Robert Frost (1916) 

 

Two roads diverged in a yellow wood, 

And sorry I could not travel both 

And be one traveller, long I stood 

And looked down one as far as I could 

To where it bent in the undergrowth; 

 

Then took the other, as just as fair, 

And having perhaps the better claim, 

Because it was grassy and wanted wear; 

Though as for that the passing there 

Had worn them really about the same, 

 

And both that morning equally lay 

In leaves no step had trodden black. 

Oh, I kept the first for another day! 

Yet knowing how way leads on to way, 

I doubted if I should ever come back. 

 

I shall be telling this with a sigh 

Somewhere ages and ages hence: 

Two roads diverged in a wood, and I— 

I took the one less travelled by, 

And that has made all the difference. 
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Those two roads for me were Medicine and Science. I once stood at this fork, eager to 

join the ever-dwindling ranks of eminent Australian clinician-scientists. Before I started 

on my journey, Science was the road that looked grassy and wanted wear, probably 

because there were not many people who trod down this road. But I could not leave the 

other path behind. 

 

So, for a while, I took both roads. I tried to be both a clinician and a scientist at the same 

time. In doing so, I constantly had to traverse the metaphorical wilderness between 

these two worlds – through the thornbushes and the mud – in the forlorn hope of 

keeping open a fordable trail between the two, and all the while trying to leave 

encouraging signposts along the way for other aspiring clinician-scientists who might 

also want to set out on a similar journey in the future.  

 

You may ask me one day why I persisted in a job that, for a whole variety of reasons, 

presented a much more difficult path than what most other cardiologists were taking. I 

offer this reason: Sometimes, in your life, you have to seek obstacles and difficulties in 

order to grow. True metamorphosis, both personal and professional can only occur 

when you encounter challenges, as it is the difficulty you experience during your time in 

that proverbial crucible that ends up helping you become greater than what you were 

when you started. And if you do things right, it also helps you to make a difference. 

That‘s the main reason why I stayed. But there were other reasons. I also stayed out of 

loyalty to a few people whom I deeply admired. And this job, for a while, gave me 

some flexibility in work schedule so that I could look after you when you needed me 

most, especially when you were very little. For that I am truly grateful. 

 

So, Charlotte and Alex, when the going gets tough, I want you to evaluate the situation 

in which you find yourselves, and try to see the bigger picture. If the hardship is likely 

to be only temporary, and there is a much larger potential long-term benefit, sometimes 

you will need to put your head down and get on with it. Work hard and put your skills to 

their best use. Make the most out of a challenging situation. Stand tall. Be firm with 

your convictions. In this way, others will notice you and respect you for it, and you will 

hopefully be able to effect positive change in those around you.  

 



 

298 

But above all else, remember who you are and what makes you happy. A job that asks 

you to sacrifice what you hold most dear is a very risky profession. You have to give 

yourself very good reasons if you want to stay. Sometimes you need to have the courage 

to walk away.  

 

When life gets hard, I want you to trust that good things will eventually come to people 

who have a good heart, who try to do good things, and who offer their all despite what 

goes on around them. Because in this world - even in Science - there are still good 

people out there who will look out for you, and you have to believe that these people 

will help you when you need it most. 

 

At the end of the day, when it came to my own choice and ―the road not taken‖, taking 

both roads, even if only for a short while, provided me with a special perspective. It 

made me different from many others in my field and helped me become a valued 

member of the medical community. And hopefully by the time you are old enough to 

read this and understand what I am trying to say, you will agree… 

 

…that I, once upon a time, took both roads, and that has made all the difference.   

 

I love you both so very much, 

  

  

 

 

 

Daddy 

 

March 2018 

 
 
 
 


