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Abstract

Pioneers in congenital heart surgery observed that exercise capacity did not return to normal levels 

despite successful surgical repair, leading some to cite a “myocardial factor” playing a role. They 

conjectured that residual alterations in myocardial function would be significant for patients’ long-

term outlook. In fulfillment of their early observations, today’s adult congenital heart disease 

(ACHD) population shows well-recognized features of heart failure, even among patients without 

clear residual anatomic or hemodynamic abnormalities, demonstrating the vital role of the 

myocardium in their morbidity and mortality. Whereas the ‘myocardial factor’ was an elusive 

concept in the early history of congenital heart care, we now have imaging techniques to detect 

and quantify one such factor – myocardial fibrosis. Understanding the importance of myocardial 

fibrosis as a final common pathway in a variety of congenital lesions provides a framework for 

both the study and treatment of clinical heart failure in this context. While typical heart failure 

pharmacology should reduce or attenuate fibrogenesis, efforts to show meaningful improvements 

with standard pharmacotherapy in ACHD repeatedly fall short. This paper considers the 

importance of myocardial fibrosis and function, the current body of evidence for myocardial 

fibrosis in ACHD, and its implications for research and treatment.
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Introduction

Heart failure is an increasingly common cause of late morbidity and mortality among the 

rising number of adults with congenital heart disease (ACHD), which affects over 1,000,000 

adults in the United States,1 with similarly large populations throughout the world.2, Patients 
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with cyanotic heart disease, tetralogy of Fallot, systemic right ventricle (RV) related to 

transposition of the great arteries and single ventricle patients after Fontan palliation are at 

particularly high risk for heart failure and its complications. Physiologic definitions of heart 

failure focus on the heart’s inability to meet the requirements of the metabolizing tissues. 

How to define heart failure in ACHD is a challenge, particularly since many younger 

patients do not exhibit decompensated HF despite significant alterations in myocardial 

structure and function. (Burchill, in press) This discussion focuses specifically on 

myocardial dysfunction in ACHD and what is now known about its causes and treatments.

The “Myocardial Factor”

In the 1960s, successful application of cardiopulmonary bypass paved the way for surgical 

repair of congenital heart defects.3 Success was indisputable, giving rise to a new generation 

of congenital heart survivors. Yet as more patients underwent repair, several groups made 

the early observation that cardiovascular performance in operative survivors was still below 

expectations for normal individuals. The first case report of this nature involved a man with 

pulmonary stenosis who presented six years after surgical repair with atrial flutter and 

“grossly impaired cardiac function, despite satisfactory relief of pulmonary valvular 

obstruction.”4 This publication, entitled, “The importance of the myocardial factor in 

determining the clinical course and surgical results” (italics added), was perhaps the first 

report to highlight the discrepancy between anatomic repair and cure, including a discussion 

on the vulnerability of the myocardium despite successful relief of obstruction. The authors 

postulated that “the status of the myocardium is the final determinant of the clinical course 

and prognosis.” Although acknowledging their patient was older at the time of repair, they 

wisely surmised, “it is unjust to conclude that youth protects the myocardium.”

Further reports of reduced exercise capacity in young congenital patients emerged in the 

years that followed.5 Focused studies in patients with atrial septal defects and tetralogy of 

Fallot in particular demonstrated poor exercise capacity and/or exercise hemodynamics after 

corrective surgery, despite excellent function at rest.6 Others demonstrated lower left 

ventricular ejection fraction in corrected tetralogy of Fallot,7 even though the left ventricle 

was not as directly affected by the initial anatomic defect. Borrowing the term that had often 

been used in conjunction with mitral valve disease, there was growing recognition of the 

importance of the “myocardial factor” as a determinant of postoperative functional 

capacity.8 They emphasized that repair of the anatomic defect could not be equated with a 

normally functioning heart and that correction of the hemodynamics was not in itself 

sufficient to restore full cardiovascular function.

In pursuit of the ‘myocardial factor,’ researchers employed available techniques such as 

electron microscopy to study pathologic changes occurring in the myocardium of these CHD 

survivors.9 Comparing histology sections from young and old patients, a 1977 study found 

interstitial fibrosis and myofibrillar changes in older patients after repair.8 Like those before 

them, they concluded that these surgeries, despite successful repair, “fail to obtain 

functionally satisfactory results because of poor myocardial function, arrhythmias or 

inadequately explained sudden death.”8
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While these observations made at the dawn of congenital heart intervention may seem self-

evident to providers today, they were astute, valuable, and even prophetic of future insight 

into myocardial performance and its central importance in protecting against arrhythmia and 

sudden death. One statement seems particularly relevant: “Myocardial function is becoming 

a most important factor in determining the long-term prognosis of patients with such 

lesions.”8

The heart failure problem in today’s ACHD population

In the contemporary era we now recognize the myocardium as a major determinant of late 

morbidity and mortality in congenital heart survivors, whose prognosis is tied to the 

myocardial function as foretold. ACHD patients demonstrate many of the defining features 

of heart failure, including reduced NYHA functional class, ventricular dysfunction, reduced 

peak oxygen uptake, and neurohormonal activation.10, 11 Among the 137,000 ACHD 

patients hospitalized in the United States between 1998 and 2005, 28% carried a diagnosis 

of heart failure. Dubbed “the original heart failure syndrome,”12 congenital heart disease 

continues to be increasingly recognized as a potential cause of myocardial dysfunction, 

clinical heart failure, and early death.

A congenital heart failure phenotype was brought into focus over a decade ago with the 

published report of neurohormonal activation in ACHD, namely elevated levels of renin, 

aldosterone, norepinephrine, and endothelin.10 Contemporary research continues to shed 

new light on heart failure and how it manifests in ACHD patients, including changes in 

exercise capacity, ventricular function, neurohormone release, and the propensity for 

arrhythmias.[Stout et al, in press] The interplay between these changes is complex and 

emphasizes the importance of recognizing heart failure as a manifestation of a series of 

maladaptive processes, all of which need to be addressed to improve myocardial 

performance, functional capacity, and health outcomes.

Several clinical features of the ACHD population that mirror other heart failure cohorts are 

worth highlighting. First, exercise capacity is reduced. Measured peak oxygen consumption 

in ACHD patients are similar to CHF patients, despite the fact that the ACHD patients are 

25 years younger on the whole.13 Second, systolic dysfunction is reduced, especially in 

certain populations.14 At our institution, RV and LV ejection fraction measured by MRI in 

188 consecutive unselected ACHD patients was were below normal in 57% and 31% of 

patients respectively (Figure 1). Third, biomarker elevations are present, most notably 

related to brain natriuretic peptide elevations across the spectrum of congenital 

defects.10, 15–18 Fourth, both supraventricular and ventricular tachycardia are common19, 20 

and likely relate in part to ventricular dysfunction.21, 22 In particular, a relationship between 

ventricular function and arrhythmia has been shown in the atrial switch population23 and in 

tetralogy of Fallot. In fact, ventricular arrhythmias in tetralogy have a stronger relationship 

to left ventricular dysfunction than to a prior right ventriculotomy incision or even prior 

syncope. 21, 22 Hence, in addition to scar-induced arrhythmia, there is an ever-increasing 

arrhythmic burden related directly to ventricular dysfunction. Fifth, the majority of 

cardiovascular deaths in ACHD have been due to heart failure.24, 25 At a single referral 

center, 21% of ACHD deaths were secondary to heart failure, defined as “progressive 
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myocardial failure of either systemic or venous ventricle.”25 Yet additional deaths were also 

likely heart failure-related. Three of four aortic coarctation patients who experienced sudden 

cardiac death had a LVEF < 40%, and all six patients with congenitally-corrected 

transposition who died suddenly had a RVEF < 45%. Along the same lines, 42% (15/36) of 

perioperative deaths involved cardiogenic shock. Combining deaths from heart failure as 

well as the sudden cardiac and perioperative deaths with significant ventricular systolic 

dysfunction, the proportion of death attributable to heart failure could be as high as 35%.

The importance of myocardial fibrosis in the heart failure context

Normal myocardial structure and function relies heavily upon a collagen network which 

inhabits the extracellular space and serves to maintain tissue architecture and chamber 

geometry. In the healthy heart, collagen provides both tensile strength and elasticity, both of 

which are vital for systolic and diastolic ventricular function.26 Far from being static, 

myocardial collagen turnover is a dynamic process governed by local tissue and circulatory 

hormonal systems, including the renin-angiotensin-aldosterone system (RAAS). When 

dysregulated, as occurs in RAAS activation, collagen synthesis may outpace degradation 

leading to collagen accumulation and distortion of myocardial architecture.27 Distinct from 

myocyte hypertrophy, fibrosis is defined by this increase in myocardial collagen 

concentration. The functional consequence is an increase in myocardial stiffness and loss of 

normal architecture leading to adverse ventricular remodeling, including wall thinning and 

chamber dilation. Pharmacologic agents targeting the RAAS can halt and even reverse this 

process.28, 29

In a schematic of the heart failure process (Figure 2), one can conceptualize that the process 

begins with some precipitating insult such as ischemia, pressure or volume loading, 

cyanosis, inflammation, or perhaps a genetic predisposition. These stimuli activate a myriad 

of cell signaling pathways such as the RAAS which, in addition to their other effects, 

activate myocardial fibroblast activity. This activation begins to alter the intermyofibrillar 

space with a turnover of collagen, the net result of which is myocardial fibrosis, specifically 

diffuse microscopic fibrosis as opposed to replacement fibrosis and discrete scarring that 

follows myocardial infarction. Fibrosis, in turn, is associated with clinical manifestations 

such as diastolic dysfunction, systolic dysfunction, and arrhythmia, all of which may 

contribute to exercise dysfunction, venous congestion, and eventually death.30, 31

Treatments that target some of the proposed cellular signaling pathways lead to 

improvement in all downstream processes. As an example, aldosterone antagonism reverses 

fibrosis and leads to structural, functional, and clinical improvement. Spironolactone has 

specifically been shown to reduce collagen volume fraction in ex-vivo hearts32 and 

endomyocardial biopsies;28 reduce levels of end-products from collagen synthesis;33 

improve cyclic variation of integrated backscatter by echocardiography (an indirect gage of 

fibrosis); 34, 35 improve diastolic function;28 reduce left ventricular size;35, 36 raise ejection 

fraction;36 lower natriuretic peptides; and improve exercise capacity.36 Many of these 

studies involved fewer than 20 subjects,28, 32, 34 an important consideration for a patient 

population that is relatively small, such as ACHD. In addition aldosterone inhibition 

improves mortality37 and lowers the incidence of sudden arrhythmogenic death.38 Given 
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that many studies now demonstrate geometric and histologic improvement in the absence of 

significant hemodynamic change,34, 35 it is likely that the beneficial effects of aldosterone 

antagonism are mediated by a reduction of myocardial fibrosis, rather than solely through 

alternative actions such as afterload reduction, diuresis, or prevention of arrhythmia.29

The schema as shown intentionally demonstrates myocardial fibrosis at the center point 

between the inciting etiologies and the clinical manifestations of heart failure. Thanks in part 

to imaging techniques that allow for fibrosis detection and quantification, and to 

pharmacotherapy that prevents or reduces fibrosis, fibrosis has become a focus for studying 

and treating the problem specifically in ACHD patients. No longer an elusive “factor”, 

myocardial fibrosis is now seen to be a marker of advanced myocardial injury and 

remodeling.39 An accumulation of extracellular material composed largely of collagen, 

myocardial fibrosis is an early process incited by a series of events prevalent in ACHD.40

Histopathology descriptions from congenital patients decades ago demonstrated both 

intracellular and extracellular changes such as, “Marked interstitial fibrosis, cellular atrophy, 

myofibrillar disorganization, myelin figures, myofibrillar lysis, proliferation of smooth 

endoplasmic reticulum, lipid deposition, spherical microparticles associated with the plasma 

membranes of the muscle cells, intracytoplasmic junctions and thickening of the basal 

laminae of the muscle cells.”41 Similarly, in tetralogy of Fallot patients undergoing surgery 

(mean age only 9 years), biopsies from the RVOT demonstrated myocardial fibrosis in 65% 

and myocytolysis in 68%.42 Most research has focused on extracellular changes, specifically 

myocardial fibrosis, since these are arguably more detectable and quantifiable, as will be 

shown, although intracellular changes are just as relevant.

An important characteristic of fibrosis in CHD specifically is that it is often diffuse in 

nature. Patterns of fibrosis differ. Larger areas of patchy fibrosis, or scar, are typically seen 

following myocardial infarction where there is near total disruption of myofibrillar function 

and cellular integrity, a process sometimes referred to as “replacement fibrosis.” While such 

areas can be encountered in ACHD (Figure 3), a separate pattern of more diffuse fibrosis 

can be seen where the extracellular matrix is more subtly affected.

Current methods to detect and quantify myocardial fibrosis

Interest in fibrosis has been spurned by imaging techniques allowing for its detection. Using 

delayed or “late” enhancement after gadolinium administration, several groups have 

demonstrated the presence of myocardial fibrosis in tetralogy of Fallot,43 systemic right 

ventricle,23 single ventricle patients after a Fontan palliation,44 and Eisenmenger 

syndrome.45 While generally in small quantities, ACHD-associated myocardial fibrosis is 

found within both the right and left ventricles and is not limited to areas of surgical scar or 

within a coronary distribution. Collectively these studies show convincing associations 

between fibrosis and other clinical evidence of heart failure, including reduced systolic 

function, poorer functional class, increased BNP and arrhythmia, and lower submaximal or 

maximal exercise capacity and ventricular size and function.23, 44–46

Late gadolinium enhancement is largely binary in that it identifies discrete areas of dense 

macroscopic “replacement” fibrosis (i.e. scar) on a per-pixel basis, as opposed to fibrosis 
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that may be much more diffuse and microscopic in CHD (Figure 3). Both types of fibrosis 

may coexist in the same patient. Newer cardiovascular magnetic resonance techniques use 

quantification of T1. T1 is a measure of the time required for proton spins to return to their 

original magnetization after a radiofrequency pulse which is altered in states with 

myocardial pathology. This time is shortened in tissue that is more densely extracellular and 

is shortened by gadolinium that largely affects extracellular areas. By comparing T1 times 

before and after administration of gadolinium-based contrast (Figure 4), or during a steady-

state infusion of gadolinium,47 and plotting the relationship of this response against that of 

the blood pool, one can mathematically calculate the partition coefficient of gadolinium. 

Then, by accounting for the plasma concentration of gadolinium in plasma, one can 

calculate the extracellular volume fraction (ECV). 48 In longitudinal studies using dog 

models, ECV more closely reflects changes in collagen volume fraction than T1 measures 

alone.49

Significant momentum for ECV quantification is growing across cardiology. Emerging 

studies show consistently that ECV demonstrates fibrosis in many disease states including 

dilated cardiomyopathy,50 atrial fibrillation,51 aortic stenosis,47 hypertrophic 

cardiomyopathy,47, 52 and muscular dystrophy. 53 ECV correlates with other markers of 

fibrosis including collagen volume fraction by endomyocardial biopsy54 as well as with 

clinical events.53, 55 Importantly, ECV has been shown as a predictor of mortality.39 In 

many respects it is the imaging equivalent of a troponin assay, though its sensitivity to 

change has not been studied. While there are some differences amongst published methods, 

the ECV allows for measurement that is independent of heart rate, cardiac output, or Tesla 

strength.

These methods have been utilized to demonstrate diffuse fibrosis in ACHD patients of 

various types, showing that ECV correlates with ventricular size and function.48 As 

expected, the amount of fibrosis detected by ECV is more abundant than the quantity 

appreciable by late gadolinium enhancement alone. Applications of these techniques in 

pediatric and congenital heart disease have been recently summarized, including some of the 

caveats of their application specifically in these patients.40 Diffuse fibrosis has been recently 

demonstrated in focused studies in congenital aortic stenosis56 and in the systemic right 

ventricle57 through these methods.

While the mounting enthusiasm for T1 mapping generates a focus on fibrosis specifically, 

and adds support to the focus on fibrosis and its prominent role as at least one “myocardial 

factor, generally there are limitations to applying these techniques to CHD specifically.40 

For example, most studies focus on a single mid-ventricular plane which may or may not be 

representative of the entire heart. Also, spatial resolution is limited, which compromises 

assessment of thinner walls such as the right ventricle or of trabeculations where blood 

pooling may compromise the measurement. T1 mapping cannot be universally applied to the 

congenital population since many patients have contraindications to CMR scanning. T1 

mapping methods may serve as an important surrogate endpoint for future pharmacologic 

studies,40 though the variance in T1 quantification has not been formally evaluated and may 

be insufficient to detect changes in an individual over time. Finally, this fibrosis-centric 

model of heart failure pathogenesis ignores metabolics/energetics of the myocyte itself, 

Broberg and Burchill Page 6

Int J Cardiol. Author manuscript; available in PMC 2016 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which are more difficult to study with today’s tools. Still, the established reliability of these 

methods overall now provides an additional tool for studying the heart failure process.58

Myocardial fibrosis as a potential therapeutic target

In many forms of heart disease our understanding and treatment of myocardial dysfunction 

has advanced considerably. One notes, for example, the focus on intervention for valve 

disease before adverse myocardial remodeling occurs, more intense cardio-protection during 

surgery, and avoidance of surgery in situations where advanced dysfunction limits the 

likelihood of ventricular recovery. But so much more is needed in order to see 

improvements in ACHD outcomes secondary to adequate myocardial preservation.

A critical implication of the role of myocardial fibrosis in ACHD is as a target for 

attenuating it via pharmacotherapy. In ACHD, current strategies for treatment are 

empirically borrowed from established therapies in idiopathic and ischemic cardiomyopathy. 

As such, there is an obligation to understand if ACHD heart failure mechanisms are similar, 

to lend credibility to the use of effective pharmacotherapy. For other acquired models of 

heart failure, there is clear evidence that drugs that target the RAAS and neurohormonal 

activation reduce fibrosis and improve mortality.28, 32, 33 Given the evidence for 

neurohormonal up-regulation and myocardial fibrosis in ACHD-related heart failure, such 

drugs offer significant therapeutic potential in ACHD, particularly if they are applied early 

in the process.

Studies to date have unfortunately failed to show persistent and convincing effects of 

standard heart failure therapy in CHD. The central importance of the RAAS as a mediator of 

myocardial fibrosis and ventricular dysfunction has led a number of researchers to 

investigate blockade of the angiotensin pathway in CHD populations. Small retrospective 

studies of lisinopril in transposition did not show improvement in systolic function, peak 

VO2, or cardiac index.596061 A small, prospective cross-over study of losartan in 

transposition showed improved ejection fraction and exercise duration in an adolescent and 

young adult population.62 However, in a larger randomized study found exercise duration, 

VO2 max, or NT-pro BNP levels were not improved with angiotensin receptor blockade.63 

Another larger and longer randomized trial of angiotensin blockade in transposition 

similarly showed no benefit.64 A randomized controlled trial of ramipril in tetralogy of 

Fallot patients with pulmonary regurgitation demonstrated no improvement in right or left 

ventricular function or exercise capacity.65 Enalapril therapy in pediatric patients with 

single-ventricle physiology provided no benefit in HF symptoms, growth, ventricular 

systolic function or death.66 In a smaller randomized trial, enalapril did not alter systemic 

vascular resistance, resting cardiac index, diastolic function, or exercise capacity.67

By counteracting the pathogenic effects of sympathetic activation, beta-blockers may also be 

helpful for reducing myocardial fibrosis. Studies for beta-blockade in congenital heart 

disease are intriguing but limited due to small patient numbers and observational design. In a 

retrospective study among a heterogeneous group of children, adolescents and young adults 

with a single ventricle, carvedilol improved NYHA functional class, diuretic requirements, 

and ejection fraction in the Fontan patients,68 and several small single center reports show a 
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potential use of beta-blockers in those with systemic right ventricles.69–7172 But these 

studies are largely underpowered, biased, and observational. An important role for beta-

blockers in CHD may be a reduction in arrhythmic events, such as in transposition patients 

with pacemakers/defibrillators.73 Yet bisoprolol in repaired tetralogy of Fallot patients with 

reduced RV function, elevated BNP and impaired VO2 showed no improvement in NYHA 

class, exercise capacity or systolic function of either ventricle. In fact, the patients 

randomized to receive bisoprolol actually demonstrated a statistically significant increase in 

BNP compared to the placebo group.74

In summary, despite plausible data demonstrating similar patterns of ventricular dysfunction 

as per non-congenital heart failure, pharmacotherapy is still largely unproven. However, 

these small studies chose clinical endpoints, for which they may have been greatly 

underpowered. It may be that a surrogate such as myocardial fibrosis quantification may 

provide a vital intermediate step toward demonstrating efficacy, though the therapy would 

need to target individuals early, even before fibrotic changes are detectable since late 

fibrosis may not be reversible.

A new paradigm

It is becoming increasingly clear that for patients with congenital heart disease, protection of 

the myocardium should receive as much attention as the hemodynamics early in the course 

of a patient’s life for preservation of both ventricular function and the patient. Granted, this 

attention has been ongoing; already earlier surgery and better cardio-protection have 

provided substantial improvements in patients’ functional capacity after repair. Focusing 

further on myocardial preservation will require continued efforts from the congenital heart 

community at large to consider, study, and treat myocardial dysfunction early on. Further 

improvements in timing of surgery, better anatomic repairs, and cardio-protection methods 

will slow the progression of heart failure. More important, there must be a significant 

increase in the study of the problem, which for now focuses on myocardial fibrosis. Larger 

multicenter prospective trials are needed to clarify the role, if any, of pharmacotherapy. Pilot 

studies using surrogate endpoints would help justify needed trials, and research-funding 

agencies must recognize the need to support such trials. While it is reassuring to know of 

ongoing efforts made in these areas, clearly much more needs to be done before the 

“myocardial factor” can be attenuated.
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Highlights

• Myocardial function (ie the “myocardial factor”) has historically been noted as a 

significant determinant of long-term prognosis of individuals with congenital 

heart disease.

• Congenital heart patients today have many features of clinical heart failure.

• Myocardial fibrosis is an important final common pathway in the development 

of myocardial dysfunction.

• Methods for detecting and quantifying myocardial fibrosis are becoming more 

sophisticated, providing better tools for the study and treatment of myocardial 

fibrosis.
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Figure 1. 
Scatterplot of ejection fraction for the left (LVEF) and right (RVEF) ventricles in 

consecutive patients with congenital heart disease referred for cardiac magnetic resonance. 

The light gray bar represents those with mild systolic dysfunction, and the dark gray those 

with moderate/severe systolic dysfunction. Percentages of patients have reduced ejection 

fraction are given. Systolic dysfunction spans the spectrum of age.
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Figure 2. 
Simplified schema of heart failure. Primary insults lead to various signaling pathways 

involving common cytokines and neurohormonal activators that in term signal enzymatic 

reactions. These enzymatic reactions, namely performed by myofibroblasts, lead eventually 

to myocardial fibrosis. The presence of fibrosis causes myocardial diastolic and systolic 

function, as well as arrhythmia, all of which are clinical features of heart failure. While there 

are multiple additional activities involved in the process of heart failure, this demonstrates 

the central role of myocardial fibrosis between preclinical events and clinical manifestations.
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Figure 3. 
Hematoxylin and eosin stain (400× magnification) of a right ventricular myocardial sample 

from a single patient with tetralogy of Fallot. Myocardial fibrosis in some areas is patchy 

“replacement” fibrosis with dense extracelullar material (left) as may be viewed by late 

gadolinium enhancement. Other areas show much more microscopic, diffuse fibrosis (right), 

more common in congenital heart disease, which is detectable by methods that measure the 

extraceullular volume fraction. Both types of fibrosis are present in the same patient 

(Courtesy of Dr. Henryk Kafka and Mary Shepperd, Royal Brompton Hospital).
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Figure 4. 
Examples of extracellular volume (ECV) assessment in two patients with tetralogy of Fallot. 

A T1 inversion recovery sequence through the mid myocardium is obtained before and after 

administration of gadolinium contrast. Phases 3–10 of images taken 15 minutes after 

gadolinium are shown (top). These images are used to plot a time signal intensity curve from 

which exponential fitting is used to define T1 times (left graph). The reciprocal of each T1 

time (R1) before and after gadolinium (three time points after injection are shown here) is 

plotted against corresponding times for the blood pool in the left ventricle (right graph). The 

linear slope of this relationship is used to quantify ECV. Compared to patient 2, patient 1 

reaches a low signal (dark myocardium) sooner (top bar), consistent with a shorter T1 time 

(left graph), and a steeper slope (right graph), coinciding with a higher ECV.
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