Editorial
Is cardiovascular magnetic resonance measurement of diffuse fibrosis ready for clinical use in the systemic RV?
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[bookmark: OPT_ID_53][bookmark: OPT_ID_54][bookmark: OPT_ID_55][bookmark: OPT_ID_56][bookmark: OPT_ID_57][bookmark: OPT_ID_58]The position of the morphological right ventricle (RV) in patients with transposition of the great arteries (TGA) post atrial switch operation (D-TGA) and congenitally corrected TGA (CCTGA/ L-TGA) makes it vulnerable to failure due to being challenged with long-term support of the systemic circulation [1–2]. This predisposes to heart failure, arrhythmia and sudden cardiac death [1, 2]. Atrial arrhythmia may be the first manifestation of worsening RV dysfunction [2], and is associated with subsequent increased risk of ventricular arrhythmia and sudden cardiac death [1, 2]. Identifying pathological changes in myocardial composition with a sensitive, robust and non-invasive measure to demonstrate subclinical ventricular dysfunction is a novel goal.
[bookmark: OPT_ID_62][bookmark: OPT_ID_64][bookmark: OPT_ID_65][bookmark: OPT_ID_66]Focal myocardial fibrosis detected by late gadolinium enhanced (LGE) cardiovascular Magnetic Resonance (CMR) has been reported in patients with systemic RV and independently predicts adverse outcomes [1]. Diffuse interstitial fibrosis occurs in response to abnormal myocardial loading conditions but unlike focal fibrosis remains undetected by LGE. Current developments of T1-mapping techniques, based on the initial formulation of fast T1 measurement in 1968 by Look and Locker [3], have enabled the detection of diffuse fibrosis by measuring native myocardial T1, post contrast myocardial T1 and calculating extra-cellular volume (ECV) [4]. CMR-derived LVECV correlates closely with LV collagen fraction at histology [5].
[bookmark: OPT_ID_71][bookmark: OPT_ID_72] In this issue of International Journal of Cardiology, Broberg and colleagues prospectively measured CMR-RVECV in 53 adult patients (mean age 34 years), compared it to systemic CMR-LVECV in 20 normal controls and tested for a prognostic role. Unlike their previous cross-sectional study [6] (n-11 systemic RV) increased systemic ECV did not relate to reduced ejection fraction. Of note, there are multiple inherent differences between the systemic RV and the systemic LV including differences in RV fibromuscular architecture, unique geometry and mechanics, coronary perfusion mismatch, the presence of a tricuspid valve and conduction pathway anomalies [7]. The limitation of using a normal LV for comparison with systemic RV is acknowledged by the authors; CMR-RVECV is also not well validated nor is it easy to define what would be expected or normal. Ten patients with CCTGA were included in the cohort; only one had an elevated systemic RVECV. CCTGA patients are a heterogeneous population with variable phenotypes (for example could be associated with cyanosis with an associated ventricular septal defect) with consequently highly variable outcomes.
Elevated ECV was found in 28% of systemic RV patients. As typical with diffuse fibrosis studies, higher ECV was found in female patients. High CMR-RVECV was a univariate predictor of the 14 major cardiovascular events (new-onset arrhythmia, arrhythmia requiring device, heart failure hospital admission, listing for transplant and sudden cardiac death) but was not independent of age and B-type natriuretic peptide for predicting outcomes.
[bookmark: OPT_ID_79]Contrary to what one might expect, higher systemic RVECV was associated with better 6-min walk test (6MWT) performance. Although diastolic function was not assessed the question is raised as to whether patients with diffuse fibrosis have a functional advantage in the early stages due to possible restrictive ventricular physiology, a speculation previously raised by data for the left heart in repaired tetralogy of Fallot patients [8].
[bookmark: OPT_ID_81][bookmark: OPT_ID_84]Measuring diffuse RV fibrosis is probably beyond the resolution of current clinically standard CMR approaches [9].  Initial application in the thicker compact myocardium of an RV that has adapted to systemic pressure and is closer to the imaging coil is conceptually more robust than in the subpulmonary RV (normal heart). However, the close proximity of sternal wires, pericardial fat, blood pool and trabeculation in the hypertrophied systemic RV remain barriers to accurate and precise T1 mapping measurements. Several T1-mapping techniques have been tested but it remains unclear which is optimal. Broberg and colleagues used a Look-Locker cine sequence prescribed perpendicular to the RV septum limited to one mid short-axis slice. Diffuse fibrosis was found histologically in the systemic RV [1], though whether it is uniform has not been systematically studied. T1 was measured in the systemic RV in each phase throughout the cardiac cycle at multiple time points post contrast administration and haematocrit was sampled on the same day. In our opinion, this method is least predisposed to suffering inaccuracies from contaminating signal of surrounding structures (partial volume effects), although the analysis required is likely too labour intensive and time consuming for routine clinical use.
[bookmark: OPT_ID_90][bookmark: OPT_ID_91]Shehu and colleagues recently reported that sub-pulmonary LVECV is higher than systemic RVECV and suggested therefore that the former was more concerning [10]. We note that previous histological investigation did not find subpulmonary LV fibrosis in end-stage systemic RV heart failure [1]. It can be expected that it is even more challenging to accurately measure diffuse fibrosis in the thin-walled sub-pulmonary LV than in the thick-walled systemic RV given the LV is more susceptible to CMR partial volume effects when in this position. Broberg and colleagues did not measure sub-pulmonary LVECV acknowledging these limitations. CMR-ECV measurement is an indirect measure of extracellular matrix volume which may be secondary to extracellular matrix expansion due to collagen deposition but can also reflect loss of volume of cardiac myocytes or apoptosis. Future correlation of T1 mapping findings with histology is merited in order to improve our understanding of the adverse remodelling process.
Questions remain as to how to use CMR markers of diffuse and focal fibrosis to predict adverse outcomes and what their independent and combined clinical value above other cheaper and more easily obtained clinical tests is. Incorporating both newer three–dimensional, whole-heart LGE and higher-resolution T1 mapping sequences that are bespoke to the thin-walled RV may enable comprehensive quantification of both focal and diffuse RV fibrosis burden.
To date, this study is the largest prospective study in patients with systemic RV and implicates a pathological link between microscopic systemic RV diffuse fibrosis and adverse clinical outcomes. CMR-ECV has shown promise as a non-invasive imaging biomarker to detect early disease but more work will be needed to validate any potential roles in monitoring for disease progression and timing of interventions or to find out whether it is fit for purpose as a secondary endpoint in drug trials. This study makes a significant contribution towards achieving these goals.
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