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      Abstract


      Objective


      To provide support for the existence of epicardial to endocardial connection following a histological appraisal of post-mortem atria.


      Background


      The relationship between atrial fibrillation (AF) and atrial anatomy is well recognized and myocardial fibre orientation is known to influence conduction velocity. The precise mechanism of AF perpetuation remains elusive. The prevailing but contrasting hypotheses are re-entrant mechanisms and focal mechanisms. Support for such a unifying mechanism could be provided by finding an anatomical substrate to support epicardial to endocardial connections.


      Methods


      A prospective single centre post-mortem appraisal. Histological atrial samples were systematically obtained from pre-specified areas in ten cadaveric hearts. A pre-morbid history of both AF and non-AF were included. Samples were fixed and stained. Microscopic histological analysis was performed.


      Results


      Previously reported and well recognised myocardial orientation patterns were noted. In addition, myocardial fibres connecting the epicardial and endocardial surface were seen, and an apparent separation zone containing fibrosis and adipocytes within the atria.


      Conclusion


      To our knowledge this is the first study that provides histological support for myocardial fibres connecting the epicardial to endocardial surface. This was a pilot study and there were no observable histological differences between atrial tissue obtained from patients with AF and without AF. This finding may be non-specific. However, it does expand on previous documented anatomical structure. Further allows for hypothesis generation in the possibility of this myocardial fibre orientation involvement in epicardial to endocardial breakthrough. Further investigations would be required for more definitive results.
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      Introduction


      Atrial Fibrillation (AF) is the most common sustained arrhythmia and is associated with increased cardiovascular morbidity and mortality [1]. The relationship between AF and atrial anatomy is well recognized and myocardial fibre orientation is known to influence conduction velocity. However, the precise mechanism of AF perpetuation remains elusive. This gap in knowledge leads to a paucity in treatment development. Two of the most prevailing but contrasting hypotheses in the field of AF are re-entrant mechanisms (including multiple wavelets and the existence of re-entry circuits) and focal mechanisms (including repetitive spontaneous focal discharges) [2-4]. A third potentially unifying hypothesis has been proposed termed the double layer hypothesis. The double layer hypothesis proposes that apparent focal discharges on the epicardium may reflect breakthrough from re-entrant activity on the endocardium rather than spontaneous ectopy [5,6].


      The evidence supporting either of the two former hypotheses arises from endocardial and epicardial mapping studies in animal and human hearts and the relationship to the density of contact mapping electrodes [3,4]. Clinical studies have identified focal and re-entrant AF drivers in both the right and left human atria using epicardial or endocardial mapping techniques [7-9]. More recently magnetic resonance three dimensional structural-functional mapping of diseased human right atria ex-vivo studies revealed that complex atrial microstructure caused significant differences between endocardial versus epicardial activation during pacing and sustained atrial fibrillation [10].


      Our study hypothesis was aimed at providing evidence for existence of epicardial to endocardial connection following a histological appraisal of post-mortem atria. That would add to volume of literature on the mechanism of AF, and perhaps a substrate for further investigation.


      Methods


      Post-mortem


      Ethical approval was obtained from the hospital research ethics committee as per the Declaration of Helsinki for Ethical Principles for Medical Research Involving Human Subjects and conducted in full conformity with relevant regulations and with the ICH Guidelines for Good Clinical Practice (CPMP/ICH/135/95) July 1996. Informed verbal consent was obtained prior to the autopsy, printed study detail was forwarded to the next of kin and written consent obtained prior to processing and analysis of the biopsies.


      Ten hearts were explanted from deceased patients for whom an autopsy was performed to establish the cause of death. The hospital autopsy protocol was followed in all cases and a specialist cardiac histopathologist obtained the biopsies.


      Atrial tissue sampling


      Myocardial orientation pattern vary throughout the atrium, therefore samples were systematically taken from 10 pre-specified areas in all hearts, 1) The posterior right atrium; 2) The inter-atrial septum near pulmonary veins; 3) The inter-atrial septum near Bachmann's Bundle [11-13]; 4) The coronary sinus; 5) The cavo-tricuspid isthmus; 6) The apical left atrial appendage; 7) The mid left atrial appendage; 8) The basal left atrial appendage; 9) The right atrium appendage and 10) The posterior left atrium near right upper pulmonary vein. Each specimen included epicardial and endocardial/wall to wall at the time of autopsy.


      Histological analysis


      After fixation in 4% neutral buffered formalin the atrial tissue were embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E) stain and elastic stain.


      The predominant myocardial fibre orientation was independently determined by two investigators under the direction of a cardiac histopathologist. Any discrepancy was re-assessed and adjudicated by a cardiac histopathologist.


      Statistical analysis


      A chi-squared test was used to determine if any significant difference between orientation patterns in AF patients compared to non-AF patients.


      Results


      Post-mortem


      Ten explanted hearts were examined. In all cases the cause of death was unrelated to cardiac disease. Five men and five women aged 74.4 ± 13.1 years (mean ± SD) were included. Four patients had previously documented AF, and six patients did not have documented AF.


      Macroscopic


      The complex 3-dimensional atrial musculature was consistent with previous anatomical observations [14,15]. The right atrium was dominated by arrays of pectinate muscle within an extensive appendage while the left atrium was relatively smooth walled, with a small tubular appendage.


      Total slides analysed by microscopy


      Two sections were examined from each area biopsied within the heart. A total of 190 slides were included. Seventy slides were obtained from AF patients, and 120 slides were obtained from non-AF patients. Ten slides were not analysed because of technical quality during the embedding stage.


      Slides with an epicardial to endocardial/wall to wall identified


      Both an epicardial and endocardial border was identified on 74.2% (n = 141 of 190) slides. Of these slides 77% (n = 54 of 70) were samples from AF patients, and 72.5% (n = 87 of 120) were samples from non-AF patients.


      Myocardial fibre pattern


      Slides were further analysed for myocardial fibre pattern which we termed 1) Fibres connecting the epicardial to endocardial surface; 2) Well-organized fibre; 3) Disorganized fibres "serpiginous-like" and 4) An apparent separation (see Figure 1 and Figure 2).


      1. A fibre connecting the epicardial to endocardial border was identified in 24.1% (n = 34 of 141) of samples. In AF patients this represented 22.2% (n = 12 of 54) of these slides, and in non-AF patients 25.2% (n = 22 of 87).


      2. A well-organized myocardial fibre pattern was identified in 15.8% (n = 30 of 190) of samples. In AF patients this represented 18.5% (n = 13 of 70) of these slides, and in non-AF patients 14.1% (n = 17 of 120) of these slides.


      3. A disorganized "serpiginous" fibre pattern was identified in 40.5% (n = 77 of 190) of samples. In AF patients this represented 41.4% (n = 29 of 70) of these slides, and in non-AF patients 40% (n = 48 of 120) of these slides.


      4. An apparent separation zone between the epicardial and endocardial layers was identified in 8.9% (n = 17 of 190) of all slides. In AF patients this represented 12.9% (n = 9 of 70), and in non-AF patients 6.6% (n = 8 of 120) of slides. The separation zone contained adipocytes and fibrous tissue.


      There was no significant difference in myocardial fibre pattern found between AF patients versus non-AF patients using the chi square test. The chi-square test was 0.465. The p-value was not significant at 0.79.


      Discussion


      The aim of this post-mortem study was to highlight a novel atrial finding that adds to the growing volume of literature on the mechanisms of atrial fibrillation. The concept that myocardial structure affects AF propagation is well accepted. Reduced action potential duration and tissue fibrosis are thought to be important in promoting re-entry and maintain AF [16-19]. Focal firing occurs mainly in the architecture of pulmonary veins, via enhanced automaticity or triggered activity because of early or delayed after depolarisations [16,17,20,21]. Local ectopic activity can act as an AF-maintaining ectopic driver or can trigger AF-maintaining re-entry in a vulnerable myocardial substrate. Voigt, et al. described how the complex changes in cellular and molecular electrophysiology contribute to the occurrence of focal firing via ion current and calcium handling abnormalities to produce a re-entrant substrate via electric remodelling. They further described a relationship between cellular and molecular electrophysiological determinants in the progression of structural remodelling [21]. However, the proposed relationship between myocardial fibre organization and patterns of re-entry in fibrillation is not sufficiently developed considering the existing background literature on the topic. With evolving interest in the conceptual models of AF, including re-entrant and focal mechanisms, there has been a renewed interest in understanding the gross and microscopic arrangements of atrial musculature to provide further morphological basis for atrial conduction. This study provides a unique description of myocardial fibres connecting the epicardial to the endocardial surface. This further expands on previous studies, and we propose a potential link to this myocardial fibre orientation and the mechanism of AF.


      Atrial myoarchitecture has been well described [12,14]. Consistent with previous studies our histological study found well organised myocardial fibres in addition to myocyte fibres that appear to connect the epicardial and endocardial surface in human atria. To our knowledge this bridging of individual myocyte fibres between epicardial and endocardial noted in this study has not been previously described. Our study did not find any statistical significance in the number of discrete foci between AF and non-AF patients. However, this study was aimed at identifying unique myocardial features. Further studies with larger sample size in patients with AF and non-AF patients would be required to determine if any statistical significance exists.


      The role of myocardial fibres running between the endocaridal and epicaridal surface could be non-specific. However, one potential role for these epicardial and endocardial fibres could be to facilitate propagation, a conduction substrate, for "epicardial breakthrough". De Groot, et al. provided the first evidence for asynchronous activation of the endo-epicardial wall during AF in humans, and suggested that endo-epicardial asynchrony may play a major role in the pathophysiology of AF [22]. Overall, he explains that the presence of focal fibrillation waves during AF can be explained by asynchronous activation of the atrial endo- and epicardial layer and transmurally propagating fibrillation waves.


      Secondly, the impediment to study that relationship of myocardial orientation patterns stems from technological challenges in mapping propagation, mainly inside the thick myocardium, and less in challenges of myocardial organization descriptions. Trayanova reviewed the evolution of mathematical modelling and computer simulation approaches, such as atrial cell action potential models, 2-dimensional (2D) and 3D tissue models, and recent developments in the reproduction of realistic atrial tissue geometries [23].


      The proposed relationship between myocardial fibres organization and patterns of re-entry in fibrillation is not sufficiently developed considering the existing background literature on the topic. Re-entrant activity in three-dimensional cardiac muscle may be organized as a scroll wave rotating around a singularity line called a filament [24,25]. Mapping of the epicardial surface during ventricular tachycardia or fibrillation has revealed re-entrant patterns of activity that are consistent with transmural scroll waves [26]. Using computer models, theoretically the filament of a 3D rotor/a scroll wave has been predicted to tend to align with fibres [27] and to follow the path of least electrical resistance [28]. One implication of such theoretical predictions is that the filament of intramural scroll waves would follow fibres directions or dissociation between fibre layers either parallel or perpendicular to the epicardial to endocardial layers. Myocardial fibres connecting the epicardial to the endocardial described in this study may provide a substrate for this filament. However, scroll waves are also affected by the boundaries of the myocardium. However, this leads to another implication of the theory that is relevant to AF. AF is propagated in the thin walled atrium rather than the relatively thicker ventricle. The scroll waves should be more stable in the transmural configuration (filament extended between the endocardial to epicardial surface) rather than in the intramural one, regardless of the organization of the fibres.


      Our data supports the existence of endo-epicardial connections. The implication of this remains to be proven. However, the advent of new imaging modalities including the application of sub-millimeter diffusion tensor magnetic resonance imaging and 3D computer models have provided further information on both human atrial structure, as well as inter subject variability [29]. A human atrial model with fibre orientation has been used to investigate the relationship between different atrial arrhythmic propagation patterns and the electrograms observed on the atrial surface [30]. High resolution and fidelity of this data could enhance our understanding of atrial structural contributions, including endo-epicardial connections, to atrial rhythm and pump disorders and lead to improvements in their targeted treatment.


      A final note on the apparent separation zone between endocardial and epicardial layers. The separation zones contain adipocytes and fibrosis. Studies have revealed localized AF drivers in both the left and right atria [7-9] whereas other groups using epicardial mapping have demonstrated more wave breaks than localized re-entrant activity [4-8]. One study demonstrated that fibrosis can act as an architectural discontinuity between atrial pectinate muscle and small intramural bundles leading to both longitudinal and intramural conduction block, especially during fast atrial pacing [10]. In their study they used simultaneous sub-epicardial and sub-endocardial mapping combined with detailed 3-dimensional atrial microstructure imaging to demonstrate that the complex atrial microstructure caused significant differences between endocardial versus epicardial activation during pacing and sustained AF driven by intramural re-entry anchored to fibrosis-insulated atrial bundles [10]. Our findings of an apparent separation zone between the sub-epicardial and sub-endocardial layers could add to the concept of bilayer re-entry. If the sub-endocardium and sub-epicardium are activated in different directions and are in places separated by an anatomical separation zone then it is difficult to conceive that current body-surface mapping systems could detect such subtleties and be prone to provide inaccurate summation vector cardiograms of the full atrial wall during AF rather than representing actual real-time activity in either the sub-endocardial or the sub-epicardial layers.


      Overall, this is a novel study looking in to the microscopic fibre orientation in AF and non-AF patients. The study supports evidence of epicardial to endocardial fibre connections, albeit the implications of this finding need further investigation.


      Conclusion


      To our knowledge this is the first study that provides histological support for myocardial fibres connecting the epicardial to endocardial surface. This was a pilot study and there were no observable histological differences between atrial tissue obtained from AF and without AF. This finding may be non-specific. However, it does expand on previous documented anatomical structure and raises the possibility for involvement in epicardial to endocardial breakthrough. Further investigations would be required for more definitive results.
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      Background Notes


      In experimental animal models high-resolution optical mapping demonstrate that pacing-induced AF is due to the presence of a very rapid rotor in the left atrium (6 and 7). However, whether this mechanism occurs in true in longstanding persistent AF remains to be clarified (6 and 7). Following a clinical series, in which the electrical activity of the atria was mapped by two basket catheters it was postulated that human AF is due to the presence of a stable rotor that serves as a driver to sustain AF. Ablation of the centre of these rotors abruptly terminated or consistently slowed AF in majority of cases, and substantially improved long-term freedom from AF compared to conventional ablation alone.


      It is unclear whether these two opposing views are mutually exclusive. Potential mechanisms for appearance of focal activation in epicardium could be 3D breakthrough or ectopic firing. Considering ongoing debate, we studied myocardial fiber orientation to determine this could support a substrate for 3D and break though (11).


      
        Figure 1a: Schematic representation: To depict classification of myocardial fiber orientation. A) Myocardial bundles connecting the endocardial to the epicardial surface; B) Well organized myocardial bundles not connecting the epicardial and endocardial surface. C) Serpiginous myocardial bundles in a whorled/less organized pattern. View Figure 1a

      


      
        Figure 1b: A) Represents well organized myocardial bundles relative to the endocardial and epicardial border from the cavo-tricuspid isthmus; B) Represents myocardial fibres connecting the endocardial and epicardial border from the apical left atrial appendage; C) Represents serpiginous myocardial orientation relative to the endocardial and epicardial border from the posterior wall of the posterior wall of the left atrium; D) Separation of the sub-epicardial and sub-endocardial border from the mid posterior right atrium. View Figure 1b

      


      
        Figure 2: Slide interpretation: The number of slides interpreted, and the subsequent predominant myocardial orientation patterns found. AF: Atrial Fibrillation; SR: Sinus Rhythm; Epi: Epicardial and Endo: Endocardial. View Figure 2
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