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Background: Impairment of conduction across Bachmann’s Bundle (BB) may cause advanced interatrial block (a-IAB), which in turn is associated with development of atrial fibrillation. However, the exact relation between a complete transverse line of conduction block (CB) across BB and the presence of a-IAB has not been studied.

Objective: The aims of this study are to determine whether (1) a complete transversal line of CB across BB established by high resolution mapping correlates with a-IAB on the surface ECG, (2) conduction abnormalities at the right and left atria correlate with a-IAB, and (3) excitation patterns are associated with ECG characteristics of a-IAB.

Methods: We included 40 patients in whom epicardial mapping revealed a complete transverse line of CB across BB. Pre-operative ECGs and post-operative telemetry were assessed for the presence of (a) typical a-IAB and de novo early post-operative AF (EPOAF), respectively. Total atrial excitation time (TAET) and RA-LA delay were calculated. Entry site and trajectory of the main sinus rhythm wavefront at the pulmonary vein area (PVA) were assessed.

Results: Thirteen patients were classified as a-IAB (32.5%). In the entire atria and BB there were no differences in conduction disorders, though, patients with a-IAB had an increased TAET and longer RA-LA delay compared to patients without a-IAB (90.0 ± 21.9 ms vs. 74.9 ± 13.0 ms, p = 0.017; 160.0 ± 27.0 ms vs. 136.0 ± 24.1 ms, p = 0.012, respectively). Patients with typical a-IAB solely had caudocranial activation of the PVA, without additional cranial entry sites. Prevalence of de novo EPOAF was 69.2% and was similar between patients with and without a-IAB.

Conclusion: A transverse line of CB across BB partly explains the ECG characteristics of a-IAB. We found atrial excitation patterns underlying the ECG characteristics of both atypical and typical a-IAB. Regardless of the presence of a-IAB, the clinical impact of a complete transverse line of CB across BB was reflected by a high incidence of de novo EPOAF.
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Introduction

Bachmann’s Bundle (BB) is the main preferential route for interatrial conduction (1, 2). Data from recent studies suggest that conduction disorders at BB are involved in the pathophysiology of atrial fibrillation (AF) (3, 4), but the mechanistic relationship is yet to be elucidated. Impairment of conduction across BB causes advanced interatrial block (a-IAB), which is in turn strongly associated with development of supraventricular tachycardia, including AF (5–7).

The relationship between BB and a-IAB was substantiated by the observation that a surgical lesion across BB resulted in electrocardiogram (ECG) characteristics similar to a-IAB; namely, biphasic P waves appearing particularly in the inferior leads of the surface ECG (8). These ECG characteristics have been attributed to a caudocranial activation of the left atrium (LA) due to other dormant interatrial connection, but exact activation patterns underlying a-IAB are scarcely reported (7, 9). Introduction of typical and atypical a-IAB—subvariants of a-IAB based on alternative ECG patterns–has further complicated understanding of the excitation patterns (10).

Importantly, the relation between a complete transverse line of conduction block (CB) across BB in patients with ECG features of a-IAB has never been investigated, even though this is thought to underlie a-IAB (8). Recent reports even suggest that the site of CB is not between right atrium (RA) and LA, but rather the roof of the LA (11, 12). Epicardial mapping during cardiac surgery provides a unique methodology to examine impairment of conduction across BB on a high-resolution scale. The aims of this study are therefore to determine whether (1) a complete transversal line of CB across BB established by high resolution mapping correlates with a-IAB on the surface ECG, (2) conduction abnormalities at the right and left atria correlate with a-IAB, and (3) excitation patterns are associated with ECG characteristics of a-IAB.



Materials and methods


Study population

Patients (≥18 years) undergoing elective cardiac surgery with or without a history of AF were included in this current study. Exclusion criteria were hemodynamic instability, presence of an implanted pacemaker with atrial pacing, previous cardiac surgery, end-stage renal failure, or severely impaired left ventricular function. This study is part of the QUASAR (MEC 2010-054) and Halt and Reverse (MEC 2014-393) studies, which follow the declaration of Helsinki principles (13, 14). Patient characteristics were obtained from electronic medical files. Written informed consent was obtained from all patients.



Identification of inter-atrial conduction block

For this study, we solely selected patients in whom epicardial mapping revealed a complete transverse line of CB (impairing longitudinal conduction) across BB, which was defined as a continuous line of CB from the superior to the inferior border of BB (Figure 1 left panel). Subsequently, pre-operative ECGs of these patients were evaluated by two independent investigators for signs of advanced (atypical) a-IAB as described by Bayes de Luna et al. including a P wave duration ≥120 ms and biphasic P wave morphology in leads II, III and aVF (10). P wave duration was measured both manually and automatically by using custom-made MEANS-algorithm (15). We classified our selected patients into patients with a-IAB (typical or atypical a-IAB) and patients without a-IAB. Subsequently, we subdivided patients with a-IAB into patients with typical and atypical a-IAB based on the presence or absence of a biphasic P wave in lead II, respectively (10).
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FIGURE 1
The left panel shows an example of a complete line of conduction block across BB, ranging from the superior border up to the inferior border. The right panel shows examples of activation patterns at the pulmonary vein area (PVA). In example A and C the PVA is activated in a caudocranial direction, in B and D craniocaudal direction. In examples A, B, and C the entry sites of the wavefronts are, respectively caudal, cranial and mid right-sided. In example D, there are two entry sites of the wavefront, one left-sided and one cranial. Black lines indicate conduction block. Black arrows show the direction of the wavefront. BB, Bachmann’s bundle; LAVG, left atrioventricular groove; PVA, pulmonary vein area; RA, right atrium; SVC, superior caval vein; IVC, inferior caval vein.




Mapping procedure

Prior to initiation of extracorporeal circulation, epicardial mapping was performed during cardiac surgery at the RA, BB, and LA, consisting of the left atrioventricular groove (LAVG) and pulmonary vein area (PVA) (13). A schematic overview of the atrial mapping sites is provided in the Figure 1 lower part. Mapping was performed during sinus rhythm (SR), with either a custom-made 128- or a 192-unipolar electrode array (inter-electrode distances of both arrays: 2 mm). At every mapping site, signals were recorded during SR for 5 s, including a surface ECG, bipolar reference electrode and a calibration signal of 2 mV and 1,000 ms. Recordings were amplified with gain 1,000, sampled with a rate of 1 kHz, filtered with bandwidth 0.5–400 Hz, analog-to-digital converted (16 bits) and stored on hard disk.



Data processing

Mapping data was analyzed by using custom-made software previously described in detail (13). Color-coded local activation time maps were constructed by annotating the steepest negative atrial deflection. Mapping locations were excluded when deflections were marked in less than 40% of the mapping array due to a poor signal-to-noise ratio. Atrial extra systolic beats were excluded. For every mapping location [RA, BB, LA (= LAVG + PVA)] total activation times (TAT) were calculated by finding the first and last activation of the corresponding mapping sites compared to the bipolar reference electrode. Similarly, total atrial excitation time (TAET) for both atria, including BB, was determined. Furthermore, the time difference between first activation at the RA and onset of LA activation (RA-LA delay) was determined.

Conduction times (CTs) were calculated by calculating the difference in local activation time between adjacent electrodes. Similar to previous studies, CB was determined as CT differences of ≥12 ms between two electrodes (16). If an area of conduction delay (CD, CTs 7–11 ms) was connected to a CB area it was labeled as a continuous CDCB area (cCDCB). The prevalence of CB was determined as the percentage CTs ≥12 ms in comparison to all CTs.

In order to elucidate the ECG characteristics of a-IAB, we investigated the activation patterns at the LA. Both entry site and trajectory of the main SR wavefronts at the pulmonary vein area (PVA) were determined, as illustrated in the Figure 1 right panel. The direction of the wavefront was assessed for caudocranial excitation (Figure 1 panel B and D) and the presence additional cranial entry sites (Figure 1 panel D).



Detection of post-operative atrial fibrillation

Cardiac rhythms of all patients were continuously recorded from the moment of arrival on the surgical ward to the end of the fifth post-operative day using bedside monitors (Draeger Infinity™, Lübeck, Germany). Automatic algorithms were used to detect early post-operative AF (EPOAF) episodes lasting >30 s. All episodes detected by the software were cross-checked by two blinded operators in order to eliminate potential false positive registrations induced by artifacts.



Statistical analysis

Normally distributed continuous variables were expressed as mean ± standard deviation, skewed variables as median values with interquartile ranges and categorical data as numbers and percentages. Continuous data was analyzed using the Mann–Whitney U-test or independent t-test and categorical data with χ2 or Fisher exact test when appropriate. A P-value <0.05 was considered statistically significant. All statistical analyses were performed with IBM SPSS statistics for Windows, version 25 (IBM Corp., Armonk, NY, USA).




Results


Baseline characteristics

A total of 40 patients were included [age: 71.5 ± 7.3 years, 30 male (75.0%)]. The indication for surgery for most patients was ischemic heart disease (n = 18, 45.0%), followed by aortic valve disease (n = 16, 40%), and mitral valve disease (n = 6, 15.0%). Thirteen patients (32.5%) had a history of AF; only one patient (2.5%) had atrial flutter.

Based on the aforementioned Bayes de Luna criteria, only 13 patients were classified as a-IAB (32.5%) [patients without a-IAB n = 27 (67.5%)]. The median time interval between the pre-operative ECGs and cardiac surgery was 15 days (interquartile range: 6–22 days). Baseline characteristics of both patient groups are described in Table 1. Patients with a-IAB did not differ from patients without a-IAB, except for age; patients with a-IAB were older than patients without a-IAB (74.9 ± 6.6 years vs. 69.9 ± 7.1 years, p = 0.038).


TABLE 1    Baseline characteristics.
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Relation between a-IAB and conduction properties

As demonstrated by the boxplots in Figure 2A, TAT-BB did not differ significantly between patients with a-IAB and patients without a-IAB (75.7 ± 19.7 ms vs. 65.0 ± 13.2 ms, p = 0.051, respectively). While long TAT-BB were expected in all patients, three patients (1 a-IAB, 2 no a-IAB) had a considerably shorter TAT-BB compared to other patients. Figure 2B demonstrates color-coded activation time maps from two of these patient with short TAT-BB. The left and right color-coded maps correspond to a patients with a-IAB and a patient without a-IAB, respectively. Although both patients have a similar TAT-BB, the entry site of the SR wavefront into BB is different between the patients. In the patient without a-IAB, the earliest activation at BB is a wavefront entering in the corner of the right atrial site. In contrast, in the patient with a-IAB the earliest wavefronts emerge from the middle of BB, indicated with a white star in Figure 2. Hence, these wavefronts did not originate from the RA site of BB, indicating an obstruction between the superior RA and the RA insert site of BB, inhibiting a right-to-left activation of BB. Thus, even though the TAT-BB is short in this patient, the BB activation pattern of the patient with a-IAB still suggests an abnormal route of wavefront propagation during SR.
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FIGURE 2
In the left panel, boxplots depict the differences in activation time (A) and prevalence of CB (C) at BB between the no a-IAB and a-IAB group. In the right panel, color-coded activation maps of BB show examples of a short TAT of BB in a patient from the no a-IAB group (B) and one from the a-IAB group (B). See the text for further description. Activation maps are depicted with 10 ms isochrones and arrows showing the main direction of wavefront propagation. Black lines indicate an area of CB and a star represents an epicardial breakthrough wave. AT, activation time; BB, Bachmann’s bundle; CB, conduction block; IHD, ischemic heart disease; LA, left atrium; MVD, mitral valve disease; RA, right atrium.


Besides the complete transverse line of CB across BB, multiple additional lines of CB were also present at BB. However, the amount and maximum length of CB at BB, including the complete transverse line, did not differ significantly between patients with or without a-IAB [amount of CB: 9.1 ± 4.6% vs. 7.5 ± 3.1%, p = 0.194; maximum CB length: 32 (24–48) mm vs. 34 (24–40) mm, p = 0.776, respectively], as shown in Figure 2C.

RA—LA delay was longer in the a-IAB group (Figure 3A; a-IAB: 90.0 ± 21.9 ms vs. no a-IAB: 74.9 ± 13.0 ms, p = 0.017). In addition, TAET was also longer in the a-IAB group (Figure 3B, a-IAB: 160.0 ± 27.0 ms vs. no a-IAB: 136.0 ± 24.1 ms, p = 0.012). However, no differences were found in TAT-RA or TAT-LA between both groups [RA: a-IAB: 82 (63.8–115.3) ms vs. no a-IAB: 82.3 (71.9–95.3) ms, p = 0.794; LA: a-IAB: 69.5 (60.8–90.9) ms vs. no a-IAB: 56.0 (51.0–71.0) ms, p = 0.096]. Thus, although there is a longer RA-LA delay and TAET in patients with a-IAB, there is no preferential site of conduction slowing in RA or LA.
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FIGURE 3
The left and right boxplots show (A,B) the time differences in LA activation delay and total atrial excitation time between the no a-IAB and a-IAB groups. RA, right atrium; LA, left atrium.


Caudocranial activation of the main SR wavefront at the PVA was present in patients with a-IAB 91.7%, while only 70.8% of the patients without a-IAB had a caudocranial activation (p = 0.224). Caudocranial activation is thus frequently observed in patients with a-IAB, however it is not specific for a-IAB as it is also common in patients without a-IAB. Additional excitation of the PVA via a cranial entry was equally often present in patients with a-IAB and patients without a-IAB (41.7% vs. 58.3%, p = 0.345, respectively).



Development of EPOAF

The prevalence of de novo EPOAF was as high as 69.2% (18/26 patients). However, the prevalence of de novo EPOAF did not differ between patients with and without a-IAB (62.5% vs. 72.2%, p = 0.667, respectively).



Typical a-IAB vs. atypical a-IAB

In the entire study population, typical and atypical a-IAB were present in respectively, five and eight patients. Seven patients had ECGs corresponding to type 1 atypical a-IAB (87.5%) and 1 (12.5%) had type 2 atypical a-IAB. Patients with typical a-IAB pattern were older than patients with atypical a-IAB (80.1 ± 2.9 years vs. 71.7 ± 6.2 years, p = 0.017, respectively). Development of de novo EPOAF did not differ between these groups (typical a-IAB: 66.7% vs. atypical a-IAB: 60.0%, p = 1.000).

Patients with typical and atypical a-IAB differed in entry site of SR wavefronts at the PVA. An additional cranial entry site was never present in patients with typical a-IAB, while 71.4% patients with atypical a-IAB had a cranial entry site (p = 0.028). All patients with an additional cranial entry site also had caudal or mid-right entry site of the main SR wavefront. Therefore, both groups, except for one patient in the atypical a-IAB group, showed caudocranial activation of the PVA during SR.

In addition, patients with typical a-IAB had longer TAT-LA compared to patients with atypical a-IAB (84.6 ± 14.4 ms vs. 58.8 ± 16.8 ms, p = 0.031, respectively). As shown in Supplementary Table 1, with exception of TAT-LA, patients with typical a-IAB demonstrated similar conduction properties as patients with atypical a-IAB.




Discussion


Key findings

This high-resolution epicardial mapping study revealed that a-IAB is only present in a part of the patients with a complete transverse line of CB across BB. In the entire RA, LA and BB there were no differences in conduction disorders. Nevertheless, patients with a-IAB had a delayed onset of LA activation and increased TAET in comparison to patients without a-IAB. Patients with typical a-IAB showed only a single caudocranial propagating wavefront activating the PVA, and TAT-LA was increased compared to patients with atypical a-IAB. Independently of the presence of a-IAB, patients with a complete transverse line of CB at BB demonstrated a high incidence of de novo EPOAF.



Pathophysiology of a-IAB

Although impaired conduction at BB may underlie a-IAB (8), only one-third of our patients had ECG characteristics of (a) typical a-IAB. We therefore provide evidence that a-IAB is not solely related to interatrial conduction at BB. The low prevalence of a-IAB in this study can be explained by the presence of alternative (preferential) interatrial conduction routes. In humans, there is significant inter-individual variation in interatrial conduction through various routes, which include conduction (1) anteriorly via BB, (2) posteriorly via myocardial pathways or bridges at the level of the right pulmonary veins (also known as fossa ovalis connections), and (3) inferiorly via myocardial sleeves extending from the coronary sinus to the inferior part of the LA (17–20). The SR wavefront propagates predominantly across the anterior pathway (21). In up to one-third of the patients, initial LA breakthrough during SR is observed in the fossa ovalis region, which corresponds to conduction via the posterior interatrial connection (21). Variability in number, location, and thickness of these interatrial connections may partly explain why some individuals develop a-IAB whereas others do not. If interatrial conduction across BB is impaired, some patients will have the posterior route as an alternative option and will avoid a-IAB on ECG. However, other patients, who lack interatrial impulse propagation in the anterior and posterior parts of the interatrial septum due to advanced remodeling, will be dependent on the inferior route for interatrial conduction. They will therefore have caudocranial activation of the LA and a-IAB on ECG.

We observed no clear preferential sites for conduction slowing in the RA and LA, though patients with a-IAB did have delayed onset of LA activation and longer TAET, which suggests that conduction is likely also impaired outside the regions that are mapped, such as other interatrial conduction pathways. Compared with healthy controls, patients with AF indeed have more often impaired conduction across the anterior and posterior interatrial connections (4, 22).

Several studies have investigated the direct relation between injury of BB and ECG changes corresponding to a-IAB (8, 23, 24). In an animal model, Waldo et al. showed that a surgical lesion across the middle of BB resulted in ECG characteristics similar to a-IAB (8). Mikhaylov et al. demonstrated that ablation at the anteroseptal RA—close to the insertion of BB–will result in a-IAB on ECG (23). Moser et al. highlighted the importance of various inputs (muscle strands) of BB onto the LA for development of a-IAB (24). BB has both superficial epicardial fibers connecting to the left atrial appendage, as well as fibers from deeper layers coursing close the right pulmonary vein. Distal injury of either tract will therefore not directly result in a-IAB. In addition, BB is also connected with other parts of the atria through various (epicardial) bundles (19). For example, a posterosuperior bundle joins the posterior part of BB from the posterior right atrial wall. A wavefront entering BB in the center of the mapping array, as observed in the example in Figure 2B, can also be explained by the finding that BB is connected to the surrounding myocardial tissue as it transverses the interatrial groove. This mid-entry wavefront presumably originates from other interatrial septal pathways and continues at BB.



Caudocranial activation

All patients with a-IAB in our study had caudocranial activation of the PVA, except for one patient with atypical a-IAB. Moreover, patients with typical a-IAB never had an additional cranial entry site at the PVA. The electrophysiological mechanism underlying the ECG pattern seen in typical a-IAB had only been investigated in a few patients (9, 11, 21). Cosio et al. also found caudocranial activation of the LA in three patients with a-IAB during catheterization (11). In a more recent mapping study, it was demonstrated in two patients with a-IAB that the LA is activated only via the coronary sinus and not via BB or the interatrial septum (21). We now provide evidence that right to left propagation over BB is completely interrupted in patients with a complete transverse line of CB at BB and typical a-IAB, as these patients did not have a cranial entry site at the PVA region.

In 2018 Bayes de Luna et al. introduced atypical a-IAB, with a variety of p-wave morphologies in the inferior leads, but with a terminal negative component in lead aVF, which still indicates caudocranial activation of the LA (10). Bayes de Luna et al. defined three subtypes of atypical a-IAB, which include (1) the terminal component of the P wave in lead II to be “isodiphasic” (flat rather than negative), (2) the terminal component of the P wave in lead II to be “biphasic” (“negative-positive”) and (3) first component of the P-wave to be isodiphasic in leads III and aVF, but biphasic in lead II (which requires ectopic atrial rhythms as differential diagnosis). In our mapping study, we only found ECGs corresponding to type 1 (n = 7) and type 2 atypical a-IAB (n = 1). In these patients the LA was predominantly activated by a caudocranial wavefront, though a (small) wavefront entering the cranial LA was still present. The presence of an extra cranial entry site in patients with atypical a-IAB could be responsible for the different terminal component of the p-wave in II, which corroborates why these patients have atypical a-IAB on ECG instead of typical a-IAB.



Early post-operative atrial fibrillation

While a-IAB is strongly associated with development of AF, patients with and without a-IAB did not differ in the incidence of de novo EPOAF (5–7). For that reason, in patients with a complete line of CB on BB, a-IAB does not seem to further contribute to development of EPOAF. Instead the presence of a-IAB in our patients may rather be an indicator of extensive (electrical and/or structural) remodeling than a culprit itself in the development of AF. However, the incidence of de novo EPOAF is still considerably high in these patients compared to other populations undergoing cardiac surgery (25). Patients with mitral valve disease are considered to have the highest risk of developing EPOAF with a prevalence between 29.9 and 44.1% (25). In patients with an complete line of CB on BB, almost 70% of the patients developed EPOAF, which is considerably higher than patients with mitral valve disease. Conde et al. found a similar prevalence of EPOAF (66.7%) in 36 patients with a-IAB undergoing coronary artery bypass grafting (26). In line with our findings, Teuwen et al. already demonstrated that patients with long lines of transverse CB (>12 mm) across BB had a three times higher risk to develop EPOAF (4).

Currently, various mechanisms and risk factor factors for EPOAF have been suggested, and many preventive treatments for this arrhythmia have been proposed, but the prevalence of POAF remains substantial and troublesome (27). Our results provide further insights into the development of EPOAF by characterizing its pre-existing arrhythmogenic substrate. A deeper understanding of the underlying mechanisms of EPOAF will help better identify patients at risk for EPOAF, which could stimulate novel (preventive) treatments.



Limitations

The surface ECG was obtained prior to the mapping procedure, so there was no simultaneous registration of the surface ECG and electrograms. We did not perform endocardial mapping of the interatrial septum, as this is not possible in the current setting.




Conclusion

In the present study, we demonstrated that a complete transverse line of CB across BB partly explains the ECG characteristics of a-IAB. Patients with a-IAB had a delayed onset of LA activation and increased TAET. We found atrial excitation patterns underlying the ECG characteristics of both atypical and typical a-IAB. Patients with typical a-IAB solely had caudocranial activation of the PVA, without additional cranial entry sites. Regardless of the presence of a-IAB, the clinical impact of a complete transverse CB at BB was reflected by a high incidence of de novo EPOAF.
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