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ABBREVIATIONS 

AF - atrial fibrillation 

aIAB - advanced interatrial conduction block 

CPVI - circumferential pulmonary vein isolation 

CS - coronary sinus 

CSo - coronary sinus ostium 

CT - crista terminalis 

ECG - electrocardiogram 

EAT - ectopic atrial tachycardia 

FO - fossa ovalis 

HAS - high (right) atrial septum 

IAC - interatrial conduction 

IPV - inferior pulmonary vein 

LA - left atrium/atrial 

LAA - left atrial appendage 

pIAB - partial interatrial conduction block 

PLA - posterior left atrium 

PTF - P-wave terminal force 

PV - pulmonary vein 

PWD - P-wave duration 

PMV - variability of P-wave morphology 

PSFO - posterior septum behind the FO 

RA - right atrium/atrial 
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RAA - right atrial appendage 

RFCA - radiofrequency catheter ablation 

SR - sinus rhythm 

SPV - superior pulmonary vein 

TA - tricuspid annulus 

3D-EA - three-dimensional electroanatomical 
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CHAPTER 1. INTRODUCTION 

ATRIAL CONDUCTION AND P-WAVE CHARACTERISTICS 
P-wave morphology reflects the projection of the depolarization vector on the 
electrocardiogram (ECG) lead axes in three-dimensional space and reflects both right 
(RA) and left atrial (LA) activation. Several factors mainly contribute to the P-wave 
morphology: (1) the origin of the rhythm (RA breakthrough), which results in RA 
depolarization and defines the general depolarization vector, (2) the LA breakthrough, 
which defines the main direction of the LA depolarization vector, (3) interatrial 
conduction properties, which link to the localization of the LA breakthrough, and (4) 
the geometry of atrial chambers and histological abnormalities both affect the time of 
the depolarization process and the course of depolarization propagation.  

1.1 Variability of the origin of rhythm 

The common perception are often over-simplified illustrations of the sinus node being 
a relatively small structure located at the superior caval vein opening in the RA. 
However, the most recent anatomical reconstruction indicates that the compact sinus 
node may reach 20 mm in length and extend downward in the projection of the 
terminal groove [1]. These findings are supported by clinical experience of catheter 
ablation of inappropriate sinus tachycardia in the sinus node region [2]. Interindividual 
and intraindividual variabilities of P-waves have also been studied. The earliest 
activation can be located between the most inferior part of the RA pacemaker complex 
at the level of mid-septal region and the most superior part at the junction with right 
atrial appendage (RAA) interindividually [3, 4]. Meanwhile, the presence of secondary 
and tertiary P-wave morphologies intraindividually at rest in one-third of healthy 
subjects using signal-averaged ECG analysis has also been studied [5]. The variable 
location of the atrial pacemaker can cause variability of the initial RA activation vector 
and upward or biphasic P-wave appearance in the inferior leads [3, 6].  

A shift in the site of the sinus depolarization wave origin was reported as the possibility 
of a spontaneous P-wave morphology change [3]. However, whether variability of sinus 
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rhythm origin is due to the actual switch from one group of pace-making cells within 
the sinus node to another, or whether variability is caused by a different route of 
propagation within the sinus node and outside the sinus node via distinct exit routes is 
still controversial [6]. Further studies reported that the association between heart rate 
acceleration and the earliest activation site shift to superior-anterior regions of the RA 
pacemaker complex [7, 8], which are in agreement with P-wave morphology change in 
healthy subjects during exercise described either as an increase in negative PTF in lead 
V1 [9] or increase in maximal posterior and inferior component in the orthogonal Z 
lead [10]. 

The origin of ‘ectopic’ as used in ‘ectopic atrial tachycardia’ was from the late 19th 
century: from modern Latin ectopia - ‘presence of tissue, cells, etc. in an abnormal 
place’. Theoretically, the origin of ectopic atrial tachycardia could be anywhere in both 
atria. However, in reality the localization of atrial tachycardia’s origin mostly clustered 
around several important atrial structures. The link between P-wave morphology 
during the ectopic atrial tachycardia (EAT) and the localization of EAT’s origin has 
been well studied previously [11-13].  

1.2 Left atrial breakthrough  

The localization of the LA depolarization starting point defines the major vector of LA 
depolarization and shapes the terminal part of the P-wave alone after the RA 
depolarization ends. Although Bachmann’s bundle is considered the most important 
interatrial conduction route, the depolarization breakthrough to the LA may occur in 
the posteroinferior region of the atrial septum in up to one-third of patients, as reported 
using noncontact mapping [14, 15]. Further studies, using electro-anatomical mapping 
in the largest reported patient series to date, confirmed the finding that LA 
breakthrough occurred outside the Bachmann’s bundle via posterior or inferior 
interatrial connections in one-third of patients, including 14 of 50 patients in this 
cohort more than one breakthrough was simutanely observed in LA [15]. Two factors 
may be of greatest influence, i.e. high interindividual variability in the structure and 
location of interatrial routes [16] and their conduction properties, as well as relative 
proximity of the sinus rhythm origin to the employed interatrial conduction route.  
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1.3 Interatrial and intraatrial conduction routes 

Previous histological studies reported that no special conduction system (i.e. HIS 
bundle, right bundle branch, left bundle branch, etc.) was found in the atria. However, 
several special atrial structures were found with a higher conduction velocity, including 
endocardial and epicardial structures in the septum [17]. Our current understanding 
of preferential interatrial conduction routes is based mainly on anatomical studies [16, 
18, 19] and electrophysiological examinations using 3D electro-anatomic or non-
contact mapping during sinus rhythm (SR) [14, 15, 20, 21]. The different modes of 
intraatrial and interatrial activation have been demonstrated to follow preferential 
routes located high in the RA septum (i.e. Bachmann’s bundle), posteriorly in the 
intercaval area, and inferiorly in the vicinity of the coronary sinus ostium (CSo) [22-
27]. In previous anatomical and radiological studies, Bachmann’s bundle was detected 
in about 90% of specimens in large cohorts, and also in large groups of patients without 
heart disease using the spiral computed tomography [16, 28], and has been suggested 
as a region of fast conduction by results of both experimental and human studies [23-
25, 29]. Extension of RA myocardial sleeves on the coronary sinus (CS) with distinct 
connections to the LA myocardium is commonly observed [30]. It has been 
demonstrated that the CS musculature is electrically connected to the RA and LA, and 
forms an RA–LA connection in canine hearts [26] and in human hearts [22], which 
provides further evidence supporting the existence of a preferential route for interatrial 
conduction near the CSo. Specifically, a single RA breakthrough has been identified 
around the CSo during distal CS pacing in all studied patients [27]. Furthermore, Ho 
et al. have described small muscle bridges connecting the LA posterior wall near the 
ostia of right-sided pulmonary veins to the RA posterior wall at the intercaval area in 
human hearts [18]. The function of these posterior interatrial connections has also been 
confirmed by mapping the RA during atrial tachycardia originating from PVs [31] in 
which the RA breakthrough was identified in the posterior intercaval area. The 
quantity, length and diameter of interatrial connection fibers vary considerably among 
individuals [16, 32]. 

During SR, the preferential interatrial conduction does not seem to be linked to a 
certain anatomical structure, but rather seems to depend on both the origin of the RA 
activation [3] and the variability of interatrial connections [16, 32, 33]. The employed 
interatrial connection during SR was suggested to occur through posterior fibers behind 
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the FO and / or Bachmann’s bundle [20, 34]. However, during pacing in the vicinity 
of the CSo it has been reported that the preferential interatrial conduction route was 
likely to be the CS musculature [14, 26]. The retrograde activation of the CS was also 
studied in detail. During pacing at the left superior PV, the initial breakthrough in the 
RA was identified at the CSo, which suggests that propagation was through the CS 
musculature rather than through Bachmann’s bundle or the PSFO [25].  

Furthermore, conduction properties of interatrial conduction routes were also stuided 
in previous studies involving atrial-pacing technique. Permanent transvenous atrial 
pacing leads have traditionally been implanted in the RAA and, occasionally, in the RA 
lateral wall. Pacing from the RAA or free wall can lead to delayed intraatrial and 
interatrial conduction, and may provoke electromechanical delay in the atria, leading 
to discoordination of right and LA contraction [35]. Based on the issues raised above, 
it has been suggested that dual-site RA pacing [36] and biatrial resynchronization [37] 
are more beneficial than both high RA pacing and antiarrhythmic drug therapies, with 
regard to atrial fibrillation (AF) prevention by a long-term follow-up. 
Electrophysiological studies [38] have suggested that reduction in atrial conduction 
delay and modification of dispersion in atrial refractoriness are important mechanisms 
in AF prevention, which could be achieved by multisite atrial pacing. Similar results 
could also be achieved by single-site atrial pacing that does not require any special 
implantable device. The optimal pacing site for the prevention of paroxysmal AF using 
single-site pacing is suggested to be the atrial septum [39-42]; however, no detailed 
studies have been carried out on electrophysiological properties regarding the relation 
between shortening of P-wave duration (PWD) and pacing site. The limitation of atrial 
pacing mode was also noticed that the antiarrhythmic efficacy of this specific atrial-
pacing mode is rather modest on unselective cohorts, which explains that it remains 
outside clinical routine. Even though at some centers it is regularly employed.  

1.4 Atrial histological abnormalities and atrial conduction 

In 1977, Evans and Shaw examined 8 patients with sinus node disease and 
demonstrated that in 7 of these patients there was increased fibrosis or fatty infiltration 
in RA musculature. It was the first study offering evidence of widespread RA 
abnormality in Humans, which revealed an underlying relation between fibro-fatty 
infiltration and atrial conduction abnormality [43]. Later, in post-mortem materials, 
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fibrosis extent and fatty infiltration were observed in patients with a history of AF, 
which was significantly higher in patients with permanent AF as compared to 
paroxysmal AF [44]. Meanwhile, it revealed that atrial dilatation in AF patients is 
associated with fibro-fatty replacement of the atrial myocardium that equally affects the 
atrial walls and the major conduction routes [44]. In this setting, thickness of interatrial 
routes may be directly linked to the routes’ ability to maintain conduction despite 
myocyte loss. More advanced fibrosis might interrupt conduction over the Bachmann’s 
bundle and result in so-called partial or advanced interatrial block with delayed 
interatrial conduction through Bachmann’s bundle or retrograde LA activation via the 
inferior interatrial route near the coronary sinus ostium [45-47]. Further studies have 
also associated abnormal PWD and morphology with AF, ageing and cardiovascular 
comorbidities [48-54]. Fibro-fatty transformation of atrial walls is believed to be the 
leading cause of deteriorated atrial conduction [43, 55, 56]. However, any direct 
assessment of fibrosis extent in the major atrial conduction routes in relation to P-wave 
characteristics is lacking.  

1.5 Atrial remodeling in patients with atrial fibrillation and 
variability of P-wave morphology 
Many studies have explored the mechanism of the initiation and maintenance of AF 
[57-64]. Over the last decade, studies of radiofrequency catheter ablation for treatment 
of AF reported higher efficacy rates than studies of antiarrhythmic drug therapy [65-
68]. Circumferential PV isolation (CPVI) has been proven as the cornerstone of 
treatment of AF, regardless of stage of AF. However, CPVI alone has been shown to be 
insufficient for a considerable proportion of patients with AF [69-71], especially for 
those with persistent or permanent AF.  

In the last two decades, a number of noninvasive markers have been studied in order 
to evaluate the progress of atrial remodeling in patients with AF, such as atrial fibrosis, 
LA diameter, PWD and morphology, etc., and these markers further could predict the 
outcome of AF ablation or affiliate the selection of patients for specific ablation 
strategies. Previous experimental studies also suggest that interatrial conduction defects 
play a role in the development of AF [25, 72-74]; the global conduction abnormalities 
(such as repolarization alternans and conduction slowing) during sinus rhythm in 
patients or animal models with AF or atrial tachycardia have been also studied [75, 76], 
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it is also worth noting that in major conduction routes conduction velocity was 
significantly reduced [77]. These changes are associated with significant increase in AF 
vulnerability.  

The understanding of AF pathophysiology has advanced significantly over the years 
through increased awareness of the role of atrial remodeling in the development of 
persistent change in atrial structure or function. Structural remodeling that is 
consistently seen in models of AF and in patients with AF includes atrial enlargement, 
cellular hypertrophy, dedifferentiation, fibrosis, apoptosis, and myolysis [78-87]. 
Recently, the concept of fibrotic atrial cardiomyopathy (FACM) was introduced into 
the AF field in order to describe the underlying pathophysiological process of human 
structural atrial remodeling [88, 89]. Fibrotic atrial structural remodeling has been 
consistently described in AF patients in histological and autopsy studies [44, 90, 91]. 
The presence of (micro) fibrosis leading to changes in cellular coupling results in spatial 
“non-uniform anisotropic” impulse propagation, which is a potential cause of atrial 
activation abnormalities underlying the initiation and perpetuation of re-entrant 
arrhythmias like AF [92, 93]. Recent clinical research has highlighted the presence of 
atrial tissue fibrosis using delayed-enhancement magnetic resonance imaging (DE-
MRI) and electroanatomical voltage mapping [94, 95]. Importantly, fibrotic atrial 
changes vary in localization and extent, and are principally bi-atrial findings. A higher 
mean value of fibrosis was detected in patients with persistent AF versus paroxysmal 
AF; however, variability in the extent of fibrosis among patients with AF is very high 
[91]. Additionally, there is indeed limited histological evidence of fibrosis in atrial walls 
from human atria tissues. Most data came from RA septum biopsies and surgically 
removed left atrial appendage (LAA) / RAA, not from atrial walls that are believed to 
harbor electrical circuits maintaining AF. 

As assumed above, atrial remodeling is continuously advancing in patients with AF, 
such as an increase of PWD or LA-diameter or altered P-wave morphology. The 
variability of P-wave morphology in healthy subjects has been reported very low [96]. 
Further studies also showed that abnormal P-wave morphology associates with the 
existence of AF or diseased atria [54, 97]. However, mild or moderate atrial remodeling 
may not change the P-wave morphology permanently. The P-wave morphology even 
differ from beat to beat in a short period (The study 4 demonstrates dynamic changes 
of sinus P-wave morphology in 10 min ECG recordings).  
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The ability of the atrial depolarization wave to choose one or another intraatrial- or 
interatrial route during sinus rhythm may be significantly limited by severe atrial 
structural remodeling (i.e. fibrosis, fatty infiltration etc.) at the end stage of FACM. 
Regardless of etiological causes, increasing fibrosis etc. would limit both the ability to 
conduct through different paths and the potential number of exits from the sinus node, 
thus leading to a more rigid activation pattern during sinus rhythm.  

1.6 P-wave morphology assessment 

In previous studies, interatrial conduction defects have been suggested to play a role in 
the development of AF [25, 72-74]. Different P-wave morphologies during SR as 
displayed on standard ECGs have been postulated to correspond to differences in 
interatrial conduction [98-100]. A previous study from our group shows that 
orthogonal P-wave morphology can be used to correctly identify the LA breakthrough 
site and the corresponding route of interatrial conduction [101]. Accordingly, the 
orthogonal P-wave morphologies have been present with distinct appearances being 
linked to age, comorbidities and the risk of AF development.  

In our earlier studies using morphology analysis of signal-averaged P-waves [53], we 
identified that 2 different sinus P-wave morphologies with negative (previously defined 
Type 1) or biphasic (previously defined Type 2) patterns in lead Z (in the sagittal 
plane), which are the most common P-wave morphological types, in which both 
positive patterns in leads X and Y. Sinus P-wave with negative in lead Z is mostly 
observed in adolescents and young adults [53, 102]; Sinus P-wave with biphasic pattern 
in lead Z is commonly observed in the elderly [53] and in patients with paroxysmal AF 
[103, 104]. Furthermore, both 2 sinus P-waves are equally common in middle-aged 
healthy population [53]. Both above-mentioned 2 types of sinus P-wave morphologies 
were commonly observed in healthy subjects [53].  

On the contrary, advanced interatrial conduction block morphology (previously 
defined Type 3 P-wave with biphasic in lead Y) has been reported as corresponding to 
the advanced interatrial block with retrograde LA activation. Previous studies suggested 
that biphasic P-waves in inferior leads (12-lead ECG) or in Lead Y (orthogonal lead 
configuration) are most likely due to Bachmann’s bundle block producing an advanced 
interatrial block [100, 105]. In the present study, none of the healthy subjects has Type 
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3 P-wave morphology, but it is commonly seen in HCM patients [97]. Type 4 
morphology has been reported presenting in ARVC patients [106] and patients with 
paroxysmal AF [107]; however, it has never been observed in healthy subjects [53]. 
Several reports indicate that P-waves that are negative in lead V1 and positive in inferior 
and lateral leads are commonly observed in atrial rhythms originating from RAA [11, 
108], which suggests a shift of the origin of sinus rhythm toward the anterior part or 
the RA or the RAA. The variability of the location of sinus rhythm origin including its 
extreme anterior locations has been reported previously [3]. 
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CHAPTER 2. AIMS 

2.1 Outline of the work 

The main purpose of the current thesis is to explore the internal logic between atrial 
conduction properties, including intra- and inter- atrial conduction, and P-wave 
characteristics from the level of histology to electrophysiology. The thesis consists of 
the four following sub-studies: 

2.2 Brief descriptions of the studies and aims 

P-WAVE CHARACTERISTICS AND HISTOLOGICAL ATRIAL ABNORMALITY 
As described earlier, fibro-fatty transformation is believed to be the leading cause of 
deteriorated atrial conduction; however, any direct assessment in relation to P-wave 
characteristics is lacking. We sought to assess P-wave morphology (PWM) and PWD 
in relation to histology of the atrial myocardium.  

EFFECTS OF BASELINE P-WAVE DURATION AND CHOICE OF ATRIAL SEPTAL 

PACING SITE ON SHORTENING ATRIAL ACTIVATION TIME DURING PACING 
Based on the high variability of the location of interatrial connections, it is reasonable 
to assume that pacing at the site mainly responsible for interatrial conduction would 
result in a shorter paced PWD, corresponding to the shorter global atrial activation 
time in that individual. The aim of this study was thus to assess the effect of different 
atrial septal pacing sites on P-wave shortening and to identify the pacing site associated 
with the shortest paced PWD. 

DIAGNOSIS OF ATRIAL TACHYCARDIA ORIGINATING FROM THE LOWER 

RIGHT ATRIUM: IMPORTANCE OF P-WAVE MORPHOLOGY IN THE 

PRECORDIAL LEADS V3-V6 
With respect to the P-wave morphology during EAT originated at RA, multiple factors 
could influence the P-wave morphology, such as: (1) activation sequence of RA, (2) 
activation from RA to left atria (LA), which is associated with preferential interatrial 
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conduction routes (IAC), and in the end (3) activation sequence of LA. This study was 
done to further establish ECG characteristics of focal atrial tachycardia originating at 
the lower RA in order to avoid the influence of the superior interatrial conduction route 
(Bachmann’s bundle). We hypothesized that the employment of preferential IAC 
results in typical P-wave morphology in V3-V6 (horizontal plan).  

VARIABILITY OF P-WAVE MORPHOLOGY PREDICTS THE OUTCOME OF 

CIRCUMFERENTIAL PULMONARY VEIN ISOLATION IN PATIENTS WITH 

RECURRENT ATRIAL FIBRILLATION 
It is commonly held that atrial remodeling is continuously evolving in patients with 
AF, such as increasing PWD or LA-diameter, or altered P-wave morphology. 
Furthermore, the sequence of atrial depolarization and the duration of entire atrial 
depolarization determined the final P-wave morphology beat by beat. Meanwhile, a 
mild or moderate remodeling may not change the P-wave morphology permanently. 
So we decided to study the variability of P-wave morphology instead of P-wave 
morphology directly. We hypothesized that beat-to-beat variability of atrial 
depolarization route during SR may reflect the degree of atrial remodeling and may 
thus be associated with the outcome of AF ablation.  
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CHAPTER 3. METHODS 

3.1 Study population 

3.1.1 POST MORTEM STUDY MATERIAL (STUDY 1) 
Materials for the study were collected in accordance with the protocol described in 
detail earlier [44]. In short, medical records of consecutive cases of in-hospital deaths 
referred for post-mortem studies at the Almazov Federal Heart, Blood, and 
Endocrinology Centre (St. Petersburg, Russia) were screened for AF presence and its 
clinical type (n=276). Subjects with AF after open-heart surgery or severe valvular 
pathology were excluded. Three predefined groups of 10 cases each equally were 
collected, representing subjects with permanent AF, non-permanent AF, and subjects 
with no documented AF history. A total of 30 subjects were used for histological 
analysis, of whom 20 either had no AF history or had non-permanent AF, thus being 
suitable for a study aimed at P-wave analysis. After excluding patients who had ECG 
tracings with ST-elevation, invisible onset or ending of P-waves (i.e. P-wave on T-
wave), unstable baseline of ECG tracing and heart rate <50 or >100/min, 11 subjects 
remained suitable for analysis. Four out of the 11 subjects had a history of paroxysmal 
AF. (Table 1) 

3.1.2 INVASIVE ELECTROPHYSIOLOGICAL STUDY COHORT (STUDY 2) 
Sixty-nine consecutive patients (aged 52±16 years, range 19-79 years, 41 men) 
undergoing clinically motivated electrophysiological studies due to supraventricular 
tachycardia were studied. All patients gave written informed consent on the 
investigational nature of the procedure that was approved by the institutional review 
committee. None of the patients showed any evidence of underlying structural heart 
disease as assessed by transthoracic echocardiography. All antiarrhythmic drugs were 
discontinued at least five half-lives before the study, and none of the patients was taking 
amiodarone or digitalis. In the current study, the mean diameter of the LA was 39±6 
mm; and 25 patients (36%) had an enlarged (>40mm) LA (44±4 mm). 21 of the 69 
patients (30%) had a history of paroxysmal AF. 12 of the 21 patients had received 
flecainide by the ‘pill-in-the-pocket’ approach, while 9 patients had uncommon 
arrhythmia episodes and were off all medications. None of paroxysmal AF patients was 
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treated with PV isolation either before or during index admission. Before the 
electrophysiological study, the patients with paroxysmal AF had been suspected as 
carriers of other supraventricular tachycardias with atypical AF-related symptoms, such 
as atrioventricular nodal reentrant tachycardia (AVNRT) etc.. 10 patients (14%) had a 
history of typical atrial flutter. 14 patients (20%) were found to have inducible 
AVNRT, and three patients (4%) had a left-sided accessory pathway. In the rest of the 
patients (26 patients, 38%) it was not possible to induce tachycardia during the 
electrophysiological studies. Radiofrequency catheter ablation was successful in patients 
with induced supraventricular tachycardia. 

3.1.3 ATRIAL TACHYCARDIA ABLATION COHORT (STUDY 3) 
Between October 2006 and April 2010, 144 consecutive patients underwent 
radiofrequency catheter ablation (RFCA) due to focal EAT with origin of RA at Heart 
Center Leipzig. In 28 (aged 52±15 years, 21 men) out of 144 patients (19%), a 
tachycardia with an origin of lower RA was confirmed using 3-dimensional (3D) 
electroanatomical (EA) activation mapping and the RFCA procedure. All patients had 
symptomatic tachycardias and proved refractory to at least one antiarrhythmic agent. 
All patients signed a written informed consent. 

3.1.4 ATRIAL FIBRILLATION ABLATION COHORT (STUDY 4)  
Between January 2010 and June 2010, 70 consecutive patients (aged 60±9 years, range 
31-79 years, 46 men) undergoing clinically motivated CPVI due to highly symptomatic 
drug-refractory AF at Heart Center Leipzig were included in this study. All patients 
gave written informed consent on the investigational nature of the procedure that was 
approved by the institutional review committee. All antiarrhythmic drugs were 
discontinued at least five half-lives prior to the study, including beta-blockers and 
digitalis, and none of the patients were taking amiodarone. Exclusion criteria were: (1) 
severe valve disease (e.g. greater than mitral insufficiency II˚); (2) acute heart failure; 
(3) any previous ablation procedure affecting the atria; and (4) previous surgery on 
heart, esophagus or lung. (Table 2) 
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3.2 Data acquisition and electrogram analysis 

3.2.1 OUTLINE OF ECG ANALYSIS 
A standard 12-lead ECG was taken for all study subjects for P-wave analysis. For the 
sub-studies, which involved orthogonal ECG analysis, recordings of standard 12-lead 
ECGs were transformed to orthogonal leads, and signal-averaged P-wave analysis was 
performed to estimate P-wave duration. These data were stored for subsequent offline 
processing. Data analysis was performed using custom software running on MATLAB 
(The MathWorks, Natick, MA). 

P-WAVE ANALYSIS ON PAPER (STUDY 1) 
A 12-lead surface ECG was recorded in supine position using a Hellige ECG 153 
(Freiburg, Germany) machine. The 12-lead ECG was recorded at a paper speed of 50 
mm/s (n=6) or 25 mm/s (n=5), a standard calibration of 10 mm/mV, and a filter of 
0.05 - 35 Hz standardization. The PWD was calculated in all 12 leads of the surface 
ECG. The measurements of the P-wave duration were performed manually by two 
investigators without knowledge of the histological findings or AF group allocation. To 
improve accuracy, measurements were performed with calipers and magnifying lens for 
defining the P-wave deflection, similarly to the approach used by others [109-111]. 
The P-wave onset was defined as the point of the first visible upward / downward 
departure of the trace from baseline bottom for positive / negative waves. When the 
trace returned to the baseline at the bottom of the trace in positive waves or at the top 
of the trace in negative waves, this point was considered to be the end of the P-wave. 
All P-waves of sinus rhythm in a 12-lead surface ECG were measured beat-by-beat. The 
mean values of longest PWDs in any lead obtained from two investigators were used 
for comparison with the histological findings. Any differences between observers were 
resolved by consensus. 

Definitions 

Criteria of interatrial conduction block 

• Partial interatrial conduction block (pIAB): Partial interatrial block (pIAB) was 
defined as prolonged (≥120 ms) and bimodal (notched) P-wave in any lead on 
the standard 12-lead ECG [45-47].  

• Advanced interatrial conduction block (aIAB): interatrial block is seen on the 
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surface ECG as a wide (≥ 120 ms) and biphasic P-wave in the inferior leads 
[46].  

DATA ACQUISITION AND P-WAVE ANALYSIS (STUDY 2) 
Standard 12-lead ECG was recorded using the Prucka CardioLab System (GE Medical 
Systems, Milwaukee, WI, USA) for at least 30 sec at baseline and continuously during 
pacing. These 12-lead ECGs were transformed to orthogonal leads and signal-averaged 
P-wave analysis was performed to estimate P-wave duration. These data were stored for 
subsequent offline processing. Data analysis was performed using custom-made 
software running on MATLAB (The MathWorks, Natick, MA). The basic method 
used is described in detail elsewhere [101, 112]. The onset and end of the P-wave were 
set manually on a magnified signal-averaged P-wave on a computer screen using 
electronic calipers. In order to ensure unbiased manual settings of P-wave onset and 
end, all recordings were analyzed in one batch in a blinded fashion so that only 
computer-generated record number was available at the time of analysis without the 
possibility of establishing a link between the ECG recordings, pacing sites and patient 
identity. The onset of the paced P-wave was defined as being directly after the end of 
the stimulation spike.  

P-WAVE ANALYSIS IN ELECTROPHYSIOLOGICAL MAPPING SYSTEM (STUDY 3) 
P-wave morphology on the surface ECG was assessed carefully to assist in the 
tachycardia localization. Particular attention was given to analyzing an unencumbered 
P-wave during periods of atrioventricular block or after ventricular pacing. Surface 12-
lead P-wave morphology was assessed based on the definitions by Tang et al. [13], and 
was further developed. The P-waves were described on the basis of deviating from 
baseline during the T-P interval as being: (1) completely positive (+); (2) completely 
negative (-); (3) biphasic: if there were both positive and negative (+/- or -/+) deflections 
from baseline; (4) isoelectric: when there was no P-wave deflection from baseline of > 
0.05 mV; and (5) isoelectric-positive / isoelectric-negative: isoelectric line after the 
onset of P-wave 20 ms and then change to positive or negative; positive-isoelectric / 
negative-isoelectric: positive or negative pattern ended up to the isoelectric line before 
the end of P-wave 20 ms.  
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DATA ACQUISITION AND P-WAVE ANALYSIS (STUDY 4) 
After sedation using midazolam and propofol, standard 12-lead electrocardiogram 
(ECG) was recorded continuously using the Prucka CardioLab System (GE Medical 
Systems, Milwaukee, WI, USA) for 10 minutes at baseline, when patients were in SR 
at the beginning of the electrophysiological study. In patients with AF at baseline, 
electrical cardioversion was performed in order to achieve stable SR and analyze P-wave 
characteristics at SR. These data were stored for subsequent offline processing as 
previously described in study 2. Data were analyzed using custom software running on 
MATLAB (The MathWorks, Natick, MA, USA). To enable analysis of orthogonal P-
wave morphology, orthogonal-lead ECG data were derived from the 12-lead ECG 
using the inverse Dower transform [113, 114]. P-wave duration was measured 
manually by two of the investigators without knowledge of the history of AF. Any 
differences between observers were resolved by consensus. The method used in this 
study is described in detail elsewhere [53, 97, 113]. 

VARIABILITY OF ORTHOGONAL P-WAVE MORPHOLOGY AND CLASSIFICATION 

OF ORTHOGONAL P-WAVE MORPHOLOGY 
After the ECGs were transformed to orthogonal leads, beat-to-beat P-wave morphology 
was defined automatically depending on P-wave polarity in orthogonal leads (positive 
/ negative / biphasic) in accordance with a pre-defined classification algorithm. The 
morphology was subsequently classified into one of five pre-defined classes [101]:  

1. P-wave with negative deflection in lead Z (Type 1): Positive leads X and Y and 
negative lead Z 

2. P-wave with biphasic deflection in lead Z (Type 2): Positive leads X and Y and 
biphasic lead Z (-/+) 

3. P-wave with positive deflection in lead Z (Type 4): Positive lead X, Y and Z 
[106]  

4. Advanced interatrial conduction block morphology (Type 3): Positive lead X 
and biphasic signals in leads Y (-/+)  

5. Atypical P-wave: Any morphology in lead X, Y and Z, except Type 1 to 4 

The four different types are schematically illustrated in Figure 1. The most common 
P-wave morphology observed in each patient during the 10-minute recording was 
defined as the dominant morphology. Variability of orthogonal P-wave morphology 
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(PMV) was defined as the percentage of P-waves with non-dominant morphology in 
the 10-min sample. All analyses were performed in a blinded fashion. Standard 
transthoracic echocardiography was performed in association with ablation. Figure 2 
was a sample of change of orthogonal P-wave morphology during 10-minute recording.  

 

Figure 1. The four different orthogonal P-wave morphology types are schematically illustrated. From left 
to right: P–waves positive in leads X and Y and variable appearance in lead Z being either negative (also 
known as Type 1), biphasic (Type 2) or positive (Type 4). The right column depicts advanced interatrial 
conduction block morphology (Type 3): Positive lead X and biphasic signals in leads Y (-/+) and Z (-/+). 
aIAB: advanced interatrial block. 
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Figure 2. Changing of orthogonal P-wave morphology. P-wave morphology in lead Z from negative / 
positive switched to completely negative, which presented the change of the dominant type (previously 
defined Type 2 P-wave, solid line) to the secondary type (previously defined Type 1 P-wave, dashed line). 

3.2.2 TISSUE SAMPLE COLLECTION AND HANDLING  
Transmural atrial tissue samples of at least 20 mm x 3 mm were collected from 5 
locations that included major atrial conduction routes and the posterior LA region in 
the vicinity of PV ostia. The sites were as follows: crista terminalis (CT) at the RA 
lateral wall; Bachmann’s bundle from the superior portion of the interatrial groove 
between the atria; posterior LA wall at the superior PV (SPV) level; centrally between 
the PV ostia (posterior LA [PLA] wall); and at inferior PVs (IPV) level. 

Atrial tissue samples were fixed in 10% buffered formalin and embedded in paraffin. 
Sections (2 μm thick) were cut parallel to the atrial wall plane and stained with 
Masson’s trichrome stain. 

Specimens were examined with computer-assisted morphometric analysis using the 
Leica LAS Image Analysis System (LeicaQWin Plus v3, Leica Microsystems Imaging 
Solutions, Cambridge, United Kingdom). The percentage of fatty infiltration, 
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interstitial fibrosis, capillary density, and mean cardiomyocyte diameter from within 
each sample were assessed at x200 magnification and calculated at 10 fields of view by 
a single investigator blinded to clinical and demographic data. Epicardial, endocardial, 
and perivascular fibrosis were excluded in assessing fibrosis percentage. A mean of the 
10 measurements for each parameter per location was used for further analysis. 

3.2.3 ATRIAL SEPTAL PACING ON SHORTENING ATRIAL ACTIVATION TIME  

FLUOROSCOPY-GUIDED CATHETER POSITIONING AND STIMULATION 

POSITION 
First, a 6F, steerable 2-5-2 mm-spaced, 1-mm-tip decapolar electrode catheter was 
advanced into the superior vena cava. The catheter was torqued toward the atrial 
septum. Under fluoroscopic guidance (left anterior oblique, LAO 60o and right anterior 
oblique, RAO 12o), the catheter was pulled caudally to watch for the tip to ‘jump’ 
under the aortic knob. This position was considered as high RA septum in the vicinity 
of the Bachmann’s bundle incision (HAS). Posteroseptal position was achieved by 
pulling the catheter further down until the second ‘jump’ under the muscular atrial 
septum onto the fossa ovalis, which was at the same height as the His-bundle catheter, 
and performing a clockwise-rotation so that the catheter tip pointed posteriorly in the 
RAO projection, while in the LAO projection the direction of the catheter tip should 
still face to septum. This position was considered as the posterior septum behind the 
FO (PSFO). Finally, the catheter was placed into CS and pulled back until its distal 
bipolar electrodes were located at CS ostium (CSo). Other standard electrode catheters 
were positioned at the His-bundle and in the right ventricular apex to serve as 
conventional fluoroscopical landmarks (Figure 1). 

STIMULATION PARAMETERS AND PROTOCOL 
Distal electrode pairs of the decapolar catheters were used for bipolar stimulation. The 
stimulus output had a fixed pulse width of 1 ms, and the threshold was set at twice the 
diastolic threshold. Threshold values ranged from 2 to 5 V for HAS, PSFO, and CSo 
stimulation. Particular care was taken to ensure continuous capture of the atrial tissue 
when threshold values were determined. Pacing was performed at each pacing site at 
fixed cycle lengths, defined by the longest interval (started at 600 ms, 4 patients at 550 
ms and 65 patients at 600 ms) without the P-wave merging with the T-wave.  
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3.2.4 ATRIAL TACHYCARDIA ABLATION 

ELECTROPHYSIOLOGICAL STUDY  
Electrophysiological procedures were performed according to international standard 
routines using conventional equipment [116], and the tachycardia mechanism was 
defined by established criteria [117]. The mode of tachycardia onset and termination 
was recorded together with the tachycardia cycle length, local activation time at the site 
of successful ablation, and ratio of atrial to ventricular electrograms as recorded on the 
ablation catheter at the site of successful ablation. 

All antiarrhythmic medications were discontinued at least five half-lives before the 
study. None of the patients were taking amiodarone or digitalis. If necessary, 
electrophysiological studies were performed using intravenous midazolam and / or 
fentanyl. Conventional 12-lead surface ECG and bipolar intracardiac electrogram 
recordings (filtered between 30 and 500 Hz) were amplified and displayed using the 
Prucka CardioLab System (GE Medical Systems, Milwaukee, WI, USA). A quadripolar 
catheter was placed via the left femoral vein in the RV, and a decapolar catheter was 
placed in the CS with the proximal pole at the ostium. High rate atrial stimulation (or 
programmed stimulation) and intravenous isoproterenol and / or atropine were used 
for arrhythmia induction if spontaneous tachycardia was not present at baseline. 

MAPPING OF ATRIAL TACHYCARDIA 
A mapping and ablation procedure was performed using a 7-F Navistar catheter 
(Biosense Webster, Diamond Bar, CA, USA; 4-mm tip, 2 bipolar electrode pairs, inter-
electrode distance 2 mm) and guided by a 3D-EA mapping system (CARTO-XP, 
Biosense Webster, diamond Bar, CA, USA) in all patients. Activation mapping during 
tachycardia was used to identify sites of earliest endocardial activation in the RA and 
CS. Activation time in the CS relative to the RA activation was used to describe 
preferential conduction used for impulse propagation from the RA into the LA. The 
influence on P-wave morphology in V3-V6 was studied. 

Activation time was measured from the onset of the first sharp component of the 
bipolar electrogram on the distal mapping catheter to the earliest deflection of the P-
wave on the surface ECG. The target site of ablation was judged using a combination 
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of the earliest bipolar activation and the shape of the unipolar electrogram (sharply 
negative pattern).  

RFCA AND FOLLOW-UP 
RFCA was performed in the RA with continuous temperature feedback control of the 
power output to achieve a target temperature of 70 °C. The maximum power used was 
50 W for a maximum of 60 sec. Acute procedural success was defined by the inability 
to induce tachycardia 15 min after ablation despite aggressive burst atrial pacing or 
programmed atrial stimulation and the use of isoproterenol. The patients were followed 
in their referring clinics in order to assess the return of symptoms or documented 
tachycardia.  

DEFINITIONS OF ANATOMIC LOCATION 
The RA location of the tachycardia focus was determined based on findings from 3D-
EA activation mapping and termination of tachycardia using RFCA at the putative site. 

1. An EAT was considered to arise from the CT when earliest activation was 
mapped in this region with the aid of fractionated electrograms and the 
anatomical position was tagged on the 3D-EA map; ablation in this region 
successfully eliminated the tachycardia. 

2. An EAT was considered to arise from the CSo when earliest activation was 
recorded around the CSo and when ablation within 1 cm of this region 
successfully eliminated the tachycardia.  

3. An EAT was considered to arise from the TA based on the following criteria:  
a. Ablation catheter positioned in an annular location when viewed in 

right and left anterior oblique fluoroscopic views with characteristic 
annular motion of the catheter tip. 

b. A-V ratio of < 1.  
4. Exclusion of sites around the CSo and parahisian region. TA sectors (Figure 3) 

are described using anatomical terminology contained in published guidelines 
[118]. 

5. Ablation in this region successfully eliminated the tachycardia.  
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Figure 3. Illustration showing pacing sites. HAS: high atrial septum. PSFO: posterior septum behind fossa 
ovalis. CSo: coronary sinus ostium. OF: fossa ovalis.  

3.2.5 CIRCUMFERENTIAL PULMONARY VEIN ISOLATION PROCEDURE  

MAPPING AND ABLATION PROCEDURE 
Transesophageal echocardiography was performed to exclude the presence of thrombus 
within the LA. Patients were studied under deep sedation. Standard catheters were 
placed in the right ventricular apex and the coronary sinus. Antiarrhythmic drugs were 
not given for periprocedural rhythm stabilization. 

Mapping and ablation were performed under the guidance of 3-D mapping systems 
(CARTO 3, Biosense Webster, Inc., Diamond Bar, CA, USA or Ensite-Velocity, 
Endocardial Solutions, Inc., St. Paul, MN, USA) supplemented by 3-D image 
integration as described previously (CARTO: n=11, NavX: n=59) [119]. A temperature 
probe in the esophagus (FIAB, St. Jude Medical, Inc., Florence, Italy) at LA level tagged 
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the esophageal location and provided intraesophageal temperature feedback during the 
procedure. Ablation lines were adapted to avoid RF delivery in close vicinity to the 
esophagus [120].  

Radiofrequency alternating current was delivered in a unipolar mode between the 
irrigated tip electrode of the ablation catheter (F-Type, irrigated tip, Navi-Star 
Thermocool, Biosense Webster, Diamond Bar, California, USA; M-Curve IBI Therapy 
Cool-Flex, St. Jude Medical, Inc., St. Paul, Minnesota, USA) and the external back-
plate electrode. The standard ablation setting consisted of pre-selected catheter tip 
temperature of 48 °C, power of 40 W, and flow rate of 30 ml/min (17 ml/min for IBI 
Therapy Cool-Flex catheter). Near the esophagus, power delivery was reduced to 30 W 
and 20 ml/min, and was further adapted according to actual temperature increase. 

Catheter navigation was performed with steerable sheath technology in all patients 
(Agilis, St. Jude Medical, Inc., St. Paul, Minnesota, USA) [121]. For initial ablation 
line placement, the catheter tip was dragged along the intended lesion line according 
to local bipolar amplitude reduction. Therefore, multiple sites were ablated with each 
initiation of RF energy delivery. 

ABLATION LINE CONCEPT AND PROCEDURAL END POINT 
Circumferential ablation around both ipsilateral PVs was performed in all patients. The 
level of ablation was chosen at the atrial side of the PV antrum as indicated by 
information combined from the integrated 3-D image, the fluoroscopic cardiac 
silhouette, tactile catheter feedback, catheter impedance changes, and PV–atrium 
electrogram characteristics. 

POST-PROCEDURAL CARE AND FOLLOW-UP 
After ablation, a continuous 7-day Holter ECG (Lifecard CF, DelmarReynolds 
Medical Inc, Irvine, California, USA) was recorded in all patients. The continuous 7-
day Holter ECG was repeated after 3 and 6 months. In case of symptoms outside the 
recording period, patients were advised to contact our institution or the referring 
physician to obtain ECG documentation. Documentations of AF and / or atypical 
atrial flutter (AFL) longer than 30 sec were considered to be an episode of sustained AF 
and/or atypical AFL recurrence. As part of our study protocol, antiarrhythmic 
medication was discontinued after ablation, and patients received a beta-blocker, if 
tolerated. Re-ablations for symptomatic drug refractory recurrences of AF and AFL 
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were scheduled after at least 3 months of follow-up. Starting the day after the ablation 
procedure, patients received oral anticoagulant with an International Normalized Ratio 
of 2.0 to 3.0. Anticoagulant was discontinued after 3 months of follow-up according 
to CHADS2 score. 

3.3 Statistical methods 

All data with normal distribution are expressed as means ± SD. Data without normal 
distribution are expressed as median. Sample distributions were tested using the 
Shapiro–Wilk test. A two-independent-sample test (Mann-Whitney test) was used for 
2-group comparisons. No correction for multiple testing was applied. Spearman’s 
correlation coefficient was calculated for analyzing the correlation between quantified 
histological variables and PWD. Intergroup comparisons were performed using the 
paired samples t test. Multiple group comparisons (3 groups) were performed by one-
way analysis of variance (ANOVA) for continuous variables, followed by a post hoc 
analysis if the ANOVA test was significant. Possible correlations among pacing sites, 
baseline PWDs and shortenings of PWDs were tested using the Pearson correlation 
test.  

Data without normal distribution were tested using a non-parametric test. Population 
proportions are presented as a percentage. Outcome-related values of a set of predictor 
variables were evaluated by multivariate logistic regression (binary logistic regression). 
Sensitivity was defined as the probability that a test result will be positive when free of 
AF after CPVI is present (true positive rate). Specificity was defined as the probability 
that a test result will be negative when free of AF after CPVI is not present (true negative 
rate). Positive predictive value (PPV) was defined as the probability that the patient is 
free of AF after CPVI is present when the test is positive. Negative predictive value 
(NPV) was defined as the probability that the patient is free of AF after CPVI is not 
present when the test is negative. A P value of < 0.05 was considered significant. All 
statistical analyses were performed using IBM SPSS Statistics, version 20.0.0 (SPSS, 
Chicago, Illinois, USA). 
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CHAPTER 4. RESULTS 

4.1 P-wave characteristics and histological atrial abnormality 

4.1.1 PATIENT CHARACTERISTICS  
Clinical characteristics of subjects are presented in Table 1. Median age was 73 years 
(range 54-82 years). All patients died of cardiovascular causes such as acute myocardial 
infarction (n=9) and pulmonary embolism (n=2) verified by autopsy. There was no 
difference with regard to the presence of ischemic heart disease, hypertension, stroke, 
chronic obstructive pulmonary disease, diabetes mellitus, or aortic or mitral valve 
pathology between patients with AF history and without AF history. The extent of 
fibrosis, fatty infiltration, capillary density and cardiomyocyte size did not differ among 
the 5 sampling locations in the atria, in either total material or in subgroup analysis 
(data not shown). 

Table 1. Patients characteristics (Study 1).  

PE: pulmonary embolism. AMI: acute myocardial infarction. COD: cause of death. PTF: P-wave terminal 
force. PWD: P-wave duration. CHF: chronic heart failure. M: male. F: female. HTN: hypertension. DM: 
diabetes mellitus. AF: atrial fibrillation. LAD: left atrial diameter. LVEF: left ventricular ejection fraction.  

 
 

ID Gender Age (years) COD HTN CHF DM AF Stroke LVEF% LA (mm) 
1 M 73 AMI - + - - - 27 48 
2 M 54 AMI + + - - + 44 37 
3 M 62 AMI + + + - - 17 -- 
4 M 72 AMI + + - - - -- -- 
5 M 82 AMI + + - - - -- -- 
6 F 77 AMI + + - - - 61 42 
7 M 69 AMI + + + - - 42 40 
8 F 73 AMI + + - + + 30 50 
9 F 73 AMI + + - + - 34 34 

10 M 74 PE + + - + - 61 42 
11 F 72 PE + + - + - -- -- 
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4.1.2 PWD VS. SITE-DEPENDENT HISTOLOGICAL ABNORMALITIES  
The median PWD was 160ms (range 120-200ms). The fibrosis extent in CT, SPV and 
IPV was higher in patients with longer PWD (PWD>160ms) than in patients with 
shorter PWD. Moreover, the combination of fibrosis extent and fatty tissue in CT, 
Bachmann’s bundle and SPV was greater in the group with longer PWD 
(PWD>160ms) than in the group with shorter PWD. The average of fibrosis extent or 
the combination of fibrosis extent and fatty tissue was also significantly greater in the 
group with longer PWD.  

Correlation between PWD and histological variables was assessed at all 5 locations as 
well as for the mean value of these 5 locations. The fibrosis extent in CT highly 
correlated to PWD (r=0.914, p<0.001). The combination of fibrosis extent and fatty 
tissue in Bachmann’s bundle (16%, range 1-41%), CT (18%, range 3-47%) or SPV 
(15%, range 6-24%) correlated to PWD (r=0.627, p=0.039; r=0.795, p=0.003; and 
r=0.668, p=0.025, respectively). The average of fibrosis extent or combination of 
fibrosis extent and fatty tissue at these 5 locations also correlated to PWD (r=0.747, 
p=0.008; r=0.664, p=0.026, respectively). (Table 3) 
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Table 3. PWD vs. site-dependent histological abnormalities  

Location PWD<=160ms (n=6) PWD>160ms (n=5) p-value 

Crista terminalis  

Fibrosis extent 6.0% (2.4-9.4%) 19.0% (17.0-40%) 0.004** 

Fatty infiltration 2.1% (0.5-13.6%) 9.0% (7.0-17.0%) 0.052 

Fibrosis-fatty infiltration 10.1% (3.4-18.4%) 28.0% (26.0-47.0%) 0.004** 

Bachmann’s Bundle  

Fibrosis extent 7.2% (1.0-12.3%) 15.0% (3.7-26.0%) 0.082 

Fatty infiltration 3.5% (0-6.6%) 8.4% (7.0-15.0%) 0.004** 

Fibrosis-fatty infiltration 9.4% (1.0-16.8%) 23.4% (10.7-41.0%) 0.017* 

Superior PV level  

Fibrosis extent 4.6% (1.9-12.4%) 12.0% (6.0-20%) 0.030* 

Fatty infiltration 4.7% (0-6.6%) 6.0% (0-17.0%) 0.537 

Fibrosis-fatty infiltration 8.8% (5.8-14.7%) 20% (18.0-24.0%) 0.004** 

Center of posterior LA wall   

Fibrosis extent 4.9% (2.5-8.0%) 17.0% (0.7-20.0%) 0.126 

Fatty infiltration 3.3% (0-4.7%) 4.0% (0-6.4%) 0.931 

Fibrosis-fatty infiltration 9.3% (3.8-12.4%) 21.0% (0.7-22.2%) 0.126 

Inferior PV level  

Fibrosis extent 4.0% (1.3-9.2%) 12.8% (5.6-20.6%) 0.017* 

Fatty infiltration 5.4% (0-13.9%) 3.8% (0-20.7%) 0.931 

Fibrosis-fatty infiltration 9.3% (1.3-18.7%) 21.0% (5.6-41.3%) 0.247 

Global atria: 5 sites average  

Fibrosis extent 5.0% (3.6-8.3%) 15.6% (9.4-24.8%) 0.004** 

Fatty infiltration 4.5% (0.1-7.6%) 9.2% (3.2-11.4%) 0.082 

Fibrosis-fatty infiltration 8.7% (5.2-15.9%) 26.6% (12.6-30.4%) 0.009** 

*: A p-value of < 0.05. **: A p-value of < 0.01. LA: left atrium; PV: pulmonary vein. 
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4.1.3 P-WAVE MORPHOLOGY OF PARTIAL INTERATRIAL CONDUCTION 

BLOCK VS. SITE-DEPENDENT HISTOLOGICAL ABNORMALITIES 
None of the observed P-wave morphologies fulfilled the criteria of advanced interatrial 
conduction block. Ten out of 11 subjects had special P-wave morphology that meets 
the partial interatrial conduction block criteria (Table 4). The extent of fibrosis, fatty 
infiltration or a combination of fibrosis extent and fatty tissue did not differ between 
subjects with notches in inferior leads only (n=4) and subjects with notches in both 
inferior leads and lateral leads (n=4 vs. n=5, all p=0.798), in either the 5 sampling 
locations in the atria, nor in the average of total 5 sampling locations analysis. However, 
the only subject who had normal P-wave morphology without pIAB pattern also had 
the most extensive fibrosis in atrial walls, approaching 40% at CT sampling location 
(Figure 4b). 

Table 4. P-wave morphology (pIAB) vs. site-dependent histological abnormalities 

ID Notch in any lead Notch in lead I Notches in lead II, III and aVF Notch in V1-V6 
1 + - II, III V2-V5 
2 + - II, III, aVF V4 
3 + + II, III V2-V6 
4 + - II, III, aVF V4-V6 
5 + - II, III, aVF V2, V3 
6 + - III V3, V4 
7 + + III V3 
8 + - II, III, aVF V2-V6 
9 - - - - 

10 + - - V2, V3 
11 + - III, aVF - 
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Figure 4. P-wave Morphology on standard 12-lead ECG vs. histological atrial abnormality. A. Notched 
P-wave (bimodal) in a subject with normal histological findings in atria. B. Normal P-wave morphology 
(with prolonged P-wave duration) in a subject with abnormal histological findings in atria. 
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4.2 Atrial septal pacing site effect on atrial activation time 
shortening 

4.2.1 PATIENTS CHARACTERISTICS AND PACED P-WAVE DURATION 

Table 2. Comparison of patients with and without recurrence of atrial arrhythmias (Study 4).  

Initial Rhythm during 
procedure 

No Recurrence at 6 
months (n=53) 

Recurrence at 6 months 
(n=17) 

p 
Value 

Age (years) 60±7 58±12 0.356 
Gender (male) 32 (60.4%) 14 (82.4%) 0.099 

BMI 29±4 28±5 0.360 
AF History (months) 56±64 66±74 0.574 

Type of AF (paroxysmal AF) 40 (75.5%) 10 (58.8%) 0.189 

Hypertension 42 (79.2%) 14 (82.4%) 0.782 
Diabetes 8 (15.1%) 1 (5.9%) 0.327 

CAD 9 (17.0%) 2 (11.8%) 0.610 
CHF 1 (1.9%) 2 (11.8%) 0.070 

Mitral valve insufficient 1 (1.9%) 1 (5.9%) 0.393 
ECHO 

LA-diameter before CPVI (mm) 43±6 45±5 0.894 
LA-Diameter at 6 months after 

CPVI (mm) 
40±5 44±7 0.330 

LV-EF% before CPVI 61±8 54±10 0.007* 

LV-EF% at 6 months after 
CPVI 

62±5 59±11 0.332 

ABLATION 

Initial Rhythm (SR) 37 (69.8%) 11 (64.7%) 0.695 
Procedure Time (min) 138±48 142±52 0.773 

Fluoroscopy Time (min) 27±11 36±19 0.087 
*: A p-value of < 0.05. CAD: coronary artery disease, CHF: chronic heart failure, LA: left atrium, CPVI: 
circumferential pulmonary vein isolation. 

The PWD was significantly shorter when pacing at the CSo (112±15 ms) than when 
pacing at the HAS (121±14 ms, p<0.001) or the PSFO (124±21 ms, p<0.001), and 
was also significantly shorter than the baseline PWD (during SR) (128±15 ms, 
p<0.001). The PWD when pacing at the HAS was also significantly shorter than the 
PWD during SR (p=0.003), but not significantly shorter than the PWD paced at PSFO 
(p=0.274) (Figure 5).  
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Figure 5. Mean P-wave duration (±SE) at baseline (SR) and when paced at different sites in the 69 patients 
studied. SR: sinus rhythm. HAS: high atrial septum. PSFO: posterior septum of fossa ovalis. CSo: coronary 
sinus ostium.  

PWD shortening (∆PWD) at each pacing site was defined as the difference between 
the paced value and the baseline value (∆PWD=paced PWD-baseline PWD). There 
was a negative linear correlation between ∆PWD and baseline PWD (R=-0.64, -0.63 
and -0.72 for HAS, PSFO and CSo pacing respectively, p<0.001 for all sites) (Figure 
6) with longer P-waves at baseline showing greater shortening during pacing.  
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Figure 6. Scatter plot of ∆PWD at three different pacing sites. There were linear correlations between 
∆PWD at different pacing sites and baseline PWD (SR) in the group of 69 patients. P-wave shortening 
(negative ∆PWD) was observed in patients with baseline PWD>120 ms, while patients with normal PWD 
at baseline mostly presented with lengthening of pace PWD (positive ∆PWD) regardless of pacing site. 
HAS: high atrial septum. PSFO: posterior septum of fossa ovalis. CSo: coronary sinus ostium. 

4.2.2 NORMAL P-WAVE DURATION VS. PROLONGED P-WAVE DURATION AT 

BASELINE 
19 of the 69 patients had normal PWDs (≤120 ms) at baseline. Regardless of pacing 
site, atrial septal pacing resulted mostly in P-wave shortening in patients with baseline 
PWD>120 ms, and P-wave prolongation in patients with normal PWD (Figure 2). 
Differences in ∆PWD between patients with PWD≤120 ms and PWD>120 ms were 
significant at all pacing sites: HAS, 8±17 vs. -12±15 ms (p<0.001), PSFO, 15±17 vs. -
12±26 ms (p<0.001) and CSo, 6±16 vs. -25±18 ms (p<0.001) (Figure 7).  
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Figure 7. The change in PWD when paced at three different sites, with baseline PWD ≤120 ms and >120 
ms. HAS: high atrial septum. PSFO: posterior septum of fossa ovalis. CSo: coronary sinus ostium. 

When paced PWD was compared in patients with baseline PWD>120 ms and baseline 
PWD≤120 ms, there was no statistically significant difference regardless of pacing site. 
Patients with baseline PWD>120 ms had shorter paced PWDs compared with baseline, 
regardless of pacing sites. Pacing at CSo resulted in a significantly shorter PWD than 
pacing at HAS or PSFO, but there was no significant difference between the paced 
PWD at HAS and PSFO. However, in patients with baseline PWD≤120 ms, pacing at 
PSFO or CSo resulted in a significant prolongation of PWD compared with baseline. 
In this group, PWD during HAS pacing was similar to baseline, while no difference in 
PWD was observed among all three septal pacing sites (Table 5).  

4.2.3 NORMAL LEFT ATRIUM VS. ENLARGED LEFT ATRIUM 
When PWD was compared in patients with enlarged vs. normal LA, there was no 
difference at baseline, but patients with enlarged LA had a longer paced PWD during 
HAS or PSFO pacing than patients with normal LA. Pacing at CSo, however, was not 
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associated with any difference in paced PWD for patients with enlarged or normal LA 
(Table 5).  

When site-related effects of septal pacing were analyzed separately in the subgroup of 
patients with enlarged LA (median 43 mm, 41-52 mm, n=25), paced PWD was 
significantly shorter than baseline PWD during CSo pacing, while no significant 
difference was observed during pacing at HAS or PSFO. The paced PWD during CSo 
pacing was also significantly shorter than paced PWD at HAS or PSFO. In the 
subgroup of patients with normal LA (Median 38 mm, 23-40 mm, n=44), paced 
PWDs were significantly shorter than baseline PWD during septal pacing, regardless 
of pacing site. The paced PWD during CSo pacing was also significantly shorter than 
the paced PWD at HAS or PSFO in the subgroup of patients with normal LA. There 
was no statistically significant difference with regard to the paced PWD during HAS 
and PSFO (Table 5). 

4.2.4 PATIENTS WITH VS. WITHOUT HISTORY OF ATRIAL FIBRILLATION 
When PWD was compared in patients with paroxysmal AF (n=21) and without history 
of paroxysmal AF (n=48), it did not differ either at baseline or during pacing (Table 5). 
However, LA diameter in patients with paroxysmal AF (42 mm, range 25-52 mm) was 
significantly greater than in patients without AF history (39 mm, range 23-49, 
p=0.012).  

When site-related effects of septal pacing were analyzed separately in the subgroup of 
patients without paroxysmal AF history, paced PWDs appeared to be significantly 
shorter than baseline PWD, regardless of pacing sites. The paced PWD during CSo 
pacing was also significantly shorter than the paced PWD at HAS or PSFO. There was 
no statistically significant difference between the paced PWDs during HAS and PSFO. 
In the subgroup of patients with paroxysmal AF, paced PWDs appeared to be 
significantly shorter than baseline PWD only during CSo pacing. The paced PWD 
during CSo pacing was also significantly shorter than the paced PWD at PSFO. There 
was also no statistically significant difference between the paced PWDs during HAS 
and PSFO (Table 5).  
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Table 5. Paced P-wave duration and PWD at baseline.  

PWD (ms) Baseline HAS pacing PSFO pacing CSo pacing 

Baseline PWD > 120ms 
(n=50) 

133 (121-165) 121 (100-157)###,*** 120 (77-183)##,*** 110 (78-137)###,* 

Baseline PWD ≤ 120ms 
(n=19) 

108 (97-120) 113 (99-159) 119 (103-152)## 119 (84-137)# 

     
LA diameter >40 mm 

(n=25) 
128 (97-163) 125 (100-159)*,& 121 (82-183)**,& 116 (86-137)# 

LA diameter ≤40 mm 
(n=44) 

129 (101-165) 117 (99-157)##,** 117 (77-175)#,** 110 (78-135)### 

     
History of AF (n=21) 125 (97-165) 120 (102-149) 121 (85-183)* 111 (94-137)# 

No History of AF (n=48) 128 (102-163) 120 (99-159)##,*** 118 (77-175)#,** 112 (78-137)### 

#: p<0.05 in comparison with baseline PWD; ##: p<0.01 in comparison with baseline PWD; ###: p<0.001 
in comparison with baseline PWD; *: p<0.05 in comparison with baseline PWD; **: p<0.01 in comparison 
with paced PWD during CSo pacing; ***: p<0.001 in comparison with paced PWD during CSo pacing; 
&: p<0.05 in comparison between normal and enlarged LA. PWD: P-wave duration; HAS: high atrial 
septum; PSFO: posterior septum behind the fossa ovalis; CSo: coronary sinus ostium, LA: left atrium, 
PAF: paroxysmal AF. Data presented as median (range). 

4.3 Atrial tachycardia originating from the lower right atrium 

4.3.1 PATIENT CHARACTERISTICS 
We analyzed the results of 28 consecutive patients with a tachycardia origin from the 
lower part of RA who underwent RFCA for a focal EAT. None received amiodarone. 
All patients had normal cardiac anatomy on transthoracic echo. LA diameter was 34±5 
mm. (Table 6) 
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Table 6. Patients characteristics.  

Patient number Age Gender LA (mm) HT DM CAD A 
1 64 Male 37 - - - PAF, EAT 
2 47 Female 39 - - - AVB III, EAT 
3 45 Male 33 - - - EAT 
4 42 Male 35 - - - EAT 
5 58 Male 40 + - - EAT 
6 56 Male 41 + - - EAT 
7 72 Female 42 - - - PAF, EAT 
8 71 Male 39 - - - EAT 
9 70 Male 36 - - + EAT 

10 60 Male 29 + - - EAT 
11 60 Female 37 + + - EAT 
12 59 Male 36 + - - EAT 
13 56 Male 33 - - - PAF, EAT 
14 43 Male 31 + - - EAT 
15 48 Male 30 - - - EAT 
16 81 Male 40 - + - EAT 
17 38 Female 24 - + - EAT 
18 27 Male 26 + - - EAT 
19 36 Male 33 + - + EAT 
20 31 Male 30 + - - EAT 
21 33 Male 29 - - EAT 
22 46 Female 34 + - + EAT 
23 52 Female 36 - - - EAT 
24 66 Male 35 - - - PAF, EAT 
25 78 Male 33 + - - EAT 
26 55 Male 34 + - - EAT 
27 53 Female 27 - + + EAT 
28 22 Male 35 - + - EAT 

HT: hypertension. DM: diabetes mellitus. LA: left atrium. CAD: coronary arterial disease. A: arrhythmias. 
Arrhythmia: PAF: paroxysmal atrial fibrillation. EAT: ectopic atrial tachycardia. AVB III°: third degree of 
atrioventricular block. LA-diameter was measured at parasternal long axis view (antero-posterior in the 2D 
echo-long axis). 

4.3.2 GENERAL FINDINGS 
In all 28 patients, EAT origin was located using the 3D-EA mapping system (activation 
map) and verified by successful RFCA from the lower part of RA, as follows: In 11 
patients (39%), EAT origin was along the TA (6 to 9 o’clock), in another 11 patients 
(39%), EAT origin was around the CSo, 4 patients (14%) had EAT from the lower 
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CT, and in 2 patients (7%) arrhythmia originated from the lower RA freewall. 
Multifocal EAT was found in 2 patients (7%) with EAT originating from CSo; 
however, neither of these 2 patients had more than one focus from the lower RA. In 
both patients, the second focal tachycardias originated from the superior CT. 
Comparing to the EAT originating from upper RA with typically ≥ 2 positive P-waves 
in inferior leads, EAT with origin of lower RA contained maximal one positive P-wave 
(up to one lead with completely positive pattern) in inferior leads, which were observed 
in all 28 EATs. 

4.3.3 P-WAVE MORPHOLOGY AND ANATOMIC LOCATION 

- NON-SEPTAL TRICUSPID ANNULUS ORIGIN 
Nine out of 11 EATs originating at the non-septal TA (6 to 9 o’clock) had a completely 
negative pattern in the inferior (II, III and aVF) and precordial (V3-V6) leads. 
However, the remaining 2 EATs, originating from TA at 9 o’clock, had a positive 
(patient 19) or negative-positive (patient 18) pattern in lead II and an isoelectric pattern 
in lead III and aVF, and a completely positive pattern in precordial leads V3-V6 (Table 
7, Figure 8 and 9). 
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Table 7. P-wave morphology during ectopic atrial tachycardia.  

Polarity in lead II, III, aVF were </= 1 lead with positive P-wave. L.FW: lower free wall. L.CT: lower crista 
terminalis. CSo: coronary sinus ostium. TA: tricuspid annulus.  

No. Localization I aVR aVL V1 V2 V3 V4 V5 V6 
1 L.FW + +/- + - - -/+ -/+ -/+ -/+ 
2 L.FW + iso + iso + + + iso iso 
3 L.CT +/- + - iso + + + + + 
4 L.CT + - + iso + + + + + 
5 L.CT -/+ + -/+ iso iso -/+ -/+ -/+ -/+ 
6 L.CT -/+ - + iso + + + + + 
7 CSo -/+ + + iso/+ - - - - - 
8 CSo -/+ + + iso iso - - - - 
9 CSo iso + + - - - - - - 

10 CSo iso + + iso iso - - - - 
11 CSo -/+ + + -/+ iso - - - - 
12 CSo -/+ + + iso - - - - - 
13 CSo -/+ + + -/+ -/+ - - - - 
14 CSo -/+ + + iso -/+ -/+ -/+ - - 
15 CSo -/+ + + +/- - - - - - 
16 CSo -/+ + + + iso -/+ - - - 
17 CSo iso + + + iso - - - - 
18 TA 9 -/+ + -/+ - -/+ + + + + 
19 TA 9 + - iso - iso + + + + 
20 TA 6 -/+ + + -/+ -/+ - - - - 
21 TA 7 iso + + - - - - - - 
22 TA 6 iso/+ + + iso - - - - - 
23 TA 6 -+ + + iso - - - - - 
24 TA 6 -+ + + iso iso/- - - - - 
25 TA 7 + - + - -/iso - - - - 
26 TA 7 -+ + + - iso - - - - 
27 TA 6 Iso/+ + + iso iso - - - - 
28 TA 6 iso + + + iso - - - - 
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Figure 8. Localization of anatomical structures in the lower right atrium. SVC: superior vena cava. TA: 
tricuspid annulus. CT: crista terminalis. FO: fossa ovalis. L.FW: lower free wall. L.CT: lower crista 
terminalis. TT: Tendon of Tudaro. CSo: coronary sinus ostium.  
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Figure 9. P-wave morphology during ectopic atrial tachycardias (25mm/s). P-wave morphology was shown 
on a standard 12-lead ECG during ectopic atrial tachycardia originating from the lower right atrium. CSo: 
coronary sinus ostium. TA: tricuspid annulus. TA6: at 6 o’clock position of TA. TA7: at 7 o’clock position 
of TA. TA9: at 9 o’clock position of TA. L.CT: lower crista terminalis. L.FW: lower free wall.  

- CORONARY SINUS OSTIUM ORIGIN 
All 11 EATs originating from CSo had a positive pattern in aVR and aVL, a completely 
negative pattern in all inferior leads (II, III and aVF). Nine out of 11 EATs had a 
completely negative pattern in all 4 precordial leads (V3-V6). In the remaining 2 EATs, 
one (patient 14) had a biphasic pattern (-/+) in both V3 and V4 precordial leads. The 
other EAT (patient 16) had one biphasic pattern (-/+) in precordial lead V3. All 
biphasic patterns contained an early negative component.  

- LOWER CRISTA TERMINALIS  
All 4 EATs originating from the lower CT had isoelectric or biphasic patterns in inferior 
leads (II, III and aVF); in 3 of 4 EATs there was a positive pattern in all 4 precordial 
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leads (V3-V6). The remaining EAT had a biphasic pattern (-/+) in all 4 precordial leads 
(V3-V6).  

- LOWER RIGHT ATRIAL FREE WALL 
Two EATs originated from the lower RA free wall. One of the EATs had a negative 
pattern in all inferior leads (II, III and aVF) and biphasic patterns (-/+) in all 4 
precordial leads V3-V6. The other EAT had an isoelectric pattern in all inferior leads 
(II, III, and aVF), a positive pattern in V3 and V4 and an isoelectric pattern in V5 and 
V6. 

4.3.4 POWER OF PRECORDIAL LEADS (V3-V6) TO DISCRIMINATE THE 

ANATOMICAL EAT ORIGIN 

- LOWER TA ORIGIN (ANNULUS FOCI) VS. LOWER CT ORIGIN 
P-wave morphology in precordial leads (≥ 2 consecutive leads in V3-V6) showed a 
negative pattern on EAT origins from the non-septal TA (9/11 patients) or CSo (11/11 
patients). P-wave morphology in precordial leads V3-V6 showed a positive pattern on 
EAT origins from the lower CT (3/4 patients). In electrocardiographic lead V3-V6 (≥ 
2 consecutive leads), a negative P-wave demonstrated a sensitivity of 90.9%, a 
specificity of 100%, a PPV of 100% and a NPV of 75% for an annulus focus, including 
CSo and non-septal TA; a positive P-wave in all V3-V6 demonstrated a sensitivity of 
75%, a specificity of 100%, a PPV of 60% and a NPV of 96% for a lower CT focus.  

- NON-SEPTAL TA ORIGIN VS. CSO ORIGIN 
In the current study, P-wave morphology in precordial leads V3-V6 was not able to 
discriminate between the EAT of the CSo origin and the EAT of the non-septal TA 
origin. There were mostly negative P-waves in precordial leads (V3-V6) for both EATs 
originated from CSo and non-septal TA.  

- ACTIVATION MAPPING AND PREFERENTIAL INTERATRIAL CONDUCTION 
During all studied EATs, the CS activation was recorded from proximal to distal using 
the CS catheter, and was compared to the spread of RA activation described in the RA 
3D map. During EAT originating from the lower CT, the proximal CS activation (CS 
9/10) occurred later than the lower mid-septum of RA, but slightly earlier than the 
posterior CSo (2/4 patients) or at the same time as the posterior CSo (1/4 patients) in 
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RA (Figure 10a). However, during EAT originating from the lower TA (20/22 
patients), including the non-septal TA (9/11 patients) (Figure 10b) and the CSo (11/11 
patients) (Figure 10c), the proximal CS activation (CS 9/10) occurred earlier than the 
lower mid-septum of RA. These activation patterns indicate differences in LA 
activation caused by different preferential conduction routes used for interatrial impulse 
propagation. 
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Figure 10. 3D electroanatomical mapping (activation map) and endocardial electrograms during ectopic 
atrial tachycardias. Figure 10a. The ectopic atrial tachycardia originated from the lower CT. The right 
inferior electrograms show that mid-septum was activated later than the CS ostium. The left superior 
activation map shows the earliest activation spot with fragmented potentials on the ablation catheter and 
sharply negative unipolar electrogram. Figure 10b. The activation map shows the ectopic atrial tachycardia 
originating from non-septal TA (7 o’clock). The right superior electrograms show that mid-septum 
(posterior area of CS ostium) was activated later than the CS ostium. Figure 10c. The activation map 
shows an ectopic atrial tachycardia originating from the CS ostium.  

4.4 Variability of P-wave morphology  

4.4.1 PATIENTS CHARACTERISTICS AND ABLATION OUTCOME 
The patient characteristics are described in Table 2. All patients (n=70) received a CPVI 
alone without any extra linear ablation. 50 (71%) patients suffered from paroxysmal 
AF, and 20 patients (29%) suffered from persistent AF. None of the patients with 
previous diagnosis of heart failure had decompensation during hospital admission or 
during the 6-month follow-up. 48 of 50 patients with paroxysmal AF had SR at the 
beginning of the procedure, and 22 patients (2 with paroxysmal AF and 20 with 
persistent AF) had AF at the beginning of the procedure. In all 70 patients (100%), 
acute successful PV-Isolation was achieved, and at least 6 months of follow-up were 
completed. Recurrence of atrial arrhythmias (including recurrence of AF and atypical 
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atrial flutter) during the 6-month follow-up was observed in 11 patients (22.9%) with 
paroxysmal AF, and in 6 patients (27.3%) with persistent AF (p=0.695).  

4.4.2 P-WAVE DURATION AND P-WAVE MORPHOLOGY TYPE 
The P-wave duration (PWD) was 150±18 ms in all patients. The PWD in patients 
with SR at the beginning of the procedure (n=48) was significantly shorter than in 
patients with initial AF (n=22) in whom the PWD was measured after cardioversion 
(144±16 vs. 162±17 ms, p<0.001). The PWD in patients with diagnosis of paroxysmal 
AF (n=50) was significantly shorter than in patients with persistent AF (n=20) (145±16 
vs. 162±17 ms, p<0.001). However, there was no significant difference in PWD 
between patients with recurrence (n=17) and those with non-recurrence (n=53) during 
the 6-month follow-up (155±23 vs. 149±16 ms, p=0.241).  

There was no significant difference in the type of P-waves observed between patients 
with paroxysmal vs. persistent AF, initial SR vs. AF or recurrence vs. non-recurrence of 
atrial arrhythmias after CPVI during the 6-month follow-up. (Table 8) 
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Table 8. Type of P-wave morphology  

SR: sinus rhythm, AF: atrial fibrillation FU: follow-up. 

4.4.3 VARIABILITY OF ORTHOGONAL P-WAVE MORPHOLOGY 
The PMV in patients (n=53) without recurrence of atrial arrhythmias after CPVI 
during the 6-month follow-up was greater than in patients (n=17) with recurrence 
(19.5±17.1% vs. 8.2±6.7%, p<0.001). However, no significant difference was observed 
between patients with initial SR (n=48) vs. patients with initial AF (n=22) 
(14.7±14.0% vs. 21.3±19.1%, p=0.159) or patients with paroxysmal (n=50) vs. 
patients with persistent AF (n=20) (15.7±15.3% vs. 19.6±17.5%, p=0.351). In the 
univariate analysis, PMV significantly correlated to AF history duration and baseline 
LA diameter (R=-0.254, p=0.036; R=-0.355, p=0.005 respectively), but the 
correlations were weak.  

4.4.4 PREDICTOR OF ABLATION OUTCOME 
A PMV≥20% (upper tertile) demonstrated a sensitivity of 41.5%, a specificity of 
94.1%, a PPV of 96.7%, and an NPV of 34.0% for free of AF after CPVI. In the 
multivariate logistic regression model, PMV≥20% was the only independent predictor 
of ablation success (OR=11.4, 95%CI 1.4-92.1, p=0.023). None of the other clinical 

 
Type of P-waves 

p-value 
Type 1 Type 2 Type 4 Atypical 

Rhythm at baseline 

SR 

(n=48) 

6 

(12.5%) 

32

(66.7%) 

7

(14.6%) 

3

(6.3%) 
0.359 

AF 

(n=22) 

1 

(4.5%) 

16

(72.7%) 

0

(0%) 

5

(22.7%) 

Clinical type of AF 

Paroxysmal AF 

(n=50) 

5 

(10%) 

34

(68%) 

7

(14%) 

4

(8%) 
0.937 

Persistent AF 

(n=20) 

2 

(10%) 

14

(70%) 

0

(0%) 

4

(20%) 

FU at 6 months 

No Recurrence 

(n=53) 

5 

(9.4%) 

36

(67.9%) 

6

(11.3%) 

6

(11.3%) 
0.671 

Recurrence 

(n=17) 

2 

(11.8%) 

12

(70.6%) 

1

(5.9%) 

2

(11.8%) 
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characteristics such as age, gender, BMI, LA diameter, type of AF or AF history 
duration were associated with the outcome.  
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CHAPTER 5. DISCUSSION 

5.1 Atrial histology 

Since 1977, the first study, based on 8 human subjects with sinus node disease, 
demonstrated that in 7 of these patients there was increased fibrosis or fatty infiltration 
in RA musculature in postmortem, which revealed an underlying relation between 
fibro-fatty infiltration and atrial conduction abnormality in humans [43]. This study 
initiated a new era for electrophysiologists and offered a novel pathological tool to 
further study the missing link between cardiac histology and electrophysiology.  

In previous studies, the vast majority of findings linking the pathological P-wave or 
electrophysiological changes to the related pathophysiological evidences were based on 
biopsies of the RA septum [55] and surgically removed tissue samples of right or LA 
appendages [122] [123, 124]. None of these studies were actually performed on the 
entire LA or RA wall. Further studies, which related to evaluating therapeutic methods 
or imaging techniques [95, 125, 126], were also based on this speculation that 
electrophysiological abnormalities directly reflect the underground issue on the level of 
atrial histology.  

Most recently, magnetic resonance imaging (MRI) was employed in order to detect 
atrial wall fibrosis. As one of the main challenges associated with detecting atrial wall 
fibrosis relates to the difficulty in imaging the LA wall accurately or reliably due to its 
thin walls, MRI may be an imaging modality with high temporal and spatial resolution 
to image the LA [127, 128]. Quantitation of diffuse global and regional interstitial 
fibrosis within the left ventricular walls has recently been shown to be possible using a 
novel contrast-enhanced method for detecting and quantifying LA wall fibrosis [94, 
129, 130].  

Few studies have demonstrated that delayed gadolinium enhancement MRI may 
potentially be used for identifying LA wall fibrosis in animal models and in human. 
However, most studies have been limited to animal models. One such study reported 
a correlation between areas of delayed-gadolinium enhancement on MRI with LA wall 
fibrosis by histopathology in dogs with radiofrequency-induced lesions [129]. A similar 
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approach was applied to a group of 23 AF patients who underwent MRI scans at pre-
ablation, 1 and 3 months post-ablation, and correlated areas of late gadolinium 
enhancement within the atrial walls that were ablated [130].  

A recent innovative classification system for LA fibrosis was proposed based on the 
amount of delayed enhancement magnetic resonance imaging of patients [131]. This 
study also presents evidence highlighting the value of this classification system in terms 
of likely success of catheter ablation therapy for AF. However, neither the 
reproducibility, the sensitivity or the specificity of this approach compared to the gold 
standard (histopathological approach), nor has the long-term prognostic value of this 
measure been established in humans.  

To the best of our knowledge, Bachmann’s bundle has been mainly described as the 
most important preferential interatrial conduction route during sinus rhythm in human 
and animal studies [20, 132-135]. An impaired conductive property of Bachmann’s 
bundle has been assumed to be an important cause for prolongation of P-wave 
duration. In 1983, Scott et al. reported a trend for a percentage of fibrosis in the LAA 
and PWD in lead II, but not amplitude of P-wave in patients with valvular disease who 
underwent open-heart surgery [136]. In this study, the PWD mostly correlated to the 
fibrosis extent at the CT site. It could be explained by CT’s major role on intraatrial 
conduction in the RA during sinus rhythm.  

In post-mortem, atrial tissues from patients who died of cardiovascular causes (Study 
1), the extent of fibrosis and fatty infiltration was strongly associated with PWD, 
especially in major atrial conduction routes such as Bachmann’s bundle and CT; Except 
Bachmann’s bundle and CT, the baseline PWD also highly correlated with the 
combined count of fibrosis and fatty tissue extent at the site of the LA posterior wall of 
the superior PV level, which could be explained by the geometry of atrial myocardial 
fibers at this site and its anatomical origin. In previous anatomical studies in human, 
the posterior wall of LA at the superior PV level was shown to be covered by extensions 
from the Bachmann’s bundle epicardially [16, 33, 137]. However, no significant 
correlation was found between histological atrial structural abnormalities and atrial 
depolarization pattern (e.g. P-wave morphology in sinus rhythm with regard to specific 
interatrial and/or intraatrial conduction blocks). These findings most likely suggest a 
causal relationship between atrial structural abnormalities and prolongation of atrial 
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depolarization during sinus rhythm. The current study is so far the only one attempting 
to link the PWD to all atrial structural abnormalities in humans; However, this study 
has its own limitations, such as manual measurements of P-wave characteristics, limited 
number of observations, and retrospective assessment of clinical characteristics. In 
particular, the limited number of subjects included in the study suggests caution in 
interpreting negative findings observed for some of the tested associations. However, 
to the best of our knowledge, no prior study has been able to evaluate the associations 
between P-wave appearance on surface ECG and structural characteristics of atrial 
walls, including major atrial conduction routes.  

5.2 Interatrial connections and rhythm origin 

What makes the depolarization wave cross the atrial septum boundary at a certain 
location is not entirely clear. Contributing factors may include high reported inter-
individual variability in structure and location of interatrial routes, as well as their 
conduction properties. Relative proximity of the sinus rhythm origin to the superior 
interatrial routes (Bachmann’s bundle) or posterior/inferior interatrial routes may also 
affect the route “chosen” for interatrial conduction and, hence, the site of the LA 
breakthrough. Regardless of the cause, the route used for transseptal conduction 
determines the P-wave terminal part morphology.  

As previously described, the Bachmann bundle is a region of rapid interatrial 
conduction as confirmed by animal and human studies [20, 27, 31]. In regard to CS, 
the myocardial coat of CS is commonly observed [138]. It was proven that the CS 
musculature is electrically connected to the RA and LA, and forms an RA-LA 
connection in canine hearts [26]. A human study [27] provided further evidence 
supporting the existence of a preferential route near the CS ostium for interatrial 
conduction. Later, Ho et al [33] described small muscle bridges connecting the LA 
posterior wall near the ostia of the right-sided PVs to the RA posterior wall at the 
intercaval area in human hearts. The function of those posterior interatrial connections 
was also confirmed by mapping RA during PV tachycardias [31]. Posterior 
breakthrough at the intercaval area of RA was identified. As recently shown in an 
extensive study [16], interatrial bundles are not limited to the anteriorly located 
Bachmann’s bundle, but are present in all parts of the interatrial septum, both 
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posteriorly between the right PVs and inferiorly between the CS and the right inferior 
PV. Moreover, in the same study, the inferiorly located bundles can be more prominent 
than the Bachmann’s bundle in some hearts [16]. The quantity, length and diameter 
of interatrial connection fibers vary considerably between human individuals [16, 32]. 

Due to the high variability of the location of interatrial connections, it is reasonable to 
assume that pacing at the site mainly responsible for interatrial conduction would result 
in a shorter paced PWD corresponding to the shorter global atrial activation time in 
that individual. Meanwhile, we observed that longer PWD at baseline was associated 
with greater shortening by atrial septal pacing. Specifically, we observed that atrial 
septal pacing produced shorter PWD in patients with baseline PWD longer than 120 
ms, regardless of pacing site location. However, in patients with a baseline PWD shorter 
than or equal to 120 ms, P-wave prolongation was observed during septal pacing, 
regardless of pacing site. These findings are in agreement with those of Manolis et al. 
[139], who described patient-tailored pacing site selection by intraoperative atrial septal 
mapping aimed at obtaining the shortest atrial activation time between the high RA 
and the distal CS. These sites were located in the vicinity of the CSo or near the FO in 
all patients, and not at Bachmann’s bundle, which is in agreement with our findings. 

Based on the above, it is easy to speculate that atrial septal pacing with regard to AF 
prevention may benefit only patients with impaired interatrial conduction during sinus 
rhythm, since such patients are more likely to respond to pacing by PWD shortening 
and atrial dyssynchrony reduction. In contrast, patients with normal PWD are not 
likely to demonstrate any improvement in interatrial conduction as a result of atrial 
septal pacing. If the preventive effect of atrial septal pacing on AF is indeed caused by 
shortening of the atrial activation time and preserving atrial synchrony [37, 39, 133, 
140], then baseline PWD should have an impact on the clinical outcome in atrial septal 
pacing studies.  

Regarding the relation between P-wave morphology and employed interatrial 
conductions, the preferential interatrial conduction is not always a fixed structure 
(posterior fibers, Bachmann’s bundle or CS), which is typically shown in conduction 
of EAT beats that depends on relative proximity of the source of activation to each of 
these routes [25].  
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P-wave morphologies of EATs are produced by RA and LA activation sequences. Both 
of these chambers are involved in forming P-wave morphology during EAT. One of 
the chambers plays as the original chamber (the generator); the other chamber plays a 
role as a secondary chamber (the follower). The secondary chamber activation sequence 
during EAT depends on where the propagation starts and also depends on the location 
of the insertion of the preferential interatrial connection by which propagation 
conducts into the secondary chamber. Due to the relative long distance between the 
localization of inferior EAT origin and superoanterior interatrial connection 
(Bachmann’s bundle), EATs from the lower RA have been chosen to study the role of 
lower preferential conduction routes in forming P-wave morphology. Furthermore, the 
inferoanterior (musculature in the vicinity of CS) and the posterior interatrial (posterior 
fibers behind FO) conduction routes are most likely the only two connections involved, 
and the following chamber (LA) is only activated anteriorly / posteriorly or vice versa. 
Therefore, the resulting P-wave morphology in precordial leads V3-V6 is either positive 
or negative depending on the interatrial connection which is reached from the EAT 
origin first.  

The EATs of the lower TA origin were mostly completely negative P-waves or early 
negative components in leads V3-V6, significantly different from the lower CT origin. 
Activation mapping suggested one likely explanation that the RA depolarization vector 
was from the TA to the posterior wall, while LA was activated via the musculature in 
the vicinity of the CS (one of the three major interatrial conduction routes), and the 
LA depolarization vector was also backward. In contrast to EATs of lower CT origin, 
activation mapping showed a reverse depolarization vector pattern in both atria. We 
speculate that the forward LA depolarization vector may be explained by posterior fibers 
near the ostia of the right-sided PVs being employed as the preferential interatrial 
conduction route, thus perhaps explaining P-wave morphology in leads V3-V6.  

Regarding the only two EATs of lower freewall origin, our findings may not suffice to 
describe the whole picture of P-wave morphology of lower freewall EATs. However, 
none of these two lower freewall EATs had either negative P-waves in leads V3-V6 or 
positive P-waves in all 4 leads V3-V6. P-wave morphology of lower freewall EATs may 
be highly variable in leads V3-V6, which may relate to the location of EAT origin, such 
as closer to lower CT or TA. The interatrial conduction routes used may also play a 
role.  
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The properties of intraatrial and interatrial conduction routes may also critically affect 
AF development. In the current substudy, baseline PWD in patients with persistent AF 
is prominently longer than PWD in patients with paroxysmal AF, which is in 
agreement with previous studies [141, 142]. Several studies have also focused on 
baseline PWD and AF either using standard or signal-averaged ECG [111, 143-145]. 
Notably, Magnani et al. [145] studied P-wave indices of maximum duration and 
dispersion in 1,550 Framingham Heart Study participants ≥ 60 years old (58% women) 
from single-channel ECG recorded from 1968 through 1971. In that analysis, 
maximum P-wave duration at the upper fifth percentile was associated with long-term 
AF risk in an elderly community-based cohort. P-wave duration is an 
electrocardiographic endophenotype for AF. In our study, the vast majority of patients 
had normal LVEF; most had paroxysmal AF (71%) with mild LA dilatation, while the 
rest of the cohort had persistent AF (29%) with mild to moderate LA dilatation. This 
risk profile indicates that the patients in our study had less diseased atria and lower risk 
of AF recurrence. Due to lack of significantly prolonged P-wave duration at baseline, 
we may not be able to detect the relationship between the outcome of CPVI and 
baseline PWD.  

Regarding the method of orthogonal P-wave morphology used in the current study 
(Study 4), the dominant type of orthogonal P-wave morphology was characterized by 
biphasic P-waves in lead Z (normal SR with biphasic wave in lead Z - Type 2) regardless 
of AF type, with or without electrical cardioversion or recurrence after CPVI. This 
corresponds to our previous findings [104, 146]. Moreover, baseline dominant P-wave 
morphology per se was not related to recurrence of atrial arrhythmias after CPVI. The 
distribution of P-wave morphology types was compared for patients with initial SR and 
AF, with paroxysmal and persistent AF, or with and without recurrence of atrial 
arrhythmias after CPVI. No notable difference was observed in any of the comparisons. 
We speculate that neither the main type nor the distribution of orthogonal P-wave 
morphology type predicts the outcome after CPVI.  

5.3 Dynamic P-wave morphology changes 

Furthermore, even in SR, the employed interatrial conductions may alternate the sinus 
rhythm P-wave morphology. Different P-wave morphologies during SR as displayed 
on standard ECGs have been postulated to correspond to differences in interatrial 
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conduction [98-100]. A previous study by our group shows that orthogonal P-wave 
morphology can be used to correctly identify the LA breakthrough site and the 
corresponding interatrial conduction route [101]. PMV may be related to a number of 
factors such as the origin of SR within the RA, the proximity of SR to interatrial 
connections, and anatomical variabilities of both SR origin and preferential interatrial 
connection, as reviewed recently [147]. In summary, the PMV in our method likely 
reflects a switch between different interatrial paths (either due to functional block in 
any of the paths or due to variability in the sinus rhythm origin). Increasing fibrosis 
etc. would inhibit the ability to conduct through different paths. and would limit the 
potential number of exits from sinus node, both leading to a more stable or rigid 
activation pattern during sinus rhythm. These changes can be quantified.  

The causes of a rigid atrial depolarization pattern could be functional or structural, so-
called ‘remodeling’. Atrial structural remodeling has been considered to be the main 
contributor for AF initiation and persistence, and may be present before start of AF 
caused by associated diseases [148-150]. Structural remodeling that is consistently seen 
in AF models and in patients with AF includes atrial enlargement, cellular hypertrophy, 
dedifferentiation, fibrosis, apoptosis, and myolysis [78-87]. These structural changes 
are unlikely to be completely reversible [151]. 

The PMV may reflect the level of AF substrate deterioration, and, if independently 
replicated, PMV may be able to identify the appropriate patients for CPVI alone, which 
could be sufficient for clinical success. High PMV observed in patients who benefited 
from CPVI may reflect less advanced structural remodeling and greater amount of 
preserved atrial myocardium that allows variable propagation of sinus pulses across the 
atria. The exact reason for the high PMV may not completely understood at this time. 
In our study, we sought to define variability as a switch between the distinct 
morphological classes of P-waves previously linked to different LA breakthrough sites 
during SR, which suggest a variation in employment of different interatrial routes [101] 
that may occur on a beat-to-beat basis.  

A recent pathology study documented a strong association between the AF persistency 
and the extent of structural changes in the atrial myocardium that affect both the RA 
and the LA, so that the degree of fibro-fatty replacement of atrial myocardium may 
exceed 50% in patients with long-standing AF [44]. Along with progression of 
structural remodeling and fibro-fatty replacement of atrial myocardium, the number of 
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uninterrupted myocardial fibers available for conduction is likely to be reduced, which 
may lead to reduced variability of atrial activation patterns, i.e., reduced PMV. The 
strong association between reduced PMV and failure of CPVI suggests that this novel 
ECG marker of atrial conduction may reflect the degree of atrial remodeling, which is 
especially important since conventional ECG markers of atrial abnormalities such as P-
wave duration or dominant P-wave morphology at baseline failed to identify patients 
who would benefit from CPVI.  

5.4 Knowledge gaps and clinical implications  

As briefly mentioned above, there are still great knowledge gaps in histological studies 
focusing on conduction properties. Currently, no link has been identified between 
histological abnormalities and particular P-wave morphology (such as partial IAB and 
advanced IAB, etc.). This may be due to limited sample size, which suggests caution in 
interpreting negative findings observed for some of the tested associations. Further 
studies with large cohorts and systematic methods are needed in order to elucidate 
current findings.  

To date, most large-cohort studies on shortening P-wave duration using pacing 
techniques failed to demonstrate the benefits of shortening PWD in preventing AF, 
although in some exploratory studies clinical benefit has been reported [152-156]. The 
current study demonstrates that paced PWD shortening was observed mostly in 
patients with impaired atrial conduction (prolonged PWD at baseline). By contrast, 
patients with normal PWD at baseline tended to have a prolonged paced PWD, which 
suggests that atrial septal pacing may help prevent AF only in patients with impaired 
interatrial conduction during sinus rhythm, as such patients are more likely to respond 
to pacing by PWD shortening and atrial dyssynchrony reduction. If the preventive 
effect of atrial septal pacing on AF is indeed caused by shortening of the atrial activation 
time and preserving atrial synchrony, then the baseline PWD should impact the clinical 
outcome in atrial septal pacing studies. Meanwhile, in most studies, P-wave duration 
prolongation has not been considered to be an inclusion criterion, and no investigation 
of a possible link between PWD at baseline and the effect of atrial septal pacing has 
been reported. The current study lays the ground for testing this hypothesis in clinical 
settings, and may lead to further improvements in assessing patient suitability for atrial 
septal pacing.  
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Regarding dynamic P-wave morphology changes, we have taken great care in order to 
obtain ECG samples with ‘good quality’ during a 10-minute recording of standard 12-
lead ECG. Due to sensitivity to premature atrial contractions, the current method may 
not totally avoid this interference. Some P-wave morphology variability may be 
attributed to the variability in the rhythm origin due to PAC. However, a clear switch 
between sinus P-wave with negative (previously defined as Type 1) and biphasic 
(previously defined as Type 2) in lead Z has been identified and illustrated, both two 
types of P-waves are judged to be of sinus origin. The current study shows that P-wave 
morphology variability could predict the outcome following CPVI, and may reflect the 
progress of atrial structural remodeling. This study motivates further studies on larger 
samples in order to independently replicate current findings.  
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CHAPTER 6. CONCLUSIONS 

This study was intended to continue to fill in the gaps between atrial conduction, 
including intraatrial and interatrial conductions, and P-wave characteristics from 
histological respects to electrophysiology. We sought to describe the relationship 
between P-wave characteristics and atrial conduction in order to increase our 
understanding of atrial conduction following the progressing atrial remodeling and the 
intrinsic logic between histology and electrophysiology. Based on our findings in the 
current study, the following conclusions were drawn: 

6.1 HISTOLOGICAL ATRIAL ABNORMALITY  
Based on the finding that the extent of fibrosis and fatty infiltration demonstrated 
strong association with PWD, which was particularly apparent for the major atrial 
conduction routes such as Bachmann’s bundle and the terminal crest, we hypothesize 
that P-wave duration prolongation is most likely explained by structural remodeling on 
the pathohistological level.  

6.2 ATRIAL SEPTAL PACING 
Pacing in the vicinity of major interatrial conduction routes may result in shorter global 
atrial conduction time in patients with impaired atrial conduction, especially when 
paced at CS ostium, which suggests that septal pacing in terms of P-wave shortening 
may apply only to patients with prolonged P-wave duration at baseline.  

6.3 ECTOPIC ATRIAL TACHYCARDIA AND INTERATRIAL CONDUCTION 

ROUTE 
The current findings suggest that P-wave morphology in precordial leads is likely 
influenced by the rhythm origin and its employment of preferential conduction routes, 
and may accurately differentiate the anatomic sites of atrial tachycardia originating 
from the low RA.  
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6.4 VARIABILITY OF P-WAVE MORPHOLOGY AND THE OUTCOME OF 

PULMONARY VEIN ISOLATION 
The strong demonstrated relationship between PMV and 6-month CPVI success 
suggests that low PMV in patients with recurrent AF may reflect severe structural 
remodeling, and may explain failure of CPVI failure. 
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Abstract Background: Fibro-fatty transformation is believed to be the leading cause of deteriorated atrial
conduction; however, any direct assessment in relation to P-wave characteristics is lacking. We
sought to assess P-wave morphology (PWM) and duration (PWD) in relation to histology of the
atrial myocardium.
Objective: Atrial specimens were collected from 11 patients who died from cardiovascular causes
(7 men; median age 73 years).
Methods: Tissue samples were taken at the level of superior and inferior PVs, center of posterior left
atrial wall, terminal crest (CT) and Bachmann's bundle (BB) for assessment of fibro-fatty tissue
extent. Standard 12-lead ECGs in sinus rhythm recorded during hospital stay were used for manual
assessment of P-wave. Partial interatrial block (pIAB) was defined as a prolonged (≥ 120 ms) and
bimodal P-wave in any lead on 12-lead ECG.
Results: The median PWD was 160 (120–200) ms. Fibrosis extent in CT highly correlated to PWD
(r = 0.914, p b 0.001). The combination of fibrosis extent and fatty tissue in BB (16%, range 1%–41%),
CT (18%, range 3%–47%) or superior PV (15%, range 6%–24%) correlated to PWD (r = 0.627,
p = 0.039; r = 0.795, p = 0.003; and r = 0.668, p = 0.025, respectively). pIAB pattern was observed
in 10 subjects; however, it was not associated with either fibrosis or fatty tissue content at any
sampling location.
Conclusions: Our findings further support causal association between PWD and the extent of
structural abnormalities in the atrial myocardium and the major atrial conduction routes.
© 2014 Elsevier Inc. All rights reserved.

Keywords: Fibro-fatty transformation; P-wave morphology; P-wave duration

Introduction

In 1977, Evans and Shaw examined 8 patients with sinus
node disease and demonstrated that in 7 of these patients
there was increased fibrosis or fatty infiltration in right atrial
musculature. It was the first study offering evidence of
widespread right atrial abnormality, which revealed an
underlying relation between fibro-fatty infiltration and atrial
conduction abnormality [1]. Later, in post-mortem materials,
fibrosis extent and fatty infiltration were observed in patients
with history of atrial fibrillation (AF), which were signifi-
cantly higher in patients with permanent AF as compared to
paroxysmal AF [2].

Meanwhile, earlier studies have associated abnormal P-
wave duration (PWD) and morphology with AF, aging and
cardiovascular comorbidities [3–9]. Fibro-fatty transforma-
tion of atrial walls is believed to be the leading cause of
deteriorated atrial conduction [1,10,11]. However,any direct
assessment of fibrosis extent in the major atrial conduction
routes in relation to P-wave characteristics is lacking. We
hypothesized that P-wave morphology and duration may be
related to histological abnormality of the atrial myocardium.

Method

Patient population

Material for the study was collected in accordance with
the protocol described in detail earlier [2]. To summarize,
medical records of consecutive cases of in-hospital deaths
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referred for post-mortem studies at the Federal Heart, Blood,
and Endocrinology Centre (St. Petersburg, Russia) were
screened for AF presence and its clinical type (n = 276).
Subjects with AF after open-heart surgery or severe valvular
pathology were excluded. Three predefined groups of 10
cases each equally were collected, representing subjects with
permanent AF, non-permanent AF, and subjects with no
documented AF history. A total of 30 subjects were used for
histological analysis.

Exclusive criteria of ECG tracings included ST-elevation,
invisible onset or ending of P-waves (i.e. P-wave on T-wave),
unstable baseline of ECG tracing and heart rate b50 or
N100/min. Accordingly, of the 20 subjects who did not have
permanent AF, the medical records contained at least a
standard 12-lead ECG recorded in sinus rhythm, and were
thus suitable for P-wave analysis in 11 cases. Four out of 11
subjects had a history of paroxysmal AF.

ECG analysis

A 12-lead surface ECG was recorded in supine position
using a Hellige ECG 153 (Freiburg, Germany) machine.
The 12-lead ECG was recorded at a paper speed of 50 mm/s
(n = 6) or 25 mm/s (n = 5), a standard calibration of
10 mm/mV, and a filter of 0.05–35 Hz standardization. The
P-wave duration (PWD) was calculated in all 12 leads of the
surface ECG. The measurements of the P-wave duration were
performed manually by two investigators without knowledge
of the histological findings orAF group allocation. To improve
accuracy, measurements were performed with calipers and
magnifying lens for defining the P-wave deflection, similarly
to the approach used by others [12–14]. P-wave onset was
defined as the point of the first visible upward/downward
departure of the trace from baseline bottom for positive/
negative waves. When the trace returned to the baseline at
the bottom of the trace in positive waves or at the top of the
trace in negative waves, this point was considered to the end
of the P-wave. All P-waves of sinus rhythm in a 12-lead
surface ECG were measured beat-by-beat. The mean values
of longest PWDs in any lead obtained from two in-
vestigators were used for comparison with the histological
findings. Any differences between observers were resolved
by consensus.

Definitions

Criteria of interatrial conduction block

• Partial interatrial conduction block (pIAB): Partial
interatrial block (pIAB) was defined as prolonged
(≥120 ms) and bimodal (notched) P-wave in any lead
on the standard 12-lead ECG [15–17].

• Advanced interatrial conduction block (aIAB):
interatrial block is seen on the surface ECG as a
wide (≥120 ms) and biphasic P-wave in the inferior
leads [17].

Criteria of left atrial abnormality

• P-wave terminal force (PTF): defined as the product of
duration (D) and amplitude (A) of the P-wave terminal
phase in lead V1; PTF N 0.04 mV × ms has been

found to be a specific but less sensitive ECG marker of
left atrial enlargement [18,19].

Tissue sample collection and handling

Transmural atrial tissue samples of at least 20 mm × 3 mm
were collected from 5 locations that included major atrial
conduction pathways and the posterior left atrial (LA) region in
the vicinity of pulmonary vein ostia. The sites were as follows:
crista terminalis (CT) at the right atrium lateral wall;
Bachmann’s bundle (BB) from the superior portion of the
interatrial groove between the atria; posterior LA wall at the
superior pulmonary vein (SPV) level; centrally between
the pulmonary vein ostia (posterior left atrial [PLA] wall);
and at inferior pulmonary veins (IPV) level.

Atrial tissue samples were fixed in 10% buffered formalin
and embedded in paraffin. Sections (2 μm thick) were cut
parallel to the atrial wall plane and stained with Masson’s
trichrome stain.

Specimens were examined with computer-assisted mor-
phometric analysis using the Leica LAS Image Analysis
System (LeicaQWin Plus v3, Leica Microsystems Imaging
Solutions, Cambridge, United Kingdom). The percentage of
fatty infiltration, interstitial fibrosis, capillary density, and
mean cardiomyocyte diameter from within each sample were
assessed at ×200 magnification and calculated at 10 fields of
view by a single investigator blinded to clinical and
demographic data. Epicardial, endocardial, and perivascular
fibrosis were excluded in assessing fibrosis percentage. A
mean of the 10 measurements for each parameter per location
was used for further analysis.

Statistical analyses

Data are expressed as the median and range. All statistical
analyses were performed using IBM SPSS Statistics, version
20.0.0 (SPSS, Chicago, IL). A two-independent-sample test
(Mann–Whitney test) was used for 2-group comparisons. No
correction for multiple testing was applied. Spearman’s
correlation coefficient was calculated for analyzing correla-
tion between quantified histological variables and PWD. All
data without normal distribution were tested using non-
parametric tests. All tests were 2-sided, and a p of b 0.05
was considered statistically significant.

Results

Patient characteristics

Clinical characteristics of subjects are presented in Table 1.
Median age was 73 years (range 54–82 years). All patients
died of cardiovascular causes such as acute myocardial
infarction (n = 9) and pulmonary embolism (n = 2) verified
by autopsy. There was no difference with regard to the
presence of ischemic heart disease, hypertension, stroke,
chronic obstructive pulmonary disease, diabetes mellitus, or
aortic or mitral valve pathology between patients with AF
history and without AF history. The extent of fibrosis, fatty
infiltration, capillary density and cardiomyocyte size did not
differ among the 5 sampling locations in the atria, in either total
material or in subgroup analysis (data not shown).
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PWD vs. site-dependent histological abnormalities (Table 2)

The median PWD was 160 ms (range 120–200 ms).
The fibrosis extent in CT, SPV and IPV was higher in
patients with longer PWD (PWD N 160 ms) as compared
to patients with shorter PWD. Moreover, the combination
of fibrosis extent and fatty tissue in CT, BB and SPV was
greater in the group with longer PWD (PWD N 160 ms) as
compared to the group with shorter PWD. The average of
fibrosis extent or the combination of fibrosis extent and
fatty tissue was also significantly greater in the group with
longer PWD.

Correlation between PWD and histological variables was
assessed at all 5 locations as well as for the mean value of
these 5 locations. The fibrosis extent in CT highly correlated
to PWD (r = 0.914, p b 0.001). The combination of fibrosis
extent and fatty tissue in BB (16%, range 1%–41%), CT
(18%, range 3%–47%) or SPV (15%, range 6%–24%)
correlated to PWD (r = 0.627, p = 0.039; r = 0.795, p =
0.003; and r = 0.668, p = 0.025, respectively). The average
of fibrosis extent or combination of fibrosis extent and fatty
tissue at these 5 locations also correlated to PWD (r = 0.747,
p = 0.008; r = 0.664, p = 0.026, respectively).

P-wave morphology of partial interatrial conduction block
vs. site-dependent histological abnormalities

None of the observed P-wave morphologies fulfilled the
criteria of advanced interatrial conduction block. Ten out of
11 subjects had the special P-wave morphology that meets
the partial interatrial conduction block criteria. The extent
of fibrosis, fatty infiltration or the combination of fibrosis
extent and fatty tissue did not differ between subjects
with notches in inferior leads only (n = 4) and notches in
both inferior leads and lateral leads (n = 4 vs. n = 5, all
p = 0.798), in either the 5 sampling locations in the atria, or
in the average of total 5 sampling locations analysis.
However, the only subject who had normal P-wave
morphology without pIAB pattern also had the most
extensive fibrosis in atrial walls, approaching 40% at CT
sampling location (Fig. 1b).

P-wave terminal force vs. site-dependent histological
abnormalities in LA

The P-waves in 8 out of 11 subjects had abnormal PTF
(N 0.04 mV × ms). There was no significant difference
between subjects with and without abnormal PTF with regard
to their clinical or demographical characteristics. The extent
of fibrosis, fatty infiltration or the combination of fibrosis and
fatty tissue did not differ in the 5 sampling locations in the
atria, regardless of abnormal PTF (Table 3). There is no
significant difference in the absolute value of PTF between
subjects with AF and without AF (0.06, 0.04–0.09 mV × ms
vs. 0.06, 0.03–0.30 mV × ms; p = 0.648). There is no
correlation between the absolute value of PTF and the extent
of fibrosis, fatty infiltration, or the combination of fibrosis
and fatty tissue in all 5 sampling locations.

Discussion

Main finding

In post-mortem atrial tissues from patients who died of
cardiovascular causes, the extent of fibrosis and fatty infiltration
was strongly associated with PWD, especially in major atrial
conduction routes such as BB and CT, thus suggesting a causal
relationship between atrial structural abnormalities and prolon-
gation of atrial depolarization during sinus rhythm.

Table 1
Patients’ characteristics.

ID Gender Age
(year)

COD HTN CHF DM AF Stroke LVEF
%

LAD
(mm)

1 M 73 AMI − + − − − 27 48
2 M 54 AMI + + − − + 44 37
3 M 62 AMI + + + − − 17 –
4 M 72 AMI + + − − − – –
5 M 82 AMI + + − − − – –
6 F 77 AMI + + − − − 61 42
7 M 69 AMI + + + − − 42 40
8 F 73 AMI + + − + + 30 50
9 F 73 AMI + + − + − 34 34
10 M 74 PE + + − + − 61 42
11 F 72 PE + + − + − – –

PE: pulmonary embolism. AMI: acute myocardial infarction. COD: cause of
death. CHF: chronic heart failure. M: male. F: female. HTN: hypertension.
DM: diabetes mellitus. AF: atrial fibrillation. LAD: left atrial diameter.
LVEF: left ventricular ejection fraction.

Table 2
PWD vs. site-dependent histological abnormalities.

Location PWD b =160 ms
(n = 6)

PWD N 160 ms
(n = 5)

P-value

CT
Fibrosis extent 6.0% (2.4%–9.4%) 19.0% (17.0%–40%) 0.004⁎⁎

Fatty infiltration 2.1% (0.5%–13.6%) 9.0% (7.0%–17.0%) 0.052
Fibrosis–fatty
infiltration

10.1% (3.4%–18.4%) 28.0% (26.0%–47.0%) 0.004⁎⁎

BB
Fibrosis extent 7.2% (1.0%–12.3%) 15.0% (3.7%–26.0%) 0.082
Fatty infiltration 3.5% (0%–6.6%) 8.4% (7.0%–15.0%) 0.004⁎⁎

Fibrosis–fatty
infiltration

9.4% (1.0%–16.8%) 23.4% (10.7%–41.0%) 0.017⁎

Level of superior PVs
Fibrosis extent 4.6% (1.9%–12.4%) 12.0% (6.0%–20%) 0.030⁎

Fatty infiltration 4.7% (0%–6.6%) 6.0% (0%–17.0%) 0.537
Fibrosis–fatty
infiltration

8.8% (5.8%–14.7%) 20% (18.0%–24.0%) 0.004⁎⁎

Center of posterior wall in LA
Fibrosis extent 4.9% (2.5%–8.0%) 17.0% (0.7%–20.0%) 0.126
Fatty infiltration 3.3% (0%–4.7%) 4.0% (0%–6.4%) 0.931
Fibrosis–fatty
infiltration

9.3% (3.8%–12.4%) 21.0% (0.7%–22.2%) 0.126

Level of inferior PVs
Fibrosis extent 4.0% (1.3%–9.2%) 12.8% (5.6%–20.6%) 0.017⁎

Fatty infiltration 5.4% (0%–13.9%) 3.8% (0%–20.7%) 0.931
Fibrosis–fatty
infiltration

9.3% (1.3%–18.7%) 21.0% (5.6%–41.3%) 0.247

Global atria (average of 5 locations)
Fibrosis extent 5.0% (3.6%–8.3%) 15.6% (9.4%–24.8%) 0.004⁎⁎

Fatty infiltration 4.5% (0.1%–7.6%) 9.2% (3.2%–11.4%) 0.082
Fibrosis–fatty
infiltration

8.7% (5.2%–15.9%) 26.6% (12.6%–30.4%) 0.009⁎⁎

⁎ A p-value of b 0.05.
⁎⁎ A p-value of b 0.01.
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P-wave duration vs. site-dependent atrial histological
abnormalities

BB has been mainly described as the most important
preferential interatrial conduction pathway during sinus
rhythm in human and animal studies [20–24]. An impaired

conductive property of BB has been assumed to be an
important cause for prolongation of P-wave duration. In
1983, Scott et al. reported a trend for a percentage of fibrosis
in left atrial appendage and PWD in lead II, but not
amplitude of P-wave in patients with valvular disease who
underwent open-heart surgery [25]. In this study, the PWD

Fig. 1. P-wave Morphology on standard 12-lead ECG vs. histological atrial abnormality. A. Notched P-wave (bimodal) in a subject with normal histological
findings in atria. B. Normal P-wave morphology (with prolonged P-wave duration) in a subject with abnormal histological findings in atria.
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mostly correlated to the fibrosis extent at the site of CT. It
could be explained by CT’s major role on intraatrial
conduction in the right atrium during sinus rhythm.

Except BB and CT, the baseline PWD also highly
correlated with the combined count of fibrosis and fatty
tissue extent at the site of LA posterior wall of superior PV
level, which might link to its anatomical origin. In previous
anatomical studies, the posterior wall of LA at the superior
PV level was shown to be covered by extensions from the
BB epicardially [26–28].

P-wave terminal force and site-dependent atrial histological
abnormalities

Previous studies have suggested that PTF is a predictor of
LA enlargement with low sensitivity [18,19,29]. Later, PTF
was considered to be part of the definition of LA-
abnormality [30,31]. In this study, we could find no
association between the histological findings and the left
atrial abnormality pattern.

Limitation

We are aware of the limitations in our study, such as
manual measurements of P-wave characteristics, the limited
number of observations, and retrospective assessment of
clinical characteristics. In particular, the limited number of
subjects included in the study urges to caution in interpreting
negative findings observed for some of the tested associa-
tions. However, to the best of our knowledge, no prior study
has been able to evaluate the associations between P-wave
appearance on surface ECG and structural characteristics of
atrial walls, including major atrial conduction routes.

Conclusion

In post-mortem atrial tissues from patients who died of
cardiovascular causes, the extent of fibrosis and fatty
infiltration demonstrated strong association with PWD,
which was particularly apparent for the major atrial
conduction routes such as Bachmann’s bundle and terminal
crest. This suggests that fibrosis–fatty infiltration of BB and
CT may play a major role of inter- and intra-atrial conduction
on prolongation of PWD.
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Background Atrial septal pacing (ASP) has been shown to shorten P-wave duration (PWD) and reduce recurrence of atrial fib-
rillation (AF) in patients with bradyarrhythmias. However, variability of interatrial connections and atrial conduction
properties may explain ASP’s modest clinical benefit. The aim of this study was to assess the effect of ASP site on the
duration of the paced P wave.

Methods
and results

Atrial septal pacing at high atrial septum (HAS), posterior septum behind the fossa ovalis (PSFO), and coronary sinus
ostium (CSo) was performed in 69 patients admitted for electrophysiological study (52+16 years, 41 men). Twelve-
lead electrocardiogram was recorded at baseline and during pacing, signal-averaged for analysis of PWD and P-wave
shortening achieved by ASP (DPWD ¼ paced PWD-baseline PWD). Baseline PWD was 128+ 15 ms. The shortest
PWD during pacing was achieved at CSo (112+15 ms) followed by HAS (122+ 14 ms, P , 0.001 vs. CSo) and
PSFO (124+ 21 ms, P , 0.001 vs. CSo). P wave was shortened during pacing in patients with baseline PWD
of . 120 ms (n ¼ 50), whereas those with PWD of ≤ 120 ms showed PWD lengthening (n ¼ 19) when paced at
HAS (8+ 17 vs. 212+15 ms, P , 0.001), PSFO (15+ 17 vs. 212+26 ms, P , 0.001) and CSo (6+16 vs.
225+18 ms, P , 0.001).

Conclusion Pacing at CSo is associated with the shortest PWD. P-wave shortening is greatest in patients with baseline PWD
of . 120 ms regardless of the pacing site. The results may have implications on the selection of candidates for
ASP and the placement of the atrial septal lead, and warrant further evaluation in cases of permanent pacing in
patients with paroxysmal AF.
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Introduction
Permanent transvenous atrial pacing leads have traditionally been
implanted in the right atrial appendage (RAA) and, occasionally,
in the right atrial (RA) lateral wall. Pacing from the RAA or free
wall can lead to delayed intraatrial and interatrial conduction,
and may provoke electromechanical delay in the atria, leading to
discoordination of right and left atrial contraction.1 It has been sug-
gested that dual-site RA pacing2 and biatrial resynchronization3 are

more beneficial than both high RA pacing and antiarrhythmic drug
therapies, based on long-term follow-up, with regard to atrial fibril-
lation (AF) prevention. Electrophysiological studies4 have sug-
gested that the reduction in atrial conduction delay and
modification of dispersion in atrial refractoriness are important
mechanisms in AF prevention, which can be achieved by multisite
atrial pacing. Similar results can be achieved by single-site atrial
pacing that does not require any special implantable device. The
optimal pacing site for the prevention of paroxysmal atrial
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fibrillation (PAF) using single-site pacing is suggested to be the atrial
septum;5 –8 however, no detailed studies have been carried out on
the electrophysiological properties regarding the shortening of
P-wave duration (PWD) with respect to pacing site. Previous
anatomical studies have identified three major pathways respon-
sible for interatrial conduction, i.e. Bachmann’s bundle (BB),9 the
posterior fibres behind the fossa ovalis (FO),10 and the coronary
sinus (CS).11 As recently shown in an extensive study,10 interatrial
bundles are not limited to the anteriorly located BB, but are
present in all parts of the interatrial septum, both posteriorly
between the right pulmonary veins and inferiorly between the
CS and the right inferior pulmonary vein. Moreover, in some
hearts, the inferiorly located bundles can be more prominent
than the BB.10 The quantity, length, and diameter of interatrial
connection fibres vary considerably between individuals.10,12

On the basis of the high variability of the location of interatrial
connections, it is reasonable to assume that pacing at the site
mainly responsible for interatrial conduction would result in a
shorter-paced PWD, corresponding to the shorter global atrial
activation time in that individual. The aim of this study was thus
to assess the effect of different atrial septal pacing sites on
P-wave shortening and to identify the pacing site associated with
the shortest paced PWD.

Methods
Study group
Sixty-nine consecutive patients (aged 52+ 16 years, range 19–79
years, 41 men) undergoing clinically motivated electrophysiological
studies due to supraventricular tachycardia (SVT) were studied. All
patients gave written informed consent on the investigational nature
of the procedure that was approved by the institutional review
committee. None of the patients showed any evidence of underlying
structural heart disease as assessed by transthoracic echocardiography.
All antiarrhythmic drugs were discontinued at least five half-lives
before the study, and none of the patients was taking amiodarone or
digitalis. In this study, the mean diameter of the left atrium (LA) was
39+6 mm; and 25 patients (36%) had an enlarged (.40 mm) LA
(44+4 mm).

Twenty-one of the 69 patients (30%) had a history of PAF. Twelve of
the 21 patients had received flecainide by the ‘pill-in-the-pocket’
approach whereas nine patients had uncommon arrhythmia episodes
and were off medications. None of PAF patients was treated with
pulmonary vein isolation either before or during index admission.
Before electrophysiological study, these patients with PAF had been
suspected as carriers of other SVTs with atypical AF-related
symptom, such as atrioventricular nodal reentrant tachycardia
(AVNRT). Ten patients (14%) had a history of typical atrial flutter.
Fourteen patients (20%) were found to have inducible AVNRT, and
three patients (4%) had a left-sided accessory pathway. In the rest of
the patients (26 patients, 38%) it was not possible to induce tachy-
cardia during the electrophysiological studies. Radiofrequency catheter
ablation was successful in the patients with induced SVT.

Fluoroscopy-guided catheter positioning and
stimulation position
Firstly, a 6F, steerable 2-5-2 mm-spaced, 1 mm-tip decapolar electrode
catheter was advanced into the superior vena cava. The catheter was

torqued towards the atrial septum. Under fluoroscopic guidance (left
anterior oblique, LAO 608 and right anterior oblique, RAO 128), the
catheter was pulled caudally to watch for the tip to ‘jump’ under the
aortic knob. This position was considered as high RA septum in the
vicinity of the BB incision (high atrial septum, HAS). Posteroseptal
position was achieved by pulling the catheter further down until the
second ‘jump’ under the muscular atrial septum onto the FO, which
was in the same height as the His bundle catheter, and clockwise rota-
tion so that the catheter tip pointed posteriorly in the RAO projection
and in the LAO projection the direction of the catheter tip should still
face to the septum. This position was as the posterior septum behind
the FO (PSFO). Finally, the catheter was placed into CS and pulled
back until its distal bipolar electrodes were located at CS ostium
(CSo). Other standard electrode catheters were positioned at the
His bundle and in the right ventricular apex to serve as conventional
fluoroscopical landmarks (Figure 1).

Stimulation parameters and protocol
The distal electrode pairs of the decapolar catheters were used
for bipolar stimulation. The stimulus output had a fixed pulse width
of 1 ms, and the threshold was set at twice the diastolic threshold.
The threshold values ranged from 2 to 5 V for HAS, PSFO, and
CSo stimulation. Particular care was taken to ensure continuous
capture of the atrial tissue when threshold values were determined.
Pacing was performed at each pacing site at fixed cycle lengths,
defined by the longest interval (started at 600 ms, 4 patients at
550 ms and 65 patients at 600 ms) without the P-wave merging with
the T wave.

Data acquisition and P-wave analysis
Standard 12-lead electrocardiogram (ECG) was recorded using the
Prucka CardioLab System (GE Medical Systems, Milwaukee, WI,
USA) for at least 30 s at baseline and continuously during pacing.
These 12-lead ECGs were transformed to orthogonal leads and
signal-averaged P-wave analysis was performed to estimate the

Figure 1 Schematic Diagram: Illustration showing pacing sites.
HAS, high atrial septum; PSFO, posterior septum behind fossa
ovalis; CSo, coronary sinus ostium; FO, fossa ovalis.
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P-wave duration. These data were stored for subsequent offline
processing. Data analysis was performed using custom-made software
running on MATLAB (The MathWorks, Natick, MA, USA). The basic
method used is described in detail elsewhere.13,14 The onset and end
of the P wave were set manually on a magnified signal-averaged P
wave on a computer screen using electronic calipers. In order to
ensure unbiased manual settings of P wave onset and end, all record-
ings were analysed in one batch in a blinded manner so that only
computer-generated record number was available at the time of
analysis without possibility to establish a link between the ECG
recordings, pacing sites, and patient identity. The onset of the
paced P wave was defined as being directly after the end of the stimu-
lation spike.

Statistics
All data with normal distribution are expressed as mean+ SD.
Data without normal distribution are expressed as median. The distri-
butions of samples were tested using the Shapiro–Wilk test. Inter-
group comparisons were performed using the paired samples t test.
Multiple group comparisons (three groups) were performed by
one-way analysis of variance (ANOVA) for continuous variables,
followed by a post hoc analysis if the ANOVA test was significant.
Possible correlations among pacing sites, baseline PWDs, and shorten-
ings of PWDs were tested using the Pearson correlation test.
Data without normal distribution were tested using a non-parametric
test. A P value of , 0.05 was considered significant.

Results
The PWD was significantly shorter when pacing at the CSo
(112+15 ms) than when pacing at the HAS (121+ 14 ms, P ,

0.001) or the PSFO (124+ 21 ms, P , 0.001), and was also signifi-
cantly shorter than the baseline PWD (during sinus rhythm, SR)
(128+15 ms, P , 0.001). The PWD when pacing at the

HAS was also significantly shorter than the PWD during SR
(P ¼ 0.003), but not significantly shorter than the PWD paced
at PSFO (P ¼ 0.274) (Figure 2).

The shortening of the PWD (DPWD) at each pacing site was
defined as the difference between the paced and the baseline
values (DPWD ¼ paced PWD-baseline PWD). There was a nega-
tive linear correlation between DPWD and baseline PWD (R ¼
20.64, 20.63 and 20.72 for HAS, PSFO, and CSo pacing, respect-
ively, P , 0.001 for all sites) (Figure 3) with longer P waves at base-
line showing a greater shortening during pacing.

Normal P-wave duration vs. prolonged
P-wave duration at baseline
Nineteen of the 69 patients had normal PWDs (≤120 ms) at base-
line. Regardless of the pacing site, atrial septal pacing resulted
mostly in P-wave shortening in patients with baseline PWD of .

120 ms, and P-wave prolongation in patients with normal PWD
(Figure 3). Differences in DPWD between patients with PWD of
≤120 ms and . 120 ms were significant at all pacing sites:
HAS, 8+17 vs. 212+15 ms (P , 0.001), PSFO, 15+ 17 vs.
212+26 ms (P , 0.001) and CSo, 6+16 vs. 225+18 ms
(P , 0.001) (Figure 4).

When paced PWD was compared between patients with base-
line PWD of .120 ms and baseline PWD of ≤120 ms, there was
no statistically significant difference regardless of the pacing site.
Patients with baseline PWD of .120 ms had shorter paced
PWDs compared with baseline, regardless of pacing sites. Pacing
at CSo resulted in a significantly shorter PWD than pacing at
HAS or PSFO, but there was no significant difference between
the paced PWD at HAS and PSFO. However, in patients with base-
line PWD of ≤120 ms pacing at PSFO or CSo resulted in a signifi-
cant prolongation of PWD compared with the baseline. In this
group, PWD during HAS pacing was similar to baseline, whereas
no difference in PWD was observed between all three septal
pacing sites (Table 1).

Normal left atrium vs. enlarged left
atrium
When PWD was compared between patients with enlarged vs.
normal LA, there was no difference at baseline, but patients with
enlarged LA had a longer paced PWD during HAS or PSFO
pacing than patients with normal LA. Pacing at CSo, however,
was not associated with any difference in paced PWD between
patients with enlarged or normal LA (Table 1).

When site-related effects of septal pacing were analysed separ-
ately in the subgroup of patients with enlarged LA (median 43 mm,
41–52 mm, n ¼ 25), the paced PWD was significantly shorter than
baseline PWD during CSo pacing while no significant difference
was observed during pacing at HAS or PSFO. The paced PWD
during CSo pacing was also significantly shorter than paced
PWD at HAS or PSFO. In a subgroup of patients with normal
LA (median 38 mm, 23–40 mm, n ¼ 44), paced PWDs were
significantly shorter than the baseline PWD during septal pacing,
regardless of pacing site. The paced PWD during CSo pacing
was also significantly shorter than the paced PWD at HAS or
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Figure 2 Mean P-wave duration (+SD) at baseline (sinus
rhythm) and when paced at different sites in the 69 patients
studied. SR, sinus rhythm; HAS, high atrial septum; PSFO, poster-
ior septum of fossa ovalis; CSo, coronary sinus ostium.
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PSFO in the subgroup of patients with normal LA. There was no
statistically significant difference with regard to the paced PWD
during HAS and PSFO (Table 1).

History of paroxysmal atrial fibrillation
When PWD was compared between patients with PAF (n ¼ 21)
and without a history of AF (n ¼ 48), it did not differ either at
baseline or during pacing (Table 1). However, the LA diameter in
patients with PAF (42 mm, range 25–52 mm) was significantly
greater than in patients without a history of PAF (39 mm, range
23–49, P ¼ 0.012).

When site-related effects of septal pacing were analysed separ-
ately in a subgroup of patients without a history of PAF, paced
PWDs appeared to be significantly shorter than the baseline
PWD, regardless of pacing sites. The paced PWD during CSo
pacing was also significantly shorter than the paced PWD at HAS
or PSFO. There was no statistically significant difference between
the paced PWDs during HAS and PSFO. In a subgroup of patients
with PAF, paced PWDs appeared to be significantly shorter than
the baseline PWD only during CSo pacing. The paced PWD
during CSo pacing was also significantly shorter than the paced
PWD at PSFO. There was no statistically significant difference
between the paced PWDs during HAS and PSFO either (Table 1).

Discussion

Main findings
Our results indicate that pacing at any of the septal pacing sites
investigated (HAS, PSFO, or CSo) results in a P-wave shortening
only if the baseline PWD exceeds 120 ms. HAS and CSo pacing
leads to significantly reduced PWDs compared with the baseline.
The maximal shortening of PWD is associated with CSo pacing
and is particularly prominent in patients with left atrial enlarge-
ment. Atrial septal pacing in patients with baseline PWD of
≤120 ms does not result in P-wave shortening and, on the
contrary, is likely to result in P-wave prolongation.

Properties of interatrial conduction
pathways
Our current understanding of preferential interatrial conduction
pathways is based mainly on anatomical studies9,10,15 and electro-
physiological examinations using three-dimensional (3D) electro-
anatomic or non-contact mapping during SR.16 –19 The different
modes of intra-atrial and interatrial activation have been demon-
strated to follow preferential pathways located high in the RA
septum (BB), posteriorly in the intercaval area, and inferiorly in
the vicinity of the CSo.11,20 –24 In previous anatomical and radio-
logical studies, BB has been detected in about 90% of specimens
in large studies, and also in large groups of patients without
heart disease, studied by spiral computed tomography,10,25 and
has been suggested as a region of fast conduction by results of
both experimental and human studies.20– 22,26 Extension of RA
myocardial sleeves on the CS, with distinct connections to the
left atrial myocardium, is commonly observed.27 It has been
demonstrated that the CS musculature is electrically connected
to the RA and LA, and forms an RA–LA connection in canine
hearts23 and in human hearts,11 which provides further evidence
supporting the existence of a preferential pathway for interatrial
conduction near the CSo. Specifically, a single RA breakthrough
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Figure 3 Scatter plot of DPWD at three different pacing sites.
There were linear correlations between DPWD at different
pacing sites and the baseline P-wave duration (sinus rhythm) in
the group of 69 patients. P-wave shortening (negative DPWD)
was observed in patients with baseline P-wave duration of
.120 ms, whereas patients with normal P-wave duration at base-
line mostly presented with lengthening of pace P-wave duration
(positive DPWD) regardless of pacing site. HAS, high atrial
septum; PSFO, posterior septum behind the fossa ovalis; CSo,
coronary sinus ostium; PWD, P-wave duration.
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has been identified around the CSo during distal CS pacing in all
patients studied.24 Furthermore, Ho et al.9 have described small
muscle bridges connecting the LA posterior wall near the ostia
of the right-sided pulmonary veins to the RA posterior wall at
the intercaval area in human hearts. The function of these

posterior interatrial connections has also been confirmed by
mapping the RA during atrial tachycardia originating from
pulmonary veins,28 in which the RA breakthrough was identified
in the posterior intercaval area.

During SR, the preferential interatrial conduction does not seem
to be linked to a certain anatomical structure, but rather seems to
depend on both the origin of the RA activation29 and the variability
of interatrial connections.10,12,30 The employed interatrial connec-
tion during SR was suggested to occur through posterior fibres
behind the FO and/or BB.16,31 However, during pacing in the
vicinity of the CSo, it has been reported that the preferential
interatrial conduction pathway was likely to be the CS muscula-
ture.17,23 The retrograde activation of the CS was also studied in
detail. During pacing at the left superior pulmonary vein, the
initial breakthrough in the RA was identified at the CSo, which sug-
gests that propagation was through the musculature of the CS
rather than through BB or the PSFO22. In this study, pacing at
the CSo led to a shorter PWD than pacing at the HAS or the
PSFO. This suggests that during CSo, pacing the LA can be acti-
vated via the CS musculature and myocardial sleeves in its vicinity
much faster than during HAS and PSFO pacing.

Thus, both posterior fibres behind the FO (possibly combined
with BB) and the muscular sleeves surrounding the CS provide a
reliable pathway for interatrial conduction. Whether the posterior
fibres behind the FO, BB, or the CS are responsible for the
conduction of atrial beats probably depends on the relative prox-
imity of the source of activation to each of these pathways.

The variable effects of septal pacing
on P-wave duration in similar studies
In previous studies aimed at evaluating the effects of atrial septal
pacing on PWD, P-wave shortening was observed when pacing

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Paced P-wave duration with regard to its duration at baseline, the size of the left atrium, and the history of
paroxysmal atrial fibrillation

PWD (ms) Baseline HAS pacing PSFO pacing CSo pacing

Baseline PWD . 120 ms (n ¼ 50) 133 (121–165) 121 (100–157)###,*** 120 (77–183)##,*** 110 (78–137)###,*

Baseline PWD ≤ 120 ms (n ¼ 19) 108 (97–120) 113 (99–159) 119 (103–152)## 119 (84–137)#

LA diameter . 40 mm (n ¼ 25) 128 (97–163) 125 (100–159)*,& 121 (82–183)**,& 116 (86–137)#

LA diameter ≤ 40 mm (n ¼ 44) 129 (101–165) 117 (99–157)##,** 117 (77–175)#,** 110 (78–135)###

PAF (n ¼ 21) 125 (97–165) 120 (102–149) 121 (85–183)* 111 (94–137)#

No history of AF (n ¼ 48) 128 (102–163) 120 (99–159)##,*** 118 (77–175)#,** 112 (78–137)###

Data presented as median (range).
#P , 0.05 in comparison with baseline PWD; ##P , 0.01 in comparison with baseline PWD; ###P , 0.001 in comparison with baseline PWD; *P , 0.05 in comparison with
baseline PWD; **P , 0.01 in comparison with paced PWD during CSo pacing; ***P , 0.001 in comparison with paced PWD during CSo pacing; & P , 0.05 in comparison
between normal and enlarged LA.
PWD, P-wave duration; HAS, high atrial septum; PSFO, posterior septum behind the fossa ovalis; CSo, coronary sinus ostium; LA, left atrium; PAF, paroxysmal AF.
(i) P values (baseline PWD . 120 and ≤ 120 ms): HAS: P ¼ 0.108; PSFO: P ¼ 0.598; CSo: P ¼ 0.085. Baseline PWD . 120 ms: (1) SR vs. HAS: P , 0.001; SR vs. PSFO: P ¼ 0.002;
SR vs. CSo: P , 0.001; CSo vs. HAS: P , 0.001; CSo vs. PSFO: P , 0.001; HAS vs. PSFO: P ¼ 0.787. Baseline PWD ≤ 120 ms: (2) SR vs. HAS: P ¼ 0.083; SR vs. PSFO: P ¼ 0.002; SR
vs. CSo: P ¼ 0.015; CSo vs. HAS: P ¼ 0.777; CSo vs. PSFO: P ¼ 0.164; HAS vs. PSFO: P ¼ 0.116.
(ii) P values (LA diameter . 40 and ≤ 40 mm): Baseline: P ¼ 0.817; HAS: P ¼ 0.049; PSFO: P ¼ 0.023; CSo: P ¼ 0.253. LA . 40 mm: (1) SR vs. HAS: P ¼ 0.394; SR vs. PSFO: P ¼
0.764; SR vs. CSo: P ¼ 0.011; CSo vs. HAS: P ¼ 0.022; CSo vs. PSFO: P ¼ 0.005; HAS vs. PSFO: P ¼ 0.260. LA diameter ≤ 40 mm: (2) SR vs. HAS: P ¼ 0.001; SR vs. PSFO: P ¼ 0.019;
SR vs. CSo: P , 0.001; CSo vs. HAS: P ¼ 0.001; CSo vs. PSFO: P ¼ 0.006; HAS vs. PSFO: P ¼ 0.664.
(iii) P values (PAF and non-PAF): Baseline: P ¼ 0.720; HAS: P ¼ 0.851; PSFO: P ¼ 0.229; CSo: P ¼ 0.518. PAF: (1) SR vs. HAS: P ¼ 0.537; SR vs. PSFO: P ¼ 0.917; SR vs. CSo:
P ¼ 0.016; CSo vs. HAS: P ¼ 0.122; CSo vs. PSFO: P ¼ 0.023; HAS vs. PSFO: P ¼ 0.133. Non-PAF: (2) SR vs. HAS: P ¼ 0.002; SR vs. PSFO: P ¼ 0.043; SR vs. CSo: P , 0.001;
CSo vs. HAS: P , 0.001; CSo vs. PSFO: P ¼ 0.001; HAS vs. PSFO: P ¼ 0.909.
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BB32– 35 and the CSo/triangle of Koch.36– 38 There may be several
explanations of the considerable variation in septal pacing effects
on P-wave shortening. The first explanation is related to clinical
characteristics of study subjects, such as history of AF, burden or
type of AF, size of atria, etc.34,39 For example, Lewicka-Nowak
et al.40 reported a specific group of patients with extremely pro-
longed P waves (145+17 ms), symptomatic of documented
recurrent AF. Pacing at BB or the CSo did not lead to significantly
shorter PWDs compared with SR, which contrasts our findings
and those of Manolis.39 However, the combination of BB and
CSo pacing can lead to significantly shorter PWDs.40 Yu et al.26

reported a group of patients (15 patients) with similar baseline clin-
ical characteristics that were paced in the vicinity of BB. The results
showed BB pacing offered shorter-paced PWD, comparing to
pacing at PSFO, which is in agreement with our findings. The
second explanation of the variation in results is that the exact loca-
tion of the septal pacing sites is either not explicitly defined or not
reported in some studies.5,40,41 Third, different methods are used
to evaluate the global atrial activation time, including invasive and
non-invasive approaches. Measurement of PWD allows
non-invasive assessment of total atrial activation time from
surface ECG using a standard 12-lead configuration,40,42 65-lead
ECG,34 or the approach used in this study. Clearly, ECG
approaches that utilize information from a higher number of
ECG leads for PWD measurement or cover orthogonal planes
have an advantage compared with a single-lead analysis26 that is
likely to underestimate the true duration of atrial activation.

Clinical implications
Despite the reported clinical benefit,6,39,43,44 a considerable
number of patients do not benefit from septal pacing with
regard to preventing AF. Padeletti et al.45 reported that shorter
baseline PWD may be indicative of a lower risk of persistent AF
requiring cardioversion or AF-related hospitalization, regardless
of whether pacing takes place at the RAA or the atrial septum.
In previous pacing studies,5 –7,43,46 atrial septal pacing resulted in
a shorter PWD and was associated with a significant decrease in
AF compared with RAA pacing or antiarrhythmic drugs.

In this study, we observed that longer PWD at baseline was
associated with greater shortening by atrial septal pacing. Specific-
ally, we observed that atrial septal pacing produced a shorter PWD
in patients with a baseline PWD longer than 120 ms, regardless of
location of pacing site. However, in patients with a baseline PWD
shorter than or equal to 120 ms, prolongation of the P wave was
observed during septal pacing, regardless of the pacing site. These
findings are in agreement with those of Manolis et al.,39 who
described patient-tailored pacing site selection by intraoperative
atrial septal mapping, aimed at obtaining the shortest atrial activa-
tion time between the HRA and the distal CS. These sites were
located in the vicinity of the CSo or near the FO in all patients,
and not at BB, which is in agreement with our findings.

Based on the above, we are inclined to speculate that the benefit
of atrial septal pacing with regard to AF prevention may be con-
fined to patients with impaired interatrial conduction during
sinus rhythm, as such patients are more likely to respond to
pacing by shortening of the PWD and reduction of atrial dyssyn-
chrony. In contrast, patients with normal PWD are not likely to

demonstrate any improvement in interatrial conduction as a
result of atrial septal pacing. If the preventive effect of atrial
septal pacing on AF is indeed caused by shortening of the atrial
activation time and preserving atrial synchrony,3,5,32,41 then the
baseline PWD should have an impact on the clinical outcome in
atrial septal pacing studies. To the best of our knowledge, atrial
pacing studies reported to date2– 4,32,36 have not provided any
information in this regard. P-wave duration prolongation has not
been considered as an inclusion criterion, with the exception of
one study,39 and no investigation of a possible link between
PWD at baseline and the effect of atrial septal pacing has been
reported. We believe our study provides the grounds for testing
this hypothesis in clinical settings, as this may lead to further
improvements in assessing patient suitability for atrial septal pacing.

Recently, Dabrowska-Kugacka et al.47 reported that single-site
BB pacing resulted in restoring atrial contraction synchrony,
whereas CS pacing resulted in reduced RA filling, shortened mech-
anical atrioventricular delay in the right heart, and reduced right
ventricular inflow, thus inducing echocardiographic pacemaker
syndrome in the right heart. However, pacemaker syndrome has
not been reported in any previous studies involving permanent
CSo pacing.5,39,40 Pacing at BB may indeed produce mechanical
contraction sequences close to those in natural SR, but the risks
associated with CSo pacing have not been investigated. The super-
iority of CSo pacing site in the clinical settings is further supported
by recently published results from EPASS study that found that low
atrial septal pacing is associated prevention of paroxysmal AF
progression to persistent or permanent AF compared with RAA
pacing in patients with sinus node dysfunction.48

Limitations
Our study was intended to assess whether pacing at any specific
atrial septal site is associated with the shortest P-wave duration
as a measure of global atrial activation time. The use of 3D
mapping systems would allow more accurate verification of the
atrial activation propagation, but it was not used in our study as
left atrial catheterization could not be ethically justified in the
majority of study subjects included in our cohort. As a minority
of patients in the study had a history of AF, it is not clear how
the results would apply to a population of patients with AF and
sinus node dysfunction who would be eligible for such pacing on
a permanent basis.

Conclusions
The optimal atrial septal pacing site with respect to the shortening
of global atrial activation time can be identified by using the base-
line P-wave duration. Furthermore, the impact of pacing on PWD
is most pronounced in patients with a baseline PWD of .120 ms,
and the shortest PWD is usually obtained by pacing at the CSo,
rather than the HAS or the PSFO. Our findings underline the
need for further investigation aimed at better selection of patients
suitable for atrial septal pacing in order to improve the clinical
benefit with regard to preventing AF in patients with indications
for a pacemaker.
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Pulmonary vein tachycardia during atrial tachycardia in the context of
atrial fibrillation ablation
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Although checking the pulmonary vein isolation (PVI) is an important first step to identify atrial tachycardia (AT) mechanism in the
context of atrial fibrillation (AF) ablation, careful mapping is required to reach a precise diagnosis. A 68-year-old man with long-
standing persistent AF underwent ablation. Atrial fibrillation converted to AT with a cycle length of 240 ms during left atrial (LA) abla-
tion after PVI. During AT mapping, PV tachycardia with a cycle length of 180 ms was recorded in the left superior PV, which seemed
four to three conductions from the PV to LA. However, the termination of this tachycardia did not have any impact on the AT, which
suggested bystander tachycardia.
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Diagnosis of atrial tachycardias originating from
the lower right atrium: importance of P-wave
morphology in the precordial leads V3–V6
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Aims This study aimed to characterize P-wave morphology (PWM) in leads V3–V6 during focal atrial tachycardia (AT) ori-
ginating from the lower right atrium (RA), and to investigate the role of interatrial conduction (IAC) pathways in the
formation of PWM.

Methods
and results

Twenty-eight consecutive patients with tachycardia foci in the lower RA underwent detailed atrial endocardial acti-
vation mapping and radiofrequency catheter ablation. P-wave configuration was analysed using standard 12-lead elec-
trocardiogram. Atrial tachycardia originated from lower non-septal tricuspid annulus (LTA) (n ¼ 11), coronary sinus
ostium (CSo) (n ¼ 11), lower crista terminalis (LCT) (n ¼ 4), or lower free wall (n ¼ 2). In leads V3–V6, PWM
showed a negative pattern in at least two consecutive leads during AT originating from CSo (11/11) and LTA
(9/11), with an associated sensitivity of 91%, specificity of 100%, positive predictive value (PPV) of 100%, and negative
predictive value (NPV) of 75%. A positive PWM was observed in three of four ATs originating from LCT, with an
associated sensitivity of 75%, specificity of 100%, PPV of 60%, and NPV of 96%. A negative PWM in V3–V6 was con-
sistent with a preferential IAC through musculature in the vicinity of the CS and an activation of both atria in an
antero-posterior direction. In contrast, a positive PWM was associated with the engagement of a posterior (non-
CS-related) interatrial connection.

Conclusion Characteristic PWMs in V3–V6 may accurately differentiate the anatomic sites of AT from the low RA with high PPVs
and NPVs. P-wave morphology in V3–V6 is likely to be influenced by the engagement of the preferential IAC.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Atrial tachycardia † Radiofrequency catheter ablation † P-wave morphology † Interatrial conduction pathway †

Lower right atrium

Introduction
Focal atrial tachycardias (ATs) originating from single atrial sites
outside the sinus node are found to be the underlying mechanism
in 5–15% of adults with paroxysmal supraventricular tachycardia.1

Foci responsible for focal AT tend to cluster at characteristic ana-
tomical locations. The majority of focal AT stem from the right
atrium (RA), with foci along the crista terminalis (CT) in over
two-third of cases.2 Less frequently, the foci are at the tricuspid

annulus (TA),3,4 the coronary sinus ostium (CSo),5 or the parahi-
sian region.6,7

A thorough analysis of P-wave morphology (PWM) in 12-lead
electrocardiogram (ECG) during AT is a key to the non-invasive
identification of arrhythmic foci. Generally, as a first step, right-
and left-sided origins are distinguished. Further, if an RA origin is
suggested, positive P-waves in the inferior leads typically indicate
AT from the middle or superior CT in over 90% of focal ATs

* Corresponding author. Tel: +0049 341 865 1413; fax: +0049 341 865 1460, Email: dr.huoyan@googlemail.com
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with CT origins.2 Further ECG-based differential diagnosis of AT
from the lower RA is difficult to perform. However, the PWM in
ECG leads V3–V6 has not been sufficiently addressed in previous
studies7 and may provide important additional information on the
origin of the AT.

This study was performed to further establish ECG characteris-
tics of focal AT originating from the lower RA. We hypothesized
that the employment of the preferential interatrial conduction
(IAC) pathways results in typical PWM in V3–V6. A number of
factors may influence the PWM during AT originating from the
RA such as: (i) activation sequence within the RA, (ii) preferential
IAC pathways for activation from the RA to the left atrium (LA),
and (iii) activation sequence of the LA.

Methods
Study population
Between October 2006 and April 2010, 144 consecutive patients
underwent radiofrequency catheter ablation (RFCA) of focal AT
with RA origins at our institution. In 28 (19%), a tachycardia with
origin of lower RA was confirmed using three-dimensional (3D) elec-
troanatomical (EA) activation mapping during the RFCA procedure. All
patients had symptomatic tachycardias and proved refractory to at
least one antiarrhythmic agent. All patients signed a written informed
consent.

Electrophysiological study
Electrophysiological procedures were performed according to inter-
national standard routines using conventional equipment,8 and the
tachycardia mechanism was defined by established criteria.9 The
mode of tachycardia onset and termination was recorded together
with the tachycardia cycle length, local activation time at the site of
successful ablation, as well as the ratio of atrial to ventricular electro-
gram as recorded on the ablation catheter at the site of successful
ablation.

All antiarrhythmic medications were discontinued at least five half-
lives before the study. None of the patients were taking amiodarone
or digitalis. If necessary, electrophysiological studies were performed
using intravenous midazolam and/or fentanyl. Conventional 12-lead
surface ECG and bipolar intracardiac electrogram recordings (filtered
between 30 and 500 Hz) were amplified and displayed using the
Prucka CardioLab System (GE Medical Systems, Milwaukee, WI,
USA). A quadripolar catheter was placed via a left femoral vein in
the RV and a decapolar catheter was placed in the CS with the

proximal pole at the ostium. High-rate atrial stimulation (or pro-
grammed stimulation) and intravenous isoproterenol and/or atropine
were used for arrhythmia induction if spontaneous tachycardia was
not present at the baseline.

Mapping of atrial tachycardia
A mapping and ablation procedure was performed using a 7-F Navistar
catheter (Biosense Webster, Diamond Bar, CA, USA; 4 mm tip, two
bipolar electrode pairs, inter-electrode distance 2 mm) and guided
by a 3D-EA mapping system (CARTO-XP, Biosense Webster) in all
patients. Activation mapping during tachycardia was used to identify
sites of earliest endocardial activation in the RA and CS. Activation
time in the CS relative to the RA activation was used to describe pref-
erential conduction used for impulse propagation from the RA into the
LA. The influence on PWM in V3–V6 was studied.

Activation time was measured from the onset of the first sharp com-
ponent of the bipolar electrogram on the distal mapping catheter to
the earliest deflection of the P-wave on the surface ECG. The target
site of ablation was determined using the combination of the earliest
bipolar activation and the shape of the unipolar electrogram (sharply
negative pattern).

Radiofrequency catheter ablation
and follow-up
Radiofrequency catheter ablation was performed in the RA with con-
tinuous temperature feedback control of the power output to achieve
a target temperature of 708C. The maximum power used was 50 W
for a maximum of 60 s. An acute procedural success was defined by
the inability to induce the tachycardia 15 min after the ablation
despite the aggressive burst atrial pacing or programmed atrial stimu-
lation and the use of isoproterenol. The patients were followed in their
referring clinics in order to assess the recurrence of symptoms or
documented tachycardia.

Section definitions
The RA location of the tachycardia focus was determined based on the
findings from 3D-EA activation mapping and termination of the tachy-
cardia using RFCA at the putative site.

† An AT was considered to arise from the CT when earliest activation
was mapped in this region with the aid of fractionated electrograms
and the anatomical position was tagged on the 3D-EA map; ablation
in this region successfully eliminated the tachycardia.

† An AT was considered to arise from the CSo when earliest activa-
tion was recorded around the CSo and when ablation within 1 cm
of this region successfully eliminated the tachycardia.

† An AT was considered to arise from the TA based on the following
criteria:

W Ablation catheter positioned in an annular location when viewed
in right and left anterior oblique fluoroscopic views with charac-
teristic annular motion of the catheter tip.

W A–V ratio of ,1.
W Exclusion of sites around the CSo and parahisian region. The dif-

ferent sectors of the TA (Figure 1) are described using anatomic
terminology contained in published guidelines.10

W Ablation in this region successfully eliminated the tachycardia.

† An AT was considered to arise from the lower free wall:

W Earliest activation was mapped in the region between non-septal
TA and lower CT.

What’s New?
† Characteristic P-wave morphology in the precordial leads

V3–V6 can accurately differentiate the anatomic sites of
atrial tachycardia origin with high positive and negative pre-
dictive values in patients with atrial tachycardias from lower
right atrium.

† Characteristic P-wave morphology in the precordial leads
V3–V6 is likely to be influenced by the employment of pref-
erential interatrial conduction pathways between right and
left atria.
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W The local electrogram with the earliest activation did not contain
either fractionated electrograms (suggests CT origin) or A–V
ratio of ,1 (suggests TA origin).

W Ablation in this region successfully eliminated the tachycardia.

P-wave analysis
The PWM on the surface ECG was assessed carefully to assist in the
tachycardia localization. Particular attention was paid to assessment
of an unencumbered P-wave during periods of atrioventricular block
or after ventricular pacing. The definitions by Tang et al.11 were
used to analyse the surface 12-lead PWM and further modified
based on our study findings in characterizing positive-isoelectric and
negative-isoelectric morphologies. P-waves were described on the
basis of the deviation from baseline during the T–P interval as being:
(i) completely positive (+), (ii) completely negative (2), (iii) biphasic:
when there were both positive and negative (+/2 or 2/+) deflec-
tions from baseline, (iv) isoelectric: when there were no P-wave deflec-
tions from baseline .0.05 mV, or (v) isoelectric-positive/
isoelectric-negative: isoelectric line after the onset of the P-wave
20 ms followed by a change to positive or negative. Alternatively,
positive-isoelectric/negative-isoelectric was defined as positive or
negative pattern followed by an isoelectric line 20 ms before the end
of P-wave. Figure 2 illustrates these different PWM during tachycardia.

Statistical analysis
All data distributions were tested for normality using histograms and
presented as mean+ SD. Population proportions are presented as a
percentage. The sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV) were calculated according
to standard definitions.

Results

Patient characteristics
The patient characteristics are described in Table 1. They were
52+ 15 years of age and the majority was male (n ¼ 21, 75%).
None received amiodarone. All had normal cardiac anatomy on
transthoracic echo with no Ebstein’s anomalies. Left atrium dia-
meters were measured as 34+5 mm.

General findings
The AT origin was identified at the following sites: 11 patients
(39%) along the TA (6–9 o’clock), another 11 (39%) around the
CSo, 4 patients (14%) in the lower CT, and 2 patients (7%) in
the lower RA free wall. Multifocal AT was found in two patients
(7%) with AT originating from the CSo; in both cases the second
focal tachycardia originated from the superior CT. In contrast to
AT originating from the upper RA which typically shows at least
two positive P-waves in the inferior (II, III, and aVF) leads, the
ECG of all study patients with lower RA AT contained a
maximum of one positive P-wave (up to one lead with exclusively
positive pattern) in the inferior leads.

P-wave morphology and anatomic
location
Non-septal tricuspid annulus origin
Nine of the 11 ATs originating at the non-septal TA (6–9 o’clock)
had an exclusively negative pattern in the inferior and precordial
(V3–V6) leads. However, the remaining two ATs originating
from TA at 9 o’clock, had a negative–positive (patient 18) or posi-
tive (patient 19) pattern in lead II, an isoelectric pattern in lead III
and aVF, and an exclusively positive pattern in precordial leads V3–
V6 (Table 2, Figures 1 and 2).

Coronary sinus ostium origin
All eleven ATs originating from CSo had a positive pattern in aVR
and aVL leads with an exclusively negative pattern in all inferior
leads (II, III, and aVF). Nine of 11 ATs had an exclusively negative
pattern in all four precordial leads (V3–V6). In the remaining
two ATs, one (patient 14) had a biphasic pattern (2/+) in precor-
dial leads V3 and V4. The other (patient 16) had a biphasic pattern
(2/+) in precordial lead V3. All biphasic patterns contained an
early negative component.

Lower crista terminalis
All ATs originating from the lower CT (n ¼ 4), had isoelectric or
biphasic patterns in the inferior leads (II, III, and aVF) and three
had a positive pattern in all four precordial leads (V3–V6). The
remaining one AT had a biphasic pattern (2/+) in all four precor-
dial leads (V3–V6).

Lower free wall
Two ATs originated from the lower free wall of the RA. One
exhibited a negative pattern in all inferior leads (II, III, and aVF)
and biphasic patterns (2/+) in all four precordial leads V3–V6.
The other exhibited an isoelectric pattern in all inferior leads
(II, III, and aVF), a positive pattern in V3 and V4 and an isoelectric
pattern in V5 and V6.

Figure 1 Localization of anatomical structures in the lower
right atrium. SVC, superior vena cava; TA, tricuspid annulus;
CT, crista terminalis; FO, fossa ovalis; L.FW, lower free wall;
L.CT, lower crista terminalis; TT, tendon of tudaro; CSo: coron-
ary sinus ostium.
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Power of precordial leads (V3–V6)
to discriminate the anatomical atrial
tachycardia origin
Lower tricuspid annulus origin (annulus foci) vs. lower
crista terminalis origin
P-wave morphology in the precordial leads (V3–V6) showed a nega-
tive pattern in at least two consecutive leads at the origins of AT from
the non-septal TA (9 of 11 patients) or CSo (all 11 patients). In con-
trast, AT from the lower CT showed a positive pattern in V3–V6 in
three of four patients. A negative P-wave in at least two consecutive
leads in V3–V6 demonstrated a sensitivity of 91%, a specificity of
100%, a PPV of 100%, and an NPV of 75% for a focus at the TA, in-
cluding CSo and non-septal TA. On the contrary, a positive P-wave in
all V3–V6 demonstrated a sensitivity of 75%, a specificity of 100%, a
PPV of 60%, and an NPV of 96% for a lower CT focus.

Non-septal tricuspid annulus origin vs. coronary sinus
ostium origin
In the current study, the PWM in precordial leads V3–V6 was not
able to discriminate between AT with CSo and non-septal TA
origin. Both AT origins were associated with predominantly nega-
tive P-waves in the precordial leads (V3–V6).

Activation mapping and preferential interatrial
conduction
Coronary sinus activation during AT was recorded from proximal
to distal using the CS catheter and compared to the spread of RA
activation described in the right atrial 3D map. During AT originat-
ing from the lower CT, the proximal CS (CS 9–10) was activated
later than the lower mid-septum of RA, but slightly earlier (two of
four patients) or simultaneously (one of four patients) in relation
to the posterior CSo (Figure 3A). However, during AT originating
from the lower TA (20 of 22 patients), including the non-septal
TA (9 of 11 patients) (Figure 3B) and the CSo (all 11 patients)
(Figure 3C), the proximal CS was activated earlier than the lower
right atrial mid-septum. These activation patterns indicate differ-
ences in LA activation caused by different preferential conduction
pathways used for interatrial impulse propagation.

Discussion

Main findings
In patients with AT from the lower RA, characteristic PWMs in
V3–V6 leads could help to differentiate the anatomical site of
AT origin with high PPVs and NPVs. A negative pattern in V3–
V6 indicates an AT from annular aspects of the RA such as the

Figure 2 P-wave morphology during ectopic atrial tachycardias (25 mm/s). P-wave morphology was shown on a standard 12-lead ECG during
ectopic atrial tachycardia originating from the lower right atrium. CSo, coronary sinus ostium; TA, tricuspid annulus; TA6, at 6 o’clock position
of TA; TA7, at 7 o’clock position of TA; TA9, at 9 o’clock position of TA; L.CT, lower crista terminalis; L.FW, lower free wall.
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non-septal TA and around the CSo while positive P-waves in V3–
V6 are associated with a lower CT focus. These different PWM
patterns are likely to be influenced by the preferential conduction
between RA and LA.

P-wave morphology in precordial leads
V3–V6
The PWM in precordial leads V3–V6 provided high PPVs and
NPVs for the localization of AT originating from the lower TA
or CT. However, PWM in the precordial leads V3–V6 was not
useful in distinguishing ATs of non-septal TA vs. CSo origin. Previ-
ous studies have described the PWM of ATs originating from non-
septal TA and CSo, separately.4,5,7 Morton et al.4 reported either
inverted or biphasic P-waves with an initial negative deflection in
V2–V6 during ATs from TA and a predominantly negative PWM
in lead V3 and V6 has been described in association with ATs
from CSo.5 In another study from the same group,7 a positive
P-wave in lead V3 and V6 during ATs originating from the lower
CT was described, which supports our findings. It has also been
suggested that PWM in leads I and V1 can differentiate between

non-septal TA and CSo origins.7 However, when we applied
these criteria to our data, a positive pattern in lead I provided a
sensitivity of only 27% with a specificity of 100%. Negative
P-waves in lead V1 differentiated between a non-septal TA and
CSo origin with a sensitivity of 23% and a specificity of 83%. It is
possible to explain the low sensitivity of leads I/V1 criteria in our
data by the anatomical distribution of ATs, as the majority of
ATs in our patient cohort were located at TA 6–7 o’clock.

Considering the low prevalence of ATs originating from the
lower free wall and the lower CT, we could not draw a solid con-
clusion on the reliability of PWM for distinguishing ATs with an
origin from these sites. However, in contrast to a lower CT
origin, none of the ATs from the lower free wall contained a com-
pletely positive P-wave in all leads V3–V6.

Preferential interatrial connections and
formation of P-wave morphology in atrial
tachycardias
The Bachmann bundle (BB), a region of rapid IAC connecting the
superior RA and LA behind the ascending aorta, is recognized as

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Patients’ characteristics

Patient number Age (year) Gender LA (mm) Hypertension Diabetes CAD Arrhythmia

1 64 Male 37 2 2 2 PAF, EAT

2 47 Female 39 2 2 2 AVB III, EAT

3 45 Male 33 2 2 2 EAT

4 42 Male 35 2 2 2 EAT

5 58 Male 40 + 2 2 EAT

6 56 Male 41 + 2 2 EAT

7 72 Female 42 2 2 2 PAF, EAT

8 71 Male 39 2 2 2 EAT

9 70 Male 36 2 2 + EAT

10 60 Male 29 + 2 2 EAT

11 60 Female 37 + + 2 EAT

12 59 Male 36 + 2 2 EAT

13 56 Male 33 2 2 2 PAF, EAT

14 43 Male 31 + 2 2 EAT

15 48 Male 30 2 2 2 EAT

16 81 Male 40 2 + 2 EAT

17 38 Female 24 2 + 2 EAT

18 27 Male 26 + 2 2 EAT

19 36 Male 33 + 2 + EAT

20 31 Male 30 + 2 2 EAT

21 33 Male 29 2 2 EAT

22 46 Female 34 + 2 + EAT

23 52 Female 36 2 2 2 EAT

24 66 Male 35 2 2 2 PAF, EAT

25 78 Male 33 + 2 2 EAT

26 55 Male 34 + 2 2 EAT

27 53 Female 27 2 + + EAT

28 22 Male 35 2 + 2 EAT

LA-diameter was measured at parasternal long axis view (antero-posterior in the 2D echo-long axis).
LA, left atrium; CAD, coronary arterial disease; PAF, paroxysmal atrial fibrillation; EAT: ectopic atrial tachycardia; AVB III8, third degree of atrioventricular block.
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the preferential path of LA activation during sinus rhythm as
demonstrated by both animal and human studies.12– 14 Another
pathway of IAC is located in the proximity of the CS ostium and
utilizes the myocardial CS coat15 for electrical impulse propaga-
tion.14,16 Ho and Sanchez-Quintana17 also described small muscu-
lar bridges connecting the RA posterior wall with the LA posterior
wall near the ostia of the right-sided pulmonary veins (PVs). The
presence of these posterior interatrial connections was also con-
firmed by mapping during PV tachycardias,13 identifying a posterior
breakthrough at the intercaval area of the RA. On the basis of the
findings above, the pattern of IAC may differ depending on the
relative proximity of the source of activation to each of the pos-

sible electrical pathways (posterior fibres, BB, or CS).18

The formation of PWMs during ATs depends on the activation
sequence of both the RA and the LA which can also be described

in terms of the original chamber (generator) and the secondary

chamber (follower). The activation pattern of the secondary
chamber is determined by the insertion site of the preferential
interatrial connection. In our study focusing on ATs from the
lower RA, a superoanterior interatrial connection through
the BB was unlikely due to its large anatomical distance from the
focal arrhythmic origin. Conversely, the LA was activated using
inferoanterior (musculature in the vicinity of CS) or posterior
(posterior fibres behind foramen ovale) IAC pathways. According-
ly, the follower (LA) was activated either anteriorly/posteriorly or
vice versa, resulting in a negative or positive PWM in precordial
leads V3–V6.

Interpretation of characteristic P-wave
morphology in precordial leads
The ATs of TA origin primarily showed P-waves that were either ex-
clusively negative or with early negative components in leads V3–V6

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Tachycardia cycle length and P-wave morphology during ectopic atrial tachycardia

No. TCL Localization I II III aVR aVL aVF V1 V2 V3 V4 V5 V6

Lower freewall (2 patients)

1 320–360 ms L.FW + 2 2 +/2 + 2 2 2 2/+ 2/+ 2/+ 2/+
2 280–310 ms L.FW + Iso Iso Iso + Iso Iso + + + Iso Iso

Lower CT (4 patients)

3 400–450 ms L.CT +/2 Iso/2 Iso + 2 +/2 Iso + + + + +
4 330–340 ms L.CT + Iso Iso 2 + 2/+ Iso + + + + +
5 310–320 ms L.CT 2/+ 2/+ 2/+ + 2/+ 2/+ Iso Iso 2/+ 2/+ 2/+ 2/+
6 360 ms L.CT 2/+ 2/+ 2/+ 2 + 2/+ Iso + + + + +
CS ostium (11 patients)

7 270 ms CSo 2/+ 2 2 + + 2 Iso/+ 2 2 2 2 2

8 290–320 ms CSo 2/+ 2 2 + + 2 Iso Iso 2 2 2 2

9 300–340 ms CSo Iso 2 2 + + 2 2 2 2 2 2 2

10 250–270 ms CSo Iso 2 2 + + 2 Iso Iso 2 2 2 2

11 290 ms CSo 2/+ 2 2 + + 2 2/+ Iso 2 2 2 2

12 380–390 ms CSo 2/+ 2 2 + + 2 Iso 2 2 2 2 2

13 350–390 ms CSo 2/+ 2 2 + + 2 2/+ 2/+ 2 2 2 2

14 330–360 ms CSo 2/+ 2 2 + + 2 Iso 2/+ 2/+ 2/+ 2 2

15 390–450 ms CSo 2/+ 2 2 + + 2 +/2 2 2 2 2 2

16 380 ms CSo 2/+ 2 2 + + 2 + Iso 2/+ 2 2 2

17 410–430 ms CSo Iso 2 2 + + 2 + Iso 2 2 2 2

Non-septal TA (11 patients)

18 330–350 ms TA 9 2/+ 2/+ Iso + 2/+ Iso 2 2/+ + + + +
19 460 ms TA 9 + + Iso 2 Iso Iso 2 Iso + + + +
20 420–440 ms TA 6 2/+ 2 2 + + 2 2/+ 2/+ 2 2 2 2

21 390–400 ms TA 7 Iso 2 2 + + 2 2 2 2 2 2 2

22 270 ms TA 6 Iso/+ 2 2 + + 2 Iso 2 2 2 2 2

23 320 ms TA 6 2/+ 2 2 + + 2 Iso 2 2 2 2 2

24 330–340 ms TA 6 2/+ 2 2 + + 2 Iso Iso/2 2 2 2 2

25 330–350 ms TA 7 + 2 2 2 + 2 2 2/Iso 2 2 2 2

26 310–320 ms TA 7 2/+ 2 2 + + 2 2 Iso 2 2 2 2

27 350 ms TA 6 Iso/+ 2 2 + + 2 Iso Iso 2 2 2 2

28 290 ms TA 6 Iso 2 2 + + 2 + Iso 2 2 2 2

L.FW, lower free wall; L.CT, lower crista terminalis; CSo, coronary sinus ostium; TA, tricuspid annulus.
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and were thus significantly different from ATs originating from the
lower CT showing a positive PWM. Activation mapping suggested
that the right atrial depolarization vector during ATs with TA
origin pointed from the TA to the posterior wall; meanwhile, the
LA was activated via musculature in the vicinity of the CS using
one of the three possible IAC pathways with an antero-posterior
LA depolarization vector. In contrast, activation mapping during
ATs of lower CT origin showed a reverse pattern of the depolariza-
tion vector in both atria and, consequently a positive PWM in leads
V3–V6. We speculate that this may be explained by a forward left
atrial depolarization vector caused by a preferential IAC through
posterior fibres near the ostia of the right-sided PVs. Neither of
the two ATs of lower free wall origin had either negative or positive
P-waves in all leads V3–V6 which may relate to different locations of
AT origin relative to possible interatrial sites of conduction.

Distribution of localization of atrial
tachycardia foci in lower right atrium
It needs to be kept in mind that foci within the lower RA are an
uncommon source of AT. In fact, in the present study, only 19%
of 144 right atrial ATs originated from the lower RA. Therefore,
the described distribution of AT origins within the lower RA is
limited by sample size. In the paper by Kistler et al.,7 lower RA
foci were more commonly located at the TA (n ¼ 38), while
CSo and lower CT accounted for n ¼ 16 and n ¼ 4 cases, respect-
ively. While the CT is a common anatomic origin of RA tachycardia
overall, AT from the lower CT is rare (below 10% of all CT foci7).

Conclusion
Characteristic PWMs, in all inferior leads combined with a positive
or negative pattern in V3–V6 leads, may help to differentiate
annular vs. more posterior anatomical sites of ATs from the
lower RA with high PPVs and NPVs. P-wave morphology in V3–
V6 is likely to be influenced by the employment of preferential
conduction pathways between RA and LA.

Limitation
Activation mapping of the LA was not carried out during the elec-
trophysiological study. However, the activation sequence of LA
was mapped using the CS catheter and the interrelation of RA
and LA activation could be assessed using the combination of
CS- and 3D-map of the RA. Yet, the exact localization of the LA
breakthrough during AT cannot be provided.
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Figure 3 Three-dimensional electroanatomical mapping (acti-
vation map) and endocardial electrograms during ectopic atrial
tachycardias. (A) The ectopic atrial tachycardia originated from
the lower crista terminalis. The right inferior electrograms
show mid-septum was activated later than coronary sinus
ostium. The left superior activation map shows the earliest activa-
tion spot with fragmented potentials on the ablation catheter and
sharply negative unipolar electrogram. (B) The activation map
shows the ectopic atrial tachycardia originating from non-septal
TA (7 o’clock). The right superior electrograms show mid-
septum (posterior area of coronary sinus ostium) was activated
later than coronary sinus ostium. (C) The activation map shows
an ectopic atrial tachycardia originating from the coronary sinus
ostium.
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Variability of P-wave morphology predicts the outcome of circumferential
pulmonary vein isolation in patients with recurrent atrial fibrillation
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Abstract Introduction: Severe atrial structural remodeling may reflect irreversible damage of the atrial tissue
in patients with atrial fibrillation (AF) and is associated with changes of P-wave duration and
morphology. Our aim was to study whether variability of P-wave morphology (PMV) is associated
with outcome in patients with AF after circumferential PV isolation (CPVI).
Methods and results: 70 consecutive patients (aged 60 ± 9 years, 46 men) undergoing CPVI due to
symptomatic AF were studied. After cessation of antiarrhythmic therapy, standard 12-lead ECG
during sinus rhythm was recorded for 10 min at baseline and transformed to orthogonal leads. Beat-
to-beat P-wave morphology was subsequently defined using a pre-defined classification algorithm.
The most commonly observed P-wave morphology in a patient was defined as the dominant
morphology. PMV was defined as the percentage of P waves with non-dominant morphology in the
10-min sample. At the end of follow-up, 53 of 70 patients had no arrhythmia recurrence. PMV was
greater in patients without recurrence (19.5 ± 17.1% vs. 8.2 ± 6.7%, p b 0.001). In the multivariate
logistic regression model, PMV ≥ 20% (upper tertile) was the only independent predictor of
ablation success (OR = 11.4, 95% CI 1.4–92.1, p = 0.023). A PMV ≥ 20% demonstrated a
sensitivity of 41.5%, a specificity of 94.1%, a PPV of 96.7%, and an NPV of 34.0% for free of AF
after CPVI.
Conclusions: We report a significant association between increased PMV and 6-month CPVI
success. PMV may help to identify patients with very high likelihood of freedom of AF 6-months
after CPVI.
© 2015 Elsevier Inc. All rights reserved.

Keywords: Atrial fibrillation; P-wave morphology; Circumferential PV isolation; Variability of P-wave morphology

Introduction

Our understanding of atrial fibrillation (AF) pathophysiol-
ogy has advanced significantly over the years through
increased awareness of the role of atrial remodeling in the
development of persistent change in atrial structure or function.

Many studies have explored the mechanism of the initiation
and maintenance of AF [1–8]. Over the last decade, studies of
radiofrequency catheter ablation for treatment of AF reported
higher efficacy rates than did studies of antiarrhythmic drug
therapy [9–12]. Circumferential pulmonary vein isolation

(CPVI) has been proven as the cornerstone of treatment of AF,
regardless of stage of AF. However, CPVI alone has been
shown to be insufficient for a considerable proportion of
patients with AF [13–15], especially for those with persistent
or permanent AF. Optimal criteria for patient selection for
CPVI still remain debatable.

In the last two decades, many conventional markers have
been also studied and reported as markers of structural
remodeling in patients with AF and predict outcome of AF
ablation, such as left atrial diameter, P-wave duration (PWD)
and morphology, etc. However, there is still a lack of a
suitable marker, which could reflect the turning point of
‘reversible-to-irreversible’ remodeling during the whole
development of AF.

Further experimental studies also suggest that interatrial
conduction defects play a role in the development of AF

Available online at www.sciencedirect.com

ScienceDirect

Journal of Electrocardiology 48 (2015) 218 – 225
www.jecgonline.com

⁎ Corresponding author at: Department of Cardiology, Lund University,
SE-221 85, Lund, Sweden.

E-mail address: dr.huoyan@googlemail.com
1 These two authors contributed equally.

http://dx.doi.org/10.1016/j.jelectrocard.2014.11.011
0022-0736/© 2015 Elsevier Inc. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelectrocard.2014.11.011&domain=pdf
http://www.sciencedirect.com/science/journal/00220736
http://dx.doi.org/10.1016/j.jelectrocard.2014.11.011
http://dx.doi.org/10.1016/j.jelectrocard.2014.11.011
http://dx.doi.org/10.1016/j.jelectrocard.2014.11.011
mailto:dr.huoyan@googlemail.com
http://dx.doi.org/10.1016/j.jelectrocard.2014.11.011


[16–19]; the global conduction abnormalities during sinus
rhythm in patients or animal models with AF or atrial
tachycardia have been also studied [20,21]. It is also worth to
notice that in certain regions conduction velocity was
significantly reduced [22]. These changes are associated
with significant increase in AF vulnerability.

As conventional wisdom, atrial remodeling is continuously
evolving in patients with AF, such as increasing of PWD or
LA-diameter, or altered P wave morphology. Furthermore,
sequence of atrial depolarization and duration of entire atrial
depolarization decided the final P-wave morphology beat by
beat.Mild ormoderate remodelingmay not change the P-wave
morphology constantly. So we decided to study variability of
P-wave morphology instead of P-wave morphology directly.
From methodological view, one previous study conducted by
our group, shows that orthogonal P-wave morphology derived
from standard 12-lead ECG can be used to identify the left
atrial breakthrough site and the corresponding route of
interatrial conduction beat-by-beat [23].

We hypothesized that beat-to-beat variability of atrial
depolarization route during sinus rhythm (SR) may reflect
the degree of atrial remodeling and thus might be associated
with outcome of AF ablation.

Methods

Study group

Between January 2010 and June 2010, 70 consecutive
patients (aged 60 ± 9 years, range 31–79 years, 46 men)
undergoing clinically motivated CPVI due to highly
symptomatic drug-refractory atrial fibrillation at heart center
Leipzig were included in this study. All patients gave written
informed consent on the investigational nature of the
procedure that was approved by the institutional review
committee. All antiarrhythmic drugs were discontinued at least
five half-lives prior to the study, including beta-blocker and
digitalis, and none of the patients were taking amiodarone.

Exclusion criteria were: (1) severe valve disease (e.g.
greater than mitral insufficiency II°); (2) acute heart failure;
(3) any previous ablation procedure affecting the atria; and
(4) previous surgery on heart, esophagus or lung.

Data acquisition and P-wave analysis

After sedation using midazolam and propofol, standard
12-lead electrocardiogram (ECG) was recorded continuously
using the Prucka CardioLab System (GE Medical Systems,
Milwaukee, WI, USA) for 10 min at baseline, when patients
were in SR at the beginning of the electrophysiological
study. In patients with atrial fibrillation at baseline, electrical
cardioversion was performed in order to achieve stable SR
and analyze characteristics of P wave at SR. These data were
stored for subsequent offline processing. Data were analyzed
using custom-made software running on MATLAB (The
MathWorks, Natick, MA, USA). To enable analysis of
orthogonal P-wave morphology, orthogonal-lead ECG data
were derived from the 12-lead ECG using the inverse Dower
transform [24,25]. Unfiltered, signal-averaged P waves were
analyzed to determine P-wave morphology [24,26–28].

Following high-pass (0.5 Hz) and band-stop (50 Hz) filtering,
QRS complexes were automatically identified and grouped
according to similarity (cross-correlation coefficient N 0.9).
P waves were extracted using 250 ms-wide signal windows
preceding each QRS complex. The signal windows were
then shifted in time to estimate the maximal correlation in
each lead. P waves with cross-correlation coefficient N 0.9
(analyzed separately in all leads) were grouped together and
averaged. Actual P waves were defined by manual setting of
onset and end. P wave duration was measured manually by
two of the investigators without knowledge of the history of
AF. Any differences between observers were resolved by
consensus. The method used in this study is described in
detail elsewhere [24,26,27].

Variability of orthogonal P-wavemorphology and classification
of orthogonal P wave morphology

After the ECGs were transformed to orthogonal leads,
beat-to-beat P-wave morphology was defined automatically
depending on P-wave polarity in orthogonal leads (positive/
negative/biphasic) in accordance with a pre-defined classi-
fication algorithm. The morphology subsequently was
classified into one of five pre-defined classes [23]:

• Type 1: Positive leads X and Y and negative lead Z
• Type 2: Positive leads X andY and biphasic lead Z (−/+)
• Type 3: Positive lead X and biphasic signals in leads
Y (−/+) and Z (−/+)

• Type 4: Positive lead X, Y and Z [29]
• Atypical: Any morphology in lead X, Y and Z, except
type 1 to 4

The four different types are schematically illustrated in
Fig. 1. The most common P-wave morphology observed in
each patient during the 10-min recording was defined as the
dominant morphology. Variability of orthogonal P-wave
morphology (PMV) was defined as the percentage of
P waves with non-dominant morphology in the 10-min
sample. All analyses were performed in a blinded fashion.
Standard transthoracic echocardiography was performed in
association with ablation. Fig. 2 was a sample of change of
orthogonal P-wave morphology during 10-min recording.

Mapping and ablation procedure

Transesophageal echocardiography was performed to
exclude the presence of thrombus within the left atrium.
Patients were studied under deep sedation. Standard
catheters were placed in the right ventricular apex and the
coronary sinus. Antiarrhythmic drugs were not given for
periprocedural rhythm stabilization.

Mapping and ablation were performed under the guidance
of 3-D mapping systems (CARTO 3, Biosense Webster, Inc.,
Diamond Bar, CA, USA or Ensite-Velocity, Endocardial
Solutions, Inc., St. Paul, MN, USA.) supplemented by 3-D
image integration as described previously (CARTO: n = 11,
NavX: n = 59) [30]. A temperature probe in the esophagus
(FIAB, St. Jude Medical, Inc., Florence, Italy) at the level of
the left atrium tagged the esophageal location and provided
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intraesophageal temperature feedback during the procedure.
Ablation lines were adapted to avoid RF delivery in close
vicinity to the esophagus [31].

Radiofrequency alternating current was delivered in a
unipolar mode between the irrigated tip electrode of the
ablation catheter (F-Type, irrigated tip, Navi-Star Thermocool,
Biosense Webster, Diamond Bar, California, USA; M-Curve
IBI Therapy Cool-Flex, St. Jude Medical, Inc., St. Paul,
Minnesota, USA) and an external back-plate electrode. The
standard ablation setting consisted of pre-selected catheter
tip temperature of 48 °C, power of 40 W, and flow rate of
30 ml/min (17 ml/min for IBI Therapy Cool-Flex catheter).
Near the esophagus, power delivery was reduced to 30 W
and 20 ml/min, and further adapted according to actual
temperature increase.

Catheter navigation was performed with steerable sheath
technology in all patients (Agilis, St. Jude Medical, Inc., St.
Paul, Minnesota, USA) [32]. For initial ablation line
placement, the catheter tip was dragged along the intended
lesion line according to local bipolar amplitude reduction.
Therefore, multiple sites were ablated with each initiation of
RF energy delivery.

Ablation line concept and procedural end point

Circumferential ablation around both ipsilateral pulmo-
nary veins (PVs) was performed in all patients. The level of
ablation was chosen at the atrial side of the PV antrum as
indicated by information combined from the integrated 3-D
image, the fluoroscopic cardiac silhouette, tactile catheter
feedback, catheter impedance changes, and PV–atrium
electrogram characteristics.

Post-procedural care and follow-up

After ablation, a continuous 7-day Holter ECG (Lifecard
CF, DelmarReynolds Medical Inc, Irvine, California, USA)
was recorded in all patients. The continuous 7-day Holter
ECG was repeated after 3 and 6 months. In case of
symptoms outside the recording period, patients were
advised to contact our institution or the referring physician
to obtain ECG documentation. Documentations of AF and/or
atypical atrial flutter (AFL) longer than 30 s were considered
an episode of sustained AF and/or atypical AFL recurrence.
As part of our study protocol, the antiarrhythmic medication
was discontinued after ablation, and patients received a beta-
blocker, if tolerated. Re-ablations for symptomatic drug
refractory recurrences of AF and AFL were scheduled after
at least 3 months of follow-up. Starting the day after the
ablation procedure, patients received oral anticoagulation
with an International Normalized Ratio of 2.0 to 3.0.
Anticoagulation was discontinued after 3 months of fol-
low-up according to CHADS2 score.

Statistics

All data with normal distribution are expressed as
means ± SD. Data without normal distribution are expressed
as median and range. Sample distributions were tested using
the Shapiro–Wilk test. Data without normal distribution
were tested using a non-parametric test. Intergroup compar-
isons were performed using the Two-Independent-Samples
test (Mann–Whitney U test). Possible correlations between
variables were tested using the spearman correlation test
(two-tailed test). Outcome-related values of a set of predictor
variables were evaluated by multivariate logistic regression

Fig. 1. The four different types are schematically illustrated.
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(binary logistic regression). Sensitivity was defined as a
probability that a test result will be positive, when free of AF
after CPVI is present (true positive rate). Specificity was
defined as a probability that a test result will be negative,
when free of AF after CPVI is not present (true negative rate).
Positive predictive value (PPV) was defined as a probability
that free of AF after CPVI is present when the test is positive.
Negative predictive value (NPV) was defined as a probability
that free of AF after CPVI is not present when the test is
negative. A P value of b 0.05 was considered significant.

Results

Patients’ characteristics and ablation outcome

The patient characteristics are described in Table 1. All
patients (n = 70) received a CPVI alone without any extra
linear ablation. Fifty (71%) patients suffered from paroxysmal

AF and 20 patients (29%) suffered frompersistentAF.None of
the patients with previous diagnosis of heart failure had
decompensation during hospital admission or the 6-month
follow-up. Forty-eight of 50 patients with paroxysmal AF had
SR at the beginning of the procedure and 22 patients (2 with
paroxysmal and all 20 with persistent AF) had AF at the
beginning of the procedure. In all 70 patients (100%), acute
successful PV-Isolation was achieved, and at least
6 months of follow-up was completed. Recurrence of atrial
arrhythmias (including recurrence of AF and atypical atrial
flutter) by 6-month follow-up was observed in 11 patients
(22.9%) with paroxysmal AF, and in 6 patients (27.3%)
with persistent AF (p = 0.695).

P-wave duration and type of P-wave morphology

The P-wave duration (PWD) was 150 ± 18 ms in all
patients. The PWD in patients with SR at the beginning of

Fig. 2. Changing of orthogonal P-wave morphology. P-wave morphology in lead Z from negative/positive switched to completely negative, which presented the
change of dominant type (Type 2 P-wave morphology, solid line) to the secondary type (Type 1 P-wave morphology, dashed line).
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the procedure (n = 48) was significantly shorter than in
patients with initial AF (n = 22) in whom the PWD was
measured after cardioversion (144 ± 16 vs. 162 ± 17 ms,
p b 0.001). The PWD in patients with diagnosis of
paroxysmal AF (n = 50) was significantly shorter than
with persistent AF (n = 20) (145 ± 16 vs. 162 ± 17 ms,
p b 0.001). However, there was no significant difference in
PWD between patients with recurrence (n = 17) and those
with non-recurrence (n = 53) during the 6-month follow-up
(155 ± 23 vs. 149 ± 16 ms, p = 0.241).

There was no significant difference in the type of P-waves
observed between patients with paroxysmal vs. persistent

AF, initial SR vs. AF or recurrence vs. non-recurrence of
atrial arrhythmias after CPVI during the 6-month follow-
up. (Table 2)

Variability of orthogonal P-wave morphology

The PMV in patients (n = 53) without recurrence of atrial
arrhythmias after CPVI during the 6-month follow-up was
greater than in patients (n = 17) with recurrence (19.5 ±
17.1% vs. 8.2 ± 6.7%, p b 0.001). However, no significant
difference was observed between patients with initial SR
(n = 48) vs. initial AF (n = 22) (14.7 ± 14.0% vs. 21.3 ±
19.1%, p = 0.159) or with paroxysmal (n = 50) vs. persis-
tent AF (n = 20) (15.7 ± 15.3% vs. 19.6 ± 17.5%, p =
0.351). In the univariate analysis, PMV significantly
correlated to AF history duration and baseline LA diameter
(R = -0.254, p = 0.036; R = -0.355, p = 0.005 respectively),
but the correlations were weak.

Predictor of ablation outcome

A PMV ≥ 20% (upper tertile) demonstrated a sensitivity
of 41.5%, a specificity of 94.1%, a PPV of 96.7%, and an
NPV of 34.0% for free of AF after CPVI. In the multivariate
logistic regression model, PMV ≥ 20% was the only
independent predictor of ablation success (OR = 11.4, 95%
CI 1.4–92.1, p = 0.023). None of other clinical character-
istics such as age, gender, BMI, left atrial diameter, type of
AF or AF history duration were associated with the outcome.

Discussion

Main findings

We report a significant association between increased
variability of P-wave morphology and better outcome of
CPVI at 6-months follow-up. A cut-off value of
PMV ≥ 20% identifies patients with a very high likelihood
of freedom of AF 6-months after CPVI. Reduced variability
of P-wave morphology, probably meaning rigid and
invariable propagation of atrial activation during SR in
patients with recurrent AF, is likely to reflect severe
structural remodeling.

Baseline P-wave duration

The baseline PWD in patients with persistent AF is
prominently longer as compared to PWD in patients with
paroxysmal AF, which is in agreement with previous studies

Table 1
Comparison between patients with recurrence and no recurrence of
atrial arrhythmias.

No Recurrence at
6 months (n = 53)

Recurrence at
6 months (n = 17)

p-value

Age (year) 60 ± 7 58 ± 12 0.356
Gender (male) 32 (60.4%) 14 (82.4%) 0.099
BMI 29 ± 4 28 ± 5 0.360
AF History (month) 56 ± 64 66 ± 74 0.574
Type of AF

(paroxysmal AF)
40 (75.5%) 10 (58.8%) 0.189

Hypertension 42 (79.2%) 14 (82.4%) 0.782
Diabetes 8 (15.1%) 1 (5.9%) 0.327
Coronary artery disease 9 (17.0%) 2 (11.8%) 0.610
Chronic heart failure 1 (1.9%) 2 (11.8%) 0.070
Mitral valve insufficient 1 (1.9%) 1 (5.9%) 0.393

ECHO
LA-diameter before

CPVI (mm)
43 ± 6 45 ± 5 0.894

LA-diameter at 6 months
after CPVI (mm)

40 ± 5 44 ± 7 0.330

LVEF% before CPVI 61 ± 8 54 ± 10 0.007#

LVEF% at 6 months
after CPVI

62 ± 5 59 ± 11 0.332

CPVI
Initial Rhythm (SR) 37 (69.8%) 11 (64.7%) 0.695
Procedure Time (min) 138 ± 48 142 ± 52 0.773
Fluoroscopy Time (min) 27 ± 11 36 ± 19 0.087

Before CPVI
Oral anticoagulation 30 (62.5%) 13 (76.5%) 0.285
Statin 21 (39.6%) 4 (23.5%) 0.232
ACEI/ARB 36 (67.9%) 10 (58.8%) 0.495
Antiarrhythmics

Total 48 (90.6%) 17 (100%) 0.871
Class IC 1 (1.9%) 0 0.571
Class II 47 (88.7%) 17 (100%) 0.150

BMI: body mass index. AF: atrial fibrillation. LA: left atrium, CPVI:
circumferential pulmonary vein isolation. LVEF: left ventricular ejection
fraction. SR: sinus rhythm.

Table 2
Type of P-wave morphology.

Type of P-waves p value

Type 1 Type 2 Type 4 Atypical

Rhythm at baseline: SR (n = 48) 6 (12.5%) 32 (66.7%) 7 (14.6%) 3 (6.3%) 0.359
AF (n = 22) 1 (4.5%) 16 (72.7%) 0 (0%) 5 (22.7%)

Clinical type of AF: Paroxysmal AF (n = 50) 5 (10%) 34 (68%) 7 (14%) 4 (8%) 0.937
Persistent AF (n = 20) 2 (10%) 14 (70%) 0 (0%) 4 (20%)

Follow-Up at 6 months: No Recurrence (n = 53) 5 (9.4%) 36 (67.9%) 6 (11.3%) 6 (11.3%) 0.671
Recurrence (n = 17) 2 (11.8%) 12 (70.6%) 1 (5.9%) 2 (11.8%)

SR: sinus rhythm, AF: atrial fibrillation.
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[33,34]. Several studies also focused on baseline PWD and
AF using either standard or signal-averaged ECG [35–38].
Notably, Magnani et al. [38] studied P-wave indices of
maximum duration and dispersion in 1550 Framingham
Heart Study participants ≥ 60 years old (58% women) from
single-channel ECG recorded from 1968 through 1971. In
that analysis, maximum P-wave duration at the upper fifth
percentile was associated with long-term AF risk in an
elderly community-based cohort. P-wave duration is an
electrocardiographic endophenotype for AF. In our study, a
vast majority of patients had normal LVEF; majority had
PAF (71%) with mild LA dilatation, while the rest of the
cohort had persistent AF (29%) with mild to moderate LA
dilatation. This risk profile indicates that our patients had less
diseased atria and lower risk of AF recurrence. Because of
lack of significantly prolonged P-wave duration at baseline,
we may not be able to detect the relationship between the
outcome of CPVI and baseline PWD.

Orthogonal P-wave morphology

The dominant type of orthogonal P-wave morphology
was characterized by the biphasic P-waves in the lead Z (type
2) regardless of the type of AF, with or without electrical
cardioversion or recurrence after CPVI, which is also in
accordance with our previous findings [39,40]. Moreover,
baseline dominant P-wave morphology per se was not
related to the recurrence of atrial arrhythmias after CPVI.

The distribution of P-wave morphology types was
compared between patients with initial SR and AF, with
paroxysmal and persistent AF, or with and without
recurrence of atrial arrhythmias after CPVI. No notable
difference was observed in any of the comparisons. We
speculate that neither the main type nor the distribution of
type of orthogonal P-wave morphology predicts the outcome
after CPVI.

Variability of orthogonal P-wave morphology

In previous studies, interatrial conduction defects have been
suggested to play a role in the development of AF [16–19].
Different P-wave morphologies during SR as displayed on
standard ECGs have been postulated to correspond to
differences in interatrial conduction [41–43]. A previous
study from our group shows that orthogonal P-wave
morphology can be used to correctly identify the left atrial
breakthrough site and the corresponding route of interatrial
conduction [23]. PMV may be related to a number of factors
such as the origin of SRwithin the right atrium, its proximity to
the interatrial connections and anatomical variability of those
as reviewed recently [44]. In summary, the PMV in our
method likely reflects switch between different interatrial
paths (either due to functional block in any of them or due to
variability in the sinus rhythm origin). Increasing fibrosis etc.
would both limit the possibility to conduct through different
paths and limit the potential number of exits from sinus node,
both leading to a more stable or rigid activation pattern during
sinus rhythm.

Based on the findings above, we introduced the current
method to quantify the variability of employment of preferential

interatrial conduction pathways using pre-defined orthogonal
P-wave morphologies in order to detect the relation between
the beat-to-beat variability of atrial activation pattern and the
outcome of CPVI at 6 months.

Atrial structural remodeling has been considered as the
main contributor for initiation and persistence of AF, and
might be present before start of AF caused by associated
diseases [45–47]. Structural remodeling that is consistently
seen in models of AF and in patients with AF includes atrial
enlargement, cellular hypertrophy, dedifferentiation, fibro-
sis, apoptosis, and myolysis [48–57]. These structural
changes are unlikely to be completely reversible [58].

Our method brings up a new ECG marker, which, in the
context of AF, may reflect the level of AF substrate
deterioration, and, if independently replicated, be able to
detect the appropriate patients for CPVI alone, which could
be sufficient for reaching clinical success. High PMV
observed in patients who benefited from CPVI may reflect
less advanced structural remodeling and greater amount of
preserved atrial myocardium that allows variable propaga-
tion of sinus pulses across the atria. The exact reason for the
high PMV may not be completely understood at this time. In
our study, we sought to define variability as a switch
between the distinct morphological classes of P-waves that
have previously been linked to different left atrial break-
through sites during SR and suggest variation in employment
of different interatrial routes [23] that may occur on a beat-
to-beat basis.

A recent pathology study has documented strong
association between the persistency of AF and the extent
of structural changes in atrial myocardium that affects both
right and left atrium, so that the degree of fibro-fatty
replacement of atrial myocardium may exceed 50% in
patients with long-standing AF [59]. Along with progression
of structural remodeling and fibro-fatty replacement of atrial
myocardium, the number of uninterrupted myocardial fibers
available for conduction is likely to be reduced, which may
lead to reduced variability of atrial activation patterns, i.e.
reduced PMV. The strong association between reduced PMV
and failure of CPVI suggests that this novel ECG marker of
atrial conduction may reflect the degree of atrial remod-
eling, which is especially important in view of the fact that
conventional ECG markers of atrial abnormalities such as
P-wave duration or dominant P-wave morphology ap-
peared to be abnormal at baseline and failed to identify
patients who would benefit from CPVI.

Clinical implications

Identifying reliable predictors of recurrence of atrial
arrhythmias following CPVI may improve the patient
selection strategy and therefore improve the overall success
rate of the method. We have shown for the first time that a
simple marker of the variability of propagation of atrial
activation is significantly associated with recurrence of atrial
arrhythmias. Damaged interatrial conduction has been sug-
gested to play a role in the development of AF [16–19], and
may therefore also be an indicator of the level of damaged
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interatrial conduction to predict recurrence of atrial
arrhythmias after CPVI. This is the first report, and further
studies are required.

Limitations

Patients included in our study represent a relatively low
risk cohort with a priori high probability of catheter ablation
success and without advanced atrial remodeling, which
affects generalizability of our study findings. Secondly, in a
significant minority of patients, PMV was assessed follow-
ing preprocedural cardioversion and could have been
influenced by incomplete restoration of atrial electrophysi-
ological properties. However, we did not observe any
significant difference in PMV between patients who arrived
to the electrophysiological lab in SR and those who
underwent cardioversion. Nevertheless, we consider the
study as hypothesis-generating and believe that it motivates
further studies on larger samples in order to independently
replicate our findings.

Conclusions

We report a significant association between PMV and
6-month CPVI success. PMV ≥ 20% offers a low sensitivity
and negative predictive value, but very high specificity and
positive predictive value for freedom of AF after CPVI. Low
PMV in patients with recurrent AF is likely to reflect severe
structural remodeling and explain the failure of CPVI. Our
findings warrant further studies of PMV as a marker of atrial
remodeling that may be used to predict ablation success. The
impact of interatrial conduction state on the overall success rate
of CPVI needs further elucidation.
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