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Short P-Wave Duration is a Marker of
Higher Rate of Atrial Fibrillation Recurrences
after Pulmonary Vein Isolation: New Insights
into the Pathophysiological Mechanisms
Through Computer Simulations
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BACKGROUND: Short ECG P-wave duration has recently been demonstrated to be associated with higher risk of atrial fibrillation
(AF). The aim of this study was to assess the rate of AF recurrence after pulmonary vein isolation in patients with a short P
wave, and to mechanistically elucidate the observation by computer modeling.

METHODS AND RESULTS: A total of 282 consecutive patients undergoing a first single-pulmonary vein isolation procedure for
paroxysmal or persistent AF were included. Computational models studied the effect of adenosine and sodium conductance
on action potential duration and P-wave duration (PWD). About 16% of the patients had a PWD of 110 ms or shorter (median
PWD 126 ms, interquartile range, 115 ms—138 ms; range, 71 ms—180 ms). At Cox regression, PWD was significantly associ-
ated with AF recurrence (P=0.012). Patients with a PWD <110 ms (hazard ratio [HR], 2.20; 95% ClI, 1.24-3.88; P=0.007) and
patients with a PWD >140 (HR, 1.87, 95% ClI, 1.06-3.30; P=0.031) had a nearly 2-fold increase in risk with respect to the other
group. In the computational model, adenosine yielded a significant reduction of action potential duration 90 (52%) and PWD
(7%). An increased sodium conductance (up to 200%) was robustly accompanied by an increase in conduction velocity (26%),
a reduction in action potential duration 90 (28%), and PWD (22%).

CONCLUSIONS: One out of 5 patients referred for pulmonary vein isolation has a short PWD which was associated with a higher
rate of AF after the index procedure. Computer simulations suggest that shortening of atrial action potential duration leading
to a faster atrial conduction may be the cause of this clinical observation.
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12-lead ECG is commonly used as a non-in-
vasive marker of abnormal atrial conduction
time;"23 it is associated with increased risk of atrial
fiorillation (AF) development.'"® In contrast to this

Aprolonged duration of P wave on the standard

well-established pathophysiological relationship be-
tween P-wave duration (PWD) and AF, a recent study
conducted in a large primary care population indi-
cated that also a PWD <105 ms is robustly associ-
ated with an increased risk of AF.” These results were
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CLINICAL PERSPECTIVE

What Is New?

e A short P-wave duration is a marker of a higher
rate of atrial fibrillation recurrences after pulmo-
nary vein isolation procedure.

e A short P wave was reproduced in computer
cardiac simulation pointing to the presence,
most likely, of a so-far unknown condition that
an increase in sodium channel conductance
shortens the P-wave duration.

What Are the Clinical Implications?

e This condition might be associated with lower
responsiveness to class | antiarrhythmic com-
pounds for patients with paroxysmal and persis-
tent atrial fibrillation but also for asymptomatic
individuals who present the atrial phenotype.

Nonstandard Abbreviations and Acronyms
PVI pulmonary vein isolation

PWD  P-wave duration

AP action potential

APD action potential duration

CcVv conduction velocity

3D 3-dimensional

CS coronary sinus

consistent with past smaller case control studies.®®
Based on the results by Nielsen et al., one may hy-
pothesize that increased atrial conduction velocity
(CV)"°"isinvolved in the higher frequency of AF onset
in a sizable group of patients (about 20%) who show
a short P wave and subsequently develop AF.” An al-
ternative explanation for the association between AF
and a short P wave is a shortening of the atrial action
potential duration (APD), which may also affect PWD.
Conclusive evidence is, however, missing. Whether a
short P wave is the result of increased CV, shortening
of atrial refractory period, or a combination of both
can nowadays be tested in sophisticated 3-dimen-
sional (3D) computational model.">*® Furthermore, a
computational model may enable to identify caus-
ative ionic and cellular mechanisms possibly involved
in the finding. The observation that a short P wave is
associated with increased risk of AF may have major
therapeutic implications when antiarrhythmic drug
therapy is selected and, even more, when pulmonary
vein isolation (PVI) is considered. The prevalence of
patients undergoing PVI presenting with a short P
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wave, and whether the recurrence rate of AF after
a single PVI procedure in these patients is as high
as those with much prolonged PWD™% is currently
unknown.

We aimed to study the distribution of PWD in pa-
tients undergoing PVI, with particular emphasis on
those presenting with a short P wave. Secondly, we
tested the hypothesis that patients with a short PWD
may have an increased recurrence rate after PVI.
Finally, we aimed to reproduce in silico a short P wave,
thus providing a mechanistic understanding of the clin-
ical observation.

METHODS

Study Population

All consecutive patients undergoing a first single-
PVI procedure (irrespective of the ablation technol-
ogy used) for symptomatic paroxysmal or persistent
AF at Fondazione Cardiocentro Ticino (Lugano,
Switzerland), and at Vrije Universiteit Brussel
(Universitair Ziekenhuis Brussel, Brussels, Belgium)
between March 1, 2015 and June 30, 2018 were ret-
rospectively included in this study. Patients with a
history of paroxysmal or persistent AF being in AF at
the time of the PVI procedure, permanent AF, aged
<18 years, or those who did not consent to study
participation were excluded.

Patient history including comorbidities and med-
ication, PVI procedural data, and any events during
follow-up were prospectively collected. AF recurrence
after a PVI procedure was defined as a documented
arrhythmia of a duration >30 s after a blanking period
of 3 months.

Each patient provided oral and written informed
consent for the PVI procedure which was performed
in general anesthesia. The study was approved by
the internal review boards of each respective institu-
tion and by the local ethics committee. Because of the
sensitive nature of the data collected for this study, re-
quest to access the data set from qualified researchers
trained in human subject confidentiality protocols may
be sent to Dr. Angelo Auricchio at Cardiocentro Ticino,
Lugano, Switzerland.

P-Wave Duration Measurement

After placement of a steerable decapolar catheter in
the coronary sinus (CS) (as deep as possible) and
before trans-septal puncture was performed, a 12-
lead standard ECG was recorded. PWD was manu-
ally measured after placement of the CS catheter
on a simultaneous 12-lead ECG using an electronic
calliper of the electrophysiology recording system
(Boston Scientific LabSystem PRO or CardioTek B.V.,
EP-Tracer) at a sweep speed of 200 mm/s, a scale
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between 20 and 50 mm/mV, and a recording band-
width at 0.05 Hz-150 Hz. PWD measurement was in-
dependently and blindly performed by 3 experienced
electrophysiologists, and in case of disagreement the
final PWD was adjudicated. The PWD was defined as
the duration from the earliest deflection to the latest
deflection in any lead (Figure 1). To precisely detect
the end of a P wave, the atrial deflection of the most
distal bipolar electrodes of the steerable decapolar
catheter inserted into the CS was taken as reference
in all cases (Figure 1).

Furthermore, in those patients in whom ablation proce-
dure was assisted by an ultra-density mapping system
(Rhythmia HDx mapping system and IntellaMap ORION
Mapping Catheter, Boston Scientific, Cambridge, MA,
USA) or by a conventional 3D electroanatomical map-
ping system (Carto 3 mapping system and Pentaray
mapping catheter, Biosense Webster, Diamond Bar,
CA), a complete left atrial endocardial mapping was
obtained during sinus rhythm. Bipolar electrograms
were recorded via the mapping catheter. Caution was
taken to avoid displacement of the reference electrode
within the coronary sinus during the entire procedure.
An effort was made to acquire complete endocardial
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surface of left atrium using a pre-procedural left atrial
anatomy acquired by computed tomography or a car-
diac magnetic resonance imaging. A bipolar atrial elec-
trogram from the CS with maximum slope was taken
as the time reference to calculate local activation time,
which was defined as the time point of the maximal
slope on bipolar electrograms. Visual inspection and,
if necessary, manual correction of the local activation
time at each point were performed. Recordings of pre-
mature beats were excluded. Color-coded, 3D acti-
vation sequence maps were reconstructed, with the
red color identifying the earliest activation area and the
purple the latest. (Figure 1).

The P wave was a priori categorized in 3 groups,
based upon clinical cut-off points: <110 ms, 110 to
139 ms, and finally >140 ms.

Adenosine Pharmacological Testing

To evaluate the change in PWD by adenosine, a bolus
of the drug was administered before PVI (to avoid the
confounding effect by PVI, i.e., change of left atrial
mass and propagation) in all patients undergoing PVI
at one institution (Cardiocentro Ticino) starting on April
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Figure 1.
anterior, and left anterior oblique view.

Electroanatomical mapping of a left atrial in a patient with a short P wave (86 ms) in anterio-posterior, postero-

The earliest left atrial breakthrough occurred in the mid septum 33 ms after P wave onset as determined on surface ECG; the local
electrogram and activation is visible on the catheter mapping (Pentaray — P 15-16) of the right panel. Latest left atrial activation is on
the lateral side of the left atrium close to the mitral valve ring; the local electrogram and activation is visible on the catheter mapping
(Pentaray — P 1-12) of the left panel. AP indicates antero posterior view; LAO, left anterior oblique view; MAP 1-2, distal electrode pair
of the ablation catheter; P, Pentaray mapping; PA, postero anterior view.
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2018 as part of a clinical protocol. Adenosine was ad-
ministered at increasing dosage (starting at 6 mg to
a maximum dose of 18 mg) until complete atrioven-
tricular block was noticed or significant prolongation of
the PR interval was achieved. Patients who refused to
be part of the clinical protocol, in whom frequent atrial
premature beats or atrial fibrillation were triggered by
adenosine or presenting with atrial fibrillation at rest-
ing or with noise on ECG were excluded. The ECG of
the remaining 12 patients (out of 35 patients), in which
a clear P wave during complete atrioventricular block
was visible, was considered.

In-Silico Action Potential Propagation
Simulation

A 1-dimensional (1D), 5-cm long fiber strand was
considered for simulating atrial action potential (AP)
propagation and refractory period. Simulations were
performed with the monodomain model, coupled with
a physiologically detailed ionic membrane model. The
electric conductivity, the surface-to-volume ratio, and
the membrane capacitance of the strand were re-
spectively set to 3 mS/cm, 1000 cm~' and 1 uF/cm?.
A current stimulus was applied on the right hand of
the strand to initiate propagation. CV was evaluated by
taking distance over the arrival time difference at 1 cm
and 4 cm from the stimulus point. AP shape was ex-
tracted at the midpoint of the strand, and APD was the
difference between the time of 90% recovery of resting
potential and the upstroke time.

In the control case, the conductivities of the ionic
channels were set to their reference value as described
elsewhere.”® The effect of adenosine was modeled by in-
creasing the conductivity of I, to 200% of the normal
value.'® Finally, a progressive increase of |, conductance
(up to 200%) from the control case was also studied.

In-Silico 3-Dimensional Atrial Activation
and P-Wave Duration Simulation

A generic computer model of the human heart and
torso was developed by our group and extensively re-
ported in previous publications.'>'” In brief, the refer-
ence model was segmented from magnetic resonance
imaging data from a normal subject. Following histo-
logical and anatomical studies, several key anatomi-
cal features of the atria such as Bachmann’s bundle,
the crista terminalis, the interatrial bundles, the pec-
tinate muscles, and fiber distribution were eventually
embedded into the model. A computational 3D grid
with uniform spacing of 0.2 mm was obtained from the
anatomical model, with roughly 5 million voxels in total.
Each voxel was automatically marked with the corre-
sponding anatomical region for the electrophysiologi-
cal model parameterization.
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The sinus rhythm activation of the atria was mod-
eled with a propagation model, for which the ac-
tion potential geometrically spreads from the sinus
node to the rest of the tissue with given CV. The
corresponding 12-lead surface ECG was simulated
by combining the AP shape translated at the right
activation time with the lead fields computed from
the torso. The AP shape and CV were extrapolated
from 1-dimensional simulations described above.
A detailed description of the in-silico model can be
found in Data S1 and in a previous publication by our
group.”

Statistical Analysis

All analyses were performed using Stata, version 15
(StataCorp, College Station, TX, USA). A 2-sided P
value <0.05 was considered statistically significant.
Continuous data were described with the mean and
SD or the median and interquartile range, categori-
cal variables as counts and percentages. They were
compared between groups with the Kruskal-Wallis
test and the Fisher exact test. As the sole contrast of
interest was the group with PWD <110 ms vs >140 ms,
no correction for multiple comparisons was applied.
Paired comparisons during adenosine test were per-
formed using the sign test.

Lin concordance correlation coefficient and
Cohen coefficient (for categorical PWD) were used
to estimate reproducibility. The correlation of PWD
and total endocardial activation time was assessed
with Spearman R. Median follow-up (25th-75th per-
centiles) was computed with the reverse Kaplan—
Meier method. The rate of recurrence (95% CI) per
100-person year was reported for each PWD group.
Kaplan—Meier AF recurrence-free curves were plot-
ted; the log-rank test was also reported. The associ-
ation of PWD with AF recurrence was assessed with
the Cox model. Hazard ratios (HR) and 95% CI were
computed for the group with a PWD <110 ms and
>140 ms with respect to the group with a PWD rang-
ing from >110 to 139 ms. Fractional polynomials were
used within the Cox model to assess the shape of
the risk of AF recurrence. The derived linear predictor
was plotted against PWD.

RESULTS

A total of 282 consecutive patients were included
in the analysis. As indicated in Table 1, the demo-
graphic and clinical variables were typical of patients
undergoing a first PVI procedure. They were middle-
aged male patients suffering a drug-resistant parox-
ysmal atrial fibrillation, most of them undergoing a
cryoballoon ablation, and having a normal left atrial
diameter (Table 1).
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Table 1. Clinical and Demographic Characteristics of Patients Included According to P-Wave Duration
PWD PWD PWD
<110 ms >110 to 139 ms >140 ms P Value
No. (%) 44 (16) 174 (62) 64 (23)
Age, y 56+14 60+11 68+10 <0.001
Women, n (%) 27 (61) 58 (33) 17 (27) <0.001
Body mass index, Kg/mq 25+4 27+5 28+5 <0.001
CHADS-VASc 1.6+£1.4 1.7+1.4 2.8+1.5 <0.001
Non-ischemic heart disease, n (%) 1.9 9(5.2) 7 (M) 0.138
History
Paroxysmal AF, n (%) 36 (82) 147 (85) 38 (59) 0.020
Diabetes mellitus, n (%) 5 (11) 14.(8.1) 9 (14) 0.363
Hypertension 19 (43) 97 (56) 49 (77) 0.001
Stroke 1(2.3) 16 (9.2) 9 (14) 0.046
Medication, n (%)
Beta-blocking agents 10 (23) 67 (39) 35 (55) 0.001
Antiarrhythmic drug class IC 10 (23) 51 (29) 18 (28) 0.656
Sotalol 11 (25) 47 (27) 12 (19) 0.479
Amiodarone 2 (4.6) 19 (11) 4(6.3) 1.000
Non-Vitamin K oral anticoagulant 19 (61) 100 (70) 41 (79) 0.011
Vitamin K oral anticoagulant 3(8.1) 9(6.3) 7 (14) 0.513
Echocardiographic measurements
Left ventricular ejection fraction, % 61+4 59+7 56+7 <0.001
Left atrial diameter, mm 36+7 40+6 42+6 <0.001
Pulmonary vein isolation by cryoablation, n (%) 36 (82) 159 (91) 60 (94) 0.066

AF indicates atrial fibrillation; n, absolute number; and PWD, P-wave duration.

In the overall population, the median PWD was 126
(interquartile range, 115 ms—138 ms; range, 71 ms—
180 ms). Concordance correlation coefficient for P mea-
surement was as high as 0.987 (95% Cl, 0.976-0.998);
reproducibility of PWD (assessed as a categorical vari-
able) was 0.91. About 16% of the patients had a PWD
of 110 ms or shorter (Figure 1). Demographic charac-
teristics and clinical presentation differed among the
3 groups (Table 1). Patients with a shorter PWD were
younger, were more frequently women, had a lower
body mass index, presented with a lower CHADS-VASC
score, had a smaller atrial size, and had a higher left ven-
tricular ejection fraction (Table 1).

Risk of Atrial Fibrillation Recurrence
Over a median follow-up of 14 months (95% ClI, 12
months—16 months), 70 patients (24.8%) had a sympto-
matic episode of AF. After a blanking time of 3 months,
a greater proportion of patients (19 out of 44 patients,
43.2%) with a PWD <110 ms and of patients with a PWD
>140 ms (19 out of 64, 29.7%) experienced a sympto-
matic AF episode compared with patients with an inter-
mediate PWD (32 out of 174 patients, 18.4%).

A second PVI procedure was performed in 39 pa-
tients (56%). The rate of pulmonary vein reconnections
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was, however, similar among the 3 groups: 43% in the
group of patients with a PWD <110 ms, 50% in the
group of patients with a PWD of 110-139 ms, and 43%
in the group of patients with a PWD >140 ms.

The risk of AF recurrences associated with PWD had
a U-shaped distribution (Figure 2) being the highest in
patients with a PWD <110 ms or >140 ms. Patients with
a PWD >110 and <139 ms, had the lowest recurrence
rate (18 recurrences per 100 patient years; 95% Cl,
13-25). The recurrence rate was highest in the group
with a PWD <110 ms (Figure 2) with a recurrence rate
of 40 per 100 patient years (95% Cl, 25-62). A similarly
high recurrence rate (33 per 100 patient years; 95% Cl,
21-51) was found in the group of patients with a PWD
of >140 ms. At Cox regression, PWD was significantly
associated with AF recurrence (P=0.012). Patients with
PWD <110 ms (HR, 2.20; 95% Cl, 1.24-3.88; P=0.007)
and patients with a PWD >140 (HR, 1.87; 95% ClI,
1.06-3.30; P=0.031) had a nearly 2-fold increase in risk
with respect to the other group. The Kaplan—Meier AF-
free survival curve for each group of patients is shown
in Figure 3.

The association of PWD and AF recurrence re-
mained after adjusting for age and left atrial diameter
or left ventricle ejection fraction (P=0.012 and P=0.009,
respectively). HRs of PWD <110 ms versus 110 to 139
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Figure 2. Atrial fibrillation recurrence according to P-wave duration.

A, Atrial fibrillation recurrence rate per 100 person-year and P-wave duration (grouped according to predefined cut-offs of P wave);
dots indicate the rate per 100 person years, whiskers indicate the 95% Cls of the rates. B, Shape of the risk of atrial fibrillation
after pulmonary vein ablation in relationship to P-wave duration. The shape of the risk of recurrence of AF over P-wave duration is
shown, computed using fractional polynomial. For this purpose, the linear predictor (y axis) derived by a Cox model using fractional
polynomial is plotted against P-wave duration (x axis). The best fit for this model includes a power 2 and a power 3 term. There is no
physical interpretation of the values on the y axis. AF indicates atrial fibrillation.

was 2.91 (95% Cl, 1.43-5.94; P<0.003) when account-
ing for left atrial dimension, and 2.39 (95% CI, 1.344-
4.25; P<0.003) when accounting for left ventricular
ejection fraction. HRs of PWD >140 ms versus 110
to 139 was 1.64 (95% ClI, 0.74-3.68; P<0.225) when
adjusting for left atrial dimension, and 1.66 (95% CI,
0.92-2.99; P<0.092) when adjusting for left ventricular
ejection fraction.

Effect of Adenosine Administration on
P-Wave Duration

The adenosine testing performed in a limited number
of patients (n=12) showed a decrease in the PWD from
124+11 ms to 113+11 ms (P<0.003), or on average by
8.2%, ranging from 4.8% to 11.3% (Figure 4). The time
from P onset on surface ECG to distal CS decreased
from 92413 ms to 85+10 ms (P<0.02).

Logrank test p=0.010

32
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Figure 3. Atrial fibrillation recurrence-free survival after pulmonary vein isolation (blanking
period of 3 months) according to the P-wave duration.
Blue line: P-wave duration <110 ms; red line: P-wave duration >110 to 139 ms; green line: P-wave duration

>140 ms.
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Figure 4. Effect of adenosine administration on P-wave duration. A 9% reduction of P-wave duration was observed on the

beat preceding a complete atrioventricular block.

The non-conducted P wave was slightly shorter than the previous one however, its morphology was marginally different as well. Also,
the time from P-wave onset to most distal coronary sinus was shorter during the adenosine challenge.

In-Silico P-Wave Simulation and P-Wave
Shortening

The control simulation in a 1-dimensional fiber strand
model (Figure 5A) showed a triangular AP with APD90
of 312 ms and a resting potential of =75 mV, whereas
in the presence of adenosine, AP maintained a trian-
gular shape but with a significant reduction in APD90
(149 ms, 52% reduction) and with a lower resting poten-
tial (=81 mV). No noticeable difference was observed in
CV (only 1% faster in the presence of adenosine). In the
3D model (Figure 5B), PWD shortened from 103 ms
down to 96 ms (7%). An incremental increase of so-
dium channel conductance from the baseline value up
to 200% (Figure 5C and 5E) led to a smooth decrease
in APD9O0 (312 ms to 224 ms) and an increase in CV
(68 cm/s to 87 cm/s) in the 1-dimensional experimental
setup. In the 3D model (Figure 5F), the PWD robustly
decreased from 103 ms to 81 ms.

DISCUSSION

The main finding of our study is that AF recurrence
after PVI is significantly higher in patients having a
shorter than normal PWD despite a similar left atrial
size and a similar frequency of pulmonary vein recon-
nection. This observation suggests the existence of
a non-pulmonary vein-dependent AF trigger and/or
mechanism for AF maintenance in this subgroup of

J Am Heart Assoc. 2021;10:e018572. DOI: 10.1161/JAHA.120.018572

patients, a hypothesis strongly supported by our com-
puter modeling study. The 1D- and 3D-simulations are
pointing to the presence, most likely, of a so-far un-
known condition that (1) either increases sodium chan-
nel conductance thus resulting into shortening of the P
wave or (2) because of shortening of the atrial AP itself
might cause a shortening of the P wave, or (3) both
increase in sodium channel conductance and short-
ening of AP leading to higher AF propensity including
lower responsiveness to class | antiarrhythmic com-
pounds. These findings are novel, significantly expand
previous knowledge and may have important clinical
conseqguences.

Nielsen et al. identified 55 305 out of 285 633 pa-
tients (19%) with a short P wave (<100 ms) in a large
primary care cohort who, over a median follow-up
time of 6.7 years, developed AF.” Interestingly, patients
with a short P wave were more frequently younger
women than patients with a normal or prolonged
PWD. Differently from the Copenhagen study, all
other studies reporting on short PWD including ours,
were conducted in patients with a history of AF.”9 In
a recent prospectively-designed large cohort regis-
try of 2415 patients affected by different types of AF
— the Swiss-AF Study Cohort, 14% of those patients
in sinus rhythm showed a PWD of <100 ms.'® More
consistent with the latter study, the prevalence of short
PWD in our patients who had history of AF was 16%.
Compared with the Copenhagen study, our patients
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A, action potential in control and adenosine showed a triangular shape, with action potential duration 90 reducing from 312 ms to
149 ms from control to adenosine case (52% reduction). B, simulated P wave in lead Il showed a reduction in duration from 103 ms
to 96 ms (7% reduction). C through F, effect of an increase of sodium channels conductance from 0% to 100%. C, resting action
potential shape. D, conduction velocity in a 1-dimensional fiber strand. E, Action potential duration 90. F, P-wave duration in lead II.
A 100% increase in sodium conductance yielded a 26% increase of conduction velocity, a 28% reduction in action potential duration

90 and a 22% reduction in P-wave duration.

with a short P wave and history of AF were on aver-
age 8- to 10-year older and were slightly less female
patients.”'® Although the prevalence of patients with a
short P wave in the various studies differed, which may
be in part because of the cut-off used, the mean/me-
dian age and proportion of female sex, it consistently
indicates the existence of patients at risk of developing
AF or who already have documented AF having this
atrial phenotype.

Based on our current understanding of AF, the
association between increased PWD and the risk of
AF is frequently explained by the progression of atrial
cellular remodeling, structural abnormalities (e.g., fi-
brosis) in combination with atrial dilation.!®2921.22 An
abnormal PWD and morphology, also referred to as
Bayes syndrome, is determined by intra-atrial and in-
teratrial conduction delay or block, and associated
with a high risk of AF in healthy individuals as well
as in patients with history of AF.”23 Intra- or interatrial
conduction delay/block were common (up to 85% of
cases) in patients with a PWD >140 ms; in contrast, in
our limited group of patients of patients with a short
PWD, none showed intra- and interatrial conduction
delay. Although the relationship between left atrial
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end-diastolic volume, PWD and AF occurrence has
been frequently reported, Nielsen et al’s recent ob-
servations show the lack of an association especially
in those patients with a short P wave.” They reported
that, in an ancillary population of >2000 individuals,
atrial size explained only = 16% of the variation in
PWD. This observation is also in line with the recent
work by Laureanti et al. in patients with short P wave
and either paroxysmal or permanent AF and the
present data.'®

The pathogenesis of AF in the context of Bayes syn-
drome has been extensively reviewed by Tse et al. in
a recent publication.?* Tse et al.?* indicated the occur-
rence of the following event sequence: abnormal atrial
activation can lead to increased atrial pressure, with
subsequent electrophysiological and structural remod-
eling, such as atrial dilatation and fibrosis. Furthermore,
endothelial damage and dysfunction, together with im-
paired atrial mechanical activity, is significantly increas-
ing the thrombogenicity. In contrast, our data present
the other side of the spectrum of AF pathogenesis, i.e.,
a possible increase in sodium channel conductance as
cause of paroxysmal or persistent AF, which has not
been previously reported.
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Despite the use of antiarrhythmic drugs and ef-
fective PVI, patients with short P wave presented a
twice higher risk of AF recurrence than other patients
with AF. Whether patients with a short PWD also have
an overall greater failure rate of antiarrhythmic drug
therapy is currently unknown. Our computer simu-
lation study, however, shows results in favor of this
hypothesis. In the simulations, an increase in sodium
channels conductance produced a robust shorten-
ing of the PWD related to an increase in atrial CV. If
enhanced CV would also be present in patients with
short P wave, a reduced efficacy to inhibit Na-channel
blockers may underlie reduced responsiveness to
class | antiarrhythmic compounds in these patients
and explain their higher propensity to AF. A further
potential explanation for increased AF susceptibility of
patients with a short P wave is given by the effect of
adenosine testing on P wave. Clemo and Belardinelli
have extensively described the effect of adenosine on
the AP of an atrial cell during antegrade conduction.?®
In the atrial cell, adenosine causes only a reduction in
APD and a small decrease in its amplitude whereas
in the nodal cell, adenosine progressively increased
the delay for its activation, caused an overall depres-
sion of the AP, and finally, failed to excite, resulting
in atrioventricular block. Although adenosine testing
is frequently used in patients undergoing PVI to un-
mask concealed vein conduction, its effect on PWD
has not been previously reported. For the first time,
we demonstrated that, after the administration of
adenosine, a P wave of normal duration significantly
shortened on average by 11 ms or about 8% of the
baseline value. Of course, in-vivo measurements do
not allow to evaluate whether the effect was mostly on
the AP or atrial conduction. However, in-silico evalua-
tion showed that, under a simulated adenosine testing,
the AP was significantly shorter (28%). Furthermore, a
progressive increase in sodium channel conductance
resulted in faster atrial conduction (22%). A shorter AP
and faster conduction are arrhythmogenic and well
explain a non-pulmonary vein-dependent mechanism
of AF onset and maintenance in patients with short
PWD.?6-28 Whether an increase in sodium channel
conductance is the only pathological mechanism of a
shorter PWD or additional cellular factors are involved
cannot be entirely clarified. Interestingly, Dupont et
al.®® have demonstrated in patients who are more
prone to postoperative AF an elevated expression of
connexin 40, a protein important for cardiac conduc-
tion velocity.

A short P wave may be considered the simplest,
and an easily assessed biomarker which may help in
setting realistic expectations after an ablation therapy
and probably also after the initiation of an antiarrhyth-
mic drug therapy. Given the higher likelihood of AF
recurrence in patients with a short PWD undergoing
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PVI, a more frequent clinical follow-up or early implan-
tation of a loop recorder shall be considered in these
patients.

Study Limitations

This study shares many limitations and potential se-
lection bias of any retrospective analysis. However, all
consecutive patients undergoing a first single-PVI pro-
cedure for symptomatic paroxysmal or persistent AF
at both institutions were included which significantly
mitigates the issue of selection bias. Unlike most of
the previous studies where ECGs were analyzed digi-
tally with the use of clinically validated software, we
performed manual measurements, thus potentially
prone to subjective interpretation. However, inter-
and intra-observer agreement was extremely high;
that might be attributable to the fact that the onset
of the P wave is easily detected when all 12 leads
are simultaneously considered. Although detection of
the P-wave end point is a challenging task, the use
of a 3D mapping system significantly helped in con-
firming the end of the P wave on 12-lead ECG more
precisely and consistently. PWD was always meas-
ured in general anesthesia which may modestly af-
fect PWD. Another potential study limitation may be
related to the definition of abnormal PWD. The World
Health Organization and the International Society and
Federation of Cardiology Task Force consider a nor-
mal duration of a P wave up to 110 ms.®° This PWD
value is consistent with the work by Nielsen et al.
showing that a PWD of 110 ms represented the 40th
to 60th percentile of their population” as well as with
Eranti et al who showed that a significant proportion of
healthy individuals have PWD up to 120 ms. Notably,
a recent consensus report agreed on the definition
of PWD >120 ms for first degree or partial intra-atrial
block.3":32 Unlike the work by Eranti et al. who consid-
ered healthy individuals, our patients had history of
paroxysmal or persistent atrial fibrillation thus limiting
a comparison of the findings. Furthermore, Eranti et
al. focused on P-wave morphology which was not as-
sessed in our population. In our study the reference
group for estimating risk of AF recurrence was the
group of patients with a PWD 110 to 139 ms, whereas
the reference group in the work by Eranti et al. had a
PWD <110 ms; Eranti et al. assessed a 10-year risk
of AF hospitalization compared with a documented
arrhythmia recurrence occurring over a significantly
shorter follow-up period in our study.

CONCLUSIONS

One out of 5 patients referred for PVI has a short
PWD which is a marker of a higher rate of AF recur-
rences after the index procedure. A short P wave
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was reproduced in computer cardiac simulation. The
1D- and 3D-simulations are pointing to the presence,
most likely, of a so-far unknown condition that an in-
crease in sodium channel conductance shortens the
PWD and might be associated with lower respon-
siveness to class | antiarrhythmic compounds or that
shorter APD itself may cause shorter P waves. These
findings may have important clinical consequences
for patient with paroxysmal and persistent AF but also
for asymptomatic individuals who present the atrial
phenotype. Larger studies are needed to confirm our
findings.
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In-silico P-wave simulation

The computation of the surface P-wave comprised several steps, detailed below. Briefly, the
surface potential of a given lead resulted from Green’s reciprocity formula with a combination of
a fixed action potential (AP) shape, the activation map and the lead field. The action potential
shape was computed using the cable theory with a detailed model for the dynamics of the ionic
channels. The activation map was obtained from a 3-D propagation or eikonal model. Finally,
the lead field resulted from the Poisson’s equation in the torso. In mathematical terms, denoting
by u(¢) the AP shape, by z(x) the activation map and by z, (x) the lead field for some lead k =
1,...,12, the surface P-wave v, (t) read as follows:

V() = f0°° U't—¢) f,_l(f) G - VZ, (x) do(x) d&,where t=1(¢) is the activation front at time ¢, that is

the set {x € n:7(x) = &}, and n is the normal direction in the propagation direction.
Action potential model

The AP was simulated on a 1-D, 5 cm long fiber strand with the monodomain equation coupled
with the Skibsbye model for the ionic currents.?® The fiber conductivity was 1.5 mS/cm and the
surface-to-volume ratio was 1000 cm™. A stimulus was applied in a 1-mm region on the left side
of the fiber to trigger a propagation of the AP from left end towards the right end. The average
conduction velocity was evaluated by taking the difference in activation time at 1 cm and 4 cm
divided by the distance. Finally, the AP shape was extracted from the transmembrane potential at
x=25cCcm.

Propagation model

The activation map t(x) was simulated using the eikonal equation, which simulated the spread of
an activation front from a selected origin and with given spatially varying, direction-dependent
conduction velocity encoded in a tensor D(x). Mathematically, the equation reads:

{,/D(x)VT- Vt=1,

T(xy) = 0.
The earliest activation site x, was located in the sinoatrial node region. The conduction tensor
was set as
2 .
D= %Gin(Gin + Ge)~'G.,Where g was the myocyte surface-to-volume ratio and ¢;, and ¢,, were

respectively the intra- and extra-cellular electric conductivity. The scaling parameter 8 was
extrapolated from the 1-D simulation and estimated as follows:
6 = CV - \/Bo—1,where parameters were as in the previous section.

Lead field computation



Twelve lead fields were computed, one for each lead of the 12-lead ECG. Each lead field solved

the following problem in the whole torso (with zero-flux boundary conditions at the chest):
-V -(GVZ) = {—1 atnegativeelectrode,

+1 atpositiveelectmde,Where G = Gy, + G, Was the bulk conductivity. The bulk
conductivity in the torso was heterogeneous, with distinct values in the blood, lungs,
myocardium, skeletal muscles and skin. Furthermore, skeletal muscle and myocardium were

assumed anisotropic.



