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Abstract
Background—It has been hypothesized that atrial lesions must be transmural to successfully
cure atrial fibrillation (AF). However, ablation lines often do not extend completely across the
atrial wall.

Objective—The purpose of this study was to determine the effect of residual gaps on conduction
properties of atrial tissue.

Methods—Canine right atria (n=13) were isolated, perfused, and mounted on a 250-lead
electrode plaque. The atria were divided with a bipolar radiofrequency ablation clamp, leaving a
gap that was progressively narrowed. Conduction velocities at varying pacing rates and AF
frequencies were measured before and after ablations. AF was induced with an extra stimulus and
acetylcholine.

Results—Gap widths from 11.2mm to 1.1mm were examined. Conduction velocities through
gaps were dependent cycle length (p=0.002) and gap size(p<0.001). Overall, 253/260 (97%) of all
gaps allowed paced propagation. 51/56(91%) of gaps 1–3mm permitted paced propagation, as did
202/204(99%) of gaps ≥3.0mm. Similarly, 253/260 (97%) of all gaps allowed propagation of AF.
For AF, 51/55(93%) of gaps 1–3mm allowed AF to pass through, as did 202/205(99%) of gaps
≥3.0 mm. Gaps as small as 1.1mm conducted paced and AF impulses.

Conclusions—Conduction velocities were slowed through residual gaps. However, propagation
of wave fronts during pacing and AF occurred through the majority of residual gaps, down to sizes
as small as 1.1mm. Leaving viable tissue in ablation lines for the treatment of AF could account
for failures.
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Introduction
Atrial Fibrillation (AF) is the most common sustained arrhythmia in the world, occurring in
0.4–2.0% of the general population1. The Cox-Maze procedure (CMP) was developed in the
1980s and has the highest reported long-term success for the treatment of AF2. Because the
CMP was technically challenging and time-consuming to complete, few surgeons chose to
incorporate it into their daily practice. Recent advancements in technology have made it
possible to replace many of the incisions with linear lines of ablation, making the procedure
both shorter and less technically challenging. Various energy sources, including
radiofrequency ablation, microwave, laser, cryoablation, and high-frequency ultrasound
have been used.3

There are many contributing factors that can determine success in ablation for either catheter
based or surgical treatment of AF. These include the number and location of the lesions, the
mass of atrial tissue ablated, the successful isolation of triggers, and the effectiveness of the
particular technology in terms of ablation depth and width. An important question that has
arisen is whether having transmural or complete lesions is important or necessary. In a
chronic canine model, Ishii et al.4 found that conduction block rarely occurred in gaps larger
than 5 mm, and decremental slowing was seen in gaps between 5 mm and 15 mm. In this
model where gaps were left in surgical incision lines, complete block was seen in gaps
smaller than 5 mm. In another canine model in which gaps were left in lines created by
unipolar radiofrequency, conduction block was rarely seen with a gap greater than 5 mm,
and was variable at 2–5 mm of gap5. Conduction was demonstrated down to a gap of 0.1
mm in an acute canine laser model, substantiating that even very small breaks in ablation
lines have the ability to conduct paced impulses6. In an in vivo study done by Inoue and
Zipes7, conduction was found in atrial tissue with a cross-sectional area as little as 1 mm2.

This study was designed to test the following hypotheses: Paced conduction would be
slowed and eventually blocked with a decrease in gap size and block of conduction of atrial
fibrillation through gaps would occur with decreasing gap size.

Methods
All animals received humane care in compliance with the Guide for the Care and Use of
Laboratory Animals (National Academy of Sciences, 1996). Normal mongrel dogs (n=13),
weighing between 20 and 30 kg, were intravenously anesthetized with 7.5 mg/kg of
propofol, intubated, and placed on a positive pressure respirator with 2% to 3% isoflurane
used throughout the procedure. A median sternotomy was performed, and the heart was
cradled in the pericardium. The inter-atrial groove was dissected, separating the left atria and
right atria. The heart was then arrested using cold cardioplegia and the right atrium was
removed, as described previously8. The right atrium was divided through the superior vena
cava down to the inferior vena cava to facilitate mounting of the tissue on the electrode
plaque. The right coronary artery was cannulated with a 16-gauge catheter.

The epicardial surface was mounted on a flat electrode platform containing 256 unipolar
electrodes with an inter-electrode distance of 5 mm. The atrial appendage of each
preparation was placed into a slot in the electrode template that allowed the atrium to lie flat
(Figure 1). For purposes of calculating directional conduction, the atrium that was nearest
the superior vena cava was labeled as “superior” or upper atrium, and the tissue nearest to
the inferior vena cava was labeled “inferior” or lower atrium.

The preparation was kept in a temperature-controlled bath at 37°C and perfused with a
modified Krebs-Henseleit solution at a rate of 8 to 10 mL/min (perfusion pressure was
maintained at 40 mm Hg). The composition of the Krebs-Henseleit solution was as follows
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(mmol/L): Na+, 143; K+, 4.7; Cl−, 128; Ca2+ 1.25, HCO3−, 25; Mg2+, 1.2; and dextrose,
11.1. The solution was oxygenated with 95% O2 and 5% CO2 (pH=7.4). The preparation
was also continuously superfused with Krebs-Henseleit (Figure 1).

Continuous S1S1 pacing was used to calculate conduction velocities at 300 ms, 250 ms, 200
ms, 175 ms, 160 ms, 150 ms, 140 ms, 130ms, 120ms, or until one to one capture no longer
occurred. The effective refractory period was determined at each pacing site by pacing with
eight S1 stimuli (S1S1=300ms), followed by a single S2 stimulus, which was incrementally
decreased by 5 ms until the S2 beat did not capture. The effective refractory period was
defined as the shortest S1S2 interval that captured the atrium. At least 15 seconds were
allowed between each determination.

After the baseline effective refractory period values were determined at each pacing site, the
solution was switched to Krebs-Henseleit solution with acetylcholine (ACh) at a
concentration of 10−4.5 M to decrease the effective refractory period9. The electrical activity
of the atria was recorded using an in-house designed data acquisition and analysis system
(Figure 2). AF was induced by a single extra stimulus. If the preparation continuously
fibrillated for more than 30 seconds, it was considered a sustained episode of AF (Figure 2).
The perfusion solution was then switched to Krebs-Henseleit alone until the arrhythmia
terminated.

A total of 13 isolated RA were studied. In six preparations, one lesion with a varying gap
was made. In the remaining seven RA, three separate linear lesions with gaps were created,
which allowed more data to be collected from a single preparation. This resulted in 28
separate lesions. Two lesions had to be omitted from data analysis because perfusion of dye
following the experiment showed one or more regions adjacent to the lesion was not
adequately perfused. The net result was that there were 26 lesions included in the study.

Ablation lines were created utilizing a bipolar radiofrequency clamp (Atricure Isolator,
Atricure Inc., Cincinnati, OH) across the atrium perpendicular to the crista terminalis.
Bipolar radiofrequency is a technology well-suited to test these hypotheses because it
creates discrete, narrow lesions, and does not damage the microvasculature.8 The atrial
tissue was held between the jaws of the clamp and the radiofrequency energy was applied
until termination of the algorithm which indicated transmurality was reached. An initial gap
was purposefully left between the two ablations. Due to variations in atrial sizes and
placement of the clamp across the atrium, the initial gap varied between 11.2 and 5.3 mm.
The gap was progressively narrowed after each set of pacing and AF measurements with
repeated applications of the clamp until conduction block occurred or the gap was
completely closed. After each successive application of the clamp and narrowing of the gap,
the effective refractory periods were determined on both sides of the ablation line with and
without acetylcholine. The atrial preparations, including reference calipers for measurement,
were photographed with a high-resolution digital camera after each ablation.

At the conclusion of the study, a vital blue dye bolus was injected into the preparation to
ensure that there were no perfusion abnormalities. Any sections of the atrium that were not
well perfused were excluded from the data analysis. The atrial sections were photographed
and permanently fixed in 10% buffered formalin. The digital photos were analyzed (Adobe
Photoshop 7.0) to determine the gap size left in the ablation line.

The conduction velocity was measured using two electrodes immediately adjacent to the
lesion. These same two were used for all measurements for that preparation. This was done
to detect the slowing across the lesion, and minimize the measurement of conduction across
the rest of the atrium. Conduction velocity at 300 ms with no lesion was used as the control
velocity for an individual lesion. This was then used to normalize all the velocities for that
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lesion. All ERPs were determined using an S1=300ms. Successful AF propagation was
defined as sustained AF on both sides of the gap line after initiation on a single side.

All velocities were normalized to the control (preablation) superior to inferior velocity at a
paced cycle length of 300ms for each preparation. A repeated measure analysis of variance
model with two factors was used. The repeated measure was the paced cycle length and the
factors were gap size and pacing direction. ANOVA was used to compare ERP data with
superior or inferior sections as one factor and number of ablations as a second factor.

All data are expressed as mean ± standard error of the mean. A p<0.05 was considered
significantly different. Data were analyzed using Systat for Windows version 11.00.1 (Systat
Software Inc, 2004, Point Richmond, CA).

Results
Gap widths were examined from a range of 1.1 mm to 11.2 mm. Paced conduction velocity
slowed as gap size decreased (p< 0.002; Figure 3). Conduction velocity (figure 4) was
dependent on paced cycle length, as decreased cycle lengths had decreased conduction
velocity (p=0.001). Pacing direction did not have a significant impact on conduction
velocity independent of gap size (p=0.192). The mean control ERP was 166±3.9 ms and the
preablation ERP with ACh was 41±3.2ms. After the fifth ablation the ERP ACh was
43±1.1ms (p=0.81 compared to the preablation value). There was no difference in the ERP
between the upper and lower sections during control (146±4.7ms vs 154±6.8ms, p=0.30).
There was also no difference between the ERP with ACh between the lower and upper
sections (39±2.6ms vs 41±2.5ms, p=0.62). The mean cycle length of induced AF was
73±30ms (median: 61ms; range 37–167ms) superior to the lesion and 70±31ms (median:
58ms; range 37–166) inferior to the lesion.

The vast majority of all paced wave fronts passed through even a minimal remaining gap
(Figure 5). Overall, 253/260 (97%) of all pacing wave fronts passed through any residual
gap. While pacing, 51/56 (91%) of wave fronts passed through gaps between 1–3 mm, and
202/204 (99%) of wave fronts passed through gaps larger than 3.0 mm.

The findings for atrial fibrillation propagation through residual gaps were almost identical to
the results for paced signals (Figure 5). Overall, 253/260 (97%) of any residual gaps allowed
propagation of AF wave fronts. For AF, 51/55 (93%) gaps allowed wave fronts to pass
through when the size of the gap was 1–3 mm, and 202/204 (99%) of gaps greater than 3.0
mm allowed AF to propagate. Ablation gaps as small as 1.1 mm conducted both paced and
atrial fibrillation wave fronts. When AF propagated through the gaps, the conduction was
1:1 for all gaps greater than 5mm. For gaps less than 5mm, 76% conducted 1:1.

Methylene blue infusion confirmed intact microcirculation in all atria, as atrial tissue stained
uniformly throughout the atria even with completely closed gaps. Two lesions were
excluded because one segment did not stain uniformly on both sides of the lesion.

Discussion
This study demonstrated that despite a correlation of decreased conduction velocity with
smaller gaps in the ablation line, electrical impulses were still propagated even at very
narrow gap widths. The results were similar for paced wave fronts and atrial fibrillation,
with consistent conduction persisting in residual gaps greater than the smallest obtainable
gap size in this model (~1 mm). In the vast majority of samples, complete ablation was
required to prevent conduction of both paced and AF electrical signals. This demonstrates
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the importance of creating complete, continuous and transmural lesions for the treatment of
AF.

Previous studies evaluating conduction through residual gaps have shown similar results to
this study. Thomas et al, using a canine model with precise ablations, showed conduction in
minimal residual cardiac tissue down to 0.1 mm6. Mitchell et al found that conduction block
was variable in gaps 2–5 mm for both paced and AF wave fronts using a unipolar
radiofrequency ablation device5. These two models support the contention that any residual
viable tissue has the potential to conduct AF. Ishii et al, however, found that gaps larger than
5 mm allowed electrical propagation but gaps less than 5 mm blocked wave fronts using an
intact canine model with gaps left in incision lines4. The conduction through these slightly
larger gaps in incision lines and conduction through larger gaps in unipolar ablation lines
may be due to factors such as scar formation in the case of the chronic model or tissue
stunning with lateral thermal injury in the unipolar ablation model. These models still
showed that small amounts of remaining tissue conducted paced and AF wave fronts.

Despite inconsistency in the creation of transmural ablation lines, success rates of 60% to
92% have been reported in various studies of unipolar ablation with either radiofrequency or
microwave energy10–12. It has thus been suggested that continuous transmural lesions may
not be necessary to successfully cure atrial fibrillation13, 14. The results of this study support
the contention that continuous, transmural ablation lines are needed to reliably block
electrical propagation. Although narrow gaps have been shown to conduct slowly, the
majority are still able to allow for effective conduction both of normal paced rhythm or AF.
This is not surprising given the intrinsic conductive properties of cardiac tissue. The finding
that propagation of paced signals correlates closely with that of atrial fibrillation supports
previous results5, 6 and can be of important clinical significance in determining the
adequacy of a lesion. In this study, pacing was a reliable indicator of AF conduction across
gaps.

Incomplete lesions have previously been associated with the development of post-operative
atrial flutter in both surgical and radiofrequency ablation15–18, and require repeat ablation
for treatment. Slow conduction can facilitate reentry arrhythmias, so a very small gap in an
ablation line actually may increase the chances of recurrent AF. Creating incomplete lesions
to treat atrial fibrillation, therefore, have the potential of not only failure but of producing a
reentrant tachyarrhythmia such as atrial flutter.

In the case of ablative catheter treatment for AF, the short-term success of non-transmural
ablation may be due in part to a limited length of follow-up, which averaged less than 12
months in many studies19. It may also be due to an overall decrease in the critical geometry
of tissue with widespread ablation of the atria, decreasing the remaining tissue mass which is
necessary to support AF20. Recent work in our laboratory supports the latter hypothesis as
the ability to sustain AF declined in a model as atrial area and mass was decreased8. Even
with residual gaps that maintain the ability to conduct normally paced impulses, AF would
be unable to be sustained due to a lack of critical mass after large areas of ablation were
completed.

Limitations
This model has several limitations. The canine atria were normal, not diseased, and thus
results may not be directly comparable to the diseased human atria. However, the canine is
an excellent model for testing AF, and has been used previously for this purpose21. This
model evaluated residual gaps that included full-thickness intact atrial tissue, which may be
different than residual endocardial or epicardial rims of tissue. However, wide superficial
ablation lines with residual endocardial or epicardial tissue (which often leave up to 50% of
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the thickness of the atrium intact), such as that which occurs in unipolar sources on the
beating heart22, would likely give similar results of conduction.

Conclusion
Propagation of paced signals occurred through narrow gaps left in ablation lines on the
atrium, even when conduction velocities were significantly slowed. In addition to
propagation of paced signals, the majority of narrow residual gaps conducted atrial
fibrillation. A close correlation was seen between the propagation of paced signals and atrial
fibrillation, suggesting that pacing can be used as a surrogate to ensure adequacy of a lesion.
To guarantee complete conduction block in this model, continuous transmural lines of
ablation were needed.
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Figure 1.
Isolated right atrial preparation, mounted to 250-lead electrode plaque in the bath, epicardial
surface down. a. superior pacing electrode; b: inferior pacing electrode; c. 16-gauge
perfusion catheter inserted in the origin of the right coronary artery; d. ablation lines created
by bipolar radiofrequency clamp; e. gap measured between ablation lines.
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Figure 2.
Electrograms are presented from recordings near the pacing sites. (a) NSR. (b) Initiation of
AF in the entire preparation. (c) NSR in the preparation after complete closure of the gap.
(d) Initiation of AF in one half of the preparation after closure of the gap. “i” and “ii”
represent recordings near the superior pacing electrode, “iii” and “iv” represent recordings
near the inferior pacing electrode.
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Figure 3.
Effect of gap size on paced conduction velocity (shown as percent of control), with pacing
from the upper pole of the atrium. Error bars show standard error of the mean. The
conduction velocity was slower with decreasing gap sizes (p < 0.001).
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Figure 4.
The dependence of velocity on PCL (paced cycle length) and gap size greater than 10 mm vs
less than 10mm is shown.
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Figure 5.
Percentage of impulses that successfully pass through remaining gap. AF, atrial fibrillation.
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Figure 6.
Electrograms are presented from recordings near the pacing sites; the top two represent
recordings near the superior pacing electrode, the bottom two represent recordings near the
inferior pacing electrode. Atrial fibrillation was initiated at the superior pacing electrode,
propagated through a gap to the inferior portion of the atrium and was sustained at a 2:1
ratio.
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