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Abstract

Introduction—Reversible edema is a part of any radiofrequency ablation but its relationship with
contact force is unknown. The goal of this study was to characterize through histology and MR,
acute and chronic ablation lesions and reversible edema with contact force.

Methods and Results—In a canine model (n=14), chronic ventricular lesions were created
with a 3.5 mm tip ThermoCool SmartTouch (Biosense Webster) catheter at 25W or 40W for 30
sec. Repeat ablation was performed after 3 months to create a second set of lesions (acute). Each
ablation procedure was followed by /n-vivo T2 weighted MRI for edema and late-gadolinium
enhancement (LGE) MRI for lesion characterization. For chronic lesions, the mean scar volumes
at 25W and 40W were 77.8 + 34.5 mm3 (n=24) and 139.1 + 69.7 mm3 (n=12), respectively. The
volume of chronic lesions increased (25W: p<0.001, 40W: p<0.001) with greater contact force.
For acute lesions, the mean volumes of the lesion were 286.0 + 129.8 (n=19) mm3 and 422.1
+113.1 mm3 (n=16) for 25W and 40W, respectively (p<0.001 compared to chronic scar). On T2
weighted MR, the acute edema volume was on average 5.6 to 8.7 times higher than the acute
lesion volume and increased with contact force (25W: p=0.001, 40W: p=0.011).

Correspondence to: Ravi Ranjan, MD, PhD, Cardiovascular Medicine, University of Utah, 30 N 1900 E Rm 4A100, Salt Lake City,
UT 84132-2101, ravi.ranjan@hsc.utah.edu.

Eugene Kholmovski is a consultant to and has equity interest in Marrek Inc. John Ashton is employed by Biosense Webster. Other
authors: No disclosures.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas et al.

Page 2

Conclusion—With increasing contact force, there is a marginal increase in lesion size but
accompanied with a significantly larger edema. The reversible edema that is much larger than the
chronic lesion volume may explain some of the chronic procedure failures.
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Introduction

Methods

Radiofrequency catheter ablation is routinely used to treat cardiac arrhythmias. [1, 2] We
have previously shown that not all areas targeted for ablation result in permanent scar and
that the clinical consequences include arrhythmia recurrence. [3, 4] There has been
significant, recent improvement in ablation techniques, such as using contact force catheters
to improve ablation efficiency. [5] The reported range of force values used to ablate is very
wide range and that is partly because there are no accepted standards. Prior animal studies
have indicated that there is no difference in scar formation in the atrium when using low
versus high force. [6] Other studies, executed in the ventricle, have shown deeper lesions
with higher contact force but higher contact force has also been associated with steam pops.
[7] Studies have also shown the formation of significant edema during ablation [6, 8] and
this edema is thought to be a cause of reversible pulmonary vein isolation. [9] Clearly, it is
preferable to create fully transmural lesions in the atria or the ventricle with minimal edema
to ensure successful, long term conduction block across ablation lines. The goal of this study
was to characterize using histology and MRI imaging both of acute and chronic lesions to
identify reversible edema created during ablation, all in relation to contact force and power.

Electrophysiology and Ablation

The study was performed in a canine model (n=14) using healthy animals. The protocol was
approved by the Institutional Animal Care and Use Committee. The animals were
maintained in a surgical plane of anesthesia using 1.5-3% isoflurane. A SLO sheath through
the left femoral vein was used to go transseptal and gain left atrial access under ICE
(Cypress, Siemens) and fluoroscopy guidance. A fast-anatomical map (FAM) of the
ventricular chambers was created using CARTO3 (Biosense Webster, CA) and lesion sites
were marked on the endocardial surface map. Ablation lesions were placed in the left and
right ventricles using a SmartTouch ThermoCool catheter (Biosense Webster). Ablation
parameters included varying contact force from 5 to 50 grams while in a power controlled
mode setting at either 25W or 40W for 30 seconds. During the ablation procedures, 2-4
lesions were created within each of the right and left ventricles. Immediately after the
ablation procedure, the animal was moved to an MRI scanner (3T, Verio, Siemens) for T2
weighted imaging for edema identification and late gadolinium enhancement (LGE) MRI to
identify scar. Each canine underwent a second electrophysiological procedure 3 months after
the first when a second set of ablation lesions were created. The FAM from the initial
ablation set was used to guide placing lesions at sites distinct from the initial lesions. The
MRI after the initial ablation was also used to identify the location of the initial set of lesions
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and used to place the new location to prevent overlap with the initial lesions. Following the
MRI after the second ablation procedure, the animals were euthanized and the hearts
removed for pathological characterization. The first series of ablations are considered to be
chronic lesions while the second series of ablations are considered to be acute lesions.

Histological Lesion Characterization

The hearts were fixed in formalin and then sliced into 2 mm sections. The lesions were
matched with the corresponding location in the CARTO maps. We only evaluated lesions
that were distinct and had no overlap. Digital images of both sides of each slice was
obtained and imported in Photoshop (Adobe Systems Inc.). The lesion on each side of the
slice was outlined using the free hand Lasso tool in Photoshop. Using the free hand tool
allowed us to not assume any particular shape for the lesion. The Image Analysis tool was
normalized to the scale on each image and then the area of the lesion within the lasso was
calculated. The area of the lesion (average of the calculated area on the two sides of the
slice) was multiplied with the slice thickness to get the lesion volume for each slice. For
slices that contained lesions only on one edge, the depth and area of the lesion on the surface
that had the lesion were used to estimate the volume assuming a conical shape for the lesion.
The volume across all the slices for each lesion was added to get the total lesion volume.
Volume was computed for the scar in chronic lesions and the central white core and the
peripheral black area for acute lesions. To measure the depth of the lesions, multiple
incisions were made through the lesions.

MR Imaging

Following each ablation procedure, the animal was transferred while intubated to a 3 Tesla
Verio, MRI scanner (Siemens HealthCare, Erlangen, Germany). We obtained both T2-
weighted (T2w) images for edema as well as LGE-MRI for scar visualization and we
identified the corresponding T2w and LGE lesions. The volume of enhancement for T2w as
well as LGE-MRI were calculated using Osirix (Pixmeo, SARL, Geneva, Switzerland) and
Seg3D (SCI Institute, University of Utah). The area of enhancement was quantified for each
lesion by summing over all the slices that included that lesion. Non-contrast T2w images
were acquired using respiratory navigated, ECG triggered, double-inversion recovery (DIR)
prepared 2D turbo-spin echo (TSE) pulse sequence with echo time (TE)=81 ms, repetition
time (TR) = 3 cardiac cycles, echo train length=21, fat suppression using SPectral
Attenuated Inversion Recovery (SPAIR), in-plane resolution of 1.25%1.25 mm, slice
thickness of 4 mm. LGE-MRI was acquired about 20 minutes after infusion of Gd-BOPTA
(0.15 mmol/kg, Bracco Diagnostic Inc., Princeton, NJ) using respiratory navigated, ECG
triggered, inversion recovery prepared 3D GRE sequence with resolution=1.25x1.25x2.5
mm, TR/TE=3.1/1.4 ms, flip angle=14°, inversion time (T1) = 230-330 ms.

Statistical Methods

The volume of the central white core (for both acute and chronic lesions) and black areas
(for acute lesions only) were summarized as mean and standard deviation (SD) for each
power level. Linear regression models were used to examine the association between contact
force and depth/volume of the central white core (for both acute and chronic lesions) and
black areas (for acute lesions only) at pre-specified power level (25 and 40 watts). A two-
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sample Student’s t test was performed to compare the mean of total volume for the acute
lesions with the mean volume for the chronic lesions. All analyses were performed using
statistical software Stata (Stata Corp., College Station, TX USA) version 13. P-values < 0.05
indicate statistically significant results.

We characterized 35 acute and 36 chronic lesions in 14 hearts. Figure 1 shows the gross
pathology and histology of an acute and a chronic lesion. On gross pathology (figure 1A)
acute lesions have a central white core and a surrounding black area. Chronic lesions, on the
other hand, (figure 1C) have a well demarcated white area of scar. Figures 1B and 1D show
the acute and chronic lesions, respectively, stained for collagen using Masson’s trichrome
stain. In figure 1B, the staining shows a large area of injury with gradual transition from
severe injury at the core to normal tissue. Three separate regions have been highlighted to
show the transition from complete destruction of the architecture at the core to more edema
but persevered structure in the area surrounding the core to more normal myocardium further
away.

For chronic lesions, the mean scar volumes at 25W and 40W were 77.8 + 34.5 (n=24) mm3
and 139.1 + 69.7 mm3 (n=12), respectively. Figure 2 shows the relationship between the
chronic lesion volume/depth and contact force at 25W and 40W power. For both 25W and
40W power settings, the contact force was positively and statistically significantly associated
with volume and depth of the chronic lesions (Table 1).

For acute lesions, the mean volumes of the central white core at 25W and 40W power were
82.4 + 35.8 mm?3 (n=19) and 137.5 + 65.1 mm?3 (n=16), respectively, and the mean volumes
of the black area were 286.0 + 129.8 mm3 and 422.1 + 113.1 mm3, respectively. The black
area volumes are significantly higher than the chronic mean scar volumes (p<0.0001).
Figure 3 shows the relationship between contact force and volume/depth of both black and
white areas for acute lesions. For acute lesions, both at 25W and 40W power levels, the
contact force was positively and statistically significantly associated with volume and depth
of the both white and black areas (Table 2). We also tested whether the association between
volume of the central white core and contact forces was different from that between the
black volume and contact forces for acute lesions at 25W and 40W. We assumed that the
volume for the central white core and volume for the black area from the same animal were
independent, so used a regression model for independent data. At the 0.05 test level, the
rates for the two areas were not statistically significantly different from each other (p=0.006
for 25W and p=0.04 for 40W). This result implies that the association between contact force
and volume is statistically significantly different between the two areas for acute lesions at
25W and 40W.

We then compared the central white core volume of acute lesions with the chronic lesion
volume and their relation to contact force (Figure 4) at both the 25W and 40W power levels.
Statistically, we used the interaction term between contact force and type of lesions (chronic
versus acute) to test the significance of the difference. This is also referred to as the effect
modification of lesions type on the relationship between the lesion volume and contact force.

J Cardjovasc Electrophysiol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas et al.

Page 5

At the 0.05 test level, the two relationship for chronic and acute lesions were not statistically
significantly different from each other at both the 25W (p=0.332) and 40W (p=0.626) power
levels. This result implies that the association between the central white core volume for
acute lesions and chronic lesion volume was not statistically significantly different.

To better characterize the acute lesions, we analyzed the T2 weighted edema MR images,
which showed a larger area of enhancement around acute lesions at higher contact force for
the same power (Figure 5). We assessed the correlation between volume of enhancement in
T2-weighted MRI and contact force for both the 25W and 40W power levels. At both
powers, the volume was statistically significantly correlated with contact force; the Pearson
correlation coefficient was 0.959 (p=0.001) and 0.871 (p=0.011) at the 25W and 40W
power, respectively. We also fit a simple linear regression model for the volume of
enhancement in T2-weighted MRI using contact force as the predictor variable (Figure 6)
for both 25W and 40W power levels. The volume of enhancement in these T2-weighted
images was much larger than the central white core or the black areas in the pathology for
acute lesions. In T2-weighted images, the acute edema volume was, on average, 5.6 (4.43 at
25W and 6.69 at 40W at 10 g) to 8.7 times (8.03 at 25 W and 9.30 at 40W at 40 g) higher
than the total acute lesion volume.

Discussion

The main goal of this study was to explore the relationships among contact force, power, and
acute and chronic lesions evaluated with MRI and validated through histology. As expected,
we found that with higher contact force, the sizes of both acute and chronic lesions were
larger. The effect of lesion size with force has been reported in prior studies, but most
included only acute lesions, semi acute lesions for up to 12 hrs, or ex vivo studies. [10-12]
Here we examined both acute and chronic /n vivo lesions. The acute lesions showed a
central core of maximal damage and an area of reversible injury around each. On gross
pathology, there were distinct differences in appearance between the central area of
irreversible injury, which had a white core, and the surrounding area with reversible injury
which was black (figure 1). The central core has been described before as the area of severe
coagulation necrosis surrounded by a peripheral area of contraction band necrosis. [13, 14]
We have shown for the first time that the central white area based on volume and depth
measurement is a good predictor of the chronic lesion volume and depth. This finding was
consistent for different powers and contact forces.

The goal when ablating is to create areas with irreversible injury that will result in scar. In a
previous study evaluating ablation that targeted the left atrium for atrial fibrillation ablation,
it was shown that about a third to half the area targeted for ablation does not result in long-
term scar, and that this difference has clinical consequences. [3, 4] The likely explanation for
achieving only acute electrical isolation of the pulmonary veins that fail chronically is the
effect of edema or reversible injury. Reconnection of acutely isolated pulmonary veins is a
well-known phenomenon [15, 16] and previous studies have shown that gaps can remain in
lines of ablation that achieve acute electrical isolation but fail to isolate chronically, again
likely due to reversible injury or edema. [9] We did not assess conduction in the edema
region, as this study with discrete ablation lesions was not well suited for studying
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conduction block. We were able to observe and quantify the effects of ablation parameters
on the development of acute edema, findings that support the notion that edema could have
important impact on lesion success and patency of isolation.

We have confirmed that higher contact forces create larger chronic lesions, so other than
safety and perforation risks, are there any other reasons not to use maximal force? One of
the main goals of this study was to quantify areas of reversible injury in relation to contact
force. We found that higher force produces a larger increase in the area of reversible injury
or edema. This finding was verified both with histology (figure 3) and MRI (figures 5 and
6). The rate of increase of edema with contact force (measured by the slope of the linear fit
to the volume in figure 3) was 2.5 to 3.8 times higher than the rise of central core size, which
has been shown to be a good marker of chronic lesions. Similar finding was seen with depth
measurement with black area having a higher slope than the acute white area for both power
levels. The volume of enhancement in MRI was even higher than the changes seen in gross
pathology, as shown in figure 6. Therefore, when ablating, the force used should be based on
the targeted depth of the lesion to avoid excessive edema. We have shown here and in other
prior studies that even with minimal force, the depth of lesions was 2 to 4 mm thick. [11, 17]
Hence, for atrial ablation, 10 g force seems sufficient as most of the wall is between 1 to 3
mm thick and good contact is likely more important than the absolute force itself. [6, 18] For
ventricular lesions higher force is needed to create deeper lesions.

We performed this study in the ventricles rather than the artria due to the fact that we could
measure the changes in lesion size and edema continuously over a range of contact forces.
Such a range of forces would be impossible in the thin walls of the atria where fully
transmural lesions are achieved even with low forces. Moreover, apparent increases in atrial
lesion volume could occur not because of increases in depth but rather the breadth of the
lesions, further obscuring the results. While the ranges of forces and lesion volumes are
clearly different between the atria and the ventricles, there is every reason to assume that the
basic findings of large edema created at higher contact force can be generalized to atrial
ablation as the biophysics of ablation is the same for the two chambers.

It is appealing to envison imaging approaches that could help determine extent of lesion
during the procedure. Real time MRI techniques provide an immediate and direct means of
measuring ablation related tissue changes in addition to improved visualization of the tissue,
as shown by numerous prior studies. [8, 19-21] Despite this appeal of using MRI in real
time, the techniques are still being developed and are not ready for clinical use. [22] As a
result, one has to rely on indirect measurements and test for electrical isolation using
functional assays. Our study gives a more quantitative assessment of the extent of reversible
injury that is created with varying force and it should be factored in when setting the contact
force for ablation.

Higher contact force leads to bigger lesions but is associated with larger edema. When
ablating one has to balance the increased lesion size with more edema at higher contact
force.
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Figure 1.
Gross pathology and histology images of acute (panels A and B) and chronic (panels C and

D) ablation lesions. Panels B and D are Massons’ Trichrome Stain. Panel A shows the
central black and peripheral white area seen in acute lesions starting at the enodocardial
surface. Panel B is histology of an acute lesion. Three regions with much higher
magnification from Panel B are shown to highlight the tissue changes in the acute lesion
going from the core of the lesion (3) to more peripheral areas in 2 and 1. The core area (3)
has complete destruction of the myocardial architecture and corresponds to the black area.
Area 2 shows increased extracellular space and area 1 has preserved myocardial architecture.
Panel C shows a chronic lesion starting at the endocardial border. Panel D shows the dense
scar it the chronic lesion with a distinct boundary with normal tissue. The ™ area is the white
core and the # is the surrounding black area.
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Figure 2.

Volume (A) and depth (B) of the chronic lesions versus contact force for 25 W and 40 W

power levels.
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Figure 3.

Volume (A and B) and depth (C and D) of the central white core and surrounding black area
for acute lesions versus contact force for 25 W (A and C) and 40 W (B and D) power levels.
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Figure 4.

Lesion volume vs contact force for the white core of acute lesions and chronic lesions for 25
W (panel A) and 40 W (panel B) power levels
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CF 25 grams: CF44 gr;ams

Figure5.
T2 weighted MRI for 25 and 44 gram force. Arrows point to the area of enhancement in the

ventricles.
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Figure 6.

The volume of the enhanced area in the T2 weighted MR images versus the contact force for
25 W and 40 W power levels.
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