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Abstract

The Cox maze procedure for the surgical treatment of atrial fibrillation has been simplified from
its original cut-and-sew technique. Various energy sources now exist which create linear lines of
ablation that can be used to replace the original incisions, greatly facilitating the surgical
approach. This review article describes the anatomy of the atria that must be considered in
choosing a successful energy source. Furthermore the device characteristics, safety profile,
mechanism of tissue injury, and ability to create transmural lesions of the various energy sources
that have been used in the Cox maze procedure, along with the strengths and weaknesses of each
device is discussed.
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The Cox maze procedure was introduced by Dr. James Cox at Barnes-Jewish Hospital in St.
Louis in 1987. The operation involved creating a number of incisions across both the right
(RA) and the left atria (LA). These incisions form scar that block the propagation of
electrical wave fronts. The surgical procedure was designed to block the multiple
macroreentrant circuits that were believed at the time to be the mechanism responsible for
atrial fibrillation (AF). Over the next decade, this operation became the gold standard for the
surgical treatment of AF.1=4 The 10 year freedom from AF in our series has been 96%.
These excellent results have been reproduced by other groups around the world.>~" Despite
its efficacy, this procedure was not widely performed because of its complexity and
technical difficulty.

The introduction of ablation technology has significantly changed this attitude. To simplify
the operation and make it easier to perform, the incisions of the traditional cut-and-sew
Maze procedure were replaced with linear lines of ablation. Various energy sources have
been used, including cryoablation, radiofrequency (RF) energy, microwave, laser, and high-
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frequency ultrasound. This article will review the present state of the art in surgical ablation
therapy.

Requirements for Surgical Ablation

For ablation technology to reliably replace an incision in AF surgery, it must meet several
important criteria. First, it must produce complete conduction block because this is the
mechanism by which incisions prevent AF. Incisions either block activation wave fronts or
isolate trigger foci. It has been demonstrated that nontransmural lesions, which leave only a
thin rim of viable tissue, can cause conduction block during AF.8 However, our laboratory
has shown that sinus rhythm and AF can conduct through even tiny gaps (=1 mm) in
ablation lines. The only guarantee of effectiveness of a procedure is the creation of a fully
transmural lesion that always results in conduction block. Thus, a device must be able to
make transmural lesions on the heart from either the epicardial or the endocardial surface for
ablation performed during surgery. If an ablation is created on the epicardial surface of a
beating heart, transmural lesions can be difficult because of the heat sink effect of the
circulating intracavitary blood.1911 This fact has hindered some technologies in replacing
the surgical incision lines of the original Cox maze procedure.

The second important criterion for a technology to be useful for ablation is that it must be
safe. Precise definition of dose-response curves to limit excessive or inadequate ablation
must be developed. It is also necessary to know the effects of the specific ablation
technology on surrounding vital structures, such as the coronary sinus, coronary arteries,
heart valves, and esophagus. Third, a device should make AF surgery easier and quicker to
perform. This requires features such as rapid lesion formation, ease of use, and adequate
length and flexibility of the device.

Finally, to be optimal, the device should be adaptable for minimally invasive approaches.
This would require the ability to insert the device through small thoracotomies or ports. It
would also require the device to be capable of creating epicardial transmural lesions on the
beating heart.

Anatomic Considerations

It is necessary to understand wide variation in human atrial wall thickness to define the
performance of any epicardial ablation device. Several studies have determined that the
regional wall thicknesses of the RA and LA are highly variable in humans. In normal
individuals, the atrial thickness in the posterior LA between the pulmonary veins ranged
from 2.3+1.0mm between the superior veins to 2.9+1.3mm between the inferior veins in one
study.2 In patients with a history of AF, the tissue was thinner ranging from 2.1 + 0.9 mm
to 2.5 + 1.3 mm. In both the groups, the thickness increased moving from the superior to the
inferior veins. In normal individuals, the thickness in the LA just above the coronary sinus
was 6.5 £ 2.5 mm. The thickness of Bachmann’s bundle, a preferential conduction pathway
between RA and LA crossing across the roof of the atria in the transverse sinus, is 4.6 £ 1.1
mm (range: 1.7-9.3 mm) in normal individuals.® In patients with any cardiac disease, the
mean LA thickness is 5.2 £ 1.8 mm (range: 3-15 mm). The crista terminalis in the RA has
an average thickness of 7.7 £ 2.4 mm (range: 4.2-12.6 mm). These values encompass
muscle thickness only and did not include overlying fat or underlying free-running pectinate
muscles, which exist in both the RA and the LA (which are not continuous with the
epicardial surface). In normal individuals, the fat layer at the posterior mitral annulus can be
10 mm thick or more, which is important because epicardial fat can be an obstacle to
achieve adequate depth of penetration for most ablation technologies.1# Finally, as patients
grow older, their chamber size and wall thickness increase.1® These highly variable wall
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thickness and anatomy provide a challenge to any unidirectional device to achieve
transmural lesions.

Cryoablation

Device Characteristics

There are two commercially available sources of cryo-thermal energy that are being used in
cardiac surgery. The older technology uses nitrous oxide and is manufactured by AtriCure,
Inc. (Cincinnati, OH): the cryolCE, which uses a 10 cm malleable probe on a 20 cm shaft
(Figure 1). Medtronic ATS (Minneapolis, MN) has developed a device using argon. The
ATS Medtronic Cryo can be used in two ways, either as a malleable single-use cryosurgical
probe with an adjustable insulation sleeve for varying ablation zone lengths or as a two-in-
one convertible device that incorporates a clamp and surgical probe. At one atmosphere of
pressure, nitrous oxide is capable of cooling tissue to —89.5°C, while the argon device has a
minimum temperature of —185.7°C.

Cryothermal energy is delivered to myocardial tissue by using a cryoprobe. This probe
consists of a hollow shaft, an electrode tip, and an integrated thermocouple for distal
temperature recording. A console houses the tank containing the liquid refrigerant. This
liquid is pumped under high pressure to the electrode through an inner lumen. Once the fluid
reaches the electrode, it converts from a liquid to a gas phase, absorbing energy and
resulting in rapid cooling of the tissue. The gas is then aspirated by vacuum through a
separate return lumen to the console. At the tissue—electrode interface, there is a well-
demarcated line of frozen tissue, sometimes termed an “ice ball.”

Mechanism and Histology of Tissue Injury

Cryothermal energy destroys tissue through the formation of intracellular and extracellular
ice crystals. This disrupts the cell membrane and the cytoplasmic organelles. Following the
cryoablation, there is development of hemorrhage, edema, and inflammation over the first
48 hours. Irreversible injury is usually evident within this early time period. There is also
evidence of apoptosis, the induction of which may expand the area of initial cell death.16

Healing is characterized by extensive fibrosis, which begins approximately 1 week after
lesion formation. Cryoablation is the only currently available energy source that does not
alter tissue collagen; it preserves normal tissue architecture. This makes it an excellent
energy source for ablation close to valvular tissue or the fibrous skeleton of the heart.
Histologically, lesions exhibit dense homogeneous scar formation without cicatrization and
a lack of thrombus formation over the lesions (Figure 2). The homogeneous scar has been
shown to have a low arrhythmogenic potential.1”~19 In a human study, specimens that
underwent endocardial cryoablation on the arrested heart were examined. Histology revealed
extensive myocellular damage and transmural lesions. Morphologic features included
sarcoplasmic vacuolization, increased cell roundness with indistinct membranes, and loss of
contraction bands.20

Ability to Create Transmural Lesions

The size and depth of cryolesions are determined by numerous factors, including probe
temperature, tissue temperature, probe size, the duration and number of ablations, and the
particular liquid used as the cooling agent.1® With conventional nitrous oxide, 2 to 3 minute
ablations have been shown to reliably create transmural lesions on both RA and LA. Likely
because of the heat sink generated by circulating endocardial blood, epicardial cryolesions
on the beating heart with nitrous oxide have not been transmural 2
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There are an increasing number of studies investigating the use of argon cryoablation. Of
three published animal studies, only one reported all samples to be transmural.1:2223 The
remaining animal studies showed that 25-93% of lesions were transmural in beating heart
models. Doll et al.1 examined epicardial cryoablation for 2 minutes at —160°C. They were
able to produce transmural lesions 62% of the time around the pulmonary veins. Five of the
six lesions on the RA appendage were transmural, but only two of the eight (25%) on the
LA appendage were transmural. Using the cryoclamp device epicardially on a beating heart
in the canine model, 93% of lesions were transmural.23 Thus, the clamp device appears to be
capable of creating transmural epicardial lesions. However, there has been concern
regarding the use of this device on the beating heart due to fear of freezing the intracavity
blood with subsequent embolization. In our laboratory, five of the 10 pigs undergoing argon
cryoablation on the beating heart showed severe signs of emboli, with necropsy-confirmed
pulmonary embolism in three and a large ischemic brain infarct in one animal.

Safety Profile

Cryoablation has the benefit of preserving the fibrous skeleton of the heart and thus is one of
the safest of the technologies available. Nitrous oxide cryoablation has extensive clinical use
and has an excellent safety profile. While experience has shown that cryothermal energy
appears to have no permanent effects on valvular tissue or the coronary sinus, experimental
studies have shown late hyperplasia of coronary arteries, and thus, these structures should be
avoided.20:24-26 Espphageal injury is of concern as well. With epicardial cryoablation in a
sheep model, seven of eight cases produced a mild or moderate esophageal lesion.! In
addition, a study aimed at evaluating the histologic changes induced on the esophagus by
surgical ablation therapy reported endocardial cryoablation for 60 seconds that resulted in
intensive esophageal lesions in two of six sheep. Epicardial cryoablation for 120 seconds
produced mainly mild alterations.2’

There have been a number of clinical reports on argon cryo-ablation. The two largest
studies, one with 28 patients and the other with 63 patients, reported no ablation-related
complications or deaths.2:28-30

Cryoablation is unique among the presently available technologies, in that it destroys tissue
by freezing instead of heating. The biggest advantage of this technology is its ability to
preserve tissue architecture and the collagen structure. The nitrous oxide technology reliably
creates transmural lesions and generally is safe except around coronary arteries. Argon-
based technology has not been studied as extensively, but it appears to be able to reliably
create endocardial transmural lesions on the arrested heart. The ability of cryothermy to
create epicardial transmural lesions on the beating heart is unclear, but available evidence
suggests that it is unreliable in this setting. Cryoablation has been shown to cause coronary
injury and its use should also be avoided near the esophagus for the same reason. Early
clinical results have shown a good safety profile.

The potential disadvantages of this technology include the relatively long time necessary to
create an ablation (2-3 minutes; Table 1). There also is difficulty in creating lesions in the
beating heart because of the heat sink of the circulating blood volume. The cryoclamp
device may overcome this problem as early work showed 93% transmurality on the beating
heart.23 However, if blood is frozen, it coagulates, and resultant thromboembolism may be a
potential risk of epicardial cryo-ablation on the beating heart.

Unipolar Radiofrequency Energy

Radiofrequency energy has been used for cardiac ablation for many years in the
electrophysiology laboratory.3! It was one of the first energy sources to be used in the
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operating room for AF ablation. Radiofrequency energy can be delivered by either unipolar
or bipolar electrodes.

Device Characteristics

Estech (San Ramon, CA) has two unipolar surgical probes, the Cobra Adhere XL Probe and
the Cobra Cooled Surgical Probe. Both are segmented flexible and malleable devices with
multiple electrodes. The cooled device has internal saline cooling. To maintain probe
position during beating heart applications, the Cobra Adhere XL (Figure 3) provides suction
stabilization to the probe device, while the Cobra Cooled Surgical Probe does so for a
minimally invasive approach.

The VisiTrax is available from nContact (Raleigh, NC) and is a coiled electrode that is held
in place with suction and irrigated with saline for cooling. It comesina 3 cmand 5 cm
version. The device is designed to be used in open or closed chest procedures.

Medtronic has developed the Cardioblate Standard Ablation Pen and the Cardioblate XL
Surgical Ablation Pen. These are pen-like, irrigated unipolar RF devices used to make point-
by-point ablations by dragging them across tissue to make a linear lesion. The Cardioblate
XL has a 20 cm shaft and is designed to be used through a port or small thoracotomy.

Mechanism and Histology of Tissue Injury

Radiofrequency energy uses an alternating current in the range of 100-1,000 kHz. This
frequency is high enough to prevent rapid myocardial depolarization and the induction of
ventricular fibrillation, yet low enough to prevent tissue vaporization and perforation.
Resistive heating occurs only within a narrow rim of tissue in direct contact with the
electrode, usually <1 mm. The deeper tissue heating occurs via passive conduction. With
unipolar catheters, the energy is dispersed between the electrode tip and a passive electrode,
usually the grounding pad applied to the patient.

The lesion size depends on electrode-tissue contact area, the interface temperature, the
current and voltage (power), and the duration of delivery. The depth of the lesion can be
limited by char formation at the tissue—electrode interface. To resolve this problem, irrigated
catheters were developed, which reduces char formation by keeping temperatures cooler at
the tissue interface. These irrigated catheters have been shown to create larger volume
lesions than dry RF devices.32:3% On histologic evaluation of RF lesions, a focal coagulation
necrosis predominates acutely. This correlates with the irreversible nature of the injury that
occurs at high temperatures. There is destruction of myocardial/collagen matrix and
replacement with fibrin and collagen in chronic studies. In chronic models, contraction and
scarring occurs with large lesions. At very high temperatures (>100°C), char formation
predominates. Char presents as an impediment to heat transduction and has been associated
with asymmetrical ablations.

Ability to Create Transmural Lesions

The dose—response curves for unipolar RF have been described.34-3¢ While unipolar RF has
been shown to create trans-mural lesions on the arrested heart with sufficiently long ablation
times (60-120 seconds) in animals, there have been problems in humans. After 2 minute
endocardial ablations during mitral valve surgery, only 20% of the in vivo lesions were
transmural.3® Epicardial ablation has been even more difficult. Animal studies have
consistently shown that unipolar RF is incapable of creating epicardial transmural lesions on
the beating heart.36:37 A recent clinical study confirmed this problem. Epicardial RF ablation
in humans resulted in only 7% of lesions being transmural, despite electrode temperatures of
up to 90°C.38
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Safety Profile

Because RF ablation is a well-developed technology, much is known about its safety profile.
The complications of unipolar RF devices have been described after extensive clinical use
and include coronary artery injuries, cerebrovascular accidents, and the devastating creation
of esophageal perforation, leading to atrioesophageal fistula.27:39-42

Bipolar Radiofrequency Energy

Device Characteristics

Bipolar technology is incorporated into devices in two ways. One is in a clamp that applies
energy between electrodes in the jaws of the clamp, which ablates the tissue between the
two jaws of the device. The second way is a device in which the two electrodes are side by
side, and the device is applied to either the epicardial or the endocardial surface.

The Isolator Synergy clamp (AtriCure, Inc.) has two electrodes embedded in each 7 cm long
jaw in configurations of various curvatures and are designed to clamp over the target atrial
tissue (Figure 4). The device uses a continuous measurement of tissue impedance as a
marker for the assessment of lesion transmurality. The conductance between the electrodes
is measured during the ablation at 50 times per second. When the conductance drops to a
stable minimum level (high impedance), this correlates well with both experimental and
clinical histology assessment of transmurality. The algorithm allows for total energy
delivery to be customized to the individual tissue characteristics.

AtriCure has also developed the Isolator Multifunctional Pen that uses bipolar energy
through two side-by-side electrodes at the end of the handheld probe. The device can be
used to record electrograms or pace in addition to using it to ablate. They also have
developed the Coolrail Linear Pen that is a 30 mm side-by-side electrode that has a 7.5 cm
shaft. The active electrode region is internally cooled with circulating saline. Both these
devices are applied for a fixed period of time on the atrium because the algorithms that
assess transmurality by measuring conductance between the two electrodes do not work
when the electrodes are side by side (as they are on these devices) and not between the
epicardial and the endocardial surface.

Medtronic markets two bipolar clamp devices, both with irrigated flexible jaws and an
articulating head. The Cardioblate BP2 has a flexible neck and a 7 cm electrode, and a
similar low-profile device, the Cardioblate LP, is for use through a small thoracotomy.
Medtronic also offers a longer malleable clamp, the Cardioablate Gemini, which also can be
used through a small lateral thoracotomy. All the Medtronic clamps are irrigated with saline
to help increase the depth of penetration.

Estech (San Ramon, CA) offers two bipolar clamps, both called the Cobra Bipolar Clamp.
One uses disposable electrode elements with a reusable clamp. The other is a single-use
system.

Mechanism and Histology of Tissue Injury

In bipolar devices, alternating current is generated between two closely approximated
electrodes. This results in a more focused ablation than with unipolar technology. Ablation
occurs by resistive heating. As the energy passes between the two electrodes, temperatures
reach 60—70°C between the electrodes but drops off quickly in neighboring tissue. There is
minimal effect of convective cooling (Figure 5). Bipolar RF ablation results in discrete,
transmural lesions, with no evidence of contraction or scarring. Multiple chronic animal
studies have revealed no evidence of thrombus or stricture formation 30 days following
ablation when examining the atria, vena cava, and pulmonary veins.*3-46 In an animal
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model using the AtriCure and Medtronic clamps, microscopic examination showed that 99—
100% of all lesions were transmural, continuous, and discrete with a single ablation using
the conductance algorithm (Figure 2). Lesion width varied depending on tissue depth and
the duration of ablation; the measured lesions were typically 2—3 mm but up to 5 mmin
width on the thickest parts of the atrium. These studies and others have suggested that the
bipolar technology produces consistent transmural lesions.

Ability to Create Transmural Lesions

Bipolar clamps are the fastest and are reliable devices for creating transmural lesions in open
procedures. Bipolar RF clamp devices are capable of creating transmural lesions without
difficulty on the beating heart.46-48 This has been shown both in animals and in humans,
with average ablation times between 5 and 10 seconds.343-45 However, one jaw must be
introduced into the atrium. Application in humans without the use of cardiopulmonary
bypass has to be done while balancing the risk of introducing air into the left atrium.
Cryoablation can also effectively create transmural lesions when used for adequate time.
Cryoablation requires much longer (2.5-3 minutes) ablations and is not as fast as bipolar RF
ablations with a clamp.

Pen devices can be effective but must be used with caution. The Isolator pen has been shown
to be reliable in creating transmural lesions in tissue up to 8 mm in thickness. However,
atrial thickness varies greatly between patients and within atria. In studies in our laboratory,
the Coolrail linear pen created transmural lesions only 80% of the time with a single
application of the devices. Multiple applications may improve performance. However, no
animal studies have been done to determine the effects of multiple ablations at a single site.
With these devices, most nontransmural lesions occur at the ends of the line of ablation
created by the device. Therefore, it is important to overlap the lesions when making an
extended linear lesion to insure transmurality.

Safety Profile

Use of the bipolar RF clamp devices has eliminated most of the collateral damage that is
created with the unipolar devices. The energy is focused between the two electrodes of the
device, eliminating the diffuse radiation of heat. However, the devices with side-by-side
bipolar electrodes have not been evaluated for safety and would potentially have the same
problems as unipolar devices. Application of unipolar devices near the atrioventricular
junction, including cryoablation, increases the risk of damaging coronary arteries.

Other Energy Sources

Summary

In the past, there have been other devices on the market based on different energy sources.
These include microwave devices, lasers, and high-frequency ultrasound. None of these
devices are presently available. Most of these devices failed to produce reliable transmural
lesions.10 Clinical application resulted in high recurrence rates of AF49-51

The development of ablation technology revolutionized the surgical treatment of AF. These
ablation devices have made a rarely performed operation accessible to all cardiac surgeons.
So at the present time, significantly more patients are undergoing AF surgery. However, a
review of the STS database has shown that only one third of patients who could potentially
benefit are receiving surgical treatment of their AF. These ablation technologies made
possible the development of less-invasive procedures, possibly leading to a highly
efficacious port access, beating heart procedure in the future.
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Each ablation technology has its own shortcomings and complications (Table 1). In the
future, it will be imperative to develop a more complete understanding of the effects of
surgical ablation technology on atrial hemodynamics, function, and electrophysiology. The
safety of ablation is dependent on an intimate knowledge of the technology being used.
Thus, surgeons must develop accurate dose—response curves for all new devices in clinically
relevant models on both the arrested and the beating heart. While most of the devices have
been shown to be reliable in the arrested heart, few have shown the capability of creating
reliable transmural lesions on the beating heart. The effect of any technology on vital
structures and on atrial function also needs to be better delineated. Finally, it is essential that
these devices be used according to manufacturers’ recommendations. For example, the
active electrode surfaces on dry bipolar RF clamps need to be cleaned between ablation to
remove excess blood. Desiccated blood on the active electrode surface can cause high
resistance that can alter the energy delivery.

While new technology has led to progress, the field is still impaired by an inadequate
understanding of the mechanisms of AF. With increased information, surgeons will be able
to design an operation based on the mechanism or substrate responsible for the arrhythmia in
each patient and tailor that operation to the specific atrial geometry. To develop a truly
minimally invasive operation, electrophysiologic mapping may be necessary to confirm and
guide therapy to allow for more precise isolation or ablation of specific anatomic or
electrophysiologic substrates. Finally, clinical and experimental research on the various
lesion sets that are being tried in the operating room will be essential for continuing
progress.

The future presents AF surgeons with many opportunities and challenges. It is certain that
the surgical treatment of AF will continue to undergo rapid evolution in the next decade, and
much of this progress will be spurred by the use of new ablation technology.
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Figure 1.
Panel (A) shows the ATS Medtronic Cryo probe and panel (B) is the clamp that can be used
with the probe. Panel (C) shows the AtriCure cryolCE probe. Both probes are malleable.
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Bipolar RF

Figure2.

Histologic sections of canine (cryo) and porcine (bipolar radiofrequency [RF]) atrial tissue
after ablation. Ablations were performed and then animals were survived out to 30 days;
then sacrificed and tissue samples were taken. Transmural scar measured 3.5mm in width in
tissue ablated with cryo (B), and 3.0 mm in width in that created with bipolar
radiofrequency. A and C represent viable atrial tissue.
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Figure 3.

Panel (A) shows the Cobra Cooled Surgical radiofrequency (RF) Probe and panel (B) shows
the Cobra Adhere XL RF Probe. Panel (C) shows the nContact RF VisiTrax. Both the
Adhere and the VisiTrax use suction to maintain contact with the atrial surface.
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Figure 4.

Panel (A) shows the AtriCure Isolator Multifunctional radiofrequency (RF) pen. The
Coolrail Linear RF Pen is shown in panel (B). Panel (C) shows the Medtronic Cardioblate
BP2 clamp.
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Figure5.

Representation of cross section of bipolar radiofrequency ablation. The orange boxes
represent the electrodes, the curved lines depict energy transduction between the electrodes.
The curved lines correlate to temperature readings in ablated and nearby tissue which is
depicted on the right.
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Table 1
Comparison of Ablation Energy Sources
Energy Source Pros Cons Current Clinical Application
Cryo Consistent transmural Requires several minutes for Used in stand-alone Maze procedures

Bipolar radiofrequency

Unipolar radiofrequency

Laser

Microwave

High-intensity focused ultrasound

lesions with defined ablation
times, long track record of
use, tissue death without
collagen matrix destruction

Consistent transmural
lesions, requires only
seconds to complete lesions,
real-time measurement of
tissue conductance to ensure
transmurality

Can be applied to epicardial
surface or endocardial
surface

Lesions require seconds to
create, can be applied to
epicardial surface or
endocardial surface, good
penetration of adipose tissue

Can be applied to epicardial
surface or endocardial
surface

Can be applied to epicardial
surface or endocardial
surface; defined depth of
penetration may limit
collateral damage

each ablation, potential
collateral injury

May require multiple
applications to achieve
transmurality; typically
requires access to endocardial
surface

Epicardial application may not
produce transmural lesions due
to heat sink effect of blood; no
real-time transmurality
measurement; potential to
create collateral damage

No real-time transmurality
measurement; potential to
create collateral damage

Requires several minutes for
each ablation; epicardial
application may not produce
transmural lesions due to heat
sink effect of blood; no real-
time transmurality
measurement; potential to
create collateral damage

Requires several minutes for
each ablation line; no real-time
transmurality measurement

and in lesion subsets; used as adjunct to
radiofrequency; excellent for
perivalvular tissue

Used in stand-alone Maze procedures
and lesion subsets

Used in stand-alone Maze procedure or
as adjunct with other energy sources

No current clinical devices

No current clinical devices

No current clinical devices
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