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ABSTRACT

Background and objectives: Laser ablation is increasingly used to treat atrial fibrillation (AF).
However, atrioesophageal injury remains a potentially serious complication. While proactive
esophageal cooling (PEC) reduces esophageal injury during radiofrequency ablation, the effects
of PEC during laser ablation have not previously been determined. We aimed to evaluate the
protective effects of PEC during laser ablation of AF by means of a theoretical study based on
computer modeling.

Methods: Three-dimensional mathematical models were built for 20 different cases including a
fragment of atrial wall (myocardium), epicardial fat (adipose tissue), connective tissue and
esophageal wall. The esophagus was considered with and without PEC. Laser-tissue interaction
was modeled using Beer-Lambert’s law, Pennes’ Bioheat equation was used to compute the
resultant heating, and the Arrhenius equation was used to estimate the fraction of tissue damage
(FOD), assuming a threshold of 63% to assess induced necrosis. We modeled laser irradiation
power of 8.5 W over 20 s. Thermal simulations extended up to 250 s to account for thermal latency.
Results: PEC significantly altered the temperature distribution around the cooling device,
resulting in lower temperatures (around 22 °C less in the esophagus and 9 °C in the atrial wall)
compared to the case without PEC. This thermal reduction translated into the absence of transmural
lesions in the esophagus. The esophagus was thermally damaged only in the cases without PEC
and with a distance equal to or shorter than 3.5 mm between the esophagus and endocardium (inner
boundary of the atrial wall). Furthermore, PEC demonstrated minimal impact on the lesion created

across the atrial wall, either in terms of maximum temperature or FOD.



Conclusions: PEC reduces the potential for esophageal injury without degrading the intended
cardiac lesions for a variety of different tissue thicknesses. Thermal latency may influence lesion
formation during laser ablation and may play a part in any collateral damage.

Key words: Atrial fibrillation; atrioesophageal fistula; esophageal cooling; laser balloon; laser

ablation; mathematical modeling.

ABBREVIATIONS

AF : Atrial fibrillation

AEF : Atrioesophageal fistula

FEM : Finite element method

RF : Radiofrequency

Nd :YAG: Neodymium-doped yttrium aluminum garnet
T : Temperature

p : Density

Cert : Effective specific heat capacity

pret - Density for each tissue

Cret : Specific heat capacity for each tissue
k : Thermal conductivity

Qr : Blood perfusion

Q. : Laser-induced heat source

Qw : Metabolic heat

u : Velocity vector

por: Blood density



Cppi: Blood heat capacity

b : Perfusion rate

Thi: Blood temperature

£ : Non-dimensional parameter to simulate that blood perfusion cessation
Ty : Body temperature

¢ Surface emissivity

o: Stefan—Boltzmann constant

z : Depth into the tissue

Iz: Laser irradiance

Leett . Effective attenuation coefficient
M Coefficient of absorption

Hrs: Reduced scattering coefficient
us : Scattering coefficient

g : Anisotropy coefficient

ri : Radius of the laser applicator

lo: Irradiation intensity in the surface

o

: Applied laser power

o : Degree of thermal damage
A : Frequency factor

Ea : Activation energy

n : Reaction order

R : Gas constant

FOD, 64 : Fraction of damage



L,, : Water latent heat

W : Water content

INTRODUCTION

Atrial fibrillation (AF) is one of the most common arrhythmias. One of the treatment options is
catheter ablation, which is clinically conducted by delivering energy (radiofrequency, microwave,
laser, or high-intensity voltage pulses) in a minimally invasive way. Note that unlike other ablative
energies such as radiofrequency or microwave, lasers are often used to eliminate tissue (excision
by volatilization). This is not the case in cardiac ablation, in which the term ablation does not imply
“removal”. Instead, it is a tissue damage that results in loss of electrical activity, but the tissue
remains, subsequently undergoing fibrosis or scar formation. During AF ablation, energy is applied
near the posterior wall of the left atrium, which is anatomically very close to the esophagus (see
Fig. 1). In fact, atrioesophageal fistula (AEF) remains a potentially serious complication from atrial
fibrillation (AF) ablation. AF ablation balloon-based laser is a relatively new technology compared
to radiofrequency (RF) or cryotherapy [1], with less clinical experience on safety and efficacy [2].
Since AEF is suspected to be mainly provoked by heat, it is reasonable to assume that the energy
of the laser beam might cause thermal damage to the esophagus in cases where the esophagus is
very close to the atrial wall [3]. The potential damage to the esophagus during laser ablation has
been less well studied. To the best of our knowledge, only the study by Weber et al [4] addressed
this issue using preclinical experimental models (ex vivo and in vivo), concluding that potentially
dangerous temperatures can be reached in the esophagus, and that damage can be minimized using

extremely low power levels (150 uW), which are lower than those usually used in the clinic, e.g.



using the Nd:YAG laser balloon catheter model HeartLight X3 (CardioFocus, Marlborough, MA,

USA) [5].

Left Atrial Active cooling
atrium wall device

Active cooling
device

Esophagus

Figure 1. Physical situation during laser ablation to treat atrial fibrillation with an active cooling device

located in the esophageal lumen to prevent thermal damage.

Computer modeling has been previously used to assess the thermal insult of RF on the
esophagus during AF ablation [6], along with the positive impact of using esophageal cooling
devices [7-9]. Since laser energy interacts with biological tissues in a different way than RF
energy, it is crucial to assess the potential damage of laser ablation on the esophagus as well as the
potential benefit of using esophageal cooling. In contrast to the method of instilling cold water into
the esophagus in response to temperature elevations measured with a thermometer (reactive
cooling), proactive esophageal cooling (PEC) employs a dedicated cooling device that
continuously cools the esophageal mucosa prior to initiating thermal ablation in the heart (see Fig.
1). The cooling device circulates chilled water in a multi-lumen closed-loop system. Water flow

at a rate of greater than 60 liters per hour passes through the device at a setpoint temperature of 4



°C. The chilled water is supplied by an external heat exchanger through connection tubing, and the
entirety of the length of the cooling device (which is in contact with the esophageal mucosa) is
cooled to the temperature of the water. As such, the entire esophagus is cooled continuously to 4
°C, providing a continuous conductive cooling of the esophagus. Cooling is typically initiated 3-5
minutes prior to the start of ablation, allowing equilibration of temperature between device and
esophageal mucosa to occur, and cooling continues until after the ablation has been completed.
There are no previous computer modeling studies aimed at assessing the thermal damage to the
esophagus during laser ablation of AF. Our goal was hence to evaluate using computer modeling
the effects of PEC on thermal damage in the esophagus during ablation with a laser balloon, testing
different tissue thicknesses which represent the anatomical variability present in the clinical

setting.

METHODS

We used mathematical modeling to study the physical phenomena involved during laser balloon
ablation of the left atrium with and without PEC for 20 different sets of tissue thicknesses while
considering thermal latency (lesion growth occurring after power ceases). 3D models were built
and solved using the Finite Element Method (FEM) with the software COMSOL Multiphysics
(COMSOL, Burlington, MA, USA). The model uses Pennes’ Bioheat equation and includes
accommodations for the phase change of tissues during thermal ablation. Laser-tissue interaction
was computed using Beer Lambert’s Law, and tissue damage was calculated with the Arrhenius

formula (see details below).



Model geometry

Figure 2 shows the model domains, including all the relevant tissues and their proximity to the
ablation target: atrial wall, epicardial fat, connective tissue and esophagus. No blood was included
since in the real clinical scenario the inflated balloon displaces blood, simply leaving its outer
plastic surface resting on the endocardium. A cylindrical structure was assumed to be embedded
into the connective tissue in order to model the esophageal lumen occupied by an active cooling
device (ensoETM, Attune Medical, Chicago, IL, USA). This device was modeled as a hollow
silicone tube (1.2 cm diameter, 0.65 mm wall thickness) full of cold water, which is circulated by
a pump. Control conditions, in which no PEC was present, were modeled by a collapsed
esophagus. In this case, the subdomain corresponding to the cooling device was replaced with the

properties of “esophagus and other tissues”.
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Figure 2. Model geometry showing the subdomains (which are made up of different materials) near the

ablation site and the active cooling device located in the esophageal lumen.



The model considered that the atrial wall surface is irradiated with an Nd:YAG laser balloon
catheter such as HeartLight X3 (CardioFocus, Marlborough, MA, USA) in manual mode, i.e.
delivering a fixed dose (power) for a fixed amount of time (seconds). Specifically, we considered
8.5 W for 20 s that in Manual mode should be used as a starting dose in most ablation procedures
[5]. These values are exactly those used by Nagase et al [10] in a laser balloon ablation in vitro
experiment to evaluate lesion size comparing different energy settings. We considered a point
application, i.e. without dragging and without overlapping since only a single application was
considered. The tissue was assumed to be heterogeneous, constituted by layers of different
thicknesses according to anatomical data. Specifically, from the endocardium inward: 1) with
thicknesses of 1.0, 1.5 and 2.0 mm [11], and 2) fat and connective tissue, modeled under the same
properties, from 1.5 to 5 mm [11], to set distances between endocardium and the outer esophageal
surface ranging from 2.5 to 7 mm [11,12]. Table 1 shows the anatomical details of the 20 cases
considered, i.e. thicknesses of the atrial wall, epicardial fat and connective tissue between fat and

esophagus.



Table 1. Lesion depth (mm) and percentage of damaged esophageal wall for the 20 cases under
consideration, testing different thicknesses of the atrial wall, epicardial fat and connective tissue (in bold
those cases in which esophageal damage occurred, as measured by the percentage of tissue for which the
FOD is greater than or equal to 63%) for both control and protection conditions (without and with PEC,

respectively).

Tissues layers Lesion depth (mm) % Damaged
(Dimensions in mm) Control Protection esophagus
Cases . Fat +
AVT/;II?I Con_nective 20s 250s 20s 250s Control | Protection
tissue
1 1.0 15 3.46 3.70 1.00 1.00 60% 0%
2 1.0 25 1.00 3.63 1.00 1.00 6% 0%
3 1.0 35 1.00 1.00 1.00 1.00 0% 0%
4 1.0 45 1.00 1.00 1.00 1.00 0% 0%
5 1.0 5.5 1.00 1.00 1.00 1.00 0% 0%
6 15 1.0 3.42 3.66 1.50 1.50 58% 0%
7 15 2.0 1.50 3.57 1.50 1.50 3% 0%
8 15 3.0 1.50 1.50 1.50 1.50 0% 0%
9 15 4.0 1.50 1.50 1.50 1.50 0% 0%
10 15 5.0 1.50 1.50 1.50 1.50 0% 0%
11 2.0 0.5 3.37 3.60 1.66 1.81 55% 0%
12 2.0 1.0 3.26 3.51 2.00 2.00 26% 0%
13 2.0 15 2.00 3.500 2.00 2.00 0% 0%
14 2.0 2.0 2.00 2.00 2.00 2.00 0% 0%
15 2.0 2.5 2.00 2.00 2.00 2.00 0% 0%
16 2.0 3.0 2.00 2.00 2.00 2.00 0% 0%
17 2.0 35 2.00 2.00 2.00 2.00 0% 0%
18 2.0 4.0 2.00 2.00 2.00 2.00 0% 0%
19 2.0 45 2.00 2.00 2.00 2.00 0% 0%
20 2.0 5.0 2.00 2.00 2.00 2.00 0% 0%
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Physical phenomena and governing equations
The Bioheat equation and Beer-Lambert’s Law were used to solve thermal and optical phenomena
involved during laser ablation, respectively. The degree of thermal damage was calculated using

the Arrhenius model [9].

Bioheat phenomena

The thermal problem was computed in all the subdomains (see Figure 2) using the Pennes’ Bioheat
equation [13]:

PCoss 5+ V" (—KVT) = Qp +Qu + Qu ®

where T is the temperature (°C), pis the density (kg-m~3), Cert is the effective specific heat capacity
at constant pressure (J-kg=1-K1), k is the thermal conductivity (W-m-2-K-1), Qe is the blood
perfusion term (W-m~3) and Q. the laser-induced heat source (W-m-2), which is only active during
the laser pulse duration. The metabolic heat Qu (W-m=) is negligible compared to the energy
dissipation and was hence ignored [14].

A term corresponding to thermal advection was considered specifically for the subdomain
corresponding to the cold circulating water, at 4 °C (i.e. inside the silicone tube), leaving the Eq.
(1) as follows:
PCers S+ V- (—kVT) + pCyu- VT = Qp +Q; @)
where u is the velocity field for this subdomain (m-st), which is obtained from the inner area of
the tube and the rate used in clinics (60 L/h).

The source term for perfusion in Eq. (2) Qp was computed as follows:

Qp = .prlcp,blwbl(Tbl -7 (3)
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where ppi is blood density, Cppi is blood heat capacity, wo is the perfusion rate, taken from the
IT’IS database for each tissue [15], Tu is blood temperature (37 °C) and S is a non-dimensional
parameter to simulate that blood perfusion ceases once tissue is completely destroyed by thermal
necrosis (8 = 1 while fraction of thermal damage remains less than 99% and g = 0 for 100%
damage) [9].

A radiation boundary condition was considered on the atrial wall exterior surface, to account
for the heat dissipation from the tissue, as follows:
—n- (=kVT) = eo(T = T%) (C)]
where Ty is body temperature (37 °C), ¢ is surface emissivity (0.8) [16] and o is the Stefan—
Boltzmann constant (5.6703x10-8 W-m-2.K-#). Outer boundaries were set to Tp = 37 °C. A 37 °C
boundary condition was set in the outer walls of the model, to guarantee body temperature at the
far away boundaries. To account for the cooling water flow, without considering Navier Stokes
equation, a simplification was made setting an inflow boundary condition at 4 °C (device cooling

temperature) at the device inlet boundary, and an outflow at the device outlet boundary.

Optical phenomena

Beer-Lambert’s Law was used to model the absorption of energy in the tissue. To do that, a heat
source Q, was considered in Eq. (2), which includes the coefficient of absorption (za m™2), laser
irradiance I, (power received by the tissue surface per unit area) and the effective attenuation
coefficient u,ff, since the biological tissues are not only absorptive, but also exhibit significant
scattering behavior particularly in regions of high tissue density or complex microstructures
[17,18].

Q = ugle™Herr? (5)
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where z is the depth into the tissue (m), Iz is the laser irradiance (W-m~2), and e is the effective
attenuation coefficient (m1), which includes the coefficients of absorption (ua m™), related to the
energy absorbed by chromophores, such as hemoglobin or melanin, and reduced scattering
coefficient s, that can be expressed in terms of scattering (us) and anisotropy coefficients (g); the
former determines how light scatters within the tissue, affecting the distribution and depth of laser
energy, and the latter indicates the directionality of scattering. Tissue optical properties were
considered for an Nd:YAG wavelength of 1064 nm [18,19]
Uerr = \/3ﬂa(ﬂa + lrs) (6)
Hrs = pg (1= 9) )

The laser irradiance 1z (W-m~2) represented as a 2D Gaussian distribution, was applied as a

boundary condition on the atrial wall exterior surface, representing the power per unit area of the

incident laser light, determining the rate at which laser energy is delivered to tissues [20]:
_2(x%+y?)
I, =Ie &7 8)

where ri is the radius of the laser applicator, divided by three, to obtain the 99% of the output laser

power [18], and lo (W-m~2) is the irradiation intensity in the surface defined as:

2P

Iy = 9)

- onh?

where P is the laser power (W).

Tissue damage
The degree of thermal damage o was described according to the Arrhenius formulation shown in
Eqg. (10), considering two different sets of parameters, one for the fat and connective tissue, and

the other for myocardium (atrial wall) and esophagus [9].

13



? _Ea
S =Ae m(1—a)" (10)

where A is frequency factor (s™), Ea is activation energy (J-mol1), n is the reaction order (n = 1)
and R is the gas constant (8.3145 J-mol1-K-1). Values of 0.63 (63%) and 0.99 (99%) are
commonly used to represent permanent tissue damage. Lesion sizes were estimated at 250 s after
laser irradiation to account for additional lesion growth due to thermal latency. The fraction of
damage (FOD) &, ranging from 0 and 1, was calculated as the maximum value between zero and
the maximum between « and 1, as follows:

04 = max {0, (a,1) } (11)

Tissue damage was considered for FOD greater than or equal to 0.63 (or 63%).

Material properties
The variation with temperature of the density and thermal conductivity were considered for all the

tissues. These variations were represented using the following equations with the temperature T

(in °C):
k =kyop - [1.0 4 1.20 X 1073 - (T — 37.0)] (12)
p £ (13)

= Cref - 1.474x1077[1.0+3.39x1073+(T~37.0)]
At high temperature regions, less energy is absorbed due to loss of tissue water [21]. To account
for evaporation attributed to the change in water content due to increased temperature, an effective

specific heat capacity Cest is considered as shown in Eq. (3) [22].

Ly oW

;efﬁ (14)

Ceff = Cref -
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where C,..r and pret are the heat capacity and density for each tissue respectively, L, is the water

latent heat (2260 kJ-kg™?), and Z—MT/ is the change in water content due to temperature, as shown in

Figure 3 [23].

OW/AT (kg-m2.°C1)

50

100

150

Temperature (°C)

Figure 3. Change of water content (Z—V:) due to temperature, according to [23].

The reference values for the thermal conductivity (krer) and the heat capacity Crer, as well as the

optical properties (at 1064 nm), and Arrhenius parameters for each tissue, are shown in Table 2

[9,15,19,24].

Table 2. Thermal, optical, and Arrhenius properties for each tissue [9,15,19,[24[|.

Thermal [15]

Optical * [19,24

Arrhenius [9]

Comentado [TG1]: Please change this reference for Sweer, J. A.,
Chen, M. T., Salimian, K. J., Battafarano, R. J., & Durr, N. J. (2019).
Wide-field optical property mapping and structured light imaging of
the esophagus with spatial frequency domain imaging. Journal of
biophotonics, 12(9), €201900005.
https://doi.org/10.1002/jbio.201900005

Other tissues

Tissue kref Cp‘ref Ha Hs s A Ea
WmtKY | @kgtKD | ) | @D | 9| @y | ) | @mor
Myocardium 0.56 3686 30 | 17750 | 0.964 | 639 | 7.39x10%® | 2.59x10°
(atrial wall)
Fa”tcis‘)szzec""e 0.21 2348 21 | 12710 | 0933 | 851.57 | 4.43x10' | 1.30x10°
Esophagus + 0.53 3500 110 . - 1162 | 7.39x10% | 2.59x10°

* Tissue optical properties were considered for an Nd:YAG wavelength of 1064 nm.
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The cooling device walls were considered as made of silicone, with predefined constant
material properties of COMSOL (p= 1240 kg-m~3, k= 0.4 W-m~1.K-!, C, = 1200 J-kg*-K1), and
the cooling water of the device was considered as temperature dependent, also according to the

COMSOL material library, shown in Figure 4.

a. 1000f= b. s-g: F €. s200F T . - —
995] 1l _ ek _ sloof
~  9%0 L 1 S5000F
t - 0.65F - 4900f
£ ossp T 064f Te L
2 oot £ oe3f £ 4800
= z o2t = 4700f
= 97sp — oslf o 4800}
& E 0.6 & as00f
970 1| ¥ osep Y
4400
965} J 058} ]
0.57F 4 4300
960 _ 056 __ 4200 —
350 300 400 500 300 400 500
T(K) T(K) TK)

Figure 4. Temperature dependence of the water properties considered to be inside the cooling device:

density (a), thermal conductivity (b) and heat capacity (c).

Verification

The computational domain was discretized using a mesh with tetrahedral elements, including a
refined region where the laser light was applied, as shown in Figure 5a. See the Supplementary
Material for mesh verification results and corresponding figures. The remaining computational
domain was discretized with tetrahedral elements of “Normal” size, and the device wall and
cooling water with “Fine” size elements (Fig. 5b). The final mesh comprised 134,132 individual
elements. Quality measures were employed to assess the discretization of domains, ensuring
reliability and precision in terms of symmetry, angles between nodes, volume-to-length balance,

and uniformity in element sizes. These measures yielded average element quality of 0.66 for

16



skewness, 0.75 for the maximum angle, 0.79 for the volume-to-length ratio, and 0.7 for growth
rate.

About time discretization, two time-dependent studies were set, the first from the beginning of
the radiation until 20 s (total irradiation time), and the second one from 20 s to 250 s, without the
laser heat source, to consider thermal latency. The time step was set to 1/20 of the irradiation time.

For cases including PEC, an initial Stationary Study was conducted to attain a stable state for the

cooling device and tissues around it.

T
Y S A VAV
[ > ¥

N

|

N
&5

Figure 5. Model mesh and details of the relevant zones: Complete mesh (a) and refined mapped regions (b

and c).

Validation
The model was adapted to the ex vivo conditions of the experiments by Nagase et al [10] (tissue

temperature of 37 °C, and absence of blood perfusion Qp = 0). Due to the lack of knowledge about

17



the exact value of the radius of the laser applicator (ri), we considered the range suggested by the
manufacturer [5], and conducted a sensitivity study varying ri from 6 to 10 mm. The lesion depth
and surface width computed from FOD were compared to the values reported by Nagase et al [10],

and we choose the value of r; that best fits the experimental results in terms of lesion depth.

RESULTS

Figure 6 shows the comparison between the experimental results reported by Nagase et al [10] and
the computer simulations for different values of the radius of the laser applicator (ri). We found
that ri = 8 mm provided the smallest discrepancy (4%) with respect to the experimental value (3.95
mm vs. 4.1+0.4 mm). Overall, the computer model tended to underestimate the superficial width
of the experimental lesion by around 25%. Since our study focuses on thermal damage caused in

depth (esophagus), the lesion width at the surface level is a less relevant parameter.

M Nagaseetal. W10mm HM9mm HE8mm 7mm HE6mm

7.00
6.1+0.5

6.00
5.00 = 4.324.584.564.784.70

4. 1:9:04
4.00 3 74
3.00
2.00
1.00
0.00

Depth (mm) Surface width (mm)

Figure 6. Comparison between experimental and computational results in terms of lesion (depth and surface
width) at 8.5 W during 20 s. Experimental values correspond to the mean values reported by Nagase et al
[10] using an ex vivo model. The computer simulations considered a range of values for the radius of the

laser applicator (ri) between 6 and 10 mm.
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Once the radius of the laser applicator was fixed to ri = 8 mm, maximum temperature and
fraction of damage (FOD) was obtained for 20 different cases of tissue thicknesses, with and
without PEC (Protection and Control, respectively). For all 20 cases without PEC, a thermal lesion
equal to or greater than the thickness of the atrial wall was obtained. On the other hand, only six
cases resulted in esophageal lesions, which are highlighted in Table 1 and overall corresponded
with a short distance (< 3.5 mm) between esophagus and endocardial surface of the atrial wall,
without PEC.. For the protection cases, no lesions for the esophagus were reached..

Figure 7 shows the distributions of fraction of damage at the end of the simulation (250 s) with
black contours for 63% FOD, and temperature at the end of the laser pulse (20 s) for control and
protection scenarios in the case 1 in which atrial wall is 1.0 mm and fat layer is 1.5 mm (see Table
1). Itis observed that using PEC significantly alters the temperature distribution around the cooling
device, producing at the end of the laser pulse temperatures that are clearly lower than in the control
case (Fig. 7b). This translates into an absence of damage in the case of protection (see Fig. 7a).
The absence of damage in the fat layer is due to the different parameters of the Arrhenius function

defined for this tissue.
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Figure 7. Distributions of fraction of damage FOD (a) at the end of the simulation (250 s) and temperature
(b) at the end of the laser pulse (20 s) for control and protection scenarios (the plots correspond with the

case 1 according to the data shown in Table 1).

Figure 8 shows the maximum temperature and fraction of damage (FOD) (%) in atrial wall and
esophagus for the mentioned 6 cases without PEC in which esophagus damage occurred, in both
protection and control scenarios. The thermal protection of the esophagus was evident in terms of
reducing the maximum temperature reached in the esophagus in all cases, around 17 °C less, as
shown in Fig. 8c. This resulted in an important decrease in the FOD in the esophagus: values
greater than60% in the control case (without protection) vs. values below 10% in the protection
case (see Fig. 8d). Interestingly, the protective action of cooling hardly had any impact on the

lesion created in the atrial wall in terms of fraction of damage (see Fig. 8a,b).
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Figure 8. Progress of the maximum temperature and fraction of damage (FOD) during and after ablation

in the atrial wall (a,b) and esophagus (c,d) for the three cases in which thermal damage occurred in the

esophagus. Cases are shown for conditions both with and without proactive esophageal cooling (see Table

1 for details about the thickness of the involved tissues).

In control and protection cases, scenario 2 yielded the highest temperature in the atrial wall at

20 s, reaching a value of 82.45 °C and 73.17 °C respectively;. For the esophagus, in control cases,

scenario 1 yielded in the highest temperature with a value of 68.8 °C, and in protection cases,

scenario 11 reached the highest value of 50.99 °C. For the atrial wall, the lower temperature was

reached in case 11, and for the esophagus in case 2. There was no damage to the esophagus in any

case in which the distance from the endocardium to the esophagus was greater than 3.5 mm.
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Regarding the thermal dynamics, the maximum temperature in the tissue peaked at 20 s, just
when the laser stops irradiating, suggesting that there is hardly any extra rise in temperature after
ceasing to apply power (thermal latency). This can also be observed in the video file
(Supplementary material) corresponding with the temperature distribution (control case), where
the temperature starts to drop right at 20 s. However, due to the relatively slow decay of the
maximum temperature (see Fig. 8a,c), the accumulated thermal damage computed with the
Arrhenius function during the latency phase (after 20 s of laser application) increases, creating a

lesion approximately of maximum 2.6 mm deeper (case 2).

DISCUSSION

In this modeling study we addressed for the first time the effect of laser ablation on the atrial wall
for the purpose of treating AF, and the protective thermal effect of a cooling device located in the
lumen of the esophagus. This is relevant from a clinical point of view since AEF is a critical event
associated with the use of thermal ablative techniques in the vicinity of the esophagus, such as the
posterior wall of the left atrium. Computational modeling aimed at exploring the factors of
esophageal damage during radiofrequency (RF) ablation was initially proposed by Berjano and
Hornero [6]. They concluded that thermal damage to the esophagus is probably caused by heat
conduction from RF-heated cardiac tissue, and not by direct deposition of RF energy. In fact, the
distance between the energy applicator and the esophagus appears to be the determining factor,
which has motivated protective clinical techniques based on moving the esophagus as far away
from the atrial wall as possible during ablation [25]. This protection technique can be considered
“passive” compared to another “active” one based on forced cooling by circulating cold liquid

inside the esophagus, also called PEC [26]. To this end, previous experimental [27,28] and
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computer simulation [29] studies analyzed the operation of cooling systems based on an inflatable
intraesophageal balloon. More recently, a new cooling device based on an esophageal flexible tube
is being used clinically to protect the esophagus during RF ablation. In this case, computational
modeling has already been used to explore the impact of this technology in terms of reducing
thermal damage to the esophagus [7-9].

It is interesting to point out that the method of internally cooling a structure close to a
hyperthermic ablation point in order to avoid collateral damage is widely used in different organs,
such as the duodenum and veins in RF ablation of the pancreas [30] and bile duct during RF
ablation of the liver [31]. Following the same methodology used in the aforementioned RF ablation
studies, we planned a new study on the protective effect of this flexible tube-based device during
cardiac ablation based on laser energy. This first-ever study of cardiac laser ablation and the effects
of active esophageal cooling on esophageal injury found a significant reduction (to the point of
elimination) of esophageal transmural injury when using PEC during laser ablation of the left
atrium for the treatment of AF. Thermal protection of the esophagus resulted at least in part from
reducing the maximum temperature reached in the esophagus. This allowed a significant decrease
in the percentage of damaged esophagus, where values of maximum 60% were seen in the control
case without the use of protection to values of 0% in the protected cases using PEC. This reduction
in esophageal injury aligns well with what has been seen with the use of proactive esophageal
cooling in RF ablation, both in pre-clinical and mathematical models [6—9] as well as in published
clinical data [32,33]. Although the simplified geometric model has inherent limitations, recent
clinical data have been presented with findings suggestive of a beneficial clinical effect from
cooling during laser ablation, albeit without having histopathological correlation on tissue effects.

Cooling significantly reduced mean procedure time, left atrial dwell time, and fluoroscopy time,
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and increased percentage of time in rapid ablation mode, decreasing total therapy time, while
reducing the recurrence rate of arrhythmia from 29% to 0% at 6-month follow-up [34].

It has become increasingly evident in the field of RF ablation that thermal latency is of greater
importance to tissue effects than previously appreciated [35,36]. We found similar concerns in our
study of laser ablation. Maximum temperature was found to have a relatively slow decay, such
that the accumulated thermal damage (as computed by the Arrhenius equation) increases notably.
The effect of this thermal latency is best seen in control cases (without protection from proactive
esophageal cooling), and the effects are exacerbated in anatomical dimensions having a short
distance between the endocardium and esophagus. The detrimental effects of this thermal latency
were shown to be mitigated with the use of proactive esophageal cooling.

The action of PEC had minimal impact on the lesions created in the atrial wall, either in terms
of the maximum temperature reached or the resulting fraction of damage. This effect is also seen
in RF ablation, both in mathematical models [9] and in clinical data, where long-term follow-up
has shown improvement in freedom from arrhythmia (post-ablation period in which the patient
does not present with evidence of arrhythmia) with the use of PEC [37,38]. The presence of
interspersed tissues between the atrial wall and the esophagus (such as the visceral and parietal
layers of the fibrous pericardium, the pericardial space and serous fluid, and the pericardial fat),
all of which have low or no tissue perfusion, likely contributes to this phenomenon by providing
an effective insulating layer between the cooled esophagus and the myocardial tissue (atrial wall)

being heated intentionally to induce targeted lesions.

Limitations
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Although mathematical models can provide valuable insight into physical phenomena, they
inevitably do not reflect all clinical findings. In the case of laser ablation, there are limited clinical
or experimental data with which to compare our findings. Nevertheless, abundant data exist
demonstrating the benefits of proactive esophageal cooling with RF ablation, and the findings here
are in general agreement with these published data. Our model reproduces the interaction of the
laser with the tissue and its resulting heating, and then, from the temperature reached and the
exposure time, it estimates the thermal damage using the Arrhenius function.

Moreover, when the protection scenario using a PEC device was modeled, the velocity profile
u of the cooled water flowing inside (see Eq. 2) was considered as constant, based on the device
flow rate and area, and not as a parabolic velocity function that makes the velocity at the inner
surface of the device wall tends to zero. This could modify the resulting heat transfer between the
cooling device and the esophagus. Finally, our model does not account for other effects related to
or resulting from esophageal thermal injury, such as changes to the downstream inflammatory

cascade.

CONCLUSION

Proactive esophageal cooling (PEC) reduces the potential for esophageal injury without degrading
the intended atrial lesions for a variety of tissue thicknesses. Thermal latency may influence lesion

formation during laser ablation and may play a part in any collateral damage.
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