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Abstract

OBJECTIVE: To model the evolution of peak temperature and volume of damaged esophagus
during and after RF ablation using low power-moderate duration (LPMD) vs. high power-short
duration (HPSD) or very high power-very short duration (VHPVSD) settings.

METHODS: An in silico simulation model of RF ablation accounting for left atrial wall
thickness, nearby organs and tissues, as well as catheter contact force. The model used the
Arrhenius equation to derive a thermal damage model and estimate the volume of esophageal
damage over time during and after RF application under conditions of LPMD (30W, 20s), HPSD
(50W, 6s), and VHPVSD (90W, 4s).

RESULTS: There was a close correlation between maximum peak temperature after RF
application and volume of esophageal damage, with highest correlation (R?= 0.97) and highest
volume of esophageal injury in the LPMD group. A greater increase in peak temperature and
greater relative increase in esophageal injury volume in the HPSD (240%) and VHPSD (270%)
simulations occurred after RF termination. Increased endocardial to esophageal thickness was
associated with a longer time to maximum peak temperature (R* > 0.92), especially in the
HPSD/VHPVSD simulations, and no esophageal injury was seen when the distances were > 4.5
mm for LPMD or > 3.5 mm for HPSD.

CONCLUSION: LPMD is associated with a larger total volume of esophageal damage due to
the greater total RF energy delivery. HPSD and VHPVSD shows significant thermal latency
(resulting from conductive tissue heating after RF termination), suggesting a requirement for

fewer esophageal temperature cutoffs during ablation.
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1. Introduction

Esophageal injury during radiofrequency catheter ablation (RFCA) for atrial fibrillation can lead
to atrioesophageal fistulas which are rare but potentially lethal complications which caused by
radiofrequency (RF) energy transfer from the posterior wall of the left atrium to the esophagus.
Esophageal temperature monitoring via a probe placed in the lumen of the esophagus is
commonly used to reduce the risk of esophageal injury by alerting the operator of esophageal
heating and prompting discontinuation of ablation in that location. It has been observed both in
vivo and with computer modeling that RF lesions can continue to grow deeper even after the
termination of RF application due to conductive heating, which results in delayed tissue heating,
termed thermal latency.* Commercial luminal esophageal temperature monitors may detect
thermal latency at different rates, although newer technologies using high resolution infrared
thermal imaging can rapidly and accurately measure peak esophageal temperature and predict
post-ablation esophageal injuries.

To reduce lesion depth, and therefore reduce esophageal injury during RFCA, ablating with
higher power for shorter impulse durations (HPSD; use of 50 W for < 10 seconds) is often
employed.*® The proposed benefit of HPSD is that it employs primarily electrical resistive
heating as opposed to the thermal conductive heating observed in longer RF applications, and
thus limiting delayed lesion depth growth.® However, computer modeling data has previously
demonstrated significant thermal latency leading to late lesion growth during HPSD RF ablation,

and observational data from RFCA for atrial fibrillation with HPSD has not shown a reduction in



esophageal lesions.”” It is not well known how traditional ablation parameters differ from higher
powers with shorter ablation durations in terms of thermal latency and peak temperatures
achieved and how that relates to the amount of esophageal injury. In this study, we sought to use
computer modeling to simulate the esophageal thermal dynamics during and after RFCA under

three different power settings: low power-moderate duration (LPMD, 25 W-20 s), high power-

short duration (HPSD, 50 W-6 s) and very high power-very short duration (VHPVSD, 90 W-4

S).

2. Methods

2.1. Model description

A three-dimensional computational model was built including the atrial wall thickness values of
1.0, 1.5 and 2.0 mm, epicardial fat layer of O (i.e. no fat layer), 0.5 and 1.0 mm, blood inside the
atrium, esophagus, aorta, lungs and surrounding connective tissue between the endocardium and
the outer esophageal surface of 2.5 to 6.5 mm.” We modeled a 7Fr 3.5 mm irrigated electrode
perpendicular to the atrial wall. Irrigation was modeled by fixing a value of 45 °C in the
cylindrical zone of the electrode tip, and leaving the semispherical tip free (as described in Pérez
et al'®) which mimics a multi-hole electrode since we are assuming that irrigation occupies
almost the entire surface of the electrode. Due to the existence of two symmetry planes, the
model only considered a quarter of the real volume. Three electrode insertion depths were tested:
0.3, 0.5 and 0.7 mm. This range is similar to that obtained from a mechanical model** for the
recommended contact forces for ablation of the posterior wall of the left atrium (LA), between 5

and 20 g.°



Computer simulations were conducted to mimic three power-duration settings: low power-
moderate duration (LPMD, 25 W—20 s),* high power-short duration (HPSD, 50 W—6 s)*? and
very high power-very short duration (VHPVSD, 90 W—4 s).*® The power value used in the
simulations was reduced by 20% since the model did not include the entire torso.** The
simulation data were obtained up to 90 s after RF onset to examine the extra growth of the lesion
due to thermal latency.?

As a model of an esophageal luminal temperature probe, we considered an infrared thermal
imaging probe like that manufactured by Securus Medical Group’s (Cleveland, OH, USA),>*®
allowing accurate measurements of maximum esophageal luminal temperature. The probe was
modeled as a 3 mm diameter (9 Fr) solid cylinder located inside the esophagus. Tissue properties
were taken from the IT’IS Foundation database,'® while the ablation catheter properties were
taken from Pérez et al.'” We assumed that the temperature probe was mainly made of
polyurethane.*® Each model was made up of approximately 420,000 tetrahedral elements. The
outer dimensions, mesh size (minimum of 20 um around the electrode and maximum of 6 mm in
the periphery) and time step (~ 60 ms) were verified by means of convergence tests. The model
solved a coupled electric-thermal problem numerically using the Finite Element Method with
ANSYS software (ANSY'S, Canonsburg, PA, USA). Details of the governing equations and

boundary conditions are described in detail elsewhere.™

2.2. Peak luminal esophageal temperature
Each simulation provided the temperature value at all times and at all points (Fig. 1A). The
temperature map of the inner surface of the esophagus covered 360° and a vertical segment of 6

cm (Fig. 1B). The probe was assumed to be perfectly centered and aligned with the ablation



electrode, the temperature map showed a hot spot exactly in the center of the image (Fig. 1C),
where the maximum temperature was the peak temperature (Tpeax). As the computer model only
represents a quarter of the real volume, when the computed temperature map is quadrupled a
complete image of 360° vision and height 60 mm is obtained (see Fig. 1D) which is similar to
that reported in clinical studies.®*® Due to thermal latency, Tpeak IS €Xpected to continue to grow
after RF termination at trr (See Fig. 2A). In order to describe its evolution, the following
parameters were analyzed: 1) its value at trg (i.€. Tpeak-20s for LPMD, Tpeak-6s for HPSD and Tpeak-
4s for VHPVSD), 2) reached maximum value (T peak-max), Which occurred a time tmax after trr,
and 3) the difference between Tpeak-max and the value at tre (ATpeax), Which represents the

increment of Tpeax during the post-RF period.

2.3. Thermal damage model

Damaged esophagus volume was computed using a method that simultaneously takes the
temperature and the exposure time into account. The model’s thermal equations and derivation
are detailed in the Appendix. The volume of esophageal injury (V) was quantified as the tissue
volume in which the injury index Q was > 1 at 90 s (Fig. 1E), which is equivalent to assuming as
damaged tissue that in which the percentage of undamaged cells is less than 36.7% (the thick
black line in Figure Al of the Appendix represents the boundary between damaged and
undamaged tissue). As a result, our model assumed that irreversible damage occurred when the
percentage of destroyed cells was higher than 63.3%. The evolution of Ve was described by
means of two parameters (Fig. 2B): 1) its value at trr (VE-20s fOr standard setting, Ve.es and Ve.ss

for HPSD and VHPVSD, respectively) and 2) its value after the post-RF period (Vg-gos).



2.4. Statistics

This study used a physics-based mechanistic model. We assumed an uncertainty in the distance
between esophagus and endocardium, thicknesses of the tissues in between, and electrode
insertion depth, as detailed above. This provided 135 cases for each power setting (a total of 405
simulations) that could represent a representative sample of what happens during ablation of the
posterior LA wall. The Supplementary material (Excel file) includes the raw data for the
construction of the model and the results. The relationships between the thermally damaged
esophageal volume (Vg) and other variables (including Tpeax) were studied by simple regression

(linear or exponential).

3. Results

3.1. Relation between peak luminal temperature and the volume of esophageal injury

Figure 3 shows the relationship between the damaged esophagus volume at 90 s and the peak
temperature for each of the ablation parameters tested (LPMD, HPSD, and VHPVSD) at both the
time of RF termination and when the peak temperature reached its maximum value. While there
was a very close relationship between Ve.gos and Tpeak-max fOr any power setting (R? > 0.97), the
relationship between Ve.gps and the temperature reached at tgrr was lower as the duration of
ablation was reduced: 0.98 for Tpeak-20s, 0.93 for Tpeak-6s and only 0.77 for Tpeax-4s. The temperature
thresholds above which the esophagus is damaged were similar for each ablation parameter:
46.93 °C for LPMD, 46.44 °C for HPSD and 46.36 °C for VHPVSD.

For any power setting, Tpeak-max Was strongly correlated (R = 96) with the depth of damage
across the esophagus wall (in cases where the damage did not affect the entire wall) and with the

damage area measured on the inner wall of the esophagus (in cases where damage crossed the



entire esophageal wall).

3.2. Growth of the volume of esophageal injury after RF termination

Figure 4 shows the relationship between the volume of esophageal injury at RF termination and
the volume at the end of the post-RF period at 90 s. The results show that the volume of
esophageal injury notably increased after tgr for any power setting, and that the damaged
esophagus volume at 90 s was overall larger with LPMD (up to 81 mm?®) than with HPSD and
VHPVSD (up to 32-35 mm?). With LPMD there was a very high correlation (R* = 0.97) between
both volumes (Fig. 4A). Ve.q0s grows by approximately 50% during the post-RF period. In the
HPSD and VHPVSD cases, lesion growth was overall more pronounced than for standard setting,

with Ve_gos growing by ~240% and 270% respectively following the termination of RF.

3.3. Peak luminal temperature dynamics during post-RF period
Figure 5 shows the relationship between peak temperature at RF termination and its evolution
during the post-RF period, specifically its maximum increase (ATpeax) and the delay with which it
occurs (tmax). The ATpeac Was greater as the RF pulse was shorter: 0.5-3.5 °C for LPMD, 1.4-8.5
°C for HPSD and 1.7-11.0 °C for VHPVSD (Fig. 5D—F). The maximum value of AT yeax OCcurred
regardless of power setting in those cases in which the temperature at tgr Was in the approximate
range 42—47 °C. The lowest values of AT e corresponded with cases in which the temperature at
tre Was either very low (~37 °C) or very high (> 47 °C).

The time until reaching maximum Tpea Was closely related to the temperature reached at trr
for any power setting (Fig. 5A—C), with correlation coefficients of 0.95 for LPMD, 0.77 for

HPSD and 0.76 for VHPVSD. The lower the Tpeax Value at trr, the later the maximum value is



reached. The ranges of tyax were overall similar for the three power settings: 2—42 s for standard
setting, 8-48 s for 50 W—6 s and 648 s for 90 W—4 s.

The relationship between the endocardium-esophagus distance and Tpeax dynamics during the
post-RF period is demonstrated in Figure 6. For each power setting we found a close linear
relationship (R? > 0.92) between tyax and the endocardium-esophagus distance: the greater the
distance, the longer it takes Tpeax to reach its maximum value; from 2-15 s for 2.5 mm to 42-48 s
for 7 mm (Fig. 6A-C). For the relationship between AT e and the endocardium-esophagus
distance, we found a large dispersion in the case of LPMD with a nonlinear relationship with the
highest value of AT peax (Up to ~3.5 °C) occurring at intermediate distances (~5 mm), while for
very long distances (7 mm) was ~2 °C, and for very short distances (2.5 mm) it ranged from 0.5
to 2.5 °C. In contrast, a close exponential decay relationship between ATea and the
endocardium-esophagus distance was found in HPSD and VHPVSD cases (R? = 0.92 for 50 W-6
s and R? = 0.95 for 90 W—4 s), with AT peak Values much greater for short distances (up to 8.5 °C

for 2.5 mm) than for long ones (less than 2 °C for 7 mm).

3.4. Anatomical and procedural effects on damaged esophagus volume

Figure 7 shows the relationship between Ve.gos and anatomical and procedural parameters. Fig.
7A—C shows that there is a slight relationship between Ve.gos and the endocardium-esophagus
distance, but the linear fit provides low values of R? (< 0.62). The results do suggest that there
should be no esophageal damage in the case of distances > 4.5 mm with LPMD, and > 3.5 mm
with HPSD and VHPVSD, while for short distances there great variability in amount of

esophageal damage. The results also showed that there is no discernible relationship between



damaged esophagus volume and epicardial fat thickness or electrode insertion depth (values of R?

< 0.05).

4. Discussion

The main findings of our in silico study showed that:

1)

2)

3)

4)

The damaged esophagus volume was much larger with LPMD (up to 81 mm?®) than with
HPSD and VHPVSD (up to 32-35 mm®). A direct relationship between the damaged
esophagus volume and the total energy applied is physically reasonable (e.g. the volume
computed with VHPVSD -360 J—, was significantly larger than with HPSD —300 J— from
a paired T-Test, P=0.0169);

Maximum peak temperature after termination of RF application is a good predictor of
esophageal damage volume regardless of the power setting whether captured by infrared
thermography or any system that ensures the maximum value is being accurately
measured;

HPSD and VHPSD were associated with greater thermal latency, with relatively more
heating and esophageal damage occurring after termination of RF energy than with
LPMD. This thermal latency suggests that slower conductive tissue heating plays an
important role for lesion growth after RF termination during both HPSD and VHPVSD,
and therefore may require lower esophageal temperature cutoffs during ablation than
LPMD;

There is an inverse relationship between damaged esophagus volume and the
endocardium-esophagus distance and no damage is seen when the distance exceeds 4.5

mm for LPMD and 3.5 mm for HSPS and VHPVSD;
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5) Neither the presence of epicardial fat nor the depth of insertion of the electrode were good

predictors of esophageal damage.

4.1. Comparison with Clinical Data
Our conclusions are inconsistent with both Kaneshiro et al ® who showed higher incidence of
esophageal injury with HPSD (45-50 W) compared to standard setting (20-30 W, 10-30 s), and
Baher et al ?° who showed similar incidence of esophageal injury between HPSD (50 W — 5 s)
and low-power long-duration (<35 W for 10-30 s). Unlike studies based on computational
modeling, in clinical ablations it can be difficult to control for a number or parameters. For
example, in the study of Kaneshiro et al the total energy with the standard setting could have
varied significantly from 200 J (20 W x 10 s) to 900 J (30 W x 30 s).° Likewise, with HPSD the
duration was determined by the Ablation Index (Al) which was not modeled by us. Furthermore,
Kaneshiro et al employed a cut-off of 41 °C (and a cut-off of 50 °C for Baher et al), which could
provoke more damage in the case of HPSD due to thermal latency according our results.
Clinical data on the dynamics of Teax are not abundant, especially for HPSD. The maximum
value of Tpeak computed for the LPMD (63.5 °C) was comparable with the maximum values
reported using infrared imaging as modeled in our previous work (66 °C,™ 65 °C *). In the case of
HPSD, although there is no clinical data using infrared imaging, we can compare with the data

|12

provided by Barbhaiya et al *“ who used a 12-point esophageal temperature monitor (CIRCA S-

CATH, Circa Scientific, Englewood, CO, USA). Despite the small sample size (16 patients),
their results showed a relationship (with poor correlation, R? ~ 0.40) between AT peak and the
‘lesion-sensor’ distance that is qualitatively very similar to our relationship between AT pea and

endocardium-esophageal distance. They reported a maximum value of AT e 0f 5.8 °C for
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‘lesion-sensor’ distances <5 mm, which is within the range obtained by us (3.5-8.5 °C) for those
same distances. They also observed a marked effect of thermal latency, with values of tyax
between 11 and 34 s, which fits our range quite well (8—48 °C).

We did not find a close relationship between esophageal lesion volume and insertion depth of
the electrode. This seems to contradict the clinical results that do show a reduction in esophageal
damage for low contact forces (<20 g).?* However, the reason could be that our model only
considered moderate insertion depths (0.3—0.7 mm, see methods), thus not contemplating cases
of high contact forces (>20 g) which would possibly be associated with depths greater than 0.7

mm.

4.2. Peak luminal temperature and damaged esophagus volume

When we analyzed only those simulations in which the Tpeax at trr Was 41-42 °C (which could
mimic RFCA with cut-off temperature), we observed that LPMD did not cause damage to the
esophagus (Ve.gs = 0 mm?®) and that Tpea-max reached 44.3 + 0.5 °C (n=13 cases). In contrast,
HPSD did provoke a Ve.gos 0f 2.9 + 2.8 mm*® with Tpeak-max reached 47.3 + 1.1 °C (n=5 cases),
and VHPVSD also provoked a Vg gos 0f 11.3 + 6.7 mm?® with Tpeacmax reached 50.0 + 2.0 °C
(n=10 cases). This analysis suggests that using the same cut-off value for LPMD and

HPSD/VHPVSD may not be safe.

4.3. Growth of volume of esophageal injury after RF termination
Two important observations regarding the increase in the volume of esophageal injury after RF
termination are noteworthy: 1) there was a relatively high increase of Tpeax after RF termination,

up to 3.5 °C for LPMD s and up to 11 °C for VHPVSD s, and 2) the Tpeax reaches the maximum
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values after a relatively long time and independent of the power setting, and there was more delay
to the maximum temperature with a lower lower Tpea at RF termination.

If we focus exclusively on those cases with esophageal injury (Ve.g0s > 0 mm?®), which
correspond with endocardium-esophagus distances <5 mm for LPMD and < 4 mm for HPSD and
VHPVSD, our results highlight which cases the evolution of Tpea during the post-RF period
could be causing esophageal injury. In particular, in the case of LPMD, esophagus injury could
be suspected when Tpeax increases between 0.5 and 3.5 °C within the first 25 s of the post-RF
period In the case of HPSD and VHPVSD, esophagus injury could be suspected when Tpeax
increases between 4.5 and 8.5 °C within the first 25 s of the post-RF period.

While our results confirm that there is an inverse relationship between damaged esophagus
volume and the endocardium-esophagus distance, there is a higher variability in esophageal
damage as the endocardium-esophagus distance is shorter. Since the RF power is distributed in a
narrow area (1-2 mm) around the electrode, heating in the esophagus will be more influenced by
the RF energy deposition itself with a shorter endocardium-esophagus distance. As this
deposition is strongly influenced by the conditions close to the electrode (‘'local environment'),
such as the insertion depth of the electrode and electrical conductivity of the nearest tissue
(including the presence or absence of epicardial fat), it seems reasonable to assume that the
variation of these factors will have a much greater impact on the volume of damaged esophagus
when the esophagus is close to the electrode.

No other anatomical factors such as the presence of epicardial fat or the depth of insertion of

the electrode could reliably predict esophageal damage in our model.

4.4. Clinical implications
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The computational model results presented in this study suggest that even in the case of standard
settings, thermal latency can play a relevant role during the post-RF period which can cause
further esophageal injury that is directly proportional related to the increase in esophageal
temperature that the electrophysiologist may observe in the seconds following cessation of RF
power. The most probable cases of esophageal injury would be those in which an increase of
Tpeak during the post-RF period occurs in the first 25 s. Interestingly, in the case of standard
settings, a small increase of Tpeax (€.9. only 0.5 °C) would not necessarily suggest less injury than
a larger increment of up to 3.5 °C. In contrast, in the case of HPSD and VHPVSD, greater
increases in Tpeac Would be required for a significant amount of esophageal injury. Using the
canine thigh muscle preparation, Nakagawa et al recently showed that most of the effective tissue
heating and lesion formation in VHPVSD (90W-4s) RF applications occurs after RF termination
due to conductive tissue heating (i.e., thermal latency).?

Although monitoring Tyeax in order to stop the application of RF seems safe and effective with
LPMD, its use with HPSD and VHPVSD could be limited due to the slightly lower correlation
between Tpeax and the damaged esophagus volume. Since electrode-esophagus distance seems to
be the most relevant parameter affecting the damaged esophagus volume, a safe strategy to
decrease the injury would to lower the total applied RF energy as much as possible in the case of

ablations close to the esophagus (e.g. using HPSD instead of standard setting).***3

4.5. Limitations

Our model was aimed to to assess the amount of esophagus tissue thermally affected by ablation,
and it did not take hence into account the cellular mechanisms that lead to creation of fistulas.
Another important limitation is that it only considered the RF catheter in a vertical position, even

though other positions are possibly more common in left atrial posterior wall ablation. In this
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regard, although the results in quantitative terms could be different for a parallel or 45° angle,
there is no physical reason to suspect that the conclusions would not be valid in terms of the
relationship between peak temperature, thermal latency and volume of damaged esophagus.

This study has also several limitations related with the modeling technique. First, blood flow
and electrode irrigation were modeled in a simplified way as described in Gonzalez-Suarez et
al,? i.e. without solving the fluid dynamics. Although this approach fails when predicting the
surface width of the thermal lesion, it is able to predict the lesion depth, which is the dimension
relevant to our aim of estimating the thermally damaged esophageal volume. Moreover, since the
approach to modeling the irrigation was that of a multi-hole irrigation-tip electrode, we must
recognize that slightly different results could be obtained with another type of irrigation (such as
one based on a small number of holes).

Secondly, the mechanical deformation of the endocardial surface was not modeled,** which
would possibly alter the absolute values of lesion depth obtained, but not the study’s conclusions.
Thirdly, the model did not include the motion effect of heartbeats or breathing. Despite the fact
that both factors produce clearly observable variations in the contact force (CF) as measured by
some catheters,* a recent in silico study including heartbeat-induced electrode displacement (CF
ranging from 10 to 30 g) showed hardly any differences in lesion size (<0.04 mm) compared to a
model that did not include these effects.”® For this reason we do not think that these factors would
invalidate our conclusions. It should be pointed out that we only modeled low value cases (<20 g)
and the results thus could be different for higher values.

Fourthly, we did not consider multi-parametric indexes such as Ablation Index (Al)?*® and
Lesion Index (LSI)*’ to guide RFCA. Although the indexes are clinically associated with more
successful with fewer complications, they are really manufacturer-dependent indexes based on

complex formulas not easily understood from a physical point of view by the average user. In this
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regard, our study was not intended to assess these particular indexes, but rather to improve the
understanding of the physical phenomena during RFCA. We therefore considered settings based
exclusively on power and time, two easily understandable physical variables. Interestingly, in
silico models like the one used in our study could be used as a complementary tool to assess RF
ablations guided by this type of index.

Finally, note that our model assumed the esophageal temperature probe to be optimally placed
respect the ablation site. While we we recognized that the relation between the positioning of the
RF electrode and the thermal probe is crucial, this issue has been already addressed in a previous
computer model.?® In light of that study, it seems reasonable to assume that any deviation of the

probe from its optimal location will imply an underestimation of the temperature measurement.

5. Conclusions

In this computer anatomic model of esophageal temperature rise using standard ablation settings
and HPSD, we demonstrate that peak temperature and the volume of injured esophageal tissue
over time differ between LPMD and HPSD RF delivery. As visually summarized in Fig. 8, while
the total Ve was highest in the LPMD under otherwise similar conditions, the HPSD and
VHPVSD cases showed more significant thermal latency and therefore maximum risk for

esophageal temperature occurring later after cessation of RF application.

16



APPENDIX

Thermal damage model and derivation

We used the injury index Q based on the Arrhenius’ experimental observations in the 1880s,
which relates the number of undamaged cells C(0) present before the heating to the remaining

number of undamaged cells at time t indicated by C(7) as follows:

() = In(&2) (1)
It can be computed from the ‘thermal history’ to which the tissue is subjected, specifically

from the temperature T (in Kelvin) reached at each instant t (s) of the heating period:
Q(r) = LT Ael E/RT gt )

where A is the frequency factor (1/s), E, is the activation energy (J/mol), and R the universal gas
constant (8.3143 J/mol-K). The values of A and E, are particular for each tissue type and
analyzed process. In the past we reported the histological changes in rabbit esophagus subjected
to heating with different temperature—duration combinations.®® We now have analyzed the
adequacy of the values of A and E, previously used for ex vivo liver: 7.39-10% s and 2.577-10°
J/mol, respectively.'” For that, we compared the remaining number of undamaged cells C(7)
|.29

computed using Equation (1) and (2) to the histological findings reported in Lequerica et a

The results are shown in Figure Al.
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Figure 1  Graphic summary of processing of simulation results. Each simulation provided the
temperature distribution in the entire model (scale in °C): (A) from the temperature
map of the inner esophagus surface was analyzed to obtain Tpeak (B,C). Tpeak IS
located in the center of the thermal image (D), which is similar to those reported in
clinical studies.®*® The temperature progress in the esophagus was used to calculate
the volume of thermally damaged esophageal tissue (Vg) using the Arrhenius damage

model (E).
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Figure 2 Relevant parameters used to characterize the evolution of the peak temperature (T peax)
(A) and the volume of esophageal injury (Vg) (B) during RF application tgr (25 W

—205,50 W —-6's,90 W — 4 s) and after RF termination (up to 90 s).
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Figure 3 Relationship between the damaged esophagus volume (Ve.gos) and the peak luminal
temperature (Tpeax) for three power-duration settings: Low power-moderate duration,
LPMD (A) and high-power short-duration, HPSD (B), and very high power-very
short duration, VHPVSD(C). Tpeax Was computed for two different instants: at the RF
termination (i.e. Tpeak-20s for LPMD, Tpeak-6s for HPSD and Tpeax.4s for VHPVSD), and
when it reaches the maximum value several seconds later (Tpeak-max). Cases with no

damage (Ve.g0s = 0 mm?®) were omitted for the regression analyses.
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were omitted for the regression analyses. The arrows indicate the specific case plotted

in Fig. 8.
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Figure 5 Relationship between the peak luminal temperature (Tpea) at the RF termination (i.e.

Tpeak.ZOs fOI’ LPMD, Tpeak-Gs fOI’ HPSD and Tpeak-4s fOf VH PVSD) and the Tpeak
dynamics after RF termination, specifically with the time that passes from RF
termination until Tpea reaches its maximum value (twax) (A—C) and with AT peax

(temperature increase occurring after RF termination) (D—F).
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Figure 6 Relationship between tyax (time that passes from when the RF power ceases until
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endocardium-esophagus distance for LPMD (D), HPSD (E) and VHPVSD (F). The
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Figure 8 Volume of thermally damaged esophageal tissue (Vg) for the three power settings
(LPMD, HPSD, VHPVSD). The yellow volume represents the damaged tissue just
after the RF pulse ceases and the red volume is the growth that occurs during the RF-
post period of 90 s. Vg is greater with LPMD (as expected due to higher energy
distributed (500 J vs. 300 and 360 J). However, the cases of HPSD and VHPVSD
show a more significant thermal latency, i.e. a greater growth of Ve during the post-
RF period. The three plots correspond to the specific case of 0.5 mm electrode
insertion, 2 mm atrial wall, 0.5 mm fat layer, 0 mm connective tissue, i.e. 2.5 mm

endocardium-esophagus distance (highlighted in Fig. 4).
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Figure Al. Comparison between the subjective levels of thermal damage from the histological
analysis (o, +, ++, +++) and the remaining percentage of undamaged cells C(z) computed using

the Arrhenius method (see Equations (1) and (2)). The value of injury index Q is also indicated in

parentheses. Subjective level of thermal damage in the esophagus from the analysis of

histological findings: o (no damage), + (light), ++ (moderate) and +++ (severe).
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