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Abstract
Introduction Luminal esophageal temperature (LET) monitoring is commonly employed
during catheter ablation of atrial fibrillation (AF) to detect high esophageal temperatures during
radiofrequency (RF) delivery along the posterior wall of the left atrium. However, it has been
recently suggested that in some cases the esophageal probe itself may serve as an RF ‘antenna’
and promote esophageal thermal injury. The aim of this study was to assess the electrical and
thermal interferences induced by different types of commercially-available esophageal
temperature probes (ETPs) on RF ablation.
Methodsand Results In this study, we developed a computational model to assess the electrical
and thermal effects of three different types of ETPs: a standard single-sensor and two multi-
sensor probes (one with and one without metallic surfaces). LET monitoring invariably
underestimated the maximum temperature reached in the esophageal wall. RF energy cessation
guided by LET monitoring using an ETP yielded lower esophageal wall temperatures. Also, the
phenomenon of thermal latency was observed, particularly in the setting of LET monitoring.
Most importantly, while only the ETP with a metallic surface produced minimal electrical
alterations, the magnitude of this interference did not appear to be clinically-significant.
Conclusion Temperature rises in both the esophageal wall and the ETP seem to be primarily
produced by thermal conduction, and not caused by electrical and/or thermal interactions between
the ablation catheter and the ETP, itself. As such, the proposed notion of the ’antenna effect’

producing satellite esophageal lesions during AF ablation was not evident in this study.
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Introduction

Luminal esophageal temperature (LET) monitoring is commonly utilized during catheter
ablation of atrial fibrillation (AF) for detection of high esophageal temperature during
radiofrequency (RF) delivery along the posterior wall of the left atrium (LA).? The use of LET
allows the operator to titrate or abort energy delivery upon detection of elevated esophageal
temperatures, in an attempt to prevent esophageal thermal injury and LA-esophageal fistulas.®
Although LET is at best an underestimation of the esophageal wall temperature, electrical power
deposition (specific absorption rate, W/m®) is exclusively circumscribed in the atrial wall,* no
more than 1-2 mm from the electrode-tissue interface. Esophageal thermal injury has been
attributed to conductive heat transfer from the ablation site, a physical phenomenon much slower
than electrical power absorption (10-30 versus 1-5 seconds).? Thus, at least in theory,
commercially-available esophageal temperature probes (ETPs) that are often accurate and easy-
to-use, should be effectively help to prevent esophageal thermal injury. Despite this, esophageal
ulcerations and LA-esophageal fistulas continue to occur following AF ablation.

Hence, some investigators have suggested that the ETP itself could serve as a heat sink or RF
‘antenna’ and as such, promote esophageal injury.**® From an electrical standpoint, it has been
proposed that the superior conductivity of the metallic components of certain ETPs as compared
to biological tissue could lead to direct esophageal overheating and injury.” That is, it is assumed
that the metallic surface of the ETP could function as a secondaryactive electrode, and
consequently alter the electric field surrounding it. Similarly, from the thermal standpoint, the
greater conductivity of the metallic surfaces of the ETP as compared to biological tissue (ratio of

100:1) could lead to a change in the thermal flux around the ETP and further modify the
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temperature distribution within the tissue, as well as the temperature measured by the ETP.
Although plausible, the suggested interactions between the ETP and RF delivery are likely to
depend on the distance between the electrodes and the ETP type (exposed metallic surface versus
non-metallic surface). Since it would prove rather difficult to quantify such interactions
clinically, the present study was designed to evaluate possible electrical and thermal interactions
between a metallic or a non-metallic (plastic) ETP and RF delivery by means of a mathematical

computerized model.

Methods
PhysicalConditionand Descriptionof theTheoretical Model

An irrigated electrode mounted on a 7-F catheter with a length of 4 mm, similar to those
currently utilized in RF catheter ablation of AF was evaluated in this model. In order to create a
simplified geometry and to allow us to work with a two-dimensional model (axis symmetry), it
was assumed that the catheter contacted the tissue at an angle of 90°.

Three types of presently commercially-available ETPs were evaluated: 1) a 9-F standard
single-sensor ETP, comprised of a thermistor integrated into a non-metallic shaft (Fig. 1A),%*°2)
a 10-F multi-sensor ETP (CIRCAS Cath, CIRCA Scientific, Englewood, CO, USA), containing
12 thermistors with no exposed metal placed on a shaft (Fig. 1B), and 3) an 11-F multi-sensor
ETP (Sensitherm, St Jude Medical, CA, USA), comprised of 3 thermocouples and two electrodes,
each comprised of an exposed stainless steel ring positioned along a shaft (Fig. 1C). The data are
presented individually for all the EPTs, defined as: 1) single-sensor non-metallic surface ETP, 2)
muti-sensor non-metallic surface ETP, and 3) multi-sensor metallic surface ETP.

In the case of multi-sensor probes, only one sensor was modeled — the one closest to the

Page 5



ablation electrode. Moreover, although the real shape of the sensors is in general cylindrical, in
order to simplify the geometry into a two-dimensional model, the sensors and their inner
components were assumed to be spherical. In spite of this simplification, the models included
carefully-rendered inner details to recreate these tools as realistically as possible. The single-
sensor non-metallic surface probe (Fig. 1D) was constructed as containing an inner sphere
representing the thermistor (0.8 mm diameter), coated by an epoxy surface (0.5 mm thick
wall),eccentrically placed inside a hollow center (2.2 mm diameter), and covered by a polyvinyl
chloride shaft (0.4 mm thick wall).

The multi-sensor non-metallic surface probe (Fig. 1E) was modeled as a sphere representing
the thermistor (0.8 mm diameter) placed on the surface closest to the esophageal wall, inserted
inside a sphere of polyurethane (2.8 mm diameter) with a hollow center representing the stylet
lumen (1.2 mm diameter). The polyurethane sphere was surrounded by two thin concentric layers
of gold (0.075 mm thick) and Pebax® plastic (0.05 mm thickness), creating a total outer diameter
of 3.05 mm.

The multi-sensor metallic surface probe (Fig. 1F) was modeled as a tiny sphere representing
the thermocouple junction (0.25 mm diameter, copper), positioned closest to the esophagus and
inserted inside a sphere of silicone (2.13 mm diameter) with a hollow center representing the
stylet lumen (0.47 mm diameter). The silicone sphere was surrounded by a concentric layer of
stainless steel (0.745 mm thick), creating a total outer diameter of 3.62 mm.

Both the dimensions of the tissues included in this model and the electrical and thermal
characteristics of the materials used were based upon that reported in a previous study (see
supplementary file).* The electrode was considered to be introduced into the atrial endocardium

at a depth of ©0.4 mm. Fig. 2 illustrates a complete theoretical model representing the active
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electrode (stainless steel) with a section of plastic probe (polyurethane), a fragment of atrial tissue
of thickness A, collapsed esophagus (3 mm wall thickness, 0.1 mm saliva-filled lumen) with the
ETP placed inside, and connective tissue surrounding the esophagus. The simulations took into
account two distances between the ablation catheter tip and the esophagus: 2.5 mm and 5 mm.
These two values correspond to cases in which the esophagus would be in close proximity to the
ablation site, when thermal and/or electrical interactions involving the ETP would be more likely
to occur. In the case of a 5 mm-distance between the ablation catheter and the esophagus, an
atrial wall thickness of 2.5 mm and a distance of atrial wall-esophageal wall of 2.5 mm were
used. Whereas, in the case of 2.5 mm-distance, an atrial wall thickness of 1.5 mm and a distance
of atrial wall-esophageal wall of 1 mm was assumed. The model also assumed the esophagus to
be completely collapsed except for the location surrounding the ETP, with a lumen measuring 0.1

mm, a wall of 3 mm thickness, and a length (L) of 30 mm (Fig. 2).

Numerical Methodand Boundary Conditions

The temperature distribution within the tissue was obtained by solving Laplace’s equation and
the Bio-heat equation, which govern electrical and thermal phenomena during RF heating of
biological tissues.” The ANSYS program (ANSYS, Canonsburg, PA, USA) was used for creation
of the Finite Element Model and the computer simulations. The electrical voltage on the
dispersive electrode was fixed at zero volts. Both the initial temperature and the temperature for
the surfaces away from the active electrode were initially assumed to be 36°C. The effect of
forced thermal convection in the endocardium-blood and electrode—blood interfaces was taken
into account using a thermal transfer coefficient. We considered a value for this coefficient of

7,000 W/m?K which corresponds to an anatomic ablation site in the center of the posterior left
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atrial wall.?

Thermal cooling due to electrode irrigation was modeled by holding fixed the electrode
temperature. This approximation has been previously used to model externally irrigated
electrodes during RF cardiac ablation.® Since that the electrode temperature is measured by
means of a sensor located approximately in the middle zone of the electrode, and since its is
known that this temperature value is always lower than the value measured at the electrode-tissue
interface,® we decided to model the irrigated electrode by fixing a value of 45°C only in the
cylindrical zone of the electrode tip, leaving semispherical tip free. This was done since the
temperature sensor is not located at the tip. This value of 45°C was suggested from the mean
values measured at the electrode during a 35 W-60 seconds RF ablation with different types of
irrigated electrodes on an ex vivo model.’® Computer simulations were conducted using a
constant power of 35 W RF for 60 seconds. They were terminated (the applied power was set to
zero) if an esophageal temperature > 38°C was reached at any time.

From an electrical standpoint, the boundary electrical conditions used in the mathematical
model implied that the metallic component of the multi-sensor ETPs was considered to be
completely insulated. Thus, any capacitive coupled RF current was ignored, and as such, a quasi-
static approach was used to solve the electrical problem. However, we also modeled an unlikely
but critical scenario where there was a current shunting due to the metallic part of the ETP is
accidentally grounded. This was done by set a voltage of zero volts the metallic parts of each
probe: gold in the multi-sensor non-metallic surface probe (Fig. 2E) stainless steel in the multi-

sensor metallic surface probe (Fig. 2F).

Results
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First of all, we analyzed the accuracy of our model with externally irrigated electrode by
comparing the computer results to those obtained in previous experiments. Figure 3 (solid lines)
shows the temperature profiles obtained after a 60 s RF ablation with 35 W power. Temperature
peak was located within 1 mm of the interface electrode-tissue, which is in agreement with the
observations by Demazumder et al.” Temperature at the electrode-interface reached values
between 50 and 55°C. With these theoretical assumptions, lesion depth obtained was of © 7 mm,
which is in close relation with obtained by Guerra et al, which suggests that the method
proposed to model the externally irrigated electrode predicts suitably the temperature profile in
the tissue in terms of lesion depth, which is precisely important in the context of our study.

The value of 7,000 W/m?K for the thermal transfer coefficient used at endocardium-blood and
electrode—blood interfaces corresponds to an anatomic ablation site in the center of the posterior
left atrial wall.® However this value of h is high compared to other locations, and in fact previous
computer modeling studies used values between 1,500 and 4,000 W/m?K. Additional computer
results (using these lower values) showed that the value of h has little effect on the lesion depth
for externally irrigated electrodes, which is in agreement with the experimental observations by

Yokoyama et al,*!

who did not found significant differences in lesion depth between high and
low blood flow with irrigated electrodes during 30 W ablations.

Moreover, these simulations corresponded with an scenario where all tissue was assumed to be
atrial wall (with physical characteristics identical to those shown in the supplementary file).
Surprisingly, when the spatial arrangement of tissue involved in our study was included (atrial

wall, connective and esophagus), temperature profile importantly changed (dashed lines in Figure

3), especially in the case of short distance between ablation catheter tip and the esophagus (2.5
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mm, Fig. 3B). In brief, temperature peak value decreased and its location shifted towards
electrode surface. Importantly, lesion depth was © 1.5 mm smaller. This occurred probably due to
the low thermal and electrical conductivity of connective tissue compare to atrial wall, and
despite that a constant amount of RF power was delivered.

About the simulations where ETPs were included, three relevant successive times were
identified during ablation: 1) trrore: time when the temperature in the ETP reached 38°C
resulting in RF cessation, 2) t,: time when the temperature within the esophageal wall
(specifically at the site closest to the ablation electrode, Fig. 2) reached a maximum value (Tmax-
es0), and 3) ts3: time when the ETP temperature (specifically, the central point of the sensor)
reached a maximum value (Tmax-etp). These values along with the values for Tmax-eso aNd Tmax-eTp
are shown in Table 1. The scenario without an ETP was also considered. It was observed that
peak esophageal wall temperature (Tmax-eso) Was in general higher than the peak temperature
recorded by the temperature probe (Tmax-eTp), Which suggests that LET greatly underestimates the
maximum temperature within the esophageal wall. The difference between Trax-eso aNd Tmax-eTp
was higher for a shorter distance between esophagus and ablation electrode (around 10°C higher
for the distance of 2.5 mm compared to the distance of 5 mm). Moreover, the difference between
Tmax-eso aNd Tmax-eTp Was also higher in the case of the single-sensor non-metallic ETP compared
to the cases with multi-sensor probe (either metallic or non-metallic).

It was also noted, as expected, that cessation of RF energy upon LET reaching a temperature
of 38°C, importantly reduced the maximum temperature in the esophageal wall as opposed to the
case without ETP where the esophageal wall temperature increased continuously until ablation

was completed reaching values over 56°C and 78°C (for distances between esophagus and
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ablation electrode of 5.0 mm and 2.5 mm respectively). When a multi-sensor (plastic or metallic)
probe was considered, Tmax-eso Kept lower 45°C and 54°C (for distances between esophagus and
ablation electrode of 5.0 mm and 2.5 mm respectively).

By comparing the different types of ETPs, the greatest differential between the maximum
esophageal wall temperature and the maximum ETP temperature was observed with the single-
sensor probe in which the maximum temperatures reached in the esophageal wall were markedly
higher than in the case with multi-sensor probes. This fact was clearly due to the differences in
response time of each ETP (see values of times in Table 1), and in particular with the time when
the temperature in the ETP reached 38°C and RF ceased (trr.orr). The single-sensor probe was
generally slower than the multi-sensor ETPs and this allowed RF power to be delivered longer.

Figure 4 shows the temperature distributions for each ETP, for a distance between the
esophagus and the ablation electrode of 2.5 mm. By comparing the successive temperature
distributions at trr.orr and ts, it was noted that the hottest point initially detected on the atrial wall
produced by RF (Fig. 4A-C) shifted deeper into the tissue once RF was terminated (Fig. 4D-F).
The absolute value of the hottest point becomes lower as its location gets deeper, mimicking the
observed phenomenon of thermal latency seen during catheter ablation.

The most important finding of this study was the lack of significant alterations in electrical
performance of the ETPs, even over a short distance between the esophagus and the ablation
electrode. This was observed not only for the single- and multi-sensor non-metallic ETP but also
for the multi-sensor metallic ETP (Fig. 4C). Instead, it seems that the temperature increase in
both the esophageal wall and the ETP was exclusively provoked by thermal conduction

progressing from the point initially heated by RF (° 1 mm away from the ablation electrode).
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A slight alteration in temperature distribution around the ETP was noted. In the case of an
ETP with a metallic surface (Fig. 4C), the higher thermal conductivity of stainless steel (15
W/m@) compared to that of biological tissue (0.4-0.7 W/m) improved heat conduction through
the probe, identified as a low thermal gradient inside the metallic zone. In contrast, in the case of
the ETP with a non-metallic surface (Fig. 4B), the lower thermal conductivity of this material
(0.18 W/m@®& for Pebax plastic) compared to biological tissue produced a high thermal gradient
within the tissue surrounding the probe.

Even more, in order to evaluate in detail any electrical perturbation induced by the ETP, we
plotted the change in temperature distributions within the first second for a narrow temperature
span (0.45°C). Figure 5 illustrates temperature distributions within the tissue surrounding the
ETPs for the case of esophageal-ablation electrode distance of 2.5 mm (the ‘worst case
scenario’). The location of the two hot points around the ETP with a metallic surface (Fig. 5B)
suggests an alteration of the electric field provoked by the ETP, itself.

Figure 6 (A and B) shows the temperature profiles along the symmetry axis for each of the
ETPs at the time when the temperature in the ETP reached 38°C (trr.orf), i.€. Where RF ceased.
Temperatures were obviously higher for those cases where tre.orr OcCcurred later. In order to
compare the effect of the presence of each ETP under the same conditions of delivered energy
(power and duration), we simulated a 60-s RF ablation case where RF power was not ceased
when ETP reached 38°C. The temperature profiles were nearly identical for all ETPs in the case
of a distance between esophagus and ablation electrode of 5 mm (Fig. 6C). The noticeable
difference pertained to a distance of 2.5 mm (Fig. 6D), in which temperatures at the esophagus

zone were slightly higher (< 3°C) when using a metallic surface ETP, as opposed to plastic
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surface ETP. In general, these plots confirm that the minute electrical and thermal interactions
produced by the presence of a metallic surface ETP do not have a significant impact on
temperature profiles, and as such, are likely of little to no clinical consequence.

The simulation of a critical scenario where the metallic part of the ETP is accidentally
grounded resulted in a dramatic outcome in the case if metallic surface ETP. The metallic surface
actually played as a secondary electrode and provoked a second site of high current density, with
the subsequent rapid temperature increase at that point. Fig. 7 shows the temperature profiles
along the symmetry axis for the metallic surface ETP at the time when the temperature in the
ETP reached 38°C. The case of plastic surface ETP is not shown since its result coincides with
that shown in Fig. 6. Although it was noticeable the secondary point of secondary at the
esophagus-ETP interface, no lethal temperatures > 50°C were reached at the esophagus wall, due

to RF power ceased LET reached 38°C.

Discussion

Our computational model evaluated the possible electrical and thermal interactions between
several ETPs and an RF ablation catheter. Several findings in this study are noteworthy. First,
Tmaxeso Was always higher than Tpaxerp, that is LET as measured by any ETP always
underestimated the temperature reached on the external surface of the esophagus. Second, as
shown in Table 1, thermal latency™ can occur in the esophagus and the ETP as temperature
continues to rise even after RF delivery has been discontinued, where t, and t3 are in general
higher than trr.ore. Third, high temperatures were observed during the first few seconds of RF
delivery (38°C after 8 s for a distance of 2.5 mm for multi-sensor ETPs). This rapid heating does

not seem to be the result of thermal and/or electrical interactions between the ablation catheter
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and the ETP, as previously suggested.>? The notion that heat transfer by conduction is a slow
physical phenomenon that requires 10- 30 seconds is only true in terms of how the thermal lesion
boundary enlarges over time. Although, the thermal lesion boundaries grow slowly over time,
temperature can augment rapidly in sites 1- 2 mm away from the zone where electrical power is
converted into heat. In our model, high esophageal temperatures were observed when the distance
between the ETP and the ablation catheter were < 3 mm. In this particular scenario, temperature
will increase rapidly due to thermal conduction without any electrical interaction.

Fourth and most importantly, a slight alteration in the electrical field was only observed when
a multi-sensor ETP with a metallic surface was used which resulted in the occurrence of hot
points on the ETP at the beginning of the heating (Figure 5). In this respect, it has been postulated
that the ETP itself could perhaps act as an ’antenna’ since any metallic element placed amidst an
electrical field (such as the one created between the active and dispersive electrodes during RF
catheter ablation) could hypothetically alter the distribution of such a field. If the resultant
interferences could produce a large enough electrical field (and therefore high current density) on
the surface of the metallic elements, additional heating may subsequently appear at this location
producing a satellite thermal lesion apart from the main thermal lesion created in the cardiac
tissue about the active electrode. In this case, the metallic element would act as a secondary
active electrodeOf note, the term ‘a n t e nefersaodhe interface between the guided waves and
the radiated waves. Since no radiated waves can be created within the tissue at electrosurgical
frequencies of around 500 kHz, this term should not be used in this context. In a previous study?,
satellitethermal lesions were seen around metallic surgical clips located adjacent to a 10 mm tip

ablation electrode following 120 seconds of RF delivery. Interestingly, the main thermal lesion
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reached the clip area and incorporated the satellitethermal lesion after 180 seconds of ablation.
Thus, the momentary existence of satellite lesions would not be noticed if only the final lesion set
had been reported, as no visual carbonization around the clip was noted at the end of the 5-
minutes ablation.*® Our results suggest that the temperature increase induced by the metallic
surface of the ETP (hot points) occurred only at the beginning of the heating, and was not
sufficiently high to induce satellitethermal lesions (increment of < 1°C) (see Fig. 5). However, it
seems that these hot points could affect the profile temperature once heating progressed. In
particular, the temperature profile for a distance of 2.5 mm created with the multi-sensor ETP
with a metallic surface showed values slightly higher (< 3°C) than with the plastic surface multi-
sensor ETP (Fig. 6B).

It is believed that LA-esophageal fistula, a catastrophic complication of catheter ablation of
AF, can occur as a result of thermal injury to the esophageal wall during LA RF ablation.***
Since LA-esophageal fistulas are rare, it is exceedingly difficult to evaluate whether a specific
approach can effectively prevent such a complication. Thus, most strategies aimed at preventing
this complication have utilized esophageal ulceration —a likely precursor of LA-esophageal
fistula— as a potential surrogate. Although LET monitoring has become common clinical practice,
its use is still controversial as no randomized clinical trials are available to justify its role. In this
study, we considered several ETPs which are commercially available and commonly used for
detection of high esophageal temperatures. These probes can be classified into distinct categories:
single- or multi-sensor ETPs, utilizing metallic or non-metallic surfaces overlying the
temperature sensors (thermistors or thermocouples). Intuitively, multi-sensor ETPs were
expected to be more precise than single-sensor probes. However, unanticipated results on the use

multi-sensor ETPs have been recently reported,* suggesting that patients in whom no or a single-

Page 15



sensor ETP was used had fewer esophageal ulcerations as compared with those who received
LET monitoring using a multi-sensor ETP. Our results suggest that the presence of a single- or a
multi-sensor ETP appears incapable of creating significant thermal and/or electrical interactions
with the RF ablation catheter during AF ablation. Thus, the notion of satellitethermal esophageal
lesions caused by an 6 ant e n n &rom&TPs was hob supported by the results of this
computational modeling study.

When the slight alteration in the electrical field observed in the case of ETP with a metallic
surface is taken into account, the results suggest that the best option would be to use an ETP with
a non-metallic surface to avoid the possible electrical interaction which could produce hot points
on the probe. The possible risk of esophagus thermal damage in case of electrical fault also
suggests avoiding use of ETP with metallic surface. Moreover, it should be required that ETPs
have a fast response, as opposed to the standard single-sensor probes, in order to cease the RF
power as soon as esophagus temperature reaches a limit (e.g. 38°C).

Not only RF irrigated electrodes can cause esophageal injury. Thermal damage in the
esophagus has been also observed during cryoablation with balloons.*®*’ Since cryoablation is
not based on electrical currents flowing in the tissue, but exclusively on a thermal phenomenon
(drastic heat removing from the tissue to create an ice-ball), the possible effects of an ETP on
cryoballoons should be thermal also. The different thermal characteristics of the ETP surface
(metallic or non-metallic) compared to the tissue characteristics could produce a thermal
interaction. The study of this possible interaction would imply the development of a new
computer model, out of the scope of our study. In other words, no conclusion can be drawn from

our results about the thermal performance of an ETP during cryoablation.
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Limitations

First of all, we must emphasize that the model used in the study is within the scope of
comparative thermal dosimetry, not of prospective thermal dosimetry.’® This means that its
usefulness is not to provide information about the outcome (esophageal temperature) for a
specific patient under particular conditions, but to offer information about how different is the
thermal and electrical performance of different ETPs which are evaluated under the same
(generic) conditions. For this reason it is not possible to directly translate the results in terms of
absolute values of tissue temperature. We can extrapolate from this model the conclusions in
terms of comparison between ETPs, e.g. metallic surface ETPs alter the electric field and could
produce hot points but non-metallic surface ETPs do not. In fact, all of the mathematical models
about RF cardiac ablation work in this way and have this scope. Although there is no direct
experimental validation associated with our computer simulations, it is also necessary to point out
that our model was based on the same equations and conditions as those employed in previous
mathematical models developed for endocardial RF ablation and which have been experimentally
validated (in terms of temperature distributions).*** Once more, since all of those mathematical
models were intended to study the thermal and electrical performance in a comparative way, not
for prospective purposes, the validations were based on bench test, not in a specific clinical
scenario. In addition, results from these mathematical studies are single values; there was not
replication of each computer simulation and the reproducibility cannot be hence tested in this
context. In conclusion, those experimentally validated previous models can be considered to be
the indirect corroboration which supports our findings and provides the clinical relevance to our
study.

Third, variations in ETP placement in relation to the ablation electrode position were not

Page 17



addressed in this study. Instead, an assumption was made that the ETP was placed in the most
ideal location for recording the highest LET. The effect of the relative position of ETP is

important as suggested in a prior computer study.?

Conclusions
The presence of a single- or a multi-sensor ETP appears incapable of creating thermal and/or
electrical interactions with the RF ablation catheter during AF ablation. Thus, the notion of
satellite thermal esophageal lesions caused by an ’antenna effect” from ETPs was not supported

by the results of this computational modeling study.
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Table 1. Relevant times and associated temperatures during ablation for different ETPs as a

function of distance between the esophagus and the ablation electrode.

ETP Distance (mm) | trrorr (S) | t2(S) T max-esd°C) t3(s) T maxerr(°C)
Single-sensor 5.0 35.0 38.4 498 60.0 39.7
probe 2.5 17.8 17.6 62.4 35.4 40.4
Multi-sensor 5.0 22.8 29.4 454 49.8 38.8
plastic surface 2.5 9.6 9.6 53.2 21.0 38.8
probe
Multi-sensor 5.0 21.4 21.4 45.3 47.8 38.8
metallic surface 2.5 8.4 8.4 54.8 19.0 38.6
probe
5.0 - 60.0 56.4 - -
No ETP
2.5 - 60.0 78.1 - -

In bold: temperatures around or over 50°C, suggesting potential thermal injury to the esophagus.
tre-orr: time when the temperature in the ETP reached 38°C (resulting in RF cessation).

to: time when the temperature within the esophageal wall (specifically at the site closest to the
ablation electrode) reaches a maximum value (T max-eso)-

t3: time when the ETP temperature (specifically, the central point of the sensor) reached a

maximum value (Tmax-eTp).
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PVC
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Figure 1 ETPs (A-C) commonly employed to monitor LET during RF ablation of AF. A: a
9-Fstandard single-thermistor ETP. This image shows the inner components of the
ETP after removing a section of the plastic surface covering to reveal the exposed
thermistor (arrow); B: a 10-F multi-sensor non-metallic (plastic) ETP, the arrows
indicate the location of the sensors; C: an 11-F multi-sensor metallic ETP; D-F:
Spherical models of each of the ETPs, representing simplified two-dimensional

geometries but including the detailed inner constructions.
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Catheter

Electrode
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Connective tissue

Esophagus

Esophagus lumen Esophageal temperature
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Figure 2 The proposed theoretical model (out of scale). A: atrial wall thickness; C:
connective tissue thickness between the atrial wall and the esophagus. *Indicates
the location of the esophageal wall when assessing the temperature within this

structure.
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Figure 3
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Temperature profiles after 35 W power constant ablation with an externally
irrigated electrode. Solid lines correspond with an scenario where all tissue is
assumed to be atrial wall, while dashed lines correspond with a spatial
arrangement of tissue comprised of atrial wall, connective and esophagus. Panel A
(top) corresponds with a distance between ablation electrode and esophagus of 5.0
mm and panel B (bottom) for a distance of 2.5 mm. Three blood flow conditions
are considered by assuming different values of thermal transfer coefficient at
endocardium-blood and electrode—blood interfaces: 1,500 W/m?K, 4,000 and

7,000 W/m?K.
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Figure 4

Esophagus

tror=14.0s Al twor=665s Blteor=58s C

Temperature distributions (scale in °C) for a distance between the esophagus and
the ablation electrode of 2.5 mm, and for the three types of ETP considered:
single-sensor ETP (A,D), multi-sensor non-metallic ETP (B,E), and multi-sensor
metallic ETP (C,F). The distributions correspond to: trr.orr (time when ETP
temperature reaches 38°C and consequently RF energy is terminated, plots A, B
and C) and t3 (time when ETP temperature reaches a maximum value, plots D, E
and F). Arrow heads indicate the location of maximum temperature which shifts

deeper inside the tissue once RF is ceased.
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Figure 5

Plastic
surface
ETP

Metallic
surface
ETP

Progressions of temperature distribution within the tissue (scale in °C) without
ETP and with different ETPs: single-sensor (SS), multi-sensor non-metallic (A)
and multi-sensor metallic (B) ETPs. The plots correspond to a distance between
the esophagus and the ablation electrode of 2.5 mm. Arrow heads indicate the
location of hot points around the ETP with a metallic surface. The location of the
two hot points is diametrically opposite, which suggests that they are due to an
alteration of the electric field provoked by the ETP, itself. Arrows indicate the
location of cold points on the surface of ETP without a metallic surface (multi-
sensor and single-sensor ETPs). Temperatures above 36.45°C are plotted in grey

color.
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Figure 6 Temperature profiles along the symmetry axis for each of the ETPs at the time

when the temperature in the ETP reached 38°C, i.e. where RF ceased for two
distances between esophagus and ablation electrode: 5 mm (A) and 2.5 mm (B).
Temperature profiles along the symmetry axis for each of the ETPs after 60
seconds of 35 W ablation for two distances between esophagus and ablation
electrode: 5 mm (C) and 2.5 mm (D). The case without temperature probe is also

shown.
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Figure 7 Temperature profiles along the symmetry axis for the metallic surface ETP when

the metallic part is accidentally grounded. Two distances between esophagus and
ablation electrode were simulated: 5 mm (A) and 2.5 mm (B). Both profiles
correspond with the time when the temperature in the ETP reached 38°C, around
0.8 s. Note that the metallic surface of the ETP played as a secondary electrode
and provoked a second heating point (AW: atrial wall, C: Connective tissue, E:

Esophagus, ETP: Temperature probe).
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Supplementary file. Electrical and thermal characteristics of the materials used in the model.

Material s k c r Where this material is used
(W/m-K)
(S/m) (J/kg-K) | (kg/im?)
Polyurethane 10° 0.026 1045 70  Catheter
1 Multi-sensor non-metallic surface ETP
Stainless 7.4x10° 15 480 8000 9 Electrode
steel 1 Multi-sensor metallic surface ETP
Blood 0.99 0.54 4180 1000 1 Blood
Atrial wall 0.61* 0.70 3200 1200 1 Atrial wall
Connective 0.09* 0.4 3200 1000 9 Connective tissue
tissue
Esophagus 0.127* 0.4 3700 1000 1 Esophagus
Saliva 1.2 0.45 4000 1000 1 Esophagus lumen
Epoxy 3.9x10™ 0.682 1175 1616 | Thermistor (in single-sensor ETP and
multi-sensor non-metallic surface ETP)
9 Single-sensor ETP
Pebax 3.13x10™ 0.18 2800 1000 {1 Multi-sensor non-metallic surface ETP
Silicone 9.7x10% 1.09 789 1320 f  Multi-sensor metallic surface ETP
(rubber)
Gold 455 E6 300 132 19300 1 Multi-sensor non-metallic surface ETP
45.5x10°
PVC 1.5x10" 0.162 900 1370 | T Single-sensor ETP

* Increasing with temperature (+0.016%/°C).

s : Electrical conductivity, k : thermal conductivity; c : specific heat; r : density.
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