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Abstract

Objective: Cardiac catheter cryoablation is a safer alternative to radiofrequency ablation for
arrhythmia treatment, but electrophysiological (EP) effects during and after freezing are not
adequately characterized. The goal of this study was to determine transient and permanent
temperature induced EP effects, during and after localized tissue freezing.

Methods: Conduction in right (RV) and left ventricles (LV) was studied by optical activation
mapping during and after cryoablation in paced, isolated Langendorff-perfused porcine hearts.
Cryoablation was performed endocardially (n=4) or epicardially (n=4) by a cryoprobe cooled to
—120 °C for 8 minutes. Epicardial surface temperature was imaged with an infrared camera.
Viability staining was performed after ablation. Motion compensation and co-registration was
performed between optical mapping data, temperature image data, and lesion images.

Results: Cryoablation produced lesions 14.9 +/- 3.1 mm in diameter and 5.8 +/- 1.7 mm deep.
A permanent lesion was formed in tissue cooled below -5 +/- 4 °C. Transient EP changes
observed at temperatures between 17 and 37 °C during cryoablation surrounding the frozen tissue
region directly correlated with local temperature, and include action potential (AP) duration
prolongation, decrease in AP magnitude, and slowing in conduction velocity (Q10=2.0). Transient
conduction block was observed when epicardial temperature reached <17 °C, but completely
resolved upon tissue rewarming, within 5 minutes.
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Conclusion: Transient EP changes were observed surrounding the permanent cryo lesion (<
=5 °C), including conduction block (-5 to 17 °C), and reduced conduction velocity (>17 °C).

Significance: The observed changes explain effects observed during clinical cryoablation,
including transient increases in effective refractory period, transient conduction block, and
transient slowing of conduction. The presented quantitative data on temperature dependence of EP
effects may enable the prediction of the effects of clinical cryoablation devices.
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[. Introduction

Cardiac catheter cryoablation has become an alternative to radiofrequency (RF) ablation,
and has found considerable interest particularly in pediatric patients [1-3] due to several
saftety advantages: (1) no risk of steam popping and lower risk of thrombus formation [4],
(2) no risk of coronary vessel stenosis [5-7], (3) adherence of the catheter to the target site
upon freezing, and (4) cryo-mapping allows confirmation of target site before creating a
permanent lesion, which is of particular importance when the target site is close to sensitive
structures (e.g. the AV node) [1, 8]. One particular shortcoming of cryo compared to RF
ablation is the comparably higher incidence of recurrences (i.e. late recovery of tissue
function), which can occur anywhere from immediately post cryoablation to a few minutes
to days later [1, 3, 9-12]. The use of larger cryocatheter tips, more applications (freeze-thaw-
freeze) and more aggressive locations for septal substrates has led to reduced late
recurrences [12]; however, early recurrences after apparently successful ablations remain
frustrating and often perplexing. A number of transient effects during and after cryoablation
have been described in the literature, including conduction block [1], a prolongation of the
effective refractory period [2], and a reduction in electrogram magnitude [13, 14]. A better
understanding of the local electrophysiological (EP) changes resulting from tissue cooling
and freezing may aid in explaining these clinical observations, and help in designing more
effective cryoablation devices. While prior studies have examined the effects of hypothermia
on EP changes in perfused tissue [15-17], these studies employed uniform cooling of the
preparation to temperatures above freezing, and did not include the creation of permanent
lesions. There have not been any prior studies demonstrating the EP changes surrounding a
cryo probe, while correlating these changes with local tissue temperature.

In this study we employed optical activation mapping during and after cryoablation on a
perfused porcine heart model while thermally imaging the epicardial surface. This allowed
for simultaneous measurement of spatio-temporal temperature profile and EP changes
during local tissue freezing, which is not possible in vivo. The goal of this study was to
correlate EP changes with temperature to clinically explain observed effects as well as to
quantify the changes with corresponding tissue temperatures.
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[I. Methods

A. Animals

The study was performed using four healthy Yorkshire pigs, weighing between 40 and 60
kg. All animal care protocols conformed to institutional and NIH guidelines, and were
approved by the Institutional Animal Use and Care Committee at the authors' institution.

B. Extraction and Langendorff Perfusion

Pigs were brought to the operating room in the fasted state, sedated and intubated (propofol
2.5-3.5 mg/kg, isoflurane 1-5%). A median sternotomy was performed and the great vessels
were identified. The pericardium was then incised. After the heart was exposed, animals
were given intravenous heparin (15,000 IU) and an overdose of sodium pentobarbital (120
mg/kg; Sleepaway, Fort Dodge Animal Health, Fort Dodge, 1A) for euthanasia. The inferior
and superior vena cava were cross-clamped and ventricular fibrillation was induced with 9V
direct current. The great vessels were cut and hearts were rinsed with room-temperature
Tyrode’s solution and transported on ice. Hearts were perfused at a constant pressure of 60
mmHg antegradely via the ascending aorta with a modified Tyrode’s solution containing the
excitation contraction uncoupler blebbistatin (5 pM), at physiologic flow rates and
temperature. The Tyrode’s solution was not recirculated. Hearts regained sinus rhythm
within 10 minutes and did not require defibrillation. A cannula was inserted through the left
atria into the left ventricle to prevent pressure from accumulated fluid in the left ventricle.
Hearts were suspended in room temperature air to allow for thermal imaging and all
experiments were completed within 1 hour.

C. Optical Mapping and ECG Recording

Hearts were optically mapped similar to prior studies [18], using the voltage sensitive dye,
di-4-ANEPPS (Invitrogen-Molecular Probes, Carlsbad, CA). Four custom-mounted green
(530 nm) LED arrays (Luxeon Inc, San Jose, CA) were used as light source. Emitted light
was detected with a high-resolution charge-coupled device (CCD) camera (128x128 pixels,
Dalsa Semiconductor Corp, Bromont, Quebec) through >610 nm filters. The images were
digitally captured at a sample rate of 400 frames/second and stored for later analysis using
custom software. Volume-conducted whole-heart electrograms were obtained with
submerged electrodes and continuously recorded during optical mapping (AxoScope,
DigiData, Molecular Devices, Inc, Sunnyvale, California). Epicardial pacing was performed
at a constant cycle length of 400 ms using a 6 French quadripolar diagnostic
electrophysiology catheter (CRD Response, St Jude Medical, Inc. St. Paul, MN) and a Pulsar
6i stimulator (FHC, Bowdoinham, ME).

D. Cryoablation

Three to five fiducial markers were placed surrounding the location of intended cryoablation
to provide spatial reference points for later analysis. We performed cryoablation for 8 min
with a 5 mm diameter probe (Cry-Ac, Brymill, Ellington, CT) perfused with liquid nitrogen
resulting in a probe temperature of approximately =120 °C. Compared to clinical
cryoablation devices, our probe had a larger tip diameter and lower tip temperature with the
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goal of creating larger cryo lesions. The reason for this choice was (1) to achieve
reproducible transmural lesions, and (2) to achieve reduced radial temperature gradients. The
latter was necessary to allow direct correlation between temperature and EP parameters. For
endocardial cryo applications, the cryo catheter was steered within either the right ventricle
(RV) or left ventricle (LV) towards the target location by tactile guidance, and cryoablation
was performed from the endocardial side in the free wall of either RV (n=2), or LV (n=2).
For epicardial cryo applications, the cryo catheter was visually positioned at the epicardial
target location on either RV (n=3) or LV (n=1) free wall.

E. Thermal imaging

Epicardial surface temperature was imaged at a frame rate of 1/s during, and 15 min
following cryoablation with an infrared camera (Mikron M7500; wavelength 8-14 pm;
320x240 resolution). Temperature was calibrated with an internal source before initiating
recording, with measurement accuracy of +/— 2 °C. To determine the surface temperature of
a material when recording the emitted infrared spectrum, the emissivity of the material has
to be known to convert infrared emissions to temperature; for epicardium we assumed a
tissue emissivity of 0.9 [19]. The field of view (FOV) of both the optical mapping camera, as
well as the infrared camera was adjusted so that the cryo probe was centered, and the total
FOV was at least ~3 x 3 cm.

F. Gross Pathology

After the studies were completed, tissue samples containing the lesions were extracted.
Digital images of the lesion surfaces, as well as of lesion crosssection after slicing the tissue
with a scalpel were acquired, and were used to define extent of permanent lesions produced
by the cryoablations. In preliminary studies we confirmed that the lesion visible without
staining (Fig. 2) coincides with the lesion defined by viability staining via nitro-blue
tetrazoleum (data not shown). Lesion diameter and depth were measured, similar to prior
studies [20].

G. Data processing

All image processing was performed by custom software code developed within Matlab
(Mathworks, Natick, MA).

1) Optical Activation Mapping: As first step we performed motion compensation of
the optical mapping movies to correct for residual motion that was present after
administration of the excitation contraction uncoupler. All subsequent image frames were
registered to the first frame via 2D affine transformation such that fiducial marker locations
were matched. As second step, we performed temporal averaging over all cardiac cycles
present in each of the data sets (typically ~8 cycles). Subsequently, an image processing
technique called HYPR was applied, which enhances the SNR in a temporal image series
[21]. Additionally, a Gaussian filter and median filter (3x3 kernel) were applied to further
reduce noise. From these data we calculated time of activation, action potential (AP)
amplitude, action potential duration (APD90), and conduction velocity. Conduction velocity
of each pixel was calculated based on the activation times of an array of the neighboring 5x5
pixels as described in prior studies [18].
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2) Registration of Image Data Sets: To co-localize (1) optical mapping data, (2)
thermal imaging data, and (3) lesion images, we had to perform registration of these three
image data sets. During this procedure, any necessary translation, rotation and perspective
correction was performed on the image data sets such that the data can be spatially
correlated (Fig. 1). We used the fiducial markers (visible in all three data sets) placed on the
epicardial surface before the cryoablation to provide reference locations for performing the
geometrical transformation. We wrote custom software algorithms in Matlab (Mathworks,
Natick, MA) to perform 2D affine transformation on the thermal imaging data, and on the
lesion images to register those to the optical imaging data sets. Fig. 1 demonstrates the
registration process.

Based on the registered image data sets we determined the temperature required for
permanent lesion formation by correlating the temperature profile at the end of the
cryoablation with the lesion boundaries extracted from lesion images. From correlation
between optical mapping signal data registered to temperature data we determined:

« Action potentials at different temperatures by averaging the optical mapping signals of all
tissue regions that are at this particular temperature

» Temperature dependence of both APD90 and conduction velocity

For the latter two correlations, we divided the temperature range from 22 — 37 °C into 5 °C
intervals (bins), and calculated average and standard deviation in each temperature interval.

[1l. Results

Table 1 summarizes parameters of each of the eight cryo applications. Three cryoablations in
the RV resulted in transmural lesions, the remainder five lesions were nontransmural.
Lesions were on average 14.9 +/- 3.1 mm in diameter and 5.8 +/- 1.7 mm deep. Epicardial
lesions had a larger diameter of 17.1 +/- 2.4 mm, compared to 12.8 +/- 2.3 mm for
endocardial lesions (p<0.05), but lesion depth was not significantly different (p=0.84). The
duration required for epicardial tissue rewarming following a cryo application was
significantly longer for epicardial (6.3 +/- 1.5 min) compared to endocardial (2.5 +/- 1.0
min) application (p<0.05); note that contrary to epicardial applications, for endocardial
applications the location of lowest temperature could not be assessed. The rewarming time
of epicardial applications is thus likely more representative of the time required for the
lesion to completely rewarm.

Fig. 2 shows a non-transmural LV lesion (A,B), and a transmural RV lesion (C,D), both
following endocardial cryo application (Lesions Endol and Endo2 in Table 1). The non-
transmural lesion has the tear-drop shape (Fig. 2A) often seen also for radiofrequency
lesions, while the transmural lesion is approximately cylindrical (Fig. 2C,D). Lesion
boundaries were clearly demarcated.

Fig. 3 compares transient and permanent changes in epicardial activation, resulting from a
non-transmural, and from a transmural cryo lesion (both applied endocardially). Transient
changes from a non-transmural lesion (Lesion Endol; see Fig. 2A,B) are demonstrated in
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activation maps (A-D), and corresponding temperature maps (E-F) before, during and after a
cryoablation (see also 3). Transient as well as permanent changes were observed from a
transmural lesion (Lesion Endo2; see Fig. 2C,D) with activation maps (G-J) and
corresponding temperature data (K,L) (see also Suppl. Movie 2). Due to the latent heat
associated with the state change of tissue water between liquid and frozen, the temperature
time course shows discontinuities at the time points freezing and thawing occurs (K,
arrows). For the transmural lesion, activation time of location of latest activation at end of
cryoablation (purple region in Fig. 31) was retarded by 21.0 ms, compared to initial
activation time (Fig. 3G). Following tissue rewarming (Fig. 3J), activation stayed retarded by
9.3 ms compared to initial activation time. For lesions created by epicardial cryo application,
the observed change in activation timing and presence of a transient late activation zone was
equivalent to that of the transmural lesions resulting from endocardial application. We only
present activation maps resulting from endocardial but not epicardial cryo applications due
to higher clinical significance, and because the epicardial surface was partially obscured by
the cryo catheter for epicardial cryo applications.

Activation time of location of latest activation at end of cryoablation was retarded on
average by 19.5 +/- 11.3 ms, compared to initial activation time (p<0.01). Following tissue
rewarming, activation timing was not significantly different from initial timing (p=0.75),
though in two individual lesions we observed permanent altered activation (Table 1). The
observed retardation was not significantly different between endocardial and epicardial cryo
applications (p=0.92).

Correlation of temperature data with conduction velocity (A) and APD90 (B) are shown in
Fig. 4 As measure of the temperature sensitivity of conduction velocity we calculated
Q10=v1/vT+10°c, Where vt is conduction velocity at temperature T. The relationship
between conduction velocity and temperature could be modeled adequately by a linear
equation between 20 — 37 °C (R2=0.97). Based on this linear mathematical model, we
defined appearance of conduction block where conduction velocity is estimated to be equal
to zero, which would occur at a temperature of 17 °C (Fig. 4C).

Fig. 5 demonstrates changes in action potential morphology surrounding the cryo lesion
during, and after cryoablation. A few minutes after thawing, the permanent lesion becomes
visible with boundary just inside where the iceball boundary was located (B, arrows). At the
end of cryoablation, signal magnitude is reduced even at the furthest location from the
iceball (E, yellow curve) compared to pre-ablation (E, white dotted curve) due to reduced
tissue temperature of 29 °C, but returns to pre-ablation levels after tissue has rewarmed (F).
The corresponding signal magnitude profile as measured between baseline and plateau
(white double arrow in (E)) of the optical signal in (E,F), is shown in gray-scale images
(C,D). Note that temperature does not affect dye sensitivity, as prior studies have used
voltage sensitive dyes at lower temperatures [22], and they have been used for squid axon
recordings down to 4 °C without degradation in voltage sensitivity. (G)-(H) shows maps of
action potential duration (APD90) surrounding the target site before, during, and after
freezing.
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V. Discussion

The most important new findings of this study are that: 1) there are local
electrophysiological (EP) effects from cryoablations, including conduction block and
changes in conduction velocity and action potential morphology that help explain multiple
observations during clinical cryoablation procedures, and 2) the transient nature of these
changes when the cryoablation does not result in a permanent lesion may explain transient
clinical effects, such as early recurrence of conduction and arrhythmias after an apparently
successful cryoablation procedure. Further, the presented quantification of the EP effects and
corresponding temperature ranges may enable design of more effective cryoablation devices.

While cardiac cryosurgery has been studied for decades [14, 23], cardiac catheter
cryoablation has received increased attention only within the recent years, particularly for
treatment of pediatric patients due to several safety advantages over RF ablation [1-3, 24].
However, the primary disadvantage of clinical cryoablation has been transient, rather than
permanent EP effects, which lead to recurrence of both conduction in the targeted substrate
and arrhythmias. In this study, simultaneous optical activation mapping was combined with
thermal imaging to locally correlate temperature with resulting EP changes at and around the
cryoablation site after spatial registration of the data sets. Cryoablation was performed for 8
min at =120 °C tip temperature (5 mm diameter tip) both by endo- and epicardial
application, which created cryo lesions somewhat larger than seen typically with clinical
devices that operate only at =80 °C. We used the larger tip and lower temperature to generate
wider hypothermic tissue regions with less steep temperature gradients, allowing accurate
correlation of local temperature with optical mapping data. Depending mostly on myocardial
thickness at the target location, both transmural and non-transmural lesions were created
(Fig. 2). Lesions resulting from endocardial applications were smaller in diameter than
epicardial lesions (Table 1), likely resulting from convective warming by perfusate at the
endocardial surface [20]. During a cryoablation that resulted in a non-transmural lesion (Fig.
2A,B), transient functional conduction block was observed at the epicardial location that
coincided with location of lowest temperature of around 17 °C (Fig. 3B,E). This conduction
block disappeared upon rewarming of the tissue after ablation was discontinued (Fig. 3C,F)
(see Suppl. Movie 2). Thus, there is a transient loss of tissue function that is completely
reversible as long as no permanent lesion is formed, i.e. in the temperature range of -5 °C to
17 °C. A similar conduction block was observed at the beginning of a cryoablation that later
resulted in a transmural lesion (Fig. 3H) (see Suppl. Movie 1), at the location where the
permanent lesion was subsequently created once the ice ball formed (Fig. 3I).

Clinically, the effect of temporary loss of conduction during cryoablation and its use to
identify target sites during catheter ablation is termed cryo-mapping, and was first described
by Gessman et al [25], though earlier cryosurgery studies noted reversible loss of conduction
when cooling tissue to 0 °C [23]. Some clinical cryo systems have a mapping mode by
setting catheter tip temperature to a higher temperature (typically =30 °C, instead of —80 °C
for ablation). Ideally the tissue volume transiently deactivated during cryo-mapping
coincides with the volume where a permanent cryo lesion is created during ablation, but
from our experience this is often no the case. The quantitative data on the temperature
ranges of different tissue effects (Fig. 6) will enable better matching mapping and lesion
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volume when designing new cryoablation devices. In addition, the phenomenon of mapping
takes place at all tip temperature settings (i.e. during both mapping and ablation) due to the
temperature gradient surrounding the cryo probe; i.e. a zone of mapping precedes any areas
of eventual cell death (Fig. 6). The clinical problem is that since the spatiotemporal
temperature profile is unknown during a clinical procedure, there is no easy way to
differentiate mapping effects from permanent ablation effects. This issue is particularly
important when the mapping effects last more than a few minutes, because the procedure
may be assumed succesful and concluded, only to have the arrhythmia recur later.

Our observation of prolonged conduction block is consistent with the clinical observations
of variably delayed conduction recurrence in the target tissue. For instance, transient AV
conduction block is observed commonly during cryoablation near the AV node [1]. In this
study, transient conduction block occurred once tissue cooled to 17 °C. For comparison,
prior hypothermia studies where perfused rabbit hearts were uniformly cooled showed AV
block in the range of 17 — 27 °C, and complete loss of excitability at 12 °C [15]. An earlier
study found loss of atrial excitability at 18 °C [17].

In addition to conduction block, transient slowing in conduction was observed at the
epicardium preceding, and surrounding the site of transient conduction block (Fig. 3B).
Similarly, when a permanent lesion was created, regions of transient conduction slowing
surrounded the permanent lesion site during cryoablation (Fig. 31). There was a direct
correlation between conduction velocity and temperature with a drop to about 50% for every
ten degrees temperature reduction (Q10 = 2.0) (Fig. 4A), which is in the same range as in
prior hypothermia studies where perfused hearts were uniformly cooled [16]. Based on the
relationship between temperature and conduction velocity (Fig. 4C), we estimated
conduction block (defined as where conduction velocity would reach zero) to occur below
17 °C; this is in agreement with the qualitative observation of conduction block at ~17 °C
based on Fig. 3B and 3E.

As a result of conduction slowing, the location of latest activation was distal to the cryo
lesion with reference to the pacing site (Fig. 3J). After cessation of cryoablation, the tissue
required ~2-9 minutes minutes to warm back to body temperature, during which there was
slow recovery of normal conduction (Fig. 3C,D; Fig. 31,J). While in the majority of the cases
activation timing was equivalent to that before ablation following rewarming (Fig. 3A,D), in
two cases activation timing stayed retarded up to the end of the observation period (15 min
after cryoablation) (Table 1). The transient slowing of cardiac conduction during
cryoablation, observed clinically both for accessory pathways and the AV node [26, 27], can
be explained by these direct effects of temperature on conduction velocity.

At three locations in the right ventricle, transmural lesions could be created with an almost
cylindrical shape (see Fig. 2C,D) with epicardial temperatures that reached below —20 °C at
the lesion center (Fig. 3K,L). The correlation between temperature data and the visual lesion
boundary after ablation suggests that a minimum temperature of =5 +/- 4 °C is required for
a permanent lesion to form, which is slightly below the threshold temperature where tissue
freezes (-2 to -3 °C). This is in agreement with a prior /n vivo canine study that found the
permanent lesion to be located 1.5 - 2.5 mm inside the visible ice ball, with no change in
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lesion size within 4 weeks relative to acute lesion size [28]. It is thus possible that the extent
of the frozen tissue region could be used to define the permanent lesion, perhaps by
visualizing it with a technologies like ultrasound imaging [29].

In general, the changes in activation timing and development of a region of late activation
distal to the transmural lesion relative to the pacing site are similar to the observations in the
non-transmural lesion in the LV described earlier. The temperature-related delay in
restoration of tissue function due to the 2 — 9 min rewarming period to body temperature
(Fig. 3K) may explain some of the arrhythmia recurrences that have been clinically observed
early after ablation. Note however that the lesions created in our model are larger due to a
lower cryo probe temperature (—=120 °C) than that used clinically. Thus, the tissue rewarming
time is likely shorter following clinical ablations than shown here.

In addition to the temperature dependent changes in conduction velocity (Fig. 4A), transient
changes in action potential morphology were observed as a result of tissue cooling. These
changes include action potential prolongation (Fig. 4B), reduced rates of depolarization and
repolarization, as well as a reduction in amplitude (Fig. 5). It is reasonable to assume that
action potentials are not actively generated within the iceball. The signals detected within
the iceball are therefore likely electrotonically propagated [30]. This is in agreement with
prior reports, where electrograms of reduced magnitude and deflection were measured by
electrodes placed on acute, as well as 4 week old cryo lesions [14]. The effects of tissue
freezing on the action potential are however not relevant to clinical cryoablation because
once the iceball forms around the catheter tip, the ability to measure any electrical signal
from the catheter is eliminated as ice is electrically insulating.

In addition to the permanent loss of tissue function inside the cryo lesion, the appearance of
transient conduction block below 17 °C suggests transient loss of tissue function directly
outside the ice ball (i.e. between -5 and 17 °C); this temperature is in agreement with prior
studies that found complete loss of excitability between 12 and 18 °C [15, 17]. Thus, tissue
below 17 °C also presumably does not generate action potentials and the observed signals
below that temperature represent electrotonic decay.

The cooling induced action potential prolongation was quantified here via APD90. Due to
the temperature gradient present during cryoablation where lowest temperatures are at the
center, the APD90 was highest close to the iceball (and permanent lesion) and progressively
decreased with distance from the iceball (Fig. 5H). The APD correlates with the effective
refractory period (ERP), and a prior animal study showed a local increase in ERP in left
ventricles that were locally cooled from the epicardial side [31]. In addition, there are
clinical reports that have shown a transient increase of the ERP of the fast AV nodal pathway
during cryoablation in patients with AV-node reentral tachycardia (AVNRT), with return to
baseline after ablation [2]. Presumably, this transient increase in fast pathway ERP is due to
temperature related changes in the APD of the fast pathway and/or His bundle during
cryoapplication in the area of the slow pathway that occur when the catheter is relatively
near the anterior AV node. These results are also in agreement with prior studies, where
similar APD prolongation and changes in AP morphology has been documented in
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hypothermia studies [15, 16]. The observed APD changes were transient suggesting a direct
relationship to tissue temperature (Fig. 4B).

The observed changes in AP morphology (Fig. 5E) may be explained by the temperature
dependence of ion channel conductances. Many ion channels, including Na, K and Ca
channels, exhibit reduced ion channel conductance at hypothermic temperatures [32-34]. In
particular, lower AP amplitude and lower rate of depolarization may be attributed to a
reduction in Na channel conductance, while delay and reduced slope of repolarization may
be due to reduced K channel conductance. Reduced Na channel conductance has been
suggested as one of the factors responsible for slowing in conduction velocity in prior
hypothermia studies [15]. In addition, it is known that gap junction conductance decreases
during hypothermia [35], which is another factor that lowers conduction velocity [15, 36].
These observed decreases in channel and gap junction conductances are in part due to
reduced molecular motion at lower temperatures - particularly motion of ions and water
molecules - as described by Brownian dynamics [37, 38]. The observed temperature
dependence of AP morphology (e.g. APD90) and conduction velocity (Fig. 4) is thus likely
in both cases the result of the temperature dependent changes in ion channel conductances
[36].

Based on the observations above, we can identify three distinct temperature ranges, each
associated with specific EP effects: (1) transient conduction slowing and changes in AP
morphology (17 - 37 °C), (2) transient loss off tissue function (i.e. conduction block) (-5 to
17 °C), and (3) permanent loss of tissue function (i.e. cryo lesion) (below -5 °C). During
cryoablation, a certain tissue location may pass through one or more of these three
temperature ranges as tissue cools down. In addition, all three temperature ranges are usually
simultaneously present surrounding a cryo probe (Fig. 6). In this study we presented the
temporal and spatial dynamics that occur during cryoablation involving these three
temperature ranges and quantified the corresponding EP effects. The operator should be
aware of these dynamic changes during freezing; for example the rapidity at which EP
changes (e.g. disappearance of the ablation catheter signal) are observed following initiation
of freezing may serve as predictor of successful cryo applications.

Since the presented observations are based on a perfused non-working heart model, there are
several factors that deviate from clinical cryoablation: (1) we used a different cryoablation
device (lower temperature, larger tip), (2) endocardial perfusion with blood may behave
differently from ex vivo perfusate, and (3) the blood inside the heart chamber represents a
large heat source that will likely affect tissue temperatures significantly. While we assume
here that the presented temperature dependence of EP effects is similar during clinical
cryoablation, the specific spatial and temporal dynamics likely deviate from the results
presented here. However, it may be feasible to extrapolate spatial and temporal EP changes
during clinical cryoablations based on temperature profiles of clinical cryoablation devices
using the herein presented results.
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V. Conclusions

A number of electrophysiological (EP) changes result from tissue cooling during cardiac
cryoablation. Transient changes around the site of cryoablation include conduction block,
reduced conduction velocity, action potential prolongation, decrease in action potential
magnitude. These changes can explain several of the effects observed during clinical
cryoablation, including transient increases in ERP, transient conduction block, and transient
slowing of conduction. In addition, delayed tissue rewarming may explain delayed recovery
of tissue function after cryoablation.

Based on our observations, we could identify three temperature ranges, each associated with
specific EP effects (Fig. 6). The presented quantification of the temperature and resulting
permanent and transient EP changes is relevant for designing new cryoablation devices,
since these data will allow engineers to predict what transient and permanent effects a
particular device with a specific thermal profile will produce.
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Refer to Web version on PubMed Central for supplementary material.
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(D)

Fig. 1.
Registration of three image data sets. (A) Activation map, (B) Epicardial temperature profile

after 8 min cryoablation, and (C) Endocardial lesion boundary data are geometrically
transformed and registered. Endocardial lesion image is shown flipped horizontally (i.e. as if
viewed from the epicardial side) to match the viewing direction of data sets (A) and (B).
Original data sets are shown in (A) — (C), with black rectangle (having gray line at top)
indicating the region and orientation corresponding between the data sets. (D) Visualization
of the registered data sets, where isochrones extracted from (A) are shown at 2.5 ms
intervals, endocardial lesion boundary from (C) is shown in blue, and epicardial temperature
profile from (B) after 8 min cryoablation is shown as color map. All results are shown from
the lesion Endol.
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Fig. 2.

Crgyo lesion gross pathology. Left ventricular lesion Endol (not transmural) in (A) Cross
section, and (B) Endocardial view. Right ventricular lesion Endo2 (transmural) in (C) Cross
section, and (D) Endocardial view. Protruding fiducials are visible in (B) and (D). Both
lesions were created by endocardial cryoablation. Dotted lines mark lesion border. Scale bar
indicates 5 mm.
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Conduction changes during non-transmural and transmural cryoablation. Non-transmural

lesion (Endol): Epicardial activation map (A) before, (B) at end of 8 min cryoablation

applied endocardially, (C) 2 min after cryo, and (D) 5 min after cryo (see also Suppl. Movie

1). Permanent lesion on the opposite side of the myocardium, i.e. the endocardial side,

shown as gray shaded region; isochrones shown at 2.5 ms intervals. Arrow in (B) marks
region of conduction block. Epicardial temperature profile is shown (E) at end of 8 min

cryoablation, and (F) 2 min after cryo. Coronary vessel (arrow), and fiducial marker

(arrowhead) are visible in (E). Tissue was paced from a location at the lower left corner,
outside the field of view. Scale bar in (A) indicates 10 mm. Transmural lesion (Endo2):
Epicardial activation map (G) before, (H) after 1 min cryoablation applied endocardially
(black arrow indicates area of conduction block), (1) at the end of 8 min cryoablation, and (J)

5 min after cryoablation (activation map did not change further after 5 min). (K)
Temperature time course in epicardial lesion center (gray marker in (L)), with arrows

marking time points of tissue freezing and thawing. (L) Epicardial temperature profile at end
of cryoablation (see also Suppl. Movie 2). Permanent lesion (epicardial side) is marked in

black in (1) and (J), and by gray outline in (L). Scale bar in (A) indicates 10 mm.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2020 May 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Morley et al. Page 17

( A) Velocity APD90 (B)

(AU) (ms)
1.5 300
) 280
0.5
i 260
0
22 27 32 37 240
T (°C) 22 27 32 37
T (°C)
1r T T T T ~
/O -
0.8 Q-
5 8=
< 06 .- ]
% 6
2 04f - -
] T
=) o
© 02F _ - ]
> 2
0 froae

15 17 19 21 23 25 27 29 31 33 35 37
T(°C)

Fig. 4.

Tegmperature dependence of (A) conduction velocity, and of (B) action potential duration
(APD90). The temperature coefficient for conduction velocity is Q10=2.0. Standard
deviation is indicated by bars in (A),(B). (C) Temperature dependence of conduction
velocity was used to estimate temperature of conduction block (defined where conduction
velocity reaches zero). Blue dashed line indicates linear fit of data (red circles), and
intersects with velocity=0 at 17 °C. Based on these data, we estimate transient conduction
block to occur at temperatures below 17 °C.
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Fig. 5.

Tegmperature dependent changes in action potential morphology. Lesion Endo2: (A) Bright
field image, (C) action potential magnitude, and (E) optical signal at indicated locations
(corresponding locations indicated by color markers in (A) and (C)). (A), (C) and (E) are
shown at the end of the cryoablation. Iceball is visible in (A) and marked by arrow. (B), (D)
and (F) show bright field image, action potential magnitude, and optical signal after thawing
(5 min after ablation). Permanent lesion is visible in (B) and marked by arrows, coinciding
with prior ice ball location in (A). Double arrow in (E) indicates AP magnitude. White
dotted curve in (E) and (F) indicates signal before ablation (average signal from all 5
locations). Three fiducial markers are visible in (A) and (B). Before ablation, signals at all
locations were equivalent to yellow signal in (F). Scale bar in (A) indicates 10 mm. Action
Potential Duration (APD90) map, shown (G) before, (H) at the end of 8 min cryoablation,
and (1) 5 min after cryoablation (right). Permanent lesion at epicardial side shown in black in
(H) and (1).
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Fig. 6.

Tigsue effects in proximity of a cryo probe. Three temperature ranges with specific tissue
effects have been identified and are simultaneously present. The regions where specific
effects occur change dynamically as the cryo probe is cooled down, and heats up again after
the end of cryoablation.
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