PILCHER, ET AL.

Figure 6. Ellipsoid graphs comparing the average lesion dimensions for cryoablation and RF ab-
lation at each respective flow rate. The series shows decreasing lesion dimensions with increasing
flow rate for cryoablation (P < 0.005) and increasing lesion dimensions for increasing flow rate
for RF ablation (P < 0.005). Note the partial prolate ellipsoid shape of cryoablation lesions and
the partial oblate ellipsoid shape of the RF ablation lesions.

greater than 24 seconds had a mean volume of
313 £ 150 mm? while lesions with times less than
24 seconds had a mean volume of 841 & 306 mm?.
Linear regression analysis revealed that time to
—80°C was predictive of lesion volume and width,
but not depth (r* = 0.63, 0.72, and 0.33, respec-
tively). The addition of flow to this regression did
not add any predictive value (r* = 0.63, 0.74, and
0.33, respectively). The mean time to —80°C was
16 seconds for 0 L/min and 27 seconds for 5 L/min
for nontrabeculated tissue pieces.

Discussion

This study demonstrates the effects of convec-
tive flow on cryoablation lesions and provides a
comparison between cryoablation and RF ablation
at different flow conditions. The most important
findings of this study are: (1) cryoablation lesion
size decreases with increasing flow rate, (2) cryoab-
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lation lesions are larger than RF lesions at low flow
rates and smaller than RF lesions at high flow rates,
using comparable catheter tip sizes, (3) cryoabla-
tion lesion geometry is different than RF lesion ge-
ometry, and (4) the time to —80°C predicts cryoab-
lation lesion size. The study also confirmed that
RF lesion size increases with increasing flow rate.
Taken together, these findings have important im-
plications for the clinical application of cryo and
RF ablations in humans.

A recent study showed that cryoablation le-
sion size is smaller at high flow compared to no
flow.!” The data in this study compliment this
finding, and provide a comparison at varying flow
conditions. Cryoablation lesion size declined with
increasing flow, with lesion volume being more
than twice as large at no flow compared to maxi-
mum flow. While lesion width decreased with ev-
ery increase in flow rate, there was not a significant

PACE, Vol. 31



RF VERSUS CRYO VERSUS CONVECTION

Cryo Volume

1600
H Not Trabeculated

fal O Trabeculated
£ 1200 -
E
GE, * X
5 800 — T
o
>
c
K=l
7 400 -
|

o .

0 1 2 3 5
Flow Rate (L/min)
B RF Volume
800
H Not Trabeculated

o O Trabeculated X, * *
£ 600 -
£
Nt
£
3 400 -
o
>
c
0
2 200
|

0 .

0 1 2 3 5

Flow Rate (L/min)

Figure 7. (A) Graph of the average cryoablation le-
sion volume for trabeculated and nontrabeculated tis-
sue pieces at each respective flow rate. (B) Graph of the
average RF lesion volume for trabeculated and nontra-
beculated tissue pieces at each respective flow rate. * P
< 0.05 between trabeculated and nontrabeculated vol-
umes. Error bars represent one standard deviation.

decrease in lesion depth until a flow rate of 3 L/min
was reached (Fig. 3). This may be explained by the
melting ice ball at the tissue surface. As the flow
rate increases, the width of the ice ball decreases
sequentially, exposing a wider tissue surface to the
warming effects of flow. The lesion depth, how-
ever, is measured from a position that is directly
below the catheter tip. The catheter shields this
area of tissue from convective warming, requir-
ing higher flow rates to achieve an effect on lesion
depth.

This study also directly compares cryoabla-
tion lesion size with RF lesion size at varying
flow rates. Conversely to cryoablation lesions, RF
lesions became larger with increasing flow rates
(Figs. 3 and 6). In areas of low flow (0 and 1 L/min),
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Figure 8. Graph of the average power for the RF abla-
tions at each respective flow rate. *P < 0.05. Error bars
represent one standard deviation.

cryoablation created larger lesions, and in areas
of high flow (3 and 5 L/min), RF ablation cre-
ated larger lesions (Figs. 3 and 6). The smaller ice
ball size during cryoablation at higher flow rates
could be directly visualized in this ex vivo model
(Fig. 10).

In situations where maximum lesion size is
desirable, these results may be helpful in decid-
ing between large-tip RF and cryoablation based
on the anticipated local blood flow characteristics
in the area of ablation. In areas of expected or doc-
umented low flow, such as in a Fontan atrium or
in trabeculated areas, large-tip cryoablation may
be superior to large-tip RF ablation unless the RF
catheter uses an active cooling system, such as
closed-loop irrigation or open irrigation. However,
when a large lesion is desired in an area of high
flow rate, such as along the AV groove or in the
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Figure 9. Scatter plot of all the cryoablation lesion vol-
ume samples versus the time to —80°C with an exponen-
tial curve fit and r? = 0.72.
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Figure 10. Example showing the mature ice ball for a
cryoablation done with 0 L/min and 3 L/min. Note the
ice ball at 0 L/min completely encompasses the catheter
tip while the ice ball at 3 L/min is considerably smaller,
and exposes the catheter tip.

right ventricular outflow tract (RVOT), a large-tip
RF catheter is likely to be more efficacious. These
findings also suggest that if cryoablation is per-
formed in areas of high flow, decreasing the flow
rate (such as with balloon occlusion of the blood
flow proximal to the ablation site) may improve
lesion creation in a clinically significant manner.

Increasing lesion size with increasing convec-
tive cooling is well described for RF ablation with
normal—tip sized (4-mm length) catheters.?10:13.19
Cooling the RF catheter tip allows the application
of higher power by cooling the catheter and tis-
sue surface. The higher applied power pushes the
area of resistive heating deeper into the tissue, and
creates larger RF lesions.'®=%® In contrast, convec-
tive flow warms the cryocatheter and myocardium
during cryoablation. While the inside of the cry-
ocatheter, where the tip temperature sensor is lo-
cated, is kept at —80°C by cryogenic cooling, con-
vective warming of cryocatheter surface and tis-
sue surface reduces tissue temperatures, therefore
decreasing the lesion size. Increased convective
warming at higher flow rates therefore results in
larger differences between catheter tip tempera-
ture and tissue temperatures, making tip tempera-
ture not a good predictor of lesion size at varying
flow rates. The dependence of lesion size on con-
vective flow would also likely apply to the 6-mm
cryocatheter, with reduced lesion size due to the
smaller tip surface area.

As previously reported,* cryoablation in this
study produced lesions with a better demarcated
border compared to RF lesions (Figs. 4 and 5). Le-
sion geometry was also different between cryoab-
lation and RF ablation. Cryoablation produced le-
sions with a partial prolate (at high flow rates)
or oblate ellipsoid shape (at low flow rates),
and maximum lesion width at the tissue surface
(Fig. 6). RF ablation created lesions with a par-
tial oblate ellipsoid shape and maximum lesion
width a few millimeters below the tissue surface
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(Fig. 6). This difference in lesion geometry is likely
explained by thermodynamic differences between
the two modalities. While during RF ablation, con-
vective flow provides direct cooling of both the
tissue surface and catheter, during cryoablation
an ice ball protects the catheter and endocardium
from the direct effects of blood flow (Fig. 10). The
endocardial surface is therefore “protected” by the
ice ball from convective effects.

In addition to convective flow, trabeculation
had a direct impact on lesion dimensions. At high
flow rates, larger lesion size for cryoablation and
smaller lesion size for RF ablation was observed in
the presence of trabeculations (Fig. 7). This study
shows that the combination of flow rate and tra-
beculation presence was a good predictor of le-
sion size. However, without direct visualization of
the catheter tip, detailed knowledge of trabecula-
tion depth can be elusive to the catheter operator.
Advances in imaging, such as three-dimensional
transthoracic, transesophageal, and intracardiac
echocardiography, might aid in assessing lo-
cal flow and structure characteristics in the
future.

Another clinically useful observation of this
study is that the time to —80°C predicts lesion size
(Fig. 9). This was true across all flow rates and in
the presence or absence of trabeculation. Time to
—80°C provides an easily observable variable dur-
ing clinical procedures to help evaluate whether a
specific lesion will likely be adequate for a given
cryoablation application. In particular, when the
time to —80°C is larger than 30 seconds, the re-
sulting cryo lesion is unlikely to be of adequate
size. This observation could be used along with
other ablation endpoints to help predict cryoabla-
tion success and recurrence. It can also be used to
guide decisions on the need for insurance lesions
or possible flow reduction measures to improve
lesion creation and size. If the time to —80°C is
consistently elevated despite all efforts, RF abla-
tion may be required to achieve the elimination
of the arrhythmia substrate. In such situations, a
catheter capable of performing both cryoablation
and RF ablation would have high utility. In cer-
tain high flow situations like ablation near the AV
node, the cryoablation safety profile may be very
desirable. In these cases, the time to —80°C could
be used as an aid with other endpoint data to pre-
dict cryoablation success and recurrence.

Limitations

The study was performed using an ex vivo
model at constant flow rates. In clinical ablation
settings, the cardiac cycle produces pulsatile blood
flow. It is unclear how significant in vivo pulsatile
flow would be when averaged over an ablation
time of one or four minutes. In vivo tissue per-
fusion would also likely result in smaller lesion
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sizes due to tissue warming during cryoablation
and tissue cooling during RF ablation from coro-
nary blood flow. Catheter tissue contact and direc-
tion were controlled in this study by application of
a consistent tip pressure and angulation. In vivo,
the catheter tip pressure and angulation may be
highly variable, depending on many factors, some
of which might affect the consistency of lesion di-
mensions produced by any catheter or technique.
During cryoablation the catheter tip freezes to the
tissue, prohibiting catheter tip movement. During
RF ablation, however, the catheter tip is not stuck
to the tissue, allowing for small movements be-
tween the tissue and catheter during in vivo ab-
lation. This movement was not present in our in
vitro setup and could affect the size of RF lesions
dimensions produced in comparison to an in vivo
ablation. In addition, saline was used in our ex-
periment to simulate blood flow. This prohibited
monitoring for blood boiling, charring, and coag-
ulum formation, all of which are serious concerns
during RF ablation.?*
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Conclusions

Convective cooling due to varying perfusate
flow rates significantly affects lesion size for
both cryoablation and RF ablation. At low flow
rates, large-tip cryoablation catheters create larger
lesions while at high flow rates, large-tip RF
catheters create larger lesions. Cryoablation and
RF lesion geometries are different. In the presence
of high flow, trabeculations significantly affect le-
sion size such that cryo lesions are larger and RF
lesions are smaller. In addition, the time to —80°C
predicts lesion size for cryoablation. It should be
noted that the operator must be aware of the poten-
tial complications as well as the benefits of large
ablation lesions.

Acknowledgments: This work was supported by the Na-
tional Institutes of Health, grant number C06 RR018823 from
the Extramural Research Facilities Program of the National Cen-
ter for Research Resources, and the Children’s Hospital Fund
of the Medical University of South Carolina.

locations during radio-frequency ablation. IEEE Trans Biomed Eng
2001; 48:194-201.

14. Tsai JZ, Will JA, Hubbard-Van Stelle S, Cao H, Tungtitkusol-
mun S, Choy YB, Haemmerich D, et al. In-vivo measurement of
swine myocardial resistivity. IEEE Trans Biomed Eng 2002; 49:
472-483.

15. Foster KR, Schwan HP. Dielectric properties of tissues and biological
materials: A critical review. Crit Rev Biomed Eng 1989; 17:25-104.

16. Tungjitkusolmun S, Vorperian VR, Bhavaraju N, Cao H, Tsai TZ,
Webster JG. Guidelines for predicting lesion size at common en-
docardial locations during radio-frequency ablation. IEEE Trans
Biomed Eng 2001; 48:194-201.

17. Wood M, Parvez B, Ellenbogen A, Shaffer K, Goldberg S, Gaspar
M, Arief I, et al. Determinants of lesion sizes and tissue tempera-
tures during catheter cryoablation. Pacing Clin Electrophysiol 2007;
30:644-654.

18. Demazunder D, Mirotznik MS, Schwarzman D. Biophysics of ra-
diofrequency ablation using an irrigated electrode. J Interv Card
Electrophysiol 2001; 5:377-389.

19. Mukherjee R, Laohakunakorn P, Welzig MC, Cowart KS, Saul JP.
Counter intuitive relations between in vivo RF lesion size, power,
and tip temperature. ] Interv Card Electrophysiol 2003; 9:309-315.

20. Grumbrecht S, Neuzner J, Pitschner HF. Interrelation of tissue tem-
perature versus flow velocity in two different kinds of temperature
controlled catheter radiofrequency energy applications. ] Interv Card
Electrophysiol 1998; 2:211-219.

21. Haemmerich D, Chachati L, Wright AS, Mahvi DM, Lee FT Jr,
Webster JG. Hepatic radiofrequency ablation with internally cooled
probes: Effect of coolant temperature on lesion size. IEEE Trans
Biomed Eng 2003; 50:493-500.

22. Otomo K, Yamanashi WS, Tondo C, Antz M, Bussey J, Pitha JV,
Arruda M, et al. Why a large tip electrode makes a deeper ra-
diofrequency lesion: Effects of increase in electrode cooling and
electrode-tissue interface area. ] Cardiovasc Electrophysiol 1998; 9:
47-54.

23. Petersen HH, Chen X, Pietersen A, Svendsen JH, Haunso S.
Temperature-controlled irrigated tip radiofrequency catheter abla-
tion: Comparison of in vivo and in vitro lesion dimensions for stan-
dard catheter and irrigated tip catheter with minimal infusion rate.
J Cardiovasc Electrophysiol 1998; 9:409-414.

24. Matsudaira K, Nakagawa H, Wittkampf FH, Yamanashi WS, Imai
S, Pitha JV, Lazzara R, et al. High incidence of thrombus forma-
tion without impedance rise during radiofrequency ablation us-
ing electrode temperature control. Pacing Clin Electrophysiol 2003;
26:1227-1237.

March 2008 307



