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(57) ABSTRACT 

Embodiments of the invention comprise methods and 
devices that alloW quanti?cation of blood convective cool 
ing at the cardiac RF catheter ablation site and alloW for 
prediction of lesion siZe and/or computation of RF energy 
parameters and characteristics. 
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Fig. 6 
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Electrode Temp. Power Impedance Depth Width Volume 
Flow Rate (°C) (W) (Ohms) (mm) (min) (mm3) 
(L/min) . 2.. .2. 

Avg i StDev A vg i S/Dev A vg i St Dev Avg d: SlDev A vg :1: St/Jev Avg i StDev 

0 62.9i0.2 24.4i5.1 74.6 $2.7 4.5 10.5 6.8 i1.1 120.7i50.7 

1 62.4 i 0.4 32.6 i 5.2 75.8 i 1.3 5.8 10.8 8.8 :t 1.2 256.5 d: 97.9 

2 61.9 :b 0.5 49.7 i 10.9 74.6 i 1.7 7.0 :t 1.1 9.8 i 1.6 393.4 in 149.9 

61.9iO.6 51.7i1l.1 74.4il.3 7.6i0.9 11.3 i1). 548911570: 

Table 1 
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Approximation 
According T o: dTmax Slope 

Depth Width Depth Width 

0.7 mm 1.1 mm 078mm 1.22 mm 

Average mm" (11.2 %) (13.3 %) (13.0 %) (14.4 %) 

Maximum error 1.8 mm 2.52 mm 2.07 mm 2.76 mm 

(33.0 %) (34.7 %) (40.2 %) (35.6 %) 

Table 2 



Patent Application Publication Mar. 1, 2007 Sheet 13 0f 13 US 2007/0049915 A1 

amen-1i- E0 ate 

m 0,1 <0.005* 

12 <0.005* 

23 0.29 

0,1 <0.0001* 

12 0.12 

2,3 005* 
Q’ 0,1 <0.005* 

12 <0.005* 

23 <0.05* 

Table 3 
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METHOD AND DEVICES FOR CARDIAC 
RADIOFREQUENCY CATHETER ABLATION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The application claims the bene?t of Provisional 
Patent Application entitled “Quanti?cation of Local Con 
vectional Cooling During Cardiac Radiofrequency Catheter 
Ablation”, by Haemmerich and Saul, Ser. No. 60/711,742 
?led on Aug. 26, 2005, and hereby incorporated by reference 
as if reWritten in full. 

BACKGROUND OF THE INVENTION 

[0002] Radiofrequency (RF) ablation is a medical proce 
dure Which can be used to treat some types of rapid heart 
beating including conditions such as supraventricular tach 
yarrhythmias. Ablation can be used to treat a Wide variety of 
tachycardias, Which can involve heart tissues in the upper 
chambers (atria), also called supraventricular, or the loWer 
chambers (ventricles), called ventricular tachycardias (SVT 
or VT). In some cases, a small number of cells (a “focus”) 
start ?ring rapidly and ablation can eliminate the focus. In 
other types of tachycardia, an electrical circuit exists Within 
Which the electrical signal travels more or less in a circle 
(“reentry”). Many cases of SVT and VT are due to reentry. 
A special type of SVT, called atrial ?brillation, is charac 
teriZed by extremely fast impulses in the atrium (up to 
600/min), for Which ablation can be used either to decrease 
the number of impulses getting to the ventricles or in some 
cases to locate and ablate the area(s) from Which the 
?brillation starts. (Circulation. 2002;106:e203.) 

[0003] An example of an ablation procedure is as folloWs: 
A physician guides a catheter With an electrode at its tip to 
the area of heart muscle Where there’s an accessory (extra) 
pathWay. The catheter is guided With real-time, moving 
X-rays (?uoroscopy) displayed on a video screen. The 
procedure helps the doctor place the catheter at the exact site 
inside the heart Where cells give off the electrical signals that 
stimulate the abnormal heart rhythm. Then a mild, radiof 
requency energy (similar to microWave heat) is transmitted 
to the pathWay. This destroys carefully selected heart muscle 
cells in a very small area (about 1/5 of an inch). That stops 
the area from conducting the extra impulses that caused the 
rapid heartbeats. 

[0004] Radiofrequency current can be alternating current 
that is delivered at cycle lengths of 300 to 750 kHZ When 
used for catheter ablation. It causes resistive heating of the 
tissue in contact With the electrode. Because the degree of 
tissue heating is inversely proportional to the radius to the 
fourth poWer, the lesions created by radiofrequency energy 
are small. Typical ablation catheters, Which are 2.2 mm in 
diameter (7 French) and have a distal electrode 4 mm long, 
create lesions approximately 5 to 6 mm in diameter and 2 to 
3 mm deep. Larger lesions are possible With larger elec 
trodes or saline-irrigated ablation catheters. Although elec 
trical injury may be a contributing factor, the primary 
mechanism of tissue destruction by radiofrequency current 
is thermal injury. Irreversible tissue destruction can require 
a tissue temperature of approximately 50° C. In most abla 
tion procedures, the poWer output of the radiofrequency 
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generator is adjusted manually or automatically to achieve a 
temperature of 60 to 75° C. at the electrode-tissue interface. 
If the temperature at the electrode-tissue interface reaches 
about 1000 C., coagulated plasma and desiccated tissue may 
form on the electrode, preventing effective delivery of the 
current, predisposing the patient to thromboembolic com 
plications, and necessitating the removal of the catheter so 
that the coagulated material can be wiped off the electrode. 
The acute lesion created by radiofrequency can consist of a 
central Zone of coagulation necrosis surrounded by a Zone of 
hemorrhage and in?ammation. Chronic lesions are often 
characteriZed by coagulation necrosis and have a discrete 
border. Changes that occur in the border Zone can explain 
Why arrhythmias may recur several days to several Weeks 
after apparently successful ablation. The arrhythmia may 
recur if the target tissue is in the Zone bordering a lesion 
instead of in the central area of necrosis and if the in?am 
mation resolves Without residual necrosis. Conversely, the 
site of origin of an arrhythmia that has not been successfully 
ablated may later become permanently nonfunctional if it is 
Within the border Zone of a lesion and if microvascular 
injury and in?ammation Within this Zone result in progres 
sive necrosis. (New England J of Medicine, Volume 
340:534-544, Feb. 18, 1999). 

BRIEF SUMMARY OF THE INVENTION 

[0005] Embodiments of the invention comprise methods 
for computing convection cooling parameters associated 
With the site for the application of RF ablation. Additional 
embodiments of the invention comprise devices for the 
control of cardiac RF ablation. Further embodiments of the 
invention comprise computer readable medium capable of 
execution in a computer or other processing unit Whereby an 
ablation lesion siZe is predicted based upon the input of 
certain parameters or measurements. Parameters can be such 
things as temperature measured at the electrode tip of a 
catheter While the catheter is energiZed With RF energy. 
Other parameters can be temperature measured at the elec 
trode tip of a catheter for a ?xed time period after the 
application of RF energy to the catheter. Parameters can also 
be those knoWn to one of ordinary skill in the art that 
characteriZe the RF energy applied to the tip, including 
frequency, pulse shape, pulse duration, magnitude, and 
temperature of the tip. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1. Heat transfer mechanisms during RF abla 
tion. 

[0007] FIG. 2. TWo parameters (dTmax and slope) are 
derived from application of a brief RF pulse. 

[0008] FIG. 3. Schematics of Tissue-Phantom Setup. 

[0009] FIG. 4. Schematics of How rig. 

[0010] FIG. 5. Schematic of electrical system setup. The 
laptop controls the sWitch, Which relays RF current to either 
the saline beaker, or the ablation catheter. 

[0011] FIG. 6. Measurement of lesion dimensions. 

[0012] FIG. 7. Lesion depth (A) and Width (B) at different 
?oW rates, With linear approximation. 
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[0013] FIG. 8a. Lesion depth (A) and Width (B) versus 
maximum temperature change (dTmax), With linear 
approximation. 

[0014] FIG. 8b. Lesion depth (A) and Width (B) versus 
slope (slope), With linear approximation. 

[0015] FIG. 9. The measured parameters (dTmax or slope) 
can be used to estimate convective cooling allowing use of 
computer models for accurate lesion estimation. 

[0016] Table 1. Temperature, PoWer, Impedance, and 
lesion dimensions at different ?oW rates. 

[0017] Table 2. Absolute (mm) and relative error (%) of 
lesion Width and depth predicted by parameters dTmax, and 
slope using linear regression equations. 

[0018] Table 3. t-test: comparison of lesion dimensions at 
different ?oW rates. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0019] Cardiac radiofrequency (RF) catheter ablation has 
become the treatment of choice for a Wide array of both 
supraventricular and ventricular arrhythmia. The dimensions 
of the lesion created during RF ablation depend on several 
factors such as catheter geometry, catheter-endocardial con 
tact, and blood ?oW. Several studies examined the depen 
dence of lesion siZe on blood ?oW [l-4]. Convective cooling 
by the blood carries aWay heat from the catheter tip and 
endocardium, enabling deposition of more RF energy deeper 
into the tissue. When RF poWer is not limited, higher blood 
How can result in Wider and deeper RF lesions. These results 
have been shoWn in ex vivo experiments [1, 3] and computer 
models [4, 5]. Similarly, in vivo experiments in a porcine 
animal model have shoWn that ablation site Within the heart 
affects lesion siZe. Mukherjee, et al., classi?ed different 
ablation sites in the endocardium according to How condi 
tions (loW/medium/high), and found signi?cant differences 
in lesion siZe depending on ablation site 

[0020] Embodiments of the invention present tWo meth 
ods to quantify convective cooling at the ablation site before 
cardiac RF catheter ablation is performed. These methods 
can be used to directly predict lesion siZe at the ablation site. 
Quantitative data on convective cooling can also be used as 
input parameters for computer models [4-7] in order to 
more-accurately estimate lesion siZe and include this infor 
mation in treatment planning. 

[0021] While RF energy is applied, heat is transferred to 
and from the tissue, simultaneously, by several different 
mechanisms (see FIG. 1). The RF current causes resistive 
heating of the myocardium close to the catheter. Heat energy 
is conducted into the myocardium, Which elevates tissue 
temperature, resulting in a lesion once temperatures exceed 
~50 C. HoWever, lesion siZe is also affected by heat 
removal. In the myocardium, heat is lost due to blood 
perfusion. In addition, some heat from the electrode is 
conducted directly to the electrode surface in direct contact 
With the blood. Finally, endocardial convective cooling by 
the blood ?oW carries heat aWay from the electrode and 
endocardial surface. 
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[0022] The equations describing this heat transfer process 
in the tissue are: 

[0023] T tissue temperature (°C.) 

[0024] p tissue density (kg/m3) 

[0025] c tissue speci?c heat (J/(kg K)) 

[0026] k tissue thermal conductivity (W/(m K)) 

[0027] QRF poWer density deposited by RF current 
(W/m3) 

[0028] QPenc energy removed by blood perfusion (W/m3) 

[0029] q"CODV Heat ?ux lost due to convection (W/m2) 

[0030] h convective heat transfer coefficient (W/(m2K)) 

[0031] T surface temperature (of endocardium/catheter) 

[0032] TBlood temperature of blood 

Equation 1 describes the conductive heat transfer in the 
tissue. Blood perfusion (Qperf) can be neglected, since it 
is small compared to the other terms Equation 2 
describes the heat ?ux (q"conv) removed by convection 
from the surfaces of catheter and endocardium. The heat 
transfer coef?cient (h) is dependent on location (catheter, 
tissue), and blood flow An embodiment of the inven 
tion quanti?es convective cooling by applying a short 
pulse of RF energy, and examining the resultant change in 
electrode temperature (monitored by a thermistor in the 
electrode). After RF poWer is turned off, electrode tem 
perature Will drop due to thermal conduction (Eq 1), and 
due to convective losses (Eq 2). Since tissue is a com 
paratively bad thermal conductor, We assume that the 
convective losses Will dominate, alloWing us quanti?ca 
tion of these losses by examination of the dynamics of the 
electrode temperature drop. 

[0033] From equations 1 and 2 We notice that the only 
absolute temperature present is Tblood (blood temperature, 
Which is equal to initial tissue temperature). If We measure 
parameters relative to Tblood, We can avoid introducing 
errors as a result of variations in Tb10001 (e.g. different body 
temperatures in different patients). 

[0034] The folloWing tWo parameters Were measured fol 
loWing a brief RF pulse (see FIG. 2): 

[0035] maximum electrode temperature change (dTmaX= 
T —Tblood) during application of constant poWer for max 

speci?c time 

[0036] slope of temperature decay at 5° C. above 

6T 

Tblood[5l: E Tbbod+5°C.]s 
after application of 

[0037] 
The accuracy of the measurement Will be higher With 

increasing Tmax, but to avoid damage to myocardium 
during measurement of convective cooling, the maxi 
mum temperature obtained during the RF pulse can be 
beloW approximately 50° C. 

constant poWer 
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[0038] The catheter can have a thermocouple, thermistor, 
or other temperature measuring means adjacent to or near 
the electrode tip of the catheter. The temperature measuring 
means can be located Within the catheter including Within 
the tip. The temperature measuring means are generally 
knoWn to one of ordinary skill in the art. 

[0039] RF energy for the catheter is generated using 
means knoWn to one of ordinary skill in the art. Control of 
that RF energy can be done using means knoWn to one of 
ordinary skill in the art. Control of the RF energy can 
comprise a digital control signal that is used to control an RF 
energy generator or transmitter. That control signal can also 
be used as an input into a processing unit that performs some 
of the methods of embodiments of the invention. Thus RF 
energy parameters such as pulse shape, pulse duration, pulse 
magnitude, and the like can be provided to the processing 
unit for inclusion in the convection cooling parameter gen 
eration and/or lesion siZe estimation. Further embodiments 
of the invention can include generation of a lesion siZe 
estimate based upon information inputted into a processing 
unit Wherein the information comprises such things as the 
RF energy control parameters and the temperature measure 
ments described herein. 

[0040] Embodiments of the invention can include a pro 
cessing unit Wherein the processing unit is a personal 
computer such as a WindoWs based, or Linux based, PC 
generally knoWn to one of ordinary skill in the art. The 
processing unit can also comprise a CPU, microcontroller, 
BASlCstamp or similar device or apparatus for the perfor 
mance of executable instructions that carry out the method 
ology of embodiments of the invention described herein. 
Storage media, communication media, and other input and 
output devices generally knoWn to one of ordinary skill in 
the art can be used in embodiments of the invention. 
Processing means can be included Within the devices and 
apparatus currently knoWn in the art for performing cardiac 
catheter ablation but Which do not incorporate embodiments 
of the invention described herein. 

Experimental Results 

[0041] Lesion siZes obtained during cardiac radiofre 
quency (RF) catheter ablation are dependent on convective 
cooling mediated by blood How in the heart. For temperature 
controlled catheters, larger lesions can be obtained at loca 
tions With high blood How. We performed ex vivo ablation 
experiments in porcine cardiac tissue in a saline bath with 
How of varying ?oW rates (0, 1, 2, 3 L/min) directed over the 
ablation site. We investigated Whether catheter tip tempera 
ture change folloWing a brief loW-poWer RF pulse can be 
used to predict lesion dimensions. Before the ablation pro 
cedure, We applied a pulse of constant poWer (15 W) for ?ve 
seconds, and a pulse of varying time length and constant 
poWer (30 W) until electrode temperature reached 43° C. We 
determined maximum tip temperature change (dTmax) and 
the slope of tip temperature decay at 5° C. above initial 
temperature (slope). We correlated these tWo parameters 
with How rate and lesion dimensions. Lesion dimensions 
varied signi?cantly with How rate. Without How (0 L/min), 
lesion depth, Width and volume Were 4510.5 mm, 6811.1 
mm, and 12071507 mm3, respectively. At maximum How 
(3 L/min), lesion depth, Width and volume Were 7610.9 
mm, 11.3112 mm and 548.9:1570 mm3, respectively. 
dTm shoWed strong negative correlation With lesion Width 
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(r2=0.68), depth (r2=0.57), and volume (r2=0.56); slope also 
correlated negatively and strongly With lesion Width (r2= 
0.62), depth (r2=0.52), and volume (r2=0.5 1). Both param 
eters can be used to predict lesion dimensions depending on 
local blood ?oW at the treatment site. 

[0042] We used freshly-excised porcine heart obtained 
from a local butcher. Upon excision, the hearts Were infused 
With chilled physiological saline (0.9% NaCl) for transport. 
The porcine hearts Were dissected to create square pieces of 
myocardium (~20><20 mm, ~15 mm thick). This tissue 
sample Was then placed in a gel block made of Agar-Water 
(5 mass% Agar) (see FIG. 3). The gel block Was created to 
possess the same electrical conductivity as human myocar 
dium at 500 kHZ (0.54 S/m) [10]. The gel block mimicked 
surrounding myocardial tissue as it Would be experienced in 
vivo. See FIG. 3 

[0043] We immersed the gel block With tissue in 0.3% 
saline having same thermophysical properties as blood (0.67 
S/m) at 37° C. and 500 kHZ [11] (see FIG. 4). Atemperature 
controlled Water bath (Haake C1, Haake, Olfenburg, Ger 
many) Was used to maintain the saline temperature at 
3710.20 C. Blood How Was simulated by directing saline 
?oW from a pump over the ablation site With a rigid 
Polyethylene tube (20 mm inner diameter). The cross 
sectional area of the tubing re?ects that of the mitral and 
tricuspid valves of the human heart. The amount of How 
(?oW rate) Was controlled by a How meter (Model 7200, 
King Instrument, 3% accuracy) attached to the pump. The 
saline Was circulated to and from the pump by in?oW and 
out?oW plastic tubing, respectively. 

[0044] We measured maximum ?oW velocity at different 
?oW rates by injecting a droplet of dye at the inlet of the rigid 
tube and recording the Wavefront at the phantom surface 
With a digital camera at 30 frames/ s. Maximum ?oW velocity 
Was found to be 15.5 cm/ s at 3 L/min ?oW rate. This velocity 
is comparable to blood ?oW velocities inside the beating 

heart as measured by an ultrasound Doppler transducer The catheter Was placed centered on the tissue sample, 

perpendicular to the endocardial surface. To control pressure 
betWeen catheter and tissue, a 10 gram piece of Copper Was 
attached to the neck of the catheter. PoWer Was supplied to 
the RF ablation catheter by a commercial cardiac ablation 
generator (Boston Scienti?c, EPT-1000XP). The electrode 
of the catheter (BlaZer 11 XP) Was 10 mm long and 8 FR (2.7 
mm) in diameter. As grounding pad We used a piece of 
aluminum foil (15x10 cm) placed in the saline bath, more 
than 20 cm distant from the ablation electrode. 

[0045] FIG. 5 shoWs the electrical system setup. A sWitch 
(electromagnetic relay) alloWed relaying of RF current to 
either an electrode immersed in a beaker ?lled With saline, 
or to the ablation catheter. The sWitch Was controlled via 
laptop. Temperature (T), RF poWer (P) and impedance (Z) 
Were recorded by the laptop, Which Was connected to the RF 
generator via RS-232 interface. 

Test Pulses to Quantify Cooling 

[0046] Before commencing ablation, tWo RF test pulses 
Were delivered to measure the tWo parameters shoWn in FIG. 
2: 

[0047] one pulse of constant poWer (15 W), for 5 s 

[0048] one pulse of constant poWer (30 W), until tip 
temperature reached 43°°C. 
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[0049] We Waited 1 min in-betWeen test pulses to allow tip 
temperature to return to baseline. Ablation parameters (T, P, 
Z) Were recorded for 30 s from start of the test pulse. After 
application of the test pulse to the ablation catheter, RF 
poWer Was diverted to electrodes placed in a beaker ?lled 
With saline; this Was necessary since the RF generator 
doesn’t report catheter tip temperature after RF poWer is 
shut doWn. We Wrote softWare in Visual Basic 6.0 
(Microsoft, Redmond, Wash.) to automate control of the 
sWitch for the tWo test pulses. The test pulses never resulted 
in tissue damage as con?rmed in preliminary experiments. 

[0050] From the temperature time-course of the ?rst test 
pulse (15 W, 5 s) We measured the maximum change in tip 
temperature (dTmaX) from the initial temperature. From the 
temperature time-course of the second test pulse (30W until 
T=43o C.) We determined the slope of temperature decay at 
5° C. over initial temperature (slope). 

[0051] Since slope measurements are very sensitive to 
noise, We then used following method to determine slope: 

[0052] approximate the temperature time-course over 1 
s (centered around [Tblood+5o C.]) by 2nd order poly 
nomial 

[0053] determine slope of 2D01 nd order polynomial at 
[Tblood+5o C] 

[0054] Customized softWare Written in Matlab 6.5 (Math 
Works, Natick, Mass.) Was used to automate the slope 
measurements. 

Ablation Protocol 

[0055] After application of the test pulses, We performed 
temperature-controlled ablation for 60 sec. at a target tem 
perature of 65° C. After the ablation Was complete, the tissue 
sample Was removed and cut through the center of the lesion 
perpendicular to the endocardial surface. Pictures of each 
lesion Were taken With a digital camera (Canon PoWerShot 
A510), and doWnloaded to a computer. We approximated the 
lesion boundary by an ellipsoid With image processing 
softWare (Paint Shop Pro 5.0). We then used the softWare 
Image] (available from NlH) to determine lesion dimen 
sions (measurements A, B, C, D, see FIG. 6). A equals depth, 
B equals Width, C equals depth at maximum Width, and D 
equals Width at endocardial surface. From these dimensions 
We estimated lesion volume using the equation for a partial 
oblate ellipsoid: 

v = %(2AB2 + CD2) (3) 

Data Analysis 

We performed a student’s t-test to compare lesion dimen 
sions (depth, Width and volume) at different ?oW rates. 
Similarly, We compared the tWo variables dTmax and slope at 
different ?oW rates. We considered signi?cance at p<0.05. 

We performed linear regression analysis betWeen: 

[0056] dTmax and lesion dimensions (depth, Width and 
volume) 

[0057] slope and lesion dimensions (depth, Width and 
volume) 
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[0058] How rate and lesion dimensions (depth, Width 
and volume) 

From the linear regression equations for the tWo variables 
dTmax and slope, We determined the error With Which 
these variables Were able to predict lesion Width and 
depth. For each lesion, We determined deviation of 
Width and depth from the estimates according to the 
linear regression equations (absolute error), and 
divided by actual depth and Width (relative error). We 
report average and maximum error. 

Results 

[0059] We found that lesion dimensions changed signi? 
cantly with How rate (FIG. 7). Lesions Were smallest Without 
?oW (4.49 m depth, 6.76 mm Width, 56.44 mm3 volume), 
and largest at the highest ?oW rate of 3 L/min (7.55 m 
depth, 11.32 mm Width, 260.34 mm3 volume). Both param 
eters (dTmax, slope) exhibited linear relationships With both 
lesion Width and depth (see FIG. 8). The parameter dTmax 
shoWed strong correlation With both lesion Width (R2=0.57) 
and lesion depth (R2=0.68); the parameter slope correlated 
slightly Weaker With lesion Width (R2=0.52) and lesion depth 
(R2=0.62). The parameter dTmax alloWed estimation of 
lesion Width and depth With average error of 13.31% (1.14 
mm) and 11.16% (0.67 mm), respectively. Again, parameter 
slope performed slightly Worse With average error for lesion 
Width and depth of 14.35% (1.22 mm) and 12.96% (0.78 
mm), respectively. 
[0060] For the parameter of depth, all comparisons of How 
rates shoWed a signi?cant difference between depth except 
betWeen ?oW rates 2 and 3 L/min (see Table 3). For the 
parameter of Width, all comparisons shoWed a signi?cant 
di?ference except betWeen ?oW rates 1 and 2 L/min. Finally, 
the parameter of volume shoWed a signi?cant difference for 
all comparisons. 

[0061] Table 1 displays the electrode temperature, poWer, 
impedance, and lesion dimensions for each ?oW rate. FIGS. 
7 and 8 shoW the dependence of depth and Width to How rate, 
dTmax, and slope. Linear relationships are given for depth 
and Width for each graph. Table 2 displays the average and 
maximum errors in the estimation of lesion depth and Width 
using both maximum temperature change (dTmaX) and slope 
(slope). Table 3 displays the results of a statistical t-Test: 
TWo-Sample Assuming Unequal Variances for each param 
eter. All How rates Were compared against one another to 
determine Whether there Was a signi?cant difference 
between the means (p<0.05). p-values are given, and sig 
ni?cance is denoted by ‘*’. 

Discussion 

[0062] Most clinical RF ablation systems for catheter 
treatment of cardiac arrhythmias employ temperature con 
trol. Typically, a sensor located in the electrode tip measures 
temperature and applied poWer is controlled to keep tip 
temperature constant (usually betWeen 60 and 700 C.). A 
number of studies employing computer models, ex vivo 
experiments, and in vivo animal models, have demonstrated 
the dependence of RF lesion dimension generated on local 
convective cooling [1-5]. Embodiments of this invention 
comprise a quantitative and practical system to assess local 
convective cooling in vivo, and predict lesion siZe during 
clinical cases. 
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[0063] Local convective cooling can have a dramatic and 
signi?cant effect on RE lesion siZe during temperature 
controlled ablation in the absence of poWer limitations. In 
our results, the greater the convective cooling Was, the larger 
the lesion (see Table 1, FIG. 7), con?rming the ?ndings of 
prior studies [1-4]. Embodiments of the invention shoW tWo 
methods to quantify convective cooling using brief pulses of 
RF poWer, both of Which can be performed during any 
standard ablation procedure. Embodiments of the invention 
shoW that tWo parameters derived from the time-temperature 
relationship of the catheter tip temperature after the RF 
pulses, dTmax and slope, can be used to predict in vitro RF 
lesion siZe With reasonable accuracy under a variety of How 
conditions. 

[0064] Both parameters (dTmaX, slope) exhibited linear 
relationships With both lesion Width and depth (see FIG. 8), 
and shoWed a strong, negative correlation With lesion Width 
and depth. The average error With Which the parameters 
Were able to estimate lesion Width and depth are betWeen 
about 0.7 and 1.2 mm (see Table 2). The parameters are 
suited to aid the estimation of lesion dimensions under 
changing ?oW conditions. 

[0065] Certain embodiments of the invention correlated 
the measured parameters directly With lesion dimensions. 
Other embodiments of the invention can ?rst use the param 
eters to estimate convective cooling, and then use this 
estimate together With other a-priori information from com 
puter models to calculate lesion dimensions [4, 5]. A 
recently published article presents treatment planning soft 
Ware for cardiac RF catheter ablation Which estimates lesion 
siZe depending on factors such as blood ?oW, ablation time, 
and target temperature HoWever, estimates of convec 
tive cooling had to be used in these models since no patient 
speci?c data Were available. Ablation site, heart rate, stroke 
volume and other factors all a?fect convective cooling Within 
the heart. Embodiments of this invention provide a patient 
and site-speci?c estimate of convective cooling, alloWing 
the use of a computer model to provide more accurate 
estimates of lesion dimensions (FIG. 9). The brief RF pulse 
used in embodiments of the invention cause only a minor 
increase in procedural time and can be integrated in clinical 
RF generators. Further, since both the derived parameters 
are measured relative to initial temperature (Tblood), differ 
ences in body temperature among patients do not constitute 
an error source. 

[0066] Actual conditions in the heart denote pulsatile ?oW. 
Pulsatile How can make measurement of the parameters 
(dTmaX, slope) more difficult, and can in some instances 
require more elaborate signal processing than used here. 
Also, insertion angle and depth vary in clinical practice, and 
can have a signi?cant impact on both lesion siZes. Therefore, 
an estimate for catheter insertion depth or tissue contact can 
be incorporated into embodiments of the invention. Previous 
studies have proposed several methods to estimate catheter 
tissue contact [12-14]. A parameter describing tissue contact 
can also be included in embodiments of the invention as an 
additional input parameter in computer models to estimate 
lesion dimensions With procedure-speci?c data on both ?oW 
conditions and tissue contact. 

[0067] While various embodiments of the invention have 
been described, it may be apparent to those of ordinary skill 
in the art that many more embodiments and implementations 
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are possible that are Within the scope of this invention. For 
instance, application of embodiments of the invention can be 
made to cryo ablation by either heating or cooling the 
catheter brie?y and measuring thermal dynamics. All such 
modi?cations are intended to be included Within the scope of 
this disclosure and the present invention and protected by 
the folloWing claims. 
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We claim: 
1. A method for determining ablation lesion siZe com 

prising: 
a. Applying a pulse of RF energy to a treatment site 

positioned catheter; 
b. Taking a temperature measurement of the catheter over 

time; 
c. Generating a parameter representing convective cool 

ing for the treatment site; 
2. The method of claim 1 further comprising inputting the 

convective cooling parameter into a computer model 
Wherein the computer model computes the ablation lesion 
siZe. 

3. The method of claim 1 Wherein the temperature mea 
surement is taken during the application of the pulse of RF 
energy. 

4. The method of claim 1 Wherein the temperature mea 
surement is taken over a time period commencing after the 
application of the pulse of RF energy. 

5. The method of claim 1 further comprising the computer 
model computing catheter operating parameters for a given 
ablation lesion siZe. 

6. The method of claim 1 Wherein the temperature mea 
surement is taken over the time period of the application of 
the pulse of RF energy. 

7. The method of claim 1 Wherein the temperature mea 
surement is taken for a time period after the application of 
the pulse of RF energy. 

8. The method of claim 1 Wherein the generation of the 
convective cooling parameter comprises computing the 
maximum catheter tip temperature change during the appli 
cation of the pulse of RF energy. 

9. The method of claim 1 Wherein the generation of the 
convective cooling parameter comprises computing the 
slope of catheter tip temperature decay after application of 
the pulse of RF energy. 
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10. The method of claim 1 Wherein the treatment site 
positioned catheter is positioned in a human heart. 

11. The method of claim 10 Wherein the method is used 
in the treatment of a cardiac arrhythmia. 

12. A device for performing cardiac ablation comprising: 

a. A catheter for receiving and emitting RF energy 
Wherein the catheter comprises a tip; 

b. A means for generating and transmitting to the catheter 
RF energy; 

c. A temperature measuring device contiguous With the 
catheter tip; 

d. A controller Wherein said controller is coupled to the 
RF energy generating and transmitting means and 
controls the RF energy transmitted to the catheter; 

e. Aprocessing unit comprising a means for receiving and 
processing the temperature measurement signals from 
the temperature measuring device, and computing a 
convection cooling parameter. 

13. The device of claim 12 Wherein the processing unit 
further comprises a means for receiving from the controller 
information Which characterizes the RF energy emitted to 
the catheter. 

14. The device of claim 13 Wherein the processing unit 
further comprises a means for computing estimated ablation 
lesion dimensions. 

15. The device of claim 13 Wherein the processing unit 
further comprises a means for computing RF energy con 
troller information from information comprising the tem 
perature measurement signals. 

16. The device of claim 12 Wherein the temperature 
measuring device is located Within the catheter tip. 

17. The device of claim 12 Wherein the cardiac ablation 
takes place Within a human heart. 

18. A computer readable medium having stored therein a 
computer program that When executed causes a computer to 
perform the steps comprised of: 

a. Receiving temperature measurements from a tempera 
ture measuring device located contiguous to a cardiac 
ablation catheter; 

b. Receiving control information from a controller 
Wherein the controller controls the characteristics of RF 
energy applied to the cardiac ablation catheter; 

c. Generating a convective cooling parameter from data 
comprising the temperature measurements and the con 
trol information. 

19. The medium of claim 18 Wherein generation of the 
convective cooling parameter comprises computing the 
maximum catheter temperature change during the applica 
tion of a pulse of RF energy to the catheter. 

20. The medium of claim 18 Wherein generation of the 
convective cooling parameter comprises computing the 
slope of catheter temperature decay after application of a 
pulse of RF energy to the catheter. 

* * * * * 


