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Abstract- Radiofrequency (RF) catheter ablation is an effective,

minimally invasive treatment method in clinical use for

treatment of different cardiac arrhythmia. Studies have shown

that lesion dimensions strongly depend on blood flow mediated

convective cooling at the ablation site. We present a simple

method to quantify convective cooling. A brief pulse of RF

energy (10 W for 5 s) is applied, and catheter tip temperature is

measured during and after energy application. Two

parameters are extracted: 1) maximum tip temperature

increase, and 2) slope of temperature decay 8ºC above initial

temperature. We tested whether these parameters can quantify

convective cooling in ex vivo experiments. A RF catheter was

inserted into a tissue phantom placed in a saline bath. Flow at

different rates of 0, 1, 2 and 3 L/min was injected towards the

catheter, and the parameters were extracted. Both parameters

correlated with flow rate. Slope of temperature decay showed

linear dependence on flow rate, maximum temperature

increase showed exponential dependence. The parameters are

potentially useful in quantifying convective cooling before

ablation to predict lesion dimensions.
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I. INTRODUCTION

Radiofrequency (RF) catheter ablation has become a

standard clinical treatment for different types cardiac

arrhythmia such as atrial tachycardia, atrial flutter, and some

forms of ventricular tachycardia, due to it’s efficacy and

minimally invasiveness. A catheter is steered to the

treatment site in the heart guided by fluoroscopy, and RF

energy is applied to the tissue. Tissue near the catheter

electrode is heated by resistive heating, resulting in

irreversible tissue damage above ~50 ºC [1]. In many

catheter types, catheter tip temperature is measured by a

temperature sensor located inside the tip. Applied RF energy

is controlled to keep the tip temperature at typically 60 – 80

ºC (maximum tissue temperature is higher than the

measured tip temperature).

During RF ablation, heat is carried away by several

different mechanisms (see Figure 1). Part of the heat energy

is conducted into the myocardium resulting in tissue

temperature elevation. In the myocardium, some heat is lost

from blood perfusion. At the endocardium, convective

cooling resulting from blood flow carries heat away from

the tissue surface. Some heat is conducted through the

catheter electrode to the electrode surface that is in direct

contact with the blood, where it is also carried away by

convection.

Fig.1. During RF ablation, heat is removed by different mechanisms.

Several studies have shown that lesion size (lesion =

zone of tissue damage) is strongly dependent on local blood

flow inside the heart [2-5]. Higher convective cooling results

in larger and deeper RF lesions, since heat is carried away

from the catheter and tissue surface, allowing more energy

to be deposited deeper into the tissue. It has been shown in

ex vivo experiments and in computer models, that higher

flow rate results in wider and deeper lesions [2, 3, 5, 6].

Similarly, in vivo experiments in a porcine model have

shown that lesion size depends on ablation site in the heart.

Mukherjee et al. classified ablation sites in the heart

according to flow condition (low/medium/high) and found

significant differences in RF lesion dimensions [4]; Peterson

et al. also found significant differences of RF lesion

dimensions depending on ablation site [5]. A recent

publication presents treatment planning software for cardiac

RF ablation, estimating RF lesion dimensions depending on

different parameters such as target temperature, ablation

time, and blood flow [6]. However, they only used estimates

for convective cooling since no detailed data are available;

furthermore it can be expected that blood flow in the heart

and related cooling is different between individuals,

depending on size of the heart among other factors.

In this paper we present a simple method to quantify

convective cooling at the ablation site before RF ablation is

carried out. This information can potentially be used as input

parameter in computer models to obtain more accurate

estimates of lesion dimensions.
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II. METHODOLOGY

We created tissue phantoms with same electrical

conductivity as myocardium at 500 kHz and 37 ºC (0.54

S/m), by mixing 5% Agar-Agar and 0.25% NaCl with

deionized water; this phantom has same thermal properties

as water, similar to those of tissue. We placed the phantom

(10 x 10 x 2 cm) inside a frame that held the phantom from

two sides to avoid alteration of RF current flow. We

immersed the phantom in 0.3% saline, having same

conductivity as blood at 500 kHz and 37 ºC (0.67 S/m). We

built a flow rig (see Figure 2) that allows adjustment of the

flow rate between 0 and 12 L/min. A flow meter (Model

7200, King Instrument) regulates the flow rate. Saline is

injected through a rigid tube (20 mm inner diameter,

Polyethylene) with a cross sectional area comparable to

mitral and tricuspid valves into the water bath. The bottom

of the injecting tube aperture and phantom surface are at the

same level. The distance between tube outlet and catheter is

30 mm. We measured maximum flow velocity at different

flow 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 flow

velocity was 15.5 cm/s at 3 L/min flow rate. This velocity is

comparable to blood flow velocities inside the beating heart

as measured by an ultrasound Doppler transducer [3].

We used a commercial cardiac ablation generator

(Boston Scientific, EPT-1000 XP), and an ablation catheter

with electrode 4 mm long, and 6 FR (2 mm) diameter

(Boston Scientific, Blazer II). The ablation catheter was

inserted 2 mm deep perpendicular into the tissue phantom.

We used a piece of alminum foil (~10 x 15 cm) placed at

~30 cm from the catheter as ground electrode. Experiments

were carried out between 35 ºC – 40 ºC saline temperature,

starting at 40 ºC.

We confirmed that phantom temperature was equilibrated

with saline temperature before beginning of experiments.

Total saline volume was ~20 L, and due to the slow cooling

rate (2 hours from 40 ºC to 35 ºC), phantom and saline

temperatures were always within 0.2 ºC. We describe later

in the text how we correct for different initial temperatures

of phantom and saline in our experiments.

We applied 10 W of RF power for 5 s to the ablation

catheter, and measured catheter tip temperature for 60 s

following start of power application. We performed 6

experiments each at 0, 1, 2 and 3 L/min flow rate. Each

experiment was carried out at a different location on the

phantom, at least 2 cm distant from the previous position to

prevent contamination.

From the temperature time course of each trial we

determined two parameters:

- Maximum change in tip temperature (Tmax-Tini)

- Slope of temperature decay at 8 ºC over initial

temperature (dT/dt (T = Tini + 8ºC)).

The initial temperature Tini is the temperature of saline and

phantom at the beginning of each trial.

We assume that a significant amount of heat energy is

removed by convection, and that by measurement of these

parameters we can quantify convective cooling.
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Fig. 2. Schematics of experimental setup.
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Correction for different initial temperatures

For a potential clinical application it is of importance that

the measured parameters are independent of body

temperature (i.e. initial saline and phantom temperature in

our experiments). Otherwise, different body temperatures

will constitute an error source.

The heat transfer equation describing our experimental setup

is:

(1)

where:

T phantom temperature (ºC)

phantom density (kg / m
3
)

c phantom specific heat (J/(kg K))

k phantom thermal conductivity (W/(m K))

QRF power density deposited by RF (W/m
3
)

From equation (1) we see that:

- Application of a certain power to the phantom

always results in the same temperature elevation,

independent of initial temperature

- Thermal conduction in the phantom (1
st
right-hand

side term) is only dependent on the temperature

gradient, but independent of absolute temperature

The amount of convective cooling depends both on flow

rate, and temperature of the liquid (i.e. saline). The heat flux

removed from a surface by convection is:

Qconv = h (T – TL) (2)

Where:

h convective heat transfer coefficient (W/(m
2
K))

T surface temperature

TL temperature of liquid (saline)

The heat transfer coefficient h depends on flow velocity, and

flow profile. From equation (1) we saw that the relative

temperature elevation everywhere in the phantom is

independent of absolute initial temperature. In (2) we note

that flow conditions (i.e. flow rate), and difference between

surface and fluid (=initial) temperatures determine

convective cooling. From above we see that this temperature

difference is independent on initial temperature.

By measuring parameters relative to initial temperature

((Tmax-Tini), and dT/dt (T = Tini + 8ºC)) we assure

independence of our parameters on initial (=fluid)

temperature.

We fit the relation between the parameters and flow rate

to 2
nd
order polynomial expressions. We performed

student’s t-tests to check whether there is significant

difference of the two parameters between different flow

rates. We tested between 0 and 1 L/min, 1 and 2 L/min, 2

and 3L/min.

III. RESULTS

Figure 3 shows typical time-temperature relationships for

flow rates of 1 and 3 L/min.

Fig. 3. Time course of catheter tip temperature for flow rates of 1 and 3

L/min. Measured parameters are indicated.

Figures 4 and 5 show dependence of the two parameters

on flow rate. For each flow rate, results of the six trials,

average, and 2
nd
order polynomial approximation are shown.

In Figure 5, the 2
nd
order term was negligible resulting in a

linear approximation. There was significant difference (p <

0.05) of both parameters between different flow conditions.

Fig. 4. Parameter (Tmax – Tini) at different flow rates. 2
nd order polynomial

approximation (line) and averages (red crosses) are shown in graph.
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Fig. 5. Parameter (dT/dt (T = Tini + 8ºC)) at different flow rates. Linear

approximation (line) and averages (red crosses) are shown in graph.

IV. DISCUSSION

Both parameters showed significant dependence on flow

rate. Temperature decay showed higher sensitivity to flow

rate compared to maximum temperature increase. The

maximum temperature increase showed an exponential

dependence on flow rate, whereas the temperature decay

showed linear dependence. However, flow rate is not

necessarily related linearly with the associated convective

heat transfer coefficient h, i.e. twice the flow rate does not

result in h being twice as large (see equation (2)). To use

the information provided from the measured parameters in

computer models [6], the relation between the parameters

and the heat transfer coefficient has to be established (see

Figure 6). Another way to use the parameters would be to

investigate the relationship between lesion dimensions and

parameters directly.

Fig. 6. Convective heat transfer coefficient h is deducted from one of the

measured parameters, and used in a bioheat transfer model to estimate

lesion dimensions.

Limitations

In the experimental setup we used constant flow; it should

be noted that pulsatile flow will make measurement of the

parameters more difficult, and may require signal processing

or modification of the parameters. In our setup the catheter

was inserted at constant depth, perpendicular to the phantom

surface. Insertion depth and angle vary in clinical practice,

and likely have a significant impact on both lesion

dimensions, and measured parameters. One possibility is to

add a second thermal sensor near the corner of the electrode

may provide valuable additional information since that

sensor would directly be in contact with blood and could

allow measurement of convective cooling independent on

insertion depth and angle of the catheter.

V. CONCLUSION

We present a simple method that allows quantification of

convective cooling at the ablation site before treatment. This

information is potentially useful in treatment planning.

REFERENCES

[1] S. Nath, C. Lynch, 3rd, J. G. Whayne, and D. E. Haines, "Cellular

electrophysiological effects of hyperthermia on isolated guinea pig

papillary muscle. Implications for catheter ablation," Circulation, vol.

88, pp. 1826-1831, 1993.

[2] H. Cao, V. R. Vorperian, S. Tungjitkusolmun, J. Z. Tsai, D.

Haemmerich, Y. B. Choy, and J. G. Webster, "Flow effect on lesion

formation in RF cardiac catheter ablation," IEEE Trans. Biomed.

Eng., vol. 48, pp. 425-433, 2001.

[3] S. Tungjitkusolmun, V. R. Vorperian, N. Bhavaraju, H. Cao, J. Z.

Tsai, and J. G. Webster, "Guidelines for predicting lesion size at

common endocardial locations during radio-frequency ablation,"

IEEE Trans. Biomed. Eng., vol. 48, pp. 194-201, 2001.

[4] R. Mukherjee, P. Laohakunakorn, M. C. Welzig, K. S. Cowart, and J.

P. Saul, "Counter intuitive relations between in vivo RF lesion size,

power, and tip temperature," J. Interv. Card. Electrophysiol., vol. 9,

pp. 309-315, 2003.

[5] H. H. Petersen, X. Chen, A. Pietersen, J. H. Svendsen, and S. Haunso,

"Lesion dimensions during temperature-controlled radiofrequency

catheter ablation of left ventricular porcine myocardium: impact of

ablation site, electrode size, and convective cooling," Circulation, vol.

99, pp. 319-325, 1999.

[6] Y. C. Lai, Y. B. Choy, D. Haemmerich, V. R. Vorperian, and J. G.

Webster, "Lesion size estimator of cardiac radiofrequency ablation at

different common locations with different tip temperatures," IEEE

Trans. Biomed. Eng., vol. 51, pp. 1859-1864, 2004.

dT/dt (T = Tini + 8ºC)

(ºC/s)

Flow
rate
(L/min)

Parameter h = f(Tmax-Tini) Computer
Model

h

Lesion
Dimensions

6296


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


