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Abstract—This study investigated the flow effect on the lesion
formation during radio-frequency cardiac catheter ablation in
temperature-controlled mode. The blood flow in heart chambers
carries heat away from the endocardium by convection. This
cooling effect requires more power from the ablation generator
and causes a larger lesion. We set up a flow system to simulate
the flow inside the heart chamber. We performedin vitro ablation
on bovine myocardium with three different flow rates (0 L/min,
1 L/min and 3 L/min) and two target temperatures (60 C and
80 C). During ablation, we also recorded the temperatures
inside the myocardium with a three-thermocouple temperature
probe. The results show that lesion dimensions (maximum depth,
maximum width and lesion volume) are larger in high flow rates
( 0 01). Also, the temperature recordings show that the
tissue temperature rises faster and reaches a higher temperature
under higher flow rate.

Index Terms—Ablation, cardiac catheter ablation, convection
film coefficient, lesion dimension, RF cardiac catheter ablation,
temperature recording.

I. INTRODUCTION

SINCE the 1980s, radio-frequency (RF) catheter ablation has
proven a successful cure for some cardiac arrhythmias, such

as atrioventricular node reentrant tachycardias, accessory path-
ways and fascicular ventricular tachycardias, with a success rate
of about 95% [1]–[3]. Its efficacy, controllability, minimal inva-
siveness, and relatively low cost make it a preferable method
for treating cardiac arrhythmias. It is also a promising method
for curing ventricular tachycardias [3]–[5]. During catheter ab-
lation, an electric current with a frequency between 300 kHz
and 1 MHz is applied between the catheter electrode (2.6 mm
in diameter) in contact with the endocardium and a rectangular
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( 15 cm 9 cm) dispersive electrode attached at the back of the
patient. Thermal myocardial injury occurs as a result of direct
resistive heating (Joule effect) at the catheter-tissue electrode
interface and passive heat conduction to deeper tissue. When
the tissue temperature reaches 50C [6], irreversible myocar-
dial injury occurs. The cells lose electrical excitability and the
reentrant pathways are interrupted. 50C is usually considered
as the threshold for lesion formation.

Most RF ablation units work in two modes: power-controlled
mode or temperature-controlled mode. In power-controlled
ablation, a constant power is applied. The ablation generator
adjusts the delivered current to maintain a constant delivered
power even though the impedance may change during ablation.
In temperature-controlled mode, an insulated thermistor is
located at the tip and reads the temperature at the point of
contact in the endocardium. The ablation generator first applies
incremental power to raise the temperature at the catheter tip.
Once the catheter tip temperature reaches the preset target
temperature, the ablation generator reduces the delivered power
and adjusts the power level to keep the catheter tip temperature
at the target temperature. To ensure safety, there are limits of
allowed maximum power and allowed maximum catheter tip
temperature to avoid charring of endocardium, which causes
unnecessary damage to the heart. Since catheter ablation is a
heating process, temperature-controlled mode ablation pro-
vides better control of lesion size than power-controlled mode
ablation [7], [8]. Physicians empirically set different target
temperatures, generally55 C. In isolated tissue preparation
models, a higher preset target temperature results in a larger
lesion [7], [9].

In addition to the target temperature, the blood flow in the
heart chambers also plays an important role in lesion formation
in temperature-controlled catheter ablation. The blood flow car-
ries away heat from the endocardium and from the catheter tip
by convection. It has a cooling effect on the myocardium and
affects the final lesion size [9], [10]. For a normal heart, the
cardiac output is about 5 L/min. But at different locations in-
side heart chambers, the flow rates are significantly different.
The flow rate at the surface of mitral or tricuspid valves is much
higher ( 5 L/min) than the flow rate underneath the valves (near
0). So the cooling effect due to blood convection differs at dif-
ferent ablation locations. Even though the tip temperature is set
at the same temperature, it results in different lesion sizes at dif-
ferent locations.

The convective cooling effect should also be considered for
new catheter design for treatment of ventricular tachycardia
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(VT). The reentrant pathway of VT is deep in the myocardium
in some cases. It is desirable to obtain a large lesion volume to
cure VT. Recently, several research groups proposed large-tip
electrodes [11] and saline-irrigated electrodes [12] for VT
catheter ablation. These methods are based on the concept
of increasing the cooling effect at the endocardial surface so
that more power can be delivered to create a deeper and larger
lesion.

The goal of this study was to determine the flow effect on the
lesion dimensions during catheter ablation. We set up a circula-
tion system to simulate the flow rate inside the heart chambers
and carried outin vitro catheter ablation on bovine myocardium.
We also used a thermocouple probe to record the temperature
change inside the myocardium during ablation to help us un-
derstand the heating process during ablation.

II. M ODEL AND NUMERICAL SIMULATION

RF ablation lesion formation depends on the temperature dis-
tribution inside the tissue, which, in turn, depends on the local
electric current distribution during ablation and heat conduction
from or to other regions. The temperature change during abla-
tion inside myocardium is governed by the bio-heat equation

(1)

where
temperature of myocardium (C);
density (kg/m);
specific heat (J/kgC);
thermal conductivity (W/m C);
current density (A/m);
electric field intensity (V/m);
heat loss due to blood perfusion in the myocardium
(W/m ).

is neglected since it is small during the normal ablation pe-
riod of about 60 s [8]. At the blood catheter, and the blood tissue
interfaces, there is heat exchange due to the blood flow convec-
tion

(2)

where is the convective film coefficient due to the blood flow
(W/m C). is the temperature of blood, which is considered
37 C due to blood circulation. The electric field can be calcu-
lated from Laplacian equation

(3)

where is electric conductivity (S/m). RF catheter ablation is
a thermal-electrical process and it is not practical to solve the
coupled problem analytically. The finite element method (FEM)
is usually used to solve it numerically [9], [13]–[17].

Due to the geometry of the ablation setup (small hemisphere
catheter electrode and large dispersive pad), the current density
decreases as a function of distance from the catheter surface and
is proportional to . Hence, the power density decreases at
a faster rate of . As a result, only a thin (1–2 mm) rim of

Fig. 1. Simplified model of cardiac catheter ablation. The catheter is in
perpendicular contact with the myocardium. Current is applied between the
catheter electrode and the dispersive electrode. The myocardium in region A is
heated by the Joule effect and heat conduction. The myocardium in region B
is mainly heated by the conduction from region A. Blood flowing around the
myocardium and catheter cools them by convection.

tissue adjacent to the catheter tip is heated directly by the applied
RF power. The majority of thermal injury is produced by heat
conduction from the high-temperature rim to the surrounding
myocardium [8].

The blood remains at 37C during ablation. The temperature
difference between the ablated myocardium and blood flow in
the heart chamber causes heat transfer from the endocardium
to the blood by heat convection. It has a cooling effect on the
catheter surface and endocardial surface. As heat is carried away
from these surfaces, the temperature at the endocardial surface
is lower than the temperature inside the myocardium. The lesion
diameter on the surface is smaller than the maximum lesion di-
ameter inside the myocardium as shown in Fig. 1.

The convection film coefficient is dependent on flow around
the catheter. High flow results in a high film coefficient and
more heat is carried away by convection. Then it takes more
power to maintain the catheter at a target temperature under high
flow conditions. The ablation generator delivers more electric
current to the catheter. This has several effects on lesion forma-
tion.

1) It increases the current density and Joule heat generation
inside the myocardium. The myocardium rises to a higher
temperature and more myocardium exceeds the tempera-
ture threshold to form a larger lesion.

2) The directly heated rim rises to a higher temperature and
becomes larger. It conducts more heat to the surrounding
tissue to a larger boundary due to the higher temperature
gradient. Thus, it raises the myocardial temperature in
other regions and causes a larger lesion.

3) Higher delivered power causes the myocardial tempera-
ture to rise faster, especially in the directly heated rim.
It has more time to conduct heat into the surrounding
myocardium and reaches a larger boundary. This also in-
creases the lesion dimensions.

We use FEM to simulate temperature-controlled mode
catheter ablation with a target temperature of 60C [16]. For
low flow of 1 L/min in Fig. 2(a), the maximal diameter of lesion
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Fig. 2. FEM results of temperature-controlled catheter ablation at 60C
with flow rate at (a) 1 L/min and (b) 3 L/min. The pictures show temperature
distribution at the end of the ablation at the center cross section of the
myocardium. The oval dark gray represents the lesion. The lesion size is larger
under high flow than under low flow.

is 7.2 mm and maximal depth is 5.2 mm. For high flow of
3 L/min in Fig. 2(b), the maximal diameter of lesion is 8.3 mm
and maximal depth is 6.3 mm. Fig. 2 shows that the lesion is
larger for high flow than for low flow.

III. EXPERIMENTAL METHOD

Fig. 3 shows the flow system that simulates the different flow
conditions inside the heart chamber [18] forin vitro catheter ab-
lation on bovine myocardium. The myocardium block sits on
a Plexiglas frame immersed in a plastic container filled with
0.5% saline. The catheter, attached to a depth meter, contacts the
tissue surface at a normal angle. A pump circulates the saline
between the plastic container and a 12 L water bath (Model
180, Precision Scientific, Winchester, VA) to keep the saline
at C. A flow meter (7200 series, King Instrument,
Huntington Beach, CA) regulates the flow rate from 0 L/min
to 6 L/min. The hose injecting saline to the tissue has an 18 mm
inside diameter, which corresponds to 254 mmarea and is
comparable to the areas of the mitral and tricuspid valves. The
bottom of the injecting hose aperture and the surface of my-
ocardium are at the same level. The distance from the hose to the
catheter is 20 mm. Assuming laminar flow, the maximum flow
velocity at the injecting hose is 13 cm/s and 39 cm/s at the flow
rates of 1 L/min and 3 L/min. We injected one drop of blue dye

Fig. 3. The ablation system consists of a plastic container and a 12 L constant
temperature water bath. The flow rate is regulated by the flow meter 0 L/min to
6 L/min. The myocardium sits on a Plexiglas frame attached to the bottom of
the container. The catheter is fixed to a depth meter so that the insertion depth
is well controlled.

from the pump and used a SONY MVC-FD95 digital camera
with motion picture capability to take pictures of the blue dye
wavefront from the injecting hose at 25 frame/s. It shows the
maximum flow velocities around the catheter are 10 cm/s and
30 cm/s. These velocities are comparable to regional blood ve-
locity measurements at intracardiac ablation sites in the beating
heart made by a doppler transducer [16].

We built a 3-thermocouple probe to measure the temperature
change inside the myocardium during ablation. The IT-21
copper/constantan -type thermocouple (Physitemp Instru-
ment Inc., Clifton, NJ) has a time constant of 0.08 s. The
thermocouple is 0.23 mm in diameter without Teflon coating
and 0.41 mm with Teflon coating. We use a silver wire with
Teflon coating (1 cm long and 0.25 mm in diameter with
Teflon coating) as a shaft for support. The Teflon coating,
as an insulator, minimizes electrical and thermal disturbance
inside the issue. We group three thermocouples and the silver
wire together as a probe. The thermocouple tips are 0.9, 2.0,
and 3.0 mm from the shaft tip. The probe has a diameter of
0.55 mm. We introduce the probe into the tissue so that the
probe tip contacts the catheter tip. In this way, we know the
distances of the thermocouple from the catheter tip.

Fig. 4 shows our measurement system with the built-in ther-
mistor at the tip of the catheter and the 3-thermocouple probe. A
12-bit analog-to-digital converter (DI-220 by Data Instruments,
Akron, OH) samples the data at ten samples/s for each channel.
A LabVIEW program collects the sampled data from four chan-
nels (one for the thermistor and three for the thermocouples) and
saves data to storage. It converts the voltage to temperature using
a calibration curve for each channel and displays the tempera-
ture changes in real-time on an IBM PC compatible 333-MHz
Pentium laptop computer. With calibration, we can measure the
temperature with an accuracy of 0.1C.
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Fig. 4. The temperature measurement system contains three thermocouples
inside the myocardium and a thermistor at the catheter tip.

We obtained fresh bovine heart from the local butcher shop.
We cut the myocardium into 2.5 cm 3.0 1.8 cm blocks.
We inserted the thermocouple probe from the backside of the
tissue block and placed it in the Plexiglas frame. We aligned
the catheter electrode and the probe and inserted the catheter
4 mm into the myocardium for ablation. The myocardium de-
formed into a bowl shape as shown in Fig. 5(a). The catheter
electrode surface was not totally in contact with the myocardium
and about 1.5 mm was still exposed to saline.

After ablation, we dissected the myocardium through the
center and then immersed it in-nitro blue tetrazolium solution
for about 10 min to distinguish the viable (blue) and nonviable
(pale) tissue. The staining solution changes the color of normal
cardiac tissues into dark blue while keeping the color of lesions
pale. We then used a digital camera to take pictures of lesions
with a ruler scale on the lesion surface as shown in Fig. 5(b).
Six observers measured the dimensions independently without
knowing the ablation or the flow settings. Their measurements
were averaged to yield the dimension for each lesion so that
we could avoid subject bias and determine the variability of the
measurement. Assuming the lesion is a partial oblate ellipsoid,
we derived the ablation volume using calculus as

(4)

where
maximal depth;
maximal diameter;
depth at maximal diameter;
lesion surface diameter as shown in Fig. 5(a).

The influence of convective cooling was assessed by the-test
using Microsoft Excel. Values of were considered
statistically significantly different.

We used an EPT-1000XP ablation unit and a Blazer II 7-Fr
catheter with a 2.6-mm diameter and 4-mm length electrode,
both from EP Technologies (San Jose, CA). We performedin
vitro ablation on bovine myocardium tissue with three different
flow rates (0, 1, and 3 L/min) and two target temperatures (60
C and 80 C). For each condition, we performed six to eight

ablations. The ablation unit automatically recorded the deliv-
ered power, impedance, and catheter tip temperature during ab-
lation for analysis. We also performed temperature recording
during ablation to analyze the temperature change inside the
myocardium during ablation.

(a)

(b)

Fig. 5. (a) Myocardium deformation during ablation. (b) Sample of ablated
myocardium afterp-nitro tetrazolium blue staining. This case is 60C with
3 L/min. The smallest unit on the ruler is 0.5 mm. The ablation causes an
electrode shaped hole in myocardium. The hole is not 4 mm deep because the
myocardium bounces back a little after the catheter is removed.

IV. RESULTS AND DISCUSSION

A. Lesion Dimension Versus Flow Rate

Table I shows the dimensions of the six lesion groups. Note
that the dimensions (maximum depth, maximum diameter, and
volume) of higher target temperature (80C) are larger than
those of the lower target temperature (60C). This shows that
the target set temperature plays a critical role in lesion dimen-
sion.

Table I also shows that at the same target temperature setting,
the lesion dimension grows significantly as the flow
rate increases for both 60C and 80 C cases. The averaged de-
livered power increases dramatically with flow as we analyzed
in Part II. In the case of 80C target temperature and 3 L/min
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TABLE I
LESION DIMENSION VERSUSFLOW AT 60 C AND 80 C

flow rate, we reached the system power limit of 50 W. The abla-
tion generator could not provide enough power to maintain the
catheter tip at the target temperature of 80C. During ablation,
the average tip temperature was 73C, well below the target
temperature. If we could have overcome the power limit, we
could have delivered more power to the electrode and caused
an even larger lesion. In clinical applications, we note that al-
though the temperatures are the same, the final lesions may be
different at various locations, dependent on the local blood flow.
At high flow rate locations (such as near the mitral and tricuspid
valve surface), even the low-temperature setting can cause a
larger lesion. Also if we introduce high flow during ablation,
we can achieve a larger lesion than in normal conditions. Thus,
the saline-irrigated electrode is helpful to create larger lesions
for VT, as shown by Nakagawaet al. [12].

The myocardial resistivity reduces 2%/C as temperature in-
creases [19]. Hence, the impedance between the electrode and
the grounding pad decreases as more myocardium is heated up.
We expect the average impedance during ablation to decrease as
the lesion dimension increases and temperature increases. This
is true for the 60 C cases as shown in Table I. The 60, C 3
L/min case has the largest delivered power and lesion dimension
in the three cases, and its average impedance is the lowest during
ablation. For the 80C cases, we found there was slight tissue
dehydration for the 1-L/min case and significant tissue dehy-
dration at 3 L/min on the surface of the myocardium. When the
temperature is high enough, such as 80C, it causes tissue de-
hydration in the myocardium. The dehydrated tissue is an elec-
trical insulator and it results in higher impedance. This explains
why the average impedance is the highest for 3 L/min at 80C
cases, compared to the 60C cases.

B. Temperature Recording

We recorded the catheter tip temperature and myocardial
temperature at three locations (0.9, 2.0, and 3.0 mm from the
catheter tip) during ablation and after the ablation stopped.
Fig. 6 shows typical recordings for each group. The patterns
of temperature change during ablation are similar except for
the 80 C, 3 L/min case. The catheter tip temperature
rises quickly at the beginning of ablation and reaches the target
temperature in about 3–5 s. Then it fluctuates around the target
temperature due to the power adjustment of the ablation unit.

The TC1, TC2, and TC3, three temperatures from thermo-
couples at fixed locations, increase as the flow rate increases.
Table II shows the time for which they reach 50C, the
lesion threshold and the maximum temperature at the end

of ablation. It shows that the higher blood flow causes the my-
ocardial temperature to rise faster and reach a higher tempera-
ture, just as we analyzed in Part II. Taking 60C as an example,
in the 0 L/min cases, TC2 merely reaches 50C around 50 s
and TC3 never reaches that. With only 10 s above the lesion
threshold, the tissue gets ablated and the lesion boundary just
reaches TC2 (2.0 mm from the catheter tip), which is close
to the maximum depth for the 0 L/min case (2.14 mm as in
Table I). As for the 1 L/min case, TC3 (3.0 mm from the
catheter tip) reaches 50C 46 s after ablation with a maximum
temperature of 51C. So the lesion boundary is a little bit out-
side this position (3.0 mm) at 3.6 mm. In the 3 L/min case, TC3
reaches the threshold much earlier and has a higher maximum
temperature. This causes a larger lesion (5.0-mm depth) than in
the 1 L/min case.

Fig. 6(c) (60 C, 3 L/min) and 6(e) (80C, 1 L/min) also show
that of TC1 is much higher than the catheter tip temperature.
TC1 is higher than the target temperature for about 40 s in 6(c).
In 6(e), it is higher for about 30 s. As discussed in the numer-
ical analysis in [9], the highest temperature point during ablation
is in the myocardium, about 0.5–1 mm underneath the catheter
tip, instead of at the catheter tip. It indicates that the temperature
monitoring is especially important at high flow locations such
as at the mitral valve and tricuspid valve. The myocardial tem-
perature inside may be several degrees higher than the catheter
tip temperature. Physicians should not set the target temperature
too high (say 80 C), which may cause charring inside the my-
ocardium.

C. 80 , C 3 L/min Case

The ablation at 80 C and 3 L/min is different from other
cases. Fig. 6(f) shows the catheter tip temperature rises at first
to 80 C. Then it keeps decreasing although the myocardial
temperature (TC1, TC2, and TC3) increases. We noted that the
ablation generator kept increasing the delivered power until it
reached the maximal allowed power (50 W) and the impedance
was higher than other 80C cases during ablation. Also during
ablation, the system impedance first went down as the ablation
started because of tissue heating. Then it started to increase
after the catheter reached 80C as shown in Fig. 7(d). Vi-
sual inspection showed that there was tissue dehydration at the
catheter tip.

For normal cases, the electric current dissipates into the
myocardium uniformly as shown in Fig. 7(a). The myocardium
underneath the thermistor is heated by local Joule heat during
the ablation. The ablation generator adjusts delivered power
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Fig. 6. Temperature recordings during catheter ablation.T0 is catheter tip temperature. TC1, TC2, and TC3 are temperature recordings of thermocouples, which
are 0.9, 2.0, and 3.0 mm from the catheter tip.

TABLE II
TIME FOR THE THREE THERMOCOUPLETEMPERATURES TOREACH

THE 50 C THRESHOLD

to maintain the myocardium there to the target temperature.
Hence, the delivered power decreases after the target temper-
ature is achieved [Fig. 7(b)]. Also the impedance decreases
as the myocardium surrounding the catheter electrode is
heated up.

For the 80 , C 3 L/min case, the high power (50 W) causes
high current density and Joule heat generation at the tissue
just around the catheter electrode. The myocardium at the in-
terface reaches a high temperature and causes a thin layer of
tissue dehydration around the location of thermistor, where the
highest temperature is. The dehydrated myocardium is an elec-
trical insulator and, thus, the impedance increases. The elec-
tric current bypasses that region to heat the myocardium un-
derneath [Fig. 7(c)]. The dehydrated myocardium is also a
thermal insulator and isolates the thermistor from the heated
myocardium underneath. The thermistor temperature starts de-
creasing through the heat leakage to the catheter electrode. The
catheter electrode is at a lower temperature due to convection
and, thus, the thermistor temperature keeps decreasing during
ablation. As a result, the control system assumes the catheter tip
temperature is lower than the target temperature and increases
the delivered power from the ablation generator. The tissue
thermocouple temperatures TC1, TC2, and TC3 rise faster to a
higher plateau compared with the correspondents in the 1 L/min
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Fig. 7. Electric current pattern, catheter tip temperature, impedance, and power during ablation. (a) and (b) are for 80C, 1 L/min. (c) and (d) are for 80C,
3 L/min. Other cases are similar to (a) and (b). In (c), the myocardium char blocks the catheter tip. It increases the impedance and decreases catheter tip temperature
during ablation.

case because of thermal conduction and the high power output
(average 42.5 W) results in the largest lesion, although the tip
temperature is low.

V. CONCLUSION

This study investigated the blood flow effect on lesion for-
mation during RF cardiac catheter ablation. With lesion mea-
surement and temperature recording inside the myocardium,
we demonstrated that lesion dimensions and tissue heating are
dependent on local flow conditions for a given tip temper-
ature during temperature-controlled RF ablation. In general,
with high flow rates and local blood velocities, lesions are
larger and tissue temperatures rise faster compared with low
local flow rates. Moreover, the recorded catheter tip tempera-
ture, which is the only available temperature information to the
operator in the clinical setting, does not always reflect these
findings.
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