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ABSTRACT
Purpose: To assess the effect of intracardiac blood flow pulsatility on tissue and blood distributions
during radiofrequency (RF) cardiac ablation (RFCA).
Methods: A three-dimensional computer model was used to simulate constant power ablations with
an irrigated-tip electrode and three possible catheter orientations (perpendicular, parallel and 45�).
Continuous flow and three different pulsatile flow profiles were considered, with four average blood
velocity values: 3, 5.5, 8.5 and 24.4 cm/s. The 50 �C contour was used to assess thermal lesion size.
Results: The differences in lesion size between continuous flow and the different pulsatile flow profiles
were always less than 1mm. As regards maximum tissue temperature, the differences between con-
tinuous and pulsatile flow were always less than 1 �C, with slightly higher differences in maximum
blood temperature, but never over 6 �C. While the progress of maximum tissue temperature was iden-
tical for continuous and pulsatile flow, maximum blood temperature with the pulsatile profile showed
small amplitude oscillations associated with blood flow pulsatility.
Conclusions: The findings show that intracardiac blood pulsatility has a negligible effect on lesion size
and a very limited impact on maximum tissue and blood temperatures, which suggests that future
experimental studies based on ex vivo or in silico models can ignore pulsatility in intracardiac
blood flow.
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1. Introduction

Ex vivo [1,2] and computer [3–7] models are broadly
employed to study different technical issues involved in
radiofrequency (RF) cardiac ablation (RFCA). During percutan-
eous RFCA (i.e. with the active electrode placed on the endo-
cardium) the intracardiac blood flow evacuates heat through
the electrode-blood and endocardium-blood interfaces. To
the best of our knowledge, and despite the fact that the
intracardiac blood flow pattern is markedly pulsatile [8,9], all
the previous computer models considered a continuous and
constant flow of circulating blood. Few previous ex vivo stud-
ies have considered pulsatile flow [10–12] and none com-
pared pulsatile and continuous flow but rather pulsatile
versus no-flow. To set up the pulsatile flow they also used a
roller pump, which is known to be incapable of generating a
real physiological flow, and in fact can only be done by com-
plex pumping systems [13,14].

Obviously, clinical studies and those based on in vivo
models did take pulsatility into account, as it is inherent to
the heartbeat. Since this type of study does not make it pos-
sible to keep all the process variables under control (unlike
ex vivo and computer studies), the relationship between flow

pulsatility and tissue temperature distribution cannot be
established. Our objective was thus to use a computer model
to assess the effect of considering different blood flow pulsa-
tile profiles (equivalent to those physiological profiles) on
temperature distributions and the thermal lesions created in
the cardiac tissue by comparing them with the continuous
blood flow case. The results of this study are expected to
contribute to the information available on the thermal effect
of intracardiac blood flow pulsatilty on the thermal lesion
created during RFCA, and also perhaps on future ex vivo or
computational studies in which blood flow has a relevant
thermal impact.

2. Methods

2.1. Model geometry

We used a three-dimensional computer model previously
described in [15], which was particularly indicated for our
objective as it includes the fluid dynamics problem associ-
ated with the movement of intracardiac blood in addition to
the electrical and thermal problem. In short, the model con-
sisted of a fragment of cardiac tissue, a volume of blood and
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a ThermoCool SF active irrigated-tip electrode (Biosense
Webster, Diamond Bar, CA, USA), as usually employed in
RFCA (see Figure 1). The dispersive electrode was modeled
as an electrical boundary condition (0 V) on the bottom sur-
face of the cardiac tissue. The holes in the irrigated-tip elec-
trode were not included in the geometry because they
require a very fine mesh, which would unnecessarily increase
the computational cost. The optimum mesh size at the elec-
trode-tissue interface (0.2mm) was verified by a convergence
test, along with the outer dimensions [15]. The active elec-
trode (in the catheter tip) had an 8 Fr diameter, 3.5mm
length, and 56 small holes on its surface to allow the saline
solution to continuously flow outward and mix easily with
the blood, due to their similar densities. The effect of saline
irrigation was modeled as a flow inlet velocity boundary con-
dition to the blood volume on the electrode surface where
the holes are located (see violet surface in Figure 1) [15]. As
keeping the catheter perpendicular during RFCA is no easy
task for the operator due to its length and the beating heart,
we considered three catheter positions: perpendicular (as
shown in Figure 1), parallel and 45�.

2.2. Governing equations

The model solved a coupled electric-thermal-flow problem
using the Finite Element Method (FEM) with COMSOL
Multiphysics software (COMSOL, Burlington, MA, USA). At RF
heating frequencies (�500 kHz) and over the distance of
interest, the biological medium can be considered almost
totally resistive, so that a quasi-static approach was used to
solve electrical problem [16], whose governing equation was:

�r � ðrr/Þ ¼ r � ðr~EÞ ¼ 0 (1)

where / is voltage (V), ~E electrical field vector (V/m) and r

electrical conductivity (S/m). From Equation (1), the distrib-
uted heat source is given by QRF ¼ rj~Ej2, which was later
used in the thermal problem as distributed heat source. The
governing equation for the thermal problem was the Bioheat
equation [15]:

qc
oT
ot

¼ r � ðkrTÞ þ QRF�QP þ QM�qc~u � rT (2)

where q is density (kg/m3), c specific heat (J/kg�K), T tem-
perature (�C), t time (s), k thermal conductivity (W/m�K), QP

heat loss caused by blood perfusion (W/m3) and QM meta-
bolic heat generation (W/m3). QP was neglected as blood
flow from the coronary arteries does not have significant
impact on the temperature distribution [17], while QM was is
also insignificant in comparison to the rest of the terms [18].
The last term of Equation (2) is the heat loss due to blood
motion. The velocity field ~u(m/s) was described by the
incompressible Navier-Stokes Equations of fluid dynamics,
comprised of the momentum (Equation (3)) and mass
(Equation (4)) equations:

q
o~u
ot

þ q~u � r �~u ¼ �rPþ lr2~u þ F (3)

r �~u ¼ 0 (4)

where P is pressure (Pa), m blood viscosity (2.1� 10�3 kg/m�s
[15]) and F body forces (N/m3), neglected in our model.

2.3. Material properties

Table 1 shows the properties of the model materials [19,20].
Tissue thermal conductivity (k) was assumed to be constant
with temperature since it has been observed that its change
with temperature does not have a significant effect on ther-
mal lesions in computer modeling [21]. In contrast, the

Figure 1. Geometry of the computational model with the catheter in perpendicular position (out of scale). Tissue and blood model dimensions (taken from [15]):
X¼ 80mm, Y¼ Z¼ 40mm, C¼ 20mm. Note that XZ-plane is the symmetry plane in the model. The active electrode mimics the multi-holes open-irrigated elec-
trode ThermoCool R SF (Biosense Webster, Diamond Bar, CA, USA). The saline irrigation through the small holes in the electrode-tip is modeled by an inlet velocity
boundary condition at the electrode-blood interface. Thermal lesion is assessed by the 50 �C isotherm and its geometry is characterized by: maximum depth (D),
maximum width (MW), surface width (SW) and depth at the maximum width (DW) [15].
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electrical conductivity (r) value was assumed to be tempera-
ture-dependent with a change of þ1.5%/�C [15]. The tem-
perature dependence of specific heat was not considered
since it has been experimentally observed that it changes at
temperatures over 65 �C and is presumably related to tissue
water loss [22,23]. In fact, the relationship between specific
heat and temperature is usually only taken into account in
computer modeling studies when the tissue reaches 100 �C.
The latent heat associated with vaporization is usually mod-
eled as an artificially increased specific heat value in a small
temperature range (for example 99 to 100 �C). In our study,
as a low power level was deliberately chosen to prevent
maximum tissue temperatures from reaching 100 �C, we
decided not to include the latent heat of tissue (and there-
fore any change of specific heat with temperature) or model
the sudden drop in r due to desiccation. The change of spe-
cific heat below 100 �C does not seem to be large enough to
be considered in modeling studies.

2.4. Boundary conditions

Figure 2 shows the boundary conditions applied to the
model. For the electrical conditions (Figure 2(A)), a constant
power of 9W, defined as a terminal boundary condition, was
applied at the active electrode for 30 s. This condition is spe-
cific to COMSOL and means total power can be kept con-
stant throughout the ablation by varying the voltage applied
to the electrode in each time-step. The 9W value is lower
than those normally used in clinical practice (�20W) but was
selected for two reasons: 1) the computer model only
included a fragment of the patient’s torso [24,25], and 2) to
avoid tissue temperatures close to 100 �C. Note that the
power value was not relevant in the context of this study,

since the objective was not to reproduce the real conditions
of a clinical scenario, but to compare the computed tem-
perature distributions between continuous and pulsatile
blood flow. The dispersive electrode was simulated as a 0 V
boundary condition on the bottom surface of the model,
and a null electrical current condition was set on the other
outer boundaries.

Figure 2(B) shows the thermal and fluid flow boundary
conditions. A null thermal flux was set on the symmetry
plane and a constant temperature of 37 �C was set at the
outer boundaries. The blood flow was simulated as a velocity
inlet condition on the left blood surface and a zero pressure
outlet condition on the opposite fluid wall. As with the vel-
ocity boundary conditions, saline irrigation was modeled as a
velocity inlet condition on the electrode-blood surface. This
velocity was calculated as the ratio between the saline irriga-
tion flow rate and the electrode area through which the
saline effect was applied. Saline irrigation flow rate was con-
sidered to be 8ml/min, as the clinical value recommended
by the manufacturer for multi-hole electrodes [15]. Note that
when the catheter orientation was modified, the electrode
area in contact with the tissue was also changed and the vel-
ocity inlet condition at the electrode surface was accordingly
recalculated. Three catheter orientations were considered:
perpendicular, 45� and parallel, so that the electrode areas in
which the saline irrigation boundary condition was applied
were 12.42mm2, 12.26mm2 and 10.86mm2, respectively. The
saline irrigation velocities were perpendicular 12.28mm/s,
45� 10.88mm/s and parallel 10.74mm/s. A no-slip condition
was applied on the upper surfaces of the fluid volume, on
the symmetry plane and the tissue-blood and electrode-
blood interfaces [15].

2.5. Modeling intracardiac blood flow pulsatility

Previous RFCA computer modeling studies used a range of
blood velocity values: 3, 5.5, 8.5 and 24.4 cm/s [4–7]. We first
conducted simulations considering these four constant blood
velocity values, i.e. mimicking continuous flow, and then
other simulations considering three different pulsatile profiles
(P1, P2 and P3), which always had the same average values

Table 1. Properties of the model materials [19,20].

Element/Material r (S/m) k (W/m�K) q (kg/m3) c (J/kg�K)
Electrode/Pt-Ir 4.6� 106 71 21500 132
Catheter/Polyurethane 10–5 23 1440 1050
Blood 0.748 0.52 1050 3617
Cardiac tissue 0.281a 0.56 1081 3686

r: electrical conductivity; k: thermal conductivity; q: density; c: specific heat.
aAssessed at 37 �C.

Figure 2. Electrical (A) and thermal and blood flow (B) boundary conditions.
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as those used in the continuous flow simulations. All the
cases were simulated for the perpendicular, 45� and parallel
catheter orientations. The effect of changing the blood flow
direction was also assessed for the 45� and parallel positions,
which in practical terms means that five catheter orientations
were really considered: 0� (parallel), 45�, 90� (perpendicular),
135� and 180� (parallel).

Since atrial fibrillation RFCA is a common procedure, we
considered blood flow profiles measured in the pulmonary
vein ostium, which is a common target. Intracardiac blood
flow has recently been studied by means of pulsed Doppler,
2 D echocardiography, and more recently, 4 D cardiac mag-
netic resonance imaging (4D CMR). A biphasic wave profile
has been observed in the left atrium (see Figure 3) related to
the systolic phase with the mitral valve closed, and the
second flow wave is that of the diastole during rapid mitral
flow ventricle filling [8,9]. As the mitral valve blood velocity
profile also consists of a biphasic wave, the left atrial blood
profile thus clearly follows a pulsatile profile. Keren et al. [8]
showed that the first peak (J wave) maximum of the pul-
monary vein blood flow profile was 44.5 ± 10.3 cm/s, while
the second peak (K wave) was 53 ± 15 cm/s in healthy
patients. We mathematically simplified the waveforms associ-
ated with the real blood flow profile and modeled them as
sine waves (see Figure 4).

The first pulsatile profile (P1) consisted of an absolute
value of a sinusoid wave, i.e. A � sin ð2pf � tÞj j where A is the
peak value, t is time and f the frequency of the cardiac
rhythm. In the context of electrical engineering this wave-
form is a full wave rectified sine wave. We assumed f¼ 1Hz,

which is equivalent to a heart rate of 60 beats per minute
(bpm). In order to compare the use of a continuous blood
velocity value vs. a pulsatile profile under equal conditions,
the value of A was chosen so that the waveform associated
with the pulsatile profile had an average value (Vavg) equiva-
lent to the continuous value. Since the average value of an
absolute value of a sinusoid wave can be calculated as

Vavg ¼ 1
T=2

ðT=2
0

A sin ð2pftÞdt ¼ 2 � A
p

¼ 0:636 � A (5)

we can obtain the peak value A associated with each aver-
age value. For instance, for a continuous value of 8.5 cm/s,
the peak value of the waveform associated with the P1 pro-
file will be A¼ 8.5/0.636¼ 13.37 cm/s (see blue line in
Figure 4).

As suggested in Figure 3, the pulses are not strictly con-
secutive, but there is a null flow period between them. Taking
this into consideration, we simulated a second profile (P2)
which consisted of a sinusoid wave in which the negative
semi-period is null (in electrical engineering this waveform is a
half wave rectified sine wave). The frequency of P2 was the
same as P1. The relation between the average value of a half
wave rectified sine wave and its peak value is Vavg ¼ 0.318�A.
For instance, for a continuous value of 8.5 cm/s, the peak value
of the waveform associated with the P2 profile will be
A¼ 8.5/0.318¼ 26.73 cm/s (see red line in Figure 4). The third
profile P3 was identical to P2 but with f¼ 0.5 Hz, which would
be equivalent to a 30 bpm heart rate. The relation between
average and peak values is the same as in P2 (see line green in
Figure 4).

Figure 3. Intracardiac blood flow dynamics (taken from [8] with permission from Wolters Kluwer Health, Inc). The electrocardiogram (ECG) is displayed on the top
part of the image. Underneath, three different blood flow profiles are shown: pulmonary artery blood flow (PAF), pulmonary vein blood flow (PVF) and mitral valve
blood flow (MVF).
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2.6. Lesion assessment and criterion for
comparative analysis

As thermal myocardium lesions are produced once the tis-
sue temperature reaches �50 �C, the 50 �C contour was
used to assess thermal lesion size. The lesion geometry was
characterized by the following parameters (see Figure 1):

maximum depth (D), maximum width (MW), depth at the
maximum width (DW) and surface width (SW). The max-
imum temperature reached in the blood and cardiac tissue
was also assessed. Differences in lesion depth and width
were assumed to be insignificant for values lower than
1mm, since this value is approximately that of the devi-
ation (±0.5mm) observed in experimental RFCA studies.

Figure 4. Simplified mathematical functions (zoom of the first 5 s) used to simulate the blood flow pulsatile profiles (see text for more details) for a mean velocity
of 8.5 cm/s.

Figure 5. Evolution of the maximum value of temperature in tissue and blood during ablation for the different blood flow profiles (average value 8.5 cm/s) with
perpendicular orientation.
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Likewise, the differences in maximum tissue or blood tem-
peratures were considered to be insignificant for values
lower than 4 �C, since this is approximately the value of the
observed deviation (±2 �C) [7].

We also conducted a statistical comparison of the val-
ues of maximum temperature reached in tissue and
blood of the continuous and pulsatile flows, including all
the cases: the four different average values of blood flow
(3, 5.5, 8.5 and 24.4 cm/s) and five different catheter ori-
entations (0�, 45�, 90�, 135� and 180�), i.e. a total of 20
cases for each blood flow profile (continuous, P1, P2 and
P3). T-tests were conducted on paired samples to assess
the similarity between continuous and pulsatile blood
flows on average (null hypothesis). The normality of each
data set was first checked by the Kolmogorov-
Smirnov test.

3. Results

Figure 5 shows the evolution of the maximum tissue and
blood temperature during ablation for the different blood
flow profiles (average value 8.5 cm/s) with perpendicular
catheter. Similar results were obtained for the other positions
and velocities (results not shown). We found that the max-
imum tissue temperature evolved to a more or less station-
ary state with hardly any fluctuations and behaved similarly
in all the blood flow profiles. In contrast, the maximum
blood temperature fluctuated at the same frequency as the
pulsatile blood profile (obviously with no fluctuations for the
continuous profile). Interestingly, maximum blood tempera-
ture in the P1 profile always stayed �4 �C higher than in the
continuous profile, while it was generally lower in profiles P2
and P3 than in the continuous profile (0–5 �C).

Figure 6. Temperature distributions after 30 s of RFCA with a constant power of 9W for different catheter orientations: perpendicular (A), 45� with blood flow
from left to right (B), 45� with blood flow from right to left –opposed– (C), parallel with blood flow from left to right (D), and parallel with blood flow from right to
left – opposed – (E). The solid black line shows the 50 �C isotherm. Each plot shows the maximum temperature reached in blood and tissue (Tmax Blood and Tmax
Tissue). The plots correspond to the case of 8.5 cm/s for continuous blood flow (first column), and pulsatile blood flow profiles (P1, P2 and P3, see text for more
details). Scale in �C.
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Figure 6 shows the temperature distributions after 30 s
of RFCA for continuous flow and the three different pulsa-
tile profiles with an average velocity of 8.5 cm/s. As
expected, maximum temperature in the cardiac tissue
always stayed lower than 100 �C, while maximum blood
temperature was always lower than 80 �C. The shape of
thermal lesions created in the cardiac tissue was almost
identical for all three pulsatile profiles and continuous flow,
suggesting that blood flow pulsatility has little influence on
lesion shape. Although the plots of the other blood veloc-
ities (3, 5.5 and 24.4 cm/s) are not shown, the general
behavior was the same.

Figure 7 shows the lesion dimensions of the cases in
Figure 6. The maximum depth (D) was practically identical
for the different blood flow profiles, regardless of catheter
orientation, with a maximum difference of �0.5mm between

parallel and perpendicular, so that the differences in lesion
depth between continuous or pulsatile blood velocity were
negligible (<1mm). The differences were also insignificant in
terms of maximum width (MW) and depth at the maximum
width (DW), regardless of catheter orientation, and were
always smaller than 0.2mm. The biggest differences (up to
0.5mm) in terms of SW were found between continuous
flow and the P3 profile at 45� orientation. There was an over-
all tendency to achieve wider surface lesions at 45� and
parallel orientations, compared to than perpendicular orien-
tation. In general, these results confirm that intracardiac
blood pulsatility has very little effect on lesion dimensions,
as the differences between continuous and pulsatile flow
were always lower than 1mm and the orientation of the
blood flow did not have a significant influence on
lesion size.

Figure 7. Lesion dimensions (in mm) after 30 s 9W RFCA for different catheter orientations (A: perpendicular, B: 45� , C: 45� with opposite blood flow direction, D:
parallel, E: parallel with opposite blood flow direction) and for different blood velocity profiles (continuous, P1, P2 and P3, all with an average value of 8.5 cm/s)
(see text for more details). D: maximum depth; MW: Maximum width; DW: Depth at the maximum width; SW: Surface width.
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Figure 8 shows the maximum tissue and blood tempera-
tures for the different catheter orientations, average blood
velocity and blood flow profiles. In general, the dispersion
associated with blood velocity changes was greater in the
maximum blood temperature than in the maximum tissue
temperature, with little apparent correlation between the
variables involved. Regarding the maximum tissue tempera-
ture, the differences between using continuous and pulsatile
flow were always less than 1 �C, for any average velocity
value and regardless of catheter orientation. There were
small differences in the maximum blood temperature for

continuous or pulsatile flow, with values of up to �6 �C for
perpendicular and �2 �C for parallel (both with a high aver-
age velocity, 24 cm/s), showing that the effect of pulsatility
on maximum temperatures in tissue and blood is generally
very weak.

In the comparison of the maximum temperature reached
in tissue and blood of the continuous and pulsatile flows,
the Kolmogorov-Smirnov tests provided p-values higher than
0.45, so that we concluded that the data did not differ sig-
nificantly from a normal distribution. The t-test results
showed no statistically significant differences between the

Figure 8. Maximum temperatures in blood and cardiac tissue after 30 s of RFCA with 9W for different catheter orientations (A: perpendicular, B: 45� , C: 45� with
opposite blood flow direction, D: parallel, E: parallel with opposite blood flow direction), average values of blood velocity (3, 5.5, 8.5 and 24.4 cm/s), and profiles of
blood flow (continuous, P1, P2 and P3).
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continuous and pulsatile flows, except for the blood tem-
perature computed with the P2 profile (p¼ .008).

4. Discussion

Our aim was to study by means of computer modeling the
effect of intracardiac blood flow pulsatility on the thermal
lesion created during RFCA. Since past ex in vivo and com-
puter models had considered only continuous flow, our
objective was relevant to answer the question: How import-
ant is it to consider a pulsatile flow in these models? To
address this question we used a previously presented com-
putational model [15] and implemented different representa-
tive pulsatility intracardiac blood flow profiles. When we
compared the results with those obtained from a continuous
flow, we did not find any significant differences, either in
lesion size (see Figure 7) or in maximum temperatures
reached in tissue and blood (see Figures 6 and 8). Only the
maximum temperature in the blood, which could have impli-
cations for the formation of thrombi, showed differences of
up to 6 �C between pulsed vs. continuous flow. These differ-
ences were generally greater between the continuous flow
and the P2 profile, which was possibly the cause of the non-
similarity of average values in the t-test.

While the evolution of the maximum blood temperature
during RFCA did show fluctuations according to flow pulsatil-
ity (see Figure 5), the maximum tissue temperature did not
fluctuate, which was probably why the lesions were nearly
identical both with and without pulsatility. Even if fluctua-
tions had appeared in the maximum tissue temperature, a
recent study in which the RF power excitation was deliber-
ately oscillated (with a frequency similar to that set here for
flow pulsatility) showed that although fluctuations appear in
maximum tissue and blood temperatures, lesion size does
not seem to be affected [26]. Although it may not seem so
in theory, both studies do have a relationship, since both
blood flow and RF power are heat exchange mechanisms
during RFCA.

Although we only considered 30-s ablations, our tempera-
ture progress results (Figure 5) show that the differences
between continuous and pulsatile flow in terms of maximum
tissue and blood temperature are also negligible during the
first seconds of ablation, suggesting that the pulsatility effect
can also be ignored in high-power short-duration ablations,
such as those recently conducted to treat atrial fibrilla-
tion [27].

Although our results do not seem to have a clinical
impact in terms of changing the current ablation strategies,
they do indicate that future experimental studies based on
ex vivo or in silico models should not have to implement
intracardiac blood flow pulsatility, which would be an advan-
tage in simplifying the setup.

4.1. Limitations of the study

We used the 50 �C isotherm to estimate the thermal damage
contour. Although other methods such as the Arrhenius
function have been used in studies in which pulsed RF

power was applied [26], the insignificant differences in terms
of tissue temperature found between continuous vs. pulsatile
blood flow suggest that the conclusions would still be valid
when using the Arrhenius function. Likewise, although we
only modeled an irrigated electrode with a specific geometry
and size, there do not appear to be any physical reasons to
suggest that the conclusions will be different for a differ-
ent electrode.

5. Conclusions

The computer results obtained seem to indicate that intra-
cardiac blood flow pulsatility has no significant impact either
on lesion size or on the maximum temperature reached in
the tissue. Variations of up to 6 �C can be found in maximum
blood temperature only under specific condition when con-
sidering or ignoring blood flow pulsatility. Our findings sug-
gest that in future experimental studies based on ex vivo
models a continuous flow created by a standard roller or
centrifuge pump should be able to mimic a realistic pulsatile
flow and would not require complex pumping systems.
Likewise, future computer modeling studies would not need
to include pulsatility of blood flow.
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