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Effect of Ablation Electrode Contact Force. Introduction: Ablation electrode–tissue contact has
been shown to be an important determinant of lesion size and safety during nonirrigated ablation but little
data are available during irrigated ablation. We aimed to determine the importance of contact force during
irrigated-tip ablation.

Methods and Results: Freshly excised hearts from 11 male pigs were perfused and superfused using fresh,
heparinized, oxygenated swine blood in an ex vivo model. One-minute ablations were placed using one of
3 different power control strategies (impedance control—15 � target impedance drop, and 20 W or 30 W
fixed power) and 3 different contact forces (2 g, 20 g, and 60 g) to give a grid of 9 ablation groups. The force
sensing catheter (TacticathTM, Endosense SA) was irrigated at 17 mL/min for all of the ablations.

Of a total 101 ablations, no thrombus formation was noted but popping was seen in 17 lesions. The lesion
depth and incidence of pops was 5.0 ± 1.3 mm /0%, 5.0 ± 1.6 mm /10% and 6.7 ± 2.5 mm /45% for the 15
�, 20 W, and 30 W groups (P < 0.01), respectively, and 4.4 ± 1.8 mm /3%, 5.8 ± 1.6 mm /17% and 6.6 ±
2.0 mm /37% for the 2 g, 20 g, and 60 g groups, respectively (P < 0.01). The impedance drop in the first 5
seconds was significantly correlated to catheter contact force: 9.7 ± 9.9 �, 22.3 ± 11.0 �, and 41.7 ± 22.1
�, respectively, for the 2 g, 20 g, and 60 g groups (Pearson’s r = 0.65, P < 0.01).

Conclusion: Catheter contact force has an important impact on both ablation lesion size and the incidence
of pops. (J Cardiovasc Electrophysiol, Vol. pp. 1-6)

ablation, arrhythmia, atrial fibrillation, irrigated-tip catheter, ventricular tachycardia

Introduction

Irrigated-tip catheter ablation allows more power to be
delivered, therefore enabling larger ablation lesions to be
created,1 but also decreases the accuracy of catheter tip tem-
perature monitoring.2 It is not clear which parameters are
useful to monitor during irrigated-tip ablation to safely cre-
ate the largest possible lesion. Catheter contact force has
been shown to be an important determinant of lesion size
and incidence of ablation complications during nonirrigated-
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tip catheter ablation, but there are little data on the effect of
catheter contact force during irrigated-tip catheter ablation.
Since accuracy of temperature monitoring is reduced during
irrigated ablation, we hypothesized that further information
on the interaction of catheter contact force with delivered
power on irrigated-tip radiofrequency (RF) ablation efficacy
and safety would be particularly relevant.

Recently, a novel externally irrigated-tip catheter has been
introduced that allows monitoring of in vivo catheter-tissue
contact force using 3 embedded optical sensors. This catheter
was used to perform an ex vivo study investigating the effect
of catheter contact force using various ablation strategies
with safety (i.e., prevention of steam pops and thrombus
formation) as a prime consideration.

Methods

Procedural Details

The experimental protocol was approved by the Mas-
sachusetts General Hospital Subcommittee on Research An-
imal Care. Ex vivo ablation was performed on 11 male pigs
(weight 47.1 ± 4.1 kg). After an overnight fast and pre-
medication with acetylpromazine (1.1 mg/kg), animals were
anesthetized and ventilated mechanically with 100% oxygen.
General anesthesia was maintained with isoflurane 1.5–3%.
A left thoracotomy was performed and the pig was antico-
agulated with 10,000 U heparin (IV). The heart was then
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excised and immediately chilled in iced saline. Blood was
drained via a suction catheter from the thoracic cavity into a
heparinized (10,000 U) reservoir.

As previously described, all of the ablations were per-
formed on the endocardial surface of the ex vivo perfused
heart preparation within a tissue bath (see Fig. 1 for a
schematic representation).3 A standard cardiopulmonary by-
pass pump circulated the heparinized blood through a heat
exchanger, oxygenator and tissue bath at a rate of 3 L/min.
The heat exchanger was adjusted to ensure that the blood
temperature was maintained at 37◦C. The coronary arteries
were retrogradely perfused at 125 mL/min via a catheter in
the ascending thoracic aorta. The posterior left ventricle was
opened with a vertical incision from below the circumflex
artery to the apex and a horizontal incision, below the cir-
cumflex artery.

Force Sensing Catheter

All ablations were performed with the force sensing
catheter (TacticathTM, Endosense SA), which is a 7 French,
3.5 mm tip open irrigation catheter. Except where specified,
the catheter was continually irrigated at 17 mL/min with
0.9% NaCl. The catheter has embedded 3 optical sensing
fibers that allow measurement of both the magnitude and
direction of the catheter contact force (see Fig. 1).

A RF generator (Stockert 70, Biosense Webster, USA) was
used to deliver RF current. A standard dispersive electrode
(E7506, Valley Lab, Boulder, CO, USA) was placed within
the ablation tank to provide the return path for RF current.
The RF generator was connected to an IBM–PC compatible
computer via a serial data cable, and data (impedance, tem-
perature, and power) was logged 10 times per second using
the EpWin software (version 5.011, Biosense Webster, USA).
The data were then exported into CSV files and analyzed

Figure 1. Schematic of the ex vivo prepa-
ration. Fresh oxygenated blood was su-
perfused over the endocardial surface of
the left ventricle at 3 L/min. The force
sensing catheter catheter was orientated
perpendicularly to the endocardial sur-
face during RF ablation using a cali-
brated scale to apply varying levels of
force (2, 20, and 60 g). The catheter was
connected through the splitter unit simul-
taneously to the RF generator and the
force sensing base system.

using custom software written in the Matlab programming
language.

Left Ventricular Ablations

Ablations were performed for 1 minute using one of 3
different power control strategies (impedance control—to a
15 � target impedance drop, and 20 W or 30 W fixed power)
and 3 different contact forces (2 g, 20 g, and 60 g) to give a
grid of 9 ablation groups.

15 � Impedance drop: The RF generator was set to power
control with an initial power of 15 W and then titrated to
achieve a target 15 � impedance drop. The initial impedance
that was used to calculate the 15 � drop was measured 2 sec-
onds after the start of the ablation (note that this value is lower
than the value measured before commencing RF power or the
first impedance recorded by the RF generator on the data file
at 0.1 second). The power was increased by 5 W every 5
seconds if the target impedance drop had not been achieved.
If the impedance drop exceeded 25 � the power was reduced
by 5 W.

The desired catheter-tissue contact force (2, 20, and 60 g)
was applied using a lever system that was attached to the dis-
tal tip of the catheter. The accuracy of the lever was checked
before each set of ablations using a digital scale.

A total of 9 ablation lesions (i.e., 1 ablation lesion from
each protocol group) were created on the left ventricular
endocardium of each heart. Ablation sites were chosen to
ensure that the lesions did not overlap. If there was insuffi-
cient endocardial surface to allow all of the ablation lesions
to be placed without risk of lesion overlap, only 8 ablation
lesions were delivered. The ablation was terminated by the
Stockert RF generator in the event of excessive impedance
rise. Each ablation lesion site was then examined for the
presence of thrombus. A numbered marker was then sutured
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on the endocardial surface to allow the lesion to be accurately
identified.

Each ablation site was dissected out as a block and bi-
sected through the center of the ablation along its long axis
and then incubated for 30 minutes using a viability stain to
enhance lesion definition (triphenyltetrazolium choride 1%).
The ablation lesion could be clearly identified as a white,
nonstaining zone, surrounded by a border zone that often ex-
hibited hyperpigmentation. We measured the ablation lesion
as only the white (nonviable) tissue. The ablation lesions
were photographed using a digital camera and macro lens
(Nikon D50, Micro Nikkor 60 mm f2.8, Nikon Corporation,
Melville, NY, USA). The lesion characteristics (lesion depth
and maximum lesion width) were measured from the digital
images using a custom program written in MatlabTM (Version
6.0, The Mathworks, Natick, MA, USA).

Statistical Analysis

Statistical analysis was performed using R for Mac OS X
(Version 2.5.1: The R Foundation for Statistical Computing,
http://www.R-project.org.). Except where stated otherwise,
data are reported in the tables as means ± standard deviations.
Student’s t-test was used to test the difference between the
means. Tukey’s honest significant difference (HSD) was used
for multiple comparisons between ablation groups.

Results

A total of 101 RF ablation lesions were created using the
9 ablation protocols.

Ablation Characteristics by Ablation Protocol

The ablation duration was 60 seconds in all of the groups
except the 30 W/60 g group in which 6 of 10 ablation lesions
were automatically terminated early by the RF generator
due to excessive impedance rise (mean duration 45.6 ± 13.9
seconds). The mean power varied from 12.6 ± 1.7 W to
27.6 ± 1.7 W in the 15 �/60 g and 30 W/60 g groups,
respectively. There was a significantly lower power required
in the 15 � impedance control groups with higher contact
force: 19 ± 4.5 W for 2 g, 13.6 ± 1.2 W for 20 g, and 12.6
± 1.7 W for 60 g contact force (P < 0.001). See Table 1
for detailed results of average power across the 9 groups.
See Figure 2 for lesion parameters and ablation complication

TABLE 1

The Actual Delivered Power and Maximum Temperature is Given for Each
of the 9 Ablation Groups

Power Titration Strategy

Contact Force 15 � drop 20 W 30 W

2 g 19 ± 4.5 W 17.5 ± 1 W 25.1 ± 3.2 W
45.1 ± 5.3◦C 42.3 ± 2.7◦C 47.4 ± 5.7◦C

20 g 13.6 ± 1.2 W 18.5 ± 1.3 W 25.6 ± 1.6 W
45.2 ± 4.3◦C 45.2 ± 4.4◦C 51.8 ± 6.2◦C

60 g 12.6 ± 1.7 W 18.5 ± 0.8 W 27.6 ± 1.7 W
43.2 ± 3.5◦C 48.7 ± 5.1◦C 52.2 ± 5.7◦C

The power was titrated in the impedance control strategy to achieve a 15 �

impedance drop resulting in a higher delivered power in the low contact (2
g) group than the moderate or high contact groups. The actually delivered
power was constant in the fixed power groups, as expected, and marginally
lower than the programmed power.

data summarized by ablation group and Figure 3 for ablation
parameters by ablation group.

Ablation at ‘‘Moderate’’ Catheter Contact Force (20 g)

Ablation lesions created using ‘‘moderate’’ (20 g) force
created midsized ablation lesions (8.3 mm wide by 5.2
mm deep) without any incidence of pops using the 15 �
impedance controlled strategy or 20 W fixed power. How-
ever, higher power (30 W fixed power) created significantly
larger ablation lesions (12.4 mm wide × 7.1 mm deep) with
a high rate of popping phenomena (50%).

Ablation at ‘‘Low’’ Catheter Contact Force (2 g)

Ablation lesions created using ‘‘low’’ (2 g) force cre-
ated significantly smaller ablation lesions in comparison with
moderate catheter contact force (lesion depth: P = 0.014
Tukey HSD) without any pops. However, higher power (30
W fixed power) low contact ablation created lesions that were
comparable in size to ablation with moderate power, mod-
erate contact but with a 9% risk of pops (high power low
contact lesions 9 × 5.2 mm vs 8.8 × 5.1 mm for moderate
power moderate contact).

Ablation at ‘‘High’’ Catheter Contact Force (60 g)

Ablation lesions created using ‘‘high’’ (60 g) force created
large ablation lesions in comparison (lesion depth: P = 0.2
in comparison with moderate catheter contact and P < 0.001
in comparison with low contact force Tukey HSD). At 20 W
power, lesion size was 7.7 × 3.8 for low contact, 8.8 × 5.1
for moderate contact, and 11.0 × 6.2 for high contact force.
There was a high incidence of pops in the 2 fixed power
ablation groups (30% for 20 W and 80% for 30 W) but no
pops when power was titrated by the impedance drop during
ablation.

Factors Affecting Ablation Safety

Thrombus formation was not seen in any of the lesions,
but popping phenomena were noted in 17 of the 101 RF
ablations. The incidence of popping was associated with both
the contact force (P = 0.003) and delivered RF power (P <
0.001) when analyzed using univariate Fisher’s test. In the
groups in which a fixed power was delivered regardless of the
impedance drop (i.e., fixed power 20 W and 30 W groups)
the maximal impedance drop recorded was 41.1 ± 28.1 � in
the ablations without pops and 70.4 ± 23.1 � in the ablations
with pops (P = 0.001).

Factors Affecting Ablation Lesion Size

Ablation lesion depth was highly correlated with catheter
tip temperature (Spearman’s rho = 0.42 and P < 0.001),
but the impedance drop during the ablation had a higher
correlation (Spearman’s rho = 0.72 and P < 0.001).

Effect of Catheter Contact Force on Ablation Impedance

The impedance at the initiation of the RF ablation was
highly correlated with the contact force (r = 0.73). The initial
impedance was 104.7 ± 19.5 � for 2 g contact, 139.1 ± 25.2
� for 20 g contact, and 171.2 ± 31.1 � for 60 g contact. The
impedance drop during the first 5 seconds of the ablation also
significantly correlated with the contact force Pearson’s r =
0.65 P < 0.01 (drop of 9.7 ± 9.9 � for 2 g, 22.3 ± 11.0
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Figure 2. Ablation lesion size and safety data for the 9 different ablation groups are summarized. Mean lesion width and depth for each group is shown
graphically by the width and depth of the idealized ablation lesion as well as numerically in the associated text on a per group basis. The proportion of
ablation lesions in which a pop was noted is also shown by the proportion of black in each of the lesion models and numerically in the text. The ablation
groups are arranged by increasing contact pressure (columnwise from left to right) and power (by rows). The lesion size can be seen to increase with increases
in the delivered power (i.e., for the 6 fixed power ablation groups in the lower 2 rows) and increasing contact pressure. Titrating power depending on the
impedance fall during the ablation reduced the effect of catheter contact pressure on lesion size.

� for 20 g, and 41.7 ± 22.1 � for 60 g). These groups all
significantly differed from each other.

Discussion

In this ex vivo model, catheter-tissue contact force was
an important determinant of both lesion size and complica-

Figure 3. Summary ablation parameters for the 9 ablation groups is again represented both graphically and numerically (see Figure 2 legend for further
explanation). The impedance drop (from the impedance at 2 seconds to the minimum impedance recorded during the ablation) is shown by the width of the
rectangle for each group. The height of the rectangle for each group displays the maximum catheter tip temperature rise above basal blood temperature (37◦C)
recorded during the ablation. In the 6 fixed power ablation groups the temperature rise and impedance drop appear to increase relatively symmetrically
with increasing catheter contact pressure. However, in the impedance controlled ablation group the impedance does not change as markedly with different
contact pressures but the temperature decreases with increasing contact pressure.

tions. The effect of increasing contact force on lesion size
and complications was as large as the effect of increasing
ablation power, and this relationship was maintained for low,
moderate, and high contact forces. The impedance drop dur-
ing the first 5 seconds correlated with catheter contact force.
In the absence of a force sensor, monitoring for excessive
early impedance fall might help to reduce pops during high
contact ablations.
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Influence of Catheter Contact Force on Lesion
Characteristics

In these ablation experiments, we used a symmetrical grid
of ablation parameters (3 different power and catheter contact
forces to give a total 9 ablation groups) so that the interac-
tion between ablation power and catheter tip contact could
be studied. We chose these 2 parameters as it is possible
to measure them both with accuracy with the introduction
of ablation catheters with contact force sensing technology.
The introduction of irrigated-tip catheter ablation has been a
major advance allowing larger ablation lesions to be created,
but irrigated-tip ablation has the disadvantage of reducing
the effectiveness of catheter tip temperature measurements.
Therefore, any further information that can be obtained dur-
ing the ablation becomes more important.

The effect of catheter contact force on ablation lesion size
has been studied extensively during conventional (i.e., non-
cooled electrode) ablation.4-7 These studies have shown that
the temperature response during noncooled ablation is a good
indicator of catheter tip contact—with increasing catheter tip
contact there is an increased temperature response to a given
RF ablation power.

The interaction between catheter contact and lesion char-
acteristics during cooled tip ablation has been studied
with varied results. Stagegaard8 and colleagues performed
irrigated-tip ablation on isolated porcine myocardium and
found that increasing catheter contact from 10 to 30 g in-
creased ablation lesion depth from 5.0 ± 1.1 mm to 7.3 ±
1.2 mm. Weiss9 and colleagues performed irrigated-tip (30
W with 5, 10, 30, and 50 g) ablation using an ovine thigh
model and found that lesion width was unaffected by vary-
ing contact force. The lesion depth, however, did increase
with increasing contact force (5.5–9 mm for perpendicular
catheter orientation). In this study, we observed a similar re-
lationship between catheter contact and lesion depth but also
found that the lesion width was similarly affected by catheter
contact, and that this relationship remained intact with varia-
tions of the delivered power. Everett et al.10 investigated the
effect of 4 different contact conditions (10 g weighted con-
tact, nonweighted contact, no contact, and side contact) on
lesion size and complications using a variety of different ab-
lation catheters (4 mm tip open and closed irrigation, 4 mm
tip conventional, and 10 mm tip conventional with either
a single or multiple temperature sensors). They found that
there were significantly less complications in the noncontact
group (except for thrombus formation that occurred at a sim-
ilar rate). The nonweighted and 10 g contact group appeared
to have similar complications and similar lesion sizes. These
findings are discordant with the current study that showed
a strong effect of contact force on lesion size and compli-
cations, and this relationship showed a clear dose–response
characteristic. It is possible that this discordance may be the
result of the large number of different factors and catheters
that were studied by Everett et al., which made evaluation
of the role of contact force alone more difficult. Okumura
and colleagues11 used the Sensei robotic navigation system
(Hansen Medical), which measures the catheter contact force
from the catheter shaft (i.e., there is no direct pressure sen-
sor at the tip) catheter contact force on lesion size during
in vivo left atrial ablations. They showed a clear relation-
ship between increasing catheter contact force and ablation
lesion size with catheter contact force being the most impor-

tant predictor of lesion size (above impedance drop, voltage
reduction, and catheter orientation). Yokoyama et al.12 per-
formed irrigated-tip ablation at 2 power settings (30 W and
50 W) and 5 contact forces (2, 10, 20, 30, and 40 g) using the
canine thigh model. They found that increasing contact force
was associated with significantly larger lesions and a higher
incidence of complications. The effect of catheter contact
was a more important determinant of lesion size than the
delivered power. Di Biase and colleagues13 also investigated
the effect of catheter contact force on RF ablation using a
canine in vivo model and the Hansen Robotic system. They
found that open irrigation RF ablation with 45 W of delivered
power and 20 g of contact force was the best compromise
between safety and efficacy (83.3% transmural lesions in the
left atrium and 33.3% complications).

Effect of Catheter Contact Force on Impedance

The initial impedance at the start of ablation correlated
with the contact force suggesting that this may be a useful
measure to monitor if a contact force sensing catheter is not
being used. Previous researchers have found a relationship
between impedance and catheter contact force. Zheng and
coworkers14 investigated the effect of catheter contact (0, 10,
30, 60, and 90 g) on ablation impedance and lesion volume
during in vivo ablation in a pig thigh model. They found that
increasing contact force increased the initial impedance (r =
0.85). Strickberger and colleagues15 investigated the effect
of tissue contact on the initial impedance during ablation in
25 patients. They identified light or firm catheter on contact
on the basis of radiographic appearance, electrogram volt-
age, and pacing threshold. They found that the impedance
was 27% higher during firm catheter contact than during
light catheter contact. These results are consistent with finite
element modeling16,17 studies and are the result of higher
myocardial impedance in relation to blood impedance.

Clinical Use of Impedance Monitoring During
Radiofrequency Ablation

We have previously shown that an excessive impedance
drop during RF ablation is associated with a higher incidence
of complications.18 In this study, impedance-controlled ab-
lation was associated with a low risk of popping regardless
of catheter contact. In situations with a high catheter contact
force, the initial impedance drop was noted to be high and
the power delivery was reduced—thereby reducing the in-
cidence of popping. Conversely, during poor tissue contact,
the delivered power was increased.

Catheter Contact Force—How Much is Enough?

These data may provide some guidance for setting the
delivered power during ablation with a contact catheter.
The ‘‘moderate’’ catheter contact force (20 g) was asso-
ciated with reasonable lesion size (∼8.5 mm wide × 5.5 mm
deep) with a low risk of popping during low power ablation
(impedance control and fixed power 20 W). However, there
was a risk of popping during high power ablation even with
only moderate contact force. It will not always be possible to
achieve adequate contact force in all myocardial areas. If only
‘‘light’’ catheter tip contact is achievable, the use of higher
power (30 W) appears to create similar sized lesions to lower
power ablations with moderate catheter tip contact, although
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there was a small risk of popping. The data from excessive
catheter-tissue contact are also relevant for incidence of pop-
ping. These data suggest that the main utility of catheter
contact sensors will be to allow the creation of more uniform
ablation lesions and increase the safety of RF delivery. How-
ever, the creation of larger or deeper ablation lesions will
require a change in the ablation technology as the parameter
settings associated with large RF lesions were also associated
with a high incidence of popping.

Limitations

This study was performed using an ex vivo model that
differs from clinical RF ablation in a number of significant
parameters including the absence of cardiac motion. In this
study, the catheter was orientated perpendicular to the my-
ocardium, and it is possible that other catheter orientations
may change the accuracy of the various parameters to predict
ablation related complications.

The changes in impedances observed during RF ablation
in this model are more pronounced than are usually observed
clinically. This may be the result of differences in the ablation
circuit between in vivo and ex vivo ablation (including the
absence of noncardiac soft tissue within the ablation circuit).

Conclusion

Catheter tip–tissue contact force was determined to be as
important a factor in determining final lesion size as deliv-
ered RF power and was also correlated with a higher initial
impedance drop. This relationship between catheter contact
force and lesion size/safety was present for light, moderate,
and heavy catheter contact forces.

Acknowledgments: Mr. Steven Snow provided expert advice on the
cardiopulmonary bypass oxygenator setup.

References

1. Nakagawa H, Yamanashi WS, Pitha JV, Arruda M, Wang X, Ohtomo K,
Beckman KJ, McClelland JH, Lazzara R, Jackman WM: Comparison
of in vivo tissue temperature profile and lesion geometry for radiofre-
quency ablation with a saline-irrigated electrode versus temperature
control in a canine thigh muscle preparation. Circulation 1995;91:2264-
2273.

2. Petersen HH, Chen X, Pietersen A, Svendsen JH, Haunso S: Tissue
temperatures and lesion size during irrigated tip catheter radiofre-
quency ablation: An in vitro comparison of temperature-controlled irri-
gated tip ablation, power-controlled irrigated tip ablation, and standard
temperature-controlled ablation. Pacing Clin Electrophysiol 2000;23:8-
17.

3. Thiagalingam A, Campbell CR, Boyd AC, Eipper VE, Ross DL,
Kovoor P: Cooled intramural needle catheter ablation creates deeper

lesions than irrigated tip catheter ablation. Pacing Clin Electrophysiol
2004;27:965-970.

4. Avitall B, Mughal K, Hare J, Helms R, Krum D: The effects of electrode-
tissue contact on radiofrequency lesion generation. Pacing Clin Elec-
trophysiol 1997;20(12 Pt 1):2899-2910.

5. Haines D: Determinants of lesion size during radiofrequency catheter
ablation the role of electrode-tissue contact pressure and duration of
energy delivery. J Cardiovasc Electrophysiol 1991;2:509-515.

6. Haines D: Biophysics of ablation: Application to technology. J Cardio-
vasc Electrophysiol 2004;15(10 Suppl):S2-S11.

7. Petersen HH, Svendsen JH: Can lesion size during radiofrequency ab-
lation be predicted by the temperature rise to a low power test pulse in
vitro? Pacing Clin Electrophysiol 2003;26:1653-1659.

8. Stagegaard N, Petersen HH, Chen X, Svendsen JH: Indication of the
radiofrequency induced lesion size by pre-ablation measurements. Eu-
ropace 2005;7:525-534.

9. Weiss C, Antz M, Eick O, Eshagzaiy K, Meinertz T, Willems S: Ra-
diofrequency catheter ablation using cooled electrodes: Impact of ir-
rigation flow rate and catheter contact pressure on lesion dimensions.
Pacing Clin Electrophysiol 2002;25(4 Pt 1):463-469.

10. Everett THT, Lee KW, Wilson EE, Guerra JM, Varosy PD, Ol-
gin JE: Safety profiles and lesion size of different radiofre-
quency ablation technologies: A comparison of large tip, open and
closed irrigation catheters. J Cardiovasc Electrophysiol 2009;20:325-
335.

11. Okumura Y, Johnson SB, Bunch TJ, Henz BD, O’Brien CJ, Packer DL:
A systematical analysis of in vivo contact forces on virtual catheter
tip/tissue surface contact during cardiac mapping and intervention. J
Cardiovasc Electrophysiol 2008;19:632-640.

12. Yokoyama K, Nakagawa H, Shah DC, Lambert H, Leo G, Aeby N,
Ikeda A, Pitha JV, Sharma T, Lazzara R, Jackman WM: Novel contact
force sensor incorporated in irrigated radiofrequency ablation catheter
predicts lesion size and incidence of steam pop and thrombus. Circ
Arrhythm Electrophysiol 2008;1:354-362.

13. Di Biase L, Natale A, Barrett C, Tan C, Elayi CS, Ching CK, Wang P,
Al-Ahmad A, Arruda M, Burkhardt JD, Wisnoskey BJ, Chowdhury P,
De Marco S, Armaganijan L, Litwak KN, Schweikert RA, Cummings
JE: Relationship between catheter forces, lesion characteristics, “pop-
ping,” and char formation: Experience with robotic navigation system.
J Cardiovasc Electrophysiol 2009;20:436-440.

14. Zheng X, Walcott GP, Hall JA, Rollins DL, Smith WM, Kay GN, Ideker
RE: Electrode impedance: An indicator of electrode-tissue contact and
lesion dimensions during linear ablation. J Interv Card Electrophysiol
2000;4:645-654.

15. Strickberger SA, Vorperian VR, Man KC, Williamson BD, Kalbfleisch
SJ, Hasse C, Morady F, Langberg JJ: Relation between impedance and
endocardial contact during radiofrequency catheter ablation. Am Heart
J 1994;128:226-229.

16. Cao H, Speidel MA, Tsai JZ, Van Lysel MS, Vorperian VR, Webster
JG: FEM analysis of predicting electrode-myocardium contact from RF
cardiac catheter ablation system impedance. IEEE Trans Biomed Eng
2002;49:520-526.

17. Cao H, Tungjitkusolmun S, Choy YB, Tsai JZ, Vorperian VR, Webster
JG: Using electrical impedance to predict catheter-endocardial contact
during RF cardiac ablation. IEEE Trans Biomed Eng 2002;49:247-
253.

18. Thiagalingam A, D’Avila A, McPherson C, Malchano Z, Ruskin J,
Reddy VY: Impedance and temperature monitoring improve the safety
of closed-loop irrigated-tip radiofrequency ablation. J Cardiovasc Elec-
trophysiol 2007;18:318-325.


