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Real time quantification of low temperature
radiofrequency ablation lesion size using phased array
intracardiac echocardiography in the canine model:
comparison of two dimensional images with pathological
lesion characteristics
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Objective: To evaluate the feasibility of quantifying low temperature radiofrequency catheter ablation
(RFCA) lesions using a phased array intracardiac echocardiography (ICE) catheter—with better tissue
penetration and in a deflectable device—in the canine model.
Intervention: Low temperature radiofrequency (RF) energy (50–60°C at up to 40 W) was delivered to
the left ventricle in 11 beagles for 60 seconds, using an 8 French catheter with a deflectable tip and a
4 mm distal electrode.
Main outcome measures: Comparison of the width and depth of RFCA lesions measured by ICE with
pathological findings.
Results: 33 RF energies were delivered in 11 dogs. 31 lesions (94%) were confirmed at necropsy. 27
of 31 ablation lesions (87%) were detected by ICE. The mean (SD) width and depth of the ICE detected
lesions were 10.4 (2.6) mm and 5.7 (1.9) mm, respectively. Pathological findings showed that RFCA
lesions consisted of inner and outer layers. Macroscopically, the mean (SD) width and depth of the
inner layers were 7.6 (2.3) mm and 3.6 (1.2) mm and those for the whole layers were 10.0 (2.8) mm
and 5.3 (1.5) mm, respectively. Microscopically, the inner and outer layers corresponded to necrotic
and oedematous areas, respectively. The ICE detected lesion size had better correlation with the patho-
logical measurements of the whole layers in width (r = 0.911) and in depth (r = 0.756).
Conclusion: The real time evaluation of RFCA lesion size using the phased array ICE is feasible, even
with a low temperature RF application. However, ICE slightly overestimates RFCA lesion size compared
with pathological necrotic lesion size.

Radiofrequency catheter ablation (RFCA) has been estab-
lished as one of the treatment options for many cardiac
tachyarrhythmias and the success rates in most reported

series are very high.1–4 However, in some patients, applications
of radiofrequency (RF) energy fail to achieve the desired elec-
trophysiological effect because of adequate but mistargeted
lesion creation or ablation lesions of inadequate volume.

Intracardiac echocardiography (ICE) has been firmly estab-
lished as an important diagnostic tool for imaging cardiac
structures, assessing cardiac function, and diagnosing cardio-
vascular abnormalities.5–8 ICE also provides image monitoring
during cardiac electrophysiological procedures, which may be
used to guide interatrial septal puncture or to position
catheters for mapping or ablation.9–13 Recently, a new phased
array ICE catheter, with better tissue penetration and in a
deflectable device, has become available.14–18 However, quanti-
fication and characterisation of the images of the low
temperature RFCA lesions in the clinical setting, using the
phased array ICE, are still insufficient.

This study was designed to evaluate the feasibility of quan-
tifying low temperature RFCA lesions using phased array ICE
in vivo and to compare the ICE detected lesions with the
pathological findings in the canine model.

METHODS
Animal preparation
Eleven adult beagles of each sex (weight 8–12 kg) were
anaesthetised with intravenously administered sodium pento-
barbital (25 mg/kg), intubated, and continuously ventilated. A

10 French and an 8 French sheath introducer (Terumo Co,
Tokyo, Japan) were inserted into the femoral vein and artery,
respectively. The analogue blood pressure waveforms and sur-
face ECG were monitored throughout the procedure. All
animal handling and experimental procedures, including
death, were conducted in a gentle manner to minimise stress
and discomfort to the dogs. Each animal received humane
care in compliance with the principles of laboratory animal
care of the National Society of Medical Research and National
Academy of Sciences.

ICE catheters
A new deflectable 10 French phased array ICE catheter (Acu-
Nav, Acuson, Mountain View, California, USA) with an
8.5 MHz imaging frequency was used in this study. The cath-
eter is 90 cm long and has a 64 element phased array
ultrasound transducer. The catheter tip can be deflected 160°
in two planes (anterior to posterior and right to left) and
locked in position. This probe produces long axis images with
tissue penetration to a depth of 15 cm. The ICE catheter was
introduced through a 10 French sheath in the femoral vein in
to the right ventricle under fluoroscopy and ultrasound navi-
gation. Long axis images of the left ventricle were obtained.
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RFCA
An 8 French ablation catheter with a deflectable tip and a
4 mm distal electrode (EP Technologies Inc, San Jose, Califor-
nia, USA) was introduced into the left ventricle through the
femoral artery under fluoroscopy and ultrasound navigation.
RF energy was applied only when good catheter–tissue
contact with the left ventricular wall was confirmed by ICE as
previously reported,12 and the amplitudes of unipolar and
bipolar ventricular electrograms were assessed. Once good
contact was confirmed, the catheter was not repositioned until
energy application was completed. RFCA was performed with
unmodulated RF current from a temperature controlled gen-
erator (EP Technologies Inc). For each ablation, intracardiac
electrograms, current, power, temperature, and impedance
were continuously recorded from the distal electrode tip. RF
energy was continuously delivered to obtain a catheter tip
temperature of 50–60°C at up to 40 W for 60 seconds, which
was the same as that used in the clinical setting. Each lesion
was attempted at three points (base, midline, and apex) in the
posterior wall of the left ventricle in each animal. We chose
three lesions that were far enough apart and sufficiently dis-
tinct that we could distinguish them by using fluoroscopic and
ICE imaging. We waited five minutes to measure the width
and depth of the RFCA lesions at end systole with standard
two dimensional images by ICE because the ICE detected
lesion size had not changed visually after three minutes.
Lesion width was defined as the longest axis. Lesion depth was
measured from the endocardial surface to the deepest point in
the lesion.

Pathological evaluation
Just after lesion size was measured by ICE, potassium chloride
was fully infused under deep anaesthesia, the animals were
killed, and the heart was immediately excised. Macroscopi-
cally, the RFCA lesions consisted of two layers (inner and
outer). We measured the width and depth of the inner layer
and of the whole layers including inner and outer layers (fig
1). Each of the lesions was blocked and was sectioned parallel
to the long axis of the lesion in a plane perpendicular to the
endocardial surface. After fixation in formalin, the sections
were stained with haematoxylin and eosin for microscopic
examination of the lesions.

Statistical analysis
Data are presented as mean (SD). Correlation between ICE
and pathology for lesion width and depth was tested by linear
regression analysis. A paired t test was performed to assess the
significance of bias between ICE and pathology, and to identify

the standard deviation of the differences. Differences were
considered significant at a value of p < 0.05. The measure-
ment of lesion width and depth was assessed for interobserver
and intraobserver variability. Intraobserver variability was
determined from duplicate measurements. Interobserver vari-
ability was determined from measurements by two cardiolo-
gists who were blinded to data information. These observer
variabilities were assessed according to the Bland-Altman
method.

RESULTS
Visualisation of ablation catheter
With ICE imaging, the ablation catheter tip was visualised and
catheter–tissue contact was easily evaluated (fig 2). Neither
microbubble formation nor coagulum was observed in any
case. During RFCA, there were no procedural complications.

Identification of RF ablation lesions
Thirty three RF energies were delivered in 11 dogs. Every RF
application resulted in adequate tissue temperature (> 50°C)
for all lesions. The mean temperature achieved during all RF
applications was 58.7 (7.1)°C. The mean power required to
achieve these temperatures was 23.3 (12.7) W. The RFCA
lesions were identified by ICE as well circumscribed hyper-
echoic areas and were clearly distinguished from normal
myocardium (fig 2). Thirty one lesions (94%) were confirmed

Figure 1 Representative
pathological findings of
radiofrequency catheter ablation
(RFCA) lesions. (A) Findings on the
endocardial surface. (B) Findings
sectioned parallel to the long axis of
the lesion in a plain perpendicular to
the endocardial surface. (C)
Magnified image of RFCA lesion in
panel (B). Macroscopic findings
showed that RFCA lesions (arrows in
panels (A) and (B)) consisted of two
discrete layers (inner and outer).
Dotted arrows and unbroken arrows
in panel (C) indicate the width and
depth of the inner layer and of the
whole lesion (including inner and
outer layers), respectively. Bars = 5
mm.

Figure 2 A representative intracardiac echocardiography (ICE)
image of RFCA lesions at end systole. The ablation catheter was
easily visualised (white arrow). The three RFCA lesions were
identified as well circumscribed hyperechoic areas in the posterior
wall of the left ventricle (black arrows).
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at necropsy, of which 27 lesions (87%) were detected by ICE.
The difference in detection rate between the three sites (base,
midline, and apical posterior wall) was not significant.

Measurements of RFCA lesions
We evaluated the 27 lesions detected by ICE. The mean width
and depth of the lesions imaged by ICE were 10.4 (2.6) mm
and 5.7 (1.9) mm, respectively (table 1). Pathological findings
showed that ablation lesions consisted of two layers: inner and
outer (fig 1). Macroscopically, the mean width and depth of
the inner layers were 7.6 (2.3) mm and 3.6 (1.2) mm, and
those of the whole ablation lesions—the sum of inner and
outer layers—were 10.0 (2.8) mm and 5.3 (1.5) mm, respec-
tively. There were good correlations between the ICE detected
lesion size and the pathological measurements of inner layer

in width (fig 3A, r = 0.696, p = 0.004) and in depth (fig 4A,
r = 0.616, p = 0.017). However, there was better correlation
between the ICE detected lesion size and the pathological
measurements of the whole ablation lesions in width (fig 3B,
r = 0.911, p < 0.0001) and in depth (fig 4B, r = 0.756,
p < 0.0002). Microscopically, the inner and outer layers corre-
sponded to a necrotic and degenerative area and an oedema-
tous area with bleeding, respectively (fig 5). There were no
transmural lesions and no lesion had thrombus on the endo-
cardial surface.

Observer variability
The interobserver and intraobserver variabilities for the width
and depth from random lesions were excellent. There were
good correlations for the width (r = 0.994, p < 0.001 and
r = 0.999, p < 0.001) and for the depth (r = 0.991, p < 0.0001
and r = 0.992, p < 0.0001).

DISCUSSION
The findings of the present study indicate that the phased
array ICE catheter can identify a substantial number of RFCA
lesions in real time, even using low temperature RF
application as in the clinical setting. The ICE detected lesion
size had better correlation with lesions that consisted of
necrosis, degeneration, and oedema of myocardium. These
findings also showed that ICE slightly overestimated the true
pathological necrotic area.

Table 1 Width and depth of radiofrequency catheter
ablation lesions measure by intracardiac
echocardiography (ICE) and pathologically

ICE

Pathology

Inner layer
Inner plus
outer layer

Lesion width (mm) 10.4 (2.6) 7.6 (2.3) 10.0 (2.8)
Lesion depth (mm) 5.7 (1.9) 3.6 (1.2) 5.3 (1.5)

Data are mean (SD).

Figure 3 Correlation between ICE
detected lesion size and pathological
measurements for lesion width. The
ICE detected lesion width has better
correlation with macroscopic
measurements of the whole RFCA
lesions (B) than with those of the inner
layers (A).

Figure 4 Correlation between ICE
detected lesion size and pathological
measurements for lesion depth. The
ICE detected lesion depth has better
correlation with macroscopic
measurements of the whole RFCA
lesions (B) than with those of the inner
layers (A).
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Previous studies also indicated the feasibility of using ICE to
visualise intracardiac structures, guide catheterisation, and
assess catheter–tissue contact.5–13 Some of these studies
assessed RFCA lesions using ICE.8 9 11–13 Most of these studies,
however, used ICE catheters with a high frequency (that is,
more than 9 MHz) transducer rotated by an external motor.
As the penetration of these catheters was limited, the quanti-
fication of RFCA lesions was restricted to superficial lesions in
the neighbourhood of the ICE catheter.19–21

Recently, a new phased array ICE catheter with better tissue
penetration, in a deflectable device, has become available.
Some investigators examined RFCA lesions detected by the
phased array ICE. However, in these reports, high temperature
and high power RF application or an irrigation tipped catheter
was used.15–17 In clinical studies, we usually use lower
temperature and lower power RF application for safety. In the
present study, we quantified RFCA lesions by phased array ICE
using low temperature RF application as in the clinical setting.
To the best of our knowledge, this is the first study to evaluate
the feasibility of phased array ICE using low temperature RF
application and to compare the two dimensional images with
pathological lesion characteristics in vivo. Previous studies
reported microbubble formation and coagulum in the
myocardium and that transmural lesions were created in some
cases.13 19–21 However, in this study, none of these were
observed. We suggest that these phenomena were associated
with high power and high temperature RF application and
that these findings are unusual in the clinical setting.

Clinical implications
For RFCA of ventricular tachycardia with structural heart dis-
eases, atrial flutter, atrial fibrillation, and re-entrant atrial
tachycardia complicating reparative surgery for congenital
heart diseases, assessment of ablation lesion volume may gain
in importance in the successful creation of continuous and
long, linear lesions.22 23 In the present study, we found that ICE
actually overestimated pathological necrotic areas. The differ-
ence in the width between ICE detected lesions and
pathological necrotic areas was 3.17 (1.93) mm (26.6 (15.5)%)
and the difference in the depth was 2.03 (1.16) mm (35.7
(17.2)%). Recognising these differences we suggest that, to
create linear lesions precisely, RF energies should be applied
consecutively, overlapping the lesions imaged by ICE. To
distinguish necrotic areas from oedematous areas in real time
a new technology, such as contrast agents, would be needed.
Recently, the utility of the phased array ICE in human studies
has been shown.15–17 Although no studies have been published
regarding assessment of RFCA lesions in humans using the
phased array ICE, the new ICE should be a useful tool for con-
firming RFCA lesions more precisely in clinical studies.

Study limitations
In the present study, we measured the width and depth of the
RFCA lesions after a five minute delay because the ICE
detected lesion size did not exhibit further visual change after

three minutes. Moreover, among the three RFCA lesions in
each dog, there was a difference in time between completion
of measurement by ICE and pathological measurement. As all
lesions were treated in the same way, however, it is unlikely
that the delay would have altered the conclusions.

Two lesions (6%) were not found on pathological examina-
tion. Previous reports indicated a similar proportion of
missing lesions in studies of RFCA in the ventricle.11 12 19–21

Conclusions
The real time evaluation of RFCA lesion size using the phased
array ICE is feasible in vivo, even with a low temperature RF
application. However, the ICE detected area has better correla-
tion with the whole lesion, including degenerative and
oedematous areas of the myocardium. Actually, ICE slightly
overestimates pathological necrotic areas.
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IMAGES IN CARDIOLOGY.............................................................................
Apical thrombus associated with left ventricular apical ballooning

A64 year old woman under antide-
pressant treatment, but with no
coronary risk factors, was admitted

to our institution with a two day history
of continuous atypical chest pain. The
ECG showed pronounced ST segment
elevation in leads II, III, aVF and V2–V6
(panel A). Coronary angiography re-
vealed normal coronary arteries and left
ventriculography demonstrated apical
asynergy with basal hyperkinesia (“api-
cal ballooning”). A striking filling
defect—highly suggestive of a
thrombus—was also viewed at the apex
(panel B, diastole; panel C, systole). Left
ventricular ejection fraction (LVEF) was
40%. The apical ballooning, intraventricu-
lar thrombus, and a dynamic intraven-
tricular pressure gradient of 70 mm Hg
were confirmed by transthoracic echo-
cardiography (TTE). Maximal creatine
phosphokinase and troponin I values
were 159 U/l (normal 0–170 U/l) and
7.4 ng/ml (normal 0–0.1 ng/ml), respec-
tively. Nevertheless, pathologic Q waves
developed from V1 to V3. The patient was
discharged under anticoagulant treat-
ment. Three months later the ECG
showed no Q waves but just negative T
waves on V3–V6 (panel D). TTE showed
absolutely normal left ventricular wall
motion, an LVEF of 62%, and complete
resolution of the apical thrombus and
intraventricular pressure gradient. Anti-
coagulation was discontinued.

Apical ballooning has been recently
described. Clinical presentation includes
chest pain, ST segment elevation on
ECG, and minimal or no rise of cardiac
enzymes in patients with normal angio-
graphic coronary arteries, but with a
peculiarly shaped left ventricle. Full
recovery of left ventricular wall motion
should occur within weeks. Although
some major complications have been

associated with this entity (namely,
heart failure and arrhythmias) the clini-
cal course and prognosis is favourable in
most cases. Apical thrombus has not
been previously described in patients
with apical ballooning.
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