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Abstract
Introduction—Lesion placement and transmurality are critical factors in the success of cardiac
transcatheter radiofrequency ablation (RFA) treatments for supraventricular arrhythmias. This
study investigated the capabilities of catheter transducer based acoustic radiation force impulse
(ARFI) ultrasound imaging for quantifying ablation lesion dimensions.

Methods and Results—RFA lesions were created in vitro in porcine ventricular myocardium
and imaged with an intracardiac ultrasound catheter transducer capable of acquiring spatially
registered B-mode and ARFI images. The myocardium was sliced along the imaging plane and
photographed. The maximum ARFI-induced displacement images of the lesion were normalized
and spatially registered with the photograph by matching the surfaces of the tissue in the B-mode
and photographic images. The lesion dimensions determined by a manual segmentation of the
photographed lesion based on the visible discoloration of the tissue were compared to automatic
segmentations of the ARFI image using two different calculated thresholds. ARFI imaging
accurately localized and sized the lesions within the myocardium. Differences in the maximum
lateral and axial dimensions were statistically below 2 mm and 1 mm respectively for the two
thresholding methods, with mean percent overlap of 68.7±5.21% and 66.3±8.4% for the two
thresholds used.

Conclusion—ARFI imaging is capable of visualizing myocardial RFA lesion dimensions to
within 2 mm in vitro. Visualizing lesions during transcatheter cardiac ablation procedures could
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improve the success of the treatment by imaging lesion line discontinuity and potentially reducing
the required number of ablation lesions and procedure time.

Keywords
acoustic radiation force impulse imaging; radiofrequency catheter ablation; atrial fibrillation; atrial
arrhythmias; intracardiac echocardiography

Introduction
Transcatheter guided cardiac ablation is the standard treatment for supraventricular
arrhythmias in the United States, with radiofrequency ablation (RFA) as the most popular
energy source for ablation lesion formation. Cardiac RFA is controlled destruction of
myocardium that resistively heats tissue under an electrode tip, creating a permanent,
hemispherical lesion [19]. Single point or lines of multiple RFA lesions are used to isolate or
destroy offensive circuit pathways of common supraventricular tachyarrhythmias [14,15,17].
These procedures are effective, minimally invasive, and have low morbidity and mortality
rates [20].

Ideally, lesion lines are continuous and eliminate or isolate arrhythmogenic tissue while
minimizing damage and maintaining the mechanical integrity of surrounding tissues and
proximal vessels. Gaps in lesion lines facilitate residual arrhythmogenic conduction;
therefore, lesion placement and size are the primary determinants of the efficacy of the
treatment [25]. A number of factors affect lesion formation in vivo. Factors including
convective cooling from blood flow, catheter tip size, orientation, and tissue contact [28,27]
all cause substantial variability in lesion size. Due to this variability, line continuity is
unpredictable based on delivery parameters alone. Ideally, a visual inspection of the lesions
would facilitate a rapid evaluation of line continuity. However, while many imaging
methods are used to guide catheter placement, currently no real-time imaging modality
exists with the capability to visualize lesion size within the myocardium during clinical
procedures.

Intracardiac echoradiography (ICE) is commonly used in ablation procedures to guide
catheter placement and confirm proper catheter-tissue contact in real-time. However, B-
mode ultrasound images provide no quantification of lesion size or line continuity [18].
Cardiac electroanatomical navigation and conduction mapping systems effectively indicate
precise lesion location and map conduction but provide no direct visual feedback about
actual lesion size and lesion line continuity [10]. Discontinuities often result in electrical
leakage through lesion gaps. Identification and complete elimination of these gaps often
requires multiple conduction mappings, which significantly lengthens procedure time.
Additional procedures may be necessary if remaining lesion gaps allow conduction and the
arrhythmia reoccurs [21,29].

Major complications can be precipitated by excessive RF delivery and are reported in
approximately 5% of RFA treated patients [31]. The most serious morbidities include atrial
esophageal fistulas, pulmonary vein stenosis, complete AV nodal block, and excessive
damage to collateral tissue or coronary vessels [30,6,32,31]. Providing the capability to
image lesions in real time would likely: 1) reduce procedure time, 2) reduce the number of
complications caused by excessive RF delivery, and 3) increase the overall success rate of
the procedure [3,21].

Acoustic radiation force impulse (ARFI) imaging is performed by applying short-duration
acoustic radiation forces to tissue. These pulses generate local submillimeter displacements
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that are monitored both spatially and temporally using delay estimator methods [24]. The
displacements can be displayed in a color image format to produce a 2D representation of
tissue stiffness. Both the generation of radiation force and tracking of the resultant
displacements can be performed with a standard clinical ultrasound scanner and a
commercial ICE catheter transducer, providing co-registered B-mode and ARFI images of
the myocardium[13]. Additional background for ARFI imaging can be found in Nightingale
et al. [22,23].

As the myocardium is ablated, resistive heating of the tissue causes protein denaturation
resulting in a lesion with a higher elastic modulus relative to the surrounding untreated
myocardium [34,1]. The variation in elasticity between the stiffer treated and more
compliant untreated myocardium creates a marked contrast in the ARFI image. We have
shown previously that it is possible to visualize ablation lesions in vivo with an ICE catheter
using ARFI imaging [8]. In this study, we investigate the ability of ARFI imaging to
accurately quantify cardiac RFA lesion size.

Methods
Experimental Setup and Protocol

A Plexiglas™ water tank filled with a deionized water saline solution (impedance measured
between 80 and 150 Ω) was designed to create a repeatable in vitro model of in vivo cardiac
ablation procedures. The experimental setup is shown in Figure 1. A custom made 4 × 4 × 2
cm Plexiglas™ box with 1 mm wide 30° parallel slits on the top and bottom (Figure 2)
containing a porcine ventricular myocardial sample was secured to the bottom of the tank,
positioning the myocardial sample parallel to the front face of the tank. A 2 cm thick piece
of sound absorbing rubber was attached behind the myocardial sample to eliminate
reverberations.

An ablation catheter (8 French SteeroCath, Boston Scientific; Natick, MA) was manually
brought into contact with the surface of the myocardial sample through a guide sheath
located on the front face of the water tank and positioned between the two 30° slits (Figure
2). Ablation lesions were delivered with a Cardiac Pathways (Model 8002; Sunnyvale, CA)
RFA device with powers between 25 and 40 W and treatment durations between 40 and 120
s. A pump was used to maintain a continuous stream of fluid across the ablation site through
inlet and outlet valves on opposite sides of the tank to simulate blood perfusion and prevent
excess heating.

Following ablation, the RFA catheter was removed from the myocardial surface, and a
custom AcuNav™ intracardiac ultrasound imaging probe (see below) was inserted into a 10
French metallic sheath and fed into a translational/rotational stage mount where the
transducer position (x,y,z) and angle in elevation (θ) could be controlled. The catheter
transducer’s imaging plane was aligned to penetrate along the 30° slits of the mount box.
Alignment was accomplished by inserting a needle through the slits and adjusting the
imaging plane with the translational/rotational stage such that the brightness of the needle
was maximized within the B-mode image. Once the transducer was properly aligned to the
slice plane (depicted in Figure 2), the needle was removed and spatially registered B-mode
and ARFI images were taken. When imaging was complete, the mounting box was removed
from the tank with the myocardial sample in place and the tissue was sliced using the 30°
slits as guides to obtain a cross-section of the lesion along the imaging plane. The cut
myocardium was positioned onto a complementary 60° angle block to display the lesion
cross-section as a flat surface and photographed using a Nikon™ (Tokyo, Japan) D50 digital
camera.
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Imaging Protocol
Myocardial samples were imaged using a Siemens (Siemens Healthcare, Ultrasound
Business Unit, Mountain View, CA) custom-made, 128-element AcuNav™ intracardiac
echocardiography catheter. One sample was imaged with a commercially available 64-
element AcuNav™. Custom transducer/system interfaces and beam sequences were
developed so that B-mode and ARFI images could be acquired on a commercially available
Siemens SONOLINE Antares™ ultrasound scanner. A linear motion filter was applied to
remove bulk motion within the ARFI images caused by external vibrations and catheter
rebound. The images were formed by quantifying the tissue displacement away from the
transducer caused by the ARFI excitation at each pixel. See Hsu et. al. for specific details on
the imaging protocol [13].

Image Processing and Data Analysis
Experimental lesions were created with the above protocol; however, some lesions were not
analyzed because physiological variations of the tissue affected the image quality or the
pathological comparison analysis. These complications included severe over-ablation,
substantial tissue inhomogeneity such as fat pockets within the lesion tissue, or an inability
to spatially register the B-mode and digital image caused by distortions created when slicing
or removing the myocardial sample.

Pathological comparison analysis for this experiment required normalization of the image
through depth. Nineteen lesions underwent a preliminary examination to determine if the
maximum ARFI-induced displacement image could be normalized. Eleven lesions were
conclusively normalized during the preliminary examination and underwent the complete
comparison analysis. Each lesion was first analyzed with a semi-automatic algorithm
developed in MATLAB (Mathworks, Inc., Natick, MA) to spatially register the scan
converted B-mode (Fig. 3a) and digital photographic (Fig. 3b) images of the ablation lesion.
The photographs were resampled to the scan converted line density and spatially registered
with the B-mode image by manually selecting and matching the visible indentation left in
the myocardium by the ablation catheter. The myocardial surfaces were automatically
detected in both the B-mode and photographic image based on simple intensity thresholding,
and the photograph was rotated about the manually selected point until the co-linearity of
the two surface traces was maximized.

Figure 3c is an image of maximum ARFI-induced displacements, showing a distinct
gradient of displacement through depth as the focal gain and tissue attenuation caused non-
uniform radiation force generation [9]. A time gain control (TGC) based normalization
algorithm was applied to the raw data to compensate for radiation energy attenuation
through depth and time, a normalized image is depicted in Figure 3e. Figures 3d and 3f
show a maximum ARFI-induced displacement image and a normalized ARFI image
overlaid onto the digital photograph using the alignment parameters found by the spatial
registration of the photograph and B-mode image.

A manual segmentation of the lesion based on the visible discoloration of the burn in the
digital photograph was compared to automatic thresholding segmentations of the lesion from
the normalized ARFI image. A threshold value sweep was applied to the normalized ARFI
images and the threshold resulting in the highest percent overlap between the manual and
thresholded segmentation was defined as the Optimal Overlap Threshold (OOT). All
automatic segmentations were performed in MATLAB, and a software algorithm closed
gaps within the lesion larger than 0.4 mm and enforced the constraint of a single contiguous
lesion to eliminate spurious normalized displacements measured below the threshold. The
data was then filtered using a closing function.
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Mean values were calculated for manually selected 30×30 pixel regions inside and outside
(MVI, MVO) of the lesion. These values along with the OOT for the 11 lesions were then
used in a multiple linear regression. Individual Standardized Thresholds (ST) were then
calculated for each lesion based on the regression coefficients, MVIs, and MVOs. For each
lesion, the manual segmentation was compared to the automatic segmentation applying
either the OOT or ST values.

Pathological Comparison Statistical Analysis
Differences between the manual and automatic lesion segmentation were summarized with
sample means and standard deviations for lateral and axial maximum dimensions and
percent overlap. Confidence intervals were calculated based on the absolute difference
between lateral and axial dimensions and areas (n = 11, α = 0.05). One-sided paired-t
alternative hypothesis tests were performed comparing the manual and automatic
segmentations (n = 11, α = 0.05, zα = 1.650) using the two alternative hypotheses that the
mean difference of the lateral or axial dimension between the traces was less than 2 mm and
less than 1 mm.

Results
Figure 4, column (a) shows maximum ARFI-induced displacement images for three lesions
overlaid onto their gray-scale digital image. All lesions were visible at the surface of the
myocardium, where the ablated tissue was stiff and produced a displacement of around 1 μm
(blue on the color scale). The nonablated, more compliant myocardium was displaced more
than 3 μm (orange-red on the color scale). Column (b) shows the maximum ARFI-induced
displacement data normalized for changes in power with depth. This normalization increases
the contrast between the ablated and nonablated myocardium at the distal lesion boundary
producing a clearer visualization of the entire lesion. The normalized data were segmented
using the OOT and ST values, producing the ARFI imaging-determined lesion boundaries
traced by the blue and green lines, respectively, in Figure 4, column (c). The user segmented
lesion boundaries based on the digital image are shown by the black line for comparison.
Both OOT and ST values were between 0.5 and 1.0. The statistical values comparing the
manual to the automatic segmentations are shown in Table I.

The mean maximum percent overlap between the manual and automatic segmentations of
the lesions was 68.7%±5.21 when applying the OOT, and 66.3%±8.4 when applying the ST.
The application of the OOT yielded a mean difference between the manual and automatic
determined boundaries of −0.6±1.0 mm laterally and −0.1±0.9 mm axially, with absolute
differences of 0.9±0.6 mm laterally and 0.7±0.5 mm axially. Processing with the ST resulted
in a mean difference of −1.6±2.0 mm laterally and −0.4±1.4 mm axially, and absolute
differences of 1.7±1.9 mm laterally and 0.9±1.1 mm axially.

The 95% confidence intervals for the dimension and area differences were consistently
larger for the STs, found to be (−2.8, −0.4) mm laterally, (−1.3, 0.4) mm axially, and
(−12.2, 5.4) mm2 for area. The confidence intervals for the differences using the OOT were
calculated as (−1.34, 0.26) mm laterally, (−0.69, −0.4) mm axially, and (−3.5, 4.13) mm2

for area. For the OOTs, a one-tailed paired t-test statistic indicated that the absolute
differences in the maximum lateral dimensions were significantly less than 2 mm, but not
significantly less than 1 mm. The axial absolute difference was statistically significant for
the less than 2 mm and less than 1 mm hypothesis. The same pattern of significance was
observed for the ST segmentation, with the lateral absolute difference significant for the less
than 2 mm hypothesis and the axial difference for the less than 1 mm hypothesis.
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Discussion
This study investigated the accuracy of sizing RFA lesions in myocardium with ARFI
imaging in vitro. In this experiment, maximum ARFI-induced displacement images clearly
revealed ablation lesions at the myocardial surface, and normalizing the ARFI image
exposed the distal lesion border. The statistical results indicated that ARFI imaging was
capable of sizing ablation lesions to within 2 mm laterally and 1 mm axially when
automatically thresholding the normalized ARFI data with both Optimal-Overlap (OOT) and
Standardized (ST) thresholds.

Ablation lesions are characterized by two regions of treatment: (1) a darker core of
coagulated necrosis immediately surrounding the site of the ablation catheter, and (2) a
partially treated pale circular zone of hemorrhage surrounding the core. No singular
boundary in either the digital (visible color gradient) or ARFI image (displacement/elasticity
gradient) can precisely differentiate lesion from untreated myocardium. However, this study
compared rigid boundaries in order to approximate lesion dimensions and make a
quantifiable comparison between the pathology and ARFI images.

Imaging lesions from a distance or at depth is the greatest challenge for intracardiac
transcatheter ARFI imaging. The ultrasound energy available to displace the tissue is
attenuated as the tissue depth increases and as the distance from the focal plane increases.
ARFI images taken from a vantage point beyond 3 cm from the endocardial surface are
likely to see reduced resolution and increased noise. Lesions in this investigation were
imaged with the transducer positioned approximately 1 cm from the surface of the
myocardium. Imaging at the optimal focal depths for this probe produced ARFI images with
high resolution and contrast. In vivo ultrasound catheter transducers typically image the
heart from the right atrium (RA), and it may be difficult to acquire high resolution ARFI
images of ablation lesions created in the distal portions of the left atrium (LA). Imaging
from a more proximal location, such as the coronary sinus [26], or from the LA via a trans-
septal catheterization procedure may yield higher resolution ARFI images of LA lesions
[26,33,7].

It is also challenging for intracardiac probes to produce enough radiation force energy to
penetrate beyond a few centimeters. The normalization algorithm used was an attempt to
correct for the loss of energy with depth. The algorithm required specific conditions that
were not known until after the experiment. Inadequate normalization led to the elimination
of eight of the 19 lesions. A more sophisticated normalization algorithm will need to be
developed for clinical application where the lesion depth is more than a centimeter.
However, normalization may not be necessary during atrial ablation procedures where the
myocardial walls are thinner [11].

The results of this experiment are critically dependent on the process used to match the
ultrasound imaging plane to the cut through the tissue sample. This matching was
accomplished in three ways: 1) the ultrasound plane was established by imaging needles
inserted through the slots in the tissue sample box, 2) the tissue was cut using the slots as
guides, and 3) an image processing scheme was developed to rotate and scale the images.
This process is not trivial and likely induced errors. These errors would likely worsen the
dimensional differences and the percent overlap errors. Any improvement in this matching
process would likely reduce the errors.

The elastic contrast between the ablated and nonablated myocardium is likely to be similar
for in vivo and in vitro myocardium. ARFI imaging was implemented successfully in vivo to
image ablation lesions and comparable elastic contrast was observed [13,8]. However, a
confounding factor to in vivo imaging is the introduction of motion artifacts due to the
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dynamic environment of a beating heart. Recent advances in the development of ARFI
imaging have resolved this challenge by shortening ARFI imaging acquisition time and
ECG-gating the sequences to points of the cardiac cycle with reduced physiological motion
[2,5,12]. In addition, motion filters have been developed to remove the remaining artifact.
The in vitro contrast shown in this paper reflects the expected performance of ARFI imaging
of myocardial ablation lesions in vivo.

Ablation procedures currently rely on conduction mapping to identify residual propagation
through lesion line gaps. Conducting cells are often ‘stunned’ immediately after lesion
creation and mapping should be delayed 30–60 minutes following lesion creation [4,16].
Conduction gaps are discovered in a significant portion of patients and additional ablations
and waiting cycles repeated. ARFI imaging may be able to identify conduction gaps in
lesion lines during the initial ablation, potentially reducing the necessity of multiple
conduction mapping delays and shortening total procedure time. ARFI imaging could be
used in conjunction with existing cardiac electroanatomical navigation and conduction
mapping systems to interrogate lesion or line continuity gap locations. Also, integrating
ARFI imaging into existing RFA procedures may require minimal additional equipment or
preparation time. ARFI imaging can be implemented from an ICE transducer with a
software-modified conventional ultrasound scanner commonly used in clinical RFA
procedures, supplemented by a power supply for ARFI generation.

Conclusion
Acoustic radiation force impulse (ARFI) imaging was used to successfully measure cardiac
RFA lesion boundaries within myocardium in vitro. The dimensions of all of the
experimental lesions were clearly visible at the surface of the myocardium in the maximum
ARFI-induced displacement images. In addition, the contrast between the ablated and
nonablated tissue was improved using a normalization algorithm for visualization of lesion
distal borders. The data indicated ARFI imaging is able to generate images that delineate
lesion size within 2 mm. These images could be displayed for physicians during RFA
procedures to visualize lesion line continuity when isolating an arrhythmogenic region.
Lesion continuity feedback could reduce procedure times and decrease the number of repeat
procedures. Lesion size feedback could reduce the number of unnecessary lesions and over-
ablation. The availability of a real time modality for imaging ablation lesions has the
potential to substantially impact the clinical practice of interventional electrophysiology.
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Fig. 1.
The in vitro experimental chamber. A myocardial (M) sample rests in front of a sound
absorbing backing (B) on a vertical mount box. A lesion (L) was made using a
radiofrequency ablation device (AD) connected to a foil ground electrode (GE) and an
ablation catheter (AC) brought into contact with the myocardium though a guide sheath
(GS). An ultrasound scanner (US) imaged the lesion with an AcuNav™ transducer (AT).
The imaging catheter was adjusted to the desired imaging plane (IP) using a translation stage
(TS) and rotation dial (RD).
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Fig. 2.
Myocardial sample (M) was placed in a mount box with 30° slicing slits (SS) on the top and
bottom edges. The RFA lesion (L) was created between these two slits and imaged by the
AcuNav™ transducer (AT), with the imaging plane (IP) positioned along the 30° plane. The
myocardial sample was then cut in the imaging plane using the slits as guides.
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Fig. 3.
(a) B-mode image and (b) digital image of a RFA lesion sliced along the 30° imaging plane.
Image of maximum ARFI-induced displacement overlaid onto: (c) the B-mode image and
(d) the digital photograph of the lesion cross-section. Depth normalized maximum ARFI-
induced displacement data overlaid onto: (e) the B-mode image and (f) the digital image of
the lesion cross-section. The color bar units in (c) and (d) are μm displacement away from
the transducer; in plates (e) and (f) the colors represent the fraction of the maximum
displacement at a given depth.
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Fig. 4.
Examples of raw and normalized ARFI images and of the human and machine determined
lesion boundaries. Each row contains images for a separate lesion. Column (a) is the
maximum ARFI-induced displacement image overlaid onto the photograph of the lesion
cross-section. Column (b) is the depth normalized ARFI image overlaid onto the cross-
section photograph. Column (c) shows the lesion boundary traces as determined by a manual
segmentation based on the digital image (black) and the automatic ARFI imaging
segmentations based on the optimal (blue) and standardized (green) thresholds. Lesions 1
and 2 were imaged with the custom 128-element AcuNav™, while lesion 3 was imaged with
a commercially available 64-element AcuNav™. The automatic threshold traces for lesion 3
are identical and overlap. The color bar units in column (a) are μm displacement away from
transducer; in column (b) the colors represent the fraction of the maximum displacement at a
given depth.
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