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Abstract
Intracardiac echocardiography (ICE) has been demonstrated to be an effective imaging modality for
the guidance of several cardiac procedures, including radiofrequency ablation (RFA). However,
assessing lesion size during the ablation with conventional ultrasound has been limited, as the
associated changes within the B-mode images often are subtle. Acoustic radiation force impulse
(ARFI) imaging is a promising modality to monitor RFAs as it is capable of visualizing variations
in local stiffnesses within the myocardium. We demonstrate ARFI imaging with an intracardiac probe
that creates higher quality images of the developing lesion.

We evaluated the performance of an ICE probe with ARFI imaging in monitoring RFAs. The
intracardiac probe was used to create high contrast, high resolution ARFI images of a tissue-
mimicking phantom containing stiffer spherical inclusions. The probe also was used to examine an
excised segment of an ovine right ventricle with a RFA-created surface lesion. Although the lesion
was not visible in conventional B-mode images, the ARFI images were able to show the boundaries
between the lesion and the surrounding tissue.

ARFI imaging with an intracardiac probe then was used to monitor cardiac ablations in vivo. RFAs
were performed within the right atrium of an ovine heart, and B-mode and ARFI imaging with the
intracardiac probe was used to monitor the developing lesions. Although there was little indication
of a developing lesion within the B-mode images, the corresponding ARFI images displayed regions
around the ablation site that displaced less.

I. Introduction
Intracardiac echocardiography (ICE) is capable of forming high quality ultrasound images of
the heart from multiple angles [1]–[3]. Previous studies have evaluated the utility and
advantages of intracardiac probes in cardiac imaging over transesophageal echocardiography
[4]–[9] and fluoroscopic imaging [3], [10], [11]. In addition, several groups have demonstrated
the effectiveness of intracardiac probes in the guidance of cardiac interventional procedures
including: atrial septal defect closure [5], stent implantation [12], and mitral valvuloplasty
[8].

Intracardiac transducers have been used effectively in the guidance for radiofrequency
ablations (RFA) procedures [7], [13]–[15]. In these procedures, the imaging probe is used to
guide the placement of the RFA catheters and to determine the quality of the contact between
the ablation catheter tip and the target myocardium. Radiofrequency ablation has become the
standard for treatment of a wide range of cardiac arrhythmias, including atrial fibrillation
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[16], atrial flutter [17], atrioventricular nodal reentrant tachycardia [18], and Wolff-Parkinson-
White syndrome [19].

Currently, ultrasound imaging is used primarily for initial guidance of RFAs but not to image
the lesion formed during the ablation. Although visible changes that indicate the creation of a
lesion are present within conventional B-mode images [20], correlation of these changes to
lesion size and development can be inconsistent [21]–[23]. The discrepancy between the
changes observed within the B-mode images and the actual lesion size occurs because tissue
damage from RFA does not necessarily result in detectable or repeatable changes in attenuation,
echogenicity, or acoustic impedance [24], [25]. As a result, conventional B-mode imaging
alone cannot be used to assess the lesions’ locations and sizes. The local electrocardiogram
(ECG) acquired from electrodes on the ablation catheter tip can be used to determine when the
targeted regions have become electrically inactive. However, ablation guidance based on the
ECG has encountered varied success as it can result in inconsistent lesion formation [26]–
[28], thus introducing the possibility of recurrent arrhythmias [18].

Another method to assess lesion size is to monitor the changing mechanical properties around
the ablation site. As the ablation lesion develops, it becomes stiffer than the surrounding tissue
[29]. Elastographic approaches have been used to visualize in vivo ablation lesions within liver
[30]–[32]. Early investigations into myocardial elastography have produced cardiac elasticity
images at various points of the cardiac cycle [33], [34] and demonstrated it as a promising
method to diagnose ischemia and infarction. However, for radiofrequency ablations, tissue
anisotropy and nonuniform cardiac deformation make determining exact lesion size within the
myocardium problematic.

Acoustic radiation force impulse (ARFI) imaging is a method of elasticity imaging that
measures tissue responses from long acoustic pulses that impart local displacements in soft
tissue [35], [36]. As ARFI imaging measures displacements caused by an excitation external
to physiologic cardiac motion, it is less affected by the nonuniform deformation of the heart.
We previously demonstrated ARFI imaging, implemented in an exposed heart preparation with
a large array, to be capable of producing high contrast elasticity images that visualize RFA-
created lesions within myocardial tissue [37]. The quality of these ARFI images depends on
depositing enough energy from the radiation force pulse into the regions of interest to displace
the tissue above the noise floor, typically 0.1–0.2 µm.

Radiation force results from the momentum transfer of an acoustic pulse to the medium through
which it propagates. Under plane wave assumptions, the body force (F) from an acoustic wave
is [38], [39]:

(1)

where Iav is the temporal average intensity at that given point; c is the speed of sound; and α
is the material attenuation coefficient. A single radiation-force pulse generates measurable
displacements along the entire path between the transducer and the focus. As the propagating
acoustic wave continues to attenuate and diverge beyond the focus, tissue displacements in this
region are typically small.

Clinical studies have explored the use of ARFI imaging to visualize stiffer lesions within breast
masses [40], [41] and plaques within peripheral arteries [42]. ARFI imaging recently was
demonstrated at depths beyond 8 cm in abdominal applications, including monitoring
radiofrequency ablations in the liver [43], [44]. Transthoracic approaches to cardiac ARFI
imaging have been limited due to the depth and relative inaccessibility of the heart.
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Accordingly, using an intracardiac probe for ARFI imaging of the heart would likely be a more
suitable method. In this paper, we explore the feasibility of ARFI imaging with an intracardiac
probe and its possible application for monitoring cardiac ablations.

II. Imaging Methods
For these experiments, the Siemens SONOLINE Antares™ ultrasound scanner was used with
the AcuNav™(Siemens, Issaquah, WA), intracardiac probe. The 10 French, 64 element, 7 mm
aperture diagnostic ultrasound catheter was used with custom transducer/system interfaces and
beam sequences to create conventional B-mode and ARFI images. Traditional B-mode images
were formed with a 90 degree field of view at a line density of 2.66 lines per degree. ARFI
images were acquired across a 37 degree field of view and a line density of 0.89 lines per
degree. As it is difficult to superimpose and compare images with differing line densities, the
ARFI images were first upsampled to the B-mode line density prior to scan-conversion.

All B-mode images and ARFI sequences were acquired with a center frequency of 7.27 MHz
and a pulse repetition frequency of 16.2 kHz. The ARFI sequence consisted of one reference
line, one radiation force pulse, and several consecutive tracking lines. The first line was
recorded to establish the initial tissue position and was used as a reference in correlating
subsequent displacements. The pushing beam then was fired along that same line and induced
small tissue displacements. Radiation-force pulse amplitudes and frequencies are similar to
those used in color Doppler imaging, but pulse lengths (55 µs) are longer. Displacements were
estimated by recording echoes from 40 consecutive tracking lines and cross correlating them
with the echoes from the initial reference line. The entire sequence then was electronically
steered across the field of view to form a complete two-dimensional (2-D) image. A more
detailed description of the ARFI acquisition process is described by Nightingale et al. [45].

Radial displacements were estimated using normalized cross correlation with a 0.16-mm
kernel. A linear motion filter was applied to remove any bulk radial motion within the ARFI
images. Prior to scan conversion, the images were spatially median filtered with a 0.17 mm ×
3.37° kernel. Single frame ARFI images were formed by displaying the filtered displacements
at a specified time after generation of the radiation force pulse.

III. Experimental Procedure
A. Performance Evaluation for ARFI Imaging

We first determined if an intracardiac probe would be capable of making quality ARFI images.
We previously realized ARFI imaging with handheld linear/curvilinear arrays, at which the
pushing beams are electronically translated across the transmitting aperture. By contrast, ICE
arrays are typically phased-array probes with a limited number of very small elements and low
acoustic intensity.

Four ARFI images spanning a 70° field of view were acquired at 10 different locations within
the homogeneous regions of a Computerized Image Registration Systems, Inc. (Norfolk, VA)
phantom. The phantom consisted of material with an elastic modulus of 4 kPa and an
attenuation coefficient of 0.7 dB/cm/MHz. With the probe placed directly in contact with the
phantom, ARFI images were acquired with a 1.0-cm focus and a 7.27-MHz transmit frequency.
The average maximum displacements around the focus were measured and normalized to
produce a relative maximum displacement plot at various steering angles. These results then
were used to determine suitable field of view limits within the ARFI images.

The imaging methods above were used to measure transducer face heating for ARFI
acquisitions [46]. An Omega Engineering (Stamford, CT) 36 gauge, type T thermocouple was
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secured onto the transducer such that the tip of the thermocouple was in contact with the center
of the transducer face and covered with ultrasonic transmission gel. ARFI sequences then were
run approximately once every 6 seconds (0.167 Hz) while temperature measurements were
taken at 5 kHz with a SuperLogics (Walham, MA), 16-bit data acquisition card. The scanner
formed conventional B-mode images between ARFI sequences, except for a brief period
(approximately 500 ms) before each ARFI acquisition when no pulses were fired.

To assess image signal-to-noise ratio (SNR) and depth of penetration, we imaged a
homogeneous phantom resting within a mineral oil bath. The probe was placed 0.5 cm above
the surface of the phantom and secured with a ring stand such that the transducer face was
completely submerged and suspended within the mineral oil bath. An ARFI sequence was
acquired with a radiation-force pulse of zero pressure amplitude. Because there was no
excitation pulse amplitude, the resulting images should show stationary targets, and any
measured displacements were used to assess jitter levels and potential artifacts within an ARFI
image.

B. Transducer Motion During ARFI Acquisitions
Our initial trials yielded evidence of transducer motion generated by the pushing pulses used
in ARFI imaging. With the generation of a radiation force pulse, acoustic waves are also
transmitted into the transducer which are then absorbed by the backing material. Therefore,
through the same principles of (1), a body force also is applied to the transducer backing,
potentially causing the transducer to move away from the imaged medium. This motion has
not been observed in the larger, hand-held probes used in previous ARFI studies. However, as
ICE arrays are smaller and mounted at the end of a long and flexible catheter, it is more
susceptible to radiation-force induced motion.

To investigate this phenomenon, a single ARFI pulse focused at 1.0-cm depth was fired with
an extended tracking interval along the center (axial) beam. Because the effects of the radiation
force pulse generally are negligible at depths beyond the focus, any displacements measured
within the far field were assumed to be displacements of the transducer rather than the target
medium. In order to determine the extent of transducer motion during an ARFI acquisition, a
complete set of radiation-force pulses was fired at the appropriate times and steering angles of
a regular ARFI acquisition. The tracking lines, however, were not steered and remained focused
along the center beam. Therefore, any far-field displacements measured for this acquisition
would approximate the motion of the transducer during an entire ARFI sequence.

C. ARFI Imaging of Phantoms
Matched B-mode and ARFI images were formed of the 4 kPa CIRS phantom. The probe was
placed on the phantom and immersed in a 0.5-cm layer of water. The imaging plane was
centered over a region of the phantom containing a stiffer (32 kPa), 3-mm diameter spherical
lesion at a depth of 1.0 cm. The probe was held in place with a ring stand, and sound absorbing
material was placed atop the transducer to reduce reverberations within the water bath. Normal
B-mode and ARFI images with a 1.0-cm radial focus were acquired.

D. ARFI Imaging of Ex Vivo Tissue
A section of the right ventricular free wall was removed from a fresh ovine heart. To reduce
bulk tissue motion, the sample was placed atop a degassed sponge. Two layers of 1-cm thick
sound absorptive material were placed beneath the sponge. The specimen was secured to the
sponge with strands of thread and pulled taut to create tension within the sample and secure
the outer segments of the tissue to the sponge. The setup was placed into an acrylic water tank
(21 cm × 21 cm × 15 cm) and filled with a mixture of deionized water and saline (0.9% NaCl)
at room temperature. The transducer was mounted onto a mechanical translation stage and
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submerged into the solution. All further adjustments to the position of the transducer were
performed by the translation stage. In this configuration, transducer motion was estimated by
averaging measured displacements at depths beyond 1.5 cm, then subtracted from the images.

An initial ARFI sequence was acquired on a segment of healthy, nonablated tissue. A Cardiac
Pathways (Sunnyvale, CA) radiofrequency ablation device with a Boston Scientific (Natick,
MA) SteeroCath catheter was used to create the lesions on the excised segment of tissue. The
ablation catheter was centered within the B-mode image; and a single, 60 second, 12 W ablation
was performed. While the ablation catheter was within the imaging plane, there were significant
reverberations from its metallic tip, and displacement calculations within the affected regions
were corrupted. Upon completion of the procedure, the ablation catheter was removed and
another ARFI sequence was acquired.

The setup was translated to a second site, and another ablation was performed. The ablation
catheter was positioned just tangent (approximately 3 mm) to the imaging plane such that the
observed interference within the B-mode images from the metallic tip was minimal. Because
the ablation catheter was no longer centered within the B-mode image, the duration was
extended to 120 seconds to provide sufficient time for the lesion to gradually expand into the
imaging plane. ARFI sequences were acquired approximately every 5 seconds throughout the
ablation process. Upon completion, a single frame was extracted from each acquisition to form
a movie that tracked the progress and development of the lesion during the entire procedure.

E. In Vivo ARFI Imaging
Radiofrequency ablations were performed at three sites within the right atrium of an ovine
subject while using B-mode and ARFI imaging with the intracardiac probe to monitor the
developing lesions. Both imaging and ablation catheters were positioned within the heart using
live B-mode (from the intracardiac probe) and fluoroscopic imaging. During the RFA
procedures, B-mode and ARFI images were recorded approximately every 5 seconds.

In order to reduce cardiac motion artifacts, the ARFI sequences were triggered off the QRS
complex of the ECG. A user-selectable delay was assigned so that the images were formed
during late diastole, where cardiac motion is minimized. To further reduce the effects of cardiac
motion, the B-mode and ARFI images were acquired on consecutive heartbeats with individual
triggers. By spreading the sequence across two heartbeats, the two shorter windows of
acquisition were better positioned within the cardiac cycle.

At the first ablation site, the imaging probe was inserted via the jugular vein and imaged from
within the inferior vena cava. The ablation catheter was inserted via the femoral vein and
positioned within the right atrial appendage. Two consecutive ablations then were performed
at this first site. The first ablation was run for 60 seconds at 12 W. For the second ablation, the
duration was not extended, but the power was increased to 17 W.

The two catheters then were withdrawn and sutured together such that the ablation catheter
could flex down beside the imaging plane and be laterally centered at a depth of 1.0 cm. This
obviated the independent positioning of the two catheters within the beating heart while still
attempting to minimize interference from the metallic tip of the ablation catheter. The joined
catheters then were inserted via the jugular vein and used for additional ablations. The coupled
probes are shown in Fig. 1.

The second ablation site was located on the right atrial free wall near the opening to the superior
vena cava. A single, 15 W, 120 second ablation was performed. The catheters were advanced
slightly and the ablation catheter was repositioned for the third and final ablation within the
right atrium. A single, 20 W, 30 second ablation was performed at this site.
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A rapid processing scheme, in which a single ARFI frame is displayed less than a second after
acquisition, was used during the entire experiment. The processing and setup used in this
experiment are described by Pinton et al. [47]. This feature provided additional information
concerning proper catheter placement and alignment as well as initial feedback into the
progress of the developing lesions.

Upon completion of the experiment, the heart was excised and dissected in order to examine
the lesions. The incision was made along the interatrial septum at which no lesions were formed.
All three ablation sites within the right atrium were found and photographed to compare with
the ARFI images.

IV. Results
A. Performance Assessment for ARFI Imaging

The normalized maximum displacements of a homogeneous phantom as a function of steering
angle are displayed in Fig. 2. The maximum intensity is along the center beam. At angles above
15°, the normalized displacements begin to drop steeply. The −3 dB cutoff angles from this
plot are at −18° and 16°. In order to produce images without large variations in displacements
for a homogeneous region of interest, the ARFI field of view is limited to within these angles.

Thermocouple measurements from four consecutive ARFI acquisitions containing 38
individual radiation force pulses are shown in Fig. 3. The plot shows the heating due to an
ARFI acquisition as a sharp spike in temperature. The average increase in peak-to-peak
temperature on the transducer face per ARFI image was 0.88°C. The dissipation of this heat
also occurs relatively quickly as the average time constant associated with the return to steady-
state temperature was 330 ms. Waiting times of greater than 1 second per ARFI acquisition
were used for subsequent experiments to reduce transducer heat accumulation. The temperature
of the transducer face also can be observed to drop just before each ARFI acquisition. This is
due to a short stoppage of imaging as the scanner is programmed to execute an ARFI
acquisition.

The standard deviations of measured displacement from a zero pulse amplitude ARFI sequence
are shown in Fig. 4. As there was no excitation pulse for this acquisition, no displacements
were expected, and all measured displacements reflect noise within the ARFI image. Fig. 4
shows the measured jitter level starting from the surface of the phantom (0.5 cm). The standard
deviations within the phantom remained low (approximately 0.2 µm) and fairly constant for
depths shallower than 1.2 cm. However, these levels rose quickly beyond that depth, and at
2.5 cm the jitter was above 1 µm. Because smaller displacements with ARFI images are on
this order of magnitude, displacement estimations at these depths would have contained
substantial amounts of jitter. Therefore, the ARFI imaging regions of interest in this experiment
were at depths no greater than 1.5 cm.

B. Transducer Motion During ARFI Acquisitions
We observed artifacts in apparent target displacement consistent with transducer motion
generated by each ARFI pushing pulse. This artifact was not present when the probe was
secured with light pressure against the phantom. A likely reason for this artifact was that the
transducer displaced when transmitting the radiation force pulses. Such motion would manifest
itself as an axially uniform displacement within the images.

The average displacements through time at depths between 1.5 cm and 3.0 cm from a single
radiation-force pulse with the probe suspended above a phantom are shown in Fig. 5(a). The
displacement recovery time of the probe is significantly longer than those typically observed
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in ARFI-induced displacements within soft tissue. The maximum displacement of 8.1 µm was
reached at 5.0 ms.

Transducer displacement during a full ARFI acquisition with 44 individual pushes with a push
pulse repetition frequency (PRF) of 377 Hz is shown in Fig. 5(b). The total transducer
displacement reaches 40 µm, and the oscillation of the transducer between pulses is 2–3 µm.
Transducer displacement can be observed to become most linear and repeatable after 22 ms.
Therefore, in order to acquire data when transducer motion can be most effectively filtered,
the ARFI sequences used in these subsequent experiments fired high-intensity dummy pulses
for the first 22 ms. After this point, the linear motion filter is able to remove a considerable
portion of transducer motion from the calculated displacement profiles, and the remaining
motion artifacts are observed as a uniform offset throughout the entire field of view.

C. ARFI Imaging of Phantoms
Matched B-mode and ARFI images of a laterally centered lesion embedded 0.8 cm deep within
the CIRS phantom are shown in Fig. 6(a) and (b). The ARFI image displays phantom
displacements at a single instant in time, 0.73 ms after generation of the radiation-force pulse.
The lesion borders are not well visualized within the B-mode image. The ARFI image displays
the lesion boundaries on all sides. Three displacement profiles along a single radial distance
that contrast the response within the lesion to the background are shown in Fig. 6(c). The three
positions are marked in the B-mode and ARFI images, by their respective shapes.

D. ARFI Imaging of Ex Vivo Tissue
B-mode and ARFI images of healthy, nonablated, ovine myocardium are shown in Fig. 7(a)
and (b). The ARFI image shows a relatively uniform region with no large displacement
discontinuities along the surface of the tissue. The displacements were smaller in the deeper
regions of the tissue, suggesting that a significant amount of the radiation-force pulse has been
attenuated on the surface of the tissue as in Fig. 7(b). Displacement profiles through time along
the surface of the tissue are shown in Fig. 7(c) and are marked by their respective shapes in
the B-mode image. The maximum displacements range from 6–8 µm, suggesting little variation
in stiffness within the tissue.

The B-mode and ARFI images after a single, 12 W, 120 second ablation are shown in Fig. 7
(d) and (e). Although a crater is evident within the B-mode image at the ablation site, the extent
of the lesion remains unclear. The ARFI images display a stiff mass at the ablation site, and
lateral boundaries are evident with clear definition of lesion width. However, there is little
displacement in deeper portions of the tissue, and distal boundary definition remains unclear.
Three displacement profiles along the surface of the tissue are displayed in Fig. 7(f). The B-
mode and ARFI images both show that a crater in the tissue was generated by the ablation.
Inspection of the sample after the procedure revealed a visibly discolored and palpably stiffer
region of tissue at the ablation site.

At the second ablation site, a 25-frame, time-lapse ARFI movie of a 120 second cardiac ablation
shows the development of the lesion within the imaging plane. The lesion was visibly
discolored and palpably stiffer after the ablation. Six ARFI images at various times during the
ablation are shown in Fig. 8. The progress of the developing lesion can be tracked as the
displacement gradually lessens until well-defined lateral boundaries are visible in the last frame
[Fig. 8(f)]. As observed in the previous ablation, the magnitudes of displacement lessen at
greater depths. As a result, the distal boundaries are not well defined. For the complete sequence
of images acquired during the ablation, the reader is referred to the following website:
http://ultrasound.bme.duke.edu/rtarfi/cardiacab/.
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E. In Vivo ARFI Imaging
Because this experiment was performed without opening the chest, it was not possible to
determine the exact orientation of the imaging plane within the heart. Therefore, the results
within this section are based upon acquired images (B-mode, ARFI, and fluoroscopy),
postexperiment images from pathology, entries documented in the laboratory notebook,
scanner and computer time stamps, and personal expertise and recollection from the
experiment.

The images from pathology of the three ablation sites are shown in Fig. 9. The images taken
are of the endocardial surface of the myocardium of the right atrium. The imaging probe does
not image in this plane; rather it would visualize the lesion in cross section. However, as the
exact orientation of the catheter relative to the lesions cannot be determined with the current
experimental setup and methods, it is not possible to select a precise slice for comparison.

The first lesion was found near the right atrial appendage. The second and third lesions were
found to be side-by-side lesions, with an edge separation of approximately 1 mm, and located
near the opening to the superior vena cava. All three lesions spanned the entire thickness of
the tissue with visible discolorations on the opposing side of the atrial wall. No additional
lesions were found within the right atrium.

1. First Ablation Site—The B-mode and ARFI images at the first ablation site (right atrial
appendage) are shown in Fig. 10. The corresponding image from pathology from this image
is shown in Fig. 9(a). The imaging probe, focused at 1.0 cm, was positioned outside of the
heart and images an ablation growing upward on the distal surface of the right atrial appendage.
The B-mode image taken before the ablation [Fig. 10(a)], displayed the right atrial wall
beginning at 0.5-cm depth. The distal wall and the right atrial chamber remained unclear. It is
probable that the imaging plane was imperfectly aligned with the atrial wall and contained
echoes from other sections of the right atrium.

In contrast, the corresponding ARFI image [Fig. 10(b)] was able to visualize the distal edge of
the right atrial appendage as there was a sharp drop in the measured displacements 3 mm into
the tissue. The ARFI image before the ablation showed a region of tissue with relatively
uniform stiffness that had an average maximum displacement of 8.9 ± 2.1 µm.

During the first ablation, the B-mode images showed that the ablation catheter drifted out of
the imaging plane and, therefore, it is likely that the imaging probe had moved and was not
imaging directly over the ablation site. As a result, the ARFI images did not provide much
indication into the presence of a lesion. After a second, higher power ablation was performed,
the B-mode image [Fig. 10(c)] did not provide any indication in the formation of a lesion;
however, the matched ARFI image [Fig. 10(d)] revealed evidence of a newly formed lesion as
a semicircular region of smaller displacement (average maximum displacement of 4.6±0.9 µm)
was present on the distal side of the myocardium. As the displacements along the proximal
surface of the myocardium appeared uniform, the ARFI image [Fig. 10(d)] suggested that the
lesion did not span the entire thickness of the right atrial wall.

2. Second Ablation Site—As the second two lesions were created with the two catheters
coupled together, these lesions would be located on the proximal surface of the tissue growing
downward and away from the transducer. The images acquired at the second ablation site did
not indicate the presence of a lesion. It is likely that the imaging catheter was not positioned
over the ablation site.

3. Third Ablation Site—For the final ablation site within the right atrium, the joined
catheters were advanced only a few millimeters from the second site. Therefore, the lesion
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would be formed close to the second lesion. Matched B-mode and ARFI images (focused at
1.5 cm) were acquired before and after the ablation and are shown in Fig. 11. The B-mode
image taken before the ablation [Fig. 11(a)] displayed the right atrium sloping downward from
right to left, but it provided little indication of the thickness of the atrial wall. A section of the
ablation catheter is visible as the bright target above the atrial wall in the left side of the image.
The actual catheter tip and ablation site, however, are located out of plane and on the right side
of the image. The ARFI image before the ablation [Fig. 11(b)] showed a homogeneous region
of myocardium at the ablation site on the right side of the image with an average maximum
displacement of 4.72 ± 1.52 µm. A region of tissue with reduced tissue displacements was
present on the left side of the image. The average maximum displacement within this region
was 2.63 ± 0.33 µm. As there was no clear distal boundary within the ARFI image, it was
uncertain at this point of the experiment whether the reduced tissue displacements were due to
ablation catheter shadowing or the presence of a previous lesion.

As the third ablation was a high power (20 W), low-duration (30 seconds) sequence, only a
few images were acquired during the ablation. The B-mode image taken 18 seconds into the
ablation [Fig. 11(c)] did not differ much from the B-mode image taken before the ablation.
However, the corresponding ARFI image [Fig. 11(d)] showed a developing region of increased
stiffness on the right side of the image. At the end of the ablation, there was little change in
the B-mode image [Fig. 11(e)]. In contrast, the ARFI image [Fig. 11(f)] still showed the stiffer
region in the left side of the image along with an additional stiffer region on the right side. As
shadowing from the ablation catheter would cause reduced tissue displacements throughout
the entire region beneath the catheter, the higher tissue displacements measured in the deeper
regions of tissue on the left side of the image suggest that another lesion is present.

We believe that the ARFI images in Fig. 11(d) and (f) portray the two side-by-side lesions, as
shown in Fig. 9(b), corresponding to the second and third ablation sites. The average maximum
displacements in the left and right lesions region were 2.70 ± 0.25 µm and 2.46 ± 0.44 µm,
respectively. A thin strip of tissue with a maximum displacement of 5.31 ± 1.13 µm remained
in the center. The maximum displacements in the three (left, center, right) sections within the
ARFI images taken before, during, and after the ablation are shown in Table I. The ARFI image
field of view was not wide enough to encompass fully either lesion. Therefore, the entire width
of the two lesions remained uncertain.

V. Discussion
Initial evaluation of intracardiac probes for ARFI imaging on the CIRS phantom indicated that
the intracardiac probe was able to define the boundaries of a stiffer spherical lesion more clearly
than conventional B-mode imaging. Large near field displacements within the ARFI images
suggested a considerable amount of acoustic energy of the radiation force pulse was attenuated
before reaching the focus. This is a typical result within higher attenuation phantoms [48] and
high F/number imaging setups. As a result, boundary definition varied at different depths;
however, both proximal and distal boundaries were evident with proper dynamic range
selection.

The displacement plots on either side of the lesion within the phantom had similar magnitudes
and profiles, and the displacement inside the lesion was considerably less. The contrast transfer
efficiency (the ratio of the mean maximum displacement within the lesion to the surrounding
background) was approximately 1:3. This value underestimated the actual 1:8 stiffness ratio
between background material and the lesion. The underestimation in stiffness ratios also has
been observed in ARFI image with larger, handheld arrays and can be attributed to a wide
range of factors, including variable radiation force intensities from boundary effects and beam
steering [49].
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In order to form quality images of the lesion during the ablation, the imaging probe had to be
positioned close enough to the ablation catheter to image the lesion, yet not directly over the
ablation site as reverberations from the metallic ablation catheter tip corrupted the displacement
estimates. Once the catheters were positioned properly, ARFI imaging was able to visualize
RFA-created lesions in both ex vivo and in vivo myocardium.

In ex vivo tissue, the average maximum displacement within the newly formed lesion was
reduced by half. Lateral boundaries of the lesion also were well defined. However, the distal
boundary remained unclear due to radiation-force pulse attenuation. The ability of the time-
lapse movie of the ARFI images to show the expansion of a region of tissue that displaced
progressively less indicated that the probe is a suitable imaging modality for real-time
monitoring of cardiac RFA procedures lasting on the order of several seconds.

In vivo ARFI images of RFAs successfully visualized three lesions created within the right
atrium of an ovine heart. ARFI images taken before the ablations showed the myocardium as
a region of tissue with relatively uniform displacements. After the ablations, the decreased
displacements within the ARFI images at the ablation site suggested that the tissue had become
stiffer and lesions were now present. There was little evidence within the B-mode images that
would reflect the presence of any newly formed lesions. The lack of any noticeable changes
in tissue echogenicity within the B-mode images suggested that these ablation procedures did
not result in any significant changes of acoustic impedance within the targeted myocardium.

At the first ablation site, there is a slight spatial mismatch within the B-mode and ARFI images
[Fig. 10(a) and (b)], as the atrial wall appears 0.2 cm closer in the ARFI images. This
misregistration is due to the fact that the B-mode and ARFI images were acquired on
consecutive heartbeats and, therefore, contained slight positional differences due to cardiac,
respiratory, and probe motion. In vivo ARFI imaging also was able to resolve side-by-side
lesions [Fig. 11(f)] with an edge separation of 1 mm. The ability of ARFI imaging to visualize
these regions of nonablated tissue between individual lesions could be useful in assessing lesion
continuity and determining the need for additional consolidation ablations.

As catheter placement was a concern ex vivo, it became a major difficulty in vivo with the
introduction of cardiac motion and the decreased maneuverability of the two catheters. As all
three lesions eventually were found, it is likely that the primary limitation during this study
was the proper placement and alignment of the two probes. Slight variations in probe position
and orientation would result in images that did not contain the lesion or were corrupted by the
ringing from the ablation catheter tip. The uncertainty in catheter placement within the heart
varied the success and repeatability in formulating these ARFI images. For example, the ARFI
image at the first ablation site [Fig. 10(d)] suggested that the lesion did not completely develop
through the entire thickness of the tissue, although examination through pathology revealed
otherwise. However, as no portion of the ablation catheter below the tissue was visible within
the corresponding B-mode image [Fig. 10(c)], it is likely that the ICE probe was imaging over
the edge of the lesion and not at the plane of its largest diameter.

As the heart does not completely stop during the cardiac cycle, some degree of physiological
motion was present within all of our displacement estimates. The precise synchronization of
the ARFI image acquisitions with cardiac diastole ensured that the amount of cardiac motion
artifacts was minimized. Motion filters were used to remove these remaining artifacts. As the
in vivo filtered displacement magnitudes and profiles were similar to those measured in the
stationary ex vivo experiments, we believe these motion filters satisfactorily removed the
measured cardiac motion artifacts during diastole. Evaluating the performance of the motion
filters was beyond the scope of this study, and further investigations are underway to quantify
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the extent of bias that these residual motion artifacts have on intracardiac ARFI imaging at all
points of the cardiac cycle.

As the ablations were performed within the right atrium, there was less physiologic motion as
compared to ventricular motion. Therefore, ARFI imaging of ventricular RFAs is more difficult
as the motion filter is required to remove much larger and possibly more complex motion
artifacts. Also, the larger size of the ventricles introduces the possibility that the ablation site
could be located farther away from the transducer. Visualizing lesions at greater depths remains
a challenge as the output power and amount of radiation force generated with an intracardiac
probe is limited by its small size. It is possible that future generations of ICE probes will be
capable of generating more acoustic power.

Several methods are being explored to help improve ARFI imaging quality. In future
experiments, time gain compensation (TGC)-based algorithms are being considered to expand
the current field of view, thereby aiding in the visualization of distal boundaries. More
sophisticated motion filters and mechanical alterations to the probe itself are being explored
to help reduce transducer motion. Recent advances in parallel receive ARFI imaging have
reduced acquisition times by a factor of at least four [50]. Shorter sequences also have resulted
in less heating per individual acquisition to a point at which multiple images could be acquired
during a single heartbeat. With a higher frame rate, there is more flexibility in positioning the
two catheters as the probability of forming an image with the proper catheter alignment has
increased.

VI. Conclusions
Intracardiac ARFI imaging required several sequence modifications to the traditional
transthoracic ARFI imaging due to beam steering, lowered SNR, and the effects related to
transducer heating and motion. With these adjustments, ARFI imaging with an intracardiac
probe was able to visualize a stiffer lesion within a phantom more clearly than normal B-mode
imaging. Also, ARFI imaging with the intracardiac probe was able to display variations in local
stiffnesses ex vivo in cardiac tissue and assess the lateral size of the developing lesion
throughout the entire RFA procedure.

ARFI imaging on current commercially available systems is capable of visualizing in vivo
lesions created from RFA in the right atrium of an ovine heart up to depths of 1.5 cm from both
the proximal and distal surfaces within the imaging plane. The comparison between the ARFI
images and pathology indicated that ARFI imaging is able to resolve lesions with an edge
spacing of 1 mm.

With these promising preliminary results and continued development, we believe ARFI
imaging with an intracardiac probe is a candidate to guide and monitor radiofrequency ablations
within the heart.
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Fig. 1.
Coupled imaging and ablation (with metallic rings) catheters used at the second and third
ablation sites. Joining the two probes facilitated catheter position and alignment within the
heart. The two probes are fixed in their “parallel” position (a) when traveling through vessels.
When properly positioned with the heart, the ablation catheter can be flexed downward (b) and
onto the target myocardium for an ablation.
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Fig. 2.
Normalized displacements (unitless) of a homogeneous phantom at various steering angles
(degrees) relative to the center beam. The horizontal dotted line indicates −3 dB cutoff and
field of view limits used in ARFI acquisitions.
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Fig. 3.
Thermocouple measurements of the transducer face heating of four consecutive ARFI
acquisitions into a layer of ultrasonic transmission gel. Each peak corresponds to an individual
ARFI sequence. In between ARFI sequences, the scanner is in normal, live, B-mode imaging.
The drop in temperature before an acquisition is associated with the cessation of B-mode
imaging for approximately 500 ms.
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Fig. 4.
Displacement noise on a homogeneous phantom from a zero amplitude radiation force pulse
voltage at various radial depths.
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Fig. 5.
Transducer motion, as reflected by measurements of far-field target motion, from (a) a single
radiation force pulse and (b) a full ARFI acquisition with 44 radiation force pulses. The vertical
dotted line indicates the point at which data acquisition commences within regular ARFI
sequences. Radiation-force pulses fired before this point cause greater nonlinear displacements
and, therefore, are not used when forming ARFI images.
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Fig. 6.
(a) B-mode image of a phantom with a 3-mm diameter lesion laterally centered and a 0.8-cm
depth. (b) Corresponding ARFI image of tissue displacements (µm away from the transducer)
0.73 ms after the excitation pulse. (c) Individual displacement profiles at selected positions
outside (square and triangle plots) and inside (circle plot) the lesion. These positions are marked
in both B-mode and ARFI images by their corresponding shapes.
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Fig. 7.
Matched B-mode (a) and ARFI (b) images of nonablated ovine right ventricular myocardium
located between axial depths of 0.5 cm to 1.7 cm, and resting on a degassed sponge below. A
water/saline mixture is between the transducer and the tissue. Three shapes (square, circle, and
diamond) indicate points of interest on the surface of the tissue. The circle marks the ablation
site. The corresponding ARFI image (µm away from the transducer) is superimposed on the
B-mode image of the healthy, nonablated cardiac tissue. (c) Displacement profiles at three
points within the tissue that show local stiffnesses along the surface of the tissue. After a single
radiofrequency ablation, (d) the B-mode image indicates a small crater at the ablation site. (e)
The matched ARFI image superimposed on the B-mode image displays a region around the
crater that displaces (µm away from the transducer) less. (f) Updated displacement profiles
also reflect this decrease in displacement at the lesion site.
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Fig. 8.
Time lapse ARFI images superimposed on their corresponding B-mode images of a 120 second
cardiac ablation. A 1.0 cm bath of water/saline mixture is between the transducer and the
cardiac tissue. The tissue is located between axial depths of 1.0 cm and 1.7 cm resting on a
degassed sponge below. The ablation site is laterally centered on the surface of the tissue at a
depth of 1.0 cm. The images show the ablation progress at times: (a) 0 s, (b) 22 s, (c) 44 s, (d)
67 s, (e) 89 s, and (d) 111 s. A developing stiffer region that displaces (µm away from the
transducer) less than the surrounding tissue can be observed.
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Fig. 9.
Images from pathology of the inner myocardial surface of the right atrium containing
radiofrequency-generated lesions. The lesion boundaries were manually outlined. The first
lesion (a) was located within the right atrial appendage. The second and third lesions were side-
by-side lesions found on the right atrial free wall near the opening to the superior vena cava.
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Fig. 10.
B-mode and ARFI image of the first ablation site located within the right atrial appendage. The
imaging catheter is located within the superior vena cava imaging a radiofrequency ablation
on the distal side of the right atrial wall. The B-mode image (a) shows a region of tissue with
an unclear distal boundary. The ARFI image (b), showing displacements in micrometers away
from the transducer, before the ablations shows a region tissue of relatively uniform
displacements. After the ablation, there is little indication of the presence of a lesion within
the B-mode image (c). In contrast, the ARFI image (d) shows a small, semicircular region of
tissue that displaces less, suggesting the creation of a lesion. The position of the lesion is marked
by the arrow in both the postablation B-mode and ARFI images.
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Fig. 11.
B-mode and ARFI images of the second and third ablation sites within the right atrium near
the opening to the superior vena cava. The B-mode image (a), taken after ablating at the second
site but before the third, shows the right atrium sloping downward from right to left. The
corresponding ARFI image (b), showing displacements in micrometers away from the
transducer, displays a region of tissue on the left that displaces less than the adjacent tissue. It
is believed that this is the second lesion. The B-mode images taken 18 seconds into the
procedure (c) and after the ablation ended (e) show little change within the images. The
corresponding ARFI images during (d) and after (f) the ablation show an additional region that
gradually displaces less on the right side of the image. A narrow strip of soft tissue with greater
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displacement remains in the center. It is believed that this indicates the creation of side-by-side
lesions separated by 1 mm. Arrows mark the position of the newly formed lesion in each image.
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TABLE I

Pre- and Postablation Average Maximum Displacements.

Average maximum displacement (µm)

Left Center Right1

Preablation 2.63 ± 0.33 5.60 ± 1.10 4.72 ± 1.52

Mid-ablation 2.59 ± 0.32 4.91 ± 0.67 3.45 ± 0.78

Postablation 2.70 ± 0.25 5.31 ± 1.13 2.46 ± 0.44

1
Location of the ablation site.
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