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Abstract

Acoustic radiation force impulse (ARFI) imaging has been demonstrated to be capable of visualizing
variations in local stiffness within soft tissue. Recent advances in ARFI beam sequencing and parallel
imaging have shortened acquisition times and lessened transducer heating to a point where ARFI
acquisitions can be executed at high frame rates on commercially available diagnostic scanners. In
vivo ARFI images were acquired with a linear array placed on an exposed canine heart. The
electrocardiogram (ECG) was also recorded. When co-registered with the ECG, ARFI displacement
images of the heart reflect the expected myocardial stiffness changes during the cardiac cycle. A
radiofrequency ablation was performed on the epicardial surface of the left ventricular free wall,
creating a small lesion that did not vary in stiffness during a heartbeat, though continued to move
with the rest of the heart. ARFI images showed a hemispherical, stiffer region at the ablation site
whose displacement magnitude and temporal variation through the cardiac cycle were less than the
surrounding untreated myocardium. Sequences with radiation force pulse amplitudes set to zero were
acquired to measure potential cardiac motion artifacts within the ARFI images. The results show
promise for real-time cardiac ARFI imaging.
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Introduction

In addition to displaying cardiac anatomy, various medical imaging modalities provide
information related to myocardial function. Positron emission tomography (PET), computed
tomography (CT), magnetic resonance imaging (MRI) and echocardiography have all
demonstrated capabilities in assessing myocardial function by measuring perfusion of contrast
agents into and out of the intercellular space of cardiac tissue(Gerber et al., 2002; Klein et al.,
2002; Koyama et al., 2004; Lardo et al., 2000; Yu et al., 2004). However, the potential
complications with the use of contrast agents as well as the cost of these imaging modalities
are limiting factors for their widespread clinical application.
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Echocardiography displays real-time images of the heart that provide insight into anatomy and
function. Through Doppler and other methods, the velocity of blood and cardiac tissue can also
be measured. Advanced signal and image processing methods, such as acoustic integrated
backscatter, tissue Doppler, and automated calculation of cardiac chamber volumes, have been
used to evaluate the performance of the heart and determine cardiac irregularities(O'Brien et
al., 1995; Wickline et al., 1985). However, correlating changes in these parameters to
myocardial function becomes difficult as they could be biased by several additional factors,
including myocardial fiber orientation, plane of imaging, and tissue depth, that also have been
observed to vary during a heartbeat(Baldwin et al., 2006; Herbots et al., 2004; Micari et al.,
2006).

An important parameter that reflects cardiac function is myocardial stiffness. Several studies
have associated increased myocardial stiffness with diastolic heart failure(Borbély et al.,
2005; Kawaguchi et al., 2003; Zile et al., 2004). Stiffness has also been shown to vary with
infarcted, ischemic, and ablated tissue. Stiffness is measured by determining the elastic
relationship between stress and strain within tissue. The calculation of stress within the heart
is difficult as there currently is not a direct, non-invasive method to measure the force applied
to myocardium. Conversely, strain is easier to quantify as it can be calculated through image-
based algorithms that track tissue motion. One method to measure strain is through a temporal
integration of strain rate, which can be measured from the difference in tissue velocities at two
points within the myocardium(Heimdal et al., 1998; Pislaru et al., 2004). Another method to
measure strain is from the spatial gradient of tissue displacements. Several imaging modalities
utilize motion tracking to calculate tissue displacements. Tagged MRI has been used to measure
three-dimensional cardiac motion, though the prolonged acquisition times leave this method
susceptible to artifact due to patient and respiratory motion(McVeigh, 1996).
Echocardiography has been used extensively to track myocardial deformation(Amundsen et
al., 2006; D'hooge et al., 2002), though the relative inaccessibility and depth of the heart limit
the accuracy of these measurements.

Images of strain and strain rate have been used to correlate reduced myocardial deformation
with weaker heart contraction and reduced cardiac output(Amundsen et al., 2006; D'hooge et
al., 2002; Konofagou et al., 2002; Langeland et al., 2004). These methods have shown promise
in the detection of ischemic or infarcted myocardium(Garot et al., 1999; Lyseggen et al.,
2005; Pislaru et al., 2004). However, without measuring stress, these images are vulnerable to
misinterpretation as observed variations could be due to the intrinsic non-uniform deformation
of the heart.

A measurement of myocardial stiffness can be obtained from the pressure-volume (P-V)
relation. This value is most commonly measured by recording P-V loops across multiple
heartbeats while gradually increasing blood pressure(Cingolani et al., 2003; Kheradvar et al.,
2006; Mirsky et al., 1987). However, as a single value of stiffness is derived through multiple
heartbeats, this method cannot provide measurements in specific regions of the heart, nor can
it provide instantaneous measurements of stiffness. Further, direct P-V measurements require
invasive procedures with the use of intracardiac probes(Nakano et al., 1990). Non-invasive P-
V loops can be derived through indirect measurements of blood velocities, blood pressure, and
tissue displacements(Kawaguchi et al., 2003; Wen et al., 2005); however, these procedures
make several assumptions and simplifications concerning the distribution of force as well as
the geometry of the heart.

Another method of imaging stiffness is through acoustic radiation force impulse (ARFI)
imaging. ARFI imaging uses high intensity acoustic pulses to apply local forces to tissue and
impart small displacements within selected regions of interest(Nightingale et al., 2001,
2002c). The tissue responses to the radiation force are then tracked and can be correlated with
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the local stiffness of soft tissue(Fahey et al., 2005b, 2004). The radiation force (N/cmd)
generated by a propagating acoustic wave is given by(Nyborg, 1965; Torr, 1984):

2al

av

F= 1)

c

where I, is the local time-averaged acoustic intensity (W/cm?2), o is the attenuation coefficient
(Np/cm), and c is the speed of sound (m/s). Within regions of interest where these values are
relatively similar, radiation force, and therefore stress, can be considered uniform. With
uniform stress, the displacement images can be interpreted as a direct reflection of stiffness
because the material's elastic modulus and deflection under a given load are inversely related.
As a result, ARFI imaging has been shown to be capable of identifying stiffer regions within
the image that displace less than more compliant tissue(Fahey et al., 2005b, 2004; Nightingale
etal., 2002a, 2001; Sharmaetal., 2004). As ARFI imaging produces its own tissue deformation,
it is less affected by the non-uniform stress distribution within the heart.

Current methods of ARFI imaging do not measure radiation force. As a result, stress cannot
be calculated, and current methods of ARFI imaging cannot provide a quantitative
measurement of elastic modulus. Alternative methods of radiation force imaging have
measured shear wave propagation velocities to determine a material's shear modulus, which
can be converted to an elastic modulus depending on tissue geometry and underlying
assumptions(Bercoff et al., 2002; Oliphant et al., 2000; Sandrin et al., 2002).

Investigations in cardiac ARFI imaging have demonstrated it to be an effective modality for
use in monitoring of radiofrequency ablations(Fahey et al., 2005b; Hsu et al., 2007). These
studies used ECG-gated acquisitions, where a single ARFI image per heartbeat is acquired.
We hypothesize that a sequence of ARFI images will provide further insight into the changing
mechanical stiffness of the myocardium. ARFI imaging has been shown to be capable of
visualizing changes in the stiffness of muscle fibers under various contractile loads(Nightingale
et al., 2002b). Recent advances in ARFI beam sequencing and parallel-receive imaging have
shortened acquisition times and lessened transducer heating to a point where continuous ARFI
acquisitions can be executed at high frame rates(Dahl et al., 2006). Additionally, studies into
rapid motion tracking of ARFI-induced displacements have demonstrated the viability of real-
time processing and display of ARFI images(Pinton et al., 2006). In this paper, we present
preliminary in vivo investigations of real-time ARFI imaging of the heart through the cardiac
cycle.

Imaging Methods

The Siemens (Siemens Medical Solutions, USA, Ultrasound Division, Issaquah, WA)
SONOLINE Antares™ ultrasound scanner and VF10-5 handheld transducer were used. The
192 element, linear array formed B-mode and ARFI images at a center frequency of 6.67 MHz.
Traditional B-mode images were formed across a 38 mm lateral field of view and with a line
density of 6.7 lines per millimeter. In-phase (I) and quadrature (Q) signals from the received
echoes were recorded via the Ultrasonic Research Interface™ (Siemens Medical Solutions,
Issaquah, WA, USA). During acquisition, the corresponding electrocardiogram (ECG) was
also recorded.

Along each lateral location, the ARFI pulse sequence consisted of one reference line, one
radiation force pulse line, and several consecutive tracking lines. Reference and tracking lines
are conventional B-mode imaging lines utilizing short transmit pulses (0.1-0.2 us). The
radiation force pulse line produces a high intensity pushing beam by transmitting an extended
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excitation pulse (45 ps pulse length). The reference line was used to establish the initial tissue
position and served as a reference for measuring subsequent displacements. The pushing beam
was then transmitted along the same line to induce small displacements within the tissue. These
displacements were estimated by recording echoes from thirteen consecutive tracking lines at
a pulse repetition frequency (PRF) of 3 kHz and correlating them with the echoes from the
initial reference line with a phase shift estimation algorithm(Kasai and Namekawa, 1985). The
reference and tracking lines used conventional B-mode pulses, 1-2 cycles long. Previous
studies have shown the axial and lateral resolution of ARFI images to be comparable to B-
mode images obtained under similar imaging conditions. A more detailed description of the
ARFI acquisition process is described by Nightingale et al. (2001).

Three-line M-mode ARFI imaging

To examine specific regions of tissue at a high sampling frequency, three-line M-mode ARFI
images were acquired. These sequences consisted of consecutively transmitted radiation force
pulses at three lateral positions spaced 9.5 mm apart. Repeated tracking lines were then
recorded by a novel method of multiplexing the tracking location through each of the three
transmit beams. The acquisition time for the entire sequence was 5.9 ms. In order to limit tissue
and transducer heating, three-line M-mode ARFI sequences in these experiments were
executed for three seconds (across 4-5 heartbeats) at a sampling rate of 40 Hz.

Two-dimensional ARFI Imaging

Two-dimensional ARFI images were formed across a 14 mm lateral field of view at a line
density of 3.6 lines per millimeter. Much like the three-line M-mode sequences, these two-
dimensional ARFI sequences consisted of consecutive radiation force pulses transmitted at
three lateral locations spaced one third of the lateral field of view apart. Parallel-receive ARFI
imaging, as previously described by Dahl et al. (2006), was also utilized in this study to shorten
acquisition times and reduce tissue and transducer heating. Multiplexed tracking lines,
consisting of four parallel-receive lines centered around each of the three transmit locations,
were recorded for 4.28 ms with a PRF per single location of 3.0 kHz. The entire sequence was
then electronically translated across the field of view to form a complete two-dimensional
image. Single frame ARFI images were formed by displaying the measured tissue
displacements 1.3 ms after cessation of the radiation force pulse. These displacement images
were spatially median filtered with a 0.3 mm (axial) x 0.7 mm (lateral) kernel.

The sequence interrogated the entire 14 mm field of view using twelve radiation force pulses
for a total acquisition time of 24 ms. Conventional ARFI sequences without parallel-receive
and multiplexing methods would have required 288 ms and 48 radiation force pulses for the
same field of view. Again, to limit long-term tissue and transducer heating, 2-D ARFI images
in these experiments were acquired for three seconds with a frame rate of 10 Hz.

Displacement Estimation

Axial displacements were calculated by using a phase shift estimation algorithm(Kasai and
Namekawa, 1985). As the displacements are measured by determining the phase shift of the
signal, the lags estimated are limited to within £180° (a half wavelength in either direction).
Tissue displacements surpassing these limits alias as the estimates wrap about the origin. To
correct for this error, large displacement discontinuities through time greater than half a
wavelength within the data were found and shifted a complete wavelength in the opposite
direction.

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu et al. Page 5

Quadratic Motion Filter

Motion filters were designed to reduce artifacts due to motion external to the radiation force-
induced displacements. Within the heart, these artifacts arise primarily from physiological
cardiac motion. The quadratic motion filter assumes that tissue acceleration arising from
physiological motion is constant within the time intervals of the ARFI-induced displacements.
Therefore, at any point within the tissue (X, y, z), a second-order polynomial can be used to
approximate the physiological displacements (d(t)) measured within the ARFI images:

d(i‘)=01i'2+02t+03 )

The initial reference line is defined as the origin, and all displacements are estimated with
respect to windowed echoes from that line. Evaluating the polynomial at that point yields:

d(0)=c,=0 ()]

]
c1 and ¢, are found with a least squares regression to the displacement data. This regression is
calculated by using displacements measured after a thresholded time (tihresn) When the tissue
is assumed to have fully recovered from the radiation force excitation. This time must be short
enough so that the assumption of constant physiological tissue acceleration remains valid.
Thus, later displacements reflect physiological motion. By applying the regression to a limited
subset of times (t5) and measured displacements (dg), where t> tinresh, the coefficients (c; and
Co) are found to be:

(4)

01} 1
Lz Zt*‘th—(Zt3)2{—):t3~):t2d +Y et Y ta
s% 5% s ® s s K s

Excluding the origin, these coefficients can be determined with only two data points beyond
the threshold time. The curve (Equation 2) is then subtracted from the entire displacement
profile and the residual displacements are considered the tissue responses to the radiation force
excitation. The quadratic motion filter operates on a pixel-by-pixel basis and calculates these
coefficients at every spatial location based on displacements measured at each point. A
graphical representation of this quadratic motion filter is shown in Figure 1.

As the heartbeat is a vigorous and complex process, it is likely that our quadratic approximation
cannot accurately model this cardiac motion throughout the entire heartbeat. As a result, it is
necessary to evaluate the performance of this motion filter at all points of the cardiac cycle and
determine the expected filter performance for cardiac ARFI imaging.

Experimental Procedure

We imaged the beating hearts of two canine subjects in this study approved by the Institutional
Animal Care and Use Committee at Duke University conforming to the Research Animal Use
Guidelines of the American Heart Association. Both animals weighed approximately 20 kg.
The chest was opened for reasons unrelated to this study. An Aquaflex ultrasonically
transparent 5 mm standoff pad (Parker Laboratories, Fairfield, NJ, USA) was placed between
the heart and the transducer. The imaging probe was held in contact with the heart while
attempting to maintain a fixed imaging plane for each acquisition. With canine heart rates
above 100 beats per minute, it was questionable if subtle ARFI-induced displacements could
be measured in the presence of vigorous cardiac motion. Therefore, the effectiveness of the
quadratic motion filter in estimating and removing cardiac motion was first examined.
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To assess potential physiological cardiac motion artifacts, three-line M-mode ARFI images of
the left ventricular free wall were acquired at a 1.5 cm focus. Passive ARFI sequences, where
the radiation force pulse transmit voltage was zero, were acquired. As these sequences provided
no external excitation to the tissue, displacements within the images represent cardiac motion
artifacts. The quadratic motion filter with a time threshold of 2.97 ms was used to approximate
the cardiac motion. Previous studies of cardiac ARFI imaging have shown that myocardial
tissue recovery occurs within 2-3 ms after cessation of the radiation force pulse(Fahey et al.,
2005b). With the ARFI pulse sequences described in the previous section, five points (one
reference and four post-threshold lines) were available to be used in determining the motion
filter coefficients in Equation 4. The displacement profile was subtracted from the initial
displacement estimates to produce a residual displacement plot. Along each of the three M-
mode lines, the average residual displacements, measured 0.66 ms after cessation of the
radiation force pulse, were calculated. The delay was set to the expected time for maximum
tissue displacement response of myocardial tissue due to a radiation force pulse. Average
residual displacements within a 3.9 mm axial window at a constant depth of 1.1 cm were plotted
through time and matched with the corresponding ECG. This placed the regions of interest
near the center of the ventricular wall. The plots were used to evaluate the expected levels of
motion artifact within ARFI images at various points of the cardiac cycle.

Active three-line M-mode ARFI sequences, now including a 45 ps radiation force excitation
pulse, were then acquired. The same quadratic motion filter was applied to the measured
displacements. The resulting filtered displacements, which were measured 0.66 ms after
cessation of the radiation force pulse within a 3.9 cm axial window at constant depth of 1.1
cm, were plotted with the corresponding ECG.

The transducer was placed on the right side of the heart and parallel to its long axis. From this
viewing angle, the field of view contained both the right atrium and right ventricle. Two-
dimensional B-mode and ARFI images, focused on the septum at a depth of 2.0 cm, were
acquired for 3 seconds at a sampling rate of 10 Hz. The transducer was held in direct contact
with the heart while maintaining a single imaging plane through the cardiac cycle. By holding
the transducer in this manner, the transducer restricted the full expansion. Displacements within
the septum in both chambers were examined and tracked through the entire cardiac cycle.

A radiofrequency ablation device (Cardiac Pathways, Sunnyvale, CA, USA) with a SteeroCath
catheter (Boston Scientific, Natick, MA, USA) was used to perform a 20 Watt, 120 second
ablation on the epicardial surface of the free wall of the left ventricle. The ablation site was
manually irrigated with 0.9% saline. Following the ablation, a visibly discolored lesion was
present that moved with the heart but would not be expected to contract nor change in
mechanical stiffness through the cardiac cycle. The 5 mm standoff pad was placed on the heart
and the transducer was centered directly over the ablation lesion. Two-dimensional B-mode
and ARFI images were acquired with the transducer focused at 1.5 cm.

With the heart at normal sinus rhythm, multibeat synthesis was used to create tissue
displacement plots through the cardiac cycle by sorting the 30 ARFI images with their relative
times of acquisition between QRS complexes. Tissue displacements were plotted at two points
within the myocardium (one in the center of the lesion; another in healthy tissue). The two
plots were compared to track myocardial stiffness through the cardiac cycle.

To quantify physiological motion artifacts within the ARFI images of the lesion, 3-line M-
mode ARFI sequences were acquired with the center M-mode line positioned directly over the
lesion. The two outer M-mode lines were positioned over healthy, non-ablated tissue. Three-
line M-mode ARFI images were acquired with and without radiation force pulse excitations
and matched with the corresponding ECG trace. The sequences were focused at a depth of 1.5
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cm while the points of interest were shifted towards the epicardial surface such that the center
point would be inside the lesion. As the points of interest were shallow to the transmit focus,
the maximum displacement and tissue recovery times associated with these points would occur
later in time than at points around the focus(Palmeri et al., in press). As a result, displacements
plots were made 1.3 ms after cessation of the radiation force pulse while the threshold time
was set at 3.30 ms. With this time threshold, the four points were used to determine the motion
filter coefficients in Equation 4. Displacements measured within the center beam were then
compared to displacements measured from the two outer beams.

The B-mode image of the left ventricle with marked locations of the three M-mode ARFI lines
isshown in Figure 2a. The locations of the three M-mode lines and points of interest are marked
on the B-mode image. The residual motion filtered displacement plots from a zero excitation
pulse amplitude sequence are shown in Figure 2c. The physiological tissue motion measured
at the same time (0.66 ms) after cessation of the radiation force pulse is shown in Figure 2b.
Ideally, the filtered displacements would be zero, indicating complete filtering of cardiac
motion. However, as the cardiac motion increases and becomes more complex, the quadratic
approximation of cardiac motion becomes less accurate and the tracking of local tissue motion—
on which the filter is based— becomes noisier. As a result, displacement artifacts arise.

The three residual displacement curves have similar magnitudes and profiles, with a 0.19 £
0.26 um average absolute residual displacement. When matched with the ECG in Figure 2d,
the maximum absolute residual displacements of approximately 1.5 um can be observed to
occur around the QRS complexes. Physiologically, these points correspond to ventricular
systole and myocardial contraction. Large physiological motion estimates measured at these
points of the cardiac cycle suggests that greater tissue motion increases the uncertainty and
error in the motion filter. The motion artifacts measured in passive ARFI sequences can be
used to predict the levels of bias and error in subsequent ARFI acquisitions of the left ventricle.
Tissue displacements measured for active ARF1 acquisitions that include excitation pulses must
be greater than these residual displacements in order to assure that they are due to variations
in myocardial stiffness and not an artifact of cardiac motion.

The motion filtered displacement plots from the active three-line M-mode ARFI sequence that
included high intensity excitation pulses are shown in Figure 2f. The three displacement plots
have similar profiles and magnitudes, suggesting that ventricular myocardial stiffness and its
variations through the cardiac cycle are relatively uniform. The plots show cyclic
displacements with the differences between maximum and minimum displacements from each
of the three lines greater than 12 um. Tissue displacements at all three positions fall below 5
pm during systole, reflecting the fact that the ventricular myocardium has stiffened as it
contracts. The average minimum systolic displacement is 3.96 + 1.16 um. After the T-wave,
the heart is in ventricular diastole as the ventricles relax and become more compliant.
Accordingly, tissue displacements for all three lines rise to their maximum values, above 15
pm. The average maximum diastolic displacement is 19.75 £+ 2.97 um. The average ratio
between maximum diastolic to minimum systolic displacements is 5.3:1. Physiological motion
estimates, shown in Figure 2e, have similar magnitudes though fewer spikes than measured in
the previous passive ARFI acquisition. Thus, the levels of physiological motion artifact are
likely to be comparable to those measured in the preceding null excitation acquisition.

Two-dimensional ARFI images of the septum, formed across a 14 mm lateral field of view and
a line density of 3.6 lines per millimeter, were acquired for three seconds at a frame rate of 10
Hz. Each image utilized twelve 45 ps radiation force pulses to interrogate the entire field of
view. Two frames of matched B-mode and ARFI images at atrial and ventricular systole are
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shown in Figure 3. The right atrium (RA), right ventricle (RV) and tricuspid valve (TV) are
labeled in the B-mode images (Figure 3a and c). The relative times of acquisition of the images
are marked by the two vertical lines on the ECG in Figure 3e. The B-mode image acquired
during atrial systole (Figure 3a) shows that the tricuspid valve has opened as the atria are
contracting and blood is flowing into the ventricles. The corresponding ARFI image (Figure
3b) suggests that the atrial septum is stiffer than the ventricular septum as the tissue
displacements in the atrial septum (~2 pum) are lower than those measured within the ventricular
septum (~8 um). Again, the difference in displacements between the two chambers is greater
than the residual displacements measured in sequences without excitation pulses.

After the QRS complex, ventricular contraction is apparent within the B-mode image (Figure
3c) as the tricuspid valve has closed. The ventricular septum has stiffened as the ventricles
eject blood out of the heart. Meanwhile, the atrial septum has become more complaint as the
heart is also experiencing atrial diastole. The corresponding ARFI image (Figure 3d) reflects
this trend as the displacements within the ventricular septum are small while tissue
displacements within the atrial septum have increased. The difference in myocardial stiffness
is comparable to what is observed during atrial systole.

Matched B-mode and ARFI images of the left ventricular free wall with a stiffer lesion on the
epicardial surface at four points of the cardiac cycle are shown in Figure 4. The four B-mode
images show a section of the myocardium changing thickness as the heart beats. However they
provide little indication into the presence of a stiffer lesion. Conversely, the ARFI images show
a hemispherical region of decreased displacement on the proximal surface of the tissue. Lesions
boundaries were visually assessed from the ARFI images and are marked by the dashed lines
within the B-mode images.

Inall four ARFI images, displacements within the lesion are small and remain small throughout
the cardiac cycle. This suggests that the lesion is functionally inactive and does not change in
stiffness as the ventricles contract/relax. In contrast, tissue displacements of healthy
myocardium surrounding the lesion are larger and vary throughout the cardiac cycle. During
ventricular systole (Figure 4c), the myocardium stiffens, and the ARFI-induced displacements
within healthy tissue decrease to a level where it is difficult to distinguish the hemispherical
lesion from the surrounding non-ablated myocardium. The lesion is best visualized within the
ARFI images during ventricular diastole (Figure 4a), when the healthy myocardium is most
compliant. ARFI images of the left ventricular free wall in transition between systole and
diastole are shown in Figure 4b and d.

Displacement plots at two selected points within the myocardium created via multibeat
synthesis are shown in Figure 4f. The two selected regions of interest spana 1.7 mm x 1.7 mm
window, and their positions are marked by their respective shapes in the four B-mode images.
From these plots, the cyclic variation in tissue stiffness within healthy cardiac tissue becomes
more apparent. After the QRS complex, tissue displacements within untreated tissue drop
sharply. From contraction through relaxation, the average displacement for the region of
healthy left ventricular myocardium was 2.76 £ 0.28 um. Inside the lesion, the average
displacement during this segment of the ECG was 2.23 £ 0.25 pm. Induced displacements
within healthy myocardium gradually increase to be greater than 8 um shortly after the T wave.
After ventricular repolarization but before ventricular contraction, the average displacements
in healthy and ablated tissue were 8.43 £ 0.79 pm and 3.54 + 0.48 um, respectively.

To assess the cardiac motion artifact within these images, three-line M-mode ARFI images

were acquired. The B-mode image and three-line M-mode ARFI displacement plots are shown
in Figure 5. The positions of the three displacement plots are marked by their respective shapes
in the B-mode image in Figure 5a. The motion filtered displacements with the zero radiation
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force pulse amplitude sequences are shown in Figure 5c. The three plots are similar in shape
and magnitude and provide little evidence to differentiate the center line containing the lesion
from the other two. The largest residual displacements still occur around systole. The average
absolute residual displacement of the three lines is 0.18 = 0.24 um and similar to displacements
measured in the previous M-mode acquisition (Figure 5c). The physiological motion estimates
(Figure 5b) shows a significant reduction in cardiac motion than from the previous acquisition.
This is likely due to the fact that the regions of interest are at a shallower depth, which move
less than deeper regions of tissue, relative to the in-contact transducer.

The displacement plots from the three-line M-mode ARFI acquisition that included high
intensity excitation pulses focused at 1.5 cm are shown in Figure 5f. The overall differences
in maximum and minimum tissue displacements are also less than the previous three-line M-
mode acquisition. As the radiation force pulses were focused at a greater depth than the regions
of interest, the observed ARFI-induced displacements are also less. From this plot, it also can
be observed that the two outer plots have a similar cyclic pattern with a systolic and diastolic
displacement difference greater than 3 um. For the center M-mode line containing the lesion,
a cyclic variation of displacements is still present though the displacements are much smaller
than measured in the two outer lines. The maximum displacements reaches only 1.5 um during
diastole while the difference between systolic and diastolic displacements is below 1 um.
During systole, the displacements inside the lesion are similar to those measured within the
other two lines, indicating that the lesion is of comparable stiffness to the contracted
myocardium. However, the reduced diastolic displacements and reduced levels of residual
cardiac motion artifact confirm that the measured displacements are the result of the difference
in mechanical properties between normal and ablated myocardium.

Discussion

Passive three-line M-mode ARFI acquisitions do not excite the tissue. Ideally, the motion
filtered residual displacements are zero, indicating the complete removal of cardiac motion.
The residual displacements that are measured within the passive ARFI images are a metric for
the performance of the motion filters and reflect the levels of noise and bias expected during
active ARFI imaging. More effective motion filters are currently being investigated to further
reduce cardiac motion artifacts. As these motion filters are used to approximate the measured
cardiac motion, they will not remove displacement artifacts caused by errors in tracking the
tissue motion. Several factors, including out of beam motion and tissue shearing/rotation,
introduce error into the displacement estimates. More accurate displacement estimators, such
as normalized cross-correlation(Pinton et al., 2006), could provide better estimates of the
displacements and therefore would be less susceptible to motion artifacts; however, the
additional computational expense of these estimators must be considered for real-time
applications.

Tissue displacements measured within the active three-line M-mode ARFI sequences (Figure
2e) are less than 5 um during ventricular systole, reflecting the fact that the ventricular
myocardium has stiffened during contraction. After the T-wave, the heart enters cardiac
diastole, and the ventricles become more compliant. Accordingly, tissue displacements at this
point of the cardiac cycle are above 10 um and at their maximum values. The difference
between systolic and diastolic ARFI displacements exceeds the measured residual
displacements from the previous null excitation sequence. Therefore, observed variations in
tissue displacements likely reflect changes in myocardial stiffness and not artifacts resulting
from cardiac motion.

The three-line M-mode plots show mean measured displacements at a fixed axial depth in order
to maintain a specific region of interest where the radiation force magnitude is believed to be
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constant. However, changes in any of the three variables from Equation 1 that determine
radiation force magnitude will bias the measured displacements. Therefore, a degree of
uncertainty is present when making stiffness comparisons as some of the differences in
displacements could be due to variable radiation force magnitudes. Also, by fixing the imaging
plane, the same section of the myocardium is not interrogated. As a result, spatial variations
in stiffness with tissue depth will introduce error into the displacement plots.

Large variations among displacement estimates result in a large margin of uncertainty in the
stiffness ratio, particularly because the smaller systolic displacement is the denominator term.
In this study, the stiffness ratios are calculated only for regions of interest with large tissue
displacements and therefore larger signal to noise ratio (SNR). Systolic displacements at the
depth of the epicardial lesion were too small to calculate accurate stiffness ratios. In the
displacements plots shown in Figure 2e, the regions of interest are close to the transmit focus
of the radiation force pulse, and therefore the measured tissue displacements are higher. The
5.3:1 stiffness ratio for this region is comparable to the stiffness ratios measured in other studies.
Jalil et al used indirect measurements of left ventricular pressure and weight and assumed
spherical geometry to determine stress/strain relations within the heart(Jalil et al., 1989). The
measured end-systolic to end-diastolic stiffness ratio from this method was 4.2:1. Jegger et al.
(2006) used P-V analysis to derive an end-systolic to end-diastolic ratio of 13.2:1.

The two-dimensional ARFI images of the heart show the changes in local stiffness of the heart
through the cardiac cycle. The ARFI images from the right side of the heart show the staggered
atrioventricular contraction of the heart at the appropriate times during the ECG. ARFI images
taken at four distinct points of the cardiac cycle also reflect the changes in myocardial stiffness
as the muscle contracts and relaxes. The ARFI image acquired during diastole indicates that
the untreated tissue has become more compliant as the displacements within those regions of
myocardium are large. At this point, the lesion becomes most apparent within the ARFI images
because the differences in myocardial stiffness between the lesion and surrounding tissue are
at their greatest. During systole, tissue displacements within the untreated tissue are small,
indicating that the tissue stiffened. In fact, tissue displacements are reduced to a level where it
is difficult to distinguish the semicircular lesion from the surrounding untreated tissue.

The displacement versus time plot created from multibeat synthesis of untreated tissue shows
myocardial stiffness changes throughout the cardiac cycle. The plot suggests that myocardial
stiffening occurs quickly, as tissue displacement falls sharply from its peak value. Myocardial
relaxation appears to be a more gradual process, as the slope returning to maximum diastolic
displacement is shallower. This pattern reflects the rapid spread of electrical excitation that
drives myocardial contraction and the gradual, more diffuse repolarization during relaxation
(Haws and Lux, 1990).

During the active three-line M-mode ARFI acquisition of the lesion, a cyclic pattern is observed
in all three displacement traces (Figure 2c¢). One would not expect the displacements within
ablated tissue to vary. One explanation for these observed cyclical variations is that the
transducer was not placed directly over the ablation site and the cross section of the lesion
within this image is not of fully ablated tissue. It is also possible that the ablated tissue was
stiffened by the contraction of the surrounding normal tissue. Nevertheless, the fact that the
plot from the middle M-mode line has reduced displacements compared to those of the two
outer lines suggests that a lesion is present. The B-mode images provide no such indication.

In order to create a real-time clinical system, further development is necessary. To be less
invasive, ARFI images must be formed without exposing the heart. Expanding these methods
to transducers better suited for cardiac imaging, such as phased array transthoracic,
transesophageal (TEE) and intra-cardiac (ICE) echocardiography probes, is a viable option.
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The reduced output power from the smaller arrays associated with TEE and ICE is a concern.
Investigations into abdominal ARFI imaging have suggested that transthoracic ARFI imaging
with a handheld array would be capable of producing measurable displacements at the depth
of the heart(Fahey et al., 2005a). However, the same factors that limit the applications of
standard echocardiography, including restricted viewing angles and increased depth, will limit
transthoracic ARFI imaging.

The ARFI images of the heart were formed from only a few viewing angles and are not a
comprehensive evaluation of cardiac ARFI imaging. Further investigation and repeated
experiments with multiple transducer orientations and viewing angles can assess the general
applicability of cardiac ARFI imaging. These experiments can also be used to determine the
influence of several myocardial properties, including tissue anisotropy and muscle fiber
orientation, that can vary depending with transducer position and orientation.

Thermal safety concerns related to tissue heating due to ARFI imaging also need to be
addressed for clinical acceptance. Finite element modeling of tissue heating associated with
ARFI imaging has shown that the temperature increase from a single image is moderately low.
However, heat accumulation during extended ARFI imaging is a concern(Fahey et al., 2007;
Palmeri and Nightingale, 2004). In these experiments, the sampling rate was set to 10 Hz while
acquisition times were limited to only three seconds. The maximum temperature rise of the
transducer face for these sequences was measured to be approximately 4°C. Extended
acquisition and higher sampling rates could possibly cause thermal damage to the tissue. One
possible solution is to reduce the radiation force amplitude, which in turn, would reduce tissue
and transducer heating. However, a reduction of radiation force pulse amplitude would also
result in reduced displacements within the ARFI images. A decrease in the signal (tissue
displacements) within the ARFI images is acceptable so long as the noise can also be reduced,
thereby preserving the SNR. This can be accomplished by improving the displacement
estimators and motion filters as previously discussed.

Conclusion

We present preliminary results demonstrating a method for real-time imaging of myocardial
stiffness. The plots and images presented in the paper show cyclic displacement curves that
reflect the changing mechanical properties of the heart during the heartbeat. The observed
increases in myocardial stiffness within the ARFI images were correlated with myocardial
contraction using the ECG. Also, real-time ARFI imaging is capable of visualizing an ablation
lesion and demonstrates that the ablated tissue has smaller variations in stiffess through the
cardiac cycle than the surrounding untreated myocardium. These results show the potential
clinical utility of real-time cardiac ARFI imaging.
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Figure 1.

Graphical representation of the quadratic motion filter. (a) The original displacements (circle
plot), measured using phase shift methods, include both cardiac motion artifacts and radiation
force induced tissue displacements. A threshold time (vertical dotted line) is selected to reflect
the time that the tissue is assumed to have recovered fully from the excitation pulse. A second-
order polynomial (dashed line) is then fit from the origin to the displacements measured after
the threshold time (starred points). (b) This curve is then subtracted from the original
displacements, and the residual displacements (square plot) are considered the tissue response
to the radiation force pulse.

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.

o



Page 17

Hsu et al.

Figure 2a

-— N (4p] < (9]
[ wo ] uonisod [eIxy

NIH-PA Author Manuscript NIH-PA Author Manuscript

0

~1

Lateral Position [ cm |

NIH-PA Author Manuscript

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu et al.

Figure 2b
Physiological
Motion Estimate [ um ]

[s]awil
8’1 9’1 vl 2’1

c

¢¢

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.

Page 18



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu et al.

Figure 2c

Motion Filtered
Displacement [ um ]

[s]awil
31 o'l vl 'l

4

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.

Page 19



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu et al.

Figure 2d

ECG Trace

Page 20

1.2 1.4 1.6 1.8
Time[s]

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu et al.

Figure 2e
Physiological
Motion Estimate [ um ]

[s]awil
vl 'l

oL

8L

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.

Page 21



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu et al.

Figure 2f
Motion Filtered

Displacement [ um ]

[s]eawil
A 'l

9L

8L

Ultrasound Med Biol. Author manuscript; available in PMC 2007 December 6.

Page 22



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu et al.

Figure 2g

ECG Trace

Page 23

1 1.2 1.4 1.6 1.8
Time[s]

Figure 2.

Matched B-mode image and plots from the three-line M-mode ARFI acquisitions of a healthy
left ventricular free wall. The B-mode image (a) shows the left ventricle, with vertical lines
indicating the lateral locations of the three M-mode lines. The points of interest for the
subsequent plots are also marked by their respective shapes within the B-mode image. With
zero pulse amplitude excitation, motion filtered displacements (c), measured 0.66 ms after
cessation of the radiation force pulse, show residual artifacts with an average absolute
displacement of 0.19 + 0.26 um. The estimated physiological motion (b), measured at the same
time, show the greatest residual displacements occur with large tissue motion. The ECG (d)
shows that these points coincide with ventricular systole. When the sequences were acquired
with a 45 ps excitation pulse and matched with its corresponding ECG (g), ARFI-induced
tissue displacements (f) show cyclic patterns with the minimum and maximum displacements
measured during systole and late diastole, respectively. Physiological motion estimates (e) are
comparable to those previously measured, suggesting that the levels of artifact within the
displacements plots should also be similar.
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Figure 3.

Matched B-mode and ARFI images along the long axis of the right side of the heart and its
corresponding ECG (e). The images were focused at 2.0 cm on the septum. The right atrium
(RA) is located on the left; the right ventricle (RV) is on the right; the tricuspid valve (TV) is
between the two. The B-mode image of the heart during atrial contraction (a) shows that the
TV has opened, allowing blood to flow into the RV as the atria contract and the ventricles
relax. The corresponding ARFI image (b) reflects this trend as the stiffer atrial septum displaces
(um away from the transducer) less than the more compliant ventricular septum. The B-mode
image of the heart during ventricular contraction (c) is shown with a closed TV. The ARFI
image at this point (d) suggests the ventricular myocardium has stiffened as the displacements
within the ventricular septum are small. Meanwhile, tissue displacements are larger within the
atrial septum, suggesting that it is more compliant.
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Figure 4.

B-mode and ARFI images of the left ventricular free wall at various points of the cardiac cycle
with a lesion on its epicardial surface. The approximated boundaries for the lesion are marked
by the dashed lines within the B-mode images. When matched to the ECG (e), the images
correspond to: (a) atrial systole, (b) atrial diastole, (c) ventricular systole, and (d) cardiac
diastole. All four ARFI images show that displacements (um away from the transducer) within
the lesion are small and remain small during the entire heartbeat. In the surrounding healthy
myocardium, tissue displacements change throughout the cardiac cycle. During ventricular
systole, the displacements are small, indicating the myocardium has stiffened as it contracts.
Using multibeat synthesis, displacement plots of a point inside and a point outside the lesion
() reflect this trend as there is little variation in tissue displacements inside the lesion. Outside
the lesion, the displacements are greater than 8 um during diastole and are less than 4 um
during systole.
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Figure 5.

Matched B-mode and three-line M-mode ARFI displacement plots of the left ventricular free
wall with a laterally-centered lesion on the proximal surface created via radiofrequency
ablation. The motion filtered displacement plots (c), measured 1.3 ms after cessation of the
radiation force pulse and produced from a zero pulse amplitude sequence, show small residual
displacements with little variances between the center line and the outer two lines that do not
contain the lesion. The motion filtered displacement from a sequence containing excitation
pulses (f) show cyclic variations in tissue displacements that correspond to the myocardial
stiffening during the cardiac cycle. The displacements inside the lesions do not rise above 1.5
pm. During ventricular diastole, displacements on the two outer lines within healthy
myocardium are greater as they rise above 4.0 um. The estimated physiological motion plots
(b and e) show reduced tissue motion as the points of interest are now closer to the transducer.
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