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Abstract

A noninvasive method of characterizing myocardial stiffness could have significant implications
in diagnosing cardiac disease. Acoustic radiation force (ARF)—driven techniques have
demonstrated their ability to discern elastic properties of soft tissue. For the purpose of myocardial
elasticity imaging, a novel ARF-based imaging technique, the displacement ratio rate (DRR)
method, was developed to rank the relative stiffnesses of dynamically varying tissue. The basis
and performance of this technique was demonstrated through numerical and phantom imaging
results. This new method requires a relatively small temporal (<1 ms) and spatial (tenths of mm?)
sampling window and appears to be independent of applied ARF magnitude. The DRR method
was implemented in two in vivo canine studies, during which data were acquired through the full
cardiac cycle by imaging directly on the exposed epicardium. These data were then compared with
results obtained by acoustic radiation force impulse (ARFI) imaging and shear wave velocimetry,
with the latter being used as the gold standard. Through the cardiac cycle, velocimetry results
portray a range of shear wave velocities from 0.76-1.97 m/s, with the highest velocities observed
during systole and the lowest observed during diastole. If a basic shear wave elasticity model is
assumed, such a velocity result would suggest a period of increased stiffness during systole (when
compared with diastole). Despite drawbacks of the DRR method (i.e., sensitivity to noise and
limited stiffness range), its results predicted a similar cyclic stiffness variation to that offered by
velocimetry while being insensitive to variations in applied radiation force.
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INTRODUCTION

Cardiac stiffness

In 2006, 34% of all deaths in the United States were caused by cardiovascular disease
(Lloyd-Jones et al. 2010). In that same year, 8.5 million Americans had a myocardial
infarction and 5.8 million had heart failure. These forms of cardiac disease, as well as others,
often manifest themselves as changes in myocardial stiffhess. Freshly infarcted
myocardium, in addition to losing its contractility, becomes significantly stiffer and remains
stiff during later phases of healing (Holmes et al. 2005). Diastolic heart failure is associated
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with the inability of the ventricles to sufficiently relax (i.e., decrease in stiffness) during
diastole, whereas systolic heart failure represents a failure of the heart to sufficiently
contract (and thus stiffen) during systole (Zile et al. 2004; Vasan and Levy 2000).
Consequently, a noninvasive, inexpensive and effective means of assessing myocardial
stiffness through the cardiac cycle could be of diagnostic value.

Because stiffness captures the relationship between stress and strain within a medium, many
groups have focused on quantifying strain—which in the heart tends to be easier to estimate
than its stress counterpart—to indirectly assess cardiac function. To this end, researchers
have focused on naturally occurring or externally generated dynamics, whereas motion
tracking methods to assess strain have used both ultrasound-based and magnetic resonance
imaging (MRI)-based techniques (Fatemi and Greenleaf 2002). The cyclic contraction of
the heart’s chambers results in cyclic variations in chamber volume, pressure and wall strain.
An assessment of chamber stiffness can be achieved through a chamber’s P-V loop, which
typically involves estimating its pressure-volume relationship over multiple heartbeats
during an increase in blood pressure (Mirsky et al. 1987). This method generally requires
invasive, catheter-based techniques for pressure and volume (i.e., conductance catheter)
estimates. An ultrasound-based approach, strain or strain-rate imaging permits one to track
regional deformations in the heart with conventional ultrasonic methods (Amundsen et al.
2006; D’hooge et al. 2002); this analysis can then be used to assess wall elasticity changes
associated with ischemic/reperfused myocardium (Pislaru et al. 2004). The underlying
simplifications and assumptions, however, in tissue geometry and distribution of loads can
make estimation of cardiac function based on strain and strain-rate imaging susceptible to
artifacts (Burkhoff et al. 2005).

In addition to tracking gross wall motion, it is also possible to track naturally occurring, low-
frequency waves traversing the myocardium. Kanai (2005) first investigated mechanical
waves generated by the transient dynamics of aortic valve closure. He measured wave
speeds in the intraventricular septum (IVS) of 2.0-4.5 m/s during early diastole. Citing a
wavelength that was larger than the 1VS wall thickness, Kanai used a mechanical model
based on Lamb wave propagation to derive specific elasticity metrics (i.e., stiffness and
viscosity). This technique, however, requires valve closure and thus cannot be applied
throughout the cardiac cycle. In addition to naturally occurring phenomena, one can also
create a wave through external means. If a low-frequency, external, harmonic excitation is
coupled into the heart, an MRI-based elasticity imaging technique, known as magnetic
resonance elastography (MRE), can be implemented (Muthupillai et al. 1995). Rump et al.
(2007) generated 50-Hz mechanical waves in the IVS of a human heart with an external rod.
The speed of these waves was measured with MRE to be 2.5 + 0.4 m/s; no significant
changes in velocity through the cardiac cycle were found. Using a plate model, they
predicted elasticities of 27-5 kPa from late diastole to systole, respectively. Sack et al.
(2009) used a similar protocol, but with a 25-Hz excitation, to measure a shear modulus ratio
(diastole:systole) of 37.7 £ 10.6 throughout the cardiac cycle. Given the current cost of
MRI-based scanning, however, it is unlikely such a technique will experience widespread
clinical implementation.

ARFI-based imaging

ARF is generated whenever an acoustic wave interacts with absorbing or reflecting elements
in its propagation path (Torr 1984). This force results from a transfer of momentum and is in
the direction of wave propagation for the case of pure absorption, a condition often
approximated for soft tissue (Westervelt 1951; Lyons and Parker 1988). If a plane wave
assumption is made (in addition to the pure absorption assumption), the force application at
a specific point is proportional to the absorption coefficient and time-average intensity at
that point (Nyborg 1965). If an ARF application is of short duration (e.g., <1 ms), it is often
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referred to as an ARF impulse (ARFI). When an ARFI is generated in soft tissue, micron-
order displacement away from the transducer results after force application in the region of
ultrasonic beam propagation. Slightly later in time (i.e., typically in ms), displacement is
generated at laterally offset locations because of the production of shear waves, which travel
in the direction transverse to longitudinal wave propagation (Sarvazyan et al. 1998). In a
linear, isotropic, elastic medium, the speed of these shear waves can be expressed as (Lai et

al. 1993):
C= \/E: 2 IE R
o \J (I+v)p 1)

where y is the shear modulus, E is the Young’s modulus, v is the Poisson’s ratio and p is the
density of the tissue. This relationship demonstrates that shear wave velocity is proportional
to a tissue’s stiffness. A typical range for shear wave velocities in soft tissue is 1-5 m/s
(Bishop et al. 1998).

Using the ARFI-induced dynamics that occur on-axis (within the ARF beam profile) and
off-axis (outside the beam profile and caused by shear wave propagation), it is possible to
incorporate ARFI pulses (i.e., with pulse lengths typically 50 to 100 ws) into ultrasound
sequences for the purpose of elasticity imaging. The peak displacement achieved on-axis
and resulting from an ARFI pulse is inversely related to tissue stiffness (Palmeri et al. 2005).
Multiple research groups have used an on-axis approach, commonly referred to as ARFI
imaging, for the purpose of characterizing viscoelastic elements of breast, liver and vascular
disease (Nightingale et al. 2001; Melodelima et al. 2006; Behler et al. 2009; Palmeri et al.
2008). Off-axis dynamics can be investigated for similar purposes. Such an imaging
approach, commonly referred to as shear wave elasticity imaging (SWEI), relies on the
relationship presented in eqn (1) and enables quantification of a tissue’s stiffness modulus if
an elasticity model is assumed (Bercoff et al. 2004; Sarvazyan et al. 1998; Nightingale et al.
2003). In this paper, because of the complex material and structural properties of the heart,
rather than making simplifying assumptions, we report only shear wave speeds, which will
be referred to as “shear wave velocimetry” or simply “velocimetry.”

Using ARFI imaging, Hsu et al. (2007) observed evidence of in vivo cyclic stiffness
variation of the left ventricular free wall (LVFW) by imaging directly on the epicardium. By
quantifying the displacement 0.7 ms after initiation of the ARFI excitation, they measured
an average ratio between maximum diastolic to minimum systolic displacement of 5.3:1.
They reasoned that the increased (ARFI-induced) displacement occurring during diastole
suggested a period of greater compliance when compared with periods of lesser
displacement during systole. This cyclic variation in induced displacement, however, could
be affected by variations in absorption and/or scattering (both of which result in
commensurate variations in ARF) throughout the cardiac cycle. Madaras et al. (1983)
measured a difference of 3.5 dB in integrated myocardial backscatter through the cardiac
cycle of a canine heart. Although a precise measurement has yet to be achieved, the
myocardial absorption coefficient could likewise vary throughout the cycle. Changes in
scattering or absorption throughout the cardiac cycle would result in variation in ARFI-
induced displacement that would not necessarily be stiffness dependent. Using a similar
experimental setup to that used by Hsu et al. (2007) but relying on velocimetry, Bouchard et
al (2009b) generated mechanical waves in the LVFW of an in vivo canine heart during
diastole and measured wave speeds that ranged from 0.82-2.65 m/s. Successfully
implementing such an approach in a clinical setting, however, would be challenging. If
velocimetry is to be achieved in the heart, the method’s increased sampling times
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(milliseconds to tens of milliseconds) could prove to be too long for certain points of the
cardiac cycle, during which uniaxial tissue velocities in excess of 25 mm/s during both
systole and diastole are observed (Gorcsan et al. 1996). In addition, lateral motion could
jeopardize the assumed spatial continuity of the method’s relatively large data kernels (3.2
mm? in this study).

In this study, a new on-axis approach, the displacement ratio rate (DRR) method, is
presented and validated through simulation and phantom studies. Similar ARFI imaging and
velocimetry techniques as those implemented by Hsu et al. (2007) and Bouchard et al.
(2009b) are then used in an in vivo canine heart study for comparison. As the results will
demonstrate, the DRR method provides a relative indication of myocardial stiffness changes
throughout the cardiac cycle but requires, when compared with velocimetry, a smaller
spatial/temporal sampling window and, unlike ARFI imaging, is not sensitive to variations
in radiation force magnitude.

METHODS

Displacement ratio rate method

Premise—The DRR method allows analysis of relative stiffness changes through a
technique that is independent of ARF magnitude and requires a smaller temporal and spatial
sampling kernel than that required for shear wave velocimetry. The DRR method takes
advantage of the predictable nature of ARFI-induced responses in linear, isotropic, elastic
media. Dynamic responses to impulsive mechanical perturbations in media of varied
stiffness, if other excitation (e.g., F/#) and material (e.g., density) parameters are the same
(i.e., matched conditions), maintain a very similar profile through time. When normalized by
peak displacement, the discerning feature between responses in materials of varied stiffness
(but otherwise matched conditions) becomes the rates of their dynamic evolution and not the
shape of their displacement traces (which will be identical in matched conditions when
normalized by displacement and time) (Palmeri et al. 2006a,b). The time at which recovery
begins and ends is dictated by the shear wave velocity in the medium, which is related to
stiffness, as shown in eqn (1). Because this recovery response is stiffness dependent, it is
possible to compare the relative stiffnesses of two materials by determining the rate at which
an ARFI-induced response in one material changes (through time) relative to this response
in the other material. This can be achieved by a normalized ratio of one displacement trace
(through the early portion of the ARFI-induced dynamic response) to another displacement
trace (from a different material or state of stiffness). The rate of change of this displacement
ratio, which is proportional to the difference in recovery rates of the two materials/states, is
also related to the difference in stiffness of the two materials/states under certain conditions
(e.g., a linear, isotropic, elastic medium).

Implementation—Figure 2a shows the on-axis response based on displacement data
averaged about the focus (i.e., one of the beams located in the yellow box in Fig. 1) and
displayed for 0.55 ms after the initiation of the ARFI excitation. The DRR method consists
of three basic steps (depicted in Fig. 2 [b—d]). First, one of the displacement traces is chosen
to be the ratio numerator and (element by element) divided by all of the displacement traces
(which serve as denominators). The resulting ratios are then divided by their maximum
values to normalize for differences in induced displacement magnitude (e.g., because of
intensity variation). In the example given (Fig. 2a), the 18-kPa displacement trace (blue) is
divided by all three traces (including itself) and normalized for displacement magnitude
variations, resulting in the plot in Fig. 2b. Although the 18-kPa trace was used in this
example, in practice any of the displacement traces can serve as the numerator in this ratio.
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Second, a finite difference (defined as follows) is then calculated for each time-step pair
(i.e., temporally adjacent sample points):

f(N’):F(tIH—l) - F(’n),

thel — Iy (2)

where N is the time-step pair number, F(t) is the normalized displacement ratio at a fixed
time and t,, is the time at a specific time step. Note that t,, and t,+1 is the n-th time-step pair.
The finite difference plot for the presented data is shown in Fig. 2c. This step discerns the
rate at which a dynamic response in one material is changing (i.e., recovering) relative to
this response in another material.

Third, the range of finite difference values for each time-step pair is forced to be a common,
arbitrary value (i.e., one). This step is necessary because the recovery rate of the medium
(and thus the range of corresponding finite difference values) changes as a function of time
after the ARFI excitation (e.g., in Fig. 2c the range changes from approximately 0.6 to 0.2
ms ™1 for the first and second time-step pairs, respectively). The relative distribution and
ranking of these rates, however, is maintained through time, and thus forcing the range for
each time-step pair to an arbitrary value facilitates easier comparison through time and
allows for temporal averaging. This final normalization is achieved by first subtracting the
lowest finite difference value from all values (for a specific time-step pair) and then by
dividing these values by the new maximum for that time-step pair. The result provides a
normalized DRR method ranking of shear wave velocity and is presented in Fig. 2d; it can
be compared with a similar ranking (using the aforementioned normalization procedure)
based on test phantoms’ (to be presented shortly) known shear wave velocities (e.g., 1.25,
1.91, 2.44 m/s becomes 0, 0.55, 1.0) as a control (dotted line). The first three time-step pairs
share reasonable agreement to the expected value, and thus their rankings can be averaged.
In the example presented, all of the ratios are calculated with the 18-kPa displacement trace
as the numerator (i.e., stiffness ranking is achieved by comparing all other traces with the
18-kPa trace). As previously mentioned, the same ranking can be performed with the other
two traces as the numerator; these normalized rankings can then be averaged across different
time-step pairs and numerator values to improve the robustness of the method. Rankings
obtained from different numerators do not yield independent estimates. Given that it is not
known a priori which trace(s) will not make a suitable numerator(s) (e.g., a trace with
severe motion artifact or poor signal-to-noise ratio), averaging across normalized rankings
from all possible numerator values can be performed to mitigate the effect a spurious
trace(s) has on the overall ranking.

Experimental system and data processing

Experiments were performed with a SONOLINE Antares™ ultrasound system using a
VF7-3 linear array (Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA,
USA) operating at 4.2 MHz (ARFI excitation transmit) and 7.3 MHz (tracking excitation
transmit). The array was used to both generate and track ARFI-induced motion. To induce a
dynamic response in the myocardium, a 95-us ARFI pulse, of comparable pulse-average
intensity to a conventional B-mode pulse, was transmitted to the region of interest (ROI).
Uniaxial tracking (320-um kernel) was then achieved at specific on-axis and off-axis lateral
locations through ultrasonic tracking. Given that the system cannot track all of its available
lateral beam locations simultaneously, the employed velocimetry scheme obtains a complete
shear wave response of a given lateral extent through superposition of the responses from
multiple ARFI excitations delivered to a common ROI. To achieve this, receive beams are
tracked at four distinct lateral locations simultaneously through parallel-receive
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beamforming, which allows for an improved frame rate with a minimal reduction in tracking
performance (Dahl et al. 2007; Bouchard et al. 2009a).

To mitigate the effects of physiologic motion, a motion filter was used for all acquisitions.
For those sequences involving later-time dynamics (i.e., ARFI imaging and velocimetry), an
interpolation-based mation filter was used (Hsu et al. 2009). In short, a quadratic fit is made
between pre-ARFI tracking data and post-ARFI data (i.e., when the material is thought to
have fully recovered); this fit is then subtracted from the tracked response observed during
ARFI-induced dynamics. For the DRR method, which involves early-time dynamics (i.e.,
<0.5 ms after an ARFI excitation), an extrapolation-based motion filter was used
(Giannantonio et al. 2009). In short, a linear fit is performed on pre-ARFI tracking data, and
this fit is subtracted from the early-time response experienced during ARFI-induced
dynamics.

For the purpose of shear wave velocimetry, the Radon sum transformation shear wave
velocimetry method was used (Rouze et al. 2010). In Fig. 1b, displacement data are plotted
as a function of lateral position and time after an ARFI excitation. In the image,
displacement data are normalized to the maximum value for each lateral position. The red
region of the image results from the peak of the shear wave propagating to more distant
lateral locations through time. To estimate the velocity of this wave, displacement data are
summed along all linear trajectories through a set lateral range (as defined by the pink box in
Fig. 1a). The trajectory with the greatest summation is then deemed the best fit (green line)
for a shear wave peak’s trajectory.

Phantom studies—~For the first phantom study, both DRR and shear wave velocimetry
data were acquired. The ultrasound transducer was fixed above custom-made, Zerdin-based
tissue-mimicking phantoms (CIRS, Norfolk, VA, USA), each with ultrasonic attenuation of
0.5 dB/cm/MHz and speed of sound of 1540 m/s. Using the aforementioned Radon sum
transformation technique, the shear wave velocities of the four homogeneous phantoms were
assessed to determine a gold standard and are: 1.25 + 0.01, 1.91 + 0.005, 2.44 + 0.03 and
2.53 £ 0.02 m/s. From these mean values and using the relationship in eqn (1) (and assuming
v =0.5 and p =1.0 g/cm3), the Young’s moduli of the phantoms were determined to be: 4.7,
11.0, 17.9 and 19.2 kPa.

The second part of the phantom analysis investigated the impact of variations in ARFI
intensity on the DRR method. In this study, two ARFI pulses with different intensities were
transmitted in each of the aforementioned phantoms. Because the intensities of these
transmit pulses were not measured, they are differentiated by relative terms (i.e., “higher”
and “lower” intensity). Continuing with the investigation of ARFI excitation intensity
variation, in the third study a phantom with two regions of differing stiffness was analyzed
with both ARFI imaging (for comparison) and the DRR method. Data were acquired in a
fifth, Zerdine-based tissue-mimicking phantom (CIRS, Inc.) that was heterogeneous in its
composition (Fig. 5a), having two adjacent and homogeneous regions of varied stiffness. In
this study, a lower-intensity ARFI excitation was transmitted in the more compliant region
(4.7 kPa) and a higher-intensity excitation was transmitted in the stiffer region (19.2 kPa).
Note that ARFI excitation intensity was changed, for demonstration purposes, only in the
aforementioned second and third studies and was kept constant for all other experiments.

Numerical modeling—Three-dimensional finite element method (FEM) models of the
dynamic response of purely elastic media to ARFI excitations were used as a numerical
comparison with results from the first phantom study. Numerical modeling permits the
analysis of the full dynamic response—including early-time dynamics—absent of
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ultrasound-based tracking bias or noise (Palmeri et al. 2006a,b). The model used a mesh of
750,000 eight-noded, linear cubic elements with 0.1-mm node spacing and was created in
three dimensions (lateral/elevational: 0.5 mm; depth 3.0 mm) using quarter-symmetry (about
the transducer’s axis of symmetry) boundary conditions. Degrees of freedom for the
symmetry faces were set for their appropriate symmetry conditions, the other “outer” faces
were unconstrained and the bottom and top boundaries were fully constrained. The material
was modeled as a linear, isotropic, elastic solid with v = 0.499 and p = 1.0 g/cm?3. Materials
were modeled to have Young’s moduli values based on the relationship in egn (1) and shear
wave velocity estimates for the actual phantoms used in experimentation. Simulation of the
acoustic intensity pattern associated with the transducer used in the phantom and in vivo
experiments was performed using Field 11, a linear acoustics modeling software package
(Jensen and Svendsen 1992). The radiation force field was applied as point loads to
individual nodes in the region of excitation. Forces were directed along the Poynting vector
as a function of position in the region of excitation. The dynamic response of the elastic
solid was solved through the balance of linear momentum and using LS-DYNA3D
(Livermore Software Technology Corp., Livermore, CA, USA), which implemented an
explicit, time-domain, integration method (Palmeri et al. 2005).

Animal study protocol

RESULTS

For the in vivo portion of the protocol, two open-chest preparation canine studies, approved
by the Institutional Animal Care and Use Committee at Duke University and conforming to
the Research Animal Use Guidelines of the American Heart Association, were performed.
The mongrel dogs were approximately 20 kg in mass with a heart rate of 67-87 bpm during
sequence acquisition. In an effort to mitigate lateral motion, the ultrasound transducer was
attached to a vacuum-driven coupling device with an Aquaflex ultrasonically-transparent,
10-mm standoff (Parker Laboratories, Fairfield, NJ, USA) placed between the heart and the
transducer; a more detailed explanation of this experimental component can found in Hsu et
al. (2009) and Bouchard et al. (2009b). After a left thoracotomy, the pericardium was
opened, and the transducer and attached vacuum-coupling device were placed directly on the
exposed epicardium; the transducer’s long axis was approximately aligned with the long
axis of the heart. The transmit focus was 17.5 mm, which was about 5-6 mm beyond the
distal border of the standoff pad. Matched electrocardiogram and ARFI excitation trigger
traces were obtained off-line to determine the temporal registration between sequence
acquisition and the cardiac cycle. Twenty (on-axis and off-axis) acquisitions (20 ms in
length) were obtained at even intervals through nearly two complete heartbeats. For each
acquisition, data were acquired for ARFI imaging, velocimetry and DRR method analysis.
Presented DRR method plots were obtained by averaging all twenty rankings that resulted
from the use of each displacement trace (i.e., one obtained during each acquisition) as the
numerator in DRR analysis.

Simulation and phantom

The first part of the simulation and phantom data focuses on the DRR method’s ability to
rank shear wave velocities in elastic media of four distinct stiffnesses. In Fig. 3, simulation
(a) and phantom (b) results for the DRR method are compared with expected values across
the first three time-step pairs. For each time-step pair, the presented ranking is generated
from averaging four normalized rankings obtained by having each displacement trace for a
specific modulus serve as the numerator in the displacement ratio. The full range of this
averaged ranking is then forced to one (using the normalization approach described in
Methods); ranking of the known stiffnesses of the four media is then converted to this same
range for the purpose of comparison (depicted by horizontal lines in Fig. 3 [a, b]) and error
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determination (i.e., known stiffness rank distribution vs. DRR method estimate). For the
simulation results (a), the mean + SD (across the three time-step pairs) absolute error (based
on normalized, i.e., 01, DRR values) for the 11-kPa phantom (green) is 0.05 +0.03 for both
the 0-mm (square) and 0.2-mm (asterisk) receive-beam offsets; for the 18-kPa phantom
(red), they are 0.01 + 0.002 and 0.02 + 0.02 for 0-mm and 0.2-mm offsets, respectively. For
the phantom results (b), the mean + SD absolute errors for the 11-kPa phantom (green) are
0.14 + 0.03 and 0.18 + 0.09 for 0-mm and 0.2-mm offsets, respectively; for the 18-kPa
phantom (red), they are 0.11 + 0.08 and 0.07 + 0.06 for 0-mm and 0.2-mm offsets,
respectively; for the 19-kPa phantom, it is 0.04 + 0.08 for the 0-mm offset. All other
unmentioned error values are zero, which reflects these data’s use as normalization values.
The average (across time-step pairs and both beam offsets) of the simulation and phantom
DRR method values were then taken to establish an overall shear wave velocity ranking for
the four phantoms. The normalized average rankings for the simulation (square) and
phantom (asterisk) results were plotted (Fig. 3c) as a function of shear wave velocity in the
respective media. The cyan line depicts the expected DRR method ranking based on the
known shear wave velocity of a medium. For the simulation results (square), the absolute
errors for the 11-kPa and 18-kPa media are 0.05 and 0.02, respectively; for the phantom
results, the absolute error for both media is 0.05.

The second phantom study investigates the DRR method’s insensitivity to ARFI excitation
intensity fluctuation. On average, the peak displacement induced by the higher-intensity
excitation is 2.1 times greater than the displacement induced by the lower intensity
excitation for all of the phantoms presented (Fig. 4a). The other two axes offer the
normalized displacement ratio plot (b), with the 19-kPa displacement trace as the numerator,
and finite difference plot (c) of these ratios. For each phantom stiffness, displacement ratio
traces are similar between the higher (square) and lower (‘x’) intensity data. Likewise, finite
differences are similar for matched traces (i.e., same stiffness modulus). Finite difference
values begin to converge with increased time-step pair number.

In the third phantom study, the effect of variations in ARFI excitation intensity on the DRR
method and ARFI imaging is investigated in a heterogeneous phantom (Fig. 5a). Figure 5b
presents ARFI imaging data at a fixed time (intended to be the approximate point of
maximum displacement) after the excitation. In the 19.2-kPa region, the mean + SD of the
displacement about the focus (i.e., same depth range as the yellow box in Fig. 1a) is 15.4 +
2.2 um; in the 4.7-kPa region, mean displacement about the focus is 13.5 + 3.4 um. Given
the use of the higher intensity excitation, peak displacement is greater in the stiffer region
than that achieved in the more compliant region, which was sampled with a lower intensity
excitation. If the DRR method is applied to these same regions, the plot in Fig. 5c¢ results. In
establishing this averaged DRR ranking, the displacement traces of 23 sampled lateral
locations were used as ratio numerators, and these rankings were averaged and normalized
to establish an overall ranking (which is shown). The mean + SD DRR value for the stiffer
(i.e., 19.2 kPa) region (excluding the transition point nearest the green line) is 0.78 + 0.14.
For the more compliant region (again, excluding the transition point), the mean DRR value
is 0.09 + 0.09.

Animal study

Figure 6 presents results from an experimental trial during the first in vivo canine study. The
upper portion of the figure offers the electrocardiogram trace during acquisition, with the 20
sample periods denoted in red. Directly below the sample numbers are images of the data
used for shear wave velocity estimation. The dark red portion of each image indicates the
peak of the shear wave. In most cases, the Radon sum fit appears to follow a clearly
delineated and fairly linear red contour (which is the trajectory of the shear wave peak
through time). Instances when the fit was less reliable include times of increased motion and
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seemingly nonlinear peak trajectory. In the cases of acquisitions #4 and #9, aberrant
displacement peaks can be observed away from the axis of the Radon sum fit. There are also
cases where the shear wave peak data (red) are discontinuous and sudden shifts of the peak
(in time) can be observed between adjacent lateral locations. In most cases where
discontinuities exist, peak data are continuous for groups of four lateral locations, and a
sudden shift (in time) is observed between adjacent four-beam groups; this discontinuity
effect is especially pronounced in acquisitions #1 and #16. The lower-middle portion of the
figure shows the estimated shear wave speed and DRR values through the cardiac cycle. In
the shear wave velocity data, the highest speeds come during end-diastole/systole and the
lowest velocities are observed during mid-diastole. Shear wave velocities range from 1.97—
0.81 m/s, for a systolic-to-diastolic shear wave velocity ratio of 2.4. The shear wave velocity
trace (blue) and DRR method trace (green) present trends with similar cyclic variation. In
the ARFI imaging data (bottom plot in Fig. 6), despite the fairly stable and similar contour
of the waveforms for all three plot-time points (i.e., the time after ARFI excitation at which
the displacement estimate is made), the ratio of maximum to minimum displacement varies
among the three traces. If the ratio of the maximum to minimum (positive) displacement for
each plot-time point is taken, ratios of 6.1, 10.0 and 74.5 result for the 0.2, 0.7 and 1.1 ms
plot-time points, respectively. In addition, it is important to note that negative displacement
estimates are observed during mid-systole for the 0.7- and 1.1-ms time points. The LVFW
wall thickness ranged from approximately 18 (diastole) to 27 (systole) mm through the
cardiac cycle.

Figure 7 presents an experimental trial from the second in vivo canine study. Much like the
first dataset (Fig. 6), a cyclic variation is observed in both the shear wave velocity and DRR
values. The range of shear wave velocities for this data set is between 1.91 and 0.78 m/s,
which establishes a systolic-to-diastolic velocity ratio of 2.4. Note there is a significant
discontinuity in the shear wave peak (i.e., red region) in acquisition #13. In the case of ARFI
imaging (bottom plot in Fig. 7), if the ratio of the maximum to minimum (positive)
displacement for each plot-time point is taken, ratios of 5.1, 25.2 and 16.5 result for the 0.2,
0.7 and 1.1 ms plot-time points, respectively.

Table 1 details the temporal and spatial sampling windows required for each acquisition
scheme implemented during both canine studies. The DRR method offers an 97% reduction
in sampling time over velocimetry and ARFI imaging offers a 95% reduction in spatial
kernel size over velocimetry. Note that the sampling time required for velocimetry is not the
fundamental minimum possible for the Radon sum transformation method. If the acquisition
system were able to simultaneously track the response of a single excitation at all desired
beam locations, this acquisition time would be similar—albeit still greater—than that
required for ARFI imaging; the value denoted with the asterisk indicates this time. The full
width at half-maximum beam-width was used to calculate the lateral extent of a single beam
while the displacement estimation kernel was included in the overall axial extent of the
presented sampling windows.

DISCUSSION

Cyclic variation was observed in the metrics of all three methods, which suggests a cyclic
variation in stiffness through the cardiac cycle. The general shapes of the velocimetry and
DRR data were similar to each other and to the inverse of the ARFI imaging data. Thus, the
DRR method appears to offer a novel, force-magnitude—insensitive technique of assessing
stiffness variations with a small (temporal/spatial) sampling kernel. In addition, the study
demonstrated that it is possible to track shear waves through the cardiac cycle using the
Radon sum shear wave velocimetry technique, which yielded velocity estimates ranging
from 0.76-2.09 m/s.
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The benefits of the DRR method include the use of a small sampling kernel in space and
time as well as relative independence on ARFI excitation intensity. In this study, the spatial
kernel used for the DRR method acquisition was 1.6 (axial) x 0.5 (lateral) mm?, whereas the
kernel size needed for the Radon sum shear wave velocimetry method was larger, at 1.6 x
2.1 mm2. The temporal sampling window required for the DRR method decreased by 97%
over that required by velocimetry. This reduction, however, would be less substantial if the
full shear wave response were acquired at each receive-beam location simultaneously, as is
the case with supersonic shear imaging (Tanter et al. 2008). ARFI imaging bested both
acquisition methods in regard to spatial sampling, using a kernel of only 1.6 x 0.1 mm2. In
addition, the DRR method appears to be insensitive to fluctuations in ARFI excitation
intensity; such an attribute could be useful in situations with spatially or temporally varying
ARF generation.

Despite these benefits, however, the DRR method also suffers from significant limitations.
Because a finite difference is taken, noise can be detrimental to this technique, causing
unreliable estimates of the displacement ratio’s rate of change. To mitigate this effect,
reasonably large spatial kernels (through depth) are used in an attempt to yield a more robust
displacement estimate. A desire to obtain a change in displacement (between two time
points) that is above the displacement estimation noise floor requires adequate temporal
sampling, which would provide an interval long enough between time-step pairs to ensure a
measurable change in displacement. Yet, this sampling rate must also be high enough to
ensure capture of the early portion of the dynamic response. In the case of stiffer media, this
relaxation occurs very quickly after ARFI excitation transmission. Thus, it might only be
possible to track the response a few times before tissue recovery has progressed beyond use
for the DRR method. In the case of stiffer tissues, a significant portion of the recovery
occurs before the first displacement estimate, which renders the DRR method unusable.

Another limitation is that the DRR method assumes a linear, elastic, isotropic medium,
which is an accurate assumption for the phantoms used in the method’s validation but might
not be entirely valid in other circumstances. A primary factor influencing the displacement
rate of a purely elastic medium in response to an impulsive perturbation is the medium’s
recovery rate, which is driven by its intrinsic shear wave velocity. It requires such a wave to
transport the strain energy (resulting from the localized perturbation) away from the ROI;
this redistribution of energy leads to a natural reduction in the system’s total potential
energy and a mechanical “recovery” at the perturbation site. If other factors influence the
observed response (e.g., physiologic motion artifact or material viscosity), such an indirect
approach to discern shear wave velocity or stiffness information could be rendered
inaccurate. In addition, because the output of the DRR method is based on relative
comparisons of all sampled dynamic responses, this ranking can become unstable if data are
included from sampling events for which the majority of the ARFI-induced dynamic
response has already occurred (e.g., as can be the case in stiffer materials). Thus, if motion-
filtered displacement data do not include a (relatively) monotonic decrease to a (relative)
steady state (i.e., the fully recovered state) during the sampling period (i.e., a few
milliseconds), then it is likely the ARFI-induced response has already occurred and the data
should be excluded from DRR analysis.

In regard to the observed shear wave velocities (0.76 to 2.09 m/s), which were used as the
gold standard in the method comparison, it must be noted that their range is generally below
that measured by Kanai (2005) (2 to 4.5 m/s, during early diastole) and Rump et al. (2007)
(2.5 £ 0.4 m/s, throughout cardiac cycle) for mechanical wave velocities through the IVS. In
addition, Rump et al. (2007) did not observe significant cyclic variation in their velocity
data. Two possible sources of the discrepancy between the results presented herein and those
included in the aforementioned studies are the use of a varied ROI site (LVFW vs. 1VS) and
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excitation mechanism. Different excitation mechanisms could excite different wave modes
(e.g., shear vs. Lamb wave) that would not necessarily travel at the same speed. In addition,
different excitation mechanisms can excite waves with varied frequency content, which, as a
result of dispersion, can lead to varied wave speeds (Tanter et al. 2008). For the sake of
elasticity imaging, the accurate conversion of the shear wave velocity values to absolute
stiffness metrics is not always trivial. If one assumes a shear wave is generated and that it is
traveling through a linear, elastic, isotropic environment, then egn (1) can be used to
estimate a material stiffness in said medium. Likewise, if these assumptions are made for the
cardiac study, a systolic-to-diastolic stiffness ratio of 5.8 can be estimated from the shear
wave velocity data presented herein. With the composition of the LVFW violating the major
assumptions (i.e., linear, elastic, isotropic) of this basic model, it is, however, unlikely that
such a straightforward approach will be possible for the purposes of estimating an exact
stiffness ratio. Although the investigation of a more robust model is outside the scope of this
paper, the basic result (i.e., increased stiffness during systole when compared with diastole),
is noteworthy.

The effect, if any, that the vacuum-coupling device has on observed myocardial elasticity is
not known and must be investigated in future experimentation. In addition, epicardial
imaging, as performed for all of the in vivo studies presented herein, clearly will not suffice
as a means for clinical application of the DRR method. Instead, any viable approach likely
must be based on intra-cardiac, transthoracic or transesophageal imaging. An intracardiac
implementation would give direct, local access to the heart’s chambers, which facilitates
unencumbered delivery of ARF to the intended ROI. Although there are inherent benefits to
a catheter-based approach, the invasiveness of such procedures could limit their use. Thus, a
transthoracic or transesophageal implementation promises a much easier clinical application,
despite the significant hindrances (e.g., generating appreciable ARF at the ROI) that must
first be overcome. The use of a phased-array transducer—as opposed to the linear-array
device used herein—will likely be necessary given the limited acoustic window afforded by
these imaging methods.

CONCLUSION

The DRR method offers an intensity-independent technique of assessing relative changes in
stiffness with a small temporal and spatial sampling window. Limitations to its
implementation, however, include its vulnerability to displacement estimation noise,
inability to operate in tissues of higher stiffness and inability to offer a quantitative metric.
In addition, the Radon sum transformation velocimetry technique, which was used as a gold
standard, was able to reliably track shear waves in the myocardium throughout the entire
cardiac cycle, with velocities from 0.76 (diastole) to 1.97 (systole) m/s. If a basic elasticity
model is assumed, this cyclic variation in wave speed suggests a systolic-to-diastolic
stiffness ratio of 5.8. Although the DRR method does not offer quantitative metrics, it does
predict a similar cyclic variation in myocardial stiffness to that offered by velocimetry data
while being insensitive to variations in ARF and offering improved temporal/spatial
sampling.
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Fig. 1.

B-mode image (a) of ROI and example of a lateral position vs. time displacement image (b).
B-mode image (a) of a portion of the LVFW where the standoff-proximal wall interface can
be seen at approximately 12 mm and the distal wall can be seen at approximately 28 mm;
the image is of the long axis of the heart, with the base positioned on the right side and the
apex on the left side. The red dot indicates the location of the ARFI excitation focus, the
yellow box (1.6 x 0.5 mm) indicates the extent/location of the on-axis acquisition region and
the pink box (1.6 x 2.1 mm) indicates the extent/location of the off-axis acquisition (i.e.,
velocimetry) region. Lateral position vs. time displacement image (b) for a fixed-depth
kernel, which correlates to the pink box in the B-mode image (a). Presented displacement
estimates are obtained by averaging the axial extent of the off-axis region. The Radon sum
fit for the shear wave peak trajectory is denoted by the green line, the lateral extent of the
off- and on-axis acquisition regions are denoted by the pink and yellow lines, respectively,
whereas the lateral location of the ARFI excitation is denoted by a red dot. Note that
although the lateral extent of on-axis elements (green and yellow lines) are denoted in the
displacement image, the data used in their calculation were obtained from a deeper region of
tissue (i.e., about the transmit focus). Red indicates maximum displacement; blue, minimum
displacement.
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Fig. 2.

Graphic depiction of the DRR method. In the first plot (a), on-axis displacement resulting
from an ARFI excitation in three phantoms (5, 11 and 18 kPa) is shown; time is given in
milliseconds after the initiation of the ARFI excitation. In the second plot (b), traces of
normalized (to the peak value for each trace) displacement ratios (with the 18-kPa
displacement trace as the numerator) are presented. In the third plot (c), traces of finite
differences between successive time points (i.e., time-step pairs) is depicted. In the final plot
(d), the range of finite difference values for each time-step pair is normalized; the dotted line
indicates the expected value.
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Fig. 3.

DRR method results from simulation (a) and phantom (b) data and a comparison of these
results with expected values (c). In the first plot, DRR rankings based on simulation data (a)
for phantoms of four different stiffnesses (blue =5 kPa; green = 11 kPa; red = 18 kPa; cyan =
19 kPa) are offered. DRR rankings are determined for three time-step pairs and for two
beam locations (square = 0 mm offset; asterisk = 0.2 mm offset). In the second plot, DRR
rankings are presented for phantom data (b) with comparable experimental parameters to the
simulation configuration. In both plots, horizontal lines indicate expected values. In the final
plot (c), a comparison of the average (between three time-step pairs for two lateral locations)
simulation-based (square) and phantom- based (asterisk) DRR rankings for each material
stiffness is offered. Ranking values are plotted as a function of a material’s shear wave
velocity; the cyan line indicates expected DRR rank values.

Ultrasound Med Biol. Author manuscript; available in PMC 2012 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Bouchard et al.

Page 18

Displacement [um]

0 0.01 0.02 0.03 0.04 0.05
Time [ms]

T

Displacement Ratio [norm]
© o o o o o
» (5] (2] ~ oo ©

o
w

o

0.01 0.02 0.03 0.04 0.05
Time [ms]

(1]

| 1 |
o © o
() ) bl

Displacement Derivative [ms"]
)
~

15 2 25
Time-Step Pair [#]

Fig. 4.

On-axis displacement profiles (a), normalized displacement ratio profiles (b) and finite
difference plot (c) resulting from ARFI excitations of two different intensities. In the
displacement plot (a), displacement profiles generated in phantoms of four stiffnesses (same
color coding as Fig. 3) from higher (square) and lower (‘x’) intensity ARFI excitations are
depicted. In the three stiffer phantoms, displacement tracking begins after the peak in ARFI-
induced displacement has already occurred. In the ratio plot (b), normalized ratio traces,
with the 19-kPa displacement profiles (cyan) serving as the numerator, are presented.
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Fig. 5.

B-mode (a), ARFI imaging (b) and DRR method plot (c) of an acquisition in a
heterogeneous phantom. The B-mode image (a) identifies the two stiffness regions of the
phantom; the cyan box indicates the DRR sampling region. In the center plot (b), the ARFI
imaging peak displacement result is given; the color bar corresponds to microns of
displacement. On the right (c), a DRR method plot obtained from displacement data about
the transmit focus is offered. In all depictions, a green line indicating the discrete interface
between stiffness regions is shown, whereas lines at the top of each image indicate the
relative (higher = yellow; lower = pink) intensity of the ARFI excitation used in each region.
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Fig. 6.

Electrocardiogram trace (upper), normalized shear wave data (upper middle), shear wave
velocity and DRR method plots (lower middle) and ARFI-imaging displacement plots
(lower) from an experimental trial during the first in vivo cardiac study. In the upper plot,
the electrocardiogram trace through the acquisition period is given in cyan, with the time
and duration of the 20 independent ARF-based acquisitions denoted with the overlaid red
trace and accompanying acquisition number. In the lower-middle row of the figure, raw data
(i.e., lateral position vs. time images) used to determine shear wave velocity estimates for
each of the corresponding 20 acquisition regions given directly above are presented; the
Radon sum fit for each plot is given by the green line. In each image, lateral position is the
ordinate and time is the abscissa. In the lower-middle plot, shear wave velocity estimates
(blue) and DRR method rankings (green) are given throughout the cardiac cycle, with dots
corresponding to the sample locations denoted directly above as red in the electrocardiogram
trace. In the lower plot, average ARFI imaging displacement about the focus is given for
three different plot-time points.
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Fig. 7.
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Electrocardiogram trace (upper) and shear wave velocity and DRR method plots (lower)

from the second in vivo cardiac study. Conventions are the same as those used in Fig. 6.
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Table 1

Comparison of acquisition temporal and spatial windows

Method Temporal (ms)  Spatial (mm?)
Velocimetry 23.2 (5.8%) 3.2
ARFI imaging 4.0 0.2
DRR method 0.8 0.7

Time required for fully parallelized acquisition.
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