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Abstract

Cardiovascular disease is the leading cause of death for eleped countries, in-
cluding the United States. In order to diagnose and detect dain cardiac diseases,
it is necessary to assess myocardial performance and fuooti One mechanical prop-
erty that has been shown to re ect myocardial performance isyocardial sti ness.
Acoustic radiation force impulse (ARFI) imaging has been deonstrated to be ca-
pable of visualizing variations in local sti ness within sdt tissue.

In this thesis, the initial investigations into the visualization of myocardial per-
formance with ARFI imaging are presented.In vivo ARFI images were acquired
with a linear array placed on exposeaanine hearts. When co-registered with the
electrocardiogram (ECG), ARFI images of the heart re ectedhe expected changes
in myocardial stiness through the cardiac cycle. With the mplementation of a
guadratic motion Iter, motion artifacts within the ARFI im ages were reduced to
below 1.5 m at all points of the cardiac cycle. The inclusion of pre-exation
displacement estimates in the quadratic motion Iter further reduced physiological
motion artifacts at all points of the cardiac cycle to below & m.

In order for cardiac ARFI imaging to more quantitatively asgss myocardial per-
formance, novel ARFI imaging sequences and methods were eleped to address
challenges speci cally related to cardiac imaging. Thesmprovements provided ner
sampling and improved spatial and temporal resolution witim the ARFI images. In
vivo epicardial ARFI images of anovine heart were formed using these sequences,

and the quality and utility of the resultant ARFI-induced di splacement curves were

iv



examined.

In vivo cardiac ARFI images were formed o€anine left ventricular free walls
while the hearts were externally paced by one of two electres positioned epicar-
dially on either side of the imaging plane. Directions and g®ds of myocardial
sti ness propagation were measured within the ARFI imagingeld of view. In all
images, the myocardial sti ness waves were seen to be trangl away from the stimu-
lating electrode. The sti ness propagation velocities weralso shown to be consistent
with propagation velocities measured from elastography drtissue velocity imaging
as well as the local epicardial ECG.

ARFI-induced displacement curves of anvine heart were formed and temporally
registered with left ventricular pressure and volume measements. From these plots,
the synchronization of myocardial sti ening and relaxatim with the four phases (iso-
volumic contraction, ejection, isovolumic relaxation, ad Iling) of the cardiac cycle
was determined. These ARFI imaging sequences were also ugedorrelate changes
in left ventricular performance with changes in myocardiakti ness. These pre-
liminary results indicated that changes in the ARFI imagingderived sti nesses were
consistent with those predicted by current, clinically acepted theories of myocardial
performance and function.

These results demonstrate the ability of ARFI imaging to visalize changes in
myocardial sti ness through the cardiac cycle and its feakility to provide clinically

useful insight into myocardial performance.
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Chapter 1
Introduction

Extensive research has been devoted to the quanti cation ofiyocardial perfor-
mance for the detection and diagnosis of a variety of cardiatiseases. The pri-
mary focus of these studies has been to track the changes iastic properties of
the myocardium at speci c points of the cardiac cycle and coelating them with
the performance of the heart [15,50,114,117]. The clinibalaccepted method for
the measurement of myocardial performance utilizes an eli@gy metric known as
elastance [13,69,96]. Similar to a stress-strain relatisimp, yielding sti ness, my-
ocardial elastance is measured from the pressure-volumeV{Prelation within the
left ventricle, with shifts in these PV relations indicative of changes in left ventricu-
lar function and therefore myocardial performance. Previgs investigations into PV
analysis have demonstrated its potential in providing measements of myocardial
performance and function, however the underlying simpliations and assumptions
in tissue geometry and distribution of loads within the hearlend them susceptible
to artifacts [13, 33,105].

Another relatively new technique for the assessment of tiss elasticity is with
acoustic radiation force impulse (ARFI) imaging. ARFI imagng measures tissue
responses by using radiation force from long pulses to impéscalized displacements
in order to gain insight into the local viscoelastic properes of soft tissuan vivo and

in vitro [71,73]. Additionally, ARFI imaging has been shown to be clically useful



in a variety of applications including: breast, cardiovasdar, hepatic, and urological
imaging [18,21,44,100,119].

As ARFI imaging induces and tracks small, sub-millimeter diplacements, a pri-
mary determinant in image quality is the separation of thes@RFI-induced displace-
ments from any natural, physiological motion also present ithin the acquisitions.
As a result, the formation of high quality, high resolution ardiac ARFI images faces
unique challenges from other applications, as vivo images must be formed within
a beating heart where substantial and complex physiologicenotion is present. Ac-
cordingly, novel ARFI imaging pulse sequences, image prgsang methods, and mo-
tion ltering techniques that speci cally address the needto continuously sample
images through the cardiac cycle in the presence of signimacardiac motion are
necessary. In this thesis, preliminary research into thegdrFI imaging developments
and the application of ARFI imaging to interrogate myocardal sti ness through the
cardiac cycle are investigated. The relevance of these ARiRlages to the assessment
of left ventricular function and overall myocardial perfomance is also presented and
compared with other clinically accepted measurements.

The thesis is organized as follows: Chapter 2 provides a bgound to the fun-
damentals of ultrasonic imaging, acoustic radiation forceand ARFI imaging. Ad-
ditionally, the physiology of the heart and the cardiac cyd and their relevance to
this thesis are provided. Chapter 3 presents initial invegjations into cardiac ARFI
imaging and thein vivo visualization of myocardial sti ness through the cardiac
cycle. Chapter 4 describes ARFI imaging sequence modi catis and improved mo-
tion Itering techniques that were designed for repeated sapling within a rapidly
moving environment, such as the heart. Chapter 5 presentssesarch utilizing these
new sequences to observe local electromechanical sti nggspagation and calcu-

late propagation velocities within a ventricularly paced kart. These results were



compared with propagation velocities calculated from elaxgraphy, tissue velocity
imaging, and the local electrocardiogram (ECG). Chapter 6rpsents another appli-
cation of these new ARFI imaging sequences and methods thaingples myocardial
sti ness across multiple heartbeats in order to observe chges in left ventricular
function and myocardial performance. Throughout all studis, sequences with ra-
diation force pulse amplitudes set to zero were acquired toeasure physiological
motion artifacts within the ARFI images. Finally, Chapter 7 discusses the implica-
tions of these investigations and presents the ongoing anatdre work derived from

this research.



Chapter 2

Background

2.1 Ultrasonic Imaging

Ultrasonic imaging operates by transmitting high frequengc (1-25 MHz) acous-
tic pulses into soft tissue. Acoustic waves are generated lafectrically exciting
piezoelectric materials within a transducer to generate pssure waveforms. An ar-
ray of transducer elements with the appropriate transmit days is used to focus
these acoustic waves to a specic depth or location within # region of interest.
These acoustic waves are scattered and re ected within theadium due to acoustic
impedance mismatches. Acoustic impedance, Zayl), is de ned by the following

equation:

Z=c= K (2.1)

where is the material density kg=n?), c is the speed of soundni=s) through the
material, and K is the bulk modulus (N=m?). The piezoelectric elements within
the transducer are also used to record the returning echoesdaconvert them into
electrical waveforms, where dynamic delay times on each eded echo are used
to beamform the signals into a single voltage trace throughme, measured after

transmission of the acoustic pulse. The envelope of the siagvaveform reveals



the acoustic impedance mismatches encountered by the adiusvave along the
propagation path. A simple conversion from time to depth is @rformed by scaling
time with the propagation velocity of sound through the bodyand halving it in order

to account for the round trip traveling distance. The speedfosound in the body is
assumed to be a constant value of 1540 m/s, however studiessédahown this value
to vary depending on the types of tissue [3,38]. The transmhieceive location is

then electronically translated or steered across the tradacer aperture in order to
interrogate the entire eld of view and create a two-dimensinal brightness-mode

(B-mode) image.

2.2 Acoustic Radiation Force

2.2.1 Radiation Force

Acoustic radiation force is applied to absorbing or re ectig targets in the prop-
agation path of an acoustic wave. This phenomenon is causey & transfer of
momentum from the acoustic wave to the propagation medium. He radiation force
(N=cm?®) generated by a propagating acoustic wave is given by [796]0

F(£t) = 2l (50) ((:; t); (2.2)

wherel (¥;1) is the local time-averaged acoustic intensity/=cn¥), is the attenua-
tion coe cient ( Np=cm), and cis the speed of soundnj=s). This equation models a
homogeneous, isotropic, viscous, and dissipative mediumdais derived from a com-
bination of several physical equations describing dynamiootion, momentum, and
conservation of mass. From these equations, the followinguality relating pressure,

density, and velocity (; ;) can be formed:



@)
@t

+a (¥)+ ¥ ry= o p+[°+g]rr Yoorr v (2.3)

where and Care the shear and bulk viscosity coe cients for the uid. By perform-
ing a time-average analysis through an integer number of tnamit cycles, grouping
the second order terms, and balancing the linear momentumwtion, the following

equation can be formed:

F= hwr w+wr wi (2.4)

wherew is the rst order particle velocity. Assuming plane wave prpagation, which

is valid at the focus, this velocity can be approximated by tb following equation:

w = Ve “coq!t kz)2 (2.5)

which represents an attenuating propagating plane wave irhé 2 direction with a
velocity amplitude (vp). Substitution of this equation into equation 2.4 and the

evaluation of the time average function yield the followingequation:

F= 2 vi— 2= v je? 2 2.
Vldz vV je (2.6)

Due to plane wave assumptions, the force and velocity of theave also are related
by the acoustic impedance of the medium as mentioned earliarequation 2.1. Using
this relation and the attenuating plane wave velocity appmimation described in

equation 2.5, the time averaged intensityl() can be shown to equal:

2n 22
- Cvgpe

= 2.7)



A simple rearrangement of terms and substitution of force &dm equation 2.6
yield the relation described in equation 2.2. Therefore, thabsorption of focused,
high intensity acoustic beams generates acoustic radiatidorces as described in the
previous equations. This force, in turn, can be used to creatistributions of stress
within tissues where the resulting deformations provide sight into the elasticity

and geometric structure of the material.

2.2.2 ARFI Imaging

Acoustic radiation force impulse (ARFI) imaging uses longl(0-100 s) acoustic
pulses to generate radiation force and excite localized regs in soft tissue [73,75].
Within regions of interest where all the values in equation.2 are relatively similar,
radiation force, and therefore stress, can also be consieéruniform. With uniform
stress, the displacement images can be interpreted as a diree ection of sti ness
because the material's elastic modulus and de ection undargiven load are inversely
related. As a result, ARFI imaging tracks tissue responses the radiation force in
order to determine the local sti ness of soft tissue withinte region of interest [71,76].

Current methods of ARFI imaging do not utilize known values bradiation force,
given the unknown characteristics of the tissue. As a resuktress cannot be calcu-
lated, and current realizations of ARFI imaging do not prouwile a quantitative mea-
surement of elastic modulus. Nevertheless, relative di ences in sti ness between
tissues are evident, and there is good agreement betweenustures in matched
conventional B-mode and ARFI images. Alternative methods foradiation force
imaging have measured shear wave propagation velocitiesdetermine a material's
shear modulus, which can be converted to an elastic moduluspending on tissue
geometry and other underlying assumptions [8,74,81,82)98

Along each lateral location, the ARFI imaging pulse sequeaaonsists of at least

7



one reference line, one radiation force pulse line, and seeconsecutive tracking
lines. The initial lines are used to establish the initial sue position and serve as a
reference for measuring subsequent displacements. Theigdidn force pulse is then
red along the same line to induce small displacements withithe tissue. These dis-
placements,d(t), are estimated through a given axial rangeM , by recording echoes
from consecutive tracking lines at high pulse repetition &guencies and correlating
them with the echoes from the initial reference line (t=0) wth the following phase

shift estimation algorithm [48]:

Owp s W 1 W 1
Q(m; 0) I(m;t) I (m; O) Q(m; t)
= arctan% = :2 Ngzo § (2.8)
I(m;0)  I(m;t) Q(m 0) Q(m t)
m=0 m=0 m=

where c is the speed of sound through the medium anti. is the center frequency
of the B-mode acoustic waveform, and the quadrature demodiikd data (I/Q) is
acquired by trigonometric quadrature demodulation of the adiofrequency data or
direct sampling from the scanner itself. As axial displaceamts are measured by
determining the phase shift of the signal, the estimated lagare limited to within
18 (a half wavelength in either direction). Tissue displacenms surpassing these
limits alias as the estimates wrap about the origin. To cor for this error, dis-
placement discontinuities through time greater than half avavelength within the
data can be found and shifted a complete wavelength in the opgite direction.
Investigations of cardiac ARFI imaging have demonstrated to be an e ective
modality for use in monitoring of radiofrequency ablation§24,44]. These studies
used electrocardiogram (ECG) gated acquisitions, where &gle ARFI image per

heartbeat was acquired. Accordingly, a sequence of ARFI imes will provide further



insight into the changing mechanical sti ness of the myocalium. ARFI imaging has
been shown to be capable of visualizing changes in the stise of skeletal muscle
bers under various contractile loads [72]. Recent advansen ARFI imaging beam
sequencing and parallel-receive imaging have shortenedjaisition times and less-
ened transducer heating to a point where continuous ARFI ingang acquisitions
can be executed at high frame rates [16]. Additionally, stuels into rapid motion
tracking of ARFI-induced displacements have demonstratdtie viability of real-time
processing and display of ARFI images [91]. As ARFI imaging@duces its own tis-
sue deformation, it is less a ected by the non-uniform stresdistribution within the
heart. Therefore, with the potential to provide continuousmyocardial sti ness esti-
mates through the entire cardiac cycle, we hypothesize ARHinaging to be better
suited to measure the dynamic changes in myocardial sti neghrough the heartbeat

than current clinically available methods.

2.3 Physiological Motion

In order to form ARFI images of the heart that re ect myocardal sti ness, tissue
displacements induced by the radiation force pulse must bestinguished from the
natural physiological motion of the heart. Interpolationbased motion Iters have
been developed to remove such motion artifacts. The fundamtal assumption of
these motion lters is that changes in physiological motioroccur on a slower time
scale than the duration of the entire response of the tissu® the radiation force
pulse. Therefore, physiological motion can be modeled withecewise functions and
removed from the measured displacements.

The linear motion Iter is the most commonly used motion lIter for ARFI imag-

ing and operates on a pixel-by-pixel basis by assuming thahe tissue does not



accelerate within individual tracking intervals of the ARA imaging sequences. As
a result, physiological motion can be approximated by ttirg a linear regression
through the origin and a displacement estimate made after aend-time threshold
where the tissue is assumed to have fully recovered from thdRAl excitation, and
any measured displacements are the result of physiologigabtion only. This re-
gression is then subtracted from displacement estimates dethroughout the entire
tracking interval. Studies have shown this lter to be e ectve in removing mo-
tion artifacts within ARFI imaging in myriad applications, including cardiac ARFI

images taken at diastole [44].

2.3.1 Decorrelation and Jitter

The Cramer-Rao lower bound states that the minimum error (jter) associated

with time delay estimators as:

B 1., 17
23 2T(B3+12B) 2 SNR2

o<

(2.9)

whereT is the kernel sizef . is the center frequencyB is the fractional bandwidth,
SNR is the signal to noise ratio, and is the correlation coe cient [112]. When
imaging stationary targets, these jitter levels are normét small (0.2-1 m) and well
below typical ARFI-induced displacement magnitudes. Hower, in the presence
of physiological motion, there is a greater likelihood forignal decorrelation, and
therefore the resultant ARFI images are formed with incre&sl jitter. The presence
of jitter also negatively a ects motion lter performance, as jitter in displacement
estimates leads to misapproximation and greater uncertdinin the physiological
motion regressions. As a result, in environments with incased physiological motion

and signal decorrelation, motion artifacts are di cult to remove and compromise the

10



integrity of ARFI images [25]. This is a signi cant concernm cardiac ARFI imaging

where the heart beats in a vigorous and complex manner.

2.4 Myocardial Physiology

2.4.1 The Cardiac Cycle

=y, 2
I i
I L
) K S
Aortic Pressure ! R o )"L\
'--—'-"'h-_-ul\ ; o
2
]
O 3 1
|-
(o
LA Pressure P - 3 ¥ I
LY Pressure

LY Volume
(a) (b)

Figure 2.1: Diagrams of left ventricular function. (a) A Wiggers diagram shows variations
in chamber pressures and the four phases of the cardiac cycl€l) isovolumic contraction,
(2) ejection, (3) isovolumic relaxation, and (4) lling. Th e phases are separated by mitral
and aortic valve openings and closures and determined by derences in pressures between
the left ventricle and left atrium or aorta. (b) A parametric plotting of left ventricular
pressure and volume produces a rectangular loop with eachds corresponding to an in-
dividual phase. A single heartbeat progresses in a countelackwise manner and forms a
complete loop.

The cardiac cycle is divided into four distinct phases: isolumic contraction,
ejection, isovolumic relaxation, and lling [49]. Filling encompasses both passive
lling due to the natural relaxation of the ventricles and adive lling due to atrial
contraction. These four phases are separated by the opersngnd closures of the

mitral and aortic valves, and therefore re ect the di erenes in pressures of the left

11



ventricle and left atrium or aorta. For example, when the adic pressure exceeds
the left ventricular pressure, the aortic valve closes and anks the end of ejection
and the beginning of isovolumic relaxation. Although myoaaial contraction is
stimulated by an electrical action potential in the heart, hese four phases cannot
all be registered with speci ¢ events in the electrocardisgm. A Wiggers diagram,
demonstrating the relations between left atrial, left venticular, and aortic pressures
with the four phases of the cardiac cycle and the global eleoctardiogram is shown
in Figure 2.1a [45].

When left ventricular pressure is parametrically plotted gainst left ventricular
volume, a rectangular loop proceeding in a counterclockwisgnanner is obtained.
Each side is associated with one of the four phases and therems pertain to valve
openings and closures. An individual heartbeat correlatde the passage of a single
complete loop. From this parametric plot, left ventricularpressures during ejection
and lling can be seen to be relatively isobaric. An examplefa single pressure-
volume (PV) loop with the four phases of the cardiac cycle isvewn in Figure 2.1b.

Several studies have correlated shifts in the position andhape of the entire
PV loop with the performance of the heart [35,69, 111]. For exple, an upward,
rightward shift of the entire PV loop may re ect the presenceof myocardial ischemia
or infarction. However, these methods are qualitative assaments of myocardial
performance and thus a metric known as myocardial elastanbas been developed

to help quantify myocardial performance.

2.4.2 Pressure-Volume Analysis

Myocardial elastance inmHg=cm?®) is a metric of elasticity, akin to sti ness,
and calculated via pressure-volume analysis. However, hat than determining the

stress-strain relation, elastance is measured through tpeessure-volume relationship
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Figure 2.2: Parametric pressure-volume analysis of myocardial elastece by calculat-
ing the end-systolic and end-diastolic pressure-volume tations (ESPVR and EDPVR).
The pressure-volume relationship for a typical heartbeat pogresses in a counterclockwise
manner and exhibits a rectangular shape with isovolumic cotraction/relaxation and iso-
baric ejection/ lling. ESPVR and EDPVR are calculated by in crementally changing either
variable while tracking the subsequent changes within the pessure-volume loops. A curve
is tted to the upper-left and lower-right most points, whic h correspond to end-systole
and end-diastole. The slopes of these curves represent thedsystolic and end-diastolic
elastances.

and is derived from parametric analysis of PV loops. The uppéeft most point of
each PV loop corresponds with aortic valve closure and marklse end of systole.
Similarly, the bottom-right most point of the PV loop correponds with mitral valve
closure and marks end-diastole.

Myocardial elastances are measured by incrementally vang either left ventricu-
lar pressure or volume and recording the subsequent changeshe pressure-volume
loops [15,52,69]. The pressure-volume data recorded at esystole and end-diastole
re ect the end-systolic and end-diastolic pressure-voluenrelation (ESPVR and ED-
PVR), respectively. Elastances are de ned to be the slope aflinear function tted
to these PV relations. At end-diastole, the pressure-voluenrelation is non-linear
and studies have shown an exponential function to better the data at this point.

As a result, end-diastolic elastances are typically approrated with exponential
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functions, with the instantaneous slope of the exponentiat the end-diastolic left
ventricular pressure correlating to an exact value for therel-diastolic elastance. A

graphical demonstration of PV analysis is shown in Figure 2.[13].

2.4.3 Cellular Physiology

During contraction, an electric action potential activates sodium/potassium ex-
change between the sarcomere and extracellular matrix, tdgng in the depolariza-
tion of the cell. Voltage dependent calcium channels are theactivated, allowing
calcium to enter the sarcomere. This, in turn, then triggerdhe rapid release of
additional calcium ions from within the sarcoplasmic retialum of the myocardial
bers. This onrush of calcium then binds with troponin C, freeing it from the myosin
lament's binding sites and allowing actin-myosin cross hdges to form. These cross
bridges are then broken and reformed down successive birgisites along each la-
ment allowing them to slide against each other, thereby shi@ning the myocardial
ber length. As the overlap between the actin and myosin lanents increases, more
and more binding sites are available to be formed and contiauber shortening.
Throughout many of these processes, including the actin-wsin cycle, adenosine
triphosphate (ATP) is used [49]. During relaxation, calcim is released from tro-
ponin C and taken back into the sarcoplasmic reticulum. The ain-myosin cross
bridges also detach, and the myocardial ber returns to itsest length. As is the
case in contraction, ATP is required throughout relaxationand is used for each of
the processes mentioned previously [4,49, 123].

As both contraction and relaxation consist of a series of emgy consuming cel-
lular processes, the impediment or restriction of any of tlse processes will result in
decreased myocardial contractility. The duration and ratef these cellular processes

also determine the extent of myocardial contraction/relaation [123]. For example,
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the e ects of myocardial ischemia, where the supply of oxygated blood to the heart
is obstructed, can be observed by a decrease in myocardiahtcactility within the
a ected myocytes.

The extent of myocardial contraction/relaxation is also reected by the sti ness
of the muscle. Although several cellular mechanisms coritite to myocardial sti -
ness, the formation of actin-myosin cross bridges is wide#ccepted as the primary
determinant in the increase myocardial sti ness during cdmaction, with the greater
number of cross bridges resulting in increased sti ness [§7]. As a result, several
methods have been developed that use myocardial stiness asmeasure for my-
ocardial contractility and function as well as the determiant for cardiac disorders
including systolic and diastolic heart failure. Many of thee studies have utilized
echocardiography and ultrasonic imaging to obtain their mycardial sti ness esti-

mates [62, 88].
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Chapter 3

In vivo ARFI imaging of
myocardial sti ness

The work presented in this chapter was published in the feliag manuscript:

SJ Hsu, RR Bouchard, DM Dumont, PD Wolf, and GE Trahey. In vivoassessment
of myocardial sti ness with acoustic radiation force impute imaging. Ultrasound

Med Biol. 2007 Nov; 33(11) 1706-1719.

3.1 Introduction

In addition to displaying cardiac anatomy, various medicalmaging modalities
provide information related to myocardial function. PET, CI, MRI and echocar-
diography have all demonstrated capabilities in assessimgyocardial function by
measuring perfusion of contrast agents into and out of thetercellular space of car-
diac tissue [32,55,58,61,118]. However, the potential cplsations with the use of
contrast agents as well as the cost of these imaging modaiiare limiting factors
for their widespread clinical application.

Echocardiography displays real-time images of the heartah provide insight into
anatomy and function. Through Doppler and other methods, téa velocity of blood

and cardiac tissue can also be measured. Advanced signal antge processing
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methods, such as acoustic integrated backscatter, tissueofpler, and automated
calculation of cardiac chamber volumes, have been used t@knate the performance
of the heart and determine cardiac irregularities [31,8008, 115]. However, corre-
lating changes in these parameters to myocardial functioneloomes di cult as they
could be biased by several additional factors, including rogardial ber orientation,
plane of imaging, and tissue depth, that also have been obged to vary during a
heartbeat [6,41, 66]. Additionally, these measurements eoften hindered by poor
signal to noise ratio (SNR) and large variability between dyjects and acquisitions.
An important parameter that re ects cardiac function is myocardial sti ness.
Several studies have associated increased myocardial séss with diastolic heart
failure [10,50, 122]. Sti ness has also been shown to varytlwinfarcted, ischemic,
and ablated tissue. Stiness is measured by determining thelastic relationship
between stress and strain within tissue. The calculation attress within the heart is
di cult as there currently is not a direct, non-invasive method to measure the radial
and circumferential forces encountered by the myocardiumConversely, strain is
easier to quantify as it can be calculated through image-bad algorithms that track
tissue motion. One method to measure strain is through a teropal integration
of strain rate, which can be measured from the di erence in gsue velocities at
two points within the myocardium [40,92]. Another method tomeasure strain is
from the spatial gradient of tissue displacements. Severahaging modalities utilize
motion tracking to calculate tissue displacements. TaggeMIRI has been used to
measure three-dimensional cardiac motion, though the parged acquisition times
leave this method susceptible to artifact due to patient andespiratory motion [65].
Echocardiography has been used extensively to track myodal deformation [2,17],
though the relative inaccessibility and depth of the heartiinit the accuracy of these

measurements.
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Images of strain and strain rate have been used to correlateduced myocar-
dial deformation with weaker heart contraction and reduceaardiac output. These
methods have shown promise in the detection of ischemic orfancted myocardium
[31,63,92]. However, without measuring stress, these inesgare vulnerable to mis-
interpretation as observed variations could be due to the tnnsic non-uniform de-
formation of the heart.

Another method of imaging sti ness is through acoustic radition force impulse
(ARFI) imaging. Investigations in cardiac ARFI imaging hawe demonstrated it to
be an e ective modality for use in monitoring of radiofrequecy ablations [24, 44].
These studies used electrocardiogram (ECG) gated acquisits, where a single ARFI
image per heartbeat is acquired. We hypothesize that a seque of ARFI images
will provide further insight into the changing mechanical 8 ness of the myocardium.
ARFI imaging has been shown to be capable of visualizing chgas in the sti ness
of muscle bers under various contractile loads [72]. Redemadvances in ARFI
beam sequencing and parallel-receive imaging have shoddracquisition times and
lessened transducer heating to a point where continuous ARFnaging acquisitions
can be executed at high frame rates [16]. Additionally, stues into rapid motion
tracking of ARFI-induced displacements have demonstratdtie viability of real-time
processing and display of ARFI images [91]. In this chaptewe present preliminary
in vivo investigations of real-time ARFI imaging of the heart throgh the cardiac

cycle.
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3.2 Methods

3.2.1 Imaging Methods

The Siemens (Siemens Medical Solutions, USA, Ultrasoundviion, Issaquah,
WA) SONOLINE Antares ™ ultrasound scanner was used with the VF10-5 probe.
The 192 element, linear array formed B-mode and ARFI images acenter frequency
of 6.67 MHz. Traditional B-mode images were formed across & 18m lateral eld
of view and with a line density of 6.7 lines per millimeter. Irphase (l) and quadra-
ture (Q) signals from the received echoes were recorded vigetSiemens Ultrasonic
Research InterfacE! During acquisition, the corresponding ECG was also recaed.

Along each lateral location, the ARFI imaging pulse sequeacconsisted of one
reference line, one radiation force pulse line, and sevecainsecutive tracking lines.
The rstline was used to establish the initial tissue positon and served as a reference
for measuring subsequent displacements. The pushing bea#h (s pulse length) was
then red along the same line to induce small displacementsithin the tissue. These
displacements were estimated by recording echoes from thegn consecutive tracking
lines at a pulse repetition frequency (PRF) of 3kHz and corlating them with the
echoes from the initial reference line with a phase shift @station algorithm [48].
The reference and tracking lines used conventional B-modeilges, 1-2 cycles long.
Previous studies have shown the axial and lateral resoluticof ARFI images to be

comparable to B-mode images obtained under similar imagirggnditions.

3.2.2 Three-line M-mode ARFI imaging

To examine specic regions of tissue at a high sampling fregocy, three-line

M-mode ARFI images were acquired. These sequences condisié consecutively
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transmitted radiation force pulses at three lateral positns spaced 9.5mm apart.
Repeated tracking lines were then recorded by multiplexinthe tracking location
through each of the three transmit beams. The acquisition rtie for the entire se-
guence was 5.9ms. In order to limit tissue and transducer hesy, three-line M-
mode ARFI imaging sequences in these experiments were exedudor three seconds

(across 4-5 heartbeats) at a sampling rate of 40 Hz.

3.2.3 Two-dimensional ARFI Imaging

Two-dimensional ARFI images were formed across a 14 mm ladéreld of view at
a line density of 3.6 lines per millimeter. Much like the thre-line M-mode sequences,
these two-dimensional ARFI imaging sequences consisted aoinsecutive radiation
force pulses transmitted at three lateral locations spacedne third of the lateral
eld of view apart. Multiplexed tracking lines, consistingof four parallel-receive lines
centered around each of the three transmit locations, werecorded for 4.28 ms with
a PRF per single location of 3.0kHz. The entire sequence wdseh electronically
translated across the eld of view to form a complete two-dimnsional image. Single
frame ARFI images were formed by displaying the measured dige displacements
1.3 ms after cessation of the radiation force pulse. Thesespliacement images were
spatially median ltered with a 0.3 mm (axial) x 0.7 mm (lateral) kernel.

The sequence interrogated the entire 14 mm eld of view usingvelve radia-
tion force pulses for a total acquisition time of 24 ms. Conmdonal ARFI imaging
sequences without parallel-receive and multiplexing medlls would have required
288 ms and 48 radiation force pulses for the same eld of viewgain, to limit long-
term tissue and transducer heating, 2-D ARFI images in thesexperiments were

acquired for three seconds at a frame rate of 10 Hz.

20



3.2.4 Displacement Estimation

Axial displacements were calculated by using a phase shifitenation algorithm
[48]. As the displacements are measured by determining thigse 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 thstimates wrap about the
origin. To correct for this error, large displacement disatinuities through time
greater than half a wavelength within the data were found andghifted a complete

wavelength in the opposite direction.

3.2.5 Physiological Motion Filters

Interpolation-based motion Iters approximate physiologcal motion using dis-
placement estimates made during periods within the ARFI imging acquisitions
where the ARFI-induced displacements are assumed to be ngitlle. These periods
correspond to times of the reference line, before the tranmsion of the excitation
pulse, and after an end-time threshold where the tissue issagned to have recovered
from the ARFI excitation. Displacements estimated when ARFinduced displace-
ments are still present bias the motion Iter. A least square regression is used to
t an analytic function to these data and then interpolate ard remove physiological
displacements through the entire ARFI imaging acquisition

For most applications of ARFI imaging, a linear regressiorsi t to these data.
The linear motion lter assumes constant velocities and thefore zero tissue ac-
celerations within the ARFI imaging tracking interval. However, the linear motion
lter is a rudimentary approximation of physiological motion and cannot account
for complex displacement pro les as well as displacementti@sation errors arising

from out-of-beam motion and signal decorrelation [19]. Aduonally, displacement
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estimates with low SNR are likely to bias physiological matn interpolations. As a
result, a linear approximation of cardiac motion is insu cient, and a more sophisti-
cated lter is needed to better approximate this motion at al points of the cardiac
cycle. The following subsection provides a description far higher-order, quadratic
motion Iter used for cardiac ARFI imaging. A graphical representation for the

linear and quadratic motion lters is shown in Figure 3.1.

Quadratic Motion Filter

The quadratic motion Iter assumes that tissue acceleratio arising from phys-
iological motion is constant, but not necessarily zero, wiin the time intervals of
the radiation force pulses. Thus, at any point inside the regn of interest, a second-
order polynomial can be used to approximate the physiologitdisplacementsd(t),

measured within the ARFI images:

d(t) = cit? + Gt + ¢ (3.1)

The initial reference line is de ned as the origin, and all diplacements are esti-
mated with respect to windowed echoes from that line. Evaltiag the polynomial

at that point yields:

d(0) = c;=0 (3.2)

¢, and ¢, are found with a least squares regression to the displacermelata.
This regression is calculated using displacements measluedter a thresholded time
(tiresh ) When the tissue is assumed to have fully recovered from thadiation force

excitation. This time must be short enough so that the assuntipn of constant
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Figure 3.1: Graphical representation of the linear and quadratic interpolation-based mo-
tion lters. ARFI imaging displacement estimates (diamond plots) include ARFI-induced
tissue displacements along with physiological cardiac mabn. Both Iters approximate
physiological motion with an analytic function that passes through the origin (starred
point) and is determined by a least squares regression of a baet of displacement estimates
(solid circle points) that are believed to be a result of physological motion only. Within
the ARFI imaging sequences, these displacement estimateseamade after an end-time
threshold (dotted line), where the tissue is assumed to haveecovered from the radiation
force excitation (dashed line). (a) The traditional linear motion lter ts a line through
the origin and a single displacement estimate at that end-tme threshold. (b) A quadratic
motion Iter approximates physiological motion with a para bola through the origin and
all displacement estimates recorded after the end-time theshold. (c) The resulting mo-
tion ltered displacement curves from the linear (circle plot) and quadratic (triangle plot)
motion lters are shown with the true ARFI-induced displace ment curve (solid line).

physiological tissue acceleration remains valid yet su @ntly long to ensure dis-
placements measured after this threshold do not include ardRFI-induced tissue
displacements. Previous investigations into cardiac ARAmaging have shown that

myocardial tissue recovery occurs within 2-3 ms after cesisa of the radiation force

23



pulse [24]. By applying a quadratic regression to a limitedubset of times ) and

measured displacementgdg), wherets> t yresh , the coe cients (¢; and ¢;) are found

to be:
2 3 2 P P 3
2 € g P P 1 P g S t32 S tSZdS S tS3 S tSdS é
= t 4 t 2 (I t 3)2 P 3 P 5 P 4 P (33)
C2 s S s S s S ts ts ds + ts tsds

S S S S

Excluding the origin, these coe cients can be determined wh only two data
points beyond the threshold time. The curve (Equation 3.1)si then subtracted
from the entire displacement pro le and the residual displeements are considered
the tissue responses to the radiation force excitation. Thguadratic motion lIter
operates on a pixel-by-pixel basis and calculates these @ients at every spatial

location based on displacements measured at each point.

3.2.6 Experimental Procedure

The beating hearts of twocanine subjects were imaged in this study, as approved
by the Institutional Animal Care and Use Committee at Duke Unversity conforming
to the Research Animal Use Guidelines of the American Hearts&ociation. Both
animals weighed approximately 20 kg. The chest was openedif@asons unrelated to
this study. A Parker Laboratories (Fair eld, NJ) Aqua ex ul trasonically transparent
5mm stando pad was placed between the heart and the transdac The imaging
probe was held in place by hand while attempting to maintain axed imaging plane
for each acquisition.

With canine heart rates above 100 beats per minute, it was questionabfesubtle

ARFI-induced displacements could be measured in the presenof vigorous cardiac
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motion. Therefore, the e ectiveness of the quadratic motio Iter in estimating and
removing cardiac motion was rst examined.

To assess potential physiological cardiac motion artifagt three-line M-mode
ARFI images of the left ventricular free wall were acquiredtaa 1.5 cm focus. Passive
ARFI imaging sequences, where the radiation force pulse tramit voltage was zero,
were acquired. As these sequences provided no external &tmn to the tissue,
displacements within the images represent cardiac motiontdacts. The quadratic
motion lter with a time threshold of 2.97 ms was used to appmeimate cardiac
motion. Five points, one reference and four post-thresholthes, were used to de-
termine the motion Iter coe cients in Equation 3.3. The dis placement pro le was
subtracted from the initial displacement estimates to prodce a residual displace-
ment plot. Along each of the three M-mode lines, the averagesidual displacements,
which were measured 0.66 ms after cessation of the radiatitarce pulse within a
3.9mm axial window at a constant depth of 1.1 cm, were plottethrough time and
matched with the corresponding ECG. These plots were used &valuate the ex-
pected levels of motion artifact within ARFI images at variais points of the cardiac
cycle.

Active three-line M-mode ARFI imaging sequences, now inaing a 45 s radia-
tion force excitation pulse, were then acquired. The same gdratic motion lter was
applied to the measured displacements. The resulting Ited displacements, which
were measured 0.66 ms after cessation of the radiation foqmalse within a 3.9cm
axial window at constant depth of 1.1 cm, were plotted with tle corresponding ECG.

The transducer was placed on the right side of the heart and gallel to its long
axis. From this viewing angle, the eld of view contained bdt the right atrium and
right ventricle. Two-dimensional B-mode and ARFI images,dcused on the septum

at a depth of 2.0cm, were acquired for 3seconds at a samplirge of 10Hz. By
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holding the transducer in this manner, the full expansion athe atria and ventricles
was restricted. Displacements within the septum in both chabers were examined
and tracked through the entire cardiac cycle.

A Cardiac Pathways (Sunnyvale, CA) radiofrequency ablatio device with a
Boston Scienti ¢ (Natick, MA) SteeroCath catheter was usedo perform a 20 Watt,
120 second ablation on the epicardial surface of the free ivaf the left ventricle.
The ablation site was manually irrigated with 0.9% saline. éllowing the ablation,
a visibly discolored lesion was present that moved with thedart but would not be
expected to contract nor change in mechanical sti ness thugh the cardiac cycle.
The 5mm stando pad was placed on the heart and the transducewas centered
directly over the ablation lesion. Two-dimensional B-modand ARFI images were
acquired with the transducer focused at 1.5cm.

With the heart in normal sinus rhythm, multibeat synthesis was used to create
tissue displacement plots through the cardiac cycle by samg the 30 ARFI images
with their relative times of acquisition between QRS comples. Tissue displace-
ments were plotted at two points within the myocardium (onen the center of the
lesion; another in non-ablated myocardium). The two plots ere compared to track
myocardial sti ness through the cardiac cycle.

To quantify physiological motion artifacts within the ARFI images of the lesion,
3-line M-mode ARFI imaging sequences were acquired with tleenter M-mode line
positioned directly over the lesion. The two outer M-modethies were positioned over
healthy, non-ablated tissue. Three-line M-mode ARFI imagewere acquired with
and without radiation force pulse excitations and matched ith the corresponding
ECG trace. The sequences were focused at a depth of 1.5cm,lavlthe points of
interest were shifted towards the epicardial surface suchdt the center point would

be inside the lesion. As the points of interest were shallow the transmit focus, the
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maximum displacement and tissue recovery times associatedh these points would

occur later in time than at points around the focus [85]. As aeasult, displacements
plots were made 1.3 ms after cessation of the radiation forpalse while the threshold
time was set at 3.30ms. With this time threshold, the four paits were used to
determine the motion Iter coe cients in Equation 3.3. Displacements measured
within the center beam were then compared to displacementseasured from the

two outer beams.

3.3 Results

The B-mode image of the left ventricle with marked location®f the three M-
mode ARFI lines is shown in Figure 3.2a. The three points of terest are marked
on the B-mode image. The residual motion ltered displacenme plots from a zero
excitation pulse amplitude sequence are shown in Figure 8.2 The physiological
tissue motion measured at the same time (0.66 ms) after cetssa of the radiation
force pulse is shown in Figure 3.2b. Ideally, the ltered dacements would be
zero, indicating complete Itering of cardiac motion, howeer, as the cardiac motion
increases and becomes more complex, the quadratic approatian of cardiac motion
becomes less accurate and the tracking of local tissue maoti@n which the lter is
based, becomes noisier. As a result, displacement artifa@rise.

The three residual displacement curves have similar maguades and pro les, with
a 0.19 0.26 m average absolute residual displacement. When matched kvithe
ECG in Figure 3.2d, the maximum absolute residual displacesnts of approximately
1.5 m can be observed to occur around the QRS complexes. Physipbally, these

points correspond to ventricular systole and myocardial atraction. Large physio-
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Figure 3.2: Matched B-mode image and plots from the three-line M-mode ARFI imaging
acquisitions of a healthy left ventricular free wall. The B-mode image (a) shows the left
ventricle, with vertical lines indicating the lateral loca tions of the three M-mode lines. The
points of interest for the subsequent plots are also markedytheir respective shapes within
the B-mode image. With zero pulse amplitude excitation, moion ltered displacements
(c) measured 0.66 ms after cessation of the radiation forceylse show residual artifacts
with an average absolute displacement of 0.19 0.26 m. The estimated physiological
motion (b) measured at the same time show the greatest residal displacements occur
with large tissue motion. The ECG (d) shows that these pointscoincide with ventricular
systole. When the sequences were acquired with a 45 excitation pulse and matched with
its corresponding ECG (g), ARFI induced tissue displacemets (f) show cyclic patterns
with the minimum and maximum displacements measured duringsystole and late dias-
tole, respectively. Physiological motion estimates (e) a& comparable to those previously
measured, suggesting that the levels of artifact within thedisplacements plots should also
be similar.

logical motion estimates measured at these points of the ciac cycle suggest that
greater tissue motion increases the uncertainty and erron ithe motion Iter. The
motion artifacts measured in passive ARFI imaging sequersean be used to pre-
dict the levels of bias and error in subsequent ARFI imagingcguisitions of the left
ventricle. Tissue displacements measured for active ARRhaging acquisitions that
include excitation pulses must be greater than these resialudisplacements in order
to assure that they are due to variations in myocardial sti ress and not an artifact

of cardiac motion.

The motion ltered displacement plots from the active threeline M-mode ARFI
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imaging sequence that included high intensity excitation ydses are shown in Figure
3.2f. The three displacement plots have similar pro les anchagnitudes, suggesting
that ventricular myocardial sti ness and its variations through the cardiac cycle are
relatively uniform. The plots show cyclic displacements wh the di erences between
maximum and minimum displacements from each of the three ks greater than
12 m. Tissue displacements at all three positions fall below 3n during systole,
re ecting the fact that the ventricular myocardium has sti ened as it contracts.
At these points of the cardiac cycle, the average minimum dydic displacement is
3.96 1.16 m. After the T-wave, the heart is in ventricular diastole as he ventricles
relax and become more compliant. Accordingly, tissue diggements for all three
lines rise to their maximum values, above 15m. The average maximum diastolic
displacement is 19.75 2.97 m. The average ratio between maximum diastolic to
minimum systolic displacements is 5.3:1. Physiological mon estimates, shown
in Figure 3.2e, have similar magnitudes though fewer spikésan measured in the
previous passive ARFI imaging acquisition. Thus, the levelof physiological motion
artifact are likely to be comparable to those measured in thereceding null excitation

acquisition.

Two-dimensional ARFI images of the septum, formed across 4 thm lateral eld
of view and a line density of 3.6 lines per millimeter, were guired for three seconds
at a frame rate of 10Hz. Each image utilized twelve 45 radiation force pulses to
interrogate the entire eld of view. Two frames of matched Bnode and ARFI images
at atrial and ventricular systole are shown in Figure 3.3. Té right atrium (RA),
right ventricle (RV) and tricuspid valve (TV) are labeled in the B-mode images in
Figure 3.3a and c. The relative times of acquisition of the iages are marked by the

two vertical lines on the ECG in Figure 3.3e. The B-mode imagacquired during

29



Axial Position [cm]

-0.5 0 0.
Lateral Position [cm]

(b)

Axial Position [cm]

05

.5 0 . -0.5 0 0.
Lateral Position [cm] Lateral Position [cm]

(c) (d)
1, T T T
a,b c,d
O
Y K
1 I L L L
0.1 0.2 0.3 0.4 0.5
Time [s]
(e)

Figure 3.3: Matched B-mode and ARFI images of the right side of the heart ad its
global ECG (e). The images were focused at 2.0cm on the septumThe right atrium
(RA) is located on the left, and the right ventricle (RV) is on the right. The B-mode im-
age of the heart during atrial systole (a) is shown with an op@ tricuspid valve (TV). The
corresponding ARFI image (b) suggests the atrial myocarditm has sti ened as displace-
ments ( m away from the transducer) within the atrial septum are low. Meanwhile, tissue
displacements are higher within the ventricular septum, suwgesting that it is more com-
pliant. The B-mode image of the heart during ventricular systole (c) shows that the TV
has closed, preventing blood to ow back into the RA as the vertricles contract and atria
relax. The ARFI image (d) re ects this trend as the sti er ven tricular septum displaces
less than the more compliant atrial septum.
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atrial systole (Figure 3.3a) shows that the tricuspid valvédnas opened as the atria are
contracting and blood is owing into the ventricles. In Figue 3.3b, the corresponding
ARFI image suggests that the atrial septum is sti er than theventricular septum
as the tissue displacements in the ventricular septum @ m) are higher than those
measured within the atrial septum ( 2 m). Again, the di erence in displacements
between the two chambers is greater than the residual disglments measured in
sequences without excitation pulses.

After the QRS complex, ventricular contraction is apparentwithin the B-mode
image in Figure 3.3c as the tricuspid valve has closed. Thentgcular septum has
sti ened as the ventricles expunge blood out of heart. Meartle, the atrial septum
has become more compliant as the heart is also at atrial diaé. The correspond-
ing ARFI image (Figure 3.3d) re ects this trend as the displaements within the
ventricular septum are small, while tissue displacementsithin the atrial septum
have increased. The di erence in myocardial sti ness betvem the two chambers is

comparable to what is observed during atrial systole.

Matched two-dimensional B-mode and ARFI images of the leftantricular free
wall with a sti er lesion on the epicardial surface at four pmts of the cardiac cycle
are shown in Figure 3.4. The four B-mode images show a sectmfithe myocardium
changing thickness as the heart beats, however provide létindication into the
presence of a stier lesion. Conversely, the ARFI images skoa hemispherical
region of decreased displacement on the proximal surfacetloé tissue.

In all four ARFI images, displacements within the lesion arédow and remain
low throughout the cardiac cycle. This suggests that the lem is functionally in-
active and does not change in sti ness as the ventricles coatt/relax. In contrast,

tissue displacements of non-ablated myocardium surroumdj the lesion are higher
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Figure 3.4: 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.When matched to the ECG
(e), the images corresponded to: (a) atrial systole, (b) atral diastole, (c) ventricular

systole, and (d) cardiac diastole. All four ARFI images showdisplacements ( m away
from the transducer) within the lesion are low and remain lowduring the entire heartbeat.

In the surrounding healthy myocardium, tissue displacemets vary through the cardiac

cycle. During ventricular systole, displacements are smélindicating the myocardium has
sti ened as it contracts. Using multibeat synthesis, displacement plots of points inside and
outside the lesion (f) re ect this trend as there are little variations in tissue displacements
inside the lesion. Outside the lesion, the displacements se above 8 m during diastole,
and are below 4 m during systole.
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and vary through the cardiac cycle. During ventricular sysile (Figure 3.4c), the
displacements within healthy tissue decrease as the myodam stiens and fall

to a level where it is di cult to distinguish the hemispherical lesion from the sur-
rounding non-ablated myocardium. The lesion is best visuaed within the ARFI

images during ventricular diastole (Figure 3.4a), when théealthy myocardium is
most compliant. ARFI images of the left ventricular free wdlin transition between
systole and diastole are shown in Figure 3.4b and d.

Displacement plots at two selected points within the myocalium created via
multibeat synthesis are shown in Figure 3.4f. The two selead regions of interest
span a 1.7mm x 1.7 mm window, and their positions are marked leir respec-
tive shapes in the four B-mode images. From these plots, thgatic variation in
tissue sti ness within healthy cardiac tissue becomes mospparent. After the QRS
complex, tissue displacements within untreated tissue dposharply. From contrac-
tion through repolarization, the average displacement fathe region of healthy left
ventricular myocardium was 2.76 0.28 m. Inside the lesion, the average displace-
ments during this segment of the ECG was 2.230.25 m. Displacements within
healthy myocardium gradually rise above 8m after the T wave. After ventricu-
lar repolarization but before ventricular contraction, the average displacements in

healthy and ablated tissue were 8.430.79 m and 3.54 0.48 m, respectively.

To assess the levels of motion artifact within these imagetjree-line M-mode
ARFI images were acquired. The B-mode image and three-line-Mode ARFI-
induced displacement plots are shown in Figure 3.5. The ptisns of the three
displacement plots are marked by their respective shapes tine B-mode image in
Figure 3.5a. With the zero radiation force pulse amplitudeegjuences, the motion

Itered displacements are shown in Figure 3.5c. The three @is are similar in shape
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Figure 3.5: Matched B-mode and three-line M-mode ARFI-induced displa@ment plots of

the left ventricular free wall with a laterally centered lesion on the proximal surface created
via radiofrequency ablation. The motion ltered displacement plots 1.3 ms after cessation
of the radiation force pulse from a zero pulse amplitude segence (c) show small residual
displacements with little variances between the center lire and the outer two lines that do

not contain the lesion. The motion Itered displacement plots from a sequence containing
excitation pulses (f) show cyclic variations in tissue dispacements that correspond to
the myocardial sti ening during the cardiac cycle. The displacements inside the lesions,
however, do not rise above 1.5m. During ventricular diastole, displacements on the

two outer lines within healthy myocardium are greater as they rise above 4.0 m. The

estimated physiological motion plots (b and e) show reducedissue motion as the points
of interest are now closer to the transducer.

and magnitude and provide little evidence to di erentiate he center line contain-
ing the lesion from the other two. The largest residual disptements still occur
around systole. The average absolute residual displacemeari the three lines is
0.18 0.24 m and similar to displacements measured in the previous M-rde ac-
quisition (Figure 3.2c). The physiological motion estimas (Figure 3.5b) show a
signi cant reduction in cardiac motion, compared to the preious acquisition. This
is likely due to the fact that the regions of interest are at sallower depths, which
move less than deeper regions of tissue, relative to the iantact transducer.
The displacement plots from the three-line M-mode ARFI imaigg acquisition

that included high intensity excitation pulses focused at.5 cm are shown in Figure

3.5f. The overall di erences in maximum and minimum tissue idplacements are also
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less than the previous three-line M-mode acquisition. As éhradiation force pulses
were focused at a greater depth than the regions of intereshe observed ARFI-
induced displacements are also less. From this plot, it alssan be observed that
the two outer plots have a similar cyclic pattern with a systbc and diastolic dis-
placement di erence greater than 3 m. For the center M-mode line containing the
lesion, a cyclic variation of displacements remains pregethough the displacements
are much lower than measured in the two outer lines. The maxum displacements
reaches only 1.5m during diastole while the di erences between systolic andias-
tolic displacements are below 1m. During systole, displacements inside the lesion
are similar to those measured within the two outer M-mode lies, indicating that
the lesion is of comparable sti ness to the contracted myocdium. However, the
reduced diastolic displacements and lower levels of resadicardiac motion artifacts
arm that the measured displacements are the result of the dering mechanical

properties between the heart and ablated tissue.

3.4 Discussion and Conclusions

Passive three-line M-mode ARFI imaging acquisitions do naxcite the tissue.
Therefore, the ideal motion- Itered residual displacemds for these sequences are
zero, indicating the complete removal of cardiac motion. Relual displacements that
are measured within the passive ARFI images are a metric fdne performance of the
motion Iters and re ect the levels of noise and bias expecteduring active ARFI
imaging. More e ective motion lters are currently being investigated to further
reduce cardiac motion artifacts. As these motion Iters araised to approximate
the measured cardiac motion, they will not remove displacesnt artifacts caused

by errors in tracking the tissue motion. Several factors, sluding out of beam
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motion and tissue shearing/rotation, introduce error intothe displacement estimates.
More accurate displacement estimators, such as normalizedoss-correlation [91],
could provide better estimates of the displacements and thefore would be less
susceptible to motion artifacts; however, the additional @anputational expense of
these estimators must be considered for real-time applicans.

Tissue displacements measured within the active three-8nM-mode ARFI se-
guences, as seen in Figure 2e, are less thanm during ventricular systole, re ecting
the fact that the ventricular myocardium has sti ened during contraction. After the
T-wave, the heart enters cardiac diastole, and the ventries become more compli-
ant. Accordingly, tissue displacements at this point of thecardiac cycle are above
10 m and at their maximum values. The di erence between systaliand diastolic
ARFI-induced displacements exceeds the measured residdaplacements from the
previous null excitation sequence. Therefore, observedriaions in tissue displace-
ments likely re ect changes in myocardial sti ness and not difacts resulting from
cardiac motion.

The three-line M-mode plots show mean measured displacenseat a xed axial
depth in order to maintain a specic region of interest wherahe radiation force
magnitude is believed to be constant. However, changes inyaof the three variables
from Equation 2.2 that determine radiation force magnitudewill bias the measured
displacements. Therefore, a degree of uncertainty is presevhen making sti ness
comparisons as some of the di erences in displacements ebble due to variable
radiation force magnitudes. Also, by xing the imaging plae, the same section of
the myocardium is not interrogated. As a result, spatial vaations in sti ness with
tissue depth will introduce errors in the displacement plet

Large variations among displacement estimates result in arge margin of uncer-

tainty in the sti ness ratio, particularly because the smaler systolic displacement
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is the denominator term. In this study, the sti ness ratios ae calculated only for
regions of interest with large tissue displacements and tfedore larger signal to noise
ratio (SNR). Systolic displacements at the depth of the epadial lesion were too
small to calculate accurate stiness ratios. In the displaaments plots shown in
Figure 2e, the regions of interest are close to the transmibdus of the radiation
force pulse, and therefore the measured tissue displaceiseare higher. The 5.3:1
sti ness ratio for this region is comparable to the sti nessratios measured in other
studies. Jalil et al. used indirect measurements of left varcular pressure and
weight and assumed spherical geometry to determine stressain relations within
the heart [46]. The measured end-systolic to end-diastol&ti ness ratio from this
method was 4.2:1. Jegger et al. used PV analysis to derive amdesystolic to end-
diastolic ratio of 13.2:1 [47].

The two-dimensional ARFI images of the heart show the changén local sti ness
of the heart through the cardiac cycle. The ARFI images fromhe right side of the
heart show the staggered atrioventricular contraction oftte heart at the appropriate
times during the ECG. ARFI images taken at four distinct poirts of the cardiac cycle
also re ect the changes in myocardial sti ness as the musckontracts and relaxes.
The ARFI image acquired during diastole indicates that the ntreated tissue has
become more compliant as the displacements within those regs of myocardium
are large. At this point, the lesion becomes most apparent thin the ARFI images
because the di erences in myocardial sti ness between thedion and surrounding
tissue are at their greatest. During systole, tissue dispgtaments within the untreated
tissue are small, indicating that the tissue sti ened. In fat, tissue displacements
are reduced to a level where it is di cult to distinguish the smicircular lesion from
the surrounding untreated tissue.

The displacement versus time plot created from multibeat syhesis of untreated
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tissue shows myocardial sti ness changes throughout the rcac cycle. The plot
suggests that myocardial sti ening occurs quickly, as tisge displacement falls sharply
from its peak value. Myocardial relaxation appears to be a me gradual process, as
the slope returning to maximum diastolic displacement is stlower. This pattern
re ects the rapid spread of electrical excitation that drives myocardial contraction
and the gradual, more di use repolarization during relaxabn [39].

During the active three-line M-mode ARFI imaging acquisiton of the lesion,
a cyclic pattern is observed in all three displacement trase as seen in Figure 2c.
However, one would not expect the displacements within alitd tissue to vary.
One explanation for these observed cyclical variations ikdt the transducer was not
placed directly over the ablation site and the cross sectioof the lesion within this
image is not of fully ablated tissue. It is also possible thathe ablated tissue was
sti ened by the contraction of the surrounding normal tisse. Nevertheless, the fact
that the plot from the middle M-mode line has reduced displaanments compared to
those of the two outer lines suggests that a lesion is preserithe B-mode images
provide no such indication.

In order to create a real-time clinical system, further devepment is necessary.
To be less invasive, ARFI images must be formed without expiag the heart. One
viable option is to expand these methods to transducers bett suited for cardiac
imaging, such as phased array transthoracic, transesoplead (TEE) and intracar-
diac (ICE) echocardiography probes. The reduced output p@w from the smaller
arrays associated with TEE and ICE must be addressed. Invégations into abdom-
inal ARFI imaging have suggested that transthoracic ARFI inaging with a hand-
held array would be capable of producing measurable dispéaments at the depth
of the heart [22]. However, the same factors that limit the ggications of standard

echocardiography, including restricted viewing angles dnncreased depth, will limit
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transthoracic ARFI imaging.

Thermal safety concerns related to tissue and transducer dténg due to ARFI
imaging also need to be addressed for clinical acceptancenite element modeling
of tissue heating associated with ARFI imaging has shown thahe temperature
increase from a single image is moderately low. However, haacumulation during
extended ARFI imaging is a concern [26,84]. In these expeemts, the sampling
rates were restricted to 10 Hz for 2-D ARFI imaging and 40 Hz fdM-mode ARFI
imaging, while acquisition times were limited to only threeseconds. The maximum
temperature rise of the transducer face for these sequenceas measured to be
approximately 4°C. Extended acquisition and higher sampling rates would fthver
increase this value and could possibly cause thermal damatgethe tissue. One
possible solution is to reduce the radiation force amplitiel which in turn, would
reduce tissue and transducer heating. However, a reductioh radiation force pulse
amplitude would also result in reduced displacements withithe ARFI images. A
decrease in the signal (tissue displacements) within the AR images is acceptable
so long as the noise can also be reduced, thereby preservihg SNR. This can
be accomplished by improving the displacement estimatorsnd motion lters as
previously discussed.

We have presented preliminary results and demonstrated tHeasibility of real-
time cardiac ARFI imaging. The plots and images presented ithe chapter show
cyclic displacement curves that re ect the changing mechasal properties of the
heart through the cardiac cycle. The observed increases ofymcardial sti ness
within the ARFI images can be correlated to myocardial contiction and the sys-
tolic periods of the ECG. Also, realtime ARFI imaging was cagble of visualizing
a RFA created lesion and show that it is functionally inactie during a heartbeat.

These results demonstrate the clinical utility of realtimecardiac ARFI imaging.
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Chapter 4

ARFI imaging sequence
modi cations

4.1 Introduction

A fundamental concern in acoustic radiation force impulseARFI) imaging is the
removal of displacements external to those caused by the AR&xcitation, which are
typically small ( 10 m). The primary sources of these external displacements are
associated with motion from the transducer and the presencoé physiological motion
within the regions of interest. Transducer motion can be mimized by stabilizing
the probe with either a steady hand or an apparatus that holdshe probe static
against the heart through the acquisition. However, ARFI imging in the presence
of moderate to great physiological motion requires more doigticated measures.

The main sources of physiological motiom vivo are associated with respiratory
and cardiovascular motion. Accordingly, the applicationf ARFI imaging most
a ected by physiological motion are within abdominal and cediovascular ARFI
imaging. Within a single breath, the thoracic diaphragm cardisplace up to 4 cm,
causing the entire abdomen to displace with it [110]. This iparticularly a con-
cern in hepatic ARFI imaging where abdominal motion is prinpally normal to the

correlation (axial) dimension. As a result, this motion cotributes to pulse-to-pulse
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decorrelation and motion artifacts that are di cult to remo ve [22,25]. In cardiovas-
cular ARFI imaging, physiological motion is caused by myocdial contraction and
the pulsatile ow of blood. Vascular distention due to blood ow and changes in
blood pressure are typically small, with the maximum distetion of larger vessels ap-
proximately 1 mm, and vary from vessel to vessel [7]. Meanvdj the heart produces
perhaps the most complex and considerable physiological tioo within the body,
with myocardial velocities exceeding 3 cm/s during ejectioand lling [37, 65, 95].

For single image acquisitions, breath holds and gating o th electrocardiogram
(ECG) are used to help minimize these motion artifactsn vivo. Additionally,
interpolation-based motion Iters have been developed topproximate and remove
motion artifacts. These measures have proven to be e ectiwe removing motion ar-
tifacts in virtually every application of ARFI imaging [18,20,44,107]. However, when
continuously sampling ARFI images within a rapidly moving avironment, imaging
sequence advancements and modi cations that maintain imagyuality while increas-
ing the sampling capability are necessary. Also, the therrhaxposure to the subject
and the transducer due to repeated transmissions of the radiion force pulse must
be considered [26, 83].

Typical acquisition times for traditional two-dimensiond (2-D) ARFI images are
approximately 200 ms, corresponding to a maximum samplingite of 5Hz. These
long acquisition times allow for greater variability in tissue velocities within the
acquisition and increase the likelihood for spatial artifets within the images. As a
result, initial investigations into cardiac ARFI imaging utilized parallel-receive and
multiplexed imaging to shorten acquisition times and redue thermal exposure to
both the transducer and tissue and yielded 2-D ARFI images & beating heart
sampled at 10Hz [11, 16,43]. To further increase samplingtea, spatial sampling

was sacri ced and ARFI excitations were transmitted at thre spatial locations only.
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These three-line M-mode ARFI images were sampled at 40 Hz.

In order to further increase the applicability of ARFI imaging, additional im-
provements to the imaging sequences are needed to provideernsampling with
better spatial and temporal resolution and interbeam consiency so that more de-
tailed information can be gleaned from the ARFI images and siblacement data. We
present new ARFI imaging sequences, designed to image rdpichoving and chang-
ing myocardium. These sequencing advancements includexexcitation tracking,
parallel-transmit excitation, parallel-transmit tracking, ECG-gating, and multibeat
synthesis. The signi cance and relevance of these new seqges to cardiac ARFI

imaging are demonstrated.

4.2 Methods

4.2.1 Imaging Methods

A more detailed description of ARFI imaging sequences is pided by Nightin-
gale et al [73]. Imaging acquisitions were performed with ¢hSiemens SONOLINE
Antares™ ultrasound scanner (Siemens Medical Solutions, USA, Ulsaund Divi-
sion, Issaquah, WA) and a VF10-5, linear ultrasound transdrer. All images were
formed at a center frequency of 6.67 MHz and acquired usingetiSiemens Ultra-
sonic Research Interfad®to record in-phase (l) and quadrature (Q) data from the
received echoes.

All in vivo cardiac images were formed epicardially with the transducelaced
directly on the heart. A vacuum apparatus was constructed tdetter maintain a
single imaging plane within the heart. This apparatus empied suction to position

the transducer over a xed location on the epicardial surfaz of the heart and kept
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Figure 4.1: Vacuum apparatus for epicardial imaging. A linear array transducer is
inserted into the apparatus with an opening for the transducer face. A 1cm thick ultra-
sonically transparent stando pad is also inserted into the opening to couple the transducer
face with the tissue. A vacuum pump is connected to the appartus, which produces suc-
tion at small openings on the face of the apparatus that surrand the transducer. As a
result, the apparatus is capable of stabilizing the transdwcer over a xed position atop the
epicardial surface of the heart.

the transducer a constant 1.0cm distance away from the heawthile holding an
ultrasonically transparent stando pad between the two. A dagram of this trans-

ducer/vacuum apparatus is shown in Figure 4.1.

4.2.2 Displacement estimation

Displacements were estimated from the I/Q data using a phashift estimation
algorithm [48]. To correct for phase wrapping and aliasingrers from this algo-
rithm, displacement discontinuities through all times tha were greater than half of
a wavelength within the data were shifted a full wavelengthni the opposite direc-
tion. Physiological motion Iters were used to separate ARFinduced displacements
from the natural cardiac motion of a heartbeat. Two-dimensinal ARFI images and
ARFI-induced displacement curves were generated by takingisplacements mea-

sured at speci c times after cessation of the radiation foecpulse for each lateral
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location. Two-dimensional ARFI images were also median déred using a 0.9 mm
x 0.9mm kernel. ARFI-induced displacement curves were lopass lItered with a

5.8ms mean lter.

4.2.3 Physiological Motion Filters
Interpolation-based quadratic motion Iter

For cardiac ARFI imaging, an interpolation-based quadratt motion lter was
used to approximate and remove physiological motion artiéas. Traditional quadratic
motion ltering operates by interpolating physiological notion based on the refer-
ence line and displacement estimates after an end-time tisteold, where the tissue
is assumed to have fully recovered from the ARFI excitationA comprehensive de-
scription of this quadratic motion lter is detailed in Chapter 3. Previous studies
into cardiac ARFI imaging have used interpolation-based adratic motion lters
to e ectively reduce physiological motion artifacts to bebw 1 m through the en-
tire cardiac cycle [44]. These studies have also observedtiat points of greater
cardiac motion, such as during ejection or lling, physiolgical motion artifacts also
increased. A likely cause for these increased artifacts iset error in displacement
estimates that are used in the motion lter. By including moe accurate displace-
ment estimates that better re ect physiological motion, the performance of the lter
likely can be improved. A novel method of including pre-exition displacement es-
timates in the physiological motion Iter to further reduce cardiac motion artifacts

is presented.
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Figure 4.2: Graphical representation of the interpolation-based quadatic motion Iter

with the inclusion of pre-excitation displacement estimates. (a) ARFI imaging displace-
ment estimates (circle plot) include ARFI-induced tissue dsplacements along with physio-
logical cardiac motion. A quadratic function (dash-dotted line) passing through the origin
(starred point) is tto a subset of displacement estimates (solid circle points) taken before
transmission of the radiation force pulse (dashed line) andafter an end-time threshold
(dotted line). This quadratic function is then subtracted f rom the data at all times to
obtain (b) the motion- ltered ARFI-induced displacement a nd recovery pro le (square

plot).
Pre-excitation displacement estimation

As interpolation-based motion lters are biased by displaements that include tis-
sue motion resulting from the application of radiation fore, displacement estimates
made at later tracking times and intervals are used. Conseently, there is greater
time for the tissue to move o axis in both the lateral and eleational dimensions,
and these data are more likely to decorrelate from the initlareference line. The
Cramer-Rao lower bound indicates that the minimum displageent estimate error
(jitter) associated with time-delay estimators is inversly related to the correlation
coe cient [112]. Therefore, displacements at these latelime steps are likely to have
increased jitter and error within the ARFI images. As interplation-based motion
Iters rely on these data to approximate physiological motn, any error within the

displacement estimates will transfer to the motion Iter ard therefore the ARFI
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images.

Conversely, displacement estimates at earlier time stepsedikely to have higher
correlation coe cients and smaller jitter as the tissue hadess time to move out of the
tracking beam. As a result, new ARFI imaging sequences wereweloped that in-
cluded multiple tracking lines directly preceding the refeence line. As these tracking
lines are recorded before transmission of the ARFI excitatn, their displacements
also provide an estimate of physiological motion in the absee of any ARFI-induced
motion and can therefore be used in the motion Iter. Additimally, the e ectiveness
of the physiological motion lter is likely to improve, as these pre-excitation track-
ing lines are closer in time to the reference line. A graphiceepresentation of the
guadratic motion Iter including pre-excitation displacement estimates is shown in

Figure 4.2.

4.2.4 Parallel-transmit imaging

Cardiac ARFI imaging sequences in previous studies have liged multiplexed
ARFI imaging to shorten acquisition times [11,44]. Multipéxed ARFI imaging con-
secutively transmits radiation force pulses through mulgle locations, thereby sac-
ri cing temporal resolution for increased lateral interration. However, for higher-
energy and longer excitation pulses, a gradual weakening sniccessive excitation
pulses is typically encountered. As a result, a degree of @mtbeam radiation force
variability between the multiplexed lines is present, thezby making precise compar-
isons between ARFI imaging M-mode lines di cult. To addressthis issue, a new
technique of parallel-transmit excitation is employed, wére ARFI excitation pulses
are simultaneously transmitted along multiple lateral loations through the use of
non-overlapping apertures.

In order to perform parallel-transmit excitations, the latral spacings between
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the multiple transmit locations must be su ciently large to accommodate the de-
sired F/#s and transmit foci. However, these spacings are sb limited by the size
of the transducer aperture. As a result, parallel-transmiexcitation is most applica-
ble when using large, linear array transducers and at shalotransmit foci. Thus,
parallel-transmit excitation can be implemented when imagg super cial organs and
structures including the thyroid or breast. Parallel-trarsmit excitation can also be
used for epicardial imaging, as lateral separations betwe#&-mode lines in previous
epicardial ARFI imaging studies were approximately 1cm andocused no deeper
than 2.0cm [44]. In contrast, parallel-transmit excitatiom is nearly impossible to
implement on phased array probes, which have limited apenta sizes, and imprac-
tical for most transthoracic and abdominal applications, \Wwere images are typically
formed while focused at great depths.

With large lateral spacings for parallel-transmit excitaton, conventional B-mode
transmit pulses, which usually use larger F/#s and smalleransmit apertures than
ARFI excitations, can also be generated in parallel and fosad about each lat-
eral location without overlapping apertures. Therefore, grallel-transmit can be
implemented for the tracking lines. The parallel-receivares can then be centered
about each M-mode line, and they can simultaneously recora¢h®mes along these
lateral locations. As a result, displacement estimates cdre sampled at each track-
ing location in parallel and without the need for multiplexng. By not having to
multiplex tracking lines, the data can be sampled at trackig pulse repetition fre-
guencies (PRFs) commonly associated with traditional ARFimaging (9.1 kHz). As
the actual displacement time and recovery of the tissue araturally una ected, the
maximum ARFI imaging sampling rate of the M-mode sequence®és not increase
with parallel-transmit imaging.

Parallel-transmit tracking is designed to be an alternatie to multiplexed imaging;
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however, it does not have the bene ts of shortening acquigin times and sampling
rates associated with multiplexed imaging. This is incongeential in M-mode ARFI
imaging, as acquisition times and sampling rates are diced by thermal safety
limitations. For 2-D ARFI imaging, shortening acquisitiontimes remains a priority,

and therefore multiplexed imaging remains implemented fahose sequences.

4.2.5 New ARFI Imaging Sequences
Three-line M-mode ARFI imaging

Three-line M-mode ARFI imaging sequences are used to recanyocardial sti -
ness through the entire cardiac cycle at high temporal sampg frequencies. As
myocardial tissue has been observed to recover from an ARFB{cgation within 2-
3 ms, the maximum sampling rates for these sequences can exc800 Hz. However,
in order to limit tissue and transducer heating, M-mode ARFllines are sampled at
considerably lower frequencies. The three-line M-mode iges and plots presented
in this chapter were acquired at a sampling rate of 120 Hz.

Parallel-transmit excitation and tracking was implemente for these sequences to
simultaneously transmit radiation force pulses and track idplacements at multiple
lateral locations. With a transmit F/# of 1.5 and focus of 1.5cm, the M-mode
lines were spaced 1.31cm apart, laterally, to assure the tremit apertures did not
overlap.

Traditional M-mode lines were also recorded at each later&dcation at a sam-
pling rate of 480 Hz during these acquisitions. From these @& incremental axial
displacements were calculated using the same phase-shiftiraation algorithm used
to estimate axial displacements in ARFI imaging. Tissue vetities were then ob-

tained by multiplying these incremental axial displaceméds by the traditional M-
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mode imaging sampling frequency. B-mode images were alsquaed within these
sequences at a sampling rate of 30 Hz. Although not performedthis study, these
B-mode images could be used to measure clinically relevangetrics of cardiac imag-
ing, such as chamber volumes, wall thicknesses, and 2-D a#fies, for comparative

purposes.

ECG-gated extended three-line M-mode ARFI imaging

In order to observe transient changes of the heart across riple heartbeats,
ECG-gated extended three-line M-mode ARFI imaging sequess were developed.
These sequences were derived from the three-line M-mode ARfRaging sequences
described in the previous section. Parallel-transmit exetion and tracking were
implemented, and the lateral spacing for the three M-modenes was 1.07cm. The
sequences were focused at 1.5cm with a transmit F/# of 1.5.

The ARFI imaging PRF was reduced to extend the acquisition me. At these
lower sampling rates, 2-D B-mode images could also be aceguir To further prolong
these acquisitions, the sequences were ECG-gated to recdata for every other
heartbeat. In total, twenty-four 2-D B-mode and M-mode ARFIlimaging frames
were acquired on every other heartbeat across seventeentbed&or a resting heart
rate of 60 beats per minute (bpm), this would correspond to aimaging frame rate

of 24 Hz.

ECG-gated two-dimensional ARFI imaging

ECG-gated two-dimensional ARFI imaging sequences were@lseveloped. These
sequences were based on the extended three-line M-mode ARRAging sequences as
described in the previous section; however, through muliig consecutive heartbeats,

the lateral locations of the three M-modes lines were eleotrically translated across a
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Figure 4.3: Graphical depiction of an ECG-gated two-dimensional ARFI imaging se-
guence. Across nine consecutive heartbeats, M-mode ARFI iages were repeatedly sam-
pled at twelve lateral locations, multiplexed in quatrains about three excitations regions,
and separated one-third of the eld of view apart. On succeswe heartbeats, the exci-
tation and tracking locations were then electronically translated across the eld of view.
At the end of the acquisition, multibeat synthesis was used b reconstruct a sequence of
two-dimensional ARFI images through a single cardiac cycle

lateral eld of view. As previously mentioned, multiplexedimaging was implemented
for these sequences so that the total acquisition time coulte shortened.

Using the parallel-transmit excitation method, the sequeres simultaneously
transmitted high intensity excitation pulses about three gually spaced lateral loca-

tions, and the four parallel-receive reference/trackingries were multiplexed through

the three parallel-ARFI excitation locations. Thereforedisplacement estimates were
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made along twelve lateral locations from each individual ARI-excitation transmit.
The ARFI imaging sequences repeatedly interrogated thessdlve locations at ARFI
imaging PRFs that were determined by the heart rate. In totaltwenty ARFI imag-
ing frames were acquired within a single cardiac cycle.

The process was electronically translated to span a 24.7 matdral eld of view,
with a line density of 3.3 lines per millimeter. Each success ensemble of twelve
tracking lines was ECG-gated to a separate heartbeat. In tat, the entire sequence
of images was formed across nine heartbeats and interroghte08 individual lateral
locations. Multibeat synthesis was then used to reconstru@-D ARFI images of
the heart through a single cardiac cycle. A diagram of this gaence is presented in

Figure 4.3.

4.3 Experimental Procedure

4.3.1 Parallel-transmit imaging evaluation

A CIRS (Norfolk, VA) homogeneous tissue-mimicking phantorwas imaged with
three-line M-mode ARFI imaging sequences, which utilizedtker multiplexed imag-
ing or parallel-transmit imaging. Single-line M-mode ARFlimages centered about
each of the lateral locations were also acquired. The trangrfoci and transmit F/#s
were the same in all acquisitions. As the sti ness of the ph&mm was constant, the
displacement and recovery pro les of the phantom in respoeado a single excitation
pulse were compared between the three sequences. Each M-enseljuence acquired
data for 1s at an ARFI imaging PRF of 120Hz. Repeated samplingithin each

acquisition was used for statistical analysis.
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In vivo ARFI imaging of an  ovine subject

A thoracotomy was performed and the pericardium was cut awayp expose the
left side of the heart. Pacing electrodes were sewn onto theftl atrium, near the
sinoatrial node, and onto the left ventricular free wall, nar the apex. As a result,
the heart could be paced at heart rates above the normal sindsythm from either
the atria or ventricles. The transducer/vacuum apparatus &s then centered atop
the left ventricular free wall and oriented along the long as of the heart. With this
orientation, the left side of the image was closer to the baséthe heart, and the right
side was closer to the apex and the ventricular pacing wire.axious images while
the heart was paced from either electrode were then formed érder to register the
images with the cardiac cycle, the global ECG was recordedoaly with the power
supply voltage of the scanner for each imaging acquisitioithe voltage of the pacing

generator was also recorded.

Physiological Motion Filter Performance Analysis

While pacing from the left ventricle, a passive (zero-ampilide radiation force
pulse) 2-D ARFI image of the heart was acquired at systole. EnARFI imaging se-
guence utilized parallel-receive and multiplexed imagingHowever, as the sequences
were passive acquisitions, there was no need to parallel iemit any ARFI exci-
tation. Displacement data were ltered using the quadraticmotion lter with and
without including pre-excitation displacement estimates An end-time threshold of
3.75ms was used in both cases. Using displacement estimatsorded only after
the null excitation, two points of data beyond this end-timethreshold were applied
to the motion Iter. A single displacement estimate, measwed one tracking pulse

repetition interval (PRI) before the reference line, was ten added to the quadratic
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motion lter. The absolute residual 2-D ARFI images from boh lters were then
compared.

The performance of the quadratic motion Iter through the etire cardiac cycle
was then characterized using passive single-line M-mode FRmaging sequences.
Again, displacement data were lItered using the quadratic mtion Iter with and
without inclusion of pre-excitation displacement estimags. With a higher tracking
PRF than the 2-D sequences, six displacement estimates aftbe same end-time
threshold were available for use in the quadratic motion ler. Three pre-excitation
displacement estimates were then added to the motion Iterok comparison. From
each lter, the average absolute ARFI-induced displacemeércurves through the

entire thickness of the myocardium were calculated.

4.3.2 In vivo ARFI imaging

While pacing from the left ventricle, the heart was imaged wh active three-line
M-mode ARFI imaging sequences. The ARFI imaging sequenceilized parallel-
transmit excitation/tracking and was focused at an axial dpth of 1.5cm. The
resulting ARFI-induced displacement curves were examingwor uniformity in the
displacement estimates through each lateral location andh¢ entire cardiac cycle.

ECG-gated two-dimensional ARFI imaging sequences of the dré were then
acquired. Again, the images were focused at a 1.5cm axial trep The spatial
uniformity within each reconstructed 2-D ARFI image was exained. An average
ARFI-induced displacement curve was also calculated to &ss the spatial variability
of this new sequence through the cardiac cycle.

The pacing source was then switched to the atrial electrodand the heart was al-
lowed to adjust to this new pacing location. Surgical tape vgathen wrapped around

the superior and inferior venae cavae. ECG-gated extenddar¢e-line M-mode ARFI
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images of the heart were then acquired while occluding versoww returning to the
right atrium with surgical tape. As a result, ARFI-induced dsplacement curves of
the heart under decreasing preloads were obtained. The dmspement curves were
inspected across multiple heartbeats for any changes thatudd be attributed to the

decrease in preload.

4.4 Results

4.4.1 Parallel-transmit imaging evaluation

Three-line M-mode ARFI imaging acquisitions of a homogenes phantom are
shown in Figure 4.4. As the sequences were designed for mydied imaging, the
total tracking time was insu cient to record the full displa cement and recovery
pro le of the more compliant phantom. As a result, the displaement estimates
were not motion Itered. Normalized displacements taken whin a 1.9 mm axial
kernel about the transmit focus and 0.66 ms after cessatiorf the radiation force
pulse from each acquisition are shown in Figure 4.4b. Fromighplot, the e ects
of multiplexing become apparent as a gradual left-to-rightlrop can be seen in the
normalized displacements taken from the multiplexed acggitions. Conversely, good
agreement can be seen between the superimposed singledimode and parallel-
transmit acquisitions.

The averaged displacement pro les within a 1.9 mm kernel albib the transmit
focus for the multiplexed, parallel-transmit, and superirposed single-line M-mode
acquisitions are shown in Figure 4.4c-e, respectively. Thegions of interest and
lateral locations of these displacement pro les are showm ithe B-mode image in

Figure 4.4a. The loss of temporal resolution due to multipled imaging is evident
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Figure 4.4: Three-line M-mode ARFI imaging of a homogeneous phantom. (rThe B-
mode image marks the lateral locations and regions of inters for each M-mode line by their
respective shapes. (b) Normalized displacements at the nscommonly recorded tracking
time (dashed line) shows good agreement between the superpuosed single M-mode line
acquisitions (red trace) and the three-line parallel-transmit excitation/tracking M-mode
acquisition (green trace). Due to power supply limitations, the corollary three-line multi-
plexed M-mode imaging acquisition (blue trace) exhibits a pogressive left-to-right drop in
the normalized displacements. The bene t of parallel-transmit excitation/tracking can be
seen within the displacement pro les of each acquisition. ¢) The multiplexed acquisition
is more sparsely sampled and cannot begin tracking displacgents until much later in time
than the other two sequences. A disadvantage of parallel-tnsmit excitation is a reduction
of overall pushing strength and can be observed by a reductioin the magnitudes of (d) the
ARFI-induced displacement pro les from the parallel-tran smit ARFI excitation sequence.
Within a stationary homogeneous phantom, (e) the superpogion of single-line M-mode
acquisitions produces displacement pro les with the highst displacement magnitudes and
the nest temporal sampling.
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within the less sampled displacement plots in Figure 4.4c. ddlitionally, the overall
reduction in transmit power due to parallel-transmit excifition can be observed, as
the ARFI-induced displacement pro les in Figure 4.4d are saller than the other

two sequences.
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4.4.2 In vivo ARFI imaging
Physiological Motion Filter Performance Analysis

The improvement due to the inclusion of pre-excitation didacement estimates
for the quadratic motion Iter is demonstrated in the 2-D ARFI images Figure 4.5.
The matched B-mode image taken at this point of the cardiac cje is shown in Figure
4.5a. The relative time of acquisition within the cardiac cgle is marked by the solid
vertical line in Figure 4.5d and can be seen to be coincidenitivthe QRS complex
and ventricular systole. At this point of the cardiac cyclethe heart is contracting
and there is considerable and complex physiological motiavithin the heart. The
dashed vertical lines within the ECG plot indicate the appltation times of the
pacing stimulus. The quadratic motion ltered images, taka 0.66 ms after cessation
of the zero-amplitude excitation pulse, without and with pe-excitation displacement
estimates, are shown in Figure 4.5b-c, respectively. ldéalthese images would be
zero, indicating the complete removal of cardiac motion afacts. Although this is
not the case, the advantages in including pre-excitation siblacement estimates in
the motion Iter are evident within the images as the residubdisplacements are
reduced and more uniform in Figure 4.5c.

Average motion Itered absolute residual displacement pts from a passive,
single-line M-mode ARFI imaging acquisition of arovine left ventricular free wall
in vivo is shown in Figure 4.6. The lateral location and region of ietest of the
M-mode displacement plots are marked in the correspondingrBode image, shown
in Figure 4.6a. Figure 4.6b displays residual displacemeptots taken 0.71 ms after
cessation of the null radiation force pulse and after apphtion of the quadratic mo-
tion lter with and without including pre-excitation displ acement estimates. The

matched global ECG is shown in Figure 4.6b, below the ARFI-guced displacement
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Figure 4.5: In vivo two-dimensional ARFI imaging demonstration of the improvement
of the quadratic motion Iter by including pre-excitation d isplacement estimates. From
a passive ARFI imaging acquisition, absolute residual disfacement images (m), taken
0.66 ms after cessation of the zero-amplitude radiation faze pulse, were formed at systole.
The relative time within the cardiac cycle of the image acqusition is marked on (d) the
matched ECG by the solid vertical line. The dashed vertical ines within this plot indicate
the times of application of the external stimulating pulse. (a) The B-mode image shows
a section of left ventricular myocardium located near the agx. By motion Itering with
displacement estimates taken only after the end-time threbold, (b) the residual displace-
ment ARFI image contains considerable physiological motio artifacts, as an appreciable
amount of the image is non-zero. By including pre-excitation displacement estimates in
the quadratic motion lter, physiological motion artifact s are markedly reduced, as (c) the
corresponding residual displacement ARFI image has becommore uniform and closer to
zero.
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Figure 4.6: Average residual displacements within anin vivo single line M-mode ARFI
image of the left ventricular free wall. The lateral position and region of interest of the
M-mode ARFI line are marked within (a) the matched B-mode image. After motion |-
tering, (b) the average absolute residual displacement plis indicate that the inclusion of
pre-excitation displacements (triangle points) better egimates physiological motion at sys-
tole than motion ltering with only post-excitation displa cement estimates (circle points).
The performances of the motion lters at diastole are compaable. The matched global
electrocardiogram is shown below.

plot. The ARFI-induced displacements indicate that the gratest residual displace-
ments occurred at systole and about the QRS complex. Howeydyy including
pre-excitation displacement estimates in the quadratic nion Iter, these systolic
residual displacements are considerably reduced and plojegical motion artifacts
are seen to be below 0.2m throughout the entire cardiac cycle. The performances of

the motion lters through diastole are comparable, with eaa Iter reducing cardiac

motion artifacts to below 0.15 m.

ARFI imaging sequence demonstration

Three-line M-mode ARFI images of arovine left ventricular free wall are shown
in Figure 4.7. The corresponding B-mode image with the latal positions and region

of interest is shown in Figure 4.7a. With the matched ECG shawbelow in Figure
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Figure 4.7: Three-line M-mode ARFI images of an externally pacedovine left ventricular
free wall. The lateral positions and regions of interest aranarked by their respective shapes
within (a) the corresponding B-mode image. With this acquidtion, (b) parallel ARFI-
induced displacement curves and (c) mid-myocardial tissuevelocities can be calculated
simultaneously at three lateral locations. (d) The matched global ECG is shown below,
and the application of the pacing stimulus is marked by the dashed vertical lines. Diastolic
ARFI-induced displacements at all three curves are comparle due to the implementation
of parallel-transmit excitation. The displacement and tissue velocity plots indicate that
there is su cient temporal resolution within these sequences to extract systolic phase
delays between the three lateral locations.

4.7d, Figure 4.7b-c demonstrates the capabilities of the aging sequence to produce
three-line ARFI-induced displacement curves, averagedthin a 1.9 mm axial kernel
about the transmit focus, and average tissue velocity curgewithin a 1.9 mm axial
kernel at the mid-myocardium. A benet of parallel-transmi excitation can be
seen in Figure 4.7b, as the three ARFI-induced displacemesstimates made at
late diastole are similar, indicating nearly uniform diastlic elasticities within the
regions of interest. Myocardial contraction is apparent whin these plots, with a
sharp drop in ARFI-induced displacements and a rise in tisewelocity magnitudes at
systole and shortly after application of the stimulating puse (dashed vertical lines).
Additionally, asynchronous relaxation is apparent withineach image as the rightmost

M-mode lines (triangle plot) are dissimilar in both ARFI andtissue velocity plots.
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Figure 4.8: A single (a) B-mode and (b) ARFI image frame from an ECG-gated two-

dimensional ARFI imaging acquisition of an externally paced ovine left ventricle. The

point of the cardiac cycle at which this speci ¢ frame was acaired is marked by the starred
point in (c) the ARFI-induced displacement curve and the matched global ECG below.
The ARFI-induced displacement curve was calculated by spatlly averaging displacements
( m away from the transducer) measured within the region of inerest, as marked on the
B-mode image by the two horizontal lines. Error bars within the plot indicate that images
are relatively homogeneous, with spatial variations in ARH-induced displacement ranging
from 2-4 m.

A single matched B-mode and ARFI image frame, reconstructddom an ECG-

gated 2-D ARFI imaging sequence, is shown in Figure 4.8. Theatial continuity
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within the B-mode image in Figure 4.8a suggests that the bewar of the heart was
widely stable and repeatable across the nine heartbeats bktacquisition. The ARFI
image in Figure 4.8b, taken right at the onset of ventriculasystole, shows a region
of myocardium with relatively uniform ARFI-induced displacements and little indi-
cation of a multiplexing artifact which would be manifestedas discontinuities within
each third of the image. The exact point of acquisition witm the cardiac cycle of
the selected B-mode and ARFI images is marked in Figure 4.8¢ the starred points
in the ARFI-induced displacement curve and its matched glald ECG. The ARFI-
induced displacement curve can be observed to resemble thee® generated with
the three-line M-mode imaging sequences. The error bars kit this displacement
plot correspond to the lateral variability within a region o interest centered about
the transmit focus (1.5cm), as marked by the two horizontalimes in the B-mode
image in Figure 4.8a. These error bars indicate that the sthess of the tissue was
relatively uniform through the entire cardiac cycle.

ECG-gated extended three-line M-mode ARFI images of a lefentricle free wall
while occluding the superior and inferior venae cavae arecstm in 4.9. The matched
B-mode image, with the lateral positions and regions of intest of the three M-mode
lines, is shown in Figure 4.9a. ARFI-induced displacementgere averaged within a
3.8 mm axial kernel, starting from the epicardial surface.nl Figure 4.9b, with the
matched ECG below, a beat-to-beat analysis of the center Made line indicates
that the end-diastolic ARFI-induced displacements incresed during the occlusions,
and therefore the myocardium was more compliant at diastolgue to the decrease in
preload. The end-systolic displacements remained relagly constant and therefore
suggested the end-systolic stiness was una ected by chaeg in preload. As the
heart was atrially paced during this acquisition, a pacing réifact (rather than a

normal P-wave) is present within the ECG at the beginning ofa&ch beat and atrial
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Figure 4.9: ECG-gated extended three-line M-mode ARFI image of a left vatricular free
wall during venal caval occlusions. The lateral locations ad regions of interest are marked
within (a) the corresponding B-mode image. With the matched global ECG below, (b)
the ARFI-induced displacement curve of the center lateral bcation shows diastolic dis-
placements increased, indicating a decrease in diastolidimess as the preload decreases.
The end-systolic displacements remained unchanged, sugging that the end-systolic sti -
ness was preload independent. This trend can also be obsedrevithin the individual
ARFI-induced displacement plots between the rst (circle plots) and last (triangle plots)
heartbeats for the (c) left, (d) center, and (e) right lateral locations.

systole. Individual inspections of the rst and last heartleats for the left, center,
and right lateral locations, shown in Figure 4.9c-e, respieely, corroborate these

results.
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4.5 Discussion and Conclusions

Between the three methods of three-line M-mode imaging pesged in this chap-
ter, the superposition of the three single-line M-mode acggitions of a homogeneous
phantom produced the best-sampled images with the greate8RFI-induced dis-
placements. However, a clinical realization of this seques would require ECG-
gating and multibeat synthesis in order to temporally regier the M-mode lines.
Although parallel-transmit excitation reduced the e ective pushing strength at each
individual excitation, the uniformity of the push and ability to track displacements
in parallel allow in vivo interbeam comparisons of local myocardial elasticities. 190,
by tracking in parallel without multiplexing, there was greater exibility in frame
selection and for parametric analyses of the data. Finer tgmral sampling also
provided additional displacement estimates for the physiogical motion lters and
therefore could help further reduce motion artifacts withn the images.

Perhaps the most advantageous e ect of parallel-transmitxeitation was that
displacements could be tracked more immediately after ces®n of the radiation
force pulse. As a result, the sequences were capable of obagrthe initial response
of the tissue to the radiation force pulse. This benet can baseen within the dis-
placement and recovery pro les in Figure 4.4b, as the multlpxed sequences were
only able to track the homogeneous phantom in recovery, andhdérefore the true
maximum displacement was not observed.

The parallel-transmit sequences did not exactly reproducthe same displace-
ment and recovery pro les at each of the three M-mode lines. ddever, as similar
displacement and recovery pro le variations were also olbrsed within the superim-
posed single-line M-mode acquisitions, it is likely that tese di erences were caused

by factors external to the ARFI imaging sequences, possibpertaining to variability
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related to the transducer and the local elasticities withirthe phantom.

By sequencing pre-excitation tracking lines, the interpakion-based motion |-
ters were able to more e ectively remove physiological caet motion artifacts from
the ARFI images. The three-line M-mode image in Figure 4.6bethonstrates that
average absolute residual displacement artifacts were b&l 0.35 m through the en-
tire cardiac cycle. With diastolic ARFI-induced tissue diplacements above 10m in
all active ARFI imaging acquisitions, we believe that thesévels of motion artifacts
are su ciently low to make accurate sti ness comparisons whin the ARFI image.
In the 2-D ARFI image in Figure 4.5, the levels of motion artict are satisfactorily
low in the proximal regions of the myocardium that are more itevant to epicardial
ARFI imaging. However, signi cant levels of residual disgicement are present in
the distal portions of the 2-D ARFI image. This increase in @or at depth can likely
be attributed to the vacuum apparatus. As the apparatus heldhe transducer over
a xed region of myocardium, the transducer was able to moveniunison with the
epicardium. As a result, regions of myocardium proximal tohte vacuum appara-
tus and transducer would appear more stationary within themages, and therefore
contain smaller amounts of physiological motion and motioartifacts.

Several studies have investigated electromechanical pegation within the heart
as a potential non-invasive method to track the propagatiownf the local electrocar-
diogram [27,90]. The potential of ARFI imaging to track a caollary electromechan-
ical wave of stiness is demonstrated in Figures 4.7 and 4.8The ARFI imaging
sequences associated with these gures are capable of olsegr variations within
the local tissue elasticities with su cient temporal resoltion to estimate timing de-
lays between the ARFI-induced displacement curves at eachtéral location. This
is apparent within the ARFI-induced displacement plots, asnyocardial sti ening

within the right M-mode line (triangle plots) appears to lea the other two. With
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the right side of the image proximal to the pacing wires, thisesult may re ect the
propagation of mechanical sti ness across the eld of viewral away from the pacing
source.

Sti ness propagation may also be extrapolated from the twalimensional ARFI
imaging sequences, where the additional spatial informatt may provide comple-
mentary data to the three-line M-mode images. Although vaations within the
two-dimensional images can be attributed to many sourcesn® possible contrib-
utor to the error bars in Figure 4.8c is timing di erences wihin the eld of view
associated with a propagating sti ness wave. Further inveéigations with the ARFI
imaging sequences described in this chapter are warranted investigate the fea-
sibility of ARFI imaging in measuring sti ness and electronechanical propagation
through the heart.

Previous 2-D ARFI imaging sequences involved the acquisiti of multiple 2-D
ARFI images at low sampling rates (10 Hz) across 4-5 heartlisa These images
were then rearranged based on their relative times of acqitien within the cardiac
cycle to form a sequence of ARFI images of a single heartbed#]. A consequence
of this method is that the e ective PRFs between each frame we variable. Addi-
tionally, this sequence of ARFI images provided no temporabntinuity. As a result,
calculations into the amount and rates of myocardial sti eing and relaxation were
problematic. In contrast, as the new sequences gated the aditions into three-line
M-mode sub-images, the ARFI-induced displacement estimed at each individual
lateral location were regularly sampled at constant PRFs ahcame from a single
heartbeat.

ECG-gated extended three-line M-mode ARFI imaging sequess were designed
to investigate the feasibility of ARFI imaging-based measement of myocardial

function and performance. The ARFI-induced displacementlpts demonstrate the
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capabilities of this new sequence to track gradual, beatdoeat changes in myocar-
dial elasticity through multiple heartbeats. As a result, be transient changes in
myocardial sti ness under various loads and operating coittbns can be recorded.
The three M-mode lines also provide spatial sensitivity noavailable with pressure-
volume analysis, the current clinically accepted method faneasuring left ventricular

function.

The sequences developed in this chapter provide ARFI-inded displacement
curves which re ect myocardial stinesses. However, the fudamental challenge
of quantitatively relating ARFI-induced displacements to myocardial sti ness re-
mains. Propagation velocities, sti ness ratios and norméaed rates of sti ening can
be extracted from these data without knowing the exact dispcement-to-sti ness
conversion. However, as both diastolic and systolic sti reses can be variable, the
widespread clinical utility of these metrics remains unc&in. Investigations into
shear wave elasticity (SWEI) and shear wave velocimetry hayproduced quantitative
measures of elasticity that could also be applied to cardiamaging [8,59,64,87,99].
However, these imaging modalities rely on the propagatiorf slower traveling (1-
4 m/s), mechanical waves and may not be suited for dynamic enenments such as
the heart.

Further, although the new ARFI imaging sequences have beersigned speci -
cally for epicardial ARFI imaging, the exact precision and ecuracy needed to accom-
plish the proposed future investigations are yet unknown ahlikely to be high. Ad-
ditional sequence development and procedure modi catiorsse necessary to address
these concerns. Also, as physiological motion artifactseaprincipal impairments to
ARFI imaging, re nement and optimization of the motion Ite rs that remove these
artifacts are necessary.

Novel ARFI imaging sequences were developed for epicardialaging investiga-
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tions. These sequences utilized parallel-receive acqusi, parallel-transmit excita-
tion, parallel-transmit tracking, ECG-gating, multibeat synthesis, and multiplexing
to form quality ARFI images at all points of cardiac cycle. Tk resultant ARFI-
induced displacement curves provided new information intmyocardial elasticity
with high temporal and spatial resolution previously not aailable. Additionally,
the accuracy of ARFI-induced displacement estimation wasniproved. With these
new sequences and the improved ARFI images, various quaative applications of

cardiac ARFI imaging can be investigated.
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Chapter 5

ARFI imaging of myocardial
sti ness propagation

5.1 Introduction

A major determinant of cardiac function is the precise coordation of the elec-
trical action potential through the heart [51, 54,97]. Cardéac arrhythmias arise
when there is improper electrical conductance within the la&t, resulting in asyn-
chronous cardiac function. Although much information abouthese arrhythmias
can be gleaned by analyzing the global electrocardiogram @&), localizing spe-
ci ¢ aberrant pathways that cause arrhythmias is achieved gpmarily by determining
the electrical propagation paths of the local ECG. Current lmical methods that
determine the local electrical propagation involve the imbduction of invasive in-
tracardiac catheters and electrodes that measure the endodial ECG directly. As
a result, many studies have investigated non-invasive afteatives for measurement
of electrical propagation within the heart. However, wheraneasurements of the
local electrocardiogram are made directly, non-invasivdtarnatives have focused on
tracking motion-based changes within the heart that resultrom the electrical action
potential and therefore propagate along the same paths.

Faris, et al. utilized tagged magnetic resonance imaging (M) to calculate three
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dimensional strains withincanine hearts and observed a mechanical wave following
the electrical activation propagation with an approximatdy 25 ms delay between the
two [27]. Pernot, et al. applied ultrasonic motion trackingalgorithms to observe
a mechanical wave that propagated through the interventridar septum at systole
within murine hearts and measured a mechanical propagation velocity thatas
comparable to velocities measured for electrical action fgmtial propagation [90].
Rappaport, et al. also utilized ultrasound-measured tis& motion within a two-
dimensional imaging plane inovine hearts and demonstrated that the measured
mechanical activation and propagation re ected its electcal homologue [93].

These methods have shown promise as potential non-invasalernatives to mea-
sure electrical propagation, however a degree of uncertgirarises due to several
additional factors that in uence cardiac motion. In addition to the electrical con-
ductance, a point of observable motion within the B-mode inges is also dependent
upon various myocardial properties including the load, hearate, and chamber vol-
umes. Consequently, describing the propagation of tissueotion as solely following
from electrical propagation is problematic.

Another mechanical property that could possibly be used taack electrical prop-
agation within the heart is myocardial sti ness. Although nmyocardial sti ness is re-
lated to several cellular mechanisms, the formation of thecin-myosin cross bridges
has been shown to be a determinant in the increase of myocadsti ness during
contraction, with greater number of cross bridges causing increased sti ness [67].
Therefore, as cross-bridge formation is stimulated by thdeetrical action potential,
we expect myocardial sti ness to follow the electrical actiation propagation paths.

Current clinical gold standards for myocardial sti ness masure a corollary value
known as elastance. Elastances, however, provide a globatireate of left ven-

tricular sti ness, as a whole, and consequently cannot be ed to determine local
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electrical/mechanical defects [13,69]. In Chapter 3, indl investigations into cardiac
acoustic radiation force impulse (ARFI) imaging have dematrated it to be capable
of visualizing changes in local myocardial sti nesses thugh the entire cardiac cycle,
with rapid increases in left ventricular sti ness coincidat with the QRS complex and
ventricular systole. Accordingly, we have evaluated ARFImaging as a modality to
observe myocardial sti ness propagation within the heartFrom Chapter 4, we have
generated ARFI imaging sequences that utilize ECG gating dmmulti-beat synthesis
to produce cardiac ARFI images with high temporal and spatiaresolution. In this
chapter, the preliminary work in the application of these sguences to visualize the
propagation of mechanical sti ness waves within an exterdig paced left ventricle

is presented.

5.2 Methods

5.2.1 Imaging Methods

For these experiments, the Siemens SONOLINE AntarBultrasound scanner
(Siemens Medical Solutions, USA, Ultrasound Division, laguah, WA) was used
with a VF10-5 linear handheld array. All B-mode and ARFI imagng sequences
were acquired using the Siemens Ultrasonic Research Inted™to record in-phase
() and quadrature (Q) signals from the received echoes. Haimage was formed at
a center frequency of 6.67 MHz and an F/# of 1.5. The ARFIl-extation pulse was
also transmitted using a 6.67 MHz center frequency. Conveohal B-mode images
were formed across a 38 mm lateral eld of view and with a lineethsity of 6.7 lines
per millimeter. Both B-mode and ARFI imaging acquisitions tilized the advances

of parallel-receive imaging, as previously described [11B, 44]. A description of
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traditional ARFI imaging sequences is provided by Nightingle, et al [73].

All images of the heart were formed epicardially with the trasducer placed di-
rectly on the heart while using the vacuum apparatus presead in Chapter 4 to bet-
ter maintain a single imaging plane within the heart. Displaements were estimated
using a phase shift estimation algorithm [48]. To correct fgohase wrapping errors,
displacement discontinuities through time greater than haof a wavelength within
the data were shifted a full wavelength in the opposite diréion. An interpolation-
based quadratic motion Iter was used to separate ARFI-indced displacements from
the natural cardiac motion [44]. The sequences utilized pexcitation tracking so
that displacement estimates made before transmission ofelradiation force pulse
could also be used in the physiological motion lter.

ARFI-induced displacement plots were made by taking dispt&ments measured
0.67 ms after cessation of the radiation force pulse at eaddral location. Time
delay estimates between these ARFI-induced displacemenireges at various lateral
locations were calculated using the normalized cross-celation method [91]. A
direction and average velocity of propagation of myocardigti ness across the eld
of view were then calculated based on these time delay estites and their lateral

spacings.

M-mode ARFI imaging

M-mode ARFI images were acquired to observe sti ness chargy&ithin the heart
through the cardiac cycle at high sampling frequencies. The M-mode sequences are
based on the three-line M-mode ARFI imaging sequences desed in the previous
chapters. In order to reduce long-term tissue and transducéeating, the M-mode
ARFI imaging sequences acquired data for 1 second (approdtaly 2 heartbeats)

and at a sampling rate of 120 Hz. Single-line and two-line \&@ons of these M-mode
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ARFI imaging sequences were acquired for these experimenithe lateral spacing
of the two M-mode lines was 0.95cm.

A single M-mode line was also simultaneously recorded at @a8RFI imaging
lateral location at a sampling rate of 480 Hz. Incremental aal displacements were
calculated from these M-mode lines with the same phase-gtektimation algorithm
used to estimate displacements within the ARFI images. Fronthese data, mid-
myocardial axial tissue velocities were estimated by mufilying the incremental
axial displacements measured within a 0.2cm axial kernel @ imaging depth of
2.1cm by the M-mode frame rate. Mid-myocardial strain ratesvere also estimated
from these data by tracking the axial positions of two pointsvithin the myocardium:
one at the epicardial surface and the other at the mid-myocdium. The di erence
in incremental axial displacements divided by the axial dtance between the two

points was taken to be the mid-myocardial strain [34].

ECG-gated two-dimensional ARFI imaging

ECG-gated two-dimensional ARFI images, as described in th@evious chapter,
were used in this study. As the hearts were externally pacedrfthese experiments,
the sequences were triggered using the pacing electrodenstius rather than the
global ECG. ARFI-induced displacements were measured atatalateral location at
an ARFI imaging PRF of 65Hz. In total, twenty- ve ARFI imagin g frames were
acquired within a single cardiac cycle. The full 2-D image gpned a 24.7 mm lateral

eld of view with a line density of 3.3 lines per millimeter.

Physiological Motion Filter

Physiological motion artifacts were removed from all ARFImages using the

interpolation-based quadratic motion Iter. For the two-line M-mode ARFI imaging
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sequences, an end-time threshold was 2.80ms, and 0.33 ms ispldcement data
both before transmission of the excitation pulse and aftethe end-time threshold,
corresponding to four pre-excitation and four post-excitéon displacement estimates,
were used in the motion Iter. The ECG-gated 2-D ARFI images wre motion Itered

using two pre-excitation displacement estimates within a.86 ms tracking interval
and four post-excitation displacement estimates within a.B2 ms tracking interval

and after a 3.1 ms end-time threshold.

5.2.2 Experimental Methods

The epicardial propagation of the electrical action potem&l was measured by
recording the local electrocardiograms on the epicardiaugace of the heart. An
electrode plaque was developed with 112 probes spanning an3c3 cm active aper-
ture. With the plaque held in place by hand, the local electrcardiograms were
recorded at each electrode at a sampling frequency of 3 kHzdalmand-pass ltered
with cuto frequencies of 0.5Hz and 1000 Hz. Electrical aain potential propaga-
tion was measured by tracking the peak negative voltage meaed at each point.
Averaging through multiple heartbeats, the direction andateral propagation veloc-
ities across the plaque were determined using a least squgaregression of the times
of these negative peaks and locations of each electrode. Tredocity component
across the face of the electrode plague was taken as the lateslectrical propagation

velocity.

5.2.3 Experimental Procedure

The beating heart of twocanine subjects, weighing approximately 30 kg and with

heart rates above 80 beats per minute (bpm), were imaged fdrdse experiments as
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approved by the Institutional Animal Care and Use Committeeat Duke University
and conforming to the Research Animal Use Guidelines of thenferican Heart As-
sociation. A left thoracotomy was performed to expose thefteside of the heart so
that the transducer/vacuum apparatus could be centered ovehe left ventricular
free wall and along the long axis of the heart. The transducevas also positioned
such that the left side of the image was towards the base of theart, while the right
side of the image was closer to the apex.

For both subjects, two stimulating electrodes were suturednto the epicardium
such that they were positioned laterally on either side of @ transducer and in line
with the imaging plane. The heart was externally paced by onaf the two electrodes
at heart rates above the normal sinus rhythm of the animal. Aa result, depending
on which electrode was used to pace the heart, an electricaltian potential could
be made to propagate across the eld of view from either base apex (left to right)
or apex to base (right to left). Throughout these experimers, the pacing site was
alternated between these two electrodes while allowing theeart su cient time to
adjust to the pacing location before acquiring data. A diagim of the experimental
setup is shown in Figure 5.1.

Passive, two-line M-mode ARFI images of the left ventriculafree wall were ac-
quired for both subjects. These ARFI images were also acoedr while pacing from
either electrode. The average absolute residual displacemts, measured 0.67 ms af-
ter cessation of the radiation force pulse, were estimatedrass multiple heartbeats
to examine the e ectiveness of the physiological motion kr. The residual dis-
placement plots were also inspected for indications of ellemmechanical propagation
between the two lateral locations.

Active two-line M-mode ARFI images that included 45 s excitation pulses were

acquired for the rst canine subject while pacing the heart from either stimulating
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Figure 5.1: Graphical representation diagramming the experimental seup. An exposed
and externally pacedcanine heart is imaged with a transducer/vacuum apparatus placed
directly on the left ventricular free wall. ECG-gated B-mode and ARFI images, the volt-
age from the power supply of the ultrasound scanner, global EG, and stimulating pulse
waveforms were simultaneously recorded and temporally régtered. The procedure was
performed while pacing on either side of the transducer. Thdransducer/vacuum appa-
ratus was then removed and replaced with a 112-electrode agophysiology plaque. The
procedure was then repeated while recording the local epicdial potentials.

electrode. An average time delay between the two M-mode tiss displacement
curves was estimated through the cardiac cycle with the nomized cross correlation

method [91]. The time delay between the displacement curvess used to calculated
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a direction and velocity of propagation of myocardial sti ress.

A comparison between the propagations of myocardial sti res and the electri-
cal action potential was performed. Two-dimensional ARFImages were formed
while the heart of the secondcanine subject was paced from the basal electrode.
Time delays in lateral myocardial sti ening during systolewere measured within the
entire 2-D image using the lateral location most proximal tdhe pacing source as
the reference (zero delay) curve. Least squares regressigals used to determine
a direction and average velocity of lateral sti ness propagion across the eld of
view. Next, the transducer/vacuum apparatus was removed anreplaced with the
electrode plaque. The local epicardial electrocardiogranwere recorded within the
same eld of view across multiple consecutive heartbeats. h& propagation of the
electrical action potential was determined and a lateral mpagation velocity and
direction were calculated. These values were compared withe ARFI imaging-
assessed direction and velocity of myocardial sti ness gvagation. The process was
repeated while pacing from the apical electrode.

To examine the relationship between sti ness and other metss that have been
used to determine myocardial electromechanical propagati, two-line M-mode ARFI
images were formed while the heart of the secorm@nine subject was paced from
the apical electrode. Mid-myocardial ARFI-induced displeements, strain rates, and
tissue velocities were calculated from this sequence. Pagation velocities were
calculated by estimating the systolic time delays betweerhé two lateral locations
from each of these measurements. The transducer/vacuum avptus was removed
and replaced with the electrode plaque. The electrical pragation velocities were

calculated and then compared with the three mechanical pregation velocities.
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5.3 Results

As the passive, zero-amplitude radiation force pulse ARFIriaging sequences
provided no external excitation to the tissue, displacemésn measured within the
images were the result of cardiac motion only. As a result, siglual displacements
after motion ltering re ect cardiac motion artifacts and t he expected levels of noise
within subsequent ARFI images. Average absolute residualsplacements through
the entire thickness of the left ventricular free wall of thehearts of the two animal
subjects from passive ARFI imaging acquisitions are shown Figure 5.2. Figure
5.2a-c corresponds to the rst animal, and Figure 5.2d-f cogsponds to the second
animal. The lateral positions and regions of interest are mied by their respective
shapes within the matched B-mode images in Figure 5.2a and Besidual displace-
ment plots while pacing from the basal electrode are shown Figure 5.2b and e.
Residual displacement plots while pacing from the apicaledtrode are shown in Fig-
ure 5.2c and f. The application of the pacing stimulus is maekl in each sub gure by
the dashed vertical lines. From these four plots, the motiorter used in these ex-
periments can be observed to reduce physiological motiortigacts to below 0.35 m
through the entire cardiac cycle. Physiological motion aifiacts were greatest shortly
after application of the pacing stimulus and correspondedtmyocardial contraction
and periods of increased cardiac motion. However, no dirext of propagation can
be observed within any of these residual displacement plptas no clear delay is
present between the two lateral locations.

The propagation of myocardial stiness can be seen with ARFimaging as
demonstrated in Figure 5.3. The lateral locations and relate depths of the dis-
placement plots within the M-mode ARFI images are marked byhe vertical lines

and their respective shapes in the corresponding B-mode ig&in Figure 5.3a. The
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Figure 5.2: Average absolute residual displacements through multipleheartbeats from
passive, two-line M-mode ARFI images within the left ventricular free walls of two animal
subjects. (a and d) The corresponding B-mode images show thiateral locations marked
by their respective shapes and the regions of interest. Whepacing from either (b and e)
the basal or (c and f) apical electrode, displacement artifats are below 0.35 m through

the entire cardiac cycle. The times of application of the stmulating electrodes are marked
in each plot by the dashed vertical lines
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Figure 5.3: Matched B-mode and active two-line M-mode ARFI images of an gternally
paced left ventricle. The lateral locations and regions of mterest are marked with their
respective shapes within (a) the B-mode image. Pacing eleatdes were positioned on ei-
ther side of the lateral eld of view. The times when the myocadium was stimulated by
the pacing electrodes are marked by the dashed vertical liree within the ARFI-induced
displacement plots. Displacements measured from the acteyx M-mode ARFI imaging se-
guences show cyclic curves with a phase di erence that is degndent on the location of the
pacing electrode. When pacing from (b) the left, myocardialsti ening at the left lateral
location (circle plot) leads the right (triangle plot). Whe n pacing from (c) the right, the
reverse trend is seen and myocardial sti ening at the right ateral location now leads the
left.

motion Itered displacement plots of the active two-line Mmode ARFI imaging ac-
quisitions are shown in Figure 5.3b-c. The application timgeof the pacing electrodes

are marked by the dashed vertical lines within each displacent plot. As the ARFI
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imaging sequences included high-intensity excitation pggs, these displacement plots
included both tissue displacements responding to the apgpdition of radiation force
as well as physiological cardiac motion artifacts comparébto those previously mea-
sured in Figure 5.2c and e. Both plots show myocardial stiang and relaxation
occurring earlier for the M-mode line proximal to the excitdon source. When pac-
ing near the base (Figure 5.3b), the M-mode line on the leftd® of the image can be
observed to lead the M-mode line on the right. When pacing nethe apex (Figure
5.3c), the reverse trend can be seen as the M-mode line on tight side of the im-
age now leads the left. Using the normalized cross-corretat method, the average
time delay between the two M-mode ARFI lines was estimated tbe 18.6 12.8ms
when paced from the base, and -20.015.8 ms when paced from the apex. These
delays corresponded to average propagation velocities Wween the M-mode lines of
0.52m/s and -0.50 m/s.

A sample time to peak negative epicardial voltage image, mded by the 112-
electrode plaque, is shown in Figure 5.4. This image has baeasked at pixels with
no discernible action potential. With the pacing source pasoned to the right of the
image, peak negative voltages can be seen to occur later imé as the distance from
each electrode to the pacing source increases. As the plaguees elevationally cen-
tered about the pacing source, this action potential propadion was predominantly
in the lateral dimension (right to left) with only a slight bottom to top propagation.
An apparent acceleration of the action potential as it propgated away from the
pacing source can also be seen within this image as di ereade the time of peak
negative voltage in the left side of the image were smallerdh in the right side of
the image.

Estimated time delays between ARFI-induced displacementucves within full 2-

D ARFI imaging acquisitions are shown in Figure 5.5. The mated B-mode image
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Figure 5.4. Sample time (ms after application of the pacing stimulus) to peak negative
epicardial voltage along a section ofcanine left ventricular free wall. With the pacing
electrode located near the apex and to the right of the imagean action potential can be
seen to propagate across the eld of view from right to left. Back-colored pixels within the
image indicate electrodes where an action potential could ot be measured. Average lateral
propagation velocities across the eld of view and for multiple consecutive heartbeats were
compared with ARFI imaging-based sti ness propagation vebcities.

is shown in Figure 5.5a with the region of interest marked beeen the two horizontal
lines. Time delays were estimated while pacing externallyoim either (Figure 5.5b)
the basal or (Figure 5.5c) the apical electrode. In each cadhe lateral location
most proximal to the pacing electrode was used as the refecen(zero delay) line.
Both time delay plots show increasing delays as the laterabdations moved farther
away from the selected stimulating electrode, re ecting a Bthanical sti ness wave
that propagated across the eld of view and away from the pawcg electrode. Linear
least square regressions of the data estimated average flatg@ropagation velocities
across the eld of view to be 0.72m/s and -0.69 m/s. The corrpending epicardial

action potential propagation velocities for each stimulanhg electrode were measured

to be 0.79 0.14m/s and -0.78 0.37m/s.
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Figure 5.5: Matched B-mode and time delays between ARFI-induced tissualisplacement
curves and times to peak negative epicardial voltages whengzed by an external source.
The ARFI imaging region of interest is marked by the two horizontal lines within (a) the
matched B-mode image. The lateral location most proximal tothe selected pacing source
was de ned as the reference line and zero delay. When pacingdm either (b) the left or
(c) the right side of the image, time delays between the otherateral locations and that
reference line were estimated using the normalized cross melation method. These time
delay plots show increasing delays as the lateral locationsnove farther away from the
pacing source. When observing electrical propagation, a siilar trend can be seen. While
pacing from (d) the left or (e) the right side of the image, the time delays to peak negative
voltages increased as the distance from the pacing sourcedreased. Using a least squares
linear approximation, the average propagation velocitiesof sti ness were measured to be
-0.69 m/s and 0.72m/s. The corresponding lateral propagain velocities of the epicardial
action potential were measured to be -0.78 0.37m/s and 0.79 0.14m/s.
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Figure 5.6: Electromechanical propagation comparison between (a) ARFE (b) strain

rate, and (c) tissue velocity imaging with the matched (d) global ECG. The points of
application of the pacing electrode are marked by the dashedertical lines in each plot.
For all three cases, the M-mode line proximal to the pacing sorce (triangle plot) leads
the distal M-mode line (circle plot) at systole. Diastolic electromechanical propagation is
less apparent, as the plots suggest reversed or nearly insteaneous propagation.
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A comparison of electromechanical propagation between ARFstrain rate, and
tissue velocity imaging is shown with the matched global EC@& Figure 5.6. Elec-
tromechanical propagation at systole is evident for all tree cases, as the M-mode
line proximal to the pacing site (triangle plot) leads the dstal M-mode line (circle
plot). Using the normalized cross correlation method, avage systolic propaga-
tion velocities measured with ARFI, strain rate, and tissuevelocity imaging were
0.75 0.13m/s, 0.73 0.10m/s, and 0.76 0.04 m/s respectively. The correspond-
ing average propagation velocity of the epicardial action giential was measured
with the EP plaque to be slightly faster at 0.86 0.23m/s.

As the waveforms of the two M-mode lines were dissimilar thugh diastole, there
was no clear indication of any diastolic electromechanic@ropagation away from
the pacing source. In fact, with ARFI imaging, the distal loation appeared to relax
before the proximal location, indicating propagation in tle reverse direction. For
the strain rate and tissue velocity cases, the M-mode plotsene nearly coincident at
early diastole and therefore re ect physiologically unrdestic propagation velocities.

As a result, diastolic propagation velocities were not meased.

5.4 Discussion and Conclusions

With the inclusion of pre-excitation tracking lines, the interpolation-based mo-
tion lIters e ectively reduced physiological cardiac moton artifacts at all points of
the cardiac cycle to below 0.35m. With diastolic ARFI-induced tissue displace-
ments above 4 m in all subsequent acquisitions, motion artifacts were suciently
low to make accurate time delay estimates and calculate pragation velocities with
ARFI imaging. The performance of the motion lters also wasigni cantly aided

by the vacuum apparatus, which steadied the transducer atape regions of interest
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and reduced out-of-beam motion and the resultant signal dewelation.

Two-line M-mode ARFI imaging methods estimated similar prpagation veloc-
ity magnitudes between the two lateral locations when pacghfrom either side of
the transducer. Additionally, both observed propagation olections corresponded
to sti ness waves that were traveling away from the pacing soce. In all M-mode
ARFI-induced displacement plots, a short delay (approximly 40 ms) can be ob-
served between the application of the electrical stimulusna the point where the
ARFI-induced displacements dropped sharply and indicatethe onset of myocardial
stiening. This delay was likely due to an approximate 5mm ggaration between
the pacing electrode and the positions of the M-mode lines @dithe time needed for
the action potential to propagate into the regions of interst.

The two-dimensional ARFI images produced similar resultsot the two-line M-
mode acquisitions, as the ARFI-induced displacement curseat lateral locations
proximal to the pacing electrode led those measured at distepcations. Although
the magnitudes of the average propagation velocities withieach 2-D image were
comparable to each other, they were slightly greater than &wated by the two-line
M-mode ARFI imaging sequences. One likely explanation fohis di erence is the
fact that the action potential propagation is dependent upo the underlying myocar-
dial ber orientation and conduction pathways. As a result,a degree of variability
within the measured propagation velocities between experents is expected and an
exact reproduction of results among subjects is unrealisti

As demonstrated in Figure 5.5, the matched average epicaatlelectrical propaga-
tion velocities calculated within the same eld of views agred with average sti ness
propagation velocities in both direction and magnitude. Tk percent di erences
measured between these two methods for the left- and rightatveling waves, using

the local electrical propagation velocities as the gold stdard, were calculated to
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be -8.9% and -11.5%, respectively. This agreement suggesiat the propagating
sti ness wave followed the propagation of the electrical @&on potential. However,
for both traveling waves, the ARFI imaging-estimated propgation velocities were
slower than those measured from the epicardial action potigsd. One likely expla-
nation for this discrepancy is due to the fact that the ARFI inages were focused
near the mid-myocardium. As a result, with the complex geontry and structure of
the heart, sti ness propagations measured at the mid-myocdium may not exactly
have re ected propagation at the epicardium. Additionally as propagation veloci-
ties were measured only in a single (lateral) dimension, amgisalignment between
the transducer and epicardial plaque would result in di eraces between these two
measurements.

A closer inspection of the time delay pro les indicates thathe ARFI imaging-
derived delays oscillated about the average sti ness progation velocity while the
epicardial ECG accelerated as the action potential propatgad away from the pacing
source. This discrepancy could have been caused by many fastincluding mo-
tion artifacts or imprecise temporal gating and registrabn of the two-dimensional
ARFI imaging sequences. Nevertheless, these results iredee that although ARFI
imaging may not be capable of exactly inferring the electrat activation propagation
path, ARFI imaging has the potential as a non-invasive metha for visualizing local
sti ness propagation and approximate electrical propagabn within the heart.

The comparisons between ARFI, strain rate, and tissue veliyg imaging in-
dicate that electromechanical propagation is most easilybserved during systole
and myocardial contraction. As seen in the previous two-diensional ARFI imag-
ing/electrical propagation comparison, the electrical pypagation velocity was esti-
mated to be higher than any of the electromechanical measuanents. Misregistra-

tion between the transducer and the plaque on the heart and éhvariant propa-

87



gation paths through the thickness of the myocardium may behe source of this
discrepancy. Such non-uniform activation potential propgation has been observed
in previous studies [28]. Conversely, as all three electreghanical measurements
(ARFI-induced displacements, strain rates, and tissue vatities) were made within
a single region of interest and during a single acquisitiorthe average propagation
velocities could be expected to be more similar and accordlg were all within
0.03m/s of each other.

The two-line M-mode ARFI-induced displacement plots in Figre 5.3 from the
rst subject display stiness curves with one lateral locaton leading the other
throughout the entire cardiac cycle. This is not the case wit any of the mechani-
cal plots in Figure 5.6, where there was no clear indicatiorf a diastolic mechanical
wave propagating away from the pacing electrode. All three @hods suggested some
degree of reversal in propagation, while the strain rate antssue velocity plots also
had dissimilar mechanical activity between the two lateralocations. Consequently,
diastolic delay and propagation velocity estimation was blematic. These results
likely can be explained by the passive nature of diastolic lexation. As no sub-
sequent action potential actively stimulates repolarizabn, the cellular mechanisms
of diastolic repolarization occur in a less spatially coondated manner [39]. As a
result, myocardial relaxation may not follow the exact sam@ropagation paths as
during contraction. However, additional experiments are ecessary to investigate
this phenomenon before more de nitive conclusions can be dea

As previously mentioned, all ARFI-induced displacement pks contained a brief
time delay after application of the stimulating pulse to theonset of myocardial sti -
ening and contraction. This delay is believed to be assoost with the temporal lag
between the location of the pacing source and the M-mode ImeHowever, the same

delay cannot be observed within the other electromechanicplots, as strain rates
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and tissue velocities at the M-mode line proximal to the pang source begin to fall
nearly with the stimulating pulse. This apparent lack of dedy could be attributed

as a consequence of both strain rate and tissue velocity iniiag being motion-based
algorithms. As a result, these measurements are derived fiobserving changes in
myocardial ber lengths and thicknesses as the muscle coatts and relaxes. With
this transducer orientation and by performing only 1-D (axal) tracking, myocardial

strains and velocities measured within these acquisitiongere predominantly due to
myocardial wall thickening. However, as no one myocardiaber can move indepen-
dently of another, the strain rate and tissue velocity estimtes made within these
experiments were likely in uenced by motion from adjacentegions that propagated
through the heart at bulk wave speeds that are signi cantly [gher than electrical

propagation velocities.

ARFI imaging may experience a similar e ect in the presencef dulk changes in
myocardial elasticity from surrounding tissue. However,hie observable delays be-
tween the application of the stimulating pulse and the onsetf myocardial sti ening
within the ARFI-induced displacement plots suggest that tlese e ects occur on a
smaller scale, and therefore ARFI imaging may be better seaidl to make high spa-
tial resolution images of electromechanical propagatiorfhe strain rate and tissue
velocity estimates made in these experiments were calcwddtusing rudimentary al-
gorithms, and more sophisticated ones may be able to accodat these neighboring
e ects and improve spatial resolution.

The research presented propagation velocities only in thatéral dimension. In or-
der to obtain additional information and increase its apptability, two-dimensional
or full three-dimensional sti ness propagation maps are pfferred. Although not
performed in this study, axial sti ness tracking can be acld@ved by selecting an ap-

propriate ARFI-excitation F/# so that the depth of view coul d span the entire thick-
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ness of tissue. Elevational sti ness tracking can be achied¢ with three-dimensional
ARFI imaging. Preliminary research into 3-D ARFI imaging ha been performed
with promising results [30]. However, frame and sampling tes must be considered
when forming ARFI images with su cient temporal resolution necessary to predict

electromechanical propagation.
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Chapter 6

ARFI imaging of myocardial
performance

6.1 Introduction

Cardiovascular disease is the primary cause of death in thenited States, ac-
counting for over 800,000 deaths in 2004 [5]. Myocardial stess changes have been
associated with virtually every form of cardiac disease. Az result, many studies
have measured myocardial sti ness to determine and diagmosarious forms of my-
ocardial dysfunction or abnormalities. Several studies k& shown increased sti ness
to be an indication of infarcted, ischemic, and ablated myaedium [32,42,63,89,105].
Additionally, increased myocardial sti ness has been coetated with both systolic
and diastolic heart failure [10,50,122].

Current clinically accepted methods for determining myoagdial sti ness measure
a corollary metric known as elastance. Myocardial elastaes are derived from para-
metric analysis of the pressure-volume (PV) relation witlm the left ventricle [69].
However, elastances are measured by tracking incrementédlanges in the PV re-
lation caused by an external stimulus through multiple hedbeats, thus lacking
the robustness and practicality for general use. Alternate methods for measuring

myocardial stiness and elasticity have been investigateavith varying degrees of
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success. Elastography-based strain and strain rate imagims well as tissue veloc-
ity or Doppler imaging have shown great promise in evaluatqregional and global
cardiac function [2,17,57,60]. However, these methodseaiftrequire nite element

modeling techniques and high quality three-dimensional iage data and have not
found widespread clinical applications to date.

Initial investigations into cardiac acoustic radiation face impulse (ARFI) imag-
ing were directed towards the visualization of radiofrequrey ablation lesions within
myocardium [24,44]. These studies employed ARFI imagingggeences that gated
acquisitions o the global electrocardiogram (ECG) to synleronize long ( 200ms)
acquisitions to late diastole and periods of the cardiac dgcwhere physiological mo-
tion artifacts are minimized. Also during late diastole, tle myocardium was relaxed
and therefore more compliant, resulting in greater ARFI-iduced displacements and
higher signal to noise ratios (SNRs) within the images.

In order to repeatedly form high resolution ARFI images at &lpoints of the
cardiac cycle, ARFI imaging sequence advancements were radd increase spatial
and temporal resolution while mitigating thermal safety cacerns [11,16,43]. These
advancements and the resultant ARFI images have been detdl in the previous
chapters of this thesis. As ARFI imaging has been shown to bapmable of measur-
ing myocardial sti ness through the cardiac cycle, beat-tdeat variations within the
ARFI-induced displacement curves could provide corollarinsight into myocardial
performance and function. In fact, ARFI imaging may be abled provide addi-
tional information into myocardial performance over PV andysis due to its ability
to continuously image local spatial variations in sti nessacross many heartbeats. In
this chapter, the preliminary investigations into the feawbility of ARFI imaging to

measure myocardial performance are presented.
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6.2 Methods

6.2.1 Imaging Methods

The Siemens SONOLINE Antares (Siemens Medical Solution, BSUIltrasound
Division, Issaquah, WA) platform was used with the VF10-5,ihear handheld probe.
The transducer was placed in a vacuum apparatus to minimizehpsiological motion
artifacts within the eld of view. While holding the transducer in place by hand, this
vacuum apparatus helped the transducer maintain a single aging plane through
the heart during the entire cardiac cycle.

The Siemens Ultrasonic Research Interfatéwas used to record in-phase ()
and quadrature (Q) data from the received echoes. The ARFI iaging acquisi-
tion sequences used in these experiments were single-lieesions of the extended
ECG-gated M-mode ARFI imaging acquisitions outlined in Chpter 4. With these
sequences, seventeen heartbeats were interrogated on ewher beat (nine total)
at B-mode and ARFI imaging frame rates of twenty-four sampkper beat. With a
baseline heart rate of 100 beats per minute, this correspaito a sampling rate of
40Hz. The lateral and axial elds of view for the B-mode imagewere 3.8cm and
6.0 cm, respectively. Speci c ARFI imaging sequence specations are provided in

Table 6.1.

6.2.2 Displacement estimation

The 1/Q data were used to estimate tissue displacements witt the image using
an autocorrelation phase shift estimation algorithm [48]. Displacement disconti-
nuities within the data greater than a half wavelength (58 m) between successive

frames were considered to be aliasing errors, and all dispganent estimates measured
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Parameter Value
General parameters:

ARFI imaging PRF 24 samples/beat
Tracking PRF 9.1 kHz
Number of pre-excitation tracking lines 4

Number of post-excitation tracking lines 37

B-mode Imaging & Tracking parameters:

Transmit focus 15 cm
Transmit F/# 2.0
Frequency 6.67 MHz
Pulse length 0.2 s
ARFI excitation parameters:
Focus 15 cm
Fl# 15
Frequency 6.67 MHz
Pulse length 45 s

Table 6.1: ARFI imaging sequence parameters

after these temporal discontinuities were shifted a full weelength in the opposite
direction. ARFI-induced displacement curves were generd by taking displace-
ments measured 0.71 ms after cessation of the radiation ferpulse. ARFI-induced
displacement curves were also temporally low-pass Iteredith a mean Iter using

a 5.8 ms kernel.

6.2.3 Physiological Motion Filters

An interpolation-based quadratic motion Iter was used to emove physiological
motion artifacts within the displacement estimates. The gadratic motion Iter used
four pre-excitation displacement estimates, made within 8.33 ms tracking interval,
along with post-excitation displacement estimates made thin a 0.49 ms tracking

interval, and after a 3.4 ms end-time threshold. In total, ta displacement estimates
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(4 pre-excitation, 6 post-excitation) were used by the quadtic motion Iter to

approximate and remove physiological motion artifacts witin the ARFI images.

6.2.4 Left ventricular volume extrapolation

The endocardial surfaces of the left ventricle of both the fieventricular (LV)
free wall and interventricular septum were detected from & B-mode images using
a brightness thresholding algorithm. The number of pixelsN) between these two
detected boundaries, scaled by the lateral and axial spags (dx and dz, respec-
tively) of the B-mode image, was used to estimate the crossesional area of the
left ventricle within the eld of view. From these cross-seonal area estimates, left

ventricular volumes (V) were extrapolated using the following equation:

V = éé:(N dx dz)3; (6.1)

which assumes an ellipsoid left ventricular geometry and agtevational radius equal-

ing the geometric mean of the other two radii.

6.3 Experimental Procedure

The heart of anovine subject was imaged under an open chest preparation. A
left thoracotomy was performed and the pericardium was cutvaay. The transducer
was inserted into a vacuum apparatus and placed directly omtthe left ventricular
epicardium, along the long axis of the heart. A Millar Instruments (Houston, TX)
pressure catheter was inserted directly into the left venicle via a trochar puncture
at the apex. A pacing wire was sewn onto the left atrium of thexposed heart, close

to the sinoatrial node. This pacing wire was used to atriallpace the heart at rates
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above 100 beats per minute (bpm) and above the normal sinusythm of the heart.

6.3.1 ARFI imaging of the cardiac cycle

The heart was paced at a specic heart rate for a minute beforenages were
formed. B-mode and single-line M-mode ARFI images were adémd using the ex-
tended ECG-gated extended M-mode ARFI imaging sequencessdebed in Chapter
4. These acquisitions were rst performed using passive ARkmaging sequences
to determine the e ectiveness of the physiological motionlter and characterize
the amount of motion artifact within the ARFI images. Co-regstered B-mode and
active ARFI imaging sequences were acquired while simultaously recording left
ventricular pressures, the global ECG, and the stimulatingulse voltages. Averaged
ARFI-induced displacements across the nine alternate hebeats within a 3.8 mm
axial kernel from the epicardial surface of the LV free wall @re calculated. The error
bars in the subsequent ARFI-induced displacement plots aaspond to the temporal
variance between heartbeats. The displacement plots werken temporally regis-
tered with the LV pressure, LV volume, and global ECG wavefons. The waveforms

were examined and compared through the entire cardiac cycle

6.3.2 ARFI imaging of left ventricular function

While still pacing atrially, baseline ECG-gated extended Mnode ARFI images of
the LV free wall were acquired. Four factors that determine gocardial performance
(preload, afterload, heart rate, and contractility) were ndependently varied, and the
subsequent ARFI images were inspected for changes from theesbline measurements
that could be attributed to changes in LV function. Each of tre four factors was

individually varied while holding the other three variables constant. Also, the heart
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was given adequate time to return to a new baseline state beten each experiment
and new baseline ARFI-induced displacement curves wereaequired for each case.
Heart rate was varied by increasing the pacing rate of the eatnal stimulus from
the baseline 100 bpm to 120bpm and 150 bpm. The heart was givarminute at
each heart rate to adjust before the ARFI images were acqude To vary preload,
surgical tape was placed around both superior and inferioremae cavae, close to
the entrance of the right atrium. The tape was pulled upwardsthereby occluding
venous ow to the right side of the heart and decreasing predal. The afterload was
increased with a phenylephrine drip (10g/kg/min), infused intravenously. ARFI
images were acquired after su cient time was given for the dp to take e ect.
Finally, contractility was increased via a single intravenus injection of a bolus of
calcium chloride (15 mg/kg). Again, su cient time was givenfor the inotropic agent

to take e ect before ARFI images were acquired.

6.3.3 ARFI imaging comparison with PV analysis

Incrementally varied PV loops were formed on every other haheat across 17
beats (9 total) by venal caval occlusions. The upper-left nsd points of these loops
were used to determine the end-systolic pressure volumeatedn (ESPVR), while the
bottom-rightmost points were used to determine the end-ds&olic pressure volume
relation (EDPVR). Linear regressions were performed on tle relations where the
slopes of these regressions yielded the end-systolic and-drastolic elastances.

The average ARFI-induced displacements for these nine h#dagats were also
measured. The relative times within the cardiac cycle of erslystole and end-diastole
were determined from the PV data and used to determine the anage end-systolic
and end-diastolic displacement estimates. As ARFI-indudedisplacements are in-

versely related to stiness, a systolic to diastolic sti ness ratio was estimated by
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taking a ratio of the inverse ARFI-induced displacements athese points.

6.3.4 Non-invasive ARFI imaging of myocardial sti ness

A closed chesttanine subject was anesthetized and placed on a surgical table in
a prone position. The table had an opening at the bottom that lfowed transtho-
racic imaging of the heart from below the animal. With the traasducer held in place
by hand, passive and active single-line M-mode ARFI images the left ventric-
ular free wall were acquired at a transmit focus of 2.0cm. Thglobal ECG was
also recorded and temporally registered with the ARFI image Respiration was
controlled and temporarily halted during each ARFI imagingacquisition. Passive
and active M-mode ARFI images were compared and inspected fadications of
changing myocardial sti nesses. Due to increased physigical motion and jitter
within the ARFI images associated with transthoracic imagig, displacement esti-
mates were masked at pixels whose variance in displacemestiraates measured

after the end-time threshold exceeded 1Im?2.

6.4 Results

6.4.1 ARFI imaging of the cardiac cycle

An assessment of the amount of motion artifact within the ARFimages is shown
in Figure 6.1. Using a passive ARFI imaging sequence, the fmmance of the
motion Iter was re ected by the levels of residual displacsent within the M-mode
displacement plot. The absolute redisual displacement glon Figure 6.1b indicates
that physiological motion artifacts were reduced to below.@ m at all points of

the cardiac cycle. As all ARFI images presented in this chapt were acquired and
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Figure 6.1: Absolute residual displacements from a passive, singlede extended M-mode
ARFI image of an ovine left ventricular free wall. (a) The B-mode image, formed alang the

long axis of the left ventricle, shows the lateral position and region of interest of the single
M-mode line. With the global ECG shown below, (b) the absolute residual displacements
plot indicates motion artifacts within the ARFI imaging acq uisitions were small and below
0.2 m through all points of the cardiac cycle.

processed using a single protocol, residual displacemeptesented in Figure 6.1 are
likely to re ect the levels of motion artifact in all subseqent ARFI images.

Also, the matched global ECG in Figure 6.1b contains a pacingrtifact at times
when the external pacing stimulus was applied. As the pacingire was positioned
atrially, this artifact coincided with atrial systole and supplanted the P-wave nor-
mally present within the standard ECG. Instead, a waveformtat more resembled
a QRS complex was recorded. This pacing artifact was obsedvim all global ECG
measurements made within these experiments.

The average left ventricular pressure, left ventricular vome, ARFI-induced dis-
placements within the left ventricular free wall, and globkelectrocardiogram through

a single cardiac cycle are shown in Figure 6.2. The lateral gibon and regions
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Figure 6.2: (b) LV pressure, (¢) LV volume, (d) ARFI-induced displacement within
left ventricular myocardium, and (e) global ECG plots throu gh a single cardiac cycle.
The lateral position and regions of interest of the M-mode Ine are marked within (a)
the matched B-mode image taken at t=0 and from the rst recorded heartbeat. The
four phases of the cardiac cycle, isovolumic contraction @d diamonds), ejection (pink
squares), isovolumic relaxation (blue triangles), lling (cyan circles), and their transition
points (black xs) were identi ed from PV analysis and labeled accordingly in each plot.

of interest for the ARFI-induced displacement plot are show in the B-mode im-
age in Figure 6.2a. Left ventricular pressure and volume otes, shown in Figure
6.2b-c, can be seen to exhibit normal pressure-volume belmy as the maximum
changes in pressure correlated with periods of nominal clges in LV volume and
vice versa. Meanwhile, ARFI-induced displacements can bbserved to be inversely
related to LV pressures, as increases in pressure were aqoanmed by decreases in
ARFI-induced displacements during ventricular systole wike the opposite trend was

apparent during diastole.
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Figure 6.3: Parametric pressure, volume, and inverse ARFI-induced diglacement plots
of the cardiac cycle. (a) The traditional pressure-volume bop of normal left ventricular
function, proceeding in a counterclockwise manner, provids insight into the segmenta-
tion of the cardiac cycle into its four phases: isovolumic catraction (red diamonds),
ejection (pink squares), isovolumic relaxation (blue triangles), lling (cyan circles), and
the transition points (black xs). (b) A three-dimensional p arametric plot including inverse
ARFI-induced displacements provides an indication of the banges in myocardial elasticity
through the cardiac cycle.

From parametric PV analysis, shown in Figure 6.3a, the fourlmses of the cardiac
cycle were determined and segmented by their respective pka and colors in all
subplots of both Figures 6.2 and 6.3. A three-dimensional ganetric representation
of the three temporally registered plots in Figure 6.2b-d iglso provided in Figure
6.3b. Inverse ARFI-induced displacements are plotted to pvide a more direct
representation myocardial sti ness.

From these plots, LV pressures can be seen to have increasapidly through iso-
volumic contraction (red diamonds) and reached its maximursteady-state pressure
at the end of this phase. These increased pressures were naaied through the

entire next phase of ejection (pink squares). Similarly, # ARFI-induced displace-

ments fell during isovolumic contraction and varied littlethrough ejection. However,
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unlike LV pressure, the steady-state minimum ARFI-inducedlisplacement was not
achieved at the transition point between isovolumic contreéion and ejection; rather,
it occurred shortly before the end of isovolumic contractim During diastole, a pres-
sure decrease through isovolumic relaxation (blue triangd) was accompanied by
an increase in the ARFI-induced displacements. LV presswaemained relatively
constant through lling (cyan circles) and reached a minimm value at the middle
of lling. In contrast, the ARFI-induced displacements corinued to rise through

lling and achieved a maximum value at the onset of isovolunai contraction.

6.4.2 ARFI imaging of left ventricular function

A complete summary of results of each factor of left ventri¢ar function and
their e ects on the end-systolic and end-diastolic sti neses and the rate of systolic

sti ening, as determined by ARFI imaging, is presented in Tale 6.2.

Heart Rate Preload Afterload Contractility

Parameter Change * + * *
End-systolic sti ness nc nc nc *
End-diastolic sti ness * + + nc
Systolic sti ening rate + + * nc

Table 6.2: ARFI imaging of myocardial function summary. (nc = no change)

The ARFI-induced displacement plots within the left ventrcular free wall at
various heart rates are shown in Figure 6.4b. As the variableeart rates produced
three global ECGs of three di erent durations, these plots @re aligned via their QRS
complexes so that end-diastole and ventricular systole veetemporally registered.
The global ECG at the bottom of Figure 6.4b corresponds to thacquisition made
at a heart rate of 150 bpm.

The end-systolic ARFI-induced displacements for all threeurves were similar,
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Figure 6.4: Single-line M-mode ARFI imaging at increasing heart rates. The lateral

location and region of interest are marked within (a) the B-mode image. (b) ARFI-induced
displacement plots re ect left ventricular function at thr ee di erent heart rates: 100 (blue
plot), 120 (green plot), and 150 (red plot) beats per minute. The three displacement
plots were temporally registered at the QRS complex and the ratched ECG shown below
the plots corresponds to the 150 bpm acquisition. The ARFI-nduced displacement plots
indicate that the end-systolic displacement was una ectedby heart rate, while the end-

diastolic displacements decreased with increasing heartates.

indicating that the end-systolic sti ness was independenbf heart rate. Perhaps the
most noticeable di erence between the three curves was indhmaximum ARFI-
induced displacement at end-diastole. As the heart rate ineased, this value de-
creased, suggesting an increase in the end-diastolic sess. The rates of systolic
sti ening also appeared to decrease with increasing hearate as the slopes of the
displacements falling during ventricular systole decread.

Single-line M-mode ARFI-induced displacement plots beferand after decreasing

preload are shown in Figure 6.5. Again, the end-systolic gilecement estimates

appeared similar in both ARFI-induced displacement curvesindicating that the
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Figure 6.5: (b) Single-line M-mode ARFI-induced displacements beforeand after de-
creasing preload via venal caval occlusions. With the lateal location and region interest
marked in (a) the corresponding B-mode image, the end-systi displacements between
the baseline (blue plot) and after reducing preload (green fot) are similar. The rate of
systolic sti ening appears to be slower after decreasing pload. Additionally, end-diastolic
displacements are slightly higher.
end-systolic stiness was preload independent. End-diadic displacements were
slightly higher than the baseline measurements, suggedgiirthat the end-diastolic
sti ness decreased with smaller preloads. The rate of sy$itosti ening appears also
to be lower at decreased preloads as the end-systolic dig@ment was achieved later
in time than the baseline.

The ARFI-induced displacement curves, before and after irgasing afterload, are
shown in Figure 6.6. The end-systolic sti ness appeared urgted, as the minimum
ARFI-induced displacements were similar between the two q@is. Also, the end-

diastolic displacements were higher after increasing aftead than measured in the

baseline case. A sharper drop in ARFI-induced displacementvas also observed
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Figure 6.6: Single-line M-mode ARFI imaging of increased afterload viaan intravenous
phenylephrine drip. The lateral location and region of interest of the M-mode ARFI line
are shown in (a) the matched B-mode image. (b) ARFI induced dsplacement plots from
the baseline (blue plot) to increased afterload (green plox indicate that the end-diastolic
sti ness has decreased while the rate of systolic sti eninghas increased. Myocardial elas-
ticity at end-systole appears unchanged after an increaseniafterload.

during myocardial contraction, suggesting the rate of systic sti ening increased.
The changes in myocardial left ventricular function due to aincrease in contrac-
tility are re ected within the two ARFI-induced displacement plots in Figure 6.7.
Both displacement plots had similar end-diastolic displasnents, indicating that the
diastolic sti ness was una ected by the calcium chloride ijection. The rates of
systolic sti ening between the two curves also appeared toebsimilar. However,
the baseline ARFI-induced displacement curve reached itsimmum value and then
slowly began to rise. The increase in contractility was re@ed in the post-injection
(green) plot by a continuing decline in displacements up tahe T-wave and the onset

of ventricular repolarization.
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Figure 6.7: Single-line M-mode ARFI imaging of increased contractiliy due to an injec-
tion of calcium chloride. (a) The B-mode image indicates thelateral location and region of
interest for (b) the ARFI-induced displacement plots. When comparing the baseline (blue
plot) and increased contractility curves (green plot), diastolic ARFI-induced displacements
and the systolic rates of sti ening appear una ected. Howeer, the end-systolic displace-
ments are lower, indicating that the sti ness of the contracted myocardium has increased
with increased contractility.

6.4.3 ARFI imaging comparison with PV analysis

A comparison between systolic and diastolic ratios of stiass and elastance is
shown in Figure 6.8. Multiple PV loops are shown with the ESPR and EDPVR (red
dashed lines) marked in Figure 6.8a. The end-systolic andcediastolic elastances
were then calculated from these relations to be 1.28 mmHg/mand 0.65 mmHg/mL,
thereby resulting in a systolic to diastolic elastance rabi of 1.96. The corresponding
average ARFI-induced displacement plot is shown in Figure&b. The average end-
systolic and end-diastolic ARFI-induced displacements w& measured to be 6.22

and 10.82 m, respectively. From these data, a systolic to diastolic ishess ratio
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Figure 6.8: ARFI imaging comparison with PV analysis. With (a) pressure-volume
analysis, the end-systolic and end-diastolic pressure-Wome relations (red dashed lines)
can be determined with a end-systolic to end-diastolic elasnce (slope) ratio of 1.96.
From (b) the ARFI-induced displacement curves, a similar erd-diastolic to end-systolic
ARFIl-induced displacement ratio of 1.74 is measured.

was measured to be 1.74.

6.4.4 Non-invasive ARFI imaging of myocardial sti ness

Passive and active single-line M-mode ARFI images ofcanine left ventricular
free wall are shown in Figure 6.9. The lateral location and geon of interest are
marked within the matched B-mode image in Figure 6.9a. The aditional M-mode
images in Figure 6.9b and f display similar changes in myochal wall thicknesses
through the cardiac cycle. By matching each M-mode image \wittheir respective
ECGs in Figure 6.9e and i, a single phase of left ventricularal thickening can
be seen to occur coincident with the onset of the QRS compleRdditionally, two
phases of wall thinning can be observed: one shortly afterd¢hl-wave and the other
coincident with the P-wave. These two phases can be used tonrcate early
(passive) and late (atrial) lling, respectively.

The absolute residual displacement image and plot in Figu&9c-d, respectively,

107



Axial Position [ cm ]

N

Axial Position [ cm
Axial Position [ cm ]

Axial Position [ cm ]
w

E E
4t 1 e¥2 = §
=) [} 9
o £ IS ?
2@ 5
<3 3
& g
5¢ 1 e . °% 05 1
(d) (h)
1 1
3 3
I 0 ] 0
‘ ‘ ‘ = =
-1 0 1 3 3
Lateral Position [ cm ] v o
0 o.5[ | 1 0 0.5[ ] 1
Time [s Time [s
(a) (e) (i)

Figure 6.9: Passive and active transthoracic M-mode ARFI images of acanine left ven-
tricular free wall. (a) The corresponding B-mode image disfays a near long-axis cross
section of the left ventricle with the left ventricular free wall spanning approximate axial
depths between 1.2-2.0 cm. The lateral location and regionfanterest of the ARFI-induced
displacement plots are also marked. (b and f) Traditional Mimode images show motion
of the left ventricular free wall with two horizontal lines w ithin the image marking the
ARFI imaging region of interest. From the passive ARFI imaging sequence, (c) The abso-
lute residual displacement image shows motion artifacts wee small, and (d) the absolute
residual displacement plot suggests that motion artifactswithin the region of interest were
below 0.5 m at all points of the cardiac cycle. The active ARFI-induced displacement (g)
image and (h) plot re ect cyclic activity inside the left ven tricular free wall with larger
displacements at diastole and smaller displacements at syae. (e and i) The matched
ECGs for each acquisition are shown below.

indicated that motion artifacts were generally small, but mcreased at the onset of
ventricular systole and during early lling. Nevertheless motion artifacts were |-
tered to below 0.5 m at all points of the cardiac cycle. Therefore, the nearly 2m

systolic to diastolic variation in ARFI-induced displacenents observed within the
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active ARFI image in Figure 6.9g were likely the result of vaations in myocar-
dial sti nesses through the cardiac cycle. As observed inladf the M-mode images
presented in this thesis, ARFI-induced displacements wemaeasured to be larger
at diastole and smaller at systole, indicating that the myoardium was sti er dur-
ing systole and more compliant during diastole. The same tmd can be observed
within the matched ARFI-induced displacement plot in Figue 6.9h. Average dias-
tolic and systolic ARFI-induced displacements were meased to be 2.44 0.09 m
and 0.44 0.04 m, respectively. These values produced a non-invasivelygagred

systolic to diastolic sti ness ratio of 5.5.

6.5 Discussion and Conclusions

A parametric analysis between temporally registered LV psesure, LV volume,
and ARFI-induced displacement curves related myocardialisiess to the four phases
of the cardiac cycle. The parametric plots of these data inclited that the changes
in myocardial stiness generally followed the changes in L\pressures, as ARFI-
induced displacements fell during isovolumic contractioand rose during isovolumic
relaxation. However, the plots also showed that the steadstate ARFI-induced dis-
placement through ejection was reached before the end ofvislumic contraction,
while LV pressures continued to climb. Further, ARFI-indued displacements con-
tinued to rise through all of lling, while LV pressures remaned relatively constant.
These results suggest that myocardial stiness and LV presse, although related,
are not exact analogues to each other.

Changes within the ARFI-induced displacement curves re @ed changes in LV
function as observed when altering four factors of myocasadifunction in these ex-

periments. More encouragingly, the results presented inigchapter can generally
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be corroborated by previous investigations and theories ofyocardial elastance and
LV function [29,70,78]. For end-systolic sti nesses, thenty change apparent within
the ARFI images was a decrease in ARFI-induced displacemsrat end-systole with
increased contractility. This result is consistent with pevious research that used PV
analysis to demonstrate that the end-systolic elastance wandependent of load and
heart rate and increased with an increase in contractility35, 96].

The Frank-Starling law of the heart states that the stroke viume is proportional
to the load encountered by the heart at end-diastole [1,146% As the end-systolic
elastances and sti nesses appear to be load independentfiaions in stroke vol-
ume are unlikely to be a result of varying degrees of myocaadlisti ening. How-
ever, an alternative method that could result in changes intioke volume is from a
change in the rates of systolic sti ening. Accordingly, stdies have shown that slower
heart rates had decreased ejection velocities and smalléroke volumes [113]. The
authors hypothesize that this relation can be observed with the rates of systolic
sti ening within the ARFI-induced displacement curves. These rates decreased with
smaller preloads and increased with larger afterloads. lawise, as the load remained
unchanged with increased contractility, the rate of systad sti ening was also un-
changed. As myocardial elastances are typically calculat®nly at end-systole and
end-diastole, these rates of myocardial sti ening were pveusly unavailable. As
a result, the ARFI imaging-determined changes in the ratesfaystolic sti ening
cannot be corroborated by any previous PV analysis-basedpstiments.

At increased heart rates, a decreased rate of systolic stheng was accompa-
nied with an increase in the end-diastolic sti ness. We hypbesize that these are
complementary phenomena, both re ecting the Frank-Starnfig law of the heart. An
increase in heart rate resulted in a shortening in the periedf isovolumic relaxation

and lling, thereby restricting the amount the myocardium oould relax within that
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time interval. As a result, the myocardium was unable to fuil relax and appeared
sti er at end-diastole. The shortened relaxation times andsti er myocardium re-

sulted in a smaller end-diastolic volume and reduced load dme heart. Accordingly,

the Frank-Starling law predicts a reduction of stroke volura, which may be re ected
by the observed decrease in systolic sti ening rates.

As exponential functions are typically used to approximat¢he EDVPR, the end-
diastolic elastances are believed to be proportional to Idg13]. This relationship
can be seen within the results presented in this chapter asdlend-diastolic ARFI-
displacements after decreasing preload were measured tosbghtly higher than the
baseline acquisition. As an increase in contractility shadi not a ect the load, the
end-diastolic ARFI-induced displacements were similar bheeen the plots before and
after injection of calcium chloride. However, an increasa ithe end-diastolic ARFI-
induced displacement was also observed in Figure 6.6 with arcreasein afterload.
This result implies that the myocardium was more compliant vh increased after-
load and therefore is contradictory to the preload resultsral previous diastolic PV
investigations. Additional studies are necessary to inviégate this discrepancy.

The systolic to diastolic elastance and sti ness ratios wershown to be compara-
ble, further suggesting that the two may be similar metricsHowever, neither method
produces a ratio that exactly re ects the actual myocardialsti ness ratio between
systolic and diastolic elastic moduli. PV analysis measusechamber pressures and
volumes without any interrogation of the myocardial tissuétself. Consequently, elas-
tances are indirect measures of myocardial properties antilrsess. Although ARFI
imaging measures displacements within myocardial tissuan exact correlation be-
tween ARFI-induced displacement and sti ness is unknown. evious studies have
demonstrated that the displacement estimates within the ARI images are a ected

by both ARFI imaging sequence parameters and tissue propes, and therefore any
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displacement ratio using these data is an approximate sti@ss ratio [85, 86].

The transducer was not removed from the heart for each befoamd after acqui-
sition and the two were acquired shortly after one another. Aerefore, the authors
hypothesize that the repeatability of the ARFI imaging acqusitions was su cient
to allow the comparisons made within this chapter. Howevegs the transducer was
removed between acquisitions and an appreciable amount ahe elapsed between
experiments, a degree of variability between the ARFI-indeed displacement plots
makes inter-experimental comparisons problematic. Thisano be seen in the varia-
tions between the four baseline ARFI-induced displacemeplots. These variations
can be attributed to many factors including transducer posion and orientation as
well as the progression of myocardial performance throughaeh experiment. There-
fore, inter-experimental comparison of ARFI-induced didpcement data was not
performed.

Similarly, PV comparisons between acquisitions also proded inconsistent re-
sults as the long axis was di cult to maintain through the experiments and there-
fore were not presented. Itis likely that improved and repdable registration of the
transducer onto the surface of the heart and the maintenanad a single orientation
would ensure a single alignment of the imaging plane and prack better results.
Expansion of these imaging methods to three-dimensional aging would be better
suited for estimating left ventricular volumes and would tlerefore provide a more
accurate comparison between PV analysis and ARFI imaging.

The transthoracic M-mode ARFI images in Figure 6.9 demonsite the feasi-
bility of non-invasively measuring these potential myocalial performance metrics.
These non-invasive M-mode ARFI images demonstrated the samayclic variations
in ARFI-induced displacements with su cient Itering of mo tion artifacts. The ac-

tive M-mode ARFI images estimated a 5.5:1 sti ness ratio thiawas comparable to
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the 5.3:1 myocardial sti ness ratio, calculated epicardidy in another canine heart in
Chapter 3. However, the transthoracic ARFI-induced dispkeement plots did not en-
tirely match those acquired epicardially, as the drop in ARFinduced displacements
and indication of myocardial sti ening appeared to occur aér the P-wave and not
with the onset of the QRS complex. This observation may be amnrtdact of cardiac
motion or the reorientation of the myocardial bers with repect to the transducer.
Another explanation is that the myocardium could be sti enng passively due to
an increase in left ventricular pressure during atrial comaction. Studies modeling
myocardial elasticity with active and passive componentsrpdict a degree of dias-
tolic sti ening as a result of an increase in left ventricula pressure at the end of
lling [68, 102,120, 121]. However, additional ARFI imagig research and sequence
developments are necessary to better characterize this ploenenon.

A clear advantage of ARFI imaging over PV analysis is in its sipler method of
interrogation. PV analysis requires an external modi catn of the operating condi-
tions of the heart in order to incrementally vary the PV loops Also, elastances are
calculated across multiple heartbeats and only at end-syse or end-diastole. Funda-
mentally, ARFI imaging of a single heartbeat is capable of pducing ARFI-induced
displacement curves through the entire cardiac cycle. By otnuously sampling
through the cardiac cycle and across multiple heartbeats,R¥l imaging is capable
of providing additional insight into myocardial performarce not previously available
with traditional PV analysis. Therefore, with the potential of non-invasive methods
of acquisition and the presented advantages over PV analgsiARFI imaging may

provide a better and more clinically useful estimate of myaedial performance.
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Chapter 7

Conclusions and future work

7.1 Conclusion

We have demonstrated the feasibility of cardiac ARFI imagig. The ARFI-
induced displacement plots and images presented in this #ie exhibited cyclic vari-
ations that re ected the changing elasticity of the heart through the cardiac cycle.
The ARFI imaging-observed increases in myocardial sti nsswas correlated with
myocardial contraction and the systolic periods of the ECGAlso, ARFI imaging
was able to distinguish an ablation lesion within myocardimn by showing that the
ARFI-induced displacements inside the lesion did not varyhrough the cardiac cycle
as much as the surrounding, untreated myocardium.

Novel ARFI imaging sequences were developed in order to perh more quantita-
tive ARFI imaging-based investigations of the heart. Thessequences used parallel-
receive, parallel-transmit excitation, parallel-transnit tracking, ECG-gating, multi-
beat synthesis, and multiplexing to form high quality, highresolution ARFI images
of the heart at all points of the cardiac cycle. The resultanARFI-induced displace-
ment curves provided new and previously unavailable inforation into the changing
mechanical properties of myocardium. The accuracy of ARRhduced displacement
estimation was also increased. With these new sequences androved ARFI imag-

ing techniques, the application of ARFI imaging for the meagement of myocardial
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performance was investigated.

ARFI imaging was able to determine a direction and velocity fopropagation
of mechanical sti ness through the myocardium. The measudevelocities of my-
ocardial sti ness propagation were comparable to typical alues of measured elec-
trical conductance velocities [9]. The measured epicardli@lectrophysiological wave
propagation matched the direction of propagation of the stiess waves, and the
propagation velocities of the mechanical sti ness waves veeobserved to be compa-
rable to, but slightly slower than, the electrical propagabn velocities. From these
results, we believe ARFI imaging is capable of measuring noardial sti ness prop-
agation through the heart and therefore a promising imaginghodality to track an
electromechanical wave that follows the electrical activ®n propagation within the
heart.

Changes within the ARFI-induced displacement plots re ecd changes in left
ventricular function and myocardial performance. A parameic analysis of left ven-
tricular pressure, volume and ARFI imaging-based sti nessevealed that myocar-
dial sti ening occurred during isovolumic contraction whie myocardial relaxation
occurred during both isovolumic relaxation and lling. A canparison of ARFI imag-
ing with pressure-volume analysis demonstrated that thede/o methods produced
similar results. Also, the introduction of observing sti ening rates may provide
previously unavailable insight into myocardial performaoe. Therefore, although
additional investigations are necessary, we believe ARRhaging to be a viable al-
ternative to PV analysis in determining myocardial performance with the potential

of becoming less invasive with greater accuracy.
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7.2 Continuing E orts

7.2.1 Continued Animal Studies

The results presented in this dissertation came from limite number of animals
and only a single animal was imaged for the results presentedChapter 6. Repeated
in vivo epicardial experiments withovine and canine hearts are necessary to inves-
tigate the repeatability and widespread validity of these @sults. Further re nement
of the acquisition methods to allow for better comparison wh PV analysis is also
necessary. Also, as a long-term goal of this research is thenAnvasive acquisition
of these ARFI images, continued transthoracic ARFI imagingtudies will be per-
formed, and the feasibility of intracardiac ARFI imaging ofmyocardial performance
will be explored. The introduction of a catheter into the hed to acquire ARFI
images would not increase the invasiveness of this procedwabove PV analysis, as
left ventricular pressures are also measured internally thi the introduction of an
intracardiac probe. Several studies have shown the utilitpf intracardiac echocar-
diography (ICE) for a variety of cardiac applications [94,Q1, 108, 116], and initial
investigations into intracardiac ARFI imaging have produed high-resolution ARFI
images of the heart [44]. Therefore, a comparison of transtfacic, intracardiac, and

epicardial ARFI imaging methods will be performed in futureanimal studies.

7.2.2 Motion Filter Optimization

Current motion Itering techniques have been demonstratedo be capable of
reducing physiological motion artifacts to a non-factor wite imaging epicardially.
However, the expansion of these techniques for non-invadiw acquired ARFI images

along with the progressing trend towards quantitative caric imaging dictate the
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need for more robust and e ective motion lters.

Little analysis has been performed for these interpolatiehased motion lters
in regards to the optimization of end-time thresholds as we&s the pre- and post-
excitation tracking intervals. Adaptive motion Iters that take into account SNR,
decorrelation, the global ECG, and the levels of physiolagal motion may prove
to be critical to the success of non-invasive cardiac ARFI iaging. Additionally,
current interpolation-based motion Iters are pixel-by-pxel algorithms and therefore
do not rely on any spatial information and other physiologial motion estimates from
surrounding pixels. Investigations into the characteriz#on of cardiac motion and the
potential of developing a spatially-interpolative motionlter are currently underway.
Unlike the motion lters used in this thesis, these spatiall-based motion lters
may have the potential bene t of not having the temporal redtiction of full tissue
recovery within the tracking interval. Consequently, ARFlimaging acquisitions can

be sequenced with shorter acquisition times and at increas&ame rates.

7.3 Future Work

7.3.1 Shear Wave Velocimetry

Although the ARFI-induced displacement plots revealed inght into the perfor-
mance and changing elasticities within the heart, the obsexd variations between
the baseline plots underlie a fundamental shortcoming of #se analyses. Current
methods of ARFI imaging cannot produce a quantitative measament of sti ness,
such as elastic modulus. Therefore, comparisons and integfations of these dis-
placement data are best performed relatively and without aabsolute, quantitative

metric of myocardial stiness. A stiness ratio was introduced in an attempt to
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qguantify a sti ening factor. However, as myocardial sti ness may change during
systole, diastole, or both, variations within this ratio canot be correlated directly
to a sti ness change from a single event.

Alternative methods of radiation force imaging have measad shear wave prop-
agation velocities to determine a material's shear modulugvhich can be converted
to an elastic modulus, depending on tissue geometry and cart underlying assump-
tions [8,81,82,98]. However, applying these methods for asardial characterization
is challenging due to the complex geometry and anisotropitasticity of the heart.
Nevertheless, an imaging plane containing myocardial berthat run parallel to
the transducer face could produce repeatable estimates oaximum shear wave ve-
locities within the eld of view. Future work will focus on the use of shear wave
velocimetry as a potential method for the estimation of a stae and repeatable

metric of myocardial sti ness.

7.3.2 Active and Passive Sti ness

A desired trait for any metric of myocardial performance ism@independence from
load. Accordingly, the end-systolic pressure-volume re¢ian, which is widely consid-
ered to be load independent, is used to determine systolicnttion. However, load
independence is not observed in the end-diastolic presswa@ume relation and there-
fore the assessment of diastolic function with elastancensore problematic. Recent
studies have modeled myocardial elastance as having actared passive components,
with the in uence of load a ecting mostly the passive compoant [120,121]. As a
result, the active elastance component may become a load @mkndent measure
of myocardial performance through both systole and dias®l These studies have
modeled the heart as a pressurized structure and assignedic relations between

left ventricular pressures, volumes, and elastances in @rdto iteratively determine
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active and passive elastances through the cardiac cycle.

A similar analysis of active and passive sti ness is being nsidered with ARFI
imaging. As there is a di erence in pressures internal and &tnal to the heart, a
pressure gradient through the thickness of the myocardiums present, thereby result-
ing in a theoretical gradient in passive sti nesses. Futurevestigations will attempt
to visualize this elasticity gradient and model the measuceARFI-induced displace-
ments with active and passive components. The relationslgpf these components

with load will then be examined.
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