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INTRODUCTION

The leadership at the American Society of Echocardiography (ASE)
decided on a proactive role in defining selected areas of research
necessary in this decade that will meet our future clinical needs.
Consequently, ASE sponsored a Technology and Research
Summit in the fall of 2010 in conjunction with the American
Heart Association Scientific Sessions in Chicago. In addition to the
ASE executive committee, in attendance were the editor, deputy
editor, and one of the associate editors of the jJournal of the
American Society of Echocardiography. Also invited were physician-
scientists active in the field of cardiovascular ultrasound, respected
ultrasound physicists, and senior engineers from the various ultra-
sound companies.

The agenda for the full-day meeting covered a selected range of
subjects including the assessment of global and regional left ventricu-
lar function, regional myocardial perfusion, molecular imaging, thera-
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peutic ultrasound, and peripheral vascular imaging. Also addressed
were research necessary to determine the broad clinical utility of
hand held ultrasound devices and the impact of future technological
developments on the field of cardiovascular imaging.

Because of time constraints, other important and worthy areas of
research were not discussed. There was an hour devoted to the dis-
cussion of each subject that was initiated by the chairs and panelists
assigned to each of the topics. The discussion was robust, and at the
end, the chairs and panelists for each topic were requested to sub-
mit in writing a short synopsis of the discussion. These have been
compiled into a document that we believe will serve as a roadmap
for cardiovascular ultrasound research for this decade. At the end
of each section a short list of references for selected reading is
provided.

Although we have defined the areas that are ripe for future re-
search, we also strongly believe that we have to train the future scien-
tists who will implement this research agenda. ASE has historically
awarded one or two fellowship training grants a year and also an
award for research training of a sonographer. At some institutions fel-
lows have also received training grants from the local American Heart
Association, and very occasionally a training grant (F32) from the
National Institutes of Health. However, this is not enough. We need
more institutional training grants from the National Institutes of
Health in order to train an adequate number of MD and PhD scien-
tists in cardiovascular imaging. To our knowledge there are currently
only a handful of such training grants in the country, which is woefully
inadequate. We believe that we need at least 20-25 such training
grants devoted to the general field of cardiovascular imaging so that
within a decade there will be enough physicians trained in scientific
methods and clinical research to address the subjects that have
been discussed in this report.

The field of cardiovascular ultrasound is very broad, ranging from
clinical validation of new technology to studies requiring knowledge
of physics, mathematics, organic chemistry, physiology, pharmacol-
ogy, molecular and vascular biology, genetics, clinical trials, and out-
come research. Cross-training of individuals in one or more of these
fields is essential for cardiovascular ultrasound to thrive and succeed.
Our hope is that this report will encourage young people to realize the
scope of cardiac ultrasound research and make a career in this dy-
namic field.

Selected Reading

1 Dorsey ER, Thompson JP, Carrasco M, de Roulet ], Vitticore P, Nicholson S,
Johnston et al. Financing of US biomedical research and new drug approvals
across therapeutic areas. PLoS ONE 2009;4:¢7015.
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Abbreviations

ASE = American Society of
Echocardiography

CAD = Coronary artery
disease

CEU = Contrast enhanced
ultrasound

DICOM = Digital Imaging and
Communications in Medicine

HIFU = High intensity focused
ultrasound

ICE = Intracardiac
echocardiography

MCE = Myocardial contrast
echocardiography

PAD = Peripheral arterial
disease

TEE = Transesophageal

ASSESSMENT OF GLOBAL
AND REGIONAL LEFT
VENTRICULAR FUNCTION

Global and regional function as-
sessments are key to the clinical
management of patients with car-
diovascular diseases. Currently,
these are usually performed qual-
itatively because most current
quantitative methods for assessing
them are not robust and are not
automated. Recently, however,
new methods have been intro-
duced for quantifying cardiac
function from estimates of myo-
cardial deformation (myocardial
strain and strain rate) and torsion
(spatial variation of cardiac rota-
tion) based on analyses of ultra-
sonic myocardial speckle
patterns over the cardiac cycle.

h di h .
e While these methods show great

promise for assessing alterations
in global and segmental myocar-
dial performance, they currently
exhibit a wide variation in the re-
ported values with a significant de-
pendence on the imaging system
used as well as the image quality.
Hence, there is a need to standardize the measurements among the
echocardiographic systems employed. Additionally, for these measure-
ments to be clinically useful, their precision, accuracy, and reproducibil-
ity must be significantly improved. Furthermore, the current standards
are not optimized to permit the efficient storage and transfer of three-
dimensional (3D) echocardiographic cineloops and related information.

The formation of echocardiographic images and associated mea-
surements based on analyses of speckle pattern data depend upon
the processing and detailed characterization of received backscat-
tered ultrasonic signals from the myocardium, which are dependent
upon the intrinsic ultrasonic scattering and attenuation properties of
the myocardium, the frequency-dependent attenuation properties
of overlying tissues (e.g., chest wall), and the specific features of indi-
vidual imaging systems. The specific characteristics of each type of im-
aging system have a profound impact on the detailed nature of the
received backscattered signals and subsequent speckle patterns ob-
served and include transmit and receive beam profiles, line density,
frequency bandwidths, and pulse lengths. Because each manufacturer
implements uniquely different choices of system-dependent charac-
teristics, the received signals and features of resultant speckle patterns
can give rise to system-dependent variations in measured values. In
addition, manufacturers often choose to measure and report slightly
different realizations of myocardial strain parameters. This makes
the data acquired and analyzed using different echocardiographic im-
aging systems difficult to compare.

In addition to the technical issues associated with the nature of
backscattered signals and characteristics of echocardiographic imag-
ing systems that can have a significant impact on measurements,
the effects of image acquisition and user analysis (e.g., the placement
of the region-of-interest) also impact the variability of measured

tPA = Tissue plasminogen
activator

VV = Vasa vasorum
2D = Two-dimensional

3D = Three-dimensional
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values. Although it is generally accepted that poor or non-standard
echocardiographic windows can affect results of measurements, the
degree of this effect is unknown. The effect of region-of-interest place-
ment on measurement variability has not been systematically investi-
gated. It is expected that precision will be adversely impacted as
regions-of-interest grow smaller.

Utilization of myocardial deformation and torsion measurements
will require knowledge of the range of normal values. The mean
values and associated variations of these parameters for specific co-
horts of normal subjects need to be firmly established before routine
clinical adoption of myocardial deformation and torsion measure-
ments can be implemented. Variability can take several forms. The
easiest to achieve consistency should be with the same cardiac cycle
data being analyzed by the same software. To the extent that this is
fully automated, the same results should be achieved each time. If
there is manual intervention, there may be variability based on precise
placement of regions-of-interest, but such variability should be small.
Analysis of the same acquisition by a second software package might
also be considered; this may yield either random or systematic devi-
ation from the first result depending on whether the two packages
use the same mathematical algorithm to estimate strain. Even this sim-
ple test is often impossible to do, since most of the vendors store their
data in proprietary scan line format, which can only be analyzed by
their own software package. Additionally, analysis of successive beats
within the same study should be assessed, using either the same soft-
ware package or a different one. Finally, the ultimate test of variability
is the test-retest assessment whereby the patient is scanned twice
(with either the same or, more relevantly, another scanner), and the
data are analyzed independently.

Standard methods for characterizing images and measurements
obtained with ultrasonic imaging systems are available from a number
of sources including the International Electrotechnical Commission,
the American Institute of Ultrasound in Medicine, and the
American Association of Physicists in Medicine. These approaches
typically utilize images of commercially available tissue-mimicking
phantoms and are largely designed to assess properties such as spatial
and contrast resolution, sensitivity and dynamic range, and geometric
measurement accuracy on static images. In addition, there are some-
what more limited approaches described for characterizing Doppler
measurements using special “flow” phantoms. However, to date,
there are no standard methods or commercially available tissue-
mimicking phantoms designed to assess echocardiographic-specific
measurements of myocardial deformation and rotation. The only
such standards to date have been short lifetime models, ones utilizing
ex-vivo porcine hearts with implanted sonomicrometry crystals and
gel-based models that can be compressed, but unfortunately degrade
within days. The development of standard characterization methods
and specialized, well-characterized phantoms would provide an ob-
jective approach to estimate the limiting uncertainties of these echo-
cardiographic image based measurements.

Image data archiving standards and formats are not currently opti-
mized to handle all the types and large amounts of data associated
with volumetric echocardiographic imaging and advanced image
analysis features. For example, the current Digital Imaging and
Communications in Medicine (DICOM) standard for two-
dimensional (2D) echocardiographic images only accepts pixels in
a Cartesian, raster-based orientation. Unfortunately, speckle tracking
for most of the major vendors is performed on proprietary formats
based on individual scan-lines. Full interoperability in speckle tracking
will require collaboration to harmonize formats. There are three
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possible approaches to this: (1) the DICOM committee (and appro-
priate companies) could agree upon a single scan-line format, which
all vendors would support. In the past, there has been little enthusi-
asm for this from either the vendor community or the DICOM parent
committee, which is loath to produce complex standards that are ap-
plicable only to ultrasound. (2) The vendors in question could release
details of their format standards, allowing others to develop programs
to analyze the data. (3) Finally, it is desired that emerging analysis
packages based on the raster DICOM format will yield results that
are equivalent to those obtained from the proprietary formats and
analysis packages. Given the challenges of the DICOM process, it is
likely that interoperability will emerge most quickly from a combina-
tion of (2) and (3).

The situation is even more challenging in 3D, where storage re-
quirements can quickly overwhelm a network. A typical scan-line
based format stores (for example) a 90 x 90 pyramid of scan lines,
each with 512 8-bit data samples, requiring more than 4MB per vol-
ume or about 120MB for one second’s storage of 30 volumes/sec
of 3D data. Storage requirements are even more onerous with
the recently-approved DICOM 3D standard, which mandates
Cartesian rather than scan-line storage. Assuming isotropic sampling
at the original data rate (512 samples/scan line), a single 512 x 512 x
512 x 8 bit volume requires 134MB in storage or > 4GB for a single
second of 3D imaging! While lossless run-length-encoding can re-
duce this by a factor of 3 or more, it is noteworthy that to date,
none of the major ultrasound vendors are exporting data in the ap-
proved 3D DICOM format. One significant deterrent is the lack of
an approved lossy compression technique for 3D echo, similar to
the ~15:1 JPEG compression allowed in the 2D standard. Prior
work on first-generation real-time ultrasound data showed that 3D
wavelet compression as great as 100:1 could be applied without sig-
nificant image degradation. Whether such compression would im-
pact 3D speckle tracking is unknown, but it certainly seems to be
a fruitful area of investigation and possible adoption by the
DICOM committee.

Recommendations

To increase confidence in the precision and accuracy of speckle-
based measurements of myocardial deformation and torsion (across
all vendors), quantifying the uncertainties associated with the mea-
surements, and standardizing 2D and 3D data archiving formats
and reported values among different echocardiographic imaging sys-
tems, specific recommendations are offered in the following key
areas:

1 Encourage vendor interoperability to allow better workflow in advanced echo
mechanics:

e Provide a setting, perhaps under the auspices of echocardiographic soci-
eties, where vendors can work together to improve interoperability with-
out antitrust concerns. ASE and the European Association of
Echocardiography have already established a task force for this purpose.

e Encourage all vendors to release details of the algorithms used to mea-
sure strain within their software packages. This is essential since “strain”
can be defined in various acceptable ways, which yield discrepant values
from the same deformation map.

e Encourage all vendors to place in the public domain (or, less ideally, via
cross licensing agreements) the details of their individual scan-line for-
mats.

e Explore with DICOM the possibility of a multidimensional scan-line for-
mat specific to ultrasound.

e Encourage the development and validation of analysis packages based
on raster-based DICOM images.
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2 Identify sources of error and uncertainty in speckle-tracking based estimates
of myocardial deformation and torsion (error mechanisms) and identify methods
for enhancing the precision and accuracy of measurements:

o Develop a better understanding of the underlying physical mechanisms
that influence the measured segmental and global values. How do re-
gional intrinsic ultrasonic properties of myocardium (scattering, attenua-
tion) affect measurements? How can the effects of overlying tissue affect
measurements?

Identify the impact of imaging system dependent characteristics on mea-

surements and develop methods for the compensation and reduction of

these effects on reported results.

Identify the impact of variability in image acquisition and (user) analysis

methods on measured values. Establish image acquisition and data anal-

ysis protocols designed to reduce variability of measurements.

3 Develop methods for quantifying the uncertainties associated with speckle-tracking
based estimates of myocardial deformation and torsion and verifying results:

e Establish a set of standard echocardiographic images/data sets to be used
to verify analyses among different manufacturers. These might be de-
rived from animal experiments where sonomicrometry provides a refer-
ence standard.

Develop specialized, stable tissue-mimicking phantoms to be used to

verify measurements. The use of phantoms with known, well-

controlled properties will provide estimates of the limiting uncertainties
of measurements.

Encourage additional studies designed to establish the mean and stan-

dard variation of myocardial strain and rotation measurements for spe-

cific normal subject populations (e.g., age, gender, etc.). Perform these
studies with multiple machines and analysis approaches to determine
intervendor reproducibility.

4 Develop methods for standardizing the reported myocardial deformation and
torsion values among different echocardiographic imaging systems and enhance
formats for archiving and sharing 3D and enhanced 2D image data sets:

e Develop a two-tiered approach for reporting myocardial deformation
and torsion measurements: a set of standardized measurements and
other measurements unique to each manufacturer. Establishing a set
of standard measurements will permit comparison of results of data
acquired with different echocardiographic imaging systems. Measure-
ments unique to each manufacturer will continue to encourage
innovation among developers. Over time, some vendor specific mea-
surements may enter the standardized list.

Establish optimal data formats and enhance image and data archiving

standards (e.g., an enhanced DICOM standard) to permit the efficient

storage and transfer of 3D and four-dimensional echocardiographic im-

ages and associated data.

Investigate the impact of lossy 3D data compression on image quality,

volumetric measurements, and speckle tracking. If acceptable, strongly

urge the DICOM committee to develop a standardized method of com-
pressing 3D data.

Identify and define standard universal formats of 2D and 3D data for ar-

chiving relatively unprocessed image data permitting subsequent analy-

ses of the data sets beyond standard image processing methods.

Selected Readings
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ASSESSMENT OF REGIONAL PERFUSION

Many of the patients we see and assess by echocardiography have
coronary artery disease (CAD) for which abnormal regional
function-perfusion relation at rest and/or stress is the hallmark. In
this regard, echocardiography has some worthy competitors in nu-
clear and magnetic resonance imaging as well as computed tomogra-
phy. The latter also offers the advantage of a direct look at the
coronary arteries. For echocardiography to remain competitive for
CAD assessment, it has to provide robust measurements of regional
function and perfusion. The previous section deals in detail with the
technical challenges and potential research in regional function assess-
ment. This section will deal with regional perfusion assessment with
myocardial contrast echocardiography (MCE). Issues regarding
DICOM standards and image storage and analysis capability are sim-
ilar to that of regional function analysis.

MCE has been validated in animal models more than any other im-
aging method for CAD assessment and yet its clinical penetration is
marginal for several reasons. First, there is no ultrasound contrast
agent that has been approved for clinical perfusion assessment by
the US Food and Drug Administration. Second, most echocardiogra-
phy laboratories are averse to routine intravenous line placement.
Third, in its current form, MCE is difficult to perform and interpret.
Fourth, there is no reimbursement for it.

MCE utilizes gas-filled microbubbles that have an intravascular rhe-
ology similar to that of erythrocytes. These microbubbles remain en-
tirely within the intravascular space and therefore as flow tracers they
are superior to all other contrast agents used in other imaging modal-
ities. MCE is the only method that can provide an independent assess-
ment of both myocardial blood volume and blood flow velocity.
Despite this enormous advantage, its clinical use is limited only to
a few medical centers.

Because MCE at both rest and stress is fast to perform, does not use
radiation, can be performed at the bedside, and can be coupled to any
form of stress, it should be preferable to other imaging techniques.
However, we need to train individuals in its use and provide them
with tools that give them confidence in interpretation.

MCE can permit the assessment of myocardial perfusion during
a continuous infusion of commercially available microbubbles.
Both high mechanical index and low mechanical index real-time
perfusion techniques have been utilized to assess myocardial perfu-
sion during rest and stress echocardiography. Because high mechan-
ical index techniques will destroy the microbubbles, these
techniques must be triggered to the end-systolic frame on the elec-
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trocardiogram and image, one or more R-R intervals after the initial
destruction pulse, to allow for replenishment of microbubbles. Low
mechanical index techniques are less destructive, and can therefore
be performed in real-time (20 Hertz). Ultrasound system manufac-
turers have developed very sensitive low mechanical index imaging
modalities that permit perfusion to be detected in real time with
their current commercial scanners. When microbubbles are admin-
istered as a continuous infusion, intermittent high mechanical index
impulses can be delivered that clear the myocardial contrast and al-
low the analysis of myocardial contrast replenishment. The reap-
pearance of bubbles in the myocardium allows the analysis of
mean microbubble velocity, while the plateau (or peak) myocardial
signal intensity is an index of capillary blood volume. Multiplying
these two variables together, one can quantify myocardial blood
flow changes.

These imaging techniques have been applied in three specific clin-
ically relevant areas, where the addition of perfusion imaging adds in-
cremental value to patient care, both in terms of improved detection
of CAD as well as prediction of patient outcome. During dobutamine
stress echocardiography, MCE has been shown to improve test sensi-
tivity and accuracy. MCE during vasodilator stress has similarly been
shown to detect CAD in a manner that is either equivalent to or su-
perior to nuclear perfusion imaging. Quantitative studies, examining
myocardial blood flow changes with MCE, have shown the incremen-
tal value over visual analysis of perfusion in detecting CAD during va-
sodilator stress in both normal subjects and patients with unexplained
cardiomyopathy. The assessment of microvascular perfusion with trig-
gered or real time MCE has proven to have incremental value in pre-
dicting functional recovery after treated ST segment elevation
myocardial infarction and in patients with ischemic cardiomyopathy.
Finally, the evaluation of perfusion with contrast echocardiography
adds incremental value to clinical variables and regional wall motion
in predicting outcome in patients presenting at the emergency depart-
ment with chest pain and a non-diagnostic electrocardiogram.

Recommendations for Research and Development

It is evident from single center studies that if MCE were utilized more
often in the evaluation of patients with CAD and its complications,
patient care would be enhanced. A concerted effort is needed to de-
velop automated data acquisition and display, especially with the ad-
vent of 3D echocardiography, as well as software that would permit
the robust analysis of myocardial contrast replenishment curves from
within the myocardium as well as acoustic intensity from the adjacent
left ventricular cavity for the quantification of myocardial blood flow.
This software should not be vendor-specific, but rather should allow
quantification of myocardial blood flow on or from all commercially
available scanners.

Multi-center studies should be planned to evaluate both the quan-
titative and qualitative assessments of myocardial perfusion during
dobutamine, bicycle, and vasodilator stress echocardiography.
These studies should be designed not only to assess the predictive
value of MCE for CAD detection but also predicting patient outcome.
In the emergency setting, multi-center studies are also needed to de-
termine the incremental value of qualitative and quantitative assess-
ments of myocardial perfusion in predicting outcome of patients
with chest pain and non-diagnostic electrocardiograms. Finally, the
quantification of myocardial blood flow needs to be examined in pa-
tients with acute and chronic left ventricular dysfunction and known
coronary artery disease, to determine the incremental role of
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myocardial blood flow assessment in predicting outcomes and recov-
ery of regional function following revascularization.

Another area where MCE has a unique role is in studying micro-
vascular disease and function, whether it be in Syndrome X, hyperten-
sion, hypertrophic cardiomyopathy, or diabetes mellitus. Multicenter
studies should be designed in these specific patient sets to determine
the value of MCE in determining outcome.

Selected Readings
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MOLECULAR IMAGING

The term, molecular imaging, has been broadly applied to describe
non-invasive imaging techniques that have been developed to assess
processes such as protein expression, metabolic status, intracellular
molecular trafficking, gene transcription, enzyme activity, and pH,
to name only a few. The most common approach for molecular im-
aging involves the application of targeted contrast probes that are bio-
engineered to identify a specific molecular process.

Molecular imaging with contrast enhanced ultrasound (CEU) relies
on the selective targeting and retention of a contrast agent at sites of
disease. Due to the confinement of ultrasound contrast agents to the
intravascular compartment, CEU molecular imaging can only target
microbubbles to antigens that are expressed within the vascular com-
partment.

Targeting of ultrasound agents has been accomplished by one of
two strategies. A simple approach has been to select certain micro-
bubble shell constituents that facilitate their attachment to cells in re-
gions of disease. Common examples of this strategy include the
complement-mediated attachment of anionic lipid microbubbles to
activated leukocytes, or the attachment of lipid or albumin-shelled mi-
crobubbles to the endothelium. A second and more specific strategy
has been to attach specific ligands such as monoclonal antibodies, re-
combinant proteins, or small peptides to the microbubble shell sur-
face that will facilitate their attachment to disease-related ligands.
Generally, this approach has involved the conjugation of the ligand
at the end of a polyethylene glycol spacer “arm” resulting in a surface
density of several thousand ligands per um?. Detection of these
agents in vivo is based on imaging backscatter from microbubbles re-
tained in tissue after most of the freely circulating bubbles have
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cleared from the blood pool. Algorithms have been developed to cal-
culate retention fraction of microbubbles from time-intensity curves,
which minimizes the influences of contrast dose and tissue perfusion.

Potential Clinical Applications of CEU Molecular Imaging

A key issue for molecular imaging with CEU is that, for the most part,
only intravascular processes can be targeted. Accordingly, CEU has
been used to evaluate endothelial phenotype, leukocyte or platelet
activation/adhesion, and thrombus formation. When considering po-
tential clinical applications, it is reasonable to assume that CEU could
be used in situations where there are clear advantages of using ultra-
sound rather than another imaging modality because of portability,
speed of acquisition, high-throughput capability, sensitivity, and low
cost. These advantages make CEU an attractive approach for disease
screening such as early detection of aggressive atherosclerotic disease
or transplant rejection. It is promising as a tool for the detection of ac-
tive or recent myocardial ischemia in patients with chest pain (ische-
mic memory imaging) with microbubbles targeted to selectins. The
opportunity to pair this information with wall motion and perfusion
may be of particular benefit, especially in separating wall motion ab-
normality caused by a new versus an old event. Similarly, the ability to
image cardiovascular anatomy with relatively high resolution makes
ultrasound targeted imaging of thrombus a reasonable option. It is
also possible that some of the therapeutic effects of bubbles for appli-
cations such as sonothrombolysis or ultrasound-mediated gene deliv-
ery may also be amplified by targeting. This idea has not been fully
explored.

Challenges and Future Directions

A major hurdle in the development of a targeted ultrasound contrast
agent for clinical use is safety. Strategies for ligand conjugation that are
neither toxic nor immunogenic must be developed and tested.
Additionally, the ligands must be safe for human use while not losing
their biological activity when conjugated to a bubble. Another hurdle
is the costs for the development, pharmacology-toxicology testing,
and clinical trials. These costs will probably be justified only if molec-
ular imaging provides unique information that will substantially
change patient care in a sufficiently large population to allow the in-
vestment to be recouped.

Another complex issue is that, for any specific application, the ideal
contrast agent formulation needs to be established. Conditional vari-
ables for different diseases include vascular environment (e.g., hy-
drodynamic forces, glycocalyx, etc.), the density of the molecular
target, endogenous competitive inhibitors, and the stoichiometry of
the target molecule. Bubble design can and should be modified in or-
der to control the circulation time which may need to be varied ac-
cording to the disease process. Even optimal dosing is currently
unknown.

Finally, better imaging methods are required. Currently, the tech-
nique relies on the detection of agent that is “retained” due to
target-specific attachment. New methods for specifically detecting sig-
nals for attached microbubbles may be advantageous, especially
when imaging structures directly adjacent to a blood pool (such as
the vascular endothelial surface) where even a few freely circulating
microbubbles can confound signals. For certain diseases (atheroscle-
rosis, thrombosis) there may be a need to display fused images by
overlaying a high-frequency high-resolution B-mode image with
contrast-specific imaging modes which are generally low spatial reso-
lution. Deformation imaging should be highly complementary to
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perfusion imaging, but the presence of microbubbles in the myocar-
dium appears to confound speckle tracking. Strategies must be devel-
oped to allow these techniques to be used together optimally. Finally,
we need to determine whether CEU molecular imaging provides
quantitative information.

Recommendations for Research and Development

1 Develop targeted microbubbles that are safe in humans.

2 Selection of a common but important condition, such as inflammation,
where a targeted bubble could find clinical application in multiple fields.

3 Clinical trials demonstrating incremental value of molecular imaging to stan-
dard assessment in specific disease conditions.
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THERAPEUTIC ULTRASOUND

Whereas many imaging modalities can be used to define phenotype and
monitor the effects of therapy, ultrasound is unique in that it also offers
enormous potential as a treatment modality. This discussion focuses on
the most relevant aspects of ultrasound as a therapeutic modality in car-
diovascular medicine — sonothrombolysis, gene and drug delivery, and
high intensity focused ultrasound (HIFU) for tissue ablation.

Sonothrombolysis

Work in animal models has demonstrated that ultrasound, alone and
in combination with microbubbles, enhances the activity of thrombo-
lytic agents. Ultrasound and microbubbles alone (in the absence of
thrombolytic agents) have also been shown to dissolve intravascular
thrombi. However, relatively few clinical trials have been done to
translate this work into clinical practice. To date, only one randomized
study has been done in humans with acute myocardial infarction
(MD: the Percutaneous Low Frequency Ultrasound (PLUS) trial.
This study used low frequency ultrasound (<100 Kilohertz) without
microbubbles, and did not show a benefit of ultrasound and tissue
plasminogen activator (tPA) on thrombosis in MI flow grade, com-
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pared to tPA alone, despite evidence of better ST segment elevation
resolution. Pre-clinical studies in animals have also demonstrated
the potential for diagnostic ultrasound and microbubbles to reduce in-
farct size, even in the absence of epicardial recanalization.

There are more clinical studies of sonothrombolysis in stroke than
in acute MI. The Combined Lysis of Thrombosis in Brain Ischemia
with Transcranial Ultrasound in Brain Ischemia (CLOTBUST) trial
showed a higher patency rate with continuous transcranial Doppler
and tPA, compared to tPA alone. Several smaller trials have shown
similar results, and pilot studies of sonothrombolysis with microbub-
bles have demonstrated even greater efficacy. When used with tPA,
ultrasound with or without microbubbles also has the potential to in-
crease intracranial hemorrhage. The European Stroke Network is cur-
rently using ultrasound and microbubbles in multicenter trials as an
adjunct therapy (without tPA) for stroke treatment.

Several important questions remain to be answered. What is/are
the mechanism(s) of thrombus dissolution? Are we causing down-
stream embolization with sonothrombolysis which may cause addi-
tional diffuse tissue destruction? Can sonothrombolysis achieve
recanalization without any anti-coagulants or with lower, potentially
safer doses of thrombolytic agents? What is the mechanism of re-
duced infarct size with ultrasound even in the presence of total coro-
nary occlusion? Is this due to nitric oxide production, prevention of
microemboli, or both, or some other mechanism? Would image-
guided sonothrombolysis work more effectively, particularly with
3D imaging? Can we enhance sonothrombolysis by targeting micro-
bubbles to thrombus? Should such a strategy differentiate between
platelet-clots and thrombin clots?

Research goals need to focus on clinical trials to demonstrate the
efficacy of sonothrombolysis in acute MI, particularly in hospitals
that do not have access to prompt catheter-based coronary reperfu-
sion. Stroke trials have already demonstrated the benefit of ultra-
sound, and clinical trials using microbubbles are underway,
especially in Europe.

Gene and Drug Delivery

So far, gene therapy using ultrasonic microbubble destruction has
been performed only in rodents, in both the heart and pancreas.
Cardiomyocytes are difficult to transfect in vitro, and the candidate
genes and therapeutic targets are not fully understood.
Sarcoplasmic reticulum Ca++ ATPase 2a has been shown to prevent
left ventricular remodeling in acute MI. Vascular endothelial growth
factor and stem cell factor have been shown to induce angiogenesis
in mice after experimental MI using ultrasound-targeted microbubble
destruction. Preliminary work has been done to increase high-density
lipoprotein levels by gene delivery of Apo-Al to the liver.

Greater success with ultrasound targeted microbubble destruction
has been achieved in diabetic rats, where multiple genes involved in
the embryologic development of the endocrine pancreas have been
delivered with ultrasound targeted microbubble destruction, and
shown to cause islet regeneration and cure of diabetes. Preliminary
studies have also shown potential to deliver anti-angiogenic genes
or cytotoxic genes to a murine model of human pancreatic cancer.

Microbubbles can also be used to target drug delivery to the heart.
In theory, this would only be useful if the delivered drug has systemic
side effects that could be avoided while getting the beneficial effects
on the target organ. Amiodarone is an ideal candidate because of its
long half-life in cardiac tissue, its efficacy, and its propensity to cause
multiple systemic side effects. For atrial fibrillation, it would be ideal to
deliver amiodarone to the atria, but this might be complicated by low
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blood flow to the atria, and the difficulty of getting stable, efficient
loading of amiodarone into microbubbles.

The primary research goal for gene/drug delivery is to move from
rodents to primates. This is a critical step in the translation of this work
to humans. However, it introduces several potential challenges.
Ultrasound attenuation could be a problem. Current transducers
are designed for imaging, not gene therapy. Therefore, therapy probes
must be developed. Primate studies are also costly. Finally, much
work remains to be done in elucidating the mechanisms of gene trans-
fection through microbubbles, and thus optimizing the acoustic and
biologic parameters for gene therapy using microbubbles.

HIFU

HIFU is currently used for ablation of uterine fibroids, prostate tu-
mors, and other soft tissue lesions that are easily accessible by ultra-
sound. Early enthusiasm for using HIFU for pulmonary vein
isolation in atrial fibrillation was subsequently abandoned because
of a high complication rate in clinical trials. Another potential cardiac
target is septal ablation in hypertrophic obstructive cardiomyopathy.
Theoretically, one could use microbubbles to highlight the portion
of the septum that is causing obstruction to help target HIFU ablation.
Catheter-based HIFU approaches could also be beneficial. However,
the adverse results with atrial fibrillation ablation in the heart warrant
caution because of potential adverse effects. For example, HIFU
might not be able to ablate the septum without conduction system
damage that also occurs with alcohol ablation or septal myectomy.
Animal models of atrial fibrillation have been created, which could
be utilized to test the resolution of HIFU to create focal lesions in
the beating heart. Since HIFU's effects are not related to cavitation,
it is unclear what effect microbubbles would have in potentiating
the effects of HIFU.
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PERIPHERAL ARTERIAL DISEASE

Current Problems in Peripheral Arterial Disease (PAD)
Assessment

In current practice, non-invasive methods commonly used for diag-
nosing and assessing the severity of PAD rely on the detection of
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a pressure gradient or decreased pulse volume caused by a stenosis.
There are well-recognized limitations of these methods. Because
flow through the limb inflow arteries normally increases 10-20 fold
during exercise, the flow-diameter relationship at rest is relatively
flat. Hence, significant pressure gradients do not develop at rest until
inflow vessel stenosis becomes relatively severe. Quantitative perfu-
sion imaging of the limb could potentially be used in PAD to detect
moderate disease, to evaluate the adequacy of collateral flow, detect
diffuse small vessel disease, and assess regional flow responses to ex-
ercise.

Potential Role of Contrast Enhanced Ultrasound for PAD
Assessment

CEU has been developed to quantify perfusion in limb skeletal mus-
cle. Although transit rate data after intravenous bolus injection of mi-
crobubbles has been used for this purpose, methods similar to
myocardial perfusion imaging using continuous contrast infusion
and analyzing time-intensity plots after a destructive pulse sequence
is more optimal because it is not influenced by the rate of bolus injec-
tion or the cardiac output. This approach is also optimal for rapidly
assessing multiple different imaging planes in both limbs. Limb skele-
tal muscle rest-stress perfusion imaging has been shown in animal
and/or human trials to detect and quantify PAD, to assess microvas-
cular abnormalities associated with diabetes mellitus, and to quantify
the responses to angiogenic therapy.

Because of the ubiquitous presence of ultrasound in vascular labs
and because multilevel rest-stress perfusion imaging of the lower ex-
tremities can be performed in minutes, CEU perfusion imaging is
a very promising approach for evaluating perfusion in PAD.
However, there are major steps needed for integration of CEU imag-
ing in the vascular ultrasound laboratory.

Foremost is the approval by regulatory agencies for an ultrasound
contrast agent for tissue perfusion imaging. Targeting PAD as a pri-
mary indication for perfusion imaging with microbubbles may be an
effective approach because, unlike the case for myocardial perfusion
imaging, there are no existing competing technologies that can be
used to assess perfusion in PAD. Second, because tissue flow at
rest in skeletal muscle is very low (0.05-0.20 mL/min/g) ultra-
sensitive contrast-specific imaging techniques must be used.
Currently, intermittent high-power multipulse decorrelation tech-
niques are most sensitive for contrast detection, yet for PAD imaging
it will be necessary to use continuous low-power imaging in order to
assess multiple different planes in each limb. Third, the ideal ultra-
sound frequency for any contrast-specific imaging method must
be established for optimizing the balance between penetration, res-
olution, and contrast sensitivity.

Optimum probe shape for limb imaging should also be examined
with an eye towards adjustable circumferential, wrap-able, or ring ar-
rays that can adapt to differences in limb dimension according to im-
aging plane and patient morphology, so as to allow simultaneous
imaging in multiple planes in order to develop a 3D perfusion map.
Integrated with Doppler, this could also provide 3D flow maps in
the larger vessels. Finally, methods for stress imaging should be fully
explored in order to quantify the severity of disease. Exercise stress
works well because even with the very low levels of exercise that pa-
tients with severe PAD symptoms can perform, limb skeletal muscle
flow is markedly increased. However, the need to assess multiple dif-
ferent muscle groups in the proximal and distal limb should prompt
further exploration of vasodilator stress which has been shown to
be feasible in animal models.
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Contrast-Enhanced Ultrasound for Vasa Vasorum (VV)

Imaging

Expansion of the VV and plaque neovascularization (growth of vessels
that penetrate the external elastic lamina) contributes to the progres-
sion and instability of atherosclerotic disease. Neovessels promote in-
stability by: (1) serving as a site for leukocyte migration; (2)
hemorrhage and leakage of proatherogenic molecules that promote
a pro-inflammatory state; and (3) the production of endothelial-
derived proteases that are expressed during vascular remodeling.
The presence of plaque neovessels has been shown to be associated
with atherothrombotic events and plaque growth.

CEU is well-suited to the evaluation of plaque neovascularization
because of practical issues such as cost and availability; and technical
issues such as the balance between sensitivity and spatial resolution.
The technique has been applied to evaluate VV proliferation and pla-
que neovessels in humans and animal models of disease. Transition to
routine clinical practice will depend on both technologic advances
and clinical trials demonstrating that CEU provides important prog-
nostic information that can be used to guide patient management.

Among the most important advances in technology will be the abil-
ity to acquire and/or display vascular CEU information in 3D. Even
though in certain arteries, such as the carotid, there are predictable
sites where disease is most likely to be severe, a circumferential eval-
uation of plaque morphology and associated neovascularization will
be ideal.

A second major advance will be the development of new tools to
quantify VV proliferation. Conventional methods for microvascular
flow quantification have been proposed. However, these techniques
are not well-suited to 3D acquisition, will be affected in the far-field by
luminal shadowing, and may be ill-suited for quantifying the low flow
rates in the mural microvessels. An alternative approach, which has
been shown to provide robust data on VV proliferation, is the use
of maximum intensity projection processing to measure vascular den-
sity rather than perfusion. Each microbubble leaves a “trail” of en-
hancement during transition through a vessel, thereby increasing
the efficiency of signal generation. Importantly, the evaluation of
VV density with this technique has been shown to be relatively inde-
pendent of the dose of microbubble contrast over a wide range of
clinically relevant blood pool concentrations.

Recommendations for Research and Development

Development of customized transducers for assessing limb perfusion at mul-

tiple levels simultaneously.

2 Trials designed to validate ultrasound contrast agents for measuring skeletal
muscle perfusion.

3 Development of algorithms to quantify VV perfusion.

4 Design of outcome studies to evaluate the incremental diagnostic and prog-

nostic value of perfusion imaging compared to other routinely performed

studies to assess PAD.
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HAND HELD ULTRASOUND SYSTEMS

Echocardiography has become a mature and widely utilized technol-
ogy for the assessment of patients with known or suspected heart dis-
ease. Recent miniaturization of ultrasound machines has resulted in
small, relatively inexpensive hand held systems. Under what circum-
stances should these systems be used and who should use them?
What training is required? Are these devices cost-effective? Can their
judicious use improve patient outcomes?

Battery-operated, pocket size ultrasound devices currently do not
provide the full spectrum of features available on the large full-
service ultrasound systems, but offer diagnostic quality two-
dimensional and color Doppler imaging using a 1.7-3.8 MHz phased
array transducer. Although limited storage of data is also available on
the devices that can be transferred to a personal computer using
a docking station, the system is not DICOM compatible, thereby pre-
venting large scale archiving of data. Only simple measurements can
be made and no report is generated. However, the findings may be
described by the examiner as an extension of the physical examina-
tion and may provide important additive information to the clinician.
These small devices are inexpensive compared to the larger systems,
and could be afforded by individual physicians. However, currently
the device is considerably more expensive than a stethoscope. In its
current form, it does not have the capability of providing an audio sig-
nal, for example, for auscultation of the lungs since the value of ultra-
sound imaging of the lungs (comets) for mild or chronic pulmonary
edema is not known.

Hand held ultrasound devices may be used in a wide variety of clin-
ical settings as part of a focused examination. They can also be used as
an extension of the physical examination. They may be used in the
intensive care unit or emergency department, or in the medical school
classroom as part of the physical diagnosis curriculum. They could po-
tentially be used in less conventional settings, such as on an ambu-
lance, or prior to transfer to a hospital, or in an underserved area in
which echocardiography equipment is unavailable.

A variety of medical personnel may find these devices useful.
Currently, not only cardiologists, but also emergency department
physicians and anesthesiologists require ultrasound training.
Cardiologists may appreciate the convenience of the portable device
when examining patients. Medical students, house-staff, internists,
and other physicians may find them useful to improve accuracy of
the physical examination or even replace the physical examination,
especially if the system also allows auscultation. Nurses and other
paramedical personnel may also use it in selected situations.
Moreover, patients may appreciate the immediate information that
can be provided with the device at the time of their medical evalua-
tion.

Potential specific applications of these devices are diverse. The eti-
ology of cardiac murmurs can usually be determined, although quan-
titative assessment of valve areas, gradients and regurgitant volumes
would require a more comprehensive examination. If minor disease
is found that is consistent with the clinical findings, the need for
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a regular echo examination may be circumvented. In the patient pre-
senting with dyspnea, recognition of left ventricular dysfunction or
enlargement of the right ventricle may suggest a specific underlying
etiology. In a patient with cardiovascular collapse, the assessment of
left and right ventricular systolic function and inferior vena cava size
can provide important clues regarding the diagnosis. In other situa-
tions, estimation of cardiac chamber sizes and systolic function may
allow recognition of hypertrophic or dilated cardiomyopathy,
whereas quantitative assessment of systolic and diastolic function
and left ventricular mass would not be feasible with current hand
held devices and would require an examination best performed in
the echocardiography laboratory.

In the intensive care or hemodialysis unit or the emergency depart-
ment, inferior vena cava size and collapsibility may be readily evalu-
ated to assess a patient’s volume status. The presence and size of
a pericardial effusion can be determined; this may be important in
the acute situation in the cardiac catheterization or electrophysiology
laboratories where echocardiography-guided pericardiocentesis may
be considered. The device may be used to guide cannulation of the
internal jugular or subclavian veins. Other potential roles include its
use in athletic screening or screening for heart disease in symptomatic
or at risk populations in underserved areas. Depending in part on the
experience and skill of the examiner, as well as further refinements in
device technology, these devices may have even broader applications.

Recommendations for Training and Research

Adequate training with these hand held devices is essential. Training
programs for use of these devices should be developed and evalu-
ated. ASE should take a lead in this endeavor so as to ensure quality.
It will be necessary to determine how many examinations must be
performed and interpreted by the new user to develop confidence
in accuracy in interpretation. These training programs should be tai-
lored to the users and to the expected cardiovascular applications
of the device. Methodology for maintaining adequate quality control
must be established. Interobserver and intraobserver variability must
be characterized, and its relationship to the system, the imager, and
the diagnosis determined.

Recommendations for the optimum features of these devices
should be determined, including which measurements and calcula-
tions should be included, and whether pulsed or continuous wave
Doppler is needed. The role of these devices as an extension of or
an alternative to the physical examination appears promising but re-
quires further evaluation. Additional information regarding the im-
pact of these devices on the accuracy of the examination by
examiners of varying experience level is needed.

Cost effectiveness of hand held echocardiography in delivery of
care models must be assessed. Its effect on “downstream testing”
should be evaluated. The potential role for these devices in patient tri-
age and in determining in which patients a comprehensive echocar-
diographic examination is indicated should be determined. Hand
held echocardiography appears promising for decreasing the number
of unnecessary comprehensive echocardiograms and for permitting
early discharge from the outpatient setting without further testing.
More information regarding the situations in which use of these de-
vices is appropriate is needed.

The role of these devices in improving patient outcomes should be
evaluated in clinical trials. The use of these devices adds time to
performance of the physical examination, and reimbursement issues
concerning these devices should be explored, especially in the outpa-
tient setting.

Kaul et al 463

Selected Readings

1 Martin LD, Howell EE, Ziegelstein RC, Martire C, Whiting-O'Keefe QE,
Shapiro EP. Hellmann DB. Hand-carried ultrasound performed by hospital-
ists: does it improve the cardiac physical examination? Am | Med
2009;122:35-41.

2 Ippisch HM, Kimball TR. The impact of evolving hand-carried echocardio-
graphic technology on outpatient physical examination accuracy in pediat-
ric cardiology. Congenital Heart Disease 2007;2:170-8.

3 Kobal SL, Trento L, Baharami S, Tolstrup K, Naqvi TZ, Cercek B, et al. Com-
parison of effectiveness of hand-carried ultrasound to bedside cardiovascu-
lar physical examination. Am | Cardiol 2005;96:1002-6.

4 Spencer KT, Anderson AS, Bhargava A, Bales AC, Sorrentino M, Furlong K,
Lang RM. Physician-performed point-of-care echocardiography using
a laptop platform compared with physical examination in the cardiovascular
patient. ] Am Coll Cardiol 2001;37:2013-8.

FUTURE TECHNOLOGY RELATED ISSUES THAT WILL
INFLUENCE CARDIAC ULTRASOUND RESEARCH

The following is a summary of key technological changes that could
influence cardiac ultrasound research in the future, and should be
taken into consideration while planning protocols.

Sensor Technology. Advances in sensor technology are imminent
and include new types of silicon based arrays and capacitive micro-
machined ultrasonic transducers, capable of fusing imaging and
high intensity focused ultrasound therapy. Advances in piezoelectric
ceramic arrays, such as single crystal or pure wave piezoelectric ce-
ramics with better alignment of molecular structures, will have 2 to
3 times the sensitivity of the current piezoelectric crystals. The ability
to withstand dicing into very high element count 3D arrays will result
in manufacture of larger aperture and/or flexible blanket type arrays.
Developments in 3D intracardiac echocardiography (ICE) and 3D
transesophageal echocardiography (TEE) will lead to smaller probes
(down to 12-13 mm for adults and down to about 7 mm for infants).
For 3D ICE, sensors need to be forward-looking or side-looking. But
these devices will be expensive to build and must be re-sterilizable to
allow multiple uses.

Miniaturization. Miniaturization drives electronic innovation and
results in more powerful systems—even hand-held and palmtops—ca-
pable of 2D and 3D cardiac ultrasound imaging. Hands-off controls
and hands-off displays would obviously be quite helpful in interven-
tions guided by ICE and/or TEE, requiring hands-off image acquisi-
tion and image manipulation. More intuitive types of imaging
system control and/or image manipulation and measurement tools
are required to broaden the applicability of these advanced technol-
ogies for defining 3D structure and function of cardiac chambers
and valves.

3D graphics, some of which would come from the gaming industry
(interactive manipulation of 3D objects, including 3D visualization
and stereoscopic visualization) will help in acquiring a greater under-
standing and adaptation of advanced echo. Not only hands-off display
but hands-off controls will be key to reducing manpower commit-
ment for invasive ICE and/or TEE applications of advanced imaging
with broadened application of advanced visualization technologies
for defining 3D structure and function. Measurement tools must be
developed with cross-branding to allow objective sophisticated ma-
nipulation, not only visualization of structure, mass and size, but for
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quantification of chamber mechanics and cardiac function as well as
visualization of valve structure and function.

Small Animal Imaging Systems. The industry as a whole needs
to address the basic science community’s need for small animal sys-
tems with sophisticated 2D/3D and cardiac mechanics features to
overlap mainstream systems and add to the eclectic and limited num-
ber of vendors involved in developing small animal systems, while
reducing costs of these systems.

With advances in molecular biology, epigenomics, and proteonom-
ics, these small animal imaging systems will be vital not only to study
phenotype but also physiology, something that is very much lacking in
most basic science laboratories. Further training in use of these sys-
tems will be required.
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NOTICE AND DISCLAIMER

This report published is made available by ASE as a courtesy reference
source for its members. This report contains recommendations only
and should not be used as the sole basis to make medical practice de-
cisions or for disciplinary action against any employee. The statements
and recommendations contained in this report are primarily based on
the opinions of experts, rather than on scientifically verified data. ASE
makes no express or implied warranties regarding the completeness
or accuracy of the information in this report, including the warranty
of merchantability or fitness for a particular purpose. In no event shall
the ASE be liable to you, your patients, or any other third parties for
any decision made or action taken by you or such other parties in re-
liance on this information. Nor does your use of this information con-
stitute the offering of medical advice by the ASE or create any
physician-patient relationship between ASE and your patients or any-
one else.
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APPENDIX

The ASE Technology and Research Summit was held on November
13, 2010, at the Sheraton Hotel in Chicago. The participants are listed
below:

Chairmen: Sanjiv Kaul, MD, FASE from Oregon Health &
Science University, Portland, Oregon; and James G. Miller, PhD,
from Washington University, St. Louis, Missouri.

ASE Executive Committee Members: James D. Thomas, MD,
FASE, Cleveland Clinic, Cleveland, Ohio; Roberto M. Lang, MD,
FASE, University of Chicago Medical Center, Chicago, lllinois;
Patricia A. Pellikka, MD, FASE, Mayo Clinic, Rochester, Minnesota;
Neil J. Weissman, MD, FASE, MedStar Health Research Institute at
Washington Hospital Center, Washington, DC; Peg Knoll, RDCS,
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Personnel: Shinichi Hashimoto, Toshiba Medical Systems
Corporation, Tochigi, Japan; Mark Hibberd, MD, PhD, Lantheus
Medical Imaging, North Billerica, Massachusetts; Hélene C. Houle,
BA, RDMS, RDCS, RVT, FASE, Siemens Healthcare, Ultrasound
Division, Mountain View, California; Stephen Metz, PhD, Philips
Healthcare, Bothell, Washington; Nancy DeMars Plambeck, BS,
RDMS, RDCS, RVT, Toshiba America Medical Solutions, Tustin,
California; David Prater, MS, Philips Medical Systems, Andover,
Massachusetts; and Kai E. Thomenius, PhD, GE Global Research,
Niskayuna, New York.

ASE Staff in Attendance: Robin Wiegerink, MNPL; Hilary W.
Lamb, MPA; Sherry Honey-Barrow, MPA; and Andrea M. Van
Hoever (coordinator of the event).

Guest Attendee: Denis Buxton, PhD, National Heart, Lung, and
Blood Institute, Bethesda, Maryland.
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