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Abstract

Myocardial contrast echocardiography (MCE) has an established
role in left ventricular assessment by improving the ventricular
opacification and endocardial border definition especially in pa-
tients with sub-optimal echocardiographic images. With advances
in cardiac ultrasound imaging technology and the development of
new contrast agents, the clinical utility of this technique has greatly
expanded to include assessment of coronary reperfusion in the set-
ting of acute myocardial infarction, determination of myocardial
viability within infarct zones as well as assessment of coronary
microcirculation and flow reserve in patients with microvascular
coronary disease. Improvements in image quality with intravenous
contrast agents can facilitate image acquisition and enhance delin-
eation of regional wall motion abnormalities at peak levels of exer-
cise. Numerous studies have confirmed the clinical utility of con-
trast enhancement during echocardiographic studies, particularly in
patients undergoing stress testing. In this paper, we explore the evi-
dence in support of MCE and its potential clinical applications. Our
review aims to summarize (1) the basic principles of myocardial
contrast echocardiography including recent advances in the ultra-
sound technology and contrast agents (2) its clinical applications in
the diagnosis of cardiovascular diseases and finally, (3) its potential
role in risk stratification and assessment of microvascular perfusion
in patients with hypertensive heart disease.
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Introduction

Recent developments in contrast agents and acoustic tech-
nology have opened new opportunities in the clinical ap-
plications of myocardial contrast echocardiography (MCE).
Beyond evaluation of cardiac structures and function, MCE
can provide much needed insight into myocardial perfusion
and thus permit a better understanding of pathophysiologic
mechanisms in patients with abnormal LV function. This role
appears to have specific advantage in patients with micro-
vascular disease particularly in the absence of concomitant
epicardial coronary artery disease. In this paper we briefly
describe recent advances in the technology of MCE and po-
tential application of these new advances in the evaluation of
patients with hypertensive heart disease.

Rationale for Myocardial Contrast Enhance-
ment

Early use of contrast in echocardiography was necessitated
by the need to better visualize cardiac anatomy. Since the
initial description of echocardiographic contrast effect in
the aortic root by Gramiak and Shah more than four decades
ago [1], significant advances in both contrast technology and
instrumentation have enabled clinicians and researchers to
extend the application of contrast echocardiography to the
study of left ventricular systolic and diastolic functions, val-
vular flows, intrapulmonary and intracardiac shunts, intra-
cardiac clots and masses as well as in intramyocardial blood
flows and perfusion [2-5]. Major initial limitations imposed
by the relatively large size and instability of the microbub-
bles have mainly been overcome by the relatively stable and
smaller microbubbles of the later generation contrast agents
(Table 1). These newer contrast agents are capable of surviv-
ing transpulmonary transit, thus allowing for opacification
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and evaluation of the left ventricle [6]. Myocardial contrast
echocardiography is based on the scientific principle that
air filled microbubbles produce contrast effect and that air
in microbubbles possess acoustic characteristics (density,
speed propagation and absorption of sound waves) differ-
ent from the surrounding solution, thus producing ultrasonic
contrast [7, 8].

To a large extent the ability of contrast agents to opacify
and hence allow the evaluation of the LV has been made pos-
sible by the introduction of sonication by Feinstein et al in
1984 [6]. Sonication involves the exposure of solution to ul-
trasound resulting in the formation of small, stable, uniform,
non-energy dependent microbubbles capable of crossing the
pulmonary capillaries into the LV. This process involves 4
steps: (a) formation of microcavities intrinsic to the solution;
(b) development of large vibrant microbubbles; (c) disinte-
gration of microbubbles; and (d) formation of stable forms of
the microbubbles. This process has been aided by significant
improvements in instrumentation technology, notably, sec-
ond harmonic and transient response imaging [9].

Role of Myocardial Contrast Echocardiogra-
phy in Clinical Practice

The availability of stable microbubbles and the current per-
formance limits of ultrasound imaging and Doppler tech-
niques have encouraged the growth of contrast echocardiog-
raphy in clinical practice. By increasing the signal to noise
ratio, ultrasound contrast agents have greatly improved the
sensitivity and specificity of diagnostic ultrasound imaging.
Routine clinical applications have been found in the study of
myocardial ischemia during functional stress testing, endo-
cardial border delineation and evaluation of valvular flows.
Perhaps the most exciting potential clinical utility of contrast
echocardiography is in the evaluation of microvascular flows
and “no-reflow” phenomenon.

Chamber opacification and improved endocardial border
delineation allow for accurate assessment of LV volume and
hence a more precise estimation of cardiac function. In phase
III clinical trials, Albunex®, an earlier generation contrast
agent was found to be effective in achieving adequate LV
opacification in 81% of cases and improving LV endocardial
definition in 83% of patients [10]. Crouse et al [11] have also
demonstrated that investigator confidence in assessing LV
wall motion was improved by 80% following administration
of intravenous albumin. Improvement in endocardial border
delineation was noted in over 90% of patients. These finding
have since been translated into clinical application in several
studies evaluating wall motion during stress echocardiogra-
phy with ultrasound contrast enhancement. Markowitz et al
[12] have demonstrated that 77% of poorly visualized myo-
cardial segments during dobutamine stress echocardiogra-
phy had improved visualization following intravenous con-
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trast administration. When exercise stress echocardiography
interpretations were evaluated for accuracy, Marwick et al
[13] reported that poor image quality potentially accounted
for up to 43% of incorrectly read studies. This finding prob-
ably explains the beneficial role of contrast enhancement in
improving the sensitivity and specificity of stress echocar-
diography in the evaluation of coronary artery disease.

Albunex® was the first commercially available contrast
agent. Developed by sonication of 5 % albumin solution, Al-
bunex® has excellent myocardial opacification on intracoro-
nary injection but does not opacify left ventricle after intra-
venous injection [14]. After intravenous administration of
albunex, the air in the microbubbles being highly diffusible,
leaks out as they transit the pulmonary circulation leading
to a reduction in the size of the microbubbles. The acoustic
backscatter from a bubble is related to the sixth power of its
radius with smallest change in the microbubble size resulting
in large decrease in ultrasound backscatter resulting in poor
LV opacification [15]. The significant limitations imposed
by the albunex as an ideal contrast agent have been largely
replaced by the development of newer generation contrast
agents such as EchoGen®, FS069 (Optison®) and DMP-115
(Definity)®).The micro-bubbles in these newer generation
contrast agents contain larger molecular weight gases with
low diffusion capacity thus creating stable bubbles which
do not dissolve in blood. They enter the myocardium intact
permitting effective backscatter and ultimately satisfactory
visualization of the left ventricular cavity as well as the myo-
cardium after intravenous injection thus allowing one to di-
rectly evaluate myocardial perfusion [16, 17]. This property
has made possible the use of contrast agents in the study of
microvascular integrity, ventricular remodeling, “no-reflow”
phenomenon [18], collateral flow and viability [19, 20] as
well as post-infarct or ischemia prognosis [2, 3, 21].

Perflenapent emulsion (EchoGen®), a phase-shift colloid
belongs to the newer class of fluorocarbon based ultrasound
contrast agents offering better endocardial border delinea-
tion and LV opacification. Clinical investigations have thus
far shown promise with EchoGen and other new generation
contrast agents (e.g., Optison and Definity) in visualization
and localization of myocardial perfusion defects at rest by
producing a negative contrast effect. Unlike albumin, a less
stable contrast agent, the microbubbles produced by Echo-
Gen, Optison and Definity persist in the LV for much of sys-
tole and are able to make multiple passes through the portal
vein. The microbubbles are small, uniform and stable and
thus survive transpulmonary transit, allowing for circulation
in the vascular system and enabling imaging of small blood
vessels and tissues [22].

The persistence of the contrast effect during a significant
portion of the cardiac cycle and lack of significant attenua-
tion at doses capable of producing myocardial enhancement
permits interrogation in multiple echocardiographic views.
In clinical trials evaluating EchoGen®, improvements in en-
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docardial border delineation and cardiac function assessment
have been demonstrated. EchoGen® was associated with im-
provement in blood pool contrast enhancement, facilitation
of endocardial border delineation and visualization of valvu-
lar blood flows, improvement in the quality of wall motion
abnormalities and estimation of systolic function [23].

The role of MCE in the setting of suspected acute myo-
cardial infarction has been well established. Kaul et al [24]
in a study involving 203 patients demonstrated the superior
role of MCE in the evaluation of acute coronary syndrome
in the emergency department compared with routine clini-
cal evaluation. Tong et al [25] have shown that the determi-
nation of regional function and myocardial perfusion with
MCE is superior to Thrombolysis in Myocardial Infarction
(TIMI) score for diagnosis and prognostication in patients
presenting to the emergency department with chest pain and
a nondiagnostic electrocardiogram. The incremental value
of determining the regional function and myocardial perfu-
sion with MCE is further established by Rinkevich et al [26]
in a study involving the 1017 patients being evaluated for
chest pain in the emergency department. In acute myocar-
dial infarction, MCE can define the risk area [27] confirm
the success of the reperfusion [28, 29] and residual infarct
size [3] (via no re-flow phenomenon). It can also be used to
assess the presence and extent of collateral perfusion dur-
ing acute coronary occlusion and its impact on myocardial
viability [30, 31]. MCE has also been used successfully for
the detection of stable chronic coronary artery disease in the
absence of prior infarction [32, 35].

Potential Role of Contrast Echocardiography
in Hypertensive Heart Disease

Hypertensive heart disease comprises a wide spectrum of
adverse alterations in cardiovascular structure and function
attributable to hypertension and which predispose patients to
premature morbidity and mortality. This spectrum includes
left ventricular hypertrophy, left atrial enlargement, aor-
tic root dilatation, aortic dissection, vascular hypertrophy,
reduced arterial vascular compliance, asymptomatic and
symptomatic LV systolic dysfunction, diastolic heart fail-
ure, coronary microvascular disease, atrial and ventricular
arrhythmias and sudden cardiac death [36-39]. By conven-
tion, obstructive epicardial coronary artery disease, although
a known complication of hypertension is not considered in
the spectrum of hypertensive heart disease. Echocardiogra-
phy has been ideal in the assessment of the majority of these
conditions. Contrast echocardiography provides a potential
unique opportunity for further assessment of these condi-
tions in 4 main scenarios as shown in (Fig. 1)

Left ventricular hypertrophy is a common cardiac com-
plication of chronic hypertension. It is also a powerful, in-
dependent marker of increased risk for cardiovascular mor-
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tality and death from all causes in both men and women
[40-42]. Echocardiography is more sensitive than ECG and
may detect LVH in 13-24% of men and 20-45% of women
with mild hypertension in whom LVH is virtually absent in
ECG [43]. Although echocardiography detects LVH in fewer
than 12-30% of unselected patients with mild, uncompli-
cated hypertension, it is estimated that up to 60% of adult
hypertensive patients referred to tertiary care and special-
ized hypertension centers and 90% of patients with chronic
severe or malignant hypertension may have LVH [44, 45].
An important limitation in the routine assessment of LVH is
poor endocardial definition rendering the primary measure-
ments of wall thicknesses and chamber dimension imprecise.
Chamber opacification and improved endocardial border de-
lineation during echocardiographic contrast injection will
help improve primary measurements and facilitate reliable
determination of LV mass and chamber geometry.

Chamber opacification and enhanced endocardial bor-
der definition will also facilitate reliable calculation of left
ventricular ejection fraction and systolic performance. These
data are essential to the proper diagnosis as well as progno-
sis in hypertensive heart disease. Even minimally depressed
LV ejection fraction is important to confirm in the hyperten-
sive patient. It represents an important phase in the spectrum
of cardiac damage from hypertension. Left untreated, even
minimally depressed systolic function invariably progresses
to symptomatic heart failure because of the activation of
neurohormones that further hasten adverse ventricular re-
modeling. Survival is significantly reduced (15-18%) at 2
years in patients with asymptomatic LV systolic dysfunction
[46, 47]. Symptomatic heart failure with significant reduc-
tions in LV ejection fraction is a common finding in hyper-
tensives. Considered as the sole etiology, hypertension ac-
counts for a significant proportion of heart failure etiology in
both men and women [48]. In a report on the 14-year (mean)
follow-up of 5143 subjects without previous heart failure,
hypertension was present in 91% of the 394 subjects who
developed heart failure [49]. In 59% of women and 39% of
men, hypertension was the primary etiology for the incident
heart failure [49]. All recent guidelines for the evaluation
and management of heart failure call for objective assess-
ment of LV ejection fraction [50-53]. Echocardiography has
been the preferred modality. In individuals with suboptimal
echocardiograms, the use of echocardiographic contrast may
obviate the need to refer for a second study (such as radio-
nuclide ventriculography) for the non-invasive assessment
of LV function.

In hypertensive patients with symptoms of heart failure
but preserved LV systolic function and no evidence of valvu-
lar, pericardial or primary myocardial disease, LV diastolic
dysfunction is an important condition and commonly, the
culprit. In addition to confirming a normal LV ejection frac-
tion and excluding structural heart disease, the demonstra-
tion of abnormal trans-mitral Doppler spectrum is important
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A. Chamber Opacification and Improved Endocardial Border Delineation

e Ventricular septal and posterior wall thickness

e Left ventricular chamber size

e Left ventricular geometry

e Left ventricular mass

e Endocardial shortening fraction

e Mid wall shortening fraction

e Left ventricular volumes

e Left ventricular ejection fraction

e Regional wall motion at rest

e Regional wall motion during exercise or pharmacologic stress

B. Enhanced Recording of Doppler Signals

e Impaired LV diastolic relaxation

e Reduced LV diastolic compliance

C. Coronary Microcirculation

e Impaired coronary autoregulation

e Reduced coronary flow and vasodilator reserve

e Coronary microvascular disease

e Quantitation of myocardial blood volume

D. Enhanced Delineation of Myocardial Perfusion

e Myocardial viability

e Quantitation of extent of myocellular damage

Figure 1. Application of contrast echocardiography in patients with systemic hypertension and hypertensive heart disease.

for echocardiographic diagnosis. However, a pseudo-normal
Doppler spectrum may be seen when abnormalities of re-
laxation, compliance and restrictive physiology coexist. The
use of Valsalva maneuver and a careful recording of the pul-
monary vein Doppler spectrum can help unmask diastolic
dysfunction [54-56]. In patients with suboptimal imaging
and recording of the pulmonary venous spectrum, the use of
echocardiographic contrast allows this useful information to
be obtained from the transthoracic echocardiogram.

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press™

Contrast Echocardiography in the Coronary
Microcirculation and Myocardial Perfusio

Myocardial contrast echocardiography is an ideal imaging
tool for the assessment of coronary microcirculation [57].
MCE can define vessels with a diameter < 10 um and thus is
superior to coronary angiography (which can define vessels
>100 pm in diameter) in demonstrating collateral circulation
[58, 59].This potential application of myocardial contrast
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enhancement in the study of coronary microcirculation and
perfusion in the beating heart has heightened the interest in
MCE in the study of hypertensive heart disease.

Microvascular flow may be abnormal in hypertensive
heart disease especially in the setting of LVH, and may in-
deed produce angina symptoms even in the absence of sig-
nificant epicardial coronary artery disease. By defining the
region of abnormal microvascular flow or perfusion with
MCE, it is possible to quantify the extent of myocellular
damage [29, 60]. The extent of microvascular perfusion is an
index of myocardial viability and can be used to further as-
sess and risk stratify patients with hypertensive hypertrophic
cardiomyopathy, particularly in the absence of significant
epicardial coronary artery disease. Because of the limitation
of coronary angiography in assessing flows in minute ves-
sels, it is unable to predict microvascular perfusion patterns.
The ability of MCE to accurately define relative myocardial
perfusion has been successfully employed in assessing isch-
emia/reperfusion, myocardial recovery following percuta-
neous coronary interventions and also by surgeons during
anterograde cardioplegia delivery through the cross-clamped
aorta [58, 61, 62] or to assess adequacy of revascularization
in the operating room.

Myocardial contrast echocardiography is able to dem-
onstrate, not only the presence or absence of microvascular
perfusion, but can quantify myocardial blood volume and
microvascular reserve [63, 64]. When applied to patients
with hypertensive heart disease, this information can be used
for risk stratification of patients and also in quantification of
risk as well as the effects of different risk management strat-
egies on prognosis. Analogous to the application of nuclear
perfusion techniques in patients with CAD, MCE can po-
tentially be used to study rest and hyperemic microvascular
flows in patients with hypertensive heart disease. The spatial
extent and amount of myocardium susceptible to abnormal
microvascular flows can form the basis for risk stratification,
management and prognostication of patients with hyperten-
sive heart disease, particularly in the absence of significant
epicardial coronary artery disease.

Coronary blood flow reserve (expressed as the ratio of
hyperemic to basal flow) is dependent on the inherent va-
sodilatory properties of the coronary microvasculature [58]
and blood viscosity. Abnormal coronary flow reserve can oc-
cur in patients in with hypertensive heart disease in the ab-
sence of epicardial coronary artery disease. Several studies
have documented abnormal coronary blood flow reserve in
patients who have risk factors for CAD in the absence angio-
graphically evident coronary artery disease [65]. Abnormal
coronary blood flow reserve in hypertensive heart disease is
primarily due to abnormal microvascular flow reserve which
is impaired in patients with hypertensive heart disease. The
degree of impairment is related to the severity of hyperten-
sive heart disease. Changes in microvascular flow reserve
occur predominantly at the level of the capillaries. Hyperten-
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sion causes damage to the capillaries in the myocardium re-
sulting in either anatomical or functional loss. Hypertension
induced damage to the capillaries (anatomical or functional)
result in the recruitment of less number of capillaries during
exercise and explains the reduced coronary flow reserve and
the resultant episodes of recurrent exercise induced ischemia
in the absence of coronary stenosis [66]. There is currently
no universally accepted non-invasive diagnostic modality for
assessment of microvascular coronary flow reserve. Pharma-
cologically induced hyperemic flows can be directly assessed
by MCE and gives a physiologically appropriate evaluation
of microvascular flow reserve and collateral circulation [67-
70]. Proper serial evaluation of microvascular flow reserve
in patients with hypertensive heart disease can potentially be
performed rapidly and noninvasively utilizing MCE. Infact,
in a study, using peripherally administered contrast agent,
Mills et al [69], demonstrated that myocardial contrast echo-
cardiography with harmonic imaging, was useful in mapping
the spatial distribution and time course of coronary collateral
development in an ischemic bed. This observation suggests
that MCE could become a potentially viable modality for
the serial evaluation of time course of disease progression
and response to therapeutic interventions. The portability of
this technique, absence of radiation exposure and the ease
of performance of MCE compared to coronary arteriography
and radionuclide procedures, makes it a preferred modality
for serial evaluation of disease and intervention. Addition-
ally, coronary arteriography and competing radionuclide
techniques such as SPECT and PET imaging are limited in
spatial resolution and thus suboptimal for evaluation of mi-
crovascular disease or time course changes related to disease
progression or intervention. MCE can also be performed re-
petitively without the need for invasive coronary manipula-
tion or radiation exposure thus making it the ideal technique
for safely monitoring the progression of disease or improve-
ment resulting in various intervention strategies.

Future Prospects and Applications

Currently, only 2 contrast agents (Albunex and Optison) are
approved for use in the USA by the Food and Drug Adminis-
tration (FDA). These agents are approved for the indication of
left ventricular opacification and enhanced endocardial bor-
der delineation, but not for myocardial perfusion. In line with
earlier observations by Marwick et al [13], review of phase
III clinical trial data on the use of Optison and other contrast
agents have revealed significant qualitative improvement in
about 50% of the images [71]. The use of contrast agents
particularly in those with suboptimal echo study, therefore,
could significantly enhance the quality of ultrasound images,
improve diagnostic accuracy, reduce downstream testing and
associated costs, and potentially improve patient outcome.
Perhaps, the most promising future application of myo-
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cardial contrast echocardiography is in the routine clinical
evaluation of myocardial perfusion, coronary, and intramyo-
cardial blood flow. It is expected however that, that with the
level of interest and research currently in progress, our un-
derstanding of ultrasound-contrast interaction will witness
an exponential growth and would spur refinements in ma-
chine technology that ultimately will lead to routine clinical
application of this technique in patients with microvascular
disease such as those with Hypertensive Heart Disease.

Conclusion

MCE will undoubtedly continue to gain prominence in the
evaluation and management of cardiovascular diseases. It is
uniquely positioned to fill a major void in the non-invasive
assessment of microvascular flows particularly in patients
with hypertensive heart disease and associated co-morbid-
ities. With continued progress and refinements in acoustic
technology and contrast agents, these potential applications
will soon be translated to routine clinical use.

References

1. Gramiak R, Shah PM. Echocardiography of the aortic
root. Invest Radiol. 1968;3(5):356-366.

2. Villanueva FS, Glasheen WP, Sklenar J, Kaul S. Assess-
ment of risk area during coronary occlusion and infarct
size after reperfusion with myocardial contrast echocar-
diography using left and right atrial injections of con-
trast. Circulation. 1993;88(2):596-604.

3. Ito H, Maruyama A, Iwakura K, Takiuchi S, Ma-
suyama T, Hori M, Higashino Y, et al. Clinical impli-
cations of the ‘no reflow’ phenomenon. A predictor of
complications and left ventricular remodeling in reper-
fused anterior wall myocardial infarction. Circulation.
1996;93(2):223-228.

4. von Bibra H, Sutherland G, Becher H, Neudert J, Nihoy-
annopoulos P. Clinical evaluation of left heart Doppler
contrast enhancement by a saccharide-based transpul-
monary contrast agent. The Levovist Cardiac Working
Group. J Am Coll Cardiol. 1995;25(2):500-508.

5. Terasawa A, Miyatake K, Nakatani S, Yamagishi M,
Matsuda H, Beppu S. Enhancement of Doppler flow sig-
nals in the left heart chambers by intravenous injection of
sonicated albumin. J Am Coll Cardiol. 1993;21(3):737-
742.

6. Feinstein SB, Ten Cate FJ, Zwehl W, Ong K, Maurer G,
Tei C, Shah PM, et al. Two-dimensional contrast echo-
cardiography. 1. In vitro development and quantitative
analysis of echo contrast agents. J Am Coll Cardiol.
1984;3(1):14-20.

7. Meltzer RS, Tickner EG, Sahines TP, Popp RL. The

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press™

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

source of ultrasound contrast effect. J Clin Ultrasound.
1980;8(2):121-127.

Burns PN. Harmonic imaging with ultrasound contrast
agents. Clin Radiol. 1996;51 Suppl 1:50-55.

Porter TR, Xie F. Transient myocardial contrast after
initial exposure to diagnostic ultrasound pressures with
minute doses of intravenously injected microbubbles.
Demonstration and potential mechanisms. Circulation.
1995;92(9):2391-2395.

Crouse LJ, Cheirif J, Hanly DE, Kisslo JA, Labovitz AJ,
Raichlen JS, Schutz RW, et al. Opacification and border
delineation improvement in patients with suboptimal en-
docardial border definition in routine echocardiography:
results of the Phase III Albunex Multicenter Trial. ] Am
Coll Cardiol. 1993;22(5):1494-1500.

Crouse LJ, Kramer PH. Opacification and border delin-
eation improvement in patients with suboptimal endo-
cardial border definition on routine echocardiography:
results of a phase III trial of sonicated albumin micro-
spheres. Clin Cardiol. 1991;14(11 Suppl 5):V19-22.
Marcovitz PA, Armstrong WF. Accuracy of dobutamine
stress echocardiography in detecting coronary artery
disease. Am J Cardiol. 1992;69(16):1269-1273.
Marwick TH, Nemec JJ, Pashkow FJ, Stewart WJ, Sal-
cedo EE. Accuracy and limitations of exercise echocar-
diography in a routine clinical setting. J Am Coll Car-
diol. 1992;19(1):74-81.

Keller MW, Glasheen W, Kaul S. Albunex: a safe and
effective commercially produced agent for myocardial
contrast echocardiography. J Am Soc Echocardiogr.
1989;2(1):48-52.

Lindner JR, Dent JM, Moos SP, Jayaweera AR, Kaul S.
Enhancement of left ventricular cavity opacification by
harmonic imaging after venous injection of Albunex.
Am J Cardiol. 1997;79(12):1657-1662.

Klibanov AL, Hughes MS, Wojdyla JK, Wible JH,
Jr., Brandenburger GH. Destruction of contrast agent
microbubbles in the ultrasound field: the fate of the
microbubble shell and the importance of the bubble gas
content. Acad Radiol. 2002;9 Suppl 1:S41-45.

Postema M, van Wamel A, ten Cate FJ, de Jong N. High-
speed photography during ultrasound illustrates poten-
tial therapeutic applications of microbubbles. Med Phys.
2005;32(12):3707-3711.

Kloner RA, Ganote CE, Jennings RB. The “no-reflow”
phenomenon after temporary coronary occlusion in the
dog. J Clin Invest. 1974;54(6):1496-1508.

Reimer KA, Jennings RB. The “wavefront phenom-
enon” of myocardial ischemic cell death. II. Transmural
progression of necrosis within the framework of isch-
emic bed size (myocardium at risk) and collateral flow.
Lab Invest. 1979;40(6):633-644.

Sabia PJ, Powers ER, Ragosta M, Sarembock 1J, Burwell
LR, Kaul S. An association between collateral blood flow

www.cardiologyres.org 265



Madu et al

Cardiol Res « 201 1;2(6):259-268

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

266

and myocardial viability in patients with recent myocar-
dial infarction. N Engl J Med. 1992;327(26):1825-1831.
Swinburn JM, Lahiri A, Senior R. Intravenous myo-
cardial contrast echocardiography predicts recovery of
dysynergic myocardium early after acute myocardial in-
farction. J Am Coll Cardiol. 2001;38(1):19-25.

Correas JM, Quay SD. EchoGen emulsion: a new
ultrasound contrast agent based on phase shift colloids.
Clin Radiol. 1996;51 Suppl 1:11-14.

Grayburn P. Perflenapent emulsion (EchoGen): a new
long-acting phase-shift agent for contrast echocardiog-
raphy. Clin Cardiol. 1997;20(10 Suppl 1):112-18.

Kaul S, Senior R, Firschke C, Wang XQ, Lindner J, Vil-
lanueva FS, Firozan S, et al. Incremental value of cardiac
imaging in patients presenting to the emergency depart-
ment with chest pain and without ST-segment elevation:
a multicenter study. Am Heart J. 2004;148(1):129-136.
Tong KL, Kaul S, Wang XQ, Rinkevich D, Kalvaitis
S, Belcik T, Lepper W, et al. Myocardial contrast echo-
cardiography versus Thrombolysis In Myocardial In-
farction score in patients presenting to the emergency
department with chest pain and a nondiagnostic electro-
cardiogram. J] Am Coll Cardiol. 2005;46(5):920-927.
Rinkevich D, Kaul S, Wang XQ, Tong KL, Belcik T,
Kalvaitis S, Lepper W, et al. Regional left ventricu-
lar perfusion and function in patients presenting to the
emergency department with chest pain and no ST-seg-
ment elevation. Eur Heart J. 2005;26(16):1606-1611.
Kaul S, Glasheen W, Ruddy TD, Pandian NG, Wey-
man AE, Okada RD. The importance of defining left
ventricular area at risk in vivo during acute myocardial
infarction: an experimental evaluation with myocardial
contrast two-dimensional echocardiography. Circula-
tion. 1987;75(6):1249-1260.

Kemper AJ, O’Boyle JE, Cohen CA, Taylor A, Parisi AF.
Hydrogen peroxide contrast echocardiography: quantifi-
cation in vivo of myocardial risk area during coronary
occlusion and of the necrotic area remaining after myo-
cardial reperfusion. Circulation. 1984;70(2):309-317.
Ito H, Tomooka T, Sakai N, Yu H, Higashino Y, Fujii
K, Masuyama T, et al. Lack of myocardial perfusion
immediately after successful thrombolysis. A predictor
of poor recovery of left ventricular function in anterior
myocardial infarction. Circulation. 1992;85(5):1699-
1705.

Sabia PJ, Powers ER, Jayaweera AR, Ragosta M, Kaul
S. Functional significance of collateral blood flow in pa-
tients with recent acute myocardial infarction. A study
using myocardial contrast echocardiography. Circula-
tion. 1992;85(6):2080-2089.

Coggins MP, Sklenar J, Le DE, Wei K, Lindner JR, Kaul
S. Noninvasive prediction of ultimate infarct size at the
time of acute coronary occlusion based on the extent and
magnitude of collateral-derived myocardial blood flow.

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press™

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Circulation. 2001;104(20):2471-2477.

Ismail S, Jayaweera AR, Goodman NC, Camarano GP,
Skyba DM, Kaul S. Detection of coronary stenoses
and quantification of the degree and spatial extent of
blood flow mismatch during coronary hyperemia with
myocardial contrast echocardiography. Circulation.
1995;91(3):821-830.

Firschke C, Lindner JR, Wei K, Goodman NC, Skyba
DM, Kaul S. Myocardial perfusion imaging in the set-
ting of coronary artery stenosis and acute myocardial
infarction using venous injection of a second-gener-
ation echocardiographic contrast agent. Circulation.
1997,96(3):959-967.

Jayaweera AR, Wei K, Coggins M, Bin JP, Goodman C,
Kaul S. Role of capillaries in determining CBF reserve:
new insights using myocardial contrast echocardiogra-
phy. Am J Physiol. 1999;277(6 Pt 2):H2363-2372.
Senior R, Zabalgoita M, Monaghan M, Main M, Zama-
rano JL, Tiemann K, Agati L, et al. Accurate detection of
coronary artery disease by echocardiography using per-
flubutane polymer microspheres, a novel contrast agent:
comparison with nuclear perfusion imaging in two phase
three multicenter clinical trials. Circulation. 2007; 116:
11-546

Devereux RB, Alderman MH. Role of preclinical car-
diovascular disease in the evolution from risk factor
exposure to development of morbid events. Circulation.
1993;88(4 Pt 1):1444-1455.

Kim M, Roman MJ, Cavallini MC, Schwartz JE, Picker-
ing TG, Devereux RB. Effect of hypertension on aortic
root size and prevalence of aortic regurgitation. Hyper-
tension. 1996;28(1):47-52.

Roman MJ, Pickering TG, Pini R, Schwartz JE, De-
vereux RB. Prevalence and determinants of cardiac and
vascular hypertrophy in hypertension. Hypertension.
1995;26(2):369-373.

Devereux RB, Roman MJ, Ganau A, de Simone G,
Okin PM, Kligfield P. Cardiac and arterial hypertro-
phy and atherosclerosis in hypertension. Hypertension.
1994;23(6 Pt 1):802-8009.

Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli
WP. Prognostic implications of echocardiographically
determined left ventricular mass in the Framingham
Heart Study. N Engl J Med. 1990;322(22):1561-1566.
Koren MJ, Devereux RB, Casale PN, Savage DD, Lar-
agh JH. Relation of left ventricular mass and geometry
to morbidity and mortality in uncomplicated essential
hypertension. Ann Intern Med. 1991;114(5):345-352.
Liao Y, Cooper RS, McGee DL, Mensah GA, Ghali JK.
The relative effects of left ventricular hypertrophy, coro-
nary artery disease, and ventricular dysfunction on sur-
vival among black adults. JAMA. 1995;273(20):1592-
1597.

Liebson PR, Grandits G, Prineas R, Dianzumba S,

www.cardiologyres.org



Contrast Echocardiography in Hypertensive Heart Disease

Cardiol Res + 201 1;2(6):259-268

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Flack JM, Cutler JA, Grimm R, et al. Echocardiograph-
ic correlates of left ventricular structure among 844
mildly hypertensive men and women in the Treatment
of Mild Hypertension Study (TOMHS). Circulation.
1993;87(2):476-486.

Shapiro LM, Mackinnon J, Beevers DG. Echocardio-
graphic features of malignant hypertension. Br Heart J.
1981;46(4):374-379.

Abi-Samra F, Fouad FM, Tarazi RC. Determinants of
left ventricular hypertrophy and function in hyperten-
sive patients. An echocardiographic study. Am J Med.
1983;75(3A):26-33.

Effect of enalapril on mortality and the development of
heart failure in asymptomatic patients with reduced left
ventricular ejection fractions. The SOLVD Investigat-
tors. N Engl J Med. 1992;327(10):685-691.

Pfeffer MA, Braunwald E, Moye LA, Basta L, Brown
EJ, Jr., Cuddy TE, Davis BR, et al. Effect of captopril on
mortality and morbidity in patients with left ventricular
dysfunction after myocardial infarction. Results of the
survival and ventricular enlargement trial. The SAVE
Investigators. N Engl J Med. 1992;327(10):669-677.
Kannel WB, Ho K, Thom T. Changing epidemiologi-
cal features of cardiac failure. Br Heart J. 1994;72(2
Suppl):S3-9.

Levy D, Larson MG, Vasan RS, Kannel WB, Ho KK.
The progression from hypertension to congestive heart
failure. JAMA. 1996;275(20):1557-1562.

Konstam MA, Dracup K, Baker DW, Bottorff MB,
Brooks NH, Dacey RA, et al. Heart Failure: Evaluation
and care of patients with left ventricular systolic dys-
function. Clinical Practice Guideline No. 11. AHCPR
Publication No. 94-0612. Rockville, MD: Agency for
Health Care Policy and Research, 1994.

Guidelines for the diagnosis of heart failure. The Task
Force on Heart Failure of the European Society of Car-
diology. Eur Heart J. 1995;16(6):741-751.

New Zealand guidelines for the management of chronic
heart failure. The National Heart Foundation of New
Zealand Cardiac Society of Australia and New Zealand
and the Royal New Zealand College of General Practi-
tioners Working Party. N Z Med J. 1997;110(1040):99-
107.

Jessup M, Abraham WT, Casey DE, Feldman AM, Fran-
cis GS, Ganiats TG, Konstam MA, et al. 2009 focused
update: ACCF/AHA Guidelines for the Diagnosis and
Management of Heart Failure in Adults: a report of the
American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines:
developed in collaboration with the International So-
ciety for Heart and Lung Transplantation. Circulation.
2009;119(14):1977-2016.

Rakowski H, Appleton C, Chan KL, Dumesnil JG,
Honos G, Jue J, Koilpillai C, et al. Canadian consen-

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press™

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

sus recommendations for the measurement and report-
ing of diastolic dysfunction by echocardiography: from
the Investigators of Consensus on Diastolic Dysfunc-
tion by Echocardiography. J] Am Soc Echocardiogr.
1996;9(5):736-760.

Nagano R, Masuyama T, Lee JM, Yamamoto K, Naito
J, Mano T, Kondo H, et al. Transthoracic Doppler as-
sessment of pattern of left ventricular dysfunction in
hypertensive heart disease: combined analysis of mitral
and pulmonary venous flow velocity patterns. J Am Soc
Echocardiogr. 1994;7(5):493-505.

Rossvoll O, Hatle LK. Pulmonary venous flow veloci-
ties recorded by transthoracic Doppler ultrasound: re-
lation to left ventricular diastolic pressures. J Am Coll
Cardiol. 1993;21(7):1687-1696.

Wei K, Jayaweera AR, Firoozan S, Linka A, Skyba DM,
Kaul S. Quantification of myocardial blood flow with
ultrasound-induced destruction of microbubbles ad-
ministered as a constant venous infusion. Circulation.
1998;97(5):473-483.

Villanueva FS, Spotnitz WD, Jayaweera AR, Dent J,
Gimple LW, Kaul S. On-line intraoperative quantitation
of regional myocardial perfusion during coronary artery
bypass graft operations with myocardial contrast two-di-
mensional echocardiography. J Thorac Cardiovasc Surg.
1992;104(6):1524-1531.

Kaul S. Assessment of coronary microcirculation with
myocardial contrast echocardiography: current and fu-
ture clinical applications. Br Heart J. 1995;73(6):490-
495.

Ragosta M, Camarano G, Kaul S, Powers ER, Sarem-
bock 1J, Gimple LW. Microvascular integrity indicates
myocellular viability in patients with recent myocardial
infarction. New insights using myocardial contrast echo-
cardiography. Circulation. 1994;89(6):2562-2569.
Leclercq F, Messner-Pellenc P, Descours Q, Daures JP,
Pasquie JL, Hager FX, Davy JM, et al. Combined as-
sessment of reflow and collateral blood flow by myo-
cardial contrast echocardiography after acute reperfused
myocardial infarction. Heart. 1999;82(1):62-67.
Lindner JR, Villanueva FS, Dent JM, Wei K, Sklenar J,
Kaul S. Assessment of resting perfusion with myocar-
dial contrast echocardiography: theoretical and practical
considerations. Am Heart J. 2000;139(2 Pt 1):231-240.
Jayaweera AR, Matthew TL, Sklenar J, Spotnitz WD,
Watson DD, Kaul S. Method for the quantitation of
myocardial perfusion during myocardial contrast two-
dimensional echocardiography. J Am Soc Echocardiogr.
1990;3(2):91-98.

Wu CC, Feldman MD, Mills JD, Manaugh CA, Fisch-
er D, Jafar MZ, Villanueva FS. Myocardial contrast
echocardiography can be used to quantify intramyo-
cardial blood volume: new insights into structural
mechanisms of coronary autoregulation. Circulation.

www.cardiologyres.org

267



Madu et al

Cardiol Res « 201 1;2(6):259-268

65.

66.

67.

68.

268

1997,96(3):1004-1011.

Theilmeier G, Verhamme P, Dymarkowski S, Beck H,
Bernar H, Lox M, Janssens S, et al. Hypercholester-
olemia in minipigs impairs left ventricular response
to stress: association with decreased coronary flow
reserve and reduced capillary density. Circulation.
2002;106(9):1140-1146.

Kaul S, Ito H. Microvasculature in acute myocardial
ischemia: part II: evolving concepts in pathophysiology,
diagnosis, and treatment. Circulation. 2004;109(3):310-
315.

Skyba DM, Jayaweera AR, Goodman NC, Ismail S, Ca-
marano G, Kaul S. Quantification of myocardial perfu-
sion with myocardial contrast echocardiography during
left atrial injection of contrast. Implications for venous
injection. Circulation. 1994;90(3):1513-1521.
Camarano G, Jayaweera AR, Ismail S, Goodman ¢, Kaul

Articles © The authors | Journal compilation © Cardiol Res and Elmer Press™

69.

70.

71.

S. Measurement of myocardial blood volume is a pref-
erable indicator of microvascular reserve than measure-
ment of coronary blood flow: A study utilizing myocar-
dial contrast echocardiography. J Am Soc Echocardiogr
1999; 7:S16 Abstract.

Mills JD, Fischer D, Villanueva FS. Coronary collateral
development during chronic ischemia: serial assessment
using harmonic myocardial contrast echocardiography. J
Am Coll Cardiol. 2000;36(2):618-624.

Wei K, Skyba DM, Firschke C, Jayaweera AR, Lindner
JR, Kaul S. Interactions between microbubbles and ul-
trasound: in vitro and in vivo observations. ] Am Coll
Cardiol. 1997;29(5):1081-1088.

Mulvagh SL, DeMaria AN, Feinstein SB, Burns PN,
Kaul S, Miller JG, Monaghan M, et al. Contrast echo-
cardiography: current and future applications. ] Am Soc
Echocardiogr. 2000;13(4):331-342.

www.cardiologyres.org



