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CHAPTER 1
INTRODUCTION AND THESIS OVERVIEW

My first interest in Contrast Echocardiography was stimulated by work
presented by Anthony DeMaria at the American College of Cardiology meetings
in March of 1978, This interest becams intense after initial contacts with
Glenn Tickner of Rasor Associates in Surnyvale, California. Chapters 2.4,
and 12 result from this enjoyable industrial-academic endeavor. I also
helped to put Rasor BAssociates in touch with some of the other leading
academic echocardicgraphy research institutions: Dr. Bill Bommer in Davis,
California  (DeMaria's laboratory), and Dr.Evelyn Kinney in Dr. Feigen-
baum's laboratory. My —mentor and friend Dr. Richard Popp encouraged my
interest in contrast echocardiography and in the more basic studies of
the microbubbles of gas which are the ultrasonic "targets" that produce
contrast. He first suggested to me the possibility of continuing this
work at the Thoraxcenter after my cardiology fellowship was completed at
stanford in June of 1972. This is a unigue institutionfor such research
headed by Prof. Paul G. Hugenholtz, who had the foresight and wision in the
late 1960's +to commit a large amount of resources to the development of
two-dimensional echoecardicgraphy by the Department of Experimental
Echocardiograghy headed by Ir. N. Bom - now Prof. Ir. Dr. N, Bom. This
department started the development of two-dimensional echocardicgraphy in
the late 1960's, and is unique alse 1in that such a large ultrascund
hardware and software engineering group are integrated organizationally
within the department of cardiology in the medical school.

Special thanks are due to Dr. Jos Roelandt, my "Preceptor” according
to the terms of the Clinician-S8cientist Award I received fram the American
Heart Association in 1980. He is more than that, though: he is a teacher,
role model, and above all, friend. Our close and continued interaction
over the past two years, and Jos' unfailing support, made possible most of
the work described in the following chapters.

I would alsc like to thank all my friends and colleagues at both
Stanford and the Thoraxcenter who made this work possible, especially those
in the animal laboratories (headed by Dr. Piet Verdouw at the Thoraxcenter)
and ¢linical echocardiography laboratories. Most stimulating contacts have
been maintained with engineers of Dr. Bom's group, @specially Ir.Charles
T. lancde, and many at the Delft Engineering school, especially Ir. A.
Chesters of the Division of Aerodynamics and Hydrodynamics. With a very
perscnal and heavy sadness T acknowledge the help of Ir. Olchert Bastiaans,
whose life was cut short by a tragic motor accident.

My profound gratitude goes to the American Heart Association, whose
support has made my continuing work on Contrast Echocardiography possible.



This thesis is organized intc four sections comprised of 13
chapters, including the introduction. Most have been published or are in
press. A couple have been submitted for publication recently and are
awaiting review. ’

The first section discusses several theoretical and methodological
aspects of contrast echocardiograghy. It includes 2 articles which were
campiled while I was at Stanford (chepters 2 and 4). I believe that cur
understanding of the basic aspects of contrast echocardiography has
considerably progressed since the time vwhen I was just getting interested
in the topic and Dr. Popp told me that he believed that the source of
ultrascund contrast effect was microbubbles but was not entirely convinced.
Nevertheless, there is a great deal of work ramaining to be done before we
have an adequate knowledge of the basic dynamics and “physiclogy” of
micropubbles in the circulation. This fundamental work may help to design
better contrast agents and better methods of attaining transmission through
the lungs, reproducible and quantifiable contrast injections, and just to
let us know what the microbubble "targets" we image actually are, in terms
of diameter spectrum and concentration. We are currently pursuing these
research directions

Section II of the thesis deals with <linical applications of contrast
echocardiography. Chapter 6 1is a general review of the subject, and
several specific aspects are discussed in chapters 7 throudh 10. Since the
goal of my entire line of research on contrast echocardiography is clinical
application to help patient diagnosis and care, this section is in many
ways the "meat" of the thesis.

Section III discusses same new developments in the field of contrast
echocardiography: videodensity curves fram two—dimensional contrast
echocardiographic recordings (chapter 11), and the use of precision
microbubbles for transpulmonary transmission and myocardial perfusion
imaging (chapter 12). Both of these tecdhniques are in their early
research stages, and much more work ramains to be done before it can be
determined if they will be clinically useful.

The last section is conprised only of chapter 13. "Future prospects
and summary.” In this chapter I hope to commnicate to the reader my
ideas about the possible development of the line of research into contrast
echocardiography and microbubble dynamics as outlined in this thesis.
Hopefully this will give the reader a glimpse of why an increasing number
of physicians and ultrasound engineers are coming to oconsider the topic one
of the most exciting in echocardiography - as the Dutch saying goes,
"uiterst boeiend."



CHRPTER 2

J Clin Ultrasound 8:121-137. April 1980

The Source of Ultrasound
Contrast Effect

Richard 8. Meltzer, M.D,, E. Glenn Tickner, M.S.,
Thomas P. Sahines, B.A., and Richard L. Popp, M.D.

ABSTRACT: Evidence that micrcbubbles are the main sources of ultrasound
contrast in injected solutions has been largely indirect. To investigate this directly, we
examined freshly agitated indocyanine green, freshly agitated waler, commercially
prepared precision microbubbles (diameter 75 = 25 @) in gelatin, carbonated water,
"degassed” indocyanine green solution, and “degassed” weter in one or more of four
different assay systems. Only fuids with microbubbles produced ultrascound contrast.
Injected conkrast material rose in a water bath at a rate that identified it as being
caused by microbubbles. Indoeyanine green and gelatin surface tensions were measured
and {ound to be low (43 dynesicm®), thus explaining their tendency to stabilize the
microbubbles that cause ultrasound contrast effect when injected and to hoid foam after
agitation. The force of hand injections (force similar to that used clinically through
catheters and 19-gauge or 23-gauge needles] was betow the force needed o cause
cavitation or ullrasound contrast effect. Microbubble content could be quantified by the
decvease i amplitude of the echo from a structure distant to the microbubbles. We
conctude that the ultrasound contrest effect seen in peripherally injected Auids is
caused by microbubbles present in the injectant. The contrast is not due to cavitation at
needle tips. and it can be quantified over a limited rarge. Improved design for a

peripheral contrast agent is suggested.

Contrast agents - Echocardiogaphy

In 1968 Gramiak and Shah 77} described an
echocardiographic contrast effect caused by the
injection of aaline. Shortly thereafter, the Roches-
ter group and others abserved similar contrast el-
fects associated with the injection of other liguids,
including the patients’ own hicod (2). Qften ithe
various descriptions of the effect referred to it as
Ya eloud of echoes.” It is not surprising that these
investigators speculated that the phenomenon
might be due to the presznce of tiny gas hubbles
snspended 10 the liquid. Althosgh werious au-
thors have suggested that the contrast 1s caused
by microbubbles (7-6), this hypothesiz has not

From R Asgorciates, [nc,, Sunmsvaie, CA. and the Cardiol-
ogy Tivision, Stanfard Universily Schosl of Medicine, Stan-
ford, CA. Supporied in part by Grant HLS866 from the
Nationa! Heart. Lung, and Blood Institute, Bethesda, MD.
Manuseript coceived July 5. 1979 revised manuscript ae-
cepred November 110 1879 For reprints vortoct Richard L,
Popp. M.D., Cardiclogy Division, Stanferd University Schoo}
of Medielne, Stanford, CA 94305,

& 1980 by John Wiley & Sons, Inc,
0091-2751180:020121-07 $01.00
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been proved. Some have suggested that particu-
late matter can cause ultrasound contrast (7). It
is the purpese of this report to provide some direct
evidence on this subject, te demonstrate that mi-
crobubble content can he quantified sonically, and
to show that the microbubbles used for peripheral
contrast echocardiography are present in the in-
jectant rather than belng formed by cavitation
during injection r3-61,

METHODS

The echogenic poperties of various candidate
contrast agents were studied in four different
assay svstems. Three of these systems involved in
vitre studies, and the fourth took piace in vivo.
Fluids selected for study included tap water al-
lowed to stand overnight, warm tap water agi-
tated in a syringe, indocyanine green solution
11.25 mgm!) allowed to stand ovevnight, freshly
mixad indocyanine green solution of the same
strength, carbonated water, and commercially

2%




122 R.S. MELTZER ET AL.

produced precision-size microbubbles* suspended
in gelatin matrix (8,9). Surface-tension Iea-
surements were carried out on indocyanine green
and gelatin using the standard platinum-wire
ring technigue (10).

To test whether or not microbubbles can be im-
aged sonically as contrast effect, very small (10 +
5u) precision microbubbles were released and im-
aged in a tank of degassed water, using a
SmithKiine Ekoline 20A sonographt with an
acoustically focused 2.25-MHz transducer. Addi-
tionally, hand and mechanical injections of de-
gassed water were made through 19-gauge 7/8
inch and 23-gauge 3/4 inch needles submerged in
the tank to determine if catheter-tip cavitation
occurred, Observation for cavitation was made
both visually (using bright side-lighting) and son-
ically (using the sonograph mentioned earlier).

Assay system 1 involved direct visual and mi-
croscopic inspection of the test fluids. Gross in-
spection was done with the fluid in a glass
syringe. Microscopic examination was performed
by placing a small quantity of the fluid on a glass
slide.

Assay system 2 consisted of a heart-and-lung
mode] capable of simulating human pulmonary
artery pressure and flow. The 25-mm-diameter
pulmanary artery was used for echo studies. Tts
iatex walls provided suitable reflections for def
inition of the lumen. The test section was sub-
merged in degassed water for this study, and the
transducer was placed 2 em above the artery. A
standard transducer was fixed in a position below
the surface of the water, aimed at the “pulmonary
artery” through which the test solutions flowed.
The sonograph mentioned earlier was used in
this study. Echo contrast effect was recorded both
on a strip-chart recorder in M-mode form and on
Polarnid film from the A-mode output.

Assay system 3 consisted of a Silastic block 8 x
10 x 15 em with a l-cm-diameter tube molded
into it running through its length. The block was
submerged in a redwood tank 10 x 20 x 28 cm
filled with degassed water. The redwood walls
served to absorb ultrasound to prevent the multi-
ple reverberations common to more reflective sur-
faces. A reservoir filled with tap water degassed
by being left standing open to the air for several
days was connected to the block through a
variable-speed pump. A Y connector just proximal
to the tank entrance allowed injection of test

*Rasor Asscciates, 253 Humbaldt Court, Sunnyvale, CA
94086.

+SmithKline Instruments, 880 West Maude Avenue, Sun-
nyvale, CA 94086,

fluids into the flowing water. M-mode recording
was carried out in the same manner as in the sec-
ond assay system. Polaroid photographs were
made of oscilioscope tracings of the preprocessed
radio-frequency signal, rather than the A-mode
display.

An anesthetized dog was used for assay system
4. The closed-chest animal was placed in the right
lateral decubitus position, and his heart was im-
aged echographically frors below the right pre-
cordium through a hole in a specially built eradle.
The echo transducer was placed in a rigid holder
that immobilized it and allowed the same position
to be held steadily without image degradation.
A real-time cross-sectional sonograph (Varian
V3000f) with a 2.25-MHz transducer was em-
ployed, from which a line was selected for an
M-mode recording at the level of the aortic valve.
The candidate contrast media were administered
through a catheter placed at the root of the aorta.

RESULTS
Assay System 1

Assay system 1 involved direct observation. All
test fluids were examined by eve and under a mi-
croscope. The following fluids exhibited bubbles
or foam: freshly mixed indocyanine green solu-
tion, freshly shaken tap water, carbonated water,
and the commercially prepared microbubbles in
gelatin {Fig. 1}. The 75-u microbubbles were most
stable in the gelatin preparation, Coalescence did
not oceur, so it was possible to know both the
gquantity and sizes of the bubbles. The microbub-
bles remaining in the fluid phase of the indocy-
anine green preparation were moderately stable,
although low in numbers and with a wide spec-
trum of sizes. The bubbles were least stable in
shaken water. Bubbles in carbonated water were
also rapidly changing. They formed on the side of
the syringe, they grew in size until large enough
to leave the wall where they had formed, and then
they rose to the upper surface, coalescing and
growing during ascent. Warm tap water, when
shaken, contained more small bubbles, and these
were cleared mere slowly than those in cold tap
water. Tap water, D5W, saline, or indocyanine
green ailowed to stand overnight exposed to air
contained no visually apparent microbubbles.
Phetomicrographic examination revealed no bub-
bles and no particulate matter in any of the four
solutions at a magnification capable of detecting
objects of 5 u or larger. Surface-tension mea-

FVarian Associates. 611 Hansen Way, Palo Alto, CA 94303,
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SOURCE OF ULTRASOUND CONTRAST EFFECT 123

FIGURE 1. Photogragh of syringes containing test fluids immedi-
ately after agitation. A: indocyanine green. B: Water. C: Cerbanated
water, Du Precision micrabubliles. This shows that wide spectea af
sizes of gas bubbles are present in such liguids. Al visible bubbles
were femoved from syrirges A and B prior to injection. Continugus
pubble formation oocurred with the cerbonated water in C,

surements showed that both indocyanine green
solutions and liquid gelatin  exhibited low
surface-tension properties (43 dynesfern®, or 0.6
velative to water).

Microbubbles were formed at the peedle tip
with both mechanical and hand injections of de-
gasged water inio the degassed water tank. This
is called “cavitation,” and it is caused by forceful
injection through a fixed narrowed orifice. Cavi-
tation ocemrved because the exhaust pressure
decreased (because of the Bernoulli effect$)
sufficlently that water-vapor bubbles formed.
This effect is not & Reynelds number effect, but
vather, as shown by Bove and associates (4), a
Thoma cavitation number effec Acrording to
Bove and associates and later Ziskin and associ-
ates {6/, cavitation pecurs whenever the Thoma
cavitation number falls below a value of 0.35.
When this occurs, microbubbles of water vapor
are formed, and these bubbles arve detected soni-
cally as contrast effect. Microbubhles were made
visible for our tests using a strong side light and a
davk background. Cavitation occurred at a fow
yate of 10 ceisec through a 19-gauge 2.2-cm-long
needle and at 3 ce/sec through a 23-gauge 1.9-cm-
fong needle. These corvesponded to Thoma cavita-
tion numbers of 0,27 and 0,16, respectively, and

$P - pV¥2 = constant, wheve P, p, and V are the local siream
pressure, density, and velocity, respectively,

##The Thoma cavitation pumber, Th, is defined as: Th =
2P - P )pV*where pis Lhe local catheter-tip pressure and P\
is the vapor pressure,
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in both cases cavitation was expected because
these values were less than the critical value. Re-
ductions in fow rates resulting in higher cavita-
tion numbers never caused observable cavitation,
and greater How rates always caused cavitation.
These rates were at the upper limit of maximum
hand irjection using 10-cc and 20.cc plastic
syringes. The force of injection necessary to cause
cavitation was higher than that used clinically
through peripheral “butterfly” needles when
creating ultrasound contrast at our institution.
On the basis of clinical experience, such force was
also judged likely to cause peripheral vein rup-
ture.

Cavitation in blood is just as likely as cavita-
tion in water, because all the factors making up
the Thoma number are nearly identical in the two
cases. The key variabie is the vapor pressure of
bloed, which is essentially the same as that of
water. Hence, cavitation in blood can and does
oceur, depending on the needle or orifice size and
the force of injection.

Precision bubbles ranging from 2 to 20 w in
diameter were imaged in a water tank by the
W-mode ultrasound system as echo contrast.
Identification of the bubbles as the sources of con-
trast was definite. because their spectrum of rate
of rise in water corresponded to the caleulated
rate of rize of microbubbles, based on Stokes' law
for frictional resistance {11). Na other particulate
matter was seen microscopically in the microbub-
ble preparation.

Assay System 2

Asgay system 2 involved A-mode menitoring in a
heart-and-lung medel. Polaroid photographs of
A-mode tracings during three injections into the
heart-and-lung model are shown in Figure 2.
There are prominent echoes from the anterior and
posterior walls in parts A and B. Infraluminal
echoes due to ultrasound contrast are seen in
parts B and C. At the more rapid injection rate of
the same calibrated microbubbles (part C), the
posterior wall echo is obliterated.

All injections were performed with constant
echocardingraphic gain, reject and damping set-
tings, transducer position, and moedel flow condi-
tions; so the posterior wall echo ampiitude de-
creased with an increase in contrast material.
Hence, it was possible to use this signal ampli-
fude as a guantitative measure of echo contrast.

 This signal decreased transiently during the

mare intense contrast, but it always returned to
itg control value after the contrast had cleared.
A ratio of the experimental posterior wall echo

5



124 R.S. MELTZER ET Al.

EIGURE 2. Polaroid photograph of A-made racings in sssay system
2 (heart-and-lung muodel). A Befare 1est (luid injection:
1o lefi, posterior wall to rigat. 8: Afier slow injgectian of pracision
ricrobutbles. hots contrzst within lumen and decreased pesterios
wsli scho amplitude. S With more rapic intzction of precision mi-
crobubibles, the postzrior wali eche amplitude decreases further.

tarior watl

amplitude to its control value was measured for
each injection. No cavitation was observed with
a constant injection rate of 17 cefsee through a
jarge catheter. Test fluids were divided into
three groups based on their abilily to decrease
the posterior wall echo and on the intensity of
their intraluminal echoes. The precision bub-
bles and carbonated water caused dense intralu-
minal echoes and nearly total disappearance of
the posterior wall echo, and thus they were the
most extrems ultrasound contrast agenis. Nei-

ther indscyanine green nor freshly shaken water
significantly decreased the amplitude of the
posterior wall echo, but the intraluminal echoes
from the indocyanine green were more iniense
than those from the agitated water. Water de-
gassed by being Jeft to stund exposed to air gave
neither intraluminal contrast nor decrease in
the posterior wall echo, and it was judged to have
no ultrasound contrast effect.

Bubbles created in carbonated water and
freshly shaken water ov saline conlesce rapidly
Hence, test samples must he injected soon alier
prepavaticn, and intraluminal flow rates must be
sufficientiy high to prevent coalescence.

Pinvolved an A-mode raw radie-
gnal from a silastic iube in o vedwood
tank. An example of the preprocessed vadio-

]

frequency display is give rare 3. The achoes

FIGURE 3. Preprocessed A-mode radio-frequency signal in assay
systerm 3. A Before corntrast injection: the echoes from the wba's
anterior wall are at left, and posteriar wall is at right. 8: Ten seconds
after precision microbubble injection. Mote intraleminal echoes (ar-
rows) and decri3se in size of postarior wall echo, as compared with A.

JOURNAL OF CUNICAL ULTRASOUND
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SOURCE OF ULTRASOUND CONTRAST EFFECT 125

from Lhe posterior wall decreased because of in-
traluminal bubhles. The nean of the largest three
peak-to-peak cycle amplitudes ) was computed
for test injections of precision microbubbles at
varying rates, and this was divided by the mean
af the thres largest control cyele amplitades (2}
measured imnedi s prior to infertion. yielding

avelative o wall amplitude LI, Thi vu‘:ue
iz plotted un the ordinate of Figure 4, which shows
the volationship between precizion bubble density
hased on ity infusion rale and the relative poste-
rior wall eche amplitude. The solid line through
the data is the caleulated least-sguares linear fit
o this data forced to pass through 1 on the ordi-
nate. Agitated saline and indocyaning green dye
gave intraluminal contrast effect but did not de

crease the amplitude of the posieroy
The foam from the in i

oubble s

teaduminal contrast the
posterior wall eche, Indocy:
allowed o
traluminad en

A

spectrum

cave neither in-
a decrease in the

Yitude of the poslerior wall echo.

\’\ P
<
\ AN
s
£ ‘\\
Y
& Y

. il 3 i [

Ll b

FIBURE 4. Plot of arscision miziobubbie density iparcentage of @
tralurninal volume}l versus telative posterior wall echo amplijude
Each triannle represents one reatiing at the steady state of an infu-
sion.
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lhe conclusion that one important quality for a
vood wltrasound eontrast agent is good surfa
properties. Thus indocvaning green and the previ-
sion microbubbles in gelatin were ahle to keep
microbubbles in solution for a long time hecause
hoth were pood surfactants. Burfactant propert
keep bubbles from coaleseing or rapidiy dissebs
ing because of high swurface tension. Fluwds wath
high suvface tension, such as saline, are assoc
ated with high rates of coalescence and conge-
guently large and potentially dangerous bubhle
sizes (Fig. 1

Previous investigators were unsure whether
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the microbubbles causing clinical contrast effects
were initially in the injected uid or ware caused
by catheter-tip cavitation (2-4) or were even
caused by small amounts of gas trapped in the
injecting apparatus and tubing r5). Our water
tank injections suggested that neither needle
cavitation nor catheter-tip cavitation plays an
important rele. Barrera and associates (3) mea-
sured attenuation of sound by fluid as an index of
gas content of a second fluid injected into the test
system. They found that serial injections gave
evidence of serial decreases in gas content unless
the injection apparatus was exposed to gases be-
tween studies, and they concluded that “the ori-
gin of the contrast echocardiography echo-cloud
appears to be microbubbles derived from small
gas pockets trapped at junctions within the injec-
tion apparatus.” In their study, vaporous cavita-
tion occurred at high injection velocities, but
“larget lile” was extremely short (<2 sec). This
implies that attention to the configuration of the
peripheral injection apparatus (stopcocks, tubing,
ete.) is important, but our study focuses attention
on the fluid inside the syringe. Gas trapped in the
tubing gives inconsistent contrast effect and conld
confound attempts at guantitation of eontrast for
various purposes.

There are no widely available methods for
quantifying the microbubble content of a given
volume of fluid in vivo, although ultrasound has
promising capabilities to do this (12,13), We ini-
tially hoped that the A-mode amplitude of echoes
within the lumen of the heart-lung model (assay
system 2) would give us a rough idea of the mi-
crobubble content. This was not the case, for twn
reasons. Injections at low flow rates, with incom-
plete mixing of bubbles and water in the model’s
lumen, gave inhomogeneaus echoes in the lumen.
They tended to cluster near the upper wall, where
the bubbles roge. When many bubbles were in-
jected, all echoes were reflected from the upper
dense bubble layer, and there were no echoes vis-
ible in the middle and posterior parts of the
lumen. although bubbles were visually present
there as well, We noted that the posterior wall
echo seemed to give an amplitude that was in-
versely related to the intraluminal bubble den-
sity. We chose to look at the amplitude of the
raw radio-frequency pesterior wall signal, and we
used a simple configuration (tube and water tank
instead of heart-lung model) in assay system 3.
Using this technique, we obtained a relationship
between posterior wall echo amplitude and
bubbie density that varied roughly in a linear
fashion.

Freshly agitated saline and indocyanine green

dye gave intraluminal contrast effect insufficient
to canse decreased amplitude of the subsequent
echoes; so the quantitation of bubble content by
this effect probably requires a density of micro-
bubbles beyond that now available clinically.

Assay system 4 showed that the diminution of
distant echoes because of microbubbles between
them and the transducer is an effect that can
occur in vivo. Further work may make quantifica-
tion of microbubble content possible in wivo, in
a manner similar to assay system 3. Thiz is
polentially important, because quantitative
information of this nature might be useful for
indicator-dilution cerdise output calculations.
A preliminary communication using a simpler
method of contrast quantification has indicated
that cardiac cutput calculations using pevipher-
atly injected ulirazsound contrast may be clini-
cally useful (74).

Qur analysis does not imply that there can be
no other causes of ultrasound contrast. The in-
triguing “spontaneous contrast” that has occa-
sionally been reported (15), and observed on
geveral occasions in our echocardiography labora-
tory, may be caused by spontaneous cavitation ar
particulate material such as platelet aggrega-
tions.

In present clinical practice, most laboratories
find that peripheval contrast injections do not
consistently give the desired level of ultrasound
contrast, Since the preceding analysis implies
that this is due to lack of uniform microbubble
content in the fluid reaching the heart, better con-
trast agents should have reliably high contents of
microbubbles. Recommendations for microbubble
use, however, must wait until they are proved
safe. Air embolus 1s the most chvious potential
problem if the bubble content of an injected fluid
is increased. A current trend in some laboratories
toward injection of visible bubbles for contrast ef-
fect should be discouraged.

Our calculations suggest that less than 50 mm?
of gas is injected when the precision microbubbles
give striking contrast effect. Thus our work sup-
ports previcus reports and suggests the injection
of macrobubbles rather than microbubbles is un-
necessary for clinically useful contrast effect.
There has been uniform lack of adverse effects
from uncontrelled injection of various Auids for
ultrasound contrast effect in clinical reports.

ACKNOWLEDGMENTS

The authors would like to thank Torkil Glsen and
Linda Joynt for technical advice and assistance
and Cathy Cassady for manuscript preparation.

JOURNAL OF CLINICAL ULTRASOUND

8



SQURCE OF ULTRASOUND CONTRAST EFFECT

REFERENCES

. Gramiak R, Bhah PM: Echccardiography of the

aortic root. Invest Radiol 3:355, 1968.

. Gramiak R, Shah PM, Kramer DH: Ultrasound

cardiography. Contrast studies in apatomy and
function. Radiology 92:939, 1969.

. Kremkau FW, Gramiak R. Carstensen EL. et al:

Ultrasonic detection of cavitation at catheter tips
Am J Roentgenol 110:177, 1870,

. Bove AA, Adams DF, Hugh AE, ¢t al: Cavitation at

catheter tips. A possible cause of air embolism. In-
vest Radiol 3:159, 1968.

. Barrera JG. Fulkerson PK, Rittgers SE. et al: The

nature of contrast echocardiocgraphic “targets.”
Circulation {Suppl II} 57-5811-233, 1978 (ab-
stract).

. Ziskin MC, Bonakdarpour A, Weinstein DP, et al:

Contrast agents for diagnostic ultrasound. Invest
Radiol 7:500, 1972,

. Schuchman H, Feigenbaurn H, Dillen JC, et

al: Intracavitary echoes in patients with mitral
prosthetic valves. J Clin Ultrasound 3:107,
1975,

. Tickner EG, Rasor N3: Noninvasive assesament of

pulmonary hypertension using bubble uHrasonic

VOL. 8, NO. 2, APRIL 1980

10.

11,

12.

15.

127

resonance pressure (BURP) method. NIE report
HR-62917-1A, Bethesda, National Institutes of
Health, April 1977,

. Tickner EG, Rasor NS: Noninvasive assessment of

pulmonary hypertension using bubble ultrasenic
resenance pressure (BURP) method. NIH report
HR-62817-2A, Bethesda, National Institutes of
Health, June 1878,

Adam NK: The Physics and Chemistry of Surfaces.
New Yark, Dover, 1968.

Happle J, Erenner H: Low Reynolds Number Hy-
drodynamies. Englewood Cliffs, N, Prentice-Hall,
1965,

Medwin H: Counting bubbles acoustically: A re-
view. Ultrasonies 15:7, 1977.

. Mackay RS, Rubissow G: Decompression studies

using ultrasonic imaging of bubbles. IEEE Trans
Biomed Eng BME-25:537, 1978,

. Bommer W, Neef .JJ, Neumann 4. et al: Indicator-

dilution curves obtained by photometric analysis of
two-dimension echo-contrast studies. Am J Cardiol
41:370, 1978 (abstract).

Gramiak R, Nanda NC: Structure identification in
echocardiography, in Gramiak R, Waag RC (eds)
Cardiac Ultraspund. St Leuls, CV Mosby, 1875,
p 32



CHAPTER 3

J Clin Ultrasound $:127-131, March 1981

Intravenous Carbon Dioxide
as an Echocardiographic
Contrast Agent

Richard 5. Meltzer, MD, Patrick W. Serruys, MD,
Paul G. Fugenholtz, MD, and Jos Roelandi, MD

Abstract: Intravenous carbon dioxide (C0.) was employed to cause echocardiographic
contrast in 40 patients. One to 3 cc of medically pure CO, were agitated with 5 to 8 cc of
5% dextroge in water and rapidly injected into an upper extremity vein. Contrast was
oktained in all patients. In 33 patients contrast density from 5% dextrose was compared
with that from 5% dextrose-CO, injecticns. Six of these patients had no contrast on the
initial 5% dextrose injection and definite contrast with the subsequent injection
containing CO,. Of the 33, 12 patients had initial contrast with 5% dextrose injections
and greater contrast density when CO, was added; 15 showed no definite difference; and
none had less contrast with intravenous CO,-5% dextrose than with 5% dextrose alone.
Intravenous CO,-5% dextrose is a useful method of increasing contrast in those patients
who fail to demonstrate echocardiographic contrast when routine techniques are
employed. Tt is also safe, provided precautions emphasized in this paper are observed.

Indexing Words: Echocardiography -

Since Gramiak et al' first described ultrasenic
condrast over a decade ago, contrast echocardi-
ography has achieved widespread clinical
application.”® However, both the fluid employed
and the injection techniques used vary widely
among clinical echocardiography laborztories. As
2 regult, a reliable and reproducible contrast ef-
fact is not always achisved A 1975 textbook of
echocardiography states: “"Development of an
ideal contrast agent is particularly important for
the advancement of cardiac uitrascund . . . it
should] be administered noninvasively, be harm-
less and well tolerated, and produce a contrast ef-
fect that is consistent and reproducibie. Develop-
mant of such an ideal agent represents one of the
important goals of echocardiographic research.”®
Yiany echocardiography laboratories use in-
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raphy, Zrasmus University and University Hospital Dijkeigt,
Ratterdar, the Netherlands, Supperted in part by grants from
the Dutch Heart Association and Inferuniversity Cardiclogy
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acript accepted August 7, 1980. For reprints contact Richard 5.
Meltzer, MD, Thoraxcenter, AZR-Dijkzigt, Dr Molewaterplein
40, 3015 I Retterdam, the Netharlands.

© 1831 by John Wiley & Saons, inc.
$051-2751181/030127-05 £01.00

Ultrasound contrast -

Carbon dioxide

docyanine green solutiens for their ultrasonis
contrast studies. However, in our experience in-
docyanine green is expensive, must be freshly
mixed, frequently causes stains, and cannot be
used for many repeated studies.

Early echocardiographers thought that the mi-
crobubbles causing contrast came from catheter
tip cavitation.” More recent work suggests that
these microbubbies originate from gas present
in the fuid orv injeciion apparatus prior io
injection.™ Thus we felt that a safe method of in-
creasing the gas-phase content of blood would
probably increase its contrast content. Since
intravenous carbon dioxide in small quantities is
known to be safe, we decided to examine whether
it. could decrease the proportion of unsatisfactory
echocardiographic contrast studies.

METHODS

The study population consisted of 40 patients un-
dergoing contrast echocardiograms for routine
clinical indications (N =15 patients) or as partof a
research protocol attempting to assess iricuspid
regurgization {IN=25). The study included all per-
sons having contras! echocardingrams during a

127
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two-month period, with the exception of five per-
sons suspected of having a right-to-left shunt.

Contrast injections were performed through
18- or 19-gauge catheters or butterfly needles in-
troduced into a superficial upper extremity vein.
All injections were performed forcefully by hand
using a 10-cc plastic syringe attached to a three-
way stopcock. The first one or two injections were
5 ta 8 ce of 8% dextrose in water, and subsequent
injections were 4 to 7 cc of 5% dextrose in water
agitated with 1 to 3 cc of CO, immediately hefore
injection. Only 100% (medically pure} CO, was
used and a strict sterile technique employed.
Three to ten (mean six) contrast injections were
performed per study, generally employing several
different transducer positions and echocardio-
praphic views, and usually using both M-mode
and two-dimensional equipment. An Organon
Teknika EchocardioVisor 01* was used for
M-mode studies, and an Organon Teknika Echo-
cardioVisor 03 Focigcan linear array unit or a
Toshiba SSH-10A phased array seector scannert
was uged for the two.dimensional studies. On all
studies receiver gain was set just under the
threshold of intracavitary noise that may mask or
mimic contrast.

Results were judged by subjectively comparing
contrast density during the first injection with
CO,-5% dextrose to the density seen during the
previous injection of 5% dextroze alone but with
the same echecardiographic instrument and view.
The two-dimensional echocardiographic view em-
ployed was most frequently the subcostal short
axis view imaging the right atrium and inferior
vena cava,'’ since these studies were combined
with & research protocol to assess the utility of
contrast echocardiography in this view for diag-
nosing tricuspid regurgitation. The apical four-
chamber and parasternal long axis views were
each used on several patients to compare contrast
density. Density was rated during the echo study
by the consensus of two of the authors (RSM
and JM) who were present for all studies. Dis-
apreements were resolved by later review of the
studies.

RESULTS

Six of the 40 patients had no contrast from the
initial 5% dextrose injection. All patients had ul-
trasonic contrast imaged in the right side of the

*Organon Teknika Corp, Box 19080, Oklahoma City, 0K
73144,
tTeshiba Medical Systems, 1154 Dominguez St, Carson, CA
90745,

heart as a result of the first peripheral injections
with CQ,-5% dextrose which followed the initial
5% dextrose injection{s). Only two injections with
CO,-dextrose failed to yield contrast: These were
the fifth and sixth injections with CO,-5% dex-
troge in a subject whose intravenous line infil-
trated, and subcutaneous crepitus could be pal-
pated in the area of infiltration.

An average of six injections with C0,-5% dex-
trose and 10 cc total CO, were administered per
person. No one experienced any discomfort or
any symptoms related to the contrast injecticns.
There were no signs of new cardicrespiratory dis-
tress in any patient during the study.

Of the 40 patients, 33 had contrast studies
where the initial injection of CO,-5% dextrose
employed the same view and ultrasonic apparatus
as the 5% dextrose injection immediately preced-
ing it. Of these, 15 had no definite change in con-
trast intensity. Twelve of the 33 had confrast on
the initial 5% dextrose injection but definite in-
crease in contrast intengity with CO,-dextrose
(Fig I, 2). The six without echocardiographic
contrast on the initial 5% dextrese injection all
had contrast on the subsequent CO,-5% dexirose
study. We saw no instances in which the ulira-
sound intensity decreased from the 5% dextrose
to the C0,-5% dextrose.

DISCUSSION

During serial ultrasonic contrast injections, the
contrast effect frequently seems to be influenced
by prier injections. We believe this is due to the
margination of microbubbles and perhaps mac-
robubbles of gas in the syringe and catheter along
the course of an upper extremity vein after a con-
trast injection, and the “flushing” effect of a sub-
sequent injection. Ultrasonic contrast can be in-
duced by "milking” an upper extremity vein or
elevating the arm long after a contrast injection.
It is possible but unlikely that the contrast in-
crease noted during the CO.-5% dextrose injec-
tions relates to contrast introduced during the
eariier 5% dextrose injections. We did not test this
hypothesis for the following two reasons. First, we
feel it iz safer to begin contrast studies with 5%
dextrose alone, to exclude major right-to-left
shunts before CO, is used. Secondly, it would be
difficult to do the study "blinded,” since the physi-
cian can both see 1 to 3 cc of CO, in the syringe
and hear it gurgle as it enters the vein during in-

jection. Since our study was not blinded, we can-

not entirely exclude bias as an explanation for our
findings. However, a single observer (RSM) per-
formed all the injections of both 5% dextrose and

JOURNAL OF CLINICAL ULTRASOUND

1
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FIGURE 7. Upper panels: Polaroid photegraphs cf stop-frame images from a awo-dimensional echocardiographic study in a subject whao had in-
creased contrast density from the 5% dextrose injection teft} to the €0,-5% dextrose injection (right}, Parasternal iong axis view. Lower panels;
Diagrams of the photographs in the upper panefs. Contrast in the right ventricle is indicated by arrew on the left and shaded area in the right-hand
panel. RY: right ventricle. IVS: interventricular septum. LV: left ventricle. LA: left atrium. Aot aorta. PW: posterior wall,

CO,-5% dextrose and attempted to keep injection
technique constant. We find it unlikely that the
striking difference in contrast effect noted in most
of the patients was due to bias alone.

Fifteen of our patients had no qualitative
change in echo contrast from the initial 5% dex-
trose Injection to the subsequent CQO.-5% dex-
trose injections. This is probably because suf-
ficient microbubbles were delivered to the right
heart with the initial injection t» completely
fili the right heart with contrast. Further mi-
crobubbles in this situation may cause an "over-
load” effect and actually decrease the intensity of
displayed contrast (and all anatomic structures)
distal to the strongly reflecting microbubble
iayer.”

Echocardiographic contrast cannot at present
be guantified, though some experimental ap-
proaches have been suggested that may lead to
this goal in the future.®'"* The grading system in
this study therefore had to be qualitative. This
corresponds with the clinjcal state of the art in
contrast echocardiclogy. Occasionally there is a
need for qualitatively more intense contrast in a
patient, but as yet quantification is not in routine
clinical use.

VGL. 8, NO. 3, MARCH 1581

The safetv of infravenous £0, had been estab-
lished in the radiologic liferature for diagnosing
pericardial effusions, largely before the echocar-
diographic era.’* Considerably larger volumes
of CO, were injected (50 to 100 c¢) than those
necessary to create echocardiographic contrast.
Emphasis on left lateral decubitus position and
exclusion of patients with intracardiac shunts is
found in several of these articles. Fortunately,
most echocardiographic studies are performied in
various degrees of left lateral decubitus positien.
Recently a large series of patients received 200 cc
of intravenous CQ, without detrimental effects.!?
Blood chemistry does not change significantly
with 1-cc CO./kg body weight, and experimental
animals even tolerate 7.5 cerkg of CO, rapidly in-
Jjected into the left ventricle or carotid artery with
minimal cardiorespiratory effects.'* The same
dose of air intravenously is fatal in most animals.

We feel that the smaller doses of CO, employed
to attain echecardiographic contrast in our pa-
tients are safe. Since data on intravenous CO, in
patients with right-to-left shunts do not exist, we
would be cautious in its use in patients known to
have shunts. Reale et al have recently reperted on
injections of 0.5 to 1 cc of CO, in the pulmenary
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FIGURE 2, M-made echocardiograms recorded from a patient who
was judged to have definite increase in right ventricular contrast
density from the 5% dextrose injection {upper panel} to the follawing
injection of 2 ce of CO, in 5 cc of dextrase {lower panel). Injection
technique and instrument settings were held constant. C: contrast,
LV: left ventricle. IMS: interventricular saptum. RV: right ventricte.

wedge position in humans. These injections
yielded left heart echo contrast with no adverse
effects observed.®

As pointed out above, a reliable method to
achieve echo contrast would be desirable. In clini-
cal practice, echocardiographic contrast tech-
nigues vary widely: Some laboratories use in-
docyanine green, others insist on small needles
and specific stopeeck arrangements, and some
even tolerate the injection of small amounts of
air, Part of this variability is due to a lack of
theoretic understanding of the source of ul-
trasound contrast. We are convinced that the
source is microbubbles present in the injecting
fluid and apparatus rather than needle tip cavita-
tion.* Although elaborate right-angle stopcocks
may cause turbulence and break up larger bub-
bles into microbubbles, small needles probably
hinder the rapid flush effect necessary to deliver
contrast to the central circulation and thus cause
less of microbubble content due to margination.
Indocyanine green increases contrast content
because it is a surfactant and stabilizes mi-
crobubbles® However, as mentioned, it is rela-
tively expensive, must be used the same day it is
prepared, containg a small amount of iodine

which may cause allergic reactions or interfere
with thyroid function tests, and frequently causes
stains, Intravenous ether, carbonated water, and
peroxide are other agents that cause echo contrast
in small quantities,® but their safety and practi-
cality have not been evaiuated in large groups of
patients. There remains in clinical echocardio-
graphic practice a small pertion of patients in
whom adequate contrast is diffieult to obtain.
Frequently these are patients with only distal
veing available. Three of the six in our study
whose initial injections failed to cause contrast
had butterfly needles inserted in small hand
veins. These may be the patients in whom CQ,
contrast enhancement is most advantageous. Of
course it is possible that in some patients even
CO0, will fail to yield contrast, although we have
not yet encountered such a patient.

CONCLIJSION

We feel that a few oc’s of intravenous medically
pure CO, is safe in persons with no right-te-
left shunt. This procedure frequently increases
echocardiographic contrast density and may be
useful clinically in some patients. With further
experience, CO, might alse provide a basis for
quantitative contrast echocardiology, which is
technically feasible and may yield important in-
formation in the future. %1
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CHAPTER 4

CLINICAL NOTE

WHY DO THE LUNGS CLEAR ULTRASONIC CONTRAST?*

RICHARD S. MELTZER, E. GLEN TICKNER and RICHARD L. POPP

Cardiciogy Division, Stanford University School of Medicine, Stanford, CA 94305, U.8.A. and Rasor
Associates, Inc., Sunnyvale, California, U.5.A.

(First received 20 July 1979: and in final form 24 Fanuary 1980}

Abstract—Peripherally injccted ultrasonic contrast is removed by the lungs. The source of this
contrast effect is microbubbles in the injected fivid, We studied bubble dynamics to attempt to
explain their removal by the lungs. Commercially prepared precision microbubbles of 5-10 #m coutd
be imaged using standard M-mode echocardiographic equipment. Thus, absence of contrast in left
atrial echocardiogram after peripheral contrast injections implies that bubbles of this size are absent,
though they are smati enough to traverse the pulmonary capillary *‘sieve”. Calculations show that a
bubble of diameter small enough to get through these capillaries (mean size 3 um} will totally
dissolve due to surface tension effects, in a time shorter than the pulmonary capiliary to left atrial

circulatien time.

Key words: Echocardiography, Ultrasonic contrast.

Echocardicgraphic contrast was first reported
during indocyanine green injection in the
catbeterization laboratory (Gramiak, 1969},
Although many empiric observations have
been made since then (Feigenbaum et al.,
1970; Hagemeijer, 1977), theoretic under-
standing of ultrasound contrast has moved
slowly. The following is an attempt to explain
a well-known echocardiologic observation—
the disappearance of ulirasound contrast
from bloed during passage through the lungs.
Prior investigations suggest that the source of
ultrasonic contrast in peripherally injected
solutions is microbubbles (Kremkau er al,
1970; Barrera ef al., 1978). Data from our
faboratory confirm this, and suggest that the
microbubbles in shaken saline and indocy-
anine green are of a wide spectrum of sizes
(Meltzer et al, 1979). If such bubbles are
much larger than the pulmonary capillary
diameter of about 8pm (Weibel, 1963;
Weibel, 1962), they will be held up by the
pulmonary cagillary “sieve”. This is the
explanation usually given for their disap-
pearance. Those that are originally smalier
that 10 wm, that are fractured into fragments
of this size, or that bave their gas partly
resorbed and “‘shrink” until they are smaller
than 1&um in diameter should be able to
traverse the capillaries and emerge into the

*This work was supported in part by Grant No. HL-3866,
from the National Institute of Heart, Lung and Blood
Diseases. Bethesda, Maryland,
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Microbubbles.

pulmonary veins. We wished to learn why
such small bubbles were not detectable in the
left heart by ultrasound. We thought that
either these small bubbles were present but
not detectable by standard echocardiographic
techniques, or that they somehow disap-
peared from the circulation by a mechanism
separate from the capillary sieve action that
should remove bubbles larger than 10 pm.

METHODS

To ascertain whether microbubbles with a
nominal diameter of 10 pm can be imaged by
commercially available echocardiographic
equipment, the following test was performed.
Pure nitrogen microbubbles were created in a
supersaturated solution of 42 DE corn syrup
diluted with distilled water 4: 1. This liquid
had a measured viscosity of 1000cp at 20°C,
A surfactant, Tween 80, was added to this
solution in the amount of 2% by volume, This
surfactant served two useful purposes: first,
it decreased coalescence of the newly created
microbubbles: and second, it reduced the
pressure within the bubble caused by surface
tension and thereby decreased its dissolving
rate. The degree of supersaturation of the syrup
was adequate to stabilize microbubbles long
enough to transport them via a large syringe.
Hence, the microbubbles were delivered to
the experimental set-up at the same diameters
as created. These microbubbles were
measured with a microscope and found to be
10£5 um in diameter.
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Fig. I. Schematic showing experimental set-up for bubble rise test.

The experimental set-up, shown schematic-
ally in Fig. 1, consisted of a large beaker filled
with water degassed by prolonged standing
exposure to air. A 2.25 MHz acoustically
focused transducer was placed just under the
surface of the water aiming downward. A SKI
Ekeline 20A M-mode ultrasonegraph was used
te record echoes.

Lack of signals recorded from the beaker
prior to the injection of any material assured
us the beaker was free of mvisible micro-
bubbles or other echo-producing materiais.
Then a mass (1ml) of the syrup containing
approx. 100,000 microbubbles was injected,
with the syringe and a long needle, onto the
bottom of the beaker. The dense syrup lay on
the bottom and slowly began to dissolve.
Also, the entrapped microbubbles rose slowly
in the viscous syrup. The larger bubbles
reached the drop interface first and rose in
water. The purpose for using the viscous
liquid was to permit this siow release of
nitrogen bubbles and to grade someswhat the
size. Visual identification of microbubbles
rising from the viscous mass at the bottom of
the beaker was performed using a bright side-
light in a darkened room. The bubbles did not
begin to dissclve until they left the super-
saturated mass and reached the unsaturated
water, and then dissclved as they rose in the
water,

RESULTS

Single  microbubble (or  family of
microububble) trajectories could be recog-
nized on the M-mode echocardiographic
recording (Fig, 2). Because of the nature of
the bubble release from the viscous globule,
fairly uniform sized bubbles are released at
any given time. Hence, one measures the
stope of an entire family to obtain their size
by computation based upon Stokes' law for
frictional resistance (Happle and Brenner,
[965). The rate of rise of the slowest of these
was 0,023 mmy/sec corresponding to a bubble
size of 6.5 um; the fastest was 3.6 mm/sec,
representing a few bubbles of 80 um prob-
ably formed by coalescence of the smaller
bubbles or air introduced during the proce-
dure of placing the syrup-containing micro-
bubbles at the bottom of the beaker. The
ultrasonic frajectories correspond with the
visua! size of bubbles in the beaker seen
using the bright side-light. Prolonged record-
ing of some smail bubbles (Fig. 2) apparently
was due to a capsule of syrup slowing the
dissolution of the bubbles, nevertheless the
bubble size can be calculated from the slope
measured for a single echo tracing,

BUBBLE DISSOLUTION CALCULATIONS

Studies of bubble dissolution dynamics
have appeared in the literature over the years
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Fig. 2. M-mode echocardiographic strip chart recording of microbubbles rising in a beaker of degassed

waler. The slope of the bubbles shown by the arrow is 0.023 mm/sec, comresponding "0 3 calculated size

of 6.5 wm. Note the more rapid rate of rise of larger bubbles or groups of bubbles earlier (to the |eft in this
panel} near the label 1 sec”.
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SATURATED LIQHID,

DISSOLVING TIME, SECONDS

163

267

UNSATURATED LIQUID

107 100

102 107

INITIAL BUBBLE DIAMETER, MICROKS
Fig. 3. Log-log plot showing retationship between [nitial bubble diameter and time Lo total dissolutien.
Calculated based on theory presented by Epstein and Piesset (1950), assuming & bubble of nitrogen in
degassed whole blood but notcorrecting for Aow effects, Data by Yang ef ol (1971) for unsaturated liguids
given by symbots {C. oxygen bubbles in human blood; (2. oxygen bubbles in canine blood; A, nitrogen
bubbles in human blood plasma; and @ oxygen bubbles in human blood plasma).

{Epstein, 1950; Ward, 1975). Epstein and
Plesset (1950} examined gas bubbles dissolv-
ing in Hquid solutions, and others have
extended this work to account for chemical
reactions, bubble/liquid motion and bubble
gas composition. Bubbles will slirink and
disappear by diffusion in unsaturated solu-
tions, and bubbles will also shrink in
saturated solutions because of surface ten-
sion effects. The very small bubbles neces-
sary to traverse the capillaries would have a
high internal pressure due to the high surface
tension effect that goes along with the small
size. Gas inside the bHubble would rapidly
diffuse down its conceniration gradient into
the surrounding fluid, decreasing the bubble
size and increasing the surface tension. This
would accelerate the process, causing rapid
total dissolution for this population of very
small microbubbles. The time for total dis-
solution, taking into account the effects of
surface tension, is presented in Fig. 3 for
both saturated and unsaturated solutions. An
8 nm bubble will completety dissolve in be-
tween 190 and 550 msec depending upon the
degree of saturation of the surrounding fluids.

UMBE ¥aol. &, No. 3—p

Data from Yang et al. (1971) indicates that
nitrogen bubbles in bloed plasma dissolve as
if in an unsaturated solution. Thus the
expected time of complete dissolution will be
close to 190 msec. All other effects, such as
wiping away the diffusion boundary layer,
can decrease this time dramatically (Yang ef
al., 1971). Hence, this figure should be con-
sidered conservative.

In man, blood transit time from the pul-
monary capillaties to the left atrium is two
seconds or more (Hamilton, 1963}, Hence, if
bubbles smaller than 8 um dissolve com-
pletely in less than 190 msec, they cannot
appear in the left atrium.

DISCUSSION

We were not surprised to find that micro-
bubbles small encugh to pass through the
pulmenary capillary sieve can be imaged with
currently available echocardiegraphic
equipment, since we know that we could im-
age 38 and 140 pm microbubbles from prior
experience {Carroll ef al., 1980}. We observed
a spectrum of rates of rise and bubble size,
the same phenomenon as seen when bubbles
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rise in carbonated water after a bottle has
been opened. As seen in Fig. 2, some slopes
of rise correspond to bubble sizes below the
pulmonary capillary diameter, and thus if
these bubbles were present on the left side of
the heart they should be imaged during rou-
tine echocardiographic examinations. A pos-
sible exception to this thesis is that our in
vitro model does not correspond to in vive
conditions, and perhaps echoes of low in-
tensity might be 50 scattered and attenuated
by body tissues that they could not be seen.
We consider this unlikely, however, since
slightly iarger microbubbles (75 pm) gave
a qualitatively similar contrast effect both in
vivo and in vitro in our laboratory (Meltzer et
al., 1980).

The large difference in acoustic impedence
between the liquid blood and gas-containing
bubble produces relatively high intensity
echoes. The desire to resolve neighboring
bubbles as separate echoes or resolve both
surfaces of a single bubble could be a prob-
lem with low resolution systems, but we are
only concerned here with the presence or
absence of echoes. The echo amplitudes from
these microbubbles are well within the range
detectable by our equipment.

Relatively large bubbles may be fractured
in the right heart and will continuously shrink
pecause of diffusion as mentioned above. The
disappearance time calculated here explains
why microbubbles farger than about 5 am are
not present in the left atrial and left ven-
tricular blood after peripheral venous in-
jections, in the absence of right-to-left shunts
or abnormal pulmonary arteriovenous con-
nections that could provide rapid transport to
the left heart (Lewis et al, 1978}, We con-
clude that the reason ultrasonic contrast is
removed by capillary networks is that micro-
bubbles larger than the capillary size are held
up by the “sieve” action of the network, and
those that become small enough to get
through the capillaries dissolve very rapidly.
The detection in the left heart of micrebub-
bles, in injected indocyanine green dye, due
1o unusually rapid flow through a pulmonary
fistula is interesting (Lewis ef al., 1978). This
dye lowers surface tension and “stabilizes™
or changes the dissolution characteristics of
microbubbles (Meltzer et al., 1980). The
size of the microbubbles traversing a pul-
monary fistula to enter the left heart has not
been measured. Perhaps use of surfactants,
or inhalation of specially constituted gas

R. §. MELTZER &t af.

mixture after peripheral microbubble injec-
tion, could enable microbubbles to survive
iong enough after transport through the lungs
to be congistently imaged on the left side of
the heart.
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TRANSMISSION OF ULTRASONIC CONTRAST
THROUGH THE LLUNGS
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Abstract—The pulmonary capillary bed mormally removes echocardiographic contrast from the
circulation, $0 contrast injected peripherally or on the right side of the heart is not seen on the left
side of the heart in the absence of intracardiac or intrapulmonary shunts. Based on recent advances
in the theoretic understanding of microbubble physiology, we propose several theoretic methods for
causing the transmission of ultrasonic contrast through the lungs to enable opacification of the left
side of the heart, Three of these methods are tested: (1) injection of ether, an organic compound
which may pass the pulmonary capillaries in the liquid phase and cavitate in the pulmonary veins o
vield left heart echo contrast, {2) injection of hydrogen peroxide, a substance which chemically
decomposes on the left side of the heart to yield gaseous oxygen that can be imaged as echo
centrast, and (3} injections of 5% dextrose in the pulmonary wedge position. The first two methods
were tested in anesthetized pigs, and the third method in humans and anesthetized rabbits. All
metheds could cause transmission of echocardiographic contrast through the lungs. There were no
adverse reactions in the human subjects. Pulmonary wedge injections in rabbits were associated with
one large and three small myocardial infarcticns out of 7 animals sacrificed 24 hr later. We conclude
that transmission of echocardiographic contrast through a capillary bed is feasible though potentially

dangerous.

Key words: Echocardiography, Ultrasound contrast, Ether, Hydrogen peroxide.

INTROBDUCTION
Echocardiegraphic contrast was first reported
during injections of indocyanine green in left
sided heart cavities (Gramiak and Shah,
1968). Since then pumercus studies have
commented on the use of echocardiographic
contrast on the left side of the heart, but in
the absence of right to left shunts all have
necessitated cardiac catheterization and
direct intracardiac injection to create left
heart echocardiographic contrast (EHEC)
(Gramiak et al.. 1969; Feigenbaum et af.,
1970; Sahn ef al., 1974; Kerber et al., 1974).

Noninvasive or minimally invasive creation
of LHEC wouid be helpful in left sided
structure identfication, left to right shunt
detection, and perhaps in the detection of
mitral andfor aortic regurgitation and proxi-
mal coronary artery narrowing. It might alse
have use in noncardiac arterial ultrasonc-
graphy.

Lack of theoretic understanding of the
nature of ultrasound contrast and the phy-
siclogy of its removal by the lung has pre-
cluded efforts to create LHEC withaut per.

*Clinician-Scientist Awardee of the American Heart
Association.

forming left heart catheterization. Our recent
experimental (Meltzer et al, 1980a; Meltzer
et al., 1980b) and clinical (Meltzer et al,
1980c) work in this field has enabled us to
form several concepts about methods that
might cause contrast to pass the pulmonary
capillary bed and yield LHEC. This com-
munication reports on animal experiments
during which three of these methods were
tested, comments on our clinical experience
with pulmonary wedge injections and dis-
cusses the relevance of these findings in rela-
tion to the ultimate poal of noninvasive
LHEC creation.

THEGRETIC BACKGROUND

Receni siudies suggest that microbubbies
of gas injected with liguid solutions are the
source of ultrasonic contrast (Meltzer et al.,
1980b; Barrera et al., {978). The high contrast
is due to the extremely large difference in
acoustic impedance between gas and liquids,
much larger than occuring between varicus
non-2ir containing biologic tissues. In the ab-
sence of pulmonary arteriovenous shunting,
the lungs like any capillary bed remove
ulirasonic contrast. This is because gas bub-
bies considerably larger than the pulmorary

37
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capiliary diameter of approx. 8 p are stopped
by the “sieve” action of the capiilaries. On
the other hand, due to surface tension, bub-
bles smal! enough to pass the capillary bed
have an internal pressure significantly higher
than the ambient pressure in the pulmonary
veins. Gas inside the microbubbles therefore
dissolves down its concentration gradient into
the surrounding fuid. Consequently the bub-
ble becomes smaller, internal pressure larger,
and the process continues in an accelerating
manner until the microbubble of gas is totally
absorbed. We calculate that the duration of
this process is shorter than the puimonary
capillary to the left heart circulation time, and
this is the reason that the lungs remove
peripheral injected ultrasonic coatrast (Melt-
zer et al., 1980a).

“Spontaneous” ultrasonic contrast  has
been noted in patients with mitral valve
prostheses (Schuchman et al., 1975; Preis ot
al., 1980). Though this has been attributed to
fibrin or particulate matter (Schuchman et al.,
1975) or to axygen released due to hemolysis
{Preis et al., 1980), we believe that it occurs
mainly in patients with local areas of pressure
below the combined vapor pressure of blood
and partial pressures of ail dissolved gasses,
due to the Bernouilli principle in jets of
regurgitant bicod in ‘the low pressure left
atrium. The foreign body provided by an
artificial valve may act as a source ef auclei
1o allow cavitation to take place with a lesser
degree of supersaturation than needed with
an intact endocardium.

These considerations allow proposal of the
following mechanisms for the creation of
LHEC:

{1) A licuid could be administered in-
travenously which would pass through the
lungs i liquid state and boil on the left side
of the heart.

" (2) A Jiquid or combination of substances
could be administered intravenously which
wouid pass the lungs and undergo a chemical
reaction on the left side of the heart, vielding
a gas.

{3) Bubbles of gas might be forced through
the capillary bed by the increased pressure
that could be apphied locally by an injection
through a catheter in the pulmonary wedge
position.

4 A “super” surfactant might stabilize
microbubbles small epcugh to pass the pul-
moenary capillaries until they reach the left
heart.

R. 8. MELTZER ¢f al.

{3) A more solid coat might protect a
“mini-microbubble™ from dissolving but still
be small enough to allow transcapillary
transmission (Bommer ef al., 1980).

{&) A gas might be inhaled which, due 1¢ its
composition and airway pressure, could
sufficiently alter the partial pressures of gases
in the putmonary capillaries so intravenously
injected microbubbles would grow instead of
decay.

(7) High energy ultrasound could be
focussed in the left atrium or ventricle until
cavitation occurs.

(8) The concept of ‘rectified diffusion”
might be used 10 enzble lower, nontoxic
energies of ultrasound to cause growth rather
than decay of small microbubbies which can
pass the pulmonary capillary bed {Higashi-
izumi et al., 1979; Plessett and Prosperetti,
19%7).

(%) An ultrasonic contrast medium in the
iiquid phase might be developed, allowing
wranscapillary  transmission as a  liguid.
without the difficuities faced by gas bubbles.

(10) A combination of any of the above
methods.

In the following set of experiments we
tested the efficacy of the first three methods.
Since we were already aware of the
occasional efficacy of wedge injections in
cansing LHEC (Meltzer et al., 1980¢; Bom-
mer ef al, 1978; Reale er al, 1980), we
decided to examine potentizl toxicity of this
technique.

METHODS
Method 1: physical cavitation—ether

Ten pigs were anesthetized with barbitu-
urates and placed on a respirator. Surface
ECG and intra-arterial pressure were moni-
tored continzously. In each pig the thorax
was opened by a median sternotomy and a
Krautkramer-Branson 3.5 MMz ulirasonic
transducer was sutured directly onto the left
ventricular epicardium and used to search for
LHEC. Rapid hand injections were made in
the right heart or proximal pulmonary artery
via Swan-Ganz balloon catheter. Two control
injections of S5-8cm’ normal saline were
monitored by A -mode tracings to insure that
1o resting intracardiac or pulmenary arterio-
venous shunts existed. Each pig had one or
more of the following amounts of diethyl
ether—0.5, 1, 1.5, 2 or 3 cm’—followed by a
J-om’® “flush”™ of normal saline (Table 1}. Fel-
lowing each injection the left ventricular
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Table i. Ether injections

Pig ne. Injected Contrast with Contrast with
volume (og) Sce saline sthpr
1 0,5 - -
1,9 +
2 1,0 +
2 0,5 - -
50 -
4 2, - -
1, -
I, +
5 1,0 - +
6 2,0 - +
2 1,5 - ¥
2,0 +
[} 1.0 - -
] 1.0 - +
10 1,0 +

+: lefr heart contrast obtained

~: no left heart contrast seen

echocardiogram, ECG and arterial pressure
were recorded for 30-60 sec and monitored
visually on the oscilloscope for several
minutes further. Subsequent injections were
not made until ECG and pressure returned to
baseline.

Method  2:
peroxide

Twelve pigs were anesthetized with bar-
biturates and placed on a respirator, with an
ultrasonic transducer sutured to the left ven-
tridular epicardium as in method 1. Control
injections of normal saline were monitored
by M-mode tracings to insure that no cardiac
or pulmonary shunting existed. Right heart
injections of 0.3-5 cm® of hydrogen peroxide
followed by a 3-cm’ normal saline “fush”
were then performed. The volumes and con-
centrations employed in each pig are listed in
Table 2. Sometimes more than 1 injection
was performed with the same volume and
concentration,

chemical reaction—hydrogen

Method 3 (animal studies): pulmonary wedge
injections
Seven adult rabbits were anesthetized with

fluanison 0.5 mg/kg. Number 6 French Swan—
Ganz catheters were advanced to the wedge
position under fluoroscopic and pressure
control. They were inflated with 0.5-0.75 cm?
air and 3-10 repeated injections of 3-3cm?
nermal saline were perfermed. In most in-
jections the smail amount of air normally
trapped in the 3-way stopcock was not assi-
duously excluded as is our practice in clinical
injections. The animals were sacrificed 1 day
later, The lungs, heart and kidneys were
examined grossly and by light microscopy:

Method 3 (hurman studies): pulmonary weédge
injections )

During routine cardiac catheterization in
patients, pulmenary wedge injections were
performed either through a 7 French Cour-
nand {r = 9, a 7 French Swan-Ganz catheter
in the wedge position but without an inflated
balloon {n =3), or both catheters (n=15).
LHEC was monitored by two-dimensional
echocardiography. Ten patients had X-ray
angiograms performed during 2 bhand in-
jection of a new norionic radiographic con-
trast ageni-Amipaque®, Nyegaard & Co.,
Oslo, Norway (Enge ot al,, 1977} in the same
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Table 2. H,0; injections

Plg no. HZOZ concen— Hzo2 Cortrast Conkrast
tration volume (el with saline with H2D2
1 30% 0,2 - +
0,3 +
0.3 .
2 30% .2 - +
0.3 -
3 30% n, - -
0. -
4 2,5% 5 - N
5 1,5% 5 - +
[ 30% Q.3 - +
7 +
] 151 1.5 - +
a 0,75% 2 -
1,5% 2 - +
3.0% 2 +
10 1,5% 2 - +
11 1,38 1.3 - -

+: lefr meart contrast obtained

~: nc left heart conirast socen

wedge position as used for the dextrose in-
jections attempting to achieve LHEC.

RESULTS

Method 1: physical cavitation—ether

Twa of the 10 pigs had LHEC after initial
right heart saline injections, and were
excluded from further analysis due to the
presumed presence of cardiac or pulmonary
shants. Six of the remaining eight animals
had LHEC after ether irjections (Fig. 1).
Since these velumes of intravascular ether
are frequently toxic in pigs, we always saw
hypotension and occasionally asystole in the
pigs after 2 or 3 cm® of ether.

Method  2:
peroxide

Two of the 12 pigs had initial LHEC after
right heart saline injections, and were
excluded from further analysis due to
presumed cardiac or pulmonary shunting,

chemical reaction—hydrogen

Eight of the remaining 10 pigs had LHEC
after hydrogen peroxide injections (Fig. 2).
In one pig (number %) a threshold efect for
LHEC could be demonstrated, such that all
injections of H,0, with a concentration &t or
above 1.53% yielded LHEC and those below
did not. This was repeatable for § injections
crossing the threshold concentration 4 times.

Method 3 (animal studies): autopsies of
rabbits subjected to pulmonary wedge in-
jections

One rabbit died during the night between
the experimental protocol and the day of
scheduled sacrifice. At its autopsy, edema-
tous lungs, renal tubular necrosis, and a large
myocardial infarction were found. The other
6 rabbits survived to sacrifice and were ap-
parently healthy at the time of sacrifice, 24 hr
after the experimental protocol. Three of
these 6 rabbits had small myocardial in-
farctions at autopsy. None of them had renal
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Left sided echo contrast 381

Fig. 1. M-mode echocardiogram recorded from an anesthetized pig with the transducer sutured
directly onto the teft ventricular free wall epicardium. An injection of ether into the right heart
causes contrast (arrows) in the left ventricle (LV). AoP: aortic pressure.

G a2
Fig. 2. M-mode echocardiogram recerded from an anesthetized pig with the transducer sutured
directly onto the left ventircular free wall epicardium. An injection of hydrogen peroxide into the
right heart causes contrast {arrows) in the left ventricle (LV). AoP: aortic pressure, LVP: left
veniricuar pressure.
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Fig. 3. M-mode echocardiogram in a human subject after injection of 10 cm’ of 5% dextrose solution

through a catheter in the pulmonary wedge position. Note the appearance of fine contrast in the left

atrium (arrows). Ao: aorta, LA; left atrium, RVOT: right ventricular outflow tract. Reproduced with
permission from the British Heart fournal.

a) b}

Fig. 4. Diagrammatic representation of proposed mechanism by which microbubbles of gas jarger than

the pulmonary capillary diameter may pass through the lungs to yield LHEC. (a) A bubble of gas (arrow)

injected through a catheter (shaded) in the wedge position entersa pulmonary artericle {a}. (b) Due to the

hydrodynamic driving force applied to the local pulmanary circulation due to an injection directly in the

wedge position, the bubble is deformed and forced into a putmonary capillary (c). {c) The bubble elongates

and may even fill a capillary entirety with air. (d) The bubble emerges on the venous side (v) of the
pulmonary capillary bed.
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fesions or pulmonary injury that could be
attributed to the wedge injections.

Method 3 (humany: pulmonary wedge in-
jections

No subject has symptoms or worssnring of
cardiopulmenary status in relation to wedge
injections. Eleven of the 15 patients with
wedge injections through Cournand catheters
achieved LHEC, whereas enly 1 of 8 subjects
with injections through Swan-Ganz catheters
achieved LHEC. An example of a positive
study is shown in Fig. 3. LHEC was oaly
attained in the patients where no retrograde
flow of X-ray contrast agent around the
catheter was noted during wedge injection of
the norionic vadiographic contrast agent.

DISCUSSION

As predicted from the physiclogic under-
standing of microbubbles described earlier,
both ether and bydregen peroxide can pass
the pulmonary capillaries in liquid from and
yield a gas phase, thus ultrasonic contrast, on
the left side of the heart. Though small
amounts of each of these substances can be
administered in humans, we feel that each is
probably too toxic to administer safely in-
travenously in amounts recessary {o obtain
LHEC. However, a group from Wuhan,
China, has reported the use of IV hydrogen
peroxide in animals and humans (Wang ef al.,
19792, 1979b). They claim acceptable toxi-
icity. They also note that LHEC was not seen
in the absence of intracardiac shunts.

Our studies do not exclude opening of in-
trapulmenary artericvencus shunts as a
mechanism for transpulmonary transmission
of contrast. However, we are unaware of
animal studies suggesting that ether, peroxide
or wedge injections open such anatomic
channeis.

Potential  toxicity of  transpulmonary
transmission of ultrasonic contrast is of
concern in the light of our autopsy findings in
rabbits after wedge injections. We think that
the unexpected and serious toxicity {1 large
fatal infarction and three small myocardial
infarctions out of seven rabbits) relates to our
technigue of not carefully excluding small
amounts of ajr from the syringe and 3-way
stopeock. Due to this tolerance of small
amounts of air, the amount of injected air in
relation to body weight was many times that
used in human contrast studies, either in rou-
tine peripheral injections or our wedge in-
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jection protocol. We assume that the high
prevalence of rabbit -myocardial infarctions
was due to coronary air embaolism. Two
mechanisms may explain this phenomenon.
First it is possible that most rabbits had
significant puimonary artericvenous shunts.
Though pigs and dogs under anesthesia have
a prevalence of these shunts that is about
10% (unpublished observations), we doubt
that this occured in mosl rabbits. The second
possibility is diagrammed in Fig. 4. Whereas
normally large bubbles of air are retained by
the “sieve’ action of the pulmomnary capil-
laries (Meltzer et af., 1980a}, the increased
driving hydrodynamic pressure applied to the
capillary bed during 2 wedge injection may
allow deformation of a bubbie into a “dumb-
bell” shape and intact passage through the
capillary bed. The hypothesis that high prox-
imal pressures are needed to obtain LHEC
after wedge injections is supported by the
observation that in humans LHEC only
oceurs when the catheter s wedged firmly
enough to prevent “blowout” and retrograde
X-ray contrast flow during the wedge in-
jections.

Though this study supgests caution in
designing a clinical method for noninvasive
LHEC creation, the long experience with
ultrasonic contrast injected into the left heart
with catheters implies that the presence of
microbubbles in sufficient concentration to
cause EHEC need not cause an unacceptable
toxicity. Nontoxic, noninvasive LHEC crea-
tion remains thus a valid research goal and
we are optimistic that a better understanding
of microbubble physiology—the factors
affecting bubble growth and decay-—will
permit successful attainment of this goal.
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CHAPTER 6
CONTRAST ECHOCARDICGRAPHY
by Richard 8. Meltzer, M.D.*, and Jos Roelandt, M.D.

fran the Thoraxcenter, Erasmis University and
University Hospital, Rotterdam, The Netheriands

M5 80-21

SUMMARY

During the 197C's, contrast echocardiography was used
clinically to aid 1) structure identification, 2) shunt
detection or exclusion, 3) the diagnosis of complex conge-—
nital heart disease, and 4} evaluation of valvular insuf-
ficiency. Systematic analysis of contrast timing and M-mode
as well as two—dimensional echocardiographic patterns can
extend these applications. New developments in microbubble
technology and videodensiometric processing of two-
dimensional echo-contrast images may lead to important
advances in the 1880's, These include the ability to attain
contrast in the left heart after peripheral venous in-
jections, the ability to better characterize and quantify
intra~cardiac shunts and f£lows, and possibly a capability
for measuring intracardiac pressures or myccardial
perfusion.

INTRODUCTICN

Ultrasound contrast was first introduced a little more
than a decade ago {1,2) and has come into widespread clinical
use during the p 7).In this commnication we propose to
comment on methodology and contrast agents, to review the
current status of contrast echocardiography in clinical
practice, and to point out some promising areas for future
research. Contrast echocardiography is an exciting and
rapidly developing field, and we entirely agree with Harvey
Feigenbaum's assessment that ™ the full potential of this
tedhnique has not et een realized" {8).

% Clindcian-Scientist Awardee of the Pmerican Heart
Association )
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THEORETIC BACKGROUND

Methods, Microbubbles, and Contrast Agents

Considerable variation exists in <linical practice in
the methods used to create ultrasonic contrast. This is
partly due to uncertainly about the source of the contrast
effect, In Gramiak's original communications he identified
the source of contrast effect as microbukbbles {1,2) but held
that these wicrobubbles came mainly from cavitation at
catheter tips (9). With this thought, though not under-
standing the nature of cavitation (10), many clinicians
devised elaborate methods which they believed increased
the like-lihood of cavitation. Thus a folklore has developed
about these methods, such as the necessity of using rignt-
angle stopoocks, large {or small) syringes, small (or large)
needles, Thefty cardiology fellows for the strongest
injection possible, etc. In the last few years there is
experimental evidence that the source of contrast is micro-
bubbles of air present in the syringe and injection
apparatus before  injectlon, rather <+than cavitation
ovcourring during  injection {11,12) though this still
remains controversial (13). If correct, this understanding
would lead us to downplay the importance of certain methods
- such as right-angle stopcocks and different syringe sizes.
It would emphasize the importance of methods that would
increase the microbubble content of the injectate -~ such as
agitation immediately prior to exclusion of air from the
syringe (14) and a short delay from hock-up &0 injection.
Contrast agents that stabilize microbubbles due to their
surfactant properties, such as gelatin, indecyanine graen
(11) or blood, improve the yield of satisfactory contrast
studies. Rapid injection 3in a large antecubital vein is
alsc important, though not because it causes cavitation.
Rather, it flushes the bolus of microbubble—containing blood
to  the Theart with less dhance of "margination” and
rescrption of gas bubbles than occurs with more hesitant and
more distal injections. Evidence for margination is the
frecuently seen phenomenon of contrast appearance in the
heart minutes after injection but asscciated temporally with
upper extremity vein "milking", arm or head motion, or deep
inspiration.
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Contrast agents that have been investigated experimen—
tally for their ultrasonic contrast effect include distilled
water, normal saline, 5% dextrose solution, isopropyl alco—
hol, milk, blood, decholin, Dicdrast, Renografin-60, Reno—
grafin-70, indocyanine green, carbonated water, carbon
dioxide (C02), diethyl ether, precision microbubbles in
gelatin and hydrogen peroxide (11,15,16). Though scme of
these are too toxic for clinical use, others have been used
at some time for clinical ultrasound studies {17,18}.
Preliminary work Thas been reported on a non-gaseous
ultrasonic contrast agent in the form of collagen {19) or
gelatin (20) microspheres.

We prefer 5% dextrose solutions for <linmical use in our
patients, since it is inexpensive and readily avalilable. We
add cone or two cc of (02 in the cccasional patient with
difficult—to-achieve contrast. We do not use CO02 if a
shunt is suspected since its safety has not been established
in that setting. In necnates, where volume considerations
may be important, the patient's own blood - a good
surfactant - is probably the contrast agent of choice.

An important curvent limitation in contrast echocardic-
graphic methodology is the wvariability of results. It is
impossibile to reliably and reproducibly attain similar
contrast effects on successive injections, despite similar
injection tedthnigue. 1In this regards research on precision
stabilized micrcbubbles in gelatin is promising (11,21). A
reproducible contrast agent will probably be necessary in the
future if the quantitative contrast technigues deseribed
ilater in this review are to be successful.

Systematic Analysis

It is not in generally realized how much physiologic
information is potentially available from systemic analysis
of contrast echocardiograms. For example, there has been
very little attention to the slope of contrast trajectories
on M-mode echocardiographic tracings, though these re-
present the component of the blood velocity moving in the
direction of +the sound beam. This is wery similar
information to that obtained T pulsed Doppler
echocardiography, a technigue which has awakened widespread
interest {(Table I).
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TABLE I: M-MODE CONTRAST ECHO VERSUS DOPPLER ECHO

Similarities:

- Both lodk at the compeonent of blocd velocity along the
echo beam direction (towards or away fram transducer)

- The samg transducer may be used for both studies

Advantages of M-mode Contrast Echocardicgraphy

- Samples many depths simsltanecusly {(only multigate or
continuous wave Doppler instruments do this)

- Mot limited by distance from target or maximm velocity
that can be detected

- Uses less expensive, more generally available equipment
(only M-mode instranent and intravencus line needed)

- May have higher signal-to-noise ratic

Advantages of Doppler Echocardiography

- Bntirely non-invasive

- Can visualize left heart structures in absence of
shunt

A recent article, suggests that since the main pulmonary
artery 1is usually nearly parallel with the sourd beam,
slopes of contrast trajectories on M-mode recordings have a
reasonable correlation with invasively measured pulmonary
blood velocities in humans {(23), In other situations vhere
the echo beam is not parallel with the blood flow velocity,
the direction rather “han absclute value or magnitude of the
slope may be imporiant: appesarance of contrast in the
inferior vena cava with a positive slope when the transducer
is aimed superiorly is due to retrograde flow in the inferior
vena cava; antegrade flow then yields a negative slope (away
from the transducer}.
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Further, the timing of appearance, clearance, and cy-
clic alterations of contrast may yleld important information
about cardiac physiology: left heart contrast appearing
within a few cycles after right heart opacification implies
an intracardiac shunt, but consistent delay of more than 6-8
cardiac cycles suggests intrapulmonary shunting (24). Cyclic
pulmonary artery opacification in diastole after peripheral
venous contrast Injection suggests transposition of the great
arteries with blood reaching the pulmonary artery through a
patent ductus arteriosus (25). The timing cf appearance of
contrast in the left heart after peripheral injection in
patients with ventricular septal defects may help in the
evaluation of right ventricular hemodynamics (26). The cyclic
difference of left ventricular and right wentricular
opacification in a patient with an atrial septal defect is
shown in figure 1.

VS

Ly

ERG

Figqure 1: M-mode contrast echocardiogram in a patient with a
secundum atrial septal defect. Contrast initially appears in
the right ventricle (RV) during diastole and on the follow-
ing cardiac cycle it appears in the left atrium, passes the
antericr mitral leaflet (aML) and appears in the left ven—
tricle (IV). Note that the contrast intensity increases in
the right ventricle during inspiration (vertical arrows),
while the amount of contrast passing the mitral valve
decreases. Reproduced with permission from Hart Bulletin

11: 164, 1980.
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During inspiration, there is relatively more intense right
ventricular and less intense left ventricular contrast, and
this effect is reversed during expiration. Patterns such as
these must be sought for, perhaps on maltiple injections in
different views to piece together complementary bits of
information. A few proposed contrast patterns in various
right. heart conditions are illustrated in figqure 2 (27-29).
These are consistent with our experience (30}, but the
sensitivity and specificity of these patterns has not been
adequately investigated.

CONTRAST PATTERNS

Figure 2: Some proposed M-mode contrast patterns in varicus
right heart conditions (diagrammatic}. a) Wormal - there is
antegrade flow and thus contrast with negative siope -
motion away from the transducer - in the right ventricular
outflow tract (RVOT) and proximal pulmonary artery through-
out systele. b) Pulmonary hypertension. The anterograde
blood flow in the RVOT occurs mainly in early systole, and
retrograde flow may be seen in late systole, especially in
patients with midesystolic closure of the pulnonic valve
(FV). ) In pulmonic insufficiency retrograde flow —
contrast with positive slope - is seen. crossing the PV in
diastole. d) Normal tricuspid valve, with antegrade flow
during diastole and no retrograde flow — negative slope -
during systole. e) Tricuspid regurgitation, with retrograde
flow - negative slope - ocourring durmmg systole.
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The type of information dbtained by contrast echo—
cardiography is fundamentally different for M-mode, two-
dimensional and Doppler studies. M-mode display is best
suited to analysis of timing and slopes of individual
contrast trajectories. Two-dimensional display provides the
spatial orientaticn to best define other flow
characteristics, such as shunts, vortices, Filling or
emptying patterns, myocardial perfusion, ete. T
dimensional echocardiography is not well suited for the
study of contrast velecity, which is best measured on M-mode
tracings and perhaps in Doppler studies. Doppler contrast
echocardiography has only been reported in preliminary work
to date (31).

CLINICAL APPLICATIONS (Table II)

1. Structure identification

Structure identification was the first reported use of
contrast echocardicgraphy (1,2) and the ability to perform
central or peripneral contrast injecticons has been an impor-
tant aid to the correct interpretation of structure on both
M-mode and two-dimensional echocardiography (32-34). Speci-
fie structures where contrast echocardiography has aided
identification or interpretation include the aortic root
(1), left wventricle {32), left main coronary artery (35),
the coronary simis (36), the comon pulmonary venous return
(37), the inter-atrial baffle after Mastard's operation for
trangposition of the great arteries (38), and the peri-
cardial space during pericardiocentesis (39). Since these
require special catheter injections, echocardicgraphy has no
advantage over conventional roentgenclogic techniques,
except in the rare case where there is a contraindication to
iondzing radiation such as early pregnancy (40), or to
angiographic contrast agents, such as allergy, renal disease
or fluid overload. However, peripheral venous injections may
e used to provide better identification of structures on
the right side of the heart Yy echocardicgraphy. This
technique 1is helpful to correctly delineate the right side
of the interventricular septum, an important coiinical
problem where M-~mode echocardicgrams may be misleading {41~
43) {figure 3). In normals, differentiation between the
superior vena ¢ava, pulmonary artery and aorta is aided by
peripheral contrast injections using the suprasternal
transducer position. In transposition of the great arteries,
suprasternal notch contrast echocardiography can be used to
help identify the great vessels and aid diagnosis {(25).
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TABLE II: CLINICAL APPTLICATICNS OF CONTRAST ECHOCARDIOGRAPHY

1. Structure identification and validation
a. Peripheral injection - right heart structures
. Central injection via catheters - left heart
structures

2. Shunt detection or exclusion
a. Atrial septal defect, patent foramen ovale
b. Ventricular septal defect
c. Intrapulmonary shunt

3. Complex congenital heart disease

4. Valvular insufficiency
a. Bortic and mitral insufficiency - aortic root or left
ventricular injection necessary
b. Tricuspid insufficiency
¢. Pulmonic insufficiency

Figure 3: M-mode echocardiogram during peripneral contrast
injection, showing incorrect apparent position of the endo-
cardium on the right side of the interventricular septum
{IVs} =~ ¢urved arrow - and correct position of endocardium
outlined by contrast - straight arrows.
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2, Shunt detection (or exclusion}

Wormally the micromubbles that are the source of echo-
cardiograghic contrast are entirely removed from the circu-
lating bloodstream by a capillary bed (44). Thus the appear—
ance of contrast in the left heart after peripheral venous
injection is evidence for a right-to-left shunt. The timing
and pattern of contrast appearance in the left heart are re—
lated to the level of the shunt and the relative pressures
in the wvarious cardiac charbers. Shunts as small as 5% can
be detected by contrast echocardiography (45). Shunts with
pulmonary  hypertension and Eisermenger physiology are
reliably diagnosed by peripheral contrast injections: in our
series all contrast studies showed chunts in patients with
ventricular septal defects and a peak ridht ventricular
pressure half or more of systewic pressure (46). In the
absence of pulmonary hypertension, however, ventricular
septal defects (VB8D's) often fail to show right~-to-left
shunting after peripheral wenous injections  (28).
Qceasionally a negative contrast effect of uncopacified blood
fraom the left ventricle can be noted in the right ventricle,
but this sign iz neither sensitive nor specific in our
hands. Thus, peripheral contrast echocardiography cannot be
used to rule cut the presence of a VBD, and is only useful
if appearance of contrast on the left side of the heart is
observed. Shants can occasionally be demonstrated during
respiratory waneuvers or arrhythmias, such as ventricular
premature contractions (47), even when they are not imaged
at rest (figure 4).

The situation for atrial septal defects (ASD's) is
samevhat different £rom that for VSD's. This is due to the
fact that even in ASD's uncomplicated by pulmonary hyper—
tension, there is usually a small degree of right-to-left
shunt present in early systole (48). Thus, left sided
appearance of contrast  after peripheral contrast
echocardiography is a fairly sensitive test for the presence
of an ASD (46, 42-55) (figure 1, page 5). In our laboratory
sensitivity of ocontrast echocardicgraphy for RSD diagnosis
is 88%, and specificity 100%: this is superior to oximetry
or nmuclear medicine techniques. We find the ‘“negative
contrast effect" of unopacified blood entering the right
atrium to be neither sensitive nor specific, though others
have found this sign useful (55). It Is difficult to
differentiate the normmal “negative contrast" effect due to
unopacified inferior wvena cava and coronary simus blood
entering the right atrium from negative contrast due to an
ASD. Tt is important not to call a test negative unless
adequate right atrial contrast has been dbtained on multiple
injections from several different transducer positions, and
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Fiqure 4: Apical four-chamber views from precperative two-
dimensional echocardiogram showing dropout of interventri-
cular septal echoes in the region of a ventricular septal
defect (VSD). Left panels: pre-injection. Middle panels:
after peripheral 5% dextrose injection contrast opacifies
the right atrium (RA) and ventricle (RV) {shading on lawer
middle diagram). Right panels: with a premature beat, the
contrast crosses the VSD and is preésent in the left
ventricle {LV). Further abbreviations: LA - left atrium.

a Valsava maneuver should always be performed during several
contrast injections before the echocardiographer can be
agsured that the study is indeed negative. In fact, ~ontrast
echocardiography during a Valsava mansuver 1is probably
"overly sensitive" to the presence of an ASD, since it may
allow patent foramen ovale to be diagnosed (56,57). Contrast
echocardiography also aids in the diagnosis of partial
ancmalous pulmonary venous return, a condition associated
with ASD's (58}.

Postoperative ghunts may occasionally be seen in the
early (59) or late (60) pericd after operative closure of an
ASD. Though this may imply an unsuccessful operation, such
is not always the case: a small number of patients have
persistent postoperative shunts despite successful cperative
clogsure of their ASD. The mechanism for this is at present
unclear.
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Recent reports indicate that pulmonary wedge injections can
cause left heart echocardiographic contrast (61-63), and
that this may ke used to diagnose left-to-right shunts. This
procedure is potentially hazardous however (64), and is
certainly experimental at presenmt, having only been reported
in humans in 2 small  series by Reale et al and our own
laboratory. Potential  hazards include loxal pulmonary
vascular complications (65} as well as the theoretic
possibility of systemic air embolism.

3. Complex Congenital Heart Disease

ASD's and VSD's, vwhich are often parts of nore complex
mal formations, are discassed above. Contrast echocardico—
graphy has been an important advance to the pediatric
cardiclogist, especially in the care of critically ill
newborn  infants with cardiac and pulmonary disease (66). In
these patients information on imtracardiac flow patterns and
relations is frequently of wvital importance. Using the
parasternal and suprasternal transducer positions, it is
possible o ascertain the nurber and position of the great
vessels and their ventricular connections (23). Specific or
suggestive coontrast echocardiographic patterns have been
descrived in atrioventricular canal defects (67), uni-
ventricular hearts {68), tricuspid atresia {69), overriding
tricuspid wvalve and double~inlet left wentricle (5,70).
Systematic use of the ability +to evaluate flow using
contrast techniques is playing an increasingly important
role in pediatric cardiology. For example, the largest
pediatric cardiology center in England (Newcastle-upon-Tyne)

- sends a cardiolegist and M-mode echocardiographic instrument
on its mobile intensive care unit to transport critically
11 newborns back to Newcastle. The diagnosis can usually be
made on the basis of clinical and contrast echocardiograghic
findings, allowing optimal scheduling of emergency cathete—
rization and/or surgery upon arrival.

4., Valvular insufficiency

Demonstration of left sided valvular insufficiency re-
quires cardiac catheterization. Kerber et al showed that
echocardiographic monitoring of left ventricular or aortic
root injections could detect mitral or aortic regurgitation,
regpactively with high sensitivity and specificity and none
of the toxicity associated with anglographic dye injections
{71). Since it requires left heart catheterization, though
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this technique is rarely used.

Contrast echocardiograghy is more useful in detecting
right sided valvular insufficiency than left sided lesions.
Recent work shows that comtrast may be cbserved to appear in
the infericr vena cava coincident with the "v" pulsation on
the right atrial pressure tracing, after upper extremity in-
jection, in patients with tricuspid insufficiency (72-74)
(figure 5).

Figure 5: Inferior vena cava (IVC) echogram in a patient
with tricuspid requrgitation. After injection of 5% dextrose
solution in an upper extremity veln, contrast can be seen
entering the IVC and hepatic vein (HV) and flowing retro-
grade in late systole, then reversing siope and flowing
antegrade in early diastole. This effect of "v-wave syn—
chronous" contrast is more pronounced during inspiration
(insp) than expiration {exp).

The inferior vena cava can be imaged in nearly all patients
studied, since there are o "window problems” of overlying
lung or bone (73). Analysis of the timing of the contrast
bolus appearance in the inferior wvena cava allows the
echocardiographer to diagnose tricuspid insufficiency with a
fair dJdegree of certainty - 90% sensitivity and 1002
specificity to date in our lsboratory. M-mode
echocardiography is superior to two-dimensional techniques
for this application, thowh inexperienced examiners will
find it easier to locate the inferior vena cava with two—
dimensional technigues. It is important to realize that many
normals will have contrast appearing in the inferior vena
cava after peripheral venous injection due to deep
inspiration or Valsava maneuver, but this will always be
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coincident with "a" wave. Some of the causes of false
positive and false negative diagnosis of tricuspid
insufficiency Yy oontrast echocardiography are listed in
takle IIT.

TABLE III: TRICUSPID INSUFFICIENCY: CAUSES OF FALSE POSITIVE
AND FALSE NHEGATIVE TESTS
(IVC echo during contrast injections in arm)

False positive False negative
a-wave synchronous pattern insufficient central
of IVC contrast appearance comtrast

pattern of IVC contrast appear— fallure to correctly
ance random in cardiac cycle; identify IVC (Paorta)
nat v=wave synchronous

deep inspiration; Valsalva failure to make repeated
maneuver, cough injections

arrhythmia (e.g., VBC) leading failure to use M-mode and
to IVC contrast exclusive reliance on 2D

echo

M~mode transducer position too  Memode transducer position
superior, near right atrium too inferior

(for further details, see reference 73)

Since no technigque <o diagnose tricuspid insufficiency is
really ideal (76}, peripheral contrast studies are a
significant advance. FHowever, they do not provide
quantitative information at present. Ancother interesting and
related technique is Doppler echeocardiography, which has
also been reported accurate in diagnosing tricuspid
requrgitation. Since microhubbles are also strong contrast
agents in Doppler echocardiography (31), it is possible that
contrast Doppler studies might be useful in tricuspid
insufficiency.

M-mode contrast echocardiographic patterns (figure 2,
page ©) have Deen described in tricuspid and pulmonary
insufficiency (27-29).
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FUTURE DEVELOPMENTS

Videodensitametric techniques are being tested to
obtain indicator-dilution type curves from the appearance
and disappearance of contrast in twodimensional
echocardiographic studies. These may be useful in the
quantitation of cardiac output {21,77,78), intracardiac
shunts (22), and ejection fraction (79).

A unique property of echocardicgraphic contrast is that
the motion of individual contrast particles can be followed
and analyzed, in so far as they remain in the echo beam.
This fact has been insufficiently utilized, though some
authors are now beginning to study flow patterns in the
heart, (vortices, turbulence, etc.), or gquantifying one vec—
tor of the blood velocity b determining slopes of comtrast
trajectories on M-~mode tracings.

Transmission of echocardicgraphic contrast through the
lungs after peripheral venous injection has been achieved in
experimental animzls {61,80). If safely achieved in humans,
this would enhance our ability to image left heart struo-
tures, and might particularly aid proximal corcnary artery
visualization.

Intra~coronary injections of a new microbubble contrast
agent* Thave Tbeen reported to allow visualization of
myccardial perfusion in experimental animals by two-
dimensicnal echocardiography (80,81). An example of such a
study is shown in figure 6.

Another exciting possibility is that intracardiac
pressure measurement may become available using resonant
frequency analysis of precision microbubbles (82-84). Pre-
cision microbubbles may also be used in the future to pro—
vide a contrast agent with a more reliable, reproducible and
quantifiable contrast effect. Possibly non—gaseous contrast
agents such as aggregated collagen or gelatin spheres may be
employed {12,20). Better understanding of the phenomenon of
"spontaneous contrast” on the left {85-87) or right (88,89)
side ©of the heart is needed: this might shed light on
whether cavitation iz ever present in human circulation. Ul-
trasonic studies on microbubibles may provide a method of re—
moving small hubbles from heart-lung machines by a method
known  as  'rectified dAiffusion” (20). Contrast techniques
have been used o study experimental (21) and human (92)
decompression, and there is room for more work in this di-
rection.

* produced by Ultra Med., Inc. of Sunnyvale, California
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Figure 6: Stop—frame photograghs from the two-dimensional
echocardiogram of an open—chested pig. Shoct axis view.
Upper panel: control. Lower panel: several seconds after
injection of contrast into the left anterior descending
(1AD) coronary artery. Note contrast in the myocardium in
the area of LAD perfusion (between the 2 arrcws).
Abbrevaticons: LV - left ventricle, RV - right ventricle, IVS
~ interventricular septum, A — anterior, P- posteriocr, R —
right, T. - left.
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Microbubbles are very strong contrast agents for Dopp—
ler ultrascnic studies. Their use in this field, one of the
most rapidly expanding areas in echocardiography, has just
bequn.

CONCLUSION

Contrast echccardicgraphy was first noticed
serendipitously by Joyner and described by Gramiak in the
late 1960's. In the decade of the 1970's contrast was used
for structure identification during the rapid development of
echocardiography and for many clinical stuodies. Systematic
analysis of contrast echocardiograms and the introduction of
new precision microbubble contrast agents will be
increasingly important in the 1980's, and indeed this field
may provide the new "sonic boon" area in echocardiograghy.
Interested readers are referred +to our more extensive
treatment of the topic in bock form {93).
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Chapter 7

CONTRAST ECHOCARDTOGRAPHIC SHUNTS MAY PERSIST AFTER
ATRIAL SEPTAL DEFRECT REPAIR

*
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SUMMBRY

We performed contrast echocardiography on 19 subjects who were
asymptomatic in the postoperative period after surgical repair of
atrial septal defects. HRighteen of these subjects had adequate
right heart echocardiographic contrast to assess the presence or
absence of right-to-left shunting. Mualtiple M-mode and two-
dimensional echocardiographic views were studied during several
contrast injections with and without Valsalva mwaneuver. Six
patients had postoperative shunts and twelve patients had no
postoperative shunts. T™e age of the six patients with post—
operative shmnts was 26 + 10 years (mean + 1 5D) and that of the
twelve patients without postoperative shunts was 39 + 14 years.
The postoperative shunt group had 4/6 males and 3/6 patch repairs
compared to 2/12 males and 1/12 patch repairs in the no shunt
group. There were no definite differences betwsen the two groups in
the following variables: type of 2SD (primum vs. secundum),
precperative shunt size, preoperative pesk right wventricular
pressure, precperative New York Heart Association Classification,
pre~ or postoperative right ventricular or left ventricular
dimensions, aortic and left atrial dimensions. Four of the six
patients with postoperative oontrast echo shunting underwent
cardiac catheterization, showing no significant step-up in oxygen
saturation in three, and a significant shunt in one patient who had
patch dehiscence at re~operation. We conclude that right—to-left
shunts as demonstrated by contrast echocardiography are commen in
the late postoperative pericd after atrial septal defect repair.
They need not indicate unsuccessful repair or hemdynamically
irportant residual shumts.
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INTRODUCTTON

Contrast echocardiography (CE) is a sensitive method for the
detection of atrial septal defects (ASD's). A small right-to-left
shunt  1is always present in patients with uncomplicated ASD's. Even
in the absence of oxymetric evidence, these shunts are freguently
demonstrated by CE (1-7). Being non-invasive, simple and safe vwhen
preperly performad, CE  is an attractive and practical method for
the study of patients with known or suspected ASD's.

Persistent shunts have been demonstrated by CE dwring the
first three to five days after surgical oorrection of ASD's (8). It
is  also  known that M-mode echocardiographic abnormalities
indicating right ventricular velume overload do not always resclve
after ASD closure (9-13). Recently we studied two asymptomatic
patients who demonstrated residual right-to-left shunting by CE
long after operative closure of their ASD's (the first patient was
referred to us because of clinical findings suggesting the presence
of residual ASD, and the second patient underwent CE study as part
of an unrelated research protocol). We wers unsurs whether this
shunting implied an unsuccessful operative result, and thus decided
to prospectively explore the prevalence of residual shunting in the
late post—operative pericd after ASD closure.

PATTENTS

The study consisted of 19 patients who had undergone surgical
repalr of an ASD. Patients 1 and 2 were the index cases. Seventeen
patients were studied prospectively. Since an adequate CE study
could not be ohtained in one subject, he was excluded from further
analysis. Of the remaining 18 patients, 6 were male and 12 were
female (table I). Their ages ranged from 17 to 58 years (mean 34).
All  patients had ASD's diagnosed at precperative cardiac
catheterization and confirmed at surgery. Two patients had an ASD
of the primm type and 16 had an ostium secundum ASD. Two patients
had associated anomalous pulnonary wvenous drainage and one of
these had persistence of a left superior vena cava draining into
the corcnary sinus. No other congenital abnormalities were
present. One patient Thad single vessel coronary disease,
Preoperative shunt size was 3.5 + 1.6 (pulmonary to systemic flow
ratio).

The peak right ventricular systolic pressure ranged from 20 to
50 mmig. Twelve patients were in New York Heart Association Class I
and 6 were in Class II. The defect was closed with a primary suture
in 13 patients and patch graft in 5 patients (table I).

The time between ASD repair and CE was more than one year in 8
patients, between one month to one year in 9 patients and one
patient was studied 5 days postoperatively.
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Table I: CLINICAL AND HEMODYMAMIC DATA

Patient Age/Sex Type Precp. MIYA Peak Precp. Type OP-CE

Nurber of ASD Class RVSP  Aortic of re- Time
(mmeG) sat. (%) pair
1 23F II I 25 97  pr 11 v
2 25M I I 32 98 patch 2 m
3 43M Ir II 49 S og pr + 11/2y
CABG
4 17 Ir I 28 a5 patch 7 M4
5 3iF I+ I 3% 97 patch 1 1/4y
PAPVIH
gvC
6 1™ IX I 28 98 or 11/4y
7 31F II I 30 97 Pr 4 o
8 29F 11 I 24 97 Bt 5 da
9 48F 1 Iz 20 96 patch 5 no
10 47F i I 30 928  pr 4 o
il 21F Ix I 32 97 pr 1 jite]
12 48F T I 32 9%  pr 23/4y
13 54M II II 33 97 Pr 10 o
14 22F I+ I 47 95 or 11 jrie)
PAPVD
15 42F IT T 28 -96 or 4 v
1a 48F II I1 39 95 B 1 el
17 16M II I 50 92 pr g v
18 58F IT IT 40 25 pr 11 m2

Avbreviaticns: Type of ASD I: primm, II: secundum, NYHA: New York
Heart Asscciation classification, RVEP: right ventricular systolic
pressure, Sat.: saturaticn, OP-CE Time; interval betwsen ASD closure
and postoperative contrast ecdho study, F: female, M: male, pr:
primary suture, CBBG: coronary artery bypass surgery, PAPVD: partial
anomalous pulmonary venous drainage, LSVC: left superior vena cava,

¥:

years, mo: months, d: days.

METFODS

M-mode echocardiograms were cbtained with an EchocardioVisor
SE (Organon Teknika) and recorded on light sensitive paper with a
Honeywell 1S6 recorder. Two—dimensional echocardiograms were made
with a Toshiba &SSH-L0A phased array sector scanner or Organon
Teknika EchocardioVisor 03 linear array instrument. Images were
recorded on videotape for subseguent analysis. Stop frame images
were cbtained by Polarcid photography.
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All CE exmaninations were performed with the patient in the
left lateral decubitus position. Echocardiographic contrast was
produced by a forceful hand injection of 5 to 10 ml of 5% dextrose
in water sclution through a 16 or 18 gauge Teflon venous canmula
placed in an antecubital wvein. At least 10 injections were
performed in each patient.

During recording of M-mode echocardiograms, CE was performed in
two sound beam directions: (1) right ventricular cutflow tract -
aortic - left atrial level and (2) mitral wvalve level. The
projections employed for CE with two~dimensicnal echocardiography
were the (1) parasternal long axis view, (2) parasternal short axis
view at the level of aortic valve, (3) apical four chamber view, (4)
apical long axis view and if possible the (5) subcostal short axis
and (6) right parasternal views (14). Attention was focused on the
interatrial septum in each view (except the parasternal long axis
view).

In 14 patients CE was also performed during Valsalva maneuver
to increase the amount of right-to-left shunting. This maneuver was
deone by blowing with an copen glottis in a mouthpiece connected to a
mercury manometer and holding the pressure above 30 mmflg for about
10 seconds. Careful patient instruction was necessary to prevent the
patient from taking a deep breath on release, dbscuring the
echocardiogram  Just at the moment vwhen shunting is likely to be
present during the CE study.

The preoperative M-mxie tracings were available in 14
patients, and analyzed in the same manner as the postoperative
tracings {see below).

DATA AMAIYSIS

Fach M-mode and two—dimensional study was assessed for the
presence of right-to~left shunting. Two—dimensional studies were
also assessed for the presence of left-to-right shunting (on the
basis of negative contrast effect). Right-to-left shunting was
considered present when ocontrast echoes appeared in one or more of
the following areas: left atrium, mitral orifice, left ventricular
cutflow tract or acrta. To avold false positive interpretation as a
result of overload effects, care was taken to use gain settings just
under the threshold for intracavitary noise. Recordings were
considered adequate for analysis if the right-sided heart chambers
were densely opacified with contrast echoes (Figqures 1,2).
Interpretations were done by two independent obgervers. M-mode
echocardiographic measurements of the right wventricle at end-
diastolic (RVED), left ventricle at end-diastolic ({LVED}, aorta at
end—diastole (Bo) and maximal left atrial dimension (LA), were made

using previously discribed methods (16). The interventricular septal
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Figure 1: Postoperative M-mode contrast echocardiogram from
patient 4 at the mitral valve (MV) level. Peripheral
venous injection of 5% dextrose solution performed
before the start of this tracing. Note presence of
contrast in the right ventricle (®RV) (closed arrow)
and left wventricle (IL¥) {open arrow), indicating an
intracardiac shunt. IVS - interventricular septum.

(Tvs) motion on M-mode echocardiocgram was classified as normal,
intermediate, or paradoxical. Left~to-right shunting was diagnosed
by the presence of a negative contrast effect along the right margin
of the interatrial septum.

Clinical (age, sex, preoperative shunt size, precperative peak
right ventricular systolic pressure, precperative New York Heart
Association functional class, type of ASD, patch or suture closure)
and echocardiographic (RVED, LVED, Ao, LA, type of IVS motion) data
for the patients with postoperative shunts were compared to those of
the patients without postoperative shunts using Student's unpaired
t-tests or the chi-square test. Pre- and postoperative changes in
echocardiographic measurements were compared using the paired
Student's t-test.
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Figure 2: Stop-frame Polaroid photograph  from the  two—

dimensional contrast echocardicgraphic study of
patient 2. Upper panel: just before ocontrast
injection. Lower panel: 10 seconds later. Hote
dense contrast in the right atrium (RA) and ridht
ventricle (RV), and less-dense contrast in the left
ventricle, again indicating intracardiac shunt.
AP: apical: BA: basal; R: right; L: left; La: left
atrium; IV: left ventricle.
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RESULTS

Presence of shunts

Six of the 18 patients had right—to-left shunts postoperatively
(patients 1 to 6). These included the two index patients and 4 of the
prospectively studied 16 patients with adequate CE. Examples of
studies with residual shunts are shown in Figures 1 and 2. Two-
dimensional echocardiography was not performed in patient 1, in whom
the right-to-left shuant was demonstrated by M-mode echocardiography
alone. Patient 3 had no detectable shunt during resting M-mode and
two-dimensional CE,but showed repeated right—to-left shunting during
the strain phase of the Valsalva maneuver. Right-to-left shunting was
demonstrated in patients 2, 4, 5 and 6 on both Mmode and two
dimensional CE without vValsalva. Twelve patients had no residual
shunting by elther M-mode or two-dimensional CE dispite Valsalva
maneuvers during several of the contrast injections.

Three subjects (patients 1, 2 and 4) had no oxymetric evidence of
a residual postoperative shunt by heart catheterization shortly after
right~to~left shunts were dJdemonstrated on their CE. One further
subject (patient 5) had a large step-up in right-sided oxygen
saturaticns. This patient became symptomatic again shortly after her
positive postoperative contrast echo study. At re-operation the
interatrial patch was loose.

Right-to-left shunts were detected by two-dimensional CE in the
apical four chanber view (5 patients), parasternal long axis view (4
patients), and parasternal short axis view (3 patients) of the 5
patients showing right-to-left shunt on two-dimensional CE. Two of the
5 patients with positive CE in the apical four chamber view had echo
discontinuity of the interatrial septum. In one of these the
discontinuity was also seen in the parasteral short axis view at the
level of aortic cusps. Right-to-left shunting was detected in the
other 3 patients in the absence of an echocardiographic discontinuity
in the interatrial septum. Three of the 12 patients without
damonstrable shunt had echocardiographic discontimiity of their
interatrial septum in the apical four chamber view. In none of the 18
patients studied was a definite negative contrast effect seen in the
right atrium.

Clinical differences between patients with and without shunts:
(Table I)

The six patients with residual shunts (patient 1 to 6) did not
differ fram the 12 patients without shunts (patients 7 to 18) in the
following parameters: type of ASD (5 secuncum, 1 primm vs. 11
secundum, 1 primum), precperative st size (Qp/Qs)= {2.8 + 1.0 vs.
3.8 + 1.8, mean + 1 SD}, preoperative peak right ventricular_systolic
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pressure (33 + 9 wvs. 34 + 8 mmHg), preoperative New York Heart
Association Classification (5 Class I, 1 Class II vs. 8 Class I, 4
Class II), age (26 + 10 years old vs. 39 + 14 years old), sex (4/6
males vs. 2/12 males), or proporticn of the patients with patch as
opposed to primary suture closure (3/6 wvs. 1/12). Though these
differences did not reach statistical significance, it is possible
that some tendencies were masked by the small maber of patients. A1l
patients were asymptoratic after surgery and all except patient 5 (see
above) remained so.

The time between ASD repair and CE study was 44 + 52 months (mean
+ 1 8D) in patients with postoperative shunts and 19 + 28 months in
patients without shunts. In 5 of the 6 patients with shunts CE was
performed more than one vyear after surgery as compared to 3 of 12
patients without shunts.

Echocardiographic  differences between patients with and without
shunt: {Table 1I)

There was no difference between patients with and without
postoperative shunts in the following preoperative echocardicgraphic
parameters:  right ventricular dimension (44 + 22 mm vs. 46 + 10 rm),
left.  ventricular end-diastolic dimension (43 + 5 wm vs. 38 + 15 mml,
left atrial dimension (35 + 7 mm vs. 22 + 8 mm), aortic root diameter
(22 + 1 mmvs. 30 + 7 1m), and prevalence of abnormal (paradoxical or
intermediate} interventricular septal motion (3/4 vs. 9/10).

There was also no difference between the patients with and
without  shunt  in the following postoperative echocardiographic
parameters: right ventricular dimension (24 + 12 mm vs. 29 + 8 mm),
left ventricular end-diastolic dimension (48 + & mm vs. 44 +5 mm) ,
left atrial dimension (35 + 4 mm vs. 37 + 7 mm), aortic rcot dismeter
{31 + 4 mm vs. 30 + 5 mm), abnormal interventricular septal motion
(4/6 wvs. 8/12), discontinuity of the interatrial septum by two—
dimensional echocardicgraphy (2/5 vs. 3/12).

¥o echocardiographic finding could differentiate a primary suture
closure of the defect from a patch closure. One patient (case 8) whose
ASD was repaired with a primary suture closure had a highly reflective
and thickned widportion of the interatrial septum. None of the
remaining 11 patients without echo discontinuity in the interatrial
septum  or the 5§ patients with such discontimuity present showed any
abnormal echoes or thicknening of the septum (Table II}.

Compariscn between preoperative and postoperative M-mode
achocardiographic findings

Four of the six patients with residual postoperative shunting and
ten  of the twelve patients without postoperative shunting had
preoperative M-mode tracings available for analysis.
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Table II: ECHOCARDIOGRAFHIC FINDINGS

Patient DREOPERATIVE POSTOPERATIVE
Naber RV IVED Ao LA IVS CE RV IWED Ac LA IVS CE CE+V IAS
{rm) (mm) (ram) (mm) () (nam) (ren) (mm)

1 ND- 45 40 25 33 P+ KD D
2 36 38 28 34 p + 22 48 30 32 P + ND ED
3 55 45 28 P - 32 50 35 41 ® - + ¢
4 ND» 20 44 33 33 I + + ED
5 70 50 30 48 P ND 10 57 27 31 P + + C
§ 22 40 28 22 N -~ 17 51 33 40 N + HMND C
7 48 38 24 4 P + 32 45 28 38 I - ED
8 42 42 23 32 P + 37 45 21 28 N - MN»QIE
9 40 38 28 38 P + 23 40 30 40 P - _
10 45 30 35 28 P + 41 24 34 40 I - _ C
11 48 40 28 32 B ND 21 46 30 30 I - _ C
12 25 52 32 45 ® NP 21 50 28 48 N - ¢
13 65 50 40 50 P MWD 38 49 37 43 I - _ C
i4 40 40 30 30 P ND 22 40 28 2 N -  ED
15 55 41 40 45 P N> 36 50 3@ 4 W - _ C
16 ND 0 s0 32 43 1 - ¢
17 D 25 46 % W/ I - _ C
18 SO 50 28 45 P NP 20 38 27 31 I - - C

Abbreviations: RV: right ventricle, IVFD: left ventricular end-
diastolic dimension, Ao: acrtic root diameter, LA: left atrial
dimension, IVS: interventricular septal motion, CE: contrast
echocardiography, V: Valsalva, IAS: interatrial septal appearance on
2D echo, ND: not done, P: paradoxical, I: intermediate, N: normal,
ED: echodiscontinuity, C: continuous, IE: increased echoes fram area
of IAS on 2D eche, -+ right-to-left shunt seen, -: no right—to-left
shunt. seen.

The only echocardiographic parameter which showed a statistically
significant difference before and after surgery was the right ventricular
dimension (Table II). In all patients with precperative echocardiograms
available for comparison, the right ventricualar dimension decressed after
surgery (figure 3). It was 45 + 14 mu (mean + SD) postoperatively {p
0.001). The decrease in right ventricular dJdimension was similar in
patients with or without postoperative shunts (Table IT, figure 3).

The right ventricular dimension failed to decrease entirely to
normal in two patients with postoperative shunt detected by CE. One of
these (case 1) was a patient whose postoperative catheterization revealed
no  oxymetric evidence of shunting, and the cother patient showed contrast
shunting only during Valsalva maneuver. On the other hand, six of the

twelve patients without CE evidence of shunting still had right
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Figure 3: Right ventricular dJdimension (RVD) is displayed on
the ordinate (in mm) precpertively (left columm)
and postoperatively (on right). Solid lines
connect  the preoperative and postoperative studies
of each individual patient. Open circles indicate
the patients with residual postoperative shunting
by contrast echo. Closed circles indicate the
patients without residual shunting. Note that there
is no definite gorrelation between RVD and the
interval between operation and postoperative eche
{x—axis). Line through 30 mm represents upper limit
of normal.

ventricular dilatation. There was ne significant correlation between age
at operation arxi right ventricular dimensicn on the postoperative M-mode
echocardiogram.

DISCUSSION

Contrast edhocardiography for ASD detection

Contrast echocardiography is a sensitive and specific technique for
the detection of right-to-left intracardiac shunts (1-7, 17). Various
series report sensitivity in detecting ASD's at 75 to 100%, even in the
absence of demonstrable arterial desaturation {3, 5-7,17). Technique

variation with respect to the c<ross-secticnal wviews  eamployed,
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performence of WValsalva meneuver, and insistence on adequate right
heart opacification before judging a study to be negative probably
explain the different reported sensitivities. The sensitivity of CE
has been reported to be higher than oximetry (6, 17). This is not
particularly surprising, since oximetry is known to lack sensitivity
and small shunts with a pulmonary systemic flow ratio of less than
2:1 are not consistently detected by oximetry (18).

Though uncomplicated ASD's have predominantly left-to-right
shunts, detailed studies have consistently shown small amounts of
right-to-left shunting as well (19~21). This is the reason for the
sensitivity of peripheral CE in detecting uncomplicated ASD's. Since
Valsalva maneuver increases the proportion of right-to-left shunting
(5,22} it should increase the sensitivity of CE in patients with
ASD's. It 1is possible that a Valsalva maneuver may cause a "false
positive" right-to~left shunt in a patient with a patent foramen
ovale. We have seen one such case (unpublished data) and Kronik
@t al have recently reported that 3 of 5 patients with patent
foramen ovale and normal right sided pressure had right-to-left
shunt on peripheral CE (22). There is a repcrt of two cases with
paradoxical embolism where ascorbate dye dilution curves showed an
interatrial shunt only upon Valsalva waneuver (23). Thus CE may be
"overly sensitive" to interatrial commnications -~i.e., it may pick
up clinically insignificant shunts as well as more major shunts,
especially during valsalva maneuver. We suspect that the transient
right-to-left pressure gradient seen in early systole in patients
with uncomplicated ASD's may partly persist after cperation in some
patients, and even may be present in some normals, thouch mean left
atrial pressure is higher than right atrial pressure.

Clinical and echocardiographic studies after surgical ASD repair

studies of patients who have undergone recatheterization after
surgical closure of ASD's suggest that residual defects may be found
in as many as 36% of the cases (24, 25). Fortunately, in most of
these the shunt size is small (Op/0s is less than 1.5/1). These
residual postoperative defects may be unsuspected clinically because
auscultatory findings may decrease or disappear, heart size may
decrease, and the electrocardiographic manifestations of right
ventricular overload may normalize (26).

Postoperative M-mode echocardicgraphic studies mey also be
misleading, since a sizable number of patients have persistence of
right ventricular dilatation and abnormal interventricular septal
motion despite no demonstrable shunt at  postoperative
catheterization (13, 24).

Valdes~Cruz et al {8) studied 26 patients with complex
congenital heart disease by CE through central venous arnd left
atrial lines in the first 3-5 days after surgical closure of atrial
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ar ventricular septal defects. Using CE they found that residual left-
to~right and right-to-left shunts were common. They concluded that
"positive studies in the first day after surgery may represent either
temporary flow throuch the newly implanted patch or shunting across a
true residual defect". They swigested that persistent shunting beyond
the early postoperative period would inply a true residual defect.
However, ncne of their patients had only isclated ASD's and late
follow-up studies are not reported. Therefore the significance of
persistent postoperative shunting in an wcomplicated group of patients
remained 1o be determined.

Significance of shunt detection by CE in the late postoperative
period

Of course, a postoperative right-to-left shunt by CE may indicate
an unsuccessful operative result, as was the case in patient 5.
However, an important finding of this study answers the question posed
by our 2 index cases: that a positive postop CE study need not imply an
unsuccessful gperative result. In fact, this finding is not uneodamon.

Of interest is a possible trend toward younger age (26 + 10 vs. 39
+ 14 years old) and higher proportion uwndergoing patch closure 3/6 vs.
1/12) in the postoperative shunt group. The younger age is not due to
this group being symptamatic earlier on the basis of larger shunts,
since they were gensrally asymptomatic and did not have larger
preoperative pulmonary: systemic flow ratios compared to the patients
without postoperative CE shunts. Tt is possible that late postoperative
CE shuting is facilitated by patch closures via the following
mechanism: incompletely endotheliazed patches or small folds of tissue
around the sutures may allow contrast shunting in the absence of a
‘clinically significant shunt. The data in the present series are too
limited, though, to further elucidate the mechanism.
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CHAPTER 8

Diagnosis of Tricuspid Regurgitation
by Contrast Echocardiography

RicHARD S. MeLTzER, M.D., Diepgrik vaNn Hoogenpuyze, M.D.,
PaTrICK W. SERRUYS, M.D., Max M. P. HaaLes0s, M.D.,
PauL G. HugenHoLTZ, M.D., anp Jos RokaxpT, M.D.

with the rechnical assistance of Jackie McGhie. Wim B. Vietter and Willem Gorissen

SUMMARY  Sixty-two subjects underwent M-mode and twe-di 1 echocardiographic stadies that in-
cluded imaging of the inferior vena cava (IVC) during upper extremity contrast injections. Group 1 consisted of
10 patients with clinical tricnspid regurgitation (TR). Group 2 consisted of 40 patients without definite clitical
signs of TR- but with conditions known to be commonly associated with TR (e.g., mitral valve disease,
putmonary bypertension, former tm:uspui valve surgery) Groug 3 consisted of 12 normal subjects. The IVC
could be lmaged by two-d| graphy followed by M-mode in all subjects. M-mode IVC
measurements in the absence of contrast were not sufficient to reliably separate TR patients from non-TR
patients, IVC contrast was imaged, frequently during deep lnspiration, in all 10 group 1 patients, 36 of 40
group 2 patients and three of 12 group 3 normal subjects. Three patterns of conirast appearance in the IVC
were observed: “v-wave synchronous® patterns in afl but two patients with TR and *‘a-wave synchronous™ or

“random” patterns in patients without TR. The presence of TR was independently assessed during
angiography or surgery in 25 patlen(s There were two false-negative echo studies, as judged by intraoperative
palpation of a thrill on the right atrium. There were no fﬂlse-—pnsttne v-wave synchronous studies. M-mode
echocardiography was superior to two-di 1 echocardiography in detection of the appearance of con-
trast in the IVC and ease of pattern interpretation, Recogaition of Talse- -positive {a-wave syachronous or ran-
dom) and false-negative patterns {insufficient central contrast, excessively inferior transducer position} im-
proves the diagriostic accuracy of contrast IV C echocardiography, which is a sensitive and specific method for

diagnosing TR.

LIEPPE et al' recently suggested that two-dimen-
sional echocardiography is a sensitive and specific
means for diagnosing tricuspid regurgitation (TR).
They used ultrasound contrast from an antecubital
vein injection of saline or indocyanine green, and
monitored the inferior vena cava {IVC) for appear-
ance of contrast from the subcestal transducer posi-
tion, We noted appearance of contrast in the IVC with
this technique in several patients without TR, and un-
dertook a study to examine the sensitivity and spec-
ificity of contrast echocardiography for the diagnosis
of TR, We also examined the relative usefulness of M-
mode and two-dimensional echocardiography in
diagnosing TR.

Methods

Patients

Sixty-two patients underwent M-made and two-
dimensional echocardiography with peripheral con-
trast injections. Each patient was examined by a car-
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diologist, with particular attention to the jugular
vernous pulse, the presence or absence of a murmur
consistent with TR, hepatic pulsations and peripheral
edema. Patients were divided in three groups with
tespect to the clinical assessment of the presence or
likelihood of TR.

Group 1 included 10 patients with a definite clinical
diagnosis of TR, based on a prominent jugular systolic
pulsation, a holosystolic murmur that increased with
respiration (Carvalho’s sign), and a pulsating liver on
palpation. Three of these patients had right ventric-
ular angiograms and two underwent cardiac surgery;
TR was present in all five. Group 2 included 40
patients who did not have dinical TR but had cardiac
disorders frequently associated with TR, such as
rheumatic mitral stengsis, pulmonary hypertension,
and status post tricuspid valve repair or replacement
for TR. Most of these patients had atrial fibrillation
and systolic murmurs of nontricuspid origin, render-
ing clinical assessment of the tricuspid valve difficult.
Twenty-one of these patients had operations or right
ventricular angiograms: 10 had no TR and 11 had TR.
Group 3 included 12 subjects who were normal by
history, physical examination and M-mode and two-
dimensional echocardiograms.

Angiographic and Operative Disgnosis
of Tricuspid Regurgitation

The presence of TR was diagnosed from right ven-
tricular angiograms if contrast appeared in the right
atriumn in the absence of premature complexes. Intra-
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operative diagnosis of TR was made if a thrill was
present upon right atrial palpation before cannulation
for cardiopulmonary bypass.

Echocardiographic Methods

Patients were studied in the supine position with
slightly flexed knees and hips to allow better relaxa-
tion of the abdominal musculaturs when the sub-
costal transducer position was used. The IVC was
visualized in the sagittal plane by means of two-
dimensional echocardiography during the initial three
to five contrast injections, with M-mode IVC imaging
during later injections. Two-dimensional contrast
echocardiograms were alse recorded from the left
sternal border and apical transducer positions with the
patient in the partial left lateral decubitus position,® ?
M.mode echocardiograms were cbtained with an
EchecardioVisor SE (Organon Teknika) interfaced to
a Honeywell LS6 strip-chart recorder. Two-dimen-
sional echocardiograms were recorded with an Echo-
cardioVisor 03 (Organon Teknika) multielement,
linear-array scanner or 2 Toshiba SSH-10A phased-
array sector scanner and stored on videotape for sub-
sequent analysis. Gain. reject and damping settings on
both instruments were adjusted to display the IVC
cavity just at the threshold where noise is seen. Microe-
bubbles, the source of contrast effect,* are strong
reflectors and can usually be differentiated from noise
by their characteristic motion patterns.

Echocardiographic contrast was obtained by
rapidly injecting 5-8 mi of 5% dextrose in water
(D5W) into an upper extremity vein through a three
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way stopcock and a #18- or #19-gauge butterfly needie
or plastic catheter, T¢ ensure adequate contrast, 1-3
mi of medically pure (100%) carbon dioxide (CO,)
were added to 4-6 ml of D5W to create an improved
ultrasonic contrast agent.® This was done for three to
10 injections after the initial one or two injections of
DIW alone in the first 49 patients studied. The mix-
ture was prepared and agitated just before each injec-
tion to increase the contrast content of the venous
blood. When connecting and agitating the mixture of
CO, and D5W in the syringe, we were careful to hold
the syringe so the CQ, could never mix with room air.
Subcostal 1VC imaging during contrast injection was
performed durlng guiet respiration, deep inspiration
and Valsalva maneuver in each patient.

IVC dimensions were calculated using the leading-
edge methed from the mean of three measurements at
(I} the onset of QRS on the simultaneously recorded
ECG, (2) the minimal diameter in early systole before
the onset of the “v” wave, and (3) the maximal
diameter during the “v' wave (fig. 1). With this
method, the minimal diameter after the “a” wave and
the peak “v'" wave maximal diameter are measured,
The percentage of systolic pulsation was calculated
using the formula ({maximal dimension — minimal
dimension]/minimal dimension) X 100. Two groups
were compared with respect to differences in IVC
measurement: a definite TR group and a non-TR
group. The TR group included 21 patients — all 10 in
group 1 with clinical TR, plus 1 additicnal group 2
patients with an anglographic or intraoperative
diagnosis of TR. The non-TR group of 22 subjects in-

FiGURE |. Normal M-mode inferior vena cava {IVC] echocardiogram showing how measurements were
made. IVC dimensions were measured at the onset of the QRS minimal systofic dimension before onser of

the

" pulsation (Min) and maximal dimension during the "v" pulsetion {Max). INSP = inspiration;

EXP = expiration; ¢ = "a” pulsqtion; v = "'v'" pulsation.
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TaoLe 1. [nferior Vena Cava Dimensions
" systalic
Giroup D-GRS F-min Pemax misation
™ 25 = 4 23 =4 2t =4 5o i
n= 21 n= 321 o= 21 n o=
Non-TR 9+35 16=3 18=4 o= 13
no= 10 n = 16 n =20 no= 20
n < 0001 < 0L < 0001 < (.N2

Measuremenks are given ag menn = sn.

Abbreviations: DS IV dimneler o
mm); Demin = IVC minimal diameter in
anset of v wave; 1= IVC dime
wave, n = number of sbjects with w of sullieient
quality to perform measuremends g o= p valie of unpaived
[ lests hetwesn the groups listed

cluded the 12 normal subjscts in group 3, nine group 2
patients with negative intraoperative palpation for TR
and one group 2 patient with a negative right ven-
tricular anglogram.

Results
1% size and Pulsation

The IVC was adequately visualized by both M-
mode and two-dimensional echocardiography in alt
patients. Patients with TR had a larger IVC dimen-
sion than those without TR (iable 1}). This was
statistically significant for measurements made at
QRS onset at the minimal dimension before the v~
wave, or at the maximal dimension doring the v~
wave. However, there was considerable overlap
between the groups, so IVC dimension alone cannot
differentiaie between patients with and those without
TR. Patients with IVC dimension at QRS onsel, or
maximum *'v" pulsation, ol greater than 24 mm all
had TR, and none of those with dimensions less than
16 mm had TR, However, most patients in this study
had I¥C dimensions of 16-24 mm. The percentage of
systalic pulsation was higher in the non-TR group, but
the large overlap precluded using this est to predict
the presence of TR in individual patients.

Patterns of IV C Cantrast Appearance

No side effects from contrast injections were noled.
Contrast was detected in the IVC on M-mode ex-
amination in ali patients in group 1, 36 of 40 patients
in group 2 and three of 10 normal subjects in group 3.
Different patterns of IVC contrast appearance were
noted. Figure 2 is an exampie of the echo pattern in
patients with TR. The appearance of conirast in mid-
dle and late systole is indicated by upward-slanting
ines. The lines slant upward because the contlrast is
meving inferiorly and approaches the superiorly
aimed transducer. The contrast then reverses dirsction
and returns toward the heart during diastole, produc-
ing downward-sloping !ines. This Is the most common
pattern seen in TR, The timing of the appearance of
contrast in the IVC is neither predominantly systolic
nor predominantly diastolic, but coincides with the
“v'' wave of the right atrial pressure tracing or the
juguiar venous pulse. Therefore, this pattern was
termed “v-wave syinchronous.” An example of a two-
dirnensional echocardiogram from a patient with TR
is shown in figure 3.

A faise-positive pattern is shown in figure 4. Con-
trast appears in the [VC during the “a" wave of the
juguiar venous pulse tracing and is thus due 1o atrial
contraction rather than TR. A more subtle false-
positive patiern is shown in figure 5, (n a patient with
no palpable TR at operation. In this patiern,
appearance of contrast is influenced by respiration but
has ao clear relation to the cardiac cycle, and was
therefore designated the “'random™ pattern,

Distribution of Eche Parterns (table 2}

All 10 patients in group | with clinical TR had a v-
wave synchronous pattern of echocardiographic con-

TaBLE 2. M-mode Inferior Veng Cava Echo Patterns

Vowave A-wave - No

Group  synchronous synchroncus  ltandom  eontrast
Lin =1 10 0 ( 0
2{n = 40} BTy i 7 4
3ino= 12} o E i k]

Figure 2. M-mode contrast iaferior vena
cava echocardiogram showing a v-wave syn-
chronous pattern iypical for tricuspid
regurgitation. Note the increased contrast
effect due 10 inspiration in the middle of the
figure, All of the contrast in the hepatic vein
{HV) and most of the contrast in the IVC
has an upward stope during the early part of
sysiole, Indicaring retrograde flow corning
toward a superiorly directed transducer, and
a negative slope as fhe conirast returns
tawards the heart during the latier parr of
the v-wave. in early diastole.
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FiIGURE 3. Siop-frame photographs from a subcostal two-
dimensional echocardiogruphic study of the inferior vena
cava (1VC) and righr atrivm [RA] befare tA] and im-
mediately after [ Bi upper extremity injection of 5% dexrrose
in water. The IVC and hepatic vein (HV] fill with contrast
farrows] in this pariens with tricuspid regurgitation later
proved by intraoperative right atrial paiparion. L = liver;
A = anterior: P = posierior; | = inferior; S = superior.

trast appearance in the 1VC (fig. 2). Five of the 10
patients had right ventricular angiograms or intra-
operative right atrial palpation in close temporal prox-
imity to their echocardiographic study and TR could
be confirmed by these independent means in all five.
Two of the 12 normal subjects in group 3 had IVC
echocardiographic contrast on their M-mode study
but not on the two-dimensional IVC echocardiogram
and another group 3 patient had it on both. {n ail
three, contrast appeared at end-inspiration only. None
of the group 3 subjects had contrast in the IVC during
normal quiet respiration.

Of the 40 patients in group 2, 20 had v-wave syn-
chronous [VC echo patterns suggesting TR. Several of
these were seen only near the end of inspiration; none
of the patients with isolated late-inspiratory v-wave
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synchronous patterns had operation or right veniric-
ular angiography to verify the presence or absence of
TR. Ten group 2 patients had a-wave synchronous
IVC contrast patterns, indicating the absence of TR.
Seven group 2 datients had a random pattern of echo
appedrance: All of these studies showed strong in-
spiratory variation in IVC contrast. The last four
group 2 patients had no [VC contrast.

Coafirmation of Echo Patterns

Twenty-six of the study subjects had either right
ventiicular angiograms or right atrial palpation at
operation to verify the presence of TR. Sixteen of the
studies were positive for TR, and 14 of these 16
patients had v-wave synchronous IVC contrast dur-
ing normal respiration. The last two had no IVC con-
irast appearance even though a thrill was detected
during jntracperative right atrial palpation. These
were the only two false-negative echo stedies. O the
10 patients with normal tricuspid function al angiog-
raphy or operation, five had a randem appearance of
contrast unrelaled to “a” or “v" waves, and lour
showed contrast during the “a™ wave only. These four
were the only patients in sinus rhythm; the others were
in atria} fibrillation. One patient with a negative
operative diagnosis of TR had no conlrast appearance
in his IVC during conirast echocardiography.

Mi-mode vs Twe-dimensional Echocardicgraphy

Thirteen of the study subjects had no IVC contrast
by either M-mode or two-dimensional echocardiog-
raphy despite deep inspiration and the Valsalva
maneuver. Thirty-eight had the sams contrast patlern
diagnosed both by M-mode and two-dimensional
echocardiography (27 v-wave synchronous, eight a-
wave synchrenous and three random patierns). Within
this group. timing analysis was considerably simpler
from M-mede recerdings. which allowed measure-
ment of contrast appearance, and simplified com-
parison of the ECG, echo and respiratory events. Tim-
ing analysis of two-dimensional echoes involved
review of videotapes and repeated slow-motion analy-
sis, with tedious loading and unloading of tapes onto
the video head for forward and reverse tape motion.

Eleven patients had 1VC contrast on their M-mode
studies but no definite contrast on their two-dimen-
sional studies. Their M-mode patterns were as
foliows: four a-wave synchronous, four random and
three v-wave synchronous. Only twao of these patients,
neither of whom had TR, had operative or angi-
ographic study of the tricuspid valve; one had an
M-mode a-wave synchronous pattern and the other
had a random pattern. Two further normal subjects
had small amounts of a-wave synchronous contrast
appearance on M-mode but nene on two-dimensional
echocardiography.

Assessment for a “*back-and-forth™ pattern of con-
trast flow across the tricuspid valve on two-
dimensional studies was difficult because of the nos-
mal slight retrograde motion of contrast in the right
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veniricle at the time of closing of the tricuspid valve,
Only @ minority of patients with v-wave synchronous
IVC contrast patterns had definite “hack-and-forth™
motion as assessed subjectively by two observers in the
ccho tub at the time of the study.

Discussion
[Jiagnostic Tests for TR

TR may be an obvious diagnosis clinically. In
patients with prominent jugular *v" waves, a4 positive
Carvaiho sign and a pulsatile liver, further studies are
not needed to establish the diagnosis. However, in
adults, TR is usually associated with disease of the left
side of the heart and pulmonary hypertension, and
most patients with TR are in atrial fibrillation.® 7 {n
the absence of sinus rhythm, the jugular venous pulse
is less usefui in diagnosing TR, and clinical diagnosis
ig further obscured because many patients with TR
also have systolic murmurs of aortic or mitral valve
origin. Thus, an accurate diagnostic test for TR would
be useful. Right veniricular angiogrephy is not an
ideal test because it is invasive and false-positive
studiss may be caused by catheter interference with
normal tricuspid valve mechanics. Unfortunately,
there is no accepted “gold standard™ for the diagnosis
of TR ® Bven intragperative right atrial palpation
may be subject to false negatives due to insufficiently

Ficure 4, M-mode contrast inferior vera
cava {IVC) echocardiogram showing an a-
wve synchronous pottern in a patient with
pulmonic  srenosis  and  no  cricuspid
pathology. The fugular venous pulse tracing
(IVP) shows a large respiratory variation
but always a prominent “'a” wave and x' de-
scent, making significant tricuspid regurgi-
waiton unlikely, Contrast appears in the IVC
farrows) during the late part of the JVP "a”
pulsaifan, suggesling retrograde flow due 1o
Sforceful atrial contraction. a = "a” puisa-
rlon; v = v pulsation.

FIGURE 5. M-mode conirast inferior vena
cava ({VCjeckocardiogram showing a “ran-
dom’ patiern of contrast appearance in ihe

. IV C and hepatic vein { HV), with retrograde
flow [upward-sloping contrast lines) oc-
curring with no fixed relfation to the cardiac
cycle. This s the most common false-
positive pattern of contrast appearance in
patients with atriad fibrillation.

widespread palpation. and false-positive palpation of a
theill in the right atrium can result {rom intraoperative
manipulation of the heart with resulting distorlion and
incompetence of the tricuspid valve. Perhaps one of
the two (alse-nsgative echo contrast studies in our
series was in fact a false-positive palpation due to a
transmitied thrill caused by a fail mitral valve leaflet
in a patient with a thrill that was also palpated on the
thoracic wall. Because the palpated thrili was fairly
localized and superior on the right atrium, another
possibility s that the regurgitant tricuspid jer was
superiorly directed, thereby explaining the failure to
visualize contrast in the IVC. However, because there
is no better standard than angiocardiography or Intra-
operative palpation against which 1o Judge the
proposed echo contrast technique, it is prudent to con-
sider this vase as a false-negative echocardiographic
study.

Echocardisgraphic [Magnosis of TR

A major shortcoming of echocardiography is the
less-than-100% success rate in acguiring diagnostic in-
formation. Subcostal imaging of the IVC, however, is
not hampered by the usual echocardiographic *‘win-
dow" difficulties. [n fact, all 62 patients in the current
series had successful two-dimensional and M-mode
imaging of the [VC. M-mode imaging without initial
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two-dimensional study should have a very high success
rate after the examiner has gained some experience in
IVC echocardiography, though this hypothesis was
not tested in the present study.

It would be desirable if IVC echocardiography
could separate patients with TR from normal subjects
on the basis of an entirely noninvasive variable, such
as IVC dimension or systelic pulsation. We could not
de this in the present study, because there was overlap
in IVC dimension between the two groups, and fre-
quently patients in both the TR and non-TR groups
had no detectable pulsations. 1VC dimensions greater
thn 24 mm (measured at onset of QRS or peak *v”
pulsation} were only seen in patients with TR, and
dimensions less than 16 mm were seen only in patients
without TR. Most of the patients in this study had
iVC dimensions between these values, Contrast echo-
cardiography, a minimaily invasive test, appears to
offer a sensitive and specific methed for diagnosing
TR, according to our series and other reports,

Doppler echocardiography may offer an entirely
noninvasive echocardiographic method for diagnos-
ing TR." Because the microbubbles that cause uitra-
sonic contrast are easily detected with Doppler
techniques,'* contrast Doppler echocardiography can
be considered. Quantification of TR may become
possible with improved Doppler or contrast tech-
nigues, though it is not possible by the method used in
this study.

Improving the Diagnostic Accuracy of Contrast
IVC Echacardiography in TR

The various patterns of IVC contrast appearance
must be clearly recognized to exclude a-wave syn-
chronous and random studies and thereby improve the
specificity of echocardiegraphy in diagnosing TR.
Only v-wave synchronous patterns should suggest the
diagnosis of TR. Many normal subjects have a-wave
synchronous 1VC contrast appearance on deep in-
spiration.

M-mede tracings are superior to two-dimensional
echocardiographic video recordings for analysis of the
timing of TVC contrast appearance. M-mode was also
more sensitive in detecling the appearance of contrast
in the IVC. Thus, M-mode rather than two-dimen-
sional echocardiography should be used routinely
when searching for TR with 1VC contrast echocardi-
ography, except perhaps in patients in whom locating
the 1VC by M-mode is difficult. In this situation, the
improved spatial orjentation of two-dimensional echo-
cardiography may facilitate correct 1VC localization,
Two-dimensional and M-mode echocardiography,
however, are complementary techniques and usually
can be performed with the same instrument.

A two-dimensional echocardiographic sign that has
been proposed for TR, “back-and-forth” motion of
contrast across the tricuspid valve, was too subjective
in the current study. Because a slight retrograde mo-
tion of contrast near the tricuspid valve as it closes is
normal, this sign depends on detection of excessive
retrograde motion. We found that two-dimensional

YoL 63, No 5, May 1981

echocardiography is insufficiently sensitive and
specific to reliably separate patients with TR from
those without TR on the basis of this siga.

Clearer analysis of the timing of the appearance of
contrast in the IVC may be aided by calling the ““true-
positive’” patterns v-wave synchronous and “false-
positive’” patterns a-wave synchronous or random.
These have advantages over the alternative proposal
of “presystolic’” and “systolic™** * because much of
the IVC *a"" wave comes during electrical systole, and
the “v' wave is late systolic and early diastolic (fig. 1).

On two-dimensional echocardiography, the cloud of
contrast moving retrogradely with the “v" wave was
occasionally limited to a small area immediately adja-
cent to the right atrium. A possible cause of false-
negative studies, therefore, would be excessive inferior
angulation of the echo transducer, visualizing the [IVC
more than 1-2 ¢m inferior to the right atrium. This
is more likely to occur by M-moede than two-dimen- -
sional echocardiography. One clue to excessive in-
ferior angulation of the echo transducer is appearance
of contrast with a negative slope. If contrast is imaged
with a v-wave synchronous pattern, TR can be diag-
nosed regardless of contrast slops. However, a nega-
tive study with only a few “lines” of negatively sloped
contrast suggests that the transducer may have been
directed too inferiorly.

Medically pure (100%} CQ, has been used as a
roentgenologic i.v. contrast agent in diagnosing
pericardial effusion before echocardiography was
available, It i3 safe™ ' and we have seen no side
effects after small amounts of i.v. CO, (12 ml per in-
jection, in 5 ml D5W) to obtain echo contrast in over
40 patients.* Medically pure CO, is commercially
marketed and should be distinguished from the less
pure CQ, sold in metal cylinders for use in powering
various pneumatic devices. COy is useful for adequate
echo contrast delivery to the right atrium. In this way
the echocardiographer is certain that lack of IVC con-
trast is due to lack of retrograde flow in the IVC
rather than to inability to detect this flow. If contrast
is seen in the IVC with D5W, CO, is probably un-
necessary, a3 patients with a-wave synchronous, v-
wave synchronous or random patterns after DSW
alone have always had the same pattern after CO, and
D5W. However, we have seen several cases in which
an initial injection with D3W failed to yield IVC con-
trast and subsequent injections with CO, and DSW
gave IVC contrast. Particularly when antecubital
veins are difficult to enter and a smaller hand vein is
used, contrast delivery 1o the central circulation may
be insufficient with routine injection techniques. If
contrast is not readily apparent in the [VC after an in-
jection, the right side of the heart must be checked
from the parasternal or apical transducer position to
verify whether contrast has been obtained ir adequate
density. We suggest that no study bs considered
negative for TR until the schocardiographer is con-
vinced that adequate central contrast has been
achieved. This should reduce the number of faise-
negative studies and thereby improve the diagnostic
sensitivity of contrast IVC echocardiology.
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Perhaps CO, can cause false-positive diagnosis of
TR, although this is doubtful. Because 1VC contrast
after upper extremity injection must reflect retrograde
flow in the IVC, its presence combined with v-wave
synchronous timing is unlikely whea TR is absent. We
have seen no false-positive v-wave synchronous studies.
A false-positive diagnosis of TR caused by excessive

contrast from COQ, is less likely than a fzlse-negative

diagnosis due to inadequate contrasi during routine
contrast injections.
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Pulmonary wedge injections yielding left-sided
echocardiographic contrast™

RICHARD § MELTZER, PATRICK W SERRUYS, JACKIE McGEIE,
NELLIE VERBAAN, JOS ROELANDT

From the Thoraxcentre, Erasmus University, and Dijkaigt Hospiral, Rotrerdam, The Netherlands

summany TUltrasound contrast on the left side of the heart without the need for left heart catheterisation
was achieved by hand injections of 8 te 10ml 5 per cent dexwtrose solution through a catheter in the
pulmonary wedge position. Injections were performed in I8 patients undergoing routine cardiac
catheterisation and M-mede or two-dimensional echecardiography was used. An adequate wedge
position was attained in 17 of the 18 patients. Nine had injections through Cournand catheters, three
through Swan-Ganz catheters, and five through bath, In 11 of these 17 patients left atrial or left ventris
cular echocardiographic contrast was seen immediarely after wedge injection. Two patients showed
diminished or absent contrast on later injections from the same position. Better results were obrained with
the Cournand catheter (11/15 positive) than with the Swan-Ganz {1/8 positive) catheter. Pulmonary
artery jections proximal to the wedge posidon did nor cause lefi-sided contrast. No complications were

observed. The safety of this method remains to be determined.

In the jate 19605, Gramiak and Shah! noted that
indocyanine green and other solutions caused
intracardiac uitrasonic contrast. They speculated
that the source of this contrast was microbubbles of
air. Since then, further work has more definitely
identified the ultrasonic contrast targets w be
ricrobubbles of air inrroduced during injection.? ¢
Peripheral contrast echocardiclogy has become an
important diagnostic technjque.t* Normally, con-
trast injected peripherally or in the right side of
the heart is entirely removed by the Iungs, so
contrast appearing on the left side of the heart
implies an intracardiac right-to-left shunt or an
intrapulimnonary arteriovenous shumnt. In the absence
of these anatomical abnormalities, there has been
ne method of creating lefr-sided ultrasonic contrast
without direct injection, requiring left heart
catheterisation.”

Several years ago we unsuccessfully attempted to
produce contrast in the left side of the heart using
Swan-Ganz balloon catherers in the wedge position
in six patients (unpublished data), The balloons
were inflared during these wedge injections.
* This wock was supported in part DY grants frem the Dutch
Heart Associati iversiry Cardiclogy Institute, and in

Y
part by & Clinician-Scientist Award from the American Heart
Association.

Recelved for publicadion 20 February 1980

Recently, Bommer et @l.® from Davis noted thar
forceful injections in the wedge positon in dogs
czused ulrrasonic contrast on the left side of the
hearr. We undertook the present study 10 retest
the hypothesis that pulmonary wedge injections may
yield left-sided echocardiographic contrast in
humans without known pulmonary or intracardiac
shunts. Success in atraining left-sided contrasc
might allow more sensitive diagnosis of left-to-right
shunts and betrer imaging of left-sided cardiac
structures by echocardiography, thereby reducing
the need in some cases for left heart cathererisation
and radiclogical contrast angiograms.

Patients and methods

Eighteen patients undergoing right and left heart
catheterisation for routine clinica] indications were
studjed. There wers eight men and 10 women.
Their ages ranged from 20 to 67 years (mean 44
years). The diagnoses are listed in the Table.
Number 7 French Cournand or Swan-Ganz
catherers were introduced viz a right anrecubital
cutdown and advanced to the wedge position. This
was attained withour balioen inflation in any of the
patients in whom Swan-Ganz catheters were used.
Confirmation of wedge position was cobtained by
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fluoroscopy and pressure tracings. Three to seven

rapid hand Injections of eight to 10ml 5 per cent.

dexrrose solution were given during normal quiet
respiration.

Echocardiographic imaging of the left heart
during each injection was performed with the
patient in cither the supine or slight left lateral
decubitus positien. An COrganon Teknika Echo-
cardiovisor 01 M-mede instrument or a Toshiba
SSH-10A phased array two-dimensional ultrasono-
graph was used.

The symproms experienced by rhe patient during
injection and subsequent stay in the catheterisation
laboratory were carefully monitored, along with
electrocardiogram and haemodynamic state. Most
of the first 10 patents had post-catheterization
chest films, or lung scans in the anterolateral and
left lateral positions between 12 and 36 hours after
catheterisation.

391

Fig. 1 Left—stop-frame
phorograph from the two-
dimensional echocardiogram of a
subject immediately before wedge
injecrion. Apical four chamber
wvigw. Right—diagram of lefr-
hand panel. Abbreviazions :
LA, left atrium; LV, left
ventricke ; R4, right atrivm.:
RV, right vemricle.

Results

An adequate wedge positon 'was atrained in 17 of
the 18 patients. In the patient in whom the wedge
posidon could not be obtained (Table, case 4),
right pulmonary artery injections failed to yield
left heart echocardiographic contrast. In 11 of the
17 patients echocardiograpkic contrast was seen in
the left heart immediately after wedge injection.
Still frames from a two-dimensional echocardio-
gram before and imme diately after wedge injection
in one of these patients are shown in Fig. 1 and 2.
Conrrast is seen in the lefr ventricular cavity.
Fig. 3 shows an M-mode study atr the aorma-left
awrial level from another subject, with appearance
of contrasr in the left atrium afrer wedpe injection.

No patient developed symptoms, deteriorated
clinically, or showed any haemodynamic or electro-
cardiographic changes after the wedge injections.

Fig. 2 Left—siap~frame
photegraph from the two-
dimensional echocardiogram of
rthe subject in Fig. 1, immediazely
after swedge injection. Apical four
chember view. Right—diggram
of left-hand panel. Note contrast
(shaded area) filling the left
atrium and lgfe ventricle.
Abbreviarions asin Fig. 1.
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Meitzer, Serruys, McGhie, Verbaan, Roeland:

Fig, 3 M-mode tracing of a subject in the catheserisation laborarory immediarely afrer wadgs injection. Note the
appearance of fine contrast in the left atrium (arrows). Abbraviations: Ao, aorta; LA, left arviwm; RVOT, right

ventricular sutflow rract.

Chest films were taker between six and 24 hours
after catheterisation in five of the first 10 patients
studied and were compared with the pre-cathererisa-
tion fiktms, None showed new lesions. Lung scans
were also npegative in the seven patients of the
initial first 10 in whom they were performed.

All 17 patients in whom the wedge position was

Table Patient data and outcome of wedge injections

arrained had repeared injections. 3ix persistently
showed no left-sided contrast, and rwo others
showed & definite decrease in the amounr of lefi-
sided contrast ¢n later compared to earlier injections.
In these patients the catheter position was held
constant. The other nine patients showed positive
findings for three or more injections.

P preswurs Mear O sanwation { Contrast vesults
Cate no.  Ageisex Diagnasis syatelicidiastoltc,  wedge —— —
mean pressurs Arerial  Vanous Cournand  Swan-Ganz

1 54 M AS/AR 32416, 23 13 98 73 . ND
2 4 M CAD « [ 98 P - WD
3 37 M CAD =« 13 98 . . ND
4 26 F ASD 3016, 19 - 97 MV 62, PA 9} — ND
5 2t F Coazet 18/12, 15 7 o7 80 - Z
[ 48 F Subvalv A5 218, 13 5 % s0 ND
7 59 F CcaD > B 97 : + ND
8 2 M CAD, MR 15/7, 13 5 o8 80 - ND
s 67 F AS/AR, MR 3212, 20 12 95 73 + ND
10 # F CAD B 15 96 - 3 ND
1 13 F ARIMR - 15 > - + N
12 B M can 20:15, 21 1% 96 75 ND -
13 51 M AS/AR 54122, 3¢ 15 96 k1] ND -
1 0 M CAD 23/6, 13 7 9 84 ND -
15 37 F M3 . 14 > Z -
16 49 F MS/MR 48,20, 35 31 95 77 - -
17 a1 M CaD 27/15, 20 15 % 77 - -
8 58 F MS/MR 8333, 58 27 a3 67 A =

All pressyres aze in mmEg.

Abbrevistions: AS, :lurlic stenosis; AR, sorric rcgurgitation; CAD, coronary artery discase; ASD, ardsl septal defece; Subvaly,

3 MR, miteal yit 1; ME, mitral scenos

, mixed venous; PA, pulmonary artery; WD, injection not done with this

catherer. >, information nat obrained or not available; +, left-sided contrast attained; -, no left-sided contrest scen.
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Eleven positive studies were obtainable using
a2 Cournand catherer (Table). Injections in an
initial position were negative in one parient (case 18)
through a Cournang catheter, butr became positive
after its position was changed. Only one of the
eight studies performed with a  Swan-Gane
catheter was positive (case 18). Three patients had
negative studies with both catheters {cases 5, 15, 16).
Except for the parient in whom wedge position
could not be obtained {case 4), who had an atrepic
septal defect, none of the 18 patients had intra-
cardiac shunts. No right-sided contrast was seen
after either wedge injections or pulmonary artery
injections.

We had the subjective impression that the lefr-
sided contrast was finer than that seen in the right
heart after peripheral injections. This finding can
be noted in Fig. 3.

Discussion

The results of this study show that in the majoriry
of subjects rapid hand injections in the wedge
position cause echocardiographic contrast on the
left side of the heart. This could be of help in
excluding a left-to-right shunt when performing a
right-sided catheterisation as a quick and simple
alternative to a saturation run. Its sensitivity needs
o be determined, bur the high success rate of
peripheral venous comtrast echocardiography in
imagmg right-to-left shunts suggests that left-to-
right shunts might be very sensitively detected.
The high success rate of echocardiographic derec-
tion of left-to-right shunting after intracardiac
injections leads to the same conclusion.

While it seerns likely that the pulmonary capillary
“sieve” effect is overcome by rapid wedge injections
the exact mechanisma by which wedge injections
transmit micrebubbles through the pulmonary
capillary bed is uncertain. Perhaps capillaries are
dilated by the force of injection, or, alternatively,
the short transit time permits microbubbles which
are small enough te pass through pulmonary
capillaries and which normally rapidly dissolve
because of surface tension effects, to survive long
encugh to reach the left side of the heart. The
“fineness” of the echocardiographic contrast ob-
served in our patients suggests that passage through
the pulmonary capillaries alters the microbubble
content of the blood but this is a subjective observa-
tion and very dependent con individual control
settings.

There was no obvious factor apart from the use
of the Cournand catheter which strongly correlated
with the successful achievement of contrast, Age,
sex, dizgnosis, pulmonary artery or pulmonary
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wedge pressure, and arterial and venous oxygen
satirations were similar in the groups with success-
ful 2nd unsuccessful studies, Catherer position may
be imporrant, for in one patiear (case 18) previously
negative left-sided contrast was tollowed by a
positive study after catheter rzpositioning. Injection
technique, too, may influence resuits, especially in
regard to the force of injection #nd the possibility
of the inclusion of tiny ameounts of air with each
bolus.

The technigue has not yet been shoewn to be
totally safe, but there are reasons o expect that with
care serious complications are uvnlikely 1o oceur.
Firstly, the flushing of catherers in the wedge
position in an auempt o improve wedge tracings
is @ not uncommon occurrence, and, secondly,
microbubbles are probably routinely introduced
during lefr-sided injections and flushing during
catheterisation, as judged by echocardiography—
indeed, echocardiographic contrast was first noted
in this way.! There is no demonstrable harm
attributable to These injections, and it is likely
that the smaller microbubbles that pass the pul-
monary capillary “sieve™ are even less harmful.
However, it is important to beaware of the potential
hazards from wedge injections: these are (1) lung
damage from too forceful an injecrion (excessive
pressure in a pulmonary artery brapch from a
Swan-Ganz catheter balloon may cause pulmonary
artery rupture®); (2) prolonged wedging, which may
cause pulmonary infarerion!?; and (3) gas embolisa-
tion o the ceronary, cerebral, or systemic circula-
tiens. Thus, a meticulous rechnique, particularly
in excluding obvious air from the wedge injections,
as in left-sided intracardiac injections, is mandatary,
Until the safery of this technique has been more
firmly established, therefore, it must be considered
an experimental procedure.

The authors wish o thank Willem Gorissen for
rechnical assistance.
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CHAPTER 10

26 CONTRAST ECHOCARDIOGRAPHY OF THE LEFT
VENTRICLE

J. RoeLannt, RS, Mzertzer, and P.W. SERRUYS

L, INTRODUCTION

Rapid injection of biologically compatible solutions produces a “cloud of
echoes™ in the blood which is otherwise echo free. The source of thig
echoecardiographic contrast is microbubbles of air introduced during injec-
tion {1, 2].

Left ventricular catheter injections have been employed to identify left side
structures from M-mede echocardiograms [3, 4] and to validate cardiac
views imaged by two-dimensional echocardiography {3, 6]. The method has
also been found to be accurate and sensitive for the demonstration of small,
intracardiac, left-to-right shunts and of minimat degrees of acrtic and mitral
valve regurgitation [7, &, 91.

Injection of echo contrast material into the lefil ventricle, however, requires
cardiac catheterization, making it ap invasive procedure. This probably
explains why left ventricular contrast echocardiography has noil gained
widespread clinical application.

Recently the possibility of transmitting echo contrast material across the
capillary bed of the lungs to the left heart with pulmonary wedge injec-
tions {10, 11, 12] or with peripheral venous injections using experimenial
contrast agents[13, 16] has been demonstrated. These possibilities show
great promise and may stimulate an increasing interest in ulirasonic left heart
opacification. This chapter aims to review some methedological and clinical
aspects of left ventricular contrast echocardiography. Most of this area is still
investigational.

2. METHODOLOGIC ASPECTS OF LEFT VENTRICULAR CONTRAST
ECHOCARDIOGRAFHY

At present, echocardiographic contrast studies of the Jeft ventricle are
performed in the catheterization laboratory. M-mode or two-dimensional
techniques can be employed, each having its specific advantages and
limitations for clinical problem-solving and research.

Rijsterborgh H. ed: Echocardiclogy. p 219-232. All rights reserved.
Copyright ©@ 1981 Martinus Nijhofi Publishers, The flague/Bosion/London.
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2.1. Two-dimensional echocardiographic views employed

“Qur expertence with deft ventricular echo contrast has been mainly with
two-dimensional echocardiography, using a dynamically focussed linear-
array instrument (Fociscan, Organon Teknika) or a phased-array sector-
scanner (Toshiba $$H-10A). The long-axis and short-axis views from the
parasternal transducer pesition as well as the four-chamber and long-axis
vizws from apical transducer position are routinely recorded [6, 14]. The
apical views are especially useful for quantitative left ventricular studies,
since the entire left ventricle from apex to base can ofien be recorded.

2.2. Left vemtricular injection of echocardiographic contrast material

The rapid injection through a catheter of any biologically compatibie fluid
into the left veniricle causes echocardiographic contrast. We routinely use a
manual flush of 5 to 10ml of 5% dextrose in water.

indocyanine green dye may yield a better contrast effect because of its
surfactant preperties, which keep the microbubbles of air, resulting from the
vigorous shaking during preparation, stabilized in the solution{2]. Oae
mliliter of indocyanine green solution {5 mg/mi for adults) is injected into
the catheter and manually flushed with 5 to 10 ml of physiologic saline or
3% dexirose [7;. We have never observed any adverse patieat reaction to
direct left ventricular injections during echocardiographic contrast stu-
dies {157.

2.3, Pulmonary wedge injection of echocardiographic contrast material

Boramer et al, [10] reported in 1979 that catheter injections in the pujmonary
wedge position in dogs cause echocardiographic contrast on the left side of
the heart. Reale et al. [11] studied 43 patients with acquired or congenital
heart disease and injected different echo-producing substances {(indocyanine
green dye, saline and carbon dioxide} via a balloon-tipped catheter in the
pulmonary wedge position. Echocardiographic contrast was seen in the left
ventricle in all patients studied. No complications or side effects were
observed. We have studied 41 patients, using a Cournand 7F catheter alone
in 27, a Swan-Ganz 7F catheter zlone in 3 and both catheters in 11, for
pulmonary wedge injections. Left ventricular echocardiographic coatrast was
seen in 3 out of 14 patients with the Swan-Ganz catheter and in 30 out of 38
patients when the Cournand catheter was used (Figure 1). We found that
injection pressure proximal 1o the catheter had to be more than 40 kPa
(300 mmHeg) in order to obtain left side echocardiographic contrast.
Angiocardiographic studies with injections of Amipaque® further demon-
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Figure I. Stop-frame, apical four-chamber views obtained from a patient with a normal left
ventricle immediately befere (upper panel) and afier puimonary wedge injection of echecardio-
graphic contrast (lower panel). The echo contrast fills both the left atrium (LA} and left ventricle
{1¥), of which the cavily contour becomes clearty delineated.

A = apicai: B = basal; L = left: R = right. RA = right atrium and RV = right ventricle,
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strated that a complete occlusive wedge position of the catheter must be
achieved. The latter finding probably explains the higher success rate with a
Cournand catheter: its higher stiffness allows more complete occlusion. Tt is
conceivable that the pressure applied during occlusive injections may allow
deformation of the air bubbles into a2 “dumbbell” shape resulting in their
intact passage, rather than being retained by the “sieve” action of the
capillary bed [16], Apart from coughing, none of our patients had sympioms
or worsening of their cardiopulmonary staius related to the pulmonary wedge
injections. Nonetheless, the method must still be considered as an experi-
menta! procedure unti] its safety has been finally established [12, 16].

2.4. Transmission of peripherally injected contrast through the lungs

Microbubbles of gas larger than the capillary diameter (approximately 3
microns) are stopped by the “sieve” action of the pulmonary capillary bed.
On the other hand, microbubbles small enough to pass the pulmonary
capillaries Dave an internal pressure which is significantly higher than the
ambient blood pressure. Gas inside the microbubble therefore dissolves
down it concentration gradient inio the surrounding blood. The duration of
this process is shorter than the pulmonary transit time and explains why the
commenly employed contrast materials for peripheral venous injection are
removed from the circulation before they reach the left side cavities [17].

We have created left side echocardiographic centrast in pigs by the
injection of diethyl ether and hydrogen peroxide in the right heart or
proximal pulmenary artery. Our studies demenstrated, however, that lhese
agents are polentially dangerous [16]. Recently, transmission of echocardio-
graphic contrast through the pulmonary capillary bed following peripheral
venous injecticn has been demonstrated in dogs by Bommer et al. {10] using
2 to 10 micron diameter microbubbles. Human application must awaii
toxicity studies.

Opacification of the left ventricle following peripheral venous injection is
thus a valid research goal. A better understanding of physical characteristics
and physiclogical behaviour of microbubbles will probably permit successful
attainment of this goal in the not teo distant future,

3. CLINICAL APPLICATIONS OF LEFT VENTRICULAR CONTRAST
ECHOCARDIOGRAPHY

3.1, Demonstration of valvidar insufficiency

Systolic regurgitation of echo contrast matenal to the left atrium after left
ventricular injection is indicative of mitral regurgitation. The method is
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sensitive and minimal amounts of regurgitation are readily detected [9, 18].
In moderate to severe degrees of mitral incompetence, the clearance time of
the echo contrast from both the left atrium and left ventricle is considerabiy
protonged. Normally, echo contrast material remains from 4 to 10 cycles in
the left ventricle and from 4 to & cycles in the left atrinm. Uchiyama et
al. [19] were able to determine the site of regurgitation in two patients wilh
mitral valve prolapse syndrome using the echo contrast technigue. Aortic
regurgitation is demonstrated with a high degree of sensitivity by injecting
echo contrast material in the aortic rootl and detecting its appearance in the
left ventricle during diastele. The clearance time of the echo contrast from
the left ventricle is much prolonged {15 10 50 cycles). In some instarces, the
regurgitant pattern ol echo contrast may be observed as a “shower of
cchoes™ hitting the anterior mitral valve or interventricular septum. Clea-
rance time cannot be used o quantify mitral or aortic regurgitation refjiably,
[1 may serve. however, to confirm or exclude its presence in patients in
whom roentgenographic contrast studies are contraindicated due to pregnan-
cy 120} or angiographic dye aliergy.

3.20 Demonstration of left-to-right shunts

Echo contrast flow patierns after left ventricular Injection are helpful in
identifying ventricular septal defects with left-to-right shunting and are at
teast as sensitive as indicator-dilution studies. Appearance of the echo
contrast in the right veniricle or right ventricular culfiow tract may e
simulianecus with injection or be delayed by one cycle. The appearance time
is dependent upon the timing of injection during ihe cardiac cycle and the
position of the catheter in the lefl veniricle. A lefi-to-right shunt as small as
5% ol the pulmonary flow may be detected [8]. We have experience with two
patients 1 whom a ventricular seplal defect was missed by oximetry and
diagnosed by left ventricular contrast echocardiography (Figure 2}, The
method is useful for the demonstration of a Jefi ventricular to right atrial
shunt and the localization of small defects in the trabecylar septum using the
apical four-chamber view, Recently, Reale et al. [11] have demonsirated the
possibility of using pulmonary wedge injections (see paragraph 2.3) for direct
visualization of a left-to-right shunt at atrial or ventricular level, thus
obviating left heart catheterization. They rightly concluded that the method
could be used as a simple screening procedure during right heart catheteri-
zation 1o avoid invasion of the left heart in some patients. The toxicity of
pulmonary wedge injections and the sensitivity of this approach as compared
to oximetry and indicator dilution technigues need further evaluation,
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Fignre 2. Parasternal long-axis views of a patient with a small ventricular septal defect before
(upper panel) and after {lower panel} catheter injeciion of echo contzast in the left ventricular
outflow wracl. Echoes appear in the right ventricular outflow tract (arrow) proving the existence
of a small left-to-right shunt.

A = anterior; AP = apical, BA = basal, P = posterior; Ap= acrta; cath = catheler,
LA = Jeft atrium; LV = left ventricle; RV = right veniricle.
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1.3, Delineation of the lefl venpricudar cavity

Feigenbaum et al. [4] viilized left ventricular injections of indocyanine green
dve to identify the endocardium from other echoes within its cavity. Even
when using newer equipment. non-structural echoes often obscure the
endocardial boundaries and make proper delineation of the left ventricular
cavity difficult or even impossible [21]. It is conceivable that opacification of
the lefi ventricular cavity with echocardiographic contrast would Umprove
border recognition. An illustrative case of a patent with clinical features of
resirictive {obliterative) cardiomyopathy is shown in Figure 3. The size and
shape of the left ventricie could not be appreciated from the routine
echocardiographic study becanse the apical area was obliterated by non-
structural echoes (Figure 3. upper panel). Afier opacification with echo-
cardiographic contrast via a pulmonary wedge inj stion, a bilocular deformi-
tv of its shape was demonstrated (Figure 3. lower panel).

1t would seem likely that improved cavity delineation by echocardiograph-
ic contrast would increase the accuracy of left ventricular volume determi-
nation from 1wo-dimensional images. We thersfore made recordings of the
lef ventricle in four views (parasternal long-axis view and short-axis view, at
mitral level: apical four-chamber view and long-axis view) before and during
left ventricular injections of 5% dextrose in water in 13 pauents (Figures |
and 43 Long axis kength and surface area within the endocardial conteurs
were measured from stop-frame images. independently, from recordings with
and without contrast, using a lighipen system and a digital computer, The
raeasurements were repeated by the same investigator one month later. Long
axis length was 71,5+ 14.0 mm without and 70.8 +12.0 mm with contrast
(mean =+ 1SDY. This difference was not swatistically significant. For the
surface area, the measurement with contrast was 1.5 cm? larger than without
contrast and this was significant (P>>0.001). Thus. the use of echo contrast
did not affect measurement of the long axis length but did increase the value
for surface area. To our surprise, measurements on contrast images showed a
higher intra-observer variability. In another series of 18 patienis we com-
pared left ventricular volumes determined by angiocardiography with these
measured from two-dimensional echocardiographic views (apical four-cham-
ber view and apical long-axis view) before and after injections of echocardio-
graphic contrast. The use of contrast did not improve the correlation
hetween echocardiographic and angiocardiographic volumes. Qur studies,
although preliminary, indicate that contrast echocardiography does not
improve the accuracy of quantitation of the left ventricle from echocardio-
graphic stop-frame images.
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Figtre 3. Apical four-chamber views of a patient with Loe/Mlers cosinophilia. Before opacifica-
tion, the contour of the left veniricle canaol be apprecialed because of non-structural echoes
Tllng i1s cavity, mainly in the apical area {upper panel). After a pulmonary wedge injection of
ccho contrasl. a bilocular shape of the lelt ventricular cavily is demenstrated (lower paned),

A = apicaly B = basal: R = rght; L = left, LY = [eft ventricie.
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Figwre 4. $top-frame images of apical four-chamber views obtained from a patient with a dilated
|eft ventricle before (upper panel) and after {lower panel) catheter injeclion of echo contrast in
the lefi ventricle (LV). The fefi atrium remains echo free. which excludes mitral insufficiency,
Border recognition is nat facilitated afler fts opacification.

A = apical: B = basal: L = lefi: R = right; LA = le{l atrium.
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3.4. Studv of blood flow patterns

The non-contrast biood flowing from the left atrium nto the left ventricle
after it opacification with echo contrast allows us to observe wransmitral
bloed flow, The negative contrast shadow delineates the functional mitral
valve orifice. This is demonstrated in Figure 3, obtained from a patient with
mitral valve stenosis. The anatomical dimension of the valve is visualized
during the baseline study in the parasternal long-axis view {Figure 3. upper
panzl). The functional dimension is visualized by the echo-free blood
entering the left ventricle alter i1s opacification and appears smaller in the
same cross-section {Figure 5, middle panel). Intracavitary flow patterns
produced by a mitral valve prosthesis can be followed after pulmonary
wedge injections. Occasionally one may observe a vortex of eche contrast
circulating within an ischaemic aneurysm in patients with coronary artery
disease (Figure 6). Left ventricular contrast echocardiography thus allows a
new type of study on local flow, turbulence and stasis, which promises to
become more useful in the future if transpulmenary echo contrast transmis-
sior. becomes available.

3.5. Densitometric dilution curves of echocardiographic contrast

Bommer et al. {22] described in 1978 a method of obtaining dilution curves
of echocardiographic contrast by videodensitometry. They focused an analog
photometer upen the screen of the videomonitor over the middie of the right
ventricular cavity during two-dimensional echocardiographic contrast stu-
dies. The dilution curves were reproducible on multipie echocardiographic
contrast injections to an accuracy of 13 %. The time course of decay made it
possible 1o separate patients with normal from those with low cardiac output
and/or tricuspid regurgitation. Echo-contrast indicator dilution curves of the
left ventricle were subsequently performed in dogs using injections of 10 ml
of & 1:100,000 concentration by velume of 30 micron diameter microbal-
loons. Good correlations with cardiac output measurements were found {23].
We have used an image-processing computer to analyze video recordings of
contrast injections in order to follow the decay of density after left ventricu-
lar and pulmonary wedge injections in 17 patients. A meaningful calculation
of the area under the curve could not be made because of limitations due 1o
video “overload ™ immediately after injection. In consequence, contrary to
the studies by DeMaria et al. [23], it seems that cardiac output measure-
ments canno! be estimated reliably using routine contrast dilution tech-
niques. The decay phase was found to be exponential and has characteristics
of indicator-dilution curves, as predicted theoretically. Preliminary data
indicate that R-wave gating may allow estimation of ejection fraction [24].
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Figure 3. Stop-frame photographs of parasternal long-axis views of a patient with mitral valve
stenosis before {upper pane!) and after injection of echo contrast via a catheter in the left
ventricle. The middle panel shows a frame recorded during diastole. The negative shadow
caused by the non contrast blood Ntowing from the left atrium into the ventricle visualizes the
transmitral blood flow pattern. During systole {lower panel). the echo contrast does not pass inlo
the Izfi atrium. excluding mitral incompetence.

A = anterior: AP = apical; BA = basal: P = posterior: VS = imterventricular septum;
LA = iefl atrium: LV = lefi vemiricle; MV = mitral valve.
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Figire 6. Apical four-chamber views before (upper panet) and alter {fower panel} left ventricular
opacilication by echo contrast via a pulmonary wedge injection i a patient with an apical
ancurysi. Wash-gul of echo contrast from within the apeurysm was delayed.

A = gpical; B = basal. L = lefi: R = righty LA =left atdum: LV = lefi ventriele;

RA = right atrium: RY = right ventricle.
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Hagler et al. [25] used computer-based videodensitometric techniques to

analyze video recordings of left ventricular contrast echocardiograms to
quantitate left-to-right shunts. Time-density histograms were generated frem
the right and left veniricular cavities after injection of echo contrast in the
left ventricle in 7 patients with a ventricular septal defect. Their resulis
indicate the possibility of guantitating shunts with these techniques.
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CHAPTER 11
VIDEODENSITOMETRIC PROCESSING OF CONTRAST TWO-DIMENSIONAL

ECHOCARDIOGRAPHIC DRATA

By Richard S. Meltzer, M.D., Jos Roelandt, M.D., Olchert L. Bastiaans, M.S.,
Luc Piérard, M.D., Patrick W. Serruys, M.D., ¢harles T. Lancée, M.Sc.

fram the Thoraxcenter, Erasmis University and University Hospital,
Rotterdam, the Netherlands

SUMMARY

We develcped a computer program to analyze videodensity changes due
to contrast appearance within a given operator—designated rectangle using
two—dimensional echocardiograms previously recorded on videotape.
Videodensity curves have been opbtained from two—dimensional
echocardiographic recordings in 14 patients after a total of 32
injections of 5% dextrose solution into the left ventricle during cardiac
catheterization.

The resulting videodensity versus time ourves have some of the
characteristics of indicator dilution curves. The decay phase of these
curves is largely mono-exponential. Potential clinical applications of
this technique in measurement of eJjection fraction, cardiac output and
shunt quantification are discussed, as well as some potential
limitations.

INTRODUCTION

Since 1978, the group from Davis, California has presented several
abstracts describing methods for obtaining curves with properties similar
to indicator-diluticn curves by using videodensitometric analysis of
videotaped two~dimensional echocardiographic  studies recorded during
peripheral contrast injections (1-4). Investigators f£rom the Mayo Clinic
have presented preliminary data on videodensitometric studies for the
quantitation of left-to-right shunts during Ileft heart echocardiographic
contrast injections (5).

In this report we examine the possibility and discuss some of the
advantages and disadvantages of wusing wvideodensity data for obtaining
"indicator-dilution curves,"

PATIENTS AMD METHCODS

Videotaped two-dimensional ecdweardicgraphic studies of  contrast
injections recorded in the catheteriz ation laboratory during two prior

research protocols were used for analysis {6,7). Twelve patients had
hand injections of 10 ml of 5% dextrose in water directly into the left
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ventricle {6) and 5 patients had hand injections of 5% dextrose in water
into the pulmonary wedge position. All patients were studied during
catheterization for routine clinical indications. The two-dimensional
achocardiograms and contrast injections added only 5 to 15 minutes to the
total duration of the procedure. There were o adverse effects. All
patients having pulmonary wedge injections and 9 of the 12 patients with
direct left ventricular injections were Jjudged during review of the
videotapes to have sufficient contrast density in the left ventricle to
allow videodensitametric analysis.

Echocardiographic analysis

Echocardiograms were recorded in the supine or shallow left lateral
decupitus position. all studies were performed in the apical four-
chanber view (8). A Toshiba SSH-10A phased array sector scammer was
enployed, and studies were recorded on videotape for subsequent
analysis.

The hardware configuration for data analysis is diagrammed in figure
1. A  videcrecorder capable of display in real time, slow-motion, or
stop-frame modes is connected o a PDP-1l minicomputer. The cperator can
interact with the system by means of s Summagraphics digitizing tablet
and 1light pen system. After viewing and reviewing the recording of an
echo contrast injection, the opetator can tantatively designate a
rectangular area for analysis {figures 2 and 3}. He then views the
entire study, froam the initial contrast appearance to its conplete
disappearance, +to verify that the boundaries of the selected area remain
entirely within the ventricular cavity where contrast dynamics are to
be assessed. If the cavity wall (usually at end-systole) or cother
anatomic structures (such as a valve) enter the area during the cardiac
cycle the boundaries of the rectangle are re-adjusted so the structure
remains cutside the tentative test area. When this process is completed
the study is rewound to a point just prior to contrast appearance and
the videodensity program is started. It calculates the total
videodensity of all pixels within the dJdesignated test area for each
subgsequent. frame chosen by the operator. The program allows an operator
to obtain videodensity measurements for each frame, every other frame,
or every "n"th frame, etc,

RESULTS

Videodensity curves could be obtained in all cases where prior real-
time viewing revealed a cavity size about 2x2 om or greater and
"moderate” to "intense" contrast. An example of such a curve is given
in figure 4.

To test whether the latter part of these curves was a mono-
exponential decay as would be eXpected fram cne-compartment indicator—
dilution theory (9), we plotted lcog videodensity versus time. Figure 5
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Figure 1:

Figure 2:
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Hardware configuration for data analysis. The video synch signal
is obtained from a video signal source (usually videotape) and
the image is entered into a digital memory after amalog/digital
(3/D) conversion. The cperator can interact {CONTROL) with the
central processor {in this case a PDP 11 minicomputer) and the
resulting superimposed original video image and alphanumeric
information are displayed on the monitoring TV screen.

Video /

Density

Time

Principle of videodensity analysis, Upper panels: Two-
dimensional echocardiographic data is videotaped during a
contrast injection, depicted here by stippling in the left atrium
(I2) and left ventricle {L¥) after LV or pulmonary wedge
injection. Upper right: After review, the cperator designates a
rectangular area for anlaysis. Lower panel: The program cutput
is in the form of total videodensity within the designated
rectangle versus time.
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Figure 3: Upper panel: a rectangular sample area has been designated within
the left ventricle. Apical four—chamber view. This frame is
immediately prior to contrast cpacification after a catheter
left ventricular injection. Middle panel: the outline of the
sample area is seen faintly during maximal contrast intensity.
Note similtaneous display of cumilated videodensity at lower left
of panel. Lower panel: The left ventricular contrast has nearly
been cleared at the end of the injection.

presents the resulting plet for the curve illustrated in figure 4. In
this patient the decay phase has a log videodensity closely correlated
with time {correlation coefficient r=0.98), which implies that the decay
fits a monc—exponential model, as predicted. Small cyelic deviations fram
linearity may be expected due to the incoming contrast free blocd during
each diastole, wunless the videodensity readings are performed only once
per cycle, from a frame at the same point in each cardiac cycle.

Of the 32 injections in 14 patients, 15 injections in 10 patients
had correlation cooefficients between log videodensity during decay and
time that were greater than or egual to 0.95. The slope of this semilog
decay plot should be one of the most important parameters dotainable from
this technigue: it is the time constant of contrast disappearance. We

therefore undertock to examine a single good quality injection to
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Figure 5: Log videodensity (on ordinate} versus time curve for the decay
phase of the videodensity-versus~time curve shown in figure 4.
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determine for what duration its decay needed to be sampled to dbtain
reliable information about this slope. We arbitrarily defined a
"reliable" slope as that cptained from at least 5 separate videodensity
determinations during decay, yielding a semiloy correlation coefficient
of greater than or equal +o 0.95. Figure 6 is the result. On the
abscissa is the duration of the segment randomly chosen during the decay
decay phase and then analyzed for videodensity every fifth frame. On the
crdinate is the linear correlation coefficient obtained in the resulting
log videodensity wersus time plot. The shape of this curve is to be
expected: a wider range {longer time of sampling, on the abscissa)
yields a better correlation coefficient. "he iwmportant result is that
when performing videodensity analysis every fifth frame, about 5 seconds
of decay need to be entered to yield the best correlation coefficient.
In this specific injection, longer analysis is unnecessary.
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Figure 6: Correlation ccefficient (between log videodensity and time)
versus the duration of the decay phase measured for different
arbitrarily chosen time durations (abscissa) during the decay of
a single curve. For this curve, it would seem unnecessary to
measure wore than 5 seconds of decay.
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DISCUSSION

Videodensity technicues for indicator—dilution analysis

The most important finding in this study is that videodensity
versus time curves can indeed be dotained from most left ventricalar
injections in the majority of patients, and that these seem to have the
qualitative shape we expect of a cne-compartment indicator—dilution
curve, as well as the quantitative characteristic of a mono-exponential
decay . The set of contrast injections we used {IV or wedge} has two
¥nown  advantages for this type of analysis: a rapid and complete
delivery of the injected bolus into the chamber to be studied (by direct
catheter injection) and a relatively large cross-sectional surface area
on  two-dimensional echocardiography {(the IV in the apical 4~chamber
view). Whether a similar success rate can be obtained with peripheral
venous injection and right ventricular imaging is uncertain.

Advantages

An advantage of right-sided videodensity analysis is that it is
minimally invasive, needing only an intravenous injection and the same
two-dimensicnal echocardicgraphic equipment and videorecorder availsble
in many or wost cardiology divisions. Rudimentarvy curves can even be
ovtained in real time using an inexpensive photoelectric cell.
Theoretically, videodensity curves may be used to quantify right and
left wventricular ejection f£ractions, intracardiac shunts, amd cardiac
output (if no "overload" ocours - see below).

Limitations

Echocardiographic contrast injections are not reproducible: the
microbubble size and concentration reaching the central circulation and
resulting ultrasonic ocontrast effect vary widely, even oan consecutive
injections with apparently identical tecyhnique. This problem may be
partly surmountable if precision microlubbles are used as the contrast

agent (3,4,10). However, 1t is possible that even precision
microbabbles injected peripherally will result in very varisble cardiac
videointensity  ourves. Some  patients have rapid delivery of a

peripherally injected bolus into the right heart, and others have an
intermmitent delivery over many minutes, with oscillations of contrast
intensity in the absence of new injections, frequently caused by amm or
head motion or deep inspiration.

Compared 6 the dJdynamic range of ulirasonic signals returning to
the +transducer, the gray-scale capabilities of the cathode ray tube
display offer a very restricted range. This is further conplicated by
signal degradation during the videoprocessing and recording in most
commercially available systems. The initial system designed 10 process
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two-dimensional — echocardiographic recordings to yield wvideodensity
curves was reported in 1978. It used a hand-held photoelectric cell
applied directly to the cathode ray tube screen (1). Theoretically, more
information can be obtained by direct analysis aof the pre-processed
signal of the returning echoes, eliminating the need for an intermediary
video step with its attendant loss of information.

There are 2 differvent types of “overload" effects that may limit
the peak density observed during a contrast injection. Above a certain
intracardiac microbubble density so much ultrasonic energy is reflected
that too little energy remins in the distal sound beam, and more
distant structures are only weakly imaged, or may entirely disappear.
Aside fram this ultrasonic overload, video-display cverload may occur
since the gray-scale display range of video equipment is considerably
more limited than the range of reflected ultrascnic energies that can be
detected at the transducer. Thus, the upper ranges of intensity (bright
echoes}) are all displayed as a single maximal intensity on the video
screen. Overload may have occured during the maximum intensity of cur
contrast injections. If so, this would preclude obtaining useful
information from calculating the area under these curves: the maximum
videodensity during “"overload" underestimates the concentration of
microbubblies in the sample volume. Whether “"overload" occurs after many
or most peripheral or central injections has not yet been determined, so
the clinical importance of this effect has not been established.

CONCLUSIONS

Videodensity versus time ourves can be ocbtained from two-
dimensional echocardicgraphic recordings during left ventricular
injections in most patients. In the absence of valwvular requrgltation
or shunts, these ususlly have a mono-eXponential decay, as judged by a
straight line when log videodensity is plotted against time. These
curves may permit quantitation of cardiac output, ejection fraction and
intracardiac shunts, though they have important thecoretic and practical
limitations.
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CHAPTER 12

NEW ECHOCARDIOGRAPHIC CONTRAST AGENTS : TRANSMISSION THROUGH THE LUNGS AND
MYOCARDIAL PRRFUSION TMAGING

by Richard S. Meltzer, M.D., Harry W.J.Vermeulen, Niek K. Valk, Pieter D.
Verdouw, Ph.D., Charles T. Lancge, M.5c., and Jos Roelandt, M.D.

fram the Thoraxcenter, Erasmus University and University Hospital,
Rotterdam, the Netherlands

SMMARY

A new ultrasonic contrast agent, consisting of saccharide particles with
microbubbles of air, was tested in 21 open chested pigs. Seventeen had
injections of the new agent into the internal jugular vein during epicardial
two~dimensional echocardiography, and nine of these had echocardiographic
contrast in the left heart. Thus, this new right heart contrast agent is
capable of passing the lungs to yield contrast in the left heart after
peripheral venous injection.

Eight of nine pigs receiving the new agent in the left anterior descending
coronary artery had observable contrast in the myocardium in the area of
distribution of this artery. This is the first ecdnocardicgraphic method to
permit direct visualization of myocardial perfusion, and can e performed in
real time and in vivo.

INTRODUCTTON

Prior work has led us to believe the reason capillary beds remove ultra-
sonic contrast fram the bloodstream is that bubbles larger than the capillary
diameter are physically stopped by the "sieve action" of the capillaries, and
that bubbles small enough to pass through the capillaries dissolve rapidly due
to surface tension effects (1,2). Since the source of ultrasonic contrast is
microbubbles of gas (3), a detailed knowledge of microbubble kinetics should
allow a contrast agent to be designed that is capable of transmission through a
capillary bed (4). Transmission through the lungs after a peripheral venous
injection would yield 1left heart echocardiographic contrast. This would be
potentially useful in structwre identification in the left heart {perhaps
erhancing echocardicgraphic diagnostic accuracy in proximal coronary artery
disease), diagnosing left—to-right shunts, for studies of left heart blood flow
patterns, and perhaps for peripheral arterial sonographic studies. Furthermore,
the ability to image contrast in the myocardium might permit the study of
myocardial perfusion.

Microbubbles designed as echocardiographic contrast agernts for the right
heart have recently beccxe available*. Independent testing of this material has
already been reported (5,6). We wish to present our experience with this
material in 21 anesthetized, open chested pigs.

* (Ultra Med, Inc., Surmyvale, California).
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MATERIALS AND METHODS
Minimicrclubbles

Microbubbles are small gas uibbles whose diameter is less than 300 microns.
"Minimicrobubbles” are the size range of microbutbles which are small
enough to traverse the capillary beds, generally considered to he 8 to 10
microns (7). Consequently minimicrobubbles are defined as bubbles whose
diameters lies below 10 microns.

The saccharide microbubble agents used in this study were of two gpecific
size groups. Bach group contained a spectnan of particle and microbubble sizes.
Agent A was designed for peripheral injection for cbtaining right heart contrast
and has a particle size ranging from less than 1 micron to 200 microns. The
microbabbles associated with this agent also exhibit a sizeable spectrum and are
less than 20 microns in diameter, with a mean diameter of 10 microns. One cc of
agent A vields several million microbubbles, most of which are in the
minimicrchubble range. The total gas content of one cc of agent A is
approximately 0.004 cc.

Agent B was developed for direct left heart and coronary injection and has
a saccharide particle size range from 1 to 165 microns. These particless are
quite soluble in blood, and dissolve withinn a few minutes. As with agent A,
the bubbles in agent B have a spectrum of diameters less than 20 microns and a
mean of 10 microns.

A varying volume (see tables 1 and 2) of each contrast agent was injected
into each animal. Each injection was followed by a Scc flush of normal saline.

Experimental Protocol

Twenty-one pigs (mean weight 25 kg) were anesthetized with pentobarbital,
placed supine, and connected to a respirator. ECS and aortic pressures were
contimously monitored. The thorax was cpened by a midline sternotomy and the
heart exposed. An internal Jjugular catheter was intrcduced for venous
injections. A 19 gauge needle attached to a short plastic catheter was placed
in the left anterior descending (LAD) coronary artery, distal to the first
septal perforating artery, just prior to intracoronary injections.

Initial injections of physiologic saline wers performed through the
interpal Jugular catheter during echocardiographic recording in 16 of the 17
animals tested for transpulmonary transmission of microbubbles. These were
performed in order to exclude animals with intracardiac or intrapulmonary right—
to-left shunting. Subsequent injections of minimicroladble suspensions followed
by a 5 cc saline flush were performed (Table 1).

Studies of myocardial perfusion were performed in 8 of the 21 pigs. They
were also preceded by a control injecton of saline during two-dimensional
echocardiographic recording. Each injection of 5 < of saline was performed by
hand via the LAD catheter, followed by a 5 cc saline flush {Table 2).
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echocardiographic methods

A Toshiba SSH~10A phased array sector scanner with a 2.25 Megahertz
transducer was used to image the heart using either direct epicardial
application of the transducer or a 2-~3 n “"standoff" created by placing &
piece of fresh porcine muscle between the heart and the transducer. For studies
of transmission through the lungs after peripheral injection, an “epicardial 4-
chanber" view was employed (Figure 1). For studies of myccardial perfusion, an
"epicardial short axis" view was used (Figure 2). These views are comparable to
the human apical 4-chamber and parasternal short axis views, respectively (8).

The attairmment of contrast in the right heart, left heart, and myocardium
was Judged subjectively (yes—no) by 3 Joservers (RSM, BWIV, NKV). Intra-—
observer wvariability was tested by repeat review of videotapes by 1 observer
(RSM) &6 months after originally viewing them,

RESULTS

No adverse effect on bleood pressure or heart rate or rhythm ware cbserved
after either saline or new contrast agent injections.

All 3 observers agreed on the subjective presence of contrast in 97% of
injections. The othel” 3% were resclved by consensus upon repeat review of the
videotape recorded during the injection. Intra—cbserver agreement was 99% for
the 1 cbserver tested.

Pransmission through lungs after peripheral venous injecton (Table 1)

Intravencus injection of saline and both contrast agents A and B always
yielded dense right heart contrast opacification.

flone of the sixteen pigs had resting intracardiac or intrapulmonary shunts
during initial saline injections: all had right heart contrast and absence of
left heart contrast. Seven of the 13 pigs recelving agent A had left heart
contrast after a delay of wmore than 3 beats, indicating transpulmonary
transmission rather +than intracardiac shunting., Four of the 10 pigs receiving
agent B had left heart contrast after a similar delay. An example of a study
with left heart contrast is given in figure 3.

Myocardial perfusion {Table 2)

All animals developed antercapical wall motion abnormalities within
seconds  after insertion of the IAD needle distal to the first septal
perforating branch. These wall motion abnormalities were evident on visual
inspection of the beating heart in the open—chested preparation as well as by
two~dimensional echocardiography.: This was because the needle was occlusive.

T™wo of the 8 pigs had myocardial contrast after control injections of
saline in the LAD; the other 6 had none. All 4 pigs receiving agent A and 7 of
the 8 receiving agent B had myocardial contrast. In all cases the extent of the
myocardial contrast was similar to the extent of wall motion abnormalities, with
contrast starting or ending within 1 em of the boundary of abnormal wall motion.

an example of a study showing myocardial contrast is presented in figure 4.
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Figure 1: Diagram of epicardial four—chanber (EP4C) plane of imaging
through the heart. Abbreviations - Ao: Rorta; PA: pulmonary
artery; FV: right ventricle: IV: left ventricle; TRANS:
transducer.

Figure 2: Diagram of epicardial short axis {EPSAX) plane of imaging
through the heart. Abbreviations as in Figure 1.
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Figure 3:

Stop-frame Folaroid photographs from the two—dimensional
echocardiographic study of pig 14. EPAC plane of imaging as
diagrammsd in Figure 1. Upper panel: before injection.

Middle panel: 2 heart beats later, after contrast opacification
of the right heart. ILower panzl: The transducer has been
angled slightly towards the left after initial verification of
right heart contrast. 15 beats after injecticn. Note contrast
in the left heart. Abbreviations: AP: apical; BA: basal; R:
right; L: left; RV: right ventricle; RA: right atriam; IV:
left ventricle; LA: left atrium.
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Figure 4:

Stop—frame Polaroid photographs from the two-dimensional
echocardiagraphic study of pig 8. EPSAX plane of imaging as
diagrammed in figure 2. Upper panel: before injection of
contrast agent into left anterior descending (LAD) coronary
artery. Lower panel: Several seconds later, with contrast in
the area of LAD distribution, from 2:00 to 2:00 along the left
ventricular circumference (arrows). BAbbreviations: BA:
anterior; P: posterior; Further abbreviations as in Figure 3.
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TABRLE 1:

PIG NR.

12

13

14

15

PERIPHERALLY

THJECTED SUBSTANCE

Scc NS
lec A

5cc NS
lcc A

Sce NS
lec A

Sco NS
0.5cc A

Boa NS
lac A
0.25cc B

S5cec NS
0.25cc A
(.25cc B

0.25¢ce A

5cc NS
0.5co A

5¢¢ NS
0.25cq B

5cc NS
C.25cc B

S5cc NS
0.5cc A
0.5cc B

Scc NS
2cc A
2cc B

(Continued on the following page)

TRANSPULMONARY COONTRAST IN PIGS

04

+ 4+

4+ +

+ o+t

+ o+ +

Ly

++
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{Table 1,

PIG. MNO.

1o

18

12

20

21

continued)

ABBREVATIONS: NS

+ 1 w:ugg

PERIPHERALLY

INJECTED SUBSTANCE

=Normal saline (0,9% NaCl in water)

[T S I

S5cc NS
lce A
2cc B

Scc NS
3cc A

Scc NS
2ec A
3cc B

Bee NS
3cc B

S5cc NS
3cc B

Right wventricle
Left ventricle
Contrast agent A
Contrast agent B

No contrast dbhserved
Contrast observed

v
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TABELE 2: MYOCARDIAL PERFUSICN IN PIGS

PIG NO, INJECTED ATTAINMENT OF MYOCARDIAL CONTRAST
SUBSTANCE IN LAD

4 5¢c WS -
0.5cc B +
5 0.5cc A +
0.5¢cc B +
8 S5cc NS -
0.5cc A +
0.5cc B +
7 Scca NS -
D.5cc A +
8 Scc NS -
0.5c¢c B +
10 See NS +
0.5¢cc B +
11 Scc NS -
0.5¢ca A Fa
0.5cc B +
18 5cc NS +
0.5ce B ' +
21 S5cc NS -
0.,5¢cc B -

{Mobreviations as in Table 1)
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DISCUSSION

Transmission of echocardiographic contrast through the lungs

Potential uses of transpulmonary transmission of precision micrcbubbles are
legion. Transpulmonary  transmission of  echocardiographic contrast from
injections ‘in catheters placed in the wedge position ave occasionally useful for
structure identification in the left heart and left-to-right shunt detection (29—
12). left heart contrast may eventually aid in the diagnosis of aortic
abnormalities and proximal arterial diseases.

Until now, the cnly agents used in our laboratory capable of yielding left
heart ocontrast after perigheral venous injection were ether and hydrogen
peroxide {4). However, these would require toxic concentraticns for this
application in ‘humans. Therefore the success of the saccharide agents reported
here in attaining left heart contrast in the majority of experiments is
encouraging.

A question raised by these data is why some peripheral injections of
Contrast Agent A or B consistently failed to vield left heart echocsrdiograghic
contrast. We Typothesize that dJdegradation of the extremely hygroscopic
saccharide due to exposure to the atmosphere for brief periods of time during
preparation led to degredation and clumping of the smaller particles and
eventually to dnasbility to attain transmission. Failure way be related o a
storage prcblem, preparation, or injection technigque. Evaluaticon of Table 1
shows  that successful left heart contrast attairment was achieved more
frequently with 1 oo or more of contrast agent than with less than Im cc of
contrast agent. This suggests that a critical mass of material is required for
consistent left Theart contrast effect. Mach work remains to enabls
cptimalization of these factors in order to imorove the success rate in
attaining left heart contrast.

Myocardial perfusion imaging

Myocardial perfusion studies are at present gquite cmbersome: in
experimental animals radicactive microspheres allow only a limited nurmber of
cbhservations to be made using a different isctope for each intervention, and a
tedious analysis where data on bloed flow are not available until a considerable
time has elapsed after the experiment is completed and the animal, of necessity.
sacrificed. There are also the ever-increasing problems of radicactive waste
disposal afterwards. The tecdhnique is mot applicable to humans, and only gross
estimates of overall and regicnal flow can be obtained using invasive
techniques. With nuclear imaging technicues relative perfusion information
with only limited spatial and temporal resolution can be obtained. The ability
of minimicrobubble injections during two~dimensicnal echocardiography to
repeatedly vield real time" informetion about nmyocardial perfusion in
axperimental animals suggests a much more convenient method of studying the
effect of interventions on myocardial perfusion.
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Potential toxicity

Potentlal toxicity remains an important unanswered question. However,
there are several arguments to suggest that they may be safe snough for human
use. First of all, wmwost catheter injections and flushes during routine left
heart catheterizations contain microbubbles, which are the cause of ultrasonic
contrast. Over 5 years ago, Weyman et al reported on ultrasonic contrast
injections into the left mein coronary artery in humans, with no adverse
reactions (13). Second, the amount of gas necessary to create a strong
ultrasonic contrast effect is quite small, and the total gas amount necessary
becomes smaller as the average size of the ubbles becomes smaller - contrast
intensity is dependent on the scattering cross sectional area rather than the
total volume., The total amount ofgas injected during each intra—coronary
injection of minimicrobubbles in this experiment was very small - approximately
0.002 ecc. The saccharide used in agents A and B is already used for intravenous
injection. Extensive toxicity testing remains to be performed in animals,
though, before human use can be considered.

Quantitation

Several reports suggest that guantitation of echocardiographic contrast
effect may e possible (3,6,14,15). Cur experience with quantitative
videodensity techniques 1s that they are currently difficult, quite cumbersome
and time-consuming, and of only moderate reproducibility (16}. We thus elected
to examine efficacy qualitatively in this initial study, especially since the
qualitative contrast density seemed to vary on repeat injection. This variation
may be due to the fact that we did not use precisely measured doses of precision
microbubbles and meticulously standardized injection techniques (dve tubes,
repeated flushing to exclude minute amounts of additicnal air in the injection
set-up, etc.). Now that efficacy 1is shown, the more difficult question of
quantitation c¢an logically e examined. However, we feel that aven if
quantitative methods yield egquivecal results, gualitative interpretation is
useful: after all, contrast echocardicgraphic studies are interpreted
qualitatively in clinical echocardiographic practice today, and still yield
important information.
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13, CONCLUSTON

Contrast echocardicgraphy is undergoing a period of rapid development.
It will almost certainly assume & more important clinical role in the
future: contrast techniques (in addition to new instrumentation and Doppler
techniques) are likely to provide the "sonic boom" of the 1980's. How will
contrast echocardiography £it into the general picture of echocardiograghy?

13.1. Clinjcel applicaticns

The results of a recent study show that contrast echocardiography is
never employed in  roughly half of all clinical echocardiographic
laboratories in the Netherlands (1). The other half amloy it occasionally
but never frequently. If contrast echocardiography is used, most adult
cardiolegists do so only to diagnose shunts, particularly atrial septal
defects, As can be seen frow the foregoing sections, this is only a small
field of application. An  important reason for the failure to employ
contrast more often is that there is such large variability of success in
attaining adequate contrast effect with current methodology. One of the
most  common questions posed by cardicologists in both Furope and America is
"wihy do I sometimes f£ail o get enough contrast?” I am hopeful that a
better understanding of the source of ultrasonic contrast effect (chapter
2} conbined with the occasional use of carbon dioxide (chapter 3) will help
to splve this problem. If not, the expectad marketing of precision
microbubbles as an ultrasonic contrast agent may provide another sclution.
Nem—gaseous contrast agents such as aggregated oollagen or gelatin spheres
may also be developed eventually - these would have the advantage of being
able to pass the pulmonary circulation without being removed.

Once  achocardiograghers get over their reluctance to employ contrast,
the 1list of clinical indications is considerably greater than merely
searching for ASD's - as Indicated in chapter &. It is likely that
pediatric echocardiographers will take the lead in introducing the regular
use of contrast, since they are more frequently faced with the type of flow
disturbance where contrast studies are likely to be helpful. This is
similar to what is currently occurring with Doppler echocardiography.
The similarity is not accidental:

13.2. Contrast echocardicgraphy and Doppler echocardiography

It is not generally realized that in very many aspects M-mode contrast
echocardiography and Doppler echocardiography provide guite similar
information (Chapter 6, Table I}. Thay both yield the component of blood
flew wvelocity towards or away from the ultrasonic transducer. A multigate
Doppler system has been developed by Brandestini at the University of
Washington in Seattle capable of color—coding the Doppler signal. This is
inserted as a sort of contrast into an M-mwode tracing. Thus contrast can
give "Doppler information" (velocity) and Doppler can be used to insert
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contrast into an echocardiographic tracingl Contrast and Doppler
echocardiograpny are likely +to interact in a more direct manner as well:
micrchubbles are wvery strong contrast agents'. enhancing Doppler signals
and possibly improving the signal-to-noise ratio. Contrast studies with
microcbubbles have Just begqun in IDoppler echocardicgraphy, and they may
prove to be an important clinical development, since Doppler is currently
one of the most rapidly expending fields in echocardiography.

13.3. Contrast echocardiography for physiological studies

A unique property of echocardiographic contrast is that the motion of
individual contrast particles can be followed and analyzed, as long as they
ramain in the echo beam. Some authors are now beginning to study flow
patterns in the heart, (vortices, turbulence, etc.), oF guantifying one
vector of the bleod velocity by determining slopes of contrast trajectories
cn M-mode tracings. Though flow velocity has :raditionally not heen an
important parameter to cardiologists, this way only be due to the fact that
instrurentation for acouwate measurement was not available. Now that 2
different methods for non-invasive measurement of flow velocity arve
available {Doppler and M-mode contrast trajectory slope), the utility of
velocity as a parameter in physiological studies can be re—examined.
Currently it is largely unknown whether the time profile of velocity at a
specific location in the heart is useful in diagnosing cardiovascular
disease, though the gualitative studies using time~interval histogram
Doppler echocardiography suggest that indeed this will be the case.

Further, the use of quantitative technigques in contrast echocardio-
graphic analysis from two-dimensional echocardiograms has just begun. In
Chapter 11 videodensitometric techniques are being described to obtain
indicator—dilution type curves fram the appearance and disappearance of
contrast. These technicues may eventually be useful in the quantitation of
ejection fraction, cardiac output, and intracardiac sghunts. Another
exciting possibility is that intracardiac pressure measurement may become
avialable using resonant freguency analysis of precision micromibbles
(Zr 3) .

In Chapter 12 data on organ perfusion with contrast echocardiographic
technicques are glven. Quantitative techniques such as videodensity
analysis applied to this type of data can yield measurements of myocardial
perfusion, and preliminary work in this direction in our own laboratory and
Dr. Feigenbaum's laboratory in Indianapolis {4) has been encouraging.

13.4, Commercial applications

As with most developments in medical instrumentation today, industry
is likely to have an important impact which would be unrealistic as well as
ungrateful to ignore. The detailed toxicity testing required bhefore
marketing of precision microbubbles as a contrast agent can only be done
with the resources of industry, Though the U.S. Food and Drug
Administration (FDA) has recently decided that these are a medical "device"
rather than a “drug,” such testing entails enormous investment.

Some of the foregoing possibilities (pressure measurement and cardiac
output measurement) allow one to envisage a future "ultrasonic Swan-Ganz
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catheter" which would consist of a small piece of electronic equipment held
over the precordium that would sense intracardiac signals fram peripherally
injected precision microbubbles. Development of such an ingtrument, with
its obvious salutory affect on patient care, is quite properly a field for
cooperation between industry and the university.

13.5, Cther applicaticns

Transmission of echocardicgraphic contrast through the lungs after
peripheral venous injection has been achieved in experimental animals
{chapters 5 and 12). If safely achieved in humans, this would erhance our
ability to image left heart structures, and might particularly aid proximal
corcnary artery visuvalizaticn.

Better understanding of the phenomenon of “spontaneous contrast” on
both the left and right side of the heart is needed: this micht shed light
on whether spontanecus cavitation can be present in the human circulation
in the absence of decompressicn. Decorpression disease is another area
where experimental studies of microbubble dynamics have much to offer, and
the knowledge of microbubble behavior thus cobtained may help in the
development of improved contrast agents.

13.6. Toxicity

perhaps the main impetus for the rapid growth of echocardiography has
been that it is entirely safe. Alsc, over the past dozen years since the
contrast effect was described, there has been no publiched report of its
clinical toxicity. This is not at all surprising, since we know that
microbubbles are present in all left heart injections performed in the
catheterization laboratory, and if greoss air bubbles are excluded the
toxicity of left heart injections seems to be acceptable (that is, there
are no reports of toxicity that are likely due to thelr micrcbubble
content). I have never seen a major or permanent adverse effect due to
contrast echocardiography, with a personal clinical experience of zbout a
thousand patients. FPurther, Reale and coworkers in Rome have used .5 cc
carbonn dioxide for injections in the pulmonary wedge position to cause
contrast in the left heart, and have reported no toxicity in a small
initial series (5).

Nevertheless, the possibility of toxicity due to air embolism or some
other effect should always be borne in mind. For example, it is known that
proteins are altered at the plasma-air interface (6,7) and this might
theoretically affect importarnt homeostatic mechanisms in the blood. There
are several unpublished cases of transient neurclogic defecits after
contrast echocardicgraphy of which the author is aware. All were in
patients with Xnown large right-to-left shunts. The American Society of
Echocardiography has a Committee on Contrast Echocardiography of which I am
a menmber, and reports of adverse effects of contrast echocardiography are
being collected for eventual publication. It should be stressed that an
awareness of potential toxicity is important in hoth clinical and research
work. Since scme toxicity will surely be reported eventually, it will be
important to weigh it in an dojective manner, so that what might be only a
carelegs action on the part of some individual will not umnecessarily
impede further work.
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13.7. The place of contrast echocardiography in the integrated ultrasonic
diagnosis of the future

The past development of echocardiography has concentrated first of all
on the delineation of anatomy. The emphasis has been shifting towards
physiclogy as deduced from motion of the anatomic structures. Nevertheless,
ultrasonic cardiac diagnosis remains limited to cardiac imaging. This is
unfortunate, since a cardiologist would like to have several levels of
information potentially available when investigating the cardiovascular
systen. Flows and pressures are the traditional variables considered,
since they have been available for measurement over the past decades. In
the Zfuture ultrasonic diagnosis will be increasingly able to address other
levels of informaticn. In addition to anatomic information, physiologic
information on flows, velocities, and even pressures may be available.
Perhaps some of this physiclogic information will be somevwhat difficult to
relate directly to former modes of thirking for a cardiologist, since a
parameter such as flow velocity has thus far not been intensively
investigated. It is currently too early to know whether this parameter
will be very helpful clinically. Other ways of logking at tissue perfusion
and even tissue characterization are on the horizon. We can enwvisage a
malti~purpose instrument that will not only image cardiac anatomy with very
good time resolution for cardiac motion, but that also will be used to
interrogate specific parts of the heart with respect to flow, pressure,
tissue characteristics (?ischemia, scar) etc. It is my belief that
contrast studies will have an increasingly important part in the more
physiclogically oriented aspects of echocardicgraphy in the 1980's and
1990"s.
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SAMENVATTING

Contrast echocardiografie 1is onderzpek waarbij gebruik gemaakt wordt van
een ingespoten stof die andere akoestische eigenschappen heeft dan biced om
de bloadstroom op het beeldscherm zichtbaar te maken. Bijna alle intravensuze
inspuitingen bevatten Zzeer klsine hoeveelheden Tucht en kunnen dus als echo
contrast wmiddel gebruikt worden. Kleine hoeveelheden steriel koolizuur kunnen
aan de oplossing worden toegevoegd en verhogen het echo contrast effect. Zeer
kleine gasbellen passeren gewoonlijk niet door capillairen. Dit gebeurt wel
wanneer men in de pulmonale "wedge" positie inspuit zodat zij in de linker kant
van het hart aankomen. Het mechanisme van deze fransmissie van gasbellen werd
onderzocht In  dierexperimenteel onderzoek met behulp van verschiliende

agentia,

Er zijin veel betangrijke klinische wvraagstellingen waarbij conirast echo-
cardicgrafie nuttige informatie kan geven: structuur identificatie, het
aantonen of uitsiuiten van intracardiale of intrapulmonale rechts-links shunts,
de dfagnose wvan congenitale hartziekten, en de diagnose van tricuspidalis
insufficientie. Wij hebben aangetoond dat postoperatieve shunts nog aanwezig

kunnen zijn lang pna succesvolle siuiting van interatriale communicaties.

De toekeomstmogelijkheden voor contrast echocardiografie zijn indrukwekkend.
Theoretisch is het mogelijk  dat de graad van doorstroming van het myocard,
ret  hartminuutvolume, de grootte van een shunt, en zelfs de intracardiale druk

gemeten kuanen worden met behulp van specfaal ontworpen microbellen.
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