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Abstrac t - -The  pulmonary capillary bed normally removes echocardiographic contrast from the 
circulation, so 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: (I) injection of ether, an organic compound 
which may pass the pulmonary capillaries in the liquid phase and cavitate in the pulmonary veins to 
yield 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 
contrast, 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 
methods 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 infarctions out of 7 animals sacrificed 24 hr later. We conclude 
that transmission of echocardiographic contrast through a capillary bed is feasible though potentially 
dangerous. 
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INTRODUCTION 

Echocardiographic contrast was first reported 
during injections of indocyanine green in left 
sided heart cavities (Gramiak and Shah, 
1968). Since then numerous 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 (LHEC) 
(Gramiak et al., 1969; Feigenbaum et al., 
1970; Sahn et al., 1974; Kerber et al., 1974). 

Noninvasive or minimally invasive creation 
of LHEC would be helpful in left sided 
structure identification, left to right shunt 
detection, and perhaps in the detection of 
mitral and/or aortic regurgitation and proxi- 
mal coronary artery narrowing. It might also 
have use in noncardiac arterial ultrasono- 
graphy. 

Lack of theoretic understanding of the 
nature of ultrasound contrast and the phy- 
siology of its removal by the lung has pre- 
cluded efforts to create LHEC without per- 
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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 goal of noninvasive 
LHEC creation. 

THEORETIC BACKGROUND 

Recent studies suggest that microbubbles 
of gas injected with liquid solutions are the 
source of ultrasonic contrast (Meltzer et al., 
1980b; Barrera et al., 1978). The high contrast 
is due to the extremely large difference in 
acoustic impedance between gas and liquids, 
much larger than occuring between various 
non-air containing biologic tissues. In the ab- 
sence of pulmonary arteriovenous shunting, 
the lungs like any capillary bed remove 
ultrasonic contrast. This is because gas bub- 
bles considerably larger than the pulmonary 
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capillary diameter of approx. 8/z are stopped 
by the "sieve" action of the capillaries. On 
the other hand, due to surface tension, bub- 
bles small 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 fluid. 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 pulmonary 
capillary to the left heart circulation time, and 
this is the reason that the lungs remove 
peripheral injected ultrasonic contrast (Melt- 
zer et al., 1980a). 

"Spontaneous" ultrasonic contrast has 
been noted in patients with mitral valve 
prostheses (Schuchman et al., 1975; Preis et 
al., 1980). Though this has been attributed to 
fibrin or particulate matter (Schuchman et al., 
1975) or to oxygen 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 all dissolved gasses, 
due to the Bernouiili principle in jets of 
regurgitant blood in the low pressure left 
atrium. The foreign body provided by an 
artificial valve may act as a source of nuclei 
to 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 liquid could be administered in- 
travenously which would pass through the 
lungs in liquid state and boil on the left side 
of the heart. 

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

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

(4) A "super" surfactant might stabilize 
microbubbles small enough to pass the pul- 
monary capillaries until they reach the left 
heart. 
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(5) A more solid coat might protect a 
"mini-microbubble" from dissolving but still 
be small enough to allow transcapillary 
transmission (Bommer et al., 1980). 

(6) A gas might be inhaled which, due to its 
composition and airway pressure, could 
sufficiently alter the partial pressures of gases 
in the pulmonary 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 to enable lower, nontoxic 
energies of ultrasound to cause growth rather 
than decay of small microbubbles which can 
pass the pulmonary capillary bed (Higashi- 
izumi et al., 1979; Plessett and Prosperetti, 
1977). 

(9) An ultrasonic contrast medium in the 
liquid phase might be developed, allowing 
transcapillary transmission as a liquid, 
without the difficulties 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 
causing LHEC (Meltzer et al., 1980c; Bom- 
mer et al., 1978; Reale et al., 1980), we 
decided to examine potential toxicity of this 
technique. 

METHODS 

Method  1: physical  cav i ta t ion- -e ther  
Ten pigs were anesthetized with barbitu- 

urates and placed on a respirator. Surface 
ECG and intra-arterial pressure were moni- 
tored continuously. In each pig the thorax 
was opened by a median sternotomy and a 
Krautkramer-Branson 3.5 MHz ultrasonic 
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 5-8cm 3 normal saline were 
monitored by M-mode tracings to insure that 
no resting intracardiac or pulmonary 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 cm3--followed by a 
3-cm 3 "flush" of normal saline (Table 1). Fol- 
lowing each injection the left ventricular 
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Table 1. Ether injections 

Pig no. Injected Contrast with Contrast with 

volume (cc) 5ce saline ether 

1 0,5 

1,0 + 

2 1,0 + 

3 0,5 - - 

1,0 

4 0,5 - - 

1,0 

1,5 + 

5 1,0 + 

6 2,0 + 

7 1,5 + 

2,0 + 

8 1,0 - - 

2,0 

9 1,0 - + 

I0 1,0 + 
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+ :  left heart contrast obtained 

-: no left heart contrast seen 

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

Method 2: chemical reaction--hydrogen 
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 3 of hydrogen peroxide 
followed by a 3-cm 3 normal saline "flush" 
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. 

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 3 
air and 3-10 repeated injections of 3-5 cm 3 
normal saline were performed. In most in- 
jections the small 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 (human studies): pulmonary wedge 
injections 

During routine cardiac catheterization in 
patients, pulmonary wedge injections were 
performed either through a 7 French Cour- 
nand (n = 9),  a 7 French Swan-Ganz catheter 
in the wedge position but without an inflated 
balloon (n =3), or both catheters (n =5). 
LHEC was monitored by two-dimensional 
echocardiography. Ten patients had X-ray 
angiograms performed during a hand in- 
jection of a new nonionic radiographic con- 
trast agent-Amipaque ®, Nyegaard & Co., 
Oslo, Norway (Enge et al., 1977) in the same 
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Table 2. H202 injections 

Pig no. H202 concen- H202 Contrast Contrast 

tration volume (cc) with saline with H202 

] 30% 0,2 + 

0,3 + 

0,5 + 

2 30% 0,2 + 

0,3 + 

3 30% 0,2 - - 

0,3 

4 2,5% 5 + 

5 1,5% 5 + 

6 30% 0,5 - + 

7 + 

8 15% 1,5 - + 

9 0,75% 2 - 

1,5% 2 - + 

3,0% 2 + 

I0 1,5% 2 - + 

ii 1,5% 1,5 - 

3 

12 + 

+: left heart contrast obtained 

-- no left heart contrast seen 

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

RESULTS 

Method 1: physical cavitation--ether 
Two 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 
shunts. Six of the remaining eight animals 
had LHEC after ether injections (Fig. 1). 
Since these volumes of intravascular ether 
are frequently toxic in pigs, we always saw 
hypotension and occasionally asystole in the 
pigs after 2 or 3 cm 3 of ether. 

Method 2: chemical reaction--hydrogen 
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. 

Eight of the remaining 10 pigs had LHEC 
after hydrogen peroxide injections (Fig. 2). 

In one pig (number 9) a threshold effect for 
LHEC could be demonstrated, such that all 
injections of H202 with a concentration at or 
above 1.5% yielded LHEC and those below 
did not. This was repeatable for 8 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 



Left sided echo contrast 381 

Fig. 1. M-mode echocardiogram recorded from an anesthetized pig with the transducer sutured 
directly onto the left ventricular free wall epicardium. An injection of ether into the right heart 

causes contrast (arrows) in the left ventricle (LV). AoP: aortic pressure. 

Fig. 2. M-mode echocardiogram recorded 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 

ventricular pressure. 
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Fig. 3. M-mode echocardiogram in a human subject after injection of 10 cm 3 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 Journal. 

a) b) 

w ¸ 

c) d) 

Fig. 4. Diagrammatic representation of proposed mechanism by which microbubbles of gas larger 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 enters a pulmonary arteriole (a). (b) Due to the 
hydrodynamic driving force applied to the local pulmonary circulation due to an injection directly in the 
wedge position, the bubble is deformed and forced into a pulmonary capillary (c). (c) The bubble elongates 
and may even fill a capillary entirely with air. (d) The bubble emerges on the venous side (v) of the 

pulmonary capillary bed. 
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lesions or pulmonary injury that could be 
attributed to the wedge injections. 

Method 3 (human): pulmonary wedge in- 
jections 

No subject has symptoms or worsening of 
cardiopulmonary status in relation to wedge 
injections. Eleven of the 15 patients with 
wedge injections through Cournand catheters 
achieved LHEC, whereas only 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 only 
attained in the patients where no retrograde 
flow of X-ray contrast agent around the 
catheter was noted during wedge injection of 
the nonionic radiographic contrast agent. 

DISCUSSION 

As predicted from the physiologic under- 
standing of microbubbles described earlier, 
both ether and hydrogen 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 necessary to obtain 
LHEC. However, a group from Wuhan, 
China, has reported the use of IV hydrogen 
peroxide in animals and humans (Wang et al., 
1979a, 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- 
trapulmonary arteriovenous 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 
channels. 

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 (I large 
fatal infarction and three small myocardial 
infarctions out of seven rabbits) relates to our 
technique of not carefully excluding small 
amounts of air from the syringe and 3-way 
stopcock. 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- 

jection protocol. We assume that the high 
prevalence of rabbit myocardial infarctions 
was due to coronary air embolism. Two 
mechanisms may explain this phenomenon. 
First it is possible that most rabbits had 
significant pulmonary arteriovenous 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 most rabbits. The second 
possibility is diagrammed in Fig. 4. Whereas 
normally large bubbles of air are retained by 
the "sieve" action of the pulmonary capil- 
laries (Meltzer et al., 1980a), the increased 
driving hydrodynamic pressure applied to the 
capillary bed during a wedge injection may 
allow deformation of a bubble 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 
occurs when the catheter is wedged firmly 
enough to prevent "blowout" and retrograde 
X-ray contrast flow during the wedge in- 
jections. 

Though this study suggests 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 LHEC 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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