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Abstract--This survey is concerned with academic and clinical researches related to the 
problems of gas embolism in the human body which have commonly been regarded as a dreaded 
complication of a variety of surgical, therapeutic and diagnostic technics. The gas emboli may 
be found in the human body through surgery, decompression, transfusion of oxygenerated 
blood, and anesthesia, etc. The survey indicates that the cases so far investigated can be classi- 
fied into those in the cardiovascular, muscalar, respiratory, and reproductive systems and other 
parts of the human body. Most of the existing literature deals with detection, identification, 
prevention and treatment procedures. No apparent effort has been made on the study of their 
dynamic behavior in the blood, interstitial fluids and organs where they are formed. An attempt 
is made to prompt further research in the field of embolus dynamics by describing what needs to 
be investigated. 

INTRODUCTION 

Ai~ EMnOLISM is a dreaded complication in 
surgical, therapeutic and diagnostic procedures 
(Shapiro, 1965; Birch, 1950; Burrows, 1954; 
Cohen et  al., 1951; Marshal, 1965; Pollak, 
1933; Schlaepfer, 1922). Although it is rela- 
tively infrequent in medical practice, when it 
does occur, it is found to be so catastrophic in 
some cases that detailed investigation into the 
various aspects of the problem is considered 
fully warranted. In one report (Dornette, 1956) 
fatal venous air embolism accounted for one in 
one hundred and eight deaths in the operating 
room. Another report (Michenfelder e t  al. ,  
1966) gave a rate of 2-6 per cent for air 
embolism during occipital craniotomy, 
although in these cases the patients, in whom 
air embolism was detected, were saved. There 
are also many other reports of air embolism, 
some of which are from abortion (Majoska, 
1956; Haynes, 1956; Deadman, 1937), douch- 
ing (Silver and Evans, 1968; Glassy, 1963), 
gunshot wounds of the neck (Ellis and Brown, 
1964), operation on the bladder (Goddard and 

Moffett, 1955), root canal therapy (Rickles 
and Joshi, 1963), craniotomy with pressurized 
drill (Ericsson e t  al., 1964), neurosurgical 
procedures (Hunter, 1962; Marshall, 1965), 
operations on the head and neck (Longnecker, 
1965), antrum lavage (Thompson, 1955), 
air insufflation of the bladder (Mathe, 1929), 
joints (Kleinberg, 1927), pneumoperitorieum 
(Bailey, 1948, Breathnach, 1954; Burman, 
1956; Higgins and Batchelder, 1961), vaginal 
insufflation with power blowers (Brown, 1943; 
Martland, 1945; Partridge, 1943; Pierce, 1936), 
and blood donations (Brown, 1943; Doyle and 
Frodsham, 1949; Devas, 1944; Levin, 1955; 
Reusch e t  al., 1960; Yeakel, 1968). Bends 
associated with deep sea diving has been 
reputedly caused by air embolism on decom- 
pression from high pressures (Hill and Green- 
wood, 1910; Bert, 1878; Harris e t  al. ,  1945; 
surgery, heart transplant, and space travel, 
Harvey, 1945). With the advent of open-heart 
particularly open-heart surgery, the possibility 
of air embolism is even greater (Anderson 
et  al., 1965; Meppner, 1952, Miller and 
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Allbritten, 1960, Nichols e t  al. ,  1958; Spencer 
e t  al., 1956; Starr, 1960). It is also felt that 
there are other possible causes of air embolism 
which have not yet been recognized. 

Fundamentally, there are two main types of 
air embolism (Durant e t  al. ,  1947, 1949), 
namely pulmonary or venous and arterial. 
Arterial air embolism results from the entrance 
of air into the left side of the heart from the 
pulmonary veins or through septal defects. 
The air bubbles escape into the systemic 
arteries and the clinical manifestations depend 
on the site of arterial occlusion. Cardiac 
damage caused by air bubbles in the coronary 
arteries and the neurological effect of cerebral 
air embolism have been reported by various 
investigators (Friedman e t  al., 1962, Geoghe- 
gan e t  al. ,  1953, Goldfab and Bahnson, 1963; 
James e t  al. ,  1953; Landew e t  al., 1960). In 
pulmonary or venous embolism, air enters a 
systemic vein and is carried to the right side of 
the heart. Here the tolerance depends upon the 
quantity (Durant e t  al. ,  1945, 1947). Small 
amount of air may be churned into foam and 
carried into the lungs where it is given off; 
but excessive accumulation of air in the heart 
will cause failure to the right side of the heart 
and eventual death. 

The amount of damages caused by gas 
embolism depends also on the type of gas 
within the bubble and in the body fluid 
(Maloney e t  al. ,  1958; Moore and Braselton, 
1940; Nun, 1959; Munson and Merrich, 1966; 
Graft et  al. ,  1959; Kunkler and King, 1959). 
Carbon dioxide and oxygen which have a 
higher solubility in blood are better tolerated. 
On the other hand, air which consists mainly 
of nitrogen is quite injurious. 

The treatment of air embolism depends on 
the type, whether venous or arterial. Many 
methods have been recommended (Durant 
e t  al . ,  1954; Oppenheimer et  al., 1953; 
Marshall, 1965; Nicholson and Crehan, 1956; 
Senning, 1952; Shires and O'Banion, 1958; 
Stallworth e t  al., 1950; Ericsson e t  al. ,  1964, 
Abbot, 1965; Geoghegan and Lam, 1953) and 
they will be discussed later. 

CAUSES OF AIR EMBOLISM 

1. D e c o m p r e s s i o n  

The earliest known cases of air embolism 
are associated with deep sea diving (Bert, 
1878; Boycott e t  al. ,  1908). Bends which 
occur on rapid decompression from high 
pressures are reputedly caused by evolution 
of air bubbles in the blood stream. Bert (1878) 
attributed this to the release of nitrogen that 
has been dissolved in the body under high 
pressure. Hill and Greenwood (1910) and 
comparatively recently Gersh (1944) have 
citett observations of the existence of bubbles 
in the blood and tissues on decompression. 

Similar phenomenon known as 'chokes' 
also occurs on decompression from atmo- 
spheric pressures to pressures corresponding 
to 50,000 ft or more above sea level (Whitaker 
e t  al., 1945; Berg e t  al. ,  1945; Harris et  al. ,  
1944; Harvey, 1945). Under simulated condi- 
tions, Gersh (1944), Whitaker (1944), Berg 
(1944) and Harris (1944) reported finding 
bubbles on decompression. It has been found 
that formation of bubbles is more favorable on 
decompression from sea level pressure to that 
of higher altitude than from higher pressures to 
sea level. The formation of bubbles normally 
occurs in great abundance in the fatty tissues. 
Consequently, the fatter the individual, the 
higher the incidence of bubble formation. 
Gersh (1944) used guinea pigs for his experi- 
ments and found that bubbles were found in 
the fat, adrenal gland and liver. In the adrenal, 
bubbles were found in the cortex or in the 
central vein or its tributaries in the medulla. 
Where they occur, hemorrhage takes place in 
the vicinity of the bubbles. In the adrenal 
gland, a number of the cortical cells are 
ruptured; the cellular debris extending around 
the periphery of the bubble. Frequently, there 
is vascular congestion in the sinusoids 
peripherally placed. In the liver, only occa- 
sional small bubbles were found in the central 
vein of a few hepatic lobules. 

However, no bubbles were found in the 
nerve, tendon, blood and sketal muscles. 
Apparently, only a few bubbles were found in 
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them and these were in the neighborhood of 
fat cells and outside the blood vessels. Even 
then, the bubbles were not as large as those 
found in the fat tissues. 

The conclusion was that lean individuals 
survive decompression better than fat ones. 
The pain and discomfort of 'bends' and 
'chokes' were attributed to the distortion, 
extension, and rupture of the tissue fibres due 
to the formation of gas bubbles causing 
hemorrhages and local ischemia. 

Harris (1944), Whitaker (1944) and Berg 
(1944) found that muscular activity favors 
bubble formation following decompression. 
This is attributed to high local concentration 
of carbon dioxide formed during muscular 
activity. The larger and heavier the individual, 
the greater the tendency. Whitaker et  al. 
(1944) found that removal of nitrogen by 
breathing oxygen helps to reduce the incidence 
of 'bends' or 'chokes'. Harris et al. (1944) 
using goats found an abundance of bubbles in 
the heart, arteries and veins on rapid decom- 
pression. In some cases it extends to all the 
vascular branches, including all chambers of 
the heart, pulmonary arteries and veins, 
aorta and branches, as well as the precaval, 
postcaval, and hepatic portal system. In the 
dissected animal, decompressed to 50,000 ft 
above sea level, no bubbles were visible at 
first in the blood vessels; but, on waiting, a 
sudden stream of bubbles appears coming from 
small branches into the larger ones. In a short 
time larger vessels and the heart contained a 
froth and were filled with gas. No bubbles were 
formed in larger vessels, but only from smaller 
veins from the limbs. No bubbles were visible 
in the veins from the lungs or digestive tract. 

Using rats fed with fat rich food, Berg et al. 
(1944) found bubbles appear more readily in 
decompression than in normal rats. 

2. N i t r o u s  ox ide  concen t ra t ion  

Bubble formation arising from using nitrous 
oxide in anesthesia has also been reported 
(Eger and Saidman, 1965; Munson and 
Merrick, 1966). It is believed that nitrous 

oxide being thirty-four times more soluble 
than air in blood gives rise to high nitrous 
oxide tension in the blood. Consequently, 
where there are nuclei of bubbles in the blood, 
nitrous oxide diffuses out into the bubbles; 
thereby increasing its size. Hence, where air 
embolism is expected, administration of 
nitrous oxide is discouraged. Tisovec and 
Hamilton (1967) and Nunn (1959) found that 
a bubble of air actually increases several times 
in size when introduced into the venous blood 
drawn from a patient under nitrous oxide 
anesthesia. 

3. Dur ing  genera l  surgery  

Atmospheric air is sometimes inadvertently 
introduced into the circulatory system follow- 
ing air injection into the body for therapeutic 
and diagnostic procedures. Death has been 
reported following injection of air into the 
knee (Kleinberg, 1927), the male urethra 
(Forbes and Cordonnier, 1953; Goddard and 
Moffett, 1955; Mathe, 1929), presacred 
insuffiation of air (Eefkovitz, 1957; Glassman 
et al., 1956), ventriculography (Meppner, 
1952) and pneumoencephalography 0acoby 
et al., 1953). 

Injection of air into the urogenital tract in 
the female seems to be particularly dangerous. 
Death has been caused on a number of occa- 
sions by air embolism following insufflation of 
the vagina (Brown, 1943; Larson, 1951; 
Buxton, 1957; Gough, 1924; Partridge, 1943; 
Pierce, 1936; Martland, 1945; Breyfogel, 
1945), or following attempted criminal abor- 
tion using air (Deadman, 1957; Haynes, 
1956; Majoska, 1956). There have also been 
fatal cases without air injection (Brodsky and 
Greenstein, 1957; Mylks et al., 1947; 
Serimgeour et al., 1955; Karandy et al., 1959; 
McCullough, 1955). 

A large number of fatal air emboli following 
pneumoperitoneum for the treatment of 
tuberculosis have also been reported 
(Duboczky, 1954; Burman, 1956; Cohen 
et  al., 1951; Musgrove, 1952; Bailey, 1948). 
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Dasher et al. (1954) reported 127 such cases 
of which 74 were fatal. 

Fatal cases of air embolism arising from 
surgery of the head or the neck in the sitting 
position seem to be fairly common (Hunter, 
1962; Hamby and Terry, 1952; Longnecker, 
1965). Death has occurred during lavage of 
the nasal sinuses (Pang, 1952; Thomson, 1955; 
Backer, 1923), during tracheostomy (Asherson, 
1958) and during thyroidectomy (Larson and 
Hordland, 1934). Rotem (1967) gave a case 
report of air embolism during insertion of 
transvenous endocardial pacemaker through 
the jugular vein. The hazard is particularly 
great during neurosurgery with the patient in 
the sitting position (Tisovec and Hamilton, 
1967). Michenfelder (1966) reported a rate 
of 2.6 during occipital craniotomy. The 
particular danger in neurosurgery is that the 
venous sinuses associated with the brain may 
be held open by the supporting structure when 
lacerated, thus facilitating entry of atmospheric 
air. 

Although infrequent, there are also cases of 
gas embolism arising from the use of hydrogen 
peroxide in the treatment of neonatal intestinal 
obstruction due to inspissated meconium 
(Shaw et al., 1967; Olim and Ciuti, 1954). 

4. Dur ing  accidents  

There are also cases of air embolism arising 
from accidents involving rupture of veins. 
In almost all such cases, the incident is fatal 
since air embolism is seldom suspected and 
difficult to detect (Shapiro, 1965). Death has 
resulted from gunshot wounds of the neck 
(Ellis and Brown, 1964). The reason for air 
embolism in such cases is that often the 
ruptured veins have not collapsed and so offer 
an entrance to air. However, if either the 
blood pressure is so high as to fill the vein 
completely with blood, or so low that there is 
total collapse of the vein, such type of air 
embolism may not occur. 

The most unusual cases of air embolism are, 
perhaps, those which are self-induced by 
transvestite (Cooke, 1961; Adelson, 1957). 

5. Extra  corporeal  circulation 
In processes involving extra corporeal 

transfer of blood in contact with air, gas 
embolism is also important (Ross, 1959; 
Selman et al., 1967; Mendelsohn, 1965). 
Instances of air embolism have been reported 
following pressurized transfusion of blood for 
increasing the process (Ruesch et al., 1960; 
Doyle and Frodsham, 1949; Devas, 1942; 
Dollen et al., 1949, Meneely and Wells, 
1946; Yeakel, 1968; Bailey, 1956). Gottlieb 
et al. (1965), gave a detailed account of pos- 
sible air embolism during blood transfusion 
and the various preventive measures. 

In open heart surgery and heart transplant 
large area of body surfaces, normally covered 
with blood, are brought in contact with air. 
Therefore, following the operation some air 
bubbles are bound to adhere themselves to 
the previously exposed surface. Besides, in 
returning the blood into the heart, air is 
invariably introduced together with it. There 
are reports of a surprisingly large volume of air 
collected in the upper arc of the aorta during 
and after open-heart surgery (Jones et al., 
1964; Car l sone ta l . ,  1967; Groves etal . ,  1964; 
Spencer et al., 1965; Anderson et al., 1965; 
Nichols et al., 1958). There have been cases 
also of air embolism arising from coronary 
suction when 'bubble-trap' reservoir is used 
during perfusion. Bubbles are frequently seen 
when the vacuum was increased momentarily 
in order to return large volumes of aspirated 
blood adequately (Baird and Mujagishima, 
1964; Miller and Allbritten, 1960; Spencer et 
al., 1965). 

6. Gas  embol i sm fo l lowing  hypothermia  

Gas embolism arising from hypothermia is 
a comparatively recent encounter in surgery. 
It arises in surgery during the warming up 
period following deep hypothermia (Donald 
and Fellows, 1959; Drew et al., 1959; Gordon 
et al., 1960). There have been reports of brain 
damage in children undergoing this procedure 
(Bj6rk, 1960). Although it has not been proven 
by experiments or actual observation of 
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bubbles in the human body, it has been 
suggested that owing to the fall of gas solubility, 
the high concentration of oxygen or air in the 
cold blood gives rise to gas evolution during 
the warming up period (Kaplan et al., 1962). 
Some researchers feel that the evolution of 
gaseous oxygen or air occurs even during 
perfusion of the n0rmothermic body with 
cold blood having a high oxygen tension. Berg 
and his co-workers (1944), using bullfrogs, 
found that there was no bubble formation 
when the frog was cooled to 1-2°C and then 
decompressed to 50,000 ft without warming 
up. However, by cooling it down to - 5 ° C  to 
-8°C, then warming up to 20°C and decom- 
pressed, even without muscular activity, they 
found bubbles in the blood vessels of the legs 
of the frog. Their experiments gave repeatable 
and consistent results. 

They also found that when small segments 
of blood-filled veins (ventral abdominal, renal 
portal) were tied off and removed from the 
frog, no bubbles were found on decom- 
pression. But when ice crystals were formed 
in the blood by cooling it with dry ice, and the 
segment decompressed, gas bubbles immed- 
iately appeared in great abundance. To show 
the formation of bubble nuclei on freezing, 
they put the blood of frogs in test tubes. If the 
test tube was clean, no bubbles were formed, 
indicating the absence of bubble nuclei. 
However, if the lower portion of the test tube 
was brought in contact with dry ice, a heavy 
stream of bubbles appeared as soon as ice 
crystals form and it came from the region of 
the crystals. When the ice crystals were 
allowed to melt, the heavy stream of bubbles 
ceased. They proved quite conclusively that 
bubble nuclei are formed on crystallization of 
water in blood and in the animal body. 

7. Frac ture  o f  bones  and  t issue 

Harvey (unpublished) found that crushing 
of the leg muscles in cats gave rise to bubble 
formation. Using bullfrogs, Berg et al. (1944), 
confirmed this finding and in addition found 
breaking of the leg bones is still more effective 

in bubble formation. On pounding the leg 
muscles of the bullfrog without rupturing the 
skin and decompressing it to 45,000ft for 
10 min above sea level, they found bubbles in 
a few of the frogs. However, when the tiba 
or femur is broken by hand with minimum 
damage to tissues and without breaking the 
skin, decompression of the frog to 45,000ft 
resulted in bubble formation in all of the frogs. 
More elaborate experiments indicated forma- 
tion of bubble in the region of bone fracture. 
Although the exact nature of the mechanism 
for bubble formation is not known, it was felt 
probably the intense mechanical agitation of 
the fracture caused the nuclei to be formed. 

TYPES OF AIR EMBOLISM 

Broadly, air embolism can be classified into 
two types, namely, pulmonary (venous) 
and arterial (James, 1961; Durant et al., 1947, 
1949). In arterial embolism, air enters the left 
side of the heart and escapes into the systemic 
and coronary arteries. In the large arteries, the 
presence of air emboli is harmless. The bub- 
bles are carried along with the blood into the 
smaller vessels. When the bubbles are small, 
they are very hard; and when they reach the 
capillary tubes of the arterial system, they are 
lodged in them. For this reason, even small 
amounts of air may cause considerable lasting 
damage (GeogheganandLam, 1955; Rukstinat, 
1928, 1931; Vischer, 1937; Durant et  al., 
1949). The occlusion of the small blood vessel 
by the bubble prevents blood from flowing, 
and this persists until the bubble is dissolved. 
Long lasting bubbles, therefore, may cause 
damage similar to thrombosis and other clini- 
cal manifestations (Benjamin et al., 1954; 
Boerema, 1965; Durant, 1949; Equchi and 
Bosher, 1962; James et al., 1953; Landew 
et al., 1960). Goldfarb and Bahuson (1963), 
using mongrel dogs, showed various degrees 
of cardiac damages due to small amounts of 
air introduced directly into the coronary 
arteries. Similarly, cerebral air embolism may 
produce permanent gross neurologic defects 
in the survivors (Fazio and Sacchi, 1954). 
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In the case of pulmonary or venous 
embolism, air enters a systemic vein and is 
carried to the right side of the heart (Durant 
et  al. ,  1947; Anderson e t  al. ,  1965; Bailey, 
1956; Mandelbaum and King, 1963). The 
churning action of the heart on the blood 
converts the air-blood mixture into a foam. 
If the foam is not excessive, it passes into 
the lungs where the air is filtered out. If the 
amount of air is more than the heart can 
eliminate in this manner, it accumulates in 
the heart resulting in failure of the right heart. 
However, before the onset of cardiac failure, 
there are various manifestations such as rise 
of pulmonary artery pressure, fall of systemic 
blood pressure and the characteristic drum- 
ming and mill-wheel sound (Michenfilder et  
al., 1966; Shivpuri e t  aI., 1959; Dasher e t  al., 
1955; Chase, 1934; Boerema, 1965; Durant 
e t  al., 1939, 1945). Gottlieb and his co- 
workers (1965) gave an excellent review on 
venous embolism. They tabulated the dosage 
of air that, according to the investigators, 
would prove fatal, and showed the various 
possible situations where venous air embolism 
may occur and suggested their remedy. 
Durant and his co-workers (1947) differen- 
tiated pulmonary embolism from arterial em- 
bolism and pointed out their main differences. 
On the basis of experiments and observations, 
they recommended certain positions to adopt 
to help survival from air embolism. From the 
reports available, it seems venous embolism 
accounted for most of the deaths arising 
from air embolism. This may be because 
whereas in arterial embolism, unless there is 
a septal defect, there is very little opportunity 
for air to pass through the filtering action of 
the lungs to go into the arterial system; in 
the venous system, there is no such protective 
mechanism to stop the air from entering the 
right heart. It may also be because arterial 
embolism is more difficult to diagnose, there- 
fore many such cases have not been detected. 

Other types of air embolism such as renal 
and hepatic have been detected in experiments, 
but no clinical reports on their harmful effect 

are available except that of Gersh and others 
(1944), which attribute 'bends' and 'chokes' 
to it. 

THE GAS IN THE BUBBLE 

The amount of gas that a biological system 
will tolerate depends also on the type of gas 
in the bubble (Gottlieb e t  al. ,  1965; Kunkler 
and King, 1959; Harkens and Harmon, 1934; 
Graft et  al. ,  1959). In his comparative study of 
air, oxygen and carbon dioxide using live 
dogs, Kunkler and King (1959) found that air 
and oxygen characteristically produced emboli 
which were stable and offered obstruction. 
As soon as the emboli ceased to move, they 
remained permanently in those positions. 
With other emboli joining them, long immobile 
columns of air or oxygen would soon form in 
the coronary arteries preventing blood from 
flowing. On the other hand, carbon dioxide 
emboli would rapidly travel the extent of the 
artery and disappear. When large amounts of 
carbon dioxide were given, the emboli would 
pause at a bifuration point and then proceed 
rapidly. When too much carbon dioxide was 
given, a long column of it would become 
immobile, block the artery and behave 
essentially as an air embolus. They found 
carbon dioxide is five times and oxygen two 
times better tolerated than air when injected 
directly into the left ventricle. They attributed 
the difference to the solubility of carbon 
dioxide in water which is thirty-four times 
greater than that of air. Their results agreed 
well with those of Fries e t  al. (1957), Harkens 
and Harmon (1934), Moore and Braselton 
(1940). It is also believed that when a carbon 
dioxide bubble becomes stable, it is no more a 
pure carbon dioxide bubble because other gas 
would have diffused into it. In the case of 
oxygen, no definite explanation can be given 
for its higher tolerance. The conclusion is 
drawn from the results of experiments 
conducted on live animals. In some cases, 
particularly when oxygen is injected directly 
into the right side of the circulation, the results 
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are not so conclusive (Harkens and Harmon, 
1934). 

TREATMENT AND P R OP HYL AC T IC  MEASURES 

The remedy for air embolism depends on 
the nature and circumstance of embolism. In 
the case of 'chokes' and 'bends' arising from 
decompression, recompression and muscular 
activity to improve circulation have been 
recommended (mentioned by Harris et  al., 
1945; Boycott e t  al. ,  1908). However, on the 
evidence provided by the experiments of 
Harris e t  al. (1945), muscular activity seems 
to aggravate the situation and should, there- 
fore, be discouraged. Lemire and his associates 
(1968), who do not attribute 'bends' to evolu- 
tion of bubbles, recommend replacement of 
plasma which, according to them, escapes into 
the tissues surrounding the blood vessels on 
decompression and causes 'bends'. Bauer 
et  al. (1965) recommended hypothermic 
treatment of 'chokes'. 

In the case of air embolism in the circulatory 
system, preventive measures are widely 
recommended. These include changes of 
design in equipment which have so far 
proved to be giving rise to air embolism 
(Bailey, 1956; Brown et  al., 1958). Gottlieb 
et  al. (1965) gave a detailed description of 
the equipment, their defects, and the recom- 
mended changes of design. The use of carbon 
dioxide gas to flood the operation field has 
been widely recommended for open-heart 
surgery (Burbank e t  al. ,  1965; Eguchi e t  al. ,  
1963; Selman e t  al., 1967). This method 
seems to be in popular use nowadays. Where 
air embolism is suspected, avoidance of 
nitrous oxide as an anesthetic is strongly 
advocated so as to prevent diffusion of nitrous 
oxide into the bubble nucleus (Eger and 
Saidman, 1965; Munson and Merrick, 1966). 

However, as pointed out by various 
investigators, in practice air invariably enters 
the circulatory system in one way or another 
(Bailey, 1956; Gottlieb et  aI., 1965). In the 
case of pulmonary embolism, and without 
opening the chest cavity, Durant et  al. (1954) 

recommended placing the body in the left 
lateral position to help displacement of air 
from the right ventricle. For arterial embolism, 
they recommended placing the body head 
downwards. However, when access to the 
heart is made possible, massage of the heart is 
also widely recommended (Geoghegan and 
Lain, 1953; Ericsson et  al., 1964). Jones and 
Cross (1964) gave the following methods as 
being useful to combat complication during 
cardiac surgery: (1) Filling the left heart with 
fluid (Swan e t  al., 1950), (2) insertion of a left 
arterial vent (Groves and Effer, 1964), (3) 
inducing ventricular fibrillation during the 
period that the heart is open (Glenn and 
Sewall, 1953), (4) holding the mitral valve 
incompetent with a special instrument (Gott 
and Lillehei, 1959) and (5) introduction of a 
vent into the left ventricle (Staltworth 
e t  aI., 1950). 

The use of a transvenous catheter for the 
aspiration of the entrapped air is also in 
common practice (Tisovec and Hamilton, 
1967; Michenfelder e t  al. ,  1966). Correction 
of cerebral air embolism by regional perfusion 
with dextran is also recommended (Abbot et  
al., 1965). 

FUTURE W O R K  

In the previous sections, the sources of gas 
embolism, the means for detecting and 
identifying gas emboli and the mechanical 
means being adopted or attempted to eliminate 
these gas emboli are summarized. However, it 
is an overstatement to say that there is 
neither a sure means of safeguarding against 
gas embolism nor a perfect precaution in 
preventing the formation of gas emboli. If such 
is the case, the knowledge about the mechan- 
ism of growth or collapse of gas emboli in the 
extracorporeal circulatory systems connected 
to the human body as well as various organs 
inside the human body may be of importance 
for clinical and academic research. In the 
following, an attempt is made to stimulate 
possible interest in the study of the mechanism 
by suggesting what should be done. 

~ M . V ~ . 2 N ~ 3 - - G  
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1. Dynamics of gas emboli in body fluids and 
organs 

In the past, some studies have been 
conducted on the statics of gas emboli in the 
body fluids and organs, notably by Harvey 
and his associates (1944). The principal 
interest was to determine the size of a 
spherical gas bubble under equilibrium con- 
ditions using the relation R = Ap/2o-, where 
R is the bubble radius, Ap is the pressure 
difference between the gas inside the bubble 
and the surrounding liquid, and o- the gas- 
liquid surface tension. Ironically, those gas 
emboli which are potentially hazardous or 
which may cause the problem of embolism 
are never in an equilibrium condition with 
its surrounding media. For example, a gas 
embolus which enters the left ventricle is 
obviously not at rest. It has been moving with 
the circulating blood and as a result it has 
moved from a location with higher blood 
pressure to another location with lower blood 
pressure. In other words, the embolus is 
subject to the pressure force which has been 
changing with location and time. The gas 
embolus is now under dynamical conditions 
and therefore the equation R = Ap/2~r is of no 
use at all. 

The main purpose of the study of the 
dynamic behavior of gas embolus is to deter- 
mine the parameters controlling its growth or 
collapse. The characteristic parameters of 
gas embolism include the viscosity, thermal 
conductivity and compressibility of the 
liquid, the shape and surface tension of the 
gas embolus, the composition and thermo- 
dynamic behavior of the gas inside the 
embolus, the thermal and mass diffusivity of 
the gas across the embolus surface into the 
liquid, etc. The diffusion of heat plays an 
important role especially in the combined 
operation of whole-body perfusion and intra- 
arterial cooling. It may cause not only an 
increase in the tension of oxygen in the 
equilibrated medium but also an increase in 
the gas pressure inside the embolus. The 
growth of the embolus under the influence of 

a pressure field depends significantly on the 
diffusion of gas in and out of the embolus. 
Probably the physical properties of a liquid 
having an important effect on the dynamics of 
gas embolus are its viscosity and thermal 
conductivity. The viscosity of the liquid is 
instrumental in the consumption of the 
mechanical energy such as the kinetic energy, 
the rate of work done by the pressure on the 
embolus surface, etc. On the other hand, the 
compressibility of the liquid probably plays 
a minor role in bubble dynamics. The deviation 
of the embolus surface from a spherical shape 
is often decisive in determining how a collaps- 
ing bubble will behave, while the surface 
tension probably strongly influences the 
violence with which an embolus collapses. 
The composition of the gas inside the embolus 
is essential for the determination o f  the 
partial pressure of the embolus contents, 
while its thermodynamic behavior is an 
essential part of any realistic discussion of 
embolus phenomena. 

2. Coefficient of diffusion of gas through 
embolus surface into body fluids 

In medical science, as in many other related 
fields, the term 'solubility' is extensively used; 
for example, to express the amount of oxygen 
dissolved in a unit volume of blood. But it 
has occasionally been used to indicate, or at 
least imply, the speed or rate at which a gas 
may dissolve into a liquid. For  example, 
it was reported by Kunkler and King (1959) 
that comparison of air, oxygen and carbon 
dioxide embolization shows oxygen to be 
tolerated about two times and carbon dioxide 
five times better than air. This was deduced 
from the observation that carbon dioxide, 
when compared with air, is more than thirty 
times more soluble in blood. According to 
the natural law of mass transfer, the rate of , 
diffusion per unit area is determined by the 
product of the coefficient of diffusion and the 
concentration difference. In other words, 
for a given concentration difference between 
the gas phase inside the embolus and the 
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surrounding liquid, the rate at which the gas 
moves in or out of the embolus is determined 
by the coefficient of diffusion of the gas into 
the liquid. To the knowledge of the authors, 
the coefficients of diffusion of gases such as 
air, oxygen and carbon dioxide into the 
blood or other body fluids have not yet been 
determined. Since mass diffusion across the 
embolus surface is one of the most important 
parameters which determine the rate of 
embolus collapse or growth, the diffusion 
coefficient can be regarded as an important 
physical property to be explored. 

3. Possible damages by liquid pressure 
variation 

It is well known in engineering that the 
collapse of gas bubbles may cause consider- 
able damage to the surfaces containing the 
liquid in which the bubbles are situated. This 
is called the cavitation damage. There are 
two representative schools of thought about 
the mechanism which may have caused such 
damage: the generation of shock waves in the 
liquid induced by the collapse of a spherical 
bubble and the generation of liquid jet caused 
by the collapse of an asymmetrical (non- 
spherical) bubble. Both schools have consid- 
erable evidence to support their respective 
views although neither is decisive. During 
the collapse of a gas bubble in body fluids, 
especially in blood, a significant change in 
the liquid pressure as well as the rate of the 
change have been disclosed, particularly near 
the end of the collapse stage. It is conjectured 
that the change in the liquid pressure may 
cause damage to the blood vessel, blood cells, 
and body tissues which are within the area of 
'influence' of the collapsing bubble. If the 
conjecture is found to be true, then gas 
emboli in the human body can cause two 
hazards: gas embolism and damage caused by 
the collapse of the emboli. Up to the present 
date, the authors have not been aware of any 
reports suggesting such damages caused by 
the collapse of gas emboli; but it is worth- 
while to examine the possibility. 

4. Addition of a foreign agent into the blood 
stream in the presence of gas emboIi 

Munson and Merrick (1966) have indicated 
that air-filled cavities within the body may 
increase in volume and/or pressure during 
nitrous oxide anesthesia. This is due to the 
fact that the presence of nitrous oxide in the 
blood has caused a change in certain physical 
properties, such as the coefficient of diffusion, 
the surface tension and viscosity of the blood, 
etc. The results of their experiments, although 
ominous from the view point of gas embolism 
(because the gas embolus increases in size 
instead of disappearing), suggest the feasibility 
of reducing the embolus size or accelerating 
the collapse of the embolus by means of adding 
a foreign agent into the blood. The harmless 
foreign agent should possess the characteris- 
tics such that its presence may change the 
physical properties in favor of accelerating 
the collapse of the gas embolus. For example, 
should the gas-liquid surface tension be 
reduced by the addition of a foreign agent, the 
radius of the gas embolus for a given Ap will 
be reduced according to the expression 
R = 2o-]~p. In the presence of such an agent, 
the coefficient of diffusion should be examined 
as a function of composition (the ratio of the 
amount of the agent added to the total weight 
including the original liquid). 

5. The problem of bubble formation 

For a bubble formed in the human body, the 
subsequent behavior in its rife-time history is 
closely related to the mechanism of its forma- 
tion. Harvey and his associates (1944) have 
made a significant contribution to the under- 
standing of bubble formation in animals by 
introducing the knowledge available in 
engineering science to biological systems. In 
their study, the organs in which bubbles form 
are identified and the physical factors primar- 
ily responsible for bubble formations are 
examined. However, the results are quali- 
tative in nature and an ideal liquid (water is 
considered as an ideal frictionless liquid) is 
employed in the discussion for the stability 
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and growth of gas nuclei. There is no doubt 
that the body fluids behave entirely different 
from an ideal liquid. For the purpose of under- 
standing the mechanism of bubble formation, 
it is desirable that additional studies be 
conducted to obtain quantitative information 
on the inception and thresholds for bubble 
formation in body fluids or organisms. 
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