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Abstract. T h e  po t en t i a l  for  p u l m o n a r y  e m b o l i z a t i o n  
fo l lowing  m a j o r  v e n o u s  l a c e r a t i o n  o c c u r r i n g  dur ing  
l a p a r o s c o p i c  su rge ry  has  n e v e r  b e e n  eva lua t ed .  F i v e  
a n e s t h e t i z e d  dogs  w e r e  h e m o d y n a m i c a l l y  m o n i t o r e d  
wi th  an a r te r ia l  l ine and  S w a n - G a n z  ca the t e r .  Obse r -  
va t i on  b y  t r a n s e s o p h a g e a l  e c h o c a r d i o g r a p h y  (TEE)  al- 
l o w e d  c o m p a r i s o n  w i th  p u l m o n a r y  a r t e r y  p r e s s u r e  
(PAP)  r eco rd ing .  U n d e r  p n e u m o p e r i t o n e u m ,  a 1-cm 
v e n o t o m y  was  p e r f o r m e d  in the  in f ra rena l  v e n a  c a v a  
and  a to ta l  o f  11 e v e n t s  w e r e  e v a l u a t e d  upon  u n c l a m p -  
ing the  v e n o t o m y .  T h e s e  r e su l t s  we re  c o m p a r e d  wi th  
i n t r a v e n o u s  (i .v.)  bo lus  in j ec t ions  o f  15 cc o f  CO 2 (15 
even t s )  and  o f  I00 cc o f  CO2 (12 even ts ) .  T h e  an ima l s  
we re  m a i n t a i n e d  e u v o l e m i c .  In  2 ou t  o f  the  11 (18%) 
even t s  w h i c h  f o l l o w e d  u n c l a m p i n g  the  v e n o t o m i e s ,  a 
f ew CO 2 b u b b l e s  w e r e  seen  in the  r ight  h e a r t  cav i t i es .  
H o w e v e r ,  the  q u a n t i t y  o f  gas  was  m u c h  less  i m p o r t a n t  
than  tha t  seen  a f te r  i .v .  in jec t ion  o f  15 cc and  100 cc o f  
CO 2. T h e r e  was  no s igni f icant  e l e v a t i o n  o f  the  P A P  
f rom p r e - e v e n t  va lue s  a f te r  v e n o t o m y  or  a f te r  i .v.  in- 
j e c t i o n  o f  15 cc o f  CO 2. H o w e v e r ,  t he re  was  a signif- 
icant  d i f f e r ence  (P < 0.05) w h e n  t h e s e  resu l t s  w e r e  
c o m p a r e d  to  the  P A P  va lues  r e c o r d e d  af te r  i .v.  injec-  
t ion  of  100 cc o f  CO 2. N o  dog  d ied  af te r  t h e s e  e p i s o d e s  
of  e m b o l i z a t i o n .  M a s s i v e  i .v .  in jec t ion  of  CO2 (>300  
cc) led  to a p p e a r a n c e  o f  gas  b u b b l e s  in the  left  hea r t  
cav i t i e s  and  dea th .  This  e x p e r i m e n t  sugges t s  tha t  cau-  
t ion shou ld  be  e x e r t e d  w h e n  l a p a r o s c o p i c  su rge ry  is 
p e r f o r m e d  b e s i d e  la rge  ve ins .  N e v e r t h e l e s s ,  the  obse r -  
va t i on  tha t  no gas  e m b o l i s m  o c c u r r e d  in 82% of  the  
ca ses  a f te r  u n c l a m p i n g  v e n o t o m i e s  was  u n e x p e c t e d .  
In  con t r a s t ,  m a n y  m o r e  gas  b u b b l e s  we re  d e t e c t e d  in 
the  r ight  h e a r t  a f te r  i .v .  i n j ec t ion  o f  on ly  15 cc o f  CO 2. 
T E E  is a m o r e  s ens i t i ve  i n d i c a t o r  o f  p u l m o n a r y  em-  
bo l i za t i on  than  e l e v a t i o n  o f  PAP .  
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l i sm 1 T r a n s e s o p h a g e a l  e c h o c a r d i o g r a p h y  - -  Pu lmo-  
na ry  a r t e ry  p r e s s u r e  - -  V e n o t o m y  

C a r b o n  d iox ide  ( C O 2 )  e m b o l i z a t i o n  dur ing  l a p a r o s c o -  
py  is a r e c o g n i z e d  and p o t e n t i a l l y  le tha l  c o m p l i c a t i o n  
[3, 13]. I n ju ry  to the  v e n a  c a v a  o r  a l u m b a r  ve in  dur ing  
d i s s e c t i o n  o f  r e t r o p e r i t o n e a l  s t ruc tu re s  whi l e  p e r f o r m -  
ing l a p a r o s c o p i c  aor t ic  su rge ry  [6] might  l e ad  to po-  
t en t ia l ly  d i s a s t r o u s  c o m p l i c a t i o n s .  

In  an e x p e r i m e n t a l  s tudy  p e r f o r m e d  u n d e r  l a p a r o s -  
c o p y  in dogs ,  we  e v a l u a t e d  the  po t en t i a l  for  C O  2 em-  
bo l i za t ion  f rom a 1-cm v e n a  c a v a  l ace ra t ion .  The  l a t t e r  
e v e n t  was  c o m p a r e d  to the  ef fec t  p r o d u c e d  b y  CO 2 
bo lus  in jec t ions  into the  j u g u l a r  vein.  

Materials and methods 

A pilot study was performed on two dogs. Data presented here come 
from a further study on five dogs. The animal experiments were 
approved by the institutional Animal Care Committee and surgery 
was conducted according to the guidelines of the Canadian Council 
for Animal Care. The dogs, weighing between 33 and 40 kg and lying 
supine on the operating table, were anesthetized with pentobarbital 
sodium (25-35 mg/kg). Anesthesia was maintained with a continuous 
intravenous infusion of pentobarbital (5-10 mg/kg/h) [27]. Under 
endotracheal intubation, they were artificially ventilated with a vol- 
umetric Bird respirator with a tidal volume of 7-8 ml/kg, a frequency 
of 10-12 breaths/min, and an oxygen content of the air mixture of 
25%. The ventilator was adjusted to maintain arterial DO 2 between 
95 and 135 mmHg and arterial PCO 2 <40 mmHg [26]. An arterial line 
was inserted into the left carotid artery and connected to a pressure 
module M1006A (Hewlett-Packard Ltd. Montr6al, Canada). A 
Swan-Ganz catheter connected to a similar module (Hewlett- 
Packard) was inserted into the pulmonary artery for measurement of 
pulmonary artery pressure (PAP). The left internal jugular vein was 
dissected to allow insertion of a catheter for blood-sample with- 
drawal and CO2 bolus injection. 

A Duplex color ultrasound unit, a Hewlett-Packard Sonos 1000 
cardiovascular imaging system, model 77030A, was equipped with a 
transesophageal electrode (TEE), an Omniplane TEE transducer 
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5.0-3.7 mHz, which was introduced into the esophagus between 30 
and 40 cm of the incisives in order to display in real time the four 
chambers of the heart (Fig. 1). In all dogs, the Swan-Ganz catheter 
could be seen in the right ventricle. The instrument settings were 
adjusted for each dog to eliminate as much random noise as possi- 
ble. Random noise was defined as soft gray particles that were not 
moving with blood flow. Gas bubbles were defined as echogenic 
particles that moved with flow. 

Following a midline abdominal incision, the vena cava was ex- 
posed after incision of the retroperitoneum. Seven 10-mm trocars 
were inserted: one for the three-dimensional camera (Carl Zeiss 
Canada, Don Mills, Ontario, Canada), four for surgical instruments, 
and two for retractors. The midline incision was then closed. After 
systemic heparinization (100 IU/kg, followed by a continuous i.v. 
infusion of 40 IU/kg), the inferior vena cava was clamped with lap- 
aroscopic Debakey forceps (R. Laborie Surgical Ltd., Brossard, 
Quebec, Canada) under laparoscopic control. A 1-cm longitudinal 
venotomy was made in the infrarenal vena cava with a laparoscopic 
knife (R. Laborie Surgical Ltd.) while maintaining a 12-15-mmHg 
pneumoperitoneum using a Laparoflator (Karl Storz Gmbh, Tuttlin- 
gen, Germany). Unclamping was performed for 10 s (25-30 cc of 
blood was lost during unclamping as measured by the quantity suc- 
tioned after each attempt). Blood loss was compensated by i.v. in- 
fusion of Ringer's lactate in order to maintain euvolemia. 

In the five dogs, a total of 11 events (unclamping) were recorded 
and CO z embolization was evaluated by PAP measurements and 
visual assessment of appearance of gas bubbles in the right heart as 
shown by the TEE. (Measurements made with the TEE were re- 
corded in VHS format for later consultation.) Between each event, 
the vena cava was kept occluded with Debakey forceps. 

Three of the five dogs were injected through the left internal 
jugular vein catheter with boluses of 15 cc of CO 2, for a total of 15 
events, at a pressure of 15 mmHg, regulated by the Storz insuffiator 
which served earlier to maintain the pneumoperitoneum. Gas was 
transferred from the insuffiator into an appropriate-size syringe and 
injected into the vein using a three-way Stopcock tubing system. 
Between each event, a sufficient lag period (3-10 rain) was allowed 
for CO2 bubbles to disappear from the right ventricle. The three 
dogs were then injected for a total of 12 events with 100 cc of CO2 
at 15 mmHg pressure. At the end of the experiment, a massive i.v. 
bolus of more than 300 cc of COz administered as previously de- 
scribed led to death of all dogs. 

Statistics used were the Friedman's test and the Newmann- 
Keuls multiple comparisons test. 

Results 

With TEE, the four cardiac chambers can be easily 
observed (Fig. 1). In two events following venotomy, 
a few CO2 bubbles (Fig. 2) were observed in both right 
atrium and ventricle of the same dog. Movement of 
individual bubbles from the right atrium to the right 
ventricle was easily seen on videotape. The other 9 
(82%) events did not lead to visualization of CO2 bub- 
bles. 

As little as 15 cc of CO2 injected as a bolus in the 
left internal jugular vein led to a rapid filling of both 
right heart cavities (Fig. 3). At echocardiography, mul- 
tiple gas bubbles were seen in both right heart cavities. 
A mass of fused gas bubbles could be observed in the 
right ventricle. It was replaced with individual bubbles 
within seconds. 

Injection of 100 cc of CO2 (Fig. 4) was accompa- 
nied with the appearance of gas bubbles in both right 
heart cavities. A larger mass of fused gas bubbles was 
observed in the right ventricle compared to that seen 
after the 15-cc injection. On videotape, the right heart 
cavities cleared of gas bubbles within minutes. No 
bubbles were noted in the left heart cavities. 

No dogs died during or after these repeated epi- 
sodes of embolization. 

The five dogs expired upon i.v. bolus injection of 
300-500 cc of CO2 (Fig. 5). 

During those procedures, no significant difference 
in the mean PAP could be detected between the after 
venotomy events and events noted after injection of 15 
cc of CO2 (Fig. 6). However, a significant difference (P 
< 0.05) was noted with baseline levels when 100 cc of 
COz were injected. A significant difference (P < 0.05) 
was also noted between PAP of dogs submitted to a 
venotomy or injected with 15 cc of CO2 and the PAP of 
dogs injected with 100 cc of CO 2. 

Discussion 

Since it is known that hypovolemia with decreased 
central venous pressure (expansion of the intravascu- 
lar volume has been suggested as one element of treat- 
ment of air embolism [19]) invites embolic phenomena 
[21, 25], this experiment was designed to evaluate the 
effect of pneumoperitoneum on euvolemic animals 
with normal hemodynamic parameters prior to embo- 
lization. 

Is accidental injury to the inferior vena cava likely 
to lead to massive pulmonary gas embolism and its 
dreaded complication, death? Our results demonstrate 
that, in our animal model, a l-cm injury to the inferior 
vena cava under a CO2 pneumoperitoneum of 12-15 
mmHg does not lead to major hemodynamic effects, as 
shown by no significant elevation of the PAP. 

A linear incision in the vena cava instead of exci- 
sion of a predetermined amount of its wall was chosen 
in order to simulate a laceration which could occur 
during performance of a surgical procedure on organs 
close to the vein. No tissue covered the venotomy 
during unclamping. A 10-s waiting period before the 
venotomy was closed was selected, taking into ac- 
count the amount of blood loss. That amount (25-30 
cc) was reasonable and easy to compensate with Ring- 
er's lactate. We also considered the fact that 10 s ap- 
pear sufficiently long to the surgeon who looks at the 
hemorrhage without attempting to control it manually 
or, in the case of laparoscopy, with instruments al- 
ready present in the surgical field. Moreover, major 
uncontrollable bleeding encountered during laparosco- 
py would dictate cessation of pneumoperitoneum and 
immediate laparotomy. 

In 2 of 11 (18%) events recorded following venot- 
omies, gas bubbles were seen in the right heart cavities 
at echocardiography. However, this phenomenon is 
not comparable to the larger quantities seen after in- 
travenous bolus injection of 15 cc of CO2. However, 
the 15 cc CO2 bolus did not lead to a significant in- 
crease in PAP as did the injection of a 100-cc CO2 
bolus. The amount of gas present in the right heart 
cavities after i.v. injection of only 15 cc is nevertheless 
impressive at echocardiography as shown in Fig. 3. 

This raises the question, why did the pulmonary 
artery pressure not increase? Consequences of venous 
gas embolism depend on the rate, the amount, and the 
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Fig 1. Normal dog transesophageal echocardiography showing the 
cardiac chambers. Right atrium (RA); right ventricle (RV); left 
atrium (LA); left ventricle (LV). 

Fig. 4. Observation after i.v. injection of 100 cc of COz. The right 
atrium is filled with multiple gas bubbles (small arrowheads). The 
right ventricle is more than half filled with a single large mass of 
fused gas bubbles (large arrowheads). The videotape shows that this 
mass of gas bubbles disappears within a few minutes. The mitral 
(small arrow) and the tricuspid (large arrow) valves are shown. No 
echogenic particles that moved with flow are seen in the left heart 
cavities. 

Fig. 2. A few CO 2 bubbles are seen in the right atrium (small ar- 
rowheads) and ventricle (large arrowheads) after unclamping of a 
venotomy under pneumoperitoneum. This observation occurred 
only in 18% of the cases. Gas bubbles were defined as echogenic 
particles that moved with blood flow. They are more readily seen on 
videotape. Mitral (small arrow) and tricuspid (large arrow) valves 
are visualized. 

Fig. 5. Carbon dioxide bubbles (small arrowheads) are seen in the 
left atrium and a large mass of fused gas bubbles is present in the left 
ventricle (large arrowheads) after massive (>300 cc) lethal i.v. in- 
jection of COz. Right heart cavities are obscured by embolic mate- 
rial. 

Fig. 3. Observation after i.v. injection of 15 cc of CO2. The right 
atrium is filled with multiple air bubbles (small arrowheads). In the 
right ventricle, a mass of fused gas bubbles (large arrowheads) can 
be seen. On videotape, this mass of bubbles disintegrates and is 
replaced with individual bubbles which disappear within seconds. 
Mitral (small arrow) and tricuspid (large arrow) valves are seen. 

V E N O T O M Y  

15 CC I.V. 
I N J E C T I O N  

100 C C  I.V. 
I N J E C T I O N  

0 5 I0 15 20 25 30 

Fig. 6. Unclamping the venotomy or injection of 15 cc of CO 2 had 
no effect on mean pulmonary artery pressure (PAP). However, i.v. 
injection of 100 cc of CO 2 led to a significant elevation of PAP. 
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nature of the gas introduced [17, 18]. The magnitude of 
physiological distrubances caused by CO 2 is 6.5 times 
less than that of air because of its higher blood solu- 
bility [23]. It has been shown in dogs that carbon di- 
oxide shows exceptional behavior in that it has almost 
no effect on PAP with boluses ranging from 20 to 60 ml 
injected in 1 s [24]. Reports of CO 2 embolism have 
often commented on the rapid reversal of signs and the 
relatively benign postoperative course [16, 28]. How- 
ever, under continuous intravascular insuffiation of 
CO2, other gases, chiefly oxygen, begin to diffuse into 
the bubbles [22]. The embolism then will require more 
time to be absorbed and a vicious cycle could be es- 
tablished. This may account for the reports of perma- 
nent injury and deaths following CO2 embolism [10, 
20]. It has also been documented that as little as 100 ml 
of air (the amount that flows through a 14-gauge needle 
in 1 s) can be fatal in human beings [9]. From his 
experiments in dogs, Mehta et al. [14] concluded that 
there is a direct relationship between the volume of air 
embolism and the degree of cardiovascular responses 
and acid-base balance. 

The hemodynamic effects of gas embolism using 
continuous intravenous air infusion or bolus injec- 
tions of air are well documented. In dogs weighing 
between 18 and 22 kg, an intravenous bolus injection 
of as little as 30 cc of air will cause a rapid increase in 
PAP to 75-80 mmHg [8]. A large intravenous bolus of 
air (3-8 ml/kg) will produce an "air lock" with com- 
plete mechanical obstruction of the right atrium and 
ventricle. The type of gas is not important for the max- 
imum value of the resistance of the pulmonary vessels, 
unless the solubility of the gas is so high that some of 
the bubbles have already disappeared before the sites 
of obstruction are reached, as may hold for CO~ [24]. 
A slow infusion of air (0.3 ml/kg/min) is absorbed 
across the pulmonary capillary-alveolar membranes 
without producing any clinical effect. At higher infu- 
sion rates, the gas bubbles lodging in the peripheral 
pulmonary arterioles provoke neutrophil clumping, ac- 
tivation of the coagulation cascade, and platelet aggre- 
gation. The release of chemical mediators produces 
pulmonary vasoconstriction, bronchospasm, pulmo- 
nary edema, and occasionally delayed pulmonary 
hemorrhage. Gas bubbles attached to fibrin deposits 
and platelet aggregates also mechanically obstruct the 
pulmonary vasculature, further increasing the pulmo- 
nary vascular resistance. The increase in right heart 
afterload leads to acute right heart failure with arrhyth- 
mias, electrocardiographic changes of myocardial 
ischemia, hypotension, and elevated central venous 
pressure [3]. 

In contrast, very little is known about the effects of 
repeated bolus injections of air (or COz). A similar 
situation could be encountered by the laparoscopic 
surgeon who has difficulty securing a large bleeding 
vein. In one study [11], upon air injection in the main 
pulmonary artery, the PAP rose by 140%. The changes 
disappeared within 13 rain. Basal levels of these pa- 
rameters were not influenced despite manifold repeti- 
tions. Repeated embolizations caused similar results 

with only small variations. As shown in our study, 
rapid absorption of CO 2 leads to quick disappearance 
of the CO2 bubbles and to reversal of pulmonary hy- 
pertension. 

Blood is generally recognized by echocardiog- 
raphers as echo-flee [12]. For instance, no echocar- 
diographic response to saline administration is usually 
observed other than an occasional single microbubble 
[12]. TEE permits detection of microbubbles as they 
emerge into the right atrium and ventricle. The CO2 
bubbles are seen as high-density spots in the blood 
[26]. Small numbers of air bubbles of a mean size of 
20-50 ~m can be seen as single hyperdense spots [26]. 
Vik et al. [27] showed that using a 7.5-MHz TEE 
probe, albumin-coated gas bubbles of 5-p,m size could 
be detected in the pulmonary artery when injected as a 
bolus. Our experiment demonstrates that detection of 
gas embolism is more precise using the TEE probe 
than relying on elevation of PAP. A bolus of 15 cc of 
CO 2 was easily visualized without concomitant eleva- 
tion of PAP. 

We do not advocate routine use of TEE since in 
clinical practice very few episodes of gas embolism 
have been reported. In three studies, the incidence of 
gas embolism was respectively 1 in 63,845 patients, 15 
in 113,253 patients, and 8 in 50,247 patients [5]. 

Larger amounts of gas can cause appearance of gas 
bubbles in the left heart and cause paradoxical embo- 
lism. The sieving effect of the pulmonary microcircu- 
lation theoretically should prevent the passage of par- 
ticles 8 ~m or greater in diameter [15]. However, this 
size limitation may apply only to rigid structures such 
as microspheres or microbubbles. For instance, con- 
trast material [7] or platelet aggregates [4] have been 
demonstrated to cross the pulmonary capillary bed af- 
ter intravenous infusion. Paradoxic air embolism with 
its potential for stroke and death in the absence of an 
intracardiac defect has been described [1]. Echogenic 
"speckles" of air in each of the cardiac chambers 
could be seen in some cases of complicated central 
venous catheterization. In experimental animals, But- 
ler and Hill [2] showed that air infused into veins can 
enter the arterial system via the pulmonary microcir- 
culation. In our experiment, gas bubbles regularly ap- 
peared in the left heart after massive i.v. injection of 
CO2 (>300 cc) but not after injection of 15 or 100 cc of 
CO 2 or after venotomy. 

In summary, in our animal model, a few CO2 gas 
bubbles were seen in the right heart cavities in 2 out of 
11 (18%) events after venotomies created in the infra- 
renal vena cava under a 15-mmHg pneumoperito- 
neum. These findings should suggest caution during 
surgery performed besides large veins. However, the 
amount of gas seen in the right cardiac cavities was 
much less important than that seen after an i.v. bolus 
of 15 cc of CO 2. This experiment also showed that 
TEE is an excellent monitoring device for CO 2 embo- 
lization, as a minute amount of gas can be visualized. 
Pulmonary artery pressure elevates only after a larger 
quantity of CO~ has penetrated the right heart. We also 
noticed by TEE investigation that gas bubbles can be 



visualized in the left heart when the embolus is mas- 
sive (>300 cc). In our model, this phenomenon was a 
sign of impending hemodynamic failure. 
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