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Despite increasing awareness of the clinical incidence of
venous air embolism, the pathophysiology of the resultant car-
diovascular collapse is still obscure, Since venous air emboli fre-
quently result from gradual aspiration of air into a vein opened
surgically, slow infusion (0.01 to 2.00 mg/kg/min) was compared
with injection of boluses (25-200 ml; 1.0 to 13.3 mlkg) of aiy
into the external jugular veins of 52 dogs during various forms
of anesthesia. Cardiopulmonary variables measured included
heart sounds, respirations, systemic blood pressure, pulmeonary
arterial and central venous pressures, heart rate, cardiac output,
and peripheral resistance with slow infusions. On slow infusion
a progressive increase in central venous pressure, an zbrupt in-
crease in pulmonary arterial pressure to a plateau, a progressive
decrease in peripheral resistance, and a compensatory increase
in cardiac output were demonstrated. Blood pressure decreased
moderately until compensation was exceeded, at which point
blood pressure decreased sharply. Electrocardiographic changes
initially involved peaking of the P waves, but later depression
of the 8-T segment occurred. Changes in heart sounds occurred
only when significant cardiovascular decompensation had al-
ready occurred.

Changes in physiologic variables on injection of a bolus of
air included increase in central venous pressure, a decrease in
pulmonary arterial pressure, 5-T segment depression, and shock.
It is concluded that bolus injection might lead to an air lock in
the heart, but slow infusion initially causes a reflex decrease in
peripheral resistance, possibly mediated through receptors in the
lung. (Key words: Embolism: air. Complications:
Heart: cardiac output; vaseular pressures.)

embolism,

DocumenTAaTION of the incidence of venous air em-
bolism 1s increasing, especially for such neurelogical
procedures as operations on the posterior fossa with
the patient in the sitting position, where the pressure
in exposed veins may be less than atmospheric and
air may be sucked in if a vein is entered. The mech-
anism by which venous air embolism leads to cardio-
vascular collapse is still undetermined. When such em-
bolistm occurs clinically, air enters an open vein gen-
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erally at a low rate until it suddenly becomes clinicali
significant.'** However, most laboratory research o
venous air embolism involves air injected in a singl
large bolus,*® so that conclusions may not necessaril
be relevant to clinical situations.

[t seemed appropriate to study the pathophysiology
of venous air embolism induced by both slow infusion
and a sudden bolus. In order to test the appropriate-
ness of currently recommended maneuvers for the de-
tection and treatment of clinical venous air embolism,
conditions under which such air embolism occurs and
how patients are monitored were simulated in dogs.
Additional physiologic variables were monitored in
order to elucidate observed cardiopulmonary changes.

Materials and Methods

Venous air embolism was induced in 52 mongrel
dogs weighing between 10 and 21 kg. Forty-one dogs
were anesthetized with halothane following endotra-
cheal intubation, and nine were anesthetized with a
combination of e-chloralose, 60 mg/kg, intravenously,
and morphine, 2mg/kg, intramuscularly.

Phasic and mean aortic blood pressures were mea-
sured through a catheter placed via a femoral artery.
Central venous pressure was monitored with a catheter
placed through the cephalic vein into the superior
vena cava immediatelv above the right atrium; proper
position of the central venous catheter was assured
by monitoring either phasic venous pressure or the
electrocardiogram using the saline-filled catheter as an
electrode.®' Right pulmonary arterial pressure was
measured through a catheter inserted via a femoral
artery and positioned under fluoroscopic guidance.
Heart rate was monitored with a cardiotachometer.**
Respiration was monitored through a transthoracic
Impedance preumogram,** which recorded changes
in pattern. These values were recorded with an eight-
channel recorder.**

Aortic blood flow was monitored in nine dogs by
implanting a blood flow transducer around the root,
of the aortic arch through a thoracotomy incision du

with a sheet of Dacron mesh sutured aroiind the su
faces in contact with the aortic wall. ‘The cable of . the.
transducer was passed through a subcutaneous tunn
to the skin overlying the posterlor pOI‘thﬂ of the nec
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A minimum of two weeks was allowed for recovery
before the animals were monitored during the induc-
tion of venous air embolism. The output signal from
the flowmeter was fed into an integrating circuit (sum-
ming, capacitance, feedback integrator), and stroke
volume was recorded?t as a voltage step proportional
to the area under the systolic portion of the aortic
flow wave. The voltage steps were accumulated and
automatically recycled every 4 sec to compute cardiac
output. .

Peripheral resistance was recorded on-line as the
quotient of the mean aortic pressure divided by car-
diac output, a function performed by an electronic
multiplier/divider. All information was stored on a
magnetic tape recorderif for later offline calcula-
tions. !

A 16-gauge polyethylene catheter was inserted into
the left external jugular vein. Air was infused at vari-
ous controlled rates of 0.12 to 2.20 mi/kg/min by a
Harvard infuston pump. Each infusion was given until
changes in physiologic variables occurred, but for no
longer than 3 min. When no change occurred, a
period of at least 30 min was allowed before increas-
ing the rate of air infusion in order to ensure the
stability of control values. When a response occurred
and control levels could not be reestablished, the
infusions were stopped.

In several groups of dogs, various other manipula-
tions were performed. For example, three animals
received sodium pentobarbital, 3.5 mg/kg, prior to in-
stillation of the air embolism. Two animals had pro-
caine blockade of the vagus nerves, and three animals
had surgical vagotomy. Three other animals had para-
sympathetic blockade with atropine, 1 mg/kg. In an-
other three animals, afferent blockade of the tra-
cheobronchial and possibly alveolar receptors in the
lung was produced by nebulizing cocaine, 3 ml, 10
per cent, through the endotracheal tube. prior to in-
duction of air embolism. In nine animals, the air was
instilled into the pulmonary artery rather than the
jugular vein to distinguish whether the observed ef-
fects were due to the effect of air passing through
the lungs or the heart. In nine animals, air embolism
was produced during controlled ventilation with a
pressure respirator.§§ L : _

In 14 dogs the position was varied.. Air embolism
was induced in the prone, right and left lateral decubi-
tus positions, with t d el d-with the

head lower _ G-suit was
used to evaluate potental protectior against the phys-
iologic effects of air em ich
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value$ returned to control levels following the final
siow controlled injection were studied on injection of
large bolules of air into the jugular vein. Boluses ranged
from 25 to 200 ml (1.0 to 13.3 ml/kg); during injection,
the previously indicated variables were monitored.

The standard deviation and standard error of the
mean threshold dose for each of the modalities studied,
as well as the control and response values at each
infusion rate, and standard deviation and standard
error of the percentage increase or decrease between
control and response values, were calculated using a
computer.” The data for each variable were used to
plot a dose-response linear-regression function.
The threshold dose, the lowest dose at which a change
in the control value occurred, was plotted for each
variable.

Necropsies were performed with the animals under
water to determine whether air was present primarily
in the heart or in the pulmonary circulation.

Results

SLow INFUSION OF AIR

The first change seen at the lowest rate of air in-
fusion was a characteristic alteration in the pattern of
respiration (fig. 1). At a threshold dose of 0.36 mlkg/
min, a characteristic “gasp” occurred (fig. 2). Gen-
erally it began 30 sec to 4 min after the start of in-
fusion, with the shorter latency occurring at higher
rates of infusion. The gasp consisted of a small cough.
followed immediately by a brief expiration and then a
long forced inspiration that was held for several sec.
A period of apnea lasting from 10 to 30 sec followed.
On occasion, it occurred in chains of several gasps.
When an infusion was repeated shortly after a gasp
was evoked, the latency was less and the gasps were
more likely to be multiple.

During the forced inspiration of the gasp, central
venous pressure became abruptly negative by an aver-
age of 1.2—1.5 torr, and then became positive during
apnea. Heart rate and blood pressure correspondingly
increased transiently during the forced inspiration
and then decreased during the prolonged apnea.

The clinical significance of the gasp was demon-
strated in three animals by cannulating the contra-
lateral external jugular vein and leaving the cannula
open to the air.*Ordinarily, :no_air was sucked into
this cannula when the dog was supine. However, when
‘the gasp was induced, air could be seen entering the
jugular-=vein, cannula ‘during the _forced inspiration,

. corresponding fo the “sudden decrease in central

venous pressure. Al g -amount of air enter-

8§ General .Ele.c'ti-lc_Mgljk I__Compuiér.
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Fic. 1. Thresholds for the earliest changes in the
modalities monitored. The Arst changes in hear
sound do not occur until other physiologic change
are well under way.

5 8 10
THRESHOLD (ml/kg/min)

ing the contralateral jugular vein was not measured,
it proved to be a fatal bolus, even when initially air
had been infused only at a threshold rate to cause a
gasp. This closely simulated the clinical situation that
may occur when a small vein is opened intraopera-
tively with spontaneous respiration. A minimal air em-
bolism may precipitate the gasp reflex, which.in turn,
causes a large bolus of air to be sucked into the yet
open vein, leading to death. Consequently. the nature
of the gasp is significant, and an attempt was made to
demonstrate the afferent mechanism involved.

The threshold for the gasp was not changed by
unilateral vagotomy. After bilateral vagotomy, a pat-

PHASIC - -
BLOOD PRESSURE
mmHg

tern of respiration consisting of forced hyperventila-
tion developed, which made itimpossible to determine
whether any change in respiration occurred with in-
fusion of air. Atropine, 1 mg/kg, caused an increase in
the vigor of the gasp. To determine whether the gasp
was mediated through a cardiac or pulmonarv afferent
mechanism, the air was infused through a catheter in
the pulmonary artery. The thresholds for the gasp
and the other measured physiologic variahles were
identical on infusion into the pulmonary artery and
on infusion into the external jugular vein, demon-
strating that the inital reflex influence is in the pul-
monary vascular bed,

by a:period when respiration and hear
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Fic. 3. 4, the first change in the electrocardiogram is peaking of the P wave at 0.6 ml/kg/min. B, 8- segment depression does net occur

until a rate of 1.2 ml/kg/min has been reached.

To localize the afferent mechanisms further, co-
caine, 3 ml, 10 per cent, was nebulized through the
respirator to anesthetize the exposed tracheobronchial
tree and possibly the air-containing portions of the
lungs. This completely blocked the gasp reflex,
further indicating that the gasp is mediated via re-
ceptors in the lung. The same amount of cocaine in-
jected intravenously did not alter the threshold or
the characteristics of the gasp. As further evidence
of the reflex nature of the gasp. it was demonstrated
that the threshold dose of air infusion was markedly
increased with relatively modest doses of sodium pen-
tobarbital. A dose of 3.5 mg/kg increased the threshold
to 1.2 mlkg/min from a control of 0.36 ml/kg/min.

The presence of an endotracheal tube did not alter
the threshold at which the gasp occurred. nor did it
affect the change in the central venous pressure dur-
ing the gasp. It was possible to prevent the gasp re-
flex by substituting halothane anesthesia for a-chloro-
lose and morphine. Of course, when respirauons were
controlled in an animal paralyzed by succinylcholine,
no gasp could be seen, which prevented addittonal
air from being sucked into an open vein. Other phys-
iologic changes were unaltered when the gasp was
blocked by any of these methods.

Flectrocardiographic changes first appeared in all
dogs at a mean threshold infusion of 0.6 mi/kg/min.
The first change was peaking of the P wave (fig. 34 ). With
higher rates of infusion there was no further change
in the electrocardiogram-antil 2 mean dose of 1.22
m/kg/min caused depression of the S-T segment (fg.
3B).:No further change in the EKG was seen with
higher rates of infusion until other cardiovascular e
fec.tsf'béc'zihléz"pfo_foﬁnd. [

“Central verious presstite increased 20 per cent

d

creasingly large dases of air, central venous pressure in-
creased progressively. A plateau representing a three-
fold increase occurred between 0.9 and 1.2 ml/kg/min.
Above that rate. another progressive increase in cen-
tral venous pressure was demonstrated, reaching a
maximum of 18 times control values at an infusion
of 2 ml/kg/min. Right pulmonary arterial pressure
increased 25 per cent at (.42 ml/kg/min (fig. 4). The
pressure increased abruptly to reach a maximum of
three times control levels at (.46 ml/kg/min, but did
not increase significantly beyond that. even with rates
of infusion as high as 2 ml/kg/min.

Heart rate increased 18 per cent at a threshold dose
of 0.42 ml/kg/min. With successively higher rates of
infusion, heart rate increased twofold. However, at
infusion rates greater than 1.52 ml/kg/min, heart rate
decreased steadily to less than control levels as cardio-
vascular decompensation occurred. Although blood
pressure decreased gradually with increasing doses of
air, significant decreases did not occur with infusion
rates greater than 1.7 ml/kg/min (fig. 4). At a rate
of 2 ml/kg/min, blood pressure decreased to 25 per
cent of control values.

Peripheral resistance decreased 15 per cent between
infusion rates of 0:52 and 1.2 ml/kg/min (fig. 5). Above
that rate it decreased abruptly by 75 to 85 per cent. It
decreased further at doses above 1.6 mi/kg/min. - .
JAoruc ‘blood-flow ‘increased 18 per cent af an in-

_ fusmn of 0.76 ml/kg/min (fig. 5). Successively higher

rates tauséd gradually increasing aortic flow until it

arate 6f 1.5 mi/kg/min. At higher infusion
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min, where an 80 per cent mean increase in stroke
volume was recorded.

In ten animals aspiration of air from an additional
catheter inserted into the right atrium was attempted
with an infusion of air, 120 ml, at a rate of 2 ml/kg/min.
A mean value of 60 ml air was recovered, which re-
turned the circulatory changes to control levels, and
all animals survived.

Heart sounds monitored by an attentive experienced
anesthesiologist through an esophageal stethoscope
demonstrated no change until a mean threshold rate
of infusion of 1.7 ml/kg/min was reached. This pro-
duced a tinkling “drum-iike” sound. The classic “mill-
wheel” murmur did not occur until a mean infusion
rate of 1.96 ml/kg/min was reached.

BOLUS INFUSION OF AIR

The gasp that was so characteristic at slow rates of
_infusion ‘was not _seen. when boluses of air of 25 to

was 125 mil or greater, and usually signaled a fatal
outcome.

An increase in central venous pressure was ob-
served with a bolus of air as small as 25 ml. With
increasingly larger boluses there was a linear increase
in central venous pressure, so that a 150-ml bolus of
air resulted in a mean central venous pressure of 54
torr. With boluses larger than that, the increase in
central venous pressure was less.

No change in heart rate was seen until injection of
a 75-ml of belus air, which caused a mean increase of
32 per cent. As progressively larger boluses were in-
jected, heart rate increased in a linear fashion; heart
rate doubled transiently following rapid injection of
200 ml air. With a 25-ml bolus of air, mean control
blood pressure decreased 31 per cent. When progres-
sively larger boluses were injected there were pro-
gressively greater decreases in blood pressure. The
peaking of the P waves observed during slow infusion
was not seen when boluses were injected. Howeve

) '7 even_when a 25 m! bolus of air was In_]ected S ‘
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per cent decrease, did not occur with a bolus of less  nificant change in blood pressure with the animals
than 100 ml. Although pulmonary arterial systolic  in the head-down position was not seen until an infu-
pressure decreased significantly at that dose, there was sion rate of 0.7 mlkg/min, and only a slight de-
ari increase in diastolic pressure. At the same dose, a  crease in blood pressure occurred as successively
significant decrease in systemic blood pressure and a  larger infusion rates were employed. At a rate of 2
striking increase in central venous pressure also oc-  ml/kg/min, blood pressure decreased only 39 per cent,
curred. Although the “drum-like” murmur was heard  and it recovered promptly when air infusion was
when a 25-ml bolus of air was injected rapidly, the discontinued.
classic “mill-wheel” murmur did not occur until a fatal Upon initial inflation of the G-suit, an increase of
900-m! bolus was injected. Increasing amounts of air 0.75 torr in central venous pressure was scen, but
caused the murmur to become louder, but the char- this was not statistically significant or sustained for
atal acter of the murmur did not change further. more than a few minutes. There was no significant
difference in any of the variables monitored during
ob- ErrecTs OF OTHER MANEUVERS either slow infusion or bolus injection of air with and
Vith In order to evaluate reports that changing the pa- without the G-suit.
pase tient’s position might afford protection from the ef- Values of pH, Pacg, and Pay, were determined in
is of fects of air embolism,'*™ changes in physiologic 180 arterial blood samples taken from 14 dogs at the
f 54 modalities were measured with the animals in various  time of the gasp and 3 minutes thereafter. During
e in positions. Slow controlled infusions of air were given  the gasp, pH increased from a control of 7.32 to a
to dogs in the prone, erect, left lateral decubitus, mean of 7.37. Pacq, decreased corvespondingly from
n of and right lateral decubitus positions, in addition to the a control of 40.1 torr to a mean of 30.8 torr. Pa,, did
se of supine position reported above. There was no sig-  not change significantly from a control of 90 torr to 89
e in- nificant difference in either the threshold or the linear-  torr at the time of the gasp. Three minutes after the
leart regression curves in any of these positions. However,  gasp, however, Pay, had decreased significantly to 80
n of differences were observed with the animals in the  torr and Paco, had increased markedly to 46.8 torr,

head-down position. Heart rate increased linearly to a
maximum value 60 per cent above control at an in-
fusion tate of 1.5 ml/kg/min, but the increase was
less at higher infusion rates. Other variables changed
even less. Central verious pressure first increased with

g/min. This is in marked contrast to ‘the
ncreases in central venous pres
the animals in the supine, prone, latel

aninfusionrate of 0.36 ml/kg/min ai d reached a maxi-
' ; "7 per cent with an infusion rate

with a resultant decrease in pH to 7.29, reflecting the
period of apnea.

Necropsies showed that animals dying after slow in-
fusion had air dispersed generally throughout the car-
diopulmonary circulation. However, animals dying
after rapid injection of holuses had air primarily in the
right side of the heart. ' h
o i e Discus'sion

Althotigh the peculiar gasp that accompanies clinical
enous air_embolism is not uncommon®™’® and has
en witnessed by one of the au hors (PLG) several
: s hardly mentioned in the literature. It re-
bles the “chokes” of decompression sickness in
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character- and physnologlc sxgmﬁcance L Demonstra-

“tion that the gasp reflex may induce a: sudden nega-

tive intravenous pressure in animals with spontaneous
respiration has considerable clinical 31gn1ﬁcance A
sudden sucking of a large bolus of air into the vein
may convert a treatable slow-infusion type of air em-
bolism into a fatal bolus. The demonstration that the
gasp is reflex in origin suggests that it can be avoided
during surgical procedures by controlling respiration
in patients undergoing operations with significant risk
of venous air embolism.>771® Allowing the patiefit to
breathe spontaneously “to see whether respiration is
affected” during brain-stem manipulation exposes the
patient to significant risk, for the most part unneces-
sary, since other methods such as electrocardiography
can be used to detect excessive brain-stem manipula-
tion.207%8

Of those modalities examined in the study, the
earliest physiologic change demonstrating venous air
embolism in the dog was in the electrocardiogram.
Although this may be peculiar to the species, atten-
tion should be drawn to the peaking of the P waves,
which is the first electrographic change with slow in-
fusion, and to the depression of the 5-T segment,
which occurs later. It is not until very late that a change
in rhythm occurs, so the waveform on the cardiac
monitor is of paramount importance.*

Central venous pressure increases significantly dur-
ing both slow and rapid infusion of air,>*® but it is of
limited value in making a specific diagnosis. The time-
honored technique of listening to the heart sounds
with a precordial or esophageal stethoscope for the
classic “mill-wheel” murmur'®!*#2" has been dem-
onstrated to be totally inadequate. It is only after car-
diovascular deterioration has been established that
there is any change in heart sounds. Even then a “drum-
like” murmur occurs much earlier than the typical
“milEwheel” murmur. Although monitoring the heart
sounds is desirable for other reasons, it is inadequate
to detect venous air embolism early enough to abort
a fatal outcome consistently, and one should employ a
precordlal Doppler monitor,7#0:14:15-25.28.23

A review of the changes in various physiologic
modalities indicates that at low rates of infusion blood
pressure decreases moderately and heart rate increases.
Central venous pressure shows a pro gresswe lncrease

Anesthesiology
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effects of venous air embolism. The initial change
take place at thresholds between 0.4 and 0.6 mlkg/mi
An increase in cardiac output Compensates for th
decrease in peripheral resistance, sq blood pressure
is only moderately decreased. Between approximately
1.2 and 1.8 ml/kg/min, compensation begins to fail,
blood pressure decreases further, and S-T segment
changes are first seen on the electrocardiogram. When
the infusion was discontinued after 3 min, the dogs
generally survived in our study. However, at infusion
rates greater than 1.8 ml/kg/min blood pressures de-
creased abruptly, the animals frequently went into
profound shock hefore the end of the 3-min infusion,
and most did not recover.

The initial abrupt increase in pulmonary artertal
pressure appeared to result from constriction of the
lntrdpuimonary vasculature, since it occurred with
amounts of air too small to cause widespread mechan-
ical occlusion. The later plateau may represent the
opening of shunts within the lung, a concept consis-
tent with the changes in arterial blood-gas values.

These observations fead to the conclusion that the
physiologic response to slow infusion of air resulting
in venous air embolism may be initiated via a reflex in
the lung. Slow infusion directly into the pulmonary
artery demonstrates that cardiovascular collapse can
occur even with no air in the heart on the first pass,
suggesting that the receptors for such cardiovascular
reflexes reside in the lung. Peripheral resistance de-
creases and intrapulmonary vascular resistance in-
creases, at first compensated for by increased cardiac
output but leading to shock when compensation is
exceeded.,

This differs from the physiologic mechanisms ob-
served with a bolus of air, wherein cardiovascular col-
lapse is due primarily to an air lock in the right side
of the heart.»2133 The gasp reflex is not seen on
injection of a bolus, nor is peaking of the P wave.
More significantly, the increase in pulmonary arterial
pressure that characterizes a slow infusion does not
occur. The decrease in pulmonary arterial pressure
suggests that a bolus injection causes an air lock proxi-
mal to the pulmonary artery, whereas with slow in-
fusion the impairment to blood flow is distal to the
pulmonary artery. This concept is futther documented:
by the finding on necropsy that the air from a bolus

~was in the right side of the heart, but the air from
_slow infusion was found more consmtenﬂy in-the lungs
.. This would explain the failure. of the left l_ateral de

“cubitus posmon to protect. the animal from the effects
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“occurs:may offer only a minor advantage, offset par-

tially by the hazard from excessive manipulation of a
patient with an open incision. Other forms of treatment
might more conveniently be initiated.?3-5-6:8~10,14.28.3¢

The use of the G-suit did not alter the effects of
venous air embolism, nor did it increase central venous
pressure for a prolonged period. It cannot be recom-
mended for treatment or preventlon of venous air em-
bolism.?* However, it may help in the treatment of
shock in general.

The dramatic reversal of shock with aSQiration of
air from the atrium is further laboratory evidence of
the effectiveness of this clinical treatment.?#10:3%34

Thus, it has been demonstrated that the patho-
physiology of slow infusion of air into an open vein
differs from that of sudden introduction of bolus of
atr. With slow infusion. cardiovascular changes are a
reflection of a sympathalytic refiex initiated by recep-
tors in the pulmonary vasculature, leading to shock
from a decrease in peripheral resistance. A bolus of
air, on the other hand, causes an air lock in the
heart and results in failure of cardiac output. A
reflex gasp, which occurs upon slow infusion, can
cause a fawal bolus of air to be sucked into an open
vein, Such maneuvers as aspiration of air from the
atrium and lowering the head can be effective treat-
ment of venous air embolism,
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