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LUNG trauma involving laceration of air passages, lung
parenchyma, and blood vessels may result in direct com-
munication of these structures. Systemic air or gas em-
bolism (SAE) occurs when air or gas enters the pulmo-
nary venous system as a result of a positive gradient
caused by low pulmonary venous pressure (as in hypo-
volemia) or increased airway pressure (as in positive
pressure ventilation [PPV], coughing, or tension pneu-
mothorax). Pulmonary venous air embolizes to the heart
and to coronary and cerebral arteries with catastrophic
consequences (fig. 1)." Two milliliters of air injected into
the cerebral circulation can be fatal.*® Likewise, 0.5-1
ml of air injected into a pulmonary vein can cause car-
diac arrest from coronary air embolism and ischemia.”
Clinical systemic air or gas embolism has been recog-
nized increasingly since 1973, albeit with controversy
and skepticism.® Trauma clinicians have witnessed the
sudden collapse of these patients, often after tracheal
intubation and initiation of assisted ventilation.””~'” The
collapse is typically unresponsive to conventional resus-
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citation.”””"” In the ensuing emergency thoracotomy,
the nonfunctional heart shows little evidence of direct
trauma, and air is seen in the coronary arteries, left
cardiac chambers, or in the aortic root.”” '® Less fre-
quently the development of central nervous system
(CNS) dysfunction in previously conscious patients with-
out obvious head injury may implicate cerebral air em-
bolism."”

To date most reports of SAE have been published in
the surgical literature.">™'® Not surprisingly the solu-
tions offered have largely been surgical. These solutions
include immediate thoracotomy to clamp the ipsilateral
hilum (f the source of SAE is unilateral), arresting the
continuous passage of air entering the left heart and
systemic circulation.>'” Hyperbaric oxygen therapy
(HBOT) has also been used to manage cerebral dysfunc-
tion with good results.'"” The airway and breathing
portions of resuscitation, unfortunately, have received
little attention.

In a letter to the editor, Moon and Piantadori*’ sug-
gested selective unilateral lung ventilation to prevent
further gas embolization from the involved lung. This
idea was dismissed by Trunkey”' as impractical. In all
published cases of SAE, no special airway or ventilation
intervention was used until recently. In 1995, Saada et
al” described the use of high-frequency ventilation
(HFV) and small ventilatory volume in three patients
with SAE. Using transesophageal echocardiography
(TEE), they documented that air embolism ceased with-
out thoracotomy simply by altering ventilation.

In the anesthesiology literature, SAE is discussed
briefly in subspecialty texts dedicated to trauma.’***
These discussions echo viewpoints previously published
in the surgical literature and offer no new insights into
airway and ventilatory management. Proper airway and
ventilatory interventions remain unexplored issues
within the domain of the specialty of anesthesiology and
may be important in the prevention and management of
SAE. Unless cardiac tamponade or mediastinal hemor-
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Fig. 1. Air embolization through a direct
bronchiole-pulmonary venule communi-
cation created in lung trauma. From Mat-
tox."

©Baytor College of Medicna 1979

rhage is present or suspected, thoracotomy may be
avoided or at least delayed until the patient is stabilized
and brought to the operating room (OR).

The objective of this article is to discuss the recognition
and management of SAE resulting from fistulization be-
tween the pulmonary veins and the airway. A portion of
this article is devoted to the hypothesis that early lung
isolation in the management of SAE may decrease morbid-
ity and mortality. Lung isolation using special tracheal tubes
will not occur in a trauma setting unless the anesthesiolo-
gist, surgeon, and emergency physician consider the pos-
sibility and understand the pathophysiology of SAE.

Epidemiology of Traumatic Systemic Air
Embolism

Almost half of all trauma patients sustain some degree
of thoracic injury.”* In the United States, 20% of all
trauma deaths per year are attributable to chest trauma.
This is approximately 16,000 deaths per year.?”

Before the early 1970s, SAE after trauma was largely
unrecognized.” The first seven cases of traumatic SAE
were published by Thomas and Stephens of the San
Francisco General Hospital in 1973° and 1974.° Since
those two reports,”” more than 100 cases'’ 18:20-30 of
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SAE, mostly from penetrating trauma, have been pub-
lished in the English language literature.

At the San Francisco General Hospital, the charts of
447 trauma patients between 1970 and 1981 were re-
viewed.® Complete data to diagnose SAE were found for
61 patients (14%); of them, 15 sustained blunt trauma,
and 46 sustained penetrating trauma. Between 1972 and
1978, there were 168 cases of emergency room (ER)
thoracotomy at that institution, 11 (7%) of which were
to manage SAE.”” Robison et al*® reported 5 deaths
among 18 cases of emergency lung resection after pen-
etrating chest injuries; two were from SAE. Wiencek et
al.*® examined 25 cases of central lung injuries involving
hilar vascular structures; 8 (32%) deaths were the result
of hemorrhage, and 6 (24%) were caused in part by SAE.
The same authors®” also reviewed 138 cases of emer-
gency thoracotomies for penetrating trauma; they found
6 patients (4%) with gunshot wounds to the chest with
hemoptysis who arrested immediately after intubation
and institution of mechanical ventilation. Air was found
in the coronary arteries on autopsy. King et al.”° studied
12 deaths in which the only thoracic injury after pene-
trating chest trauma was to the pulmonary parenchyma.
Dissecting the isolated heart under water revealed left
cardiac air emboli in nine cases.
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Between 1975 and 1988, Swanson and Trunkey treated
more than 100 cases of SAE.®' Trunkey estimated that
SAE occurs in 4% of patients with major thoracic trau-
ma.'” Of these, two thirds are from penetrating trauma,
and one third result from blunt injury.'” Stene et al**
estimated that about 14% of patients with major thoracic
injuries have SAE.

The relative paucity of reports of SAE in blunt trauma
cases may be because of its lower incidence compared
with penetrating trauma in the United States and be-
cause of underrecognition. Several factors contribute to
underrecognition. First, cardiovascular or cerebral dys-
function is usually attributed to other causes. Second,
SAE is usually diagnosed during resuscitative thoracot-
omy, which is rarely indicated in severe blunt trauma
with serious cerebral insult. Finally, conventional au-
topsy techniques fail to detect SAE.>”*?

Most reports of SAE associated with isolated penetrat-
ing lung injury end with death. SAE in severe blunt
trauma victims also likely contributes to morbidity and
mortality. Yee ef al.® found that mortality rates for blunt
and penetrating trauma were 80% and 48%, respectively.
Baker et al*” found that of those patients who arrested
because of SAE requiring emergency thoracotomy, only
9% survived. For those who required emergency thora-
cotomy for hypovolemic arrest or tamponade, survival
rates were 14% and 38%, respectively.?’

The association of SAE with primary blast injury, a
special form of blunt trauma, is well known.?* *° Blast
injury is common in military conflict but also can be seen
in civilian practice, given the rising incidence of terror-
ism and the occurrence of industrial and domestic ex-
plosions.

The incidence of SAE in primary pulmonary blast in-
jury is unknown. The fact that it does not occur in all
blast injuries is highlighted by cases of blast-induced
ruptured viscus that were repaired under general anes-
thesia using PPV and N,0.*”*” There was no apparent
cardiovascular or neurologic sequelae despite the pres-
ence of extensive lung injury and hemoptysis.

Animal Studies

Chiu et al*' measured bronchial, pulmonary venous,
and left atrial pressures in four ventilated dogs. When
bronchial pressures were low, pulmonary venous pres-
sures were comparatively higher. As airway pressure
increased, pulmonary venous pressure increased but to a
lesser degree so that the pressure gradient eventually
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reversed (fig. 2). SAE occurred when the lung was in-
cised, after which coronary air emboli and ventricular
fibrillation occurred in all dogs.

Graham et al.'’ studied eight ventilated dogs. Each dog
received a stab wound with a scalpel to the left upper
lobe. The lungs were ventilated with pressures averaging
90 mmHg (the authors did not state whether these were
peak or mean airway pressures). Within 5 min, air ap-
peared in the coronary arteries in all cases, followed
quickly by death.

Thomas® subjected 14 dogs on PPV to a lung stab
while inflating the lungs to a mean peak airway pressure
of 29 mmHg. After injury, air was seen in implanted
aortic-femoral vein shunts. Cardiac arrhythmia and ven-
tricular fibrillation rapidly ensued. Hyperinflation of the
lungs increased shunt air flow in some cases, suggesting
increased SAE from barotrauma or via bronchiole-pul-
monary arterial fistulae and transpulmonary passages
(see Pathophysiology section). The occurrence of SAE
with hyperinflation of the lungs was also found in a
similar study by Meier et al.**

Ponn et al.*® lacerated the lungs of 18 dogs ventilated
with air containing charcoal powder. The dogs pro-
gressed through stages of open chest, tension pneumo-
thorax, and hypovolemia. Charcoal was found in blood,
internal organ, and skeletal muscle specimens taken at
the end of each stage in all dogs. An ultrasonic flowmeter
positioned over the right carotid artery in six dogs de-
tected air through all three stages. Circulatory collapse
did not occur, but there were episodes of ventricular
arrhythmias, all resolving spontaneously. The authors
contend that lacerations produce less air fistulization and
thus less SAE than stab wounds. This contention was
supported by similar experiments performed by Waldo
et al®° and by Meier et al.**

Chiu et al.™™* proposed that the lacerations produced
by Ponn et al.** and by Waldo et al.® might have decom-
pressed themselves and that the induced tension pneu-
mothorax could have decreased the possibility of large
air emboli by compressing lacerated veins and perhaps
bronchioles. By comparison experimental stab wounds
produced a relatively closed channel between the bron-
chial tree and the pulmonary venous system. This type of
injury would mitigate against escape of air into the pleu-
ral space or the atmosphere and thus approximate more

closely a bronchopulmonary venous fistula that would
not be easily subject to spontaneous decompression.

A study to link SAE with blast lung injury was con-
ducted by Mason et al,*> who subjected a dog to a
near-lethal air blast. An implanted ultrasonic cuff around
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PULMONARY VENOUS
PRESSURE

BRONCHIAL PRESSURE

Fig. 2. The changes in pulmonary venous
pressure in response to increments of
bronchial pressure during positive-pres-

sure ventilation. The gradient between
the two pressures increases as bronchial
pressure increases. From Chiu.*'

a carotid artery detected large numbers of emboli, pre-
sumably air, for 30 min after injury.

In summary, animal studies strongly support the con-
cept of bronchopulmonary venous fistulization in pene-
trating and blast lung trauma. In the presence of a favor-
able pressure gradient created by PPV, the likelihood of
air embolization to the coronary and cerebral vessels
appears greater than that currently recognized in hu-
mans.

Pathophysiology

Tissue disruption from chest trauma may result in
direct communication between the pulmonary vascula-
ture and the bronchial tree. One mechanism of SAE after
penetrating trauma is illustrated in figure 1. In chest
contusion, scattered loss of integrity of the pulmonary
blood vessels, air passages, and alveoli also creates com-
municative pathways.
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In a spontaneously breathing patient, pressure in the
airway is lower than that of the pulmonary veins. This
pressure gradient may reverse if pulmonary venous pres-
sure is low or if airway pressure is high. Figure 2 dem-
onstrates airway and pulmonary venous pressures in
ventilated dogs.*' As airway pressure increases, pulmo-
nary venous pressure also increases but to a lesser ex-
tent. Further increases in airway pressure eventually
reverse the gradient so that air or gas enters the pulmo-
nary circulation.

Figure 3 shows the TEE of a patient after blunt thoracic
trauma.” The left panel is taken while the patient is apneic,
and the right panel is taken during a ventilator-generated
inspiratory cycle. Gas is abundant in the left cardiac cham-
bers during the positive pressure phase. Figure 4 was re-
corded during ventilator-generated inspiration.” The
amount of air in the left cardiac chambers was noticeably
less when the inspiratory volume was decreased from 650
ml (right panel) to 350 ml (left panel).

_—,
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Injuries close to the hilar region yield the highest risk
for SAE because that is where the pulmonary vein lies in
close proximity to the airway branches.'' The pulmo-
nary artery is less likely to be the conduit for SAE,
although at high ventilatory pressures, it is possible for
gas to enter the pulmonary artery and the systemic
circulation via transpulmonary passages.*©

Another mechanism of SAE requires the presence of a
probe patent foramen ovale, which occurs in 30% of the
normal population.”” Right-to-left shunting may occur
through the patent foramen in a hemodynamically sig-
nificant venous air embolism (VAE) and with mechanical

Anesthesiology, V 90, No 2, Feb 1999

Fig. 3. Transesophageal echocardiogra-
phy of a trauma patient. The left panel
(four chamber view) was taken during
apnea, and the right panel during a ma-
chine-driven inspiratory cycle. Air bub-
bles are seen in the left atrium and
ventricle only during positive-pressure
ventilation. RV = right ventricle; LV = left
ventricle. From Saada.”

49

ventilation,*® positive end-expiratory pressure (PEEP),
discontinuation of PEEP,* coughing,’”>" and Valsalva’s
maneuver.’’

Paradoxic air embolism also occurs when air is pushed
through the pulmonary circulation, as in those with
adult respiratory distress syndrome (ARDS),”* severe pul-
monary hypertension,’ or even with mean pulmonary
pressures of 34 mmHg>* and 42 mmHg.*® In these con-
ditions, SAE occurs when air volume overwhelms the
filtration capacity of the pulmonary vasculature.**>*>°
Butler and Hills’> determined the pulmonary filtration
threshold in healthy sheep to be 0.30-0.35 ml - kg ' -

Fig. 4. The effect of 350 ml (left panel)
and 650 ml (right panel) tidal volumes on
the amount of gas bubbles in the left car-
diac chambers of a ventilated trauma pa-
tient is shown in these transesophageal
echocardiograms. A higher tidal volume,
hence higher ventilatory pressures, led
to more gas embolization. From Saada.”
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min ~ of air. Barotrauma and volutrauma can rupture

respiratory ducts and alveoli that are distended beyond
their tensile strength. The escaping air may be entrained
into the pulmonary veins, resulting in SAE, as seen in
laboratory animals,”” neonates,’®>? and adults.>>

In those with blast injuries, the shock wave front
passing through the interfaces between air, alveolar tis-
sue, and blood vessels causes the blood vessels to burst
and the alveolar septa to tear (spalling effect).’23® The
alveoli reexpand rapidly after the shock wave front
passes (implosion).”**® With acceleration, lung paren-
chyma may shear away from the vascular tree.®® The
torn alveoli, bronchiole branches, and pulmonary vessels
communicate, resulting in hemoptysis and possibly SAE.
The Spalling effect and implosion affect all gas-contain-
ing organs (i.e., ears, lungs, gut, and cranial sinuses),
especially the ears.>?

Discussion of Previously Published Cases

We conducted computerized MEDLINE searches from
1966 to April 1998 using the Subject Headings air em-
bolism and blast injury. Pertinent articles were ob-
tained, and additional relevant citations were identified
and retrieved. One hundred seven cases of SAE after lung
trauma>’ '®3%°! and six definitive cases of SAE after
primary pulmonary blast injuries®?” were identified.
Clinical details are lacking in individual cases from case
series. Many cases of SAE presented immediately after
tracheal intubation and ventilation.>” 27173061 yengi.
latory pressures were reported as high in some cases,”'?
normal (maximum airway pressure of <25-30 cmH,0)
in one,'® and not reported in most others. Lung isolation
techniques were not mentioned and presumably not
used in any of the cases. Saada et al.” was the only group
that used definitive ventilatory intervention. They dem-
onstrated the effectiveness of HFV and the influence of a
lower ventilatory volume on the amount of gas embo-
lism produced.

The majority of the reported cases involved penetrat-
ing lung trauma,”® """ in which SAE was diagnosed
during thoracotomy or autopsy. SAE was diagnosed in a
few cases of blunt trauma with the use of TEE.”

Evidence of CNS embolism was presented in a minor-
ity of cases based on computed tomography (CT),°'
neurologic status,’® ophthalmoscopy,*® autopsy finding
of cerebral arterial air,’® or favorable response to
HBOT."” In others with neurologic impairment, the pres-
ence of hypotension, possible drug effects, and conceiv-
ably head trauma makes implicating SAE difficult.
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Overall these cases illustrate the often fatal nature of
SAE and the lack of awareness of the potential effective-
ness of airway and ventilatory maneuvers to minimize
morbidity and mortality.

Clinical Presentation and Diagnosis of
Systemic Air Embolism

In those with lung trauma, the combinatior: of hemop-
tysis, circulatory and CNS dysfunction immediately after
initiation of PPV, and air in retinal vessels is sufficient to
make the provisional diagnosis of SAE, without confir-
mation by ancillary diagnostic tools or the direct visual-
ization of coronary or cardiac air during thoracotomy.
Hemoptysis suggests communication between pulmo-
nary blood vessels and the airway. It may be present in
22% of SAE cases.”! In Yee et al.’s series,® 10 (16%) of the
61 patients with SAE presented with hemoptysis, and 12
patients (20%) developed circulatory arrest immediately
after tracheal intubation and administration of PPV.
Shock immediately after initiation of PPV also can occur
in the presence of hypovolemia, cardiac tamponade,
tension pneumothorax, cardiac injury, or exacerbation
of underlying heart disease.

Focal neurologic changes, seizures, and other CNS
dysfunction in the absence of head injury or other obvi-
ous causes also suggest SAE, especially if onset is imme-
diately after tracheal intubation and the initiation of PPV.

Fundoscopic examination of the retinal vessels may
reveal air presenting as streaming bubbles or pale silvery
sections, confirming SAE.'”*® During thoracotomy, air
may be seen or aspirated from the coronary arteries, left
atrium and ventricle, and the aorta. Aspiration of air from
arteries (e.g., radial, femoral) may likewise provide con-
firmation."” Similar to VAE, an abrupt decrease in the
end-tidal CO, may occur with SAE as a result of de-
creased cardiac output. Other clinical signs may include
marbling of the skin’* or mottling of the tongue (Lieber-
meister’s sign).®”

Chest radiograph and CT may show pneumohemotho-
rax, pneumatocele, interstitial emphysema, infiltrates, or
contusion. CT of the thorax showing intravascular and
intracardiac air has never been reported in a live patient.
Postmortem and preautopsy CT documentation of air in
all cardiac chambers in a patient who suffered baro-
trauma and SAE on rapid ascent from submersion, pre-
sumably against a closed glottis, has been reported.®® CT
of the head may reveal intracerebral air as negative
density streaks reproducing a cast of the cerebral arter-
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ies;:°! as well-defined areas of low density, often multiple
and bilateral;* or as cerebral edema or infarction.®®
Magnetic resonance imaging and single photon emission
tomography techniques may be useful to document ce-
rebral gas collection.®®

Transesophageal echocardiography can detect gas
bubbles as small as 2um in diameter.®” In one study, 0.02
ml of air infused over 1 min into the right atrium was
detectable.°® TEE may be used to diagnose SAE, VAE,
cardiac abnormality, and great vessel injury and to assess
volume status and contractility.®”’° Its use in trauma is
limited by considerations for traumatic upper airway and
esophageal injuries.”” With increased availability of TEE
for trauma management, the diagnosis of SAE resulting
from pulmonary contusion may increase. Transthoracic
echocardiography is noninvasive but has poorer image
resolution than TEE.”'

Precordial Doppler can detect VAE produced by the
infusion of 0.12 ml of air over 40 s into the right
atrium.®® It and the esophageal Doppler may be useful in
detecting air in the left ventricle. Transcranial Doppler
monitoring, preferably of the right middle cerebral ar-
tery, may detect cerebral gas embolization.””

In those with blast injuries, it is important to note that
the tympanic membrane has a lower threshold for injury
than the lungs and gut.>**® If both tympanic membranes
are intact, it is unlikely that the lungs or gut are injured.**
In those with air blast injuries, the lungs are more sus-
ceptible than the gut to injury, whereas in those with
underwater blast injuries, the gut is more suscepti-
ble.***” Primary blast internal injuries are not necessarily
accompanied by external signs of trauma.

Management

Spontaneous ventilation is preferred in any patient at
risk for SAE. When PPV is necessary, the injured lung
should be isolated. Lung isolation devices should there-
fore be readily available in the ER. In those with bilateral
lung injuries, emboli may originate from either lung, so
lung isolation is not a first option. Ventilatory pressures
and volumes should then be kept as low as possible to
maintain adequate oxygenation and a tolerable level of
hypercapnia (with considerations for its effect on intra-
cranial pressure). Transportation of the patient to a fa-
cility where HFV and echocardiographic monitors are
available may be required.

When SAE is evolving, isolating the injured lung should
theoretically stop the flow of gas into the circulation,
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thus increasing the likelihood that resuscitation would
be successful. Although emergency thoracotomy may be
unavoidable, the patient may be stabilized first by isolat-
ing the lung before transporting to the OR. In addition,
lung isolation may be required to prevent spillage of
blood into the uninjured lung. Fiberoptic bronchoscopy
is recommended to assess airway trauma and to confirm
placement after lung isolation.”®

Selective lung ventilation may be achieved using dou-
ble-lumen tubes (DLTs), Univent tubes,”* and bronchial
blockers. Placement of these may be difficult in certain
trauma situations. For the patient already intubated with
a standard endotracheal tube, the lung may be isolated
by passing a Fogarty balloon-tipped catheter beside the
tracheal tube with the aid of a fiberoptic broncho-
scope.””

The choice of lung isolation technique should be indi-
vidualized. A DLT is unsuitable for nasotracheal intuba-
tion and offers significant airflow resistance, and its rel-
atively small endobronchial tube makes bronchial toilet
and bronchoscopy less efficient. However, it allows the
lungs to be ventilated separately and differentially and is
familiar to most anesthesiologists. The Univent tube is
suitable for nasotracheal intubation in large patients,”®
permits HFV through the bronchial blocker lumen,’
allows efficient pulmonary toilet and bronchoscopy,”
may be less traumatic to the airway mucosa, and using a
J wire as a guide, can selectively block certain pulmonary
lobes.”

For practitioners not comfortable with the above
equipment or when none is available, intubating with an
uncut tracheal tube will allow right-sided endobronchial
intubation 99% of the time by simply sliding the tube
distally.®" Occlusion of the right upper lobe bronchus is
a concern. Intubation of the left main stem bronchus is
92% successful if the patient’s head is turned to the right
and if the endotracheal tube is rotated 180° and passed
distally.® This maneuver is contraindicated when cervi-
cal spine injury is suspected. Alternatively, passing a
fiberoptic bronchoscope through the tracheal tube into
the appropriate main bronchus will aid endobronchial
intubation with a standard uncut tracheal tube. If the 7n
situ endotracheal tube is already cut, it may be length-
ened by connecting it to another tracheal tube of 1.5-2
mm ID smaller or larger.

With successful lung isolation, the lung containing the
bronchopulmonary venous fistula can rest. If oxygen-
ation becomes a problem, the lowest possible airway
pressure, in the form of continuous positive airway pres-
sure, intermittent PPV, oxygen insufflation, or HFV, can
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be used on the injured lung. Rankin et a/®' maintained
satisfactory gas exchange for 5 days in a patient with
massive unilateral traumatic air leak through a broncho-
pleural fistula by using high-frequency intermittent PPV
to the injured lung and PPV to the uninjured lung via a
DAL

Immediate thoracotomy to allow hilar clamping or
isolation of the injured lung segment may be needed if
selective lung isolation and resuscitation are unsuccess-
ful. Whether selective lung isolation and differential ven-
tilation obviate the need for thoracotomy to remove the
bronchopulmonary venous fistula is unknown. Factors
favoring conservative management over surgical repair
include an improving clinical picture, resolution of he-
moptysis, stable or improving radiographic picture, ces-
sation of SAE (clinically and echocardiographically), and
lack of proximal lesion on bronchoscopy.

Nonemergent surgery should be delayed. Regional and
local anesthesia are preferred for those undergoing im-
mediate surgery.*® General anesthesia should be delayed
to allow time for the bronchopulmonary venous lesions
to close. The time it takes for the lesions to close is
unknown and probably depends on many clinical fac-
tors. Normalization of hemostatic parameters should
promote such closure.

Nitrous oxide should be avoided because it increases
the size of bubbles in vivo. Further, N,O may induce
regional myocardial ischemic changes through epicar-
dial arterial constriction.®” It has been observed that
swine with artificially induced coronary air embolism
died when ventilatory gases contained N,O but survived
when ventilated with oxygen alone.®* Because the solu-
bility of oxygen in blood is almost twice that of nitrogen,
oxygen emboli dissolve faster than air emboli. Ventilat-
ing with high oxygen concentrations is therefore recom-
mended.

An alternative to lung isolation is HFV. Its effectiveness
in management of SAE and bronchopleural fistula is
documented.”®' Saada et al’ also demonstrated that
decreasing the ventilatory volume (and pressure) may
reduce or eliminate the amount of air embolized. This is
a simple first step whenever SAE is suspected and when
preparations are underway for selective endobronchial
intubation.

Hyperbaric oxygen therapy has been successful in
treating those with CNS air embolism.'”**~%5 A popular
protocol is outlined in the US Navy Compression Table
6A."* At a pressure of 2.8 atmospheres (as used in the US
Navy protocol®), bubble volume is reduced by two
thirds.® Benefits of HBOT include improved tissue oxy-
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genation, decreased intracranial pressure,*>®” decreased
reperfusion injury,® and reduced mortality among se-
verely brain-injured patients.®” Patients with SAE should
be treated in the HBOT chamber as soon as initial resus-
citation, diagnostics, and surgery are completed. Gener-
ally prognosis is good if HBOT is started within 6 h of the
insult.®” Delays caused by other priorities should not
discourage the use of HBOT. Dexter et al®® calculated
that large (>4-mm radius) cerebral oxygen and nitrogen
emboli may take more than 20 and 63 h, respectively, to
absorb. Sadan et al®® successfully treated air embolism
in a parturient possibly up to 40 h after initial onset of
neurologic deficit and 16 h after further acute neurologic
deterioration. Cases of improvement after 14 - 60 h have
also been reported.'”®®? Clinicians involved in trauma
care should acquaint themselves with the nearest hyper-
baric facilities. If transportation is by air, the lowest and
safest altitude should be used because bubble size in-
creases with altitude. For example, the atmospheric
pressures at 1,000 feet and 1,500 feet above sea level are
674 and 634 torr, respectively. Based on Boyles’ Law,
bubble size increases in volume by 11% and 20%, respec-
tively. Weiler-Ravell et al>® reported five blast injury
victims with SAE being transported in a helicopter to a
hospital. Two of the patients died and one’s condition
deteriorated rapidly en route and eventually also died
despite HBOT. Although the authors did not state
whether expansion of air emboli could have contributed
to the poor outcome, we speculate that flying at altitude
increased the volume of bubbles.

Cardiopulmonary bypass has been used to successfully
treat a case of catastrophic VAE and paradoxic air em-
bolism during laparoscopy and hysteroscopy.”’

Other adjunctive maneuvers in the management of SAE
include Trendelenburg positioning and having the in-
jured lung dependent to the left atrium to increase pul-
monary venous pressure. Low intravascular volume and
hypotension should be avoided. Fluid balance may be a
challenge when the presence of ARDS contradicts ag-
gressive fluid administration. Moreover, a recent US
study done in urban settings suggests that immediate (vs.
delayed) aggressive fluid resuscitation may decrease sur-
vival associated with penetrating torso trauma.”' Fluid
therapy should thus be individualized. Hyperglycemia
should be avoided because of its potential harmful ef-
fects on the ischemic brain.”? Hypocapnia, often used to
reduce intracranial pressure, may exacerbate cerebral
and coronary ischemia. The contribution of hypothermia
to bubble size, based on Charles’ Law, is negligible.

Currently pneumatic antishock garment (PASG) has a
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controversial and decreasing role in trauma. In the pres-
ence of closed head injury, pregnancy, and pulmonary
edema, PASG may actually be harmful.”® Additionally
PASG may adversely affect the outcome for patients with
cardiac and thoracic vascular injuries.”* ™7 As indicated
previously, immediate aggressive fluid augmentation of
the central circulation in patients with penetrating torso
trauma in urban settings may decrease survival.”' Al-
though use of PASG may increase pulmonary vascular
pressures’® and may discourage the formation of SAE, its
use in chest trauma cannot be recommended as a stan-
dard practice at this time.

Other Causes of Air Embolism in
Nontraumatic and Traumatic Clinical Settings

Several cases of SAE have been reported with needle
biopsy of a lung lesion during general anesthesia
with PPV.”*'°? Clinically, frothy blood is seen in the
breathing circuit with sudden severe cardiac dysfunc-
tion under PPV. The finding of air in the left ventricle
and coronary arteries and on CT of the head suggests
that SAE occurred by the same mechanism as trau-
matic lung injury. Biopsy through air-space disease
may be the most dangerous scenario for development
of SAE. The incidence of this complication for 16- to
20-gauge needles is 0.5-0.8/1,000.77'°° Percutaneous
procedures with 20-gauge or smaller needles are con-
sidered safe, although cerebral air embolism after
transthoracic aspiration with a 23-gauge needle has
been reported.”” '

Other situations associated with SAE include rapid

. gty 2 .
decompression after deep-sea diving,°* cardiac sur-
ll()l

)

gery,”” cardiopulmonary bypass,’* arteria
nous” instrumentation, laparoscopy,'®?
ations.'”?

Chest trauma may also lead to VAE.'**'%> In one case,
a subclavian vein was lacerated by a stab; deep inspira-
tions by the fleeing victim resulted in fatal VAE.'”* In
another case, a subclavian vein injury resulted in fatal
VAE on removal of a fence post impaled in the victim’s
chest.'®

and ve-
and chest oper-

VAE has also resulted from an open dural sinus
after a traumatic skull fracture'® and from surgeries
above the level of the heart. Generally small VAE are well
tolerated unless a shunt is present. In addition, external
chest compression can cause lung trauma and set the
stage foriSAE: 2%
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Summary

Systemic air or gas embolism has been increasingly
recognized as a complication of serious chest trauma and
often presents with catastrophic circulatory and cerebral
events. The classic findings are hemoptysis, sudden car-
diac or cerebral dysfunction after initiation of PPV, air in
retinal vessels, and air in arterial aspirations. The clini-
cian must be wary of more subtle presentations. Several
diagnostic tools (TEE, Doppler, CT) can detect intracar-
diac and cerebral air, but they may not be necessary to
confirm the diagnosis of SAE.

Cessation of SAE is essential for successful resuscita-
tion. In those with unilateral lung injury, this can theo-
retically be achieved by isolating and ventilating the
noninjured lung. Sole reliance on immediate thoracot-
omy for hilar clamping to stem the flow of gas emboli is
a concept that needs to be challenged. Whether airway
and ventilation interventions will eliminate, delay, or
decrease the need for thoracotomy and improve the
prognosis of SAE remains to be seen. There is little
reported in the literature regarding such interventions.
Airway management of a patient at risk for SAE should
include a technique that can selectively ventilate each
lung. Patients with bilateral sources of SAE may benefit
from the avoidance of high airway pressures.

Regional anesthesia should be considered when appro-
priate. HBOT is useful in managing cerebral air embolism
and should be incorporated as soon as possible.

Clinicians involved in trauma care must be familiar
with SAE. By adopting a problem-based solution through
innovative airway and ventilation management, anesthe-
siologists may significantly alter and improve the mor-
bidity and mortality rate of SAE resulting from chest
trauma.
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