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ABSTRACT 
An air embolism is a condition in which air or gas enters the vasculature 
in either the venous or arterial systems resulting in an obstruction of 
circulation potentially leading to serious complications such as acute 
stroke, respiratory arrest, cardiac arrest, or myocardial infarction. While 
the etiology of most air embolisms is iatrogenic from interventions such 
as invasive procedures, hemodialysis or neurosurgery, it is also important 
to recognize uncommon causes of air embolisms. These uncommon 
causes include decompression (i.e., from scuba diving), percutaneous 
transthoracic lung biopsy, cardiopulmonary bypass, intraabdominal 
laparoscopic surgery and ventilator associated air embolism. The most 
common pathophysiology is based on pressure difference in the 
vasculature, others include direct trauma or paradoxical air embolism. The 
clinical presentation of venous and arterial air embolisms is variable, 
atypical, and depends on volume of air, rate, route of entry, organs 
affected; making diagnosis challenging. Diagnostic methods include 
imaging modalities such as Echocardiogram, Transesophageal 
echocardiography (TEE), Point of care ultrasound (POCUS), Doppler 
ultrasonography, Computed tomography (including CT pulmonary 
angiogram), Magnetic resonance imaging. Treatment is based on the 
type and severity of embolism as 
status. It requires supportive care and definitive treatment like hyperbaric 
oxygen therapy, aspiration or Extra-corporeal membrane oxygenation 
(ECMO) in severe cases. Air embolism comes with its own diagnostic 
challenges-atypical clinical presentation, low sensitivity of most imaging 
techniques, lack of clinical awareness, and treatment challenges-limited 
availability of hyperbaric oxygen chambers, lack of standardized 
treatment protocols, limited data on adjunctive treatment methods. 
Proposed solutions for these challenges include emphasizing on 
standardization of diagnostic and treatment protocols, artificial 
intelligence integration, rapid imaging access, continued medical 
education, referral networks for HBOT and evidence-based research. 
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Introduction and aim: 
Air embolism is defined as a medical condition 
where air or gas in the form of bubbles enters the 
vasculature, either the venous or arterial bloodstream 
and can cause obstruction of blood flow. This can 
also lead to serious complications like acute stroke, 
respiratory arrest, cardiac arrest, myocardial 
infarction1. This is mostly an iatrogenic problem, 
some of the common reasons are invasive 
procedures, surgical procedures, hemodialysis, 
neurosurgery. Some of the other uncommon 
causes of air embolism include decompression for 
example during scuba diving, penetrating chest 
trauma, cardiopulmonary bypass, intra-abdominal 
laparoscopic surgery, patent foramen ovale.  
 

Most common pathophysiology behind air embolism 
is rooted in pressure differences between atmospheric 
and intravascular pressure which allows air to enter 
the circulation, especially when the intravascular 
pressure is lower. Some examples are insertion of 
central venous catheters or open venous procedures3. 
Rarely, a patent foramen ovale can lead to paradoxical 
air embolism when air bubbles enter the systemic 
arterial circulation. Regardless of the pathophysiology, 
this can lead to potentially fatal consequences and 
ischemic injuries to vital organs4,5. 
 

Clinically, the presentation can be variable and 
atypical. Venous air emboli usually present during 
or after a culprit procedure with respiratory or 
cardiac symptoms8. But arterial air emboli usually 
manifest within seconds to minutes and are mostly 
associated with neurological symptoms6,7. 
 

Despite its catastrophic consequences, air embolism 
remains an underrecognized and underreported 
condition. The exact incidence is not clearly known 
given variable presentation, subclinical events and 
limited reporting in literature. Case reports and 
retrospective studies suggest a wide variation in 
incidence, which is mainly influenced by the type 
of procedure, experience of the practitioner and 
institutional protocols. For example, central venous 
catheter insertion is one of the most common 
causes with incidence ranging from 0.1-1%10-12. On 
the other hand, neurosurgical procedures in the 

pediatric population, particularly performed in the 
sitting position have been reported to cause air 
embolism at a rate of as high as 80%13-16. 
 

The diagnostic methodology can be inherently 
challenging given the diversity of etiology and 
variable presentation. There is no specific 
laboratory biomarker, but some imaging 
modalities including Computed Tomography (CT), 
and Magnetic Resonance Imaging (MRI) and 
ultrasound are being used and have varying 
degrees of sensitivity and specificity, which further 
depends on the timing, volume of air and affected 
vasculature. Transesophageal echocardiography 
(TEE) is a valuable tool for intraoperative diagnosis 
and Point of care ultrasound (POCUS) is being 
increasingly used in the emergency and critical 
care settings at the bedside29,30,37,38. 
 

Management involves a combined approach with 
immediate supportive measures like high-flow oxygen 
therapy, patient positioning and cardiovascular 
stabilization; plus definitive treatments like 
hyperbaric oxygen therapy47-56. In some severe 
cases, extra corporeal membrane oxygenation 
(ECMO) or aspiration of intravascular air is 
performed49,57-59. However, there are several 
challenges including timely diagnosis, access to 
facilities with hyperbaric oxygen chambers, lack of 
standardized treatment protocols, limited 
education and awareness amongst providers and 
resource limitations in certain settings60-66. 
 

In this review, we aim to cite the incidence of 
uncommon causes of both venous and arterial air 
embolism, after comprehensive research of literature. 
This paper also highlights the diagnostic and 
treatment challenges for this life-threatening condition 
and provides potential solutions in clinical practice. 
By addressing these gaps in current knowledge 
and emphasizing the need for standardized care 
protocol, it provides opportunities to improve 
outcomes in patients affected by air embolism. 
 

Pathophysiology of air embolism:  
Most common mechanism for development of air 
emboli is difference in pressure gradients within 
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the bloodstream forcing the gas bubbles to move 
directly into systemic circulation. This is typically 
observed in patients experiencing changes in 
atmospheric pressure, such as scuba divers during 
an ascent2. When inserting or removing a central 
venous catheter or opening veins during surgery, 
air enters a vein because the venous pressure is 
lower than the atmospheric pressure3. Negative 
intrathoracic pressure during inspiration can 
worsen the embolism by promoting air entry. 
 

Another more common pathophysiology of air 
embolism formation is direct mechanical injury or 
chest trauma, which precipitate the formation of 
gas bubbles within the pulmonary vasculature and 
eventually air embolism within the lungs4. Air 
bubbles will travel to the right heart chambers, 
then to the pulmonary artery and raise the 
pulmonary artery pressure, cause right heart strain, 
hypoxia and cardiovascular (CV) collapse5. 
 

If a patent foramen ovale or pulmonary shunt is 
present, emboli will travel to the arterial circulation 
and cause ischemic events in other anatomic locations 
such as the brain and heart or other end organs, 
causing catastrophic consequences for the patients4. 
 

Emboli in the vessel microcirculation can initially 
allow some blood flow, but turbulent blood flow 
around the air will activate platelets, fibrin, 
complement and proteins causing thrombosis and 
obstruction5. The combined effect can cause 
microthrombi formation, endothelial disruption, 
impaired perfusion and mechanical obstruction. 
This clinically manifests as vasogenic edema, 
neurological compromise, hypotension, hypoxia 
and CV collapse3,5. 
 

Clinical Presentation of air embolism:  
Clinical presentation depends on volume of air, 
rate, route of entry, and organs affected.  
 

An arterial air embolism tends to develop within 
seconds to minutes with dramatic neurologic 
symptoms. Delayed manifestations are seen when 
small emboli enter at a slow rate or when entering 
from the venous to arterial system. They typically 
affect the cerebrovascular system, and so the 

symptoms are often related to the vascular territory 
that is perfused by the affected vessel4. Multiple 
cerebrovascular territories are often affected. 
Common manifestations include loss of 
consciousness, confusion, presyncope, stroke-like 
symptoms, or seizures6. As these symptoms can 
also be associated with more common 
cerebrovascular pathologies such as ischemic or 
hemorrhagic strokes, arterial air embolisms present 
a unique diagnostic challenge4. Cardiac embolism 
can present with chest pain, arrhythmias, 
myocardial infarction or cardiac arrest7. 
 

Venous air emboli, however, are variable in clinical 
presentation, severity, and affected organ system 
and are usually seen rapidly during or after a 
procedure. Common symptoms include light-
headedness, dyspnea, tachypnea, chest pain, and 
even feeling of impeding death. Abnormal signs on 
exam include tachycardia, tachypnea, hypoxia and 
hypotension. A -
only specific sign of air embolism which occurs 
when a large air bolus is present in the right 
ventricle8, which is classic but rare. Central nervous 
system (CNS) symptoms may present as altered 
mental status, focal deficits, coma. Although, these 
CNS symptoms are a consequence of hypoxia or 
hypotension rather than cerebrovascular arterial 
occlusion, as is the case with arterial air emboli. 
Lung exam can reveal rales or wheezes shortly after 
an air embolism occurs. Arterial blood gas from 
patients with venous air embolism would demonstrate 
ventilation and perfusion mismatch. Hypercarbia 
can also be seen8. In severe cases, all kinds of air 
embolism can lead to cardiovascular collapse. 
 

Epidemiology and incidence of air 
embolism: 
The exact incidence of air embolism is hard to 
determine because of varied clinical presentation, 
difficult diagnosis, poor documentation, transient 
(Figure 2) or subclinical embolus. Incidence varies 
depending on type of procedure, expertise of the 
physician or hospital se
risk factors. 
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One retrospective study of 67 confirmed cases 
over 25 years found that 94% cases of air embolism 
occurred in-patient and 77.8% were during an 

operative procedure9. Details of incidence and 
prevalence categorized based on common and 
uncommon causes as below (Table 1): 

 

 
 

Figure 2- (a) CTPE study demonstrating air embolism in left brachiocephalic vein (arrow). (b) CT non-contrast 3 days later showing 
resolution of air embolism. (Adopted from Poster-Incidental Finding of Air Embolism in Left Brachiocephalic Vein After Contrast 
Injection, Garg et. Al, Am J Respir Crit Care Med 2023;207:A5512) 
 

Table 1: Incidence and Prevalence of Air Embolism Categorized Based on Common and Uncommon causes 
 

Cause Incidence / Prevalence 
Central Venous Catheter procedures 0.2 1% of cases (1 in 47 3,000) 

Neurosurgery (e.g., sitting craniotomy) 
10 80% during posterior craniotomy; 82.6% during 
craniosynostosis 

Cardiac bypass surgery 0.003 0.007% of cases 
Hospitalized arterial embolism overall 0.00265% (2.65 per 100,000) 
Diving (scuba) 0.0004 0.001% per dive; 0.007% per diver 
PTLB (symptomatic) 0.02 0.08% of cases 
Endoscopy (overall) 0.00057% per procedure 
Ventilator/trauma-related Not well quantified; rare, barotrauma common 

 

Common Causes of Air Embolism: 
 

CENTRAL VENOUS CATHETER PROCEDURES:  
A very high incidence of venous air embolism is 
seen with Central venous catheter (CVC) 
procedures and account for the largest percentage 
of air embolisms. A single center study done at a 
large university hospital across a five-year period 
showed relatively low incidence of air embolism, 
and most of these patients were either asymptomatic 
or experienced mild symptoms10. General CVC 
placement or removal causes about 0.2-1% cases11,12. 
Interventional radiology and use of catheter with 
contrast accounts for about 0.13% incidence12. 
 

NEUROSURGICAL PROCEDURES:  
Neurosurgical procedures tend to have variable 
incidence of air embolism, with some procedures 

having higher incidence than others. Neurosurgical 
procedures account for about 10-80% of incidents 
during posterior craniotomies especially during 
sitting position13. In a prospective study over a 2-
year period with 23 patients, Craniosynostosis 
repair (pediatric craniectomy) accounted for 82.6% 
of cases affected with venous embolism and 31.6% 
of those had associated hypotension14. One single 
center prospective two-year study found a greater 
than 80% incidence rate for air embolism occurrence 
in a pediatric population15. Most of these patients 
experienced mildly symptomatic to asymptomatic 
hypotension, and none of the patients developed 
obstructive or cardiogenic shock15. There is debate 
as to whether this can be prevented with positional 
changes with some researchers arguing that the 
sitting position can actually prevent formation of 
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venous air embolisms. A single center retrospective 
analysis found a relatively high rates of venous air 
embolism formation (23%) in adults undergoing 
neurosurgical procedures compared to children 
(28%), in the sitting position. These rates are similar 
to the studies mentioned above16.  
 

Uncommon Causes of Air Embolism 
(Central Figure): 
 

CARDIAC BYPASS SURGERY: 
Patients undergoing cardiac bypass surgery have 
occasionally noted to develop coronary arterial air 
embolisms17. Complications include coronary arterial 
vasospasms that can be fatal for patients18. Prevalence 
of arterial embolism can be as low as 0.003% and 
0.007% in patient undergoing cardiac bypass surgery, 
but about half of these patients can have serious 
outcomes11. Intracoronary embolism incidence has 
been reported to be 0.2% which can vary depending 
on the type of angiography and expertise of the 
physician19.One single center retrospective study 
found an incidence rate of 0.19% for clinically 
significant coronary arterial air embolisms17. 
 

DIVING: 
Given the pathophysiology of air embolism, it is 
surprising that scuba diving and other diving sports 
have a relatively low incidence rate of air embolism. 
Multiple retrospective cohort studies have examined 
incidence rate of decompression sickness in divers 
but did not report specific incidence rate for air 
embolism4,20. True incidence of arterial embolism 
remains unknown because of varying clinical 
presentation and difficult diagnoses. However, 
literature suggests that for scuba diving the incidence 
has ranged between 0.4 -1 per 100,000 dives21, 
which is worse with deeper and longer dives.  
 

ENDOSCOPY PROCEDURES: 
Air embolism rarely can present with or without 
vascular injury to the gastric mucosa in endoscopy 
procedures, most seen in patients undergoing 
endoscopic retrograde cholangiopancreatography 
(ERCP)22,23. Many of these air emboli cases have 
resulted in severe symptoms and even hemodynamic 
compromise in patients. In a study that evaluated 

patients undergoing endoscopy from 1998 to 
2013, found a rate of 0.57 cases of air embolism 
per 100,00 endoscopy procedures. Post-
endoscopic retrograde cholangiopancreatography 
(ERCP) air embolism was most common, with the 
rate of 3.32 per 100, 000 procedures, 0.44/100,000 
for esophagogastroduodenoscopy (EGD), 
0.38/100,000 for colonoscopy24.  
 

A study taking data from the National Inpatient 
Sample (NIS) from 1995 to 2013 revealed an 
incidence rate of 3.32 per 100,000 ERCP procedures 
and recorded a post endoscopic air embolism case 
fatality rate of 15.4%22. The odds ratio for developing 
air embolisms in patients undergoing EGD and 
Colonoscopy procedures were significantly lower, 
and no data was recorded on the incidence rate in 
patients undergoing sigmoidoscopy.  
 

Another systematic review paper reported cases of 
systemic air embolism in patients undergoing 
endoscopy procedures23. Most of these cases 
involved patients undergoing ERCP and almost 
half of the cases involved patients with a patent 
foramen ovale on echocardiogram23. 
 

PERCUTANEOUS TRANSTHORACIC LUNG BIOPSY: 
Given the highly vascularized nature of the lung, it 
is no surprise that air embolism can occur after lung 
trauma. Similarly, air embolisms can occur after 
Percutaneous Transthoracic Lung Biopsy (PTLB). In 
a systematic review, the combined incidence of air 
embolism after PTLB was found to be 0.08%25 and 
one third of these patients suffered disease sequelae 
or died26. The same study also noted an increase in 
air embolism events and more adverse outcomes 
with aspiration biopsy compared to core biopsy26.  
 

VENTILATOR ASSOCIATED AIR EMBOLISMS: 
It is hypothesized that recurrent aspiration and 
trauma from intubation are contributing factors to 
this pathology and has been reported only in case 
studies27. There is very limited data on positive 
pressure ventilation or barotrauma causing embolism, 
but a case report suggests that a systemic air 
embolism may have occurred following barotrauma 
and tension pneumothorax in a patient leading to 
further complications28.  



Air embolism- Incidence of Uncommon Causes, Diagnostic and Treatment Challenges 

© 2025 European Society of Medicine 6 

 
 

Central Figure- Figure Depicting The Incidence Of Common And Uncommon Causes Of Air Embolism. 
 

Diagnostic Methods:  
The diagnosis of air embolism can be challenging 
due to its diverse, clinical manifestations, the 
absence of specific and targeted laboratory bio 
markers, and limitations on current imaging 
modalities. However, in recent years significant 
development and integration of advanced imaging 
techniques has been made29. 
 

Imaging plays an adjunctive role in confirming the 
presence of intravascular air, assessing 
downstream complications, and excluding 
alternative diagnosis. The primary imaging 
modalities employed includes echocardiogram, 
including thoracic, transesophageal, intracardiac, 
precordial; Doppler ultrasound; Point of care 
ultrasound (POCUS); Computed Tomography (CT), 
and Magnetic Resonance Imaging (MRI). 
 

Transesophageal echocardiography (TEE) is still 
considered the gold standard for interoperative 
and preoperative attraction of venous air 
embolism. Transesophageal echocardiography 
(TEE) can detect small volumes of air however; 

sensitivity is limited for micro bubbles and is 
dependent on operator comfort and capabilities30,31. 
Intracardiac echocardiogram does demonstrate 
higher sensitivity, however, is extremely invasive and 
not routinely used30,32. Transthoracic echocardiography 
and POCUS are less sensitive than TEE however 
widely available and noninvasive33,34. 
 

Computed Tomography (CT) and Computed 
Tomography Pulmonary Angiogram (CTPA) study 
are not sufficiently sensitive for the detection of 
small or transient air emboli. They may, however, 
incidentally reveal large volumes of air in the heart, 
pulmonary artery, or systemic circulation31. Magnetic 
Resonance Imaging (MRI) is even less sensitive for 
acute air and not recommended in the setting of 
emergent diagnosis. They both are useful for 
identifying complications or excluding alternative 
diagnoses31. Specifically in pediatric populations 
CT angiography is the preferred modality for 
detecting pulmonary emboli but has limited use in 
diagnosing air emboli35,36. Magnetic Resonance 
Imaging (MRI) is increasingly being used to 
minimize radiation exposure in this population35.  
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Point of care ultrasound (POCUS) is increasingly 
being employed as a rapid diagnostic tool for 
suspected air embolism. This is especially 
employed in perioperative, critical care, and 
emergency settings29,37. Its primary use is to 
expedite the diagnosis and guide immediate 
management decisions29. Air emboli appear as 
brighter, echogenic artifacts near the pulmonary 
valve and the use of POCUS is explicitly stated in 
American Academy Pediatrics38. 
 

No specific laboratory biomarkers are specific or 
sensitive for the detection of air embolism. Laboratory 
testing can be used to rule out alternative diagnosis 
or assess complications such as hypoxemia29,39. 
Some evidence suggests monitoring of end-tidal 
carbon-di-oxide (etCO2) may point to evidence of 
air emboli by detecting sudden changes in carbon-
di-oxide (CO2) levels secondary to impaired 
pulmonary artery perfusion29,31. 
 

Recent advances in technology have improved the 
clinical utility of imaging in the diagnosis of air 
emboli. Photon counting CT (PCCT) allows for 
more precise differentiation of intravascular materials, 
including small gas bubbles, and may improve the 
detection of subtle or early air envelope40. This 
technology offers improved spatial resolution, 
enhanced contrast to noise ratio, and the ability to 
acquire full spectral multi energy data40. Additionally, 
dual energy CT and iodine mapping techniques 
similarly allow for more precise, characterization of 
vascular filling defects, which may potentially 
improve the differentiation between air, thrombus, 
and other intravascular material29,31,40. 
 

Much emphasis has been placed on advancements 
in ultrasound techniques due to their utility and 
critical care environment, rapid deployment, and 
low cost operation29. Micro bubble based 
ultrasound contrast agents have been employed to 
enhance the echogenicity of intravascular air, 
potentially improving the sensitivity of ultrasound 
for detecting small or occult air emboli41. 
 

With the advancement in artificial intelligence, 
deep learning algorithms can automate the 
identification and qualification of intervascular 

error on CT, improve interpretation of point of 
care, ultrasounds, and transferring on Doppler 
studies32,42,43. As with most other imaging studies 
these AI driven tools may potentially improve 
reproducibility, enable the detection of small air 
emboli that are not seen by the human eye, reduce 
operator dependence, and enable rapid assessments 
of imaging studies43 45. 
 
Treatment:  
Based on the type, severity of embolism and 

approach differs. Some of the treatment measures 
are outlines as below: 
 

1) IMMEDIATE MEASURES: 
 

- Prevent air entry: Urgent sealing or removal of 
the source of air embolism is required if the air 
source is known and iatrogenic like during 
intravenous line manipulation or central line 
insertions, laparoscopic surgeries, positive 
pressure ventilation, neurosurgery. This will help 
prevent the extension of air embolus and 
hemodynamic collapse or end-organ damage. Air 
entry can be prevented by prompt exposure of the 
surgical field, clamping or withdrawal of central 
lines, tightening catheter caps, occlusive 
dressings46, or applying pressure47. McCarthy et 
al.48 reported that a delay in achieving sealing of air 
entry can increase the likelihood of systemic air 
embolization or paradoxical embolism and lead to 
hemodynamic deterioration. 
 

- Patient Position: 
can help distribute intravascular air and prevent 
progression of the air embolus. The Durant 
maneuver involves keeping the patient in left 
lateral decubitus position with head lowered, also 
called the Trendelenburg tilt. It is recommended 
when venous embolism is suspected. This position 
helps reduce the amount of air that can enter the 
pulmonary artery and therefore prevent further 
cardiovascular collapse by trapping air in the right 
atrium apex49. If a patent foramen ovale is present, 
this same positioning can help reduce the 
likelihood of air entering the systemic circulation 
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through a paradoxical embolism50. 
 

However, clinical evidence for improved outcomes 
with this maneuver is limited and only anecdotal, 
despite physiological rationale and animal studies. 
Therefore, it should only be used as a supportive 
measure until definitive therapy is started51. 
 

- High flow oxygen: High flow oxygen at 100% 
oxygen should be started as soon as possible once 
air embolism is suspected. This is based on the 
principle of Henry's law, which facilitates nitrogen 
washout from intravascular bubbles because of a 
diffusion gradient that's produced by the high 
inspired oxygen concentration, thereby reducing 
the size of the air embolism. Additionally, this 
oxygenation increases the transport of oxygen to 
the tissues which thereby leads to reduced hypoxia 
and ischemia caused by vascular obstruction47. 
Early oxygen delivery has shown improved outcomes 
in such situations in both animal studies and clinical 
situations, especially when this is used with other 
definitive therapies like hyperbaric oxygen7,52. 
 

2) CARDIOVASCULAR AND RESPIRATORY SUPPORT: 
 

- Circulatory support: A large volume air 
embolism can cause significant cardiovascular 
collapse which includes reduction in cardiac 
preload, right ventricular dysfunction and 
subsequently obstructive shock48,50. In this 
situation, its critical to immediately restore volume 
by administering intravenous fluids, mainly isotonic 
crystalloids to increase central venous pressure 
which helps reduce the negative pressure gradient 
that causes air to be trapped into the venous 
circulation. This increase in central venous pressure 
can further limit air entry, more importantly in low 
pressure venous systems like during inspiration or 
open vascular procedures51. 
 

If cardiogenic shock is also present, vasopressors 
and inotropes are indicated. Norepinephrine is 
used as first line to maintain mean arterial pressure 
and systemic vascular resistance48,50. Dobutamine 
which is an inotropic agent is added when right 
ventricular dysfunction is also present and helps 
improve cardiac contractility and cardiac output. 
These measures particularly help when mechanical 

obstruction is present in the pulmonary outflow 
tract caused by intravascular air which is a common 
site of venous air embolism49. 
 

- Mechanical ventilation: Patients who develop 
refractory hypoxia and respiratory failure, or mental 
status changes because of cerebral air embolism 
are mechanically ventilated. This ensures oxygen 
delivery and wash out of carbon dioxide, also 
decreasing the work of breathing. However, when 
using positive pressure ventilation, it is important 
to be cautious as high inspiratory pressures can 
worsen venous air entry from a damaged vascular 
endothelium or open surgical sites7,47. It is 
recommended to use permissive hypercapnia and 
other lung protective strategies like low tidal 
volumes and moderate levels of positive end 
expiratory pressures to avoid barotrauma53. 
 

- Invasive monitoring: continuous invasive 
monitoring using tools like central venous pressure 
monitoring and arterial lines, or echocardiography 
can be used in patients who are hemodynamically 
unstable to help guide volume resuscitation. 
Transesophageal echocardiography (TEE) can be 
useful for monitoring right heart function and 
detecting air in the heart chambers49. 
 

3) ADVANCED TREATMENT: 
 

- Hyperbaric oxygen therapy: This is a definitive 
treatment for moderate to severe cases of air 
embolism, typically arterial and cerebral 
embolism50,54. Hyperbaric oxygen therapy (HBOT) 
increases the atmospheric pressure around the 
patient to about 2.5- 3.0 atmosphere absolute 
(ATA) in a chamber. Based on Boyle's law (gas 
volume is inversely proportional to pressure), this 
increase in pressure compresses the emboli, 
reducing the volume of the air bubbles and leads 
to their dissolution and clearance from the 
circulation 5. Hyperbaric oxygen therapy (HBOT) 
also increases the partial pressure of oxygen 
leading to improved oxygen delivery to ischemic 
tissues despite vascular obstruction5. This causes 
nitrogen washout from the emboli because of a 
diffusion gradient and further increases absorption 
of the air bubbles. Hyperbaric oxygen therapy 
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(HBOT) suppresses leukocyte adhesion, increases 
mitochondrial function, reduces cerebral edema 
contributing to neuroprotection54,55. However, time 
is of essence as previous studies have shown that 
initiating therapy sooner, typically within six hours 
of symptom onset leads to better neurological 
recovery and lower mortality54,56. But delayed 
HBOT should still not be held because studies have 
shown it still prevents end organ ischemia in 
patients with persistent deficits29,56. 
 

One of the limitations of HBOT is access, because 
transfer to a hyperbaric facility is necessary, portable 
transport chambers are needed along with mechanical 
ventilation, monitoring of hemodynamics during 
transfer requiring high level of care49. 
 

- Aspiration: Aspiration of intravascular air can be 
used when life threatening air embolism is present, 
especially if a CVC is already in place with its tip in 
or near the right atrium. This helps to remove the 
air embolus before it travels to the pulmonary or 
paradoxically to the systemic vasculature50. It can 
also be attempted using a syringe attached to a 
catheter using imaging guidance with fluoroscope 
or echocardiography to confirm catheter and air 
bubble location. This is particularly effective when 
large volume embolus is present in the right atrium 
or ventricle. Previous studies have shown 
successful aspiration of about 50-100 ml of air from 
the right heart chambers improving signs of 
obstructive shock29,49. 
 

This technique is also time sensitive, needs a well-
positioned catheter, catheter should be patent, 
and physician expertise is necessary51. However, if 
air has migrated to the vasculature, aspiration may 
not be effective. Aspiration can be used as an 
adjunct or bridge to definitive treatment or if 
hyperbaric oxygen therapy is delayed and when a 
CVC is already in place51. 
 

4) ADDITIONAL INTERVENTIONS: 
 

- Extra-corporeal membrane oxygenation: This 
is considered as a salvage therapy in patients who 
have cardiovascular collapse that is refractory to 
other resuscitative measures. It is a form of 
advanced life support that takes over cardiac and 

respiratory functions temporarily. It can help 
maintain perfusion by allowing time for air to 
dissolve in the setting of a massive venous air 
embolism or paradoxical arterial embolism with 
significant hemodynamic instability. This is achieved 
by controlled oxygen delivery and circulatory 
rest29,50. Veno-arterial Extra-corporeal membrane 
oxygenation (ECMO) is used in patients who have 
right ventricular failure, cardiogenic shock or arrest 
because of pulmonary vascular obstruction57. Some 
case series and reports have demonstrated 
successful outcome on ECMO in cases with 
massive air embolism with refractory shock58. 
Centres with ECMO expertise and multidisciplinary 
team are necessary, benefits versus risks of starting 
ECMO should be discussed before initiation59. 
 

- Seizure management: Cerebral air embolism is 
one of the most dreaded complications of arterial 
embolization, caused by paradoxical embolism, 
direct arterial trauma, or retrograde venous ascent 
into the cerebral veins and can manifest with 
altered mental status, focal deficits, coma or 
seizures because of ischemic injury47. It is essential 
to minimize secondary brain injury by preventing 
seizures. Seizures can increase cerebral metabolic 
demand and intracranial pressure exacerbating this 
ischemic injury50,51,54. Anti-epileptic drugs like 
benzodiazepines are effective for initial seizure 
control, followed by longer acting agents like 
phenytoin, levetiracetam or valproate. Continuous 
neurological monitoring including EEG may also 
be warranted in critically ill patients if 
nonconvulsive status epilepticus is suspected. 
Management should be based on patient's 
condition, with close monitoring of airway, 
intracranial pressure, and cerebral perfusion. 
 
Challenges and proposed solutions:  
 

DIAGNOSTIC CHALLENGES: 
 

1) Clinical presentation: One of the biggest 
diagnostic challenges is that air embolism can 
present with non-specific and variable symptoms. 
The symptoms can mimic disorders like pulmonary 
embolism, myocardial infarction, infectious 
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diseases/sepsis, stroke and other cardiovascular, 
neurological or respiratory emergencies3,29. When 
associated with uncommon causes like 
gastrointestinal procedures for example ERCP or 
laparoscopic surgery, presentation may mimic 
complications like perforation, peritonitis, or GI 
bleeding60,61. For example, embolism during 
endoscopy can result in hemodynamic 
compromise, which can initially be attributed to 
sedation or perforation. This makes the diagnosis 
of air embolism very challenging and can lead to 
delays as well as misdiagnosis. Therefore, high 
degree of suspicion is necessary when faced with a 
clinical picture of cardiovascular or neurological 
deterioration during or after procedure62.  
 

Proposed Solutions:  
Clinical decision support tools- Integrating real-
time alerts into EHR can flag patients with potential 
to develop air embolism undergoing high-risk 
procedures77. 
 

Standardized symptoms checklist- Developing 
symptom checklist for specific procedures to 
facilitate early recognition of air embolism 
 

Simulation-based training- Incorporating scenario-
based training for healthcare providers including 
Emergency room (ER) physicians, ICU staff and 
perioperative teams.  
 

Procedure Consent- Updating informed consent 
forms with risks of air embolism to increase patient 
and provider awareness 
 

Point-of-care protocols- Creating procedural 
protocols to evaluate for differential diagnosis of 
air embolism if certain clinical features are noted, 
e.g., sudden hemodynamic compromise during a 
procedure 
 

2). Diagnostic tests: When air embolism is in the 
early or low volume stages, imaging modalities like 
CT, CT pulmonary angiogram have low sensitivity 
for diagnosis of smaller emboli, or distal emboli in 
the coronary, cerebral or spinal vasculature 63,64. 
Furthermore, emboli may have been dissolved in 
the circulation by the time CT is done and this may 
lead to a false negative result64. Magnetic 
Resonance Imaging (MRI) can be more sensitive in 

detecting cerebral changes but it's availability and 
use is less practical in acute settings given long 
acquisition times6. Diffusion weighted (DWI) MRI 
can help In diagnosis of ischemic injury even when 
air bubbles are not seen or dissolved44,65. 
 

Proposed Solutions:  
Rapid access imaging pathways- Establishing rapid 
imaging algorithms in the ER or acute settings like 
stroke or acute myocardial infarction protocols, 
when cerebral or coronary air embolism is suspected 
can help in early diagnosis. For example, getting 
an early CT when degree of suspicion is high or 
TEE can help document the presence of air in 
cardiac chambers and great veins and show 
evidence of right ventricular dysfunction3. 
 

POCUS protocol standardization- Training providers 
in using a POCUS and Doppler can be helpful when 
embolism is suspected, and it can detect right heart 
strain as well as micro bubbles in real time37,65.  
 

Advanced imaging availability- Ensuring availability 
of advanced MRI techniques like DWI when other 
modalities are inconclusive. 
 

Artificial intelligence integration- Investing in AI 
models that have recently been applied for diagnosis 
of acute stroke and can provide the framework for 
detection of air embolism related brain injury as 
well44,45. Deep learning models have shown high 
accuracy for diagnosis of ischemic injury, calculating 
in fact volume, age of infarct, which is based on 
external validation using large datasets for CT29,42. 
Similarly, trained algorithms could be used in 
detecting intravascular or intra cerebral air emboli 
on CT and can help increase the sensitivity of this 
emerging modality in diagnosis of air embolism. 
 

Portable imaging- Exploring the use of portable 
imaging solutions e.g., transcranial doppler, infrared 
spectroscopy for rural or resource-limited settings. 
 

3). Lack of clinical awareness: Under recognition 
of air embolism is common given rare presentation 
especially due to uncommon causes, this happens 
more in outpatient and low resource settings29. 
Many cases also present acutely, are resolved 
spontaneously or are masked by other acute 
illnesses66,67. There is lack of standardized training 
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or awareness and education about diagnosis of this 
condition leading to misdiagnosis54,66. 
 

Proposed Solutions:  
Mandatory curriculum- Incorporating standard 
education and training protocols in the medical 
school curriculum and physicians should be 
encouraged to attend continuing education 
programs58,66.  
 

Continued Medical Education- Developing and 
offering online CME modules and simulations 
focussed on recognition and treatment of air embolism 
 

Research and Database- Encouraging publication 
of case reports and literature on the topic can also 
raise awareness58. Developing national/international 
registries to record cases of air embolism to 
highlight prevalence. 
 

Awareness campaign- Publishing infographics, 
guides, symptom cards for patients undergoing 
specific procedures to increase visibility 
 

Clinical auditing tools- Implementing quality 
improvement tools to monitor complications and 
prompt documentation review after procedures 
 

TREATMENT CHALLENGES: 
 

1) Hyperbaric oxygen therapy: Timely administration 
of HBOT is extremely important and access to 
hyperbaric facilities is limited to mostly higher level 
of care centers. As discussed above, HBOT is most 
effective if delivered within a certain time window. 
Transportation delays may lead to unnecessary loss 
of precious time to administer HBOT3,68. When 
available, most HBOT chambers are only for 

-the-clock, 
adding to logistical issues69. From a clinical 
perspective, the patient needs to be stabilized prior 
to transfer. Secondly, HBOT is contraindicated in 
patients with pneumothorax70. Lastly, lack of 
education or awareness amongst providers can 
lead to delay in initiation of treatment. 
 

Proposed Solutions:  
Mobile Hyperbaric oxygen therapy units- 
Developing and operating mobile HBOT units in 
under-served and remote areas 

Referral networks- Developing regional referral 
networks connecting rural hospitals with HBOT centers 
 

Telemedicine- Using telemedicine consultations to 
help in early diagnosis and initiation of therapy or 
HBOT referral, thereby reducing diagnostic-to-
transfer delay 
 

Policy- Advocating for policy change to expand 
HBOT, incentivize longer working hours for HBOT 
equipped centers, especially in underserved areas 
 

Simulation training- Creating standardized protocols 
for training ER or rural center staff on stabilizing 
patients before transfer to higher level of care 
 

2) Standardized Protocols: There is lack of 
universally accepted protocols for management of 
air embolism. For HBOT as well, the treatment 
regimens involving dosing, initiation timings are 
varied across institutions66. US navy has developed 
a protocol to help physicians with treatment  using 
the U.S Navy Table 671, but its use is inconsistent, 
and consensus driven guidelines are necessary for 
universal standardization. 
 

There is also inconsistent data on using 
anticoagulation or antiplatelets given increased 
risk of bleeding from a procedural aspect6,68; 
patient positioning29,54; imaging modality to select 
for each case54. 
 

In addition, rare causes of air embolism like 
hysteroscopy, gastrointestinal procedure, or blunt 

 
treatment strategies, or post procedure 
monitoring61,72. Developing standardized protocols 
to guide clinical decision making based on evidence 
based research can help address these gaps.  
 

Proposed Solutions:  
Consensus guidelines- Developing multidisciplinary 
expert panels to create national guidelines based 
on comparative studies and evidence-based research 
 

Protocol kits- Developing air embolism response 
kits for procedure rooms and critical care settings. 
These kits could include history and symptoms 
checklists, positioning instructions, oxygenation 
protocol, HBOT referral center information 
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Decision algorithms- Creating easy to read flowcharts 
or diagrams to assist providers in immediate 
bedside decision-making like HBOT initiation, 
oxygenation, anticoagulation, imaging etc. 
 

Procedure-specific protocols- Creating tailored 
protocols for common and uncommon procedures 
with risk of air embolism for early warning signs and 
post-procedure monitoring 
 

Benchmarking- Allowing hospitals to share 
management practices using de-identified national 
data registries, to develop best practices 
 

3) Adjunctive treatments:  
in cases of venous air embolism but is based on 
physiology rather than robust evidence from 
studies66. Moreover, this is not used in patients with 
arterial air embolism, and the patient should be 
laid in flat supine posture to avoid worsening of 
cerebral edema51, raising concerns about it being 
universally applicable6. Given these limitations, 
comparative studies are needed to develop clinical 
guidelines. 
 

Other therapies like lidocaine73,74, steroids75 and 
mannitol76 have been suggested for treatment of 
air embolism but lack robust data6. Therefore, 
these therapies should only be treated as 
adjunctive and be tailored to individual patients 

data is available. 
 

Extra-corporeal membrane oxygenation (ECMO) 
can be used in refractory cases, but its use is limited 
to special centers and experienced physicians57,58.  
 

Proposed Solutions:  
Comparative studies- Funding comparative studies 
showing improved outcomes and robust data for 
developing standardized protocols that can be 
accepted universally 
 

Positioning guidelines- Establishing evidence-
based guidelines for patient positioning for various 
procedures to prevent air embolism 
 

Drug registry and monitoring- Creating a drug 
registry for experimental use of drugs in these 
cases to collect safety data 

Extra-corporeal membrane oxygenation (ECMO) 
escalation protocol- Developing algorithms for 
initiating ECMO in severe cases and train staff 
regarding the same 
 

Review boards- Forming review boards at hospitals 
to review air embolism cases and offer adjunctive 
treatment protocols, similar to antibiotic 
stewardship teams 
 

In summary, air embolism is a potentially life-
threatening condition and can result from common 
conditions like CVC insertion or removal, 
neurosurgical procedures or from uncommon 
causes like endoscopic procedures, barotrauma or 
cardiac bypass surgery. The clinical picture can be 
variable depending on the cause, volume, location, 
route or rate of air entry leading to diagnostic and 
treatment challenges as it can mimic other medical 
emergencies. This is further complicated by limited 
access to advanced therapies and lack of 
standardization in diagnosis and treatment. These 
issues can be addressed by increased awareness & 
education, and evidence-based guidelines to 
improve outcomes. 
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