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Background: Thermal ablation is one of the most commonly used modalities to treat central
airway obstruction. Both laser and argon plasma coagulation (APC) have been reported to cause
gas emboli and cardiac arrest. We sought to determine whether bronchoscopic ablation therapy
can result in systemic gas emboli, correlate their presence with the rate of gas flow, and establish
whether a zero-flow (ZF) modality would result in the significant reduction or elimination of
emboli.
Methods: CO2 laser delivered through a photonic bandgap fiber (PBF) and APC were applied in the
trachea and mainstem bronchi of six anesthetized sheep at varying dosages and gas flow rates. Direct
epicardial echocardiography was used to obtain a four-chamber view and detect gas emboli.
Results: The presence of gas flow accompanying APC and the CO2 laser with forward flow correlated
significantly with the appearance of gas bubbles in the atria. A definite dose response was observed
between the gas flow rate and the number of bubbles seen. When the CO2 laser was delivered
through a PBF with ZF to the trachea or bronchi, no bubbles were observed.
Conclusion: Bronchoscopic thermal ablation therapy using gas flow is associated with gas emboli in a
dose-dependent fashion. The use of the flexible PBF with ZF is not associated with the development
of gas emboli. Further study is required to determine whether a clinically safe threshold of gas emboli
exists, and the relationships among the pathologic depth of tissue destruction, gas flow, pulse
duration, and the development of gas emboli. (CHEST 2008; 133:892–896)
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C entral airway obstruction (CAO) can result from
both malignant and nonmalignant disease.1

Though the incidence and prevalence of CAO in the
US population are unknown, it is estimated that com-
plications associated with airway obstruction develop in
20 to 30% of patients with lung cancer,2 and that up to
40% of lung cancer deaths may be attributable to
loco-regional disease.3 The approach to and manage-
ment of patients with CAO has been extensively re-
viewed.1 The thermal techniques used to treat patients
with CAO include electrocautery, laser, argon plasma
coagulation (APC), cryotherapy, and radiofrequency

ablation. Though generally considered safe, especially
in experienced hands, all of these therapies have asso-
ciated complications. Specifically, there have been sev-
eral case reports of gas emboli attributed to the use of
both the Nd-YAG laser and APC in the airway.4–9

The CO2 laser is extensively used in head and neck
surgery. A benefit of using the CO2 laser is that it is
extremely precise with a depth of penetration of
approximately 10 �m, resulting in a reduced risk of
damaging underlying structures. The major draw-
back of this modality lies in the fact that the wave-
length of the CO2 laser (10,600 nm) requires a rigid,
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articulated, mirror delivery system, making it diffi-
cult, if not impossible, to use in the distal airways.10

A photonic bandgap fiber (OmniGuide, Inc; Cam-
bridge, MA) has been developed that is able to
transmit the CO2 laser through a flexible fiber, thus
allowing the application of the CO2 laser to the distal
airways. We performed initial animal experiments
investigating the safety and efficacy of the flexible
fiber using a flow rate of 2 L/min in delivering the
laser for thermal ablation to the airways (unpub-
lished data); however, 2 of 20 sheep died immedi-
ately after the conclusion of ablational therapy.
Though postmortem analysis suggested that viral
myocarditis may have been the cause of death, we
considered the possibility that gas emboli associated
with laser delivery contributed to the animals’ de-
mise. After these preliminary results, a zero-flow
(ZF) fiber (OmniGuide, Inc) was developed that
does not require any gas flow distal to the fiber tip.

Gas is used in certain devices delivering ablational
therapy because cooling of the fiber tip is required to
prevent thermal damage to the delivery device.
Cooling can be achieved with gas (eg, air, carbon
dioxide, nitrogen, or helium) or fluid. Gas is more
commonly used as it provides improved visibility and
in some cases directs the distribution of the laser.
Inadequate gas flow may result in thermal damage to
the probe, and settings of 0.5 to 1.5 L/min are
commonly used during laser therapy in the airways.5
Even with gas flow rates of 0.4 L/min, the pressure of
air exiting the distal coaxial sheath has been mea-
sured to be as high as 500 mm Hg.7

The purpose of this study was as follows: (1) to
determine whether bronchoscopic ablation therapy
with the CO2 laser fibers and other currently used
devices can result in intravascular gas emboli; (2) to
correlate the presence of gas emboli with the rate of gas
flow used in conjunction with thermal ablation; and (3)
to establish whether a ZF ablative modality using a
fiber developed specifically by OmniGuide, Inc, be-
cause of our findings could result in the significant
reduction or elimination of emboli observations.

Materials and Methods

The study was approved by the Internal Review Board as well
as by the Animal Research Committee at Brigham and Women’s
Hospital. Six sheep of mixed breed weighing 40 to 45 kg and 1 to
2 years of age were sedated with a combination of tiletine and
zolazepam (Telazol; Wyeth; Madison, NJ), 6 mg/kg, and were
placed under general anesthesia with a 1.5% solution of isoflu-
rane and balanced oxygen after being intubated with a 9-mm
endotracheal tube and were started on therapy with mechanical
ventilation, with a fraction of inspired oxygen of 0.4, a tidal
volume of 400 mL, a respiratory rate of 20 breaths/min, and zero
positive end-expiratory pressure. Continuous monitoring of heart
rate, ECG tracing, and oxygen saturation were performed as per
the standard of care. A midline sternotomy was performed, and
the pericardium was opened and secured to the sternum in order
to provide direct access to the epicardium. Echocardiography was
performed by a certified echocardiographer with a 3.5-MHz
transducer, and a four-chamber view was obtained before,
during, and after laser or APC activation. All echocardiograms
were independently reviewed by a blinded echocardiographer.

As a control for the CO2 laser, we used the APC ablation device.
APC is one of the most commonly used modalities for the treatment
of CAO, having the benefits of being a noncontact modality that is
capable of destroying tumor tissue lateral to the tip of the probe,
while having a penetration depth of only 2 to 3 mm. APC provides
excellent hemostasis, and because of its shallow depth of penetra-
tion it carries only a minimal risk of airway perforation. The
Nd-YAG laser was not used as the depth of penetration is
significantly greater (up to 10 mm) than the CO2 laser or APC;
as such, it has fallen out of favor at our institutions as the “gold
standard” for thermal ablation in the central airways.

Applications of the CO2 laser with a low-flow (LF) and ZF fiber
as well as APC were then performed sequentially, targeting the
trachea, the right mainstem bronchus, and the left mainstem
bronchus via flexible fibers (Omni-Guide, Inc; and ERBE-USA;
Atlanta, GA) passed through an bronchoscope (XT-160; Olympus
America Inc; Center Valley, PA). The CO2 laser was applied with
power settings of 20 W for 1, 2, 5, and 15 s using helium as the
transport gas at a rate of 2 L/min for the LF fiber and 0.0
L/min forward flow for the ZF fiber. APC was applied with the
settings typically used in therapeutic bronchoscopy, including
a power of 40 W, and a flow rate of 0.5 L/min for durations of
1 and 5 s.

During the application of the CO2 laser and APC, the bron-
choscopists ensured similar visual thermal effects to those ob-
served in actual patient cases, and the echocardiographer mea-
sured the presence or absence as well as the location of gas
bubbles. During and for a few seconds after the ablation application,
the animals were disconnected from positive-pressure ventilation.
Recordings included the energy, gas flow, pulse duration, endo-
bronchial area treated, the presence or absence of bubbles seen
on echocardiography, as well as whether positive-pressure venti-
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lation was being continued or whether thermal applications were
performed under apneic conditions.

Results

APC was used with the following typical clinical
settings: a power of 40 W; forward gas flow rate of
0.5 L/min; and pulse durations of 1 and 5 s. With a
pulse duration of 5 s applied to the trachea, intra-
cardiac bubbles were visualized in 100% of applica-
tions (7 events in 7 applications) compared to 84% of
applications (11 events in 13 applications) when
performed in the bronchi. When used at a lower
power of 20 W, and with an argon gas flow of 0.5
L/min keeping the pulse duration at 5 s, intracardiac
gas was visualized in 100% of intratracheal applica-
tions (five events in 5 applications) and in 50% of
bronchial applications (five events in 10 applica-
tions). One of the sheep treated with these settings in
the bronchi went into cardiac arrest and died due to
the accumulation of gas in the left ventricle and left
anterior descending coronary artery. When used at a
shorter pulse duration of 1 s, with an output of 40 W
and an argon gas flow of 0.5 L/min, intracardiac gas
was visualized in 80% of applications in the trachea
(4 events in 5 applications) and in 84% of applica-
tions in the bronchi (11 events in 13 applications).

As an additional reference, the LF CO2 fiber
(OmniGuide, Inc), which requires forward gas flow,
was used at a power of 20 W, a forward helium gas
flow rate of 2.0 L/min, and various pulse durations.
At 15-s pulses, the probability of visualizing intracar-

diac bubbles was 100% (three events in three treat-
ments). With 5-s pulses, the probability of bubble
visualization was 30% (three events in 10 treat-
ments). With 2-s and 1-s pulse durations, the prob-
abilities of bubble visualization were 20% (two
events in 10 treatments) and 20.8% (five events in 24
treatments), respectively. As the presence of emboli
and its correlation with gas flow were established
with APC, additional studies on the laser fiber with
LF were not deemed necessary.

The ZF CO2 fiber (OmniGuide, Inc) was used
with a 20-W power output, a 0.0 L/min forward gas
flow rate, and 5-s pulse durations. With these set-
tings, intracardiac gas bubbles were not visualized
when applied to either the trachea (no events in 17
applications) or the bronchi (no events in 38 appli-
cations) [Fig 1]. Even when used at a longer pulse
duration of 10 s, a power output of 20 W, and a
forward gas flow rate of 0.0 L/min, intracardiac gas
was not visualized with either tracheal use (zero
events in one application) or bronchial use (zero
events in four applications) use. Whenever the abla-
tion was directed in the trachea proximal to the
carina, the gas emboli were noted in the right atrium,
while emboli detected due to ablation in either
bronchi were seen in the left atrium.

Discussion

Thermal ablation of airway lesions is one of the most
commonly performed procedures for endobronchial
therapy. Many but not all of the devices used for
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Figure 1. Gas bubbles can be seen in the left and right heart when APC is applied to the bronchi and
trachea, respectively. Bubbles were not seen during the application of the CO2 laser with the ZF fiber
(OmniGuide, Inc).
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endobronchial ablational therapy require gas flow for
cooling, field clearing, or plasma-generation pur-
poses. Though APC and the Nd-YAG laser are
generally considered to be safe, there have been case
reports4–9 of gas embolization with both devices.
These emboli can lead to stroke, seizure, cardiac
ischemia, other end-organ ischemia, and death. For
example, Tellides et al5 performed transesophageal
echocardiography in a patient undergoing Nd-YAG
laser therapy for a right upper lobe tumor after two
prior patients experienced cardiac arrest and seizure
that were suggestive of gas embolization. During this
third case, transesophageal echocardiography con-
firmed air bubbles in the left atrium, left ventricle,
and ascending aorta. After reducing the air coolant
flow from 1.5 to 0.8 L/min, they immediately noted
the abrupt cessation of echocardiographic air, the
resolution of previously note ECG changes, and the
improvement in hemodynamics and oxygenation.
For these reasons, many operators tend to set gas
flow rates as low as possible.

We found a direct correlation between the rate of
gas flow and the presence of gas emboli following
ablational therapy in the airways. Emboli were not
seen in the absence of ablational therapy, suggesting
that both gas flow and injury to the airway are
required for this phenomenon. The gas was generally
seen in the period immediately after APC or laser
activation, suggesting that small bronchovascular de-
fects are created and positive-pressure ventilation
forces air into the vasculature. As we did not sample
the gas in the left or right ventricles, it is unclear
whether it was composed of argon, helium, or atmo-
spheric/ventilating gas. Cases of gas embolism have
also been reported11,12 after transbronchial lung biopsy,
presumably due to small bronchovenous fistulas that
were created during the biopsy and air entering the
pulmonary venous circulation after the initiation of
positive-pressure ventilation.

An unexpected finding was that gas bubbles were
visualized in both the left and right atria, depending
on the site of ablation. Thermal ablation in the
trachea was more often associated with gas in the
right atria, which was presumably due to drainage by
systemic veins into the superior vena cava, whereas
ablation in the bronchi leads to gas embolization to
the left atria through the pulmonary venous system.
We did not perform dedicated “bubble studies”
during echocardiography to exclude the possibility of
right-to-left intracardiac or pulmonary shunts. Gold-
man et al9 have suggested the possibility of a fistula
created between the right segmental bronchus and
the right pulmonary vein as a cause of gas emboli-
zation in the systemic circulation during a case in
which APC was used for destruction of a carcinoid
tumor in the right middle lobe. They postulated that

the defect is sealed by the APC, but only after gas
enters the pulmonary vein. A similar mechanism could
certainly be present in the veins draining the trachea.

We noted a reduction in emboli as the pulse duration
decreased (Table 1). This may be due either to the
duration of the pulse itself or to the fact that longer
pulse durations are associated with more tissue destruc-
tion. Further study is warranted to determine the
relationships among the pathologic extent of tissue
destruction, gas flow, and pulse duration on the devel-
opment of emboli. It is certainly possible that short
pulse durations, even in the presence of gas flow, may
not produce clinically significant emboli.

Though series reporting on the safety of laser
bronchoscopy may not list air emboli as a complica-
tion of the procedure, they do comment on cardio-
vascular complications, including arrhythmia and
cardiac arrest.7,13–16 This may be due to the fact that
the clinical diagnosis of gas embolization may be
difficult to distinguish from other, more common
causes of cardiovascular complications and that sub-
clinical gas embolization can occur, especially in the
pulmonary circulation. It is difficult to speculate why
the event rate in our study was so much higher than
those in the available clinical data. It is certainly
possible that the incidence of subclinical emboli in
humans undergoing thermal ablation is higher than
previously thought. In order to accurately describe
the incidence of clinically significant, and subclinical,
gas emboli, a prospective human study utilizing
real-time echocardiography is required.

Table 1—Probability of Bubble Event*

Variables Trachea Bronchi

APC
20 W, 0.5 L/min argon flow

rate, 5-s pulses
100† (5/5) 50‡ (5/10)

40 W, 0.5 L/min argon flow
rate, 1-s pulses

80† (4/5) 84‡ (11/13)

40 W, 0.5 L/min argon flow
rate, 5-s pulses

100† (7/7) 84‡ (11/13)

OmniGuide LF
20 W, 2 L/min flow rate,

15-pulses
100 (3/3)

20 W, 2 L/min flow rate,
5-s pulses

30 (3/10)

20 W, 2 L/min flow rate,
2-s pulses

20 (2/10)

20 W, 2 L/min flow rate,
1-s pulses

20.8 (2/24)

20 W, ZF, 5-s pulses 0.00§ (0/17) 0.00� (0/38)
20 W, ZF, 10-s pulses 0.00 (0/1) 0.00 (0/4)

*Values are given as % (No. of bubbles present/No. of applications).
†Bubbles in the right atrium.
‡Bubbles in the left atrium.
§Unclear single bubble in review (if included, 6%).
�Fiber leakage generated two bubble events (if included, 5%).
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Our study has several limitations, the first of which
is that we were treating healthy airways in sheep.
The threshold for developing clinically significant gas
emboli in humans, especially when the airways are
involved with tumor, is unknown. It is likely that a
certain threshold of gas bubbles, both in terms of
size and quantity, is required prior to any significant
clinical manifestations. Agitated saline solution is
routinely used as a contrast agent in echocardiogra-
phy, and clinically significant emboli have not been
reported. It is possible that the gas emboli associated
with thermal ablation in the airway are larger than
the bubbles created by an agitated saline solution. As
we did not measure the size or total volume of the
gas bubbles created, we are currently unable to
comment on the impact this would have in the
clinical setting.

Additionally, as mentioned above, we did not
sample the gas to determine whether it was argon,
helium, or atmospheric/ventilating gas. Given the
echocardiographic appearance of the bubbles as well
as the temporal relationship to thermal ablation, it is
highly unlikely that the bubbles represent anything
else. The physical properties of argon and helium in
solution are different. Helium, which is used to cool
the CO2 and Nd-YAG lasers, is readily absorbable in
blood, whereas argon is not. Though this may explain
a difference in the incidence of clinically significant
emboli, both gases have been associated with emboli
in the clinical setting. As we studied anesthetized
sheep treated during apnea, we are unable to com-
ment on the risk of emboli in nonintubated animals
or humans, or in subjects treated during positive-
pressure ventilation. Nevertheless, it stands to reason
that positive airway pressure during ablational ther-
apy may increase the risk of emboli due to the
presence of airway-vascular fistulas. We await fur-
ther studies that will examine these relationships.
Until this is more clearly understood, it may be
prudent to reduce airway pressure as much as pos-
sible at the time of ablation and immediately there-
after without compromising patient safety.

Conclusion

Gas emboli in the pulmonary and systemic circu-
lation are a known complication of thermal ablation
techniques in the airway. Our study demonstrates
that this phenomenon is caused by gas flow through
the various thermal ablation devices and suggests
that small airway-venous fistulas are created. Until
further studies are performed, we recommend using
as low a flow as possible, a noncontact mode,17,18 and
the performance of thermal ablation during apnea or
spontaneous breathing. We await future studies in-

vestigating the use of the ZF fiber (OmniGuide, Inc)
in humans with airway pathology.

ACKNOWLEDGMENT: We thank Rita Laurence and Ravi
Ghanta, MD, for technical assistance.

References
1 Ernst A, Feller-Kopman D, Becker HD, et al. Central airway

obstruction. Am J Respir Crit Care Med 2004; 169:1278–
1297

2 Ginsberg RJ, Vokes EE, Ruben A. Non-small cell lung
cancer. In: DeVita VT, Hellman S, Rosenberg SA, eds.
Cancer principles and practice of oncology. Philadelphia, PA:
Lippincott-Raven, 1997; 858–911

3 Noppen M, Meysman M, D’Haese J, et al. Interventional
bronchoscopy: 5-year experience at the Academic Hospital of
the Vrije Universiteit Brussel (AZ-VUB). Acta Clin Belg 1997;
52:371–380

4 Peachey T, Eason J, Moxham J, et al. Systemic air embolism
during laser bronchoscopy. Anaesthesia 1988; 43:872–875

5 Tellides G, Ugurlu BS, Kim RW, et al. Pathogenesis of
systemic air embolism during bronchoscopic Nd:YAG laser
operations. Ann Thorac Surg 1998; 65:930–934

6 Ross DJ, Mohsenifar Z, Potkin RT, et al. Pathogenesis of
cerebral air embolism during neodymium-YAG laser photore-
section. Chest 1988; 94:660–662

7 Lang NP, Wait GM, Read RR. Cardio-cerebrovascular com-
plications from Nd:YAG laser treatment of lung cancer. Am J
Surg 1991; 162:629–632

8 Messiant F, Marquette C, Neviere R, et al. Systemic air
embolism after laser resection of a tracheal tumor. Intensive
Care Med 1995; 21:192–193

9 Goldman Y, Panzica PJ, Pinto DS, et al. Cardiac arrest due
to left ventricular gas embolism after bronchoscopic argon
plasma coagulation: a case report. J Bronchol 2007; 14:
33–35

10 Fenton JL, Beamis JF. Laser bronchoscopy. In: Beamis JF,
Mathur PN, eds. Interventional pulmonology. New York, NY:
McGraw-Hill, 1999; 43–67

11 Strange C, Heffner JE, Collins BS, et al. Pulmonary hemor-
rhage and air embolism complicating transbronchial biopsy in
pulmonary amyloidosis. Chest 1987; 92:367–369

12 Erickson AD, Irwin RS, Teplitz C, et al. Cerebral air
embolism complicating transbronchoscopic lung biopsy. Ann
Intern Med 1979; 90:937–938

13 Shapshay SM, Dumon JF, Beamis JF Jr. Endoscopic treat-
ment of tracheobronchial malignancy: experience with Nd-
YAG and CO2 lasers in 506 operations. Otolaryngol Head
Neck Surg 1985; 93:205–210

14 Hanowell LH, Martin WR, Savelle JE, et al. Complications of
general anesthesia for Nd:YAG laser resection of endobron-
chial tumors. Chest 1991; 99:72–76

15 Cavaliere S, Venuta F, Foccoli P, et al. Endoscopic treatment
of malignant airway obstructions in 2,008 patients. Chest
1996; 110:1536–1542

16 Cavaliere S, Foccoli PO, Toninelli C, et al. Nd:YAG Laser in
lung cancer: a 11 year experience with 2253 applications in
1585 patients. J Bronchol 1994; 1:105–111

17 Bolliger CT, Mathur PN, Beamis JF, et al. ERS/ATS state-
ment on interventional pulmonology: European Respiratory
Society/American Thoracic Society. Eur Respir J 2002; 19:
356–373

18 Moghissi K, Dixon K. Bronchoscopic NdYAG laser treatment
in lung cancer, 30 years on: an institutional review. Lasers
Med Sci 2006; 21:186–191

896 Original Research


