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Abstract

Purpose: Embolic stroke is a dreaded complication of thoracic endovascular aortic repair. The prevailing theory about its
cause is that particulate debris from atherosclerotic lesions in the aortic wall are dislodged by endovascular instruments and
embolize to the brain. An alternative source of embolism might be air trapped in the endograft delivery system. The aim of
this experimental study was to determine whether air is released during deployment of a thoracic endograft.

Methods: In an experimental benchtop study, eight thoracic endografts (five Medtronic Valiant Thoracic and three Gore
TAG) were deployed in a water-filled transparent container drained from air. Endografts were prepared and deployed
according to their instructions for use. Deployment was filmed and the volume of air released was collected and measured
in a calibrated syringe.

Results: Air was released from all the endografts examined. Air volumes ranged from 0.1 to 0.3 mL for Medtronic Valiant
Thoracic and from <0.025 to 0.04mL for Gore TAG. The largest bubbles had a diameter of approximately 3mm and came
from the proximal end of the Medtronic Valiant device.

Conclusion: Air bubbles are released from thoracic endografts during deployment. Air embolism may be an alternative
cause of stroke during thoracic endovascular aortic repair.
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Introduction

Embolic stroke is a dreaded complication of thoracic endo-
vascular aortic repair (TEVAR).! The prevailing theory about
its cause is that manipulation of endovascular instruments in
the aortic arch dislodges particulate debris from atheroscle-
rotic lesions.2 However, stroke can also occur after TEVAR
in young trauma victims3- who are unlikely to have devel-
oped such lesions.

Following abdominal endovascular aortic repair (EVAR),
a collection of air is regularly observed in the aneurysm sac
on early postoperative computed tomography (CT). This is
considered to be innocuous, as the air is trapped in the
excluded aneurysm, dissolves within a week or two, and
does not appear to do any harm. No such collection of air is
observed after TEVAR.

Endografts and delivery systems for the abdominal aorta
and the thoracic aorta are similar in design, and air could

possibly be released during thoracic interventions also. If air
bubbles are released in the proximal aorta during TEVAR,
they may escape through the branches of the aortic arch and
be an alternative cause of embolic stroke perioperatively.
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Figure |. Experimental setup. The container (|) was mounted at
an angle of 40°. The container and the access tubing (2) were filled
with room-tempered water, free from air. The endografts were
inserted through the access tubing over a 0.035-inch guide wire (3).
Deployment was recorded with a high-speed camera (4) and the
total volume of bubbles collected was measured using a Luer-lock
syringe barrel mounted on the top of the container (5). A white
shield (6) was used as background to improve the image quality.

The aim of this experimental study was to determine
whether air bubbles are released by thoracic endograft
deployment.

Methods

Endografts were deployed in a water-filled transparent con-
tainer. Deployment was filmed and the volume of air released
was measured.

The 80 mm x 80 mm x 300 mm rectangular container was
made of clear glass with silicone sealants. It had pipe con-
nections at both ends to allow a guide wire to pass through
and to introduce (and evacuate) endografts. The barrel of a
I-mL Luer-lock syringe was attached to one of the upper
corners and used to measure the volume of air released. A
65-cm-long rubber tube simulated vascular access vessels
and a superstiff Lunderquist 0.035-inch guide wire (COOK)
ran through both the tube and the container. The container
was mounted at a 40° angle, with the entry of the access tube
at the lower end and the Luer-lock syringe barrel at the upper
end (Figure 1). The far end of the access tube was elevated
above the container, and both the tube and the container were
filled with distilled water at room temperature. Before each
experiment, all visible bubbles attached to the inside of the
glass were wiped off with a magnet and evacuated through
the syringe barrel by aspiration in its Luer-lock connection.

The model was first tested by infusing variable and known
volumes of air into the container. After each infusion, the
container was tilted to assemble and collect all the bubbles
into the attached Luer-lock syringe barrel. The air collected
air volume was then measured. Volumes down to 0.025mL
could be verified. Volumes less than 0.025 mL could also be

Table I. Results of measurement of volume of air released
showing that air bubbles are released during deployment of a
thoracic endograft.

Endograft type Air volume (mL)
Valiant Thoracic 3434 100 0.2

Valiant Thoracic 4040 167 0.2

Valiant Thoracic 3232 100 0.3

Valiant Thoracic 3434 200 0.15

Valiant Thoracic 4040 167 0.1

Gore TAG 3110 0.04

Gore TAG 3420 <0.025

Gore TAG 4015 0.025

There appears to be a difference between the two types of endografts.

seen through the glass of the container, but they were too
small to be measured accurately in the syringe.

Each deployment was filmed with a Phantom v341 high-
speed camera (Vision Research) equipped with a Nikon
Nikkor 28-mm f/2.8 lens. For the illumination, a 400-W
halogen projector was used. The camera was equipped with
amonochrome 12-bit low-noise CMOS sensor with a resolu-
tion of 2560 % 1600 pixels. During each experiment, 1800
images were captured at a frame rate of 60 Hz. The images
were processed with Mathworks MATLAB software.

Eight thoracic endografts were available and were used for
the experiments. Five were made by Medtronic (Santa Rosa,
CA, USA) and three by WL Gore & Associates (Flagstaff,
AZ,USA) (Table 1). They were prepared and inserted accord-
ing to the instructions for use (IFU). Briefly, all were flushed
through the central lumen. The Valiant Thoracic delivery
catheters were also flushed through the sidearm of the hub,
with the tip of the catheter in a perpendicular position. The
Gore TAG delivery catheter was inserted into the access tube
through a Dry-Seal introducer sheath (Gore). Endografts
were deployed in the container as described in the IFU.

Results

Air was released from all endografts, and the volume from
each endograft is shown in Table 1. Volumes ranged from 0.1
to 0.3mL for the Medtronic Valiant endografts and from
<0.025 to 0.04 mL for the Gore TAG endografts. Air bubbles
mainly came out from the ends of the Valiant endografts
(Figure 2). Some bubbles came from the inside of the graft
and some bubbles were seen released from outside folds of
the fabric when the endograft expanded. The largest bubbles
had a diameter of approximately 3mm and appeared from
the proximal end of the Valiant endografts (Figure 2). Image
and videos of released bubbles are shown in Figure 2.

Discussion

We found that air is released during thoracic endograft
deployment. Volumes ranged from less than 0.025mL to
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Figure 2. (a) Photograph of a Valiant Thoracic endograft deployment in the water-filled container, (b) magnification of (a) showing an
air bubble released from inside the endograft during sheath retraction, (c) video of (b), (d) air bubbles released from distal end of Valiant
Thoracic endograft, () video of (d), (f) air bubbles from proximal end of a Valiant Thoracic when the top stent is released, (g) video of
(f), (h) large bubble released from proximal end of Valiant Thoracic endograft, and (i) video of (h).

0.3mL, and the bubbles had diameters of up to 3 mm. To the
best of our knowledge, this is the first report demonstrating
that air bubbles are released during thoracic endograft
deployment. Admittedly, any discussion regarding the clini-
cal implications of these experimental observations is bound
to be speculative, but we suggest that the possibility of air
embolism as a cause of perioperative stroke during TEVAR
should not be ignored.

TEVAR is now the therapy of choice for most patients
with aneurysms and dissections in the descending aorta.®’
The main advantages compared to open surgery are less sur-
gical trauma, less bleeding, and a lower risk of spinal cord
ischemia.®” However, stroke rates remain similar, at approxi-
mately 2%—5%.8

Furthermore, the aortic arch is the predicted next frontier
for aortic endografting,”!? but enthusiasm is tempered by the
higher stroke rate the more proximal the endograft is placed

in the arch.!-13 Stroke during TEVAR appears to be predom-
inantly embolic. Bismuth et al.'* showed that the number of
microembolic signals (MES) detected by transcranial
Doppler was associated with rates of postoperative stroke,
transient ischemic attack, and death. The majority of MES
were recorded during the deployment of the endograft and
not when devices were maneuvered into position. The
authors suggested focusing on the deployment phase of
endograft placement to better understand the mechanisms
that lead to stroke.'* Kahlert et al.? analyzed magnetic reso-
nance imaging of the brain postoperatively and found that
new embolic lesions appeared in approximately two-thirds
of patients after TEVAR. Thus, the current evidence suggests
that the majority of perioperative strokes during TEVAR are
embolic. The assumption that these particles are predomi-
nantly solid, and not gaseous, was recently challenged by
Kolbel et al.'> who suggested a carbon dioxide flushing
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technique of thoracic endografts to reduce the risk of air
embolism. However, whether or not thoracic endografts
actually do release air bubbles has not been previously
shown.

In the literature, arterial air embolism is a recognized
cause of stroke.'® It has been described after open-heart
surgery,!” after accidental infusion of air during cardiac'® and
cerebrovascular!® catheter interventions, and after accidental
venous air infusion in patients with persistent foramen
ovale.2021 The minimum amount of air required to cause
major or minor cerebral damage in the clinical setting is not
known. In a rabbit model, 0.025 mL of air caused a transient
decrease in cerebral flow, whereas 0.4 mL caused a sustained
deterioration of brain function.?? Other animal models have
shown that cerebral effects from a standardized bolus can
vary considerably within the same species,?* and bubbles as
small as 0.01-0.02mm in diameter can cause disruption of
the blood—brain barrier.?* In the clinical setting, the diagnosis
of cerebral air embolism has proved elusive since small bub-
bles are transient in the vasculature, are resorbed quickly,
and are therefore a rare finding on CT, even in cases where
there is strong clinical suspicion of air embolism.?’

In EVAR for abdominal aortic aneurysms, with the patient
in supine position during interventions, bubbles are probably
directed upward into the anterior dome of the aneurysm and
stay there due to their buoyancy. Once the endografts are
excluding the aneurysm, the air is trapped in the sac. In
TEVAR, the course of bubbles released is also probably
affected by their buoyancy and by the pulsatile and turbulent
flow in the proximal aorta. In contrast to abdominal aneu-
rysms, thoracic aneurysms are usually located lower than the
proximal extension of the endograft when the patient is
supine on the operating table. In our experience, we have
never seen images of air trapped post procedure in TEVAR-
treated thoracic aorta.

So, where do the bubbles go? With the patient in supine
position, the buoyancy of bubbles from endografts deployed
in the arch may direct them upward into the supra-aortic ves-
sels. Depending on the deployment mode for each particular
endograft, there is usually a stage during deployment when
the endograft has circumferential apposition against the aor-
tic wall, but it is not yet fully released. During this stage,
there is no antegrade flow in the aorta and bubbles released
from the inside of the endograft have no choice but to escape
through the supra-aortic vessels. Interestingly, this is also the
stage in a TEVAR procedure when most embolic particles
are recorded in the carotid or intracranial arteries with
Doppler ultrasound.'4

Endografts can be deployed by the retraction of an outer
sheath, such as with Medtronic devices, or by the unlacing of
a sewn constraining sleeve, such as with Gore devices. The
tighter packing allowed by the soft and formable sleeve of
the Gore system appears to be more efficient in minimizing
trapping of air. Despite the fact that the Medtronic delivery
system is flushed via a sidearm prior to use, we found larger

volumes of air released by Medtronic devices than from
Gore devices. The amount of air released by endografts may
be even larger for the new complex devices with fenestra-
tions and/or branches, which are being developed specifi-
cally for the arch. These endografts may have more folds in
the fabric and more dead space in their delivery system than
the standard straight tubes.

The limitations of this study must be acknowledged. The
model was developed with the sole purpose of determining
whether air is released during endograft deployment, and no
conclusions can be made regarding clinical consequences.
Moreover, the exact size of released bubbles will also be
affected by fluid pressure and temperature. However, air
embolism can cause cerebral damage—and it is noteworthy
that other large endovascular implants used upstream of the
cranial vessels, such as aortic valves and heart septal occlud-
ers, are usually mounted in their delivery systems immedi-
ately before use, while submerged in saline. Perhaps these
measures should also be considered for thoracic endografts,
at least in those designed for the aortic arch.

Another limitation was the small number of endografts
examined. Due to their high cost, we were only able to
obtain and test eight endografts with two different delivery
systems. The amount of air released varied somewhat
between each endograft. The differences were two- to
threefold even between endografts of the same brand and
did not appear to be related to the diameters or the lengths.
It can be speculated that preconditions for secluded pockets
of air may be created randomly during the assembly pro-
cess in the factory and that some endografts may in fact
release even larger volumes than we found in our eight
devices. To speculate further, this could possibly reflect the
seemingly unpredictable risk of symptomatic stroke after
TEVAR in approximately 1 in 25 patients, as reported in
most large clinical trials.

Conclusion

Air bubbles are released from thoracic stent grafts during
deployment. The results suggest a hitherto unrecognized
cause of stroke during TEVAR—that of air embolism.
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