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ABSTRACT

Interventional radiologists (IRs) now play a major role in the management of
thoracic aortic and great vessel trauma. The recent availability of a wide range of stent grafts
able to treat vessels from 3 to 46 mm in diameter is clearly a significant contributor to this
change. Stent grafts can now treat the majority of incomplete aortic injuries with much
lower morbidity and mortality than open surgery. Short- to medium-term follow-up is
encouraging, but the long-term durability is unknown, and close monitoring of these
patients must continue. In great vessel trauma, stent grafts are a useful adjunct to balloon
tamponade, embolization, and bare stents. As a result, a wide range of head neck and upper
limb vascular injuries can be managed with less local trauma, blood loss, and physiological
stress. The increased involvement of IR in the management of vascular trauma is not simply
the result of technological advances. IRs have increasingly made themselves available to
carry out these emergency procedures. IRs should assist in the development of trauma
protocols and management algorithms that involve endovascular expertise early in the
assessment of the major trauma patient.
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Objectives: Upon completion of this article, the reader should (1) understand the spectrum of thoracic aortic injuries and their

mechanism, imaging, and management, including delayed repair and the advantages and disadvantages of stent grafting; and (2)

understand the principle endovascular strategies used in treating great vessel trauma.
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Recent developments in endovascular technolo-
gies, particularly the widespread availability of commer-
cial stent grafts that can treat vessels ranging in size from
the thoracic aorta to vertebral arteries, has led to a
change in the treatment of thoracic aortic and great
vessel trauma. Adding major iatrogenic trauma, in the
form of open surgery, to a patient who has already
sustained multiple injuries is a major physiological insult

that leads to significant morbidity and mortality. Radio-
logically guided endovascular interventions allow the
effective treatment of vascular injuries but with much
reduced physiological stress. In thoracic aortic injury
stent-graft placement has quickly evolved into the pri-
mary treatment across all Injury Severity Score profiles.1

In thoracic trauma, the thoracic aorta is the most
commonly injured vessel, accounting for 84% of injuries.
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In 81% it is injured in isolation, and a further 3% have a
combined aortic and aortic branch vessel injury. The
great vessels alone are injured in 16%.2

THORACIC AORTIC INJURIES
Complete (full-thickness) aortic injury typically results
in immediate exsanguination. Hospitalized patients
almost invariably have an incomplete aortic injury
(IAI) with intact adventitia or periadvential tissues.3

Site and Frequency

The frequency and site of injury depends on whether
postmortem studies, those surviving to hospitalization, or
a combination of the two is being considered and on the
cohort being examined. IAIs account for�17% of deaths
due to road traffic accidents (RTAs).4 Most fatal IAIs
due to RTAs occur at the aortic isthmus.5 In 1958
Parmley et al found that 85% of patients who sustain
an aortic injury from blunt trauma die at the scene of the
accident.6 This data also found that of the 15% who
survived for 1 hour, 30% would succumb in the first
6 hours and at 24 hours half would be dead. At 4 months
only 2% of patients were alive. For almost half a century
this powerful data justified early surgical management but
it is underappreciated that the information comes from
postmortem studies of 296 victims of nonpenetrating
aortic injury in the Korean War. The contribution of
other injuries to death was not considered, and the
percentage of longer term survivors is likely to be sig-
nificantly underestimated. Although this series is widely
quoted, its applicability to current civilian practice is
questionable.

For hospitalized patients the incidence varies with
the sensitivity of the imaging technique used. Using
catheter angiography, Ahrar et al found that 96% of
injuries occur at the aortic isthmus, 1% at the proximal
ascending aorta, 1% at both the aortic isthmus and the
proximal ascending aorta, 1% at the distal ascending
aorta, and 1% in the descending aorta.7

Mechanism

The thoracic aorta is most commonly injured by a
sudden and dramatic change in velocity. The most
common cause is sudden deceleration from RTAs and
falls from a height of > 10 to 15 feet.8,9 Acceleration
injuries due to pedestrians and cyclists impacting with
motor vehicles are less common but well recognized.10

Explosions may cause aortic injury by acceleration or
deceleration.8 Occasionally crush injuries produce sim-
ilar injuries, but in general these injure a longer length of
aorta and cause extensive intramural hematoma.

Traction, torsion, and hydrostatic forces as a
consequence of differential slowing of thoracic structures

have all been implicated in sudden deceleration injury.2

Horizontal shear forces result from the aortic arch
being fixed by the great vessels.6 The mobile ascending
and descending aorta stop later, resulting in focal
stresses on the aortic root and aortic isthmus. The
osseous pinch theory suggests that rupture occurs
because the aorta is compressed between the spine
and the bones of the anterior chest (sternum, clavicle,
and upper ribs) on sudden deceleration.11 It is proposed
that the aorta distal to the left subclavian is most
commonly injured because the superior aortic arch is
fixed by its major neck branches and the descending
aorta is closely apposed to the spine by the intercostal
vessels and the ligamentum arteriosum. The interven-
ing proximal descending aorta is fixed in position and
cannot move away, causing it to be pinched front to
back. Support for this mechanism comes from the
recognition of crush injury as a cause of IAI.12 Other
mechanisms that have been proposed include (1) sud-
den compression of the heart, which causes a severe
increase in aortic pressure with upward displacement of
the aortic arch and traction on the aortic isthmus due to
the descending aorta being anchored to the spine; (2)
relative weakness of the aortic wall at the isthmus due
to fewer elastic fibers; and (3) horizontal and/or cranial
movement of the aortic arch along with a sudden
increase in intrathoracic pressure that may kink the
aorta at the diaphragm, leading not only to local injury
at this site (Fig. 1A,B) but also a sudden increase in
thoracic aortic pressure.13 It is likely that a combination
of these mechanisms is causal in many patients.5

The only penetrating injury that is commonly
survived is iatrogenic trauma, most often due to mis-
placed central venous catheters. These are survivable
when the injury is recognized before the device is
removed.

Spectrum of Injuries

Pathologically, a spectrum of findings has long been
recognized, with injuries ranging from minor intimal
flaps through increasing depth of injury extending to
‘‘pseudoaneurysm’’ formation and ultimately active ex-
travasation.13 Contour changes in the aortic wall are
often described as pseudoaneurysms, but the majority
should be strictly considered to be true aneurysms with at
least an intact adventitia.3

With modern computed tomography (CT) scan-
ners, all of these injuries are now evident on imaging.
The spectrum of findings in thoracic aortic injury in-
cludes the following14:

� Intimal tears /flaps (Fig. 2A,B and Fig. 1)
� Focal abrupt change in the aortic contour with an

irregular outpouching, most commonly just distal to
the left subclavian artery (Fig. 2C)
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� Circumferential abrupt change in the aortic contour
with an irregular outpouching. It has been proposed
that this group is at higher risk of rupture15 (Fig. 2D)

� Intramural hematoma alone
� Intramural hematoma plus contour changes and/or

intimal flaps (Fig. 2E)
� True aortic dissection (long flap indistinguishable

from spontaneous dissection and managed in the
same way as spontaneous dissections). This is an
uncommon injury (Fig. 2F)

� Pseudocoarctation (obstructive flap reducing the cali-
ber of the descending aorta) (Fig. 2G)

� Late saccular (or less commonly fusiform) focal an-
eurysm formation, often with peripheral calcification
(Fig. 2H)

� Active extravasation (rare and often an immediately
antemortem finding) (Fig. 2I)

Because active extravasation is rare, this question
arises: Where does the mediastinal blood commonly
associated with IAI on CT come from? Although it
may be that in some cases there has been a luminal leak
that has spontaneously sealed, it is more plausible that
because the adventitia remains intact in the majority, the
blood comes from damaged vasa vasorum and small
mediastinal arteries and veins. The mediastinal hemor-
rhage reflects the severity of the trauma rather than aortic
luminal blood. The quantity of mediastinal blood seen on
CT is often small, but despite this IAI is commonly
implicated as the cause of hemodynamic instability. If
there is no active bleeding on CT and the mediastinal
hematoma is small, it follows that this is not the cause of
shock, and an alternative source of hemorrhage should be
sought. This life-threatening injury should be addressed
before the aorta is treated. A caveat to this is that a large
mediastinal hematoma can cause hemodynamic compro-
mise without active bleeding due to compression of
vascular structures such as the heart (particularly the right
ventricle) and pulmonary arteries.16

Isolated anterior mediastinal hematoma is un-
likely to be due to IAI. Injuries to the internal mammary
artery (which may be life threatening), bronchial arteries,
superior intercostals veins and rib, clavicle, and sternal
fractures are all more likely culprits.16

Imaging

CHEST X-RAY (CXR)

A CXR has long been a part of the initial imaging assess-
ment of suspected IAIwith a long list of signs described. It
is still widely advocated in recent publications10,17 but
others concede it is unreliable.18 CXR is of limited use in
determining whether there has been a vascular injury. The
mediastinum commonly appears widened on a supine
CXR but the subsequent CT will show no aortic injury
or mediastinal hemorrhage. Conversely, andmore impor-
tantly, a normal CXR does not exclude an aortic injury.
The mediastinum is normal in 7.3% of patients who are
subsequently proven to have an IAI.19 Supplementary
signs can reduce this number further, but the fact remains
that some IAIs would remain undiagnosed, resulting in
avoidable deaths. A 95% negative predictive value20 is not
acceptable for a lethal condition. If a patient has the correct
mechanism of injury, he or she must undergo early
definitive imaging assessment to exclude IAT. The fact
that cardiothoracic centers still see patients with ruptured
or incidental late post-traumatic aneurysms could be taken
as evidence that vigilance remains suboptimal. Elderly
patients can sustain an aortic injury with lower level
impacts, which should lead to a heightened awareness in
this group.5 Additionally, Trupka et al found CT to be
superior to a CXR in detecting other thoracic injuries and
that it significantly influenced management.21

CATHETER ARTERIOGRAPHY

Catheter angiography was once considered to be the
reference standard for IAI, but it is invasive, often slower

Figure 1 Computed tomography (CT) of deceleration injury. (A) Axial CT and (B) coronal CT reformat images show a T11 focal intimal
tear (thin white arrows) with minimal hemorrhage (broad white arrows) from a road traffic accident deceleration injury while wearing a
seat belt. There is no contour change in the aorta.
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Figure 2 The spectrum of aortic injuries. (A) Axial computed tomography (CT) and (B) sagittal oblique reformat of focal intimal flap (thin
arrow, intimal flap; thick arrow, perihepatic hematoma from liver contusion). (C) CT reconstruction demonstrates a focal aortic injury at the
isthmus. (D) A surface rendered CT image shows a circumferential aortic injury. (E) A 47-year-oldman crushed by a steel door. CT reformat
shows focal aortic injury (large arrows) with extensive intramural hematoma (small arrows). (F) A 5-year follow-up CT of a post-traumatic
dissection shows the entry tear distal to the left subclavian artery (arrow). Minimal false lumen expansion had occurred over this period.
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to organize than noninvasive tests, only provides infor-
mation on vascular injuries, is expensive, and complica-
tions may rarely occur.22 A minimum of two projections
are required, usually anteroposterior and 40 to 50 degree
left anterior-oblique. It does not demonstrate intramural
hematoma and may miss less severe injuries, such as
intimal flaps. A false-positive interpretation can occur
due to focal atheroma, particularly if ulcerated; an over-
lapping vessel; and a ductus diverticulum (Fig. 3). The
latter should be easily distinguished by its smooth con-
tour on the inner curve of the aorta just distal to the left
subclavian artery with flat obtuse margins with the aorta
rather than the acutely angled undercut margins of IAI,
but false positives continue to be reported.23 Catheter
angiography is now most commonly used to plan endo-
vascular intervention.

TRANSESOPHAGEAL ECHOCARDIOGRAPHY

The most common site of IAT is accessible to trans-
esophageal echocardiography (TOE). It is reported to

identify intimal tears, intramural hematoma, pseudoa-
neurysms, pseudocoarctation, and active bleeding with a
sensitivity of 91% and a specificity of 98%.20 TOE is an
operator-dependent technique, and even in experienced
hands there is incomplete visualization of the entire aortic
circumference in a third of patients. Patients with facial
injuries, unstable cervical spine injuries, or where cervical
spine injuries have not been excluded are unsuitable.
There are concerns about elevating the blood pressure
and shear force on a traumatized aorta by intubating
the esophagus under sedation alone, and anesthetizing a
severely injured patient adds to the procedural risk. TOE
does not demonstrate the full spectrum of injuries that
cross-sectional imaging can. In addition to its utility in
diagnosis, TOE is a useful adjunctive imaging technique
in thoracic stent-graft deployment where it can identify
the great vessels and the stent graft simultaneously. It can
be problematic to use TOE and fluoroscopy simultane-
ously because the TOE probe often overlies and obscures
the target proximal drop zone.

Figure 2 (Continued) (G) Coronal CT reformat shows pseudocoarctation. (H) A 36-year-old with a 6.5-cm late saccular aneurysm. The
patient had had a polytrauma motorbike accident 18 years previously. A thoracic angiogram shows an aneurysm that was incidentally
detected on a diving medical chest radiograph. (I) A 24-year-old male car driver. Axial CT scan shows active bleeding (arrows) from an
aortic injury. The patient had a lethal head injury and died within 1 hour of this scan.
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COMPUTED TOMOGRAPHY

Diagnostic algorithms for IAI have evolved in the past
few years, mirroring the changes in those for other aortic
emergencies. Initially CT was widely used to screen for
mediastinal hematoma, with positive studies proceeding
to catheter angiography. This was a flawed approach
because, analogous to the normal CXR rate, 9% of
patients with surgically proven IAIs (pseudoaneurysms,
6%; intimal tears, 3%) have no periaortic hematoma on
CT.24 The introduction of faster spiral (helical) CT
scanners with quicker reformatting capability, along
with equivalent negative predictive value and sensitivity,
changed this position.25 Wicky et al found spiral CT to
have a sensitivity of 100% and specificity of 99.8%.14

Intuitively multidetector CT (MDCT) is superior to
helical CT with its increased cephalocaudal coverage
speed, improved z-axis resolution, and more effective
contrast utilization. This is unlikely to improve diag-
nostic performance significantly for IAI if published
results for spiral CT translate into everyday practice,
but there will still be clinical benefit from MDCT’s
decreased scan time and its ability to be a one-stop shop
for almost all injuries, including spinal. Ideally the CT
scanner should be in, or in close proximity to, trauma
rooms.26

MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) can certainly dem-
onstrate significant IAI, but it is not commonly available
acutely, may be contraindicated by the support or im-
mobilization equipment required in polytrauma, and

does not demonstrate other injuries as well or as quickly
as CT. MRI is useful in the follow-up of patients who
have been treated with nonferrous stent grafts.

Does Every Patient with Incomplete Aortic

Injury Need Treating?

First with spiral CT and MRI, and even more so now
with thin-section (� 1 mm) MDCT and TOE, very
subtle injuries are being identified that were previously
beyond the resolution of the available imaging. This is
particularly true of small intimal flaps with no mural
irregularity that catheter angiography is unlikely to have
demonstrated, even with the use of multiple two-dimen-
sional projections. This creates a dilemma. Which in-
juries require treatment? If not all, which injuries can be
ignored or only treated medically? Some practitioners
(Refs. 15, 27, and author’s personal practice) withhold
intervention for minor aortic injuries. These have been
defined as small (1 cm) intimal flaps with no or minimal
periaortic hematoma.15 In other reports it is unclear
what criteria are used for adopting an observational
position. Most authors who report intervention do not
document which subtypes of IAI were treated, raising
the possibility that at least some minor injuries are
actively treated. Open surgery has been reported on
such lesions.24 Complete resolution of minor aortic
changes has been observed,27 but complications can
also result from such injuries (Fig. 4). It is possible, if
not probable, that such injuries are not usually clinically
important and that the risk-benefit ratio favors observa-
tion, but the evidence to back this assumption is cur-
rently lacking. Long-term follow-up of these patients,
who we are only now identifying, is required.

Surgical Treatment Methods

The rationale for treating IAI is to prevent early rupture
from the acute injury and prevent late aneurysm for-
mation and rupture. The traditional treatment for IAI is
early open surgery with a left thoracotomy and single-
lung ventilation.10 Patients with pulmonary injuries may
not tolerate single-lung ventilation.28 Mortality rates
from open surgery have been reported to be between
5% and 28%.10 The most significant morbidity is para-
plegia from spinal cord ischemia, which occurs in 2.3 to
14%.10 The repair may be a primary direct suturing, an
interposition graft, or an intraluminal graft.9 There are
two different approaches to open repair, each of which
has its advocates.18,29

The first is the so-called clamp-and-sew techni-
que. The aorta is clamped distal to the left subclavian if
possible; if not, the arch is clamped distal to the left
common carotid with a second clamp on the left sub-
clavian. A distal clamp is then placed as proximal as
possible in the descending aorta to maximize spinal cord

Figure 3 Ductus diverticulum. Catheter angiogram showing
the characteristic smooth margins with flat (obtuse) angles with
the adjacent aorta. Comparewith the irregular sharp angles of the
incomplete aortic transaction in Fig. 2C.
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collateral flow. Clamp-and-sew benefits the polytrauma
patient by avoiding the additional risks of systemic
heparinization, but this is at the price of increased
paraplegia risk. Several publications have shown that
cross-clamp times of > 30 minutes lead to the greatest
risk of paraplegia.30–32 With simple cross-clamping,
paraplegia rates as high as 19.2% have been reported.30

The surgical alternative is to perfuse the distal
thoracic aorta and thereby the spinal cord by extracor-
poreal circulation. Several techniques are available with
either active or passive perfusion. These include active
centrifugal pump perfusion, such as left atrial to femoral
bypass, and passive shunt perfusion, such as left ventricle
to aorta or ascending to descending aortic shunts.31,33

These techniques decrease the risk of paraplegia and
remove the need for rapid repair (< 30 minutes) to avoid
paraplegia. The downside is that all require systemic
heparinization. Typically the thoracic aorta is not injured
in isolation; closed head injuries, solid organ and pulmo-
nary contusions, and pelvic and long bone fractures are
all adversely affected by systemic anticoagulation.

Where the aortic injury is associated with exten-
sive hematoma, the repair must be extended to the
normal aorta above and below. The graft cannot be
sutured into the friable abnormal vessel with intramural
hematoma. The increased length of repair increases the
risk of paraplegia.

Patients who reach hospital alive after penetrating
thoracic aortic injury are managed with open surgery.

Stent-Graft Treatment

A decade has elapsed since stent grafts were first used in
IAI.34 Initially only used in those deemed too high risk

for conventional repair, they are now widely considered
first-line therapy in many hospitals.1,35 Despite higher
injury severity scores, mortality and morbidity is much
lower in patients treated with stent grafts.28 In the
United Kingdom (UK) the National Health Service
National Institute for Health and Clinical Excellence
(NICE) has produced initial guidance on the use of stent
grafts in the thoracic aorta but it is restricted to aneur-
ysms and dissections.36 Despite the accumulating evi-
dence, there is currently no UK national guidance on the
use of stent grafts for aortic trauma.

Commercial stent grafts range in diameter from
26 to 46 mm. Current devices were primarily designed
and developed to treat aneurysmal disease. The shortest
possible length of device (typically 10 to 12 cm) is used
because the injury is focal and this minimizes the risk of
paraplegia. Oversizing the device diameter by 10 to 15%
is recommended. This may be problematic when these
devices are used in young patients. Some young patients
may have aortic diameters of < 20 mm, which is too
small for standard devices. In these cases, proximal cuffs
for abdominal aortic stent grafts may be used, but the
delivery systems can be too short for thoracic deployment
(typically �60 cm) even with the use of retroperitoneal
common iliac access to maximize the usable length.10

Patients in their teens and early 20s commonly have an
aortic arch with tight radius of curvature. In such cases
the apposition on the inner curve of the aortic arch may
be suboptimal due to insufficient device flexibility. In
addition, we do not know how the devices will withstand
50 years, or more, of postimplantation stress or the
normal aortic dilation with age. They require close
imaging surveillance, a cost and, often, a radiation
burden.

Figure 4 A complication of an intimal flap. A 27-year-old construction worker fell 15 feet onto a scaffolding bar. His initial aortic images
are shown in Fig. 2A and B. The thickness of the flap suggests theremay be thrombus formation on it. His life-threatening liver contusion
and active hemorrhage on computed tomography (CT) was successfully treated by coil embolization (not shown). Follow-up axial CT
examination 7 days later (A) at the same level as Fig. 2A show no evidence of an intimal flap and (B) a new right renal infarction (broad
arrow). This became a focal scar on follow-up. The hepatic laceration is shown (narrow arrows). If the embolus had passed into one of
the mesenteric vessels, it may have had serious consequences.
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The stent-graft systems typically require access
sheaths of 18 to 24F. The most widely used systems are
Talent (Medtronic, Minneapolis, MN), Excluder (W.L.
Gore, Flagstaff, AZ), and Zenith (Cook, Bloomington,
IN). General anesthesia is usually used. Local anesthesia
is feasible, but there are concerns regarding increased
stresses on the injury site from pain or anxiety-induced
blood pressure elevation, and TOE use is precluded. The
common femoral artery may be surgically isolated for
direct access or percutaneously punctured, with closure
device10 or subsequent surgical repair. The common
femoral or external iliac arteries may be too small (< 6
to 8 mm depending on the device being used) to insert
the device. This problem is overrepresented in IAI
compared with other thoracic stent-grafting procedures
due to the higher percentage of young patients, and
particularly young and female patients who have gen-
erally smaller vessels. This can be overcome by the use of
retroperitoneal access to the common iliac artery (CIA)
via a Rutherford-Morrison incision. In slim patients
direct access to the vessels may be used; otherwise a
conduit of an 8- to 10-mm-diameter surgical graft is
sewn onto the CIA.37 Where the CIA is also too small
or diseased (stenosed or calcified), the stent graft can be
inserted via the abdominal aorta.

Although systemic heparinization is usually em-
ployed during routine stent-grafting procedures, it is not
obligatory. Heparin is withheld in cases of polytrauma
where concomitant injuries (head injury, solid organ
injury [liver, kidney, spleen], and fractures [pelvic and
long bone]) result in the risk of use exceeding the benefit.
Heparin 5000 U is administered where other injuries do
not preclude its use. Use of a contralateral groin puncture
allows continuous angiographic guidance and provides
the safety of rapid aortic balloon access should the feared
complication of iliac rupture occur (Fig. 5). Some
operators prefer a left brachial catheter to optimize
imaging of the left subclavian artery origin. Use of
TOE is advocated by some15 to guide the deployment,
but it adds to the procedural complexity and there is no

evidence that it improves outcomes. Angiography is
performed in a steep left anterior oblique projection. It
can be difficult to achieve sufficient angulation using
mobile intensifiers in the operating room. Placing the
patient in a partial right decubitus position or laterally
tilting the operating table can be useful maneuvers in
young patients who have very anteroposteriorly orien-
tated aortic arches.

There is a variable approach to the proximal
sealing (or drop or landing) zone or neck. For aneur-
ysmal disease, 15 to 20 mm is the usual recommenda-
tion. Some authors have adopted a similar approach in
treating IAI.37 IAIs are by definition often closer to the
left subclavian artery (LSA) than this. Different ap-
proaches to this have been adopted. The proximal
sealing zone can be increased by placing the stent graft
distal to the left common carotid artery and intentionally
covering the LSA. This is usually well tolerated, and
acute arm ischemia is rare.15 Prior revascularization of
the LSA has been used,10 but experience has shown it is
not necessary and increases the procedural complexity
and morbidity. In IAI, unlike in aneurysmal disease, the
aorta is normal apart from the injured segment. This has
led to the alternative approach of placing a stent graft
distal to the LSA in patients with at least 5 mm of
normal aorta distal to the LSA.15,38 This approach is not
associated with poorer outcomes. Where there is
< 5 mm of normal aorta distal to the LSA, the LSA is
covered.

Pharmacologically dropping the mean arterial
blood pressure to 70 mm Hg, or less, at the time of
stent-graft deployment can decrease the distal displace-
ment forces on the stent graft and aid accurate position-
ing. This is particularly useful in those devices that fully
open from the tip backward because it reduces the power
of the windsock effect to which they are prone.

In IAI with extensive hematoma, stent grafting
can treat the injury site locally, and the intramural
hematoma will resolve over the next few weeks to
months (Fig. 6).

Delayed Repair

The observation by Parmley of a 50% mortality in the
first 24 hours posthospitalization (the majority in the
first 6 hours) had a major impact on surgical care.6 For
many years the standard treatment for IAI was emer-
gency thoracic surgery, irrespective of the severity of
other injuries. This ignored the fact that many of the
deaths would have been due to associated injuries. The
mortality from this conventional surgical approach was
21.3% in a 20 year meta-analysis.30

In the mid-1990s, several groups, extrapolating
from the medical management of Stamford type B
aortic dissection, adopted a conservative approach to
IAI patients with multiple trauma. Vasodilators and

Figure 5 External iliac artery avulsion on attemptedwithdrawal
of a stent-graft system. Specimen photograph shows the branch
arteries (deep circumflex iliac, black; inferior epigastric, dark gray;
external pudendal, light gray). Contralateral access allows balloon
control if this catastrophe occurs.
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b-blockers were used. Pate et al found that out of a
cohort of 112 patients with acute isthmic IAI, none of
the 46 patients with formal systolic blood pressure
control (systolic arterial pressure < 140 mm Hg with
therapy including b-blockers) died of aortic rupture.39

Six patients in the group who did not receive pharma-
cological therapy died of aortic exsanguination, all
within 4 hours of injury. Beta blockade is essential;
by altering left ventricular systolic ejection dynamics
they reduce aortic wall shear stresses, thereby reducing
the risk of rupture.40 The target mean arterial pressure
is < 80 mm Hg, but this must be achieved immedi-
ately after diagnosis if it is to prevent rupture.

A DELAYED MANAGEMENT APPROACH WITH

AGGRESSIVE BLOOD PRESSURE CONTROL

Rousseau et al compared 28 patients treated by early
surgery (< 48 hours) and 29 treated by stent-graft repair
with a mortality and paraplegia rate of 21% and 7%,
respectively, for surgery compared with no deaths or
paraplegia in the stent-graft group.15 However, the 7
patients in this series who were treated with b-blockers
and who all had major associated injuries treated surgi-
cally before delayed IAI surgery at between 5 and
257 days postinjury also had 0% mortality and para-
plegia. Only 2 patients in the stent-graft group were
treated within 24 hours, and 21 were treated > 14 days
post-IAI. Although the results for stent grafting in terms
of mortality and morbidity are impressive, it must be
conceded that in many published series the data are not
directly comparable, with the surgical patients coming
from an older cohort and/or the stent-grafted group
including acute and chronic injuries.15,35,38 Stent graft-

ing has undoubtedly benefited from the coincidence of
its development with the introduction of selective ag-
gressive blood pressure control allowing initial conser-
vative management.

The concept that IAI should always take priority
over other injuries has been proven to be flawed, but
some patients do still require urgent intervention. De-
layed repair is not appropriate where there is a significant
hemothorax or pseudocoarctation syndrome and in pa-
tients who have head injuries that require pharmacolog-
ical elevation of blood pressure to maintain cerebral
perfusion. Under these circumstances the thoracic aortic
injury should be treated as soon as any significant active
hemorrhage is ameliorated.

Outcomes and Complications

A literature search in January 2007 revealed no reports of
paraplegia after stent grafting, but most series are small
with even the largest not exceeding 30 patients.15 Iliac
artery injuries are recognized but are usually treatable
without long-term consequences.15 Increasing awareness
of the potential for iliac artery damage on the introduc-
tion or withdrawal of these large delivery systems has
lowered most experienced operators’ threshold for mov-
ing to direct or conduit access via the common iliac
arteries or the distal abdominal aorta in patients with
borderline groin or external iliac vessels.

Mortality is generally much lower after stent
grafting than open surgery and usually related to other
injuries sustained. Several larger series (Rousseau, 29
patients;15 Fattori, 19 patients;38 Dunham, 16 pa-
tients;41 Peterson, 11 patients;10 England, 11 patients)42

have reported zero mortality with complete exclusion of
the site of injury and no secondary interventions.
Although Reed et al had no intraoperative deaths in
13 patients, three deaths (23%) occurred in the post-
operative period, but two of these three deaths were due
to multiorgan failure.43 It is predictable that some
patients will inevitably die from associated injuries and
their physiological consequences. Other reported causes
of fatal outcomes include cerebrovascular accidents,44

iliac artery complications,43 and stent-graft occlusion of
the thoracic aorta due to excessive oversizing, poor wall
apposition, and acute proximal graft infolding.45

Stent-Graft Follow-up

Clinical and imaging follow-up is required. The short-
and medium-term data (up to 10 years) for stent grafting
in IAI is very encouraging (Fig. 7). Despite this, vigi-
lance should be maintained. In an 18-year-old, the
device will likely have > 50 years of stress to endure.
Fatigue fractures should be sought with annual plain
films, at least initially at this frequency. Physicians and
their patients are rightly concerned about the long-term

Figure 6 A 47-year-old man crushed by a steel door. Same
patient as Fig. 2E. Four weeks post–stent grafting, computed
tomography reformat shows no evidence of the aortic tear and
the intramural hematoma has resolved. The appearances were
unchanged at the most recent follow-up (2 years).
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risks of irradiation, particularly in the young. This makes
annual CT follow-up difficult. MRI is an alternative
where MR-compatible devices have been used, although
its poorer spatial resolution could lead to a lowered
sensitivity for subtle complications and will not detect
stent-graft migration. In the vast majority of patients,
the injury site is apparently completely healed, or per-
haps just sealed, on the early follow-up CTs with a small
bulge in the stent graft at the site of the IAI but no
thrombus or wall thickening. Under these circumstances
there is no potential for endoleak, so is CT follow-up
necessary for these patients? Stent-graft migration could
potentially occur as a late complication, but at least some
of these will be detected if standardized centering and
projections are used for the plain films. We currently do
not know if there remains a late risk of chronic pseu-
doaneurysm formation, although intuitively this seems
unlikely. CTs every 3 to 5 years for this majority, along
with plain films (at least initially annually), would
probably give us the natural history data we currently
lack. This would detect most complications that may
occur at a lower radiation burden. It may fail, however,
to detect complications in some individuals. There is no
current guidance on follow-up. Each unit treating IAIs
must decide where they view the risk-benefit ratio based
on current evidence and discuss the follow-up with
individual patients to maximize compliance.

Management Strategies

Endovascular repair has clear advantages over open sur-
gery in patients with severe concomitant injuries or
medical comorbidities and should be the treatment of
choice for the majority.18 Those with hemodynamic
instability for which no other cause can be found on
CT, evidence of active bleeding, large mediastinal hem-
atomas, or pseudocoarctation require emergency treat-

ment. In the remainder, stent grafting can be delayed until
the next working day if other injuries, most commonly
head injuries, do not preclude the use of aggressive blood
pressure control. Although stent-graft placement has
become the primary treatment across all Injury Severity
Score profiles in some centers,1 there remains some doubt
whether the patient with isolated IAI is better served by
emergency thoracotomy or endografting.18 Stent grafts
have been placed in contaminated fields following trauma
with no adverse short- to medium-term sequelae.46

Chronic aneurysms post untreated IAI can be
treated by stent grafting or open surgery (Fig. 8). The
short-term gain of decreased morbidity and mortality
with stent grafting must, as in the acute situation, be
balanced against long-term imaging follow-up and un-
known durability.

GREAT VESSEL INJURIES
The great vessels may be injured by narrow impact (e.g.,
a horse kick) or wide impact (e.g., deceleration injury
[Fig. 9]) blunt trauma. Blunt trauma may result in
complete or incomplete vessel transection, dissection
(with or without hematoma), and rarely an arteriovenous
fistula (AVF). Penetrating injuries are more common
than in the thoracic aorta, a large percentage of these
being iatrogenic. Gunshot wounds are rarer in most parts
of Europe than the United States. Penetrating injuries
may result in hemorrhage, false aneurysm, or AVF.
When iatrogenic injuries are considered, vessel throm-
bosis can be added to this list (Fig. 10).

Treatment Options

As with vascular injuries elsewhere in the body, there are
three possible approaches to great vessel trauma: balloon
occlusion, embolization, and stenting or stent grafting.

Figure 7 Aortic injury treated by stent grafting. (A) Catheter angiogram at the time of injury. (B) Follow-up computed tomography at
7 years shows no residual abnormality with the usual bulge of the stent graft at the site of previous injury.
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Depending on the vascular territory, some, or all, of
these may be inappropriate. Referring physicians, and
where possible their patients, should be aware that the
primary intention of acute endovascular treatment is to
stop life-threatening hemorrhage or restore perfusion to
an at-risk vascular territory. Secondary procedures, in-
cluding open surgery, may be necessary. Endovascular
treatment has the greatest impact when employed early,
but unfortunately it does not currently feature early-in-
trauma management algorithms.25 When endovascular
treatment is delayed it commonly controls the bleeding,
but the effects of large-volume transfusions with con-
sequent multiorgan failure may already be established.25

Such deaths should be avoidable with better integration
of diagnostic CT and interventional radiology into

trauma care pathways. Radiologists should be proactive
in their development.

BALLOON OCCLUSION

Manual compression at the site of bleeding or proximal
to it can be lifesaving. Unfortunately, many of the great
vessels cannot be adequately compressed. These include
the subclavian and axillary arteries and the carotid vessels
above the angle of the jaw. Balloon occlusion of the
subclavian artery was first described in 197347 and allows
rapid hemostasis with minimal risk. Further evidence of
its effectiveness is provided by the series of six cases of
penetrating injuries reported by Scalea.48 In the carotid
territory the risk of cerebrovascular accident (from hy-
poperfusion or embolism) must be considered. In the
conscious patient, the immediate response to balloon
occlusion may be satisfactory, but late intolerance (> 20
to 30 minutes) is well recognized, particularly if volume
replacement is inadequate. The increasing availability of
a broad range of on-the-shelf stent grafts means that this
is less commonly a clinical problem.

EMBOLIZATION

A sound knowledge of embolic agents and devices and of
the arterial anatomy and collateral connections of the
territory to be treated is a prerequisite. Embolization is
usually restricted to the branches of the subclavian and
axillary arteries and the external carotid artery. If par-
ticles are used, a secure catheter position and slow
injection, with continuous high-resolution screening, is
important to avoid proximal reflux and nontarget embo-
lization.49

STENTS AND STENT GRAFTS

Stent grafts were first used to treat trauma in the mid-
1990s.50 The initial devices were bare stents that were
covered by vein or synthetic graft material by the

Figure 9 A 22-year-old parachutist suffered extensive poly-
trauma including bilateral subclavian artery tears shown on aortic
arch angiography (arrow) with large hemothoraces after his main
parachute failed to deploy and the reserve only partially deployed.
The patient died minutes after this angiogram.

Figure 8 Chronic (18 years) post-traumatic pseudoaneurysm treated with a W.L. Gore (Flagstaff, AZ) stent graft. (A) Chest x-ray. (B)
Six-year follow-up computed tomography shows no endoleak with a stable aneurysm sac. Heavily calcified aneurysm sacs such as this
are unlikely to shrink.
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operators. A wide range of sizes of balloon mounted and
self-expanding stent-grafts is now available and should
be on-the-shelf products in any center managing major
trauma.

Anatomical Considerations

CAROTID ARTERIES

In the carotid territory, angiography is commonly used
to assess any wound that penetrates the platysma. It is
particularly useful in level III carotid injuries (those
between the angle of the mandible and the skull base)
that cannot be assessed by ultrasound.

Maras et al reviewed the use of stent grafts to treat
internal carotid artery pseudoaneurysms since 1990.51

Twenty patients with penetrating injury or skull base
fractures were successfully treated. Publication bias may
mean that failed procedures and deaths have not been
reported. Marked variability in postprocedure antiplate-
let and/or anticoagulation was observed. On follow-up,
15% of the internal carotid arteries (ICAs) had throm-
bosed (at 1 week, 6 weeks, and 23 months), and one had
developed a 50% in stent stenosis at 10 months. It is
unclear whether any of these were symptomatic. No
patient on aspirin and clopidogrel developed an occlu-
sion. Dual antiplatelet therapy is advised. In the ICA,
embolization is reserved for those surgically inaccessible
cases (e.g., at the skull base) where a stent graft cannot be
advanced and there is an intact circle of Willis.49 In the
alternative scenario of a proximal ICA false aneurysm,
but with occlusion of the more distal ICA, embolization
or common to external carotid stent graft are alternatives
to surgical ligation.

The external carotid artery is less commonly
injured than the internal carotid or vertebral arteries.52

Craniofacial injuries result in life-threatening injuries
in �1% of cases, most commonly due to Le Fort II or

III fractures. In oronasal hemorrhage following
trauma, the bleeding will be bilateral in 50% of cases
and there will commonly be multiple bleeding points.
Bilateral carotid angiography is mandatory for hemor-
rhage. Gelfoam and coils are the commonest embolic
agents, but polyvinyl alcohol particles can be useful.
Before any particulate agent is used, any potentially
dangerous external to internal carotid anastomoses
must be identified.

VERTEBRAL ARTERIES

In vertebral artery hemorrhage, false aneurysm or AVF
embolization may be an option, particularly in injuries of
parts III or IV. The suitability for embolization depends
on a thorough angiographic assessment of the posterior
circulation. If the contralateral vertebral artery is absent,
hypoplastic, or terminates in the posterior inferior cer-
ebellar artery, occlusion of the vertebral artery will result
in a hindbrain stroke (unless there is sufficient posterior
communicating artery supply). If the contralateral verte-
bral and vertebrobasilar system are normal, embolization
is a low-risk procedure.53 Coils are the commonest agent
because of their controllability and speed of deployment.
The usual principle of distal and then proximal embo-
lization applies where vessels are damaged proximally or
where there is a neuronal tissue supply by the damaged
vessel.

SUBCLAVIAN AND AXILLARY ARTERIES

White et al reported registry data on the use of the
Wallgraft (Boston Scientific, Natick, MA) to treat 18
subclavian injuries.54 Half of the patients had acute
pseudoaneurysms with the remainder accounted for by
perforations/ruptures (5 patients), AVF (2), and dis-
sections (2). The majority of the injuries were iatro-
genic. One-year primary patency and exclusion rates
were 86% and 90%, respectively. Using a review of the
surgical repair literature as an Objective Performance

Figure 10 Acute left arm ischemia after a left axillary venous line was misplaced in the left axillary artery. (A) Subclavian angiogram
shows the line with surrounding near occlusive thrombus (arrows). (B) Following overnight thrombolysis via the catheter, repeat
subclavian angiogram shows a small amount of residual nonocclusive thrombus (arrow). The line was repositioned in the vein using a
wire via the proximal side hole and the patient heparinized. Follow-up ultrasound showed no arteriovenous fistula, false aneurysm, or
arterial occlusion.
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Criteria, complications were much less severe than
with surgical repair, with stenoses and occlusions
predominating. No surgical bypasses were required
at 1 year. The costoclavicular complex will exert
extrinsic forces on subclavian stents and stent grafts
and may reduce long-term patency rates.

Injury Types

ARTERIAL WALL INJURY

A spectrum of injuries is observed ranging from intimal
flaps that may require no active treatment through to
long segments of dissection (which often appear as

Figure 12 Low knife wound to the right neck with a large hematoma and initial loss of consciousness. (A) Digital subtraction
angiography of the common carotid artery shows a small proximal common carotid pseudoaneurysmwith no evidence of dissection. (B)
Follow-up carotid angiogram shows exclusion of the false aneurysm by a Wallgraft (Boston Scientific, Natick, MA). (Images courtesy of
Dr. David Kessel.)

Figure 11 A 55-year-old pedestrian hit by car with acute arm ischemia. The patient was hemodynamically unstable with an expanding
shoulder/chest wall hematoma and hemothorax. (A) Arm angiogram shows 10-cm-long occlusion of part III of the subclavian artery and
the axillary artery. (B) Angiogram following placement of two overlapping Hemobahn stent grafts (W.L. Gore, Flagstaff, AZ), and balloon
dilation of the distal stent graft shows exclusion of the injury. The stent graft was patent at 3 months follow-up.
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apparent long occlusions). Vascular injuries may be
secondary to fractures, particularly of the clavicle and
scapula.

Arterial spasm secondary to trauma should not be
mistaken for dissection or incomplete transection. The
former is usually reversible with the use of vasodilators,
but if doubt persists, gentle balloon dilation will distin-
guish (in the event that this results in active hemorrhage
reinflation of the balloon will allow time for definitive

treatment). Long vessel occlusions due to dissection can
be usually be traversed with a straight-tipped hydrophilic
guide wire. A decision needs to be made whether to treat
with a bare, usually self-expanding, stent or whether to
use a stent graft. The authors practice is to use the latter
where there is a large associated hematoma clinically or
on imaging (Fig. 11). The presumption is there has been
a breach of the main vessel or disruption of side branches.
A bare stent is used where there is minimal hematoma.

Figure 14 A 46-year-old woman had reconstructive breast surgery as part of the treatment for breast carcinoma. She awoke with a
pulsing high-pitched buzz in her right ear. Nine months of sleep disturbance ensued until the association between an abandoned right
internal jugular line at the time of surgery and her symptoms was made. (A) Digital subtraction right vertebral artery angiogram shows
arteriovenous fistula (AVF) (large arrow). Note the hypertrophy of the vertebral artery proximal to the AVF (small black arrows) relative to
the normal distal vertebral artery (small white arrow). (B) Angiogram was repeated after occlusion of the AVF with a 6 mm�2.5 cm
vertebral artery Viabahn stent graft (Gore, Flagstaff, AZ). At 2-year follow-up the stent graft is patent with no in-stent stenosis on duplex
ultrasound, and the patient remains asymptomatic.

Figure 13 A 26-year-old club doorman shot by a ‘‘pocket’’ crossbow. (A) Initial computed tomography showed a left axillary artery to
vein arteriovenous fistula (AVF) confirmed on angiography. The left arm became markedly swollen. (B) An axillary artery Hemobahn
stent graft (Gore, Flagstaff, AZ) occluded the AVF. Contrary to medical advice the patient returned to body building, and the stent graft
occluded at 3 months but with minimal arm claudication.
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HEMORRHAGE AND FALSE ANEURYSMS

Hemorrhage from a proximal subclavian or common
carotid artery injury requires a thoracotomy to achieve
surgical control. Identifying the site of injury can be
difficult at open surgery. In 79 patients who underwent
thoracotomy for a penetrating injury of the subclavian or
axillary artery, Demetraides et al reported a mortality
rate of 42% (22% on the table) and an arm amputation
rate of 15% (for ischemia or infection).55 It is often much
easier to both identify and treat an injury angiographi-
cally (Fig. 12). It is worth reiterating that the primary
aim of endovascular treatment is damage control (stop-
ping the patient’s bleeding) and that secondary proce-
dures may be required in some patients. On occasions,
the presence of one injury that requires urgent open
repair, such as a brachial plexus injury, may lead to a
synchronous open operation for a vascular injury.25 The
alternative strategy of controlling blood loss (or restoring
perfusion) endovascularly is less stressful for the patient
and allows surgical focus on the brachial plexus repair.

ARTERIOVENOUS FISTULA

An AVF may be created by blunt or penetrating injury,
although the latter is more common. The identification
of a traumatic AVF is of utmost importance, not
necessarily because all have to be attended to immedi-

ately: Some will close spontaneously, and others may be
left alone until the patient has recovered from other
injuries. The importance of recognizing an AVF lies in
the long-term progress of the patient. The window of an
AVF tends to enlarge with time, more rapidly in young
people. This increases the rate of shunting, which is a
square function of the window’s diameter.13 Neglected
AVFs are not only more difficult to repair but also result
in heart failure and irreversible venous stasis changes.
Stent grafts are a major addition to the therapeutic
armamentarium (Figs. 13 and 14). Surgical repair of
great vessel AVFs involve difficult dissections, some-
times in a contaminated field. Where the arterial side of
an AVF cannot be accessed or where there is no
favorable position for placing a stent graft (e.g., at the
origin of the right carotid artery), consideration should
be given to sealing the AVF from the venous side with a
stent graft.56

Central Lines

Misplaced central lines are a recurring problem despite
the increased use of both ultrasound and fluoroscopy in
the placement of these devices. When lines are inadver-
tently placed intra-arterially, they may result in hemor-
rhage or false aneurysms once removed. Dissection or

Figure 15 (A) An 11.5F dialysis line is misplaced in the left subclavian artery. Note the distortion of the artery. (B) The line was
replaced by an 8F Angio-Seal (St. Jude Medical, St. Paul, MN) with a small leak (arrow) seen. (C) Balloon dilation across the leak (5
minutes). (D) No residual abnormality.
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vessel thrombosis may be the result of the insertion
(Fig. 10). Fortunately, this is one area where the
advantages of endovascular management are widely
accepted. The IR should usually be consulted when
the problem is first recognized (and before the line is
removed). As with conventional trauma, stent grafts are
an option, but the presence of a line with a guide-wire
lumen provides an alternative approach. Arterial clo-
sure devices, such as the Angio-Seal (St. Jude Medical,
St. Paul, MN) can seal the arterial puncture site. It is
possible to close holes larger than the target size of the
device, provided there is the ability to use supplemen-
tary balloon tamponade and stent grafts as bailout at
that site (Fig. 15). In the carotid territory, the risk of
emboli from the intra-arterial component would be a
concern. It is not known whether a stent graft may carry
less, the same, or more risk.

Conclusion

Improvements in car safety and out-of-hospital emer-
gency care are likely to result in more patients reaching
the hospital alive. Diagnosing IAI and great vessel
injuries requires a high index of suspicion, rapid use
of high-quality CT imaging as first-line imaging, and
an integrated multidisciplinary approach to care. En-
dovascular treatment is lifesaving with lower mortality
and morbidity than conventional surgery, but its long-
term durability is uncertain, and some patients will
require secondary procedures. Early endovascular ex-
pertise should be available to all patients in major
trauma centers.
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