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Abstract

Blunt or penetrating trauma to the chest can
cause injury to the aorta and its major branch-
ing arteries. These injuries are still the second
most lethal condition in blunt trauma patients,
after head injuries, and need urgent detection
and treatment. In this chapter, we will specifi-
cally discuss aortic and proximal branch vessel
injuries resulting from blunt trauma mecha-
nisms. These are almost invariably resulting
from high-impact trauma, usually with rapid
deceleration forces. Patients sustaining blunt
traumatic aortic injury (BTAI) usually have
many concomitant injuries, that will distract
from scrutinizing the aorta. This chapter will
help radiologist understand BTAI and be a
valuable partner in the resuscitation team, both
in diagnosis and treatment of BTAL

1 Introduction

Blunt or penetrating trauma to the chest can cause
injury to the aorta and its major branching arteries.
These potentially life-threatening conditions need
urgent detection and treatment. In this chapter, we
will specifically discuss aortic and major vessel
injuries resulting from blunt trauma mechanisms.
Thousands of peer-reviewed scientific publica-
tions are available, indicating the interest and
debate on a very dynamic topic. Many terms are
used in literature to indicate traumatic injury to the
aorta, including but not limited to: blunt aortic
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injury (BAI), traumatic thoracic aortic injury
(TTAI), acute traumatic aortic injury (ATAI), acute
thoracic aortic trauma (ATAT), traumatic aortic
rupture (TAR) and blunt traumatic aortic rupture
(BTAR). We elect to use blunt traumatic aortic
injury (BTAI), since it indicates blunt trauma as
the mechanism and encompasses all injuries
within the spectrum. We will give an overview of
important issues and our experience with BTAL

Blunt traumatic injury to the aorta and/or
major branching vessels almost invariably results
from high-impact trauma, usually with rapid
deceleration forces, further detailed in the next
section on mechanisms of injury. A well-
documented study by Parmley et al. in 1958 dem-
onstrated that around 85 % of victims sustaining
BTAI die on the scene or shortly thereafter
(Parmley et al. 1958). Improvements in vehicle
safety profiles, prehospital care and rapid diagno-
sis may have improved survival rates. However,
this cannot definitively be concluded from the
literature over the past six decades. In a study on
881 blunt traumatic fatalities performed in Los
Angeles, USA, in 2005, in 304 victims undergo-
ing full autopsy, BTAI was present in 104 (34 %)
(Teixeira et al. 2011). Unfortunately, this study
does not state the total number of polytrauma
patients to give the incidence of BTAI in a popu-
lation including victims deceased on scene.

A fairly recent large study performed on data
collected in the National Trauma Databank in the
USA from 2000 to 2005 does have relevant fig-
ures on trauma victims transported to hospitals
(thus excluding death on scene) (Arthurs et al.
2009). In this study, 3.114 out of 1.1 million
trauma patients had BTAI, resulting in an inci-
dence of BTAI in patients alive on scene of 0.3 %.
In keeping with literature, the mean age was 41
(£20) and 72 % were males, and the mean injury
severity score was 40 (+17). Of this cohort, 113
(4 %) died during transportation to and 599 (19 %)
died during triage in the hospital. Of the 2.402
patients surviving transportation and triage, 31 %
had major concomitant head injury and 29 % had
major abdominal injury (Arthurs et al. 2009).

A meta-analysis with a total of 7258 patients
from 90 articles found the following rates of con-
comitant injuries: orthopaedic fractures in 70 %,
thoracic injury in ~50%, abdominal injury in
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40 % and head injury in 37 % (Antonopoulos et al.
2014). In the study by Arthurs et al., two-thirds of
patients could not undergo attempts to repair the
injury, mostly due to other injuries, and BTAI was
found to be an independent prognosticator for
poor outcome (Arthurs et al. 2009). The figures in
this large study are in keeping with literature in
the fact that BTAI despite its relative rarity is still
second only to head injury as a cause of death in
polytrauma patients. Even compared to matched
cohorts with comparable concomitant injuries,
BTALI increases risk of mortality fourfold, overall
mortality being 55 % (Arthurs et al. 2009).

In patients reaching the hospital with BTAI that
can actually receive treatment for their aortic
injury, survival rates thereafter are high, in some-
what dated reports form 2008 being estimated in
the range of 70-90% (Steenburg et al. 2008;
Demetriades et al. 2008). Further improvement
may have occurred since, although, given the con-
comitant injuries, it is unlikely that survival will
ever be close to 100 %. Recent decades have seen
important changes in treatment of BTAIL, which we
will address in a later section. Part of these changes
have to do with much more sensitive imaging
modalities and more aggressive imaging strategies
after trauma, depicting aortic injuries that in more
remote decades would not have been picked up.

Despite the fact that patients may survive,
associated morbidity will influence most patients’
lives after the traumatic incident. Fully indepen-
dent feeding will be achieved by 72 %, locomo-
tion by 33% and expression by 80%, lower
numbers than in cohorts matched for other inju-
ries (Arthurs et al. 2009). This is another indica-
tion of the severity of trauma and its impact on
life after such an injury.

2 Mechanism of Injury

Since Parmley et al. first published a large cohort
of patients in 1958, studies have consistently
shown BTAI to be the result of high-impact
trauma. Motor vehicle accidents (MVAs), motor-
cycle and airplane crashes, pedestrians struck by
vehicles and falls from height make up the vast
majority of cases (Parmley et al. 1958; Teixeira
etal. 2011; Antonopoulos et al. 2014; Challoumas
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Fig. 1 Theories of blunt traumatic aortic injuries (From
‘Blunt Aortic Injury’ Neschis DG et al. (2008) NEIM
359:1708-1716. Copyright © (2008) Massachusetts

and Dimitrakakis 2015; Lin et al. 2016; Fabian
et al. 1997; Burkhart et al. 2001).

Injury to the aortic wall is likely a result of any
or a combination of the following potential mecha-
nisms, as described by Parmley et al. and others
(Parmley et al. 1958; Burkhart et al. 2001;
Mosquera et al. 2013; Crass et al. 1990; Cohen
et al. 1992; Lundevall 1964; Baqué et al. 2006)
(Fig. 1). Direct compression or the so-called osse-
ous pinch may result from the aorta being pinched
between the vertebrae and the anterior thoracic
skeleton (sternum, clavicles and ribs) (Crass et al.
1990, 1992). Direct penetration from fractured
ribs, sternum or vertebrae may also occur. Other

Stretchin,

Medical Society. Reprinted with permission of the
Massachusetts Medical Society)

mechanisms have their effect in a more indirect
manner. Stretching of the aorta from displacement
of vertebrae may cause aortic wall injury more
remote to the osseous injury site, the so-called
‘stretch’ injury. Extreme pressure in the aortic
lumen by compression on the abdomen or lower
chest may also cause injury, a mechanism known
as the ‘water-hammer’ effect. The water-hammer
effect, proposed by Lundevall, results when the
flow of a noncompressible fluid is occluded dra-
matically, which leads to high-pressure waves
being reflected back along the vessel wall
(Lundevall 1964). At the aortic root, the ligamen-
tum arteriosum attachment and the diaphragmatic
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crus, the aorta is connected to other tissues,
increasing regional strain by different deceleration
characteristics of the joined tissues. The final
mechanism potentially contributing to injury is
torsion, which indicates rotational forces of the
aorta along its longitudinal axis. A theory about
elevated aortic pressure due to compression of the
left ventricle that was proposed in the first decades
of the twentieth century has since been dismissed
by other scientists (Baqué et al. 2006).

Depending on the forces in play, the aorta injury
site can be the root, ascending aorta, arch, isthmus,
descending aorta or even abdominal aorta (less

common). Multiple studies in deceased and surviv-
ing patients show the aortic isthmus is the most
common location of injury. However, since studies
are not inclusive of all blunt trauma-related fatali-
ties, there may be a shift in numbers with more
injuries potentially occurring at the aortic root. A
considerable number of patients has aortic injury at
multiple sites, in the autopsy series by Teixeira
et al. amounting up to 18 % (Teixeira et al. 2011)
(Fig. 2). In that study, 2 % of injuries were located
at the aortic root, 3% at the ascending aorta and
11 % at the arch. Mention is warranted for the other
upper thoracic major vessels, especially the aortic

Fig. 2 Example of multilevel blunt traumatic aortic
injury on sagittal CTA (a) with corresponding axial CTA
slides (b, ¢). The proximal intimal injury (solid white
arrow) was most likely caused by a stretch mechanism;

the distal intimal flap (open white arrow) may have been
caused by stretch and/or direct impact from the nearby
vertebral fracture (arrow head)
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arch branches, which can be injured in isolation. In
a small sample study by Chen et al., 38 % of inju-
ries involved the proximal aortic arch branching
vessels (Chen et al. 2001). Even though the per-
centage likely is lower, injury to these vessels is
important to diagnose and treat if necessary.

3 Terminology and Clinical
Issues

The diagnostic and treatment process in polytrauma
patients usually takes place in multidisciplinary
teams with members of varying level of experience.
In combination with stress because of time con-
cerns and multitude of injuries, clear communica-
tion is paramount. Therefore, the most important
point to make about terminology is that all members
of the resuscitation team, including radiology staff,
should align the vocabulary used throughout the
institution. This also includes which of the many
classification schemes is used to grade the injury.
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As described in the introduction, many differ-
ent terms are used in literature to indicate trau-
matic injury to the aorta after blunt trauma.
Further confusion may arise with other terminol-
ogies in this setting. Specific terms to be aware of
with regard to diagnosis and treatment are medi-
astinal haematoma, peri-aortic haematoma, mini-
mal aortic injury, pseudo-aneurysm and
secondary signs of injury (SSI). We will describe
these terms here to minimize confusion.

Mediastinal haematoma is used to describe
haematoma within the mediastinum with a fat
plane preserved around the aortic adventitia.
These haematomas are not considered to be asso-
ciated to aortic injury, but originate from other
sources of bleeding, like mediastinal veins or
fractures of vertebrae or sternum (Forman et al.
2013; Raptis et al. 2015) (Fig. 3).

Peri-aortic haematoma is used to describe
haematoma directly bordering the aortic adventi-
tia (i.e. loss of peri-aortic fat plane) and either
confined to the direct peri-aortic region or

Fig. 3 Example of mediastinal haematoma (a) due to
thoracic vertebral body fracture dislocation (b). Note the
fat plane between the aorta and mediastinal haematoma

(arrow). The fat plane allows to differentiate more distant
mediastinal haematoma from peri-aortic haematoma
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Fig. 4 Axial (a) and sagittal-oblique (b) CTA demonstrating peri-aortic haematoma (solid white arrow) directly abut-
ting the aortic adventitia (loss of peri-aortic fat plane), caused by a long, bilobar pseudo-aneurysm (solid black arrows)

extending beyond into the mediastinum (Fig. 4).
Although previously reported to occur as a false-
positive indirect sign of aortic injury (Steenburg
and Ravenel 2008), advances in modern CT tech-
niques pick up previously undetected small inju-
ries. If peri-aortic haematoma is present, the aorta
should be scrutinized for presence of injury. If
peri-aortic haematoma is absent, this nearly
excludes higher-grade aortic injury. However,
lesser grade injury is still possible if peri-aortic
haematoma is absent, around 21-22 % of such
cases occurring without surrounding haematoma
(Forman et al. 2013; Aladham et al. 2010).
Minimal aortic injury (MAI, also known as
minor aortic injury) is a term used to describe a
lesser grade of aortic injury that may resolve with
conservative measures, including monitoring,
blood pressure control and repeat CT. However,
multiple groups that publish on the topic define the
term differently. The definition ranges from inju-
ries in which outer aortic wall contour is preserved
to those including pseudo-aneurysms of up to
50% of the normal aorta diameter (Forman et al.
2013; Caffarelli et al. 2010; Rabin et al. 2014a).
Pseudo-aneurysm relates to an aortic injury in
which there is (near) complete loss of aortic wall
integrity resulting in a regular or an irregular
deformity of the outer wall of the aorta (Fig. 5).
Especially if there is surrounding haematoma

with mass effect on the mediastinum, there is a
high chance of rupture (Rabin et al. 2014a, b).

Secondary signs of injury (SSI) were recently
defined in a study that sought parameters for suc-
cessful nonoperative management of BTAI as
pseudo-coarctation, extensive mediastinal haema-
toma (with mass effect) and large left haemotho-
rax (Rabin et al. 2014a, b) (Fig. 6). They concluded
that grade 3 aortic injuries (pseudo-aneurysms
involving more than 50 % the circumference of the
aorta in their study) with SSI needed urgent repair,
whereas those without SSI could undergo delayed
repair (Rabin et al. 2014a). The use of SSI there-
fore seems to aid management decisions.

3.1 Classification of BTAI

To grade blunt traumatic aortic injury, several
classification systems have been published, the
first of which was by Parmley et al. in 1958 on
the basis of a large autopsy study (Parmley et al.
1958). Gavant et al. published the first classifica-
tion system based on CT images in 1999, very
comprehensive but somewhat difficult to use
(Gavant and Helical 1999). In 17 years since, six
more groups published classification systems
with different degree of variation, namely,
Simeone et al. (2006), Azizzadeh et al. (2009),
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Fig. 5 Axial (a, b), sagittal (¢) and coronal (d) CTA of a
57-year-old man involved in an MVA. Images depict a
proximal thoracic aortic pseudo-aneurysm (arrows).

Fig. 6 Example of BTAI with peri-aortic haematoma
bordering the ascending (solid white arrow) and descend-
ing thoracic aorta with large left-sided haemothorax,
caused by BTAI at the aortic isthmus. Note the different
densities indicating cloth formation (solid black arrow)

Moderate peri-aortic haematoma and extensive subcuta-
neous emphysema are also present (not marked)

Caffarelli et al. (2010), Lamarche et al. (2012),
Starnes et al. (2012) and Rabin et al. (2014a). The
multitude of different classification systems
likely reflects local experiences with treatment
choices, as well as the rapid improvement of CT
technology and endovascular stent grafts used for
treatment. In 2011, the Society for Vascular
Surgery published clinical practice guidelines for
endovascular repair of BTAI (Lee et al. 2011),
using the classification system by Azizzadeh
et al. (2009). However, this was before other clas-
sification systems were published. The Vancouver
Simplified classification system in the study by
Lamarche et al. found better interobserver agree-
ment than the Simeone and Gavant classifica-
tions, the reason for which we like to use it
(Lamarche et al. 2012). As mentioned before, the
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GRADE 1 GRADE 2 GRADE 3

Intima
Media
Adventitia_

Fig. 7 Vancouver classification of blunt traumatic aortic
injury. Grade 1 injuries (luminal thrombus, intimal flap or

intramural haematoma) are less than 1 cm; if larger than
1 cm, injuries are grade 2; aortic pseudo-aneurysms are

most important issue for all team members
involved in caring for BTAI patients remains to
make sure to use the same terminology and
classification.

The Vancouver classification, like most other
classifications, has four grades (Fig. 7). Grade 1
and grade 2 essentially have preserved outer aortic
contours and consist of luminal thrombus, intimal
flap and/or intramural haematoma, these lesions in
grade 1 being smaller than 1 cm and in grade 2
larger than 1 cm. Grade 3 and grade 4 lesions dem-
onstrate abnormality of the outer wall of the aorta,
with grade 3 lesions being pseudo-aneurysms of
any size and grade 4 lesions showing frank con-
trast extravasation. Given the fact that some publi-
cations show good results of conservative
management as treatment for smaller pseudo-

&
&
&

grade 3; and grade 4 are injuries with active contrast
extravasation indicating ongoing haemorrhage (From
Lamarche et al. (2012), Reply to the Editor, copyright
2012. Reprinted with permission from Elsevier)

aneurysms, caregivers may elect to use other clas-
sification systems.

3.2  Clinical Issues

Clinical symptoms and signs are non-specific for
BTALI, nor sensitive. Patients may have chest pain,
back pain or difficulty breathing, and signs
include external chest wall injuries, systemic
hypotension, concomitant upper limb hyperten-
sion with lower limb hypotension or a substantial
difference in blood pressures between the right
and left brachial arteries (present in up to 50 % of
patients with BTAI). Some patients may present
initially with no clinical signs but rapidly develop
hemodynamic instability (Steenburg et al. 2008;
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Raptis et al. 2015). Factors negatively influencing
prognosis are a systolic blood pressure <90 mmHg
and hypothermia with 7<35 °C and injury sever-
ity score (ISS) >25 (Arthurs et al. 2009).

As stated before, blunt traumatic aortic injury
invariably is the result of high-energy trauma to
the chest and most often is not confined to this ana-
tomic area. In most cases, significant concomitant
injuries are present. Depending on the severity of
the aortic injury, the hemodynamic stability of the
patient and the severity of the other injuries, treat-
ment priorities have to be decided. If possible,
repair of BTAI should be delayed for favourable
outcome, especially in concomitant head injuries
(Fox et al. 2015; Rabin et al. 2014b). This will also
increase the time to carefully evaluate the extent of
other injuries. If aortic injury and traumatic brain
injury coexist, research has shown that the most
unstable injury should be prioritized to immediate
care. It also suggests that intracranial haemorrhage
is not a contraindication to endovascular aortic
stenting or an absolute contraindication to sys-
temic anticoagulation during this procedure (Fox
et al. 2015; Kitagawa et al. 2013).

To predict which patients need urgent repair
instead of delayed repair, Harris et al. proposed a
new aortic injury score to predict early rupture
(Harris et al. 2015). From their study, they con-
clude that a patient is at high risk of early rupture
if any two of the following three factors are pres-
ent: lactate >4 mM, posterior peri-aortic haema-
toma >10 mm or lesion/normal aortic ratio >1.4
(meaning an aortic diameter more than 40%
increased compared to the nearest normal aortic
diameter). Whether these criteria are better predic-
tors of the need of urgent repair of grade 3 injuries
than the secondary signs of injury (SSI) defined by
Rabin et al. (2014a, b) (see before) remains to be
seen. Likely, the criteria of both study groups over-
lap, but these findings will help select patients that
need urgent instead of delayed treatment.

4 Imaging

Post-intravenous contrast CT angiography (CTA)
is the standard diagnostic test for detection of tho-
racic aortic and branch vessel injury (Fox et al.
2015). The sensitivity is 96 %, specificity is 100 %
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and negative predictive value 99.9 %. These per-
centages are by far superior when compared to
plain chest radiography, transoesophageal echog-
raphy (TEE) or conventional arch aortography
(Steenburg and Ravenel 2008). Furthermore, CTA
is very accurate in detection of most other chest
injuries, which exist with or without the presence
of BTAIL. However, other imaging modalities can
be useful, so we will discuss strengths, weak-
nesses and findings of those as well.

4.1 Radiography

Although CT is increasingly being used as the pri-
mary imaging modality in trauma resuscitation,
chest radiography (CXR) in many centres is still
used as the first adjunct to the primary survey.
Signs seen on plain films are either sensitive or
specific, but never both; therefore, utility of CXR
in the setting of suspected BTAI is low (Nagy et al.
2000; Cook et al. 2001; Gutierrez et al. 2016).
Especially in the case of MAI, modern CTA can
demonstrate BTAI without changes to the outer
wall of the aorta and even without bordering hae-
matoma, further underscoring the potential to miss
these injuries on CXR. However, signs can still be
present on a conventional chest X-ray and, if so,
prompt for further evaluation with CTA (Fig. 8).

Signs in decreasing order of sensitivity accord-
ing to Cook et al. are as follows: mediastinal
width >8 cm (sens 90 %, spec 30 %), mediastinum-
to-chest width ratio >0.25 (sens 90 %, spec 6 %),
opacified AP window (sens 90 %, spec 51 %),
irregular aortic knob (sens 80%, spec 68 %),
blurred aortic contour (sens 70%, spec 53 %),
nasogastric tube deviation (sens 50 %, spec 91 %)
and trachea shifted to patient’s right (sens 40 %,
spec 86 %) (Cook et al. 2001).

Signs in decreasing order of specificity are as
follows: thoracic spine fracture (spec 93 %, sens
11 %), first rib fracture (spec 91 %, sens 10 %), NG
tube deviation (spec 91 %, sens 50 %), depressed
left main bronchus (spec 90 %, sens 10 %), wide
left paraspinal line (spec 90 %, sens 29 %), clavicle
fracture (spec 87 %, sens 0%), trachea shift to
patient’s right (spec 86 %, sens 40 %), left apical
cap (spec 80 %, sens 20 %) and pulmonary contu-
sion (spec 72 %, sens 30 %) (Cook et al. 2001).
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Fig. 8 A 27-year-old woman struck by a car while on
moped. Supine AP chest X-ray taken during resuscitation
with unsuspected findings consistent with aortic injury
(a): indistinct aortic contour (white solid arrows),
depressed left main bronchus (open black arrow) and api-
cal cap consistent with haemorrhage extending to the
pleural space (solid black arrows). Injury was proven with

Rather than spending a lot of time analysing
all separate findings and measurements, a general
assessment of the mediastinum and decision to
‘normal’ or ‘abnormal’ results in better sensitiv-
ity and interobserver agreement (Ho et al. 2002).
If the only abnormality seen on an initial screen-
ing supine anteroposterior CXR is mediastinal
width more than 8 cm, it can be worthwhile
repeating the CXR standing and posteroanterior,
in which case, 38 % of exams will be normal
(Schwab et al. 1984). However, we fully agree
with Raptis et al. and others that patients with an
abnormal CXR, patients with high index of sus-
picion for BTAI or patients with chest pain out of
proportion to their known injuries after appropri-
ate trauma need to proceed to CTA of the chest
(Raptis et al. 2015; Fox et al. 2015).

4.2 Angiography/Aortography

The publication of the Eastern Association for
the Surgery of Trauma (EAST) practice manage-
ment guideline for the diagnosis and manage-

CT (b): aortic arch (open white arrow) demonstrates frank
extravasation (solid white arrows) into the pleural cavity
(white asterisks), consistent with grade 4 injury. Note the
homogenous low density of the haemothorax, indicating
hyperacute exsanguination with lack of time to form
cloth. Patient did not survive to treatment

ment of blunt aortic injury in 2000 still defined
angiography as the ‘gold standard’ for the diag-
nosis of BTAI. However, the workgroup already
acknowledged that ‘CT scanning is taking more
of a role, especially for screening’ (Nagy et al.
2000). Since their publication, rapid develop-
ments of CT techniques have rendered CTA more
sensitive than conventional angiography, mostly
due to the detection of extra-luminal abnormali-
ties, either confined to the aortic wall or beyond.
This has caused the same society to revise their
guidelines, which in their publication in 2015
strongly recommend CT with intravenous con-
trast for the diagnosis of BTAI (Fox et al. 2015).
Angiography is of course still used if endovascu-
lar treatment for BTAI is undertaken (Fig. 9).

4.3 Abdominal and Transthoracic

Ultrasound

During trauma resuscitation, many centres will
include an ultrasound scan according to the
focussed abdominal sonography in trauma
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Fig. 9 Thoracic aorta angiogram in left anterior oblique view before (a) and after TEVAR (b) for aortic pseudo-

aneurysm at the isthmus (arrow)

(FAST) as an adjunct to the primary survey. A
FAST examination essentially is a quickly per-
formed ultrasound to demonstrate the presence or
absence of free intraperitoneal fluid by evaluating
the four abdominal quadrants. In addition, one
can look for presence of pericardial effusion,
pleural effusion and/or pneumothorax in a rea-
sonably quick and reliable fashion, the so-called
extended FAST (e-FAST). Although e-FAST
could demonstrate a secondary sign of injury in
BTALI, notably large left haemothorax, or demon-
strate pericardial effusion, the aorta itself usually
is poorly visualized and can only be examined
below the diaphragm. The same holds true for
transthoracic ultrasound.

44 Transesophageal

Echocardiography (TOE or TEE)

Already in 2008, Demetriades et al. found that
between 1997 and 2007, there had been a near
elimination of transoesophageal echocardiography
for the diagnosis of BTAI, dropping from nearly
12% of BTAI patients receiving TOE in 1997 to
1% in 2007 (Demetriades et al. 2008). The primary
use currently is to evaluate cardiac dysfunction and
injury or hemodynamic state and response to treat-

ment. TOE can be used to evaluate the descending
aorta, being reasonably sensitive for traumatic aor-
tic injury in that location but overall only moder-
ately sensitive (Patel et al. 2003; Rippey and Royse
2009). In hemodynamically unstable patients, tran-
soesophageal echocardiography can be used as
bedside test, and the probe can remain in place
even in the operating theatre.

4.5 Intravascular Ultrasound (IVUS)

In two papers by Williams et al. in the early 1990s,
the use of IVUS is discussed as a tool to be used in
equivocal angiographic results for BTAI (Williams
et al. 1992; Williams et al. 1993). The limitation of
this technique as an initial diagnostic test due to
practical restrains was already discussed in their
second paper and has not been altered since.
Malhotra et al. as well as Patel et al. demonstrated
better sensitivity compared to angiography espe-
cially for picking up MAI, before the era of CTA
as a gold standard (Patel et al. 2003; Malhotra
et al. 2001). A more recent paper again proved
IVUS to be better than angiography in patients
where CTA findings were equivocal. Therefore,
the authors advocated the use of IVUS in potential
TAI patients in whom angiography is being
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considered (Azizzadeh et al. 2011). However, the
nature of the procedure requires vascular access,
with another option to rule out aortic injury being
arepeat CTA, with or without ECG triggering. If a
patient is managed with endovascular stent-graft
placement, IVUS has been shown to be useful for
selection of stent-graft size (Wallace et al. 2015;
Shi et al. 2015). Compared to the acute CTA,
IVUS during the procedure of stent placement
demonstrates a larger aortic diameter, possibly
reflecting intravascular hypovolemia during resus-
citation at initial imaging, necessitating preopera-
tive reassessment of aortic lumen diameter
(Wallace et al. 2015).

4.6 Magnetic Resonance Imaging

(MRI)

Length of examination time, limited accessibil-
ity, non-compliant materials and relatively small
bore sizes render MRI unfeasible in the initial
assessment of patients with multiple injuries. In
patients with equivocal CTA findings for BTAI,
an MRI study can be considered if they are
hemodynamically stable and also otherwise able
to undergo the examination. Fattori et al. pub-
lished two papers in the mid- to late 1990s on the
use of MRI for the diagnosis of acute BTAI and
for follow-up in the delay to treatment, demon-
strating its feasibility (Fattori et al. 1996; Fattori
et al. 1998). The paucity of results when per-
forming literature searches to find the use of
MRI in BTAI indicates the limited role for this
modality especially in the acute phase, despite
the well-documented use in other aortic and
major vessel diseases.

4.7 Computed Tomography

Angiography (CTA)

As stated before, CTA now is the gold standard
for the evaluation of BTAI, given its high accu-
racy and near-perfect negative predictive value.
In these usually severely injured polytrauma
patients, the chest will oftentimes be imaged in
conjunction with the abdomen and pelvis.

F.H. Berger and D.W. De Boo

4.8 CT Technique
Different protocols exist to administer iodinated
intravenous (IV) contrast material, with either
single-bolus, split-bolus or triple-bolus adminis-
tration being used. To avoid streak artefacts from
high concentrations of iodine in the left brachio-
cephalic vein, IV contrast material should prefer-
ably be administered via the right arm whenever
possible. Depending on scanner manufacturer
and type, an empirically fixed delay or a bolus-
triggering mode can be used. The administration
of a separate timing bolus before the definitive
scan is not commonly chosen in current practice,
mostly due to time constrains. Furthermore, with
current technical advances in multi-detector
computed tomography (MDCT) resulting in high
spatial resolution, vascular injuries will be
detected even if acquisition phase is past proper
arterial phase, which still is the preferred phase
of acquisition (Raptis et al. 2015). In our opinion,
the radiologist should be present at the acquisi-
tion to decide if image quality is satisfactory and
to instantaneously order repeat scan or extra
phases, especially for the abdomen and pelvis.

When evaluating the aorta, care should be
taken to adjust window and level settings as to not
mask minimal luminal or mural abnormalities.
Specific Hounsfield unit (HU) settings are diffi-
cult to give, since the correct window/level setting
varies with attenuation values in each scan
(depending on kVp, iodine concentration and
flow rate of IV contrast administered). In some
institutions, a non-contrast scan is obtained prior
to the scan with IV contrast to rule out intramural
haematoma (IMH), which in our experience is not
as important as with aortic dissection protocols. If
during the evaluation at the scanner console there
is doubt about the presence of IMH, a late-phase
CT after 10-15 min can be obtained to evaluate
for increased aortic wall attenuation; this however
is rarely needed. If uncertainty of aortic injury is
caused by artefacts, a repeat scan can be obtained,
applying ECG triggering if caused by cardiac pul-
sation (Fig. 10). Positioning of external lines and
arms may further alter image quality.

It is paramount to use thin slices of the origi-
nal axial dataset for evaluation, and multiplanar
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Fig. 10 Initial routine CTA without ECG triggering (a,  (arrows). Although this clinically significant finding was
b) and follow-up ECG-triggered CTA (¢, d). Small, <1 cm  suspected on the initial CTA without ECG triggering, it is
intimal flap with thrombus is identified in the ascending  appreciated far superiorly on the ECG-triggered CTA
aorta just distal to the origin of the left coronary artery
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Fig. 11 Axial (a) and sagittal-oblique (b) or ‘candy stick” MPR of the thoracic aortic in the plane along the aortic arch
(white line in a)

reformations (MPRs) should be made, preferably
interactively at a workstation or similar server-
based software or by MPRs made by technicians
according to preset protocols. A sagittal-oblique
reconstruction, also referred to as ‘candy stick’
reconstruction, is especially useful since it shows
the entire length of the thoracic (and possibly
abdominal) aorta (Fig. 11). Interventional radi-
ologists and surgeons will like the view for the
fact that it resembles the oblique view obtained
when performing angiography.

4.9 Imaging Findings

Since CT in nearly all cases will be the chosen
modality to detect BTAI, we will describe the
features of aortic injury here. However, findings
on other imaging modalities will be very similar
to those seen on CT. After blunt trauma, CT signs
of aortic injury can be located at any section of
the aorta and can even be present at multiple

sites, especially after stretch mechanisms. The
most common location to find BTAI on imaging
is the aortic isthmus. Signs can be divided in
direct and indirect signs of BTAL

Direct signs are very sensitive and specific for
BTAI; however, false positives and false negatives
do occur, either caused by technical issues (arte-
facts) or misinterpretation. Direct signs demon-
strate aortic wall changes and make up the grades
of aortic injury, irrespective of which classifica-
tion system is used. Luminal thrombus abutting
the intima, an intimal flap and intramural haema-
toma (IMH) can be seen and depending on size
smaller or larger than 1 cm will be grade 1 or
grade 2 injuries, respectively (Vancouver classifi-
cation) (Lamarche et al. 2012). Luminal thrombus
abutting the intima oftentimes is demonstrated as
a small, round contrast-filling defect on the axial
images; however, it can have a more oblong con-
figuration, especially on MPRs (Fig. 12). An inti-
mal flap is a more linear hypodense structure
projecting into the lumen of the aorta, connected
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to the wall (Fig. 13). One very specific and more
severe form of intimal flap is circumferential
dehiscence of the intima, creating intimo-intimal
intussusception, which is demonstrated by a more
or less regular circular and linear hypodense line
within the aortic lumen (Fig. 14). IMH can be
seen as thickening of the aortic wall, separating
the intima and adventitia by haematoma in the
media. IMHs can be focal or rather long and usu-
ally are not circumferential (Fig. 15). If a non-
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contrast enhanced CT is performed, this portion
of the aortic wall will demonstrate increased
attenuation (around 40-60 HU), a feature that is
less obvious if contrast was given. However, in
our experience, the non-contrast scan is not
needed to make a confident diagnosis of IMH,
given modern-day MDCT resolution.

Grade 3 injuries demonstrate outward contour
deviations of the aorta, so-called pseudo-
aneurysms, that can be relatively regular or

Fig. 12 Coronal (a) and axial (b) CTA demonstrating a small traumatic aortic intimal injury with thrombus abutting

thrombus in the distal descending thoracic aorta (arrows)

Fig. 13 34-year-old male involved in MVA. Axial (a)
and sagittal (b) CTA reformats show two small intimal
flaps at the aortic isthmus (arrows) with minimal throm-

bus at the tips. The injuries healed without invasive ther-
apy (follow-up CTA not shown)
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Fig. 14 Pedestrian struck by a car. Axial (a) and coronal CTA (b) depict an intimo-intimal intussusception at the level
of the infra-renal abdominal aorta (arrow). Note the peri-aortic haematoma and loss of peri-aortic fat plane (arrows)

Fig. 15 Long traumatic intramural haematoma (white arrows) of the descending thoracic on axial (a) and coronal (b)
CTA. Concomitant thoracic vertebral body fracture and dislocation (black arrow)

irregular, the latter likely being more unstable
than the former (Figs. 4 and 5). If pseudo-aneu-
rysms are small, they can be difficult to pick up
given the orientation in a curved plane in three
dimensions, rendering the use of MPRs even
more important (Fig. 16). In grade 4 injuries,

active extravasation of IV contrast is seen, either
from an otherwise fairly normal aorta, or at the
site of a (usually irregular) pseudo-aneurysm
(Figs. 8 and 17) Needless to say, this is an indica-
tion for urgent repair, either by endovascular
stent graft or open thoracotomy procedure.
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Fig. 16 Small traumatic pseudo-aneurysm (arrows) of the thoracic aorta which is harder to detect on axial (a) than on
the sagittal (b) CTA reformat, stressing the need to evaluate all reformats

Fig. 17 Axial (a) and coronal (b) CTA showing trau-
matic aortic rupture at the level of the arch with active
contrast extravasation (arrow, same patient as Fig. 8).

Indirect signs of aortic injury mostly relate to
the bleeding from the aortic injury in the immedi-
ate peri-aortic region or beyond. Peri-aortic hae-
matoma, as described before, is haematoma that
abuts the aortic adventitia and obliterates the
peri-aortic fat plane (Fig. 4) Larger haematomas
will extend further into the mediastinum and are
slightly hyperdense (40-70 HU). Bleeding from
the aortic injury can extend into the pleural space
or pericardium, depending on the location of the
injury, giving rise to haemothorax or haemoperi-
cardium. Usually haemopericardium is homoge-

Large mediastinal haematoma and large left-sided haemo-
thorax. Patient deceased prior to treatment

nously hyperdense, whereas haemothorax can
have mixed densities with more hyperdense areas
indicating cloth (Fig. 6). However, if pleural effu-
sion has densities similar to fluid (0-20/30 HU),
it can be difficult to differentiate hyperacute hae-
matoma from reactive effusion (Fig. 8).

Two indirect signs can be seen on abdominal
CT and should mandate further investigation of
the thoracic aorta. These are obliteration of the
retro-crural peri-aortic fat (possibly indicating
caudal extension of more cranially located peri-
aortic haematoma) (Fig. 18) and otherwise
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Fig. 18 Example of a retro-crural peri-aortic haematoma
(white arrow) as can be seen on an abdominal CT as a
sign of more proximal BTAI (a). In this patient it resulted

unexplained acute renal infracts, especially if
bilateral, that can originate from luminal throm-
bus of more cranially located BTAL

5 Differential Diagnosis
and Pitfalls

In the setting of sustained high-energy trauma, a
high index of suspicion for BTAI is warranted.
Differential diagnoses that can be mistaken for
BTAI mainly reside around the level of the isth-
mus, namely, a ductus diverticulum, patent ductus
arteriosus and aortic spindle. Confusion may also
arise more proximally from the nearby superior
intercostal vein if opacified by contrast and in
younger patients from remaining thymic tissue.
Knowing normal anatomy will help discerning
these entities from BTAI. A ductus diverticulum
is located at the aortic attachment of the ligamen-
tum arteriosum, the former entry to the ductus
arteriosus. In contrast with BTAI, a ductus diver-
ticulum has smooth, obtuse angles with the aortic
wall, whereas BTAI usually is more irregular and
steeply angled and oftentimes has abutting peri-
aortic haematoma (Fig. 19) A patent ductus arte-
riosus is a rarity in itself and therefore a fairly
remote option as a differential diagnosis. It can be
recognized as a tubular structure with regular
contours, where the differential of active contrast

from peri-aortic haematoma (solid black arrow) due to an
aortic pseudo-aneurysm (partially shown, open black
arrow) in (b)

extravasation in BTAI usually is irregular and sit-
uvated within haematoma. Aortic spindles are
located just distal to the isthmus and are smooth,
regular fusiform mild dilatations of the aorta,
again without peri-aortic haematoma (Fig. 19).
Issues related to imaging technique may also
cause difficulty in image interpretation, pitfalls
mostly being related to artefacts caused by motion
and pulsation or due to beam hardening (if the
acquisition was performed with arms down). As
mentioned before, if IV contrast was administered
via the left arm, high concentration of iodine in
the left brachiocephalic vein may cause streak
artefacts that can hamper assessment of especially
the proximal branching vessels. Artefacts can
oftentimes be distinguished by evaluation of other
structures, such as other vessels or the skin.
However, if artefacts are a major concern, a repeat
examination with arms up and ECG triggering
where possible should be obtained (Fig. 10).

6 Delayed Presentation
Injuries

Blunt traumatic injuries to the thoracic aorta and
its branch vessels are rare and seldom occur as the
sole traumatic entity (Antonopoulos et al. 2014).
As mentioned before, patients usually suffer
many concomitant injuries and will almost always
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undergo whole-body MDCT. This modality has
an extremely high negative predictive value for
blunt traumatic aortic injuries. Although inci-
dence of delayed presentation injuries is unknown,
false-negative studies can occur, with missed tho-
racic aortic injuries following their natural course.
Pseudo-aneurysms can be detected incidentally
after remote trauma, or they can cause clinical
symptoms due to mass effect on surrounding tis-
sues (Fig. 20) or potentially rupture.

7 Proximal Aortic Branch
Vessel Injury

In the late 1990s, research demonstrated injuries
to the major thoracic branches of the aorta in a
considerable number of patients, either with
presence of aortic injury, or in isolation. In a well-
documented study by Ahrar et al. in 89 patients
undergoing angiography for expected BTAI, 17
patients (19 %) had 24 injuries to the aortic arch

Fig. 19 Anatomic variants that can mimic BTAI; Aortic ductus diverticulum (arrows) on sagittal (a) and axial CTA (b)

and aortic spindle (arrowhead) on sagittal CTA (c)

Fig.20 Partly thrombosed pseudo-aneurysm at the aortic
isthmus (arrow) compressing the oesophagus (a, b), with
peripheral calcifications as a sign of long-standing entity.

This was detected during workup for difficulties swallow-
ing. On questioning, the patient confirmed an MVA in the
remote past



98

F.H. Berger and D.W. De Boo

branches. In 14 of these 17 patients, the aorta was
intact, whereas three patients also had aortic rup-
ture, resulting in 16 % of patients having isolated
branch vessel injury (Ahrar et al. 1997). The study
by Chen et al. revealed aortic branch vessel inju-
ries in one-third of patients who sustained vascu-
lar injury from blunt trauma and underwent
aortography (Chen et al. 2001). Despite these fig-
ures, proximal brachiocephalic arterial injuries
due to blunt trauma remain quite rare (Galan et al.
1992; LoCicero and Mattox 1989; Prétre and
Chilcott 1997; Shorr et al. 1987). The innominate
artery accounts for 50% of these injuries and is
the second most common injured vessel after the
thoracic aorta (Prétre et al. 1997). The left com-

Fig.21 Axial (a) and coronal CTA (b) depict a traumatic
pseudo-aneurysm of the proximal right common carotid
artery (white arrows). Mechanism of injury was a poste-
rior dislocation of the medial right clavicle. The pseudo-

mon carotid and left subclavian artery account for
the remaining injuries.

Vessel injuries of the innominate and left com-
mon carotid artery tend to occur proximal at the
vessel origin (Rosenberg et al. 1989; Karmy-
Jones et al. 2003; Symbas et al. 2005).
Anatomically this is where the vessel is tightly
fixed onto the aortic arch, whereas the distal part
is more mobile and flexible.

In contrast, blunt subclavian artery injuries are
located more distally (Costa and Robbs 1988;
Cox et al. 1999). These can be explained by add-
ing the direct force of posterior dislocated clavi-
cles. This mechanism might also explain proximal
right common carotid artery injury (Fig. 21).

¥ e-

aneurysm was successfully treated with a covered stent;
procedural angiograms show stent placement (c—e) to
exclude the pseudo-aneurysm (black arrows)
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Given its proximity to the aortic arch, most
injuries are treated surgically, either by primary
repair or prosthetic graft interposition.
Endovascular management however should
always be considered, whether being definite or
as a bridge to surgery (Shalhub et al. 2011).

Venous injuries are rarely encountered in iso-
lation after blunt traumatic injuries to the chest.

8 Management and Treatment
for BTAI

In the era of arch aortography as the gold stan-
dard for diagnosing traumatic injury to the tho-
racic aorta and its branch vessels, detected
injuries were managed surgically or by medical
treatment. In the late 1990s, thoracic endovas-
cular aortic repair (TEVAR) was added a third
treatment option for BTAI (Semba et al. 1997;
Kato et al. 1997; Rousseau et al. 1999). Despite
a lack of randomized controlled trials, the avail-
able literature demonstrates a superiority of
TEVAR in aortic injury-related mortality, stroke
and spinal cord injury as compared to open sur-
gical repair (Azizzadeh et al. 2013; Takagi et al.
2008; Pang et al. 2015; Tang et al. 2008). In
2011, the Society for Vascular Surgery pub-
lished clinical practice guidelines for the treat-
ment of BTAI in which a TEVAR first policy is
advocated based on those studies (Lee et al.
2011). They supported the already ongoing shift
in management from open surgical repair to
TEVAR. However, despite promising short-term
outcomes, questions remain regarding long-
term durability of TEVAR in the often reason-
ably young polytrauma patient. Therefore,
several trauma centres still perform open repair
awaiting long-term outcomes.

With modern CT picking up subtle injuries
that went undetected before, many surgeons have
now adopted a management approach of BTAI
tailored to the specific aortic injury. Minimal aor-
tic injury possibly does not require immediate
endovascular or open surgical repair (Malhotra
et al. 2001). These patients are managed with
aggressive blood pressure control with systolic
blood pressure <100 mmHg and heart rates of
60-80 bpm. These aortic injuries are closely fol-
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lowed with serial CTA at 24 h, every 48—72 h for
7 days and after 4 weeks (Fig. 22).

The vascular injuries that require immediate
intervention have been clustered in the term
severe aortic injury (SAI). Traditionally these
included traumatic aortic pseudo-aneurysms and
contrast extravasation on CTA. There is however
a wide variety on the definitions of MAI and
SAI Consequently, the management of BTAI
varies per operator and amongst trauma centres.
Recent research shows that an expectant approach
is also justified for patients with small traumatic
pseudo-aneurysms, previously considered SAI
(Caffarelli et al. 2010; Rabin et al. 2014a).

Once the decision for TEVAR is made, thin-
slice CTA with multiplanar and three-dimensional
reconstruction allows for appropriate visualiza-
tion of the vascular injuries and planning for
TEVAR (Fig. 11). Diagnostic arch aortography in
TEVAR planning is obsolete with modern CTA
and only performed as part of the TEVAR proce-
dure. Pre-procedure CT images should be
assessed for TEVAR eligibility, with absolute
contraindication for TEVAR being anatomic
ineligibility, mostly due to luminal diameter
issues.

The commercially available, on-stock stent
grafts require a minimum and maximum diame-
ter and length of the proximal and distal landing
zones of the aorta. The diameters vary per manu-
facturer, but typically range from around
1646 mm. Under-sizing can lead to failure of
proximal and/or distal seal, leading to a type I
endoleak. Oversizing also increases the risk of
inappropriate sealing due to infolding of the stent
graft. A severe complication of oversizing is
stent-graft collapse with acute aortic occlusion.
Most manufacturers recommend oversizing by
10-20 %.

The diameter of the aorta is influenced by the
hemodynamic status of the patient (Chandra
etal. 2012; Jonker et al. 2010). Hemodynamically
unstable patients have smaller diameters and
require more oversizing than hemodynamically
stable patients. Care should be taken that the
abdominal aorta, iliac and common femoral
arteries are of sufficient diameter to deliver the
stent graft. The profile of the delivery systems
continues to decrease in size, but a minimum of



100

F.H. Berger and D.W. De Boo

Fig. 22 46-year-old male involved in MVA. Initial CTA
(a, b) demonstrates a small pseudo-aneurysm of the prox-
imal descending aorta (solid white arrows) with peri-
aortic haematoma. This was treated conservatively with
controlled hypotension and close CTA follow-up. CTA at

6—7 mm is recommended. In case of severe aorto-
iliac stenosis or occlusions, an abdominal con-
duit can be used to deliver the stent graft to the
thoracic aorta.

Obtaining sufficient proximal seal can require
covering of the left subclavian artery (LSA). In
the emergency setting, complex endovascular
solutions with branched or fenestrated devices
are not possible. Re-vascularising the LSA sub-
sequent to covering by TEVAR has long been
subject to debate. For TEVAR of aortic aneu-
rysms and dissections, covering of the LSA with-
out revascularization used to be liberally
performed. However, more recent published data
on TEVAR for aneurysm and type B aortic dis-
section repair reveal a favourable stroke rate if
revascularization is performed prior to TEVAR
(Waterford et al. 2016). The Society of Vascular
Surgery advocates routine revascularization in

1-day follow-up (not shown) revealed no interval change.
However, CTA at 7 days follow-up (¢, d) showed an
increase in size of the pseudo-aneurysm (open white
arrows). Patient underwent subsequent TEVAR (e, f)

elective TEVAR. In patients who need urgent
TEVAR with LSA covering, revascularization
should be individualized and addressed expec-
tantly on the basis of anatomy, urgency and avail-
ability of surgical experience (Lee et al. 2011).
Follow-up imaging after TEVAR aims to diag-
nose potential adverse events such as device
migration, disconnection or endoleak, which
might need additional treatment. These have
been reported to occur; however, there are no
guidelines regarding follow-up imaging after
TEVAR for BTAI Imaging strategies often con-
sist of serial CTA, commonly before discharge
for baseline and then at 1, 6 and 12 months fol-
lowed by annual control. This strategy induces
high radiation exposure in a generally young
patient population. Long-term data are needed to
identify risk factors for potential adverse affects
in order to limit this radiation exposure. If
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patients received an MRI-compatible stent graft,
MRI can be used for follow-up, decreasing radia-
tion dose.
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