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Preface

It was only in early January 2011 that a couple of European radiologists sat
in Munich, Germany, and aimed to propagate an international platform for a
comprehensive academic, scientific, methodologic interdisciplinary commu-
nication in emergency radiology. Eventually, the European Society of
Emergency Radiology (ESER) was founded under the umbrella of the
European Society of Radiology (ESR). From the beginning, this society’s
aim has on the one hand been transformed and highlighted by annual scien-
tific meetings throughout Europe, serving the needs for a stringent, continu-
ous education and communication regarding our discipline.

On the other hand, it came into light already at an early stage, that annual
meetings, as a matter of fact, do not entirely cover intrinsic education in all
fields of traumatic as well as nontraumatic emergencies. However, since we
face potentially life threatening conditions, imaging the emergencies is a
critical issue. Consequently, radiologists must be aware of the great variabil-
ity of trauma and internal diseases and their adequate characterization in the
light of clinical information. In order to share the knowledge in emergency
radiology, we initiated a series of dedicated textbooks in 2012 with a publica-
tion about abdominal emergencies. We were more than happy having brought
together many experts in the field, and up to now the book succeeds in both
to immediately resolve diagnostic uncertainties and as a reference source for
radiologists interested in the broad field of emergency imaging. In addition,
we just started to offer an ongoing series of webinars and began to develop a
dedicated European Emergency Radiology training with the aim of offering
an European Diploma in Emergency Radiology (EDER).

We are now ready for the next step. It is our pleasure to introduce this new
book in your hands about emergent thoracic and cardiovascular disorders to
an international readership. Once again it is our true belief that this book will
continue to help organize this distinctive body of knowledge in emergency
radiology. As compared to its predecessor, this one has an unchanged com-
prehensively structured outline. The book is divided in three parts: blunt chest
trauma, nontraumatic, nonvascular chest emergencies, and vascular chest
emergencies which is completed by an emphasis of pulmonary embolism. We
aimed to bring as many illustrations as feasible to the reader. Moreover, all
chapters provide reflections of the authors’ personal insights and opinions
about complex and sometimes controversially discussed issues.
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In our opinion, it is not by fortune that in this book most disorders intro-
duced are described and discussed on the basis of computed tomography
(CT) images. CT has actually changed our insights into emergency-related
disorders not later as by the advent of multidetector machines. Indeed, this
book provides latest state-of-the art knowledge of a mindset that is consid-
ered as the result of a shift of paradigm from modality-based approaches to
process-specific practices. In this regard, this book is dedicated to all radiolo-
gists who understand emergency imaging as a continuous training as well as
an integral part of their highly sophisticated and specialized profession.

We truly believe that this new book continues to help fulfilling the unique
demands of modern emergency radiology and thus bringing the European
Community of Emergency Radiology both together and forward.

Castel Volturno, Caserta, Italy Mariano Scaglione, MD
Munich, Germany Ulrich Linsenmaier, MD
Miinchen, Austria Gerd Schueller, MD, MBA
Amsterdam, The Netherlands Ferco Berger, MD

Munich, Germany Stefan Wirth, MD, MBA
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Abstract

Thoracic trauma is the most common injury in
polytrauma patients, with an incidence rate of
45-65%, and the most common cause of
trauma deaths (about 20 % of all deaths), sec-
ond only to head injuries.

In the time-sensitive acute care setting,
efficiency and rapidity are basic. The Chest-
X-Ray (CXR) may be considered as an adjunct
to the initial assessment or primary survey of
unstable traumatic patients. It helps to identify
a tension pneumothorax (PNX) and pleural
effusions that may suggest a hemothorax, until
further evidence.

MultiSlice Computed Tomography
(MSCT) is always the last step of the diagnos-
tic procedures for stable patients, regardless of
the positive or negative results on CXR, being
the gold standard for the radiologic evaluation
of the chest in traumatic patients.

This chapter will review the wide spec-
trum of radiographic and MSCT findings in
patients undergoing a thoracic trauma, both
blunt and penetrating, with a particular focus
on the role of the radiologist in the manage-
ment of major trauma, together with the
“trauma team”.

DOI 10.1007/174_2016_51, © Springer International Publishing Switzerland
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1 Introduction
1.1 Epidemiology and

Mechanism of Injury

Thoracic trauma is the most frequent injury in
polytrauma patients, with an incidence rate of
45-65%, second only to head injuries. Even
though some mechanisms of injury may result in
thoracic penetrating trauma from sharp objects,
thoracic trauma is more often due to high-energy
blunt trauma, with a mortality rate approaching
60%. According to some statistics, thoracic
trauma represents the most common cause of
trauma deaths (about 20 % of all deaths), next to
head trauma (Gaillard M 1990).

Among the causes of a high-energy blunt
trauma (high-height falls, workplace accidents,
etc.), traffic accidents account for 70-80 % of the
patients; moreover, one-third of hospitalized
patients following a traffic accident may present
signs of major thoracic trauma.

Several studies have shown that, when a car
crash occurs, passengers wearing a seat belt may
sustain significant thoracic injuries at a speed of
at least 48 km/h, whereas unrestrained passen-
gers may suffer severe injuries even at an impact
speed of 16 km/h. Therefore, a lot of authors rec-
ommend the use of multi-slice computed tomog-
raphy (MSCT), irrespective of the findings of the
chest X-ray (CXR), supine anterior-posterior
projection (AP view) of the thorax, to avoid
ignoring potentially fatal chest injuries (Traub M
et al 2007; Van Hise ML et al. 1998).

However, other authors have highlighted the
importance of not underestimating falls from low
heights, particularly in the aging population, to
whom even minor trauma may be fatal. The mech-
anisms of injury of pleuro-parenchymal traumas
will be treated in the sections concerning the differ-
ent types of injuries: here, it is only pointed out that
the elastic characteristics of the chest wall, particu-
larly in infants and young children, can frequently
result in the presence of significant pleuro-paren-
chymal injuries (e.g., hemopneumothorax) associ-
ated with an intact rib cage (about Y of cases).

As regards lungs and abdominal organs, it is
available a scientific and clinical classification, an
injury grading system from the American Association

V. Miele et al.

for the Surgery of Trauma (AAST). However, this
injury scale will not be reported in this study, because
there is not much literature available.

1.2 The Role of the Radiologist

The radiologist should always play a central role
in the management of major traumas (Injury
Severity Score >15), together with the “trauma
team” (surgeon, anesthetist, nursing staff, and
radiographers). Moreover, the radiologist should
be familiar with the general principles of the state-
of-the-art clinical polytrauma management that in
many institutions is based on the Advanced
Trauma Life Support (ATLS) protocols (periodi-
cally updated) from the American College of
Surgeons Committee on Trauma. Nevertheless, it
is not stated that the role of the radiologist involved
in the polytrauma management is unquestionably
that provided by the ATLS protocols, but that a
sound knowledge of the general ATLS principles
is essential to have full awareness of his clinical
role: only such “self-awareness” will allow him to
express himself to the best as well as to defend
himself from undue and unfounded demands.

For the radiologist, the key principles of ATLS
are probably two: “treat first that kills first” and
“imaging should not intervene with or postpone
treatment.” Ultimately, this means that any condi-
tion that threatens airway, breathing, circulation,
and disability (ABCD) is to be treated according
to priorities for the immediate patient survival,
using diagnostic imaging if and when very appro-
priate, however, never before the stabilization of
the patient’s vital signs, knowing that “the lack of
a definitive diagnosis should never delay an indi-
cated treatment.” (Mayberry JC et al. 2000)

In the following chapter, only limited to con-
sider lungs and pleura, it is suggested that, when
an appropriate radiological assessment is
obtained, the radiologist has to evaluate the find-
ings according to the well-known priorities ABC:
airway, breathing, and circulation. Regarding the
pleura and lung parenchyma, there are two diag-
nostic high priorities: tension pneumothorax and
bleeding, particularly active bleeding within the
parenchyma and the pleural space (pulmonary
hematoma and hemothorax).
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In brief: obtaining diagnostic assessments
according to ABCD priorities and evaluating
images according to the same ABCD priorities.

1.3 Diagnostic Imaging

In the emergency setting, the CXR, anteroposte-
rior radiogram of the thorax, acquired with the
patient in clinostasis, may be considered as an
adjunct to the initial assessment or primary sur-
vey of trauma patients. An appropriate diagnostic
imaging cannot interfere with the resuscitation
process and, if necessary, can and has to be post-
poned until the secondary survey.

According to some authors, in the initial
assessment of trauma patients, CXR should be
done together with the cervical rachis and pelvis
X-ray: it should be performed only on unstable
patients as well as on patients with abnormal
findings on chest examination.

Regarding the pleura and lung assessment, the
first aim of a radiologist performing a CXR is to
inspect for evidence of a tension pneumothorax
(PNX) and pleural effusions that may suggest a
hemothorax, until further evidence (Ianniello S
et al. 2014). The diagnosis of hematoma is diffi-
cult, and the differential diagnosis for parenchy-
mal contusion essentially remains a prerogative of
MSCT. (Peters S et al. 2010; Rivas LA et al 2003)

MSCT is always performed in the secondary
survey of the trauma patients; it is only addressed
to hemodynamically stable patients or to patients
already stabilized by the trauma team.

An unstable patient should not be moved in an
MSCT suite in life-threatening conditions.
Diagnostic assessment should be obtained simul-
taneously with the appropriate therapeutic proce-
dures during the exploratory laparotomy and/or
thoracotomy. When the patient’s clinical condi-
tions require an immediate surgical intervention,
CXR closes the chest preoperative diagnostic
procedures (further assessments are postponed to
potential postoperative MSCT follow-up),
remaining, moreover, the imaging modality of
choice for subsequent assessments. (Roy-
Choudhury SH et al. 2007; Ryan MF et al. 2004).

On the contrary, after the trauma team has
obtained the patient’s stabilization, it is necessary

to continue with a second, more accurate diag-
nostic assessment (secondary survey) to be per-
formed on MSCT (Miele V et al. 2015).

Stabilized patients, with normal physical exam-
ination for thoracic injury, should undergo a
MSCT scan, regardless the findings on CXR. It
has been proved that 39-50% of trauma patients
with unremarkable CXR may present multiple
lesions on CT scan, leading to a change in the ther-
apeutic management in 5 % of cases; on the other
hand, trauma patients with remarkable CXR pres-
ent further lesions on CT in the 66% of cases,
resulting in a treatment change in 20 % of cases.

In a recent population-based survey of patients
admitted to ED following a high-energy trauma
(such as falls from a height exceeding 3 m; traffic
accidents at a speed higher than 50 km/h; ejections
from the vehicle; vehicle rollovers; severe defor-
mity of the passenger compartment; pedestrian
accidents >10 km/h; bicycle collisions at a speed
higher than 30 km/h; crush injury), the findings on
a routine chest MSCT (even with unremarkable
chest X-ray as well as normal physical examina-
tion) have allowed to diagnose additional findings
in 43 % of the patients, compared with the conven-
tional chest radiography, and have required a
change in the management in 17 % of all patients.

Finally, some authors suggest to directly per-
form MSCT, which is by far more accurate in the
detection of silent but potentially life-threatening
clinical findings on stable patients with normal
chest examination (such as small flaps of pneu-
mothoraces, which in case of following intuba-
tion can lead to tension PNX).

With regard to the penetrating trauma, the pre-
viously stated principles are valid, but with a dis-
tinction: even if pneumothorax and hemothorax
may be diagnosed on CXR, the MSCT screening
is strictly recommended even in patients with an
unremarkable CXR, in order to rule them out.
Furthermore, patients with penetrating thoracic
injuries may be likely to suffer abdominal inju-
ries, until further evidence (Scaglione M et al.
2008; Scott et al. 2015; Sivit CJ et al. 1989).

In brief: the diagnostic procedures of the tho-
rax for unstable patients finish with the execution
of CXR, as part of the primary survey; the execu-
tion of MSCT is always the last step of the diag-
nostic procedures for stable patients, regardless



of the positive or negative results on CXR. Some
authors suggest the immediate execution of
MSCT scan in stable patients presenting normal
thoracic examination; but, according to the stan-
dard practice of many institutions, the CXR
comes before MSCT anyway.

2 Pulmonary Contusion

Pulmonary contusion is the most common paren-
chymal lung injury seen in blunt thoracic trauma,
with a prevalence of 30-75 % of cases. Pulmonary
contusion is a hemorrhagic-edematous focal
deposit, suggestive of a damage to the capillary-
alveolar membrane, in the alveolar and interstitial
space. The parenchymal architecture remains over-
all intact, even if associated parenchymal lacera-
tions can be sometimes detected within the areas
of contusion (Cohn SM 1997; Shanmuganathan K
et al. 1999; Wagner 1988).

The mechanism of injury of pulmonary contu-
sion is represented by a direct trauma (contusion
on the lung immediately adjacent to the area of
impact) or by a contrecoup trauma (contusion at
the site opposite the impact). In the setting of high-
energy deceleration trauma (i.e., motor-vehicle
accidents), alveoli are subjected to sudden fric-
tional forces (shear stress) from the bronchovascu-
lar peduncles; direct trauma may disrupt
pulmonary alveoli (pulmonary contusions associ-
ated with lacerations, as in the case of a fractured
rib); and the transmitted kinetic energy may
deposit locally at a liquid-gas interface such as air-
blood relationship in pulmonary alveoli.

Clinical symptoms, which about 50% of
patients present, include hemoptysis (transuda-
tion of blood within the alveolar spaces and the
airways), mild fever, tachypnea, hypoxia, bron-
chorrhea, and acute respiratory failure.

Reduced lung compliance, reduced ventila-
tion per unit volume, and increased shunt frac-
tion are typical signs of contused pulmonary
areas; the thickening of the alveolar septa
reduces the locoregional gas diffusion in the
contused lung.

V. Miele et al.

In severe pulmonary contusion, the local
response to the injury has systemic consequences,
being related to a rise of the bronchoalveolar
lavage (BAL) protein as well as an increase in
capillary permeability: macroscopic and micro-
scopic alterations, increased polymorphonuclear
cells (neutrophils) even within the uninjured lung
tissue, as well as increased local and systemic
complement levels.

Most severe contusions requiring mechanical
ventilation are associated with severe rib cage
injury, although they are not necessarily associated
with rib or sternal fracture. In particular, flail chest,
the most severe form of blunt chest wall injury
with mortality rates of 10-20 %, is typically asso-
ciated with significant pulmonary contusion. The
diagnosis of contusion is associated with the dete-
rioration in the prognosis, above all, in the pediat-
ric population (Trindade LM et al. 2009).

A strong correlation exists between the size of
the pulmonary contusions and the mortality rate
as well as the comorbidities for ARDS or pneu-
monia. Mortality rate for lung contusion varies
from 14 to 40 %, depending on the severity of the
extension. It is important to underline that the
actual extension of a contusion cannot be detected
at the initial radiologic work-up but it may be evi-
dent by 72 h following injury.

2.1 Diagnostic Imaging
Parenchymal contusion is the most common
cause of pulmonary opacity on CXR after blunt
chest trauma, occurring in 30-75 % of patients.
Radiographically, pulmonary contusion pres-
ents as focal or multifocal areas of confluent
“ground-glass” opacity (Figs. 1 and 2) or con-
solidation (Fig. 3). Contusions are not limited
by segmental boundaries and are usually visible
in the lung periphery adjacent to the area of
direct trauma. If contusion does not reveal peri-
focal injury site associated with parenchymal
laceration, its pattern appears homogeneous,
without any cavitation. Contusions may not be
radiographically visible within 6 h after the
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Fig. 1 (a) CXR: pulmonary contusions may appear as partial alveolar filling. (b) Axial CT scan and (c) coronal
single or multifocal “ground-glass” area. The ground- reconstruction well depict the ground glass
glass pattern is indicative of an interstitial damage with

Fig.2 (a) CXR, (b) axial CT scan, and (c) coronal reconstruction demonstrate the presence of contemporary ground-
glass and parenchymal consolidation pattern

Fig.3 (a) CXR, (b) axial CT scan, and (c) coronal recon-  indicative of severe alveolar damage. In this patient it is
struction show severe contusion, which can appear as a  associated with a wide apical ipsilateral pneumothorax
parenchymal consolidation. The consolidation pattern is



trauma; they may develop progressively within
24-72 h, when maximum conspicuity is reached.
Finally, uncomplicated contusions may resolve
gradually after 3—10 days: pulmonary opacities,
which do not clear or increase within such a
period, raise the suspicion of developing sec-
ondary infection or acute respiratory distress
syndrome (ARDS).

CT is highly sensitive in detecting pulmonary
contusions: in experimental models, CT can detect
pulmonary contusion in 100% of cases compared
with 37.5 % by chest radiographs, and it provides an
accurate detection of the extent of the injury.
However, there is a possibility that pulmonary
contusions only visible on CT are not clinically sig-
nificant. The feature on CT is dependent on the
injury severity: “ground-glass opacity” is indicative
of a mainly interstitial damage with partial alveolar
filling, whereas consolidation is indicative of a
severe alveolar damage, often associated with
lacerations.

2.2 Differential Diagnosis
It may manifest as pathology of the airspaces,
and differential diagnosis considers aspiration,
atelectasis, and pneumonia. They all may have
identical radiographic findings. Radiographic
features of atelectasis include triangular shape
and signs associated with volume loss; those of
laceration the cavitating pattern within the radi-
opaque area. Lack of contusion clearance within
7-8 days should raise the suspicion of either
associated laceration, pneumonia, or ARDS.

Air bronchogram sign is rare because distal
airways are usually filled with blood or edema.

3 Pulmonary Laceration

Pulmonary lacerations are evident tears in the
lung parenchyma, usually resulting either from
shearing stress forces, secondary to high-energy
trauma, or from direct puncture, i.e., due to frac-
tured rib fragments. They may be associated with
contusions that should represent a minor paren-
chymal damage. Clinically, pulmonary lacera-
tions may manifest as hemoptysis.
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Multiple types of lacerations can be seen in the
same injured parenchyma simultaneously. They
are usually benign lesions, although some compli-
cations may arise: infection, bronchopleural fis-
tula, enlargement and subsequent compression of
the surrounding parenchyma, and hemorrhage.

3.1 Diagnostic Imaging

The radiographic findings are variable and can
change after admission to ED in subsequent exam-
inations. The elastic recoil properties of the sur-
rounding lung parenchyma give a round shape to
the lacerations that are often difficult to identify on
CXR. The space created by the tissue disruption
may be filled with air, blood (hematoma), or more
often both air and blood, creating air-fluid levels.
In the acute stage, the blood, collected in the lac-
eration, shows up a well-defined homogenous
opacity, with density of soft tissue. Lacerations,
sometimes masked by associated pulmonary con-
tusions, become clearly detectable on serial fol-
low-up examination, thanks to the clearance of the
contusions. Lacerations, in fact, become more vis-
ible days after the trauma, with the shrinking of the
edema and the hemorrhage, both associated with
contusion. On occasion, small and multiple lacera-
tive lesions are visible within areas of parenchy-
mal contusion, in the form of focal uniform
density, with a “Swiss cheese appearance.” Within
areas of contusion, the detection of round, homo-
geneously dense focuses, indicative of multiple
hematomas, is not rare.

With time, the hematoma within the lacera-
tion resolves, and it is replaced with a round
or oval air cavity, referred to as posttraumatic
pneumatocele. The posttraumatic pneumatocele
appears within few days from trauma, but, in
some cases, it can be evident after months; its
size is usually 2-5 cm.

The detection of pulmonary lacerations is
highly sensitive on MSCT, and, consequently, a
classification into four types is possible:

Type 1: it is the most common type, centrally
located; it results from shearing stress forces,
developed between the lung parenchyma and
the tracheobronchial tree (Fig. 4).
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Type 2: often seen as a tubular lesion in the lower
lobes, resulting from a compression force of
the parenchyma across the vertebral body (the
spine) (Fig. 5).

Type 3: it is small, rounded, peripherally located,
associated with rib fractures and a PNX (Fig. 6).

Type 4: it is a tear in the preexisting pleuropul-
monary adhesions; it is usually diagnosed
only at surgery or autopsy.

Pulmonary lacerations usually resolve over a
period of 3 weeks to a year; although uncommon,

they may indefinitely persist as pulmonary nodu-
lar opacity; years later, when blood is expec-
torated, they may appear as pulmonary cysts
(Ulutas H, et al. 2015).

More rarely, due to the reduced pulmonary
compliance, the laceration is visible as evident
gas-filled scarring and  extrabronchial
development.

Within particularly large lesions, the hema-
toma may have expanding force and may be
associated with hemodynamically significant
hemorrhage.

Fig. 4 (a) Axial CT scan, (b) coronal reconstruction:
pulmonary laceration, type 1. Large parenchymal lacera-
tions, peripherally located. In this patient, associated are

pneumopericardium and extensive subcutaneous emphy-
sema of the chest wall

Fig.5 (a) Axial CT scan and (b) coronal reconstruction:
pulmonary lacerations, type 2. They appear as tubular
lesions, more frequent in lower lobes, near the spine. They

are the result of a compression force of the parenchyma
across the spine
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Fig.6 (a) CXR, (b) axial CT: lacerations, type 3. This is the most common type. These lacerations are located cen-
trally, usually in the context of a large contusion area (“Swiss cheese appearance”)

Fig.7 (a, b) Axial CT scan. Traumatic hernia of the left lung. The anterolateral wall of the chest is thinner and more
exposed to traumatic lung herniation. It often results from rib fractures, as appreciable in this case

4 Pulmonary Hernia

Lung herniation is an uncommon complication of
blunt chest trauma, whereas it is more common
with penetrating trauma.

It may occur through either a congenital or an
acquired parietal opening, resulting from rib
fractures or costochondral or sternoclavicular
dislocations.

The anterolateral chest wall is more suscepti-
ble to traumatic lung herniation (Fig. 7), because
of the minimal muscle thickness (intercostal
muscles), compared to the posterior wall, rein-
forced by strong muscle planes (trapezius, latis-
simus dorsi, rhomboid).

The intercostal hernias may be associated
with a hemothorax or a pneumothorax, secondary
to strangulation or incarceration of the lung

parenchyma. In symptomatic cases, a rarely nec-
essary surgical reduction is indicated.

5 Atelectasis

Following a blunt chest trauma, large or small
parts of the lung parenchyma may present atelec-
tasis, correlated with the following pathogenic
mechanisms: obstructive, compressive, passive,
and adhesive atelectasis.

The obstructive atelectasis is a consequence of
either mucous plugging, foreign bodies (i.e.,
dentures), endobronchial blood clot, bronchor-
rhea, or airway rupture. Large lacerated and/or
contused areas may cause compressive atelecta-
sis, as a result of passive atelectasis, eliminating
contact between the parietal and visceral pleurae,
thereby preventing the natural lung expansion.
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Fig.8 (a, b) Axial CT scans: wide bilateral atelectasis of
lower lobes. The greater enhancement of atelectasis is due
to the associated crowding of pulmonary vessels; (c)

Finally, the so-called adhesive atelectasis is a
condition of primitive alveoli collapse in associa-
tion with surfactant deficiency, generally caused by
concurrent contused phenomena. In the past, atel-
ectasis was associated with dyspnea and fever, but
recent studies have not suggested that fever should
be considered a sign of some underlying disorder.

5.1 Diagnostic Imaging
Diagnosis of obstructive atelectasis is based on
the located reduction of parenchymal volume and
air: radiological signs include lobar, segmental,
or subsegmental opacity, without the presence of
air bronchograms, associated with displacement
of fissures, hilum, mediastinum, and ipsilateral
hemidiaphragm (Wanek S, Mayberry JC 2004).
In compressive atelectasis, the atelectatic lung
becomes visible as radiopaque edge adjacent to

coronal and (d) sagittal reconstructions clearly demon-
strate the pulmonary volume loss. In this patient, associ-
ated is an anterobasal bilateral pneumothorax.

the contused/lacerated area. In passive atelecta-
sis, the parenchymal opacity may essentially
remain normal, due to the consensual local-
regional reduction of air and blood; air broncho-
gram is frequently visible if bronchial vessels are
not filled with secretion or blood, as is the case in
adhesive atelectasis.

It must be pointed out that the different types
of atelectasis are variously associated in the trau-
matized. The dense, homogeneous appearance,
associated with fissure deviation, allows a differ-
ential diagnosis between contusion and pulmo-
nary aspiration.

On MSCT, atelectasis usually demonstrates a
greater enhancement after contrast medium,
compared to the consolidative lung in contusion,
due to the associated crowding of pulmonary ves-
sels. Secondary signs of volume loss are clearly
visible, thanks to the MPR reconstructions
(Fig. 8).
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Abstract

The presence of thoracic injuries in a multisys-
temic trauma can highly increase patient mor-
tality; furthermore, injuries such as “flail chest,”
lung contusion, hemothorax, and pneumothorax
can complicate overall case management.

Chest-X-Ray (CXR) is the first imaging
step to perform in a thoracic trauma, to high-
light a possible pneumothorax, hemothorax,
and other life-threatening  conditions.
MultiSlice Computed Tomography (MDCT)
is more accurate than CXR for the evaluation
of pleural injuries, although it is to be per-
formed in stable patients only.

In this chapter, pleural abnormalities fol-
lowing blunt thoracic trauma and the role of
CXR and MSCT will be discussed (pneumo-
thorax, hemothorax), with a small digression
about pleural drainages and the importance to
recognize a possible dislocation to prevent
severe complications.

1 Introduction

Thoracic injuries are the third most common inju-
ries in polytrauma patients, next to head and
extremities’ injuries (Ahmad et al. 2013); they have
an overall fatality rate of 10.1 %, highest in patients
with cardiac or tracheobronchial-esophageal inju-
ries (Ahmad et al. 2013). Furthermore, the pres-
ence of thoracic injuries in a multisystemic trauma
can highly increase patient mortality. Injuries such
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as “flail chest,” lung contusion, hemothorax, and
pneumothorax can complicate overall case
management (Tocino et al. 1985). More than two-
thirds of cases of blunt thoracic trauma are caused
by motor vehicle collisions in developed countries.
The remaining cases are due to falls or of blows
from blunt objects (Ahmad et al. 2013; Cothren et
al. 2007; Miele et al. 2015). Imaging plays a key
role in the diagnosis of blunt thoracic trauma.

Conventional radiography is typically performed
as the first imaging investigation, even if computed
tomography (CT) is to be performed. Chest-X-Rays
(CXR), when correctly performed, may show a ten-
sion pneumothorax, a large hemothorax, a tube and
line malpositioning, and other conditions that require
immediate treatment. Concerning the development
of CT in this setting, several studies have shown that
it may demonstrate a life-threatening disease (e.g.,
thoracic aortic injury) in patients with normal radio-
graphs at the beginning (Alkadhi et al. 2004).
Moreover, CT has been demonstrated to change the
management in up to 20 % of chest trauma patients
with abnormal initial radiographs (Blasinska-
Przerwa et al. 2013). CT is more accurate than radi-
ography for the evaluation of pulmonary contusion,
and it is also valuable in the diagnosis of fractures of
the thoracic spine, especially at the cervicothoracic
junction, which is difficult to evaluate with conven-
tional radiography (Brink et al. 2008, 2010;
Detorakis and Androulidakis 2014 ).

In this chapter, pleural abnormalities follow-
ing blunt thoracic trauma and the role of CXR
and multi-slice-computed tomography (MSCT)
will be discussed (pneumothorax, hemothorax),
with a small digression about pleural drainages
and the importance to recognize a possible dislo-
cation to prevent severe complications.

2 Pneumothorax

The term pneumothorax (PNX) refers to the pres-
ence of air in the pleural space: it affects 60 % of
patients with severe thoracic trauma, and it can be
rapidly fatal even in the absence of other injuries.
PNX is open when it communicates with the atmo-
sphere through an open wound; otherwise it is a
closed PNX, and it may occur due to different
mechanisms of injuries: fragments of fractured rib
arches may lacerate the parietal pleura layer; even in
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the absence of rib cage fractures, the intra-alveolar
pressure, following a thoracic compression, may
exceed the intrapleural pressure; hence, the passage
of air into the pleural space may lacerate the visceral
pleura. Finally, another possible mechanism of
injury is the laceration of proximal airways. The
leading causes of iatrogenic pneumothorax include
central venous catheter insertion, thoracentesis, and
barotrauma as a result of mechanical ventilator.

Simple PNX occurs when the pressure of the
air in the pleural space does not exceed that of the
atmosphere; the air pressure increases (tension
PNX) when a pleural-parenchymal or bronchial
injury acts as a one-way valve, namely, allowing
air inflow into the pleural space on inspiration but
prohibiting air outflow. Tension PNX is the most
severe form of PNX, which may result in a fatal
cardiopulmonary failure, and it is a common
cause of death for thoracic trauma.

PNX clinical relevance depends not only on its
dimensions but also on the hemodynamic conditions
of patients; in fact, also a small pneumothorax can
become hemodynamically significant on patients
under mechanical ventilation. Massive PNX and
tension PNX are life-threatening conditions and
should be recognized and treated before performing
any radiological evaluation. In this study, it is
pointed out that the detection of a PNX requires the
radiologist to give an immediate communication to
the trauma leader; this communication must be
written in the clinical report, as well.

Considering the numerous clinical and radio-
logical modalities for the detection of PNX as well
as the availability of treatment procedures that can
be adjusted to the context and the health-care pro-
viders’ experience (such as needle decompression at
the trauma setting, decompression with small-cali-
ber drains, drainage tube placement, decompressive
minithoracotomy), death due to PNX can be
regarded as preventable; in trauma patients, death is
caused by inadequate care and treatment rather than
by the severity of the injuries sustained.

2.1 Diagnostic Imaging

Many authors have given evidence of the superi-
ority of MSCT for the diagnosis of PNX and have
recommended its employment. In most cases, the
diagnosis of PNX on MSCT is easily successful,
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whereas the diagnosis is considered difficult on
CXR (radiogram on anterior-posterior view with
patient in supine position): it has been often
proved that many cases of undetected PNX have
been only diagnosed on MSCT (Gavelli et al.
2007). Occult pneumothorax is a pneumothorax
that is only evident on MSCT (also in MSCT
abdomen that in trauma patients should be always
evaluated using the pulmonary window, with the
scans covering the lung bases): occult PNX is
recognizable in 40 % of trauma patients.

Autopsy experimental studies have highlighted
that the lateral decubitus projection is the most sen-
sitive in the detection of a PNX (88 % of all cases)
in comparison with those obtained in upright posi-
tion (59%) or in clinostasis (38 %); nevertheless,
they cannot be employed for polytrauma patients.

Furthermore, it must be taken into account
that, while the minimum volume of air detected
in the pleural space is about 50 ml in orthostasis
(appreciable in lateral-apical site), at least 500 ml
of air are needed for the detection of PNX in cli-
nostasis, usually seen in an anteromedial and
subpulmonary location.

The diagnostic difficulties in recognizing PNX
are due to the not always excellent technical qualities
of CXR and pertain to the specific semeiological
characteristics that PNX takes on CXR. In orthosta-
sis, the diagnosis of a PNX is based on the identifica-
tion of the visceral pleura seen tangentially from the
radiant beam (pleural line) better remarkable in the

external apical/subclavian regions and on the com-
plete absence of pulmonary pattern laterally to the
“pleural line.” In clinostasis, the semeiotics of PNX
is completely different (Ianniello et al. 2014).

The lateral-costal placement of PNX is, in fact,
quite uncommon, as well as the indication of the
“pleural line.” In fact, PNX preferably collects in
the lower-anterior portion of the chest and, above
all, in the anteromedial and subpulmonary site,
where the flap, interposed between the base of the
lung and the diaphragm, can locate both at the front
and posteriorly. In cases (not uncommon) where
PNX is located only in the anteromedial and sub-
pulmonary site, the radiant beam does not tangen-
tially detect any visceral pleural border, and the sign
of the “visceral line” is not appreciable (Fig. 1).

The lung presents compliance alterations
(contusion, edema) that may prevent a harmonic
collapse toward the ilium; the presence of lung
pattern external to the supposed “pleural line”
does not rule out the diagnosis of PNX.

The radiological signs to detect a PNX in cli-
nostasis are:

e Hyperlucency of the lower part of the chest and
the upper quadrants of the abdomen (Fig. 2)

* Deep sign of the lateral pleural sinus (the deep
sulcus sign) (Fig. 3)

* Double-diaphragm appearance

e Sharp appearance of the diaphragmatic out-
line (Fig. 4)

Fig. 1 (a) CXR: pneumothorax is located only in the
anteromedial and subpulmonary site. The radiant beam
does not tangentially detect any visceral pleural border,

and the sign of the “visceral line” is not appreciable; (b)
axial CT image shows very clearly the PNX located in the
bilateral anterior-basal site
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Fig.2 (a) CXR image shows the hyperlucency of the right basis; (b) axial CT scan confirms the PNX placed in the
anterior-basal site

Fig.3 (a) CXR image: mild deepening of the lateral pleural sinus that allows to suspect the presence of PNX in the
lower left part of the chest (deep sulcus sign). (b) Axial CT image clearly shows the PNX located in anterobasal left site

V=

Fig. 4 (a) CXR image: bilaterally appreciable is the and the cardiac silhouette. (b) Axial CT scan and (¢) coro-
sharp appearance of the diaphragmatic outline; also evi- nal reconstruction demonstrate the presence of PNX
dent is a clear demarcation of the profile of the aortic arch  localized in the bilateral anteromedial site

N
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¢ Sharpness of the cardiophrenic fat pad

* Sharpness of the inferior surface of the lung

* High visibility of the pleural surface of the
lung (more frequent in apical position)

Air can, also, separate the edges of the
heart, aorta, and vena cava that take an unusual
sharp appearance. The air, collected in the pos-
teromedial pleural recess, can be recognized
as radiotransparent paraspinal line, along-
side the descending aorta and in the posterior
costophrenic sulcus. It is essential to carefully
inspect the lower lobes of the lung and the upper
abdomen to avoid missing such signs. In gen-
eral, if small flaps of PNX, unrecognized on
AP view, have no clinical relevance, they may
rapidly expand in intubated patients on posi-
tive-pressure ventilation, putting the patient’s
life at risk. In such a scenario, the radiographic
evidence of rib fractures and homolateral sub-
cutaneous emphysema are considered a sign of
PNX even in the absence of sharp intrapleural
gas folds.

3 Tension PNX

Tension PNX is an emergency clinical condition
that requires an immediate treatment, being asso-
ciated with a reduction of cardiac filling and
compression of the homolateral lung. About one-
third of the patients with unrecognized PNX
progress into a tension PNX.

If the diagnostic evidence of a simple PNX
must be communicated to the trauma leader in
real time (and written in the report), the same is
even true for the diagnosis of tension PNX
(Mirvis et al. 2004, 2005).

3.1 Diagnostic Imaging
The radiological diagnosis of PNX can be guided
through the following signs:

e Contralateral dislocation of the mediastinum
(Figs. 5 and 6)
* Flattening/inversion of the diaphragm (Fig. 7)

Fig.5 (a) CXR and (b, ¢) axial CT images show the pres-
ence of large hydro-PNX on the left site caused by multi-
ple rib fractures, resulting contralateral dislocation of the

mediastinum. In CXR image, it is also visible the exten-
sion of the intercostal spaces
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Fig.6 (a) Axial and (b) coronal CT images demonstrate
the presence of large PNX on the right site that causes
contralateral displacement of the mediastinum. It is also

Fig. 7 CXR: Tension PNX, double-diaphragm sign.
Contralateral dislocation of the mediastinum; flattening
and inversion of the diaphragm and extension of the inter-
costal spaces

» Extension of the intercostal spaces (Fig. 7)
 Flattening of the cardiac profile (Fig. 8)

The mediastinal shift is not a specific sign of
tension PNX because it may be visible, to some
extent, also in simple PNX; on the other hand,

visible the presence of a pulmonary contusion in the

postero-basal right site

Fig.8 CXR: Tension PNX. The image shows the flatten-
ing of the cardiac profile; this sign is related to the cardio-
vascular and respiratory distress

the flattening of the cardiac profile may be the
sign better related to the cardiovascular and
respiratory distress that markedly characterizes
the tension PNX. If tension PNX is persistent
despite the correct functioning of the drainage,
it is essential to rule out any injury of the main
airways.
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4 Hemothorax

In polytraumatized patients with blunt chest
trauma, pleural effusion is present in approxi-
mately 30-50 % of cases, and it is usually hematic
in nature (hemothorax) (Brooks et al. 2004).

However, in the acute stage, it is also possible
to detect simple serous effusions (due to a reduc-
tion of the respiratory mechanics and pleural
reabsorption) often associated with atelectasis or
homolateral chest wall injuries that reduce the
respiratory excursion. On the other hand, it is
quite occasional the detection of chylous effu-
sion, due to the rupture of either the thoracic lym-
phatic ducts (thoracic duct) or of the bile duct, as
a result of biliopleural fistula formation that is
more common in penetrating trauma.

Bleeding in the pleural cavity often occurs
some hours after the trauma; it is sometimes
bilateral, and it is often associated with a
PNX. The causes responsible for a hemothorax
include lacerations of the intercostal vessels, pul-
monary contusions, pleural and pulmonary lac-
erations, and injuries to the diaphragm; iatrogenic
lesions, for example, those following a central
venous catheter, are also possible causes.

The management of hemothorax depends on
its initial quantity, on the amount of blood flow,
and on the health condition of the patient.

The initial, usually decisive treatment is the
placement of a tube thoracostomy. Patients, who,
as soon as the drainage is inserted, evacuate more
than 1500 cc, need a surgical or endovascular
control of the bleeding.

A hemothorax associated with contusion is
usually self-limiting, whereas it may be massive
and protracted, when it is associated with pulmo-
nary lacerations or mediastinal lesions.

Venous hemorrhages are self-limited and
without mass effect, whereas arterial hemor-
rhages are under pressure, and they may trigger a
significant compression of the pulmonary paren-
chyma, mediastinum, and heart.

The initial recesses of the pleural cavity filled
with blood effusion are declivitous; they can vary
according to the decubitus, whereas, with the
progressive filling of the pleural cavity, blood is
invariably collected in the lateral pleural spaces
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over the apex of the lung (apical cap): they are
very large pleural effusions, in the order of about
800-1200 cc.

4.1 Diagnostic Imaging

In orthostatic position, the most declivitous part
of the pleural space is the subpulmonary space;
the radiological sign is an apparent elevation of
the diaphragm which appears flattened at its
medial margins. When at least 200 cc of effusion
are collected, the fluid, visible tangentially to the
X-ray beam, has a meniscus shape and obliterates
the lateral costophrenic sulcus.

On the contrary, in supine patient, the blood
collects posteriorly and along the posterior pleu-
ral space; on CXR, it is acquired “face to face”
(on the frontal view), not tangentially to the radi-
ant beam. For this reason, the “formation” of
meniscus sign is not usually visible, and the
radiological sign is often only a homogeneous
increased density in the basal medial hemithorax
with visualization of the parenchymal markings
associated with the obliteration of the lateral
costophrenic recess. In clinostatic position, nei-
ther pleural effusions below 200-300 cc nor
massive effusions collected posteriorly can usu-
ally be detected. The contralateral mediastinal
shift indicates a hemithorax under pressure,
probably due to an arterial bleeding (Fig. 9).
Atypical radiological appearances include locu-
lated collections that may mimic a mass in the
interlobar fissures or in the mediastinal pleura
and lobulated margins of the effusion which is
collected along the pleural surface, due to the
advanced coagulation process, however rather
rare in the acute stage.

The identification of pleural effusion as well
as its diversification from abdominal effusion is
quite easy to acquire on MSCT, thanks to the use
of multiplanar reconstruction (MPR). The den-
sity of a hemothorax generally varies from 35 to
70 HU, depending on the hematocrit, the mixture
of other fluids (serous) in the pleural space, and
the potential clot formation.

The presence of a liquid-liquid level may fur-
ther enforce the diagnosis for a blood effusion: the
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Fig. 9 (a) CXR demonstrates homogeneous increased
density in the right hemithorax with visualization of the
parenchymal markings and elevation of the diaphragmatic

dome. (b) Axial CT scan confirms a huge hemothorax on
the right side, with fluid collecting over the pulmonary
apex

Fig. 10 (a, b) Axial CT scans demonstrate active extravasation in the context of the lung parenchyma. The pattern of
extravasation is a focal area of hyperattenuation within a hematoma

blood, in fact, has a layered appearance according
to its degree of coagulation (“hematocrit sign”).

Occasionally, an active extravasation can be
visible and it should be carefully observed, sug-
gesting urgent hemostasis through surgical or
endovascular intervention (Fig. 10).

Generally, active extravasation refers to any
passage of contrast medium out of the arteries,
veins, bowel, and wurinary tract. Active
extravasation is seen in a minority of trauma
patients, in whom MSCT shows a hemothorax,
whose detection is more accurate with a dual-

phase protocol (Fig. 11). The classic pattern of
active extravasation at dual phase is a “jet” or
focal area of hyperattenuation within a hematoma
that, between the initial and the delayed images
acquisition, shows a visible enlargement (Fig. 12).
This finding is indicative of significant bleed-
ing and must be quickly communicated to the
clinician, since it is an indicator of the need for
surgical or endovascular intervention (Hamilton
2008; Kaewlai et al. 2008; Kalsow et al. 2013).
The active extravasation may be recognized
when the attenuation is greater than clotted blood
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Fig. 11 (a) CXR: homogeneous increased density in the  active bleeding is well appreciable within the hemothorax
right parenchyma. (b) Axial CT scan and (¢, d) multipla-  as a focal hyperdensity
nar reconstructions show massive right hemothorax;

Fig. 12 (a) Axial CT scan in arterial phase shows the the hyperdensity area. The hemothorax can sometimes be
presence of an active extravasation on the right site. (b)  better visible with a dual phase CT protocol
Axial CT scan in late phase shows the increase in size of
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presenting a density of about 70-90 HU: most
active extravasations present an attenuation
greater than 100 HU. To obtain an optimal scan-
ning of the active extravasation in polytrauma
patients, it is suggested the use of 150 mL of con-
trast medium 300 mgl/l, administered at a rate of
3.5 ml/s with the beginning of the acquisition
about 1 min after the start of the bolus; the delay
time is slightly longer than that used in standard
arterial acquisition and its purpose is to assure an
optimum enhancement of the parenchymal
organs. Furthermore, a delayed acquisition (for
example, at a rate of 5 min) can be performed
with a low-flow technique to complete the semei-
otic evaluation of the findings (Lomoschitz et al.
2003, Mayberry 2000; O’Connor et al. 2009).

5 Appendix: Pleural Drainages

The placement of one or more thoracostomy
tubes represents the standard procedure for treat-
ing PNX and hemothorax. The tube bore size
varies from 10 to 40 F, depending on the thick-
ness of the fluid to be drained and the physician’s
preference; the course’s tube, inserted in the
midaxillary line, is anterosuperior for the PNX
drainage and posteroinferior for the evacuation
of the hemothorax (McDermott et al. 2012). The
chest tube is appropriately placed when its apex
is within the pleural space, namely, between the
parietal and visceral pleurae. The positioning
procedure can be frequently considered rather
safe; however, the critical conditions of poly-
traumatized patients are often associated with
the malfunctioning of the drainage system: the
chest tube does not drain air or fluid if connected
to an aspiration device, or the radiological fol-
low-up shows the persistence of a PNX or hemo-
thorax. Causes of malfunctioning include
kinking, blocked drain due to clot formation, and
tube malposition (MP). Malposition of the drain
is the most common complication in an emer-
gency; it is placed in intrafissural and intraparen-
chymal apices, in the mediastinum, or in
abdominal (through a diaphragmatic tear) and
extrapulmonary subcutaneous tissues. The MP
of the chest tube results in a longer length of
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hospital stay and risk of infectious complica-
tions. Moreover, the intraparenchymal drains
may result in pulmonary abscess or may cause
parenchymal hemorrhage; besides, the delay in
the evacuation of hemothorax can lead to empy-
ema (Pastore Neto et al. 2015).

The clinical recognition of MP is difficult. The
CXR is usually performed as a follow-up exami-
nation, following the insertion of the drainage
system, to assess the parenchymal expansion and
the reduction of PNX/hemithorax flap as well as
to identify the apex of the drainage tube; how-
ever, the reliability of MP detection may be con-
sidered poor and limited to ordinary cases (25 %
of all cases). The identification of MP is easy on
CT, with an incidence between 15 and 26 %
(Corcoran et al. 2015).

A PNX is persistent when it is visible despite
the drainage placement: a persistent PNX may be
hypertensive, and its presence must be communi-
cated to the team leader immediately.
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Abstract

Trauma is very common and has a major
impact on both mortality and morbidity world-
wide. More than 100,000 people die annually
from the consequences of trauma in the United
States. Thoracic trauma occurs in 12 persons
per 1 million population daily, of which one-
third require hospital admission (Mancini
et al. 2014). Injuries are complexly associated
with each other in up to 90% of the cases
(Traub et al. 2007) and their occurrence is
regularly predictable. The following section
deals with trauma mechanisms of bony and
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thoracic chest wall injuries, as well as their
significance for diagnostic workup, treatment
options and outcome.

Trauma is very common and has a major impact
on both mortality and morbidity worldwide.
More than 100,000 people die annually from the
consequences of trauma in the United States.
Thoracic trauma occurs in 12 persons per 1 mil-
lion population daily, of which one-third require
hospital admission (Mancini et al. 2014). Injuries
are complexly associated with each other in up to
90 % of the cases (Traub et al. 2007) and their
occurrence is regularly predictable. The follow-
ing section deals with trauma mechanisms of
bony and thoracic chest wall injuries, as well as
their significance for diagnostic workup, treat-
ment options and outcome.

1 Epidemiology and Aetiology

Approximately one out of four trauma fatalities is
directly caused by thoracic injuries (Calhoon and
Trinkle 1997; Clark et al. 1988; Veysi et al. 2009).
Up to 66 % and more of thoracic trauma cases may
be blunt (Demirhan et al. 2009; Shanmuganathan
and Matsumoto 2006) or penetrating. Blunt chest
trauma is a potential threat to airway, breathing, as
well as to circulation, and mortality rates can be
as high as 60 % in the United States and Europe
(Clark et al. 1988; Veysi et al. 2009; Calhoon
and Trinkle 1997). As by far the most important
cause, road traffic accidents account for 70-80 %
of all significant blunt chest trauma cases. Falls,
acts of violence and blasts are also relevant causes
(Mancini et al. 2014). Particularly at risk are
young adults (15-44 years) constituting 59 % of
road traffic fatalities (World Health Organization
2015a). While pedestrians have a greater chance
to survive a car crash at 30 km/h or less, a decrease
of speed in general reduces both the likelihood of
a crash as well as the severity of injuries.
Furthermore, ‘drinking and driving’ has a
major impact on road safety. A blood alcohol
concentration (BAC) above 0.4 g/l (i.e. 0.32%o)
significantly boosts the risk of being involved in
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a car crash (World Health Organization 2015a).
These facts and numbers illustrate that profound
knowledge of diagnostics and treatment of
patients with chest trauma is indispensable to
guarantee the best possible outcome.

Secondary complications arise from blunt tho-
racic trauma, such as atelectasis, pneumonia, pul-
monary effusion, cardiovascular and wound
problems, and less frequently airway problems,
emphysema, ARDS, pulmonary embolus, pneu-
mothorax and massive subcutaneous emphysema
(Clark et al. 1988). It is important to stress that
significant thoracic injuries can be present even in
the absence of bony fractures in up to 24.7 % of
blunt chest trauma patients. Among these are hae-
mothoraces or pneumothoraces (62.2 %), cardiac
contusions (15.7 %), ruptured diaphragms (7.9 %)
or aortas (7%) and other injuries (Shorr et al.
1987).

The Injury Severity Score (ISS) is an indicator
of trauma severity and correlates with mortality
in patients with blunt chest trauma (Clark et al.
1988). Nevertheless, the ISS is not absolutely
reliable and therefore has to be interpreted in
relation to other clinical information and find-
ings. Even worse, a correct ISS value can only be
assessed with known diagnoses and thus is of
limited use for both the pre-diagnostic phase and
especially for the diagnostic protocol decisions.
However, ISS plays a key role in databases for
retrospective case group evaluation. Paffrath
et al. found an increasing ISS in combination
with the prevalence of risk factors, such as high
age, acidosis, unconsciousness, hypotension and
coagulopathy, to be associated with an increasing
mortality. In this study, patients with a median
ISS of 24.2 and none of these risk factors had an
associated mortality of 3.1%, while 16.0% of
patients with a median ISS of 27.8 and one risk
factor died. A median ISS of 35.5 and two risk
factors correlated with a mortality rate of 46.7 %
(Paffrath et al. 2014). According to a study of
Emircan et al. including 371 patients with tho-
racic trauma, an ISS over 22 is one of the most
important factors affecting mortality (odds ratio
(OR)=6.27;95 % confidence interval (CI)=2.48—
15.88; p<0.0001) (Emircan et al. 2011). Patients
with an ISS over 16 may have an 8.1-fold
increased risk of an occult pneumothorax
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compared to patients with an ISS under 16
(p<0.0001) (Kirkpatrick et al. 2004).

Most patients have an excellent outcome and
prognosis after blunt chest trauma, and more than
80 % do not require invasive therapy or, at most,
tube thoracostomy (Mancini et al. 2014).
However, even if many blunt chest trauma
patients do not necessarily require surgical treat-
ment, they need accurate surveillance to identify
the ones who do require operative or other inter-
vention (LoCicero and Mattox 1989).

2 Legal Aspects

Asin every medical discipline, a wrong diagnosis
in radiology can be of legal medical relevance.
Even an extremely precautious radiologist may
overlook an injury or a disease at one point of
their career. But it is possible to rule out some
evitable errors. Generally, there are four reasons
for lawsuits against radiologists:

e Errors in perception

e Errors in interpretation

 Failure in communication of findings in a clin-
ically and timely correct manner

e Failure in management recommendation for
the next appropriate step(s)/procedure(s)

Among these, perception errors account for the
highest number of lawsuits against radiologists.
Whether the error had a harmful effect on the
patient or not is an important factor when the case
comes before the court. The legal importance of
communication failures is increasing, and it is in
no way sufficient for the radiologic evaluator to
solely provide a report. Additionally, important
findings have to be directly communicated to the
referring physician (in person or by telephone),
and this oral report should be documented.

Moreover, prior radiology reports may influ-
ence radiologists.

If a finding was overseen in an old report, the
next evaluator may miss it as well. Thus, radiolo-
gists should have a look at the films before read-
ing prior reports (Raskin 2001).

The Institute of Forensic Medicine of the
Ludwig Maximilian University in Munich,
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Germany, have conducted 2086 post-mortem
examinations on patients who died from pneu-
mothorax or chest trauma from 1991 until the
beginning of 2016. In 4.6 % (96) of these cases,
the cause of death was at least related to medical
procedures or diagnostics (data with kind assis-
tance of Dr. F. Fischer and kind permission of
Prof. Dr. M. Graw, Director of the Institute of
Forensic Medicine, University of Munich).

Depending on national law, in case of medical
malpractice, the burden of proof is usually on the
patient. They have to not only prove (e.g. with the
help of a medical expert witness) that malpractice
was carried out, but also that this malpractice has
led to the damage of the patient’s health (condicio-
sine-qua-non-formula or principle of causation).
If — during the course of the investigation — medical
documents are found to be missing and were
manipulated or necessary diagnostic was not
properly performed, the burden of proof may
shift onto the physician (Hager 2009). Lawsuits
may be brought against physicians even if there
was no medical malpractice involved. These stem
from at least three problem areas:

1. The patient or their family is dissatisfied with
a result, even though it is acceptable to the
medical community, and the outcome was
even expected.

2. Medical records are incomplete, inappropri-
ate, inaccurate or delayed, even if the patient’s
care and outcome were excellent.

3. Problems regarding execution and documen-
tation of the informed consent.

In the process of the investigation of causes
and effects of chest injuries involving third parties
or work-related injuries, a radiologist may be
asked to write a report or statement (Vevaina et al.
2012).

3 Osteoporosis

Osteoporosis affects over 65 million people in
Europe, Japan and the United States. As the
societies in these countries age, osteoporosis is
a growing concern. Worldwide, osteoporosis
causes over 8.9 million fractures annually,
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Fig.1 Osteoporotic thoracic spine fractures in an 86-year-old female. Unenhanced CT in (a) axial and (b) sagittal plane

which makes it a major cause of bedriddenness
with serious complications. With 30—40 %, the
lifetime risk for an osteoporotic vertebral frac-
ture (Fig. 1) ranges close to the risk of coronary
heart disease (World Health Organization 1994,
2004). Bony thoracic fractures may be a marker
for osteoporosis in men and especially in post-
menopausal women, which is why a short excur-
sion is made in order to link it with chest wall
injuries.

In a study including 155,031 women in the
United States, aged between 50 and 99 years, a
reported rib fracture was related to a 5.4-fold
raised risk of a future rib fracture, while the risk
of any future clinical fracture was 2.4-fold
increased (Sajjan et al. 2012).

In patients with osteoporosis or those receiving
a high-dose steroid therapy, even severe cough can
result in rib fractures (Katrancioglu et al. 2015).

According to the findings of Pluskiewicz et al., a
prior osteoporotic fracture may be the main prog-
nostic factor for the incidence of future fractures
(Pluskiewicz et al. 2011). According to Neuerburg
et al., osteoporosis is evident in most men over 60
(59 %) and women over 50 (56.2 %), who present
to hospital with an osseous fracture. As a conse-
quence, osteoporosis should generally be evaluated
in the management of trauma patients with the
diagnosis of a fracture over 60, respectively,
50 years of age and treated if necessary to prevent
future fractures (Neuerburg et al. 2015).
Furthermore, the consideration whether the trauma
mechanism was adequately to result in the fracture
the patient presents could be a sign for a possibly
impaired bone density (Sajjan et al. 2012;
Wuermser et al. 2011; Palvanen et al. 2004; Barrett-
Connor et al. 2010; Watts et al. 2008; Mirvis et al.
2014, p. 163).
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4 Radiologic Equipment
and Techniques
4.1 Ultrasound

Portable, non-invasive ultrasound (US) diagnostic
can be performed at any time, in any place and on
any patient and is thus very suitable for emer-
gency situations (Reissig et al. 2011). The focused
assessment with sonography for trauma (FAST),
a scan for free abdominal fluid, is most widely
accepted (Fleming et al. 2012; Rothlin et al. 1993;
Chung et al. 2014) and was extended (EFAST) to
detect pleural pathologies (Fig. 2) (Kirkpatrick
et al. 2004; Matsushima and Frankel 2011).

Although some of these conditions are beyond
the scope of EFAST, multiple thoracic medical
conditions, such as pulmonary embolism,
pneumothorax, haemothorax, pleural effusion,
cardiac injuries and rib fractures, and sometimes
even pneumonia can be detected with the help of
US (Reissig et al. 2011). It may be surprising that
US has proven to be even superior to supine chest
radiography inruling out suspected pneumothorax
(sensitivity 48.8 % vs. 20.9 %; specificity 99.6 %
vs. 98.7 %) (Kirkpatrick et al. 2004). This was
confirmed for sensitivity in a meta-analysis from
2010 (86-98 % vs. 28-75 %), while both modali-
ties where comparably specific (97-100% vs.
100%) (Wilkerson and Stone 2010). US may
even be superior to chest radiography in the
detection of rib fractures, but so far clear evi-
dence is missing and further studies with a well-
established gold standard have yet to be executed
(Lalande and Wylie 2014).

4.2 Chest Radiography

Chest radiography is often a common part of the
standard trauma workup, even if computed
tomography (CT) is to be performed later on.
Even mobile C-arm fluoroscopy or radiography
can verify tube and line positioning (Fig. 3). In
many cases pneumothorax, tension pneumotho-
rax, haemothorax, extrapleural haematoma and
injuries of the aorta (Fig. 4), heart, trachea,
oesophagus, great thoracic vessels, bony chest
wall and lungs can be detected, helping with
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patient triage without losing much time during
initial emergency room care. However, in a
trauma setting, patients are seldom able to stand
and perform a full inspiration resulting in both
limitation of chest radiographs to AP direction
and impaired significance to additional motion
artefacts and overlying materials (Chung et al.
2014; Kaewlai et al. 2008, pp. 1556-1557).
Therefore, it is not surprising that about half of
the pneumothoraces and rib fractures detected by
CT are occult on AP chest radiography.
Consequently, experts advise against over-
reliance on chest radiography in patients with
high-energy blunt thorax trauma (Ball et al. 2005;
Barrios et al. 2010; Chung et al. 2014). In
summary it can be stated that, although chest radi-
ography is less accurate in case of blunt chest
trauma than CT, it can still provide important
information and is often faster available in the
trauma bay. Thus, it can be concluded that the
utilisation of chest radiography is justified in case
of minor trauma or in case of high-energy trauma
if CT is not available in time.

If CT is available for high-risk patients, the
CT scout (i.e. topogram or scanogram) (Fig. 5)
provides relevant information (about conditions
that require intervention before CT) comparable
to radiography but with less total time consump-
tion (Wirth et al. 2009). However, the appropriate
modality to exclude or diagnose relevant findings
like pneumothorax may depend on various cir-
cumstances, such as urgency, patient condition,
local conditions and others (Ball et al. 2005;
Barrios et al. 2010; Chung et al. 2014; Kaewlai
et al. 2008, pp. 1556-1557; Henry et al. 2014;
Traub et al. 2007).

4.3 Computed Tomography

The invention of CT and CT angiography has
revolutionised the blunt trauma management,
allowing rapid diagnosis of complex injuries and
consequently early therapeutic management like
embolisation of arterial bleeding and utilisation
of stents in case of vascular dissection or transec-
tion (Tillou et al. 2009). In trauma centres CT is
usually 24/7 available and able to provide fast
and high-quality whole body 3D cross-sectional
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Fig. 2 EFAST: rapid ultrasound scan for free intra-
abdominal and intrapleural fluids. The numbers on the left
side of the top of the US pictures correspond to the posi-
tions of the Ultrasound Transducer as depicted in the cen-
tral illustration. (a) Normal findings of the heart (6), the

imaging (WB-CT). This results in the highest
sensitivity (80-100%) (Magu et al. 2009; Bier
et al. 2015) among the techniques for imaging of
rib fractures. Furthermore, it provides informa-
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fluid as marked by arrows (central illustration from
springer, der anaesthesist)

tion of associated injuries. According to Traub
et al., CT can reveal significant injury in about
38 % of patients with bland initial radiographs
(including fractures of ribs (14.9 %, p<0.001),
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Fig.3 Misplaced endotracheal tube. Notice huge amount
of air in projection of the stomach as well as the endotra-
cheal tube crossing the left tracheal border in AP chest

sternums (7.1%, p<0.001), scapulae (4.9 %,
p=0.016) and vertebrae (15.5%, p<0.001)) or
can possibly exclude suspected injury in patients
allowing an earlier discharge (Traub et al. 2007).
CT can even be performed during cardiopulmo-
nary resuscitation (Fig. 6) (Wirth et al. 2009).
Counterarguments for the utilisation of CT may
be, depending on the particular setting, higher
time consumption compared to radiography,
higher radiation exposure (chest: average effec-
tive CT dose=2.86-7.4 mSv vs. 0.1 mSv) and
higher costs (Mettler et al. 2008; Tonkopi and
Ross 2016).

As specified in the section “Epidemiology and
Aetiology”, a major part of trauma victims are of
a young age, where the discussion about poten-

projection (a) and the sagittal neck view (b) proofing the
malpositioning

tially harmful radiation effects is particularly rel-
evant. This discussion should consider that it is
known that we are able to save one-fourth of
polytrauma patient’s lives with the utilisation of
whole body CT when comparing with ‘dose sav-
ing’ organ-based CT imaging (Huber-Wagner
et al. 2009). Thus, it is of outmost importance to
decide very quickly whether acute life-threatening
conditions are given in a patient or not. In cases
where this is given, the risk of harmful applica-
tion of radiation can be expected to be far beyond
the possible benefit. In addition, a polytrauma is
a once in a lifetime experience for most patients —
a situation that decides about living or dying.
However, for children and young women, it
should remain a very carefully taken case-to-case
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Fig. 4 Unrecognised Stanford A dissection of the aorta
with secondary fatal haemopericardium. Chest radiogra-
phy (p.a.) of a 46-year-old patient with mild pain after
weight lifting 4 h ago. The thickening and hampered
transmission of the anterior mediastinum as well as the
buckling in projection of the border of the aortic root
(white circle) was missed. As no apical cap sign was vis-
ible and there was only mild pain, the patient went home,
where he died another 4 h later. CT was not performed.
Autopsy revealed a massive aortic dissection

decision, depending on the very individual con-
stellation (Mueck et al. 2016).

CT characterises pleural fluids with determi-
nation of their attenuation values, where fresh
haemorrhage may have an attenuation as low as
20/30-45 Hounsfield units (HU) (Mirvis et al.
2014, p. 178; Feeman 2010). During the clotting
process, the density of blood increases to up to
50-90 HU (Mirvis et al. 2014, p. 178). To distin-
guish blood from other fluids, the reader should
routinely perform a measurement of pleural fluid
attenuation in chest trauma patients (Kaewlai
et al. 2008, p. 1558; Feeman 2010; Chung et al.
2014; Brink et al. 2008; Traub et al. 2007; Tillou
et al. 2009; Mirvis et al. 2014, p. 178).

While the utilisation of CT is discussed con-
tentiously in the literature, many authors con-
sider high-energy mechanisms, chest wall
tenderness, reduced air entry, abnormal respira-
tory effort, abnormal chest radiographs, reduced
consciousness and being intubated criteria for a
selective computed tomography scan (Traub
et al. 2007; Tillou et al. 2009; Brink et al. 2008;
Kaewlai et al. 2008, pp. 1556-1569; Feeman
2010; Chung et al. 2014; Henry et al. 2014). In

Fig.5 Topogram of a polytrauma patient for planning the
exact positioning of CT scanning. Additionally, it holds
relevant information about serious patient conditions and
may give hints for extension of scan regions

a well-structured department, a standard whole
body reconstruction set of CT images can be
provided in about 20 min, including an in-room
time for the patient of less than 10 min. Thus, up
to six patients may be served per CT scanner
and per hour in a mass casualty incident (Mueck
et al. 2016; Wirth 2014).

4.4 Magnetic Resonance Imaging

In contrast to ultrasound, computed tomography
and radiography, magnetic resonance imaging
(MRI) is highly time consuming (studies may
take up to 1 h).
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Fig. 6 CT images of a 62-year-old obese female patient
with LUCAS baseplate. The patient was admitted under
mechanical CPR with LUCAS. Because she did not fit into
the bore of the CT gantry with the whole LUCAS system, the
compression unit was lifted off for each CT data acquisition.
(a) Planning scout for chest/abdomen and pelvis. (b, d)
Thorax: CT revealed PE obstructing lobar arteries on both
sides (arrows, 50 s delay). (f, g) Abdomen/pelvis: Because
images of the abdomen/pelvis with a delay of 120 s had

Patients have to remain motionless and treat-
ment options are limited during that period. Thus,
the significance of MRI in the emergency workup
of severely injured trauma patients is very ques-
tionable. Nevertheless, it can be used as a problem-
solving tool in case of suspected heart, pericardial
and spinal injuries/acute neurologic deficit or other
situations especially in pregnant women and pae-
diatric patients (Chung et al. 2014).

For the decision for or against MRI in an
emergency situation, it may be helpful to think
about the following aspects:

1. Is MRI the only available modality to confirm
or rule out the suspected injury, or in case of
approximately equal indication, may MRI be
favourable due to other reasons (e.g. radiation
exposure to paediatric patients)?

2. Would the expected findings lead to alterna-
tion of patient management?

3. Would one possible finding alter the patient
management to an immediate procedure that
is necessary to prevent irreversible harm (e.g.
refixation of damaged articular cartilage)?

If all these questions can be answered with ‘yes’
and thus the decision is made to execute an MRI
scan, the sequences should be reduced to what is
necessary to help solve the clinical problem in order

insufficient venous contrast enhancement (not shown), the
CT acquisition was repeated with a delay of 210 s. Images
depicted free peripancreatical air surrounded by small areas
of contrast media (arrow in f) as well as thrombosis of the
right deep femoral vein (arrow in g). (c, e) Control study of
the thorax after return of spontaneous circulation confirmed
successful fibrinolysis. Note the differing distribution of con-
trast media even though all scan parameters were identical to
those of the first study shown in b and d

to save time (Wirth 2016, pp. 54-55). Conclusively,
it must be said that especially chest trauma patients
have a tendency to move (e.g. due to pain) and thus
have to be highly compliant in addition to the
aspects above to make an MRI feasible.

5 Soft Tissue Contusion
and Subcutaneous
Emphysema

5.1 Epidemiology of Soft Tissue

Contusion and Subcutaneous
Emphysema

Blunt chest trauma may result in soft tissue inju-
ries, such as muscle tears, haematoma, cutaneous
abrasions, burns, ecchymosis or lacerations
(Schnyder and Wintermark 2000, p. 9). These soft
tissue injuries may be markers for more severe
associated injuries. Lung contusion (Fig. 7) is a fre-
quent injury among blunt chest trauma patients
(17-70%) and serves as a predictor of occult pneu-
mothorax (OR=3.25; 95% CI=1.62-6.54;
p=0.001) (Ball et al. 2005; Skinner et al. 2015;
Mirvis et al. 2014, pp. 172-177; Kaewlai et al.
2008, p. 1558). Subcutaneous emphysema in
patients after blunt chest trauma (approximately in
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Fig.7 Pneumothorax (A), pulmonary laceration (B), pul-
monary contusion (C) and aspiration (D). Axial image of
a contrast-enhanced CT of the chest, lung window
settings

15% of cases) also serves as a marker of occult
pneumothorax with a crude risk ratio of 6.78 (95 %
CI 2.46-18.66; p<0.001) and a specificity of 98 %
(Ball et al. 2005; Schnyder and Wintermark 2000,
pp. 9-10). Ball et al. found subcutaneous emphy-
sema to be present in 7% of a population of 338
trauma patients with an ISS >12 (Ball et al. 2005).
Turkalj et al. detected subcutaneous emphysema in
34.4 % out of 61 blunt chest trauma patients (2014).

The presence of subcutaneous emphysema
should also raise concern about osseous injuries.
From 18.4 % to over 75 % of patients with subcuta-
neous emphysema have at least one associated rib
fracture (Turkalj et al. 2014). The mortality rates of
patients with soft tissue injuries mainly depend on
associated injuries. For example, the simultaneous
incidence of lung contusion and flail chest more
than doubles the mortality from 16 to 42% (Clark
et al. 1988). Flail chest is a clinical finding based on
osseous fractures and the breathing mechanism. If
three or more contiguous ribs are broken in at least
two places, they create a flail segment that moves

paradoxically to the remainder of the chest wall
while the patient is breathing. Flail chest usually
occurs in the anterior and anterolateral regions of
the middle and lower ribs, which are less protected
by musculature and surrounding tissue. Compliance
of the ribs is equally important in the incurrence of
flail chest as the force of impact. Severe pain and
respiratory insufficiency, due to a decreased vital
capacity and ineffective ventilation, may possibly
be the consequences. While fractures can be
detected by imaging, the paradoxical motion is usu-
ally proven by clinical examination (Kaewlai et al.
2008, p. 1567; Bier et al. 2015; Sirmali et al. 2003).

5.2 Biomechanics of Soft Tissue
Contusion and Subcutaneous

Emphysema

Soft tissue contusion may lead to emphysema,
swelling, pain and hematoma from arterial or
venous vessels. While arterial hematoma can
enlarge rapidly, venous haematoma is often self-
limiting and enlarges rather slowly. In this context,
patients under anticoagulation therapy are more
likely to develop complications (75% vs. 41 %)
(Ball et al. 2005) with a complication OR of 2.3
(95% CI 1.1-4.8; p<0.05) calculated for the pre-
injury use of anticoagulants (Mirvis et al. 2014,
p- 179; Battle et al. 2013). Fractured ribs may pos-
sibly lead to subcutaneous emphysema and pneu-
mothorax due to air leakage by tearing the pleura
and pulmonary parenchyma. Tracheobronchial
injuries can induce pneumomediastinum and sub-
cutaneous emphysema as well. According to the
fact that adipose tissue is not compartmentalised,
subcutaneous emphysema of thoracic origin can
possibly extend to the abdomen, scrotum, limbs,
mediastinum, retroperitoneum or face/skull (Fig. 8)
(Schnyder and Wintermark 2000, p. 10).

»

Fig. 8 Tension pneumothorax with air distribution
through the abdomen extension to subcutaneous spaces.
Bronchial carinoma restricting the left main bronchus
(arrow) of a 65-year-old female patient in CE axial CT (a)
and FDG-PET-CT (b). One week later the same patient
presents with complete atelectasis of the left lung (sec-
ondary to complete restriction of the left main bronchus

by bronchial carcinoma) and tension pneumothorax on the
right side (¢, arrows), air distribution to the abdomen (d,
arrows) and pelvis (e, right arrow). The sagittal view (f)
demonstrates the whole extension of the abdominal
emphysema portion feeding subcutaneous compartment
through inguinal pathways (e, left arrow)
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5.3 Main Part

Minor soft tissue contusion is usually occult on
plain chest radiography. Especially, in obese
patients, a haematoma or emphysema can be
obscured. Increased density and asymmetry of
the soft tissue are hints to a contusion (Mirvis
et al. 2014, p. 179). Even small haematoma,
appearing unimpressive, can be a marker for seri-
ous underlying injury. In up to 32 % of the cases,
subcutaneous emphysema can be the first sign of
an occult pneumothorax (Ball et al. 2005) which
itself might become life threatening, especially
during aeromedical transport at altitude or when
positive pressure mechanical ventilation is used
(Kirkpatrick et al. 2004). As Rothlin et al.
detected subcutaneous emphysema by US in
17 % of 70 patients with thoracic pathologic enti-
ties, US may also be a reasonable screening tool
for this condition (1993).

Tracheobronchial injuries are only found
in 1-2% of blunt chest trauma room patients
(Welter and Hoffmann 2013, p. 113) because
many patients will already have died from asso-
ciated injuries before reaching the hospital. The
overall estimated mortality is 30 % (Burke 1962;
Chesterman and Satsangi 1966; Ecker et al. 1971;
Kirsh et al. 1976). Deep cervical emphysema
(100%), paratracheal air (94 %) and pneumo-
thorax (36 %) are radiological manifestations of
possible tracheobronchial (Fig. 9) or oesophageal
(Fig. 10) injuries. Tracheobronchial ruptures typi-
cally proceed transversally, parallel to the carti-
lage rings (74 %) (Welter and Hoffmann 2013,
p- 114) and are usually located within a distance
of 2.5 cm from the carina (Welter and Hoffmann
2013, p. 114; Kaewlai et al. 2008, pp. 1559-1561).
Consequently, the region around the carina should
be a particular reading focus. A persistent pneu-
mothorax in a patient with tube placement and
suction indicates a possible injury of the tracheo-
bronchial tree, which should be investigated. The
‘fallen lung’sign (Fig. 11), where a lung postero-
laterally falls away from the hilum if the patient is
supine and inferiorly if the patient is upright, indi-
cates a complete ipsilateral transection of a main
bronchus with its accompanying blood vessels.
In such cases pneumomediastinum and cervical

Fig. 9 Bronchial rupture (arrow). Axial CT, lung
window

Fig. 10 Oesophagus rupture. Axial CT, lung window

subcutaneous emphysema are typical additional
findings (Ball et al. 2005; Kaewlai et al. 2008,
pp. 1559-1561). Furthermore, alveolar ruptures
can also produce a pneumomediastinum (Fig. 12)
via the Macklin effect (Fig. 13), first described by
Macklin and Macklin in 1944, where air dissects
into the mediastinum along the bronchovascu-
lar sheaths. Streaks of air can be seen along the
bronchovascular bundles. Most cases of tracheal
laceration can be identified with CT (70-100 %)
(Kaewlai et al. 2008, pp. 1559-1561; Welter and
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Fig. 11 Fallen lung sign. Polytraumatised patient of
unknown age. AP chest radiogram directly after admis-
sion (a). Note the dorsal position of the lung and the mas-
sive tension component to the left side. Axial CE CT with

Fig. 12 Pneumomediastinum in AP chest radiogram
(arrows)

Hoffmann 2013, p. 114). However, the diagnosis
of a tracheobronchial tree injury should be con-
firmed by bronchoscopy. With respect to outcome,
airway obstruction, bronchiectasis, pneumonia,
abscess and empyema are potential complications
(Kaewlai et al. 2008, pp. 1559-1561; Welter and
Hoffmann 2013, p. 114).

soft tissue window settings (b) proofing tension haemo-
pneumothorax, massive bleeding due to complete avul-
sion of the right hilus and subcutaneous emphysema.
Efforts had to be terminated

A high-energy deceleration during a car acci-
dent may result in a hematoma of the lower neck
and central chest in approximately 16 % of the
cases. The presence of such a haematoma, called
‘seatbelt sign’, may be an indication for neck CT
with intravenous contrast to evaluate possible
cervical blood vessel injuries (carotid artery inju-
ries 3%) (Mirvis et al. 2014, p. 179; Rozycki
et al. 2002). Vertebral artery injuries occur in
about 0.5 % of blunt trauma patients (Nedeltchev
and Baumgartner 2005). Especially the combina-
tion of a ‘seatbelt sign” with a Glasgow Coma
Scale <14, an ISS >16 and a fracture of the clav-
icle and/or first rib should raise particular con-
cern for vascular injuries (Mirvis et al. 2014,
pp. 179-183; Rozycki et al. 2002).

54 Summary
Even small and unimpressive soft tissue injuries
and subcutaneous emphysema can be a marker
for serious underlying injuries (e.g. occult pneu-
mothorax in 32 % of patients with subcutaneous
emphysema).

Deep cervical emphysema, paratracheal air,
pneumomediastinum and pneumothorax (espe-
cially persisting pneumothorax after chest tube
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Fig. 13 Macklin effect. Axial and frontal CT reforma-
tions, lung window. A rib fracture (not shown) induced
distal pulmonary laceration with air dissecting along the

placement) are markers for tracheobronchial
injuries. These are highly life-threatening condi-
tions (mortality rate 30%) that mostly appear
within a distance of 2.5 cm from the carina.

Tracheal lacerations can be identified with CT
in 70-100% of the cases. However, diagnosis
should be confirmed by bronchoscopy.

A ‘seatbelt sign’ indicates possible cervical
blood vessel injuries, which should be ruled out
by contrast-enhanced neck CT.

6 Rib Fractures

6.1 Epidemiology of Rib Fractures

Rib fractures are the most common skeletal
injury in blunt chest trauma patients. They appear
in about 50 % of patients after such an event and
in about 10 % of patients after trauma in general
(Ziegler and Agarwal 1994; Mirvis et al. 2014,
pp. 179-182; Shorr et al. 1987; Henry et al.

bronchovascular sheaths into the mediastinum. Same
patient as Fig. 12

2014). Fractures of the first two ribs are associated
with thoracic aorta and other thoracic vascular
(about 13 %) injuries (Clark et al. 1988; Magu
et al. 2009). According to Shalhub et al., arterial
haemorrhage after blunt chest trauma is associ-
ated with rib fractures in up to 44 % of the cases
(Shalhub et al. 2011). Up to 50 % of rib fractures
are multiple and, out of these, 8 % are bilateral
(Shorr et al. 1987).

The rate of complications, such as pneumo-
thorax, haemothorax, pulmonary contusion, flail
chest, pneumonia and atelectasis, rises with the
number of fractured ribs (16.4% for 1-2 frac-
tures, 33.6 % for 3-5 fractures, 52.7 % for 6 or
more fractures), according to a study performed
by Sirmali et al. (2003).

Flail chest is present in up to 7% of blunt
trauma patients. This condition may induce major
haemorrhage or seriously impaired ventilation,
and mortality rates — although varying in litera-
ture — can be as high as 33 % (Clark et al. 1988;
Mirvis et al. 2014, pp. 179-183; Sirmali et al.
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2003; Veysi et al. 2003; Kaewlai et al. 2008,
p. 1567). Scapula fractures, when detected, should
raise awareness of rib injuries, because their pres-
ence increases the likelihood of rib fractures (rela-
tive risk 3.1; p<0.01) and flail chest (relative risk
8.8; p<0.001) (Weening et al. 2005). Moreover,
rib fractures are predictors for occult pneumotho-
rax (OR=2.65; 95% CI=1.34-5.24; p=0.005)
(Ball et al. 2005). The overall mortality rate for
patients presenting to hospital with rib fractures is
approximately 6 % (Sirmali et al. 2003).

6.2 Biomechanics of Rib Fractures
While rib fractures among young adults mainly
result from high-energetic trauma, they are often
caused by falls from standing height and every-
day activities in older adults. For this second
group, fall preventing strategies are appropriate
and suitable to lower the number of future inci-
dents. Due to the chest wall architecture and the
decreased support from muscles and other soft
tissue, ribs fracture most often at the lateral
aspects (Mirvis et al. 2014, pp. 179-183). The
pain experienced from fractures of the bony chest
wall, as well as combined direct lung injuries
(e.g. pulmonary contusion) or haemorrhage (e.g.
from intercostal arteries) may compromise venti-
lation. These injuries induce shunting and dead
space ventilation, which additionally impair oxy-
genation (Mancini et al. 2014).

6.3 Main Part

Blunt chest trauma is regularly associated with
fractures of the bony thorax, which reflect a large
amount of energy having been imparted to the
chest (Shorr et al. 1987; Henry et al. 2014).
Nevertheless, we have to keep in mind that gener-
ally and particularly in children, serious trauma
can be present in the absence of rib fractures.
Skinner et al. investigated the morbidity of chil-
dren and adults after blunt chest trauma. Compared
to adults, children suffered less frequently from rib
fractures (20.2% vs. 42 %) and flail chest (2.4 %

39

vs. 26.3 %), but more often from pulmonary contu-
sion (79.8 % vs. 65.6 %) or associated head inju-
ries (61.9 % vs. 42.3 %) (Skinner et al. 2015).
Isolated rib fractures are rarely life threaten-
ing, but bilateral or multiple rib fractures are
indicators of severe chest injury with significant
morbidity and mortality (Ziegler and Agarwal
1994; Kaewlai et al. 2008, p. 1567). Rib fractures
may affect ventilation through laceration of
underlying lung parenchyma, paradoxical chest
wall motion and pain (Shorr et al. 1987; Henry
et al. 2014). A fracture of the first three ribs is an
indicator of high-energy trauma since these ribs
are short, broad and well-protected by the scap-
ula, clavicles and musculature. The brachial
plexus and subclavian blood vessels are located
close by and may possibly be injured. On the
other hand, fractures of the lower three ribs are
associated with trauma of the liver, spleen
(Fig. 14), kidneys and lungs (Kaewlai et al. 2008,
p- 1567). According to a study performed by Lee
et al. including 105,683 trauma patients having
been admitted to hospitals in the United States
during the years 1984-1986, the presence of
three or more rib fractures increased the relative
risk of haemothorax/pneumothorax (18.4), spleen
injury (6.2) and liver injury (3.6) (Lee et al.
1990). Therefore, rib fractures might be indica-
tors of coexisting thoracic or abdominal trauma
(Ziegler and Agarwal 1994; Kaewlai et al. 2008,
p. 1567). US and, if the circumstances require,
abdominal imaging should be performed to rule
out associated injuries if one of the lower three
ribs is fractured. If the trauma has not signifi-
cantly affected the lower three ribs, abdomen or
pelvis, a suspicious result in physical exam, labo-
ratory studies or urinalysis will be required to
justify the use of advanced imaging of this region,
as stated in current guidelines (Henry et al. 2014).
Sirmali et al. developed a rule of thumb for
blunt chest trauma patients: according to their
findings, three or more rib fractures are an indica-
tion for the hospitalisation of patients. Elderly
with six or more fractured ribs should be treated
in intensive care units (Sirmali et al. 2003). Ball
et al. found that 59% of a group of trauma
patients in whom an occult pneumothorax
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Fig. 14 Splenic haemorrhage (arrow) induced by laceration secondary to rib fracture in US and axial CT

(Fig. 15) was evident had coexisting rib fractures,
while only 27 % of patients without pneumotho-
rax had rib fractures (Ball et al. 2005). Bulger
et al. reported that, according to their findings,
the clinician should pay close attention to the
number of rib fractures to stratify the expected
mortality and morbidity, as the odds ratio rose by
1.19 per fractured rib for death and by 1.16 per
fractured rib for pneumonia (Bulger et al. 2000).
Pain control is a vital part in patient management
to prevent respiratory depression, as well as the
development of atelectasis and pulmonary infec-
tion. If indicated, epidural analgesia may be
superior to intravenous and oral analgesia. Pain
from multiple rib fractures can also inhibit wean-
ing a patient from mechanical ventilation (Bulger
et al. 2000; Sirmali et al. 2003).

The standard initial, and often the only
required, imaging test for disclosing rib fractures
in patients after minor trauma is chest radiogra-
phy in two planes (Henry et al. 2014). It is crucial
to weigh up the pros and cons of the available
radiological equipment in terms of additional
information and specificity against time, radia-
tion burden and costs. Although rib fractures can
lead to significant morbidity, it is more important

to detect associated complications such as hae-
mothorax (Fig. 16), pneumothorax, pulmonary
contusion, flail chest, atelectasis, cardiovascular
injury and injuries to solid and hollow abdominal
organs. According to the American College of
Radiology, chest CT without or with contrast is
appropriate for patients with rib or sternal frac-
tures plus at least one of these associated
complications identified by clinical examination
or other imaging (Henry et al. 2014). When iso-
lated, single fractures, multiple fractures or non-
acute fractures have a relatively low morbidity
and mortality and are not an indication for chest
CT unless malignancy is suspected in the aetiol-
ogy, and a gain of additional information is
expected. Failure to identify isolated rib fractures
in uncomplicated cases does not automatically
change outcome or patient management. Thus,
there is little data to support the use of advanced
imaging, even if CT is superior to radiography
for detection of these fractures because of its sen-
sitivity of 80-100% (Henry et al. 2014; Traub
et al. 2007; Magu et al. 2009; Bier et al. 2015).
However, physicians should always keep in mind
that only up to 50% of rib fractures can be
detected with chest radiography (Bulger et al.
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Fig.15 Pneumothorax extension over the course of time.
Initial chest radiogram of a patient with hardly visible
pneumothorax (a, arrows). The patient developed a seri-
ous mediastinal shift indicating a tension component with

2000). CT provides significantly more informa-
tion than chest radiography alone if the patient
shows chest wall tenderness, abnormal respira-
tory effort or reduced air entry. Traub et al. sug-
gest that intubated patients should receive a
routine CT chest scan at their first evaluation, as
the survey of clinical information is restricted.
For a final decision about the use of chest CT, the
clinician should consider all clinical features and
prior radiological information (Traub et al. 2007).

Fractured ribs may possibly produce a delayed
haemothorax (DHX) due to intercostal artery

now clearly visible border of the pneumothorax (b,
arrows). A cutout from a lower rib-targeted radiogram
revealed a rib fracture (¢, arrow) as the most reasonable
cause of the pneumothorax

haemorrhage (Fig. 16). DHX is described to
appear in 2.1-7.4% of blunt chest trauma
patients. Curfman et al. reported a case of a
patient who lost 6500 ml of blood out of one sin-
gle intercostal artery, 10 days after a traumatic rib
fracture while still being in the hospital (Curfman
et al. 2015). Pleura-covered parts of the lung may
extrude through the chest wall at a locus of trau-
matic defect, like a rib fracture, causing a trau-
matic lung herniation. Treatment should be taken
into consideration before intubation because
positive pressure ventilation can increase this
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Fig. 16 Active arterial bleeding secondary to a rib frac-
ture, which itself is not shown. The axial images of the
chest CT in arterial phase reveal active contrast agent

-

condition (Kaewlai et al. 2008, p. 1567). In case
of pneumothorax and haemothorax caused by rib
fractures, tube thoracostomy can be sufficient as
treatment as the pressure from the expanding
lungs may possibly stop the bleeding from small
loci. Bleeding from major intrathoracic vessels or
intercostal arteries usually requires balloon
occlusion and thoracotomy (Sirmali et al. 2003).

The infantile chest wall is more elastic than
the adult chest wall.

In children, ribs consequently need a higher
level of energy transferred to the thorax to fracture.
Therefore, children with rib fractures suffer more
often from associated haemothorax, pneumotho-
rax, brain injuries, spleen injuries and liver injuries
than adults with rib fractures (Kessel et al. 2014).
Bulger et al. reported a doubled mortality and tho-
racic morbidity after blunt chest trauma for elderly
patients (65 years and older) in comparison to
younger patients, regardless of similar injury pat-
terns and injury severity (Bulger et al. 2000).

Detecting rib fractures in CT can be a quite
challenging task. Each rib has a complex shape
and extends across numerous sections, while

extravasation (arrows) leading to a haemothorax of the
right side (left axial slices; right coronal MIP)

twisting along its longitudinal axis. The sequen-
tial rib-by-rib evaluation traversing the whole tho-
rax is tedious and time consuming. Furthermore,
fractures can be hard to identify, especially if they
are parallel to the section or not dislocated (Ringl
et al. 2015). Coronal imaging is more sensitive to
detect fractures parallel to axial sections (Cho
et al. 2012). Fractures of the ribs are periodically
overlooked in radiologic imaging and their detec-
tion can be of medical-legal relevance. The major
part of the rib fractures missed in CT is located at
the anterior arc and over 50 % of missed rib frac-
tures have a buckled shape. They appear equally
on both sides of the thoracic cage. Frequently,
missed fractures are on the same rib or the neigh-
bouring rib of fractures that have been detected
(Cho et al. 2012; Ringl et al. 2015).

Due to often being associated with more
severe injuries, the evaluation of rib fractures
should take as less time as possible in acute
trauma management. Post-processing software
for CT data provides an automated recognition
and numbering of all ribs, which are displayed —
unfolded and rotatable — in one single plane
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Fig.17 Unfolded rib display (R1-12 = right ribs, L1-12 = left ribs) of an 88-year-old male patient with traumatic frac-
tures of the sixth, seventh and eighth right rib (arrows)

(Fig. 17). “The unfolded rib display significantly
reduces reading time for detection of rib frac-
tures in acute thoracic trauma and does not sig-
nificantly compromise the diagnostic accuracy’
(direct citation Bier et al. 2015). Moreover, the
diagnostic accuracy of inexperienced readers
(approximately 80 % for multiplanar reformat-
ted images vs. approximately 92 % for unfolded
rib images) may even be increased (Bier et al.
2015). Corresponding results were published
for the detection of multiple myeloma and
metastases from lung cancer (Homann et al.
2015a, b). Bier et al. documented a possible
reduction of reading time by approximately
67-80% (Bier et al. 2015) and a significant
enhancement of inter-reader agreement. Manual
correction is necessary in cases of incomplete or
inaccurate recognition of ribs (Ringl et al.
2015). Furthermore, the utilisation of this tech-
nology involves the risk of false-positive find-
ings because of two reasons: first, motion
artefacts are harder to identify due to the miss-
ing correlation with surrounding tissue and, sec-
ond, artificial curves caused by the software can
be mistaken for buckled fractures (Bier et al.
2015; Homann et al. 2015a). However, these
may be easily recognised after completing a
short training (Ringl et al. 2015). If included in
the standard calculation process of CT imaging,
the unfolded rib display may be noticeably

useful in the evaluation of the acute trauma
patient when saving time is crucial.

Intercostal arteries are regularly exposed
between the ribs within the first 6 cm lateral to
the spinous process. From this point on, 97 % of
intercostal arteries proceed in close local relation
to the lower margin of the superior ribs. These
ribs serve as shields for intercostal arteries due to
their proximity but constitute a threat in case of a
fracture (Helm et al. 2013). Rib fractures may
tear intercostal, subclavian, axillary and internal
mammary arteries and may cause life-threatening
intrathoracic bleeding (Fig. 18) with a possible
compression of heart and lungs. As a conse-
quence of the increment of the blood density dur-
ing the clotting process, active haemorrhage
usually presents in CT as layers of different
attenuation (Mirvis et al. 2014, p. 178). An
extravasation of contrast material (attenuation
value close to that of an adjacent artery) in CT is
evidence of active bleeding (Fig. 19) (Kaewlai
et al. 2008, pp. 1561-1565). Treatment can be
endovascular (balloon occlusion/covered stent)
or open repair. Shalhub et al. found endovascular
therapy in case of blunt traumatic injuries to the
thoracic outlet arteries to be superior to open
repair in terms of operation time (149 min vs.
230 min, p=0.03), blood loss (50 ml vs. 1.225 ml,
p=0.03) and morbidity (not statistically signifi-
cant) (Shalhub et al. 2011).
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Fig. 18 Traumatic intrathoracic haemorrhage (arrow tip)
of right internal mammary artery and ipsilateral rib frac-
ture (arrow base) in axial CT, bone window settings

Fig. 19 Intra-mammarian bleeding. Massive soft tissue
injury and contrast agent extravasation (arrow) as a sign
of active haemorrhage of an intercostal artery, axial CT in
arterial phase, soft window settings

6.4 Summary

Rib fractures are frequent injuries in patients
after blunt chest trauma (50 %) and often associ-
ated with injuries to deeper structures. However,
such deeper injuries may also be present in the
absence of rib fractures.

S. Wirth and S. Jansen

Fractures of the upper ribs may be associated
with injuries of the brachial plexus or subclavian
blood vessels, and fractures of the lower ribs are
more likely associated with injuries of abdominal
organs.

Eighty percent to hundred percent of rib frac-
tures can be identified with CT, and an unfolded
display created with post-processing software
helps to reduce the reading time by 67-80%
without compromising accuracy.

7 Sternal and Clavicular
Fractures
7.1 Epidemiology of Sternal

and Clavicular Fractures

In contrast to rib fractures, sternal fractures are
rather seldom, appearing in 3-8 % of patients
after severe blunt chest trauma (Veysi et al.
2009; Mirvis et al. 2014, p. 183). They should
always be interpreted as a sign of a large amount
of energy having been transmitted to the chest
wall and deeper structures, particularly in com-
bination with a fracture of the scapulae. Seventy
percent of sternal fractures affect the body,
16.5% the manubrium and 12.7% of fractures
are oblique (Schulz-Drost et al. 2015b; Schnyder
and Wintermark 2000, pp. 17-20). Among the
injuries associated with sternal fractures, which
occur in 55-77 % of those patients, are rib frac-
tures (up to 14 %), cardiac contusion (1.5-6 %),
cervicothoracic spine injuries (up to 23 %), lung
contusion (up to 12%), flail chest, pericardial
effusion and injuries of the internal mammary
vessels and their branches, such as the musculo-
phrenic or pericardiophrenic vessels (Schnyder
and Wintermark 2000, pp. 17-20; Mirvis et al.
2014, p. 183; Mancini et al. 2014; Knobloch et al.
2006). Due to these grave associated injuries,
sternal fractures are related to quite a high mor-
tality of up to 22 % (Schnyder and Wintermark
2000, pp. 17-20). Clavicle fractures account
for 2.6-5% of all fractures (Scheurecker 2015,
p- 831). They commonly result from falls or
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traffic accidents and about half of them occur in
children under the age of 10 years (Mirvis et al.
2014, pp. 468-469).

Biomechanics of Sternal
and Clavicular Fractures

7.2

Sternal fractures are usually the result of high-
energy deceleration or direct blow (up to 84 %)
to the anterior chest wall (Kaewlai et al. 2008,
p- 1569, Schulz-Drost et al. 2015b). The most
common mechanism is the impact of a steer-
ing wheel (information of deformity of steering
wheel or steering column is valuable), seat belt
or airbag to the chest in a motor vehicle colli-
sion (Mirvis et al. 2014, p. 183). Other mecha-
nisms may be indirect fractures secondary to a
fall on the back or spontaneous fractures as a
result of muscle spasms (Schulz-Drost et al.
2015b). Sternal fractures may impair ventilation
by contributing to paradoxic chest wall motion
in combination with rib fractures (flail chest)
(Shorr et al. 1987). Either a blow to the medial
clavicle or a blow to the shoulder can lead to
sternoclavicular dissection. Whereas a posterior
blow to the shoulder often leads to a posterior
sternoclavicular dissection, an anterior blow to
the shoulder is the appropriate mechanism for an
anterior dissection (Kaewlai et al. 2008, p. 1569).

7.3 Main Part

In sternal fractures, the body (70%) and the
manubrium (16.5%) are most commonly
involved (Schulz-Drost et al. 2015a, b; Schnyder
and Wintermark 2000, pp. 17-20; Kaewlai et al.
2008, p. 1569). Simple sternal fractures can be
seen as isolated injuries that rarely have any
consequence, while displaced sternal fractures
or sternal fractures with manubriosternal joint
disruption regularly are associated with other
thoracic, cardiac and spinal injuries. Sternal
fractures are best displayed in sagittal or coronal
CT because fracture lines are commonly paral-
lel to axial sections. Supine chest radiography
often only demonstrates significantly displaced
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fractures and shows no sign of an existing frac-
ture in up to 84% of patients (Schnyder and
Wintermark 2000, pp. 17-20).

As nearly all of the sternal fractures are
accompanied by a hematoma, anterior mediasti-
nal or retrosternal haemorrhage may be the clue
to the diagnosis in cases when the fracture is not
clearly discernible. The CT density of such a hae-
matoma is close to the value of unenhanced blood
and aorta, information in the literature ranges
from +20 to +70 HU (primarily depending on the
stage of the clotting process). Commonly, there is
a preserved fat plane evident between the
retrosternal haematoma and the aorta. If the fat
border delineation is missing and the retrosternal
blood has direct contact to the aortic wall, a trau-
matic aortic injury is most likely the source of the
haematoma. As previously mentioned, sternocla-
vicular dislocations can occur after blows to the
clavicle or to the shoulder. While anterior dislo-
cations are usually evident on palpation and
inspection, posterior dislocations may be occult
in conventional radiography and clinical exami-
nation. CT with contrast can confirm the diagno-
sis of a suspected posterior sternoclavicular
dislocation and evaluate the vascular status. This
is obvious in case of aortic injury but also valu-
able in posterior sternoclavicular dislocations
because they are frequently associated with inju-
ries of adjacent blood vessels, trachea and
oesophagus. If a sternal fracture is evident, a car-
diac evaluation including ECG, cardiac enzymes
and troponin should be done to rule out cardiac
injury. Most sternal fractures are treated conser-
vatively. In case of nonunion, severe pain or
instability, open reduction and internal fixation
may be required (Kaewlai et al. 2008, pp. 1561-
1562; Feeman 2010; Knobloch et al. 2006, 2008;
Mancini et al. 2014; Mirvis et al. 2014, pp. 178—
183; Schnyder and Wintermark 2000, pp. 17-20).
The recognition of sternal fractures and associ-
ated aortic, vascular, pericardial (Fig. 20), car-
diac and other thoracic injuries is often crucial in
the management of patients with blunt thoracic
trauma (Shorr et al. 1987).

Clavicle fractures are categorised with the
Allman classification (Allman 1967) in fractures of
the proximal third (5 %), middle third (80 %) and
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Fig. 20 Traumatic pericardial
Twenty five-year-old female, axial CT in arterial phase,
soft window settings

tamponade (arrow).

distal third (15%) (Mirvis et al. 2014, pp. 468—
469). They are usually evaluated with AP and 15°
to 25° cephalic tilt apical oblique clavicular radio-
grams. Complicated and dislocated fractures may
need surgical treatment. Preoperative sagittal, coro-
nal and 3D CT reformations are very helpful in this
case (Scheurecker 2015, pp. 831-832).

Intravascular aortic stents have revolutionised
the treatment of traumatic aortic injury and par-
tially replaced open reduction. This procedure
comes along with decreased mortality, complica-
tions, operation time and length of stay. The initial
CT angiogram is used for the stent-graft placement
planning (Mirvis et al. 2014, pp. 204-208).
Interventional radiology is a substantial part of
radiologic practice. For more information on this
topic, we refer to the chapters ‘Aortic Injuries’ and
“Vascular Chest Emergencies’ in this book and the
section “The Role of Interventional Radiology”
(pp- 235-267) from the book Emergency Radiology
of the Abdomen: Imaging Features and Differential
Diagnosis for a Timely Management Approach
(Wirth and Treitl 2012). Furthermore, the book
Problem Solving in Emergency Radiology (Mirvis
et al. 2014) provides a good overview.

7.4 Summary

Sternal fractures are a sign of high-energy decel-
eration or impact and regularly associated with
cardiac and aortic injuries.

S. Wirth and S. Jansen

Eighty-four percent of sternal fractures are
occult on chest radiograms and even with CT
non-dislocated fractures can be hard to identify.
Retrosternal haemorrhage can be the clue to a
sternal fracture.

Clavicle fractures account for 2.6-5 % of all
fractures with a portion of 50% occurring in
patients under the age of 10 years. Complicated
and dislocated fractures may need surgical treat-
ment, in which case preoperative sagittal, coronal
and 3D CT reformations are very helpful.

8 Fractures and Dissection
of the Scapula
8.1 Epidemiology of Fractures

and Dissection of the Scapula

Fractures and dissection of the scapula are a
rather rare condition, occurring in approximately
4-7% of polytraumatised patients (Kaewlai
et al. 2008, pp. 1568-1569; Veysi et al. 2003;
Weening et al. 2005). The mean age of the
patients ranges from 35 to 45 (Mirvis et al. 2014,
pp. 470-471) years and about three out of four
patients are male (Weening et al. 2005). The rate
of related injuries is very high (75-100 %)
(Mancini et al. 2014). Patients with scapula frac-
ture show an average of 3.5 associated injuries,
such as rib fractures (27-54 %), cerebral injuries
(up to 42 %), clavicle fractures (23-27 %), pul-
monary injuries (16-23 %), brachial plexus inju-
ries (8—11 %), arterial injuries (3—11 %), injuries
of the thoracic spine (3 %) and adjacent injuries
of the shoulder girdle (Schofer et al. 2009;
Imatani 1975; McGahan et al. 1980; Salimi et al.
2008; Veysi et al. 2003; Weening et al. 2005;
Thompson et al. 1985). According to Schofer
et al., scapula fractures may be associated with
ipsilateral rib fractures in up to 44 % of the cases
(Schofer et al. 2009). In a study including 1164
polytraumatised patients, Veysi et al. found out
that the ones presenting with scapula fractures
had more severe underlying chest injuries and a
significantly higher overall ISS compared to
patients without scapula fractures (27.12+15.13
vs. 22.8+14.4, p=0.01).
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However, this did not correlate with an
increased mortality (Veysi et al. 2003). Weening
et al. found the presence of either a pneumotho-
rax (relative risk 3.7; p<0.001) or a pulmonary
contusion (relative risk 3.5; p<0.001) to be sig-
nificantly more likely in patients with scapula
fractures than in control patients (Weening et al.
2005). Data about mortality rates ranges from 2
to 14.3% (Veysi et al. 2003; Salimi et al. 2008;
McGahan et al. 1980; Thompson et al. 1985;
Armstrong and Van der Spuy 1984).

Biomechanics of Fractures
and Dissection of the Scapula

8.2

The scapula can sustain a high amount of
energy in case of an axial compression through
the humerus without fracturing, because the
energy is distributed via the ‘recoil mecha-
nism’, described by Rowe (scapula recoils on
thoracic cage) (Rowe 1963; Wiedemann 2004).
A fractured scapula is definitely a sign for a
high-energy transfer, commonly due to motor
vehicle collisions (automobile 48-52 %, motor-
cycle 11-25 %, pedestrian 18-46.7 %) or falls
from great heights (12—-17.1 %), and one must
suspect injuries of deeper structures. Direct
force to the scapula (75 % of cases) or indirect
transmission of axial force through the humerus
are typical mechanisms (Shorr et al. 1987
Kaewlai et al. 2008, pp. 1568-1569; Schofer
et al. 2009; Mirvis et al. 2014, pp. 470-471;
Imatani 1975; McGahan et al. 1980; Salimi
et al. 2008).

Scapulothoracic (ST) dissociation due to
major musculoskeletal trauma is a closed com-
plete traumatic forequarter amputation, diag-
nosed by a pulseless arm and specific radiographic
findings. The avulsion of the subclavian, axillary
or brachial artery, as well as the avulsion of the
brachial plexus can cause major haemorrhage,
making the ST dissociation a life-threatening
condition (Ebraheim et al. 1987). Furthermore,
scapula fractures may be caused by a sudden con-
traction of the muscles during a seizure or in an
electrical accident (Cser and Vajda 1976;
Mathews et al. 1983; Wiedemann 2004).
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8.3 Main Part

There are various classification systems for scap-
ula fractures. Each one has its raison d’étre and
provides advantages for specific purposes, but at
the same time it has its limitations. The inclusion
of a prediction of outcome and treatment option
is difficult as they also depend on other factors
like fracture displacement, patient-associated
conditions or injury of nerves, blood vessels and
soft tissue (Harvey et al. 2012; Audige et al.
2014; Bartonicek et al. 2014; Euler et al. 1992;
Friederichs et al. 2014; Neuhaus et al. 2014,
Schofer et al. 2009; Wiedemann 2004).

The New International Classification of
Scapula Fractures (Fig. 21, Table 1), developed
by the Orthopaedic Trauma Association (OTA)
Classification ~ Committee and the AO
Classification Advisory, is a system adjusted to
an emergency trauma setting, where clinical
communication, documentation, low time con-
sumption and inter-reader agreement are impor-
tant. The scapula is divided into three segments:
processes, fossa and body. Process fractures are
subdivided into fractures of the coracoid or acro-
mion. Fossa fractures may be fractures of the rim
(1), simple split fractures (2) or complex joint
fractures (3). Body fractures are subdivided into
simple fractures with one fracture line and either
one/no border exit points (1) or two border exit
points (2) and fractures with multiple fragments
presenting three or more border exits (3) (Harvey
et al. 2012; Alton and Gardner 2015).

The utilisation of the Euler and Riiedi classifi-
cation enables radiologists to give a more detailed
characterisation of the morphology, severity and
prognosis of scapula fractures. This may be
important for decisions between either conserva-
tive or operative treatment (Fig. 22, Table 2).
Fractures are divided into five groups, three (A,
B, C) being extra-articular and two (D, E) being
intra-articular. The severity of fracture increases
from type A to E and within a specific type with
increasing numeric value. Isolated or multifrag-
mentary fractures of the scapula body are classi-
fied as type A, fractures of the processes as type
B and type C refers to fractures of the scapular
neck. Type B fractures are subdivided into
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Fig. 21
Fractures. Dorsal view of fracture areas (a): uncoloured
body, green processes, red fossa. Glenoidal view of

New International Classification of Scapula

fractures of the spine (B1), coracoid (B2) and
acromion (B3). Neck fractures are rarely located
at the anatomical neck (C1) but more frequently
at the surgical neck (C2). If a fracture of the sur-
gical neck is associated with another injury of the

fracture areas (b): uncoloured body, green processes, red
fossa. Exemplary fracture lines in dorsal view (c) and gle-
noidal view (d)

superior shoulder suspensory complex, it is clas-
sified as type C3. These fractures may be accom-
panied by a fracture of the clavicle and acromion
(C3a) or by torn coracoclavicular and coracoac-
romial ligaments (C3b). The ‘coracogleniodal
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Table 1 New international classification of scapula
fractures
Fossa
1. Rim
2. Simple split fractures
3. Complex joint fractures
Body

1. Simple with a single fracture line and one or no
border exit

2. Simple with one fracture line and two border exit
points

3. Multifragmentary with three or more border exit
points
Processes
1. Acromion
2. Coracoid
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block’ is separated from all stabilising structures
in both cases. This condition may clinically pres-
ent itself as an instable ‘floating shoulder’. The
suprascapular nerve is particularly in danger
when the patient presents with a C2 or C3 frac-
ture, due to the anatomical relation to the incisura
scapulae (scapular notch) at the upper margin of
the surgical neck. Intra-articular fractures are
classified as type D, further subdivided into frac-
tures of the glenoid rim (D1), glenoid fossa (D2)
and neck or body fractures with articular
involvement (D3). Intra-articular fractures with
an associated fracture of the humeral head repre-
sent a separate group (type E) (Euler et al. 1992;
Wiedemann 2004).

Fig.22 Euler and Riiedi classification of scapula fractures. Dorsal (a), glenoidal (b) and ventral (¢) view
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Table 2 Euler and Riiedi classification of scapula
fractures

A. Fractures of the scapular body
Al Isolated
A2 Multifragmentary

B. Fractures of the scapular processes

B1 Spina scapulae
B2 Coracoid
B3 Acromion

C. Fractures of the scapular neck

C1 Anatomical neck

C2 Surgical neck

C3 Surgical neck with

(a) Fractured clavicle and acromion
(b) Torn CC and CA ligaments
D. Articular scapula fractures
D1 Glenoid rim
D2 Glenoid fossa with
(a) Inferior glenoid fragment

(b) Horizontal split of scapula

(c) Coracoglenoid block formation

(d) Comminuted fractures

D3 Combination of neck and body fracture

E. Fracture combination with humeral head fractures

Body (49-89 %) and neck fractures (10—60 %)
are more common than glenoid, coracoid or acro-
mion process fractures. A coexisting hematoma
may be very small in patients with scapula frac-
tures since the closed fascial compartments can
prevent extension (Wiedemann 2004). Thus, the
clinical inspection has to be executed carefully
not to overlook a scapula fracture. Furthermore,
the absence of pain is no exclusion criterion for
the existence of a scapula fracture, as a substan-
tial part of patients presents without any pain
(28 %) or with only mild pain if the shoulder is
heavily stressed (18 %) (Schofer et al. 2009).

The detection of scapula fractures on plain
radiographic films can be difficult, and more
severe coexisting injuries often disguise clinical
symptoms. Thus, these fractures are regularly
(more than 30 %) overlooked in the initial trauma
workup. CT can reveal intra-articular extension
of fractures more precisely. Bartonicek et al.
reported that 3D CT reconstructions (Fig. 23)
enable the most accurate diagnosis of fractures of
the scapula neck (Bartonicek et al. 2014). The

Fig. 23 Scapular fracture. Combined A2 fracture (arrow) and B1 fracture (Euler and Riiedi classification) or type 3
body fracture (new international classification, arrow) in radiography (a) and 3D CT rendering (b)
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transspinous neck fractures described by
Bartonicek are body fractures in keeping with the
new international classification of scapula frac-
tures. Displaced glenoid intra-articular fractures
and displaced juxtaarticular fractures often
require surgical treatment. Nevertheless, up to
88 % of scapula fractures may be treated conser-
vatively with good results in patient outcome. To
prevent a loss of shoulder immobility, range-of-
motion exercises should be started as soon as
possible (Salimi et al. 2008; Mancini et al. 2014;
Kaewlai et al. 2008, pp. 1568-1569; Schofer
et al. 2009; Wiedemann 2004). According to
McGahan et al., up to 50 % of patients with scap-
ula fractures with an indication for operative
treatment may have such grave associated inju-
ries that no open reduction can be carried out
(McGahan et al. 1980).

Scapula fractures are associated with arterial
injuries in 3—11% of the cases (McGahan et al.
1980; Thompson et al. 1985). As previously men-
tioned in the section “Rib Fractures”, arterial inju-
ries due to blunt trauma can be treated with
endovascular approach and by open repair. The
endovascular approach is highly successful (for the
subclavian artery 94—100 %) and procedure-related
complications occur relatively rare (for the subcla-
vian artery 0-22 %) (Shalhub et al. 2011). Mixed
procedures may sometimes also be attractive like in
the case of fast bleeding control by using a tempo-
rary proximal balloon occlusion and subsequent
operative refixation of a ruptured artery.

8.4 Summary
Scapula fractures regularly appear after high-
energy transfer and are often initially overlooked
due to other grave associated injuries.
Scapulothoracic dissociation is a major trau-
matic injury with the avulsion of the brachial
plexus and brachial, axillary or subclavian blood
vessels and is life threatening for this reason.
Two examples for common classifica-
tion systems for scapula fractures are the new
international classification and the Euler and
Riiedi classification: The New International
Classification of Scapula Fractures divides the
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scapula into fossa, body and processes with
further subdivision regarding precise location
and severity. In the Euler and Riiedi classifica-
tion, the scapula is divided into body, processes,
neck and articular region. Compared to the new
international classification, it is more complex
but provides more detailed information and also
includes combined fractures.

9 Injuries of the Vertebral
Column and Spinal Cord

9.1 Epidemiology of the Vertebral

Column and Spinal Cord

Fractures of the thoracolumbar spine occur in up to
18 % of blunt trauma patients (Mirvis et al. 2014,
p. 154). Fractures of the cervicothoracic spine may
also be associated with sternal fractures as a result
of an over-flexion of the trunk (e.g. against a seat-
belt) (Fig. 24) (Schnyder and Wintermark 2000,
pp- 17-20; Mirvis et al. 2014, p. 183). Turkalj et al.
detected vertebral fractures in 27.9% out of 61
patients with blunt chest trauma (Turkalj et al.
2014). Approximately 16-30% of all spine frac-
tures are thoracic spine fractures, and about 50 % of
patients presented with associated focal neurologic
deficits (Lomoschitz et al. 2003).

Worldwide, between 250,000 and 500,000
people suffer a spinal cord injury annually (World
Health Organization 2015b). Stephan et al. found
spinal cord injury with neurologic deficit to be
present in every 13th patient with polytrauma, of
which over 50% suffered from complete cord
lesion (Stephan et al. 2015). Such an injury
comes along with a two- to fivefold increased
risk of dying prematurely, compared with people
without spinal cord injuries. Spinal cord injury
may be traumatic (90 %) and supported by a pre-
existing disease (e.g. cancer) or degeneration.
Possible symptoms are the loss of motor or sen-
sory function and more severe failure in the regu-
lation systems of bowel, bladder, blood pressure,
heart rate or breathing. In adolescence (15—
19 years), females are more at risk, whereas
males account for most cases of spinal cord
injury in young adulthood (20-29 years). In total,
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Fig. 24 Vertebral burst fracture of Th3 and Th4 (white arrows). Sagittal CT reformation and 3D CT rendering of a
polytraumatised patient and an associated sternal fracture (red arrows). CT autopsy

the male to female ratio is at least 2:1. Among the
possible complications are multi-organ failure,
deep vein thrombosis, urinary tract infections,
sepsis, muscle spasms, osteoporosis, pressure
ulcers, chronic pain, respiratory complications
and extended length of hospital stay (Stephan
et al. 2015; World Health Organization 2015b).
Appropriate rehabilitation therapy is aimed to
prevent or alleviate these complications.
Approximately 20-30% of spinal cord injury
patients show clinically significant signs of
depression, which in turn may reduce the therapy
effect. Adequate psychiatric therapy may assist
in prevention of the evolution of a vicious circle
(World Health Organization 2015b).

Biomechanics of the Vertebral
Column and Spinal Cord
Injuries

9.2

Vertebral column and spinal cord injuries may be
caused by road traffic accidents, falls, crash, acts
of violence or related to work or sports (World

Health Organization 2015b). Falls (OR, 2.81),
crash (OR, 2.80), motor vehicle collision with roll-
over and/or ejection (OR, 1.11) and unenclosed
vehicle crash (OR, 1.08) are the four injury mech-
anisms that can be seen as high-risk mechanisms
for significant spinal injury as they are accountable
for 67.4% of these injuries (Inaba et al. 2015).
After vertebral augmentation (e.g. vertebroplasty),
a new vertebral fracture is most likely to occur in
nearby vertebrae. A connection to osteoporosis is
presumable, as vertebral fractures are very com-
mon among older men and postmenopausal
women (Melton and Kallmes 2006).

Spinal epidural hematoma, associated with
coagulopathy, vascular malformations, neoplasms
and pregnancy, may occur after spinal trauma and
lead to neurologic deficit (Cha et al. 2011).

9.3 Main Part

Clinical findings and radiologic imaging indi-
rectly predict the stability of thoracic and lumbar
spine injuries. Widely accepted for this purpose is
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Fig.25 Denis classification of vertebral fractures. A anterior column, M middle column, P posterior column

the utilisation of the three-column theory, which
orthopaedic surgeon Francis Denis publicised in
1982, based on Holdsworth’s two-column theory
(Denis 1983). The anterior vertebral body, ante-
rior annulus fibrosus and the anterior longitudinal
ligament form the anterior column; the middle
column includes the posterior wall of the verte-
bral body, the posterior annulus fibrosus and the
posterior longitudinal ligament. The posterior col-
umn includes the posterior bony arch and the pos-
terior ligamentous complex (including the
interspinous ligaments, the supraspinous liga-
ments, the capsule and the ligamentum flavum)
(Fig. 25). Spinal injuries can be considered as
unstable if two or three of these columns are dam-
aged (Fig. 26) with a focus on the middle column
(Denis 1983). Denis categorised spinal injuries
into four major modes, namely, compression frac-
tures, burst fractures, seat belt-type fractures and
fracture dislocation (see Table 3) (Denis 1983).
The classification of spinal fractures into stable or
unstable can be conducted with the utilisation of
multiplanar reformations in computed tomogra-
phy. Nevertheless, complex fractures or uncertain
findings should be evaluated in coronal images
(Begemann et al. 2004).

The missed or delayed diagnosis of a spinal
injury can result in a disastrous situation and
even under strictly precautious management iat-
rogenic worsening may happen (Mirvis et al.
2014, p. 154; Inaba et al. 2015). Pain (sensitivity
63.3 %, specificity 82.0%), tenderness to palpa-
tion (sensitivity 67.4 %, specificity 77.6 %), defor-
mity (sensitivity 5.3 %, specificity 99.6 %) and
neurologic deficit (sensitivity 6.8 %, specificity

99.1%) are predictors for clinically significant
spinal fractures. Nevertheless, these should not
be the only criteria to rule out a possible injury,
as approximately 21.6% of patients with clini-
cally significant spinal injury show no suspicious
finding in the physical examination (Inaba et al.
2015). In order to develop a clinical decision rule
for advanced imaging of the thoracolumbar spine
after blunt trauma like the NEXUS and Canadian
C-Spine Rules for the cervical spine, Inaba et al.
added a high-energy mechanism (see section
“Biomechanics of the Vertebral Column and
Spinal Cord Injuries”) and a patient age >60 years
to a positive finding in the clinical exam. The
combination of these three criteria is 98.9 % sen-
sitive and 29 % specific for clinically significant
thoracolumbar spine fractures in blunt trauma
patients, and the authors consider the presence of
any one of these criteria on its own an indication
for advanced imaging (Inaba et al. 2015).

According to the American College of
Radiology, a precise evaluation of spinal cord
injuries should be performed with the utilisation
of MRI if possible, since it is the most accurate
tool to display compression of the cord by disc
herniation, bone fragments or hematoma (ACR
A.C.o0.R. 1999).

Little data is available on definite indications
for operative treatment of thoracolumbar burst
fractures. In their review on existing literature,
Pneumaticos et al. consider patients with proven
or questioned instability as well as incomplete
neurologic deficit and even complete paraplegia
to be those who will profit from surgical treat-
ment. Based on the fracture type and the patient’s
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Fig.26 Vertebral L4 fracture. A 32-year-old woman, CT reformations. The fracture is presumably unstable because of
the involvement of the anterior and middle column (three-column theory, Denis)

Table 3 Major types of spinal injuries according to Denis

Column
Type of fracture Anterior Middle Posterior
Compression Compression None None or distraction (severe)
Burst Compression Compression None
Seat belt type None or compression Distraction Distraction
Fracture dislocation Comp./rotation/shear Dist./rot./shear Dist./rot./shear
neurological status, anterior, posterior, combined 9.4 Summary

or minimal invasive approaches can be performed
(Pneumaticos et al. 2013).

Most patients experience chronic pain after an
injury of the spinal cord. In case of a traumatic
spinal cord injury, the management of bladder
and bowel function is important (World Health
Organization 2015b).

An important point for treatment and outcome of
fractures of the thoracolumbar spine is stability,
which is predictable with the utilisation of the
three-column theory according to Denis. An
injury is considered unstable if two or three col-
umns are involved.
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Spinal fractures can be distinguished between
compression, burst, seat belt-type and dislocated
fractures.

High-energy mechanism, a patient age
>60 years and a positive finding in the clinical
exam (pain, tenderness to palpation, deformity or
neurologic deficit) are criteria for a clinical
relevant spine fracture, which should be ruled out
with the help of CT or MRL
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Abstract

Tracheobronchial injuries are an unusual clini-
cal entity accounting for 0.2—8 % of all cases of
blunt chest trauma. Actually, most patients die
before arriving at the emergency department,
from either associated injuries to vital struc-
tures, hemorrhage, tension pneumothorax, or
respiratory insufficiency from an airway injury.
Signs and symptoms may be very subtle or
nonspecific and therefore clinical diagnosis is
easily overlooked. In this chapter, the authors
will review the radiological and CT signs of
acute tracheobronchial injuries. Furthermore,
mechanism of injury, terminology, and clinical
issues will be discussed. Finally, management
notes and treatment will be illustrated.

1 Introduction

Acute tracheobronchial injury is a rare injury
usually related to blunt trauma that involves a
partial or complete laceration or puncture of the
tracheal or bronchial wall. Death occurs in
approximately 30% of patients with tracheo-
bronchial tears, with 50 % of fatalities occurring
within the first hour (Scaglione et al. 2006).

Delayed or missed diagnosis can result in
death or severe complications including airway
stenosis, atelectasis, pneumonia, bronchiectasis,
mediastinitis, sepsis, and decreased pulmonary
capacity (Baugartner et al. 1990).
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Fig. 1 Penetrating tracheal injury secondary to intubation.
Supine chest radiograph shows overdistention of the endo-
tracheal cuff (dashed line). Furthermore, left pneumomedi-
astinum (arrows), right heart contour outline (arrowheads),
and bilateral pulmonary contusions are also evident
(Reproduced with permission from Elsevier)

Tracheal trauma can result from external or
internal injuries. External or penetrating injuries
can have devastating effects (Fig. 1), including
perforation or transection of the tracheobronchial
tree and the esophagus. Penetrating injuries to the
thoracic trachea are often associated with heart
and great vessel trauma. More than 50 % of gun-
shot wounds and 10 % of stab wounds involving
the tracheobronchial tree distal to the cervical
trachea are rapidly fatal (Scaglione et al. 2006).

Internal or non-penetrating injuries may occur
secondary to inhalation of noxious fumes or gases,
tracheal compression on the rigid vertebral column,
or due to aspiration of liquids or foreign bodies.
When the tracheobronchial tree is occluded by for-
eign bodies or there is a sudden chest compression
with closed glottis, as in crush or steering wheel inju-
ries, an explosive rupture may occur (Stark 1995).

During recent years, an increase in traffic acci-
dent has caused an increase in blunt tracheobron-
chial injuries, and the most common non-penetrating
injury mechanism is the motor vehicle accident.
The exact mechanism of intrathoracic, tracheobron-
chial disruption from non-penetrating trauma is
unknown, but these injuries include longitudinal
lacerations of the distal trachea or near the carina
(usually within 2.5 cm), with complete or partial
disruption of the main bronchus (more common,
right bronchus) and other lobar bronchi.

Fig.2 Cervical tracheal injury secondary to blunt trauma.
Parasagittal reformatted 16-row MDCT image depicts dis-
placement of the endotracheal cervical tube (arrowheads)
through a wall defect consistent with a cervical tracheal
injury. This finding was confirmed by bronchoscopy
(Reproduced with permission from Elsevier)

2 Mechanism of Injury

The causes of airway injuries are divided into
blunt trauma, penetrating trauma, or iatrogenic
rupture and into neck (larynx and cervical trachea)
or thoracic lesions (chest trachea and bronchi).

Blunt trauma at the neck can cause a hyperex-
tension mechanism that results in tracheal tears
and paramedian vertical fractures of the larynx
and trachea or lead to complete laryngeal—tra-
cheal separation (Dougenis 2002; Milner 2008);
another mechanism is direct blow to the neck
injuring the thyroid or cricoid cartilages but also
the tracheal rings due to compression against the
vertebral column. In a vehicle accident, both
mechanisms happen: neck hyperextension from
sudden deceleration and direct impact of the neck
to the steering wheel or the dashboard: this is the
“padded dashboard syndrome” (Nelson 2007)
(Fig. 2). Other mechanisms are consequent to
improper use of seat belts as a direct blow to the
neck in front-on collision or by the sudden
increase of intratracheal pressure while the glot-
tis is reflexively closed (Rathlev et al. 2007).
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The usual mechanisms of tracheobronchial
disruption are (1) excessive pressure in the bron-
chial tree when the glottis is closed, causing air-
way blowout at the point of the greatest diameter,
i.e, the carina (Laplace’s law); in this case, the
rupture occurs when the intraluminal pressure
exceeds the elasticity of the membranous trachea
and bronchi; (2) decrease in the anterior—poste-
rior chest diameter with increase in the lateral
diameter; when the lungs are pulled out laterally,
the main bronchi and carina become disrupted;
and (3) severe and sudden deceleration giving
rise to sheer forces that disrupt the airway at the
points of relative fixation such as the cricoid car-
tilage and the carina, similar to the mechanism of
traumatic injuries of the thoracic aorta (Huth
et al. 1997). In most of cases, probably a combi-
nation of these three mechanisms causes the air-
way lesion (Kiser et al. 2001).

Tracheobronchial injuries are rare in the
pediatric population, because the pediatric
patient’s chest wall is more elastic than the
adult’s chest wall (Balci et al. 2004). This elas-
ticity decreases when the age increases due to
the progressive ossification of the rib cage and
the development of increased intercostal muscle
tone (Grant et al. 1998). Spontaneous tracheal
rupture in a pediatric patient can be secondary
to paroxysmal coughing or pernicious vomit-
ing. Non-penetrating tracheobronchial injuries
less commonly are secondary to fractures of the
regional skeleton of the upper thorax, particu-
larly of the first three ribs.

According to data published by Burack et al.,
even though only 1 of 188 patients who did not die
rapidly on the scene or after the admission to the
emergency department had sustained a tracheal
injury, it is important for the radiologist to identify
this kind of lesion, since missed diagnosis may
have fatal consequences (Burack et al. 2007).

Acute injuries of the tracheobronchial tree
may be iatrogenic in origin: tracheal intubation,
tracheotomy, bronchoscopy or other per-oral
intervention (tracheal or esophageal stent place-
ment), and surgery (Paraschiv 2014). The most
common cause of iatrogenic tracheobronchial
rupture is tracheal intubation, especially when it
is performed in stressful, emergency conditions.
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The site of injury is, preferentially, the posterior
membranous wall (Massard et al. 1996; Marty-
Ane et al. 1995).

Post-intubation tracheobronchial rupture is an
emergency condition, secondary to tube tips
placed excessively, cuff over inflation that pro-
duces excessive stretching of the membranous
wall or by endotracheal tube-repositioning maneu-
vers without deflating the cuff (Figs. 1 and 3).

Bulging of tracheal wall until tracheal rupture
can be a complication of hyperinflated cuff that
can lead to ischemic necrosis and subsequent tra-
cheomalacia or strictures, particularly if its diam-
eter exceeds 1.5 times the tracheal diameter
(Chen et al. 2001b).

Factors favoring post-intubation tracheal rupture
are the lack of experience of the anesthetist; use of
double-lumen endotracheal tubes, or a too-thick
endotracheal tube; presence of chronic pulmonary
disease; and congenital tracheal anomalies.

The conditions most commonly associated
with injuries of the trachea in intubation proce-
dure are female gender, age over 50 years old,
double-lumen tube, and excessive pressure in the
endotracheal cuff (Paraschiv 2014).

A rare complication of blunt chest trauma is
the tracheoesophageal fistula that may occur to
focal necrosis of the esophageal wall and lead to
perforation into the trachea (Stark 1995).

3 Terminology and Clinical
Issues

The natural history of blunt tracheobronchial inju-
ries may vary from one patient to another. Many
patients immediately die at the trauma scene for
acute respiratory insufficiency or within 2 h for
associated injuries. A small proportion of patients
may present in a delayed fashion, usually within
4 weeks of injury, with hemoptysis, pneumonitis,
or both, complicating an obstructed airway
(Scaglione et al. 2006). Only rarely do patients
present with a healed airway injury years later,
typically with dyspnea or the diagnosis of asthma.

Tracheal or main stem bronchi injuries are
often not recognized initially, due to its rare
incidence, lack or subtle clinical manifestations,
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Fig. 3 Penetrating tracheal injury after intubation. (a) At
the level of the thoracic inlet, chest CT scan shows overdis-
tention of the endotracheal cuff (arrowheads). (b)
Corresponding chest radiograph clearly depicts the same

and the much more overt clinical signs of other
more common associated injuries (Wiot 1983).

After an acute airway injury, the common
symptoms are dyspnea and respiratory distress,
hoarseness, or dysphonia. The most common
signs of airway injuries are subcutaneous emphy-
sema, pneumomediastinum, pneumothorax,
and hemoptysis. These symptoms and signs are
nonspecific for this kind of injury. Cervical—
thoracic subcutaneous emphysema is the most
common finding (65-87 %) (Paraschiv 2014).
Pneumothorax, due to the splitting of the medias-
tinal pleura, occurs in 17-70 %, and the most spe-
cific characteristic is the inability to re-expand
the lung after chest tube positioning.

A rare clinical manifestation is Hamman’s
sign, a crackling sound, synchronous with

CT finding (arrowheads). (¢) Surgical specimen shows
endotracheal cuff herniation through the injured tracheal
wall (arrows) (Reproduced with permission from Elsevier)

heartbeats, may be heard over the precordium
produced by the heart beating against air-filled
tissues (Wong and Knight 2006).

4 Imaging

4.1 Radiological Signs

Radiological studies improve the diagnosis of
tracheobronchial injuries, especially when the
clinical findings are subtle and in the first hours
after the injury.

Standard or supine chest and cervical X-rays
may reveal early suggestive signs as deep cervi-
cal or mediastinal emphysema (92-100 %), pneu-
momediastinum (85 %), or pneumothorax (40 %).
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Fig. 4 Blunt bronchial injury (a) CT scan shows right-
sided subcutaneous emphysema, pneumothorax (white
asterisks), and pneumomediastinum. The right lung, which
is partially collapsed, is detached from the main bronchus
(arrow) and drops posteriorly (black asterisk) in the right
hemithorax—the “fallen lung” sign. (b) Supine chest
X-ray shows the “deep costophrenic sulcus” sign (arrows)
and the “continuous diaphragm sign” (arrowheads)
(Reproduced with permission from Elsevier)

These are the most common findings in radio-
graphs. When the pneumomediastinum or pneu-
mothorax is conspicuous, in supine position, the
signs of “continuous diaphragm” or “deep costo-
phrenic sulcus” can be appreciated (Fig. 4) due to
the redistribution of the air preferentially accu-
mulated over the diaphragmatic structure and
anterior to the lungs, respectively (Scaglione
et al. 2002).

Other signs suggestive for tracheobron-
chial injuries include tracheal deformity and
overdistended endotracheal balloon cuff (Figs. 1
and 3). On lateral radiographs of the cervical
spine, a high position of the hyoid bone asso-
ciated to deep cervical emphysema can be an
important indication of tracheal transection
(Polansky et al. 1984).

Defect in tracheal contour, deviation of the
endotracheal tube tip, and tube’s cuff overdisten-
tion or protrusion beyond the edge of the tracheal
wall (Chen et al. 2001b) are more specific signs
of tracheobronchial rupture.

In some cases, the overdistention of balloon
precedes the pneumomediastinum of several
hours and may be the first and “small” signs of
tracheobronchial injury. A cuff diameter greater
than 2.8 cm is an indirect sign of tracheal tear
(normal diameter of trachea is 2.7-2.8 cm),
excluding other causes: balloon is located in the
esophagus, patient is chronically intubated, or
preintubation of tracheal enlargement (Rollins
and Tocino 1987).

A tracheobronchial lesion may be also seen as
a “bayonet sign” when a sharp angulation of the
normal tracheal column or of the bronchial lumen
occurs (Scaglione et al. 2002).

The “fallen lung” sign may be appreciated
when the air leak through the injured tracheo-
bronchial wall leads to lung collapse below the
hilus, indicating complete rupture or transection
of the main bronchi. This sign was first described
by Oh et al. in 1969 and Kumpke in 1970.

A bronchocele/pneumatocele may also be
detected after blunt trauma as a consequence of
compression—decompression trauma of the
chest causing rupture of the small airways and is
seen as round radiolucent areas on a chest X-ray
(Scaglione et al. 2002; Barbick et al. 2005)
(Table 1).

4.2 CT Signs

Chest X-ray may miss some signs of tracheo-
bronchial injuries as about 40 % of pneumotho-
rax or a small amount of extrapulmonary soft
tissue air, whereas the CT scan represents the
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Table 1 X-ray findings

Specific

Defects in tracheobronchial contours

Deviation of the endotracheal tube tip

Tube’s cuff protruding beyond the edge of the tracheal
wall

“Bayonet” sign

“Fallen lung” sign

Bronchocele/pneumatocele

Suggestive

Tracheal deformity

Overdistended endotracheal balloon cuff (>2.8 cm)

Subcutaneous cervical or mediastinal emphysema

High position of the hyoid bone associated to deep
cervical emphysema

Pneumothorax with “deep costophrenic sulcus” and
“continuous diaphragm” signs

Pneumomediastinum

Ingravescent pulmonary atelectasis

gold standard with a sensibility of more than
85 % for diagnosis of injuries and rupture of
the tracheobronchial wall. CT allows the direct
visualization of the site of tracheobronchial
injury, showing focal defects (Fig. 5) or the
absence of the wall with “bayonet” or “fallen
lung” signs contour deformity or abnormal
communication with other mediastinal struc-
tures (Lupetin 1997; Baumgartner et al. 1997),
overdistention or herniation of the endotra-
cheal cuff (Figs. 6 and 7) with the appearance
of “mickey-mouse head” when it occurs
through the anterolateral walls of the trachea,
displacement of the endotracheal tube, and
bronchocele (Figs. 8, 9, 10, and 11) (Chen
et al. 2001b, Scaglione et al. 2002).

These findings are not specific for tracheo-
bronchial injuries but are helpful to identify the
site of the tracheobronchial tear that needs to be
confirmed at bronchoscopy or surgery.

Associated findings, highly suggestive for tra-
cheobronchial injury, are pneumothorax or pneu-
momediastinum, soft tissue emphysema, and “air
leak,” particularly if detected at the level of the
carina is consistent with main bronchus injury
(Scaglione et al. 2006; Savas and Alper 2008)
(Table 2).

Fig.5 Cervical tracheal injury secondary to blunt trauma.
(a) 16-Section MDCT axial source image of the neck (wide
window) shows lateral cervical tracheal wall discontinuity
(dashed line). (b) More caudally, “air leak” is clearly evi-
dent (arrows) (Reproduced with permission from Elsevier)

Fig. 6 Blunt tracheal injury after motor vehicle crash. CT
demonstrates posterior herniation of the endotracheal cuff
(black arrow). Furthermore, CT shows diffuse subcutane-
ous emphysema, right pulmonary contusion (white arrow),
small pleural effusion (black asterisks), pneumomediasti-
num (arrowheads), and left pneumothorax (white asterisk)
(Reproduced with permission from Elsevier)
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g_ﬂ‘ll
Fig. 8 Blunt bronchial injury after motor vehicle accident.
(a) At the level of the thoracic carina, in the posterior medi-
astinum, axial CT scan shows “air leak™ (thick arrow) in
direct connection to the right main bronchus consistent of
bronchial injury. This finding was confirmed by bronchos-
copy. Associated findings as subcutaneous emphysema, right
rib fracture (small arrow), pleural effusion (black asterisks),
small pulmonary contusion (white arrowhead), bilateral
pneumothorax (white asterisks), and pneumomediastinum
(black arrowheads) are also visible. (b) A contiguous, more
caudal CT scan also depicts direct “air leak” (arrow) and the
associated findings (except for the rib fracture) (Reproduced
with permission from Elsevier)

<
<

Fig. 7 Tracheal injury after blunt trauma (motor vehicle
crash). (a) 16-Section MDCT axial source image of the
neck (lung window) shows overdistention of the endotra-
cheal tube cuff herniated through a tracheal wall defect
(arrow). Note also massive subcutaneous emphysema and
left pneumothorax. (b) Coronal reformatted 16-row
MDCT scan shows herniation of the endotracheal cuff
(arrow) and provides a comprehensive evaluation of the
spread of the subcutaneous emphysema and the left pneu-
mothorax (Reproduced with permission from Elsevier)
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Fig. 9 Blunt bronchial injury after motor vehicle crush. (a)
Supine chest radiograph shows enlargement of the right main
bronchus (arrows). (b) Axial CT scan confirms the enlarge-
ment of the right main bronchus (arrow). (¢) Frontal MIP CT

5 Delayed Presentation
Injuries

From 5 to 80 % of the tracheobronchial injuries
can be missed during the first 72 h after the
trauma. With time, the bronchus will be filled
with fibro-granulation tissue and organizing
hematoma resulting either an airway stenosis or a
complete obstruction. Tracheal or bronchial ste-
nosis increases the susceptibility to recurrent
lung infections leading to bronchiectasis and
parenchymal destruction. In the complete airway

reformation image shows longitudinal extension of injury
and also depicts a bronchial pseudodiverticulum (arrow). (d)
SSD reformation image gives optimal representation of the
injury surface (Reproduced with permission from Elsevier)

obstruction, the lung is filled with mucus but pro-
tected by infections. Once a delayed tracheobron-
chial injury is diagnosed, they should be referred
to surgery, with different modalities (Chen et al.
2001a; Demir et al 2006).

6 Management and Treatment
After a possible tracheobronchial injury, immedi-

ate intubation should be avoided, as attempt to
blindly overpass an upper airway injury may
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Fig. 10 Bronchial injury after blunt trauma after motor
vehicle accident. Coronal reformatted 16-row MDCT
scan shows left main bronchus discontinuity (arrows)
(Reproduced with permission from Elsevier)

worsen the laceration and/or create false passage
of the tube (Baumgartner et al. 1997). Therefore,
spontaneous breathing of the patient should be
preferred until safe airway has been achieved. As
bronchoscopy represents the procedure of choice
to find the site of the rupture and to make sure
that the tube’s cuff is inflated beyond the site of
the injury, endobronchial intubation over a flexi-
ble bronchoscope is the preferred method for
diagnosis and management of a tracheobronchial
injury (Riley et al. 2004; Karmy-Jones and Wood
2007, Cassada et al. 2000). The rationale for sur-
gery is closing of the airway defect to improve
ventilation, preventing mediastinal spillage and
infection, and avoiding spontaneous healing
complications. Small tears and lacerations should
be closed with direct sutures, while complete or
partial transections require debridement of the
infected and devitalized tissues, trimming of the
edges of the injured airway, and end-to-end
anastomosis.

Many studies have described the possibility
for nonoperative management in patients with
post-intubation tracheal lacerations (Conti et al.
2006; Schneider et al. 2007; Jougon et al. 2000;
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Fig. 11 Penetrating trauma after bronchoscopy. (a) CT
scan shows right middle bronchus defect (arrow) in direct
communication with an air-leveled area indicating hydro-
pneumothorax (arrowhead). In addition, bilateral pulmo-
nary atelectasis (asterisks) is also visible. (b) Frontal MPR
reformation shows the right middle bronchial discontinuity
and the longitudinal extension of the hydropneumothorax
(white asterisk). Pulmonary atelectasis (blackasterisk)
(Reproduced with permission from Elsevier)

Lamp 2004). The indications for such manage-
ment are small lacerations (<2 cm), a tube’s cuff
inflated distally to the site of the injury, adequate
ventilation, reduction or solving of pneumo-
thorax once a chest tube is placed, not increas-
ing subcutaneous emphysema, and absence of
infection.
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Table 2 CT findings

Specific

Deformity or discontinuity of the tracheobronchial
wall

“Bayonet” sign

“Fallen lung” sign

Abnormal communication of tracheal lumen with
other mediastinal structures

Herniation of the endotracheal cuff

Displacement of the endotracheal tube

Bronchocele/pneumatocele

Associated

Air leakage around the presumed site of injury

Soft tissue emphysema

Pneumothorax/Pneumomediastinum

Airway stenosis or complete obstruction (late findings)

Even if the prognosis of conservative manage-
ment is favorable, the patients should be under
strict follow-up, and surgery is necessary if air-
way loss, inadequate ventilation, or signs of
infection and sepsis arise.
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Abstract
Esophageal injuries are uncommon but should
be considered in accident victims with pene-
trating wounds; lower cervical or upper tho-
racic trauma, following instrumentation;
foreign body ingestion; or heavy emesis.
Esophageal injuries may coexist with
important associated airway or vascular inju-
ries that should be actively excluded.
Traditionally, = water-soluble  contrast
medium esophagography has been considered
a crucial procedure for diagnosing esophageal
rupture. Recently, multidetector-row com-
puted tomography (MDCT) is often used as
the first imaging modality to identify esopha-
geal trauma and to map contained esophageal
injuries that will be treated conservatively.

1 Introduction

Esophageal injuries include penetrating injuries,
blunt traumatic perforation, iatrogenic perfora-
tion, foreign body impaction or perforation, as
well as spontaneous perforation.

Patients usually present with vomiting, chest
pain, and subcutaneous emphysema, but these
signs occur late in the disease, and when present,
they are not easily recognized due to the low
prevalence of the condition (Backer et al. 1990).
Prompt evaluation is vital as mortality rates
exceed 90 % in cases of unrecognized perforation
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(Goudy et al. 2002). Iatrogenic causes of perfora-
tion are most common accounting for 33-75.5 %
of cases (Duncan and Wong 2003).

Early and accurate diagnosis of esophageal
trauma 1is critical, because the consequences of
missed esophageal injury are devastating with
potential progression to fulminant mediastinitis
and septic shock. Delay in treatment beyond 24 h
after onset may adversely affect prognosis (De
Lutio di Castelguidone et al. 2006).

Evaluation of injuries of the esophagus may
include chest and/or lateral neck radiograph,
water-soluble contrast esophograms, flexible
pharyngoscopy/laryngoscopy (Goudy et al.
2002), and MDCT. Particularly, emergent flexi-
ble endoscopy has been used for the assessment
of traumatic injury of the esophagus in patients
with penetrating injury to the thorax or neck
(Srinivasan et al. 2000).

Computed tomography (CT) is considered the
most accurate method for detecting paraesophageal
manifestations of traumatic injury of the esophagus
including mediastinal collections, abscesses, and
effusions (Rubesin and Levine 2003).

2 Mechanism of Injury

Esophageal tears resulting from blunt chest
trauma are extremely rare since the esophagus is
well protected in the mediastinum, occurring in
less than 1% of blunt trauma cases (Lee et al.
1996). Blunt esophageal injuries may result from
a blow to the neck or a burst-type force (Strauss
et al. 2007). Injuries to the thoracic esophagus are
associated with a far higher mortality than injuries
of the cervical esophagus (Makhani et al. 2014).
Esophageal lesions resulting from blunt trauma
include mucosal dissection, intramural hema-
toma, full-thickness laceration with perforation,
and complete rupture or transaction (Ghahremani
1994). If perforation occurs, mortality can exceed
50% due to mediastinal and pleural infection
leading to sepsis and multiorgan failure (Griffiths
et al. 2009). This is especially due to the charac-
teristics of the esophageal wall. The thin wall,
lack of supporting adventitia, and relatively poor
blood supply make the esophagus exceedingly
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susceptible to perforation (Young et al. 2008).
Furthermore, the loose areolar connective tissue
and lack of serosa make it unable to prevent the
spread of infection and inflammation (Onat et al.
2010). This unique anatomical configuration also
allows bacteria and digestive enzymes easy access
to the mediastinum, leading to mediastinitis,
empyema, sepsis, and multiorgan failure. Cultures
from the mediastinum in the case of transmural
perforations are polymicrobial containing strepto-
coccus, staphylococcus, bacteroides, and pseudo-
monal species (Burnett et al. 1990).

Esophageal injury should be suspected in
cases of penetrating transmediastinal injury in
which the wound trajectory or a projectile frag-
ment is found to be close to the esophagus.
Firearms are responsible for the majority (~80 %)
of esophageal injuries, with knife wounds
accounting for most of the remaining injuries.
The cervical esophagus is most commonly
involved (56 % of cases), followed by the tho-
racic (30%) and abdominal (17 %) esophagus.
Combined injuries to multiple segments of the
esophagus are rare in transmediastinal injury
(3% of cases) (Gunn et al. 2014).

Intramural hematoma of the esophagus can
develop spontaneously or can result from hypo-
coagulable states or as a complication of direct
injury during endoscopic procedures or as conse-
quence of direct trauma or ingested matter (De
Lutio di Castelguidone et al. 2005). Dissecting
intramural hematomas are considered part of the
range of emetogenic esophageal injury between
the superficial Mallory—Weiss tears and the com-
plete esophageal perforation in the Boerhaave
syndrome (Grassi et al. 1995).

A blow to the neck typically results in cervical
esophageal injuries, whereas a burst-type force
may cause distal esophageal injuries. The latter
mechanism is similar to that which causes a pos-
temetic esophageal rupture. Distal esophageal
tears usually occur along the left side of the
esophageal wall, where less protection is afforded
by the pleural lining and the heart (Kaewlai et al.
2008). Intraluminal pressure increase is a fre-
quent cause of esophageal perforation. This
increase may occur for iatrogenic causes, such as
during stricture dilation as in achalasia or,
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spontaneously, as in Boerhaave syndrome. In
these cases, the distal left posterior wall is the
most common site of rupture, which results in a
pneumomediastinum and left pleural effusion
(Gagliardi et al. 2015).

3 Imaging

3.1 Radiological Signs

Radiographic detection of esophageal injuries relies
on the presence of indirect radiological signs includ-
ing subcutaneous or muscular, thoracic or cervical
emphysema, a widened mediastinum, pneumome-
diastinum, pneumopericardium, left-sided pneumo-
thorax, pleural effusion, an abnormal course of a
nasogastric tube when it is inserted, and a left lower
lobe atelectasis (Ghahremani 1994). Water-soluble
contrast medium esophagography is very useful for
detecting the presence of leakage of orally adminis-
tered contrast material (Fig. 1).

Fig. 1 Thoracic esophageal injury. Water-soluble con-
trast medium esophagography: leakage of orally adminis-
tered contrast material (arrow)

In patients with penetrating transmediastinal
injury, the most common chest radiographic find-
ings of esophageal perforation are left pleural
effusion and cervical or mediastinal soft tissue
emphysema. Because the radiographic signs of
esophageal injury lack sensitivity and specificity,
evaluation with CT, esophagography, or esopha-
goscopy is necessary (Gunn et al. 2014).

In patients with perforation caused by endos-
copy or intubation, chest and lateral neck radio-
graphs may show the presence of linear air
collections in the mediastinum, fascial planes of the
neck and supraclavicular regions, as well as soft tis-
sue swelling in the retropharyngeal region due to
hematoma, edema, or abscess (Ghahremani 1994).

The esophagus is a common site for impaction
of foreign bodies that are accidentally or purpose-
fully swallowed. Patients who have esophageal
foreign bodies can be classified into four groups:
pediatric patients, psychiatric patients and prison-
ers, patients who have underlying esophageal dis-
ease, and edentulous adults (Pinto et al. 2012).

Foreign bodies can sometimes be demon-
strated with plain radiographs of the neck or con-
ventional barium esophagogram, but these
procedures may fail to show the foreign bodies if
they are thin, small, or only faintly radiopaques.
Fish bones and chicken bones are the most com-
monly ingested sharp foreign bodies causing
problems in their detection with plain radio-
graphs being obscured by overlying tissues (Pinto
et al. 2004).

According to some authors (Flynn et al. 1989),
the gold standard for diagnosing an esophageal
rupture is iodine, water-soluble contrast medium
esophagography, which has a specificity close to
100% but only a moderate sensitivity of approxi-
mately 75 %. In addition to diagnosis, this method
helps to determine the location of the perforation
but has some disadvantages, such as being operator-
dependent and unusable in critically ill patients.

3.2 CT Signs

In patients with clinically suspected esophageal
injuries, CT displays the same indirect signs as
conventional radiology and more specific signs,
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Fig. 2 MDCT demonstrates extensive cervical esopha-
geal wall injury (rectangle) with soft tissues emphysema
localized at the level the left submandibular space (arrow)
and of the right cervical lateral wall (arrows)

~

Fig. 3 MDCT examination showing esophageal wall
thickening associated with periesophageal edema and
fluid (black arrow)

such as a localized esophageal wall thickening,
mucosal hyperemia, mucosal dissection, an
esophageal hematoma, as well as periesophageal
air, edema, and fluid (De Lutio di Castelguidone
et al. 2005) (Figs. 2, 3, 4, and 5). In patients with
suspected perforation caused by foreign body
ingestion (Fig. 6), CT can demonstrate such for-
eign bodies and exhibit superior images com-
pared to plain radiographs, can visualize
secondarily induced inflammatory changes in the
adjacent structures, and can suggest the site of
esophageal perforation.

In cases of traumatic esophageal perfora-
tion, MDCT is very useful for detecting the
presence of pneumomediastinum, mediastini-
tis, hydropneumothorax, or leakage of orally
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Fig. 4 MDCT demonstrates the presence of periesopha-
geal fluid and small bubble gas

administered contrast material (Fig. 5) into the
mediastinum or pleural space. Moreover, in
cases of injury caused by firearms, at MDCT,
air bubbles, bullet fragments, or bone frag-
ments located adjacent to the esophagus in the
mediastinum suggest esophageal perforation.
Thickening or discontinuity of the esophageal
wall and extravasation of oral contrast material
into the mediastinum are direct MDCT signs of
esophageal perforation that have a higher speci-
ficity (Dosios et al. 2000).

Due to particular anatomic direction of the
esophagus, multiplanar reformatted images allow
a better identification of the extent of perforation
and their complications and also the possible
involvement of adjacent structures.

4 Management and Treatment

Review of the literature revealed that esophageal
perforations are frequently diagnosed late and
that the associated mortality is high (Brinster
et al. 2004). Early diagnosis reduces mortality.
However, suspicion is first necessary for early
diagnosis. When esophageal rupture is suspected,
diagnosis is often determined with contrast
esophagography, chest radiograph, MDCT, or
upper gastrointestinal system endoscopy.
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Fig. 5 Perforation of the thoracic esophagus. MDCT
shows the presence of pneumomediastinum (a, large
arrow), left pleural effusion, periesophageal air (a—d,

Fig. 6 MDCT shows a foreign body (chicken bone,
arrow) impacted at the level of cervical esophagus with-
out signs of esophageal perforation

Imaging algorithms and the decision for surgi-
cal exploration depend on the stability of the
patient, on the region of the cervicothoracic
injury, and on the presence of minor or significant

small arrow), and leakage of orally administered contrast
material (¢, d, black arrow)

signs of vascular, airway, or digestive trauma
(LeBlang and Nunez 1999).

The treatment for esophageal perforation has
been traditionally immediate surgery.

However, much attention has focused on con-
servative therapeutic options, especially with the
development of effective antibiotics, improved par-
enteral alimentation, nonoperative methods of irri-
gation and drainage, and a stronger emphasis on
early diagnosis. Overall early diagnosis and appro-
priate treatment with either conservative or aggres-
sive surgical therapy may account for the improved
outcomes in a potentially fatal condition.

Under this context, MDCT may play a signifi-
cant role in therapeutic decisions by mapping the
air and fluid leaks resulting from esophageal per-
foration and by demonstrating non-contained air
or fluid leaks and foreign bodies (Reeder et al.
1995, Asensio et al. 1997).
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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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Diaphragm
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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



82

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

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.

83

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



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

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
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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
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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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Abstract

Cardiac injury due to penetrating or blunt tho-
racic trauma is relatively rare but associated
with significant morbidity and mortality.
Many of these injuries have not been charac-
terized fully by diagnostic imaging so far.
With the introduction of fast MDCT an estab-
lished emergent diagnostic modality is now
available for heart imaging, that allows the
detection and characterization of a large vari-
ety of myocardial, pericardial, vascular and
mediastinal injuries. Beside the established
methods, like cardiac ultrasound and cardiac
angiography, it allows now in the emergency
setting a thorough morphologic characteriza-
tion of injuries and its’ potential bleeding
dynamics. This article reviews the spectrum of
blunt and penetrating heart injuries as well as
the imaging modalities commonly used in the
acute trauma setting.

Introduction

Cardiac injury is rare and is related with signifi-
cant mortality and morbidity. Radiological imag-
ing of cardiac injuries is relatively new, and the
majority of the imaging features have not yet
been fully evaluated. With the introduction of fast
multidetector CT (MDCT), these injuries have
increasingly come into the focus of radiology,
and CT can now identify a large spectrum of
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injury patterns. In the acute trauma setting, it is
crucial to recognize these findings and to initiate
appropriate treatment (Mattox et al. 2012).

Cardiac injuries are caused by work accidents,
explosions, falls from height, and also from CPR
and assaults. In communities where there is a
higher ratio of firearm ownership among the pub-
lic, the likelihood of penetrating injuries to the
heart is higher (Table 1) (Parmley et al. 1958;
Tenzer 1985).

In many cases, injuries to the heart lead to
immediate death. Typically, the myocardium,
pericardium, and the coronary arteries are
affected. In blunt trauma, the heart can be com-
pressed between a flexed spine and the sternum;
however, shearing forces, twisting, and decel-
eration trauma have also been described. The
mechanically injured heart can be further dam-
aged by hypovolemic shock, arterial hypotension,
and resulting myocardial ischemia. In addition,
heart function may be impaired by hypoxia from
other injuries such as pulmonary contusions, pul-
monary lacerations, and pneumothorax as well as
multi-organ failure (MOF) (Parmley et al. 1958;
Fulda et al. 1991; Orliaguet et al. 2001).

Up to 25 % of deaths from traumatic events are
associated with cardiac injuries. The incidence of
blunt cardiac injury has risen during the last
decades, but early diagnosis and efficient, specific
treatment are mandatory and are correlated with
increasing survival rates. A major proportion of
patients with manifest cardiac injuries die on the
scene before they can reach medical treatment. In
cardio surgery, new technologies are influencing
outcomes, as bypass surgery and the use of intra-
aortic balloon devices can assist the cardiac func-

Table 1 Cardiac injury — mechanism of injury
In principle, any mechanism with kinetic energy to the
thoracic cage may cause blunt cardiac trauma
Typical examples:

Motor-vehicle accident (>20 mph) with compression
by the steering wheel

Deceleration trauma

Accidental falls from great heights

Objects of great weight falling directly onto the sternum
Blast and direct forces applied to the chest

Increased abdominal pressure

Cardiopulmonary resuscitation
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Table 2 Cardiac injury — clinical presentation

Acute findings Subacute findings

Complete hemodynamic Tenderness and pain

instability along the anterior chest
wall
Congestive heart failure Dysrhythmias

Cardiopulmonary arrest New heart murmur

Cardiogenic shock Pericardial friction rub
Symptoms of pericardial
tamponade

tion and thus may help to improve the outcome
(Table 2) (Mattox et al. 2012; Co et al. 2011).

2 Imaging Modalities

2.1 Cardiac Ultrasound (US)
Echocardiography (cardiac US) provides precise
evaluation of the existence of pericardial effusions.
In addition, small volumes of not more than 25 ml
can be detected. Myocardial wall motion and the
valvular structures can also be assessed, as well as
the left ventricular function. Transesophageal
echocardiography (TEE) can also be used to assess
the ventricular function in cases of myocardial
contusion and was deployed to evaluate the aorta
for signs of aortic injury (AI) before reliable CT
angiography (CTA) from advanced MDCT scan-
ning became available (Restrepo et al. 2007,
2012). However, TEE is more time-consuming
and invasive and is difficult to perform with con-
comitant injuries, e.g., to the face and cervical
spine. Additionally, it is not always available and
is operator dependent. Therefore today TEE plays
only a minor role in the acute trauma setting.

US findings of acute cardiac injury comprise
cardiac wall compression and pulmonary artery
compression as well as paradox flow patterns,
abnormalities of the ventricular septum, and
abnormal swinging motion of the heart itself
(Restrepo et al. 2007, 2012).

Alternatively, transthoracic cardiac US can be
performed. It is rapid, noninvasive, and efficient.
It is reported that even limited training in cardiac
US techniques may provide an efficient means of
detecting pericardial hemorrhage. Sensitivity is
reported to be 90 %, specificity 97 %, and accu-
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racy 96 %. Pericardial emergency ultrasound of
the heart is an important component of FAST
ultrasound (focused assessment with sonography
in trauma) (Mattox et al. 2012; Co et al. 2011).

2.2 Conventional Radiography

(CR) of the Chest

Supine conventional radiography (CR) of the chest
is still a component of the initial trauma workup in
the emergency room. However CR is limited to
delineate the full spectrum of injuries to the thorax
and heart as well. In many cases, however, signs of
pneumopericardium, hematothorax, pneumotho-
rax, and mediastinal widening, due to mediastinal
hematoma, can be detected. Imaging quality of
supine CR of the chest in the emergency setting is
often limited and most of the important cardiac
injury patterns cannot be detected (Mattox et al.
2012; Co et al. 2011).

23 Cardiac Angiography

Angiography of the coronary arteries (syn. car-
diac angiography) is not an established compo-
nent of a typical trauma-imaging workup in the
emergency room. However, it is very sensitive
and specific in imaging coronary artery injuries,
and it can detect even subtle vascular lesions. In
addition, it offers the entire spectrum of opportu-
nities for immediate interventional treatments of
vascular lesions. It is indicated in all cases of sus-
pected vascular injury and also when ischemia is
suspected with ECG changes after trauma, to
evaluate patients for traumatic aneurysms, intima
dissections, and vascular thrombosis after trauma.
Most of these lesions can be detected and can
undergo intermediate interventional treatment.

24 Multidetector CT (MDCT)

Many patients with suspected multiple trauma
undergo a MDCT from head to toe, so-called
whole-body CT (WBCT). MDCT is the imaging
modality of choice for the evaluation of all kinds of
chest trauma and is highly sensitive and specific for
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the evaluation of lung injuries, pneumothorax,
active hemorrhage, pericardial or myocardial injury,
pleural and pericardial effusions, hematothorax,
and also cardiac herniation and cardiac luxation.
MDCT can also depict valvular injuries and papil-
lary muscle rupture as well as avulsion of the aortic
and mitral valve (Linsenmaier et al. 2002; Mirvis).

High-quality MDCT is today available in all
major trauma centers, it is widely accepted, and
MDCT is today the core imaging modality in
the major trauma setting. In thoracic and cardiac
imaging, MDCT can detect penetrating foreign
bodies, it also depicts the track of penetrating
objects, and it allows for initiation of a targeted
treatment. MDCT has a high sensitivity and
accuracy in the detection of pleural and pericar-
dial effusions or pericardial hemorrhage and
tamponade. It detects pericardial and myocar-
dial lacerations and also active hemorrhage
from the heart. It also depicts luxation and dis-
placement of the heart and has also a high sensi-
tivity for concomitant mediastinal vascular and
lung injuries. Due to its high spatial and timely
resolution, it delivers isotropic voxel allowing
for the calculation of high-resolution multipla-
nar reconstructions (MPRs). Today small
motion and flow artifacts are now much reduced
from prior scanner generations. ECG-gated
MDCT scanning is an adjunct to the initial
whole-body CT (WBCT) in the acute trauma
setting. Contrast medium (CM) is administered
in all studies, and an extended CM bolus allows
for a contrast filling of the right and left heart
and the vascular in- and outflow at the same
time. Primary axial reconstruction is performed
with the thinnest possible slice thickness (ST) of
0.5-0.625 mm; diagnostic axial images are
reconstructed at 1-1.5 mm and coronal and sag-
ittal MPRs at 2-3 mm and VRT as well (Fig. 1)
(Mirvis; Korner et al. 2009).

25 Cardiac Magnetic Resonance

Imaging (MR)

Cardiac magnetic resonance imaging (MR) has the
ability to assess cardiac anatomy as well as cardiac
function; it can visualize signs of myocardial isch-
emia and myocardial infarction (MI). In myocar-
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dial contusions, it can depict abnormal cardiac wall
motion and abnormal valve function and can detect
edema and ischemia of the myocardium. MRI is
not useful in the early and acute trauma workup as
availability of 24 h/7 days is limited, the exam is
complex to be performed, and the patient monitor-
ing is difficult at the same time. However, if indica-
tions are given, it is a valuable noninvasive imaging
method in addition to MDCT of the acute setting
(Co et al. 2011; Korner et al. 2009).

3 Blunt Cardiac Injuries

Minor injuries are so-called myocardial contusions
(syn. cardiac contusion); more severe injuries com-
prise ruptures of the pupillary muscles, valve inju-
ries, injuries to the coronary arteries, and septal and
myocardial injuries as well as cardiac rupture.
Most common causes of blunt cardiac injury are
high-speed motor-vehicle accidents (MVAs), crush
or blast injuries, falls from height, and less com-
mon, direct violence or direct impact to the chest or
abdomen. Also iatrogenic injuries are reported due
to cardiopulmonary resuscitation (CPR). A clinical
algorithm is available for management of patients
after blunt cardiac trauma (Fig. 2).

3.1 Myocardial Contusion

Myocardial contusion is best defined as motion
changes of the cardiac wall when myocardial

infarction (MI) could be ruled out. Clinically it
can be suspected in cases of significant chest
trauma and persistent arterial hypotension despite
volume therapy (Embrey; Kaye and O’Sullivan).

Myocardial contusion has to be differentiated
from myocardial infarction which can be
clinically difficult to distinguish. In myocardial
infarction (MI), symptoms are related to a vascu-
lar territory, and the tissue at the risk shows a
transition zone when in myocardial contusion the
tissue at risk is more confined and has a distinct
edge. The incidence of myocardial contusion is
reported in a wide range with 10-75 %, probably
due to inconsistent findings, and a scientific stan-
dard for diagnosis is still missing (Mattox et al.
2012; Co et al. 2011; Symbas; Tenzer).

These injuries are also named under the term
myocardial contusion (alternatively, myocardial
concussion) and are usually best diagnosed by
laboratory testing of isoenzyme MB of creatine
phosphokinase (CPK-MB), echocardiography,
and ECG. The troponin test is an additional
laboratory test (CTNI and CTNT >0.1 pg/l), with
increased levels of the protein troponin usually
observed in patients with cardiac contusions.
Typically, patients only undergo monitoring on
intermediate care units (Table 3) (Mattox et al.
2012; Co et al. 2011; Symbas; Tenzer).

The introduction of the diagnosis cardiac con-
tusion is controversial as clinical importance,
incidence, and morbidity and mortality remained
controversial. It is accepted that younger patients
with ECG abnormalities after trauma should
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Fig. 2 Clinical algorithm for management of patient with suspected blunt trauma to the heart. The algorithm distin-
guishes minor isolated chest trauma from major isolated chest trauma and multiple trauma (El-Chami et al. 2008)

Table 3 Cardiac injury — laboratory and ECG diagnosis

Laboratory findings/cardiac enzymes

ECG findings

Cardiac markers are biomarkers measured to assess heart

dysfunction:

Myoglobin, LDH-1 isozyme, glycogen phosphorylase
isoenzyme BB (GPBB), creatine kinase MB, troponin
Tandl
Creatine kinase MB (CK MB) has turned out to be
nonspecific
Troponin T very specific marker for cardiac injury
(91 %), but with low sensitivity (31 %)
Troponin I shows the best correlation of sensitivity and
specificity in different trials. In combination with EKG
abnormalities, it exhibits 100 % sensitivity for detection
of clinically significant blunt cardiac trauma such as
cardiogenic shock, dysrhythmias requiring treatment, or
structural cardiac abnormalities related to trauma
Levels <1.05 pg/L in asymptomatic trauma patients,
indicative of cardiac injuries
Levels >1.05 pg/L associated with ventricular
dysrhythmias and left ventricular dysfunction
The remaining cardiac parameters are not relevant for
trauma monitoring

The important role of ECG bases on the fact that
electrical instability is an important indicator for blunt
cardiac trauma

ECG is a quickly available tool for the first survey:
Hemodynamically stable patients with normal EKG
need no further monitoring
Significant electrical disorders are suggestive of
cardiac injuries especially the presence of any new
bundle branch block
Other typical findings: persistent sinus tachycardia
(most often), atrial fibrillation, ST depression, ST
elevation

Limitation: present abnormalities are not

pathognomonic markers for diagnostic correlations
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undergo further evaluation. ECG is a clinical
indicator in multiple injured patients as signifi-
cant cardiac disease is relatively rare in young
patients after trauma.

When ECG abnormalities occur, they are sig-
nificant and need further evaluation. Clinical rec-
ommendations comprise that patients after
thoracic trauma, as long as they are symptom-free,
do not need any surveillance or monitoring; in
symptomatic patients, intermediate care or telem-
etry monitoring is considered to be sufficient
(Cachecho et al.; Fabian et al.; McLean et al.).

Pathophysiologically there is a wide range of
tissue damage in myocardial contusions, from
transmural hemorrhage and tissue necrosis to
superficial contusions with different extend of
tissue loss. The resulting perfusion defects and
myocardial dysfunction most likely result from
focal contusion and tissue edema when coronary
artery disease is not present. The right heart is
more affected due to its position next dorsal to
the sternum. Clinical findings comprise ECG
changes and elevated cardiac enzymes (creatine
phosphokinase and serum cardiac troponin)
(Allen and Liedtke; Ghersin et al.).

Clinical symptoms can mimic myocardial
infarction, including dyspnea and chest pain; the
ECG changes are variable and most cases are
uncomplicated. However, a progress to an
arrhythmia, cardiac dysfunction, hypotension,
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and low-output failure as well as myocardial rup-
ture can be observed leading to life-threatening
cardiac failure.

Abnormal cardiac wall motion is best diagnosed
with echocardiography. In the setting of whole-
body computed tomography after trauma (WBCT),
there are no specific imaging features reported for
myocardial contusion so far. Advanced ECG-gated
MDCT enables an anatomic workup including CT
angiography (CTA) of the coronary arteries. In
addition, it allows for a functional assessment of
the heart including assessment of the cardiac wall
motion in 4D technique and initial reports on myo-
cardial perfusion. Concomitant injuries of the tho-
rax and mediastinum are present in many cases and
can deteriorate the clinical situation (Fig. 3)
(Embrey; Kaye and O’ Sullivan).

Cardiac MR and positron emission tomogra-
phy (PET) can delineate the possible extend of
the hypoperfused myocardium and can be used
for further workup if myocardial contusion is
suspected (Co et al. 2011; Kaye and O’Sullivan).

3.2 Injuries to the Pericardium

Pericardial tears can differ in size from millime-
ters to an extent over the entire pericardium. They
are most common at the diaphragmatic surface
and the left-sided pericardium. Typically they are

Fig. 3 Myocardial contusion: ungated MDCT of the
whole body showing heart dilatation of the right atrium
and ventricle, pulmonary contusion and hematothorax,

and atelectasis of the left lower lobe. A contrast reflux
with retrograde paradox flow in the inferior vena cava
(IVC)
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result of an increased intra-abdominal pressure or
the direct impact to the chest and mediastinum
(Fulda et al. 1991; Parmley et al.).

Conventional radiography (CR) may show air
in the pericardium (pneumopericardium); peri-
cardial injuries can be complicated by diaphrag-
matic rupture and cardiac herniation from
resulting in severe cardiac failure. However CT
findings are by far more sensitive and specific.

Pericardial tears and ruptures are rare inju-
ries, with an incidence of only 0.3-0.5%. They
occur with severe deceleration forces or are due
to osseous fragment perforation by fractures to
the sternum or the ribs. Pneumopericardium is a
complication of pericardial rupture; an air collec-
tion is located ventral to the myocardium in the
pericardial sac. Pneumopericardium is a sign for
pericardial injury. The tear itself can be detected
by irregular margins of the pericardium, disconti-
nuity, and interposition of fat or long parenchyma.
This can be further complicated by cardiac tam-
ponade and compression. Pneumopericardium is
always a sign for pericardial injury; the pericar-
dial tear itself can be detected by irregular margins
or discontinuity of the pericardium, but also by
interposition of fat or lung parenchyma (Restrepo
et al. 2007; Farhataziz and Landay) (Fig. 4).

After pericardial injury MDCT can be used to
depict pericardial effusions. In the acute trauma
setting, every pericardial effusion has to be evalu-
ated for hemorrhage; MDCT can measure the
density of effusions in Hounsfield units (HU) and
confirm pericardial hemorrhage and tamponade
(Restrepo et al. 2007).

Fig. 4 Pneumopericardium: ungated MDCT showing a
pneumopericardium on post-mortem CT (PM CT). There
is pathological air collection in the chambers of the heart,

Further complications include the displace-
ment of the heart through the pericardial rupture
into the mediastinum or thoracic cavity, showing
an empty air-filled pericardium on MDCT. As
the vascular structures are stretched or also
rotated (also described as volvulus), this can
lead to immediate compression of the heart and
obstruction of the vascular system. Cardiac luxa-
tion describes herniation and compression of the
heart, which can result in obstruction of the upper
venous inflow over the superior vena cava (SVC).
Luxation can occur in up to 28 % of pericardial
ruptures, and there is a high associated mortality
rate of up to 67 %. An ECG allows observation of
a change of the heart axis. Cardiac US is of lim-
ited value only. MDCT can be used to diagnose
heart displacement as well as the compression
and deviation of the myocardium and the heart
chambers (Fig. 5) (Moront et al.; Bruschi et al.).

3.3 Injuries to the Heart Valves,
Papillary Muscles, Chorda

Tendinea, and Septum

Blunt cardiac trauma can result in ruptures of the
myocardial septum, the valves, and the papillary
muscles. Patients with preexisting heart disease
and disorders of these structures are more prone
to this type of trauma.

Clinically, these injuries can be associated
with acute left ventricular failure and atypical sys-
tolic murmurs. Systolic murmur is a sign of valve
injury and papillary muscle injuries. In the case of

pneumomediastinum, soft tissue emphysema, pneumo-
thorax, gastric hyperinflation, and hematothorax
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Fig. 5 Cardiac luxation: ungated MDCT case of cardiac
herniation where the heart is dislocated from its anatomi-
cal position into the left thoracic cavity, lateral to the

severe ventricular failure, operative treatment is
mandatory. Injuries to the septum can also result
in atypical murmurs. Ruptures of the septum can
result in left-right blood shunts, with the clinical
symptoms dependent on the extent of the lesion
caused. Operative interventions with regard to
these injuries are determined by the individual
case. Small septal injuries may be treated conser-
vatively; larger defects are subject to surgical
repair (Mattox et al. 2012; Moront et al.).

Moront et al. reported a case of injury of the
tricuspid valve and the intraventricular septum
days after blunt injury, and the patient underwent
operative treatment. The ventricular septum rup-
tures were observed in the muscular septum close
to the apex of the heart (Moront et al.).

Parmely et al. reported a series of 546 cases of
blunt cardiac trauma and described a 9% inci-
dence of injuries to the valves. In their series
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spine. The so-called black hole in the soft tissue window
and “kissing lungs” due to the displacement of the entire
heart can be observed in the lung window

mitral, aortic, and tricuspid valves were involved
(Parmley et al. 1958).

An injury of the heart valve and traumatic val-
vular dysfunction is rare. It can be suspected if
pulmonary edema is present after chest trauma.
Commonly affected is the aortic valve as com-
mon as the mitral and tricuspid valves. The
underlying mechanism is an excessive elevation
of blood pressure in the heart, but also an elevated
intra-abdominal pressure can be transmitted to
the heart and affect the cardiac valve and papil-
lary muscles. Commonly observed are injuries of
the mitral valve, including rupture of the chorda
tendinea and the papillary muscles and aortic
valve injuries (Bruschi et al.; Kan and Yang).

Imaging workup comprises usually echocar-
diography, TEE, and cardiac angiography. But
early reports also suggest that MDCT can detect
some of these injuries (Lee et al.).
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34 Injuries to the Coronary

Arteries

Intima dissection of the coronary arteries can
result in thrombosis and occlusion and subse-
quent myocardial ischemia. In an elder popula-
tion with preexisting coronary artery disease
(CAD), it may be difficult to distinguish a
traumatic occlusion from a non-trauma-associ-
ated arteriosclerotic occlusion of the vessel. As a
complication arteriovenous (AV) fistulas as well
as atrioventricular fistulas of the coronary arteries
were described as result of blunt injury; however
they are very rare (Mattox et al. 2012).
Diagnostic imaging with MDCT is now possi-
ble, and even in non-gated MDCT after trauma,
the occlusions of the left coronary artery could be
depicted. This is much dependent on the heart fre-
quency and the timely resolution of the non-gated
MDCT scanner. And not always the coronary
artery main stems can be depicted on non-gated
MDCT. The addition of ECG-gated MDCT stud-
ies and contrast CTA of the coronary arteries may
be an option. However in the emergency setting,
gated MDCT of the chest is not a primary choice.

Fig.6 Injury to the left coronary artery: Dissection of the
LAD. Ungated MDCT/WBCT in a patient after poly-
trauma. Two centimeters from the main stem, an occlusion
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Diagnostic imaging typically comprises card
angiography, and interventional recanalization
can be intended; revascularization and stent
implantation are interventional treatment
options.

Coronary artery injuries are relatively rare and
account for 2% of all thoracic injuries. As multi-
ple injuries have been described, the left anterior
descending artery (LAD) is most likely affected,
also due to its immediate retrosternal location.
Clinically signs of myocardial infarction (MI) can
be observed in ECG, which can result in hypoten-
sion and arrhythmia. Intima dissection and throm-
bosis are more common, but vascular ruptures
with free hemorrhage have also been reported. In
ungated MDCT imaging using high spatial and
timely resolution, diagnosis can be made; however
this is based on single-case reports. If injuries to
the coronary arteries are suspected, ECG-gated
MDCT with CTA of the coronary arteries is indi-
cated and also the use of triple rule out (TRO) pro-
tocols can be used. Immediate interventional
treatment is carried out by coronary angiography
recanalization and stent treatment (Pretre and
Chilcott; Sheikh et al.) (Figs. 6 and 7).

1

of LAD can be observed; the interruption of the
CM-enhanced LAD with little downstream effusion, coro-
nary angiography confirmed the diagnosis
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Fig.7 Recanalization of LAD and stent-graft placement in the LAD, and follow-up CT with hypodense subendocardial
rim of the myocardium which is as a correlate of myocardial infarction

Penetrating injuries of the coronary arteries
most likely occur in the left anterior descending,
coronary artery (LAD) resulting in myocardial
dysfunction. However, the majority of coronary
artery injuries are more distal. Proximal injuries
can be treated by emergent coronary artery bypass
surgery and smaller vessels with diameters of less
than 1 mm and can result in small infarcts.

3.5 Cardiac Rupture

Cardiac rupture is typically the result of the
severe thoracic trauma mostly associated with
MVA as well as falls from height and direct blast
injuries to the chest. The underlying mechanism
of injury has been described as direct force to the
chest with increased thoracic pressure and trans-
mission to the heart. Decelerating forces typi-
cally affect the borders of mobile and fixed
anatomic structures of the heart, also explaining
arterial and caval tears. Additionally, severe

trauma to the abdomen can be transmitted via
vascular structures such as the inferior vena cava
(IVC) to the right heart, causing rupture of the
heart. Cardiac rupture also occurs as a result of
myocardial contusion, traumatic myocardial
necrosis, and formation of pseudoaneurysms.
Direct force from sternal or costal fractures with
penetrating bone fragments can directly perforate
the cardiac walls (Mattox et al. 2012).

Many patients have no cardiac function on
admission, due to cardiac tamponade, severe
hemorrhage, or pericardial tamponade. Diagnosis
can be delayed in patients who are stable, and in
a series of 24 cases, 16 were delayed by upto 1 h
(Patton et al.). In addition, polytrauma and asso-
ciated injuries make the diagnosis difficult. ECG
can show a bundle branch block or deviation of
the heart axis in cases of cardiac herniation.

Echocardiography  (syn. cardiac  ultra-
sound) can depict pericardial hemorrhage, and
it is recommended to decompress the pericar-
dium immediately even under cardiac arrest.
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Ultrasound-guided pericardial puncture is an
option to confirm the diagnosis.

Clinical treatment is comparable to that for pen-
etrating cardiac injuries. Pericardial decompres-
sion is followed by sternotomy, and insertion of an
intra-aortic balloon pump is a treatment option
(Fulda et al. 1991; Calhoon et al.; Kato et al. 1988;
Mattox et al. 1992). It should be considered that in
these cases associated injuries are common, and
the entire torso and skeleton should be diagnosed
by whole-body CT (WBCT). Common associated
injuries include aortic injuries, abdominal injuries
(up to 43 %), head injuries (up to 51 %) and skeletal
injuries (up to 40 %). The outcome is limited; Fulda
et al. (Fulda et al. 1991) describe a mortality rate of
48 % in patients with cardiac arrest, and the overall
mortality is reported to be up to 76 %. Kato et al.
(Kato et al. 1988) report a mortality rate of more
than 90 % in a cohort of 63 patients.

Myocardial rupture (cardiac rupture) is rare, and
the incidence is reported as 0.1-0.3% in patients
with severe chest trauma. However, it is associated
with a high mortality, accounting for 36-56% of
blunt thoracic injuries. Again, the right heart is more
prone to injury due to its retrosternal position and the
thinner myocardial wall of the right ventricle. In
gross hemorrhage it can lead to pericardial tampon-
ade and immediate cardiac arrest, and patient
deserves cardiopulmonary resuscitation (CPR) (Co
et al. 2011; Kato et al. 1988; Van Horn 2007).

Depending on the presence of a pericar-
dial injury, the hemorrhage is contained in the
pericardial sac or can procreate to the medias-
tinum and the thoracic cavity. The extent of the
hemorrhage in an intact pericardium can lead
to tamponade. Blunt myocardial rupture occurs
with increased central venous pressure (CVP)
in the diastole, leading to increased pressure
in the ventricle when the atrioventricular valve
is closed. Myocardial rupture is lethal in many
cases, e.g., in a patient presenting with refrac-
tory hypotension and tachycardia (Figs. 8, 9,
and 10) (Van Horn 2007).

The mortality of patients undergoing sur-
gery is reported as high as 33 %, but where
treatment is successful, a good long-term out-
come is reported. MDCT has proven to be able
to show complete and incomplete myocardial
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rupture, while active hemorrhage can be
observed by the extravasation of contrast-
enhanced blood into the pericardium, mediasti-
num, or thoracic cavity. Additional use of MR
can depict myocardial disorders such as mus-
cular thinning, formation of myocardial scars,
and ischemia in cases of infarction more sensi-
tively, but this is not appropriate in the acute
setting (Mirvis; Zoni et al.).

4 Penetrating Cardiac Injury

The spectrum of penetrating injuries includes
injuries to the atrium and the ventricle, injuries to
the vascular structures, injuries to the trachea,
bronchi, esophagus, as well as of the bony cage
and the thoracic spine. Penetrating transmediasti-
nal injury (TMI) is defined injury that transverses
the mediastinum.

In a recent series of 532 penetrating injuries,
the right ventricle was involved (35 %), less com-
mon are the left ventricle (25 %), right atrium
(33 %), left atrium (14 %), and the aorta (14 %)
(Demetriades and van der Veen). The right heart
is more prone to injury due to its location dorsal
to the sternum. In penetrating injuries, the extent
and severity of injury depend on the caliber of the
penetrating objects. The clinical symptoms can
change from asymptomatic and normal ECG to
unstable vital signs, hypotension, and cardiac
arrest due to cardiac tamponade or active hemor-
rhage (Elie; Gasparri et al.; Thourani et al.).

Penetrating injury is mostly based on firearms
and knives; less common is perforation by bone
fragments from sternum or rip fractures. latrogenic
injury is rare but can be related to accidental car-
diac puncture, interventional procedures, or central
venous access devices (Mattox et al. 2012; Asensio
et al. 1996). As the right ventricle is in direct con-
tact with the interior chest wall, it is more prone for
cardiac injury. In a series of 711 patients, the
authors reported a distribution of injuries to the
right ventricle (40%) and left ventricle (40%)
being more common than injuries to right atrium
(24 %) and left atrium (3 %) (Wall et al. 1997).

The pathophysiology and the clinical outcome
are influenced by two main factors, the severity



116 U. Linsenmaier and L.L. Geyer

Fig.8 Cardiac rupture: ungated MDCT with a cardiac cham-  from the heart to the pericardium with a compression of the
ber rupture. Missing delineation of the myocardium of the right ~ heart. The corollary is that hemopericardium-associated
cardiac chambers can be seen, as well as active hemorrhage  injuries comprise hematothorax and acute aortic rupture

Fig. 9 Cardiac rupture: ungated MDCT whole-body CT of a patient showing a septal injury with septal rupture. The
discontinuity of the cardiac septum and the transseptal hemorrhage is depicted
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Fig. 10 ECG-gated MDCT of the heart, axial reconstruc-
tions, and VRT. The figure shows (a) a discontinuity of the
intraventricular septum with intraseptal bleeding as a sign of
incomplete rupture (green arrows) and (b) intramyocardial

and rate of bleeding and the involvement and
extend of pericardial tamponade. Penetrating
injuries with small knives are self-limited and
can often result uncomplicated with self-healing
of the laceration. Up to 90% of patients with
small object-penetrating injuries show pericar-
dial tamponade (Symbas).

Clinically, patients present with tachycardia
and increased pressure in the ventricular filling as
well as paradox pulse, a high drop in systolic
blood pressure during inspiration, and increased
myocardial contractility. They also exhibit
extended neck veins, as well as paradox inspira-
tion and increased CVP; however, the latter can
also be associated with pneumothorax, which is a
differential diagnosis.

bleeding on the apex of the left ventricle (yellow arrows) as
a sign of traumatic cardiac aneurysm displaying in the VRT
reconstruction

This can result in a compensated status of
tamponade; however, under volume replacement
the cardiac function and systemic blood pressure
can still be kept within the limits. However, even
a slight deterioration in pericardial tamponade
can result in severe left ventricular-filling defects,
immediate systemic hypotension, and cardiac
output failure. The myocardial compression also
results in ischemia due to compression of the
coronary artery flow — leading to an uncompen-
sated cardiac tamponade (Mattox et al. 2012).

Larger wounds or gunshot injuries result in
hemorrhage from the cardiac chambers and, in
many cases, associated injuries causing further
blood loss and leading to clinical deterioration.
Myocardial injuries to the left ventricle or right
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ventricle can be self-sealing, but the atrium is in
greater danger, as there is less muscular substance.
Direct injuries to the coronary artery can result in
rapid pericardial tamponade. Penetrating injuries to
the septum or the heart valves are less common.

Patients suffering from penetrating cardiac
trauma who can be brought directly to the operat-
ing theater have a survival rate of 97 % for stab and
71 % for gunshot injuries. Of patients undergoing
emergency thoracotomy, only 14 % survive; for
those arriving at the hospital without cardiac func-
tion, the survival rate is only 7.8 %. Milham et al.
report an overall mortality rate of 47 % in a sample
of 2,253 patients (Mattox et al. 2012).

Imaging is often limited to CR of the chest if
patients are hemodynamically unstable. CR can
depict foreign bodies, pneumopericardium, an
enlarged heart figure, and mediastinal widening, as
well as concomitant lung injuries (Gunn et al. 2014).

Cardiac US is the most established imaging
method,; it can be quickly performed and it is repeat-
able to monitor hemorrhage to establish an early
and quick diagnosis of penetrating cardiac injury.
Cardiac ultrasound can demonstrate hemorrhage to
the pericardium with or without cardiac tamponade
by a subxiphoid view. Ultrasound signs of cardiac
tamponade include pericardial effusion, cardiac
tamponade, and diastolic compression of the atrium
due to the increased pericardial pressure, dilatation
of the inferior vena cava, and right ventricular dia-
stolic collapse (Gunn et al. 2014; Gunn 2012).

In a study of 225 patients, US showed a sensi-
tivity of 100 %, a specificity 96 %, and accuracy
was 97.3%. The average time from fast ultra-
sound to surgery was 12.1+5 min, highlighting
the importance of early and fast ultrasound in this
group of patients (Rozycki et al.).

MDCT is performed whenever possible; it can
show directly the entry point and the wound track of
projectile-specific organ injury findings. It allows
for a thorough diagnosis of the mediastinal organs
including the esophagus, trachea, and the arterial
and venous system as well as direct heart and lung
injuries. MDCT can locate the position of foreign
bodies and allow for an assessment of active bleed-
ing in imaging (Gunn et al. 2014; Gunn 2012).

MDCT is indicated in patients who are hemo-
dynamically stable or who recompensate after
fluid resuscitation. The detection of active bleed-

F_ T N

Fig. 11 Ungated MDCT of the heart, axial reconstruc-
tions. The figure shows (a) a stab wound to the left ven-
tricle with perforation of the myocardium and (b) the
bleeding site at the apex of the heart and a large left-sided
hemopneumothorax (Images are courtesy of Professor
Stuart Mirvis MD, University of Maryland, R Adams
Cowley Shock Trauma Center, Baltimore, MD, USA ©)

ing is usually an immediate indication for surgi-
cal treatment. In subacute findings, patients can
also be further evaluated by bronchoscopy and
esophagography.

Penetrating vascular injuries are located fre-
quently in the ascending aortic arch and proximal
great vessel. The mortality rate after penetrating aor-
tic injury is 90-100%. Patients typically undergo
immediate surgery. MDCT findings include active
vascular hemorrhage, formation of pseudoaneu-
rysms, and vascular occlusions (Gunn 2012; Dosios
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et al. 2000). Gunn et al. recommend correlating all
bullet entry points with the exit points and the num-
ber of visible bullets in the body (Gunn et al. 2014).

Projectiles can also embolize and transverse
vascular structure and airways, the esophagus,
and pleural cavity. Smaller projectiles have been
reported to enter the aorta and embolize in the
systemic circulation. Penetrating cardiac injury is
often lethal, with mortality rates ranging from 3
to 81 % (Kang et al. 2009; Schmelzer et al. 1989).
Again, the right heart is more prone to injury due
to its anterior position.

UMMCTTR2 P

Fig. 12 Ungated MDCT of the heart, axial, and sagittal
reconstructions. The figure shows (a, ¢) a stab wound
through the sternum into the right ventricle with large
pericardial hematoma and (b) active bleeding from the

MDCT has a reported sensitivity of 76.9 %
and specificity of 99.7 % for penetrating cardiac
injury where hemopericardium and pneumoperi-
cardium were observed as signs of injury; sensi-
tivity is up to 100 %. MDCT can depict injuries to
the coronary arteries, cardiac veins, valvular
complex extravasation of blood, and mediastinal
and lung injuries. There is evidence that MDCT
is useful in the evaluation of penetrating cardiac
injury (Figs. 11 and 12) (Gunn et al. 2014;
Mollberg et al. 2012).

!
it
2l

right ventricle and a heart compression by pericardial
hemorrhage (Images are courtesy of Professor Stuart
Mirvis MD, University of Maryland, R Adams Cowley
Shock Trauma Center, Baltimore, MD, USA ©)
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MR imaging has been used in stable patients
to distinguish ventricular aneurysms for flow
quantification of septal defects (Co et al. 2011;
Plurad et al. 2013). Emergency thoracotomy
should be performed in cases of prolonged resus-
citation and a lack of response to volume therapy
(Mattox et al. 2012).

5 Trauma Scoring

To date, no MDCT or imaging-based trauma
score exists for the grading of cardiac injury.

To assess the severity of cardiac injury,
clinical and anatomic parameters are evalu-
ated, with various scoring systems in clini-

Table 4 Cardiac injury — cardiac injury organ scale

cal practice. The most common is CVRS
(cardiovascular-respiratory score), which is a
predictor for the probability of survival and
correlates with the severity of injury (Asensio
et al. 1996; Asensio et al.). A further scoring
system is the Organ Injury Scale developed
by the AAST (American Association for the
Surgery of Trauma), which provides a scaling
of injury (severity scores) for individual organs
(Table 4) (Mattox et al. 2012).

Associated injuries such as coronary artery
dissections, active bleeding, and involvement of
more than one heart chamber — or a delay in
diagnosis and treatment — worsen the probabil-
ity of survival (Table 5) (Mattox et al. 2012;
Mattox et al.).

Grade |

Blunt cardiac injury with minor ECG abnormality (nonspecific ST- or T- wave changes, premature atrial or

ventricular contraction or persistent sinus tachycardia)

Blunt or penetrating pericardial wound without cardiac injury, cardiac tamponade, or cardiac herniation

Grade 11

Blunt cardiac injury with heart block or ischemic changes without cardiac failure

Penetrating tangential cardiac wound up to but not extending through the endocardium without tamponade

Grade II1

Blunt cardiac injury with sustained or multifocal ventricular contractions

Blunt or penetrating cardiac injury with septal rupture, pulmonary or tricuspid incompetence, papillary muscle
dysfunction, or distal coronary artery occlusion without cardiac failure

Blunt pericardial laceration with cardiac herniation
Blunt cardiac injury with cardiac failure

Penetrating tangential myocardial wound up to but not through the endocardium with tamponade

Grade IV

Blunt or penetrating cardiac injury with septal rupture, pulmonary or tricuspid incompetence, papillary muscle
dysfunction, or distal coronary artery occlusion producing cardiac failure

Blunt or penetrating cardiac injury with aortic or mitral incompetence

Blunt or penetrating cardiac injury of the right ventricle, right or left atrium

Grade V

Blunt or penetrating cardiac injury with proximal coronary artery occlusion

Blunt or penetrating left ventricular perforation

Stellate injuries <50 % tissue loss of the right ventricle, right or left atrium

Grade VI
Blunt avulsion of the heart

Penetrating wound producing >50 % tissue loss of a chamber

Developed by the American Association for the Surgery of Trauma (AAST) (1994) (Mattox et al. 2012)
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Table 5 Cardiac injury — concomitant injuries in multiple trauma

Pleural space: pneumothorax, hematothorax

Lungs: pulmonary contusion, pulmonary laceration, traumatic lung herniation

Mediastinum: pneumomediastinum

Airways: bronchial laceration, tracheal lacerations, Macklin effect

Esophagus tear

Thoracic vessels: injuries to the aorta, great thoracic vessels, and internal mammary artery

Diaphragm rupture

Chest wall: sternal, clavicular or rib fracture, flail chest, sternoclavicular dislocations

Fractures of the thoracic spine
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Abstract

Diaphragmatic injuries are uncommon inju-
ries in the chest, thus they can easily be missed
by the radiologist and surgeon. Therefore, a
high index of suspicion is important for an
early diagnosis and to avoid any complica-
tions. Multidetector computed tomography is
the modality of choice for the diaphragmatic
injuries. On MDCT, there are direct and indi-
rect signs of diaphragmatic injuries. In this
chapter we discuss the findings associated
with blunt as well as penetrating diaphrag-
matic injuries with an emphasis on the role of
the radiologist in making the diagnosis.

1 Introduction

Traumatic injuries to the diaphragm are caused by
blunt or penetrating trauma, either to the chest or
abdominal wall. Regardless of the etiology, these
injuries require treatment to avoid the serious com-
plications of obstruction or strangulation of herni-
ated viscera. As nonoperative management
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increases and fewer initially occult cases of dia-
phragmatic injury are diagnosed intraoperatively,
the imaging diagnosis of these injuries has become
increasingly more important (Fair et al. 2015).
Despite the importance of recognizing these inju-
ries, detecting diaphragmatic injuries is still a diag-
nostic challenge for many radiologists and trauma
surgeons (Reber et al. 1998; Hanna et al. 2008).

Penetrating diaphragmatic injuries are com-
monly caused by gunshot or stab wounds. There
is no definite predilection for the side of dia-
phragmatic injury among victims of gunshot
wounds (Patlas et al. 2015). Serious injuries from
stab wounds are more common on the left than
on the right, which is probably due to protective
effect from the liver on the right hemidiaphragm,
a greater proportion of right-handed assailants,
and a relative underdiagnosis of subtle right dia-
phragmatic injuries (Patlas et al. 2015).

Surgery has long played a significant role in
the management of patients presenting with pen-
etrating thoracoabdominal injuries; however,
selective nonoperative management is increas-
ingly recommended for these patients, with good
outcomes in the setting of both blunt and pene-
trating traumas (Croce et al. 1995; Iochum et al.
2002; Como et al. 2010; Dreizin et al. 2015).
There is a growing trend for conservative man-
agement of blunt traumatic patients. As nonop-
erative management of traumatic patients
increases, it is possible that some diaphragmatic
injuries which were once only identified intraop-
eratively will only be detected radiologically or
after complications of diaphragmatic injury arise.
This trend in the shift of the management strategy
will require a need for greater vigilance by radi-
ologists for subtle signs of diaphragmatic injury.

The radiologic detection of diaphragmatic
injuries is difficult because many physicians are
unfamiliar with the scope of diaphragmatic inju-
ries and their imaging findings (Hanna et al. 2008;
Desir and Ghaye 2012). Many imaging signs have
been described for the detection of these injuries;
however, some patients present with only one or a
few of the many known signs. As such, being
familiar with the radiologic signs of diaphrag-
matic injury is essential for the practicing radiolo-
gist, especially in the emergency setting.

Frequently, significant or life-threatening tho-
racic and abdominal injuries can distract the radiolo-
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gist from the more subtle findings of diaphragmatic
injuries. The key to a successful radiologic diagnosis
of diaphragmatic injury is to have a high degree of
suspicion based on clinical setting and to develop a
familiarity with the classic imaging findings of trau-
matic diaphragmatic injury (Guth et al. 1995).

Although some animal models suggest spon-
taneous healing of small diaphragmatic defects,
there are no published reports of a human dia-
phragmatic injury healing without surgery
(Shatney et al. 2003; Desir and Ghaye 2012).
Physiologic negative intrathoracic pressures dur-
ing unassisted ventilation and the constant motion
of the diaphragm likely impede healing of dia-
phragmatic injuries and can result in delayed her-
niation of intra-abdominal contents (Desir and
Ghaye 2012). In cases of missed diaphragmatic
injury, reports indicate potential for delayed com-
plications of visceral herniation with potential for
obstruction or strangulation, with mortality of
approximately 30—60 % in cases of visceral stran-
gulation (Murray et al. 1996; Desir and Ghaye
2012; Panda et al. 2014; Dreizin et al. 2015).
Therefore, it is essential that these injuries be
detected as early as possible.

2 Anatomic
and Developmental
Considerations

The diaphragm is a thin musculotendinous sheet
with a concave undersurface and apertures allow-
ing passage of transdiaphragmatic structures.
The largest of these are the hiatuses of the infe-
rior vena cava, esophagus, and aorta. The caval
hiatus is located at the T8-T9 intervertebral disk
level to the right of the central tendon. The infe-
rior vena cava is adherent to its margin (Standring
2016). The esophageal hiatus is at the level of the
tenth vertebral body. The esophagus is not
directly continuous with the muscle of the esoph-
ageal hiatus (Standring 2016). The aortic hiatus
is an osseo-aponeurotic aperture at the lower
level of the twelfth vertebral body, passing out-
side of the diaphragmatic muscle fibers adjacent
to the vertebral column, and is not affected by
their contraction (Standring 2016).

Congenital areas of weakness may be present
between diaphragmatic muscle fibers that insert on
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the sternum and the ribs (sternocostal triangles) and
between the fibers that insert on the ribs and the
lumbar vertebrae (lumbocostal triangles). These
areas of weakness are likely responsible for non-
traumatic Morgagni and Bochdalek hernias
(Thomas Sadler et al. 2003). In addition, the inter-
face between the embryologic septum transversum
(originating anteriorly) and the pleuroperitoneal
folds corresponds to potential areas of inherent
weakness in the posterolateral diaphragm, which
may be predisposed to rupture in the setting of high-
energy abdominal trauma (Desir and Ghaye 2012).

3 Mechanism of Injury

In the USA, penetrating diaphragmatic injuries
are twice as common as blunt diaphragmatic
injuries (Fair et al. 2015). Penetrating injuries are
due to knife and gunshot wounds and tend to
result in smaller diaphragmatic injuries, typically
on the order of 1 or 2 cm in length (Iochum et al.
2002; Desir and Ghaye 2012). The small size of
the corresponding diaphragmatic defect may also
lead to difficulty directly appreciating these inju-
ries on imaging studies (Desir and Ghaye 2012).
Because of the small size of defects generally
seen in penetrating diaphragmatic injuries, her-
niation of abdominal contents is uncommon after
penetrating diaphragmatic injury (Dreizin et al.
2015). Penetrating injuries may injure any organs
or structures in line with the trajectory of the
wound and as such may vary widely in distribution
(Iochum et al. 2002) but commonly involve liver
and hollow viscus (Fair et al. 2015).

Penetrating diaphragmatic injuries from stab-
bings occur more frequently on the left than the
right (Patlas et al. 2015). This is theorized to
result from the higher number of right-handed
assailants who face their victim at the time of
injury (Panda et al. 2014). Another factor that
may contribute to the relative frequency of left-
sided penetrating diaphragmatic injuries is the
protection which the liver provides and whose
absence on the left results in areas of weakness in
the left hemidiaphragm (Panda et al. 2014).

Blunt diaphragmatic injuries are most com-
monly the result of motor vehicle accidents, but
other causes include falls and severe blows to the
body. It has been proposed that multiple mecha-
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nisms of injury may be involved in a blunt dia-
phragmatic injury, which may be differentiated
by the direction of greatest impact at the time of
injury. A frontal impact on the abdomen is pro-
posed to increase intra-abdominal pressure,
resulting in subsequent upward force from intra-
abdominal contents moving toward the relatively
low-pressure thorax (Iochum et al. 2002; Desir
and Ghaye 2012). Lateral impacts have been pro-
posed to injure the diaphragm through shear
forces (Iochum et al. 2002; Desir and Ghaye
2012). Other factors such as fractured ribs or the
phase of the respiratory cycle may also play a
role in the mechanism of blunt diaphragmatic
injury (Rees et al. 2005; Desir and Ghaye 2012).
In contrast to the small size of penetrating dia-
phragmatic injuries, blunt diaphragmatic injuries
tend to be large (>10 cm) (Iochum et al. 2002).
Perhaps not surprisingly, left hemidiaphragmatic
injuries are associated with splenic injuries, and
right hemidiaphragmatic injuries are associated
with hepatic injuries.

Diaphragmatic injury will essentially never
occur in isolation. Penetrating diaphragmatic
injuries are associated with liver injury (53.6 %),
splenic injury (29.1%), pulmonary injury
(28.1%), stomach injury (26.6 %), hemothorax
(26.2 %), and pneumothorax (20.4 %) (Fair et al.
2015). Blunt diaphragmatic injuries are associ-
ated with pulmonary injury (48.7 %), splenic
injury (44.8%), liver injury (39.7 %), pneumo-
thorax (30%), and hemothorax (21.5%) (Fair
et al. 2015). Other injuries commonly associated
with blunt diaphragmatic injury include renal,
aortic, cardiac, and osseous injuries, such as spi-
nal, pelvic, and rib fractures (Iochum et al. 2002;
Desir and Ghaye 2012; Fair et al. 2015). The
coincident injuries seen in association with blunt
diaphragmatic injury, for instance, result in mor-
tality of approximately 12-42 % (Iochum et al.
2002; Desir and Ghaye 2012).

The proportion of left-sided to right-sided dia-
phragmatic injuries is higher after blunt trauma
with frontal impact; however, relative numbers of
right and left diaphragmatic injury are similar
after posterior impacts (Desir and Ghaye 2012).
Side impacts typically result in injury on the side
of impact (Desir and Ghaye 2012). The increased
frequency of left-sided blunt diaphragmatic inju-
ries is attributed to the protective effect of the liver
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on the right hemidiaphragm and the vulnerability
of an unprotected area of congenital weakness of
the left diaphragm (Desir and Ghaye 2012). Some
of the difference in frequency of left and right
injuries may also be due to underdiagnosis of sub-
tle right-sided injuries (Killeen et al. 1999; Patlas
et al. 2015). The left hemidiaphragm runs next to
abdominal fat that makes its contour more visible,
while the right hemidiaphragm may be difficult to
distinguish from the higher-attenuation hepatic
parenchyma (Killeen et al. 1999; Iochum et al.
2002; Desir and Ghaye 2012).

4 Epidemiology

The relative frequency of penetrating and blunt
diaphragmatic injuries varies, with significantly
higher numbers of penetrating injuries seen in
several large studies (Hammer et al. 2014; Fair
et al. 2015; Gao et al. 2015). Some smaller
studies have included a greater number of blunt
diaphragmatic injuries than penetrating dia-
phragmatic injuries, which may be due to their
small sample size or possibly because the fre-
quency of gunshot wounds and stabbings is
proportionally lower in their study populations
(Panda et al. 2014; Leung et al. 2015).

Penetrating diaphragmatic injuries are more
common among young men, with males making
up 91.4 % of cases in the USA (Fair et al. 2015).
The average age of US patients diagnosed with
penetrating diaphragmatic injuries is 31 years
(standard deviation of 13 years) (Fair et al.
2015). The relatively high proportion of men
presenting with penetrating diaphragmatic
injury is probably due to the fact that men are
more likely than women to be involved in stab-
bings and shootings (Hanna et al. 2008).
Penetrating diaphragmatic injuries are reported
in 10-42% of penetrating thoracoabdominal
traumas (Spann et al. 1995; Bodanapally et al.
2009; Yucel et al. 2015).

Blunt diaphragmatic injuries are also more
common among men (Fair et al. 2015). Men
comprised 67.9 % of blunt diaphragmatic inju-
ries in a recent study of over 3700 diaphrag-
matic injuries in the USA, with an average age
of 44 years (standard deviation of 19 years).
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Blunt thoracoabdominal trauma results in dia-
phragmatic injury in 0.8-8.0% of cases
(Iochum et al. 2002; Desir and Ghaye 2012).
When compared to patients with penetrating
diaphragmatic injuries, patients with blunt dia-
phragmatic injuries have longer stays in inten-
sive care, longer ventilator requirements, and
higher mortality (19.8 % vs. 8.8 %) (Fair et al.
2015).

5 Radiographic Evaluation

Even with the increasing use of MDCT imag-
ing, first-line trauma imaging is usually a por-
table chest radiograph. There are numerous
limitations of chest radiographs such as lack of
patient cooperation, the use of portable equip-
ment, and suboptimal patient positioning
(Iochum et al. 2002). Despite these factors, ini-
tial radiographic evaluation may successfully
render a diagnosis of diaphragmatic injury.
The sensitivity of initial radiographs has a
wide range of reported values, from 17 to 65 %
(Iochum et al. 2002; Patlas et al. 2015). The
reported sensitivity of chest radiograph for
right-sided diaphragmatic injuries (approxi-
mately 17 %) is lower than for left-sided inju-
ries (approximately 27-60%) (Iochum et al.
2002).

The most valuable signs of diaphragmatic rup-
ture seen on chest radiography are definite visual-
ization of abdominal viscera above the diaphragm
(with or without a focal constriction of herniated
viscera as they pass through the violated dia-
phragm, the collar sign) and visualization of the
tip of a nasogastric tube above the diaphragm
(Gelman et al. 1991; Desir and Ghaye 2012). The
sensitivity for an NG tube crossing the left dia-
phragm on chest radiograph has a sensitivity of
approximately 44-64% (Gelman et al. 1991,
Guth et al. 1995).

Another finding that is highly suggestive of
diaphragmatic injury is the unexplained elevation
of a hemidiaphragm. In the setting of blunt
abdominal trauma, a 4 cm elevation of either
hemidiaphragm is correlated with injury to that
hemidiaphragm; however, some authors suggest
a higher cutoff of 6 cm from the contralateral
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diaphragm (Gelman et al. 1991; Guth et al. 1995;
Desir and Ghaye 2012).

Unfortunately, most patients with a trau-
matic diaphragmatic injury present with non-
specific findings on chest radiography, such as
obscured outline of the injured hemidiaphragm,
mild elevation of the affected hemidiaphragm,
mediastinal shift to the contralateral side, and
sequela of trauma such as effusions, pneumo-
thorax, or rib fractures (Gelman et al. 1991;
Guth et al. 1995; Desir and Ghaye 2012, Patlas,
Leung et al. 2015).

If a patient cannot be imaged by CT (either
because their condition is too unstable to allow
transport to the scanner or due to a lack of avail-
ability of CT scanning), serial chest radiographs
may be useful, especially after extubation (Gao
et al. 2015). Because of the artificially increased
intrathoracic pressures while undergoing positive
pressure ventilation, herniation of intra-abdominal
contents into the thorax may be delayed or pre-
vented until after extubation. For this reason, com-
parison between radiographs should be made from
before and after cessation of positive pressure ven-
tilation when possible in patients unable to be
imaged by CT (Gao et al. 2015).

Although chest radiographs may be diagnostic
for diaphragmatic injuries, they are generally infe-
rior to CT images in their evaluation, with sensitiv-
ity not greater than 65 % (Gelman et al. 1991; Patlas
et al. 2015). One potential pitfall in the diagnosis of
diaphragmatic injuries by chest radiography is a
normal-appearing (false-negative) radiograph in the
setting of acute diaphragmatic injury, which may be
present in 15% of patients presenting with dia-
phragmatic rupture (Guth et al. 1995).

Differential considerations must be kept in
mind when nonspecific findings are present in the
setting of acute thoracoabdominal trauma.
Congenital hernias can also mimic traumatic her-
niation. Eventration of abdominal contents into
the thoracic cavity can be mistaken for an acute
finding if not recognized as nontraumatic. Other
differential considerations for subtle abnormali-
ties on chest radiographs may include atelectasis,
pleural effusion, hemothorax, pulmonary contu-
sion, pulmonary laceration, or phrenic nerve
palsy (Gelman et al. 1991; Guth et al. 1995;
Tochum et al. 2002).
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6 CT Evaluation

Evaluation with MDCT is increasingly common,
as are powerful workstations which allow review
of reformatted images in a timelier manner. The
maturation of CT technology, including MDCT,
has improved CT scan sensitivity for blunt dia-
phragmatic injury from approximately 60 %
with conventional CT scans to 77-100 % with
MDCT, with MDCT specificity of approxi-
mately 93-98 % (Desser et al. 2010; Magu et al.
2012). The sensitivity of MDCT for penetrating
diaphragmatic  injuries is  approximately
73-100%, with specificity of approximately
50-92 % (Bodanapally et al. 2009; Dreizin et al.
2015).

7 CT Signs of Blunt
Diaphragmatic Injury

Regarding blunt diaphragmatic rupture, Desir
and Ghaye have classified signs into three groups:
direct, indirect, and signs of uncertain or contro-
versial origin (Desir and Ghaye 2012). Signs of
blunt diaphragmatic injuries are described below
using this classification.

Direct signs of blunt diaphragmatic rupture
include the following:

*  Visualized diaphragmatic defect — A visualized
defect of the diaphragm may demonstrate mus-
cular retraction and thickening of diaphragmatic
muscular fibers near the defect. A diaphrag-
matic injury is most easily visualized directly
when air or fat abuts the diaphragm. This sign’s
reported sensitivity and specificity range from
approximately 17 to 90% and 90 to 100 %,
respectively, in the setting of blunt trauma
(Desir and Ghaye 2012; Hammer et al. 2014):
— Pitfalls: Eventration of the diaphragm may

make the diaphragm imperceptible in some
individuals (Desser et al. 2010). Fluid or
soft tissue attenuation material (hemotho-
rax, pleural effusion, ascites, lung consoli-
dation, etc.) in contact with the diaphragm
may obscure a true diaphragmatic injury;
however, this may be less common when
scanned by MDCT with a greater number
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of detectors (Chen et al. 2010; Patlas et al.
2015). Additionally, approximately 6 % of
asymptomatic adults will have evidence of
nontraumatic diaphragmatic defects, which
mimic a focal injury in the setting of acute
trauma (Iochum et al. 2002).

e Dangling diaphragm sign (Desser et al.

2010) — The appearance of this sign overlaps
with visualization of a diaphragmatic defect,
as described above. This less commonly
described sign refers to visualization of the
free edge of the torn diaphragm curling
inwards on itself, which appears as a comma-
shaped soft tissue structure. Thickening of this
free flap of the diaphragm has also been
reported. Sensitivity and specificity of the
dangling diaphragm sign are reported as 54
and 98 %, respectively (Desser et al. 2010):
— Pitfalls: This sign’s pitfalls are similar to
those of the visualized diaphragmatic defect.

e Absent diaphragm — The diaphragm may be

absent in the area of a diaphragmatic injury.
When the diaphragm or a portion of the
diaphragm is not visualized after acute injury,
abdominal contents are commonly herniated.
Absence of the visualized diaphragm has a
reported sensitivity and specificity of 18-43 %
and 91 %, respectively (Desir and Ghaye 2012):
— Pitfalls: This sign’s pitfalls are similar to
those of the visualized diaphragmatic
defect.
Indirect signs of blunt diaphragmatic rupture
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tial mimics of this sign, especially if prior
imaging is not available to demonstrate the
stable nature of the hernia.
Collar sign — This sign refers to a waist-like
band constricting herniated abdominal con-
tents as they pass from the abdomen to the
thoracic cavity through the sometimes-not-
visualized diaphragmatic defect. This sign
may be best appreciated on reformatted sagit-
tal or coronal images. Overall sensitivity and
specificity for blunt diaphragmatic injury are
reported as 44-63 % and 98-100 %, respec-
tively, with sensitivity lower on the right
(50 %) than on the left (78 %) (Killeen et al.
1999):
— Pitfalls: Prior trauma or diaphragmatic
slips may result in atypical contours of
abdominal organs and may be mistaken for
a collar sign (Desir and Ghaye 2012). The
collar sign may also be present in congeni-
tal or acquired hernias. Motion artifact has
caused an artifactually narrowed appear-
ance of upper abdominal organs and the
diaphragm, though this motion artifact is
less likely with faster scan times.
Hump and band signs — These signs are a sub-
set of the collar sign, primarily used in evalu-
ating the right diaphragm. The “hump” being
referenced is a focal outpouching of the liver
which has herniated above the injured right
diaphragm. The “band” refers to an area of
hypoattenuation within the liver at the level of

the diaphragmatic defect on contrast-enhanced
studies (Rees et al. 2005). It is hypothesized
that compression from the rim of the damaged

may be the only evidence to suggest a blunt dia-
phragmatic injury:
* Herniation through a defect — Herniation of

abdominal contents into the abdomen may
occur in the setting of trauma or as the result
of either congenital or acquired diaphragmatic
hernias. Abdominal contents may herniate
into either the pleural or, less likely, the peri-
cardial space. Reported sensitivity of herni-
ated abdominal contents after blunt trauma is
higher on the left than on the right (42-91 %
on the left, 8-50 % on the right), while speci-
ficity is reportedly at 98—100% (Desir and
Ghaye 2012):
— Pitfalls: Diaphragmatic hernias (e.g.,
Bochdalek or Morgagni hernias) are poten-

diaphragm results in a rim of relative hypoper-
fusion of the liver at the site of herniation
(Rees et al. 2005). Both the hump and band
signs are best appreciated on coronal and sag-
ittal reformatted images. While specificity for
these signs has not been determined, sensitiv-
ity of the hump sign is reported to be 50-83 %,
and sensitivity of the band sign is reported to
be 33-42% (Rees et al. 2005; Chen et al.
2010):
— Pitfalls: Similar to the collar sign, prior
hepatic laceration or fracture or diaphrag-
matic slips may be mistaken for a positive
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hump sign (Desir and Ghaye 2012). Also,
because of their subtle nature when com-
pared to the collar sign, these signs may be
missed if only axial views are reviewed.
They are more apparent on sagittal and
coronal reformatted images. A congeni-
tally high right hemidiaphragm may also
mimic a hump sign.

e Dependent viscera sign — When supine, the

left hemidiaphragm normally suspends the
stomach, spleen, and bowel above the poste-
rior chest wall, while the right hemidiaphragm
normally suspends the liver away from the
posterior chest wall, each separated by pos-
teroinferior portions of the lungs. When
abdominal viscera are herniated into the pleu-
ral space, this support is no longer present,
and the herniated abdominal contents can fall
against the posterior chest wall (Cantwell

2006). In the setting of blunt trauma, sensitiv-

ity for this sign is reported as 54-90 %, with a

reported specificity of practically 100 %

(Bergin et al. 2001; Desser et al. 2010; Desir

and Ghaye 2012):

— Pitfalls: Patients with congenital or hiatal
hernias may demonstrate this sign without
acute injury. This sign has been reported to
have a low sensitivity for small ruptures,
atypically configured or anteriorly located
ruptures or when pleural effusion is present
(Bergin et al. 2001; Cantwell 2006; Desir
and Ghaye 2012).

Abdominal contents peripheral to the dia-

phragm or lung — When the normal contour of

the diaphragm is well visualized, abdominal
contents may be seen outside this contour. If
abdominal contents are seen outside the nor-
mal contour of the diaphragm, they will have
herniated into the thoracic cavity. Sensitivity
and specificity are not reported for this sign

(Desir and Ghaye 2012):

— Pitfalls: In the unlikely situation that the
diaphragm was inverted (such as from a
large effusion), this relationship may be
abnormal (Desir and Ghaye 2012).

Elevated abdominal organs — Because many

processes may result in discrepancies of the

apparent heights of the right and left hemidia-
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phragm, unilateral elevation of abdominal
organs into the thoracic cavity is insufficient
to diagnose diaphragmatic rupture. When seen
in conjunction with other features suggesting
diaphragmatic rupture, elevation of abdominal
organs into the thoracic cavity may help reas-
sure the correct diagnosis. Although other val-
ues have also been suggested, a significant
correlation has been shown between a 4 cm
elevation of the right relative to the left hemi-
diaphragm and right-sided rupture. Overall
sensitivity and specificity for a 4 cm diaphrag-
matic asymmetry are reported to be 50-83 %
and 89-99 %, respectively (Desir and Ghaye

2012):

— Pitfalls: Mimics of this sign may include
phrenic nerve injury, atelectasis, or subpul-
monic effusion.

Concomitant pneumothorax with pneumo-

peritoneum or hemothorax with hemoperito-

neum — With the presence of either air or
blood in both the thoracic and abdominal cavi-
ties, one should strongly consider diaphrag-
matic injury in the setting of trauma. Effusion
or ascites may also pass between the thoracic
and abdominal cavities in the setting of a dam-

aged diaphragm (Desir and Ghaye 2012):

— Pitfalls: It may be difficult to prove that the
combination of pneumothorax with pneu-
moperitoneum or hemothorax with hemo-
peritoneum does not represent synchronous
injuries within both cavities (Desir and
Ghaye 2012).

Signs of uncertain or controversial origin:

Thickening of the diaphragm — Muscular

fibers of the diaphragm may retract and

thicken after diaphragmatic injury. The thick-
ening of the diaphragm can vary in appear-
ance, and no standard measurements for
diaphragmatic thickness are established. In
the setting of blunt diaphragmatic injury, over-
all sensitivity has been reported as 5675 %,
and specificity is reported to be approximately

95 % (Desir and Ghaye 2012):

— Pitfalls: The diaphragm may be congeni-
tally thickened due to unequal distribution
of muscular fibers during embryologic
migration. Additionally, blood or fluid
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accumulated near the diaphragm such as a
retroperitoneal hematoma may mimic
thickening of the diaphragm and incorrectly
suggest a diaphragmatic injury (Nchimi
et al. 2005; Desir and Ghaye 2012).

e Diaphragmatic ~ and  peridiaphragmatic
extravasation of contrast — Arterial contrast
extravasation from the diaphragm is highly
specific for diaphragmatic injury. Although
sensitivity is low (reported between O and
12 %), specificity is reported between 93 and
98 % (Nchimi et al. 2005; Desser et al. 2010):

— Pitfalls: This sign is nonspecific because
extravasation of contrast can be difficult to
localize to the diaphragm (and to exclude
bleeding of adjacent organs) (Desir and
Ghaye 2012).

* Fractured rib or ribs — Rib fractures can sug-
gest injury to the diaphragm by their size,
position, and location. The relative location of
a rib fragment may indicate it has crossed the
surface of the adjacent diaphragm. Sensitivity
and specificity of rib fractures in diagnosing
diaphragmatic injury are unknown (Desir and
Ghaye 2012).

8 CT Signs of Penetrating
Diaphragmatic Injury

In the setting of penetrating trauma, contiguous
injury to organs above and below the diaphragm
is the most useful and accurate sign, with sensi-
tivity and specificity of 82-100% and 82-83 %,
respectively (Bodanapally et al. 2009; Panda
et al. 2014; Dreizin et al. 2015).

Direct visualization of a diaphragmatic defect in
the setting of penetrating trauma has a broad range
of reported sensitivities (7-100%) (Panda et al.
2014; Dreizin et al. 2015); however, specificity is
consistently high, reported in the range of 90—100 %
(Bodanapally et al. 2009; Dreizin et al. 2015).

Thickening of the diaphragm near the area of
penetrating injury, presumably due to retraction
of muscle fibers from the site of injury, has a
reported sensitivity of approximately 48-83 %,
with specificity reported near 70 % (Bodanapally
et al. 2009; Panda et al. 2014).
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Although penetrating diaphragmatic injuries
typically result in small diaphragmatic defects, a
penetrating injury may result in a large diaphrag-
matic defect based on its trajectory. Any of the
signs related to the larger blunt diaphragmatic
injuries can be seen in the setting of a large
defect. Because of this, signs related to hernia-
tion (collar sign, dependent viscera sign, hernia-
tion of abdominal contents into the thoracic
cavity) tend to have low sensitivities and high
specificities in the setting of penetrating trauma,
as discussed below.

The collar sign also has low sensitivity in the
range of 0-24 %, with specificity reported near
100% (Bodanapally et al. 2009; Panda et al.
2014; Dreizin et al. 2015).

The dependent viscera sign may theoretically
be seen in large defects associated with penetrat-
ing trauma, but was not reported in two recent
studies (Bodanapally et al. 2009; Dreizin et al.
2015).

Sensitivity of herniation of abdominal fat or
viscera into the thoracic cavity in the setting of
penetrating trauma is approximately 7-17 %, and
specificity approaches 100 % (Bodanapally et al.
2009; Patlas et al. 2015).

Concurrent hemothorax and hemoperitoneum
have a sensitivity of 50% and a specificity of
95 % for penetrating abdominal injuries (Nchimi
et al. 2005).

The reported sensitivity for the dangling dia-
phragm sign is 0—17 %, without reported speci-
ficity (Panda et al. 2014; Dreizin et al. 2015). In
describing the dangling diaphragm sign, Desser
et al. acknowledged that it would be less likely in
penetrating trauma (Desser et al. 2010).

Active extravasation of contrast in or along the
diaphragm has a sensitivity of 8 % and a specific-
ity of 100 % (Dreizin et al. 2015).

9 Additional Pitfalls in CT
Imaging

Although herniation of intra-abdominal contents
is not needed to diagnose diaphragmatic injury, it
does represent a potential complication of both
blunt and penetrating diaphragmatic injuries. As



Traumatic Diaphragmatic Injuries

was previously mentioned, herniation of abdomi-
nal viscera into the thoracic cavity can be pre-
vented or delayed due to positive pressure
ventilation. Positive pressure ventilator assis-
tance is commonly needed as part of the support-
ive measures implemented after major trauma.

Additionally, herniation or eventration of
abdominal organs such as the liver, spleen, or
bowel through a thinned diaphragm may mimic a
traumatic injury and should be correlated to prior
imaging if available (Iochum et al. 2002). In
cases of eventration, close examination of the
margins of the diaphragm may demonstrate a
faint line that corresponds to the thinned dia-
phragm overlying the eventrated organs.

10 MRI Evaluation

The use of MRI in an acute trauma setting is usu-
ally impractical because of patient hemodynamic
instability and resuscitative medical equipment
incompatibility. MRI can be successfully used in
cases of equivocal initial imaging in hemody-
namically stable patients, late presentation of a
diaphragmatic injury, or suspicion of a chronic
diaphragmatic injury (Killeen et al. 1999;
Barbiera et al. 2003).

One benefit of using MRI to evaluate the dia-
phragm is the ability to image directly in coronal
and sagittal planes without needing to rely on
reconstructions, as is the case with CT (Killeen
et al. 1999; Iochum et al. 2002). Directly imaged
sagittal and coronal planes allow appreciation of
the contrast between the mediastinal or the
abdominal fat and the low-signal band of the dia-
phragm itself. Diaphragmatic injuries can be
diagnosed by visualization of diaphragmatic
defects directly or by visualizing herniation of fat
across the diaphragm. It has been suggested that
T1 imaging in sagittal and coronal planes may be
enough to clearly contrast the fat of the mediasti-
num and abdominal cavity to the hypointense
band of the diaphragm and may be sufficient to
diagnose  defects of the  diaphragm
(Shanmuganathan et al. 1996; Killeen et al. 1999).

As with CT, MR imaging signs of diaphrag-
matic injury include disruption of the diaphrag-
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matic contour or intrathoracic herniation of
abdominal contents, such as viscera or fat
(Iochum et al. 2002; Barbiera et al. 2003). At
least one small series has demonstrated the abil-
ity to diagnose diaphragmatic injuries as small as
1 cm (Barbiera et al. 2003).

Many of the same findings described in the
above CT signs of diaphragmatic injury may
apply equally well to MR imaging. Diaphragmatic
discontinuity and herniation of fat or viscera have
been commonly reported together in cases
detected with MR imaging (Shanmuganathan
et al. 1996; Barbiera et al. 2003). Any of the signs
which rely on the physical relationships of the
thoracic and abdominal organs (e.g., the collar
sign, directly visualized defect of the diaphragm,
herniation of abdominal viscera into the thoracic
cavity, or diaphragmatic extravasation of con-
trast) may be equally applicable to MR and CT
imaging; however, the sensitivity and specificity
of these signs in MR imaging have not yet been
clarified. In a small series of patients with equiv-
ocal imaging findings, the sensitivity and speci-
ficity of MRI in detecting diaphragmatic injuries
were both 100 % (Shanmuganathan et al. 1996).

11 Ultrasound

Little has been published on the sonographic diag-
nosis of diaphragmatic rupture; however, there are
case reports that suggest its potential during
focused assessment with sonography in trauma
(FAST) exams (Blaivas et al. 2004; Kirkpatrick
et al. 2006; Gangahar and Doshi 2010). Findings
during FAST or modified FAST exams which have
been demonstrated in the setting of proven trau-
matic diaphragmatic injuries include elevation of
the diaphragm, poor diaphragmatic excursion,
replacement of the expected sliding of the lung by
the liver in the lower chest (liver sliding sign), or
organs being either obscured or apparently absent
on FAST exam due to anatomic distortions in the
setting of herniation (Rip’s absent organ sign)
(Blaivas et al. 2004; Kirkpatrick et al. 2006;
Gangahar and Doshi 2010). No significant statisti-
cal data on the sonographic diagnosis of diaphrag-
matic injury is available.
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Potential pitfalls with sonographic evaluation
of the diaphragm in the acute setting include non-
acute causes of diaphragmatic dysfunction and
eventration of the diaphragm (Blaivas et al. 2004;
Kirkpatrick et al. 2006). The nonvisualization of
organs is also a nonspecific finding in ultrasonog-
raphy and can be attributable to other causes such
as COPD, obesity, or dextrocardia (Gangahar and
Doshi 2010).

Conclusion

Diaphragmatic injuries are caused by pen-
etrating and blunt trauma, both of which
are frequently associated with additional
traumatic injuries. Both radiologists and
surgeons, especially in the setting of life-
threatening injuries, miss diaphragmatic
injuries. A missed diaphragmatic injury puts

a patient at risk of delayed injury and com-
plications such as strangulation, with poten-
tially disastrous consequences. Selective
nonoperative management is becoming more
common in management of both blunt and
penetrating trauma. In order to ensure that
diaphragmatic injuries are not missed, radi-
ologists should be familiar with the signs or
diaphragmatic injury and should have a high
degree of suspicion in the setting of blunt
or penetrating trauma. Comparison to prior
imaging may help differentiate chronic or
congenital mimics of diaphragmatic injury.
The proliferation of MDCT and increasing
use of multiplanar reconstructions have also
made the evaluation for diaphragmatic inju-
ries more accurate and reliable and should
always be employed.

A 62-year-old man who was struck by a car:
Computed tomography (CT) images demon-
strate the absence of the interposition of lungs
between the upper abdominal contents and the
chest wall consistent with the dependent vis-
cera sign (arrow). There is intrathoracic her-

niation of abdominal viscera as demonstrated
by visualization of abdominal organs within the
pleural space (circle). Additionally, coronal
reconstructions demonstrate elevation of left-
sided abdominal contents above the left dia-
phragmatic dome (line)
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A 62-year-old man who was struck by a car:
Computed tomography (CT) image demonstrates
the tear in the diaphragm results in a waist-like
constriction of the stomach (image C arrow-

heads). These findings are representative of the
collar sign. The patient’s CT findings of a left
diaphragmatic rupture were confirmed at
surgery

A 25-year-old who suffered a motor vehicle
collision: CT images demonstrate a linear band
of hypoattenuation through the liver, the band
sign (images A and B, dashed line). Once again,
we see abdominal organs located within the left
pleural space (image A, circle) and the dependent
viscera sign (image A, arrow). Abdominal con-
tents are located above the level of the diaphragm

(image B, arrowheads). The patient’s CT findings
of bilateral diaphragmatic rupture were con-
firmed at surgery. Bilateral diaphragmatic injury
can occur in 5-8 % of cases of blunt trauma with
diaphragmatic injury. Consequently, a careful
inspection of the contralateral hemidiaphragm
should be pursued once a diaphragmatic injury is
found
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A 33-year-old in motor vehicle collision:
Axial CT images demonstrate the dangling dia-
phragm sign as evidenced by the inward curling
of the diaphragm from its normal course (images

A 33-year-old in motor vehicle collision: The
topogram demonstrates apparent elevation of the
left hemidiaphragm (image C, dashed line). The
coronal CT reformations confirm elevated

A and B, arrows). Additionally, there is thicken-
ing of the injured diaphragm (images A and B,
arrows). The collar sign is also present (images A
and B, arrowheads)

abdominal organs within the left thorax >4 cm
above the level of the level of the right diaphrag-
matic dome (image D, dashed line).
Diaphragmatic rupture was confirmed at surgery
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A 47-year-old man stabbed in the left flank: hemothorax (image A, arrow), hemoretroperito-
Axial CT images demonstrate contiguous injuries neum with blood tracking along the gastrosplenic
above and below the diaphragm which raise the ligament (image B, arrow), and a focus of free gas
suspicion of diaphragmatic injury. There is a left abutting the spleen (image A, arrowhead)

A 34-year-old man with gunshot wound to the (image A, arrow), and hepatic laceration (image
right chest: Axial CT images demonstrate a pul- A, arrowhead). Contiguous injury on both sides
monary contusion (image B, circle), hemothorax of the diaphragm suggests diaphragmatic injury
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A 34-year-old man with gunshot wound to the
right chest: Multiplanar reconstruction demon-
strates the wound tract (image C, dashed line)
traversing the right hemidiaphragm with injuries

on both sides of the diaphragm. This case illus-
trates the value of coronal images to find the
wound tract. The patient’s diaphragmatic injury
was confirmed at surgery

A 21-year-old man with gunshot wound to the
right chest: Axial CT image shows a liver laceration
with active extravasation of contrast (image A,
arrow) and an associated subcapsular hematoma.
Axial lung windows demonstrate a pulmonary con-

tusion (image A, arrowhead) and trace pneumotho-
rax. [llustrative wound tracts of metallic shot pellets
traverse the right hemidiaphragm. No diaphrag-
matic discontinuities are seen on CT, but these find-
ings are consistent with diaphragm laceration
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A 21-year-old man with gunshot wound to the
right chest: Once again we see the benefit of
multiplanar reformations. Coronal images show
that the wound tract (dashed line) courses
through the right hemidiaphragm. Contiguous
injury above and below the right hemidiaphragm

was also demonstrated as lung injury from the
bullet tract can be seen above the diaphragm
(arrow) and active extravasation within the liver
is seen along the path of the shot (arrowhead).
Right diaphragmatic injury was confirmed at

surgery
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A 28-year-old man with a gunshot wound to
the left upper quadrant: Axial images demon-
strate pulmonary contusion. The bullet tract
(images A and B, dashed line) traverses the left
hemithorax and left upper quadrant. The wound
tract (image C, dashed line) also courses inferi-
orly through the abdomen, and there is evidence

of hemoperitoneum (arrowhead). Contiguous
injuries above and below the diaphragm are con-
cerning for diaphragmatic injury. Sagittal refor-
mations show the wound tract (image D, dashed
line) coursing from above the diaphragm into the
abdomen. Left diaphragmatic injury was con-
firmed at surgery

GSW with tract through the upper abdomen;
image shows active extravasation from hepatic

laceration (arrow) and below the left hemidia-
phragm (arrowhead)

MVC with large right diaphragmatic defect,
herniation of the liver into the left thorax, band,
and collar signs
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1 Community-Acquired

Pneumonia

1.1 Introduction

Community-acquired pneumonia (CAP) is a
frequent lower respiratory tract infection.

It is highly influenced by the geographic area
and the population.

The microorganisms may reach the lower
respiratory tract from inhaled air or from infected
oropharyngeal secretions (Vincent et al. 1995).
Droplet transmission from human to human is
another usual mode of spread of the pulmonary
infection, especially in immunocompetent
patients and young children.

Clearance by mucociliary system can fil-
ter infective organisms 5-10 nm in diameter, so
that microorganisms between 1 and 2 nm can
reach the alveolar tissue. The alveolar infection
depends on the balance between the virulence
of the microorganism and body defenses due to
cellular phagocytosis. There are several factors
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predisposing to the development of CAP as car-
diovascular diseases, diabetes, uremia, immunode-
ficiency, obstructive pulmonary chronic disorders
with mucociliary clearance insufficiency, and age.

Alcoholic patients and people with poor oral
hygiene are particularly sensitive to develop pul-
monary infections (Barlettand Finegold 1974).

The clinical presentation of pneumonia is fre-
quently represented with sudden symptoms as
high fever, cough, purulent expectoration, and
deep chest pain. Neutrophilia is common.

CAP is classified into three main groups: lobar
pneumonia, bronchopneumonia, and interstitial
pneumonia (Bhalla and Mc Loud 1998).

Lobar pneumonia appears in the lung paren-
chyma periphery and then diffuses up to the
hilum. It is generally limited to one pulmonary
segment or lobe.

Bronchopneumonia occurs when infectious
microorganisms produce acute bronchial muco-
sal inflammation and spread through the airway
into the alveolar spaces determining pulmonary
consolidation.

Interstitial pneumonia is determined by the
infection of pulmonary interstitium and is mainly
caused by viral organism.

The same organism may produce several dif-
ferent patterns that depend on the balance
between the microorganism charge and the body
immunity defenses.

The spectrum of bacteria responsible for CAP
includes Streptococcus pneumoniae, Haemophilus
influenzae, Staphylococcus aureus, Mycoplasma
pneumoniae, Chlamydia pneumoniae, Legionella
pneumophila, and  Klebsiella  pneumoniae
(American Thoracic Society 1995; Marom et al.
1999; De Paso 1991).

Among the types of CAP, S. pneumoniae is
the most frequent causing bacteria, and it is asso-
ciated with a high mortality rate in the elderly
and childhood.

Haemophilus influenzae also is one of the
most frequent bacteria causing CAP, because it
frequently colonizes the human upper respiratory
tract, especially the nasopharynx, and is consid-
ered to form part of the normal respiratory flora.
It is also an important cause in the acute exacer-
bation of chronic obstructive pulmonary infec-
tious disease (Kofteridis et al. 2009).

Fig. 1 Fungal abscess (white arrow) in diffuse pulmo-
nary emphysema. Post-contrast CT axial scan demon-
strates large air-containing dishomogeneous focal area,
with peripheral-enhanced irregular wall, characteristic of
fungal abscess, with underlying pulmonary emphysema

The viruses that most commonly cause pneumo-
nia are respiratory syncytial virus, herpes simplex,
parainfluenza virus, influenza virus, adenovirus,
and cytomegalovirus.

The funguses that most commonly cause pneu-
monia are Pneumocystis, Aspergillus, and Candida.

Pulmonary emphysema and bronchiectasis are
frequently seen in patients with CAP because
chronic obstructive pulmonary disease is a pre-
disposing factor for developing pulmonary infec-
tion (Reittner et al. 2000a) (Fig. 1).

1.2 Lobar Pneumonia

Depending on the severity of the pulmonary alve-
olar tissue involvement, the pattern of the infec-
tion may be patchy or homogeneous. The
consolidation is usually confined to one lobe,
although multilobar involvement is not uncom-
mon (Fig. 2). Because the bronchial tree is not
involved, there is no volume loss of the inflamed
pulmonary segment or lobe.

Lobar pneumonia is characterized by the filling
of alveolar spaces by edema full of white and
inflammatory cells. The inflammation generally
begins at the lung mantle and then diffuses to the
entire lobe through Kohn pores and peripheral small
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Fig.2 Bilateral pneumonia. CT coronal scan demonstrates
lobar consolidation of right upper and lower lobes with no
volume loss and bulging of interlobar fissure. On the other
side, there are lobular areas of consolidation. Air broncho-
grams within the consolidation areas are preserved

Fig.3 Lung abscess. Post-contrast CT axial scan demon-
strates large focal area of decreased attenuation with air-
fluid level, with rim enhancement, characteristic of lung
abscess (arrow) of the left upper lobe

airways; usually it is limited by an interlobar fissure.
The air bronchograms within the consolidation area
are preserved (Fig. 2). Nodular pneumonia is fre-
quently caused by fungal infections and is prevalent
in young or immunocompromised patients.

The pneumonia could be complicated with
cavitation and abscess (Fig. 3), necrosis of the
inflamed lung parenchyma, and loculated empy-
ema (Muller et al. 2007).

Abscesses develop in up to 30% of cases, are
usually solitary, and typically have an irregular
wall. They could rupture into the pleural space

Fig. 4 Post-contrast CT axial scan demonstrates a small
air-containing pulmonary cavity with fluid level (arrow)
ruptured into the pleural space (arrow tip) with a small left
pneumothorax

with the development of pneumothorax and empy-
emas (Fig. 4). Abscesses may also erode into bron-
chial tree and produce air-containing cavities with
fluid levels. The consequent bronchial aspiration
and diffusion of infection can determine patchy
consolidation or nodules in dependent portions of
both the lungs (Fig. 5). The consolidations are usu-
ally multilobar and bilateral in distribution.

A large solitary abscess or primary lung
abscess can develop in a patient without underly-
ing lung inflammation as a consequence of aspi-
ration of oropharyngeal secretions in combination
with impairment of systemic defense condition.

Necrotizing pneumonia, generally determined
by Gram-negative bacteria, produces exfoliated
pulmonary tissue within a cavity or diffuses
microabscesses secondary to thrombosis of the
vessel that supply the consolidation. Sometimes
necrotizing pneumonia consists of a fulminant
process associated with focal areas of necrosis
that results in abscesses that can coalescence,
resulting in large cavities that may exhibit thick
fibrotic walls if they are chronic. There are large
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Fig.5 CT sagittal scan demonstrates multiple nodules in
dependent portions of the lung

cavities with concomitant small cavities fre-
quently associated with empyema (Winer-Muram
et al. 1993). This feature is frequent in immuno-
compromised patients.

1.3 Bronchopneumonia
Bronchopneumonia or lobular pneumonia is
characterized by a peribronchiolar inflammation
with thickening of peripheral bronchial wall, the
diffusion of inflammation to the centrilobular
alveolar spaces, and development of nodules
(Fig. 6). From the centrilobular tissue, the inflam-
mation can spread to lobular (Fig. 7) or subseg-
mental areas giving a consolidation. The areas of
consolidation may be patchy or confluent, multi-
lobar, unilateral, or bilateral (Fig. 8). Because the
process involves the airways, it can determine a
loss of volume of the affected pulmonary seg-
ment (Ito et al. 2009).

A

Fig. 6 Bronchopneumonia. CT coronal scan demon-
strates multiple, bilateral, centrilobular nodules

—

Fig. 7 Bronchopneumonia. CT axial scan demonstrates
multiple, lobular (arrow), patchy, confluent consolidation
areas of the left lower lobe

1.4 Interstitial Pneumonia
Interstitial pneumonia is frequently caused by
virus.

The viral pneumonia begins with the destruc-
tion and exfoliation of the respiratory ciliated and
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Fig. 8 Bronchopneumonia. CT axial scan demonstrates
multiple confluent areas of consolidation (arrow) of the
right lower lobe and patchy lobular areas of consolidation
of the left lower lobe (arrow tips)

Fig. 9 Interstitial pneumonia. CT axial scan evidences
that the lingular interstitial septa, bronchial and bronchio-
lar walls are thickened for an inflammation process
(arrows). There is also a central lobular consolidation
with patchy appearance

mucous cells. The interstitial septa and the bron-
chial and bronchiolar walls become thickened for
the inflammation process and lymphocyte inter-
stitial infiltrates (Fig. 9). The consequent
interstitial pneumonia has often a patchy appear-
ance, frequently with coalescence, involving pre-
dominantly the peribronchial portions of the

Fig. 10 Chest radiograph shows a right upper lobe opac-
ity (arrow tip) and a nonhomogeneous consolidation of
the right lower lobe (arrow)

pulmonary lobules (Shiley et al. 2010). With the
progression of inflammation, the alveolar sacs fill
with exudate that could be hemorrhagic. As con-
sequence a hyaline membrane can develop in
alveolar spaces.

The pneumonia can heal completely, but some-
times a chronic interstitial fibrosis can occur.

1.5 Radiographic Features

Chest radiography represents an important initial
examination in all patients suspected of having
pulmonary infection and for monitoring response
to therapy.

Its role is to identify the pulmonary opacities
(Fig. 10), their internal characteristics and distri-
bution, pleural effusion, and presence of other
complications as abscesses and pneumothorax.

Radiographic manifestations depend on the
immune status of the patient and the presence of
preexisting lung chronic alterations as emphy-
sema, chronic bronchitis, and bronchiectasis and
vary somewhat among the various species of
causing microorganisms.

The most common radiographic findings
include hazy ground-glass opacities, confluent or
patchy airspace consolidations, cavitations, and



148

P. Agarwal et al.

Fig. 11 Posteroanterior chest radiograph shows dense
left lower lobe airspace consolidation (arrow) with pleural
fluid

poorly defined linear or reticular-nodular opaci-
ties (Chastre et al. 1998).

These alterations may involve mainly the peri-
hilar regions, lower lung zones, or upper lung
zones. They are usually unilateral but may
involve both lungs. Other findings are pleural
effusion and hilar adenopathy.

In some cases, the radiographic findings are
suggestive or consistent with the diagnosis of
pneumonia and are sufficiently specific in proper
clinical context to preclude the need for addi-
tional imaging (Fig. 11) (Franquet 2001).

However, the bedside plain film, the projection
effects, and the poor density resolution frequently
limit the value of radiography as a diagnostic tool.
Radiographic features are sometimes nonspecific,
and the relatively low diagnostic accuracy of chest
radiography can be improved with CT.

1.6 Computed Tomography

Findings

CT has been shown to be more sensitive than
x-ray plain film and provide additional
information that affects diagnosis or manage-
ment in up to 70 % critically ill patients (Heussel
et al. 1997).

High resolution CT allows accurate assess-
ment of airspace inflammation (Okada et al.
2012).

The distribution of parenchymal alterations is
based on the evidence of their localization at CT
scan. If the primary opacity is predominantly
located in the inner third of the lungs, the pathol-
ogy is classified as having a central distribution.
A peripheral opacity is defined as a lesion local-
ized in the outer third of the lungs. Zonal pre-
dominance is classified as either upper or lower.
In the upper lung zone predominance, the altera-
tion is located above the level of the tracheal
carina, whereas in the lower zone predominance,
it is located below the upper zone.

The CT findings include nodules, interlobular
septal thickening, intralobular reticular opacities,
ground-glass opacities, tree-in-bud pattern, lobar-
segmental consolidation, lobular consolidation,
abscesses, pneumatocele, pleural effusion, peri-
cardial effusion, mediastinal and hilar lymphade-
nopathies, airway dilatation, and emphysema.

Nodules measure from 3 to 10 mm and are
divided into three types: centrilobular nodules
that are small nodules in centrilobular location,
peribronchovascular nodules that are relatively
larger nodules associated with the peribroncho-
vascular bundle, and “random nodules” that are
not associated with centrilobular structures or
bronchovascular bundle.

The centrilobular nodules reflect a peribron-
chial inflammation with a centrilobular distribu-
tion (Fig. 12).

They are defined as a dot-like opacities local-
ized inside the center of a secondary pulmonary
lobule. They are present around the peripheral
pulmonary arterial branches or 3—5 mm from the
pleura, interlobular septa, or pulmonary veins.

Nodules that are present in the bronchovascu-
lar bundle are called peribronchovascular nod-
ules (Fig. 13).

Hemorrhagic pulmonary nodules have a central
area of soft tissue attenuation surrounded by a halo
of ground-glass attenuation (Primack et al. 1994).

Pulmonary hemorrhage in association with
nodules occurs in patients with herpes simplex
virus, candidiasis, and cytomegalovirus pneumo-
nia (Thurlbeck et al. 1991)
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Fig. 12 CT axial scan evidences multiple centrilobular
nodules and peribronchial inflammation with centrilobu-
lar distribution

Fig. 13 Peribronchovascular nodules. CT sagittal scan
shows small nodules (arrow tips) in the bronchovascular
bundle and peribronchial inflammation (arrows)

Interlobular septal thickening are defined as
abnormal widening of the interlobular septa.
Intralobular reticular opacity is considered to be

Fig. 14 CT sagittal scan shows small nodules (arrow
tips) associated with thickening of the bronchovascular
structures (arrow)

present when interlacing line shadows are sepa-
rated by a few millimeters (Fig. 9) (Austin et al.
1996).

It is frequently associated with bronchial wall
thickening. Thickening of the bronchovascular
structures is defined as an apparent thickening of
the bronchovascular bundle in comparison with
the unaffected lung parenchyma (Fig. 14).

Ground-glass opacity was defined as hazy
increased opacity with preservation of bronchial
and vascular markings (Fig. 15). It is present par-
ticularly in pneumocystis and cytomegalovirus
infections (Fig. 16).

Tree-in-bud pattern may be seen in a variety of
bacterial, mycobacterial, fungal, and viral infec-
tions and consists of centrilobular branching
tubular structures, bronchovascular bundle
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Fig.15 Ground-glass opacity. CT axial scan evidences a
lingular ground-glass opacity (arrow) with preservation
of bronchial and vascular markings

Fig. 16 CT axial scan demonstrates multiple, confluent,
bilateral ground-glass opacities with preservation of bron-
chial (arrow tip) and vascular (arrow) markings

thickening, and nodules and reflects the presence
of bronchiolar inflammation and filling of the
bronchiolar lumen by inflammatory exudate
(Fig. 17) (Aquino et al. 1996).

Airspace consolidation is considered to be
present when homogeneous increases in pulmo-
nary parenchymal attenuation obscured the mar-
gins of vesse