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Abstract Thoracic trauma is the second most common cause of mortality of all
traumatic injuries, accounting for about 25 % of traumatic deaths. The present
review focuses on the advances of the relevant literature regarding the most
appropriate approach and definitive treatment of thoracic trauma. The universal
clinical application of focused assessment with sonography for trauma (FAST) has
greatly enhanced the tool for traumatic diagnosis, monitoring, and interventional
procedural guidance. FAST has been used as an efficient triaging tool in blunt
thoracic trauma patients. Additionally, video-assisted thoracoscopic surgery
(VATS) has been established as safe and effective for managing thoracic trauma in
hemodynamically stable patients. VATS for specific indications in thoracic trauma
is associated with improved outcomes, decreased morbidity and mortality, and
shortened hospital stay. Emergency resuscitative thoracotomy (ERT) is an accepted
intervention for penetrating cardiothoracic trauma patient in extremis. However, its
role in blunt trauma patient in extremis has been challenged and has been a subject
of considerable debate. The treatment of flail chest injuries has undergone dramatic
evolution over the last hundred years. Surgical stabilization of severe rib fractures
offers several theoretical advantages, but the use of surgery for the treatment of flail
chest is still controversial. For the treatment of deep pulmonary lacerations, the
techniques that achieve hemostasis while preserving the maximal amount of pul-
monary parenchyma are desirable. Lung-sparing technique is an less extensive
surgical techniques of repair and resection surgical including suture pneumonor-
rhaphy, stapled and clamp pulmonary tractotomy with selective vessel ligation, and
non-anatomic resection. The management of traumatic aortic injury has been
transformed through the application of thoracic endovascular aortic repair
(TEVAR). TEVAR has been increasingly used for definitive treatment and its
outcomes appear to be at least equally safe and effective as those of open repair.
Finally, extracorporeal organ support is becoming more commonplace in trauma
critical care management as clinical evidence for the merits of this approach builds.
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Thoracic trauma is the second most common cause of mortality of all traumatic
injuries, accounting for about 25 % of traumatic deaths [1]. Thoracic injury as a
result of motor vehicle collisions throughout the world is extremely prevalent.
Thoracic trauma is associated with high morbidity and mortality rates due to it can
affect oxygenation, ventilation, and maintenance of circulation and may result in
significant respiratory distress and shock. Many thoracic injuries cause death can be
immediate or within the first minutes or hours after injury. Immediate deaths
usually involve disruption of the heart or great vessel injury. Early deaths are
frequently caused by airway obstruction, tension pneumothorax, pulmonary con-
tusion, or cardiac tamponade. Injuries from chest trauma ranged from rib fractures
requiring only pain control to cardiac lacerations with tamponade or exsanguinating
hemorrhage. Given the range of injuries, acuity and clinical presentation, multiple
diagnostic modalities, and treatment options, exist for thoracic trauma. Initial
resuscitation is performed according to advanced trauma life support with imme-
diate attention to airway, breathing, and circulation. During the primary survey,
tracheal intubation, mechanical ventilation, closed chest tube thoracostomy and
shock resuscitation can be crucial, time-sensitive therapies. Recently, much pro-
gress in the science of technologies in trauma critical care management and
research-based advances improve outcomes for patients with major chest trauma.

1 Focused Assessment with Sonography
for Trauma (FAST)

The injured patient should be rapidly evaluated and the treatments are prioritized
based on the mechanism of injury, the patient’s presentation and physical exami-
nation. The first priority is to treat patients with unstable condition or dying
patients. The principle of the initial assessment and resuscitation is according to the
beginning of resuscitation while performing concurrent diagnostic procedures. It is
important to avoid performing time-consuming auxiliary examination for severe
unstable thoracic injury or dying patients due to the rapid changes of these patients
condition. Currently, diagnostic thoracic/abdominal cavity puncture, FAST and
emergency room bedside X-ray radiograph are three key component of primary
diagnostic tool for unstable patients in most large institutions.

Primary assessment and management of thoracic trauma should follow the
standard advanced trauma life support principles, starting with control of the
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airway. While it is obvious that a chest injury may affect breathing, the major effect
of a tension pneumothorax and haemothorax is on circulation. A chest drain will be
both diagnostic and therapeutic. During the initial hospital phase, the injured patient
is rapidly assessed and the treatments are prioritized based on the mechanism of
injury and the patient’s vital signs. The goal of the resuscitation is to improve organ
and tissue perfusion by rapidly identifying and simultaneously treating
life-threatening conditions.

Continued advances in imaging technology and the application of existing
techniques are at the forefront of the initial evaluation of the trauma patient, par-
ticularly in patients who are critically injured. Radiographic diagnostics must be
rapid and accurate. The initial radiographic evaluation screens for immediate
life-threatening conditions. More sophisticated diagnostics then identify
organ-specific injury and characterize its severity.

FAST and chest X-ray (CXR) are both rapid and repeatable bedside auxiliary
examination and can help determine if indications for immediate operative inter-
vention are present. Since its inception in the 1990s, the use of FAST scanning has
assumed a key role in the rapid non-invasive assessment and subsequent man-
agement of patients suffering thoracoabdominal trauma [2]. The evolution of FAST
has seen its incorporation into American College of Surgeons Advanced Trauma
Life Support (ATLS) training and it is currently used by emergency physicians in
resuscitation rooms worldwide to assist timely decision-making. FAST has proved
to be a promising tool for pneumothorax. CXR and computed tomography
(CT) scan are the two important investigations commonly used for the diagnosis.
However, CXR has been shown to be an insensitive examination. The CT scan is
the gold standard for the detection of pneumothorax, but it requires severely injured
patients to be transported to the CT room, is time consuming and results in delayed
diagnosis. FAST is easily performed at the bedside in the trauma resuscitation room
and is used to perform rapid evaluation for severely injured patients. The use of
FAST to detect pneumothorax has been studied by several trials to have a higher
sensitivity and specificity compared to CXR [3—5]. Three meta-analyses provided a
comprehensive analysis of the current literature evaluated the diagnostic accuracy
of transthoracic ultrasonography for the diagnosis of pneumothorax in comparison
CXR. Ding et al. [6] showed that pooled sensitivity and specificity were 0.88 and
0.99 respectively for ultrasonography, and 0.52 and 1.00 respectively for CXR.
Alrajhi et al. [7] reported that ultrasonography was 90.9 % sensitive and 98.2 %
specific for the detection of pneumothorax. Alrajab et al. [8] indicates that ultra-
sonography had a pooled sensitivity of 78.6 % and a specificity of 98.4 %. CXR
had a pooled sensitivity of 39.8 % and a specificity of 99.3 %. These meta-analyses
demonstrated that bedside ultrasonography performed by clinicians had higher
sensitivity and similar specificity compared with CXR in the diagnosis of
pneumothorax.
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2 Minimally Invasive Techniques in Thoracic Trauma

Approximately 10-20 % of patients who sustain chest trauma will eventually need
operative intervention [9, 10]. Although the majority of hemodynamically stable
patients with chest trauma can initially be treated with closed tube thoracostomy, it
may be ineffective, leading to an increased risk of conversion to open thoracotomy
or a prolonged duration of hospitalization [11]. Open thoracotomy is a major sur-
gical procedure and its large incisions are associated with a long and painful
recovery [12]. Thoracoscopic evaluation of penetrating thoracic injuries was first
described by Branco in Brazil in 1946 [13]. Video-assisted thoracic surgery
(VATS) was then subsequently described by Jackson and Ferreira in 1976 to
diagnose diaphragmatic injuries incurred by penetrating trauma to the left lower
chest [14]. In 1981, Jones, et al. reported the performance of emergency thora-
coscopy with local anesthetic in patients with ongoing bleeding following tube
thoracostomy placement for traumatic hemothoraces [15, 16]. Over the past
20 years, the advent and increasing expertise in VATS has made it an effective and
safe alternative in the assessment and management of thoracic surgery. VATS is
associated with decreased morbidity and mortality, and shortened hospital stay [17].

Indications for VATS in stable patients are based upon initial findings and the
patient evolution. The immediate indications including significant hemothorax
(>1500 ml at chest tube insertion), continuous bleeding (>300 ml/h within the first
3 h after chest tube insertion), suspected diaphragmatic injury, suspicion of a
penetrating heart wound, and withdrawal of a stab in situ under direct vision [18—
20]. Delayed (up to several days after the trauma) indications including retained or
clotted hemothorax, prolonged air leak and/or recurrent pneumothorax, secondary
empyema, thoracic duct injuries, and foreign body extraction such as bullets, wires,
etc. [21-24]. In multiply-injured patients, VATS is used in a more delayed fashion;
as other general surgical, neurosurgical and orthopaedic issues take priority before
consideration is given to residual haemothorax [16]. Furthermore, ongoing chest
drainage post-thoracostomy placement in the stable patient can be investigated and
occasionally treated by VATS [25]. Expanded uses of VATS include: control of
intercostal arterial bleeding, pulmonary resection, bronchoplasty, thoracic duct
ligation, pericardial window creation, foreign body removal, evaluation and repair
of diaphragmatic injury, evaluation of esophageal injury, and chest wall repair [26,
27]. The major and most frequent contraindication for using the VATS approach to
addressing thoracic trauma is hemodynamic instability. Other relative, but not
absolute, contraindications include suspected injuries to the heart or great vessels,
inability to tolerate prolonged single lung ventilation, inability to tolerate lateral
decubitus position, an obliterated pleural space, prior thoracotomy, other injuries
with indication for emergency thoracotomy or sternotomy, and coagulopathy. In
general, rules of patient safety and beneficial outcome should always be paramount
to any dogma or focus on the type of surgical approach.

The most common urgent use of VATS following trauma is the drainage of
residual hemothoraces greater than 500 ml or collections that result in the
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opacification of one-third of a hemithorax [28]. In many cases, the source of
hemorrhage is either a bleeding intercostal artery or vein secondary to ribcage
trauma or fracture. Other common causes of intrathoracic bleeding include
parenchymal injuries such as pulmonary lacerations or pulmonary vascular injury
from ballistic trauma. Many of these sources of bleeding can be managed thora-
coscopically via direct coagulation, the placing of clips, or via suture. In cases of
parenchymal injury, endoscopic surgical staplers have made the resection of seg-
ments or entire lobes of the lung reasonably facile.

Recently, a meta-analysis of randomized control trials and cohort studies com-
paring the perioperative outcomes of VATS with open thoracotomy for chest
trauma patients demonstrated that VATS is an effective and even better treatment
for improving perioperative outcomes of hemodynamically stable patients with
chest trauma and reduce the complications [17]. Pooled analyses showed significant
reductions in the incidence of postoperative complications, chest tube drainage
volume, duration of tube drainage, duration of hospitalization, operation time,
amount of bleeding and transfusion volume in chest trauma patients treated with
VATS compared with open thoracotomy. The perioperative mortality rate was not
significantly different between patients received VATS and open thoracotomy. In
addition, VATS was also decrease the total cost of hospitalization when compared
with tube thoracostomy in patients with blunt chest trauma [29].

3 Emergency Resuscitative Thoracotomy

A total of 72.4 % of patients of penetrating cardiac injuries die before reaching the
hospital [30], and resuscitative thoracotomy becomes the only hope for the survival
of traumatic cardiac arrest patients. Emergency department thoracotomy (EDT),
also known as emergency resuscitative thoracotomy (ERT), has been considered a
heroic, high-risk procedure for patients in extremis since its introduction in 1967,
and over the last four decades, ERT has become well established technique for
managing life-threatening thoracic trauma, the technique has been used with
increasing selectivity.

A left anterolateral thoracotomy (LAT) is typically considered the standard
incision for ERT, because it provides rapid access to the heart and the descending
aorta, ability to perform in a supine patient, and ability to be extended to the right
hemithorax (clamshell) or laparotomy if clinically warranted [31, 32]. Many sur-
geons have demonstrated that a stepwise approach to ERT incisions based on
clinical presentation may be a reasonable approach, starting with LAT and
extending the incision to clamshell if necessary [33, 34]. Others have suggested that
the clamshell incision may instead be the standard initial ERT incision [35, 36].
Median sternotomy provided better access to intrathoracic structures than left and
right anterior thoracotomies. Definitive control of the origin of the left subclavian
artery was difficult with left 2nd or 3rd intercostal space incisions. Bilateral anterior
thoracotomy, the clamshell incision, was easy to perform and gave superior access
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to all intrathoracic structures. In severe thoracic trauma, specific injuries are
unknown, even if they can be anticipated. The best incision is therefore one that
provides the most rapid and definitive access to all thoracic structures for assess-
ment and control. While the right and left anterolateral incisions may be success-
fully employed by surgeons with extensive experience in ERT, the clamshell
incision remains the superior incision choice [34].

The goals of an EDT are draining of pericardial tamponade, controlling
intrathoracic vascular or cardiac hemorrhage, cross-clamping the pulmonary hilum
after massive air embolism or bronchopleural fistula, cross-clamping the descending
aorta, performing open cardiac massage, and confirming proper endotracheal tube
placement [33-35, 37]. Other objectives include vascular control for
intra-abdominal hemorrhage and managing acute bronchovenous air embolism.

Emergency thoracotomy is an accepted intervention for penetrating cardiotho-
racic trauma patient in extremis. However, its role in blunt trauma patient in
extremis has been challenged and has been a subject of considerable debate [38].
The challenge for today’s surgeon lies in determining whether a patient would
benefit from EDT, a radical procedure that offers a chance of survival for patients
who present in extremis. ATLS course states that patients with penetrating thoracic
injuries arriving pulseless with myocardial activity should undergo immediate EDT,
while those sustaining blunt trauma are not candidate for EDT based on extremely
low survival rates.

In 2004, Powell and colleagues established indications for EDT based on
26 years of consecutive data [39]. The authors made three general recommenda-
tions for performing an EDT: EDT is indicated when there is witnessed penetrating
chest trauma and <15 min of prehospital cardiopulmonary resuscitation (CPR);
witnessed non-penetrating chest trauma and <5 min of prehospital CPR; or wit-
nessed blunt trauma and <5 min of prehospital CPR. EDT should also be performed
for severe hypotension (systolic blood pressure < 60 mmHg) due to cardiac tam-
ponade, intrathoracic hemorrhage, air embolism, or active intra-abdominal hem-
orrhage. Contraindications for ERT include penetrating trauma and >15 min of
CPR and no signs of life, and blunt trauma with >5 min of CPR and no signs of life
or asystole [39]. Signs of life include detectable blood pressure, respiratory or motor
effort, cardiac electrical activity, or pupillary activity. In 2011 the Western Trauma
Association (WTA) paper, Moore et al. report survivors of blunt torso injuries with
pre-hospital CPR up to 9 min and penetrating torso wounds up to 15 min, and
recommended broadening the indications for EDT. Furthermore, the WTA multi-
center experience suggests that resuscitative thoracotomy in the EDT is unlikely to
yield productive survival when patients (1) sustain blunt trauma and require
>10 min of prehospital CPR without response, (2) have penetrating wounds and
undergo >15 min of prehospital CPR without response, or (3) manifest asystole
without pericardial tamponade [40]. However, this multicenter study’s conclusion
might have been limited because it does not provide the total number of EDTs
performed, patient CPR time, or the characteristics of non-survivors [41].

According to the American College of Surgeons Committee on Trauma guide-
lines, EDT should rarely be performed on patients suffering blunt trauma [42]. This
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point may be disputed by data from a Scandinavian study that reported a survival
rate of 12.2 % for blunt trauma EDT [43]. Lustenberger et al. and Kandler et al.
reported similarly higher survival rates for blunt trauma (7.7 and 20 % respec-
tively). Based on these studies and Moore et al.’s survivor analysis, the declaration
of futility of EDT in blunt traumas should be reconsidered. Guidelines published by
WTA in 2012 stating that patients undergoing CPR on presentation to the hospital
should be stratified based on injury and transport time to ascertain whether EDT is
advisable [44].

In 2015, with the support of recent data, Dayama et al. suggested revision to the
guidelines for performing EDT as following: (1) EDT should be performed
selectively in patients sustaining cardiopulmonary arrest secondary to blunt trauma
after SOLs are lost in the emergency department or at the scene with transportation
time equal to or less than 10 min. (2) EDT should be performed in patients sus-
taining penetrating thoracic injuries with loss of SOLs witnessed in the emergency
department or at the scene with transportation time equal to or less than 15 min.
Finally, as in all studies, the completeness and accuracy of the prehospital infor-
mation is in question. In summarizing these data, EDT should be offered to patients
who arrive in asystole to the hospital and are suspected to have a cardiac injury and
tamponade [45].

The role of EDT continues to be debated due to these data are largely derived
from retrospective analyses of trauma registries that have not been specifically
designed to evaluate the critical factors predictive of survival after ED thoracotomy.
EDT is best applied in patients with penetrating cardiac injuries, and should be
applied with penetrating cardiac injuries, and should be applied in patients with
penetrating non-cardiac thoracic injuries and exsanguinating abdominal vascular
injuries in accordance with the level I recommendations of the American College of
Surgeons [42]. In general, patients who require EDT after penetrating trauma
mechanisms have better outcomes than those who have suffered blunt trauma (comes
than those who have suffered blunt trauma). The mechanism of injury is usually the
strongest predictors of survival post-EDT [46]. Recently, in a meta-analysis per-
formed by Dayama et al. [41], the overall survival rate in patients with EDT for
penetrating traumas was 9.8 % (169 of the 1719, range 0-45.5); the survival rate in
patients with EDT for blunt injuries was 5.2 % (24 of the 460, range 0-12.2). These
data are compared with analysis by the American College of Surgeons Committee on
Trauma, which demonstrated patients with penetrating injuries had a survival rate of
11.2 and 1.6 % in those with blunt trauma. Furthermore, an interesting finding in this
review was a notable difference in the survivor outcome of US experience versus
non-US experience with only 6.5 % surviving in the US as compared with 11.4 %
outside the US. And also, this review shows a better survival rate of EDT in military
(11.9 %) and in pre-hospital settings (16.3 %). Seamon et al. [47] investigated
whether EDT versus resuscitation without EDT improves outcomes in patients who
present to the hospital pulseless after critical thoracic injuries. Patients presenting
pulseless after penetrating thoracic injury have the most favorable EDT outcomes
both with (survival, 21.3 %; neurologically intact survival, 11.7 %) and without
signs of life (survival, 8.3 %; neurologically intact survival, 3.9 %). In patients
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presenting pulseless after penetrating extrathoracic injury, EDT outcomes were more
favorable with signs of life (survival, 15.6 %; neurologically intact survival, 16.5 %)
than without (survival, 2.9 %; neurologically intact survival, 5.0 %). Outcomes after
EDT in pulseless blunt injury patients were limited with signs of life (survival,
4.6 %; neurologically intact survival, 2.4 %) and dismal without signs of life (sur-
vival, 0.7 %; neurologically intact survival, 0.1 %).

Although most survival studies of EDT focus on neurologic outcome, a novel
study by Keller et al. examined the long term social, cognitive, functional, and
psychological consequences, and determined that of the 8.3 % of patients who
survived hospitalization after EDT, the majority of EDT survivors had no evidence
of cognitive, functional, or psychological long-term impairment. Seamon and col-
leagues strongly recommend that patients who present pulseless with signs of life
after penetrating thoracic injury undergo EDT. Furthermore they conditionally
recommend EDT for patients who present pulseless and have absent signs of life
after penetrating thoracic injury, present or absent signs of life after penetrating
extrathoracic injury, or present signs of life after blunt injury. Lastly, they condi-
tionally recommend against EDT for pulseless patients without signs of life after
blunt injury [47].

4 Surgical Fixation for Flail Chest

Flail chest cause chest wall instability, asynchronous movement of the flail seg-
ment, and paradoxical chest motion, which is result in deformity of the chest wall,
loss of thoracic volume, decreased lung volume, atelectasis, chest tightness, dys-
pnea, and chronic pain [48-50]. Flail chest is a life-threatening injury, and is
associated with significant morbidity and mortality [51]. Respiratory insufficiency
as a result of paradoxical chest movement, lung collapse, and pulmonary contusion
are the main factors leading to serious morbidity in patients with flail chest. Of all
the above, pulmonary contusion is by far the most important single factor, along
with paradoxical motion disrupts the mechanics of ventilation, which contributes to
intra-alveolar hemorrhage and flooding resulting in ventilation/perfusion (V/Q)
mismatch and hypoxemia. The treatment of flail chest injuries has undergone
dramatic evolution over the last hundred years [52]. In the first half of the twentieth
century, treatment was focused on mechanical stabilization of the chest wall. At the
time, chest wall stabilization was performed by bracing or adhesive strapping or
traction of the chest wall. In the second half of the century, the concept of internal
pneumatic stabilization use of positive pressure mechanical ventilation became a
critical treatment strategy for stabilization of flail chest injuries. Kirschner wires and
Judet struts used for stabilization of flail chest injury are outdated modes of fixation
compared to current modern technique of plates and screw fixation [53, 54]. The
current modern treatment of flail chest injuries includes nonsurgical and surgical
treatment strategies including mechanical ventilation, tube thoracostomy, pain
control, chest physiotherapy and surgical fixation.
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Mechanical ventilation is necessary which is usually for hypoxemia due to
pulmonary dysfunction and gas exchange abnormalities, rather than treat chest wall
instability [50, 55]. Mechanical ventilation should be weaned from the ventilator at
the earliest time possible. Prolonged mechanical ventilation has been reported to
leads to barotrauma and increases the risk for pneumonia, sepsis, extended time in
the intensive care unit, and death [48-50, 56-58]. Decreasing the number of days
on mechanical ventilation may result in decreased morbidity and mortality and may
dramatically decrease medical costs [50]. However, patients with head injury and
pulmonary contusion may require long-term mechanical ventilation and do not
attain the benefits of early extubation [50]. Noninvasive ventilation (NIV) for
patients with blunt chest trauma, which demonstrated that early use of NIV in
appropriately identified patients with chest trauma and without respiratory distress
may prevent intubation and decrease complications and ICU length of stay [59].
NIV may be considered in patients with blunt chest trauma who are neurologically
intact, hemodynamically stable and not in respiratory distress. There is no apparent
benefit of NIV in the prevention of intubation in patients with respiratory decom-
pensation. In fact, delaying intubation in these patients leads to harm. Future studies
need to be methodologically sound and focus on the use of NIV in patients with
blunt chest trauma early in the course of the disease, prior to overt respiratory
failure [59].

Surgical stabilization of severe rib fractures offers several theoretical advantages
(Fig. 1), but the use of surgery for the treatment of flail chest is still controversial
[60]. There have been a number of studies demonstrated that surgical fixation of
flail chest injuries improved outcomes including fewer days on mechanical venti-
lation, decreased length of ICU stay, fewer chest infections and less chronic pain,
and reduce mortality [61-64]. However, there are limited randomized controlled
trials on this area [48, 58, 65]. These randomized controlled trials remain limited by
antiquated fixation system, lack of prospective study design and small sample size,
outdated methods of surgical fixation and vague study criteria. In 2015, Pieracci

(a) (b)

Fig. 1 Surgical stabilization of severe rib fractures for a 53-years-old male patient with flail chest.
The chest X-ray film showed severe ribs fractures on the left side (a); the surgical finding showed
severe multiple ribs fractures (b). Surgical internal ribs fixation showed that shape memory alloy of
nickel and titanium encircle rib bone plate is one of the best suitable choose for correction of chest
wall floating (c)
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et al. conducted a prospective, controlled clinical evaluation of surgical stabilization
of severe rib fractures. In this clinical evaluation found that surgical stabilization of
rib fractures, as compared to best medical management, was associated indepen-
dently with a 76 % decreased likelihood of respiratory failure and an 82 %
decreased likelihood of tracheostomy, as well as 5 day decreased duration of
mechanical ventilation, and significantly improved spirometry readings among
extubated patients [66]. Surgical stabilization of severe rib fractures offers several
advantages, however, there remains a lack of consensus regarding both indications
and technique [67]. High-quality large, multicenter randomized controlled trial in
this area are still need to better assess the benefits of surgical fixation versus
non-operative care for trauma patients with flail chest injuries.

There are no absolute indications for operative repair of a flail chest injury.
Indications for surgical stabilization of severe rib fractures by Denver Health
Medical Center were included: (1) Acute respiratory insufficiency despite optimal
medical therapy: either need for mechanical ventilation or >2 of the following:
tachypnea, hypercarbia, hypoxia, uncontrolled secretions, incentive spirometry
<75 % predicted. (2) Uncontrolled pain despite optimal medical therapy: > 2 of the
following: numeric pain score >4/10, splinting, lung hypoexpansion on imaging.
(3) Anticipated chronic pain/impaired pulmonary mechanics: > 1 of the following:
flail chest, >3 severely displaced fractures, hemithorax volume loss >30 % [67].
Whereas most reviews have listed four or five categories based mostly on anatomic
diagnoses, the Denver Health Medical Center uniquely lists three categories based
on the clinical situation. The indications emphasize the goal that the surgery is
trying to achieve, but this categorization may promote overuse of this procedure
[68].

The most common indication for surgical fixation of flail chest, and that with the
strongest evidential support, is for respiratory failure with an anterolateral flail
segment without severe underlying pulmonary contusion [58, 65, 69-71]. When
contemplating surgical fixation of a chest wall injury, the absence of severe
underlying pulmonary contusion (PC) may be particularly important. PC in turn is
the most common injury identified in the setting of blunt thoracic trauma, occurring
in 30-75 % of all cases [72]. Flail chest is typically accompanied by PC [55]. 54 %
of the flail chest injuries patients had lung contusions [50]. Voggenreiter et al. [73]
demonstrated that surgical fixation permits early extubation in patients with flail
chest and respiratory insufficiency without pulmonary contusion, while patients
with pulmonary contusion do not benefit from operative chest wall stabilization.
These authors concluded that flail chest and respiratory insufficiency without
underlying PC is an indication for surgical fixation. However, in recent, Zhang et al.
retrospectively analyzed a study comparing the clinical efficacy of surgical fixation
and nonsurgical management of flail chest and PC. These authors concluded that
surgical fixation for flail chest with PC could reduce the hospital length of stay (38
vs. 60 days, p = 0.049) [74]. Those studies were a single-center, uncontrolled and
retrospective and involved a small sample size. Consequently, although surgical
fixation clearly corrects the anatomic chest deformity, the mortality and short term
morbidity of flail chest combined with PC entity have not improved. Additional
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larger, multiple-center, prospective randomized controlled studies are needed fur-
ther evaluation.

With the increasing technological advancements available in the trauma critical care
management, conservative management, has become more common [71]. The optimal
nonoperative treatment of patients with flail chest includes adequate pain management,
via use of epidural catheters, intercostal nerve blocks, or patient-centered analgesia [55].
The use of epidural catheters seems to be the most preferred method, with improved
outcomes and lower complications compared with other methods [52, 55, 75].
Compared with intravenous narcotic use, epidural catheters allow for improved sub-
jective pain perception, pulmonary functions tests, lower rate of pneumonia, as well as
decreased length of time on a mechanical ventilator or ICU stay [52, 55, 76]. They also
have lower rate of complications such as respiratory depression, somnolence, and
gastrointestinal symptoms [55]. Epidural catheters have also been compared with
intrapleural catheters in a previous randomized controlled trial and have shown to
decrease pain and improve tidal volume and negative inspiratory pressures [75]. Other
modes of pain management include use of oral and intravenous narcotic administration
and patient-centered analgesia [52, 55].

S Deep Pulmonary Lacerations

Pulmonary lacerations secondary to either blunt trauma usually as result of dis-
placed rib fractures puncturing the lung parenchyma or penetrating injuries directly
to the lung. The natural history of blunt trauma is usually spontaneous resolution, as
most are small and superficial and heal without any intervention. The vast majority
of lung injuries requiring surgery are caused by penetrating trauma. Deep pul-
monary laceration is typically associated with rupture of the visceral pleura and is a
critical condition. Deep pulmonary laceration accounts for about 50 % of patients
with intrathoracic hemorrhage and often results in death. If early and appropriate
treatment is based on accurate diagnosis by rapid assessment of the pathology and
by diagnostic imaging (Fig. 2), deep pulmonary laceration is a treatable condition
in which the lives of these patients can be saved [77, 78]. VATS has been
demonstrated to be an accurate, safe and reliable alternative method for the direct
evaluation of the lung injuries.

In the past, major lung resection (lobectomy and pneumonectomy) when per-
formed after traumatic lung injuries has been associated with high morbidity and
mortality rates. Simple superficial oversewing of deep penetrating lung injuries
potentially lead to postoperative lethality of hemoptysis [79, 80]. Therefore, tech-
niques that achieve hemostasis while preserving the maximal amount of pulmonary
parenchyma are desirable (Fig. 3). A major advance in lung-sparing techniques for
the treatment of pulmonary penetrating injuries was introduced by Gao et al. [81],
and Wall et al. [82] respectively in 1994. Lung-sparing technique is an less
extensive surgical techniques of repair and resection surgical including suture
pneumonorrhaphy, stapled and clamp pulmonary tractotomy with selective vessel
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Fig. 2 A 41-years-old male patient with blunt chest trauma. Spiral CT scan showed a large
intrapulmonary hemotoma (black arrow)

Fig. 3 CT or Chest X-ray followed up in 4 weeks and 9 months after removal of intrapulmonary
hematoma and surgical pneumonorrhaphy

ligation, and non-anatomic resection [83]. These resection techniques are indicated
for control of hemorrhage, control of small air leaks, to preserve pulmonary tissue,
and/or when the pulmonary injury is amenable to reconstruction [84]. It is estimated
that approximately 85 % of all penetrating pulmonary injuries can be managed with
these procedures [82, 85-87]. Lung tractotomy allows for rapid exposure and
selective ligation of injured pulmonary structures, and thus reduces the need for
emergent lung resection [86]. Tractotomy has allowed achieving rapid hemostasis
with preservation of lung tissue. Use of stapling instruments has simplified the
procedure. Smaller lung resections involving peripheral portions of a lobe were
performed as nonanatomic wedge resections using surgical staplers. Lobectomy and
pneumonectomy was required for resection of devitalized or destroyed pulmonary
tissue in severe lung injuries.
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6 Traumatic Aortic Injury

Injury to the aorta and the arch vessels can occur following blunt and penetrating
trauma. Traumatic aortic injury (TAI) is the second most common cause of death
after blunt trauma [88]. As many as one-third of fatalities in motor vehicle collisions
can be attributed to TAI [88, 89]. Burkhart and colleagues reported that 57 % of the
deaths occurred at the scene or on arrival to the hospital, 37 % died within the first
4 h of admission, and 6 % died 4 h after admission [90]. In autopsy study involving
traffic accidents, 33 % of the victims had associated TAI, 80 % patients with blunt
TAI die prior to hospital arrival and only 20 % in hospital [88].

The most common anatomical site of aortic injury is the medial aspect of the
lumen, distal to the left subclavian artery. Injury at this site is found in about 93 %
of hospital admissions and in about 80 % of autopsy studies [91]. These resulting
from a combination of high shear stress, heterogeneity in the wall architecture
possibly contributing to focal wall weakness and acute transient intraluminal
pressure loading [92, 93]. The most common type of injury is a false aneurysm
(58 %), followed by dissection (25 %) and intimal tear (20 %) [94].

For those patients with TAI, timely diagnosis and prompt aggressive blood
pressure control are essential in preventing free rupture of the contained aortic
injury. Digital substraction angiography (DSA) was the gold standard for diagnosis
of TAI traditionally. CT angiography (CTA) is now the new standard modality for
screening and definitive diagnosis of TAI [91]. The diagnosis of TAI by DSA and
CTA were showed in Fig. 4. The sensitivity and negative predictive value of the CT
scan in the diagnosis of blunt TAI approaches 100 % [95]. Advances in CT
technology have significantly improved the sensitivity of CT for the detection of
TAI The new-generation multi-slice CT scanners with 3-dimensional reformation
have almost 100 % sensitivity and specificity, a 90 % positive and 100 % negative

(a) (b)

Fig. 4 A multiple trauma patient, male, 21 years-old, was impacted by traffic accident. The DSA
(a) and CTA (b) examination showed traumatic aortic injury (TAI)
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predictive value, an overall diagnostic accuracy of 99.7 %, and provide impressive
anatomical details of the aortic arch and the injury site [91, 96]. Transesophageal
echocardiography (TEE) as a diagnostic tool might be useful in critically ill patients
in the intensive care unit who cannot be transferred safely to the radiology suite for
CT scan [91]. Additionally, with regards to long-term surveillance and more
specifically the detection of endoleaks, pseudoaneurysms and stent graft
material-related complications, recent clinical practice guidelines by the Task Force
for the Diagnosis and Treatment of Aortic Diseases of the ESC recommend the
combination of a chest X-ray with either MRI or CT scan. Although CT is currently
the preferred modality, they advise considering the dangers of radiation, especially
in younger patients, and suggest the use of MRI except in cases of magnetic
resonance-incompatible grafts [97].

Once the diagnosis is made, treatment must be properly timed. In general,
minimal aortic injuries (intimal tear of less than 1 cm with no or minimal peri-aortic
haematoma) receive conservative management [98]. Treatment of patients with TAI
may be interventional surgical or conservative therapy dependent on clinical
judgment on an individual basis [99]. The timing of repair according to the extent of
injury on the thoracic aorta and the presence or absence of other injuries [100].
With regards to the best timing of intervention, the decision should be made based
on the presence and severity of symptoms and related complications, comorbidities
and the presence or absence of other injuries [100].

Prevention of free rupture by means of rigorous blood pressure control is the most
urgent priority. The risk of free rupture is highest in the first few hours after the
injury, with 90 % of ruptures occurring within the first 24 h [91]. Without rigorous
blood pressure control, risk of rupture is about 12 %, and rigorous blood pressure
control reduces the risk to about 1.5 % [101, 102]. Systolic blood pressure should be
kept as low as tolerated, in most patients at about 90—110 mmHg. In elderly or
head-injury patients, optimal systolic pressure might be slightly higher [91]. It is
important to avoid excessive administration of intravenous crystalloid, as controlled
hypotension is preferred to avoid blood pressure elevation and to decrease the
likelihood of aortic rupture [103]. B-blockers and antihypertensive are the most
commonly used modalities to modulate the systolic blood pressure [91, 103].

Interventional treatment for blunt TAIs can be either open surgical repair
(OSR) or thoracic endovascular aortic repair (TEVAR). The TEVAR has been
widely rapidly adopted as an alternative to the OSR for treatment of traumatic aortic
injury (Fig. 5). TEVAR is minimally invasive compared to surgery and can be
performed soon after the establishment of diagnosis prior to management of other
concomitant severe injuries. TEVAR is an effective option for the treatment of blunt
TAI numerous reports have demonstrated that blunt TAI have benefits of lower
blood loss, shorter hospital stay, and reduced mortality rate, which confirming the
increased utilization of TEVAR as the primary approach in selected trauma
patients. Unlike aneurysmal disease, TAI is usually a focal lesion in the setting of a
relatively younger and healthier aorta. As a result, a properly sized, delivered, and
deployed device may have a potentially lower rate of long-term complications
compared with other aortic pathologies [104].
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(a) -~ (b)

Fig. 5 The same trauma patient showed in Fig. 4. Repeated examination by DSA and CTA after
thoracic endovascular aortic repair

The first case report of endovascular stent-graft treatment of a blunt TAI was
published in 1997 [105]. Recently published observational studies and
meta-analyses favor the use of the endovascular method as definitive treatment over
open surgery in patients with TAI and support delaying repair of the injuries where
possible. Azizzadeh and colleagues described an estimated odds ratio of 0.33 for
complications including in-hospital mortality with TEVAR compared with open
repair (OR), similar costs, and similar length of hospital stay [106]. In 2014, Branco
et al. after a 9 year analysis of the same data bank, described favorable outcomes of
the endovascular approach compared with OR in terms of in-hospital mortality
(12.9 % vs. 22.4 %) and sepsis (5.4 vs. 7.5 %) [107]. Estrera et al. found that
TEVAR was statistically superior to OR with cross-clamping but not to OR with
distal aortic perfusion, in terms of survival (4, 31 and 14 % respectively). In the
same study survival at 1 and 5 years post-intervention was 76 and 75 % respec-
tively for OR, and 92 and 87 % for TEVAR [108]. According to Di Eusanio and
colleagues, Delayed repair was used as first-line treatment for blunt TAIs and was
associated with a very low mortality (3.9 %), mortality and paraplegia rates were
not different comparing TEVAR and OR groups [109]. At midterm follow-up
(median follow-up 2.3 years, range 0-7 years), TEVAR is an effective and durable
option for the treatment of TAI in properly selected patients [104]. The incidence of
in-hospital mortality, stroke, and paraplegia were 5.0, 2.4 and 0 %, respectively.
The rates of device-related adverse events (2.4 %), secondary procedures (4.8 %),
and open conversion are rare (2.4 %). Survival was 95 % at 30 days, 88 % at
1 year, 87 % at 2 years, and 82 % at 5 years. The late outcomes (mean,
103.9 months) following open and endovascular repair of TAI was reported by
Patel shows that the overall crude mortality rate was 14.7 % and freedom from
aortic reintervention at 4 years was higher after open repair (DTAR 100 % vs.
TEVAR 94 %; P = 0.03) [110]. A recent study by Canaud et al. [111] described
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data of follow-up of minimum 10 years post-TEVAR (mean 11.6 years) with very
encouraging results. The authors showed that the favorable outcomes of TEVAR
over OR in terms of mortality and complications last over time, follow-up com-
puted tomography scans did not reveal any stent-graft migration or collapse, or
secondary endoleaks [111]. The findings support the use of TEVAR over OR for
patients with TAI. However, there are no RCTs conducted to determine whether use
of TEVAR for the treatment of blunt TAI is associated with reduced mortality and
morbidity when compared to conventional open repair. To perform a randomized
controlled trial to clarify optimal management of blunt TAI would be very chal-
lenging to complete, mainly because of the natural history of the condition, usually
seen in combination with other life-threatening injuries, the requirement for urgent
intervention and the potential difficulties surrounding consent [112]. Despite lack of
RCT evidence, clinicians are moving forward with endovascular treatment of blunt
TALI on the basis of meta-analyses and large clinical series. Recent clinical practice
guidelines of the Task Force for the Diagnosis and Treatment of Aortic Diseases of
the ESC, that advise the use of TEVAR in suitable anatomies (Level of Evidence:
C). There are still some unresolved issues and areas of concern.

There are currently some technical limitations to endografting. One of the most
common problems in treating aortic arch pathologies is a short proximal landing
zone. Injuries that occur adjacent to a sharp bend in the aorta may result in poor
apposition of the covered stent to the aortic wall, which leads not only to failure in
covering the injury but also to device collapse [113, 114]. Another technical issue
relates to the management of the left subclavian artery. Lesions adjacent to the left
subclavian artery may require covering this vessel in order to achieve adequate
repair. Although usually well tolerated, coverage of the left subclavian artery can
result in ischemia of the upper extremity or territory perfused by the left vertebral
artery [98]. To further expand the applicability of endovascular repair of aortic arch
and descending aortic pathology, alternatives have been proposed, such as the
chimney graft technique, which involves placement of stents in side branches of the
aorta alongside the main endovascular stent graft [115—117]. One advantage of the
chimney technique is that readily available, on-the-shelf stents can be used. When
these stents are placed in the side branches parallel to the aortic stent graft, a
prolonged proximal landing zone can be created, and continued perfusion of the
aortic side branches can be maintained [117]. Chimney graft use in the emergent
setting is becoming widely accepted as a useful technique. Increasing amounts of
data support the benefit of visceral and arch chimney graft techniques. In particular,
the low early mortality and complication rates and high long-term patency seem
advantageous in electively treated cases [118]. Elective TEVAR with the chimney
technique is used more often and is a potential new technique to replace hybrid
repair for thoracic aortic diseases.
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7 Extracorporeal Lung Support in Trauma Patients

Acute respiratory distress syndrome (ARDS) is most frequently observed in the
early course of intensive care in patients with severe trauma which has an associated
mortality rate of 40-60 % despite many medical advances in its treatment [119-
121]. The injury to the lungs in ARDS after trauma may be due to a direct pul-
monary insult, such as pulmonary contusion or one that is indirect, as in severe
sepsis, trauma, shock, and massive blood transfusion. Extracorporeal membrane
oxygenation (ECMO) therapy presents a rescue therapy in severe trauma patients
with concomitant chest injury suffering from refractory ARDS when conventional
therapies have been exhausted [122, 123].

ECMO uses technology derived from cardiopulmonary bypass that allows gas
exchange outside the body, circulatory support can also be provided. The first
successful report use of ECMO as lifesaving treatment in respiratory failure was
introduced by Robert Bartlett in 1972 and revolutionized the treatment of resistant
hypoxemia in patients worldwide [124—126].

ECMO has been used for more than 40 years and its benefits in neonates with
respiratory distress. The benefits of ECMO in adult patients with cardiac failure or
refractory ARDS are still debated, as early studies demonstrated ECMO was ini-
tially associated with poor results [127]. However, with technological advances in
the ECMO circuit including the use of polymethylpentene membrane oxygenators,
centrifugal pumps, miniaturization of circuits, and heparin-bonded circuitry, which
have led to a reduction in the rate of technical issues and complications. Moreover,
improved understanding of the benefits of ECMO has emerged from its widespread
use as a rescue therapy for patients with ARDS and refractory hypoxaemia asso-
ciated with HIN1 (2009 influenza A). ECMO offers artificial temporary and res-
piratory support that should be maintained until the patient recovers from severe
respiratory failure.

The management of severe ARDS in adult trauma patients presents a great
challenge for physicians. In some ways, trauma patients are the ideal patients to
undergo ECMO. Trauma patients often have recoverable injuries. Moreover, they
are typically young and healthy, with good cardiopulmonary function at baseline
[128]. ECMO more frequent considered as a viable treatment option for severe
ARDS in the trauma patient. One potential contraindication to ECMO in the trauma
population is the increased risk of hemorrhage during its use. However, this issue
has recently been challenged, as advancements in ECMO circuits, specifically
heparin-bonded systems and shorter circuit lengths, have allowed ECMO use with
little or no anticoagulation. Several reports have shown that patients with traumatic
intracranial hemorrhage and respiratory failure can be successfully managed on
heparin-free ECMO without increasing the size of the lesion [129-131]. If the risk
of bleeding is adequately reduced, trauma patients with severe pulmonary failure
present an ideal population for treatment with ECMO. Cordell-Smith et al. reported
a series showing a survival rate of 71 % in 28 trauma patients treated with ECMO
[132]. In the report by Ried M showed that the overall survival rate in patients with
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required pumpless extracorporeal lung assist and veno-venous ECMO for primary
post-traumatic respiratory failure was 79 % compared with the proposed Injury
Severity Score-related mortality (59 %) [133]. Extracorporeal lung support
(ELS) devices are an excellent and life-saving treatment option in severe thoracic
trauma patients with ALF. Thoracic trauma patients with concomitant refractory
pulmonary failure have a remarkable potential to recover under ELS. The utilization
of the ELS devices was safe and effective in these severe multiple trauma patients.
In recent, retrospective analysis of ECMO patients in the Extracorporeal Life
Support Organization database, Jacobs JV et al. showed that, outcomes after the use
of ECMO in blunt thoracic trauma can be favorable, the rate of survival to dis-
charge was 74.1 % [128].

There is no established standard of care regarding the use of ECMO in patients
with blunt thoracic trauma. It would be difficult for any single institution with
ECMO capabilities to collect a large number of trauma patients requiring the use of
ECMO. Standardizing ECMO therapy and evaluating its efficacy in patients with
multiple injuries is also problematic. Further study is needed, and multi-institutional
collaboration will be paramount to make progress in this field.

In conclusion, new technology innovation and application significantly change
the traditional path and method in treatment of chest trauma. Guidelines for trauma
care seek to set achievable standards for trauma treatment services which should
constantly update to propose important and evidence-based recommendations
regarding chest trauma.
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