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Abstract
Evolving technology and its applications have improved the diagnostic and therapeutic approaches in managing blunt thoracic aortic injuries (BTAI) over the last two decades. Case reports, prospective and retrospective reviews, technical advances and statistical meta-analyses have all contributed towards a better understanding of this potentially lethal injury. Yet consensus has not been reached re. timing of intervention or treatment options. Level one and two evidence based data is not yet available re. BTAI.
This review summarizes the incidence, natural history, initial evaluation, diagnostic capabilities, and the therapeutic options, including delayed management strategies, operative aspects of open surgery/ spinal cord protection, and emerging endovascular techniques/approaches.
Introduction
          The World Health Organization (WHO), in 2002, reported more than 1.2 million deaths and 50 million injuries globally from road-traffic injuries (RTI) (1).  The resultant global cost was estimated >$500 billion. By 2020, the WHO estimates that 60 to 80% of the future deaths, injuries, and cost from RTI will occur in low and middle income countries (LMIC) (1). Further, the second leading cause of global mortality in the 15-44 age group is RTI. The incidence is not balanced as evidenced by mortality rates of 15/100,000 population in the USA, 51/100,000 in other high income countries, and 89/100,000 in LMIC (2).
          Overall thoracic trauma mortality from all causes (blunt, penetrating, blast) is
estimated >10% (2). With an annual incidence of 7,000-8,000 new cases in North America, blunt thoracic aortic injury (BTAI) is highly lethal (3,4). Autopsy studies reveal that BTAI is the second most common fatal blunt injury accounting for 21 % of all deaths from road traffic accidents (3,4,5), with head injuries the major cause of death (6). Untreated or unrecognized, the estimated mortality at the scene averages 85%, and, of the survivors, 30 % will die within the first six hours after admission, and 55 % within twenty four hours, with an average in-hospital mortality of 1 % per hour for the initial 48 hours (3,4,5). In the USA, an average of 2.5-14.3 cases of BTAI are seen per year at the major urban or regional trauma centers, with in hospital mortality of 10-20% (7,8,9).
BTAI has been well studied over the past 50 years.Yet a unified consensus re.  evaluation, diagnosis or treatment has not been fully achieved. Emerging diagnostic modalities, especially CT scanning, and therapeutic approaches that include the importance of blood pressure control, delayed operative management, spinal cord protection with open repair, and endovascular stenting, continue to generate debate and evolution (4,6-15).
The American Association for the Surgery of Trauma reported a dramatic change in diagnosis and treatment of BTAI in a comparison of prospective multicenter center studies from 1997 and 2007 (table 1) (7,8). During the intervening 10 years spiral or helical CT scanning has become the primary diagnostic screening modality, with an average of 2 days delay in treatment, endovascular stent-grafts emerging as the primary therapeutic modality, and overall decrease in hospital mortality, despite the lack of Level 1 or 2 evidence based data (table2).
Definition/Historical Aspects
         Injury or trauma is modified from Haddon as damage to the body caused by an exchange with environmental energy that is beyond the body’s resilience (Haddon W. Public Health Reports. 1980;95: p.415). Acute blunt thoracic aortic injury is defined further as external or internal forces causing traumatic dehiscence of all, or part of the thoracic aortic wall (16). The time period of acute injury is within 14 days, beyond which they are classified as sub acute or chronic (16). This is the time period within which a periaortic hematoma liquefies and expands, and is most susceptible to rupture. Pate et al (17) classified injuries: I. Acute- < than 8 days after injury, with: A. Continuing free hemorrhage, or B. Periaortic hematoma contained within the mediastinum. II. Chronic- pseudo aneurysm present > than 1week after injury. Fattori et al (18) further classified BTAI as acute < 14 days, subacute 14 days to 3 months, and chronic >3 months.

Vesalius in 1557 first reported BTAI in a victim who fell off a horse (4,5,12). Rindfleisch described rupture of the aorta in 1893, implicating causation from sudden stretch injury. Strassman in 1947 reported an autopsy series of 72 cases from 1936-1942 (19). Parmley’s  classic paper in 1948 of 296 autopsy cases has become the basis of our continued understanding of the incidence and natural history of BTAI (5). Greendyke in 1966 noted 41 deaths from BTAI in an autopsy report of 1174 MVA victims (21). Additionally he noted an associated overall incidence of 16%  BTAI in MVA victims. 
The first successful repair of BTAI is credited to Dfhanelidze in 1923, followed by Gerbode in 1957, and Klassen in 1958 (16). Debakey  performed the first graft repair for traumatic chronic aneurysm  in 1958 (10,13). Symbas (10), in a literature review through 1973 found 204 cases of BTAI treated surgically. VonOppel et al. (15) subsequently reported more than 1742 patients from 1972-1992 with BTAI reaching the hospital alive. Through 1997 more than 3,000 scientific papers have appeared re. BTAI (4). The majority of papers are case reports, technical advances, retrospective series, and recently meta-analysis, and retrospective non-randomized comparative studies. Mattox and Wall (13) in 2000 gave a complete historical review of BTAI. They divided the recent history into decades: From 1950-1960- Decade of Description
1960-1970- Decade of Diagnostic Approaches and      Epidemiological analysis

1970-1980- Decade of Repair technologies
1980-1990-Decade of Imaging controversies

1990-2000- Decade of Analysis and Conservatism


The present decade is the era of elective planned delay, with priority given to controlling blood pressure, treating associated injuries, and open surgery vs. endovascular stent graft (EVSG) vs. non-operative treatment.

Incidence

The exact global incidence of BTAI is unknown, but estimated at 7,000 to 8,000 per year in North America (3,4). Fitzharris et al (20) reported an incidence of 1.5 and 1.9% for USA and UK victims, respectively, following MVA. This was based on autopsy and documented clinical survivors. Assuming a  5% mortality from BTAI, then over 60,000 deaths per year globally from motor vehicle accidents or RTI’s are attributable to BTAI (4). The majority of studies regarding incidence is based on autopsy studies (4,5,21-23). Confusion arises when causation of mortality is from BTAI alone or multi-trauma (polytrauma). It is difficult to document from the reported autopsy studies whether true rupture with exsanguinations was the primary cause of death. 
Malhotra et al. (11) reported 15,000 patients evaluated with screening helical CT scans. BTAI was suspected in 1.3%, and confirmed in 0.6%. Only 2.3% of the injuries were the ascending aorta, with 97.7% the remaining aorta. In a previous publication from the same center, Pate et al. (17) reported 24,681 patients with multisystem trauma, with 12,587 from MVA. 51 patients had BTAI, yielding an incidence of approximately 4/1,000 cases of trauma. VonOppell et al. ((15) point out that the mean number of patients with BTAI admitted to the major medical centers was 2.6/ year (range 0.2-10.7 patients). This limits the experience to a small number of major regional trauma centers in the USA (16).
It may be postulated that the global incidence of BTAI will decrease from MVA secondary to increased seat belt use, air bags, and improved vehicle design (puncture-resistant gas tanks, shock absorbing steering columns) (20,24). The Haddon study and matrix has shown a reduction of fatalities following MVA in the USA from 30 deaths/100,000 population  in the 1930’s to 15/100,000 presently (25).
Etiology
The major cause of BTAI is motor vehicle accidents (MVA) or road traffic injuries (RTI). Other causes include pedestrian vs. vehicle, falls >3meters, crush injuries, airplane crashes, and work/recreational- related events (5,26). Burkhart et al (27) noted the etiology in 242 autopsy cases: 68% MVA; 17% pedestrian injury from MVA; and 17% motorcycle crash. Feczko et al (28) in an autopsy study of 142 cases reported: 72% MVA; 12% pedestrian; 8% motorcycle; 5% falls >3 meters (6); and 5% misc. Airplane accidents deserve mention, since there is a higher incidence of BTAI in this group, and higher mortality (>96%) (4,5,26). 
Pathology/Pathogenesis
The thoracic aorta is divided into ascending, arch, and descending segments. The arch gives rise to the innominate (brachiocephalic), left carotid, and left subclavian branches. A common branching of the innominate and left carotid occurs in 13%; left carotid from the innominate in 9%; origin of left vertebral from arch <3%; bilateral innominate <1%; and aberrant right subclavian <1% (30). The average diameter of the descending aorta in the majority of BTAI victims is 18-24 mm, given that the majority of patients are young male adults (6). The thoracic aorta consists of the tunica intima, media, and adventia. The tunica media has about 50 layers or lamella, compared to 28 for the abdominal aorta. The lamella is composed of distensible elastic fibers, along with muscle cells, collagen,and ground substance. The adventitial layer contains the strong collagen fibers and provides the major tensile strength of the aorta (31).
The major pathological feature is a transverse or horizontal tear, occasionally  spiral or tangential, and rarely a dissection (6,12,28) The tear varies from a small partial intimal tear to full or complete circumferential rupture and separation or distraction of proximal and distal ends. (figure1)(11,12). Partial tears occur more commonly posteriorly, involving both the intima and media (6). They can also form intramural hematomas and focal dissection with/without retrograde extension. Fattori et al (18) point out that fibroplastic proliferation begins soon after injury, and by 2-3 weeks endothelial cells appear. Increased rate of endothelial growth rate occurs in the first 7-15 days. The associated periaortic hematoma begins to liquefy at 14 days, with resultant pseudaneurysm formation (16). The adventitia provides the major component of tensile strength of the aorta. Premortem antegrade or retrograde propagation or dissection of small tears can be difficult to diagnose (6). Dissection has been reported in blunt trauma patients with underlying aortic disease or states e.g. Marfan’s disease, Ehlers-Danlos syndrome, pregnancy, or aortitis (32). 
The location of injury is based on both autopsy and clinical studies (table 3) (5,27-29). The lower incidence of the ascending aortic injuries in the clinical data is reflective of the higher severity and initial on scene mortality. The mechanisms for BTAI are considered to be attributable to: (1) bending and deceleration-acceleration shearing forces applied at a fixed point of the aorta (most commonly aortic isthmus) (figure 2,3), (2) “osseous pinch” compression of the aorta between the spine and the thoracic cage, (3) profound intra-luminal hypertension and endovascular pressure waves (hydrostatic force) during a severe traumatic event, (4) torsion and “water-hammer” effect at the ascending aorta, and (5) traction forces in association with hyperextension of the spine accompaning a vertebral fracture (33-41) (figures 2,3). Cammack et al (36) estimated that a head-on collision of 60 mph generates an intra-aortic pressure of 1250mmHg. However, Zehnder et al (40) determined the internal force required to cause a tear is an intraluminal pressure >2,000 mm Hg. Historically, Abbot suggested that the aortic isthmus is congenitally weak (12). Yet this was in the presence of bicuspid aortic valve or coarctation. No true weakness of the isthmus has been demonstrated, with the adventitia, as noted, providing the major tensile strength of the aorta (6).
The pathogenesis of BTAI is closely correlated with the type of accident, the applied forces, the application of passive and/or active vehicular restraints, age and associated co-morbidities. A thorough evaluation is required to determine the impact of the traumatic event on the patient’s physiology. The direction of the applied forces on the vehicle in a crush or the pedestrian in a vehicular-pedestrian accident, the extrinsic/disruptive type and the inertial (dP/dT, dBP/dT) type of forces, the impulse angle, the intrusion, the extent of passenger compartment deformation (DEF) and the delta-V(a measure of crash severity expressed in km/hour or miles/hour) are all impact-related factors that determine the likelihood of BTAI. 
In recent studies, individuals at risk for BTAI can be reliably excluded in collisions when delta-V > 20mph and near-impact and intrusion factor > 15 inches are not present (negative predictive value of 100 %) (33,35,42). Furthermore, the risk for BTAI in car occupants was the highest in broadside or lateral collisions, with a direct correlation of higher AIS thorax, ISS and clinical course (ICU length of stay and ventilation time). In addition higher delta-V and DEF occurred in older (> 55 years old) and pedestrian victims (20,35,42,43).  
Richens et al (44) has nicely summarized four theories of pathogenesis. Sudden stretching at the fixed aortic isthmus is the most common theory. Sudden rise of intra-aortic blood pressure to >2,000 mmHg is the second theory. The “water hammer” effect, occuring with high pressure waves being reflected back on the vessel wall is the third theory. Finally, the “osseous pinch” theory implies entrapment of the aorta between the anterior bony chest structures and the vertebral bodies. Further, it is theorized by Richens that a combination of all four postulates are present (44). This is also supported by Crass et al (37) who maintain that individual mechanisms alone are inadequate to cause injury, given the high aortic tensile strength.
Those that survive BTAI to receive medical attention have some degree of contained aortic rupture in the form of intimal tear, partial thickness injury (pseudoaneurysm, dissection), full thickness contained injury (rupture with periaortic hematoma contained by the adventitia and mediastinal pleura), or non-contained complete transection. (figure 4,5) The majority of free ruptures through the mediastinal pleura into the pleural cavity or the pericardium are lethal, secondary to exsanguinations. Uncommonly, the initial injury leads to a post-traumatic chronic dissection or development of either a true or false aneurysm in 2-3% of victims (5,20).
Natural History
Though the majority (85-90 %) of BTAIs occur at the isthmus, only 58 % are initially or immediately lethal. Non-isthmus injuries, though uncommon (ascending aorta and transverse arch 12 %, mid- and distal descending aorta 10 %), are highly lethal (5,11,45,47). Multiple injured aortic sites have been reported in as many as 18 %, with a mortality greater than 70 % (29,48). Finally, aortic branched vessel injury, isolated, or, in association with thoracic aortic involvement has been reported from 15 to 38 % (48,49). A composite of survival in days, months, and years is illustrated in figures (6,7,8,9) (50). These statistics were gathered primarily from Parmley’s classic autopsy study at the Armed Forces Institute of Pathology (AFIP) in 1958 (5). More recent clinical data from Hartford et al (51) in 1986 noted 70 of 84 patients died at the scene or were dead on arrival, Seven more died  in the hospital prior to diagnosis, and 7 ultimately survived  following operative repair. The long term actuarial survival of unrecognized, undiagnosed, or untreated BTAI is unknown. In 50% of chronic traumatic aneurysms the time interval to recognition was 10 years, and in 12% the interval was >20years (52). The injury location was 92% descending aorta, 2% arch, and 6% ascending aorta. Finkelmeier et al (53) noted 5, 10, and 20 year survival of 71%,66%, and 62% respectively with >90% of the injuries at the isthmus. BTAI as the primary cause of death can be difficult. Confirmation of rupture with exsanguinations is the primary cause of death can only be gleaned, or confirmed, by the presence of massive hemothorax. Pezzella (26) in a study of autopsies from 3 airplane crashes categorized massive hemothorax from aortic rupture as the primary cause of death.

Pate (54) has challenged the natural history figures. He rightly points out that the classic Parmley study was an autopsy study with no cause of death given. The victims studied were from the 1862 to 1957 timeframe, from a variety of causes, including military. Pate comments further on the study of Williams et al. (29). In that series of 90 patients with BTAI, no data are given implicating massive hemothorax as the primary cause of death. Clearly, in the era of rapid evacuation from the accident scene, early diagnosis, and anti-pulse therapy, the natural history has changed.
Clinical Aspects
The need for prompt diagnosis and a high level of suspicion is critical. The average age range of victims is 36-40 years, with male dominant (6). Less than 50% of the patients with BTAI have clinical evidence of chest trauma or physical findings associated with aortic pathology. Parmely reported 36% of victims had no clinical evidence of BTAI (5). Supraclavicular bruit or hematoma, midscapular murmur, pseudo-coarctation syndrome, persistent hypotension, or cardiac tamponade  are commonly absent (6,55,56). Other clinical manifestations include dyspnea, back pain, presternal contusion, palpable chest wall instability or pain, and differential hypertension in the upper extremities relative to the lower extremities (pseudo-coarctation) (6). Isolated systemic hypertension requires aggressive evaluation and treatment, given the risk of increased intra-aortic propagating forces.
Often the mechanism and suspicion of injury (e.g. driver hitting steering wheel) represents the strongest indicator guiding the diagnostic work-up and management, especially in the asymptomatic patient with a negative screening chest x-ray. Details of the MVA, especially the rate of speed (>50 km/hour), driver vs. passenger, location of the patient, site of impact (direct vs. lateral or broadside) restrained/unrestrained with seat belt/harness, pedestrian injury, motorcycle, and ejection from vehicle are important details. Falls > 3 meters, airplane crashes, train accident, and details of crush injury are other suspected injuries with risk for BATI.
In the study of Simon et al (57), the mean time from transient hypotension to free rupture, in the setting of decelerating trauma for patents with “triad of impending rupture” ( eg the constellation of widened mediastinum with hemothorax and transient hemodynamic instability ), was 25.6 min. The authors concluded that “this association has a strong diagnostic value and warrants immediate surgical intervention without confirmational diagnostic studies” (57). The presence of a positive history for mechanism of injury, large left hemothorax, pseudocoarctation syndrome, or supraclavicular hematoma also warrants prompt confirmatory diagnosis, and even urgent surgery without confirmatory diagnosis.
Basically, patients with BTAI can be categorized clinically into 3 groups (13): 70-80% die at the scene within 0-2 hours, secondary to exsanguinations from rupture or from associated injuries; 2-5% arrive at the hospital in an unstable condition, and worsen over 1-6 hours, usually from associated injuries; and 15-25% are stable over 4-18 hours, with or without associated injuries. The unstable are usually intubated, given the high incidence of associated respiratory problems. The first group die from early exsanguination, the second group from exsanguination or associated injuries, and the third group from associated injuries or postoperative complications. 
Associated Injuries

Associated injuries include pelvic, long bone fractures and posterior hip dislocation (55 – 62 %), solid abdominal organs (38 – 51 %), closed head trauma (35 – 70 %), lung contusion (up to 40 %) and other intra-thoracic structures, including heart (3 – 10 %). Liver and spleen injuries are by far the most frequently coexisting solid abdominal organ injuries in blunt trauma (table 4) (7, 58-64). Fatal BTAI is associated with closed head injuries (85 %), rib fractures (79 %), other intra-thoracic organ injuries (78 %), and intra-abdominal injuries (48%) (15,65,66). Despite rib fractures having a statistically significant higher incidence in patients with BTAI (46%) than those without, the specificity (57.4 %) and the positive predictive value (14.8 %) are poor (67). Interestingly, the incidence of associated cardiac injury has decreased to < 9%) (7).
Severity Index/ Risk factors

Age, Glascow coma scale (GCS) at the scene and on arrival in the Emergency department, Injury severity score (ISS), Abbreviated injury severity score-Thorax (AISthorax), APACHE II and mechanism of injury with applied forces all have statistically significant impact on the lethality of the BTAI (47). Age (>55 years old) is associated with higher associated injuries and comorbidity, yet has not been a constant risk factor (68). The majority of patients are males 36-40 average years of age (6). Simon et al (57) reported 51 patients with BTAI. Subgroups of free rupture and contained rupture were compared. A widened mediastinum, hemothorax, and transient hypotension were increased risk factors for free rupture. The mechanism of injury is important. More than 75% of BTAI involve MVA related events. Ejection, frontal, and lateral crashes carry high risk, whereas seat belts and air bags decrease risk (6).
The ISS has been the most common risk score used for BTAI.  The ISS is an anatomical score that uses values from 1-75. An ISS >16 is associated with a mortality of 10% (69). Globally, mortality with ISS >9  has been reported 35% in high income countries, 55% in middle income countries, and 63% in low income areas like Subsaharan Africa (2). Sturm et al (62) reported a mean ISS of 59.3+/-13.8 in 51 patients who died at the scene of injury. Camp et al. (68,70) noted a 71.9% survival in a stable cohort of 233 BATI patients with an ISS of 40+/-16. Other associated risks in their study included age >55 years, and coronary artery disease. Other studies report similar scores (71,72,73). Lebl et al. (72) showed similar results in 3 treatment groups of surgery, delayed treatment, or stenting. Survival was 80% with ISS similar in all 3 groups (34.9, 29.9, and 35.1 respectively). The mean ISS was 42.1 in the AAST-1 trial, with a proportionate increase in mortality (7). It is clear that more victims with increased associated injuries are reaching the hospital, with earlier diagnosis of BTAI, and higher interval mortality, unless treated.
Diagnostic Evaluation


The diagnostic time interval or sequence is a critical phase in the care and evaluation of BTAI. This includes initial evaluation, monitoring, and eventual surveillance. The time interval from diagnosis to treatment has increased from 16.5 hours to 54.6 hours in the 2 AAST studies (7,8). This is a reflection of the increase in delayed management strategies, principally blood pressure control, treatment of life threatening associated injuries, and repair of BTAI with open surgery or EVSG.
Laboratory

Aside from routine hematological, chemistry panel testing, and blood gas analysis, cardiac enzymes are measured, given the 5-10% associated cardiac injuries (74). Creatinine kinase with myocardial specific fractions (CPKMB) and myocardial specific enzyme troponin I (cTnI) are usually measured (23). Combined with ECG and ECHO, a negative predictive value of 100% for myocardial injury can be achieved (74,75).
Chest X-ray (CXR)
The supine anteroposterior (AP) chest roentgenogram is part of the standard evaluation of chest trauma in the emergency room, even though the sensitivity (90 %) for diagnosing a widened mediastinum lacks specificity. Its predictive ability may be improved with the addition of an upright AP chest x-ray view or a supine reverse Trendelenburg view (6) (figure 10,11). Radiographic findings (table 5,6) suggestive of aortic injury include a widened mediastinum greater than 8 cm; mediastinum:chest width ratio greater than 0.25, irregular aortic knob; and opacified aortopulmonary window reach sensitivity above 80 %, with  nasogastric tube deviation, depression of the left main stem bronchus, wide left paraspinal line and thoracic spinal fracture being more specific indicators of BTAI (13,76-79). Dyer et al (80) recommended that with a low impact mechanism and normal chest-x ray, no further imaging is warranted. However, the suspicion of injury should guide the evaluation, despite an asymptomatic presentation and normal chest x-ray, given the chest x-ray may be interpreted as negative in 4-15% of patients (6,48,76).
It is important to note that the cause of a widened mediastinum, aside from BTAI, may be caused by small tears of arteries or veins surrounding the aortic arch, or superior mediastinal veins (52). The natural history of these causes is gradual resolution with return to normal, yet no long term serial CXR follow-up has been performed looking for chronic changes or return to normal.  

CT Scanning

 Computed tomography (CT), with or without contrast (volumetric helical or spiral), is the currently recommended initial screening modality for BTAI (6,49,81) (figure 12,13,14). It is readily available, fast, low cost, and easily interpreted. The CT scan should also include the head and abdomen, as part of the total torso evaluation. Though helical CT lacks positive predictive value (PPV) (55 %), primarily due to aortic wall motion, prominent bronchial or mediastinal vessels, prominent atheromatosis or volume averaging, it has 100 % sensitivity and negative predictive value (NPV), with specificity up to 99 %. As an effective screening tool, and being less invasive, less expensive, faster to obtain, and more readily available compared to angiography, the need for conventional aortography (CA) has drastically decreased by more than 56 % (82). Gavant et al (83) reported in a prospective analysis that helical CT has 100% sensitivity compared to conventional angiogram (94.4%) and 81.7% specificity versus 96.3% respectively. Mirvis et al (67) concluded that, with specificity reaching 99.7 %, helical CT can reliably exclude thoracic aortic injury. 
Findings suggestive of BTAI are a periaortic hematoma (PPV 97 % for traumatic aortic rupture), disruption of normal low attenuation periaortic plane, irregular aortic contour, poorly defined fat plane, aortic caliber change, and intraluminal irregularity (84). With the introduction of high resolution technology (1.25-3.00 mm thin views),with positive predictive value ( PPV ) up to 98 % and NPV and specificity 100 % respectively, minimization of volume averaging and wall motion has been accomplished by multi-slice multidetector three-dimension CT angiography (3D MDCTA or 3D CTA) (49,81,84). 
CTA provides a reliable, faster than helical CT, non-invasive, diagnostic and preoperative planning tool (especially with sagital,coronal and axial reconstructions) with superiority in visualizing intimal tears, and identifying proximal branch injuries, thus making the role of conventional preoperative angiogram further limited (56,85). Recent studies now confirm the role of primary routine screening CT scanning for major chest trauma (86-89). The availability of three dimensional reconstruction establishes the diagnosis, and gives the surgeon detailed information re. operative approaches, be it open surgery or endovascular stenting. However, stenting may require angiography as the final determinant of stent placement and suitability. 
Given the increased use of screening CT scans, smaller intimal tears (<1cm) can be seen, as well as ductus diverticulum remnants (46). These findings may be more difficult to differentiate. The absence of intimal irregularity and mediastinal hematoma with ductal remnant may be helpful (6). In these situations, additional 3D CT reconstruction, or angiography may be necessary (81). 
The Agee criteria for suspected BTAIs remain relevant (9). These criteria for reliable negative CT scans include: good contrast enhancement of the aorta; no interfering artifacts; complete study; experienced interpretation; and absence of “positive criteria”. Criteria for positive CT scans include: mediastinal hematoma contiguous with the aorta  (figure 12); false aneurysm; irregular aortic contour; divided aortic lumen (figure 14); and  intimal flap. 
Angiography
Despite the low yield (< 10 %) for conventional angiogram (CA) as a diagnostic study, catheter angiography remains the “gold standard” for diagnosis of BTAI and of progressively broadened value, in light of emerging catheter-based endovascular treatment solutions (81). The yield will probably increase as screening CT scans decrease the need for angiography. The common findings on CA include aortic tear (65%) (figure 15), pseudoaneurysm (29%), contrast extravasation (14%), intimal tear (14 %) (figure 16), and dissection (8 %) (47). It has 95-100 % specificity, PPV 98 % (false positive results due to ductus diverticulum/remnant or thrombosis of the lacerated intimal site occur in 2 % of the studies ), and more than 95 % NPV, provides accurate appreciation of the arch and branched aortic vessels (often injuries at this level represent intimal tears – 69 % and psudoanurysms – 31 % ), and has unique value for outlining the operative plan, especially in the light of equivocal CT findings (25,26,51). As an invasive study   complications are primarily due to access-related morbidity (1-5 % femoral artery pseudoaneurysm, 5-9 % hematoma, or intimal injury ) (91). At present, digital subtraction angiography (DSA) is the preferred technique (81). It subtracts background information, thus providing more accurate aortic information, as well as requiring less contrast agents. Newer agents are nonionic and low osmolar, with resultant decreased incidence of contrast nephropathy (81). 

Pate et al. (92) suggested that the helical CT findings that trigger an aortogram include: 1) intimal tear, 2) pseudoaneurysm, 3) large periaortic hematoma not explained by other injuries, 4) an unestablished proximal extension of the aortic injury, and 5) indeterminate aortic findings (56,71,85). Angiography has been replaced by 3D CTA for most EVSG procedures. Yet angiography still plays a role in associated injuries, especially pelvic fractures where embolization may be needed for retroperitoneal hematomas, as well as situations where CTA is unavailable or inconclusive.
IVUS

As noted, highly suspicious CT findings, even with negative angiography, should undergo further evaluation by other diagnostic modalities, usually in the form of intravenous ultrasonography (IVUS) (figure17), magnetic resonance angiography (MRA) or transesophageal echocardiogram (TEE) (57,71,93). 

IVUS has PPV and specificity of 100% especially for minimal aortic injuries (MAI) with intimal flap less than 10 mm and no evidence of periaortic hematoma. Even though IVUS is highly operator-dependent and invasive, it represents a promising, highly accurate tool in the diagnostic armamentarium, complimentary to CTA or conventional angiography for diagnosis and surveillance of MAI during non-operative management, ruling-out ductus diverticulum in false positive angiograms, guiding the accurate placement of endovascular stent grafts (EVSG) in acute aortic traumatic dissections, and confirming  obliteration of the false lumen by the device (57,71,94).

MRI/MRA
The role of MRA is currently limited to surveillance in patients treated non-operatively to assess and rule out an expanding pseudoaneurysm, and in highly suspicious CT findings with negative conventiona angiography (18,57,71,95). It has the advantage of requiring no contrast agents, yet it takes longer to perform, and is not readily available. Fattori et al (18) used MRI. They stressed the ability of MRI to detect the hematic content of the injured area because of its high signal intensity. It was also demonstrated that the growth rates of circumferential lesions were greater than partial lesions or tears (1.8 mm vs. 5.9 mm).
TEE

Transesophageal echocardiography (TEE) has emerged as a valuable diagnostic modality over the last decade (6,96,97,98). (figure 18) It carries no requirements for intravenous contrast and no exposure to radiation, facilitates concurrent assessment of cardiac function (particularly useful in unstable blunt thoracic trauma when definitive diagnosis is in question), is portable, has sensitivity 62 – 100 % and specificity from 92 – 100 % (96,97,98). TEE can document a mural flap, aortic wall thickness, and low flow patterns (5).It can be invaluable for hemodynamically unstable patients who arrive in the ED with radiographic and clinical findings highly suspicious for BTAI, but non-suitable for diagnostic work-up with CTscan or angiogram (especially when operative intervention is highly anticipated). As a surveillance modality, TEE can be a valuable tool for assessment and surveillance of MAI, especially in nonoperative or delayed operative approach. Due to institutional differences, TEE may not be readily available, and is operator-dependent. Technical limitations of TEE include: uncooperative patient, a difficult airway, suspected maxillofacial trauma, and suspected or confirmed cervical spinal cord injuries that preclude neck manipulation. Inherent limitations include the assessment of the distal ascending aorta (about 3cm above the aortic valve), transverse arch and brachiocephalic vessels by the interposition of the air-filled trachea (16). In addition,TEE is  inconsistent and suboptimal in the light of extensive atheromatous aortic disease and pneumomediastinum (49,80,99,100).

TEE is especially useful for intraoperative monitoring. It can help in guiding femoral venous cannulation of the right atrium, as well as assessing cardiac function in operations for associated injuries, especially intra-abdominal injuries. Wall motion changes, volume status, and intracardiac valve assessment can all be readily evaluated and monitored preoperatively and intraoperatively with TEE (23).
Treatment

The treatment strategy of the BTAI patient must consider a number of factors: time interval from injury to diagnosis, age, clinical status (emergent, unstable, stable), associated injuries, and underlying comorbidity.

A major therapeutic challenge is treatment of the asymptomatic minimal aortic injury (MAI) (defined as an intimal flap < 1cm and no periaortic hematoma or pseudoaneurysm), and especially those with delayed referral or dignosis (6,11). Given the sophistication of the aforementioned diagnostic modalities, these small lesions are being increasingly identified (11). The natural history of MAI is unknown. Malhotra et al. (11) reported a 10% (9 patients) incidence of MAI in a series of 87 patients. Of 6 discharged patients 2 had resolution of the MAI, and 3 developed small pseudoaneurysms. Delayed medical management and surveillance offer a safe and prudent approach (18).  However, EVSG has gained increased support in this scenario.

The larger series of more extensive lesions are the present concern. Mattox et al. (4,13) stress the three objectives of surgical treatment: 1.to prevent exsanguinations from a partial tear with a contained perivascular hematoma; 2. to control blood loss from vessel wall rupture ; 3. and to restore vessel continuity. Symbas (46) proposed an early algorithm (figure 19). Downing et al (49) has proposed an updated algorithm for diagnostic evaluation and treatment (figure 20). A contemporary algorithm features CT scan and EVSG playing prominent roles (figure 21). This has been hightlighted in the recent  AAST  report  (table 1) (8), as well as the updated ATLS changes with level 3 and 4 evidence (table 2) (101).
The ATLS protocol is mandated in evaluation of suspected BTAI (102). Globally, in low and middle income countries (LMIC), the Essential Trauma Care Project, and its publication Guidelines for Essential Trauma Care, has addressed the need and value of early coordinated, standardized care of the trauma patient (2). Both stress the ABC’s, and primary/secondary survey. 
Tension pneumothorax, cardiac tamponade, and massive hemothorax warrant an early response in the primary survey. This requires ready availability of chest tube thoracostomy, subxyphid pericardial window, or emergency/urgent thoracotomy. The patient’s clinical status ultimately dictates the subsequent evolution of action. 
There are eight thoracic lethal injuries following blunt, penetrating or blast injury: progressive pneumothorax, increasing hemothorax, pulmonary contusion with ARDS, tracheobronchial injury with large air leak, blunt cardiac injury, BATI, diaphragmatic rupture, and mediastinal traverse injury (102). Diagnostic studies can be precluded in the light of extreme scenarios. With few exceptions a definitive sequence of intervention is mandated (103).
A major decision to be made in the triage period for suspected or diagnosed BTAI is whether the accepting facility can accommodate and treat the injury, or requires transfer to a higher echelon trauma facility (Level I or II). Undertriage places the victim at higher risk, whereas overtriage increases transfer to higher level centers, with resultant greater cost and utilization of resources. The availability of advanced diagnostic studies, cardiopulmonary bypass, and endovascular stent-graft capability are important considerations. 
Regarding blunt thoracic trauma, emergency or resuscitative thoracotomy for cardiac arrest, when vital signs are present at the scene, and neurologically intact, has a documented survival rate ranging from 0.6 – 4.5 % (23,64,65). The role in blunt trauma has not been effective, as compared to penetrating trauma (101,104,105). The ATLS revised guidelines are noted (101): “ Patients sustaining blunt injuries who arrive pulseless but with myocardial electrical activity (PEA) are not candidates for resuscitative thoracotomy (RT)”. It must be stressed that closed compressions for traumatic cardiac arrest is generally ineffective (23). The goal of emergency  thoracotomy is to gain more effective internal cardiac massage, control bleeding, relieve cardiac tamponade, control air embolism, and cross clamp the descending aorta. All of these goals do not  help in the presence of massive hemothorax from aortic rupture, especially if performed outside the operating room.
The concept of damage control in thoracic trauma is limited and not well understood. Simpler techniques, including crycothyroidotomy, subxyphoid window, and chest tube thoracostomy are well know and practiced (105). Yet, unlike packing for abdominal wounds, this is not an option for thoracic wounds. Chest closure may be difficult, though use of delayed chest closure (eg Bogota bag) has been utilized. Thoracoscopy has not been widely utilized in diagnosis or treatment strategies for BTAI. 
Addressing massive hemothorax with tube thoracostomy, obtaining two large bore intravenous access and invasive monitoring represent the first line of action. Emergency or urgent thoracotomy is indicated in the initial blood loss of 1,500cc., or 200cc/hour for 2-4 hours (102). This is better accomplished in the operating room.
Blood products and crystalloid infusion are paramount, but excessive use should be avoided. Massive volume replacement in the multiple injured patient has been temporized by the concept of permissive hypotension, in the absence of significant head injury. A minimum systolic pressure of 90 mmHg is the goal. This is achieved with crystalloid, colloid products, or blood. Alam et al. (106) has reviewed new developments in fluid resuscitation. Delaying or restricting fluids did not increase mortality. They noted 6 randomized clinical studies reviewed by the Cochrane Database. These studies failed to show increased mortality in restricted large volume fluid administration. The major volume sources include: 5% hypertonic saline (HTS), isotonic crystalloids, artificial colloids, fresh frozen plasma, fresh whole blood, and artificial blood.
 The principle of anti-impulse therapy, permissive hypertension, or “intended reduction of aortic wall stress (dP/dT)” by keeping mean arterial pressure between 60-80 mmHg and heart rate <100, principally with β-blocker and vasodilator drugs, should be instituted on all BTAI patients, and continued throughout the clinical course, especially perioperatively on open surgery or EVSG repairs, in both the adult and pediatric populations (6,48,99,100). The effects of therapy are illustrated in figure 22 (31).Blood pressure control has become well accepted in the early management of suspected or documented BATI (8). Yet, caution is warranted with sudden or progressive hypotension, since it may be difficult to distinguish drug effect from volume vasodilation, or bleeding.
The major therapeutic intravenous agents include: esmolol, propranolol, labetalol, sodium nitroprusside, enalaprilat, nicardipine, fenldopam, and nitroglycerin (table 7). Caution re. afterlaod reduction is warranted, since these agents, especially nitroprusside have been implicated in causing spinal cord ischemia (107,108). Pate et al (109) also cautioned that anti-hypertensive treatment, as well as volume restriction, should be initiated in patients with initial adequate blood pressure and urinary output. Further, treatment should be maintained throughout the diagnostic process since increased stress during transportation, manipulation, and anesthesia induction can increase systemic pressure.
For endovascular techniques, the principle of arterial pressure reduction is not unanimous, and maintaining a mean BP > 70, or systolic pressure of 100-120 is the goal during deployment of the device (110,111,112). With associated head injuries higher systemic pressures should also be maintained (112,113).
Prioritization of treatment must be considered in patients with BTAI, as multiple associated injuries are frequently present. Camp et al. (70) in 1997 evaluated 395 cases over 11 years from 14 regional trauma centers. 102 cases were categorized as extremis. 99 died shortly after admission, and 3 died after reaching the operating room. BTAI was the primary cause of death in 56 (55%). This means 45% died from associated injuries, thus highlighting the fact that sicker patients are reaching the hospital.

Major long bone and pelvic fractures are common, with 49 % requiring early operative intervention. Pelvic fractures, especially with associated retroperitoneal hematomas, have a high mortality (114). This injury is particularly significant since operative positioning is hazardous. With respect to concomitant intra-abdominal solid organs injury, the FAST (focused abdominal sonography for trauma) evaluation is extremely valuable in ruling out abdominal injury, as well as pericardial effusions/tamponade. Treatment can be delivered in one of three ways: exploratory laparotomy with delayed repair of the aorta; exploratory laparotomy with subsequent repair of the aorta during the same operation; or aortic repair prior to addressing concomitant solid abdominal organ injuries. Only for hemodynamically stable patients with known BTAI and associated solid organ intraabdominal injury, without ongoing hemorrhage, should repair of the aortic injury take precedence. A positive FAST for pericardial effusion warrants immediate evaluation. This requires a subxyphoid window. If positive, then conversion to a median sternotomy is warranted. Medical anti-shock trousers (MAST) should not be used in patients with suspected BTAI, since increased afterload,  and systemic pressure may aggravate the injured aorta (4). 
Tatou et al. (115) noted an incidence of 21.3% of BTAI having an abdominal procedure prior to aortic repair. Santaniello et al (116) concluded that nonoperative management of grade I and II liver and spleen lacerations who undergo systemic anticoagulation for aortic repair (utilizing partial left heart bypass ) is a safe approach and associated with no statistically significant impact on transfusion rates, length of stay (LOS), or mortality. Fabian (117) has nicely outlined laparotomy damage control for acute and chronic trauma. He emphasizes the concept of the compartment syndrome where ischemia and soft tissue injury leads to edema and increasing tissue pressures. This requires open abdomen techniques and more required time perioperatively for stabilization.
Cardiac contusion has decreased from 62% to < 9%% of patients with BTAI, yet the role of TEE has been invaluable in determining the extent of cardiac dysfunction, or presence of anatomical injury (7,48,74). This subgroup of patients suffers higher rates of perioperative arrhythmias, cardiac arrest, ARDS and mortality (118). The AAST has classified blunt cardiac injury (BCI) into scales I-VI. Scale I is minor ECG changes (non-specific ST or T wave changes, PAC, PVC, or persistant tachycardia). The extreme scale VI is lethal blunt avulsion of the heart (23).
25 % have sustained severe closed head injuries and require intracranial pressure monitoring (7,15). Closed head injuries accompanying BTAI represent a challenging task, with often increased mortality, and surgical management of BTAI should be addressed after a neurosurgical procedure. Chestnut (113) has nicely reviewed traumatic brain injuries. He points out that cerebral perfusion pressure (CPP) equals mean systemic arterial pressure (MAP) minus intracranial pressure (ICP). ICP is directly proportional to central venous pressure (CVP). Cerebral pressure autoregulation maintains cerebral blood flow (CBF) over a CPP range of 50-150 mm Hg. This highlights the need to maintain higher MAP and lower total body volume. Neurological non-invasive monitoring is helpful in tracking trends and sudden changes (e.g. Cerebral oxygen saturation—Invos Cerebral Oximeter, Somanetics Corp., Troy, Michigan, USA). The goal is to not to precipitate increases in intra-cranial pressure (ICP), particulary with increased volume loading.
 If indicated, heparinless or decreased heparin (ACT<150 with heparin coated bypass systems with centrifugal pumps, or endovascular stent-graft techniques) are recommended (113,119). A shortened delay in the setting of severe CNS injuries may not be sufficient enough for prognostication. Delaying the aortic repair and applying the principle of “intended reduction of aortic wall stress (dP/dT)”, with maintaining mean arterial pressure between 60-80 mmHg, may complicate the management of patients with head injuries and impaired cerebrovascular regulatory mechanisms (113).

Delayed (bridge) or Non operative (destination) Treatment

Though urgent intervention of well documented BTAI is the recommended therapeutic approach for unstable patients without associated injuries, there is a subgroup of selected patients who may benefit from delayed aortic repair (defined here as planned delay in intervention any time 14-18 hours from admission to operation or non-operative treatment) (7,8,109). This also includes patients with delayed admission or transfer  >24 hours after injury. As noted, patients with associated injuries, especially severe head injury, cardiac injury, unstable intra-abdominal hemorrhage or extensive pelvic fracture, ongoing sepsis and major burns, severe multi-organ trauma (high ISS) with poor physiologic reserve, massive lung contusion with ARDS and respiratory compromise, coagulopathy and no signs of impending aortic rupture or rapid growth of aortic pseudoaneurysm, are all relative indications for expectant or delayed approaches (100,109,120-122). In recents years patients with increased ISS, as well as patients with minimal aortic injury (MAI) are being seen. This is a reflection of faster and more effective treatment at the scene, more rapid transfer, improved initial treatment (ATLS), and improved/ rapid diagnostic screening.
The history and evolution of delayed management was empiric and anecdotal. Rice (123) in 1951 recognized hypertension as the cause of death in a pregnant woman with a distant chest injury. The medical treatment (Wheat regimen of antihypertensive therapy) was shown to be effect in type B thoracic dissections in 1965 (124). Aronstam (125) in 1970 treated 2 acute traumatic aortic injuries initially medically, followed by elective repair. Fox et al. (126) in 1979 noted the occurrence of acute hypertension in BTAI. Two theories emerged. The first was the pseudocoarctation syndrome of upper body hypertension. The second and most plausible was the positive feedback spinal reflex mechanism related to thoracic aortic stretch. The presence of sympathetic afferent nerve fibers in the aortic isthmus area responding to stretch with reflex hypertension was postulated as the cause.
Akins et al. (120) from Massachusetts General Hospital popularized the` concept of delayed repair in patients with severe associated injuries as noted above. These injuries were more qualitative than specific (100). Maggisano et al. (121) developed more quantitative associated injuries. These included: 1. Head injury- GCS <6 or intracranial bleeding on CT scan; 2. Pulmonary injury- PaO2/FiO2 <200, or inability to tolerate one lung ventilation; 3.Cardiac injury requiring pharmacological support; 4. PT and PTT >1.5 normal, despite attempted correction. Holmes et al (122) included an INR >1.5, Platelet count <100, 000, and age >55 years.
As noted, since that time, individualized approaches have evolved with early repair for both stable and unstable patients, with no prohibitive associated injuries or comorbidities, and delayed repair for unstable patients with severe associated injuries (109,121,127-130). Through 2000, it is estimated that more than 500 patients have been treated with a delayed management protocol (13). It is estimated that more than 20% of patients may not be candidates for early repair (122). 

The cornerstone of delayed management is the principle of permissive hypotension and “intended reduction of aortic wall stress (dP/dT)” by intravenous (-blockers and the selective use of vasodilatory agents when necessary (figure 22) (table 7) (31). Intensive care unit and invasive cardiovascular monitoring (arterial and central venous pressure) for adequate resuscitation and monitoring of adequate tissue perfusion status are fundamental components of delayed repair or non-operative management (109). 

Results/ Complications

In a ten-year follow-up of delayed management, Pacini et al (128) proposed that all trauma patients with BTAI who arrive alive in the ED, without signs of impending aortic rupture or rapid growth of pseudoaneurysm present, should be considered for delayed planned aortic repair after the resolution of all other significant associated injuries. Less than 10 % of their patients required conversion to urgent repair, with decreased mortality to 4.2 % and no recorded spinal cord ischemia, regardless of the type of repair (open with total cardiopulmonary bypass, partial left heart bypass, or endovascular graft stenting ). 
Wahl et al (85), in their multicenter retrospective review, found no statistically significant mortality benefit to delayed repair, but highlighted a significant increase in length of ICU stay and a two-fold increase in cost-analysis. Both Langanay (129), and Hemmila (130) stress the importance of delayed management in the setting of severe associated injuries, with no resultant danger of interval rupture and death. The recent AAST study revealed increased time interval from diagnosis to treatment (16.5 hours to 54.6 hours). This is related to increased ISS, associated injuries, and planned delayed medical management, including permissive hypotension (7,8).
Pate et al. (109) has championed the delayed approach. In 15 patients surgical repair was performed at 2 days to 6 months. The mortality was 13.3%.11 patients had non operative treatment with 54.5% mortality from associated injuries. In neither group was there spontaneous aortic rupture. There was no pseudoaneurysm enlargement in 4 non operated patients at 18-49 months follow up. Holmes et al (122) reported 10 nonoperative patients at a median survival of 2.5 years without progression of injury, or need for operation. 
A subset of BTAI (10%), involving only an intimal flap (MAI), has been considered an indication for nonoperative treatment with no delayed repair. Kepros et al (99) found no complications related to the aortic injuries during a mean follow-up of 16.8 months). Malhorta et al (11) had > 90 % success rate with nonoperative management, no recorded complications, and complete resolution of MAI in 3 weeks for 50 % of patients, and stable pseudoaneurysm formation in 40 %. Hemmila et al (130) in 2004 compared their series of delayed repair (DR) with early repair (ER), and compared the results with the National Trauma Data Bank (NTDB). DR was established to be 16 hours. Beta blockers were used in the DR group (goal of systolic pressure <120 and heart rate < 100). They noted a decrease in rupture in the treated group to 1.5%, compared to the earlier AAST study of 12% in patients not treated with antihypertension strategy (7). They also noted increased complications, higher hospital and ICU length of stay (LOS), as well as ventilator time. This was reflective of higher GCS and Head/Neck AIS in DR vs ER groups.
However, the results of initial delayed approach or the long-term natural history of BTAI treated with delayed or nonoperative technique is not known and a cautious surveillance plan should be exercised with serial TEE, MRI, CTA or helical CT during hospitalization and following discharge. Fattori et al. (18) used surveillance MRI. As noted, they found MRI more accurate in assessing the evolution of the periaortic hematoma.Long-term complications include: 1) formation, enlargement or rupture of pseudoaneurysm, 2) thomboembolic events by loose intima or thrombus, 3) progressive dissection of the aortic wall and, 4) fistulization with formation of aorto-bronchial, aorto-esophageal or aorto-pleural fistula. Mortality with this approach ranges from 0 % to 14 % (48,71,109,122,128).
Open Surgical Management
Patients with unstable injuries generally fall into 2 categories: unstable related to the BTAI, with no major associated injuries; and unstable related to associated injuries. Age and comorbidity variables are common to both groups. These patients can remain unchanged or change from unstable to stable and visa versa.
It must be stressed that unstable intraabdominal injuries have surgical priority. Tatou et al. (115) noted 29.9% of patients had concomitant non-aortic surgery. 21.3% had prior surgery, and 8.6% following urgent aortic surgery. Associated cardiac injuries require intra-operative surveillance with TEE. TEE during non- aortic surgery is helpful in ruling out primary cardiac causes for hypotension. Even though the incidence of cardiac injuries is <9%, concern remains. Shapiro et al. (131) noted an incidence of 26% cardiac contusion in a group of blunt thoracic injury. 

Preoperative aspects have been noted. Additional preparation for open surgery includes tetanus and antibiotic prophylaxis. Intraoperative concerns include proper positioning, ready availability of blood and blood products, and proper warming capability.
The role of anesthesia is important. Either a left sided double lumen tube or bronchial blocker is utilized. If already intubated, conversion to a double lumen endotracheal tube may be difficult or hazardous. Team communication and cooperation are crucial. Monitoring with ECG, ETcO2, arterial and venous pressures, temperature, along with TEE and cerebral oxygen saturation availability are essential. Concomitant continuous upper and lower arterial pressure monitoring in the right radial artery and right femoral artery is important. It is critical to avoid hypertension with aortic cross clamping. This can have an adverse effect on myocardial function secondary to increased afterload. Converesly hypotension can cause decreased collateral flow to the spine. Either hypotension or “paradoxical hypertension” can occur with cross clamp release. 
Cannulation of the right femoral vein with a large bore introducer allows high volume infusion of cell saver washed red blood cells. Heating blankets and Bair Huggers are useful adjuncts to reverse hypothermia, especially during the warming phase. Normothermia is critical in reversing coagulopathy. Over-resuscitation with fluids should be avoided (107). Hemodynamic changes during surgery may reflect volume sequestration or cardiac function changes. Intra-abdominal bleeding, retroperitoneal hemorrhage, cardiac contusion and tamponade are significant concerns. Progressive hypoxia may be related to left lung collapse, right lung pneumothorax, bleeding or callapse, or progressive ARDS. Caution is important for suspected cervical neck injuries. Lateral decubitus positioning may precipitate hemodynamic and respiratory changes related to volume shifts. 
The technical aspects of open surgery have evolved over the past 50 years (9,132-145). For patients deemed suitable for urgent intervention, open surgical repair still remains the standard and, in many cases, the only option (55). 

For the unstable or emergent patient with unknown injury, suspected injury, but no diagnostic confirmation, the indicated approach is a left anterolateral thoracotomy with potential extension to a clampshell incision, or alternately extension posteriorly if BTAI is diagnosed intraoperatively.  For those with preoperatively known injury (level, anatomical characteristics, complexity) and hemodynamic stability, there are additional approaches (48) (table 8). 
The left posterolateral operative technique is the most common approach for the usually occurring aortic isthmus injury, highlighted in figures 23-29. Access of the left femoral artery and vein by open or percutaneous technique allow for bypass cannulation. The standard left posterolateral thoracotomy is performed (via the 4h or 5th intercostal space) under isolated single lung ventilation. The lower rib can be shingled or cut posteriorly to gain greater exposure. The retractor bar is posterior, thus allowing better exposure for anterior extension or lower sternal transection. A small entry portal through the 6th or 7th interspace allows lower aortic cross clamping, if necessary. 
On entering the chest the mediastinal hematoma may extend posteriorly and laterally. This may preclude safe dissection of the hilum and aorta. The initial primary objective is proximal control (including the left subclavian artery), avoiding injury of the phrenic, vagus, and recurrent laryngeal nerves. Small incisions in the mediastinal pleura, and limited dissection in the proximal aorta between the left carotid and left subclavian arteries, is a crucial maneuver. Any question or doubt for safe dissection should give consideration to partial cardiopulmonary bypass by the left femoral access approach.

The proximal aortic cross clamp is placed between the vagus and phrenic nerves and across the aortic arch between the left carotid and the left subclavian arteries (LSCA), since tears usually extend within 1cm of the LSCA. Alternately, the ascending aorta can be approached intrapericardially. Care must be taken not to damage the pulmonary artery beneath the arch. The LSCA is clamped or snared. In older patients the aorta may be calcified and friable. Occasional occlusion of the left carotid may be required. Primary repair may be achieved, but requires deeper suturing posteriorly to incorporate the adventitial layer. In general, the repairs require grafts since the the average disruption separation distance ranges from 2-4cm (6) (figure 28). More commonly, gel impregnated woven Dacron (Vascutek USA, INC., Austin, TX), or collagen coated woven Dacron graft (Hemashield Dacron graft—Meadox Medicals, Oakland, NJ) interposition are used. Anastomosis is accomplished with a running 3-0 or 4-0 polypropylene suture. Only injured intercostal vessels are sacrificed with ligation. Generally, reimplantation of intercostal vessels are not done. Introperative adhesions, difficulties with lung collapse and exposure, as well as respiratory deterioration, may require conversion from left heart bypass to partial or full cardiopulmonary bypass. The usual perfusion strategy includes left heart bypass without oxygenator and addition of such if needed, along with femoral venous access for conversion to full bypass (figure 30,31). Warming is crucial prior to discontinuation of bypass. 
There are 4 approaches to spinal cord protection. These include no protection with clamp and sew; active shunting with partial left heart bypass; a passive Gott shunt; and partial or full cardiopulmonary bypass (CPB) with or without hypothermic circulatory arrest (HCA). An experienced perfusion team is critical in this area. 

If the clamp and sew technique is utilized, proximal blood pressure control is important, especially after clamping of the proximal aorta. Targeted cross clamps of 30-35 minutes are the optimal goal (142). Yet an average time of 41 minutes is reported in most series (6). Cell saver capability (1.5L/minute) is achievable with reinfusion of washed red cells via a large bore femoral or jugular vein access.
 With active shunting partial left heart bypass, cannulation of the extra-pericardial left inferior or superior pulmonary vein, rather than cannulating the left atrial appendage is adequate, utilizing a 26-32 french cannula (136,138,144). This avoids opening the pericardium and cannulating a small, friable or distended left atrial appendage (145). The distal thoracic aorta or left common femoral artery are used, employing a 18-20 french (F) cannula (136,138,144). Attaching Y arterial connections to the perfusion circuit allow flexibility in changing cannulation sites e.g. transferring the femoral line to distal aorta or vice versa. Targeted distal bypass flows of 2-4L/minute are maintained (138).  Heparin is not necessary, especially if bonded circuits +/- bonded cannulas are used. However, if heparin is used, the doses vary. Gammie et al. (135) used a low mean dose of 73units/kg for left heart bypass, and 300 units/kg for femoral artery/vein bypass. There was no difference in outcome. Heparin helps avoid clotting with stagnation of blood flows <1,000cc/minute (136). Blood pressure control proximately and distally is critical, with the goal of upper mean aortic mean pressure of 60-70 to maintain cerebral and coronary perfusion, as well as a mean pressure of 50-60 distally to maintain spinal cord perfusion. Flow rates range from 1-4 L/ minute or 1.5 L/min/m2 (16). Mean pulmonary artery pressure (PAP) is maintained >18-20 to avoid upper body hypoperfusion (16).  Utilization of anesthesia, volume infusion, and vasodilator agents are balanced to maintain targeted flows and pressures. 
If  passive  perfusion with a Gott shunt is utilized, a 9 mm shunt is preferred to the 7.5 mm shunt. With flow meter monitoring, Verdant et al (146) achieved flows of 1.8 to 4.9 L/min., with an average of 3.05 L/minute. More dissection of the proximal aorta is required for canula placement. Also it offers no advantage in volume loading or inloading, thus making blood pressure control more volatile (6).

With partial cardiopulmonary bypass (CPB) and heparin coated circuits, ACT’s of 150-200 are used if heparin is used, and maintence of >60mmHg perfusion pressure. Downing et al (142) reported 50 patients with heparin bonded circuits (? cannulas coated) and no anticoagulation. There was no paraplegia or coagulation problems i.e. thrombosis. 
Utilization of cardiopulmonary bypass and hypothermic circulatory arrest may be required for complex cases (figure 31). This is usually decided and planned prior to surgery. Occasionally conversion from left heart to full bypass is necessary. This is especially important where a large pseudoaneurysm precludes safe proximal aortic clamping.
 Peltz et al (141) described their operative approach. Highlights include: access through the left 5th posterlateral chest; left femoral and left venous and pulmonary artery for additional return; arrest of the heart with cardiplegia into the cardiopulmonary circuit without aortic cross clamping; and no left ventricular decompression. For ascending aorta or arch injuries Pelz et al (141) use the median sternotomy approach. Cold blood cardioplegia and left ventricular venting via the right superior are employed. All repairs are delayed in their series in patients with CNS injuries, to minimize the risks of intracerebral bleeding from heparinization.  Miller et al. (140) hightlighted the advantages of CPB with/without hypothermic circulatory arrest. These included spinal protection, easier control of hemodynamics, volume adjustments with ultra-filtration capability, temperature changes, and blood salvage. Pate et al. (17) adds the advantage of decreasing spinal cord damage by decreasing central venous pressure and increased cerebrospinal fluid pressure, protecting myocardial function, and decreasing time constraints with regards to aortic cross clamp duration. The major disadvantages include increased logistical concerns, fear of anticoagulation, and the sequelae of systemic inflammatory response syndrome (SIRS).
Spinal Cord Protection

Paraplegia or paraperesis following open repair remains a significant problem (table 9) (15). VonOppell even reported a 2.6% incidence of paraplegia preoperatively (15). There is consensus that spinal cord protection is the current standard of care, though clamp and sew may be necessary in certain situations, especially when emergency surgery is mandated, and adjunctive methods are unavailable (147).

The anatomy of the spinal artery circulation is important. The basilar artery, along with segmental intercostal and lumbar arteries combine with the anterior spinal artery to supply the spinal cord structures. The anterior spinal artery is incomplete. The lower spine is supplied by the larger arteria radicularis magna or artery of Adamkiewicz (148) (figure 32,33). This artery arises from the T9 (9th thoracic vertebral level) to T12 level in 75% of individuals (16). Aortic cross clamping distal to the origin poses a small risk for spinal cord injury vs. clamping above the origin (16). Brewer et al (149) documented the segmental perfusion of the spinal cord. There is no continuous uninterrupted flow from the vertebral to lumbar region. Preservation of flow in this important artery is crucial to lower spinal cord protection from T5 to T8. The proximal spinal cord is also important. Collaterals from the LSCA, including the left internal mammary, vertebral, and subscapular vessels also provide spinal cord perfusion (6). 

Intraoperative monitoring of sensory and motor evoked potentials have not proven to be satisfactory for early detection of cord ischemia in traumatic injuries (150). Yet Cunningham et al. (151), in 1987, in a series of animal and human studies utilizing sensory and motor evoked potentials, concluded that simple aortic cross-clamping, perfusion pressure <60mmHg, and inability to reimplant critical intercostal vessels resulted in a high percentage of paraplegia. Katz et al (152) demonstrated a 30 minute safe limit for the “clamp and sew” technique (figure 34). This has been challenged, but remains a safe guideline (figure 35). In the setting of emergency operation, and/or unavailability of adjunctive support, this may be the only option. It must be stressed that the level of aortic crossclamping is important with regards to paraplegia. The incidence of paraplegia rises from 10% 60 minute clamping at the diaphragm level to 80% 60 minute clamping at the isthmus (16). This may even be higher if the clamp is applied between the left carotid and left subclavian artery, given that the left subclavian artery gives rise to the left vertebral artery, which joins the right vertebral artery to form the anterior spinal artery (figure 32) (16).
Full CPB using femoral artery and venous cannulation; partial left heart bypass (PLHB); aorto-aortic heparin-coated passive shunt (9mm TDAMC Gott shunt); and simple “clamp and sew” technique have all been advocated. Antegrade cerebral perfusion and hypothermia with circulatory arrest have been exercised in selected cases (where there is ascending aorta and arch involvement) (48,119,123). 
Although “clamp and sew” technique provides a reliable alternative and can be performed expeditiously by experienced surgeons, optimal exposure and in non-complex injuries (147), partial left heart bypass gained popularity especially after the initial experience of Olivier et al (134) from Allegheny Hospital in Pittsburg, and the classic metaanalysis study by vonOppel et al (15), in which they reported that simple aortic cross-clamping was associated with a paraplegia rate of 19.2 %; passive shunts with 11.1 %; and active shunt partial left heart bypass only 2.3 % (table 9). From the same metaanalysis, the authors advocated the use of partial bypass with a centrifugal pump and a heparin coated circuit. Only for cross-clamp time less than 30 minutes, can paraplegia be decreased or avoided (47,48,153). With respect to spinal cord protective adjuncts, certain technical parameters should be taken into consideration such as 1) the duration of cross-clamp time; 2) the core body temperature; 3) the level of aortic cross-clamp and the quality of the aortic wall; 4) the variability in blood supply of the spinal cord and the role of collateral circulation; 5) the intra-spinal pressure; 6) any associated peripheral vascular disease and the effect in adequate tissue perfusion; 7) the intraoperative hemodynamic status of the patient, evidence of shock, hypoxia or hypo-osmolality from fluid overload; 8) age: and 9) the nature of the case (emergent vs elective) (119,153). Due to multifactorial etiology of spinal cord ischemia utilized techniques have, often, a variable effect in cerebral and spinal neuroprotection (154). Reported adjuncts include core body hypothermia, CSF pressure monitoring and drainage, reimplantation of intercostals, regional hypothermia with epidural cooling, monitoring of somatosensory and motor evoked potentials and other pharmaceutical neuroprotective agents e.g. naloxone, thiopental, steroids, calcium antagonists, free-radical scavengers, papaverine, insulin, magnesium, lidocaine (6,16,125,155-159). It should be kept in mind that postoperative paraplegia or paraparisis may occur early, or appear 1-3 days later. This may be related to spinal cord ischemia and increasing edema with development of a compartment syndrome. Spinal cord pressure monitoring and cerebrospinal fluid drainage may be necessary (157).
Injuries of the ascending aorta and transverse arch usually require a median sternotomy with cervical extension for involvement of the branched vessels. Occasionally, primary repair may be achieved with aortorrhaphy or arteriorrhaphy, with graft (tube, bifurcated, or branched) interposition being used in the majority of  cases (160,161). Isolated aortic branched vessel injury has, generally, been managed successfully without CPB or temporary shunts. If the ascending aorta or the arch are involved, then CPB with antegrade perfusion or hypothermic circulatory arrest for cerebral neuroprotection is employed. Experience with elective procedures suggest that hypothermic circulatory arrest is well tolerated without detectable sequelae, and safe for up to 45 min duration (159,160). 
Results/Complications

Overall perioperative mortality for BTAI ranges from 10 to 42 % (58,59,132,162).  Operative results depends on the patient’s overall condition and the anatomic characteristics of the injury (table 10) (15). The operative skill and experience of the surgeon is difficult to assess. Survival rate can be as low as 50 % if complex ascending or transverse BTAI (involving the brachiocephlalic and arch vessels ) is associated with severe closed head injury, cardiac injury, high ISS or severe lung contusion with ARDS. Carter et al. (71) examined anatomical considerations. Lesions <1cm from the inferior border of the LSCA had greater mortality (43%) than lesions >1cm from the border (22%). This highlights the risk of proximal control of the aorta, and warrants consideration of early bypass prior to dissection of the aorta through the periaortic hematoma. Aside from paraperesis and paraplegia, the major post-operative complications include bleeding, repiratory failure, infection, and complications related to associated injuries, especially, head, abdomen, and extremity injuries. Local causes related to the chest include vagus, phrenic, stellate ganglion, and recurrent nerve injury. Technical related problems include aortic cross clamp injury (especially dissection), psedo-aneurysm formation, graft infection, graft kinking, or inadequate graft length, and fistula formation to adjacent structures, including esophagus and tracheobronchial tree.
Though spinal cord ischemia and paraplegia is the most devastating complication (with incidence from 2 to 33 %, based on the technique and spinal cord protective adjuncts), these complications remain the unfortunate sequelae for the challenging surgical repair of BTAI (4,6,16,155). Cowley et al (155) noted more than one major complication in 41 % of those who survived an operative repair of BTAI. Cerebrovascular accidents (CVA), myocardial ischemia, malperfusion syndrome (cerebral, spinal, intestinal, renal ), perianastomotic leak, brachial plexus/vagus nerve/  recurrent laryngeal nerve/phrenic nerve injuries, thromboembolic events, pulmonary complications (pneumonia, ARDS), graft infection and sepsis and aortic fistulization are other troublesome complications (132).

Endovascular stent-graft (EVSG)
Emerging endovascular solutions have been advocated as a reliable alternative therapeutic option, and it remains to be determined whether surgical treatment priorities in BTAI patients with associated multiple injuries will be a topic of the past (figure 36)   (163-182).

Since the classic report by Parodi et al (183), and the first reported endovascular intervention for descending thoracic aortic aneurysm by Dake et al (111), a rapidly evolving experience has accumulated. Kato et al. (163) in 1997 performed the first EVSG in 10 BTAI, 3 acute and 7 chronic.  
First, with several case reports and small institutional series and, presently, with large retrospective comparative non-randomized series in comparison to the open and delayed approaches, the emerging endovascular techniques represent a promising innovative alternative to open surgery. Though a variety of off label stents have been used in the thoracic aorta, the Gore-TAG Thoracic Endoprosthesis(WLGore,Flagstaff,(http:/www.goremedical.com/en/ifu/AJ0076.pdf?download=trueGoreTAG) is the only currently FDA approved stent for the thoracic aortic position (March 23, 2005). Specific guiedlines are given for correct use, along with rcent results, including complications. Presently the EVSG is employed in 64.8% of acute BTAI in the AATS-2 study (8). This represents a significant change over the 100% open surgery rate in the AATS-2 study from 1997 (7) (table 1).
The goal of endovascular stent-graft (EVSG) for management of BTAI is to provide a durable exclusion of the injured aortic site, thus  minimizing the mortality and morbidity occuring with the open approach. Major advantages over an open repair include: 1) avoidance of thoracotomy; 2) little, or no absolute need for systemic anticoagulation; 3) substantial shortening of the intraoperative time; 4) avoidance of aortic cross-clamping with minimal blood loss; 5) avoidance of single-lung ventilation (a challenging task for complex BTAI associated with severe lung contusion ) and pulmonary complications; 6) avoidance of left heart bypass, any type of CPB with or without hypothermic circulatory arrest, and associated systemic inflammatory response syndrome; 7) potential lower risk for spinal cord ischemia and malperfusion syndromes; 8) avoidance of brachial plexus, vagus, recurrent laryngeal  and phrenic nerve injury; 9) utilization in either early or delayed management; 9) availability in standard sizes of stent-grafts designed for thoracic aortic placement, with exception of availability of small sizes, especially for children (average age of victims are 36-40 years and average aortic diameter is 18-24mm (5)); and 10) potential role for bridging or destination therapy (164-182). 
Limitations or contraindications include: 1) prompt availability of an Endo-suite or operating room image intensifier (C arm fluoroscopy) with a skilled  and experienced endovascular team; 2) anatomically demanding placement criteria ( minimum of 20mm proximal and distal landing zones, absence of mural thrombus or extensive circumferential calcification in the fixation sites, often require adenosine during application, not adjustable after deployment, less favorable in angulations and curved anatomy for life-long efficacy ); 3) risk for post-deployment migration and endoleaks; 4) no applicability to complex ascending or arch BTAI; 5) only one device (Gore TAG) designed and approved by FDA for descending thoracic aortic pathology; 6) poor fixation in acute angulations of the upper descending thoracic aorta with proximity to the left subclavian artery; and 7) proper vascular access ( arterial vessel diameter should be at least 8 mm with minimal tortuousity, lack of circumferential calcific plaques and absence of mural thrombus ) (111,184,185). Access sites include the common femoral artery, the retroperitoneal iliac artery, or the intraabdominal aorta.
The ideal thoracic endovascular stent should be available in 5, 7.5, 10, and 15 cm. lengths with diameters of ranging 20-36 mm. (186). The smallest currently available EVSG is 26 mm. The delivery system should be 80-90 cm in length. Access size should be 18-24F (French) (7.6-9.2 mm outside diameter). The stent size should allow 10-15% oversizing of the target zone, and be flexible for angulation curvature of <60 degrees degrees (164, 170,171). Oversizing > 15% can result in pleating of the graft, with resultant endoleak, and possible compression and collapse (171). The C-arm should be perpendicular to the neck when assessing isthmus lesions, and at 45-75 degrees left anterior oblique (LAO) for arch injuries. Specific guidelines re. EVSG selection and sizing for Gore TAG are noted in Appendix one.
Ferrari et al (178) points out that aortic pathology with < 1/3 circumferential tear is more favorable for EVSG. Proximal and distal landing zones of at least 10-20 mm. of normal aorta are recommended (175). Agostinelli et al. (170) consider a proximal neck or landing zone <0.5cm a contraindication for EVSG. Karmy-Jones et al (186) stress the fact that tears > 1.5 cm., resulting in apposition length < 2 cm. or those torn near or in the curvature of the upper descending aorta are associated with an increased risk of endoleak.
In summary, EVSG anatomical and clinical considerations include: level of injury, aortic diameter, tear length, apposition or distraction length, stent type or brand, distance of tear to left subclavian artery, femoral or iliac artery access, and incidence of restenting, conversion to open repair, other major/minorcomplications, and mid/long term results (167,174,176,186).
Results/ Complications

Recent large series and comparison studies with open repair have shown improved results in incidence of spinal cord ischemia, malperfusion syndrome, length of ICU stay, with resultant more rapid recovery and decreased mortality rates (164-182). In addition, the conversion rate to open repair is negligible in recent series (table 11).
Newer innovative endovascular approaches include planned covering of the origin of the left  subclavian artery for better fixation in cases of inadequate proximal landing zone, to decrease or prevent limb ishemia, subclavian “steal” syndrome or thromboembolic events (164-182). Planned occlusion of the LSCA may demand adjunctive maneuvers. If malperfusion of the arm or vertebrobasilar insufficiency develop, then a left carotid-subclavian bybass is recommended at the same operation, or later if necessary (171). This is especially important if there is a dominant left vertebral, separate origin of the left vertebral from the arch, previous left internal mammary artery bypass, or clinical signs of arm ischemia.
Though early results are extremely promising, there are short- and mid- term complications reported. Thirty-day mortality ranges from 0 to 10 % with mid-term 0 to 14 %, paraplegia 0 to 4 %, endoleak (primarily type I and III) in less than 4% and CVA 1-2% (164-182). Endoleaks are classified: I-Proximal or distal seal zone leak; II- Retrograde perfusion; II- Component separation; IV- Graft porosity; and V- Endotension (187). Endotension is defined as continued sac pressurization in the absence of radiographically demonstrated sac flow (171), whereas endoleak is defined as blood flow apart from the stent graft (179).
In the most recent four-year follow-up for emergency endovascular interventions for acute thoracic rupture by Doss et al. (188), a trend was noted towards increased reinterventions and late complication rates (stent-graft-related mortality, leak rate of 9.4 %, and paraplegia related to reintervention for migration of the initial endograft). The major complications or concern in all series include device selection, access failure, thrombosis/embolus, endocarditis, endoleak, misdeployment, migration, kinking, and occlusion of branch vessels, especially the left subclavian artery (LSCA). Occlusion of the LSCA may cause perfusion problems of the left upper extremity. Oversizing is a major concern in younger patients, especially since smaller size stents (<26mm.) are not currently available (182). It is concluded that stent-graft-related complications necessitating reintervention or even conversion to open surgery remain worrisome and stress the need for continued close surveillance. Two recent technical procedures have been reported, highlighting treatment with EVSG in the small aorta (diameter < 24mm), and the use of IVUS to document the anatomy of the lesion and monitor the guidewire placement across the lesion and subsequent deployment of the stent graft (189,190).
Two recent reports highlight the aggressive use of EVSG as the first line of invasive treatment for early use in both stable and unstable patients. Buz et al. (174) in 2008 reported 74 patients with acute BTAI from the Berlin Heart Institute. 35 patients had open surgical repair and 39 had EVSG procedure. Mortality was 20% and 7.7% respectively. The majority of patients were intubated with severe associated injuries and median ISS of 34 and 41.Delayed treatment with blood pressure control, as well as operative treatment of associated injuries was employed. There was no paraplegia in either group. In the EVSG group only one patient required conversion, and in 20 patients the LSCA was covered, with 5 requiring a concomitant carotid-subclavian bypass secondary to arm ischemia either at rest or exercise. The median follow-up at 2.2 years showed 86.4% survival and no stent related complications. They concluded that EVST has replaced open surgery as the first-line procedure for BTAI. Moanie et al. (176) in 2008 reported 26 patients seen over a 2 year period at Maryland Shock Trauma Center in Baltimore, Maryland.  They were treated with EVSG. Comparison with the prior group of 26 patients treated with open surgery showed similar characteristics, especially the time from presentation to treatment (34.9 hours, 38.8 hours). 2 EVSG patients required reoperation, one with stent, the other open surgery. Both groups hade similar survival at 85%, but the EVSG had less blood loss, and length of stay. 6 patients in the EVSG required LSCA coverage with no sequelae. They concluded that EVSG is the preferred interventional modality in the acute phase, especially those with higher severity and associated injuries.
Other Injuries
Children

Despite accidents being the leading cause of death in children (<17 years of age), BTAI in children is not common (191-194) The incidence ranges from 0.1-7%, compared to >20% in the adult population. This may reflect the fact that the majority of children with this injury die at the scene.  Eddy et al (191) postulate that the majority of victims are pedestrians or passengers in MVA’s, where the forces of injury are dispersed, and death is from associated injuries.  A compliant, somewhat elastic chest wall offers no protection (193). The majority of MVA victims are unrestrained. Evaluation and treatment  follow  adult guidelines.  If open surgery is performed, primary repair versus graft interposition is favored, but rarely possible. 
Recently, endovascular stent-grafts have been employed. The location, extent of injury, and size of the aorta are important considerations. Non-availability of small size endovascular grafts i.e. <20mm., short landing zones proximally, along with access considerations in small children  remain major challenges (182). Saad et al (195) reported 48 patients in a review of the literature. 37 underwent open surgery, 4 no operation, and 7 received EVSG. 3 EVSG patients died. Concerns  regarding  oversizing, LSCA occlusion, and endoleaks are major challenges (196). Mid or long term results are unavailable. Pediatric patients and small aortas are not ideally suitable, given the non-availabi of a small dedicated thoracic stent.  Karmy-Jones et al. (193) reported 16 cases under 16 years old (6% of their BTAI experience). 6 underwent surgical repair, 3 had EVSG, and 2 delayed non-operative treatment. 2 died from head injuries in the EVSG group and one of the non-operative group died from head injuries as well. Blood pressure control, delayed repair, treatment of associated injuries, and open or stent treatment were utilized in an integrated individualized manner.
Ascending Aorta/Arch /Branch artery Injuries
 
Ascending aorta and arch injuries alone, or in common with each other or with descending BTAI are uncommon, despite the common causality (197-206). In the AAST-1 the incidence of proximal aortic injury was 7%, and in the AAST-2 study the incidence was 5.4% (7,8). The majority of blunt traumatic proximal aortic injuries are fatal at the scene. Early recognition and operative repair has been the traditional recommended approach. Pretre et al. (197) in a literature review noted 3 presentation groups: autopsy, clinical, and incidental. The incidence of ascending injuries was 0-23% in the autopsy group, with only 21 patients in the clinical group, and in 38 patients found incidently. The last group was primarily aortic valve injury with ascending aorta involvement. 7 of the clinical group of 21 had a sinus of valsalva fistula. Symbas et al (198) up through 1996 reviewed 20 cases (3 of their own) involving the ascending aorta 5 patients had associated aortic valve injury (3 cusp tears, 2 commssural prolapsed) All had successful operative repair through a median sternotomy approach with 3/20 mortality from associated injuries. Involvement of the aortic arch complicates the operative approach, in that CPB with hypothermic circulatory arrest (HCA) may be required (199-201). 

Aortic arch vessels include the innominate, left carotid, and left subclavian arteries (202-205). Rosenberg et al. (205) reported 33 injuries (27 acute) involving the branch vessels. 50% involved the innominate, 25% the left carotid, and 25% the left subclavian arteries.The pathology included intimal tears, disruption of the media, or complete transection. Exsanguination was uncommon, with clinical evidence of distal ischemia more common. The operative exposures utilized were stressed. Median sternotomy with neck and upper extremity exposure was performed. This allows exposure of the ascending aorta, innominate and left carotid arteries. The proximal left subclavian artery is better approached through a left posterolateral thoracotomy in the 3rd or 4th interspace. Extension posteriorly between the scapula and spine allows exposure of the distal left subclavian artery.

In those situations where the proximal and distal aorta are involved, a planned approach is required. A median sternotomy, with extension into the left chest through the anterior left 3rd or 4th interspace, allows access to both lesions. Alternately, following repair of the ascending aorta and closure of the median sternotomy, a left posterolateral approach to the distal thoracic aorta can be performed either at the same operation or delayed, depending on the clinical status (206,207). Given the increased use of EVSG,  hybrid operations  will evolve with EVSG of the distal descending injury, followed by median sternotomy and open operation for aortic valve/ascending/arch injuries. 
Delayed approaches have been advocated  for complex proximal injuries, especially where the arch is involved. These patients are at high risk, especially those with significant head injuries, where transient hypotension and heparinization with CPB are involved (208,209).
Innominate (Brachiocephalic) Artery

The base of the innominate artery is the second most commonly injured structure after the isthmus (6,210,211). The proximal LSCA and left carotid are less frequent. These injuries usually occur at their origin from the aorta. Isolated injuries are treated with early surgery via a median sternotomy approach, with extension into the right neck , or extended into the left chest through the 3rd or 4th left interspace,if needed; separation of the sternocleidomastid muscle from the sternum, and without shunting or cardiopulmonary bypass, unless arch involvement is noted (figure 37). Most imjuries require aorto-distal graft bypass. Interpositional grafting is avoided, given the usual diffuse involvement at the aortic take-off. Delayed recognition has been reported (212). 
Simultaneous/Multiple BTAI

Multiple sights of injury have been recognized in autopsy studies (213,214). Strassman (19) noted 11 of 72 autopsy cases had 2 or more concomitant sites of aortic injury.  Rabinsky et al (213) noted a 7.8% incidence in a review of 8 autopsy studies. This lends support to the theory of increased intra-aortic pressure as the inciting cause. The 2 challenging combinations include multiple tears in the descending aorta at the isthmus and mid or diaphragmatic levels, and a combination tear in the ascending/arch and descending aorta, as noted.  Individualized approaches are necessary for this small, but difficult group of patients. For ascending and descending injuries, priority is for the ascending injury (206,207).
Unusual BTAI
A number of unusual injuries have been reported. Injury in pregnant patients pose a greater risk (206,215,216). Injury to the ascending aorta or arch requires CPB and hypothermic circulatory  arrest. Heparinization is a higher risk (206). Open operations with clamp/sew technique or left heart bypass with heparinization are also risky for the fetus. It is also noted that the aorta of pregnant individuals undergoes changes. These changes include an increase of mucoid material, a decrease in acid mucopolysacccharides in the reticulum fibers, and hypertrophy of smooth muscle (215).  It is postulated that this renders the aorta weaker. Delayed non-operative treatment may be prudent approach in selected cases (206).
Isolated blunt injury to the internal mammary artery is rare (23). Open repair and, occasionally, catheter embolization are the effective treatment approaches (23). 

Concomitant injury of the aorta with adjacent tracheobronchial injury, have been reported, as well as diaphragmatic injuries (217-220).  Ascending aorta and posterior trachea or bronchus injury can be repaired through a median sternotomy approach (217). However, the carina and right bronchus is best approached through the right chest (218). This necessitates a staged median sternotomy, then right thoracotomy, or visa/versa, depending on the priority of repair. 

Rizoli et al. (220) reported 7 patients with combined BTAI and blunt diaphragmatic rupture (BDR) following MVA.  5 were on the right, 1 left, and 1 bilateral. The mean ISS was 38.7. They noted an incidence of 6.5% of combined BTAI/BDR in the literature.
Associated cardiac injury, especially contusion, valve injury, and cardiac rupture require individualized approaches (221-224). Combined cardiac rupture and aortic injury are uniformly fatal. Pretre et al. (221) in a review of autopsy studies noted a 5% incidence of valve rupture and 2% coronary rupture following blunt chest trauma. Chamber rupture was noted in 36-65% of cases, with a higher incidence in the anterior chambers ( right atrium, right ventricle. Howanitz et al. (222) reported 2 cases of combined blunt cardiac rupture and BTAI. Both were successfully treated. 
Aortic valve injury can be isolated (figure 38), or  associated with ascending aortic injury (223,224). The mechanism of injury to the aortic valve is theorized to be secondary to increased intra-aortic pressure during diastole at the time of deceleration (223). The treatment of isolated aortic valve injury without evidence of aortic involvement or pericardial bleeding should be correlated with the clinical situation and the hemodynamic effects of valvular insufficiency. Intra-operative assessment dictates the feasibility of aortic valve repair or replacement (224). Involvement of the ascending aorta with either pseudoaneurysm or sinus of valsalva fistula requires a more complicated approach (221).
Aberrant right subclavian artery injury is a rare (0.2-1.2% incidence BTAI; 0.6-0.8% general population), but  challenging  problem (225-227). Arterial pressure monitoring is a problem. Intraoperative  placement of a pressure catheter in the ascending aorta is a consideration, as well as the superficial temporal artery. Also, proximal cross clamping of the aberrant subclavian artery posterior to the esophagus is difficult from the left chest. Use of a foley balloon catheter through the graft and into the artery to allow proximal anastomosis is a consideration (226).
Chronic Traumatic Aneurysms

Chronic injuries of the thoracic aorta are usually pseudo or false aneurysms. The false aneurysm thromboses and forms a fibrous wall (6). They are seen in 2% of traumatic aortic injuries, and are the survivors of the original cohort sustaining acute injury. In general they have none or fewer associated injuries. Finkelmeier noted 5,10, and 20 year survival rates of 71,66, and 62% respectively (53). The majority of injuries occur at the isthmus, yet ascending injuries have been reported (53,228-230). Bennett and Cherry (228) in 1967 challenged the concept that chronic traumatic aneurysms became stable. They noted that 50% of patients became symptomatic and 21% showed enlargement. It is difficult to assess the true pathology of chronic true aneurysms or pseudo-aneurysms. They may be contained by adventitia, or only by a chronic hematoma with adjacent mediastinal structure support. The natural history may not parallel chronic atherosclerotic types (231). Rupture is the most dreaded complication and cause of death. Rarely, local fistula to adjacent structures, including the trachea-bronchial tree and esophagus, have been reported (232). Surgery is recommended for both asymptomatic and symptomatic patients, especially those with documentation of increasing size (233,234,235). It is in this group that EVSG has a distinct role (168,180). Elefteriades (31) and his group have followed and treated a number of thoracic aortic aneurysms. Repair is warranted for descending thoracic aneurysms 5.5 to 6 cm, or documented growth of 1cm/year. Davies et al. (236) have developed a table of body surface area (BSA) vs aortic aneurysm size to assess the risk of rupture (Low-1%/year; Moderate-8%/year; and Severe-20%/year).
Summary

BTAI remains a significant and challenging problem. The incidence will continue to rise in low and middle income countries, with increased mortality. This is a reflection of poor infrastructure, as well as a lack of driver safety and driver education programs. Higher risk patients are being seen in developed countries. This is reflected in the higher ISS noted in recent studies. A critical need is a better anatomical diagnostic classification of BTAI. Holmes et al (122) have proposed a graded radiographic classification: uncertain injury; mural hematoma; intimal flap; pseudoaneurysm < half the aortic circumference; and complete rupture. A more refined and accurate classification is warranted to help the clinician better categorize the diagnosis, treatment strategy, and integrated or hybrid options.
The three therapeutic options or modalities described warrant further study and comparison. Given the small number of cases seen at most trauma center (3 cases/year), randomized, prospective studies are difficult and logistically complex to perform. Multicenter retrospective non-randomized comparative studies are the best we will achieve (table 11).  Hybrid strategies of open repair with EVSD seem to be emerging, especially with multiple aortic site injury. This interplay of delayed medical management, open surgery, and EVSG needs further clarification.
 Delayed management, delayed presentation or diagnosis, associated injuries with high ISS, older patients, and prohibitive underlying morbidity all favor initial medical management and stabilization. This is followed by associated injury treatment, then open surgery or EVSG. The historical data of 2-5% interval mortality within the first week following injury must be temporized by the advantages of delay with higher operative risk in patients with associated injuries (122). Hemmila et al (130) noted a decreased mortality of 1.5% in delayed patients treated with antihypertensive protocols. Cook et al. (167) in 2006 emphasize careful blood pressure control, noting, in a literature review of 174 cases from 4 reviews between 1992 and 2000, a 5% rate of interval rupture Yet, persistant instability  during this interval period warrants urgent treatment with open surgery or EVSG (figure 21).  Further experience with EVSG, along with availability of smaller stents, especially for younger patients, will increase earlier utilization. Mid and long term results are still needed, particularly with regards to left subclavian artery occlusion, stent migration, collapse, and endoleak. 
The contemporary algorithm (figure 21) attempts to outline 5 scenarios of management that range from emergency “extremis” patients to stable or unstable patients relegated to non-operative treatment. Clearly, the role of individualized management cannot be overemphasized, given the spectrum of therapeutic options.
Figure 1*
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Spectrum of BTAI involving descending thoracic aorta
*From Turney SZ, Rodriguez A. Injuries to the Great Vessels. In: Turney SZ, Rodriguez A, Cowley RA. Management of Cardiothoracic Trauma. Williams & Wilkins. Baltimore. 1990: page 243.

Figure 2*
*From McSwain NE. Kinematics of  Chest Trauma. In: Webb WR, Besson A. ed. Thoracic Surgery: Surgical Management of Chest Injuries Vol 7. Mosby/Year Book 1991; p.8.
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Figure 3*

Pathophysiologic features of blunt thoracic aortic injury
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*From Symbas PN. Cardiothoracic trauma. Philadelphia: Saunders; 1989. P. 193.
Figure 4*

Degree of aortic injury from (A) rupture to pleural cavity, (B) contained by adventitia, to (C) chronic aneurysm 
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*From Naclerio EA. Chest injuries, physiological principles and emergency management. New York: Grune and Stratton, 1971 pages 282-288.

Figure 5*
Circumferential tear with distracted ends and pseudoaneurysm, compared to partial tear and pseudoaneurysm.
*From Langlois j, DeBrux JL, Binet JP, Khoury W. Traumatic Aortic Rupture. In: Grillo, HC, Eschapasse H, ed. Major Challenges- International Trends in General Thoracic Surgery Vol.2. WB Saunders. Philadelphia. 1987. P. 275.
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Figure 6*
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Duration of survival after injury in patients who died with traumatic aortic rupture. 
*From Parmley L, Mattingly T, Manion W: Nonpenetrating traumatic injury of the aorta. Circulation 1958; 17:1086-1111 (5)
Natural
  History (5) 

Death intervals
81% death at scene or arrival

12.5%  6 hours

25%     24 hours

29%     48 hours

42%     96 hours

72%     8 days

83%     3 weeks

90%     10 weeks

2%/year thereafter

Figure 7






Parmley Autopsy Data (5)
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Sizing

Indicates the appropriate diameter prosthesis for the intended aortic neck diameter. Aortic neck diameters should
be measured from axial CTA films and should consist only of the flow lumen and not the adventitial layer. Three diameter
measurements are required for both the proximal and distal necks (Fig ). All measurements per neck must be within one
Intended Aortic Inner Diameter range, as listed in Table . Appropriate oversizing (7-18%) is built into the recommended sizes.
Therefore, do not incorporate additional oversizing in the selection of the endoprosthesis.

Table Sizing Guide

Recommended Introducer Sheath

Intended Aortic inner Endoprosthesis Endoprosthesis GORE Introducer Outer Diameter (OD)
Diameters* (ID) (mm) Diameter' (mm) Lengths"” (cm) Sheath Size (Fr) (mm)

23-24 26 10 20 76

24-26 28 10/15 20

26-29 3N 10/15 22

29-32 34 10/15/20 22 &

32-34 37 10/15/20 24 99

34-37 40 10/15/20 24

Appropriate oversizing is built into the recommended sizes.

All dimensions are nominal.

A minimum of 20 mm non-aneurysmal aortic neck length is required both proximal and distal to the aneurysm. The
length of the patient’s aneurysm, plus a minimum of 4.0 cm for the non-aneurysmal necks, should be used when

calculating the required endoprosthesis length. More than one endoprosthesis may be needed to cover the entire
treatment area.

DIRECTIONS FOR USE

Anatomical Requirements

Hiofemoral access vessel size and morphology (minimal thrombus, calcium and/or tortuosity) should be compatible with
vascular access techniques and accessories.

Proximal and distal aortic neck lengths should be a minimum of 20 mm
. Aortic neck inner diameters (ID) in the range of 23-37 mm (Table )

. Differing proximal and distal neck diameters (aortic taper) outside the intended aortic diameter requirements for a single
endoprosthesis diameter (Table ) requires the use of multiple endoprostheses of different diameters

Use of multiple devices with differing diameters requires a treatment length of > 13 cm.
Measurements to be taken during the pretreatment assessment are described below (Fig  ):
A, B, C. Proximal aortic neck diameter (minimum of 1 cm apart)
D. Maximum aneurysm diameter
E, F, G. Distal aortic neck diameter (minimum of 1 ¢cm apart)
H. Length of the aneurysm measured along the greater curvature of the flow lumen
. Distance between the left subclavian/left common carotid artery and the proximal end of the aneurysm (minimum of 2 cm)
J. Distance between the distal end of the aneurysm and the celiac axis (minimum of 2 cm)
K. Total treatment length

Figure Aortic Screening Measurements

Using Multiple Devices

When multiple endoprostheses are used to compensate for aortic taper or treatment length, adhere to the sizing guide (Table )
in conjunction with the recommended guidelines below:

Overlapped endoprostheses in an aneurysmal section should be 1 to 2 sizes different in diameter with an overlap of at least
3 cm {gold band to gold band)

Always deploy the larger diameter endoprosthesis into the smaller diameter endoprosthesis.
If overlapping devices of the same diameter, overlap by at least 5 cm.
Use of multiple devices with differing diameters requires a treatment length of > 13 ¢m.
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Figure 8*
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Hazard function (deaths·day-1), or instantaneous risk of death across time, after acute traumatic aortic transection. Time zero is time of trauma. Dashed lines enclose 70% confidence limits. There is an early phase of rapidly falling risk and a constant late phase. The two graphs differ only in the scales of the axes; in A the horizontal axis is hours after time zero, and in B it is days, and the vertical axis is expanded. The relationships are such that the following are conditional probabilities of survival without treatment:

	Time after Trauma
	Probability (%) of Survival for:

	
	24h
	7 days

	0 h
	74
	50

	12 h
	85
	61

	24 h
	89
	66

	2 d
	92
	73

	3 d
	94
	77

	4 d
	95
	80

	5 d
	96
	82


* From Kouchoukos NT,Blackstone EH, Doty DB, Hanley FL, Karp RB. Kirklin/Barratt-Boyes Cardiac Surgery, 3rd ed.  Churchill Livingstone. Philadelphia. 2003; p.1802. 
Figure 9*
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*From Turney SZ, Rodriguez A. Injuries to the Great Vessels. In: Turney SZ, Rodriguez A, Cowley RA. Management of Cardiothoracic Trauma. Williams & Wilkins. Baltimore. 1990; p. 231.

Figure 10
AP Chest Roentgenogram – Supine view showing widened mediastinum
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Figure 11*
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*From Maggisano R, Cina C.  Traumatic rupture of the thoracic aorta. In: McMurtry RY, McLellan BA, eds. Management of Blunt Trauma. Baltimore. Williams & Wilkins, 1990; p.213.

Figure 12
CT scan of acute descending thoracic transaction with periaortic hematoma (arrow)
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Figure 13
Sagittal CT scan showing retrograde dissection of arch and ascending aorta following acute descending thoracic traumatic injury (arrow).
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Figure 14
Postraumatic descending thoracic aortic aneurysm with opacification of false channel (arrow).
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Figure 15
Conventional Aortogram (CA) with injury at aortic isthmus distal to left subclavian artery (arrow).
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Figure 16*
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Delayed medical management with Serial aortograms showing a small intimal tear in aortic arch between innominate artey and left carotid artery (arrows): A- initial; B- 6 months ; C -2 years. 
*From Pezzella AT, Todd EP, Dillon ML, Utley JR, Griffen WO. Early Diagnosis and Individualized Treament of Blunt Thoracic Aortic Trauma. Am Surgeon 1978;44:699-703.        .
Figure 17*
IVUS showing dissection flap (arrow).
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*From Khoynezhad A, Donayre CE, Kopchok G, Eugene J, White RA. Use of Intravascular Ultrasound in Endovascular Stenting of Traumatic Rupture of the Descending Thoracic Aorta http://www.ctsnet.org/sections/clinicalresources/clinicalcases/article-12.html Accessed 10/26/08.
Figure  18
Transesophageal echocardiogram of traumatic thoracic aortic dissection. Upper arrow highlights intimal flap.
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Figure 19*
                               Early historical algorithm with CXR, aortogram, and early open surgery options
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*From Symbas PN. Cardiothoracic Trauma. WB Saunders, Philadelphia. 1989. P.190.

Figure 20 *




Evolving algorithm with CT scan and delayed medical management options.
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Diagnostic algorithm for traumatic aortic rupture. Patients with no mediastinal hematoma are observed. Patients with mediastinal hematoma but no definitive sign of aortic injury (a “nonnegative” spiral computed tomograph [CT]) undergo aortography. Patients with mediastinal hematoma and signs of aortic injury proceed either down path A to aortography or path B directly to operation at the surgeon’s discretion.

*From Downing et al (49)

Figure 21

Contemporary Algorithm with more diagnostic and EVSG  options
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Figure 22 *


*From (31)
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Figure 23*
Open Surgical approaches: A. Clamp and sew; B. Left heart bypass; C. Aorto-aortic shunt.
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*From Mattox KL. Thoracic great vessel injury. Surg Clin N Am 1988;68:693-703.
Figure 24*
[image: image23.png]Left main
bronchus

Innominate artery

Vagus nerve

Pericardium

Left posterolateral thoracotomy. A left posterolateral thoracotomy (inser) provides ex-
cellent exposure of the left pulmonary hilum, left lung, proximal left subclavian artery, descend-
ing aorta, distal esophagus, and left diaphragm. LCCA. left common carotid artery: LPA. left
pulmonary artery: LSA. left subclavian artery.





*From Meridith et al p. 101 (103).
Figure 25*
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*From Fullerton DA. Simplified technique for left heart bypass to repair aortic transaction. Ann Thorac Surg 1993;56:579-580.
Figure 26*
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* From Symbas PN. Trauma to the Heart and Great Vessels. Grune & Stratton, 1978; p.209.

Figure 27
Left posterolateral thoracotomy showing opened pseudoaneurysm and proximal aortic orifice (arrow). Suction cannula is in distracted or separated open distal aortic orifice.
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Figure 28 *

Distracted  or separated complete rupture with pseudoaneurysm

*From Culliford A. Traumatic Aortic Rupture. In: Hood RM, Boyd AD, Culliford AT.ed. Thoracic Trauma. WB Saunders. Philadelphia. 1989. P. 241.
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Figure 29 *


Graft interposition repair
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* From Girardi LN, Isom OW. Surgery for Acute Aortic Transection. Operative Techniques in Thorac Cardiovasc Surg 1999;4:77-86.
Figure 30*
*From Szwerc et al. (136) P. 86.

Partial left heart bypass with centrifugal pump. Cannulas are in   placed in the left femoral artery by open or percutaneous technique, and left atrial appendage, or left inferior or superior pulmonary vein.
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Figure 31*
Femoral artery/ femoral vein partial cardiopulmonary bypass. Femoral access is either percutaneous or open technique. The venous cannula is advanced to the right atrium under TEE guidance.This partial CPB technique allows oxygenation, cooling/warming, ultrafiltration, and HCA. If left chest approach, then left femoral access.
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*From Turney (133) P. 211.
Figure 32*
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Summary of findings of the blood supply to the spinal cord in eight human cadaver dissections. Sizes are mean sizes for these arteries when distended under pressure with blood. Level of origin of the arteries may vary in any one person; however, the diagram summarizes the most commonly identifies sites of origin. 

Key: ARM, Arteria radicularis magna; C, cervical; L, lumbar; µ, microns; T, thoracic.

* From Svensson LG, Crawford ES. Aortic dissection and aortic aneurism surgery: Clinical observations, experimental investigations, and statistical analyses. Part III. Curr Probl Surg 1993;30:1-172.

Figure 33*
*From Wall MJ, Mattox KL. Thoracic Vascular Complications. In: Mattox KL.ed. Complications of Trauma. Churchill & Livingstone. New York. 1994. P.438.

Large radicular artery supplying large segment of anterior spinal cord, usually T5-T8.

Figure 34 *
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Probability of paraplegia in relation to aortic cross-clamp time with and without lower body perfusion in patients with traumatic aortic rupture at the isthmus.  
*From  (152) Katz NM, Blackstone EH, Kirklin JW, Karp RB: Incremental risk factors for spinal cord injury following operation for acute traumatic aortic transection. J Thorac Cardiovasc Surg 1981; 81:669-674.
Figure 35 *
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*From Kouchoukos NT,Blackstone EH, Doty DB, Hanley FL, Karp RB. Kirklin/Barratt-Boyes Cardiac Surgery, 3rd ed  Churchill Livingstone. Philadelphia. 2003; p. 1809. 
 Figure 36
                           Contrast enhanced 3D MDCTA  illustrating  deployed EVSG with planned occlusion of left subclavian artery
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*From Khoynezhad A, Donayre CE, Kopchok G, Eugene J, White RA. Use of Intravascular Ultrasound in Endovascular Stenting of Traumatic Rupture of the Descending Thoracic Aorta http://www.ctsnet.org/sections/clinicalresources/clinicalcases/article-12.html Accessed 10/26/08.
Figure 37*
Injury at base of innominate artery with separate graft interposition from proximal ascending aorta.
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*From Johnston et al. (207).

Figure 38
Conventional aortogram with aortic valve insufficiency following blunt thoracic trauma
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Table 1

AAST 1(1997) (7)         
AAST 2 (2007) (8)
Diagnosis to repair                  16.5 hours                         54.6 hours




(24 hours from injury to repair)

Diagnosis


Aortogram


87%


8.3%

            CT scan 


34.8%


93.3%

            TEE



11.9%


1%

Treatment

       Method of repair                                     

       
Open repair


100%


35.2%             

       
    Clamp/sew


35.3%


16.2%

       
    Bypass


64.7%


83.8%

       
Endovascular


0


64.8%

Paraplegia

       Open repair


8.7%


1.6%

       
Clamp/sew


16.4%


2.9%

       
Bypass


4.5%


3.5%

       Endovascular


0


0.8%

Complications                               

       Pneumonia


32.9%


32.6%

       Renal failure


8.7%


8.8%

       Repair site complication
0.5%


13.5%

       Open repair    


0.5%    

1.5%

       Endovascular 


0  


20%

Mortality                                         22%                              13%

Table 2*


Literature supporting evaluation and treatment strategies for BTAI is from Level III, IV, and V.
*From J Bone & Joint Surg. 2003;85A:2.
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Table 3





Anatomical Location of BTAI


Autopsy-------------------------------------------------                 Clinical
Location
Parmely (5)
Burkhart (27)

Feczko
 (28)

Williams (29)
Isthmus
124

58


54


65

Ascending
64

8


8


14

Arch
            22                    7


2


“




Distal               35                    8


11


12

Multiple          17                   16


18


13

Diaphragm/Abdomen 13        
7 


7


9

Table 4
Associated Injuries in Hospitalized Patients with Traumatic Aortic Disruption 

	Associated (surgical) injuries

	
	Schmidt (58)
	Hilgenberg (59)
	Duhaylongsod (60)
	Kirsh (61)
	Sturm (62)
	Fabian (7)
	Crestanello (63)
	Jahromi (64)

	Central nervous system
	25
	39
	34
	50
	27
	51
	49
	20

	Thorax
	        
	
	
	
	
	
	
	

	    Diaphragm
	13
	2
	12
	9.3
	7
	_
	8
	7

	    Lung
	38
	41
	43
	58
	19
	38
	35
	24

	    Heart
	10
	10
	18
	19
	_
	4
	3
	8

	    Rib/clavicle fractures
	40
	39
	55
	65
	35
	46
	_
	40

	Abdominal
	
	
	
	
	
	
	49(total)
	

	Spleen
	20
	10
	17
	
	14
	14
	
	15

	Liver
	10
	12
	15
	
	22
	22
	
	10

	Kidney
	9
	12
	11
	
	5
	_
	
	9

	Bowel
	10
	_
	15
	
	3
	7
	
	12

	    Other abdominal
	11
	_
	9
	
	8
	14
	
	4

	Skeletal
	
	
	
	
	
	
	
	

	Extremity
	81
	71
	59
	
	_
	66
	64
	27

	 Spine
	5
	10
	20
	
	_
	12
	31
	10

	Pelvis
	24
	25
	26
	
	22
	31
	36
	

	Maxillofacial
	5
	10
	20
	
	_
	13
	18
	28


Table 5: Radiographic findings suspicious for BTAI *






Sensitivity (%)       Specificity (%)

Mediastinum > 8 cm




                    
M:C width ratio> 0.25




53

59
Opacified  aortopulmonary (AP) window







Irregular or loss of aortic knob  



72

47
Blurred aortic contour




63

53
Nasogastric tube elevation or deviation to right
Trachea shifted to right or anterior displacement
Pulmonary contusion

Wide left paraspinal line or loss of paraspinal stripe
Depressed left main bronchus (> 140 degrees)
Left apical cap (pleural hematoma)
First rib fracture

Thoracic spinal fracture

Clavicle or scapula fracture

Large left hemothorax

Calcium “layering” in aortic arch

*From: Woodring JH, Dillon ML. Radiographic manifestations of mediastinal   hemorrhage from blunt chest trauma. Ann Thorac Surg 1984;37:171-178.
Mirvis SE, Bidwell JK, Buddemeyer EU, et al. Value of chest radiography in excluding aortic rupture. Radiology 1987;163:487.

Mattox KL. Approaches to trauma involving the major  vessels of the thorax. Surg Clin N Am 1989;69:77-91.

Table 6#*
Initial chest x-ray film findings in 259 patients with blunt aortic injury
	Widened mediastinum
	221 (85)

	Indistinct aortic knob
	 63 (24)

	Left pleural effusion
	 49 (19)

	Apical cap
	 49 (19)

	First and/or second rib fracture
	 33 (13)

	Tracheal deviation
	 32 (12)

	Depressed left bronchus
	 12 (5)

	NG tube deviation
	 29 (11)

	Negative x-ray
	 19 (7)


# Adapted from Fabian et al (7)
* Numbers in parentheses are percentage of x-ray films with the particular findings.


Table 7 * #
Parental Antihypertensive Drugs
Drug                 Dose                    




  Onset/Duration

Esmolol           Bolus: 500mcg/kg IV, repeat after 5 minutes.                  Onset:1-5min

 (Brevibloc)     Infusion:50-100mcg/kg/min,upto300mcg/kg/min.      Duration:15-30min

                           Titrate  to systolic pressure of 100mmHg and

                             heart rate <100 beats/minute

Labetalol         Bolus:20mg IV x1,then 20-80mg q 10min to                   Onset: 5-10 min.

(Normodyne)   maximum dose 300mg.                                              Duration: 3-6 hr.

                        Infusion:0.5-2mg/min.

Nitroglycerin    Initial: 5mcg/min. IV                                                      Onset: 2-5 min.

                          Maintenance: titrate q 3-5 min                                 Duration: 5-15 min.up to 100mcg/min


Sodium nitroprusside (SNP)   Initial: 0.2-0.5 mcg/kg/min continuous     Onset: Seconds
IV infusion.                                            Duration: 2-3 min

                                                 Maintenance: titrate to goal BP (systolic 90-100);

                                                    Up to 8-10 mcg/kg/min continuous infusion

Enalaprilat         Initial: 1.25 mg IV over 2-5 min. q 6 hours,                    Onset: 15 min.

 (Vasotec)

    then increase up to 5 mgs. q 6 hours.                 Duration: 11 hrs.
Nicardipine         Initial: 5mg. /hour continuous infusion, up                  Onset: 10 min.

(Cardene)                        to 15mgs./hour.                                                  Duration: 2-4 hrs.
Fenoldopam        Initial: 0.01 mcg./ kg./ min IV,                                     Onset: 2-3 min.
(Corlopam)                  titrated up to 0.3 mcg./kg./min.                            Duration: 30 min.

------------------------------------------------------------------------------------------------------------

*Cooper DH. Hypertensive Emergencies. In: Kollef MH, Bedient TJ, Isakow W, Witt CA.The Washington Manual of Critical Care. Woltors Kluwer/ Lippincott Williams & Wilkins 2008; page  149-150.

# Brenner M. Critical Care Medicine, 2007 edition. Current Clinical Strategies Publishing. Laguna Hills, CA. 2007. P. 55.

Table 8 *: Operative approaches to BTAI *
Descending thoracic aorta

Left posterolateral thoracotomy (4th interspace)
Transverse arch


Median sternotomy with cervical extension

Ascending thoracic aorta

Median sternotomy

Brachiocephalic artery

Median sternotomy with right cervical incision

Right subclavian artery

Median sternotomy with right cervical incision

Left subclavian artery
Left anterolateral thoracotomy + left supraclavicular incision +/-vertical connecting sternotomy; or median sternotomy with trap door or open book extension along left clavicle (with resection medial third of clavicle and extension through left 3rd or 4th interspace
________________________________________________________________________
*Modified from Esterra et al. (132).
Table 9
Meta-analysis of Prevalence of New (Postoperative) Paraplegia According to Surgical Technique *

	
	
	New Paraplegia
	Clamp Time (Minutes)

	Group
	n
	No.
	%
	CL
	Weighted Average
	Range

	Surgical intervention and outcome data available
	1428 a
	145
	10.2
	--
	41.0
	13-79

	Technique

  Simple aortic clamping
	443
	85
	19.2
	17-21
	31.8
	13-62

	Distal perfusion
	
	
	
	
	
	

	  Passive shunting b
	424
	47
	11.1
	9-13
	46.8
	28-74

	  Active shunting c
	561
	13
	2.3
	1.7-3.2
	46.4
	21-79


* Modified from von Oppell and colleagues (15)
a Represents 95.7% of 1492 patients reaching operating room in stable condition.

b Includes patients with shunting from the ascending aorta and left ventricle.

c Includes patients with heparinless partial bypass with centrifugal pump, cardiopulmonary bypass with oxygenator, and heparinless femoral vein to femoral artery bypass without oxygenator.

Table 10 *

Meta-analysis of Patients Reaching Hospital Alive or Operating Room in Stable Condition After Acute Traumatic Transection of Descending Thoracic Aorta *

	Variable
	No.
	Reaching Hospital

(% of 1742 patients)
	Reaching Operating Room (% of 1492 patients)

	Mortality
	
	
	

	  Preoperative
	179
	10.3
	--

	  Emergency thoracotomy
	61
	3.5
	--

	  Intraoperative
	117
	6.7
	7.8

	  Postoperative
	201
	11.5
	13.5

	  TOTAL
	558
	32.0 (CL 31-33)
	21.3 (CL 20-22)

	
	
	
	

	Paraplegia
	
	
	

	  Preoperative
	46
	2.6
	--

	  Postoperative (new)
	147
	8.4
	9.9

	  TOTAL
	193
	11.1 (CL 10-12)
	9.9 (CL 90-10.7)


           Key: CL, 70% confidence limits.

*Modified from von Oppell and colleagues (15)

Table 11
Current series of Endovascular Repair for Acute BTAI*
	Author
	Year
	Country
	Number
	ISS  Mortality(%)      
	Paraplegia(%)
	Follow-up (mean- months)
	Morbidity/Conversion
	LSCA
Occl.

	Rousseau (166)
	     2006
	  France
	29
	35          0
	0
	46
	                           0
	

	Marcheix (179)
	2006
	  France
	33
	40          0
	0
	32.4
	 Endoleaks x 3    0
	

	Ferrari (178) 
	     2006
	 Switzerland
	18
	·         0
	1
	21
	
	

	Cook (167)
	2006
	  USA
	19
	39          21
	0
	-
	                         0
	

	Andrassy (168)
	     2006
	  Germany
	15
	·         8.3
	0
	-
	                        12.5%
	20.8%

	Tehrani (169)
	     2006 
	  USA 
	30
	42          2
	0
	11.6
	                        0
	

	 Agostinelli (170)
	     2006 
	  Italy
	15
	·         2
	0
	29
	                        0
	

	 Kokotsakis (172)
	     2007
	  Greece
	      22 
	48.1       4.5
	4.5
	-
	30%                 0
	

	Akowuah (173)
	     
	  UK
	7
	42           0
	0
	-
	0                      0
	  1

	Buz (174)
	     2008
	  Germany
	      39
	41           7.7
	0
	2.2 years
	  -                     1
	  9

	Moainie (176)
	     2008
	  USA
	      26
	  -            0                 
	0
	-
	Endoleak x 1    0
	  6

	Yamane (177)
	     2008
	  USA
	      14
	36          1 death        
	0
	-
	Endoleak x 1    0
	  4


*Variety of EVSG’s used:
Cook – Zenith Thoracic Stent graft (Cook Australia, Brisbane, Australia)

Gore Thoracic Excluder Endoprosthesis; Gore-TAG  (W L Gore and Associates, Flagstaff, AZ) ( GoreTAG, FDA approved 2007)
TALENT endoluminal stent graft system  (Medtronic, Minneapolis, MN
Vanguard (Boston Scientific, Boston, MA))

AneurRex; Ancure (Guidant); Braile (Braile, Biomedica, Sao Paulo, Brazil)
Bolton Relay (Bolton Medica, Sunrise, FL); Endomed (Endomed, Phoenix, AZ); Jotec- Evita ( Jotec, Hechingen, Germany)
Appendix 1- http:/www.goremedical.com/en/ifu/AJ0076.pdf?download=trueGoreTAG 
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