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ABSTRACT

INTRODUCTION: Thoracic endovascular aortic repair (TEVAR) for treatment of blunt traumatic aortic injuries (BTAIs) is nowadays the gold
standard technique in adult patients, replacing gradually the use of open repair (OR). Although randomized controlled trials will never be per-
formed comparing TEVAR to OR for BTAIs invasive management, trauma and vascular societies guidelines today primarily recommend the
former for BTAI patients with a suitable anatomy. The aim of this review was to describe past and recent data published in literature regarding
pros and cons of TEVAR treatment in BTAI, and to analyze some debated issues and future perspectives.

EVIDENCE ACQUISITION: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and Scale for the
Assessment of Narrative Review Articles (SANRA) were used to obtain and describe selected articles on TEVAR in BTAL

EVIDENCE SYNTHESIS: Young (<50 years) men were the most operated population. The use of TEVAR increased over the years, with a
progressive reduction in mortality and overall postoperative complication rates when compared with OR. Lack of information remain about the
percentage of urgent cases.

CONCLUSIONS: TEVAR is considered nowadays the treatment of choice in BTAI patients. In case of aortic rupture (grade IV) the treatment
is mandatory, while intimal tear (grade I) and intramural hematoma (grade II) can be safely managed with no operative management (NOM).
Debate is still ongoing on grade IIT (pseudoaneurysms). Unfortunately, several aspects remain not yet clarified, including disease classification,
type and grade to treat, timing (urgent versus elective), priority of vascular injuries in polytrauma patients, and TEVAR use in pediatrics and
young patients.

(Cite this article as: D’ Alessio I, Domanin M, Bissacco D, Rimoldi P, Palmieri B, Piffaretti G, et al. Thoracic endovascular aortic repair for traumatic
aortic injuries insight from literature and practical recommendations. J Cardiovasc Surg 2020;61:000-000. DOI: 10.23736/S0021-9509.20.11580-5)
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Introduction

lunt traumatic aortic injury (BTAI) is a life-threaten-

ing lesion that usually occurs at the aortic isthmus, just
distal to the left subclavian artery, although other vascular
sites can be affected. The first document that describes a
case of BTAI was reported in 1557 by Andreas Vesalius,
regarding a patient deceased after a fall from its horse.! At
the beginning of vascular surgery as an independent disci-
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pline, two of the larger series were reported by Kuhn and
Strassmann the former reviewed the literature of 75 cases
published from 1895 to 1925,2 while the latter described
his personal series of 72 cases.? Patients who survived an
aortic rupture, including those who developed post-trau-
matic aortic aneurysms, have been less frequently reported
in literature over the decades. The natural history of BTAI
was appreciated after the study of Parmley et al. who col-
lected and analyzed 296 patients.# BTAI was associated
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with a high mortality rate and has been implicated as the
second most common cause of death in trauma patients,
behind only intracranial hemorrhage.4 5 Nowadays, the
incidence of traumatic aortic lesion is estimated between
1.5-2 of patients who had blunt thoracic trauma¢-® Fabian
et al. suggested that after a BTAI less than 25 of patients
survive after hospital admission!? and, among those, up
to 50 die within 24 hours. Burkhart ef al. in an analysis
of 242 autopsies with BTAI reported that 57 were dead
on the spot or arriving to the emergency room, 37 died
within the first 4 hours and 6 died after.!! In recent years,
endovascular thoracic aortic repair (TEVAR) has been in-
creasingly adopted to treat BTAI patients. It consists in the
placement of modular graft components that are delivered
via the iliac or femoral arteries to the site of lesion, avoid-
ing thoracotomy and cardiac bypass. Compared to open
repair (OR), TEVAR has been proven to be effective as a
minimally invasive, quicker and safe technique, no requir-
ing systemic heparinization. These improvements are im-
portant advantages in BTAI patients, particularly in case of
polytraumatized ones. 0. 12-15 Despite better short and long-
term results using TEVAR, several perioperative and post-
operative topics still remain unclear, particularly in terms
of indications to endovascular repair and timing. The aim
of this review was to describe available data in published
peer-review scientific literature on the use of TEVAR in
BTAI patients, describing current missing or consolidated
evidences, recommendations and clinical experiences.

Evidence acquisition

An articles search method and presentation were per-
formed according to the Scale for the Assessment of
Narrative Review Articles (SANRA), a six-items scale
developed for the quality assessment of narrative review
articles.!® Despite SANRA was usually used during the
peer-review process, Authors tried to obtain the maximum
score possible (12 points) in order to improving the quality
of manuscript. For this purpose, authors used SANRA dur-
ing the article prewriting planning, adopting recommenda-
tions provided by instructions document.!? Furthermore,
recommendations from Green ef al. were also adopted.!$
To article research process, recommendations of Preferred
Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) guidelines were also adopted.!?

Search strategy

The research was conducted on Medline (PubMed), Em-
base and The Cochrane Library between January 1, 1990
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and May 31, 2020 (30 years), among articles published
in English language. There were no limitations on study
type applied to the search. A first search was performed
in March 2020, and an updated was performed in May
2020. Keywords were selected using medical subject
headings (MeSH) for Medline and The Cochrane Library
and the EMTREE terms for Embase. Keywords as “aortic
trauma,” “blunt trauma,” “TEVAR,” “mortality,” “follow
up” and “follow-up studies” were combined to obtain the
first publications cluster. For terms “mortality,” “TEVAR”
and “follow-up studies” only MeSH terms modality was
used in order to avoid confusing redundant results, as well
as for the term “follow up” for the Embase research step.
To connect terms with each other the Boolean operators
“AND” and “OR” were used. The peer-review journals
Annals of Vascular Surgery, Annals of Thoracic surgery,
Journal of Cardiac Surgery, Journal of Cardiovascular Sur-
gery, European Journal of Vascular and Endovascular Sur-
gery, Journal of Endovascular Therapy, Journal of Trauma,
European Journal of Cardio-thoracic Surgery, Journal of
Vascular Surgery, American Journal of Surgery, and Cir-
culation were queried on May 29, 2020 in order to find
articles published “online first” and not yet indexed on sci-
entific online database. All titles and abstracts of potential-
ly useful articles were selected. Two researchers (ID and
MD) independently screened titles, abstracts and full text
of search results. Data from all included studies were then
independently extracted. In case of discrepancies in article
or data extraction, a third research (DB) was consulted
to raise the final consensus. References of all identified
relevant studies were used to perform a recursive search
of the literature. Metalib® (University of Milan, Milan,
Italy), SBBL (Lombard Biomedical Librarian System) and
personal journal subscription were used to obtain full text
articles in case of eligible titles and abstracts.

Inclusion and exclusion criteria

Articles presenting the use of TEVAR for BTAIs were pri-
marily included. We excluded from the analysis articles
that investigate the role of TEVAR only for the treatment
of chronic aortic lesions; abstract and/or case report or
case series with less than 60 patients; studies that did not
provide acceptable outcomes analysis (e.g. complications
rate, mortality rate, etc.); studies focused only on open
repair or non-operative management (NOM); company
sponsored trials. Conversely, studies on both urgent and
delayed treatment were considered eligible, as well as
studies with mixed cohorts of patients treated with TE-
VAR and OR, if matching with inclusion criteria.
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Evidence synthesis

Combining filters as mentioned, 3022 articles were found
(2240 from PubMed, 777 from Embase, 5 from Cochrane
Library). Among these, 2415 studies were excluded be-
cause duplicates or with title and/or abstracts not match
with the topic. The remaining 607 articles underwent a sec-
ond selection, depending on abstract information (Figure
1). After abstract analysis, 11 articles were finally adopted
as final article cluster, and describe below (Table I).15,20-29
Number of patients vary consistently, from 6325 to 36282¢
In the majority of cases were cohort comparative studies
between TEVAR and OR. In all selected studies, TEVAR
and OR groups experienced similar preoperative injury se-
verity score (ISS). Furthermore, young (<50 years) men
were the most representative in patients’ cohort. Only 4
studies?!: 25, 27. 29 provided percentage of patients operated
in an urgent setting. No differences were described in terms
of age between TEVAR and OR. Most common postop-
erative complications in TEVAR cohorts were spinal cord
complications (ranging from 0 to 12.5), acute kidney in-
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Figure 1.—Flowchart of literature search.
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jury (from 0 to 8.3), acute respiratory distress syndrome
and pulmonary complications (from 10.6 to 28.5), cardiac
complications (from 0.7 to 2.9). Important heterogeneity
in complication definitions were identified among articles,
leading to mismatch and difficulties in study comparison.
Surprisingly, very few data were obtained in terms of in-
jury grade (according to SVS or other classifications).

Discussion
Incidence and prognosis of BTAI

It is quite possible that the real incidence of BTAI is strong-
ly underestimated. Chiara et al. studying 199 consecutive
autopsies, found out that BTAI was present in 53/199 cas-
es (26.6) and that it was the cause of death in 60 of them.30
In a multicenter study involving 274 cases of blunt aortic
injury, 81 percent were caused by automobile collisions.!0
Other etiologies of blunt thoracic aortic injury include mo-
torcycle and aircraft crashes, automobile versus pedestrian
accidents, falls, and crush injury.5 Approximately 70 per-
cent of victims are male.3! Forty percent of patients with
BTAI have numerous injuries associated cardiac lesions,
rib fractures, hemothoraces, and intra-abdominal injuries.>
A further confirmation of the overall seriousness of poly-
traumatized patients, are the high values of ISS, the most
commonly used scoring system for trauma assessment and
benchmarking, that usually result >40 in case of BTAI.32
For many years, open repair has been the gold standard
technique for traumatic aortic lesions. Historically, the first
TEVAR for BTAI was performed in 1997 by Kato et al..33
Since then, TEVAR has gained exponentially in popularity
among vascular surgeons as a first line of management in
the treatment of BTAL In a review from the Eastern Asso-
ciation for the Surgery of Trauma (EAST) that included 37
nonrandomized studies, the risk of death was significantly
reduced for endovascular compared with open surgical re-
pair (RR 0.49, 95 CI 0.36-0.66), as well as the risk for
paraplegia (RR 0.34, 95 CI1 0.17-0.69).34

Furthermore, TEVAR consents a faster recovery and
allows a quicker return to work, both being important as-
pects in the working-age and working-class population.3s
At early 2000’s literature on BTAI started to increase,
thanks to the many advantages offered by TEVAR in terms
of better patient’s survival rate. Consequently, the Society
of Vascular Surgery (SVS) guidelines for the management
of BTAI were updated introducing TEVAR as first line
treatment. Despite the progress of techniques and devices,
there remains need for further studies regarding mid and
long-term graft-related complications.
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TABLE L.—Summary of results regarding the selected studies.

TEVAR FOR TRAUMATIC AORTIC INJURIES

Total number
of patients
(N

Urgent repair
(<24 h)
(%)

ISS ISS

Author Year

(OR) (TEVAR) (N.)

Mean age
TEVAR
(ys)

OR TEVAR Mean age or

(N.) (vs)

Overall and major complication OR
(%)

Demetriades!> 2008 193 N/A 39 39

Chung20 2008 103 N/A 37 35

Estrera?! 2010 145 73.45 (OR) 41 37

10 (TEVAR)

Jonker22 2010 328 98.8 (OR) N/A  N/A

95.5 (TEVAR)

Riesenman2® 2012 100 N/A 40 39

Azizzadeh?* 2013 106 N/A 38 37

Chen?s 2015 63 30.4 (OR)

57.5 (TEVAR)

40 41

Grigorian26 2018 3628 N/A 34 33

Calvo?’ 2018 336
(on 2159

all-grade BTAI)

81.3 (OR)
69.1 (TEVAR)

N/A~ N/A

Elkbuli28 2019 275 N/A 35 36

Alarhayem?® 2020 3042 75 N/A 32

68 125 34.1 422 Overall 50
Paraplegia 2.9
AKI10.4
ARDS 18.2
36 26 37 46 Overall N/A
Paraplegia 15.6
Paraparesis 9.4
AKI 3.1

Graft failure 0

Left arm ischemia 0
Overall N/A
Paraplegia 2.6
Stroke 0.8

Overall N/A
Cardiac 5.4

Stroke 2.3
Pulmonary 37.9
Paraplegia 0.8

AKI 1.9

113 32 36.4 45

261 67 38.7 41.6

60 26 38.8 40 Overall N/A

AKI 31

Paralysis/paraparesis 6

MOF 14

Overall 69.6 (including in-
hospital death)

Cardiac 8.9

Pulmonary 57.1

Paraplegia 0

AKI 17.8

Overall N/A

Stroke 8.6

AKI 17.4

Overall N/A

Paraplegia 0

AKI9

ARDS 14.8

Cardiac 0.4

Overall N/A

Cardiac 8.8

Pulmonary 30

AKI31.3

Spinal cord complications 3.5
Neurological complications 21.3
Overall N/A

AKI 8.7

Overall N/A

Major N/A

56 50 32 41

23 40 37.4

445 3226 393 42.5

80 256 52 46.8

103 172 36 41

N/A 2821 N/A 42

1IS: Injury severity score; OR: open repair; AKI: acute kidney injury; ARDS: acute respiratory distress syndrome; MOF: multi-organ failure; LOS: length of stay; BTAI:

blunt thoracic aortic trauma.

The evolution of classifications

Treatment options for BTAIs are strictly related to the de-
gree of the lesion. For this reason, the knowledge of grad-
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ing systems is fundamental for each vascular surgeon. The
first classification was proposed in 1958 by Parmley who
divided the severity of aortic lesion based on the injured
layers of the aortic wall.4
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Overall and major
complication TEVAR
(%)

Mortality OR
(%)

Mortality TEVAR
(%)

Conclusions

Overall 42.4 23.5 7.2
Paraplegia 0.8

AKI 8.3

ARDS 13.9

Graft complication 18.4

Overall N/A
Paraplegia 0
Paraparesis 0

AKI 0

Graft failure 0

Left arm ischemia 11.8

Overall N/A

Paraplegia 0

Stroke 3

Overall N/A

Cardiac 2.9

Stroke 2.9

Pulmonary 23.9

Paraplegia 0

AKI 3

Endoleak 9

Overall N/A

AKI 4

Paralysis/paraparesis 0

MOF 4

Overall 48 (including in-
hospital death)

Cardiac 6

Pulmonary 36

Paraplegia 0

AKI 8

Overall N/A

Stroke 0

AKI 0

Overall N/A

Paraplegia 0.1

AKI 5.6

ARDS 10.6

Cardiac 0.7

Overall N/A

Cardiac 0.8

Pulmonary 28.5

AKI 16

Spinal cord/complications 12.5

Neurological complications 7.8

Overall N/A

AKI4.7

Overall N/A

Major N/A

7.7

20 0

16.9 6

37 12

8.9

30.4 7.5

12.8 8

6.3 7.8

25.2 11

N/A 8.4

TEVAR is associated with lower mortality and fewer blood transfusions,
but there is a considerable risk of device-related complications

TEVAR is associated with lower perioperative mortality and morbidity rates
than OR

Improved early outcomes with delayed selective management and TEVAR

TEVAR has lower postoperative mortality pulmonary complications but has
device-related complications

TEVAR has lower operative times, blood loss, and overall hospital mortality

Patients treated with OR had three times higher odds to face a complication
or in-hospital death

TEVAR is a quicker and safer treatment option respect to OR

TEVAR is associated with lower mortality, LOS and major complications

Mortality is similar for TEVAR and OR, but TEVAR has fewer
complications

TEVAR is superior to OR on injury-adjusted, all-cause mortality

Delayed repair has improved survival

Gavant et al. published the first classification system
based on computed tomography angiography (CTA) im-
ages in 1999.3¢ Other groups then published their classi-
fication systems with different degree of variation.37-42 In
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2011, the SVS published the clinical practice guidelines
for endovascular repair of BTAI43 based on the Azizza-
deh’s classification (Figure 2):

o grade I: intimal tear;

THE JOURNAL OF CARDIOVASCULAR SURGERY 5



D’ALESSIO

Figure 2.—Society of Vascular Surgery (SVS) classification of blunt
thoracic trauma: A) grade I intimal tear; B) grade II intramural hema-
toma; C) grade 1l pseudoaneurysm; D) grade IV rupture.

* grade II: intramural hematoma;

» grade III: pseudoaneurysm;

* grade IV: rupture.

This classification does not take into account the assess-
ment of aortic lesion dimensions, as promoted by the Van-
couver simplified grading system*’ or the classification
scheme proposed by Starnes et al., based on the presence
or absence of abnormalities of the aortic external contour.4!
Recently, Harborview classification tried to highlight CTA
scan image findings, adopting an urgent approach only in
case of active extravasation of contrast media out of aortic
wall.44

When do I treat a BTAI? Results according to SVS classifica-
tion

SVS GRADE I AND 11

Currently, the SVS guidelines suggests TEVAR is associ-
ated with better survival and decreased risk of complica-
tions if compared with OR or NOM, for grade II to IV
BTAI#3 In its guidelines the European Society for Vascular
Surgery (ESVS) suggest that “patients with free rupture of
a BTAI or a large peri-aortic hematoma (>15 mm) should
undergo emergency repair while in cases without large
hematoma, delayed intervention should be considered to
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prioritize treatment of associated life threatening inju-
ries.”#5 The associated low mortality rates and excellent
mid-term outcomes for grade I BTAI, allow to treat them
only medically, i.e. with B-blockage, maintenance of sys-
tolic blood pressure between 80 and 90 mmHg and heart
rate between 60 and 80 beats/min, serial transesophageal
echocardiography (TEE) studies, and invasive monitoring
in the intensive care unit (ICU). Anymore, is mandatory
to perform an active surveillance with close imaging fol-
low up to detect early any potential adverse evolution. Any
inability to perform all these tasks should be considered
as a contraindication to NOM.46 Nowadays, the increasing
use of high-resolution diagnostic medical imaging allows
frequent detection of grade I BTAI for which a NOM is
more suitable. In consideration of the overall favorable
prognosis, in the past these patients have been submitted
to unnecessary procedural- and device-related risk and
long term complications that have been reported in up to
18.4 of cases.!5 For all these reasons they have also been
sarcastically called VOMIT “victims of modern imaging
technology.”47

Fortuna et al. reported no significant differences between
patients with grade I and II BTAI managed with NOM if
compared to OR or TEVAR .48 Sandhu et al. recently report-
ed, in a retrospective study on 48 NOM survived patients
that grade I and Il BTAI may spontaneously repair within
8 weeks, with excellent results both in terms of immediate
and intermediate aortic mortality (0). The only predictors of
poor short term outcomes in NOM resulted age >30 years
and severity of ISS.4% Soong et al. in a meta-regression anal-
ysis on 35 studies and 2897 patients observed an all-cause
in-patients mortality for grade I BTAI and grade 11 BTAI of
6.8 and 0, respectively.50 Gaftey et al. published their study
on the natural history of NOM for grade II BTAI, reporting
neither progression of the aortic lesions nor operative in-
terventions performed. They concluded that grade I1 BTAI
can be safely managed with NOM, anyway encouraging
blood pressure control, exercise restriction and close im-
mediate and long term follow up by aortic imaging.5! Some
authors suggest that the management of these cases needs
to be shifted toward surgical management only in case of
significant worsening detecting during follow-up imaging
or when concomitant cerebral injuries require elevation of
the cerebral perfusion pressure.52

SVS GRADE II1

Treatment of grade III BTAI is the most debated and con-
troversial topic in aortic injuries management. Clinical pre-
sentation of grade I BTAI is rather heterogeneous. More-
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over, the right timing for surgical management has not been
still defined. Some authors reported that in some cases of
grade III BTAI selective NOM may be safe. Caffarelli ez
al., in case of small pseudoaneurysms (less than half of the
aortic circumference), obtained encouraging results with
NOM. Moreover, most of the treated patients with NOM
resulted still alive many years later when observed at fol-
low up.3® Gandhi et al. reported in a comparative study
between grade 111 BTAI treated by TEVAR vs. NOM, 2
(11.8) and 5 (27.8) deaths, respectively, of which only one
of the NOM group related to the BTAI (P=0.402). Follow
up CTA then confirmed good long term outcomes with, in
most of the cases, the spontaneous resolution of the inju-
ries with related complications rate similar between OR
and TEVAR groups.53 Kidane et al. compared 28 grade 111
NOM patients with 31 patients treated by TEVAR. Con-
versely, mortality rate resulted significantly worst in the
NOM cohort (42.8) vs. TEVAR (20.7) (P<0.007). Between
the 12 NOM patients died, exitus occurred in 8 patients
(66.0) for other injuries, before any TEVAR attempt. But
excluding the patients’ mortality occurred during day 0,
the differences between the two cohorts in mortality rates
resulted not significant.4¢ Soong et al. in a meta-analysis
on 35 studies, which comprised 2897 cases, reported in
grade III an all-cause mortality rate of 29.2.50 Short-term
survival rate resulted more influenced by extravascular
factors, such as multiorgan failure or respiratory insuffi-
ciency, rather than the BTAI grade. Fortuna et al. focus-
ing their analysis on the presentation imaging of grade II1
BTAI, were unable to identify any independent predictors
of aortic related mortality.48 The severity of radiological
imaging variables (e.g. mediastinal hematoma dimensions
and lesion/normal aortic diameter ratio) were not harbin-
gers of aortic related mortality. In conclusion, the main
variable that precluded OR or TEVAR treatment in grade
11T BTAI resulted more related to the pattern of comorbidi-
ties rather than by the radiological findings.#8 Harris ef al.
reported that small pseudoaneurysm <50 circumference
are amenable to medical management, while large pseu-
doaneurysm >50 circumference without secondary signs
of injury may undergo delayed repair. They suggested a
novel risk score for grade III BTAI to identify high-risk
lesions and to improve patient selection for urgent vs. de-
layed aortic repair. This score includes admission lactate
>4 mm, pseudoaneurysm/normal aortic diameter ratio
>1.4 and mediastinal hematoma thickness along the de-
scending thoracic aorta >10 mm when almost two fac-
tors are contemporary present, the lesion is considered at
high-risk for rupture.>* Further studies are needed to find
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out other independent predictors of early aortic rupture in
grade III BTAI patients.

SVS GRADE IV

Grade IV BTAI necessitates emergency procedures and
carries high mortality that may run up to 88.40. 50 Steuer
et al. reported their experience in 17 cases of complete
traumatic aortic transection.>5>-Most of them were involved
in high-energy trauma (mainly car accidents of fallen from
highs) and, consequently, the immediate mortality out-
come (24) resulted highly dependent on the severity of
other concurrent injuries, namely brain trauma and multi-
organ failure.

Timing of repair

The correct timing for BTAI treatment is another discussed
issue that requires further study to draw any definitive con-
clusion. At the beginning of the TEVAR experience for
BTAI treatment, the American Association for the Surgery
of Trauma (AAST) reported the results of a multicenter
study. About 9 of mostly hemodynamically stable patients
at in-hospital admission progressed to free rupture within
24 hours. This led to immediate treatment of BTAI as stan-
dard of care for many years.!® Urgent repair (<24 h) for
BTALI is currently recommended from the SVS guidelines,
published in 2011.43 Over the years, recommendations
have been changed, shifting from urgent repair for all cases
to NOM or delayed repair for patients with the lower grade
of BTAI (I and II). The EAST (Eastern Association for the
Surgery of Trauma) guidelines, based on a comprehensive
review of the literature up to 2015, concluded that delayed
repair could be suggested for BTAIL.34 However, there re-
mains a need to adequately define whether specific risk fac-
tors associated with BTAI represent a higher risk for early
aortic rupture and so requiring an emergent repair. Thanks
to the help of selected panels of experts who continuously
conduct reviews and meta-analysis of the literature, the In-
ternational Societies of Vascular Surgery (ISVS) and the
Trauma Foundations play a formidable role in providing
information, defining appropriateness and addressing man-
agement of some particular issues of BTAI treatment. Their
efforts are crucial in the development and updating of the
current surgical management strategies for BTAI In this re-
gard, the Aortic Trauma Foundation (ATF), on behalf of the
American Association for the Surgery of Trauma, in 2016
has started a prospective multicenter observational registry
collecting data from 34 centers in 5 countries. Primary aim
of this registry was to establish an aggregate database of in-
formation regarding clinical presentation, diagnosis, man-
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agement (acute and definitive), surveillance and outcomes
following BTAI. Secondary aims were to examine predic-
tors of early rupture (<24 hours) and to examine outcomes
following NOM of grade I-11 BTAL

Devices for TEVAR in BTAI patients

The first case report of successful TEVAR for BTAI was
described in literature in 1997,33 but its use has been off-
label for many years. Only 15 years later FDA approved
the first device with specific indication for use for traumat-
ic transection. History and evolution of TEVAR for BTAI
has been marked by important landmarks:

* 2005 FDA approval of Gore® TAG® (Gore, Flagstaff,
AZ, USA) for thoracic aneurysm repair. The initial capa-
bility of this device limited TEVAR application to patients
with minimum aortic diameters of 23 mm;

* 2008 FDA approval for thoracic aneurysm repair of
smaller diameters devices Talent® (Medtronic, Santa Rosa,
CA, USA) TX2® (Cook Medical, Bloomington, IN, USA);

 January 2012 FDA approval for Conformable Gore®
TAG® (Gore, Flagstaff, AZ, USA) for BTAI treatment;

* October 2012 FDA approval for Valiant™ (Medtronic,
Santa Rosa, CA, USA) thoracic stent graft with Captivia™
delivery system for BTAI;

* November 2018 FDA approval of Valiant™ Navion
Thoracic Stent Graft System (Medtronic, Santa Rosa, CA,
USA) for BTAIL

None of these devices have a defined and clear indica-
tion for use in pediatrics population (<18 years). Currently,
the C-TAG and Valiant™ endograft are available in 21- and
22-mm configurations and are indicated to treat down to
16- and 18-mm-diameter aortas, respectively. At these di-
ameters, these two devices are available in lengths of 100
mm and 112 mm, respectively, which requires a relatively
larger proportion of coverage of the descending thoracic
aorta. Besides, during the last years, manufactures have
developed devices with lower-profile delivery system. Ac-
tually, Both Valiant™ Navion and Gore® C-TAG® use 18
Fr sheath for delivery the stent grafts.

Considerations for treating BTAI in young patients
must also take into account allowance for somatic growth.
Some centers advocate the use of covered balloon-expand-
able stents because they are shorter in length and can be
further dilated in the future as the patient’s aorta grows.56

GORe® C-TAG®

The Gore® TAG® thoracic endoprosthesis was the first

endovascular thoracic aortic stent graft approved by the
FDA in 2005 (Figure 3A-C). In 2012 its evolution, the C-

8 THE JOURNAL OF CARDIOVASCULAR SURGERY

TEVAR FOR TRAUMATIC AORTIC INJURIES

B e R v

Figure 3.—Computed tomographic angiography (CTA) of BTAI grade
III (SVS Classification) after fall from height. A) Preoperative, axial sec-
tion of the pseudoaneurysm (arrow); B) preoperative, sagittal section of
the pseudoaneurysm (arrow); C) postoperative control after deployment
of 26-26 mm 10 cm length GORE® TAG® Conformable Thoracic Stent
Graft with active control. Resolution of pseudoaneurysm, axial section;
D) postoperative control, sagittal section.

*BTAI: Blunt traumatic aortic injury; SVS: Society of Vascular Surgery

TAG device was the first FDA-approved device for use
in BTAIL. C-TAG device is made of expanded polyfluo-
roethylene (ePTFE), which is externally supported by a
self-expanding Nitinol stent. The endograft is available in
diameters from 21 to 45 mm and 10, 15 and 20 cm lengths.
C-TAG can be used in aortic necks with diameters rang-
ing between 16 to 42 mm, with a minimum proximal and
distal seal zone length of 20 mm. Moreover, also two mea-
sures of tapered devices are available as well as smaller
diameters to treat aortas of younger trauma patients. The
C-TAG device comes on a 100-cm delivery catheter con-
strained in an ePTFE outer sleeve that is laced up with a
cord. The introducer sheaths have measures ranging from
20-27F. The graft is deployed by pulling the cord, which
unlacing the covering sheath, allowing the Nitinol stent to
expand to its design diameter. Graft deployment start rap-
idly from the middle of the graft outwards towards both
ends. The new generation of devices, the Conformable C-
TAG, allow to conform better to the aortic arch curvature,
avoiding graft collapse, lack of appositions and type I en-
doleak development.57
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MEDTRONIC VALIANT AND NAVION

The Valiant™ thoracic stent graft with the Captivia™ de-
livery system is specifically designed for TEVAR (Figure
4). All stent graft components are composed of a self-
expanding, spring scaffold made from Nitinol wire sewn
to a high-density woven monofilament polyester fabric
graft with non-resorbable sutures. The Valiant™ thoracic
stent graft is available in four configuration options freeflo
straight (proximal component), closed web straight (distal
component), distal bare spring straight (distal component),
and closed web tapered (distal component). The first three
configurations are available in diameters ranging from 22
mm to 46 mm and covered lengths of approximately 100
mm, 150 mm, and 200 mm. The closed web tapered stent
grafts are available in proximal end diameters ranging from
26 to 46 mm and distal end diameters ranging from 22 to
42 mm. The covered length is approximately 150 mm. The
proximal end of the closed web tapered configuration is 4
mm larger in diameter than its distal end. A closed web con-
figuration should never be used as the most proximally im-
planted stent graft. The Captivia™ delivery system has a 22
F shaft. The RESCUE trial, a prospective, nonrandomized,

Figure 4—Conformable C-TAG Gore endograft. A) The stent graft; B,
C) the mechanism of deployment of the endograft
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and multicenter trial, was started in 2010 to evaluate the
clinical performance of the Valiant™ thoracic stent graft for
treatment of BTAI. The primary endpoint for this study was
measured by the all-cause mortality rate within 30 days.
The trial enrolled 50 patients at 20 USA and Canada inves-
tigational sites. The patients were all submitted to TEVAR
within 1-day of injury with 35 (70.0) of aortic injuries of
grade I1I BTAI or higher, including 1 free rupture and with
a mean ISS of 37.6. Vascular access, device delivery, and
deployment were successful in all patients with a median
procedure time of 90.5 minutes. The left subclavian artery
(LSA) was completely covered in 40 (20/50) and partially
covered in 18 (9/50) of patients. There were no postopera-
tive strokes or spinal cord injuries. The 30-day all-cause
mortality rate was 16.0 (8) with an aorta-related mortality
in 8.0 (4). The all-cause mortality rate within 1 year was 12
(6 cases) with an aorta-related mortality of 8 (4). During
1-year follow-up no type la endoleak was reported and no
stent grafts kinking, twisting, fracture, or thrombosis were
observed.’8 Recently, Patel et al. reported the five-year
follow-up analysis of the RESCUE trial. Of the 50 initial
patients, most of them was grade I1I BTAI or worst and the
extent of the lesions on the aortic arch needed complete or
partial LSA coverage in 68. Thirty-days mortality was &
and 3 other patients died for non-aortic causes. Clinical and
imaging compliance of the survivors were 90.3 and 67.7,
respectively. No cases of stroke, spinal cord ischemia or en-
doleak were observed during the follow-up period. In 4 cas-
es LSA revascularization was performed for the appearance
of upper limb ischemia. No migration, kinking stent graft
fractures or thrombosis were observed.5 In 2019 Medtron-
ic presented the new Valiant™ Navion system, offering im-
provements thanks to the lower profile of 18 F (22 F for
larger stent diameters) and the new design of the stent graft
that offers better conformability. The new device is avail-
able in two proximal configurations FreeFlow and Covered
Seal. It received also FDA approval for BTAI treatment.

AORTIC TERUMO RELAY

The Aortic Terumo (formerly Bolton) Relay device is
composed of self-expanding Nitinol stents with the proxi-
mal portion available with either a bare-metal stent or cov-
ered stent configuration (Figure 5, 6). The stent graft is
on a polyester graft. The device is available in 22-46 mm
diameters, both in non-tapered and tapered configurations.
The outer diameter of the delivery system ranges from 22
to 26 F. It is the longest stent graft on the market (up to
25 cm). However, this device is FDA approved only for
aneurysm treatment. Zipfel et al. reported the experience
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Figure 5.—Maedtronic Navion endograft.

Figure 6.—Bolton Relay endograft.

of 12 European centers with the use of Relay endografts
for BTAI Forty adult patients, with an average age of 40
years, were treated by TEVAR with a technical success in
all the cases, without any case of death, conversion to OR
or paraplegia. Only 1 case (2.5) suffered from a rupture of
the iliac artery, probably related to the size of the delivery
system. The proximal landing zones were zones 1 or 2 in
40 of the cases and zone 3 in 55.60

COOK ZENITH ALPHA

Cook Medical products the Zenith Alpha Thoracic Endo-
vascular Graft for TEVAR treatment in case of thoracic
aorta disease. The Cook Zenith device is a modular system
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with proximal and distal components made of woven poly-
ester attached to self-expanding steel Cook-Z stents. It is
available straight or in tapered forms, and has barbs at the
proximal and distal ends to help the fixation to the aortic
wall. The Zenith Cook device is product in different size
and length from 26 to 46 mm with different lengths from
105 to 233 mm, respectively. Tsilimparis et al. reported
the results of the SUMMIT study where, from 521 total
TEVAR treatments using the Zenith platform, 50 cases
regarded the treatment of BTAI They reported excellent
results in terms of mortality and stroke rates at 30 days
and low aortic disease-related mortality during follow-
up.¢! The TRANSFIX study was started in 2015 recruit-
ing 50 patients.®2 Primary outcomes were 30-day all-cause
and aortic mortality rates, and any not graft-related death.
Moreover, also 30-day technical success rate (successful
access, deployment, and patency of the Zenith TX2® Low
Profile Endovascular Graft), and freedom from device col-
lapse, type I or type Il endoleaks requiring reintervention,
and conversion to open surgical repair were considered as
secondary outcomes. Authors reported initially good re-
sults, also in case of total percutaneous repair of BTAIL
Unfortunately, FDA in 2017 notified a Class I recall, the
most serious type of recall, specifically for the use of Ze-
nith Alpha Thoracic endograft in case of BTAI treatment.
This was because the use of this device could lead to
thrombus formation inside after implantation. Moreover, it
was also reported cases where the graft became blocked or
closed when used to treat BTAI, causing serious injuries or
death. Consequently, Cook initiated the correction of the
instructions for use (IFU) for the Zenith Alpha Thoracic
endograft, removing the indications for BTAI treatment. In
particular the recall was for products in sizes of 18-22 mm,
including the 26-22 mm tapered device. In 2020, Starnes
et al. updating the TRANSFIX results with 21-months fol-
low up, reported the incidental finding of thrombus for-
mation within the distal end of the device and extending
into the native aorta.®3 This complication was detected in
15 patients (30.0) although none of them, except for one
that needed an additional aortic stent graft placement, had
clinical sequelae. Thrombus resulted mainly located at the
distal aspect of the device.

Trauma center requirements for TEVAR treatment

An open issue regards what level of trauma centers should
perform TEVAR in case of BTAIL Trauma center levels
across the nations are identified in different levels (i.e.
level I, II, III, IV or V) and refer to the kind of resourc-
es available and the number of patients admitted yearly.
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Worldwide, a level I trauma center is capable of provid-
ing total care for every aspect of injury, TEVAR included.
TEVAR could be performed successfully also in level 11
or III trauma centers.®* Using a standardized protocol with
the TEVAR as first approach for BTAI, some multidisci-
plinary teams have reported excellent outcomes in low
volume centers, similar to those of larger ones.%5 ¢ In fact,
if the BTAI is handled properly, the outcome is closely in-
fluenced by the outcomes of the associated injuries. Even
in more local, level IV trauma center have been reported
excellent results in TEVAR of BTAI with outcomes strict-
ly related to the severity of the aortic lesions.40 Another
important issue regards the full availability of different
sizes and lengths of TEVAR devices for BTAI in trauma
centers. In a retrospective analysis performed on the CTA
scan analysis of 35 patients with grade 111 BTAI, Rajani et
al. reported that the range of proximal diameters ranged
from 17 to 32 mm, with an average aortic diameter of 23.9
mm and an average length, from the LSA to the proximal
site of injury, of 16.2 mm (range 2-31 mm). The average
length of the injured aortic segment was 27 mm and most
patients had >15 mm landing zone beyond the LSA. Ac-
cording to these findings, authors concluded that BTAI
patients usually have an aortic diameter that falls between
21 and 26 mm, as well as a short segment of injured aorta.
This allows to stock limited range of devices diameters
and lengths for BTAI in trauma centers.¢7

Management in polytrauma patients

Major single traumatic lesions have improved their out-
comes, gaining immediate survival in most of the cases.
These results are obtained through the adoption of diag-
nostic and treatment protocols even if, nowadays, there is
no worldwide consensus regarding priority of treatment
in case of combined lesions and decision making is left
in the hands of the trauma team. Diagnostic imaging pro-
vides precious information, identifying traumatic inju-
ries, although delayed imaging may result in patient loss.
Indeed, a huge debate is open about the correct timing
and adoption of imaging techniques. The introduction of
total-body CTA scan allows fast and complete screening
of severely injured patients with blunt multiple traumas,
thus helping to determine the priority of treatment. Asso-
ciated injuries are rather common in BTAI especially head
and major abdominal injuries.5 Currently, SVS guidelines
suggest urgent repair only after stabilization of associated
injuries.®3 Rabin ef al. reported association with traumatic
brain injuries in 44 of BTAIL.52 Early aortic repair within
24 hours of admission resulted independently associated
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with worsening post-traumatic brain injuries, irrespec-
tive from type of repair or perioperative anticoagulation.
Urgent aortic repair was related with increased aortic
morbidity and mortality in case of coexistence of brain
traumatism. Another debated topic remains regards the
opportunity to use full anticoagulation therapy in case of
delayed intervention.

Aortic sizing in BTAI

Sizing of TEVAR devices is another discussed argument,
in particular in the emerging setting. The BTAI population
is usually composed of younger patients, without athero-
sclerosis and with an aortic wall more prone to dilatation
under the gentle, but persistent, push of the outward radial
force of the metallic stent graft. For these reasons, it is cru-
cial to perform an accurate sizing of the preoperative aortic
diameters in order to choose the right device. Often aortic
sizing for BTAI is performed in conditions of hypotension
and hypovolemia, and this could lead to underestimate the
true aortic diameters choosing an undersized endograft
with consequent risk of long-term development of type I
endoleak and endograft migration. On the other side, the
oversizing of the endograft could lead to the device in-
folding, collapse and, lastly, to graft failure. For all these
reasons, devices with a wider range of operative diameters
should be preferred because they could buffer the risks
of endograft under- or oversizing. Alberta et al in a retro-
spective study on available diagnostic digital imaging for
enrollment in two trials of the Gore® Conformable TAG®
thoracic device for the treatment of thoracic aneurysms
and BTALI, observed differences between these cohorts that
influence the choice of the device dimensions (e.g. CTAG
device IFU recommend an oversizing window range from
6-33). In particular, Authors founded that all the aortic di-
ameters increased 30-day after TEVAR, but the increases
of the proximal and distal neck diameters were significant-
ly greater in BTAI patients (12) than in aneurysm patients
(6.9) (3.0 mm vs. 2.0 mm; P<0.05 for proximal zone and
2.9 mm vs. 0.7 mm for distal zone, respectively; P<0.01).68
Because of the increased aortic pulsatility compliance in
younger patients, some Authors have proposed the use of
Intravascular Ultrasound (IVUS) for intraoperative guid-
ance. Wallace et al. measured the aortic diameters with
IVUS in 22 patients and compared the obtained measures
with sizing obtained by initial CTA. They reported signifi-
cantly larger measures, because IVUS can provide more
accurate measurements of the real aortic diameter during
the cardiac cycle.®®
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Left subclavian artery coverage

Since the first TEVAR procedures for BTAI, one of the
most debated issues was the need for coverage of the LSA,
considering its supply to the left upper limb and homo-
lateral vertebral artery, and its contribution to the collat-
eral perfusion of the thoracic spinal cord.”® Rajani et al.
analyzing CTA scan of 35 patients with traumatic transec-
tions of the thoracic aorta, reported that the average length
from the LSA to the proximal site of injury was 16.2 mm
(range 2-31 mm) and that most of them had >15 mm of
landing zone beyond the LSA. The average length of the
injured aortic segment was 27 mm. They concluded that
91 of patients have anatomies treatable with a stent graft
that does not need the coverage the LSA.67 On the other
hand, some authors have not observed any difference on
ability to return to usual activities after LSA coverage’!
while others reported that it is not necessary and may in-
crease the risk of spinal cord ischemic complications.”2
Regarding the choice of an eventual LSA revasculariza-
tion by extra anatomical carotid-subclavian bypass graft,
this is associated with significantly higher rates of periop-
erative stroke and cardiopulmonary complications and so,
in high-risk patients, endovascular LSA revascularization
should be recommended over open surgery.”> LSA revas-
cularization should be performed before TEVAR because
it has lower perioperative complications if compared with
post-TEVAR revascularization.”?

Long-term surveillance of TEVAR for BTAI

Regular surveillance after TEVAR for degenerative tho-
racic aneurysm is needed as secondary interventions were
required throughout the follow-up period. Postoperative
surveillance by radiological imaging is usually performed
by thoracic CTA performed at 1, 6 and 12 months postop-
eratively and yearly thereafter in order to detect the ap-
pearance of adverse post TEVAR-related complications,
including endoleak, device migration and rupture.’ In case
of BTAI, patients are usually younger and so need a long-
life surveillance to control the impact of TEVAR on the
degenerative changes that could place over the decades.
However, considering that a patient could live for decades
after the TEVAR treatment for BTAI, the amount of radia-
tion could expose it to a cumulative radiation may be dan-
gerous for malignancy development.”> Moreover, radio-
graphic contrast media has other various long-term adverse
effects such as contrast-induced nephropathy, allergic reac-
tions and contrast-induced thyroid dysfunction.’¢ Rimon et
al. evaluated in a case series of 7 patients without compli-
cations, yearly submitted to an average follow up period
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of 6.3 years with CTA scan. The average dose of radiation
given to each patient resulted at least of 77 mSv, which re-
sulted unnecessary, considering the stability and durability
of modern TEVAR devices. Routinary yearly CTA should
be avoided after the initial years of follow-up.?? Alternative
imaging such as magnetic resonance angiography (MRA)
or time-of-flight MRI could be taken in consideration for
long-term postoperative surveillance protocols in order to
reduce radiation and contrast media administration.”s

Complications

According to the various studies previously reported, TE-
VAR for BTAI presents a lower incidence of the typical
complications that can occur after the other thoracic aortic
degenerative pathologies treated by means of the endovas-
cular approach. This is related to the fact that the deploy-
ment of the endograft usually occurs in a health thoracic
aorta, without any sign of atherosclerotic degeneration.
So, the endograft results more stable and complications,
such as migration, endograft kinking or endoleaks, occur
much less frequently. To confirm this, several studies re-
ported that TEVAR treatment of BTAI is not associated
with reintervention.”-81 Instead, after BTAI as well as the
usual adverse events, could happened some peculiar com-
plications that constitute a uniqueness of the endovascular
treatment option postimplant hypertension, cardiovascu-
lar remodeling, endograft infolding and collapse, aorto-
esophageal fistula and stent-graft infection.82

POST IMPLANT CARDIOVASCULAR COMPLICATIONS

In young patients, TEVAR after BTAI may cause adverse
cardiovascular complications due to increased aortic stiff-
ness. Many patients develop arterial hypertension,s3 LV
mass increase® and experience and accelerated cardiovas-
cular remodeling. Lower age and SCA coverage may con-
tribute to the development of postimplant hypertension.
Vallerio et al.85 hypothesized in the immediate postopera-
tive period stent graft causes a sudden increase in aortic
stiffness, producing an increase in BP values and trigger-
ing vascular remodeling, which is associated with fiber
disarray. This latter, in turn, supports a stiffening mecha-
nism which maintains the chronic increase in BP values.
The alterations of the left ventricle can also be explained
using the well-known physiological model of ventricular-
arterial coupling, according to which heart and vessels
constitute an inseparable functional unit a stiffer aorta can
determine a stiffer left ventricle, promoting its remodeling.
Despite the great benefits that TEVAR has given in terms
of short and long-term survival in patients with BTAI, we
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believe that is mandatory consider post implant cardiovas-
cular complications in the younger population, with no
particular comorbidity. The follow up of patients treated
with TEVAR should include cardiological monitoring.

BIRD-BEAK, DEVICE INFOLDING AND COLLAPSE

The presence of an acute aortic arch angle and the narrow
aortic diameter typical of young patients may lead to “bird
beak” configuration after TEVAR. Bird-beak is defined as
the presence of a gap between the aortic wall and the stent,
with stent protrusion into the aortic lumen of more than 5
mm (Figure 7).86 The incomplete endograft apposition of
the endograft is related to a higher risk of type-1 endoleak

Velocity (cm/s)
121+

Figure 7.—A) Sagittal view of computed tomography imaging after tho-
racic endovascular aortic repair for type B aortic dissection, showing ex-
clusion of the false lumen but poor stent-graft apposition with bird-beak
formation; B) three-dimensional printed patient-specific model of a type
B aortic dissection; C) computational fluid dynamics analysis demon-
strating high velocity in the inlet and outlet of the 2 thoracic stent-grafts
in a patient with chronic type B aortic dissection managed with thoracic
endovascular aortic repair; D) superficial intima lesions after thoracic en-
dovascular aortic repair in an ex vivo porcine model. From Nauta ez al.8¢
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formation. Garcia-Reyes et al. observed incomplete apposi-
tion of the device in the inner curve of the aortic arch in 65
of 64 patients submitted to TEVAR treatment for BTAI even
if this finding was not significantly related to reintervention
differently from what happen in case of TEVAR for degen-
erative thoracic aortic pathologies.87-89 In case of excessive
oversizing of the endograft together with the above men-
tioned gothic aortic arch, the higher peak blood flow veloci-
ties and aortic wall elastic pulsatility, all these cofactors can
result in the wrinkling of the proximal segment of the device
and finally in infolding and collapse of the endograft.22. 90
Jonker et al. observed, in a review on the causes and tim-
ing of after TEVAR device collapse, that it happens more
frequently in case of BTAI treatment (65). They reported 60
cases taken from the literature with an average time of 15
days after the intervention. The authors concluded that the
small radius of the aortic curvature (48) and oversizing (20)
were the main causes of device collapse. Thirty-day mortal-
ity resulted 8.3 and 3-years freedom from procedure-related
mortality was 83.1 in asymptomatic and 72.7 in symptom-
atic patients, respectively (p <0.029).22 In case of severe in-
folding and collapse, it could be corrected by the percutane-
ous insertion of a supplemental bare X-large stent.o!

AORTO-ESOPHAGEAL FISTULA

Another rare but serious after TEVAR complication is the
development of an aorto-esophageal fistula (AEF). Egg-
ebrecht et al. first described it in 2004 but the pathophysi-
ological mechanism of its development remains still un-
clear.92 As possible causes, have been proposed several hy-
potheses: 1) direct erosion of the rigid endograft from the
inner aorta to the outer esophagus; 2) esophageal necrosis
secondary to the pressure exerted by the expansive push of
the endograft; 3) esophageal necrosis secondary to throm-
bosis of side branches nutrient to the esophagus; and 4)
direct stent-graft infection with extension and secondary
erosion to the esophagus. In case of AEF a radical decision
should be preferred to other option. A Redo-TEVAR could
be proposed only in case of unstable patients as bridge
intervention. Surgery essentially consists of esophagecto-
my, stent-graft removal and replacement of the aorta with
silver-coated vascular prosthesis, rifampicin impregnated
grafts, bovine pericardium or cryopreserved arterial ho-
mografts and, finally, with esophageal reconstruction.

Conclusions

TEVAR treatment for BTAI now can be considered the
standard treatment but this does not mean that it is always
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the best and only choice. Discussions are still ongoing on
many different issues such as requirements of the trauma
center for TEVAR treatment, improvement of in hospital
management, priority treatment in multi-trauma cases,
classification system of BTAI and related treatment strat-
egy, coverage of the left subclavian artery in short landing
zone and spinal cord ischemia risk, lacks of device in pedi-
atrics, cardiovascular remodeling, long life follow up and
exposure to radiations, risk of infections, long-term dura-
bility of devices, management of endograft complications.
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