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Introduction mortality in over 40% of cases, particularly if patients present in

extremis.* Maintaining the skillset and requisite knowledge to

Vascular injury within the chest or abdomen represents a
unique challenge to the pediatric general surgeon. Major torso vas-
cular injury is exceedingly rare in children, with major vascular in-
jury found in less than 1% of trauma registry patients.! Despite
being rare, major vascular injuries are life-threatening, often re-
quire emergent intervention, and are associated with a 10-20% rate
of mortality.!=3 Vascular injuries to the torso are associated with
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vanced surgical skills for exposure in trauma.
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address these injuries is of utmost importance for pediatric sur-
geons that care for injured children, particularly for surgeons prac-
ticing in freestanding children’s hospitals that frequently do not
have adult vascular surgery coverage.® The purpose of this review
is to provide an overview of torso vascular trauma, with a spe-
cific emphasis in rapid recognition of torso vascular injury as well
as both open and endovascular management options. Endovascu-
lar techniques have been primarily developed to treat major vas-
cular injury to the chest or abdomen in adult patients, as these
injuries are more commonly - although still quite rare - found in
adults. These endovascular techniques may be suitable for use in
adolescent patients that approach adult sizes in centers that have
endovascular expertise and resources,” but may be limited for use
in younger patients due to size limitations of devices and access
vessels and are currently only employed in 3% of pediatric vascu-
lar trauma cases nationally.® This review will provide a high-level
overview of applicable endovascular techniques and open opera-
tive exposure, as well as point out useful references and training
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resources to facilitate maintenance of a working knowledge of
managing these injuries in children.

Injury epidemiology, risk factors, and initial trauma bay
assessment

The most critical aspect for managing a major torso vascular
injury is rapid recognition of the injury to be addressed, which
requires a keen awareness of associations with mechanistic and
anatomic risk factors and a high index of suspicion in the trauma
bay. While major vascular injury may commonly present with un-
mitigated hemorrhage and hypotension, some injuries - particu-
larly blunt injury - may present with signs of vascular occlusion
and ischemia from dissection or thrombosis. Many pediatric sur-
geons may never see one of these injuries, as even the busiest
trauma centers publish rates of one to four cases of pediatric torso
vascular injury per year.?:3->9 While major vascular injury most
commonly results from a penetrating mechanism (57-68% of cases
overall), blunt trauma does contribute to a significant number of
torso vascular injuries."'2> Blunt torso vascular injures are gener-
ally associated with rapid deceleration injury sustained in a high-
mechanism motor vehicle collision or fall, or with crush injury
leading to a rapid change in intra-thoracic or intra-abdominal pres-
sure.'0-11 Blunt arterial injury can present with dissection or lumi-
nal thrombosis, rather than free hemorrhage. Blunt free aortic rup-
ture is generally associated with immediate death at the scene of
injury and these patients generally do not undergo evaluation at
trauma centers.'? Blunt venous injuries often occur in combination
with arterial injury in the context of multisystem trauma, and are
associated with fatality in 68% of cases.’® Children that survive to
trauma center evaluation are more likely to have contained rup-
ture rather than unmitigated hemorrhage from major branches of
the aorta or vena cava.

Initial resuscitation should follow Advanced Trauma Life Sup-
port (ATLS) protocols to maintain perfusion. Permissive hypoten-
sion has been demonstrated to be beneficial in adult patients
with penetrating torso injuries and massive hemorrhage, but the
benefits of this strategy have not been studied in children.'*1>
As most children with blunt torso vascular injury have multi-
system trauma and associated traumatic brain injury (TBI) ,'6-18
we do not recommend employing permissive hypotension in this
population. The strongest predictors of early mortality in chil-
dren are penetrating mechanism, hypotension, and need for tho-
racotomy, highlighting the need for early and timely interven-
tion.'” Early recognition of massive hemorrhage with associated
hemorrhagic shock can be facilitated with standardized criteria
(e.g. tachycardia, hypotension, penetrating mechanism, positive Fo-
cused Assessment with Sonography for Trauma (FAST), and acido-
sis) that can trigger activation of a pediatric massive transfusion
protocol.20

As with other types of injuries, torso vascular injury is more
common in specific sub-populations and has a variable mechanistic
injury profile associated with age. Overall, motor vehicle collision
and firearm injuries are the leading causes of torso vascular in-
jury and mortality from torso vascular injury. While the incidence
of major vascular injury secondary to motor vehicle collision has
decreased over the past decade - likely related to improvements
in child passenger safety devices and practices, major torso vas-
cular injury and mortality from firearm injury has not decreased.?
Penetrating major torso vascular injury is more commonly due to
assault in the infant (child physical abuse) and adolescent popula-
tions, while accidental penetrating injury is more common from
ages one to ten years.! This highlights the importance of child
abuse and violence intervention programs. Aortic injuries have a
bimodal distribution, being more common in children under one
year of age (again, likely to abuse) and in adolescence, while all
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other torso vascular injuries have a gradual increase in incidence
with increasing age.!

Diagnostic workup during the resuscitative phase for an unsta-
ble patient may be limited to a chest radiograph and a FAST exam
- prompting urgent chest tube placement, thoracotomy, or laparo-
tomy. In pediatric patients, initial chest tube output of 20-30% of
total blood volume (15-20cc/kg) or subsequent output in excess
of 2-3cc/kg/h should prompt urgent thoracotomy for hemorrhage
control.’! Computed tomography (CT) scan can provide useful pre-
operative information for patients that have responded to initial
resuscitation - particularly for patients with contained blunt vas-
cular injuries - but the surgeon must be prepared to proceed with
emergent surgical exploration and hemorrhage control with lim-
ited preoperative information in unstable patients. The presence of
a widened mediastinum in a child with significant deceleration in-
jury or crush injury should prompt a contrast-enhanced chest CT
to assess for contained blunt aortic injury. In the absence of an ab-
normal mediastinum, chest CT is not indicated - even for high-risk
associated injuries used to mandate chest CT in adults such as first
rib fracture, scapula fracture, and sternal fracture - as a normal
mediastinum on a supine AP chest radiograph that is unobstructed
by artifact or overlying objects is sufficient for essentially ruling
out mediastinal vascular injury.>>-?4 Determining a ‘normal’ medi-
astinum in young children can be challenging due to the overlying
thymic silhouette, and an ‘abnormal’ mediastinum without associ-
ated high-energy deceleration or crush mechanism does not nec-
essarily mandate chest CT and relies on provider judgement.

In stable patients, specific skeletal injuries and exam findings
should prompt vascular imaging to rule out occult vascular injury.
Asymmetric brachial pulses with penetrating injury, major deceler-
ation, or crush injury - particularly in the presence of a fracture
to the medial 1/3 of the clavicle, or an apical pleural cap on chest
radiograph should prompt CT angiogram of the chest to assess for
subclavian injury. As administration of venous contrast can create
significant artifact on the ipsilateral side of the contrast injection,
contrast should be administered either through the contralateral
extremity or through a femoral catheter to optimize visualization
of vascular structures on the concerning side. Diminished or asym-
metric femoral pulses with penetrating injury, an abdominal seat-
belt sign, or pelvic fracture should warrant special attention to vas-
cular detail upon reviewing abdominal CT images.

Penetrating mediastinal vascular injury

Penetrating injury to mediastinal vessels is highly likely to lead
to prehospital mortality unless the injury occurs in close proxim-
ity to the receiving center and transport time is short.”> While a
discussion of penetrating cardiac, tracheal, or esophageal injuries is
outside the scope of this paper, it goes without saying that the sur-
geon needs to be prepared to deal with these associated injuries.
Children that do survive transport to a trauma center are gener-
ally highly unstable and are taken to the operating room for ex-
ploration with minimal preoperative imaging. Mediastinal vascular
structures are best accessed through median sternotomy and peri-
cardiotomy, although in many cases anterolateral thoracotomy may
have already been performed and can be either extended across
midline to a clamshell thoracotomy and/or extended up as a me-
dian sternotomy. We will discuss specific approaches to superior
mediastinal vasculature, pulmonary hilar injuries, and descending
thoracic injuries separately. The specific approach to subclavian in-
jury will be discussed in the next section.

The left brachiocephalic vein traverses the superior medi-
astinum and is the first structure that will be encountered. The
brachiocephalic vein can usually be retracted with a vessel loop,
but ligation is generally well-tolerated and can be performed
with little consequence if needed to facilitate rapid exposure of
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underlying arterial structures.’® Non-circumferential venous in-
juries can be primarily repaired, but the post-operative thrombo-
sis rate is high and anticoagulation should be considered if that
is undertaken. While ligation of the proximal subclavian or bra-
chiocephalic vein is tolerated, ipsilateral upper extremity edema
should be expected and managed with arm elevation and compres-
sion sleeves. While endovascular venous interventions are rarely
required in the acute setting, treatment of an occluded central vein
(i.e., subclavian or brachiocephalic) in the setting of chronic arm
swelling has good outcomes with endovenous recanalization with
angioplasty and stenting.

Most penetrating mediastinal arterial injuries that survive
transport to our trauma center can be primarily repaired and sel-
dom require cardiopulmonary bypass. Penetrating injury to the
aortic arch is controlled with side-biting clamps and is primar-
ily repaired after debridement. Injury to the proximal innominate
artery requires proximal control at the aortic takeoff. A vascular
shunt is generally not required for these injuries due to excel-
lent collateral flow to the arm and brain. Short-segment injuries
can generally be primarily repaired, but longer segment injuries
may require an interposition graft. Back-bleeding prior to final clo-
sure of the anastomosis is essential to avoid cerebral air embolism.
Therapeutic anticoagulation with systemic intravenous heparin can
be challenging during repair given other injuries but should be
used if at all possible. If not, then copious irrigation of the in-
flow and outflow vessels with heparinized saline is recommended.
Extension of the sternotomy incision up the right neck along the
sternocleidomastoid can be used if exposure of the remainder of
the common carotid artery is required. Similarly, extension of the
sternotomy into a supraclavicular incision through the deltopec-
toral groove can facilitate exposure of the rest of the subclavian
artery (discussed below). Needless to say, this area is rife with sur-
gical pitfalls (i.e., brachial plexus, thoracic duct, major veins). Un-
less contra-indicated by associated TBI or nonoperatively managed
solid organ injury, we generally recommend anti-coagulation after
primary repair followed by transition to anti-platelet agents, al-
though this is controversial, and the optimal duration is unknown.

We are highly collaborative with our congenital heart surgery
colleagues for blunt injuries given their experience with mediasti-
nal vascular reconstruction. Blunt injury to either the innominate
artery or to the takeoff of the left common carotid generally leads
to a dissection flap that can cause thrombosis or cerebrovascu-
lar embolism. An exclusion-bypass technique is utilized to replace
the injured segment of innominate or left common carotid artery
with synthetic graft. Distal control of the carotid beyond the ex-
tent of the dissection and injury is essential to prevent intraop-
erative embolism. Once proximal and distal control are obtained,
an aortotomy is created off the ascending aorta using a side-biting
clamp, and a synthetic interposition graft is sewn on proximally
(Fig. 1). At this point, the injured innominate is opened to assess
extent of injury and the interposition graft is trimmed to length
and the distal anastomosis completed. The native innominate take-
off is then debrided and closed primarily. Endovascular approaches
in this area can be challenging depending on the proximity of the
injury to the innominate artery bifurcation into the right common
carotid and subclavian arteries. A covered stent graft can be effec-
tive in excluding the innominate injury if at least 1 cm of healthy
innominate artery is present distal to the injury, providing an ad-
equate seal for stent positioning without branch exclusion. How-
ever, an injury close to the bifurcation of the innominate artery is
not be well managed using endovascular techniques and open re-
pair is recommended in order to preserve right common carotid
artery and vertebral artery integrity and prevent devastating
stroke.

Pulmonary hilar injuries result in catastrophic hemorrhage.
Rapid takedown of the inferior pulmonary ligament and control of
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Fig. 1. Operative technique of exclusion and bypass grafting for repair of blunt in-
jury to the proximal innominate artery. Used with permission, from Feliciano DV. Car-
diac, Great Vessel, and Pulmonary Injuries, in Rich’s Vascular Trauma, TE Rasmussen
and NRM Tai, eds. Elsevier 2016. Copyright 1981 Baylor College of Medicine.

the entire hilum can temporize blood loss and allow for resusci-
tation, but the anesthesia team must be aware of the effects on
the right heart as the acute increase in pulmonary vascular resis-
tance from hilar occlusion is generally not well tolerated in chil-
dren. Volume and inotropic support for the right heart is univer-
sally needed. Pneumonectomy is an option for proximal injuries,
but primary vascular repair (often with the assistance of the con-
genital heart / cardiac transplant surgeons) or resection limited to
a single lobe or bi-lobectomy is preferred to improve long-term
outcomes. Stapled pulmonary tractotomy may facilitate the rapid
exposure and identification of more peripheral vascular injuries in
this area.?’

Survival to the ED with penetrating injury to the descending
thoracic aorta is generally only observed with small injuries from
knife wounds. These injuries can be through-and-through, which
can be challenging to repair as mobilization of the aorta circum-
ferentially is limited by posterior branches to the spine that should
not be ligated over significant lengths of the aorta due to the risk
of paraplegia. Injures to the front wall of the aorta can generally be
repaired with vascular control obtained with a side-biting vascular
clamp. Through-and-through injuries, however, may require open-
ing the anterior wall of the aorta and fixing the posterior wall from
the inside of the lumen. If this approach is utilized, the surgeon
should expect substantial back bleeding from intercostal and spinal
branches from the aorta that cannot be controlled effectively. Use
of cell-saver and rapid repair of the back wall injury are key. Some
have advocated the use of a shunt or partial bypass with retro-
grade perfusion through a femoral cannula, though this technique
is more often applied to blunt aortic injury that is associated with
more extensive repair and/or tube-graft replacement at this level.28
If endovascular capabilities are readily available, stent grafts in the
descending thoracic aorta have excellent outcomes. However, un-
like patients with blunt aortic injuries, penetrating aortic injuries
typically require immediate intervention, which should not be de-
layed to mobilize endovascular teams if not readily available. Addi-
tionally, current thoracic stent graft size availability limits their use
in smaller aortic diameters. The smallest commercially-available
aortic stent graft is currently 21 mm, and oversizing the graft more
than 10% of the aortic diameter is not recommended - limiting
stent graft placement to patients with a resuscitated aortic diam-
eter of 18-19 mm. Population-based nomograms have been gener-
ated for children, with 18-year-old children having a median aor-
tic size of 18-19 mm at the aortic isthmus. Younger ‘adult-sized’
children may be candidates for endovascular repair, depending on
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Table 1
Harborview classification of blunt aortic injury.
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Injury Classification Imaging Findings Recommended Treatment
Minimal « No External Contour Anomaly « No Intervention Needed

« Intimal Tear or Intraluminal Thrombus < 10 mm - Optional Follow-up Imaging
Moderate « Contained External Contour Anomaly « Semi-Elective Repair

« Intimal Tear or Intraluminal Thrombus > 10 mm

Severe « Active Extravasation
« Left Subclavian Artery Hematoma > 15 mm

- Stabilization of Concomitant Injuries

- Impulse Control

- Immediate Repair

« Blunt Aortic Injury Takes First Priority Over Associated Injuries

Adapted from Heneghan RE, et al. | Vasc Surg 2016.

aortic size measured on CT. Smaller aortas have alternatively been
treated with off-label use of non-aortic stent grafts with unknown
long-term results.

Blunt thoracic aortic injury

Blunt injury to the thoracic aorta is well-characterized in adult
patients, but rare in children - particularly young children.!”.
Blunt injury generally occurs just distal to the subclavian takeoff
at the site of the ligamentum arteriosum where the descending
aorta is naturally tethered. As previously mentioned, free rupture
of the aorta is universally fatal at the scene of injury, while pa-
tients surviving to the hospital generally have a contained rupture.
Screening chest radiograph generally demonstrates widened medi-
astinum and confirmatory diagnosis is obtained with CT angiogram
(preferably through a right upper extremity intravenous cannula or
a central venous catheter to minimize contrast artifact) (Fig. 2a—c).
Adult grading systems may be useful to determine the approach
and speed with which the injury needs to be addressed. We prefer
the Harborview criteria (Table 1) for its simplicity, although the
SVS, Vancouver, and other systems are also used.”® For minimal
aortic injuries, no aortic-related treatment or follow up is required.
For moderate aortic injuries, the focus is on the other injuries the
patient has - generally these patients have high ISS scores and TBI
is common - and the aortic injury can be fixed within the first
several days or up to one week after presentation. In this case,
impulse control (we prefer esmolol, starting dose 100mcg/kg/min
with rapid up-titration usually needed) is only used if it does not
compromise other injured organ systems (e.g., TBI). Pediatric blood
pressure targets for blunt aortic injury have not been studied, but
most children with these injuries are adolescents and adult blood
pressure targets (systolic blood pressure < 100 and HR < 100) can
be utilized in this age group.?® For severe aortic injuries, immedi-
ate repair is required, and the aortic injury takes precedence over
other injuries. In these cases, impulse control, right radial arterial
line, central venous catheter, and rapid transport to the OR are
paramount.

Historically, open repair of blunt aortic injury was routinely uti-
lized - either with the “clamp and sew fast” technique or with
partial bypass with retrograde perfusion via a femoral cannula.
Although historical data for open repair of adult blunt aortic in-
jury demonstrated 10-20% rates of paraplegia, modern series in
adults show low paraplegia rates in both open and endovascular
approaches.?!:32 The rate of paraplegia in children is similarly low,
with modern data showing no cases of reported paraplegia after
open or endovascular repair of blunt aortic injury.>®> In our cen-
ter, we collaborate with the congenital cardiac surgery team for
these cases due to their expertise in aortic surgery in young chil-
dren derived from experience with aortic coarctation repair. Chil-
dren undergoing open repair of thoracic aortic injury (n = 35) in
this modern series have an 8% mortality rate, and significant mor-
bidity at discharge with a 5.7% cerebrovascular accident rate and
48% of patients being discharged to acute care or long-term care
facilities after a median 21-day hospital stay.>>

In adult patients, thoracic endovascular aortic repair
(TEVAR) has widely replaced the open technique for this in-
jury (Fig. 3a,b).>! Most blunt aortic injuries occur in adolescent
patients, and this approach is feasible in many cases, with the
youngest reported case in a seven-year-old child.!8:33:34 As noted
above, TEVAR is limited in adolescents by graft size. FDA approved
devices for blunt aortic injury have a minimum aortic size of
21 mm and, unlike in the treatment of aneurysms, graft oversizing
is discouraged in the setting of blunt aortic injury. Poorly sized
grafts can have devastating consequences: rupture or migration
for undersized grafts and dissection or graft collapse for oversized
grafts. In the absence of an appropriately sized graft, off-label
use of other stents and stent-grafts has been described, but the
long-term outcomes of these are unknown. Equally challenging
in an adolescent may be the minimum access vessel size for
introducing the device sheath; common femoral or external iliac
arteries smaller than 7 mm cannot be accessed by currently
available grafts. In all cases, detailed review of the patient’s CTA
(pre-operatively) and intravascular ultrasound (intra-operatively, if
available) are required along with previous familiarity of the spe-
cific device being used in order to ensure good results. Long-term
outcomes after TEVAR in growing adolescents are unknown, and
data suggesting ‘pseudocoartcation’>* at the site of the stent graft
as the child grows is equivocal. The common proximity of the
thoracic aortic injury often requires occlusion of the left subcla-
vian takeoff to provide an adequate length of landing zone for the
covered stent-graft. While still somewhat controversial, intentional
occlusion of the left subclavian takeoff is well-tolerated in the
majority of cases, and most agree that selective subclavian revascu-
larization via carotid-subclavian transposition for symptoms after
TEVAR is preferred to routine prophylactic revascularization.?®

Subclavian injury

Injury to the subclavian vessels represents a unique challenge to
the pediatric surgeon, as vascular exposure of these vessels is not
routinely performed in any other aspect of pediatric general sur-
gical practice. Penetrating injury may present with hemodynamic
instability due to hemorrhage from the tract or into the ipsilateral
hemithorax. Hemorrhage control with external compression is not
attainable due to the overlying bony clavicle. Temporizing hemor-
rhage control with a foley catheter inserted through the tract into
the chest with upward pressure on the back of the clavicle with
the balloon up has been described and may be effective (Fig. 4).36
Similarly, we have used manual pressure of the vessel against the
clavicle by an eager surgical assistant while the rest of the team
performs the exposure. If endovascular capabilities are readily and
rapidly available, this is an ideal location for endovascular balloon
occlusion and then subsequent either open or endovascular repair.
Anterolateral thoracotomy or clamshell thoracotomy do not pro-
vide adequate exposure for these injuries. Similarly, in our expe-
rience, a high anterior thoracotomy as has been often described
does not provide adequate exposure of all parts of the subclavian
artery. Our preferred approach is a sternotomy with supraclavic-
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Fig. 2. Images from a 14-year-old child involved in a head-on motor vehicle collision demonstrate (a) widened mediastinum and pleural effusion on initial AP chest radio-
graph, and severe blunt aortic injury in (b) axial and (c) sagittal section on contrast-enhanced chest CT.

ular extension for proximal/mid subclavian artery injuries and a
supraclavicular incision extended into the deltopectoral and bicipi-
tal grooves for distal subclavian or axillary artery injuries (Fig. 5).%7
These provide wide exposure and reliable proximal control which
are ideal for trauma. Although the so-called trap-door thoracotomy
provides excellent exposure and may be used in cases where one
has already committed to an anterior thoracotomy, it is quite mor-
bid and should be avoided if possible. Control of the entire sub-
clavian artery requires attention to the recurrent laryngeal nerve
(proximal), division of the anterior scalene and preservation of the

phrenic nerve and thoracic duct (middle), and careful attention to
the brachial plexus (distal).

Blunt injury to the subclavian artery may occur from high-
mechanism blunt trauma with deceleration injury, or as a prox-
imity injury from a nearby passing missile. These injures may
present with a contained hematoma or with intimal disruption
with a dissection flap or thrombosis. For the patient with a con-
tained hematoma and to prevent free rupture, we prefer endovas-
cular balloon control followed by stenting if available. These en-
dovascular techniques can be performed in collaboration with
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Fig. 3. Aortogram demonstrates (a) blunt aortic injury at the typical location distal to the left subclavian takeoff, which is (b) excluded by endovascular placement of a
covered stent graft. Due to proximity of the injury, the left subclavian takeoff must be covered by the stent graft to adequately exclude the injury.

Fig. 4. lllustration of the use of a foley catheter to attempt hemorrhage control
from penetrating subclavian injury. The catheter is advanced through the mis-
sile tract, the balloon inflated in the pleural space, and traction pulled up on the
catheter to compress the injury against the posterior aspect of the clavicle. Used
with permission, from Demetriades D, Chahwan S, Gomez H, et al. Penetrating Injuries
to the Subclavian and Axillary Vessels. ] Am Coll Surg. 1999;188(3):290-295.

interventional pediatric cardiology, interventional radiology, or
adult vascular surgery. Stent graft occlusion is particularly common
in this location®® given that the stent graft is subject to extrinsic
compression where it passes under the clavicle and through the

thoracic outlet. Interestingly, most cases remain asymptomatic and
do not develop arm ischemia even despite stent graft occlusion. For
indications of vessel thrombosis, these injuries only need to be ad-
dressed urgently (typically with open revascularization) in the rare
cases that they have stroke or arm ischemia symptoms at initial
presentation. Otherwise, they can be observed and have attempted
endovascular balloon angioplasty or repaired electively if they de-
velop symptoms of chronic arm ischemia (i.e., claudication) using
open techniques.

Abdominal vascular injury

Unlike adults, abdominal vascular injuries in pediatric trauma
most frequently occur after blunt injury from mechanisms involv-
ing a high velocity energy transfer such as in motor vehicle col-
lisions and pedestrian injuries.?-'6:3° While the surgeon may oc-
casionally have the benefit of a preoperative CT scan with detail
of vascular anatomy, most children with abdominal vascular in-
jury are too unstable to obtain a CT and will be taken for em-
piric exploration. A substantial amount of hemoperitoneum should
be expected and systematic packing to allow identification of the
source of hemorrhage should be employed. Proximal control of the
aorta can be obtained rapidly at the level of the diaphragm by
opening the pars flaccida of the hepatogastric ligament and ap-
plying compression to the spine at the level of the crura. Opening
the crura posterior to the gastroesophageal junction is more time
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Fig. 5. Exposure of subclavian vascular injury is best achieved by median sternotomy to achieve proximal control with clavicular incision (including transection and removal
of the proximal clavicle) extending out to the deltopectoral groove. Division of the anterior scalene may be necessary, and injury to the adjacent phrenic nerve, recurrent
laryngeal nerve, thoracic duct, and brachial plexus must be avoided. Used with permission, from Hajarizadeh H, Rohrer MJ, Cutler BS. Surgical exposure of the left subclavian
artery by median sternotomy and left supraclavicular extension. | Trauma. 1996 Jul;41(1):136-9.

consuming but will allow encirclement of the aorta with a Rommel
tourniquet or application of an aortic clamp to free up the sur-
geon’s hands. Supra-celiac control of the aorta should be limited
in duration due to postoperative complications of visceral ischemia
with reperfusion injury, multisystem organ failure, and late mor-
tality.*? Data from endovascular supraceliac occlusion has reported
occlusion times to be safe if confined to under 20 min,*' although
longer occlusion of 30-60 min has been tolerated.*> Changes in
the fibrinolytic cascade have been demonstrated after just 30 min
of crossclamp time in animal studies.*?

Mesenteric vascular injuries

Exposure of the supra-celiac aorta and the origins of the vis-
ceral segments is best obtained via a left medial visceral rota-
tion, bringing the descending colon, spleen, and tail of the pan-
creas medially. The left kidney may or may not need to be medial-
ized, depending on the injury being addressed. Injury to the celiac
origin and its proximal branches is rare. The left gastric, splenic,
or common hepatic proximal to the gastroduodenal artery can all
be ligated rather than repaired as long as the superior mesenteric
artery (SMA) remains patent to provide collateral supply.® Injuries
to the proximal SMA cannot be simply ligated. Simple injuries can
be primarily repaired with fine prolene, but transection or near-
transection requires an interposition graft. A temporary vascular
shunt can be inserted for damage control and to allow time to har-
vest saphenous vein for the interposition graft. Our preference is
the commercially available argyle shunt kit (contains four shunts
- sizes 8-14 french, Cardinal Health, Dublin, OH) that we keep on
the shelf in the operating room, or an argyle straight chest tube
will suffice for larger vessels. Injuries to the distal SMA can be
ligated with a plan for second-look laparotomy and resection of
segments that develop ischemia. Injuries to the inferior mesenteric
artery can be ligated with minimal consequence.

Inferior vena cava injuries

Inferior vena cava (IVC) injuries occur more commonly from a
penetrating mechanism and have a high associated mortality.'3-44
Blunt injury contained to the retroperitoneum without other in-
juries necessitating laparotomy should generally be nonoperatively

managed as the low-pressure flow may tamponade.*>*% For pa-
tients with retroperitoneal cava injury that require laparotomy for
associated injuries, we prefer to manage the cava injury with pack-
ing and temporary abdominal closure and rely on tamponade in
most cases. Judicious fluid resuscitation avoiding fluid overload and
increased central venous pressures may increase the probability of
successful nonoperative management. Penetrating injuries or blunt
injuries with free hemorrhage into the peritoneum and hemody-
namic instability require operative control. Exposure is best at-
tained via a right-sided medial visceral rotation bringing the as-
cending colon medial with a broad kocherization of the duodenum
and head of the pancreas. Inflow and outflow control of the IVC
can be obtained with manual compression or sponge sticks either
above or below the renal veins. Back-bleeding from lumbar veins
should be expected despite inflow and outflow control. As most
of these patients are in extremis, we recommend simple repair
for small injuries and ligation without reconstruction for larger in-
juries, regardless of location of the injury on the IVC. For more sta-
ble patients, reconstruction can be attempted via patch or (more
likely) Dacron interposition graft, particularly for injuries above the
renal veins. For repairs, we recommend using a large needle, as
blood may well up quickly from back-bleeding and a small needle
can be challenging to locate. Similar to aortic through-and-through
injuries, backwall injuries to the IVC are best repaired translumi-
nally, as exposure of the posterior wall can be challenging due to
tethering by lumbar vessels that limit mobility and can bleed sig-
nificantly if avulsed. A series of Allis clamps along the line of in-
jury can be used to approximate the vein wall to facilitate repair.
Patients generally tolerate ligation of the IVC below the renal veins
in the short term surprisingly well; in our experience they do not
progress to lower extremity compartment syndrome or require fas-
ciotomies. To minimize post-operative and chronic lower extrem-
ity edema, the lower extremities should remain elevated and com-
pression dressings with wraps should be applied.>® Survivors may
experience chronic venous insufficiency of the lower extremities,
but otherwise long-term sequelae are rare.*’ Regardless of type of
repair, a course of 3 to 6 months of therapeutic post-operative an-
ticoagulation is required to prevent thromboembolic complications.

Injuries to the retrohepatic IVC represent a major challenge and
are associated with a high rate of mortality.>® The patient’s best
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chance at survival is if the bleeding can be controlled with peri-
hepatic packing and allowed to tamponade. We intentionally do
NOT mobilize the liver as to not release the retroperitoneal con-
tainment of the hematoma. For bleeding that does not stop with
packing, complete mobilization of the liver to expose the retro-
hepatic cava and taking down the diaphragm to expose the supra-
hepatic segment may be necessary to repair the injury. Inflow con-
trol needs to be obtained inferiorly above the level of the renal
veins and at the porta hepatis with a Pringle maneuver. Control
of the supra-hepatic cava is challenging due to the short length
of this vessel. Sternotomy with pericardiotomy and control of the
IVC within the pericardium offers a clean approach to suprahep-
atic cava control. These maneuvers, in theory, provide vascular
isolation, but take a considerable amount of time and clamping
the IVC at the level of the diaphragm in a hypovolemic patient
risks immediate cardiovascular collapse. For this reason, we em-
phasize attempts at control with packing to allow for resuscita-
tion and re-exploration with the assistance of a multidisciplinary
team. We have found that this multidisciplinary approach with pe-
diatric surgery, transplant surgery, and cardiac surgery is beneficial.
In centers with endovascular expertise, fenestrated stent grafts that
do not occlude hepatic venous drainage have been used to address
retrohepatic IVC injuries.*®

Portal and mesenteric venous injuries

Portal venous injures are exceedingly rare and are associated
with a high rate of mortality.'® If the hepatic artery is patent, the
portal vein can be ligated if tissue loss precludes primary repair.
However, ligation is poorly tolerated and associated with poor out-
comes and high mortality.>® Exposure is improved with takedown
of the hepatic flexure and a wide kocherization of the duodenum
and pancreatic head. If ligation is necessary, the surgeon should
anticipate high postoperative fluid resuscitation requirements and
massive bowel wall edema. Temporary abdominal closure (leaving
the fascia and skin open with a negative pressure wound dressing
over a fenestrated bowel bag covering the abdominal wall defect)
with intra-abdominal pressure monitoring and planned second-
look laparotomy is mandatory.>®49 Injuries to the proximal supe-
rior mesenteric vein (SMV) are challenging due to the anatomic lo-
cation behind the pancreas, anatomic distortion from the retroperi-
toneal hematoma, and back-bleeding from splenic venous return.
The pancreas may need to be divided to control injuries to the
most proximal aspect of the SMV. Injuries without tissue loss
should be repaired primarily, but the approach to long-segment re-
pairs is controversial. Repair with a saphenous vein interposition
graft is possible but takes time and leads to ongoing blood loss in
an unstable patient. Outcomes analysis suggests that patients that
undergo SMV ligation have similar mortality to those that undergo
repair.”? Venous shunting as a temporizing measure with a large
shunt (we would use a trimmed piece of a large chest tube) has
been described and could help in select cases so that reconstruc-
tion could be performed after the patient is stabilized.

Iliac injuries

Injuries to the iliac vessels commonly involve concomitant in-
jury to both the artery and the vein.”! Penetrating injury with an
expanding pelvic hematoma should be explored unless endovas-
cular expertise is immediately available to embolize internal iliac
branches. Exposure is obtained with medial rotation of the de-
scending and sigmoid colon, with care to identify the ureter as
it crosses the iliac blood vessels at the pelvic brim. Inflow con-
trol can be obtained initially at the level of the distal aorta just
above the bifurcation and obtained more distally once the source
of bleeding is identified. Care must be taken encircling the iliac
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arteries as the accompanying veins are immediately posterior and
easy to injure - if they are not injured already. Back-bleeding from
cross-pelvis flow through the internal iliac system can be brisk, so
external iliac repairs require inflow control of the common iliac
as well as the ipsilateral internal iliac artery. Focal injuries to the
common or external iliac arteries can be primarily repaired, but
long-segment injuries will require interposition graft or patch an-
gioplasty and are often in a contaminated field from bowel injury,
so prosthetic is a poor option. We favor shunting these injuries
and returning for reconstruction after resuscitation and contami-
nation have been addressed. Reconstruction is challenging in this
area because of contamination and concomitant venous injury. We
prefer saphenous vein to reconstruct the external iliac artery and
rifampin-soaked Dacron or cryograft for common iliac artery in-
juries as the saphenous vein generally has poor size match in this
location. In heavily contaminated fields, an extra-anatomic bypass
(fem-fem bypass) is preferred. Internal iliac injuries are challenging
to access, and proximal ligation will not control deep pelvic back-
bleeding and occludes the access conduit for angioembolization.
An intraoperative multidisciplinary discussion with the endovas-
cular team should occur to determine the best course of action,
which is generally endovascular control with coil embolization.

Iliac venous injuries are often found in conjunction with arte-
rial injuries and are associated with a high likelihood of mortal-
ity.”2 Primary repair can be attempted for focal injuries but has a
high rate of thrombosis. Ligation is often tolerated and preferred
for anything but the most accessible venous injuries, as ligation
has similar rates of venous thromboembolism (VTE), lower extrem-
ity fasciotomy, and amputation to those found after repair of ve-
nous injuries. Exposure of the iliac veins is a challenge - especially
on the right side — due to the overlying arteries. Ligation of the in-
ternal iliac artery can facilitate wider mobilization of the common
and external iliac artery. In addition, depending on the location of
the venous injury, division of the overlying common or external il-
iac artery can be (temporarily) performed to expose and ligate the
injured vein. The divided common or external iliac artery can then
be reconstructed at the same time in a stable patient or shunted
and reconstructed later in an unstable patient.

Pelvic fracture with arterial hemorrhage

Approximately 12% of pediatric pelvic fractures are associated
with vascular injury, 5% of which are associated with arterial
contrast extravasation on CT.”® These fractures of the immature
pelvis, however, are very rarely associated with life threatening ar-
terial hemorrhage.” The boney pelvis becomes less cartilaginous
around puberty and adolescents over 13 years of age are prone
to unstable pelvic fractures consistent with adult injury patterns
that are associated higher risk of bleeding.>> The source of bleed-
ing associated with a pelvic fracture may be arterial branches,
the presacral venous plexus, or from bony fracture sites.’® Spe-
cific fracture patterns are associated with risk for specific vascular
injuries. Adult-pattern anterior-posterior compression injuries, in-
cluding open book fractures, have the highest risk of arterial hem-
orrhage from branches of the internal iliac vessels in close prox-
imity to the anterior sacroiliac joint.>*°7 If pelvic bleeding is sus-
pected during the initial evaluation and resuscitation of a patient
with an anterior-posterior pelvic compression fracture, a pelvic
binder or sheet should be applied early to decrease the volume
of the of the pelvis and tamponade venous and fracture site bleed-
ing.”’ In hemodynamically stable patients, ongoing pelvic hemor-
rhage can be identified with contrast-enhanced CT with excellent
accuracy.”’

A standardized multi-disciplinary management algorithm de-
signed to facilitate synergistic application of multi-modal interven-
tions is essential to successful management of unstable pelvic frac-
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Fig. 6. (a) A low midline incision is used to open the abdominal wall fascia and dissect in a pre-peritoneal plane away from the pubic symphysis and pelvic brim on the
left and the right, while avoiding entering into the presacral space, and (b) sequential placement of three laparotomy pads on each side of the pelvis to achieve tamponade
permission, from Hak D.J., Mauffrey C. (2016) Management of Pelvic Ring Injuries. In: Pape HC., Sanders R., Borrelli, Jr. ]. (eds) The Poly-Traumatized Patient with Fractures.

Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-662-47212-5_10.

tures associated with hemorrhage. Management algorithms must
be based on institution-specific capabilities, resource availability
and staff expertise. Persistent hemodynamic instability despite me-
chanical stabilization of the pelvis can be managed with preperi-
toneal packing or angioembolization depending on timing and re-
source availability.>*>’ Angioembolization for control of arterial
bleeding in a hemodynamically unstable patient with pelvic frac-
tures is outlined in the Eastern Association for the Surgery of
Trauma management guidelines.”® However, the most common
source of hemorrhage in pelvic fracture is venous and will tam-
ponade. For patients with ongoing venous bleeding despite trans-
fusion, arterial embolization may be helpful in addressing venous
bleeding by decreasing inflow. Pre-peritoneal packing is an alterna-
tive that achieves direct hemostasis for control of venous bleeding
and can help temporize arterial bleeding.”’

Preperitoneal packing

Preperitoneal packing can be performed quickly (20 min) and
controls venous bleeding which most commonly originates from
the presacral venous plexus.”® While there are numerous indica-
tions, preperitoneal packing is particularly useful for patients in ex-
tremis despite stabilization and aggressive resuscitation with need
for immediate intervention to temporize hemorrhage before angio-
graphic resources are available. At institutions who do not offer an-
giography, it can be life saving for patients who are otherwise too
unstable to transport.”® Additionally, preperitoneal packing is in-
dicated for patients with indications for emergent laparotomy and
need simultaneous control of pelvic hemorrhage.

In the operating room, the patient should be placed in the
supine position. The pelvis must be mechanically stabilized, or fur-
ther manipulation of the pelvis can worsen hemorrhage. A low
midline incision is made from the umbilicus to the pubic sym-
physis. The peritoneum is bluntly dissected away from the pubic
symphysis and pelvic ring, leaving the peritoneum on the sacrum
intact. Laparotomy pads are then placed sequentially in the space
between the peritoneum and pelvic ring, below the pelvic brim,
beginning posteriorly below the sacroiliac joint (Fig. 6a,b). The la-
parotomy pads are intended to tamponade branches of the iliac
vessels and the venous plexus located just lateral to the sacrum.
Generally, three laparotomy pads are placed on each side of the
pelvis, however, open fractures may require more pads as the vol-
ume of the pelvis is increased. If a laparotomy is preformed simul-
taneously, the incisions are the same, but the peritoneum must be
left intact distally to ensure pelvic tamponade is preserved.”® The

abdominal wall fascia is closed to facilitate tamponade, and the
patient is re-explored at 24-48 h to remove the laparotomy pads.
New packs should be placed if persistent bleeding is noted.” Lo-
cal wound infection is the most common complication and is more
common in patients with an open pelvic fracture. Risk of wound
infection increases significantly in patients who require repacking
at the time of initial takeback.”%->°

Internal iliac artery ligation

Internal iliac artery ligation is rarely (if ever) needed in chil-
dren, but can be used as an immediately available operative dam-
age control technique to temporize pelvic exsanguination that per-
sists despite preperitoneal packing until angioembolization can
be performed.’° Arterial control with vessel loops and Rummel
tourniquets allows temporary control, but still permits subsequent
access to the pelvic vasculature by the interventional radiology or
endovascular team for more selective embolization. Bilateral inter-
nal iliac control may be needed due to cross-pelvis back-bleeding,
and the long-term impact of permanent occlusion of bilateral in-
ternal iliacs and associated pelvic ischemia in a developing child is
not known. Indications include persistent hemodynamic instabil-
ity despite preperitoneal packing preventing safe transport to an-
giography, patients in extremis who will not survive to reach an-
giography, patients rapidly deteriorating in the setting of multiple
sources of significant hemorrhage with need for rapid control of
pelvic sources of hemorrhage, and in environments without access
to angiography and alternative interventions.

Angioembolization

Pelvic angioembolization has been shown to be both safe and
beneficial in pediatric trauma patients,6':62 with 87% of children
undergoing only a single embolization for effective control of
hemorrhage.®> Embolization has been used in approximately 20%
of anterior-posterior compression fractures, vertical sheer injuries,
and complex pelvic fractures.”’ Patient selection for pelvic an-
gioembolization should be based on clinical evaluation and physi-
ologic signs of ongoing hemorrhage, and should not be performed
solely on the basis of the presence of contrast extravasation on
CT in a stable patient.*5> The EAST guideline for adult pelvic
trauma recommends angiography and possible embolization for
patients with contrast extravasation on CT angiogram,’® but some
patients with active extravasation on CT can be safely and defini-
tively managed without pelvic angioembolization.5:6%.66 Pelvic
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angioembolization in hemodynamically stable pediatric trauma pa-
tients has been associated with an increased risk of hospital mor-
tality.5> The most significant barrier to utilization of angioem-
bolization remains the time required to mobilize necessary re-
sources and staff, particularly for patients in extremis. In addition
to preperitoneal packing, resuscitative endovascular balloon occlu-
sion of the aorta (REBOA) can be placed as an additional tempo-
rizing measure until angioembolization is available for control of
exsanguinating lower extremity hemorrhage.>®

Resuscitative endovascular balloon occlusion of the aorta
(REBOA)

REBOA has emerged as a viable minimally invasive alternative
to resuscitative thoracotomy for control of noncompressible torso
hemorrhage in the adult trauma population and is utilized at over
100 level 1 adult trauma centers nationwide.5”-58 REBOA is cur-
rently indicated for control of abdominopelvic hemorrhage after
blunt or penetrating trauma and is positioned in one of three
locations, or zones, based on the source of bleeding (Fig. 7).5°
Zone 1 is the distal thoracic aorta and allows for supradiaphrag-
matic control of hemorrhage. Zone II is located between the celiac
trunk and renal arteries but is rarely utilized as placement must
be highly accurate. Zone IIl is between the renal arteries and il-
iac bifurcation and is indicated for bleeding from the pelvis and
lower extremities.”” REBOA is typically employed in the emer-
gency department or operating room and access is obtained via
direct cutdown, ultrasound visualization, or direct percutaneous
cannulation of the common femoral artery.*! Occlusion time is
zone dependent and should be minimized to limit sequela of dis-
tal ischemia-reperfusion injury. Most studies have reported occlu-
sion times around 20 min*! though longer occlusion times can be
tolerated (Zone 1: 30-60 min, Zone IIl: 60-90 min).*? If persis-
tent hemorrhage from the pelvis is identified after hemostasis is
achieved proximally, the balloon can be repositioned from Zone
I to Zone IIl with intra-operative fluoroscopy to facilitate preperi-
toneal packing and subsequent angioembolization.5¢ Complications
related to groin access are likely related to inadvertent cannulation
of the superficial femoral artery and occur in 4-5% of patients in-
cluding thromboembolic events to the lower extremity, thrombosis
with limb ischemia and pseudoaneurysm.*!.”!

The use of endovascular aortic occlusion in a pediatric pa-
tient was first described in 2010 for control of a ruptured aor-
toesophageal fistula.”> However, the small caliber of the femoral
artery and variable size of the aorta remain barriers to adoption
of REBOA in pediatric trauma patients. The REBOA-ER™ (Prytime
Medical Inc., Boerne, TX) requires arterial cannulation with a 7Fr
delivery system with a 3 mm outer layer. The caliber of the com-
mon femoral artery in younger patients may be too small to ac-
commodate a 7Fr sheath, prohibiting arterial access. The pediatric
aortic diameter is also smaller and varies with the child’s size.
However, new devices with a lower 4Fr profile (Control of Bleed-
ing, Resuscitation, Arterial Occlusion System (COBRA-OS), Front-
line Medical Technologies, Inc., London, Ontario, CA) are emerging,
which may increase the adoption of REBOA in pediatric trauma
patients. A recent study reported initial success estimating pedi-
atric aortic and vascular dimensions for REBOA using the Bres-
low method, but further investigation is needed.”> The common
femoral artery reaches adult size during adolescence’ and suc-
cessful application of REBOA in adolescents with favorable out-
comes has been reported in 2 small studies.’3:”> However, the
corresponding age or weight that can safely accommodate the
7Fr catheter - as well as age-specific aortic caliper to accom-
modate the large adult-sized balloon, which may cause rupture
or dissection - has not been investigated. Endovascular control
of the aorta may be achieved in younger children by using a
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smaller sheath and other compliant balloons, aside from commer-
cially available REBOA kits, under fluoroscopy and in collaboration
with pediatric interventional radiology or pediatric interventional
cardiology.

Concerns for over-use of REBOA due to its ease of placement
have been raised in the adult population. A recent study of the
American College of Surgeons Trauma Quality Improvement Pro-
gram registry demonstrated that adults that received REBOA had
higher mortality and complications of renal failure and lower ex-
tremity amputation (presumed from ischemia) when compared
to propensity-matched controls.”S Further study to define zone-
specific indications for blunt vs penetrating trauma, improve pa-
tient selection and delineate intervention timing are needed -
not only in children, but also for REBOA use in adults. Accurate
and expeditious cannulation of the common femoral artery deter-
mines success of REBOA placement. Standardized provider train-
ing improves insertion skills using percutaneous and ultra-sound
guided approaches for faster arterial access.*! The Basic Endovas-
cular Skills for Trauma (BEST) workshop and course are offered
through the American College of Surgeons as an introduction to
and in-depth training for REBOA.

Emergency department thoracotomy in children

Emergency department thoracotomy (EDT) can be performed
in the emergency department for patients arriving in extremis.
Though potentially life-saving, the literature suggests EDT in chil-
dren is over-performed by pediatric and adult trauma surgeons and
has dismal associated prognosis unless applied for those patients
who present with a penetrating mechanism and a witnessed loss
of signs of life.””.78 Pediatric patients without signs of life on ar-
rival to the emergency department, regardless of mechanism, have
a 100% mortality.”?-80 Mortality after EDT with witnessed loss of
signs of life for blunt trauma, in particular, nears 100%.78.79 In the
last 40 years, only 2 patients have been reported to survive af-
ter EDT for blunt trauma.”’” However, EDT for penetrating trauma
has been shown to be associated with 14% survival to hospital dis-
charge in patients who have loss of signs of life within sight of a
trauma center or within the trauma bay itself.””-80

Evidence-based guidelines for EDT in adult trauma patients
have been well established for years.8! Efforts to develop formal
evidence-based pediatric practice guidelines for EDT are ongoing,5°
as outcomes after EDT in pediatric patients have been shown to
be vastly different than for adult patients and application of those
adult guidelines leads to unindicated and unnecessary interven-
tions. Despite the well-demonstrated lack of survival benefit, 65%
of all EDTs are performed in children presenting without signs of
life and 20% of all EDTs are performed after blunt trauma.’s:30 EDT
is indicated only in pediatric patients with signs of life on arrival
and should not be performed in patients without signs of life re-
gardless of mechanism.®? The value of EDT during resuscitation of
a pediatric patient presenting with signs of life after penetrating
trauma to the chest or abdomen has been well established and
is strongly recommended.”’-80-82 Qutcomes for pediatric patients
presenting after blunt trauma are dismal - regardless of initial
presence of signs of life - and EDT is strongly discouraged with-
out compelling evidence of a reversible cause of extremis.”?-82

Training opportunities and resources

Maintaining working knowledge and operative skills for vas-
cular trauma exposure and repair can be challenging for pedi-
atric surgeons. The American College of Surgeons Advanced Sur-
gical Skills for Exposure in Trauma (ASSET) course is an invaluable
training opportunity for surgeons that may be called upon to man-
age major torso vascular injury.®> As previously mentioned, the
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Fig. 7. A Resuscitative Endovascular Balloon Occlusion of the Aorta (REBOA) catheter can be placed through the common femoral artery and used to occlude the aorta in
Zone 1 (supraceliac), Zone 2 (visceral segment), or Zone 3. From King DR. Initial care of the severely injured patient. N Engl | Med 2019; 380(8):763-70. Copyright © 2019
Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical Society.

Basic Endovascular Skills for Trauma (BEST) course provides train-
ing in REBOA and other basic endovascular skills, but the applica-
bility in children continues to be in evolution. A periodic review
of an adult vascular trauma reference®* or trauma exposure atlas®>
can also be helpful in maintaining working knowledge. The latest
edition of the textbook of Trauma®® includes operative exposure
videos available through Access Surgery that can serve as an in-
valuable resource.
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