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Abstract

Purpose of Review Hemorrhagic shock remains the leading
cause of potentially preventable death following traumatic
injuries. Resuscitative Endovascular Balloon Occlusion of
the Aorta (REBOA) has demonstrated promising results in
the control of non-compressible torso hemorrhage. The
purpose of this review is to summarize the indications, pro-
cedural techniques, and complications of REBOA in order to
help define practice management guidelines.

Recent Findings Recent studies suggest that REBOA is
advantageous in aiding hemodynamic stabilization as a
bridge to definitive hemorrhage control. REBOA is a fea-
sible option for non-compressible torso hemorrhage as well
as traumatic cardiac arrest and has the potential to improve
morbidity and mortality in select patient populations.
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Summary Despite favorable emerging data, varying results
in the literature indicate the need for further high-quality
reproducible data and multicenter trials to identify the ideal
clinical scenarios for REBOA. This review discusses spe-
cial considerations and future directions for next generation
REBOA use.
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Introduction

Hemorrhage remains the leading cause of potentially pre-
ventable death in trauma, yet the majority of these injuries
result in death prior to definitive hemorrhage control [1-8].
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Non-compressible torso hemorrhage (NCTH) accounts for
approximately 60-70% of deaths from exsanguination
[4, 7, 9-12]. In patients with NCTH, mortality rates
approach 50% in the civilian trauma setting and nearly
80% in the military setting. Even with short transportation
times, only 25% of NCTH injuries are survivable [13—15].

Non-compressible torso hemorrhage was defined by
Morrison et al. as either vascular disruption to the axial
torso vessels, grade 4 solid organ injury (liver, kidney,
spleen), intrathoracic injury (massive hemothorax, pul-
monary vascular injury) or pelvic fracture with ring dis-
ruption, accompanied by shock with systolic blood
pressure (SBP) less than 90 mmHg [2, 5, 12, 16-18]. A
variety of bleeding control adjuncts for NCTH injuries
have been described, including pelvic binders, preperi-
toneal packing, junctional tourniquets, resuscitative thora-
cotomy with aortic cross-clamping, endovascular
angioembolization, and resuscitative endovascular balloon
occlusion of the aorta (REBOA) [3, 18, 19].

More recently, REBOA has emerged as a technique used
to stabilize patients with hemorrhagic shock by temporarily
occluding the aorta. REBOA was first described in 1954 by
military surgeon Carl Hughes during the Korean War.
Hughes used an intravascular balloon for two patients as a
bridge to laparotomy for intra-abdominal hemorrhage.
Although neither patient survived, his method was effec-
tive in temporarily restoring blood pressure, which gave
rise to the field of aortic occlusion to augment myocardial
and cerebral perfusion [3, 7, 9, 16, 19-21]. This technology
ultimately led to the intra-aortic balloon pump (IABP),
which was pioneered by cardiac surgeons who described
improved coronary perfusion during cardiogenic shock
[22].

Limited reports on aortic occlusion were seen in the
trauma literature until 1986, when several case series were
reported [7, 9]. In 1989, Gupta et al. published a multi-
center experience utilizing aortic balloon occlusion for
penetrating abdominal trauma in 21 patients, where authors
described significant morbidity including paraplegia and
access site thrombosis [20]. The technique was largely
abandoned until the late 2000s, with reports of successful
REBOA deployment by the military in Iraq and Afghani-
stan for temporary hemorrhage control [19, 23].

Over the last 20 years, the implementation of REBOA
has been rapidly expanding worldwide. Advancements in
endovascular therapy as well as military and civilian col-
laboration led to its resurgence and use at the bedside
[4, 7, 20, 23]. In 2014, a Joint Trauma System Clinical
Practice Guideline was published on REBOA, indicating
that REBOA may be considered an alternative to resusci-
tative thoracotomy in the setting of extrathoracic blunt or
penetrating injury for severe shock including pre-hospital
cardiac arrest [19, 24]. In 2017, the Food and Drug

@ Springer

Administration (FDA) approved the REBOA device as an
alternative to emergent resuscitative thoracotomy [1].

Comparison to Resuscitative Thoracotomy

Traditional management of uncontrollable sub-diaphrag-
matic hemorrhage or traumatic cardiac arrest is by resus-
citative thoracotomy and aortic cross-clamping [17].
REBOA is a minimally invasive method that uses a balloon
catheter to temporarily occlude the descending thoracic
aorta using Seldinger technique.

In 2013, the American Association for the Surgery of
Trauma (AAST) Aortic Occlusion for Resuscitation in
Trauma and Acute Care Surgery (AORTA) registry was
created as a means to capture contemporary methods of
aortic occlusion [25]. Results from this multi-institutional
study demonstrated no significant difference in adjusted
mortality between REBOA and resuscitative thoracotomy
[25]. Additionally, there was no significant difference in
the time from admission or initiation of REBOA to suc-
cessful aortic occlusion between the two groups [26]. The
AAST AORTA 2 study group then removed penetrating
thoracic injury as a cause of hemorrhage or cardiac arrest
and only enrolled patients who received Zone 1 REBOA.
Results showed a potential overall survival benefit com-
pared to resuscitative thoracotomy [25].

A meta-analysis by Manzano et al. evaluated the com-
parative effectiveness of REBOA versus resuscitative
thoracotomy among trauma patients with NCTH and found
the odds of mortality did not significantly differ between
the groups [27]. However, of the patients reviewed,
REBOA patients underwent endovascular angioemboliza-
tion more often, which supports the concept that in patients
with NCTH, early REBOA deployment may aid in hemo-
dynamic stabilization as a bridge to endovascular bleeding
control [27]. A retrospective review by Romagnoli et al.
showed that once arterial access is achieved, time to aortic
occlusion is quicker with REBOA and provides similar
stabilization in hemodynamic parameters [15, 20]. With the
advancement of REBOA technology, time to aortic
occlusion is expected to continue to decline [15].

Bradley et al. demonstrated in both blunt and penetrat-
ing trauma patients, there was no significant improvement
in return of spontaneous circulation (ROSC) or end tidal
carbon dioxide (EtCO2) with either open chest cardiac
massage as opposed to closed chest compressions [28].
Unlike thoracotomy, REBOA use allows for continuous
closed chest compressions during the procedure [29].
Therefore, REBOA in combination with closed chest
compressions may be a safer, less invasive, and equally
efficacious way of obtaining ROSC and hemorrhage con-
trol as compared to resuscitative thoracotomy with open
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chest cardiac massage [28, 30]. Thoracotomy is still pre-
ferred in penetrating thoracic trauma, as REBOA does not
offer definitive hemorrhage control and may exacerbate
proximal hemorrhage [17, 19, 29].

Clinical Outcomes

There is ongoing debate on the benefit of managing
patients with REBOA. White et al. was the first to describe
the benefits of aortic balloon occlusion in animal models as
a possible alternative to open aortic occlusion for non-
compressible torso hemorrhage [7]. In 2013, Brenner et al.
published the first clinical series on REBOA at a large
civilian trauma center, with 4 out of 6 survivors [7, 31].
This study reported a mean increase in SBP of 55 mmHg
and established REBOA as a clinically viable option in
trauma centers [7, 31].

The AAST AORTA multicenter study analyzed data
from 114 patients and found comparable outcomes
between REBOA and open aortic occlusion [25]. REBOA
demonstrated improvement in hemodynamics following
aortic occlusion in 62.3% (71 out of 114) [25]. While the
mean initial post-aortic occlusion SBP was 74.4 mmHg,
only 36% achieved initial hemodynamic stability with SBP
greater than 90 mmHg for at least 5 min [26]. This study
revealed 50% of arterial access was obtained via femoral
cutdown and the average time to balloon occlusion was
6.6 min using REBOA [7]. Overall survival rate was
21.1%, which was higher than prior case reports [26].

In 2016, the AAST AORTA 2 study demonstrated a
potential overall survival benefit for patients without pen-
etrating thoracic injury who receive Zone 1 REBOA
compared to resuscitative thoracotomy, particularly those
who do not require cardiopulmonary resuscitation (CPR)
before aortic occlusion [25]. In 2019, a propensity score-
matched analysis in Japan by Yamamoto et al. showed
REBOA was independently associated with improved in-
hospital survival in trauma patients [32]. Furthermore, a
study by Northern et al. demonstrated that REBOA allows
surgical teams to rapidly stabilize severely injury combat
causalities, expand capability and provide enhanced dam-
age control resuscitation while minimizing personnel,
resources and blood product utilization [32, 33].

While the use of REBOA for non-compressible torso
hemorrhage seems promising, there are several conflicting
reports regarding overall survival benefit. In 2015, Norii
et al. reviewed the Japan Trauma Data Bank in a propensity
score-matched investigation and showed REBOA treat-
ment was associated with higher mortality compared with
similarly ill trauma patients not treated with REBOA
(hazard ratio = 0.52) [34]. This analysis was limited to
blunt trauma patients and the authors suggest that REBOA

might have been used as a “last ditch effort” [34]. In 2019,
the ACE study in Australia evaluated 13 patients who met
criteria for REBOA placement and evidence failed to
support improved survival [35].

Similarly, Joseph et al. analyzed the American College
of Surgeons (ACS) Trauma Quality Improvement Program
(TQIP) data in a propensity-matched analysis [36]. Results
demonstrated a higher mortality rate for patients who
underwent REBOA (35.7%) compared to those who did
not [36]. Patients who underwent REBOA were more
likely to develop acute kidney injury and require lower-
extremity amputations, but there was no significant dif-
ference in requirement of blood products at 4 and 24 h after
injury [36]. These varying reports necessitate the need for
further prospective studies.

Indications and Contraindications

In a joint statement from the ACS Committee on Trauma
(COT) and the American College of Emergency Physicians
(ACEP), indications for REBOA include traumatic life-
threatening hemorrhage below the diaphragm in patients
with hemorrhagic shock who are unresponsive or tran-
siently responsive to resuscitation, as well as patients
arriving in arrest from injury due to a presumed life-
threatening hemorrhage below the diagram [1, 30]. Two
anatomical locations are described for REBOA placement
(Fig. 1a) [37]. Zone 1 is the descending thoracic aorta
distal to the left subclavian origin and proximal to the
celiac axis, whereas Zone 3 is the infra-renal abdominal
aorta distal to the renal arteries and proximal to the aortic
bifurcation [1, 4, 17, 20, 38-41].

Zone 1 occlusion is indicated for control of severe intra-
abdominal or retroperitoneal hemorrhage as well as those
with traumatic arrest or undifferentiated extrathoracic
hemorrhagic [30, 42]. Zone 3 REBOA is indicated for
severe pelvic, junctional or proximal lower-extremity
hemorrhage, and may be used as an adjunct in the man-
agement of pelvic fractures including angioembolization,
pelvic packing and fracture stabilization [19, 30, 42—44]. It
is recommended that 30 min for Zone 1 and 60 min for
Zone 3 be considered the absolute limit of safe occlusion,
as REBOA times greater than 60 min have been associated
with increased metabolic derangement and mortality
[4, 45, 46]. These occlusion times are largely theoretical
and should not delay brisk definitive hemorrhage control.

Practice management guidelines and treatment algo-
rithms for NCTH have been proposed. Patients in shock
should undergo proper clinical assessment including chest
and pelvic radiographs, as well as focused assessment with
sonography in trauma (FAST) to guide zone selection if
REBOA is indicated [19]. Many experts advocate for a
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Aortic Zone I

Fig. 1 REBOA overview and selected complications. a Anatomic
depiction the zones of aortic occlusion. b Peel-pack supply list for
ER-REBOA ™ catheter device, includes balloon catheter, 5-Fr
micropuncture sheath, 7-Fr sheath, catheter lock and syringes.
¢ Overinflation injury resulting from balloon rupture. d Inflation of

step-up approach, emphasizing early common femoral
artery access for REBOA if needed, as opposed to waiting
for loss of palpable pulses or hemodynamic collapse, as
arterial access is the rate-limiting step in obtaining aortic
occlusion. This facilitates arterial access during an interval
when cannulation is less challenging [8, 17, 24, 47].
High-quality, closed chest compressions coupled with
REBOA may generate physiologic perfusion pressures that
increase the rate of ROSC in traumatic arrest and improve
mortality [48, 49]. Additionally, the role of REBOA in
non-traumatic cardiac arrest has also been shown to sig-
nificantly increase coronary artery flow and cerebral per-
fusion pressures in animal models [22, 50]. However, a
recent report found that while REBOA improved diastolic
pressures with Zone 1 occlusion, there was no significant
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Zone 2 REBOA at the level of renal arteries. e Migration of the
balloon into the right iliac artery due to poor catheter-securing
technique. Images provided courtesy of Johnathan J. Morrison MD
PHD, R Adams Cowley Shock Trauma Center, University of
Maryland Medical Center

improvement in systolic blood pressure, carotid flow or
change in time to achieve ROSC in patients with ventric-
ular fibrillation cardiac arrest [S51]. Further clinical trials
are required to elucidate indications for REBOA in non-
traumatic cardiac arrest.

Experts agree that any signs of proximal great vessel
injury preclude the use of REBOA, as distal occlusion
could exacerbate proximal injuries [20]. Current recom-
mendations from the ACS COT and ACEP state that
REBOA is contraindicated in the setting of major thoracic
hemorrhage or pericardial tamponade [3, 42]. This includes
patients with a widened mediastinum on imaging con-
cerning for blunt thoracic injury or patients with penetrat-
ing thoracic injury [45]. However, more recent studies have
shown potential improvement in outcomes when surgical
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capability is unavailable for thoracic bleeding [52]. Fur-
thermore, experts suggest patients with traumatic brain
injury should be approached with caution as elevated
proximal pressures may exacerbate intracranial hemor-
rhage, yet patients may benefit from restored cerebral
perfusion in the setting of shock [45].

REBOA may provide a survival benefit for patients with
major abdominal hemorrhage, ruptured abdominal aortic
aneurysm and other causes of significant blood loss
including post-partum hemorrhage, gastrointestinal bleed-
ing, hemorrhagic necrotizing pancreatitis or exsanguination
during pelvic surgery [5, 16, 23, 53-55]. Reports of suc-
cessful REBOA use have been described for truncal hem-
orrhage from iliac artery blowout, iatrogenic intraoperative
hemorrhage and ruptured visceral artery aneurysm [14, 21].
A systematic review of 8 cases found that REBOA is a
viable, safe and therapeutic option for hemorrhage control
in cases of abnormal placentation [56]. Prophylactic
placement of endovascular balloon occlusion catheters has
become integrated into surgical planning as an alternative
to open laparotomy for temporary hemorrhage control
during robotic and vascular surgery [56-58].

REBOA Devices

Aortic occlusion catheter devices have evolved signifi-
cantly over the years. There are currently 29 different
catheters from 10 manufacturers including the Coda Bal-
loon Catheter® (Cook Medical) and ER-REBOA ™
(Prytime Medical Devices) [59]. Earlier REBOA devices
including the Coda Balloon Catheter® utilized guidewires
and 12-Fr introducer sheaths that necessitated open repair
at the time of sheath removal [45, 60]. The newer and more
commonly used ER-REBOA™ uses a 7-Fr introducer
sheath and does not require guidewires (Fig. 1b). The
newly designed catheter possesses an atraumatic tip to
prevent migration into branch vessels and has external
markings on the catheter that facilitate placement without
imaging guidance [1, 45, 47, 60]. This device also provides
proximal arterial pressure transduction that allows for
accurate measurements of arterial response to occlusion
[45, 47, 60].

Scott et al. provided the first translational work in ani-
mals that helped establish the technology of the first fluo-
roscopy-free REBOA device that could be placed through a
7-Fr sheath and allowed for a broader application of
REBOA without requiring vascular repair [7]. This device
can significantly elevate systolic blood pressure with
minimal access-related complications and may remain in
place during post-procedure resuscitation without further
sequelae [60, 61]. Moore et al. published the first
prospective, observational, multicenter evaluation of ER-

REBOA ™ [62]. Results showed this device can be used
safely and effectively for Zone 1 and Zone 3 occlusion in
patients with varied patterns and severity of injury,
including those receiving CPR [62]. This study demon-
strated that catheter placement takes less than 10 min,
while achieving successful aortic occlusion in 97% of cases
with overall mortality of 52% [62].

Hemodynamics of Aortic Occlusion

Aortic occlusion has been shown to preserve cerebral and
myocardial perfusion, improve brain oxygenation and
increase carotid arterial blood flow [1, 2]. REBOA in
conjunction with closed chest compressions may provide
central perfusion to critical organs that translates to higher
rates of EtCO2 levels, achieving ROSC and overall sur-
vival [60].

Aortic occlusion immediately increases blood pressure,
with effects of supra-celiac occlusion being greater than
infra-renal occlusion [47]. Animal models demonstrate a
more robust augmentation of blood pressure for Zone 1
occlusion when compared to Zone 3 occlusion, but also
leads to increased ischemia—reperfusion injury [39]. Simi-
lar results were shown in the AAST AORTA study when
evaluating Zone 1 versus Zone 3 REBOA placement [4].

A study by Hoehn et al. evaluated the hemodynamics of
aortic occlusion in an animal model and demonstrated that
REBOA significantly increases systolic blood pressures,
base deficit and lactic acidosis [63]. While acidosis wors-
ened and became statistically significant after 120 min,
heart rate and potassium levels remained unchanged [63].
Carotid artery flow increased by 223% with Zone 1
occlusion [63]. Additionally, there was a significant
reduction in blood flow of the distal branch vessels causing
severe perfusion deficits to visceral organs, especially the
kidneys [63].

Balloon deflation can result in dramatic hemodynamic
changes and potential drop in blood pressure more than
50 mmHg [47]. Balloon deflation causes an abrupt loss of
afterload, resulting in profound vasodilation with a bolus of
ischemic metabolites returning to the circulation that may
cause cardiovascular collapse [20]. Despite achieving
normotension or even hypertension with aortic occlusion,
patients may still be under resuscitated and unable to tol-
erate the normalization of blood volume distribution after
balloon deflation, which has been seen with both Zone 1
and Zone 3 occlusion [47].
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Procedures and Techniques

The following technique for REBOA placement is cate-
gorized into specific steps originally described in the
landmark study by Stannard et al. [5, 17, 20, 37, 64].

Arterial Access and Sheath Selection

Arterial access is the rate-limiting step in performing
REBOA and is often the most technically challenging [15].
Access is obtained in the common femoral artery (CFA)
overlying the femoral head below the inguinal ligament.
Strategies to improve successful arterial cannulation
include cutdown and ultrasound [15]. Some experts rec-
ommend first accessing the artery with a 4-Fr to 5-Fr
micropuncture catheter, which can be upsized to a 7-Fr
sheath via the Seldinger technique. Others recommend
initial cannulation with a 7-Fr sheath in order to avoid
time-consuming catheter exchange [15]. Currently there is
no consensus as to when arterial access should be obtained.

Balloon Positioning

Balloon positioning can be obtained by radiographic
visualization or external measurement when using the ER-
REBOA™. If resources are available, once the balloon is
in the desired location, confirmation of the catheter posi-
tion under fluoroscopy is preferred prior to balloon inflation
[15]. Selecting the most appropriate anatomic location for
balloon inflation is based on aortic zones of occlusion for
corresponding injuries.

For proper Zone 1 placement, the tip of the catheter
should be placed at the sternal notch [45]. The balloon
should appear between the levels T2 and T12, as the celiac
trunk emerges at or below T12 in 95% of the population
[1]. For Zone 3 placement, the catheter tip should lie at the
level of the xiphoid and radiographic landmarks are
between the level L2 and L4 above the aortic bifurcation,
as 98% of patients have renal arteries above L2 [1, 45].

A retrospective review from Japan found that the
accuracy of REBOA placement averaged 71.1% with blind
external measurements alone, with 86.7% accuracy for
Zone 1 placement and 12.5% for Zone 3 [65]. Eliason et al.
showed using CT morphometry, a fixed REBOA catheter
insertion length of 48 cm for Zone 1 and 28 cm for Zone 3
is optimal for average-height individuals with improved
accuracy [66]. Regardless of the measurement technique
used, once the proper positioning is achieved, the device is
advanced through a peel-away cover sheath [45].
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Balloon Inflation

Once the balloon is confirmed in the correct position, it
must be manually inflated until aortic flow is halted [15].
The balloon should be inflated in a controlled fashion until
resistance is met and the arterial waveform is observed for
response distal to the balloon [45]. Ideally the balloon is
inflated with a mixture of contrast and saline to visualize
occlusion, with a recommended 8 cc for Zone 1 occlusion
and 3 cc for Zone 3 occlusion when using the ER-
REBOA™ to prevent overinflation injuries (Fig. 1c)
[15, 41].

Management

Rapid definitive care should be provided once aortic
occlusion is achieved such as further diagnostic imaging,
angioembolization or laparotomy [15]. Mechanisms to
reduce occlusion time and restore distal perfusion include
partial REBOA and repositioning of the balloon from Zone
1 to Zone 3 if indicated [15]. Given the inherent throm-
boembolic risk of arterial sheaths, regular side port flushes
should be utilized to prevent the development of thrombus
around the sheath [24]. If possible, dedicating a team
member to the management of REBOA is helpful to
appropriate independent focus on this important
intervention.

Balloon Deflation

Balloon deflation is the final step and can lead to cardio-
vascular collapse. Guidelines from the Basic Endovascular
Skills for Trauma course recommends a slow, graded bal-
loon deflation over a period of approximately 5 min [15].
Overall, deflation requires a team approach to resuscitation.
Some experts advocate for the use of vasoactive medica-
tions as a bridge for blood pressure support, EtCO2 to
guide reperfusion, and calcium administration to reduce the
cardiac effects of hyperkalemia as reperfusion may exac-
erbate coagulopathy [15].

Sheath Removal and Post-Resuscitative Care

The catheter can be removed if aortic occlusion is no
longer required, while the arterial sheath can be kept longer
if needed; however, the sheath should be removed as soon
as possible to mitigate thromboembolic complications [15].
The sheath should be removed with manual compression
held for 15-30 min, followed by the application of a
compression dressing to prevent the formation of hema-
toma or pseudoaneurysm [1, 15]. Arterial duplex ultra-
sound or angiogram is recommended after sheath removal
to rule out arterial occlusion [15]. A vigilant assessment of
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lower-extremity perfusion is required before, during and
after aortic occlusion including neurovascular checks of the
ipsilateral extremity for at least 24 h following sheath
removal [24, 41, 42].

Challenges and Complications

Despite advancements in technology, REBOA is associated
with risks due to complications from access and ischemia—
reperfusion. The inherent morbidity and mortality of aortic
occlusion from REBOA is compounded by coexisting
injury, shock and higher injury severity scores [20]. These
complications are further exacerbated by providers with
limited endovascular experience and resources [20].
Inherent risks associated with blind balloon inflation can be
minimized through education, increased utilization of
imaging and improvements in catheter design [67].

Arterial Access

The technical challenges of obtaining arterial access are
aggravated by a chaotic environment, with need for rapid
intervention [20]. Hemorrhagic shock, arterial vasospasm
and the catecholamine surge of trauma cause vasospasm
and makes cannulation more difficult [20]. Furthermore,
the lethal triad of hypothermia, acidosis and coagulopathy
may increase risks of bleeding from access sites [20].

The technical barriers associated with advancing the
REBOA catheter include arterial thrombosis, placement
into branch vessels, variant anatomy, arterial tortuosity,
aneurysm, dissection flap or atherosclerotic lesions
[20, 41]. Cannulating the superficial femoral artery results
in a higher rate of thromboembolic events [3]. Studies from
Russia and Japan report increased rate of lower-extremity
amputation following REBOA access with larger arterial
sheaths [20]. These femoral artery access complications
may require patch repair, complex arterial reconstruction,
bypass or even amputation [30]. Accidental proximal
puncture of the external iliac artery may cause non-com-
pressible retroperitoneal hemorrhage. Inadvertent IVC
cannulation by inexperienced providers has also been
described [20].

Balloon Positioning

Malpositioning of the balloon catheter within the aortic
arch or heart can induce myocardial damage either directly
by creating excessive ventricular afterload or cerebral
ischemia by occlusion of the arch vessels [20]. Balloon
inflation of the visceral aorta (Zone 2) can increase blood
flow through the celiac axis, worsening upper abdominal
hemorrhage while inducing renal ischemia (Fig. 1d) [20].

Zone 1 aortic occlusion has a greater risk of end organ
ischemia, while Zone 3 aortic occlusion provides less
support to myocardial and cerebral perfusion [20]. Com-
plications of balloon positioning including exiting through
an aortic injury, balloon migration and balloon rupture
have been described [3].

Balloon Overinflation and Deflation

The risk of overinflation of the aorta increases with large
diameter balloons and small diameter aortas, with a cir-
cumferential stretch ratio greater than 1:8 that may result in
aortic rupture [67]. Balloon elongation is a radiographic
feature of overinflation of the balloon and may indicate
exceeding the landing zone or risking aortic rupture [67].
The Joint Trauma guidelines recommend incremental
adjustments in conjunction with arterial monitoring, as
overinflation of the balloon may lead to aortic overpressure
injury, arterial dissection or intimal injury that can lead to
long-term vascular complications or even aortic rupture
[41, 67]. After inflation, the device must be properly
secured in place to prevent migration of the balloon
(Fig. 1e). The inherent complications of balloon deflation
result from the rapid release of ischemic metabolites such
as nitric oxide and pro-inflammatory mediators that result
in vasodilation and refractory hypotension leading to
hemodynamic collapse [41].

Systemic Complications

The supraphysiologic pressures created by REBOA may
result in systemic complications such as myocardial dys-
function, pulmonary edema, intracranial hypertension,
exacerbation of intracranial hemorrhage, heart failure,
acute respiratory distress syndrome, acute kidney injury
requiring hemodialysis, rhabdomyolysis, non-survivable
traumatic brain injury, spinal cord ischemia and paraplegia,
sepsis or cerebrovascular events [3, 30, 39, 41, 42, 60, 68].
These complications have been replicated in both animal
and human observational studies. Animal models have
shown that the supranormal increase in myocardial work
and strain with balloon occlusion can lead to type II
myocardial ischemic insult with prolonged occlusion times
[69]. Thromboembolic events, pseudoaneurysm, compart-
ment syndrome, dissection flap or femoral artery injury
may all lead to critical limb ischemia or amputation [3, 42].
Although multifactorial, patients with hemorrhagic shock
following trauma are predisposed to acute kidney injury
regardless of aortic occlusion, which can be potentiated by
ischemic-reperfusion injury following REBOA
[26, 40, 60].
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Ischemic-Reperfusion Injury

The pathophysiology of ischemic-reperfusion injury relates
to microvascular dysfunction characterized by capillary
dilation, reduced tissue perfusion and organ failure [68].
Multiple studies have shown a greater risk of ischemic-
reperfusion injury burden that manifests as organ failure
with increasing periods of aortic occlusion [9, 68]. Fol-
lowing balloon deflation, the circulating blood includes
lactic acid, potassium and pro-inflammatory cytokines that
immediately reduce inotropy (acidemia and hypocalcemia),
induce dysthymias (hyperkalemia) and reduce cardiac
output [18].

Partial Aortic Occlusion

The concept of partial aortic occlusion was first proposed
by Johnson et al. as a technique to help ameliorate
ischemic-reperfusion injury [70]. By partially deflating the
REBOA balloon, a proportion of aortic flow is allowed
distally, which permits sufficient oxygen delivery to
effected tissues in order to offset the ischemic burden
without raising pressures that disrupt forming clot or
exacerbate bleeding [5, 64, 70, 71]. Allowing blood flow
beyond the balloon may alleviate supraphysiologic proxi-
mal pressures while maintaining distal organ perfusion and
extending the golden hour of resuscitation [72-74].

Partial REBOA (p-REBOA) has the potential to main-
tain the benefits of preserved perfusion above the level of
occlusion, while creating permissive regional hypoperfu-
sion to areas of uncontrolled hemorrhage distal to the
balloon [64]. Compared to complete aortic occlusion,
several studies have demonstrated a decreased resuscitation
requirement, lower risk of coagulopathy and improved
survival in appropriately selected patients [45].

Experts suggest maintaining an initial period of com-
plete aortic occlusion to allow for the assessment of
hemodynamics, initial resuscitation and distal clot forma-
tion; however, optimal timing is not yet established
[45, 64]. Once hemodynamic stability has been achieved,
the provider may consider reintroducing distal blood flow
by removing 0.5 mL of saline at a time using a large-
volume syringe, until a pulsatile waveform is observed
[64]. A period of observation of proximal hemodynamics
should be allowed to determine if any further distal per-
fusion will be tolerated by the current physiologic state
[64].

Animal models have demonstrated higher blood pH,
lower blood lactate concentrations and decreased hyper-
kalemia during reperfusion [71, 75, 76]. Furthermore,
measured cytokines were decreased in p-REBOA groups,
suggesting there is less of an inflammatory response,
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although statistical significance is lacking [71]. A recent
clinical study by Madurska et al. found that p-REBOA was
associated with fewer ventilator days, need for dialysis and
significantly less vasopressor requirements when compared
to complete REBOA [77].

Parameters used to define the degree of aortic occlusion
have been investigated. Reva et al. found femoral artery
mean atrial pressure and femoral/carotid flow gradient had
the strongest correlation with the proportion of aortic
occlusion, which may be useful in defining p-REBOA
during Zone 1 occlusion [70]. Sadeghi et al. suggested that
monitoring EtCO2 may provide a good estimate of the
degree of partial aortic occlusion, distal organ metabolism
and perhaps end organ damage [71]. Other techniques
including intermittent REBOA with cyclical balloon
inflation and deflation as well as automated endovascular
variable aortic occlusion (EVAC) have been described;
however, further investigation is warranted [5, 78, 79].

Special Considerations
REBOA in Children

Currently there is limited data on REBOA use in children.
A study by Norii et al. concluded that both young children
and adolescents who underwent REBOA had high injury
severity scores and an equivalent survival rate of 43%
when compared to reported survival rates from studies in
adults [9, 80]. However, most data only include children
between the ages of 16 to 18 and further large-scale studies
are required [9, 80]. The AAST AORTA registry was
reviewed for patients ages 16—17 years old, which revealed
a significant hemodynamic improvement and 30% survival
to hospital discharge [81].

Review of the Japan Trauma Data Bank demonstrated
that 53.3% of young children and 38.5% of adolescents
survived to discharge after undergoing REBOA [80]. There
are several challenges to implementing REBOA in chil-
dren. The CFA varies with age, making proper selection
size of the introducer sheath challenging [80]. Similarly,
aortic length and balloon deployment zones have been
widely studied in adults, but data is lacking in children. No
REBOA devices smaller than 7-Fr are currently available
for use in children [9, 80].

REBOA Training and Credentialing

All physicians involved in REBOA placement should
receive formal training, such as the ACS COT BEST
Course [30, 42]. Didactic training should include proper
patient selection, anatomy and physiology of REBOA,
complications and their management, limb assessment,
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sheath management and establishing an appropriate system
of care to support REBOA [42]. The critical skills training
should include ultrasound-guidance access of the CFA as
well as surgical cutdown if needed, sheath and device
management, positioning of the catheter, management of
inflation volumes and avoiding catheter migration [42].

One study showed that knowledge and skills from
REBOA training courses persists up to six months, there-
fore competency courses should be considered at six-month
intervals in the absence of clinical use [82]. Anatomically
correct models are critical to support training for obtaining
CFA access, which remains the rate-limiting step in
deployment, and perfused cadavers are currently the best
option for this requirement [42].

Guidelines for REBOA Implementation

A multi-disciplinary team-based approach is required for
the development of REBOA protocols [30, 42]. Addition-
ally, there should be a Quality Assurance program at each
institution to evaluate REBOA on appropriate patient
selection, complications and timelines to definitive hem-
orrhage control in order to improve patient outcomes [42].
Studies show that successful aortic occlusion with REBOA
is increased at high to mid volume REBOA hospitals
compared to low volume REBOA hospitals [83]. Further-
more, all REBOA procedures should be coded according to
the ICD-10 hospital procedures and all institutions per-
forming REBOA should enroll patients in the AAST multi-
institutional AORTA trial to further research [30].

Pre-Hospital REBOA

The use of pre-hospital REBOA has been described in rural
civilian settings and austere military environments [13].
Due to limited data, pre-hospital placement of REBOA is
not currently recommended [42]. An autopsy study by
Henry et al. found that less than 10% of patients who
developed pre-hospital cardiac arrest sustained NCTH
without associated severe head or thoracic injuries and may
have potentially benefitted from REBOA use in the pre-
hospital setting [13]. However, challenges of pre-hospital
REBOA placement include time away to perform advanced
airway procedures, the lack of access to diagnostic adjuncts
and obtaining vascular access without compromising
expedient transfer to the nearest trauma facility [13].

A study from London reported Zone 3 REBOA place-
ment as a pre-hospital resuscitation strategy in patients
with exsanguinating pelvic hemorrhage was associated
with lower rates of cardiac arrest and death due to blood
loss in a physician-led pre-hospital setting [84]. Ultimately,
pre-hospital REBOA benefits must outweigh the opportu-
nity cost of providing other life-saving procedures and

should not be used when prolonged transport time is
expected and distal ischemia may be irreversible [24, 85].

Future Directions

Prospective randomized trials are difficult in trauma,
especially when related to unpredictable, life-saving pro-
cedures with possible ethical dilemmas [3]. Continued
review of the AAST AORTA and European ABOTrauma
registries is essential [3].

REBOA technology continues to evolve. There is
ongoing research on partial and intermittent REBOA, with
industry backing in the development of a “smart balloon”
for endovascular variable aortic control [5, 7, 78, 79].
Barron et al. described using infrared and mobile thermal
technology to confirm placement of REBOA in animal
models, which may facilitate use in the field [86]. The use
of transesophageal echography to assess hemodynamic
changes during REBOA has also been studied in animal
models, which may be useful for confirming REBOA
positioning in austere environments [87]. Furthermore,
Morrison et al. described the delivery of a specialized
endovascular trauma service at a large trauma center,
which reduces the time to endovascular intervention and
increases case volume in a trauma hybrid operating room
[18, 88].

Selective aortic arch perfusion (SAAP) is a novel
resuscitation technique that utilizes an endovascular bal-
loon catheter to provide aortic occlusion similar to
REBOA, as well as to deliver oxygenated resuscitation
fluids and drugs directly into the aorta to increase afterload
and limit sub-diaphragmatic hemorrhage in the case of
exsanguination [§9-91]. In large animal models, SAAP has
been shown to effectively deliver adequate cerebral and
coronary flow during cardiac arrest resulting in improved
survival and rate of achieving ROSC [89-91]. A study by
Barnard et al. showed that SAAP demonstrated a signifi-
cant survival advantage over Zone 1 REBOA in a large
swine model [89]. Hoops et al. demonstrated that SAAP is
effective in eliciting ROSC after traumatic cardiac arrest,
using either fresh whole blood or a hemoglobin-based
oxygen carrier, with associated improvement in overall
survival and lactic acidosis in a swine model [90]. SAAP is
still in the preclinical phases and no SAAP-specific
catheter has yet been approved for clinical use [91].

There is also emerging data on the use of endovascular
resuscitative balloon technology in occlusion of the inferior
vena cava (IVC), also known as REBOVC [5]. Retro-
hepatic IVC injuries have a high mortality rate due to
difficulty in achieving total vascular occlusion [5]. A study
by Reynolds et al. demonstrated superior hemorrhage
control and prolonged time to death with REBOVC as
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opposed to total hepatic vascular isolation [92]. There is
some concern that balloon occlusion in venous injuries
occludes aortic outflow and may lead to increased pul-
monary and central venous pressures that could potentially
lead to increased bleeding, therefore further large-scale
studies are indicated [55].

Conclusions

REBOA has emerged as a promising technique to stabilize
patients with hemorrhagic shock and is an evolving tool in
the armamentarium of the trauma and acute care surgeon as
an adjunct to the management of non-compressible torso
hemorrhage and traumatic cardiac arrest as a viable alter-
native to resuscitative thoracotomy in select patients.
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