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Abstract
Background Resuscitative endovascular balloon
occlusion of the aorta (REBOA) is a torso hemorrhage
control technique. To expedite deployment, inflation is
frequently performed as a blind technique with minimal
imaging, which carries a theoretical risk of aortic
injury. The objective of this study was to examine the
relationship between balloon inflation, deformation and
the risk of aortic rupture.
Methods Compliant balloon catheters were
incrementally inflated in segments of cadaveric
swine aorta. Serial longitudinal and circumferential
measurements were recorded, along with the incidence
of aortic rupture.
Results Fourteen cadaveric swine aorta segments were
tested with mean (±SD) baseline aortic diameter (mm)
of 14.2±3.4. Rupture occurred in three aortas. The mean
baseline diameters (mm) of the aortic segments that
were ruptured were significantly smaller than those that
did not rupture (8.9±1.2 vs 15.6±1.9; P<0.001). The
maximal circumferential stretch ratios were significantly
higher in the aorta segments that ruptured compared
with those that did not (1.9±0.1 vs 1.5±0.1; P<0.001).
The maximal amount of balloon longitudinal deformation
was 80 mm (116% longer than the intended working
length).
Conclusions Inflation of aortic balloon catheters carries
an inherent risk of aortic injury, which may be minimized
through an understanding of the intrinsic characteristics
of the aorta and compliant balloons. Smaller diameter
aortic segments undergoing overinflation, particularly
beyond a circumferential stretch ratio of 1.8, are at risk
of aortic rupture.
Level of evidence Level II.

Background

To cite: Wasicek PJ,
Teeter WA, Brenner ML, et al.
Trauma Surg Acute Care Open
2018;3:1–6.

Resuscitative endovascular balloon occlusion of the
aorta (REBOA) is a technique for the control of
torso hemorrhage in trauma. A compliant balloon
is inserted via the femoral artery and inflated in
the thoracic (zone 1) or infrarenal (zone 3) aorta,
providing inflow control of the abdomen or pelvis,
respectively. Originally, this technique was described
using conventional endovascular equipment,
consisting of large sheaths, wires and balloon catheters, guided by fluoroscopy.1 2 However, in an
effort to expedite the procedure, smaller caliber
balloon catheters have been developed, which do
not require a wire or fluoroscopic imaging.
The concern with blind placement is the
risk of overinflation and potential for aortic
rupture. Several cases have been described in the

literature which have related to both non-diseased
and diseased, with and without imaging.3-11 Of
particular concern are patients with small caliber
aortas who have balloon inflation without radiographic guidance. Due to the nature of morbidity
reporting, the literature likely underestimates this
issue. The structural integrity of the aorta has been
well described in the context of aortic clamping and
compressive strength,12-14 but the expansile failure
threshold has yet to be fully characterized.
This study has three aims. First, we aim to introduce the metrics of aortic mechanics in an endovascular context. Second, using explanted porcine
aortas, characterize the relationship between
balloon inflation and balloon and aortic deformation, including aortic rupture risk. Lastly, define a
threshold which is associated with aortic rupture.

Methods
Study overview

This in vitro study characterizes the rupture
threshold of fresh, untreated, explanted porcine
aortas, using a commercially available balloon catheter (ER-REBOA catheter, Prytime Medical Inc.,
Boerne TX, USA). Aortas were harvested from
Yorkshire swine (Sus scrofa) weighing between
70 kg and 90 kg. Institutional Animal Care and Use
Committee (IACUC) approval was not required as
this was a postmortem study.

Definitions and terminology

The field of soft-tissue mechanics and failure is
complex and has its own field of study within the
physical sciences. For the purposes of the current
study, it is important to have a basic understanding
of terminology, which is relevant to endovascular
practice and are discussed below.
The aorta is anisotropic, compliant and distensible, with the ability to stretch more in the circumferential direction than the longitudinal direction.15
These intrinsic properties of the aorta result in a
physiologically important function, allowing for
the prevention of pathologic increases in systolic
blood pressure, afterload and pulse pressure. This is
accomplished through a buffer-reservoir type effect
during systole and also by attenuating pressure
decay during diastole.16 17
Given the compliant nature of the aorta, the
aorta stretches under pressure until it reaches its
maximal stretching threshold. The amount of force
required to break the aorta when being stretched is
termed the ultimate tensile strength; however, this
value changes depending on the degree of stretch
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experienced in the orthogonal dimension and is reached after
a critical stretch ratio has been reached. In an endovascular
context, the amount the aorta stretches in the circumferential
direction is of particular interest, and this ratio is defined as:

Circumferential Stretch Ratio =

Measured Aortic Diameter 
Baseline Aortic Diameter

When a compliant balloon catheter is inflated, the balloon
will ‘unpack’ and start to fill, eventually opposing the vessel
wall, occluding the lumen. Compliant balloons are generally
constructed with proximal and distal radio-opaque markers,
which denote the ‘intended working length’ of the balloon, or
the portion in contact with the vessel wall. However, in reality,
the proportion of material in contact with the wall can be greater
or lesser depending on the balloon volume and this is termed the
balloon ‘footprint’ (figure 1A).
The distance from the radio-opaque marker to balloon catheter attachment is called the ‘balloon shoulder’. Once the balloon
is sufficiently inflated to encounter radial resistance, the balloon
will expand on its long axis, termed elongation. An example of
this phenomenon is illustrated in figure 1B,C, where CT images
2

of an appropriately inflated balloon is compared with an overinflated balloon. These CT images were obtained in patients
during full aortic occlusion by REBOA which has been previously described.18 The key point is that figure 1C demonstrates
loss of shouldering which potentially places the aorta at risk of
injury. Importantly, deliberate overinflation is unnecessary to
achieve large vessel occlusion.
The magnitude in which the balloon is deformed in the
circumferential and longitudinal planes is dependent on the
compliant characteristics of the balloon and the resistance to
stretching provided by the vessel. The deformational properties
of the balloon can be defined by measuring the circumferential
and longitudinal compliance quotients, which can be defined as:

Compliance Quotient =

Expected Aortic Diameter
Measured Aortic Diameter 

Experimental design

After aortic harvest, sections of the thoracic and infrarenal aorta
were excised, which were at least 7 cm in length. The aortic
segments were harvested after humane euthanasia of swine used
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Figure 1 (A) Line drawing of an ER-REBOA catheter. Length ‘a’ is the intended working length, between radio-opaque markers, which is normally
up to 37 mm. Length ‘b’ is the entire length of the balloon, including the ‘shoulders’, which are not intended to be in apposition with the vessel wall.
Length ‘c’ is the diameter of the balloon. (B) Zone 3 resuscitative endovascular balloon occlusion of the aorta (REBOA) demonstrating appropriate
balloon inflation. Note: rounded shoulders and a footprint of 31.4 mm, well within the intended working length of 37 mm. (C) Zone 3 REBOA
demonstrating overinflation and elongation, with a balloon footprint of 51.1 mm. Same scale as (B).
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Endpoints and statistical analysis

The primary endpoint of this study was aortic failure, which
was defined as visualization of the balloon material through
a defect in the vessel wall. Data on the two groups (ruptured
vs unruptured) were compared using an unpaired two-sample
t-test. Secondary endpoints included a quantification of the relationship between aortic diameter and the circumferential stretch
ratio, circumferential and longitudinal compliance ratio. This
was assessed using linear regression with an R2 value used to
report the strength of the relationship. Statistical significance
was defined as a P value of 0.05 or less and the analysis was
performed using GraphPad Prism.

Results
Baseline characteristics

Fresh aortas were obtained from six female swine. The mean±SD
weight (kg) of the swine was 81.6±5.2. In total, 14 unique
sections of aorta were harvested for inclusion in the study. The
mean±SD baseline aortic diameter (mm) was 14.2±3.4, with a
range of 7.6–18.1.

Comparison of aortic diameters and rupture

Out of the 14 sections of aorta tested, aortic rupture occurred
in three. The volume (mL) instilled in the balloons at the points
of aortic rupture were 11, 12 and 14. As seen in figure 2, aortic
rupture was uniformly in a longitudinal direction. The mean
baseline diameters of the aortic segments that were ruptured were
significantly smaller than those that did not rupture (8.9±1.2
vs 15.6±1.9; P<0.001). Intimal disruption was not observed
macroscopically in aortic segments that did not rupture after
balloon inflation. In addition, as seen in figure 3, the maximal
circumferential stretch ratios accomplished were significantly
higher in the aortic segments that ruptured compared with those
that did not (1.86±0.12 vs 1.53±0.09; P<0.001). Furthermore,
the relationship between aortic diameter and stretch ratio was
linear (R2=0.72; P<0.001). Of note, there were no instances in
which the balloon ruptured.

Comparison of axial and circumferential compliance and
aortic diameters

The balloon was able to be fully inflated (24 mL) in 10 aortic
segments. For those segments, the circumferential compliance
quotient was inversely proportional to the aortic diameter, as
seen in figure 4A (R2=0.85; P<0.001). A higher circumferential
compliance quotient resulted in greater longitudinal expansion
(elongation). Similarly, the longitudinal compliance quotient was
inversely proportional to the aortic diameter, as seen in figure 4B
(R2=0.85; P<0.001). The maximum amount of balloon elongation measured was 80 mm.

Discussion

The current study is the first characterization of aortic failure
in the context of endovascular balloon occlusion. When using
large diameter, compliant balloons, the aorta is at greatest risk
of failure at smaller diameters. Furthermore, balloon elongation
is a feature of an overinflated balloon, which can substantially
increase the balloon footprint, potentially exceeding the landing
zone or risking aortic failure. These findings have important
implications for the use of REBOA in hemorrhage control, especially when using a blind inflation technique.
Previous investigators have sought to examine the failure
threshold of arteries using single and dual-directional loading.

Figure 2 Two images demonstrating the propensity for the aorta to rupture in the longitudinal direction.
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in an IACUC-approved research protocol and in conformation
with the aims of the three Rs (replace, reduce, refine) in animal
research. The aortic tissue was stored in normal saline to prevent
desiccation. All aortic sections were tested within 2 hours of
euthanasia. Prior to any instrumentation, baseline measurements
of aortic diameter were obtained. An ER-REBOA catheter was
inserted into the lumen and the balloon inflated with 0.9% saline
until full occlusion of the vessel was achieved based on direct
visualization.
Having achieved occlusion, serial aortic diameters (mm)
were recorded, with measurements taken every 2 mL to 4 mL
of saline instilled into the balloon, to the maximum volume of
24 mL (per manufactures instructions).19 Balloon elongation
was calculated by measuring the balloon footprint on the aorta
(the longitudinal length of the aorta where there was diameter expansion secondary to balloon inflation) for each inflation point. Measurements were obtained with a digital caliper
(Apex Tool Group, Sparks MD, USA; measuring range: 150 mm;
accuracy: ±0.02 mm).
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These studies have largely focused on understanding tissue
mechanics in relation to atherosclerotic plaque or aneurysmal
disease.14 20-23 Interestingly, despite a different focus and methodology, several investigators agree with the findings of the current
study.
The oldest examination of aortic failure was performed by
Mohan and Melvin in 1982.23 Those investigators examined 31
autopsy obtained aortas in ages ranging between 4 and 89 years
of age. They performed uniaxial tension tests and demonstrated
that, for patients less than 60 years old, the mean (±SD) circumferential stretch ratio before aortic failure was 1.73±0.22.23
More recently, Chen et al20 examined the microscopic behavior
of collagen and elastin fibers in porcine coronary arteries. That
group demonstrated that collagen and elastin fibers become
maximally aligned at a circumferential stretch ratio of 1.8,20
suggesting that this stretch ratio is the upper limit of vessel
distention. Teng et al21 examined human atherosclerotic arteries
and demonstrated a stretch ratio failure point of around 1.7.
In the current study, all three aortic failures occurred around
a stretch ratio of 1.8, suggesting that aortic tissue has a failure
threshold around this point.
Although many of these findings may be obvious, the objective
description of a failure threshold applies a useful quantitative
measure that can be used to enhance procedural safety, either by

Figure 4 (A) Circumferential compliance ratio compared to aortic diameter at maximum balloon inflation (24 mL, expected balloon diameter is 32
mm). R2=0.85. (B) Longitudinal compliance ratio compared with aortic diameter when balloon is inflated with 8 mL (expected balloon diameter is
20 mm). R2=0.85.
4

Wasicek PJ, et al. Trauma Surg Acute Care Open 2018;3:1–6. doi:10.1136/tsaco-2017-000141

Trauma Surg Acute Care Open: first published as 10.1136/tsaco-2017-000141 on 24 January 2018. Downloaded from http://tsaco.bmj.com/ on May 26, 2022 by guest. Protected by
copyright.

Figure 3 Maximal circumferential stretch ratios compared with
baseline aortic diameter. Linear regression, R2=0.72; P<0.001.

training or improved catheter design. The proponents of blind
REBOA inflation need to be aware of the current study findings
as there are clear clinical implications.
First, the current study has shown that overinflation results in
significant balloon elongation beyond its normal working length.
This is accentuated in smaller caliber vessels, for example, when
the balloon was inflated with 20 mL in a 14.3 mm aorta, it
resulted in an elongation length of 80 mm (normal of 37 mm). In
human patients, the infrarenal (zone 3) balloon landing zone can
range from 6.3 cm to 12.3 cm in adults.24 Clinically, an expanded
balloon footprint could encroach on the renal ostia, inducing an
ischemic injury.
Second, the relationship between aortic diameter and rupture
risk allows for the identification of ‘high-risk’ groups where
special care must be taken during inflation. Women, children,
young adults and smaller vessels such as the iliac artery are all
at risk.3 11 25-27
To illustrate, if an ER-REBOA catheter were to be inflated in
an 18 mm artery with its maximal volume of 24 mL, it would be
at risk of attaining or exceeding a circumferential stretch ratio of
1.8. In a population-based study determining the average size of
vessels in differing age groups,25 this threshold of patients at high
risk includes patients age <30 years old undergoing distal zone 1
REBOA, patients age <80 years old undergoing zone 3 REBOA
and all patients undergoing iliac artery occlusion.
The inherent risks associated with blind balloon inflation
may be minimized through education, increased utilization of
imaging where feasible and improvements in catheter design.
Performing adequate balloon occlusion has been taught through
the use of haptic feedback28 29; however, this is poorly defined.
Given the smaller profile of newer catheters, haptic feedback
may largely represent the intrinsic resistance within the balloon
inflation lumen, rather than from actual balloon compliance.
Improvements in catheter design and technology, such as the
use of pressure monitors, pressure pop-off valves and alternative
inflation mediums, may increase blind inflation safety.
In addition, depending on aortic location and patient demographic, guidelines for approximate volume/diameter to be
inflated are helpful. In fact, the Joint Trauma System Clinical
Practice Guidelines30 recommends that approximately 8 mL and
3 mL be used for balloon inflation for zones 1 and 3, respectively, followed by incremental adjustments. This could be used
in conjunction with arterial line monitoring demonstrating an
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Conclusions

Inflation of aortic balloon catheters carries an inherent risk of
aortic injury, which may be minimized through an understanding
of the intrinsic characteristics of the aorta and compliant
balloons. Smaller diameter aortic segments undergoing overinflation, particularly beyond a circumferential stretch ratio of 1.8,
are at risk of aortic rupture. Further study using human aortic
tissue is warranted to assess the clinical translation of these
findings.
Contributors PJW was involved in the acquisition of data. PJW and JJM did the
analysis and interpretation of data and also drafted the manuscript. All the authors
equally contributed to the study conception and design and critical revision of the
manuscript.
Funding This study was funded in part by a grant from the Department of Defense;
grant number W81XWH-16-1-0116.
Competing interests JJM and MLB are clinical advisory board members for
Prytime Medical Inc.
Provenance and peer review Not commissioned; externally peer reviewed.
Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work
is properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4 .0/
© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2018. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

References

1 Greenberg RK, Srivastava SD, Ouriel K, Waldman D, Ivancev K, Illig KA, Shortell C,
Green RM. An endoluminal method of hemorrhage control and repair of ruptured
abdominal aortic aneurysms. J Endovasc Ther 2000;7:1–7.
2 Brenner ML, Moore LJ, DuBose JJ, Tyson GH, McNutt MK, Albarado RP, Holcomb
JB, Scalea TM, Rasmussen TE. A clinical series of resuscitative endovascular balloon
occlusion of the aorta for hemorrhage control and resuscitation. J Trauma Acute Care
Surg 2013;75:506–11.

3 Søvik E, Stokkeland P, Storm BS, Asheim P, Bolås O. The use of aortic occlusion balloon
catheter without fluoroscopy for life-threatening post-partum haemorrhage. Acta
Anaesthesiol Scand 2012;56:388–93.
4 Yashima F, Hayashida K, Fukuda K. Delivery balloon-induced ascending aortic
dissection: An unusual complication during transcatheter aortic valve implantation.
Catheter Cardiovasc Interv 2016;87:1338–41.
5 Mehta V, Pandit BN, Yusuf J, Mukhopadhyay S, Yadav J, Trehan V, Tyagi S. Aortic rupture
during aortoplasty in Takayasu arteritis – a rare complication: case report and review
of literature. Indian Heart J 2014;66:350–4.
6 Wu IH, Wu MH, Chen SJ, Wang SS, Chang CI. Successful deployment of an iliac limb
graft to repair acute aortic rupture after balloon aortoplasty of recoarctation in a child
with Turner syndrome. Heart Vessels 2012;27:227–30.
7 Cohen M, Dawson MS, Kopistansky C, McBride R. Sex and other predictors of intraaortic balloon counterpulsation-related complications: prospective study of 1119
consecutive patients. Am Heart J 2000;139:282–7.
8 Berger T, Sörensen R, Konrad J. Aortic rupture: a complication of transluminal
angioplasty. AJR Am J Roentgenol 1986;146:373–4.
9 Lee HY, Do YS, Kim YW, Park HS, Park KB, Kim D-I. Vascular rupture caused by a
molding balloon during endovascular aneurysm repair: case report. J Korean Soc
Radiol 2011;65:127–31.
10 Moskowitz DM, Kahn RA, Marin ML, Hollier LH. Intraoperative rupture of an
abdominal aortic aneurysm during an endovascular stent-graft procedure. Can J
Anaesth 1999;46:887–90.
11 Davidson AJ, Russo RM, Reva VA, Brenner ML, Moore LJ, Ball C, Bulger E, DuBose JJ,
Moore EE, Rasmussen TE. BEST Study Group. The pitfalls of REBOA: risk factors and
mitigation strategies. J Trauma Acute Care Surg 2017 [Epub ahead of print 4 Oct
2017].
12 Rylski B, Schmid C, Beyersdorf F, Kari FA, Kondov S, Lutz L, Werner M, Czerny
M, Siepe M. Unequal pressure distribution along the jaws of currently available
vascular clamps: do we need a new aortic clamp? Eur J Cardio-thoracic Surg
2016;49:1671–5.
13 Babin-Ebell J, Gimpel-Henning K, Sievers HH, Scharfschwerdt M. Influence of clamp
duration and pressure on endothelial damage in aortic cross-clamping. Interact
Cardiovasc Thorac Surg 2010;10:168–71.
14 Walraevens J, Willaert B, De Win G, Ranftl A, De Schutter J, Sloten JV. Correlation
between compression, tensile and tearing tests on healthy and calcified aortic tissues.
Med Eng Phys 2008;30:1098–104.
15 Chen Q, Wang Y, Li ZY, Zy L. Re-examination of the mechanical anisotropy of
porcine thoracic aorta by uniaxial tensile tests. Biomed Eng Online 2016;15(Suppl
2):493–506.
16 Marchais SJ, Guerin AP, Pannier B, Delavaud G, London GM.Arterial compliance and
blood pressure. Drugs 1993;46:82–7.
17 Kuecherer HF, Just A, Kirchheim H. Evaluation of aortic compliance in humans. Am J
Physiol Heart Circ Physiol 2000;278:H1411–H1413.
18 Wasicek PJ, Shanmuganathan K, Teeter WA, Gamble WB, Hu P, Stein DM, Scalea TM,
Brenner ML. Assessment of blood flow patterns distal to aortic occlusion using CT in
patients with resuscitative endovascular balloon occlusion of the aorta. J Am Coll Surg
2017 [Epub ahead of print 14 Dec 2017].
19 Prytime Medical. ER-REBOA catheter instructions for use. http://prytimemedical.com/
wp-content/uploads/2 016/07/7001-01-Rev-A_Pryor-ER-REBOA-Instructions-for-Use.
pdf (accessed 2 Oct 2017).
20 Chen H, Slipchenko MN, Liu Y, Zhao X, Cheng JX, Lanir Y, Kassab GS. Biaxial
deformation of collagen and elastin fibers in coronary adventitia. J Appl Physiol
2013;115:1683–93.
21 Teng Z, Tang D, Zheng J, Woodard PK, Hoffman AH. An experimental study on the
ultimate strength of the adventitia and media of human atherosclerotic carotid
arteries in circumferential and axial directions. J Biomech 2009;42:2535–9.
22 Teng Z, Feng J, Zhang Y, Huang Y, Sutcliffe MP, Brown AJ, Jing Z, Gillard JH, Lu Q.
Layer- and direction-specific material properties, extreme extensibility and ultimate
material strength of human abdominal aorta and aneurysm: a uniaxial extension
study. Ann Biomed Eng 2015;43:2745–59.
23 Mohan D, Melvin JW. Failure properties of passive human aortic tissue. I – uniaxial
tension tests. J Biomech 1982;15:887–902.
24 Morrison JJ, Stannard A, Midwinter MJ, Sharon DJ, Eliason JL, Rasmussen
TE. Prospective evaluation of the correlation between torso height and aortic
anatomy in respect of a fluoroscopy free aortic balloon occlusion system. Surgery
2014;155:1044–51.
25 Kamenskiy A, Miserlis D, Adamson P, Adamson M, Knowles T, Neme J, Koutakis P,
Phillips N, Pipinos I, MacTaggart J. Patient demographics and cardiovascular risk
factors differentially influence geometric remodeling of the aorta compared with the
peripheral arteries. Surgery 2015;158:1617–27.
26 Norii T, Miyata S, Terasaka Y, Guliani S, Lu SW, Crandall C. Resuscitative endovascular
balloon occlusion of the aorta in trauma patients in youth. J Trauma Acute Care Surg
2017;82:915–20.
27 Uchida K, Homma H, Oda J, Yukioka T, Nagai N, Mishima S, Ohta S. Hemostasis with
emergently modified application of intra-aortic balloon occlusion in a patient with
impending cardiac arrest following blunt proximal thigh amputation. Acute Med Surg
2015;2:69–71.

Wasicek PJ, et al. Trauma Surg Acute Care Open 2018;3:1–6. doi:10.1136/tsaco-2017-000141

5

Trauma Surg Acute Care Open: first published as 10.1136/tsaco-2017-000141 on 24 January 2018. Downloaded from http://tsaco.bmj.com/ on May 26, 2022 by guest. Protected by
copyright.

improvement in hemodynamics, as well as utilization of imaging
to confirm adequate occlusion. We have incorporated these
considerations into our practice patterns and have also assimilated these findings within our REBOA teaching course, the
BEST course.28
This study has several limitations. The current study examined a relatively small number of aortas with a limited range of
vessel diameters, which largely relates to the phylogenetic differences between swine and humans. Despite a similar body weight,
swine do have a smaller aorta than human subjects. Importantly
though, the current study and literature suggest that the greatest
issues are encountered in smaller vessels. Additional study with
a higher power and a wider range of aortic diameters would be
helpful in defining a more precise circumferential stretch failure
threshold.
The current study deliberately does not report histological
examination, because the ex vivo nature of the current model
may affect how the tissue responds to balloon occlusion on a
microscopic level. Furthermore, the interaction of the balloon–
arterial wall interface may also be different in vitro compared
with an in vivo model.
These limitations should be taken into consideration when
applying the study’s findings to future catheter design, especially
regarding the generalizability of the findings of the directionality
of aortic rupture. Lastly, only one catheter type was tested in this
study, and it is unclear whether or not other balloon catheters of
differing specifications would result in similar results given the
anisotropic nature of the aorta.
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