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Abstract
Introduction  Resuscitative endovascular balloon occlusion of the aorta (REBOA) increases proximal arterial pressure, but 
may also induce life-threatening distal ischemia. Partial REBOA (P-REBOA) is thought to mitigate distal ischemia during 
aortic occlusion. However, feasible indicators of the degree of P-REBOA remain inconsistent. We hypothesised percent bal-
loon volume could be a substitute for pressure measurements of gradients during P- REBOA. This study aimed to compare 
balloon volume and arterial pressure gradient, and analysed with intra-balloon pressure and balloon shape.
Methods  Proximal (carotid) and distal (femoral) arterial pressures were recorded and a 7-Fr REBOA catheter was placed 
in four swine. Total REBOA was defined as a cessation of distal pulse pressure and maximum balloon volume was docu-
mented. The balloon volume was titrated by 20% increments of maximum capacity to adjust the degree of P-REBOA. The 
distal/proximal arterial pressure gradient and the intra-balloon pressures were also recorded. The changes in shape and the 
cross-sectional area of the balloon were evaluated with computed tomography (CT) images.
Results  The proximal mean arterial pressure (MAP) plateaued after 60% balloon volume; meanwhile, distal pulse pressure 
was still left. The balloon pressure was traced with proximal MAP before contact with aortic wall. The balloon shape changed 
unevenly from “cone” to “spindle” shape, although the balloon cross-sectional area of the mid-segment linearly increased.
Conclusion  Monitoring distal pressure and titrating percent balloon volume is feasible to manage P-REBOA. In this experi-
ment, 60% balloon volume was enough inflation to elevate central pressure allowing distal perfusion. The intra-balloon 
pressure was not reliable due to the strong influence of proximal MAP and uneven change of the balloon shape.
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Introduction

Resuscitative endovascular balloon occlusion of the aorta 
(REBOA) is recognised as feasible as a supplementary tool 
in certain conditions in haemorrhagic shock [1–4]. REBOA 
increases proximal blood pressure through the minimally 
invasive aortic occlusion, but can induce distal ischemia in 
visceral organs and the lower extremities, and may be life- or 
limb-threatening [5–8].

Partial REBOA (P-REBOA) may extend the golden hour 
[9] or survival period [10–13] by mitigating distal ischemia in 
animal experiments. The compatibility and feasibility of com-
puted tomography (CT) in the evaluation of partial REBOA 
was reported in a swine model [14]. A previous translational 
study defined the widest cross-sectional area of the balloon 
(and percentage occlusion of the aorta) as the degree of 
P-REBOA. The results demonstrated a correlation between 
percentage occlusion and balloon pressure, femoral mean arte-
rial pressure, and distal/proximal pressure gradient [15].

Despite recent research, the definition and evaluation of the 
degree of P-REBOA remain inconsistent. In previous studies, 
the balloon was inflated until pulsatile distal aortic pressure 
was lost as complete REBOA (100%) [11, 16]. P-REBOA 
was defined as 50% [16] or 60–70% [11] proximal to distal 
aortic pressure gradient, presence of pulsatile flow on a distal 
pressure monitor [14] in translational research, or proximal 
systolic blood pressure > 90 mmHg in a clinical setting [9]. 
The degree of P-REBOA was evaluated using the incremental 
change in balloon volume according to aortic flow [17, 18] or 
widest cross-sectional area of the balloon [15]. However, nei-
ther of which can be evaluated in clinical practice. The aortic 
pressure gradient [11, 15, 16], balloon volume [15, 17], and 
balloon pressure [15] were also evaluated as potential indica-
tors of the degree of P-REBOA, but the interpretation remains 
inconsistent.

We hypothesised that percent balloon volume (100% bal-
loon volume is defined as the balloon volume at extinguish-
ment of distal aortic pulsatile pressure) could be a substitute 
for pressure measurements of gradients during P- REBOA. 
This study aimed to evaluate the changes in arterial pressure 
gradients, intra-balloon pressure, and CT images at different 
percent inflation. The primary experimental outcome was 
proximal and distal arterial pressure, and the secondary vari-
able was intra-balloon pressure. Since swine has similar anat-
omy to human, we employed a swine model to observe physi-
ological response, which cannot be found in the simulators.

Methods

Overview

This study was conducted in an accredited animal research 
laboratory (Centre for Development of Advanced Medi-
cal Technology, Jichi Medical University, Tochigi, Japan). 
Institutional Animal Experiment Committee approval was 
obtained before beginning the study (authorisation num-
ber 17045-01). Five healthy female non-pregnant domes-
tic pigs were obtained from Sanesu Breeding Co., Ltd. 
(Chiba, Japan) for this study. The first animal was used 
for model verification to minimise the technical error and 
effects of subjective bias and the remaining four animals 
were used for analysis. The sample size was estimated with 
the reproducibility of time–density curve analysis of CT 
data in the repeated scan of a model verification animal 
and determined to minimise the number of experimental 
animals in the Institutional Animal Experiment Commit-
tee. Animals were housed in quarantine for a minimum of 
7 days and they were fasted for 24 h with free access to 
water prior to enrolment in the study protocol. At the time 
of experimentation, animals were between 3 and 4 months 
of age, weighing 35–45 kg.

Animal preparation

Animals were pre-medicated with 0.06 mg/kg medeto-
midine (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, 
Japan) and 0.3 mg/kg midazolam (Astellas Pharma Inc., 
Tokyo, Japan), and received 0.08 mg/kg atropine (Mit-
subishi Tanabe Pharma Corporation, Osaka, Japan) intra-
muscularly. After confirmation of sedation and endotra-
cheal intubation, maintenance anaesthesia consisted of 3% 
sevoflurane in 100% oxygen. Animals were mechanically 
ventilated with tidal volumes of 7–10 mL/kg and a respira-
tory rate of 10–15 breaths per minute to maintain end-tidal 
CO2 at 40 ± 5 mmHg and FIO2 at 0.4, unless hypoxia was 
observed. The pigs were placed on a warming blanket set 
at 39 °C.

After induction of general anaesthesia, the right neck 
was exposed. An arterial catheter was placed in the right 
carotid artery for proximal pressure monitoring and blood 
sampling, with a central venous catheter in the right jugu-
lar vein. Both groins were exposed and a 9-Fr sheath was 
placed in the right femoral artery for insertion of a 7-Fr 
polyurethane REBOA catheter (Rescue Balloon®, Tokai 
Medical Products, Aichi, Japan; maximum diameter of 
40 mm with inflation volume of 42 mL). An arterial line 
was placed in the left femoral artery for distal pressure 
monitoring. A large sheath size was chosen to ensure 



1025Distal pressure monitoring and titration with percent balloon volume: feasible management…

1 3

atraumatic balloon catheter removal, allowing for repeated 
use. Heparinised saline alone was used for flushing of 
sheaths and no systemic anticoagulation was administered. 
Acetated Ringer’s solution was infused to ensure stroke 
volume variation of 13%. The animal was transferred to 
the CT scanner (SOMATOM Definition AS + [128-slice], 
Siemens Healthcare GmbH, Erlangen, Germany) under 
general anaesthesia. The REBOA catheter was deployed in 
the thoracic aorta and balloon position was verified above 
the diaphragm with a CT scout view (Fig. 1). The REBOA 
catheter was sutured to the skin and the balloon was gradu-
ally inflated with normal saline under close monitoring of 
distal pressure. Total REBOA was defined when the distal 
pulse pressure entirely ceased; thus, it is not correlated 
with the size of the aorta. The balloon volume needed 
to obtain total REBOA was recorded in each animal. At 
total REBOA inflation, increased proximal pressure was 
confirmed, and catheter position was ensured to prevent 
downstream migration.

Once an inflation cycle from 0 to 100% was completed, 
the study was terminated, and the animals were euthanised 
with the maximum dose of sevoflurane and intravenous 
injection of 1 mg/kg of potassium chloride.

Proximal or distal arterial pressure 
and intra‑balloon pressure

The proximal (carotid) and distal (femoral) artery pressures 
were measured during incremental changes of balloon vol-
ume in P-REBOA. The distal/proximal pressure gradient 
was also calculated. The intra-balloon pressure was also 
measured at every incremental degree of occlusion. The bal-
loon inflation lumen was connected to the proximal pressure 
line via a 3-way stopcock and balloon pressure was recorded 
after enhanced scanning at each degree of occlusion.

CT imaging of balloon shape during P‑REBOA

The contrast-enhanced CT images of the animals were 
obtained for each increment of maximum balloon volume 
by 20% of total REBOA (0, 20, 40, 60, 80, 100%) to evalu-
ate the cross-sectional diameter and shape of the balloon 
during P-REBOA. A scan cycle at each degree of occlusion 
included non-contrast and contrast-enhanced images. Non-
contrast images were obtained to verify the balloon level at 
zone 1 (above the diaphragm) during P-REBOA. For con-
trast enhancement, a 600-mg iodine/kg bolus of iopamidol 
(300 mg iodine/mL Iopaque®, Fuji Pharma, Tokyo, Japan) 
was administered intravenously through the right jugu-
lar vein over 30 s followed by flushing with 10 cc of 0.9% 
saline; then, the animal was scanned at 150 s after initiation 
of injection. The balloon was deflated soon after the scan to 
minimise ischemia (approximately 150 s/scan, performed six 
times). The scan range was from the balloon top to the upper 
abdomen to evaluate balloon shape at each degree of occlu-
sion (Fig. 1). The images were reconstructed and analysed 
analysed with a 3D workstation (Ziostation2® PLUS Classic 
S, Ziosoft Inc., Tokyo, Japan). The balloon shape was evalu-
ated in 3D volume rendering images. We then measured 
the cross-sectional area of the aorta and balloon. Acetated 
Ringer’s solution was infused continuously to wash out the 
contrast between every scan cycle of approximately 30 min.

Anatomical and physiologic evaluation

Physiologic and laboratory parameters were recorded. 
Arterial pressure-based cardiac output was measured with 
EV1000® (Edwards Lifesciences, Irvine, CA, USA) through 
the femoral artery. Arterial blood specimens were analysed 
with a blood gas analyser (iSTAT​® blood gas analyser, 
CG4 +, CG8 +, EC4 +, Abbott Point of Care Inc., Prince-
ton, NJ, USA).

Statistical analysis

Data were presented as mean ± standard deviation (SD). 
Linear regression analysis was performed using GraphPad 

Fig. 1   Scan range of computed tomography. Scout view; balloon 
positioning. Non-contrast scan confirm catheter and balloon posi-
tion. Non-enhanced, 3-mm slice, supra-diaphragm to entire abdomen. 
Contrast-enhanced scan; diameter and shape of inflated balloon and 
aorta. 150 s, 3-mm slice, balloon to upper abdomen
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Prism 6.07 for Windows (GraphPad Software Inc., La Jolla, 
CA, USA).

Results

All experimental animals were anaesthetised and underwent 
surgical procedures safely. No adverse event was observed 
throughout the entire experiment. This experiment used 
four animals for the analysis. The mean (± SD) length of the 
animals was 107.3 ± 5.9 cm and weight was 37.8 ± 4.2 kg. 
The balloon volume needed to obtain total REBOA was 10, 
10, 9.0, and 5.0 (8.5 ± 2.4) mL, respectively (Supplemental 
Table 1). Pre-occlusion arterial pressures, water balance, the 
data of blood gas analysis remained stable throughout the 
experiment (Supplemental Tables 2 and 3).

The proximal pressure increased then plateaued after 60% 
balloon volume. The distal MAP and the pressure gradient 
dropped sharply, then declined gradually after 60% balloon 
volume (Fig. 2). The balloon pressure was traced with proxi-
mal MAP then rose steeply after 60%, which is felt as tactile 
feedback with the aortic wall (Fig. 3).

The balloon shape did not change uniformly. It changed 
from “cone” to “spindle” by increasing the contact area 
with the aortic wall (Fig. 4). As the balloon inflated, the 
aortic cross-sectional area above the balloon expanded, 
while the area below the balloon shrank. The balloon 
cross-sectional area of the mid-segment linearly increased 
(Y = 0.016 × X + 0.50, R2 = 0.99, P = 0.0006) (Fig. 5).

Fig. 2   Proximal and distal 
arterial pressures and distal/
proximal gradient. The proximal 
pressure reached a plateau at 
60% of balloon volume (MAP, 
164 ± 14 mmHg). The distal 
pulse pressure decreased as 
occlusion increased. The 
distal pressure decreased and 
almost reached bottom at 60% 
of balloon volume (116 ± 15, 
84 ± 35, 59 ± 14, 36 ± 8, 31 ± 10, 
27 ± 2.7 mmHg, respectively). 
The distal/proximal pressure 
gradient decreased from 0 to 
60% rapidly, then gradually to 
100% (1.04 ± 0.06, 0.65 ± 0.24, 
0.39 ± 0.10, 0.22 ± 0.06, 
0.19 ± 0.06, 0.17 ± 0.02, respec-
tively)
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Fig. 3   Balloon pressure and proximal mean arterial pressure. The 
balloon pressure and proximal mean arterial pressure were nearly 
traced when the balloon pressure increased after 80% inflation or 
more (0–100%, 112 ± 18, 136 ± 11, 153 ± 20, 170 ± 12, 231 ± 63, 
272 ± 57 mmHg)
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Discussion

The present study compared percent balloon volume with 
proximal and distal arterial pressures and analysed with 
balloon shape. An animal experiment was necessitated to 
investigate physiologic response during REBOA, because 
the patients undergoing REBOA/P-REBOA has high mor-
bidity and mortality. The proximal MAP plateaued after 
60% balloon volume; meanwhile, distal pulse pressure 
was still left. The balloon pressure was influenced with 
proximal MAP. The balloon shape changed unevenly from 

“cone” to “spindle” shape although the balloon cross-sec-
tional area of the mid-segment linearly increased.

The proximal MAP reached its plateau after 60% balloon 
volume, while the distal MAP, pulse pressure and distal/
proximal gradient declined gradually after 60% (Fig. 2). The 
distal MAP and pulse pressure dropped regardless of the 
plateau of the proximal MAP. It means that 60% balloon 
volume was the minimal inflation to reach plateau proxi-
mal pressure, while leaving distal pressure. Total REBOA 
is required to control distal arterial exsanguination; on the 
other hand, 60% balloon volume was enough to elevate 

Fig. 4   3D images of incremen-
tal balloon inflation during 
P-REBOA. The caudal side of 
the balloon was initially inflated 
and formed a “cone” shape; the 
balloon then became “spindle” 
shaped. The widest cross-
sectional balloon area occurred 
upon contact with the aortic 
wall at 40%; the contact area 
then widened as the balloon vol-
ume increased. Motion artefact 
was not negligible at 0 or 20% 
occlusion, probably because the 
balloon was not in contact with 
the aortic wall

Fig. 5   The changes in cross-
sectional area of the aorta and 
balloon. The proximal aorta has 
a larger area (2.12 ± 0.37 cm2) 
than that of the distal aorta 
(1.43 ± 0.32 cm2) before infla-
tion. The aortic area above 
and at the balloon level was 
increased as the balloon inflated 
and plateaued at 60% occlusion 
(2.36 ± 0.46 cm2 at 60%). The 
aortic area below the balloon 
shrank according to the bal-
loon inflation (0.75 ± 0.14 cm2 
at 100% occlusion). The 
cross-sectional area at mid-
segment of the balloon linearly 
increased as the balloon inflated 
(Y = 0.016 × X + 0.50, R2 = 0.99, 
P = 0.0006) and it reached 
the same area as the aorta at 
2.19 ± 0.56 cm2
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central pressure allowing distal perfusion. Previously 
reported REBOA algorithms [19, 20] were based on haemo-
dynamic instability and haemorrhage location diagnosed 
with X-ray and FAST examination, but did not include the 
concept of P-REBOA. Many Japanese centres have utilised 
P-REBOA, which is simply titrated to maintain the proximal 
SBP over 90 mmHg [2]. Our results added value to the cur-
rent algorithm and would recommend that monitoring distal 
pressure to define 100% balloon volume and titrating at 60% 
to manage P-REBOA allowing distal perfusion.

The balloon is often adjusted with tactile feedback; 
thus, the analysis of balloon pressure is necessary to man-
age P-REBOA safely and to avoid over inflation. The vol-
ume–pressure curve precisely traced that of proximal MAP 
from 0 to 60% of the balloon. Namely, the intra-balloon 
pressure was strongly influenced by proximal MAP before 
contact with the aortic wall. The aortic flow pushes down 
the broadest segment; thus, the balloon forms “cone” shape 
first then turned “spindle” shape. The combination of com-
pliant occlusion balloon and non-compliant “spine” bal-
loon may be beneficial to avoid uneven changes in balloon 
shapes [21]. Afterwards, the balloon pressure increased 
steeply (Fig. 3) due to irregular changes in balloon shape 
by increasing the contact area with the aortic wall (Fig. 4). 
The balloon pressure was affected by compliance, proxi-
mal MAP, and contact with the aortic wall, which is not 
reliable in the management of P-REBOA. The balloon area 
at the mid-segment increased linearly according to volume 
(Fig. 5), which is not clinically measurable. Future balloon 
design would be helpful to titrate P-REBOA precisely. A 
newer catheter which has non-compliant “spine” balloon 
was developed for P-REBOA and has recently suggested in 
the swine model [14].

This research has several limitations. First, this animal 
model did not mimic haemorrhagic shock status. Although 
100% balloon volume defined by distal pulse pressure is 
not correlated with the size of the aorta, arterial pressures 
or aortic area may be altered by hypovolemia. Second, the 
arterial pressure may not indicate organ perfusion, which 
should ideally be evaluated to avoid ischemic complications. 
Third, the relationship to aortic flow was not assessed in 
this study. Despite these limitations, the analysis of percent 
balloon volume and arterial pressure would contribute to a 
better understanding of P-REBOA.

Conclusion

Monitoring distal pressure and titrating percent balloon vol-
ume is feasible to manage P-REBOA. In this experiment, 
60% balloon volume was enough inflation to elevate cen-
tral pressure allowing distal perfusion, while total REBOA 
controls distal arterial exsanguination. The intra-balloon 

pressure was not reliable due to the strong influence of proxi-
mal MAP and uneven change of the balloon shape.
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