www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

Organ ischemia during partial
resuscitative endovascular balloon
occlusion of the aorta: Dynamic 4D
Computed tomography in swine

Yosuke Matsumura®*, Akiko Higashi?, Yoshimitsu Izawa?3, Shuji Hishikawa*, Hiroshi Kondo®,
Viktor Reva®, Shigeto Oda* & Junichi Matsumoto’

Resuscitative endovascular balloon occlusion of the aorta (REBOA) increases proximal pressure, and
simultaneously induces distal ischemia. We aimed to evaluate organ ischemia during partial REBOA
(P-REBOA) with computed tomography (CT) perfusion in a swine model. The maximum balloon volume
was recorded as total REBOA when the distal pulse pressure ceased. The animals (n = 4) were scanned
at each 20% of the maximum balloon volume, and time-density curve (TDC) were analysed at the
aorta, portal vein (PV), liver parenchyma, and superior mesenteric vein (SMV, indicating mesenteric
perfusion). The area under the TDC (AUTDC), the time to peak (TTP), and four-dimensional volume-
rendering images (4D-VR) were evaluated. The TDC of the both upper and lower aorta showed an
increased peak and delayed TTP. The TDC of the PV, liver, and SMV showed a decreased peak and
delayed TTP. The dynamic 4D-CT analysis suggested that organ perfusion changes according to balloon
volume. The AUTDC at the PV, liver, and SMV decreased linearly with balloon inflation percentage to
the maximum volume. 4D-VR demonstrated the delay of the washout in the aorta and retrograde flow
at the inferior vena cava in the highly occluded status.

Resuscitative endovascular balloon occlusion of the aorta (REBOA) has been recently accepted as a feasible
method of resuscitation in patients with refractory haemorrhagic shock!->. REBOA increases proximal blood
pressure through the minimally invasive aortic occlusion?. However, it induces distal ischaemia of the visceral
organs and lower extremities, which causes inflammatory sequelae® and may be life threatening or limb threaten-
ing®®. Thus, investigating organ ischaemia during REBOA is essential, and a better understanding may contribute
to the safer resuscitation of patients with haemorrhagic shock.

Currently, partial REBOA (P-REBOA) is believed to mitigate distal ischaemia and to extend survival®'2. To
evaluate the degree of P-REBOA, computed tomography (CT) imaging has been employed in a swine model'*-'°.
The widest cross-sectional area of the balloon and the proximal or distal pressure were also used to define the
degree of P-REBOA'®.

However, despite recent studies, the association between the degree of P-REBOA and distal organ ischaemia
has not been evaluated yet. Proximal and distal pressures are clinically measurable; however, arterial pressure
may not necessarily indicate blood flow or organ ischaemia. To avoid organ dysfunction, organ ischaemia during
REBOA should be investigated.

Recent advancements in CT scan technology have enabled visualising organ ischaemia, and this modality has
been utilised in cerebral, myocardial, or visceral organs'’-%. The objective of this study was to investigate organ
ischaemia during staged P-REBOA. We analysed the time-density curve (TDC) of dynamic four dimensional
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Figure 1. Scanning protocol (1) Scout view. Balloon positioning. (2) Pre-perfusion scan. Confirmation of

the position of the inflated balloon. Non-enhanced, 3-mm slice. Scan range: from the supra-diaphragm to the
entire abdomen. (3) Computed tomography perfusion. Blood flow and organ ischaemia. 3-mm slice Temporal
resolution, 2 s +4s (multiple), 49 phases. Scan range: 204 mm from the top of the liver (69 slices). Tube
potential, 120 kV; Tube current, 320 mA; Rotation time, 0.3 sec.

(4D)-CT in a swine model, which has similar anatomy to human, and investigated the correlation of inflated
balloon volume and organ ischaemia or visceral blood flow.

Materials and methods

Overview. This study was conducted in an accredited animal research laboratory (Center for Development of
Advanced Medical Technology, Jichi Medical University, Tochigi, Japan). Approval was obtained from the Animal
Experiment Committee at Center for Experimental Medicine, Jichi Medical University prior to conducting the
study (authorisation no. 17045-01). All methods were carried out in accordance with relevant guidelines and
regulations. Healthy female non-pregnant domestic pigs (n=>5) were obtained from Sanesu Breeding Co., Ltd.
(Chiba, Japan) and used in the present study. The first animal was used for model verification to minimise the
technical error and effects of subjective bias, and the remaining 4 animals were used for analysis. Previous ani-
mal study’® used six subjects for evaluation of the partial REBOA. We evaluated the results of first four animals,
which had acceptable reproducibility by investigators’ assessment. Thus we did not add the further experimental
animals by the “Reduction” principle in the animal welfare. The animals were quarantined for a minimum of
7 days and fasted for 24 h with free access to water before enrolment in the experimental protocol. At the time
of experimentation, the animals were between 3 and 4 months of age and weighed 35-45kg. The experimental
protocol included two phases: animal preparation and dynamic 4D-CT scan with P-REBOA, followed by analysis
of CT data.

Animal preparation. The animals were premedicated in the intramuscularly with 0.06 mg/kg medetomi-
dine (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan), 0.3 mg/kg midazolam (Astellas Pharma Inc., Tokyo,
Japan), and 0.08 mg/kg atropine (Mitsubishi Tanabe Pharma Corporation, Osaka, Japan) at 9 am in the animal
cage. After confirmation of sedation and endotracheal intubation in the animal operation room, maintenance
anaesthesia consisting of 3% sevoflurane was induced and 1% propofol was injected intravenously as needed
(Maruishi Pharmaceutical Co. Ltd, Osaka, Japan). The animals were mechanically ventilated with tidal volumes
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Figure 2. Time-density curve in the upper aorta under a regulated occlusion volume in partial resuscitative
endovascular balloon occlusion of the aorta. The peak density of the time-density curve increased and the time
to peak was delayed as the balloon volume increased.
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Figure 3. Time-density curve in the lower aorta under a regulated occlusion volume in partial resuscitative
endovascular balloon occlusion of the aorta. The peak density of the time-density curve increased and the time
to peak was delayed as the balloon volume increased.
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(0% [20%  [a0%  [eow  [s0%  [100%
Upper aorta
1 [344 [360 344 384 424 424
2 |360 347 32.0 40.0 440 427
3 |384 384 1024 440 48.0 505
4 360 |344 36.0 384 40.0 44.0
Lower aorta
1 344 22.4 36.0 38.4 44.0 42.4
2 320 320 427 40.0 56.0 46.7
3 38.4 36.0 40.0 40.0 52.0 54.5
4 320 360 344 424 424 46.5
IvVC
1 [400 520 48.0 60.0 68.0 624
2 400 |40 72.0 88.1 387 347
3 400 |[480 56.0 745 36.0 40.0
4 |480 465 48.0 545 1081 | 320
RHV
1 [584 [704 78.5 1081 | 721 72.1
2 88.1 96.1 108.1 74.7 38.7 36.0
3 |8s1 | 1041 1081 | 384 344 424
4 |800 |785 1041 | 1041 | 841 40.0
PV
1 [464 520 50.4 1001|560 108.1
2 440 |360 68.0 92.1 80.0 20.0
3 520 600 96.1 745 1041 | 224
4 |520 520 60.0 72.0 1081 | 745
Liver
1 58.4 66.4 70.4 104.1 108.1 7.9
2 |760 |ss1 92.1 74.7 92.1 15.9
3 |705 1041 | 1081 | 961 625 60.0
4 705 640 92.1 1041 | 1041 | 785
SMV
1 441 48.8 48.8 104.1 72.1 88.1
2 |533 |493 76.1 1081 | 132 40
3 614 60.1 72.1 80.1 13.3 61.4
4 |481 489 56.9 76.1 1041 | 88.1

Table 1. Changes in the time to peak according to degree of P-REBOA. Data are mean = standard deviation
in seconds. P-REBOA, partial resuscitative endovascular balloon occlusion of the aorta; PV, portal vein; SMV,
superior mesenteric vein.

of 7-10 mL/kg and a respiratory rate of 10-15 breaths/min, which were sufficient to maintain the end-tidal CO,
at 40 £ 5 mmHg. The pigs were placed on a warming blanket set at 39 °C to maintain body temperature.

Surgical procedures and REBOA placement.  After general anaesthesia induction, the right neck was
exposed, and an arterial line was catheterised for proximal pressure monitoring and blood sampling into the right
carotid artery. A central venous catheter was placed into the right jugular vein. Both groins were exposed, and a
9-Fr sheath was placed into the right femoral artery for insertion of a 7-Fr REBOA catheter (Rescue Balloon®;
Tokai Medical Products, Aichi, Japan). Then, an arterial line was placed into the left femoral artery for distal
pressure monitoring. A large sheath size was chosen to ensure the atraumatic removal of the balloon catheter,
allowing for repeated use. Heparinised saline was used only for flushing of sheaths, and no systemic antico-
agulation was administered. Acetated Ringer’s solution was infused to ensure that the stroke volume variation
was 13%. The animals were transferred to the CT scanner (SOMATOM?® Definition AS + [128-slice]; Siemens
Healthcare GmbH, Erlangen, Germany) while maintaining general anaesthesia. A REBOA catheter was deployed
into the thoracic aorta, with the balloon position maintained above the diaphragm level with a CT scout view.
The REBOA catheter was fixed to the skin, and the balloon was gradually inflated with close monitoring of distal
pressure. Total REBOA was defined as the complete cessation of the distal pulse pressure, and the maximum
balloon volume at total REBOA was documented in each animal described in our previous study?!. At the total
REBOA inflation, increased proximal pressure was confirmed, and the catheter position was maintained, prevent-
ing downstream migration (Fig. 1).
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0% [20%  J40%  [60% [s0% [100%
Upper aorta
1 [3102 |2736 |2004 |3705 |4054 | 3892
2 2666 |2965 |330.1 |4079 |3746 | 6428
3 2822 |3062 |3454 |3360 |3628 | 3632
4 3523 |3038 3555 |3272 |4534 | 3717

Lower aorta
1 |301.8 3414 289.4 369.4 405.0 414.6
2 |2621 249.3 335.5 404.5 325.3 420.5
3 |330.7 317.9 374.0 403.3 414.2 377.0
4 |372.8 339.8 336.8 348.8 421.1 407.1

IvC

1 1755 90.3 119.1 83.0 94.0 90.2
2 1573 129.9 103.6 68.4 302.9 169.4
3 11796 189.8 159.0 359 404.8 488.8
4 |2241 177.8 199.1 160.7 90.4 40.0
RHV

1 |163.2 138.6 122.3 43.6 86.5 77.7
2 1102 112.0 57.9 19.6 273.9 178.5
3 | 1116 93.2 61.0 453 384.1 341.0
4 11599 125.0 116.5 87.3 62.7 31.3
PV

1 176.5 130.2 146.5 103.5 15.1 52

2 | 137.1 144.6 103.4 14.3 31.5 58

3 | 1275 104.1 98.1 29.7 11.2 7.2

4 1190.4 186.1 165.6 136.5 1114 27.8
Liver

1 |838 67.1 72.1 42.7 2.0 15.0
2 1608 60.5 50.9 13.4 9.1 7.1

3 | 684 55.5 53.6 10.2 27.3 33.5
4 782 68.4 71.6 59.4 19.7 6.9
SMV

1 195.8 143.3 141.5 111.2 8.8 9.8

2 1431 157.6 132.2 227 10.9 20.1
3 | 1576 106.7 109.4 37.0 30.2 38.0
4 12079 182.7 162.4 148.0 104.8 234

Table 2. Changes in the peak value in the time density curve according to degree of P-REBOA. Data are
mean = standard deviation in Hounsfield units. P-REBOA, partial resuscitative endovascular balloon occlusion
of the aorta; PV, portal vein; SMV, superior mesenteric vein.

Dynamic 4D-CT scan. To evaluate the changes in organ perfusion according to the degree of P-REBOA,
the animals were scanned by changing every 20% of the maximum balloon volume. A scan cycle included a
pre-perfusion scan and a dynamic 4D-CT scan (Fig. 1). The pre-perfusion scan obtained a non-enhanced image
by scanning from the supra-diaphragm level to the entire abdomen to confirm the position of the inflated bal-
loon. For the dynamic 4D-CT, a 600 mg iodine/kg bolus of iopamidol (300 mg iodine/mL Iopaque®; FujiPharma,
Tokyo, Japan) was administered intravenously in 30 s followed by flushing with 10 mL of 0.9% saline through the
right jugular vein. The dynamic 4D-CT scan was initiated at the beginning of contrast injection followed by 48
phases (2s, 40 phases; 4, 8 phases) of scanning with multiple temporal resolutions, including a scan range of
204 mm from the top of the liver. Acetated Ringer’s solution was infused continuously to wash out the contrast
material between every scan cycle of approximately 30 min. The 4D-volume rendering (VR) images were gener-
ated from the CT data to visualize the blood flow and solid organ enhancement. The images were reconstructed
and analyzed with a 3D workstation (Ziostation2® PLUS Classic S, Ziosoft Inc., Tokyo, Japan), then combined
with Apowersoft video converter V4.8.4.23 (Apowersoft Ltd, Hong Kong).

Analysis of the TDC. The dynamic 4D-CT data were analysed at three different scan levels. The section
where the upper aorta, inferior vena cava (IVC), right hepatic vein (RHV), portal vein (PV), and liver paren-
chyma are all displayed in a cross-sectional view was defined as the upper section. The middle section was chosen
for the TDC of SMV. The SMV merges with splenic vein and becomes PV (merge point). The middle section was
defined as the slice at 6 mm caudal side from the merge point. The lower section is the most distal scan range
(approximately 13 cm distal from the upper section) (Supplement 1). The upper aorta, IVC, RHV, PV, and liver
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Figure 4. Time-density curve in the inferior vena cava under a regulated occlusion volume in partial
resuscitative endovascular balloon occlusion of the aorta. The peak density the time-density curve decreased
gradually and the time to peak was delayed as the balloon volume increased until 60%. Two individuals
demonstrated sudden increased enhancement at the analyzed level.

parenchyma were analysed on the upper section by a region of interest (ROI). The SMV was evaluated on the
middle section, and the lower aorta was analysed on the lower section, respectively. We drew the TDCs for the
evaluation of blood flow and organ ischaemia. The TDC was calculated using the elevation from the baseline,
because the baseline density at each scan was not the same, and was different among each subject. The PV or liver
was evaluated as an indicator of the liver perfusion, and the SMV was evaluated as an indicator of the mesenteric
perfusion. The TDC was plotted, and the time to peak (T'TP) was determined in each region of interest.

The area under the TDC (AUTDC) was calculated as a primary analysis to evaluate the changes in perfusion
caused by changes in the degree of occlusion. The change rate of the AUTDC was assessed as a secondary analysis
based on the non-occluded status (0% occlusion) as a reference. Density was described in Hounsfield units (HU),
and time was described in seconds (s). The degree of P-REBOA and the percentage changes in the AUC of the
TDC were analysed with linear regression using GraphPad Prism 6.07 for Windows (GraphPad Software Inc., La
Jolla, CA, USA).

Ethical approval. This study was conducted in an accredited animal research laboratory (Centre for
Development of Advanced Medical Technology, Jichi Medical University, Tochigi, Japan). Institutional Animal
Experiment Committee approval was obtained before beginning the study (authorization number 17045-01).

Results

All experimental animals were anaesthetised and underwent surgical procedures safely. No adverse event was
observed throughout the entire experiment. Four animals were analysed, the length was 107.3 5.9 cm, and the
weight was 37.8 £4.2kg.

The 4D-VR images demonstrated entire blood flow and organ perfusion (Video). The peak density in the aorta
increased, and the TTP was delayed according to the inflation of the balloon. The density was more increased in
the upper aorta but demonstrated the same trend. (Figs. 2 and 3). The TTP was delayed at the balloon volume of
>40% (Table 1), and the peak density was increased according to the balloon inflation (Table 2). The contrast in
the aorta was washed out rapidly in the 0% but remained at the end of the scan in the 100% (Video).

The TDC of the IVC and RHYV showed irregular patterns. The peak density at the IVC and RHV decreased,
and the TTP was delayed during the non-occluded or less occluded condition (0-60%). Then, the peak suddenly
increased at 80% or more (Figs. 4 and 5). The TTP became shorter at 80% and 100% occlusion (Table 1). The
4D-VR images demonstrated that the contrast in the IVC came from the caudal side in the 0 to 40% occlusion,
while it came from the cranial side in the 80 and 100% occlusion (Video).
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Figure 5. Time-density curve in the right hepatic vein under a regulated occlusion volume in partial
resuscitative endovascular balloon occlusion of the aorta. The peak density the time-density curve decreased
gradually and the time to peak was delayed as the balloon volume increased until 60%. Two individuals
demonstrated sudden increased enhancement at the analyzed level.

The TDC of the PV, liver parenchyma, and SMV presented similar patterns. The peak density decreased and
the TTP was delayed as the occlusion degree increased from 0% to 80%. The TDC did not show a clear peak den-
sity at 100% occlusion (Figs. 6, 7 and 8). The AUTDC of the PV or liver, and that of the SMV decreased linearly as
the occlusion volume increased (PV, Y = —1.071*X + 106.8, r>=0.972, P =0.0003; liver, Y = —1.050*X + 101.8,
r?=0.933,P=0.0017; SMV, Y = —0.985*X + 100.3, r>=0.952, P =0.0009) (Fig. 9).

Discussion

This is the first study to demonstrate blood flow and organ ischaemia during P-REBOA by analysing TDC of
dynamic 4D-CT. The TDC of both upper and lower aorta showed an elevated peak, delayed TTP, and increased
AUTDC as the occlusion degree increased. The TDC of the PV or liver, and that of the SMV demonstrated a
declined peak, delayed TTP, and linearly decreased AUTDC as the occlusion degree increased.

Interestingly, the TDC of the aorta showed a higher peak density, delayed TTP, and increased AUC with
increased balloon inflation volume. This trend was sharply observed at the upper aorta than the lower aorta.
Although the aortic blood flow and distal pressure decreased, the peak density increased even when the balloon
volume was at the maximum, which was predefined as the cessation of distal pulse pressure. It is speculated
that the balloon and aortic wall were not watertight, and blood and the contrast flowed distally even when the
distal pressure ceased. The 4D-VR images clearly visualized that aortic balloon itself interrupted to wash-out the
contrast in the aorta; thus, the contrast material remained in the aorta in the highly occluded status. As a result,
the high degree aortic occlusion led augmented and prolonged enhancement, which could explain the increased
peak and AUTDC. Complete blockade of aortic flow without any enhancement of the distal aorta may require
overinflation after the cessation of the distal pulse pressure.

The TDC of the IVC and RHV showed a sudden change in the curve pattern at high degrees of inflation. The
peak density and AUTDC gradually decreased from 0% to 60% occlusion, then suddenly increased at 80%. The
TTP came earlier at >80% occlusion. This sudden change at 80% could be explained by contrast overflow to the
IVC from the SVC. The 4D-VR images visualized the retrograde flow in the IVC from the cranial side, which also
caused the sudden changes of the TDCs in the IVC or RHV. The flow of the SVC was accelerated, and that of the
IVC was decelerated by caval congestion and elevated aortic afterload. This phenomenon presumably indicated
that a high degree (>>80%) occlusion increased the central venous pressure, which may exacerbate venous haem-
orrhage, including retrohepatic caval injury or right renal plexus injury.

In our experiment, the PV or liver parenchyma, and the SMV presented a reasonable pattern. The peak den-
sity decreased; the TTP was delayed (not valid results at 100% because of no inflow contrast); and the AUTDC
linearly decreased as the occlusion degree increased. The most life-threatening complication of zone I REBOA
is liver or mesenteric ischaemia, resulting in irreversible hyperlactatemia and circulatory shock. The TDC of the
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Figure 6. Time-density curve in the portal vein under a regulated occlusion volume in partial resuscitative
endovascular balloon occlusion of the aorta. The peak density the time-density curve decreased gradually and
the time to peak was delayed as the balloon volume increased.
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Figure 7. Time-density curve in the liver parenchyma under a regulated occlusion volume in partial
resuscitative endovascular balloon occlusion of the aorta. The peak density the time-density curve decreased
gradually and the time to peak was delayed as the balloon volume increased.
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Figure 8. Time-density curve in the superior mesenteric vein a regulated occlusion volume in partial
resuscitative endovascular balloon occlusion of the aorta. The peak density the time-density curve decreased
gradually and the time to peak was delayed as the balloon volume increased.
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Figure 9. The Change rate of the area under the time-density curve (AUTDC) under regulated occlusion
volume in partial resuscitative endovascular balloon occlusion of the aorta. The AUTDC of the aorta increased
as the occlusion volume increased (at >60% occlusion) (Y =0.730%X 4-81.9, r>=0.810, P=0.015). The AUTDC
of the portal vein (PV), liver parenchyma, and superior mesenteric vein (SMV) decreased linearly from 0% to
100% (PV, Y = —1.071*X +106.8, r>=0.972, P=0.0003; liver, Y = —1.050*X + 101.8, r>=0.933, P=0.0017;
SMV, Y = —0.985*X 4 100.3, r* = 0.952, P =0.0009). Video. Four dimensional-volume rendering images of the
dynamic computed tomography data. The degree of occlusion increases from 0% (upper left) to 100% (lower
right). The contrast in the aorta was washed out rapidly in the 0% but remains at the end of the scan in the 100%.
The contrast in the inferior vena cava (IVC) came from the caudal side in the 0 to 40% but came from the cranial
side in 80 and 100%. The IVC and hepatic vein were enhanced by the back flow in 80 and 100%.

PV or liver indicates liver perfusion and that of SMV indicates mesenteric perfusion. As described above, the
density of the aorta, IVC, or RHV was affected by aortic or caval congestion. However, the TDC of the PV and
liver, or that of the SMV might reflect the degree of occlusion and organ ischaemia. In other words, we assumed
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that the balloon volume might indicate the perfusion of the liver and small bowel during P-REBOA. Moreover,
the association of organ ischaemia and the duration of occlusion should be the subject of future investigations.

Several methods for the evaluation of blood flow or ischaemia have been reported. Microdialysis has been
used to evaluate ischaemia/reperfusion injury of the intestine??. Regional saturation of oxygen can be measured
to evaluate tissue oxygenation®. In a previous study, the sonographic flow was monitored during REBOA?*. The
lactate levels from the artery or SMV were measured to evaluate metabolic sequelae during P-REBOA%. Although
each method has shown benefits in evaluating blood flow, dynamic 4D-CT is a unique technique for evaluating
organ ischaemia quantitatively with minimum surgical invasion or vasospasm caused by operative procedures
such as laparotomy, exposure, or dissection.

Organ ischaemia is a vital issue in the management of patients undergoing REBOA. This is the first TDC anal-
ysis in which dynamic 4D-CT was used to evaluate visceral blood flow and organ ischaemia during P-REBOA.
However, this study has several limitations. First, the safety threshold of occlusion duration in each degree is still
unknown. Second, this experiment did not employ haemorrhagic shock, for which REBOA is usually utilised.
Third, the TDC was drawn by the average elevated density from the baseline. Thus, the individual differences and
motion artefacts impede the interpretation of the results, and the value of the quantitative evaluation is limited,
especially in the total REBOA (100% occlusion) settings. Fourth, the inflow location is used for TDC analysis,
such as brain perfusion. However, the arterial system was not suitable to evaluate the in the aortic occlusion
condition because of the interruption of the washout of the contrast, which can be a limitation of interpretation
of TDC:s. Fifth, this study could only evaluate the TDCs below the balloon due to the limited scan range of the
dynamic 4D-CT. Despite these limitations, this study presents a preliminary but novel model of organ ischaemia.
This essential scientific question cannot be addressed without the use of animals, and our experimental protocol
appropriately used research animals with minimising animal suffering. Further studies will reveal the detailed
relationship between the occlusion degree and organ ischaemia during P-REBOA.

Conclusions

The dynamic 4D-CT and TDCs demonstrated blood flow and organ perfusion during P-REBOA. The TDC of the
PV, SMV, and liver parenchyma may indicate liver and small-bowel perfusion. The AUTDC linearly decreased as
the occlusion volume increased. The delay of the washout in the aorta and retrograde IVC flow was observed in
the highly occluded status.
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