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Abstract
Purpose Combining resuscitative endovascular balloon occlusion of the aorta (REBOA) and the inferior vena cava 
(REBOVC) with open surgery is a new hybrid approach for treating retrohepatic vena caval injuries. We compared endovas-
cular total hepatic isolation with supraceliac REBOA ± suprahepatic REBOVC and no occlusion in experimental retrohepatic 
vena cava bleeding regarding survival, bleeding volume, hemodynamic stability, and arterial collateral blood flow.
Methods Twenty-five anesthetized pigs (n = 6–7/group) were randomized to REBOA; REBOA + REBOVC; REBOA + infra 
and suprahepatic REBOVC + portal vein occlusion (endovascular Heaney maneuver, four-balloon-occlusion, 4BO) or no 
occlusion. After balloon inflation, free bleeding was initiated from an open sheath in the retrohepatic vena cava. Bleeding 
volume, right internal thoracic artery (RITA) blood flow, hemodynamics, and arterial blood variables were measured until 
death or up to 90 min.
Results The REBOA group had a longer median survival time (63 min) compared with the 4BO (24 min, P = 0.02) and no 
occlusion (30 min, P = 0.02) groups, not versus the REBOA + REBOVC group (49 min, P > 0.05). The first 15 min accu-
mulated bleeding was comparable in all groups (P > 0.05); Thereafter, bleeding volume was higher in the REBOA group 
versus the 4BO group (P < 0.05), not versus the other groups. RITA blood flow and MAP were higher in the REBOA group 
versus the other groups after 10 min of bleeding (P < 0.05).
Conclusions Endovascular Heaney maneuver was not beneficial for survival or hemodynamic stability in this porcine model, 
whereas supraceliac REBOA was. Anatomical differences in thoracoabdominal collaterals between pigs and humans must 
be considered when interpreting these results.
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Background

Despite improvements in pre- and intra-hospital care over 
the past decades, the mortality of patients with retrohepatic 
inferior vena cava (IVC) injuries remains high and largely 
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unchanged [1–4]. In a retrospective report from Los Angeles 
in the 1990s concerning 12 patients with retrohepatic IVC 
injuries, all 12 patients died [1]. Although rare, retrohepatic 
IVC injuries continue to challenge trauma teams worldwide 
[1–6]. The IVC is a fragile vessel located behind the liver 
and difficult to access surgically. Surgical mobilization of the 
retrohepatic space may transform a contained retrohepatic 
hematoma into uncontrollable hemorrhagic shock [3–5, 7]. 
Retrograde bleeding from the right atrium, the hepatic veins, 
and other venous collaterals and blood inflow from the lower 
body may complicate management [4]. The “Pringle maneu-
ver” involves temporary external occlusion of the portal vein 
and the hepatic artery and is sometimes combined with infra 
and suprahepatic vena cava and aortic cross clamping creat-
ing total hepatic vascular isolation, i.e., “The Heaney maneu-
ver” [4]. These maneuvers are still commonly used in open 
surgical management of retrohepatic IVC injuries [4, 5]. 
However, despite these maneuvers, there may be collateral 
blood flow to the “isolated” retrohepatic injury site since the 
suprahepatic clamp is applied above the hepatic veins and 
may allow the inferior phrenic veins to empty into the retro-
hepatic space [4]. Endovascular balloon occlusion methods 
could help to achieve proximal and distal vascular control 
before entering the retroperitoneal hematoma, thus provid-
ing a potential advantage for the facilitation of open surgical 
definitive repair [3, 4, 7–13]. Combined endovascular and 
open surgery management is part of EndoVascular resuscita-
tion and Trauma Management (EVTM); case reports of suc-
cessful use of resuscitative endovascular balloon occlusion 
of the aorta (REBOA) + resuscitative endovascular balloon 
occlusion of the vena cava (REBOVC) combined with open 
surgery for IVC injuries in humans have been published [4, 
7, 8, 13, 14].

We performed a completely endovascular “Heaney 
maneuver,” a method that has not been previously 
described elsewhere. This involved endovascular occlusion 
of the aorta (by supraceliac REBOA), the infra and supra-
hepatic vena cava (by two REBOVCs), the hepatic artery 
(by supraceliac REBOA), and the portal vein (by a portal 
vein occlusion balloon), i.e., “the four balloon occlusion” 
model (4BO). We opted not to apply the Pringle maneuver 
by laparotomy but rather examine if a comparable vas-
cular occlusion could be achieved by alternative means, 
i.e., completely endovascular, since this was unknown 
to us. The main aim was to study how this combination 
affected retrohepatic bleeding and survival compared with 
only REBOA, REBOA + suprahepatic REBOVC, and no 
occlusion (control group). Secondary aims were the study 
of collateral blood flow in the right internal thoracic artery 
(RITA), central hemodynamics, and blood gas markers of 
metabolism. We hypothesized that the 4BO would provide 
hemodynamic stability and bleeding control, thus prolong-
ing survival time.

Methods

Animals

This randomized, prospective porcine study was performed 
in a University Hospital animal research laboratory. In total, 
37 pigs were used. The animals were a cross between Eng-
land Yorkshire, Swedish country breed, and Hampshire, 
aged 3 months, gender ratio 1:1, and mean weight 29.1 kg, 
range 23–33 kg. The Regional Ethical Committee (registra-
tion numbers 1660 and 041612–2022) approved the study 
before initiation. The study adhered to the ARRIVE guide-
lines, and the experiments were controlled by a veterinarian 
and supervised by an experienced scientist trained in animal 
laboratory research [15].

Anesthesia

The animals received an intramuscular injection of 240 mg 
azaperone (40 mg/ml, Virbac, Kolding, Denmark) before 
transfer to the laboratory. On arrival at the laboratory, a 
mixture of zolazepam (6 mg/kg, Virbac), tiletamine (6 mg/
kg, Virbac), and azaperone (4 mg/kg) was injected i.m to 
induce anesthesia. Atropine (1.5 mg i.m, Mylan, Stockholm, 
Sweden) was given prior to endotracheal intubation. Gen-
eral anesthesia was maintained using continuous infusions 
of propofol (10 mg/kg/h, Fresenius Kabi) and remifentanil 
(0,5 µg/kg/min, Meda AB, Solna, Sweden). The animals 
were mechanically ventilated in volume-controlled mode 
(tidal volume of 10 ml/kg), and the respiratory frequency 
was adjusted to normoventilation. A solution of 5% glu-
cose (1 ml/kg/h, Fresenius Kabi) was infused continuously 
throughout the experiment. An infusion of Ringer’s acetate 
solution (10 ml/kg/h, Fresenius Kabi) was started during 
the initial preparations and stopped when the experimental 
retrohepatic bleeding began. Thermal blankets were used to 
keep body temperature at 37.5–39.5 °C. The animals were 
euthanized after completion of the experiments with an i.v 
dose of potassium chloride 40 mmol given rapidly in general 
anesthesia, and euthanasia was confirmed by asystole on 
electrocardiogram.

Surgical preparation

A 10 Fr sheath was introduced into the right external jugu-
lar vein, and a 7.5 Fr Swan-Ganz arterial pulmonary cath-
eter (Edward Lifesciences, Swan-Ganz CCOmbo, Irvine, 
CA, USA) was inserted to measure central venous pressure 
(CVP), semi-continuous cardiac output (CO), and body tem-
perature. A 5 Fr sheath was placed in the right common 
carotid artery for sampling of arterial blood and measur-
ing systemic blood pressure (SBP), mean arterial pressure 
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(MAP), and heart rate (HR). A 7 Fr sheath was placed in 
the left external jugular vein for the administration of drugs 
and fluids. The right internal thoracic artery (RITA) was 
exposed by making a parasternal incision at the level of the 
2nd intercostal space, and a 3 mm probe (Transonic Systems 
Inc, NY, USA) was placed for blood flow measurement. The 
splenic vein was exposed by an incision in the left flank, and 
an 11 Fr sheath was placed to prepare for the endovascular 
balloon occlusion of the portal vein. An 11 Fr sheath was 
placed in the right femoral artery for the REBOA catheter, 
and an 11 Fr sheath was placed in the right femoral vein for 
the suprahepatic REBOVC catheter. An 11 Fr sheath was 
placed in the left femoral vein for the infrahepatic REBOVC 
catheter. Through an incision in the right flank, an 11 Fr 
sheath with a side port tubing ending with a three-way stop-
cock was placed by the Seldinger technique in the retrohe-
patic vena cava with the tip of the sheath slightly below the 
hepatic veins. The three-way stopcock was positioned in a 
plastic bowl at heart level on a scale. The free bleeding was 
started by opening of the three-way stopcock at the begin-
ning of the bleeding phase of the experiment. Then, a 10 mm 
probe (Transonic Systems Inc, NY, USA) was placed on the 
distal aorta, between the renal arteries and the bifurcation, 
to measure the distal aortic blood flow. A urinary catheter 
was placed in the urinary bladder using a small suprapubic 
incision.

Study protocol

When basic surgical preparations were finished, the animals 
received 5000 E Heparin i.v and were allowed to rest for 1 h. 
The animals were randomized by blindly drawing lots from 
a ballot to one of four groups: (1) supraceliac REBOA, (2) 
supraceliac REBOA + suprahepatic REBOVC, (3) suprace-
liac REBOA + infra and suprahepatic REBOVCs + por-
tal vein balloon occlusion (four-balloon-occlusion, 4BO, 
Fig. 1), and (4) no occlusion (control group). The suprace-
liac REBOA was always inflated first, followed by occlusion 
of the portal vein, the infrahepatic vena cava, and lastly the 
suprahepatic vena cava. Correct balloon position was veri-
fied by fluoroscopy, and, in some animals, portal venography 
confirmed that the portal vein balloon did not occlude the 
splenic and superior mesenteric veins. We chose to use the 
Equalizer™ (Boston Scientific, Ireland) for venous occlu-
sions based on previous experience with the Equalizer™ 
balloon for vena cava occlusion. For aortic occlusion, we 
used either the ER-REBOA™ (Prytime Medical, USA) or 
the Tokai™ balloon (Tokai Medical Products, Japan) [16, 
17].

It took 5 min to inflate all balloons (− 5 min from start of 
bleeding = time 0). Balloon and sheath (in the retrohepatic 
vena cava) positioning and complete balloon inflation were 

intermittently checked during the bleeding phase using fluor-
oscopy. Ceased distal aortic blood flow was used as a marker 
for complete REBOA inflation. Immediately after balloon 
inflation, the infusion of Ringer’s acetate was stopped, 
10,000 E Heparin was given, and free bleeding was started 
by opening of the three-way stop cock of the 11 Fr sheath in 
the retrohepatic vena cava. The pigs were placed in the left 

Fig. 1  An illustration (A) and an x-ray (B) of the endovascular 
Heaney maneuver (four balloon occlusion) theoretically creating total 
hepatic isolation
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lateral position, and free bleeding was allowed from the side 
port of the sheath into a plastic bowl placed on a scale. The 
weight of blood in the plastic bowl and the blood flow in the 
RITA and the distal aorta were recorded at 1-min intervals. 
Continuous recording of central hemodynamic parameters 
was performed (Acknowledge/MP150, BIOPAC systems, 
Goleta, CA, USA). Arterial blood gases were sampled at 
baseline and at 15, 30, 45, 60, 75, and 90 min after bleed-
ing start; they were analyzed in a GEM4000 (Instrumental 
Laboratory, Lexington, MA, USA). The experiment con-
tinued for 90 min (counted as survival) or was stopped if 
SBP (systemic blood pressure) dropped below 40 mmHg or 
if MAP (mean arterial pressure) dropped below 20 mmHg 
(defined as non-survival).

Statistical analysis

An a priori power calculation was not performed due to the 
absence of pilot studies or published effect data. Survival was 
illustrated using a Kaplan–Meier curve. A Logrank test was 
performed to compare the survival of the groups. Normal 
distribution of continuous data was analyzed using the Sha-
piro–Wilk test. Accumulated bleeding volume was analyzed 
using mixed ANOVA with the factor group and time (repeated) 
and their interaction, followed by Tukey’s multiple comparison 
test between the groups if the interaction was statistically sig-
nificant. Hemodynamics, including RITA blood flow and arte-
rial blood variables, were analyzed using a one-way ANOVA 
including the factor group followed by Tukey’s multiple com-
parison test between the groups (if the group factor was sta-
tistically significant in the ANOVA) at time points of 10 min 
(for hemodynamics) and 15 min (for arterial blood variables) 
after start of bleeding. Beyond these time points, there was an 
increasing amount of missing data due to mortality.

Bleeding volume, RITA blood flow, hemodynamics, and 
arterial blood data are presented as means (95% confidence 
interval), and p < 0.05 was considered statistically significant. 
Statistical analysis was performed using Graph Pad Prism 
(version 9.5.1, GraphPad Software, LCC, San Diego, USA).

Results

A total of 37 pigs were used in this study. Of these, 25 
were included in the final analysis, and 12 were used 
for either method development (N = 8) or were excluded 
due to methodological failures (N = 4). In the latter 
group, the vena cava sheath became occluded in one 
animal, and in three animals, sheaths slipped out of the 
vena cava, femoral vein, or splenic vein. The included 
animals were randomly allocated to REBOA (N = 6), 
REBOA + REBOVC (N = 6), 4BO (N = 6), and control 
groups (N = 7).

Survival and accumulated bleeding volume

There was a difference in survival between the REBOA 
group (median survival time 63 min) and the 4BO group 
(median survival time 24 min, P = 0.02) and between the 
REBOA group and the control group (median survival time 
30 min, P = 0.02; Fig. 2A). The median survival time in the 
REBOA + REBOVC group was 49 min (P > 0.05; Fig. 2A).

There was a difference in accumulated bleeding vol-
ume between the groups over time (P < 0.01 for the inter-
action between time and group, Fig. 2B). After 5, 10, and 
15 min of bleeding, the accumulated bleeding volumes were 

Fig. 2  Survival (A) and accumulated bleeding volume (B) in anesthe-
tized pigs randomized to either supraceliac resuscitative endovascular 
balloon occlusion of the aorta (REBOA, N = 6); REBOA + suprahepatic 
resuscitative endovascular balloon occlusion of the inferior vena cava 
(REBOVC, N = 6); REBOA + supra and infrahepatic REBOVC + endo-
vascular portal vein balloon occlusion (four balloon occlusion, N = 6); 
or no occlusion (N = 7), started between time − 5  min and 0  min and 
subjected to free retrohepatic inferior vena cava bleeding (after time 
0 min). Data are expressed as means with a 95% confidence interval. 
* indicates P < 0.05 between the REBOA group and the four balloon 
occlusion group at the respective time points
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comparable in all groups (P > 0.05). After 30 min and up 
to 75 min of bleeding, the bleeding volume was higher in 
the REBOA group compared to the 4BO group (P < 0.05); 
however, no other groups differed at any specific time points 
(P > 0.05, Fig. 2B).

Hemodynamics

Inflation of REBOA, REBOA + REBOVC, and 4BO pro-
voked initially increased RITA blood flow and MAP; 
however, RITA blood flow and MAP were higher in the 
REBOA group compared with the other groups after the 
first 10 min of bleeding (P < 0.05, Fig. 3A, B). Upon infla-
tion of the occlusion balloons and start of bleeding, CO 
started to decrease in the REBOA + REBOVC group and 
the 4BO group and was lower in these groups compared 
with the REBOA group after 10 min of bleeding (P < 0.05, 
Fig. 3C). CO in the no occlusion group did not differ sig-
nificantly from the REBOA group (Fig. 3C). Over time, the 
RITA blood flow, MAP, and CO successively decreased in 
all groups, but a low RITA blood flow was present in all 
animals until death or at the end of the observation period 
(data not shown).

Arterial blood variables

After 15 min of bleeding, arterial  pCO2 was higher and arte-
rial pH was lower in the no occlusion group compared to 
the other groups (P < 0.05, Table 1). Arterial lactate con-
centrations were higher in the REBOA (P < 0.05) and 4BO 
(P < 0.05) groups after 15 min of bleeding compared with 
the no occlusion group (Table 1). Over time, arterial lactate 
concentrations increased in all groups (Table 1 and data not 
shown). Arterial pO2 and hemoglobin concentration were 
similar in all groups (Table 1).

Discussion

In this study, we describe an endovascular Heaney maneuver 
(4BO), i.e., endovascular total hepatic isolation, and com-
pared this with other potential methods for temporary circu-
latory stabilization and bleeding control of the retrohepatic 
space. Contrary to our hypothesis, REBOA was found to be 
associated with the highest survival and the best hemody-
namic stability despite a large bleeding volume, whereas 
4BO was comparable to the no occlusion group regarding 
these variables.

There appears to be an interplay between bleeding volume, 
the volume of venous blood congestion in the lower body, 
and the central blood volume that results in a certain effective 
circulating volume, which we believe is an important deter-
minant for survival time. Our data indicate that hemodynamic 

Fig. 3  Blood flow in right internal thoracic artery (RITA, A), mean arterial 
systemic pressure (MAP, B), and cardiac output (C) in anesthetized pigs ran-
domized to either supraceliac resuscitative endovascular balloon occlusion of 
the aorta (REBOA, N = 6); REBOA + suprahepatic resuscitative endovascular 
balloon occlusion of the inferior vena cava (REBOVC, N = 6); REBOA + supra 
and infrahepatic REBOVC + endovascular portal vein balloon occlusion (four 
balloon occlusion, N = 6); or no occlusion (N = 7) started between time − 5 min 
and 0 min and subjected to free retrohepatic inferior vena cava bleeding (after 
time 0 min). Data are expressed as means with a 95% confidence interval. *, #, 
and ¤ indicate P < 0.05 between the REBOA group and four balloon occlusion, 
REBOA + suprahepatic REBOVC group, and no occlusion group, respectively, 
at 10 min after start of bleeding. & indicates P < 0.05 between the four balloon 
occlusion group and no occlusion group, at 10 min after start of bleeding
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stabilization (by REBOA) via centralization of blood volume 
has more impact on short-term survival in this study than the 
accumulated bleeding volume, although bleeding control in 
a clinical scenario is still of utmost importance. Supraceliac 

REBOA mechanically obstructs aortic blood flow thus hin-
dering the inflow of blood to the lower body and, in addition, 
causes the release of vasoactive substances to the area proxi-
mal to the occluded aorta [18, 19].

Table 1  Arterial blood gas 
variables in anesthetized 
pigs randomized to either 
supraceliac resuscitative 
endovascular balloon occlusion 
of the aorta (REBOA, N = 6); 
REBOA + suprahepatic 
resuscitative endovascular 
balloon occlusion of the 
inferior vena cava (REBOVC, 
N = 6); REBOA + supra 
and infrahepatic 
REBOVC + endovascular portal 
vein balloon occlusion (four 
balloon occlusion, N = 6); or 
no occlusion (N = 7) started 
between time − 5 min and 
0 min and subjected to free 
retrohepatic inferior vena cava 
bleeding (after time 0 min)

Data are expressed as means (95% confidence interval)
¤ Statistically significant difference between REBOA group and no occlusion group
" Statistically significant difference between REBOA + REBOVC group and no occlusion group
&  Statistically significant difference between no occlusion group and four balloon occlusion group

Variable  − 5 min 15 min 30 min

Arterial  pO2 (kPa)
 REBOA 11.2 (9.6–12.8)

(N = 6)
13.5 (10.3–16.6)
(N = 6)

14.4 (11.8–17.0)
(N = 6)

 REBOA + REBOVC 11.4 (9.1–13.7)
(N = 6)

13.0 (10.0–16.0)
(N = 4)

12.2 (8.4–16.0)
(N = 3)

 No occlusion 11.3 (10.4–13.4)
(N = 7)

11.1 (9.4–12.8)
(N = 6)

11.8 (9.2–14.3)
(N = 4)

 Four balloon occlusion 12.3 (11.0–13.6)
(N = 6)

13.6 (9.3–18.0)
(N = 4)

14.6 (8.6–20.6)
(N = 3)

Arterial pH
 REBOA 7.43 (7.45–7.6)

(N = 6)
7.65 (7.57–7.72)¤

(N = 6)
7.65 (7.58–7.72)
(N = 6)

 REBOA + REBOVC 7.50 (7.46–7.54)
(N = 6)

7.71 (7.61–7.81)"
(N = 4)

7.73 (7.68–7.78)
(N = 3)

 No occlusion 7.50 (7.45–7.55)
(N = 7)

7.52 (7.48–7.57)¤ " &
(N = 6)

7.49 (7.45–7.54)
(N = 4)

 Four balloon occlusion 7.56 (7.46–7.66)
(N = 6)

7.75 (7.73–7.77)&

(N = 4)
7.72 (7.67–7.77)
(N = 3)

Arterial  pCO2 (kPa)
 REBOA 5.2 (4.8–5.5)

(N = 6)
2.9 (2.5–3.4)¤

(N = 6)
2.5 (2.2–2.8)
(N = 6)

 REBOA + REBOVC 5.0 (4.7–5.3)
(N = 6)

2.4 (2.0–2.7)"
(N = 3)

2.2.(1.7–2.8)
(N = 3)

 No occlusion 5.2 (4.8–5.6)
(N = 7)

4.7 (4.4–5.1)¤ "&

(N = 6)
4.4 (3.3–5.3)
(N = 4)

 Four balloon occlusion 4.8 (3.8–5.8)
(N = 6)

2.5 (2.2–2.8)&

(N = 4)
2.5 (2.0–3.0)
(N = 3)

Arterial lactate (mmol/L)
 REBOA 1.8 (1.3–2.3)

(N = 6)
4.7 (3.3–6.0)¤

(N = 6)
6.6 (4.9–8.4)
(N = 6)

 REBOA + REBOVC 1.4 (1.2–1.7)
(N = 6)

4.5 (1.4–7.5)
(N = 4)

6.3 (2.5–10.0)
(N = 3)

 No occlusion 1.9 (1.0–2.7)
(N = 7)

2.3 (1.4–3.2)¤ &

(N = 6)
5.3 (3.0–7.5)
(N = 4)

 Four balloon occlusion 2.8 (1.8–3.7)
(N = 6)

5.3 (3.5–7.0)&

(N = 4)
7.0 (3.0–11.1)
(N = 3)

Arterial Hb (g/L)
 REBOA 77 (71–84)

(N = 6)
85 (75–94)
(N = 6)

76 (68–84)
(N = 6)

 REBOA + REBOVC 74 (68–79)
(N = 6)

71 (52–90)
(N = 3)

67 (51–82)
(N = 3)

 No occlusion 75 (68–82)
(N = 7)

74 (66–81)
(N = 6)

73 (60–86)
(N = 4)

 Four balloon occlusion 81 (72–91)
(N = 6)

78 (53–104)
(N = 4)

74 (38–111)
(N = 3)
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The application of supra and/or infrahepatic REBOVCs 
and/or portal vein occlusion obstructs venous return at vari-
ous levels. Previous data have suggested that a concomitant 
REBOA placed prior to placement of the venous occlusion 
balloons limits the effects of the venous balloons on lower 
body venous congestion and the achievement of acceptable 
hemodynamic stability [20]. In the present study, the addi-
tion of REBOVC to REBOA resulted in lower mean MAP 
and CO levels, possibly secondary to reduced venous return. 
Interestingly, these hemodynamic differences did not result 
in a statistically significant difference in survival between 
the REBOA group and the REBOA + REBOVC group. How-
ever, in the 4BO group, the addition of infrahepatic and por-
tal vein occlusions to REBOA + REBOVC resulted in a sur-
vival comparable to the control group. We speculate that the 
low survival and relatively worse hemodynamic stability in 
the 4BO group may be associated with the collateral inflow 
of blood to the lower body (shown in this study as increased 
RITA blood flow by REBOA) and possibly reduced venous 
return by the three venous occlusion balloons in the 4BO 
group.

The complete arterial collateral flow during supraceliac 
REBOA is still not completely understood, and previous 
data are contradictory [21–23]. Grupp et al. considered the 
internal thoracic arteries to be the major collateral suppli-
ers during supraceliac REBOA [24]. Accordingly, in their 
retrospective review of CT scans in human trauma patients, 
Wasicek et al. showed collateral blood flow from the inter-
nal thoracic-, the superior epigastric- and the intercostal 
arteries to the inferior epigastric- and external iliac arteries, 
bypassing supraceliac REBOA [21]. In contrast, in a por-
cine hemorrhagic shock model by Hoehn et al., an absence 
of collateral antegrade and retrograde blood flow during 
supraceliac REBOA was found [22]. The data in the present 
study indicate that there is a continuous arterial blood flow 
from the thoracic cavity via the internal thoracic arteries to 
the abdominal cavity, bypassing supraceliac REBOA. The 
data also suggest that this collateral blood flow is directly 
related to perfusion pressure and CO, but that the arterial 
collateral blood flow is present until circulatory collapse. 
This collateral blood flow will contribute to lower body 
congestion when applying venous occlusions. It must be 
stressed that a supraceliac REBOA may not control hepatic 
blood inflow via the hepatic artery as efficiently as a vessel 
clamp on this vessel. There is some evidence for a collateral 
flow bypassing the supraceliac REBOA to the hepatic artery 
and thus contributing to the persistent bleeding seen in the 
first 15 min in all groups. A traditional Pringle maneuver 
might more completely stop the hepatic blood flow via the 
hepatic artery and thereby more efficiently reduce retrohe-
patic bleeding [21].

Paradoxically in the present study, total accumulated 
bleeding volume was inversely correlated to survival. 

Centralizing the blood volume is probably more important 
than blood loss via bleeding for an acceptable effective 
circulating volume to increase survival in the short term; 
however, definitive bleeding control must be prioritized in a 
clinical case. Larger accumulated bleeding is thus tolerated 
in the REBOA group, whereas less bleeding is tolerated in 
the 4BO group. Previous data on the effect of REBOA on 
venous truncal bleeding are heterogenous but point towards 
a benefit from REBOA [25–27].

No significant differences in bleeding volume between 
the four groups were seen during the first 15 min of our 
study. Contrary to our hypothesis, the present study cannot 
therefore conclude that the REBOA + REBOVC and 4BO 
methods actually decreased bleeding from the retrohepatic 
inferior vena cava. This may be an important finding and 
may be explained by the complex vessel anatomy of the 
retrohepatic space. The inferior phrenic veins empty into the 
inferior vena cava at the level of the hepatic veins, and about 
eight small, but still significant, venous vessels also drain 
into the retrohepatic region [28]. It may be that these vessels, 
in combination with the arterial collateral blood flow, are 
the reason why the REBOA + REBOVC, and in particular 
the 4BO did not efficiently lower the bleeding volume. In 
contained retrohepatic bleeding, there may be a tamponing 
effect of the hematoma in the retrohepatic space which may 
reduce and hinder continued extensive bleeding. This poten-
tial effect was not present in the model in our study.

It must be acknowledged that the results in our study 
may not be entirely translatable to humans but still adds 
important knowledge, e.g., on the impact of differences in 
collateral anatomy between pigs and humans on physiol-
ogy in REBOA ± REBOVC research. Due to anatomical 
differences, humans may tolerate REBOVC, and in particu-
lar 4BO, hemodynamically better than pigs. The Heaney 
maneuver has been used in humans for decades, and the 
combined REBOA + REBOVC has been reported in a few 
case reports, although mostly in the treatment of infrahe-
patic vena cava injuries [8, 9, 13]. Thus, there seems to be 
a discrepancy between our results and the clinical human 
application which may partly be explained by the differ-
ences in collateral supply between experimental animals and 
humans, e.g., the presence of an azygos vein [4, 5, 29–31]. 
The azygos vein provides an important venous collateral 
pathway between the IVC and the superior vena cava (SVC) 
in humans [32, 33].

There are other venous collaterals between the lower 
and upper body, including the hemiazygos vein, the paired 
inferior epigastric-, superior epigastric-, and internal tho-
racic veins emptying into the brachiocephalic veins, and 
the lateral thoracic veins emptying into the axillary veins 
[24, 32–34]. In addition to the azygos vein, these collater-
als may counteract some of the venous lower body conges-
tion when applying REBOVC in humans (Fig. 4).



 M. B. Wikström et al.

Fig. 4  Illustration of the human arterial (A) and venous (B) collateral pathways between thorax and abdomen
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In humans, the azygos vein, via the left gastric and 
the esophageal veins, is an alternative pathway to shunt 
splanchnic blood to the systemic circulation when the 
portal vein or hepatic circulation are blocked (Fig. 4) 
[32–35]. Pigs lack an azygos vein and therefore an effi-
cient portosystemic collateral circulation, providing an 
anatomical basis for an extensive splanchnic venous 
congestion in portal occlusion [36, 37]. The poor toler-
ance of portal vein ligation in laboratory animals com-
pared with humans has indeed been explained by the 
more extensive portosystemic venous collateral system 
in humans providing an escape route for splanchnic 
blood; this may contribute to better tolerance of portal 
vein occlusion and REBOVC in humans compared to 
pigs [29–31].

It may also be speculated that the difference (although 
not statistically significant) in survival between the 
REBOA + REBOVC group and the 4BO group in this 
study was additional deterioration of the inefficient porto-
systemic collateral circulation by the portal vein occlusion 
and/or the infrahepatic REBOVC. It may be important to 
avoid occlusion of potential venous collateral circulations 
in non-bleeding areas when using occlusion balloons, and 
even in open clamping, to maintain some venous return. In 
contrary, it may be important to occlude collateral venous 
circulation entering the area of injury to reduce bleeding. 
These considerations require a comprehensive understand-
ing of the anatomy and function of venous collateral cir-
culations and the effects of occluding them.

Limitations

The study has some limitations. The pig model has some 
important anatomical differences compared with humans, 
as discussed above, which must be considered when inter-
preting the results and translating them to the human set-
ting. Mean weight of the pigs was 29.1 kg, comparable to 
human children. The research group has for a long time 
collaborated with a farmer providing this special breed. 
The low mean weight of the pigs is not considered to have 
had any major impact of the results in this special study. 
The porcine model also employs free bleeding from the 
inferior cava vein and does not create a contained retro-
hepatic hematoma, thus not including a tamponing effect 
of the hematoma, which may reduce bleeding in humans. 
The advantage of our method was that the bleeding volume 
could be carefully measured. No additional resuscitative 
fluids, blood products, or vasopressors were given since 
we wanted to study the pure bleeding and hemodynamic 
effects of the interventions.

Conclusions

An endovascular Heaney maneuver did not reduce accumu-
lated retrohepatic vena cava bleeding nor produce hemody-
namic stability and therefore did not contribute to improved 
survival compared with no occlusion. In contrast, suprace-
liac REBOA improved central hemodynamics and survival 
time, despite a large bleeding volume. The combination of 
supraceliac REBOA and suprahepatic REBOVC performed 
better than the endovascular Heaney maneuver but worse 
than supraceliac REBOA. These findings may be attributed 
to arterial collateral blood flow to the lower body, lower 
body venous congestion, and the lack of or interference with 
efficient portosystemic collaterals. Anatomical differences 
between pigs and humans must be considered when inter-
preting these results.
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