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1 | INTRODUCTION

Management of both battlefield and civilian trauma vic-
tims suffering from non-compressible torso hemorrhage
(NCTH) remains a significant challenge with exsanguina-
tion continuing to be the leading cause of mortality from
potentially survivable injuries."* Death from hemor-
rhage may occur rapidly and often before arrival at a
medical facility capable of providing definitive surgical
hemostasis.>* Such challenges present a critical need for
new technologies in the realm of pre-hospital and even
early in-hospital hemostasis. Whether in the austere (bat-
tlefield) or the civilian prehospital emergency medical
services environment, the ability to treat NCTH is very
limited.® Furthermore, logistical challenges such as trans-
portation delays and mass casualty incidents highlight
the need for providing temporary hemostasis before the
arrival at a high-level care facility. In summary, most
patients who succumb to NCTH do so in the pre-hospital
or austere environment before surgical care because of
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limited resources. Even the ability to provide rapid tem-
porary hemostasis in the emergency department or
trauma center environment can present significant
challenges.

Surgical management remains the pinnacle treatment
for NCTH, however, for the reasons mentioned above, is
not viable as an early intervention near the point of
injury. Coupled with the lack of resources for early resus-
citation, mechanical hemorrhage control continues to be
of interest to employ following the determination of
severe hemorrhage in a forward setting.” Current
approved technologies for mechanical hemostasis include
extremity and junctional tourniquets, pelvic binders, and
endovascular balloon occlusion of the aorta. Additional
investigational techniques such as abdominal insufflation
and intra-abdominal foams are at various stages of devel-
opment but are not currently cleared for clinical use.**°

2 | AORTIC OCCLUSION

Occlusion of the descending aorta will certainly reduce
or cease intraabdominal and pelvic hemorrhage. While

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Transfusion published by Wiley Periodicals LLC on behalf of AABB.

Transfusion. 2022;62:5S313-S322.

wileyonlinelibrary.com/journal/trf S313


https://orcid.org/0000-0002-6789-7532
mailto:tibam@med.umich.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/trf

MCcCRACKEN ET AL.

= | TRANSFUSION

feasible in the trauma center and operating room, surgi-
cal occlusion via thoracotomy and aortic cross-clamping
is not feasible in the field or routinely feasible in the non-
trauma center emergency department setting. Recent
efforts to save victims of severe NCTH have resulted in
the resurrection of balloon occlusion of the aorta as a
potential to extend the window of opportunity for defini-
tive surgical care. The technique and technology cur-
rently termed Resuscitative Endovascular Balloon
Occlusion of the Aorta (REBOA) has demonstrated
promise in this regard.'''* The REBOA device can be
placed allowing for aortic occlusion at various levels
(Zones 1, 2, 3) depending on where the location of NCTH
is suspected. REBOA has gained popularity’'™ but is
currently limited to trauma centers'® and while it has
been successfully implemented in trauma centers and
limited combat applications,'” has not yet been fully uti-
lized in prehospital or austere environments for multiple
logistic reasons. The largest barrier to implementation
may be the time between injury and aortic occlusion,
which is driven by the necessity for vascular access
requiring highly skilled operators or imaging equipment,
or failure to cannulate the femoral artery.'®

The other approved mechanical method available for
aortic occlusion is the Abdominal Aortic Junctional Tour-
niquet (AAJT). The AAIJT has been demonstrated to be
capable of occluding the infrarenal aorta and thus may
be effective as an aortic zone 3 occlusion device for con-
trol of bleeding below that level such as pelvic hemor-
rhage.”*'"** It achieves this by the mechanical targeting
of pressure directly downward towards the abdominal
aorta. This is different from the previously used technolo-
gies called the military antishock trousers (MAST) or
pneumatic antishock garments (PASG) which have been
determined to be ineffective for treating abdominal or
pelvic tamponade of severe arterial bleeding and are no
longer recommended.*> The abdominal/pelvic compart-
ment of the MAST/PASG devices is pneumatically
inflated and produces circumferential pressure around
the lower torso. There is no discrete directed inward pres-
sure provided to the abdominal or pelvic cavity such as
that produced by the AAJT. As such, unless intra-
abdominal pressure is increased above systolic arterial
blood pressure, bleeding will continue and could poten-
tially be worsened. Even with the AAJT, because of
infrarenal occlusion (Zone 3), there is the potential of the
AAJT to increase hemorrhage if bleeding is occurring
from the liver or spleen (Zone 2) due to increased hydro-
static pressures that may be produced proximal to the site
of occlusion.

To further address the unmet need for temporary pre-
hospital stabilization of the victim of non-compressible
abdominal hemorrhage, our team has developed two

technologies known as Gastroesophageal Resuscitative
Occlusion of the Aorta (GROA),***’ and the Intra-
Peritoneal Hemostasis Device (IPHD).?® The main moti-
vation for the development of these technologies is to
allow for the rapid treatment of NCTH in austere combat
environments, civilian pre-hospital, and higher echelons
of care including emergency department and trauma cen-
ter settings when surgical expertise and/or resources may
be delayed. In this narrative review, we aim to summa-
rize the design and application features of these devices,
as well as summarize previous pre-clinical testing related
to the treatment of NCTH.

3 | DESCRIPTION OF GROA AND
STUDIES

GROA is an investigational device and approach which
utilizes aortic impingement via a gastroesophageal bal-
loon that is orogastrically placed into the stomach. The
device and approach leverage the anatomical relationship
of the abdominal aorta, stomach, and thoracic vertebral
bodies. The design and dimensions (described below)
were based on morphomic analysis of human adult
abdominal and chest CT scans (Figure 1) similar to that
used to develop recent REBOA technology.”® In two pre-
vious investigations, we have shown that when the device
is inserted, an external pressure system is activated, and
the balloon inflated, it can provide high zone-2 (celiac or
supraceliac) aortic occlusion by compressing the aorta
between the posterior wall of the stomach and the ante-
rior thoracic vertebrae. The main components of the sys-
tem include a gastroesophageal tube with an ellipsoid-
shaped balloon, an air pump/pressure gauge assembly,
and an adjustable external compression system
(Figure 2). Unlike the Sengstaken-Blakemore tube, the
GROA gastric balloon is larger and has less complaint in
order to produce aortic occlusion over an area where the
aortic is expected to lie in relationship with the thoracic
vertebra. The gastroesophageal tube includes lumens for
suction and evacuation of gastric contents, an air vent to
avoid vacuum/pneumatic tension in the stomach, and
balloon inflation and deflation. A 14F gastric tube is
placed through a central lumen in the GROA device and
used to guide the balloon by the orogastric route into the
stomach. The air pump/pressure gauge assembly allows
for controlled balloon inflation/deflation and visual feed-
back on the pressure of the balloon. The external com-
pression system consists of a back plate and an
abdominal plate. When activated, this system prevents
lateral and anterior deflection of the balloon, keeping the
balloon over the aorta. The balloon inflates to an ellipsoid
shape that provides the structure necessary to occlude
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Left panel (A); Morphomic analysis of the aorta position in relation to the inferior aspect of the vertebral body of T10 in

1641 war fighter-aged subjects. The center of the vertebral body in the axial plane is used as the origin. Right panel (B); frequency of the
radial position of the aorta with respect to the vertebral body in the same population

the aorta when an external pressure system is applied to
the epigastric area.

Our initial GROA study aimed at evaluating the feasi-
bility of achieving aortic occlusion and exploring the
physiological tolerance to the device compared to
REBOA (ER-REBOA, PRYTIME Medical, Boerne, TX)
over application times ranging from 30 to 90 min in a
swine model of controlled hemorrhagic shock and resus-
citation.”® In this study, aortic occlusion was achieved in
every GROA application and 15 out of 16 animals treated
with GROA survived the duration of the device applica-
tion period. Only two animals in the 90-min occlusion
group (2 out of 6) were able to be resuscitated to survive
after the device was removed suggesting that 90 min of
aortic occlusion, while possible, is not well tolerated in
this model.

Survival rates for animals treated with REBOA using
this model were also very similar to GROA across all
groups. In the 30 and 60-min application groups for both
GROA and REBOA, 9 out of 10 animals survived the
post-resuscitation period. No animals receiving the
90-min REBOA intervention survived the post-
resuscitation period which further suggests that the poor
outcome was related to the aortic occlusion itself and not
specific to the device used for occlusion. Overall, this
study concluded that up to 60 min of aortic occlusion
with GROA was both tolerated and feasible, and while
the GROA device could create and maintain occlusion
and survival for 90-min, resuscitation following aortic
occlusion for this time was not well tolerated.

In the above study, we attached an ultrasonic flow
probe to the hepatic artery. During activation of the
GROA device, loss of hepatic artery blood flow was noted
during aortic occlusion (Figure 2, bottom panel). This
indicates that GROA was effective in creating a high zone
2 aortic occlusion at or superior to the hepatic artery, and
the survival rate and overall tolerance to the GROA
device appears very similar to the already well character-
ized and FDA-cleared REBOA device.

In a follow-up study, GROA's ability to stanch NCTH
was evaluated using a highly lethal grade V liver lacera-
tion model comparing GROA to REBOA and controls.?’
Occlusion time in this study was limited to 60-min based
on the previous tolerance testing.”® The model was rap-
idly lethal for the control group resulting in a median
survival time of only 10.5 min from the onset of the
injury. This study reaffirmed the ability to successfully
apply GROA and achieve aortic occlusion in all animals.
In overall survival, GROA was successful at prolonging
survival compared to controls, with no difference in sur-
vival noted between the GROA and REBOA devices. The
survival benefit observed in this study strongly suggested
that the lethal hemorrhage was quickly stopped by
GROA and resulted in rapid improvement of mean arte-
rial pressure (MAP) and mixed venous oxygen saturation
(SvO,). Further evidence of hemorrhage control was
observed as the physiologic benefits of aortic occlusion of
GROA were maintained without significant deterioration
for the duration of the intervention period. Inflammatory
markers (cytokines IL-6 and IL-8) were elevated in both
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FIGURE 2

Top left panel; an illustrated version of the GROA device applied to a human; (A) air pump/pressure gauge assembly,

(B) gastroesophageal tube (C) ellipsoid shaped gastric balloon, (D) retractable 14F tip. Top right panel; adjustable external compression
system. Bottom panel; arterial pressure from the carotid and femoral arteries, and hepatic artery flow during GROA occlusion

GROA and REBOA aortic occlusion groups and therefore
were attributed to aortic occlusion, rather than the occlu-
sion device itself. While there was no significant differ-
ence in survival between the REBOA and GROA groups,
both GROA and REBOA were pre-placed prior to the
injury. A description of all models reviewed, including
survival data, is presented in Table 1.

In our experience (data not published), we are rou-
tinely able to place the GROA balloon catheter with the
accompanying abdominal plate and activate the device to
achieve aortic occlusion in under 120 s. Had the GROA

and REBOA devices been actively placed after the start of
hemorrhage, a difference in survival favoring GROA
would have likely been detected. The time to application
of REBOA (from injury onset) remains the largest limita-
tion to its use as an effective pre-hospital intervention.
With an application time ranging from 34 to 57 min
reported in a clinical feasibility study for the treatment of
cardiac arrest,'® the time to REBOA application exceeds
time periods in which as many as 45% of deaths due to
severe hemorrhage in the field occur. This application
time is likely largely due to difficulties in cannulating the
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femoral artery.”” While we envision military medics and
civilian first responders being able to effectively apply the
GROA device, future feasibility studies will need to be

Unlike REBOA, in a real-time clinical use scenario,
the GROA device will require deflation during surgery
limiting its use during surgery and ongoing hemorrhage.
However, we have recently completed a study using the
same model of lethal liver hemorrhage to demonstrate
the feasibility of transitioning GROA to REBOA without
any change in survival. This provides a value proposition
for both prehospital and emergency department/trauma
center use where GROA could be placed and activated
allowing time for near-term placement of REBOA for
transport, surgery, or other hemostatic strategies such as

In the combination of studies, the hemodynamic
response created by GROA is similar to REBOA. Immedi-
ate improvement in MAP was observed in response to
GROA and REBOA and there were no differences
between the aortic occlusion methods in MAP, central
venous pressure, pulmonary artery pressure, and lactate
burden. Further, there were no differences in resuscita-
tion requirements or organ function measured by serum
chemistry, thromboelastography, or inflammatory cyto-
kines (IL-6 and IL-8). Only minor differences in SvO,,
and end-tidal CO, during GROA occlusion were noted.
An elevation of airway pressure was observed and associ-
ated with the GROA intervention in all animals. The
increase in airway pressure was, however, mild and tran-
sient averaging 31 cm H,O (ranging from 25 to 39 cm
H,0) and did not affect ventilation or oxygenation
parameters. While intrabdominal pressure is expected to
increase, it was not measured during GROA use. This
important information should be collected in the future,
especially during the reperfusion period to evaluate for
evidence of the development of post-surgical abdominal

In both studies, histological analyses of stomach tis-
sue for animals undergoing occlusion using GROA dem-
onstrated changes consistent with mild ischemia likely
produced by the pressure that the balloon creates when
the abdominal plate is tightened. However, similar
changes were noted in REBOA animals pointing towards
general ischemia from the aortic occlusion as a potential
contributor. The final extent of these changes cannot be
known until longer survival studies are performed. No
histologic changes were noted in the aorta in either

These studies demonstrated that GROA was consis-
tently effective at creating aortic impingement and thus
temporarily capable of stanching lethal hemorrhage and
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combination with a fast and easy application technique,
GROA appears to be a promising technique to improve
survival from non-compressible abdominal hemorrhage.

4 | DESCRIPTION OF IPHD AND
STUDIES

The IPHD is another investigational device being explored
for the treatment of NCTH. Its development and testing
were inspired by the proposed mechanisms of action of
ResQFoam (Arsenal Medical, Inc., Waltham, MA). Devel-
oped with over 30 million dollars in funding by the
Department of Defense, it is a self-expanding polyurethane
designed to be injected into the abdominal cavity to stanch
hemorrhage by covering and compressing bleeding sur-
faces and has been shown to improve survival in a large
animal lethal, closed-cavity, hepatoportal injury model*>**
and is currently undergoing clinical trial. Such a strategy
may have implementation advantages over REBOA, espe-
cially in the field setting. However, there may be potential
drawbacks since the expansion of the material cannot be
controlled or titrated after injection and has been associ-
ated with complications such as bowel injury and possibly
abdominal compartment syndrome.** In addition, patients
receiving this therapy will require surgery to remove the
material even if techniques such as interventional radiol-
ogy are successful in creating definitive hemostasis.

Since the major proposed mechanisms for the hemosta-
sis produced by ResQFoam is the pressure produced by the
expanding foam, we hypothesized that insertion of an inflat-
able balloon into the peritoneal cavity can create direct or
indirect pressure on hemorrhaging sites to produce hemosta-
sis but without some of the previously mentioned drawbacks
of ResQFoam. The core component of the device is a square,
pillow-shaped, and semi-compliant balloon intended for
intra-peritoneal placement (Figure 3). Prior to use, the bal-
loon is pre-loaded inside a trocar-tipped applicator. Intraper-
itoneal access is gained through a small abdominal incision.
The introducer is placed through the incision and a plunger
is used to deploy the balloon into the peritoneal space where
it can then be inflated. The balloon is roughly 18 cm x 18

cm X 10 cm when inflated and attached to an externalized

line which allows for inflation/deflation. While we are still
exploring the optimal shape of the balloon, the square shape
was chosen to maximize the balloon surface contact area
with abdominal organs and the anterior abdominal wall
(324 cm?® as opposed to ~254 cm? for a round-shaped bal-
loon). Similar to the GROA device, the inflation/deflation
mechanism of the IPHD also utilizes an air pump and pres-
sure gauge assembly.

In a pilot study, the IPHD was evaluated for its ability
to temporarily control hemorrhage and subsequently

improve survival in a model of rapidly lethal, multi-organ
hemorrhage including a grade-V liver laceration (the
same method as used in the aforementioned GROA
study) combined with a severe spleen and kidney lacera-
tion.””*® The group of animals treated with IPHD was
compared to controls (no IPHD) for survival, hemody-
namics, and other metrics of shock. All control animals
(3/3) died within 15-43 min from injury while all IPHD-
treated animals (5/5) survived the duration of the 60-min
intervention period. Animals treated with IPHD
responded to the treatment with an overall improvement
in MAP, shock index, SvO,, and cardiac output during
the intervention period; control animals steadily
decreased in these parameters until death endpoints were
met. To underscore the severity of the created injuries, all
animals in the IPHD group died after deflation of the
device due to reactivation of hemorrhage.

The study concluded that the IPHD intervention was
effective at prolonging survival compared to controls, due
to the slowing or stopping of hemorrhage from multiple
organ sources supporting the concept that when the
IPHD is activated within a closed space (peritoneum), the
balloon likely causes direct tamponade when contacting
bleeding surfaces and indirect tamponade by displacing
nonbleeding tissues that then contact and apply pressure
to the hemorrhaging surfaces resulting in hemostasis.

Of particular interest and a potential advantage over
both GROA and REBOA is the fact that the IPHD pro-
duced hemostasis without the need to occlude the aorta
despite the severity of injuries. With the application of
additional pressure to the external abdomen, we were
also able to easily occlude the aorta without occluding
hepatic artery blood flow as measured by an ultrasonic
flow probe (Figure 3, bottom). Similar to GROA, the
IPHD would need to be deactivated and removed at the
time of surgery. However, as pointed out earlier, the tran-
sition from the IPHD to REBOA should be feasible all-
owing for control of NCTH at the time of surgery.

The study is limited as a pilot study and underpow-
ered to detect discrete hemodynamic effects, however,
the preliminary results generated indicate the feasibility
of the application, a survival benefit, and other favorable
physiological effects. Based on these effects, additional
research for such a device is warranted for NCTH.

5 | TPHD AND GROA SUMMARY
EFFECT ON SURVIVAL VERSUS
CONTROL

Since the models used for the pilot IPHD and GROA sur-
vival studies were nearly identical in their lethality, it is
feasible to pool control data from both studies and
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FIGURE 3

Top left panel; illustration of an automated applicator and intraperitoneal balloon deployment. Top right panel; illustration

of the IPHD balloon inflated after intraperitoneal deployment and external pressure being applied for selective aortic occlusion. Bottom
panel; arterial pressure from the carotid and femoral arteries, and hepatic artery flow during user-selected aortic occlusion

present the survival of GROA and IPHD against all con-
trols. A Kaplan Meier curve showing survival from the
onset of injury is presented in Figure 4. A log-rank test of
the survival curves on the pooled data shows a similar
and significant survival effect from both GROA and
IPHD relative to controls. The GROA median survival
was 146 min after injury and 90 min for the IPHD, while
median survival across all controls was only 13 min
p = .0039. Also of note is that all animals receiving either
intervention survived the duration of the intervention
period and expired during the resuscitation and post-
resuscitation phases due to renewed massive hemorrhage

following device removal, or from reperfusion injury.
These data suggest there is a distinct survival benefit
associated with each technology and intervention when
compared to controls.

6 | ADVANTAGES OF GROA
AND IPHD

With 45% of deaths from severe hemorrhage occurring in
the field*>* new technologies to stop or slow hemor-
rhage in the pre-hospital or austere environment will be
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FIGURE 4 Kaplan Meier plot of survival proportions in a
preclinical swine model of rapidly lethal abdominal hemorrhage;
GROA (n = 8) and IPHD (n = 5) treated animals are represented as
dashed and dotted dashed lines, respectively, and plotted against
controls (n = 11) (solid line).

required if this statistic is to significantly improve. These
pre-clinical studies for both GROA and IPHD suggest
that either approach may be effective for mechanical
stanching of high zone-2 torso hemorrhage and are
potentially feasible for pre-hospital application. GROA
and the IPHD both hold application advantages that
could considerably reduce the time to mechanical hemor-
rhage control after injury.

The GROA device is less invasive than other tech-
niques and does not require any surgical intervention or
imaging to be placed. With a physiologic tolerance profile
similar to REBOA, these characteristics may favor GROA
as a first-line tool or initial approach for suspected cases
of massive hemorrhage that would require aortic occlu-
sion. GROA's use as an adjunct or bridge to REBOA or
surgical intervention would seem to be feasible as indi-
cated earlier. Therefore, it is envisioned that military
medics, civilian first-responders (paramedics), and hospi-
tal trauma providers would also be able to effectively
apply the GROA device.

The IPHD requires a slightly more invasive approach
for application as it is deployed percutaneously within
the abdomen. Despite this and given the emergence of
other intraperitoneal resuscitation techniques such as
ResQFoam, we envision the application of this technol-
ogy to be feasible. Like GROA, the device was rapidly
placed and removed without complication in the pilot
study.

The IPHD may also offer a more titratable approach
for managing hemorrhagic abdominal injuries. The abil-
ity to titrate pressure and easily remove the device
through the application incision does not commit the
patient to subsequent laparotomy if less invasive treat-
ments such as interventional radiology may be sufficient

for definitive hemostasis. An additional benefit of the
IPHD also includes the potential for selective occlusion
of the aorta. While the IPHD has demonstrated the capa-
bility of hemorrhage control from lethal hepatoportal
injury without requiring occlusion of the aorta, for some
injury patterns such as those to lower abdominal arteries
(renal or iliac), selective occlusion of the aorta is possible
if warranted.

Lastly, a considerable benefit common to both devices
is the preservation of physiologic reserve. In all three pre-
clinical studies, important hemodynamic parameters rap-
idly improved after the devices were activated. Reducing
hemorrhage while maintaining perfusion to the heart
and brain, or at minimum slowing hemodynamic deterio-
ration with a mechanical device as early as possible, may
ultimately limit the accumulation of lethal levels of oxy-
gen debt. This effect may be paramount to optimizing
resuscitation once more advanced care and definitive
hemostasis are available.

A final consideration is that all three of the studies
covered in this review are preliminary in nature and
focused on the feasibility of the application, physiologic
tolerance, and survival during the intervention, and over
a short post-resuscitation monitoring period. Beyond
that, all the studies remain underpowered to detect dis-
crete differences in other outcomes, that is, hemodynam-
ics between methods. This does not, at this time, allow
for the assessment of superiority or non-inferiority rela-
tive to any other technologies used for non-compressible
hemorrhage, approved or investigational. Despite this,
we believe that all three studies have generated powerful
preliminary data which gives a certain confidence to the
feasibility of application and tolerance to the devices, a
clear initial survival benefit from the devices' application,
and evidence of improved hemodynamics. Regardless, as
the technologies described here move forward, long-term
pre-clinical studies and human application feasibility
studies are needed, and eventually, clinical trials, where
we may begin to, truly understand the extent of the phys-
iologic effects, survival benefits, and adverse conse-
quences of their application. The next phase of
development and testing of these devices includes design
refinement and testing in perfused cadaver models.

7 | OVERALL CONCLUSION

Two emerging technologies discussed in this review were
designed with a common target objective: Early-phase
transitory control of non-compressible abdominal hemor-
rhage which is capable of temporarily prolonging survival
during transport or before advanced surgical or resuscita-
tive care is available. Both technologies share the promise
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of pre-hospital application, can be deployed quickly and
consistently, and both have been shown to improve
hemodynamics, reduce shock, preserve physiologic
reserve, and ultimately prolong survival from otherwise
rapidly lethal exsanguination.
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