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Abstract

Introduction: Improvised explosive devices (IEDs) have resulted in a unique polytrauma injury
pattern termed Dismounted Complex Blast Injury (DCBI), which is frequent in the modern
military theater. DCBI is characterized by extremity amputations, junctional vascular injury, and
blast traumatic brain injury (bTBI). We developed a combat casualty relevant DCBI swine model,
which combines hemorrhagic shock (HS) and tissue injury (T1) with a bTBI, to study interventions
in this unique and devastating military injury pattern.

Methods: 50kg male Yorkshire swine were randomized to the DCBI or SHAM group
(instrumentation only). Those in the DCBI group were subjected to HS, TI, and bTBI. The blast
injury was applied using a 55psi shock tube wave. Tl was created with bilateral open femur
fractures. HS was induced by bleeding from femoral arteries to target pressure. A resuscitation
protocol modified from the Tactical Combat Casualty Care guidelines simulated battlefield
resuscitation for 240 minutes.

Results: Eight swine underwent the DCBI model and five were allocated to the SHAM group.
In the DCBI model the mean base excess (BE) achieved at the end of the HS shock was
-8.5745.13 mmol/L. A significant coagulopathy was detected in the DCBI model as measured

Alexis Cralley: alexis.cralley@dhha.org.

Author Contribution Statement:

A.C,EM.,J.C,M.C,KH,C.S,AS., and C.F, conceived and planned the experiments. A.C., E.M., D.K., M.D., T.S., and C.F.
carried out the experiments. A.C. performed data collection. A.C and A.S. performed data analysis. A.C., EM., J.C., M.C., KH.,C.S,,
and A.S., contributed to the interpretation of the results. A.C. prepared the initial draft of the manuscript and critical revisions were
completed by E.M. and A.S. All authors provided critical feedback and helped shape the research, analysis, and manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cralley et al.

Page 2

by Prothrombin time (PT) (15.8 sec DCBI vs 12.86 sec SHAM, p=0.02) and thromboelastography
(TEG) maximum amplitude (MA) (68.5mm DCBI vs 78.3mm in SHAM, p=0.0003).For the DCBI
models ICP increased by a mean 13mmHg reaching a final ICP of 24+7.7mmHg.

Conclusions: We created a reproducible large animal model to study the combined effects

of severe HS, TI, and bTBI on coagulation and intracranial pressure in the setting of DCBI,
with significant translational applications for the care of military warfighters. Within the 4-hour
observational period swine developed a consistent coagulopathy with a concurrent brain injury
evidenced by increasing ICP.
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Introduction

In recent warfare explosions were the most common mechanism of injury, accounting

for 78% of casualties and 63% of deaths®. The resulting complex injury pattern termed
dismounted complex blast injury (DCBI) is characterized by an amputation of at least

one lower extremity and junctional/urogenital injury leading to hemorrhagic shock (HS),
compounded by moderate to severe traumatic brain injury (TBI)2. The non-compressible
junctional hemorrhagic injuries associated with DCBI result in rapid and extensive blood
loss. Uncontrolled hemorrhage resulting from DCBI is the leading cause of deathl2 and
remains challenging to treat in the austere combat environment3-2, The life-threatening HS
with severe tissue injury following DCBI results in trauma-induced coagulopathy (TIC) 6.7
characterized by hypocoagulability which further compromises hemostasis®.

In addition to the clinically visible injuries due to tissue disruption compounded by TIC,
blast forces create overpressures that cause insidious injuries to the viscera, systemic
vasculature, and central nervous system (CNS). Blast traumatic brain injuries (bTBI) were
previously underappreciated, but have subsequently been associated with cerebral edema,
intracranial hemorrhage, and prolonged vasospasms 210, Furthermore, the interplay of TBI
on hemostasis and coagulation is incompletely understood. Clinical studies have shown
that TBI can provoke coagulopathy!112, and coagulopathy combined with TBI results in
worse outcomes!3, However, the interaction of blast injuries and coagulopathy is even less
understood as there are few models to evaluate blast on the effects of hemostasis'#1%. To
optimally treat DCBI, effective resuscitation protocols should prioritize cardiac and cerebral
perfusion, reduce blood loss, and restore coagulation homeostasis and mitigate secondary
brain injury. Thus, we developed a large animal DCBI model for evaluating resuscitation
interventions, such resuscitative endovascular balloon occlusion of the aorta (REBOA) and
tranexamic acid (TXA), which have been proposed as pre-hospital interventions1® to treat
hemorrhagic shock, cardiac and cerebral ischemia, and coagulation following improvised
explosive device (IED) related trauma.
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The Institutional Animal Care and Use Committee approved this animal study under
protocol #1050. The facility where the research occurred is fully accredited with the
Association for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC). Research was conducted in compliance with the Animal Welfare Act,
implementing Animal Welfare Regulations, the principles of the Guide for the Care and
Use of Laboratory Animals, National Research Council, and reported in accordance with
the ARRIVE guidelines. The checklist of the ARRIVE guidelines used to ensure proper
reporting of the methods, results, and discussion are included in the supplemental digital
content (SDC 1). Thirteen healthy adolescent male Yorkshire swine (45-56 kg) were
acclimated for a minimum of 3 days prior to experimental procedures.

Anesthesia is induced initially via intramuscular injection with ketamine (20.0 mg/kg),
xylazine (2.0 mg/kg), and acepromazine (0.2 mg/kg) followed by intubation under direct
laryngoscopy. Continuous infusion anesthesia using propofol (3 mg/kg/hr) and fentanyl (3
mcg/kg/hr) is maintained throughout the experiment using a superficial ear vein. SHAM
animals are sedated under the same anesthesia protocol and undergo the same vascular
access but do not undergo any injuries. The DCBI model is summarized in Figure 1.

An intracranial pressure (ICP) monitor (Integra LifeSciences, Plainsboro, NJ) is placed in
the subdural space of the left frontal lobe (SDC 2). A 10mm burr hole is drilled 1cm from
midline and 1cm above the brow line for insertion into the left frontal lobe. Arterial vascular
access is established for invasive blood pressure monitoring.

Axillary Artery Vascular Access:

Blast Injury:

Instrumentation begins with obtaining an arterial line for blood sampling and invasive blood
pressure monitoring. The right forelimb of the supine swine is placed in full extension at

90 degrees. After identifying the brachial pulse via digital palpation, an 8cm longitudinal
incision is made. Blunt dissection of the loose areolar tissue allows for visualization and
isolation of the artery, vein, and median nerve. A 5 Fr micropuncture sheath is utilized and
connected to the arterial pressure line (SDC 3).

The bTBI is created with a Friedlander type blast wave using a compressed gas mobile
shock tube (MST). The mobile shock tube is housed in an outdoor 52-foot trailer and
managed by Applied Research Associates, Inc. (Littleton, CO) and swine are transported
from the Vivarium operating room to the MST for the blast injury. A National Institute of
Justice (NIJ) Level Il vest, ear plugs, and goggles are placed on the swine in the operative
room to limit unwanted blast exposure to the torso, eyes, and ears (SDC 4). Targeted peak
pressure for the TBI is 55psi with an associated positive phase duration spanning 3 to 5
milliseconds.
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Femoral Arterial and Venous Access:

Due to the manipulation and force of the blast injury, no further vascular access is
obtained until after the bTBI. Prior to the tissue injury, both femoral arteries are cannulated
percutaneously and one femoral vein is cannulated. Using ultrasound (US) guidance with
the Seldinger techniquel’, we place 0.018” stainless steel wires into both femoral arteries
and one femoral vein. Placement of all wires prior to the cannulas improves the clarity of
the US image and allows for easier needle access to each vessel without interference of
any large sheaths already placed. In the femoral vein a large sheath (10 Fr) suitable for
rapid blood product resuscitation is placed. A 7 Fr introducer sheath is inserted into one
femoral artery. A 12 Fr pediatric extracorporeal membrane oxygenation (ECMO) cannula
is placed in the other femoral artery for rapid, controlled bleeding during the hemorrhagic
shock phase (SDC 5).

Tissue Injury:

Surgical cutdown through the skin and quadriceps of the extended hind limbs is done

until the femur is visualized. A captive bolt stunner (Blitz-Kerner, Turbocut JOBB GmbH,
Germany) is placed directly on each femur and confirmed with visualization. Following the
firing of the stun gun against the femur, visual inspection and digital palpation is used to
confirm femur fractur (SDC 5).Fractured femurs are packed with gauze to minimize blood
loss from fracture site.

Hemorrhagic Shock:

Fixed-pressure hemorrhagic shock is initiated by bleeding from the 12Fr femoral arterial
catheter. Shed blood is removed into citrated 450mL blood transfusion bags (Jorgensen
Laboratories, Inc. Loveland, CO). The target mean arterial pressure (MAP) within 10
minutes is 20mmHg. Once 20 mmHg is obtained, blood removal is titrated to maintain

a MAP of 15 mmHg and an end-tidal carbon dioxide (EtCO;) of 20 mmHg. When swine
reach the MAP and EtCO, goals, they are maintained at these levels by titrating further
blood loss to maintain these endpoints. Amiodarone (150mg) is administered to prevent
ventricular arrythmias. Base excess readings every 5-10 minutes are further used to titrate
blood removal and confirm adequate depth of shock. Swine are maintained at this pressure
range for 30-45 minutes until the base excess (BE) reaches —10 mmol/L. The amount of
blood volume percentage removed during shock is calculated using the standard volume of
66mL/kg!8.

Resuscitation:

At the end of HS, resuscitation is initiated following a modified combat casualty care
protocol. The resuscitation and post injury monitoring period is continued for 240 minutes.
The target MAP for the 15t hour of resuscitation is 35 mmHg, representing limited fluid
transfusion capacity in an austere combat environment. Once the pig reaches the 2" hour
of resuscitation the MAP goal is maintained >60 mmHg. Resuscitation begins with 500mL
of 5% human albumin (Grifols Biologicals Inc., Los Angeles, CA), followed by one unit
of shed blood. A bolus of 1 gm 10% calcium chloride is given with the first unit of

blood transfused. After the 15t unit of shed blood another 500mL of 5% human albumin
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is used. The remainder of the resuscitation period includes the shed blood bags, with
calcium administered with each subsequent unit of shed blood. Pigs are euthanized using
pentobarbital (86.6mg/kg) at the conclusion of the experiment at 240min post injury.

Data Collection and Analysis:

Results

Vital signs including blood pressure, MAP, heart rate (HR), respiratory rate (RR), and
EtCO, are monitored continuously and recorded every 5 minutes. ICP is monitored
continuously and recorded every 5 minutes. At prespecified timepoints (Figure 1), arterial
blood is collected for citrate native (CN) and tissue plasminogen activator (tPA)-challenge
thrombelastography (TEG), complete blood cell count (CBC), lipase, creatinine, total
bilirubin, and troponin to assess organ dysfunction. A previously described tPA-challenge
TEG has been developed to overcome the swine’s innate resistant to tPA-catalyzed lysis!®.,
Prior work has shown that a final concentration of 1500ng/mL of swine tPA added to the
TEG cup provides enough exogenous tPA to overcome this resistance to elicit lysis on
TEG. CN TEG results include the speed of clot initiation (R-time), rate of clot propagation
(angle), maximum clot strength (maximum amplitude, MA), and percent lysis at 30 minutes
(LY30). Only LY30 is analyzed in the tPA-challenge TEG. Whole blood is used for point of
care analysis of blood gases and PT/INR with an iSTAT-1 point of care analyzer and CG8+
and PT/INR Cartridges (Abbott Point of Care Inc., Princeton, NJ). Brain water content

is calculated using a validated wet-to-dry protocol after brains are weighed, then dried at
100°C for 48 hours and reweighed?0-21,

Data were inputted into Microsoft Excel 2010 (Microsoft Corporation, Redmond, USA) and
analyzed using SAS Studio 2021 and SAS vs 9.4 (SAS Institute, Cary, NC). Linear mixed
models for repeated measures are used to compare the temporal trends of the groups, with
contrasts between groups adjusted by using the false discovery rate method. Sample size
and power was calculated prior to performing all animal models using expected CN TEG
MA, CN TEG LY30, and ICP outcomes. With 80% power and 95% confidence to detect

a minimum change of 4.0mm in MA and a minimum difference of 3 percentage points

in LY30, a minimum of 5 animals per group were required. With a baseline mean ICP

of 11.5mmHg and standard deviation of 2.922, a sample size of 5 pigs with significance
level of 0.05 allows for detection of a minimum change in ICP of 5.9 mm Hg. A p-value

< than 0.05 was considered statistically significant. Correlations were conducted with the
Pearson correlation test. Distribution analysis was by visually inspecting histograms. For
variables not normally distributed, a Box-Cox power transformation was performed prior to
analysis. Data are presented as mean tstandard deviation or median + interquartile range
unless otherwise noted.

Eight swine were allocated to the DCBI model and five swine to the SHAM model. No
SHAM swine expired during the experiment, while one of the 8 DCBI swine expired early
(12% mortality) during the early HS phase. Baseline physiology was similar between the
groups (SDC 6).
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Model goals:

For the bTBI, the mean blast over pressure for all DCBI pigs was 53.0+1.8 psi. For the HS
phase, the mean time that swine remained in shock to achieve the target BE was 56.1+27.9
minutes. Two out of the eight DCBI swine (25%) required immediate resuscitation prior
to the BE goal due to agonal breathing and rapidly declining MAP and EtCO,. The
resuscitation of these swine followed the same protocol as all others. One of these swine
expired immediately despite resuscitation. The other swine survived to completion and its
time spent in the HS phase and final BE were similar to the other DCBI models (p>0.2).
The mean BE achieved at the end of the HS in the DCBI models was —8.6+5.1 mmol/L
compared to a BE of 10.8+2.6 for the SHAM models at the same time. This represented

a mean change from baseline BE of 18.2 mmol/L for the DCBI group. The BE achieved
correlated with the amount of shed blood (r=—0.84, p=0.0006). To achieve this level of
HS, the mean blood volume removed from the 8 DCBI swine was 46+11% of the total
blood volume. During HS, the DCBI model had significant decreases in their MAP within
the first 15 minutes of controlled bleeding (MAP 15.5+3.3mmHg vs 64.6+£14.4, p=0.0003).
Critically low MAP and EtCO, were maintained throughout shock.

Resuscitation:

At the conclusion of HS phase, resuscitation with albumin and shed blood slowly increased
the blood pressures and EtCO, progressively. At the completion of the model at 240min post
injury, MAP, EtCO,, and HR returned to their baseline levels and were similar to that of the
SHAM models (Figure 2).

Cardiac and Visceral Organ Function:

The DCBI produced no significant changes in electrolyte levels compared to SHAM models.
Calcium levels decreased slightly during shock despite calcium replacement. Glucose levels
for SHAM models remained unchanged, but decreased after resuscitation in DCBI swine
until the 240min endpoint (p<0.01) and at the end of the model was significantly lower
compared to SHAM (82.3+15.1 mg/dL vs 126+15.3, p=0.01) (SDC 7). Troponin, total
bilirubin, and creatinine increased significantly from baseline in the DCBI model but did
not change in the SHAM models (p<0.05). The final levels of troponin, total bilirubin, and
creatinine were elevated significantly in the DCBI models compared to SHAM (p<0.05).
Lipase remained constant in both models (p<0.05), but at final lipase was lower in the DCBI
group than SHAM (Figure 3).

Cerebral Perfusion:

Intracranial pressure and cerebral perfusion pressure are shown in Figure 4. Baseline ICPs
were similar in the two models, but after the completion of the HS phase and beginning of
resuscitation, the ICPs of DCBI animals increased steadily and significantly until the end
of the model at 240min, when the final ICP was 24+7.7mmHg compared to SHAM model
ICP of 7+8.4, p=0.0007. ICPs of the SHAM pigs remained constant throughout the model.
Corresponding cerebral perfusion pressure (CPP) in the DCBI models was significantly
lower than the SHAM models during shock and until 180min post injury. Brain weight
edema assessments showed a trend of increased water content (gram of water/gram of dry
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tissue), representing edema in the DCBI model compared to the SHAM model (3.9+0.49 vs
3.8+0.0g water/gram of dry tissue, p=0.6).

Coagulopathy:

Coagulopathy measured by CN TEGs was indicated by a persistent decrease in MA (a
measurement of clot strength) in the DCBI compared to SHAM (Figure 5).The decrease in
MA was significantly correlated with the lowest BE achieved (r=0.86, p= 0.0002) and the
amount of blood removed from the swine (r=—0.75, p=0.005). There were no significant
changes from baseline in the CN TEG R-time, angle, and LY30 in both groups. For the
tPA-challenge TEG, the DCBI model produced significant fibrinolysis at 30 and 60min post
HS (Figure 6).

A significant coagulopathy was detected in the DCBI model as measured by PT (Figure

6). PT increased throughout the HS shock phase and peaked at 30min post injury and into
resuscitation (15.8+2.4sec DCBI vs 12.9+0.6sec SHAM, p=0.02). There were no significant
changes in PT throughout the SHAM model. The maximum PT reached was significantly
correlated with the lowest BE (r=-0.78, p= 0.003) achieved, and the amount of blood loss
required to achieve that level of HS (r=0.65, p=0.02). At 240min post injury, the mean PT
for the DCBI model returned to near baseline value and was not significantly different from
the SHAM PT. Compared to SHAM, DCBI swine produced a steadily declining platelet
count from a baseline of 378 x10%/L until the end of model at 240min, reaching 208 x10%/L
(p=0.0003).

Discussion

Animal models are essential to evaluate HS-induced TIC and TBI resuscitation strategies,
but few models have employed polytrauma (tissue injury and hypoperfusion), and fewer
incorporate TBI. Previously described military relevant polytrauma models include a
noncompressible torso hemorrhage model23, a multicenter lethal triad model (consisting

of acidosis, hypothermia, and dilutional coagulopathy)?4, and an intra-abdominal sepsis
model incorporating TBI2°. Our newly created model focuses on DCBI with TBI, TI, and
HS; thus incorporating additional challenges that TBI contributes to shock resuscitation
and vice versa. Secondary insults such as hypotension, hypoxia, and inflammation lead

to additional neurological injury and worsen secondary brain injury26:27. Hypotension
increases mortality by 150% in severe TBI cases28. Additionally, coagulopathy combined
with TBI, which is present in one-third of these patients, is associated with worse outcomes
29.30_Clinical findings indicate TBI combined with HS is associated with prolonged PT
and decreased platelet counts'2. Clinical reports and swine models incorporating isolated
HS or TBI compared to combined HS+TBI and controlled cortical impact models suggest
that hypotension must be present for coagulopathy to develop following TBI26:31, Qur
polytrauma model showed similar results, indicating a hypocoagulable state following
DCBI with prolonged PT, reduced MA, and thrombocytopenia. Cho et al also showed
increasing PT and declining MA in their multicenter polytrauma swine model; however,
their use of normal saline (NS) creates a dilutional coagulopathy?4. Other previous military-
relevant polytrauma models utilized NS%3.25 however we avoided NS to prevent dilutional
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coagulopathy and instead evaluate iatrogenic TIC. Thus the increasing PT and decreasing
MA levels are significantly correlated with greater blood loss and deeper shock leading to
TIC. This finding that the degree of coagulopathy is influenced by the level of hemorrhagic
shock is consistent with other large animal models26:31. However, in rodent models isolated
HS is not associated with changes in MA32. We previously evaluated TEG changes in 572
trauma patients with and without TBI and found that severe TBI had no association with
changes in MA; however, lower MA was observed in patients with TBI and T1 compared
to isolated TBI and isolated TI11L. The significant decrease in MA seen in this DCBI model
is likely due to the interactions of the bTBI with HS and severe TI, resulting from not only
decreased platelet count but also platelet dysfunction secondary to TBIS33,

Measuring hyperfibrinolysis in swine models is difficult as swine are hypercoagulable

and resistant to tPA-driven lysis34. The tPA challenge assay is designed to unmask latent
hyperfibrinolysis.3. The tPA challenge TEG utilizes 1500 ng/ml of swine tPA ex-vivoto
achieve a detectable level of lysis on TEG. While increases in LY30 on the tPA challenge
TEG did not reach significance given the small sample sizes, the data suggest that DCBI
promotes a hyperfibrinolytic state. In clinical studies, tissue hypoperfusion and ischemia
are associated with early coagulopathy associated with hyperfibrinolysis36-38, Rodent work
indicates shock stimulates fibrinolysis, while tissue injury provokes fibrinolytic shutdown3®.
Recent clinical studies suggest TBI promotes fibrinolysis shutdown?. Consequently,
DCBI’s unique injury profile with severe TBI, TI, and life-threatening HS is important

to discern the overall balance in fibrinolysis regulation. In our DCBI model incorporating
severe blood loss of nearly 50% of total blood volume indicated a tendency to increase lysis.

The severe level of shock we were able to produce in this model is evident by visceral organ
damage detected by increases in creatinine and total bilirubin levels. While the changes
detected may not be considered clinically important in this acute four-hour model, even
these small changes increase the risk of developing multiple organ failure following DCBI,
especially if a patient’s fibrinolytic phenotype favors shutdown over hyperfibrinolysis*Z.

This unique DCBI animal model is also unlike previous polytrauma animal models which
employ cortical impact devices to produce a TBI. Instead, our model employs a whole-body
blast insult to produce the blast specific TBI. Blast insults are the leading cause of TBI in
the combat theater, accounting for 64% of all TBIs in Iraq and 47% of TBIs incurred in
Afghanistan?2. The widespread use of Kevlar vests mitigates the torso insult from blast and
protect the head and chest from penetrating trauma*344, However, even with body armor
uncontrolled hemorrhage often results in death before reaching a treatment facility, and the
effects of prolonged hypotension on the blast brain injury are not well characterized?:345,
In order to study the primary blast injury and its effect on the brain and TIC we utilized

a combat relevant whole-body blast exposure produced by a specially developed blast

tube which generates a Friedlander-type blast wave similar to that produced by explosions
in combat theater#®. To further reproduce a military scenario and limit life-threatening
barotrauma to the lungs, swine wear a military grade Kevlar vest which serves to minimize
damage to the lungs and gastrointestinal tract, as these air-containing organs are most
susceptible to damage following dramatic high-pressure changes?’.
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To our knowledge this is the only bTBI model capturing ICPs and CPPs throughout the
model. After the bTBI and during HS, ICPs remained relatively stable. It was not until 1
hour into resuscitation that ICPs began to increase steadily, reaching statistically significant
higher values than baseline. The mean increase from baseline for the DCBI model was
12.4mmHg, representing a doubling from the baseline value of 11.1mmHg. The delayed rise
in ICPs may be due to the loss of autoregulation following the bTBI and brain ischemia.
The CPPs recorded during the HS phase were consistently <mmHg after the first 15min

of shock, representing dangerously low brain perfusion. The Brain Trauma Foundation
recommends a CPP range of 60-70 mmHg as optimal targets for treating TBI, and ICP
elevations above 22mmHg are considered the threshold associated with poor outcomes?.In
this swine DCBI model, an acceptable CPP was not achieved until 120min after shock and
resuscitation. At 120min, CPP for the DCBI group reached a mean 43.2mmHg, and the

ICP was below the 22mmHg threshold, at 17.8mmHg. However, continued resuscitation to
reach a MAP >60mmHg and a SBP >100mmHg resulted in further ICP increases above the
22mmHg threshold. Thus, this model highlights the complex resuscitation strategies needed
to treat life threatening hemorrhage and bTBI. Our results, combined with Garner’s data

in which there was a 0% survival rate in a swine model with controlled hemorrhage and
primary blast injury when treated with permissive hypotension, suggest there is a delicate
balance between optimal resuscitation and progressive secondary brain injury*°.

The standardization and reproducibility of this model to detect visceral ischemia,
coagulopathy, and cerebral perfusion changes following DCBI and throughout resuscitation
is important in establishing a baseline injury threshold. Moving forward, this model serves
as the foundation to introduce additional interventions and evaluate their effects on these
same parameters. Interventions such as REBOA to control bleeding, TXA to correct
hyperfibrinolysis, and hypertonic saline to decrease ICP could be introduced in future
iterations. Additionally novel devices or drugs still in the preclinical phase with potential
use in Tactical Combat Casualty Care scenarios or blast injuries could be vetted through a
well-established model like this.

Limitations of this animal model include the short monitoring time for observation due

to our local animal care facility restrictions. The 4-hour model allows us to study the
immediate effects following DCBI but we are unable to extrapolate findings beyond the
acute injury period. Unfortunately, prolonged models evaluating outcomes at 24 and 48
hours are cost-prohibitive when balancing adequate sample sizes providing efficient power,
especially when considering the need to account for early mortality in a highly lethal
model. The model was powered to detect changes in coagulopathy and ICP. While we
detected significant changes in MA and ICP, we were not able to detect significant changes
in CN LY 30 values. However, the tPA challenge TEG targeted to overcome swine blood
resistance to tPA-catalyzed lysis was able to detect challenges. Additionally, this model
replicates a modern combat theater injury in which HS, severe tissue injury, and bTBI
frequently occur together after encounter with an IED. The clinical relevance of this model
should be interpreted within that injury scope. Differences within species are also relevant
when interpreting the results, especially in the setting of TBI animal models in which

brain anatomy and skull thickness effect our ability to replicate human TBI. However,
limitations are inherent to all animal models, and our findings provide new insight into the
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coagulopathy and brain injury following such a complex military injury. Lastly, recreation of
a complex blast trauma models must consider the logistical challengers of safety deploying
blast waves in research settings. Significant administrative oversight, logistical timelines,
and safety protocols all need to be incorporated into the scientific model to achieve success.

In conclusion, we have created a reproducible, large animal model composed of bTBI,
severe Tl, and HS. This model adds to the previously published military relevant, swine
polytrauma models by incorporating DCBI with noncompressible hemorrhage below the
torso. Our model produces a consistent coagulopathy, measurable by PT and MA by TEG.
The model provides evidence of evolving brain injury through continuous intracranial
pressure monitoring. This model will serve as the baseline cohort to introduce additional
resuscitation strategies to treat DCBI.

Supplementary Material

Support:

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Graphical representation of experiment.
Following anesthesia and initial vascular and intracranial access, swine were either

subjected a SHAM model (consisting of surgical access and instrumentation only) or to

the dismounted complex blast injury (DCBI: consisting of blast TBI, tissue injury caused
by bilateral femur fractures, and then a pressure targeted hemorrhagic shock phase). The
SHAM group remained under anesthesia and monitored during the time it takes to complete
the entire DCBI series. At the end of the hemorrhagic shock phase, DCBI swine are
monitored for 240min during which resuscitation occurs. SHAM swine complete 240min of
observation with normal saline for fluid replacement for insensible losses.
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Figure 2. The MAP, EtCO5, and heart rate changes monitored throughout the model are shown.
DCBI swine are subjected to blood removal to until MAP reaches 15-20mmHg and EtCO,

decreased to 20mmHg. Heart rate subsequently increases during the hemorrhagic shock
phase but returns to a similar rate as SHAM models at the completion of the experiment.
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Troponin, total bilirubin, lipase, and creatinine were measured at baseline, 60min after
injury, and at model completion after 240min of observation. There were no significant
changes in these labs in the SHAM group. Troponin increased significantly in the DCBI
group and was significantly higher than the SHAM group at 240min. Total bilirubin
increased significantly in the DCBI group and was significantly higher than the SHAM
group at 240min. DCBI final creatinine level was significantly higher than baseline and

the corresponding final SHAM level. Lipase trended slightly lower at 240min compared to
baseline in the DCBI group, but the final lipase level was significantly lower than the SHAM

group.
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Figure 4. Changesin intracranial pressure and cerebral perfusion pressure.
ICP increased significantly in the DCBI model but did not change in the SHAM model.

Calculated CPP was significantly lower than baseline at all timepoints once hemorrhagic
shock occurred.
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Figure 5. Changesin CN Thromboelastographry results.
R time, angle, and LY 30 remained at similar levels to baseline for both models. Maximum

amplitude decreased significantly in the DCBI model and was significantly lower than the

SHAM group at 30min post injury and later.
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Figure 6. Changesin PT and thetPA Challenge TEG LY 30.

The tPA challenge TEG showed significantly elevated LY 30 percentages in the DCBI model
compared to the SHAM at 30min and 60min post injury. Significant elevations in PT were

detected in the DCBI model compared to the SHAM model at 30min post injury.
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