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EXECUTIVE SUMMARY 

In combat casualties, hemorrhagic shock and its sequelae remain the most prevalent 
cause of potentially survivable mortality, accounting for 97% pre-hospital and 86% in-hospital 
potentially survivable mortality. To limit the physiologic and metabolic derangements that occur 
in prolonged hemorrhagic shock, there is an emphasis in pre-hospital trauma care of adhering to 
the “Golden Hour” concept in which casualties reach hospital care for definitive treatment within 
one hour of injury. Due to logistical and battlefield constraints, this is not always feasible.  
Adenosine, lidocaine, and magnesium (ALM) is a cardioplegic agent shown to improve survival 
by improving cardiac function, tissue perfusion, and coagulopathy in animal models of shock. 
We hypothesized pre-hospital ALM treatment in hemorrhagic shock would improve survival 
compared to current Tactical Combat Casualty Care (TCCC) resuscitation beyond the Golden 
Hour. For prolonged field care studies, swine were randomized to:  1) TCCC, 2) 2cc/kg vehicle 
control (VC), 3) 2cc/kg ALM+drip, 4) 4cc/kg ALM+drip, 5) 4cc/kg ALM+delayed drip at 
0.5cc/kg/hr, 6) 4cc/kg vehicle control, 7) 4cc/kg ALM for 15 mins + delayed drip at 3cc/kg/hr. 
For whole blood resuscitation adjunct studies, swine were randomized to three treatment groups: 
(1) Whole blood alone, (2) Whole blood + 30 mL of ALM bolus (A:1mg/kg; L:2 mg/kg; M:0.5 
mg/kg) infused at 5 mL/min, or (3) Whole + 30 mL of vehicle control (VC) (0.9% NaCl bolus) 
infused at 5 mL/min. Animals underwent pressure controlled hemorrhage to MAP of 30mmHg 
(S=0). For prolonged field care studies, treatment was administered at T=0. After 120 minutes of 
simulated pre-hospital care (T=120) blood product resuscitation commenced. For coagulopathy 
studies, ALM was administered at T=60, along with whole blood resuscitation. Physiologic 
variables were recorded, and labs were drawn at specified time points. TCCC demonstrated 
superior survival to all other agents. VC and ALM groups had lower mean arterial pressures 
(MAPs) and systolic blood pressures (SBPs) compared to TCCC. Except for the vehicle control 
groups, lactate levels remained similar with correction of base deficit after pre-hospital 
resuscitation in all groups. Kidney function and liver function remained comparable across all 
groups. Compared to baseline values, TCCC demonstrated significant hypocoagulability. ALM, 
as administered in this study, is inferior to current Hextend®-based resuscitation for survival 
from prolonged hemorrhagic shock in this model. In survivors, ALM groups had lower SBPs and 
MAPs, but avoided the coagulopathy induced by TCCC. ALM does not appear to be a suitable 
low volume replacement to current TCCC resuscitation. Furthermore, the addition of ALM to 
whole blood resuscitation at the hospital phase did not improve upon the coagulopathic status of 
patients.  

2.0 INTRODUCTION 
 In combat casualties, hemorrhagic shock and its sequelae remain the most prevalent 
cause of potentially survivable mortality, accounting for 97% pre-hospital and 86% in-hospital 
potentially survivable mortality.1,2 To limit the physiologic and metabolic derangements that 
occur in prolonged hemorrhagic shock, there is an emphasis in pre-hospital trauma care of 
adhering to the “Golden Hour” concept in which casualties reach hospital care for definitive 
treatment within one hour of injury. Due to logistical and battlefield constraints, this is not 
always feasible. Because of these limitations, the United States military utilizes a clinical 
practice guideline for Tactical Combat Casualty Care (TCCC) that outlines resuscitative 
treatments for medics to use in the battlefield. The guideline emphasizes the use of whole blood 
as the optimal treatment for resuscitation.3 If whole blood is not available, the next best preferred 
treatment is 1:1:1 blood component damage control resuscitation (DCR) followed by dried 
plasma (DP). Although whole blood is available in Special Operations units, it is not yet 
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available in all combat units and component blood products, as well as dried plasma, are only 
available in limited amounts.4 In these circumstances where blood products are not available in 
the pre-hospital setting, Hextend® is the preferred treatment over crystalloid; however, Hextend®  

use has been shown to lead to adverse effects, including increased hypocoagulability and risk of 
bleeding.5 Furthermore, the availability of blood or fluids in the battlefield is limited by the 
amount of gear that medics can carry. Therefore, a low-volume therapeutic that can stabilize a 
patient in a pre-hospital setting in order to maintain adequate organ perfusion and protection 
while limiting the metabolic and physiologic derangements would be crucial in improving the 
potentially survivable mortality associated with hemorrhagic shock. Such a therapeutic may have 
promise as a suitable treatment modality that can replace Hextend® and avoid the potential 
adverse effects resulting from its use.  
 Adenosine, lidocaine, and magnesium (ALM) is a known treatment regimen used in 
cardiac surgery as a cardioplegic agent in cardiopulmonary bypass. Adenosine hyperpolarizes the 
myocyte while lidocaine blocks sodium fast channel activation. Magnesium acts as a calcium 
antagonist and prevents accumulation of intracellular calcium. Magnesium alone has been shown 
to improve myocardial performance following cardioplegic arrest.6 Furthermore, 
hypomagnesemia is associated with higher mortality rates in ICU patients.7 In open heart 
surgeries, ALM has been shown to improve metabolic, cardiac, and neurologic outcomes when it 
is used as a cardioplegic agent.8-10 Numerous animal models of hemorrhagic shock have 
demonstrated the therapeutic potential benefits of ALM: in rats, low dose bolus of ALM not only 
improved cardiovascular function, but also demonstrated an increased survival rate.11,12 A swine 
model of hemorrhagic shock demonstrated improved cardiac and renal function, as well as 
decreased fluid requirements during resuscitation.13 Other animal studies have shown that ALM 
may also reverse trauma-induced coagulopathy14 and prevent secondary immune-mediated 
complications.15 
 Given these potential therapeutic benefits of ALM, the aim of this study was to determine 
if ‘pre-hospital’ treatment with ALM during hemorrhagic shock would: 1) limit metabolic and 
physiologic derangements; 2) provide end-organ stabilization and protection; and 3) increase 
overall survival compared to current standardized Hextend®-based Tactical Combat Casualty 
Care Resuscitation (TCCC) in a prolonged field care scenario.  
Primary endpoints: 

• Overall survival rate. 
• Survival times both prior to, and following, whole blood resuscitation. 

Secondary endpoints: 
• Cardiovascular function - Assessment to include:  continuous invasive arterial blood 

pressure and waveform monitoring, continuous electrocardiography (lead II ECG). 
• Metabolic state - Assessment to include: serum pH, base deficit and lactate levels. 
• Coagulation function - Assessment to include: rotational thromboelastometry analyses, as 

well as, determinations of prothrombin time (PT), activated partial thromboplastin time 
(aPTT) and international normalized ratios (INR). 

• End organ function and protection - Assessment to include: serum chemistries and 
markers of injury/function, and end organ histology. 

• Fluid requirement to maintain permissively hypotensive resuscitation. 

3.0  METHODS, ASSUMPTIONS AND PROCEDURES 
 The initial study proposed the use of one hundred and ten (110) male swine (Sus scrofa 
domesticus), which would divide them randomly into several groups: ten (10) animals for an initial 
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technical refinement group, ninety (90) animals assigned into five (5) Protocol Studies (i.e. Studies 
A, B, C, D, and E), and three treatment arms (i.e. Arms 1, 2, and 3) within each Study.  There were 
additionally ten (10) cull animals for possible replacement should animals on the study be lost due 
to illness or early anesthetic or surgical mortality (Table 1). 
 Studies A, B, C, D, and E would evaluate the use of ALM as a low volume resuscitation 
fluid in prolonging the ‘Golden Hour’ to 2, 3, 4, 5, and 6 hours, respectively. However, after the 
completion of the technical refinement group, and the initial bolus dose in Study A, it was 
determined that few of the animals were surviving beyond the first hour, as compared to the TCCC 
standard of care, which had a 90% survival rate at 2 hours. 
 This prompted communication with the Dobson group, which have been the lead publishers 
on the use of ALM in hemorrhagic shock models. They provided input on options to modify the 
dosage and administration of ALM in the experimental models. Initially, ALM was being 
administered as a rapid bolus, followed immediately by a continuous IV infusion, or ‘drip’ for the 
remainder of the first hour. The Dobson group advised delaying the drip until the end of the 1st 
hour of prolonged field care, as well as administering the bolus over a 15-minute period, rather 
than all at once. Both of these options were tested and failed to yield better results. The animals 
utilized in these groups are described in Table 2. 
 In a final attempt to assess the potential utility of ALM in the modification of TCCC 
guidelines, it was proposed to utilize it as an adjunct to whole blood resuscitation at the point of 
hospital care, as previous studies from the Dobson group have demonstrated that ALM can prevent 
trauma induced coagulopathy. These groups are described in the methods below. Ultimately, these 
animals did not demonstrate a significant difference in coagulation as compared to control groups. 
At this point, sixty-one (61) animals had been utilized in the study. Having failed to demonstrate 
an advantage of ALM as a low volume resuscitation fluid, extend survival beyond the golden hour, 
or as an adjunct to whole blood resuscitation at the point of hospital care, the study was terminated, 
and the results disseminated for presentation and publication. 
 
 
 
Table 1: Initial Proposed Protocol Arms 

Table 1.  Protocol Arms 
Technical Refinement  
 Objective # of Animals 
 Technical Refinement (surgical, hemorrhage, and 

resuscitation protocols) 
10 

Study A -  GOLDEN 2-HOURS 
 Treatment  # of Animals 

Arm 1 0.9% NaCl bolus and drip infusion                    6 
Arm 2  ALM bolus (2.5 mg/kg) + ALM drip infusion (0.7 mg/kg/hr) 6 
Arm 3 ALM bolus (2.5 mg/kg) + ALM drip infusion (1.7 mg/kg/hr) 6 

Study A total number of swine 18 
Study B -  GOLDEN 3-HOURS 

 Treatment  # of Animals 
Arm 1 0.9% NaCl bolus and drip infusion                    6 
Arm 2  ALM bolus (2.5 mg/kg) + ALM drip infusion (0.7 mg/kg/hr) 6 
Arm 3 ALM bolus (2.5 mg/kg) + ALM drip infusion (1.7 mg/kg/hr) 6 

Study B total number of swine  18 
Study C -  GOLDEN 4-HOURS 

 Treatment  # of Animals 
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Arm 1 0.9% NaCl bolus and drip infusion                    6 
Arm 2  ALM bolus (2.5 mg/kg) + ALM drip infusion (0.7 mg/kg/hr) 6 
Arm 3 ALM bolus (2.5 mg/kg) + ALM drip infusion (1.7 mg/kg/hr) 6 

Study C total number of swine 18 
Study D -  GOLDEN 5-HOURS 

 Treatment  # of Animals 
Arm 1 0.9% NaCl bolus and drip infusion                    6 
Arm 2  ALM bolus (2.5 mg/kg) + ALM drip infusion (0.7 mg/kg/hr) 6 
Arm 3 ALM bolus (2.5 mg/kg) + ALM drip infusion (1.7 mg/kg/hr) 6 

Study D total number of swine 18 
Study E – GOLDEN 6-HOURS 

 Treatment  # of Animals 
Arm 1 0.9% NaCl bolus and drip infusion                    6 
Arm 2  ALM bolus (2.5 mg/kg) + ALM drip infusion (0.7 mg/kg/hr) 6 
Arm 3 ALM bolus (2.5 mg/kg) + ALM drip infusion (1.7 mg/kg/hr) 6 

Study E total number of swine 18 
Project Summary 

 Objective  # of Animals 
 Technical Refinement  10 

Study A GOLDEN 2-HOURS  18 
Study B GOLDEN 3-HOURS                 18 
Study C GOLDEN 4-HOURS                 18 
Study D GOLDEN 5-HOURS                 18 
Study E GOLDEN 6-HOURS                 18 

 Project subtotal number of swine  100 
 Cull 10 

PROJECT TOTAL NUMBER OF SWINE  110 
 
 
Ethical Approval and Accreditation: 
 The study protocol was reviewed and approved by the 711th HPW/RHD JBSA-Fort Sam 
Houston Institutional Animal Care and Use Committee (IACUC) in compliance with all applicable 
Federal regulations governing the protection of animals in research. All procedures were 
performed in facilities accredited by the AAALAC international. 
Preparation of Test Agent:  
 ALM solutions were prepared as defined by Dobson et al. Briefly, all bolus doses were 
comprised of 0.2674g Adenosine (Adenosine, SIGMA A9251), 0.8664g Lidocaine (Lidocaine 
Hydrochloride Monohydrate, SIGMA L5647), and 0.301g Magnesium (MgSO4)(Magnesium 
Sulphate, anhydrous SIGMA M7506).  This was placed into solution with 1000mL 3% NaCl. For 
the ‘drip’ dose, using the same millimole amounts above, Adenosine (0.5g/100mL), Lidocaine 
(1.0g/100mL), and MgSO4 (0.5g/100mL) were mixed into 100mL of 0.9% NaCl. This allowed 
for a drip rate of 0.5mL/kg/hour over the two-hour protocol.  
Pre-operative Preparation: 
 Sixty-one male swine (Sus scrofa domesticus) weighing 70-90 kilograms were randomized 
into ten resuscitation groups: 1) Hextend®-based Tactical Combat Casualty Care (TCCC) 
Resuscitation consisting of up to a maximum of two 500cc boluses of Hextend (1L maximum) and 
Lactated Ringers infusion to maintain MAPs of 50mmHg; 2) 2 cc/kg vehicle control bolus (3% 
NS); 3) 2 cc/kg 3% ALM bolus followed by immediate 0.5 cc/kg/hr 0.9% ALM drip; 4) 4 cc/kg 
3% ALM bolus followed by immediate 0.5 cc/kg/hr 0.9% ALM drip; 5) 4 cc/kg 3% ALM bolus 
followed by 60 minute delayed 0.5 cc/kg/hr 0.9% ALM drip (drip delay); 6) 4 cc/kg vehicle (3% 
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NS) control bolus; or 7) 4 cc/kg 3% ALM bolus with 3 cc/kg/hr delayed 0.9% ALM drip. For 
ALM as an adjunct to WB resuscitation studies, animals were randomized to one of three groups 
(n=6): (1) Whole blood alone, (2) Whole blood + 30 mL of ALM bolus (A:1mg/kg; L:2 mg/kg; 
M:0.5 mg/kg) infused at 5 mL/min, or (3) Whole + 30 mL of vehicle control (VC) (0.9% NaCl 
bolus) infused at 5 mL/min. 
 Animals were sedated with Telazol (6.0 mg/kg; Fort Dodge Animal Health, Overland Park, 
KS, USA), pre-medicated with an analgesic (Buprenex 0.01 mg/kg; Reckitt & Colman 
Pharmaceuticals Inc., Richmond, VA, USA), and intubated with anesthesia maintained on 1-3% 
isoflurane. Core body temperature was monitored via a rectal temperature probe and maintained 
between 36.0-38.0°C. 
 Four catheters were placed percutaneously or via cut down. Briefly, venous catheters (8Fr; 
Arrow, Morrisville, NC, USA) were placed for central venous pressure monitoring and fluid 
infusion in the femoral or jugular veins. Femoral arteries were cannulated with either 8 Fr catheter 
(Arrow, Morrisville, NC, USA) for hemorrhage or 5 Fr catheter (Cook Medical, Bloomington, IN, 
USA) for blood pressure monitoring (MAP) and sampling. 
Hemorrhagic Shock: 
 After baseline (BSLN) blood samples were drawn, hemorrhage was initiated by opening 
the stopcock in line with the right femoral artery allowing for free flow of blood until a mean 
arterial pressure (MAP) reached 30 mmHg. This marked the beginning (S=0 min) of the shock 
period, additional blood was withdrawn as needed to maintain a MAP of 30-35 mmHg. The end 
of shock (T=0 min) was defined when the animal either physiologically decompensated or was 
unable to maintain a blood pressure, as defined by: 1) 90 min of a MAP 30-35 mmHg; 2) 10 min 
of a MAP 20-29 mmHg; or 3) 10 sec of a MAP < 20 mmHg. Hemorrhaged blood was collected in 
a blood donor bag containing anticoagulant citrate phosphate dextrose adenine solution (CPDA) 
at a 1:10 ratio for subsequent use in resuscitation. 
Resuscitation and Euthanasia: 
 Treatment and study timelines are depicted in Figure 1. Starting at T=0 min, a simulated 
‘pre-hospital’ resuscitation commenced. All ALM products (Adenosine, Lidocaine, and 
Magnesium) were purchased from Sigma-Aldrich (St. Louis, MO, USA). ALM dosages for each 
group are described in Table 2. 
 T=120 min represented a simulated hospital arrival time (120 minutes after injury, to 
replicate prolonged pre-hospital care by doubling the golden hour), blood samples were collected 
and resuscitation was initiated with 75% shed blood volume whole blood (WB) infused over 30 
min. WB transfusion was preceded with 23% calcium gluconate solution (Vedco, Saint Joseph, 
MO, USA) at 1 mL/200 mL WB. At end-of-resuscitation (T=150 min) animals received 
maintenance fluids and were monitored under anesthesia until T=240 min. Swine were humanely 
euthanized at T=240 min with pentobarbital sodium and phenytoin sodium (Euthasol®, 390 
mg/mL, Virbac Corporation, Fort Worth, TX, USA). 
 For animals in the WB Adjunct arms, simulated hospital arrival occurred at T=60 min, 
wherein resuscitation was administered as determined by their groups, described above. ALM or 
VC boluses were administered over the first 5 minutes of this hospital phase. These animals were 
then monitored under anesthesia until T=300 min, before being humanely euthanized as described 
previously. 
Blood Draws and Laboratory Analysis: 
 WB was collected as BSLN, S=0, T=0, 60, 120, 180, and 240 min with arterial blood gas 
being collected every 30 min after T=0 min. Arterial blood gas parameters were assessed utilizing 
a GEM® Premier 4000 (Instrumentation Laboratory, Bedford, MA, USA). Complete blood counts, 
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basic metabolic panels, and liver associated enzymes were evaluated on ProCyte Dx Hematology 
and Catalyst One Chemistry Analyzers (IDEXX Laboratories, Inc., Westbrook, ME, USA). 
 WB viscoelastic clotting properties were evaluated by rotational thromboelastometry 
(ROTEM® Delta System, Instrumentation Laboratory, Bedford, MA, USA). ROTEM® analyses 
included evaluation of extrinsic coagulation pathway function (ExTEM) and ExTEM in the 
presence of the platelet inhibitor, cytochalasin D (FibTEM) including: clotting time (CT), clot 
formation time (CFT), alpha angle (α), and maximum clot firmness (MCF). 
 Concentrations of coagulation factors were evaluated using STAGO® STA Compact® 
(Diagnostica Stago Inc., Parsippany, NJ, USA). STAGO® analysis included prothrombin time 
(PT), partial thromboplastin time (PTT), antithrombin (ATIII), von Willebrand Factor (vWF), 
fibrinogen, and d-dimer. 
 Platelet aggregation was evaluated by Multiplate® (DiaPharma Group Inc., West Chester 
OH, USA), using agonist: adenosine diphosphate (ADP) and collagen (COL). Agonist responses 
are reported as area under the aggregation curve in units (U) over a 6 min measurement period. 
Histologic Analysis 
 Immediately following euthanasia, the following tissue specimens were collected for 
histopathologic evaluation: heart, lung, liver, and kidney. Tissue specimens were fixed in 10% 
neutral buffered formalin, paraffin-embedded, cut at 5µm and stained with hematoxylin and eosin 
(H&E) for histopathologic evaluation. Damage was assessed by pathologic grade from 0 (none) to 
4 (severe). The mean pathologic grade for each treatment group was calculated and rounded to the 
nearest whole number. 
Data and Statistical Analysis 
 Statistical analyses were performed using Prism 7 (GraphPad Software, Inc., La Jolla, CA, 
USA). Data are presented as mean±SEM. Data with baseline discrepancies were normalized to 
baseline before statistical analysis. Single time point analyses were performed by one-way 
ANOVA using post-hoc Tukey and multiple time-point analyses were analyzed by two-way 
ANOVA using post-hoc Bonferroni correction. P-value <0.05 were considered to be statistically 
significant. 
 

4.0 MAJOR EVENTS/MILESTONES/SUCCESS 
 

• Kick Off Meeting – 12 June 2017 
• IACUC Approval – 15 December 2015 
•  All experimental procedures completed – 12 April 2018 
•  Data Analysis – 13 September 2018 
•  Poster presentation – ASC (Presentation: 06 February 2019), EAST (Presentation: 17 

January 2019), SAUSHEC (Poster: 25 April 2018) 
•  Manuscript submitted to – Journal of Trauma (Accepted: 02 March 2019) 

5.0 RISK ASSESSMENT 
 

5.1 Risk Analysis 
 
Risk:  Injury model originally outlined in the proposal did not result in a severe physiologic 
response in the animals. 
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Mitigation:  Our group has extensive experience utilizing a pressure-targeted hemorrhagic shock 
injury until decompensated shock is achieved.  Decompensated shock is defined as a 
hemorrhagic event where a mean arterial pressure (MAP) of 30-34mmHg is maintained until the 
animals no longer exhibit cardiovascular compensatory responsiveness to maintain or elevate 
that MAP.  The physiologic insult from this injury yields a reproducible severe model of shock 
with a significant increase in lactate and alteration to base deficit.  
 
Risk: ALM treatment originally outlined in the proposal did not result in the increased survival.  
 
Mitigation: The animals seem to tolerate the initial bolus administration of the ALM treatment 
(2-4cc/kg) however during the continued infusion (drip) of the ALM product may not be 
tolerated.  We speculate that during the drip infusion the ALM product builds up intravascularly 
and prevents an appropriate cardiac response.  Instead, this build-up of ALM leads to cardiac 
arrest occurring roughly 60 minutes following the bolus dose administration.  After discussing 
these interim results with experts there are several other potential explanations, including the 
timing of the drip as well as the individual dosing concentrations of the ALM components. 
 
Risk: Amended ALM treatments did not result in the increased survival. 
 
Mitigation: Though ALM does not seem to be a feasible pre-hospital resuscitation fluid. One 
thing we did see, in our secondary endpoints in survivors, was that ALM does seem to have 
some beneficial effects on coagulation and inflammation. We believe it would be good to look at 
ALM as an in-hospital adjunct to see if it helps with fighting trauma induced coagulopathy and 
preserving organs. 
 
Risk: Contracting delays with award for sample analysis kits have pushed the expected 
completion date to the right.   
 
Mitigation:  We are working directly with the contracting office to track the status of these 
packages and will request delivery of the products upon award.  Immediately following receipt 
of the kits, attention will be turned to executing the laboratory analysis of banked 
tissues/specimens. 
 

5.2 Technical Challenges 
 

None. 

6.0 TRANSITION PLAN 
 

6.1 Military Relevance 
Hemorrhage remains the most prevalent cause of PS mortality in our combat casualties, 
accounting for 97% of pre-hospital and 86% of in-hospital PS mortality (Eastridge, et al., 2012; 
Eastridge, et al., 2011). Hence, the development of field-deployable, low-volume, permissively 
hypotensive therapeutic resuscitation strategies to improve survival and outcomes, especially in 
the context of extended/delayed transport/evacuation times in MODE settings, remains a vital 
priority. The proposed research, to decrease mortality due to PS hemorrhage, directly addresses 
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the specific scientific need set forth in the 59th Medical Wing Research Program Announcement 
(RPA) Priority Area of Extending the Golden Hour. Additionally, the results of the proposed 
research will provide information regarding Fluid Resuscitation requirements and “best 
practices” in the context of prolonged hypotensive resuscitation and delayed hospital care in 
MODE settings. Furthermore, this work has great potential to advance the state of medical 
science and accelerate the transition of medical knowledge and technologies that can be applied 
in theater. 
 

6.2 Transition Strategy 
 
While the development of an effective, pre-hospital therapeutics is essential to extend the 
“Golden Hour,” this research effort found that ALM is not an appropriate pre-hospital agent, but 
may provide protective effects if used as definitive care agent mitigating TIC and organ 
preservation. 

7.0 RESULTS 
Demographics, Blood Loss, and Survival: 

 There were no significant differences between the seven groups for age or total blood loss. 
Groups 6 and 7 demonstrated significantly lower weights compared to Group 1 (p=0.03) and Group 4 
(p=0.01), respectively (Table 2). Group 1 had a significantly greater percent survival at T=120 min 
(Figure 2) compared to the other six groups (90.9 vs. 20.0 vs. 40.0 vs. 16.7 vs. 33.3 vs. 20.0 vs. 0.0%). 
Since Group 1 demonstrated greater than 50% survival compared to Groups 2-7 at T=120 min (the end of 
pre-hospital phase), further analyses were conducted only out to T=120 min. 

Hemodynamics, Heart Rate, and EtCO2: 

 Systemic hemodynamics were equivalent between groups at baseline (Figure 3). Regardless of 
group, MAP and systolic blood pressure (SBP) decreased uniformly in response to hemorrhage, with only 
Group 1 normalizing pressure by T=60 min. At T=0 min, Groups 1, 2, and 5-7 demonstrated a significant 
tachycardia response. This tachycardia response remained elevated in Groups 4, 5, and 7 through T=60 
min and in Groups 1 and 6 through T=120 min. Compared to Group 1, all other groups demonstrated 
significantly reduced MAP and SBP at T=60 min (p<0.001) with the exception of Group 6. 

 End-tidal carbon dioxide (EtCO2) was equivalent and significantly declined following 
hemorrhage (T=0 min) for all groups with the exception of Group 2 (Figure 3). Across all groups, pre-
hospital resuscitation normalized EtCO2 by T=60 min. 

MAP was equivalent between groups except at T= 65, when WB+ALM MAP dropped, and at 
T=75/85 when WB+ALM MAP increased (Figure 8). All values were equivalent at T= 300. 

Base Excess, Lactate, pH and Bicarbonate: 

 Base excess was significantly reduced compared to baseline at T=0 min for all groups. Base 
excess remained significantly decreased in Groups 1 and 4 through T=120 min (1: 9.4±1.7 vs. 3.2±2.1 
mmol/L, p=0.02; 4: 12.3±1.8 vs. -1.6 mmol/L, p=0.04). For both vehicle control groups (Groups 2 and 6) 
base excess significantly lowered further by T=120 min (2: 8.6±0.9 vs. -5.8 mmol/L, p=0.04; 6: 10.2±1.2 
vs. -7.3 mmol/L, p=0.008). Lactate levels increased by T=0 mins for all groups, but only the two vehicle 
control groups (Groups 2 and 6) continued to increase and remained elevated at T=120 mins. The pH 
values remained equivalent among all groups through T=120 min. Bicarbonate was significantly reduced 
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at T=0 min for all groups, with Group 1 and 4 remaining reduced through T=120 min (1: 34.1±1.5 vs. 
28.4±1.91 mmol/L, p=0.02; 4: 37.0±1.8 vs. 24.3 mmol/L, p=0.04). In the vehicle controls, Groups 2 and 
6, bicarbonate significantly lowered further at T=120 min (2: 33.6±0.4 vs. 20.1 mmol/L, p=0.04; 6: 
34.5±0.7 vs. 15.8 mmol/L, p=0.008). 

Lactate levels were significantly lower in the WB+ALM group compared to the WB+VC groups 
during shock and resuscitation (T= 0 through T= 120). WB+VC group base deficit was significantly 
worsened as compared to WB and WB+ALM when treatment began (T= 60). 

Organ Function: 

 Kidney function was assessed by blood urea nitrogen (BUN) and creatinine (CREA). Compared 
to baseline, BUN was significantly elevated at T=120 min for Group 5. CREA remained elevated through 
T=120 min for Groups 1-5. Compared to Group 1, CREA was significantly higher at T=120 min for 
Group 4 and 5 (1.6±0.1 vs. 2.2 vs. 2.0±0.1 mmol/L, p<0.01), respectively. Liver function was assessed by 
albumin (ALB), aspartate transaminase (AST), and alanine transferase (ALT). ALB was significantly 
reduced in Group 1 and significantly lower in comparison to the other six groups at T=60 min (p<0.05).  
AST and ALT levels were significantly elevated for the lower volume normal saline drip vehicle control 
group (Group 2) compared to baseline and relative to all the other treatment groups. AST/ALT ratio 
followed a similar trend for Group 2. 

 Histopathologic analysis demonstrated no significant difference in organ damage among the 
treatment groups. Damage ranged from none (Grade=0) to moderate (Grade=2). There was no consistent 
protective effect conferred by any of the treatment groups.  

Complete Blood Count: 

 Compared to baseline, Group 1 demonstrated significant reduction in hematocrit and hemoglobin. 
Platelet count was significantly reduced in Group 1 compared to baseline, while levels were significantly 
reduced at T=120 min for Group 4. Compared to baseline, Group 1 had significantly elevated white blood 
cell count (WBC) at T=0 min, while Group 7 was significantly elevated at T=120 min. Compared to 
Group 1, Group 7 demonstrated a significantly elevated WBC at T=60 min (20.4±1.3 vs. 29.0±3.3 K/µL, 
p=0.02). Neutrophil count was significantly increased following treatment (T=60 min) in all groups with 
the exception of Groups 2 and 5 and persisted to T=120 min for Groups 1 and 6. At T=120 min Group 5 
neutrophil count was significantly lower than Group 1 (6.0±1.1 vs. 12.7±1.0 K/µL, p=0.04). 

ROTEM: 

 Compared to baseline, Group 1 demonstrated significant hypocoagulability with elevated ExTEM 
clotting time (CT), clot formation time (CFT), and reduced ExTEM alpha angle (α). All ALM and vehicle 
control groups averted coagulopathy with the exception of Group 5 at T=120 min (Figure 4). At T=0 
min, Group 1 demonstrated significant reduction in plasmatic coagulation factors ATIII and fibrinogen 
persisting to T=120 min. ExTEM CT was significantly elevated for Group 1 compared to all groups. 
Group 1 clot strength was significantly diminished via ExTEM maximum clot firmness (MCF), and 
demonstrated a significant deficiency in fibrin polymerization via FibTEM MCF. FibTEM CT was 
significantly elevated for Group 1. The data for Group 4’s one survivor at T=120 min had an error and 
was not rerun, and data at that time point was left out of the analysis. 

For WB Adjunct groups, after treatment, T= 60, all groups showed comparable viscoelastometry 
parameters with the exception of ExTEM MCF at T=180 (Figure 9).  
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STAGO: 

 Compared to baseline, Group 1 demonstrated elevated PT and reduced PTT beginning at T=60 
min and persisted through T=120 min (Figure 5). At T=60 min Group 1 had a significantly elevated PT 
compared to Group 3 (p<0.01) and Group 7 (p<0.05), while no significant differences were seen between 
groups for PTT. 

 Plasmatic coagulation factors, ATIII and fibrinogen, were significantly reduced in Group 1 
compared to baseline values from T=0 through T=120 min, while levels were significantly reduced for 
Groups 2 and 3 at T=0 min and Group 4 at T=60 min (Figure 5). Compared to the other six treatment 
groups, at T=60 min Group 1 had significantly reduced ATIII (p<0.05) and fibrinogen (p<0.05). 
Conversely, vWF was significantly elevated at T=60 min in Groups 2, 3, 4, and 6; and remained elevated 
at T=120 min for Groups 2, 5, and 6. At T=60 min, Groups 2, 3, 4, and 6 demonstrated significantly 
elevated vWF compared to Group 1 (p<0.05). There were no significant differences seen at any time 
point in d-dimer.  

Platelet Aggregation: 

 Compared to baseline, Group 1 demonstrated significant decrease in platelet aggregation at T=60 
min in response to both agonists, ADP and COL, while no significant decreases in platelet aggregation 
were seen in any of the ALM or vehicle control groups. There were no significant differences between 
Group 1 and all other groups at any timepoint during the study. 

 

8.0 CONCLUSION/DISCUSSION 
 In combat trauma, adherence to the Golden Hour paradigm has become difficult due to 
logistical challenges and constraints in the battlefield. Additionally, treatment of the injured is 
limited to the amount of gear that military medics can carry in order to administer care. A low 
volume treatment that can be easily carried and reduce the number of fluids necessary to 
adequately resuscitate casualties would be beneficial to the combat injured. Based on previous 
animal studies, ALM has been targeted as a promising candidate to replace current TCCC 
resuscitation fluids (Hextend®). Our study sought to determine if ALM could serve as a low-
volume replacement to TCCC for resuscitation in hemorrhagic shock in the pre-hospital setting. 
Our results demonstrate that, when compared to TCCC, ALM: 1) did not improve overall 
survival in hemorrhagic shock; 2) did not improve SBP and MAPs; 3) did not ameliorate 
metabolic parameters; and 4) did not provide organ protection; but 5) did have protective effects 
on coagulopathy. 
 Compared to groups receiving ALM, survival was superior in the TCCC group at a rate 
of 90.9%.  While the ALM treatment groups demonstrated survival rates of less than 50%, the 
majority of the deaths occurred by T=60 min which is similar to the vehicle control groups.  
These results suggest that treatment with ALM alone does not improve survival or provide any 
therapeutic benefit. 
 Compared to TCCC, ALM treatment did not confer any improvement in blood pressure, 
with MAPs and SBPs consistently lower than TCCC group. The blood pressure parameters for 
the ALM treatment groups were comparable to the vehicle control groups. ALM treatment also 
did not improve heart rate nor EtCO2 compared to TCCC and the vehicle control groups. 
 Base excess, lactate, pH, and bicarbonate remained comparable across all groups. 
Although not to a significant value, the vehicle control groups did have lower pH levels, larger 
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base deficits, and lactate levels compared to the ALM and the TCCC groups. However, these 
results may be difficult to interpret as only one test subject survived in each of the vehicle 
control groups. In the 4cc/kg vehicle control group, the subject only survived up to T=120 min. 
 While the FDA has issued a “black box” warning for hydroxyethyl starch solutions such 
as Hextend® due to studies demonstrating its association with higher mortality, increased risk of 
bleeding, and kidney injury and failure,5 Hextend® has been shown to have lower mortality than 
Lactated Ringer’s solution in near fatal hemorrhagic shock models.16 In the military setting, 
while inferior to blood based resuscitation, Hextend® remains a preferred resuscitative fluid over 
crystalloids (if no blood products are available) due to the smaller volume required for volume 
expansion seen with Hextend® over crystalloid.3 
 In this particular hemorrhagic shock model, Hextend®-based TCCC resuscitation had 
comparable effects on kidney function, based on BUN and creatinine levels, to ALM and vehicle 
control groups. Though not statistically significant over this short-term analysis, the TCCC 
group’s creatinine stabilized by T=120 min, while the ALM and vehicle control groups’ levels 
remained elevated. In our animal model, the known possible detrimental effects to kidney 
function, following Hextend® administration were not demonstrated in the short-term post-
hemorrhagic shock period. Similarly, all treatment groups had comparable effects on liver 
function. The 2cc/kg vehicle control group demonstrated significantly higher levels of AST and 
ALT, although only one animal survived in this treatment group after T=60 min, again making 
interpretation difficult. Histologic analysis further supports the conclusion that ALM and TCCC 
have no significant differences in their effects on organ function or demonstrate any organ 
protective effects. 
 The TCCC group’s platelet, WBC, and neutrophil counts all had similar results to the 
ALM group and the vehicle control group. The hemoglobin and hematocrit levels for TCCC 
were significantly lower than the ALM and vehicle control groups. The decrease in the 
hemoglobin did not confer any changes in hemodynamics, given that the MAPs and SBPs in the 
TCCC group remained consistently higher than the vehicle control and ALM groups, as 
previously discussed. 
 The known coagulopathic effects of Hextend® are well demonstrated in this study but 
were not observed in the ALM or vehicle control groups. When used as an adjunct to WB 
resuscitation, lactate and BD showed improvement during shock and initial resuscitation with 
ALM, though these values were equivalent between WB and WB+ALM at all other time points 
after resuscitation. No differences were noted in coagulopathy. ALM, therefore, may not confer a 
protective effect from coagulopathy when used as treatment for hemorrhagic shock. 
Limitations 
 One of the major limitations of this study is that 3 out of the 7 low volume resuscitation 
groups had only one animal in each group survive to T=120 minutes, making the results for these 
data difficult to interpret beyond this time point. The values of secondary endpoints in the setting 
of such poor survival is quite variable, making clinical interpretation impossible. However, the 
primary outcome of survival is demonstrated more profoundly by these low survival rates: the 
model was sufficiently severe to obtain a high mortality in the test groups, and yet the current 
TCCC based protocol led to a >90% survival, supporting current fielded practice even over a 
120-minute time frame. 
 Another limitation to the study is the use of a pressure-controlled, pure hemorrhage 
model. Though certainly a valid animal model for shock, there is no soft tissue, musculoskeletal 
or major organ trauma in these test subjects. Thus, the inflammatory response present in combat 
traumas that can exacerbate metabolic and physiologic derangements in hemorrhagic shock may 
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not be adequately replicated in this particular animal model. Furthermore, in combat traumas, 
there is uncontrolled bleeding that can lead to rapid decline in blood pressure. While shock in 
this model was defined physiologically (not a set volume-controlled hemorrhage), it is unlikely 
to accurately replicate traumatic bleeding seen in combat traumas. 
 Our study has demonstrated contrary results from other studies of ALM in various animal 
models of hemorrhagic shock. ALM in our study led to inferior survival and worse outcomes 
compared to standard resuscitation. However, our model does have differences compared to 
previous studies. This is the first study to prolong the treatment period of ALM to 120 minutes 
before definitive treatment (transfusion of shed whole blood) commenced. Prior studies utilized a 
treatment period that ranged only from thirty to sixty minutes. We also looked at ALM as a 
complete replacement to TCCC resuscitation; other studies infused fluid to maintain MAPs to 
around 50mmHg and added ALM as an adjunct. In our study, ALM treatment alone was unable 
to maintain MAPs and SBPs in the 50mmHg range during the treatment period. It is possible that 
the significantly decreased blood pressure led to inadequate tissue and organ perfusion that 
subsequently led to the decreased survival in the ALM treatment groups in this model. 
Regardless, any benefit that ALM treatment may confer, in these dose ranges, may not have been 
sufficient to overcome the detrimental effects of inadequate organ perfusion caused by severely 
low blood pressures in the ALM groups. 
Future Directions 
 While ALM does not appear to be a suitable replacement to TCCC, it may provide 
beneficial effects as an adjunct, particularly regarding coagulopathy. During the prolonged 120 
minutes treatment period, crystalloid infusion, with ALM to augment resuscitation, might be 
utilized to maintain MAPs to a range required to maintain adequate tissue perfusion. This is 
currently under investigation in our lab. 
Conclusion 
 In conclusion, ALM demonstrated inferior survival compared to current TCCC 
resuscitation in this model of hemorrhagic shock and did not improve physiologic parameters or 
provide organ protection compared to TCCC. Based on this study, it appears that ALM treatment 
is not a suitable low volume replacement for TCCC. Although, unlike TCCC treatment, ALM 
did not demonstrate any coagulopathy. However, ALM as an adjunct to WB resuscitation 
demonstrated no advantage to WB alone. Previous reports of correction of coagulopathy, in 
similar animal models, were not reproduced here. Further investigation into the interactions of 
ALM and whole blood may be warranted to clarify ALM’s effects on coagulopathy. 
 

9.0 DELIVERABLES  
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FIGURES AND TABLES 
 

 
 

Table 2. Treatment and Demographics 

 

 

 

Figure 1. Timeline   

Schematic depicting experimental design including time points of hemorrhage, pre-hospital and 
hospital care. Whole blood was drawn for labs (arterial blood gas, complete blood count, serum 
chemistries, ROTEM, STAGO, and Multiplate) at baseline (BSLN), start of shock (S=0 min), end 
of shock (T=0 min), T=60 min, 120 min, 180 min, and 240 min. 
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Figure 2. Kaplan-Meier Curve 

Kaplan-Meier Curve analysis of percent survival. 
 

 

Figure 3. Vital Signs 

Vitals were continuously monitored throughout the investigation. Depicted are the mean±SEM for 
A) mean arterial pressure (MAP), B) systolic blood pressure (SBP), C) heart rate, and D) end-tidal 
carbon dioxide (EtCO2). Two-way ANOVA with post-hoc Bonferroni correction was performed 
with p<0.05 considered to be a statistically significant difference for groups from Group 1 (*, 
relative to color). Significant differences relative to baseline are indicated by horizontal bars. 
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Figure 4. ROTEM 

Viscoelastic clotting properties, ExTEM and FibTEM, were measured for treatment groups at 
baseline (BSLN), beginning of shock (S0), end of shock (T0), T60, and end of pre-hospital (T120). 
Data are the mean±SEM for A) ExTEM clotting time (CT); B) ExTEM clot formation time (CFT); 
C) ExTEM alpha angle (α); D) ExTEM maximum clot strength (MCF); E) FibTEM CT; and F) 
FibTEM MCF. Two-way ANOVA with post-hoc Bonferroni correction was performed with 
p<0.05 considered to be a statistically significant difference for groups from Group 1 (*, relative 
to color). Significant differences relative to baseline are indicated by horizontal bars. 
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Figure 5. STAGO 

Concentrations of coagulation factors were measured for treatment groups at baseline (BSLN), 
beginning of shock (S0), end of shock (T0), T60, and end of pre-hospital (T120). Data are the 
mean±SEM for A) prothrombin time (PT), B) partial thromboplastin time (PTT), C) antithrombin 
III, D) von Willebrand Factor (vWF), E) fibrinogen, and F) d-dimer. Two-way ANOVA with post-
hoc Bonferroni correction was performed with p<0.05 considered to be a statistically significant 
difference for groups from Group 1 (*, relative to color). Significant differences relative to baseline 
are indicated by horizontal bars. 

Figure 6. Arterial Blood Gas 

Arterial blood gases were measured at baseline (BSLN), beginning of shock (S0), beginning of 
TCCC (T0), treatment administration (T60), and every 60 min until T300. Data are the mean ± 
SEM for (A) Base Excess/Deficit and (B) Lactate. Two-way ANOVA with post-hoc Bonferroni 
correction was performed and p<0.05 was considered to be a statistically significant difference 
between groups (WB vs WB+VC !, WB+ALM vs WB+VC #). 
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Figure 7. MAP 
 
MAP was continuously monitored throughout the entire investigation. Data are presented as mean 
± SEM. Two-way ANOVA with post-hoc Bonferroni correction was performed and p<0.05 was 
considered to be a statistically significant difference between groups (WB vs WB+ALM *, 
WB+ALM vs WB+VC #). 
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Figure 8. Viscoelastometry  

ExTEM and FibTEM were measured at baseline (BSLN), beginning of shock (S0), beginning of 
TCCC (T0), treatment administration (T60), and every 60 min until T300. Data are the mean ± 
SEM for (A) ExTEM CT, ExTEM CFT, ExTEM alpha, (D) ExTEM MCF, (E) FibTEM CT, (F) 
FibTEM MCF. Two-way ANOVA with post-hoc Bonferroni correction was performed and p<0.05 
was considered to be a statistically significant difference between groups (WB vs WB+VC !, 
WB+ALM vs WB+VC #). 
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12.0 LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS  
 
®  Rights Reserved 
α  Alpha Angle 
µL  Microliter 
ADP  Adenosine Diphosphate 
ALB  Albumin 
ALM  Adenosine, lidocaine, and magnesium 
ALT  Alanine Transferase 
aPTT  Activated Partial Thromboplastin Time 
ASC  Academic Surgical Congress 
AST  Aspartate Transaminase 
ATIII  Anti-thrombin III 
BSLN  Baseline 
cc  Cubic Centimeter 
CT  Clot Time 
CFT  Clot Formation Time 
COL  Collagen 
DC  Damage Control 
DP  Dried Plasma 
EAST  the Eastern Association for the Surgery of Trauma 
ECG  Electrocardiography 
EtCO2  End Tidal Carbon Dioxide 
Fr  French 
g  Gram 
hr  Hour 
IACUC  Institutional Animal Care and Use Committee 
INR  International Normalized Ratios 
IV  Intravenous 
K  (x103) Thousand 
kg  Kilogram 
L  Liter 
MAP  Mean Arterial Pressure 
MCF  Maximum Clot Firmness (strength) 
Mg2+  Magnesium 
MgSO4  Magnesium Sulfate 
Min  Minute 
mmol  Millimol e 
NaCl  Sodium Chloride – Normal Saline 
SBP  Systolic Blood Pressure 
PS  Potentially Survivable 
PT  Prothrombin Time 
PTT  Partial Thromboplastin Time 
RPA  Research Program Announcement 
SAUSHEC San Antonio Uniformed Services Health Education Consortium 
SEM  Standard Error of the Mean 
T  Time 
TCCC  Tactical Combat Casualty Care 
TIC  Trauma Induced Coagulopathy 
U  Unit 
VC  Vehicle Control 
vWF  von Willebrand Factor  
WB  Whole Blood 
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