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DEDICATION 

This thesis is dedicated to the men and women who serve our country as 

members of the Armed Forces and as our first responders. We can rest assured 

that when the call to service is sounded, it shall be answered. Whether that 

activation is to defend our national interests or to respond to a domestic 911 call , 

these professionals never ask themselves, "Will we go?" Instead, the question is 

always "How do we get the job done?" They serve on behalf of those they do not 

know and , often , at great personal sacrifice. 

Armed conflict brings about medical insights and developments, but only 

at great human, societal , and economic costs. It is my sincere hope that the 

lessons gleaned from the conflicts in Afghanistan and Iraq can be of benefit in 

the timeless fight to alleviate human suffering that is medicine. Surely, then , the 

suffering of the thousands upon thousands of combatants and civilians who have 

been injured or killed , as well as their families , will not have been in vain . 
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ABSTRACT 

Uncontrolled hemorrhage is the leading cause of preventable traumatic death in 

both military and civilian populations. Hemorrhage often causes coagulopathy, 

which intensifies hemorrhage and complicates its treatment. The armed conflicts 

in Afghanistan and Iraq have allowed the military to test new hemostatic products 

and procedures in an effort to better control hemorrhage and reduce its 

associated morbidity and mortality rates. These methods were analyzed for 

efficacy and suitability in the civilian prehospital setting. Several invasive and 

non-invasive interventions were found to be beneficial. Despite centuries of 

controversy surrounding their use, emergency tourniquets can be safe , life-

saving tools for controlling severe extremity hemorrhage when adequate 

tourniquet designs are properly used. Hemostatic dressings are very useful as 

hemorrhage control adjuncts, and two products (Combat Gauze and Celox) are 

recommended for prehospital use based on their efficacy, mechanisms of action, 

ease of use, low cost, shelf-life , and other properties. Several pharmacological 

interventions were evaluated for prehospital use in addressing the anticoagulant 
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and hyperfibrinolytic nature of trauma-associated coagulopathy. Recombinant 

activated Factor VII, commonly used in hemophiliac-related bleeding , does not 

improve outcomes in trauma patients. Tranexamic acid, which is commonly used 

to reduce bleeding in elective surgeries , has been demonstrated to significantly 

lower mortality in trauma patients with severe hemorrhage, especially when 

administered within three hours of injury. Recommendations were also made 

based on the results of military-developed damage control resuscitation 

protocols : restoration of perfusion is the best way to correct coagulopathy and 

prehospital fluid administration should be limited to restore perfusion and 

maintain systolic blood pressures of 80 to 90 mmHg. Hypothermia and 

hyperthermia are correlated with higher mortality in trauma patients, so 

temperature management was identified as a top priority in prehospital trauma 

care. Finally, the properties of stored blood were investigated in the setting of 

massive transfusion so that paramedics conducting interfacility transfers of these 

patients could be made aware of common complications to anticipate adverse 

events. 
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INTRODUCTION 

Objectives 

Following the terrorist attacks of September 11 , 2001 , the United States 

committed combat forces to Afghanistan (Operation Enduring Freedom (OEF)) in 

October 2001 and to Iraq (Operation Iraqi Freedom (OIF)) in March 2003. The 

intensity and weaponry of these conflicts have resulted in severe trauma that has 

challenged military medicine to adapt. The resultant advancements in 

technology, procedures, and doctrine have greatly improved survival rates from 

these injuries. In particular, there have been several key evolutions in the 

management of hemorrhage control. 

This thesis aims to evaluate these combat hemostasis methods for their 

effectiveness and suitability for use in civilian , prehospital emergency medical 

care. At the first responder and EMT -Basic levels, there are non-invasive 

interventions such as tourniquets and topically-applied hemostatic dressings. In 

addition to these hemorrhage control tools, there are several invasive 

interventions like pharmacological agents and fluid resuscitation . There are also 

other important aspects of hemostasis to consider, including temperature 

management and massive transfusion patients . While it is unlikely that blood 

products will be administered prehospitally as a matter of course , EMT­

Paramedics are frequently utilized to perform interfacility transfers of unstable or 

marginally-stable patients . Thus , this thesis will also examine how the 
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advancements in combat-derived medical knowledge and treatment can be 

translated into preparatory training for transporting patients following episodes of 

significant hemorrhage. 

Relevance of Military Trauma Care 

Prior to making the case for applying lessons learned from military trauma 

management to the civilian sector, it is necessary to examine the similarities and 

differences between military and civilian trauma. Each system has characteristic 

patient populations, common mechanisms of injury, levels of care , prevention 

measures, and training of its prehospital providers. A brief overview of each 

system is provided below to facilitate the comparison between the two. 

In the military setting, patients are generally young, healthy, and 

physically-fit. Military healthcare providers also treat civilians and enemy 

combatants, but most of their patients are coalition troops. Since the dawn of 

armed conflict, traumatic injury and death have been issues faced by all militaries 

and this holds true today. Most battlefield injuries are due to penetrating trauma 

from gunshot wounds (GSWs) and explosions (Carr, 2004; Champion , Holcomb, 

& Young, 2009; Eastridge et al. , 2011 ; Kelly et al. , 2008). Due to the widespread 

use of improvised explosive devices (lEOs) by insurgents, the signature wound of 

our current conflicts (OEF and OIF) is traumatic brain injury (TBI) (Glasser, 

2011 ). However, hemorrhage has been , and remains , the greatest cause of 

potentially preventable combat death and has received much attention within the 
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military medicine community (Aiam, Burris, DaCorta, & Rhee, 2005; Eastridge et 

al. , 2011 ). 

When the military analyzes combat-related deaths to improve future 

mortality rates, it separates casualties into two groups, non-survivable and 

potentially survivable . This categorization is based upon expert review of 

medical records and autopsy data and is intentionally biased towards declaring 

wounds potentially survivable so as to improve military medical care as much as 

possible . US and coalition forces established the Joint Theater Trauma Registry 

(JTTR) to track combat casualties from OEF and OIF and centralize data 

collection for research and analysis. 

A JTTR review spanning data from October 2001 to June 2009 showed 

that 558 (4.6%) of the 12,235 documented battlefield casualties died after 

reaching a combat hospital. The primary mechanism of injury (MOl) responsible 

for death was noted for each casualty: explosion (72%), GSW (25%), motor 

vehicle collision (MVC) (2%), or other (1 %). 48.6% of decedents had non­

survivable wounds , while the remaining 51.4% had potentially survivable 

wounds. Non-survivable wounds were due to TBis or other central nervous 

system injury in 83% of cases, hemorrhage in 16%, and other causes like burns 

in the remaining 1% of cases. Potentially survivable wounds , however, were 

caused by uncontrolled hemorrhage (80%), TBI or central nervous system injury 

(9%), multiple organ failure (8%), and other causes (3%), such as loss of airway. 

Of the hemorrhage-related deaths, 48% were primarily torso wounds , 31% 
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extremity wounds, and 21% junctional wounds (groin , neck, axilla) (Eastridge et 

al., 2011 ). 

Modern military trauma care is delivered within a five-tiered system (Fox, 

Patel , & Clouse, 2011; Ling , Rhee, & Ecklund, 2010). The first three echelons of 

care are located within the theater of operations, and the final two are located in 

Europe and the United States. Level 1 care is provided on the battlefield by 

combat medics, fellow soldiers, and injured soldiers themselves or at a battalion 

aid station. Typical interventions at this level include tourniquets, hemostatic 

dressings, intravenous access, and emergency airway management. Level 2 

care is provided in a nearby facility that is analogous to a civilian emergency 

department. Oftentimes, Level 2 facilities have a forward surgical team (FST) . 

FSTs are composed of 20 medical personnel, including three general surgeons, 

an orthopedic surgeon , five nurses (two or more are also nurse anesthetists) , 

scrub technicians, eight combat medics, and a logistics officer (Starnes, Beekley, 

Sebesta , Andersen, & Rush, 2006) . FST surgeons remove tourniquets, explore 

wounds, and perform surgical procedures to control or definitively stop 

hemorrhage (Fox et al. , 2011 ). 

From there, casualties are evacuated to Level 3 facilities , known as 

combat support hospitals (CSHs). The equivalent of a civilian Level 1 trauma 

center, each CSH has 60 to 1 00 inpatient beds and is staffed with approximately 

300 personnel. Stationed at each CSH are 3-6 general surgeons, 2-4 orthopedic 

surgeons, 1-2 neurosurgeons, 1-3 oral-maxillo-facial surgeons, a cardiothoracic 
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surgeon, emergency medicine physicians, internal medicine physicians, 

radiologists , obstetrician/gynecologists, dentists, nurses, allied health workers , 

and support personnel. Combat support hospitals have advanced diagnostic 

imaging equipment, like CT scanners, and an extensive blood bank. In addition 

to stored blood products, CSH physicians routinely use fresh whole blood 

donated by volunteers (Starnes et al., 2006). More advanced surgical 

procedures, including definitive vascular repair and reconstruction whenever 

possible , are performed at Level 3 facilities (Fox et al., 2011 ). 

If casualties require further, or higher levels of, medical care, they are 

flown by Air Force medical teams to the Level 4 hospital, Landstuhl Regional 

Medical Center in Germany. Arrival at Landstuhl can be as soon as 12 hours 

after admission to a CSH. After further stabilization and treatment, American 

casualties are then flown to Level 5 hospitals, such as Walter Reed National 

Military Medical Center, for definitive surgical care and rehabilitation . Whereas it 

took an average of 45 days for an injured service member to be evacuated to the 

United States during the Vietnam War, it typically only takes an average of 8.5 

days today (Fox et al. , 2011; Ling et al., 201 0). With worldwide movement of 

casualties , military physicians conduct weekly, teleconferenced trauma rounds to 

coordinate patient care handoffs and share lessons learned (Kelly et al. , 2008). 

Prehospital trauma care in the military setting begins with prevention. 

Military tactics have evolved to keep pace with enemy tactics and weaponry. 

Since truncal hemorrhage is the leading cause of potentially preventable 
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battlefield death, body armor and vehicle armor have been critically important 

(Eastridge et al., 2011; Kelly et al., 2008). OEF and OIF have seen the largest 

number of amputees since the Civil War because body armor and advancements 

in medical care have allowed hundreds of soldiers and marines to survive injuries 

that would have certainly been fatal in previous conflicts (Glasser, 2011 ). 

Beyond prevention , all deployed soldiers and marines are issued first aid kits , 

sometimes containing hemostatic dressings, and tourniquets. In some way, all 

US and coalition troops are prepared to be first responders in the event of severe 

hemorrhage. 

The frontline providers of prehospital emergency military medicine are the 

Army combat medic and the Navy corpsman (assigned to Marine Corps units). 

They undergo a 16-week training program called the Tactical Combat Casualty 

Care (TCCC) course , which is roughly equivalent to the civilian EMT -Basic level. 

TCCC consists of hours of lecture, but focuses heavily on procedural skills, such 

as tourniquet use, intravenous and intraosseous access, hemostatic dressing 

application , and conventional hemorrhage control methods performed on 

anesthetized animals (Vance Y Sohn et al. , 2007). Combat medics and 

corpsmen are taught to modify their assessment and treatment algorithms based 

on the situation. "Care Under Fire", for example, necessitates tourniquet 

placement on all bleeding limbs to maximize hemorrhage control and minimize 

danger to medical personnel and troops alike. During "Tactical Field Care", 

those tourniquets are then re-evaluated to determine if limb bleeding can be 
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controlled with simpler methods. This phase is also when oral or IV fluids are 

administered, if indicated. Finally, "Casualty Evacuation Care" is provided en 

route to Level 2 or 3 facilities in vehicles or med-evac helicopters (Ling et al. , 

201 0). The hemostatic interventions and policies practiced by prehospital and in­

hospital military medical providers are presented and examined at length later in 

this thesis. There is also a level of prehospital trauma care in between that of 

each individual soldier and a combat medic. Each Army unit also has a number 

of combat lifesavers, who complete two weeks of medical training that includes 

learning how to establish IV access. 

In stark contrast to the relatively homogeneous demographics of the 

military patient population , civilian trauma patients are considerably more 

diverse. They span the range of neonates to geriatrics, are not necessarily in 

peak physical condition , and often have comorbidities such as vascular disease. 

The elderly can be particularly susceptible to hemorrhage as many frequently 

take anti-platelet and anticoagulant medications like aspirin , Plavix, heparin , and 

warfarin (Coumadin). Another significant difference is that unlike military trauma, 

where most injuries and deaths are due to penetrating trauma, civilian trauma is 

typically blunt trauma resulting from vehicular accidents and falls. This is not to 

suggest that trauma is any less of a concern in the civilian world ; on the contrary, 

the National Center for Injury Prevention and Control reports that unintentional 

trauma was the leading cause of death of all people aged 1 to 44 in the United 
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States between 1999 and 2007 ("CDC - Injury - WISQARS (Web-based Injury 

Statistics Query and Reporting System)," 2012) . 

In the mid-1990s, a review was conducted of all trauma deaths in the city 

of Denver and Denver County that occurred in 1992 (Sauaia et al. , 1995). One 

third of patients died prehospitally. The distribution of MOis is shown in Figure 1. 

At the time, the Denver area was plagued with drug-related violence, which is 

reflected in the high percentage of penetrating trauma deaths. However, motor 

vehicle accidents (including pedestrians and bicyclists struck by vehicles) still 

caused one third of all trauma deaths. Regardless of injury mechanism, 

exsanguination caused 39% of all traumatic deaths. This was similar to a 

previous finding that 35.5% of 897 traumatic deaths in Russia were due to 

uncontrolled hemorrhage (Tsybuliak & Pavlenko, 1975). 

BLUNT 
(48%) 

OTHER BLUNT (0 3%) 
AUTO/BICYCLE (1 % ) 

MCA (3%) 
ASSAULT (3%) 

AUTO/PED (7%) 

FALL (8%) 

MVA (26% ) 

BURN 
(2%) 

SW (6%) 

GSW (42%) 

OTHER PENETRATING (1%) 

PENETRATING 
(49%) 

Figure 1: Mechanisms of Injury in 1992 Trauma Deaths in Denver. Figure 
taken from Sauaia et al. , 1995. 
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A follow-up study was conducted of trauma deaths in the Denver area a 

decade later (Cothren, Moore, Hedegaard , & Meng, 2007). Years of anti-drug 

education and law enforcement efforts greatly reduced drug and gang-related 

violence. Motor vehicles were implicated in 43% of 2002 traumatic deaths, falls 

accounted for another 20%, and intentionally-inflicted trauma from GSWs and 

stabbings decreased to only 24% of trauma deaths. In total, 74% of deaths were 

due to blunt trauma, 24% to penetrating trauma, and 2% to burns. 

Another study reviewed over 75,000 trauma patients who presented to 

one of two Level 1 trauma centers in Houston, Texas between August 1994 and 

December 1999 (Dorlac et al. , 2005). Fourteen patients were identified who died 

of isolated penetrating limb trauma; half were injured by gunshot wounds and half 

were wounded by stabbing or other lacerations. Ten had severe arterial and 

venous injuries, three had only arterial injuries, and one had only venous injuries. 

86% of injuries were proximal to the knee or elbow, and 57% of the hemorrhage 

sites were determined to be amenable to tourniquet placement. This study did 

not include survivors of isolated penetrating limb trauma, those who died on­

scene, or those who died of other types of trauma. 

In most states, the civilian trauma system is based on four levels of 

service. Community hospitals may have an emergency department, but that 

does not mean they are designated trauma centers. A Level 3 trauma center is 

the next highest level of care , where surgical and intensive care services are 

available and most basic types of trauma can be handled . Level 2 trauma 
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centers have around-the-clock availability of physicians, surgeons, equipment, 

and personnel to manage severe trauma. Finally, Level 1 trauma centers have 

24-hour availability of all required personnel and resources, have active trauma 

research programs, host surgical residency programs, and see a high annual 

volume of trauma cases. A Level 2 military hospital is roughly analogous to a 

community hospital or Level 3 trauma center, and a Level 3, or combat support, 

hospital is comparable to a civilian Level 1 trauma center as previously 

mentioned . 

Trauma prevention in the civilian sector has a much broader scope. 

Vehicle-related injury and death are mitigated through driver training, seatbelt 

and airbag use, and public education about problems like drinking and driving. 

The Occupational Safety and Health Administration establishes and enforces 

safety codes to decrease the incidence of workplace injuries. Numerous 

programs also target violence related to drugs, gangs, and firearms. In addition 

to the variety of MOis in civilian trauma, preventative efforts have to address the 

wide range of age groups. 

Prehospital emergency medical care is typically performed by bystanders 

and public safety personnel. Police officers and firefighters in most areas are 

trained at the First Responder (advanced first aid) level at a minimum. The next 

level of care is typically the EMT-Basic, who is trained in non-invasive care of 

medical and trauma patients. EMT-Intermediates undergo more extensive 

train ing to learn intravenous access, advanced airway skills , and medication 
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administration in some states. The highest level of prehospital medical care is 

provided by the EMT -Paramedic, who receives extensive training in advanced 

airway management, cardiology, and pharmacological interventions. 

Despite their differences, military and civilian trauma care share key 

similarities. Both patient populations exhibit a tri-modal distribution of trauma­

related deaths: immediate deaths occur within minutes of injury due to 

devastating injuries that are generally not survivable; early deaths occur within 

hours due to head, lung , or abdominal injury; and late deaths occur within days 

or weeks or injury, usually due to lung, kidney, or liver failure (Nuland, 1995, pp. 

144-145). Half or more of all trauma deaths occur within hours, and usually 

within minutes, of trauma in both civilian and military settings (Cothren et al., 

2007; Eastridge et al. , 2011 ; NAEMT, 201 0; Sauaia et al. , 1995). The majority of 

hemorrhage-related deaths, in particular, occur within six hours and hemorrhage 

is the leading cause of preventable trauma death in both military and civilian 

settings (Aiam & Velmahos, 2011 ). Timely and effective prehospital 

interventions, especially those related to hemostasis , are therefore very 

important. 

Although they occur on different scales , the mechanisms of injury found in 

military and civilian trauma are comparable. The explosion injuries caused by 

lEOs are similar to the explosion injuries found in industrial accidents and 

terrorist attacks. In 2007 alone, 14,000 terrorist attacks caused 44,000 injuries 

and 22,000 deaths across the world , and the United States saw an average of 
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205 deaths per year in criminal bombing attacks between 2004 and 2006 

(Champion et al., 2009). Gunshot wounds occur less frequently in civilian 

settings, but they're more common in urban environments and high-risk law 

enforcement actions. Furthermore, rural areas are not immune to injuries 

resulting in severe hemorrhage, such as farming or hunting accidents, and they 

often have more remote access to emergency medical care (Lee, Porter, & 

Hodgetts, 2007) . Since uncontrolled hemorrhage is consistently a substantial 

source of military and civilian trauma deaths, it stands to reason that lessons 

learned about hemostasis in the high-patient volume, high-injury severity combat 

environment can be put to good use in the civilian world. 

Physiology of Hemostasis 

The human body has complex mechanisms that normally facilitate 

hemostasis. Immediately following injury to a blood vessel, smooth muscle in the 

vessel 's wall contracts , which narrows the lumen and slows blood flow. When 

large arteries and veins are transected , they also tend to retract into the body 

where surrounding tissue provides compression . Disruption of the smooth 

surface of the inner lining of the vessel wall , known as the tunica intima, causes 

turbulent blood flow. Circulating platelets change morphology, become sticky, 

release chemical mediators, and begin to aggregate. The most significant 

hemostatic event, however, is coagulation whereby circulating clotting factors are 
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activated and then generate fibrin, which traps red blood cells and forms strong 

clots (Bledsoe, Porter, & Cherry, 2008). 

The normal coagulation process is divided into three major phases: 

procoagulation , anti-coagulation , and fibrinolysis. During procoagulation , clotting 

factors interact with each other and other chemicals in a series of chemical 

reactions commonly called the clotting cascade. The major benefit of a cascade 

is that it rapidly accelerates the clotting process. One molecule can quickly 

activate many others, which can then each activate many others, and the 

reactions can therefore occur very quickly. Figure 2 illustrates the clotting 

cascade broken into three common divisions: the extrinsic pathway, the intrinsic 

pathway, and the common pathway. Ultimately, all pathways generate fibrin from 

the fibrinogen precursor molecules (Devlin , 201 0). 

The extrinsic pathway is triggered when damaged endothelial cells , which 

line the walls of the vasculature, expose tissue factor (also known as Clotting 

Factor Ill or Fill) to the circulating blood. Factor VII (FVII) binds to tissue factor 

and , in the presence of calcium ions, activates Factor X (FX). Activated Factor X 

(FXa) then proceeds to initiate the common pathway. Complexed with Factor V 

(FV), FXa then converts prothrombin to thrombin via proteolytic cleavage . 

Thrombin is vitally important in procoagulation because it modulates the rate of 

the clotting cascade , converts fibrinogen to fibrin , activates more clotting factors 

(FV, FVII , FVIII , and FXIII) , and plays a key role in platelet plug formation 

(Schreiber & Neveleff, 2011 ). 

13 



The intrinsic pathway is also triggered by damaged endothelium. Various 

anionic surfaces become exposed in endothelial cells, attracting Factor XII (FXII) . 

Electrostatic interactions cause a conformational change in FXII that makes it 

1,000 to 10,000 times more active. Prekallikrein and Factor XI (FXI), which are 

both complexed with high-molecular-weight kininogen in circulation , are also 

attracted to the newly-exposed anionic regions of damaged endothelium and 

come into contact with FXII, which then activates them to kallikrein and FXIa, 

respectively (Devlin , 201 0). 
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cells, forming a somewhat tenuous clot. Fortunately, activated Factor XIII from 

the common pathway forms crosslinks within the fibrin matrix, forming a more 

rigid , stable clot. While all of these clotting factors are performing their functions, 

thrombin also causes platelets to aggregate around the site of injury where they 

change shape and release important chemical mediators. Serotonin causes 

local vasoconstriction, von Willebrand Factor (vWF) strengthens interactions 

between platelets and endothelial cells, growth factor promotes tissue repair, 

Factor V serves as a critical cofactor for FXa, Protein C inhibitor prevents 

anticoagulation from starting too early, and ADP and thromboxane A2 promote 

autocatalytic platelet aggregation (Devlin, 201 0). 

As soon as injury occurs and procoagulation commences, the opposing 

reactions of anticoagulation also begin. Inhibiting molecules, when activated , 

bind strongly to the activated clotting factors and render them inert; these 

inhibitor-protease complexes do not tend to dissociate and they are cleared from 

circulation by the liver. Tissue Factor Pathway Inhibitor inhibits tissue factor­

FVIIa-Ca2+-FXa complexes on damaged endothelial surfaces. Antithrombin Ill 

inhibits thrombin , FXa , and other clotting cascade enzymes. FXa is also inhibited 

by Protein Z and Protein Z-dependent Inhibitor in the presence of calcium. In a 

key step also involving calcium, thrombin forms a complex with thrombomodulin 

in endothelial cell membranes. Within the thrombin-thrombomodulin-Ca2+ 

complex, thrombin has a highly decreased affinity for fibrinogen and a markedly 

increased affinity for Protein C, which it activates. When this occurs , thrombin 
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switches roles from promoting coagulation to halting it. Protein C, in conjunction 

with ProteinS, inactivates FVa and FVIIIa, effectively shutting down the intrinsic 

and common pathways (Devlin, 2010). 

Fibrinolysis occurs once adequate tissue repair has occurred and the fibrin 

clot is no longer needed. Plasminogen, another enzyme precursor, has a high 

affinity for fibrin and embeds itself within the clot. When it comes time to dissolve 

the clot, tissue plasminogen activator (t-PA) is released . t-PA also has a high 

affinity for fibrin and ends up distributed throughout the clot. When t-PA and 

plasminogen come into contact, plasmin is produced via proteolytic cleavage and 

converts the insoluble fibrin clot into soluble chunks that are then cleared by the 

liver. The t-PA molecules are then deactivated by type 1 and 2 plasminogen 

activator-inhibitors , and plasmin is similarly inhibited (Devlin , 201 0). 

Patients at risk of adverse thrombotic events like pulmonary emboli , heart 

attacks, strokes, and deep venous thrombosis often take medications that 

interfere with natural hemostatic mechanisms. Aspirin inhibits synthesis of 

thromboxanes and therefore platelet aggregation as well. Plavix (generic name 

clopidogrel) is another common oral antiplatelet agent. Many patients , especially 

those with atrial fibrillation , are prescribed a vitamin K analogue called Coumadin 

(generic name warfarin). Vitamin K is a required cofactor in the post-translational 

modification of prothrombin , Protein C, Protein S, FVII , FIX, and FX. Patients on 

Coumadin have incomplete versions of these proteins that cannot bind calcium 

or otherwise participate in the blood clotting cascade. Finally, many patients take 
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supplemental heparin. Heparin is a naturally occurring monosaccharide that 

forms polymers of various lengths that dramatically increase the inhibitory rates 

of antithrombin Ill molecules. In the presence of heparin, antithrombin Ill 

inactivates thrombin and FXa approximately 9,000 and 17,000 times faster, 

respectively (Devlin , 201 0). These patients, particularly the elderly, present 

unique challenges for hemorrhage control. 

Sometimes an injury's severity overwhelms the body's ability to quickly 

halt or minimize bleeding. Initially, the body's hemodynamic mechanisms adjust 

to the blood loss; this is known as compensated hemorrhagic shock. At some 

point, enough blood volume is lost that these mechanisms are no longer 

sufficient. In this uncompensated (or decompensated) shock, blood pressure 

plummets and the heart beats increasingly faster in an attempt to restore 

circulation. If hemorrhage continues, irreversible shock occurs where inadequate 

perfusion inflicts fatal damage to the body's organs. Once irreversible shock is 

reached , no interventions will prevent the patient from dying (Carr, 2004 ). 

To limit blood loss and stave off hemorrhagic shock, EMTs are taught to 

first apply dressings with manual pressure directly over the wound. Should that 

fail to control the hemorrhage, limbs are elevated above the level of the heart (as 

long as movement will not aggravate other injuries such as fractures) and indirect 

pressure is provided to the wound by manually compressing "pressure points". 

Elevating a limb lowers the blood pressure at the wound and theoretically makes 

it easier to facilitate bleeding cessation. Pressure points are simply locations of 
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major arteries proximal to the injury site; applying pressure is intended to 

physically reduce blood flow into damaged limbs. Hemostatic dressings are 

explained to EMTs as new products that may be considered if available . Finally, 

EMTs are instructed to use tourniquets for life-threatening limb hemorrhage that 

is unmanageable with the aforementioned methods and only as a last resort 

(Bledsoe et al., 2008). 

Decades ago, some physicians realized that patients with serious trauma 

received very inconsistent care, especially in rural areas. So, the Advanced 

Trauma Life Support program was developed to standardized hospital protocols 

for trauma management. Years later, an attempt at raising the quality and 

consistency of prehospital trauma care resulted in the creation of Prehospital 

Trauma Life Support (PHTLS). PHTLS teaches EMTs the pathophysiology of 

trauma and the most current evidenced-based trauma care principles and 

procedures, but it is not a required course for all EMTs (NAEMT, 201 0). Many of 

the recent updates to the curriculum are based upon the lessons from military 

trauma care presented within this thesis, but PHTLS is slow to adopt the more 

progressive changes suggested by combat medicine. 

Acute Coagulopathy of Trauma 

Traumatic hemorrhage causes numerous physiological derangements in 

the body that lead to coagulopathy, or degraded blood clotting ability. This acute 

coagulopathy of trauma (ACOT), sometimes called early trauma-associated 
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coagulopathy (TAC), is currently an area of active research. Coagulopathic 

bleeding is the leading cause of in-hospital trauma patient deaths, so a lot of 

attention is being given to understanding and treating the pathophysiology of 

ACOT (Rizoli et al., 2011 ). 

When circulating blood levels fall , blood vessels constrict and dilate 

throughout the body to shunt blood away from non-critical areas to ensure that 

the vital organs stay well-perfused. Wherever perfusion is inadequate, however, 

the decreased availability of oxygen forces cells to switch from aerobic to 

anaerobic metabolism, which produces lactic acid . Lactic acid builds up in the 

blood and lowers its pH. The clotting factors and other coagulation enzymes 

exhibit their highest rates of activity at a pH more basic than blood 's, so as the 

developing acidosis worsens, coagulation proceeds more and more slowly. For 

example, a drop in pH from 7.4 to 7.0 causes a 90% decrease in FVIIa activity, 

and 70% reductions in thrombin activation and FXa-FVa complex activity 

(Perkins , Cap, Weiss, Reid , & Bolan , 2008). One of the challenges of ACOT is 

that ischemic tissue may have a much lower local pH than the overall serum pH. 

The latter value can easily underestimate the degree of acidosis-mediated 

inhibition of coagulation at the injury site (Hoffman , 2004). 

Hypoperfusion creates several other significant problems for hemostasis. 

Endothelial cells are believed to produce and express more thrombomodulin in 

their cell membranes, which increases activation of Protein C, which then inhibits 

the extrinsic clotting pathway and promotes anticoagulation. The endothelial 
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cells are also triggered to release t-PA, prompting a hyperfibrinolytic state (Rizoli 

et al. , 2011 ). Moreover, continuous hemorrhage can exhaust the amount of 

circulating clotting factors, further impeding coagulation. Traditionally, it was 

believed that this decrease in clotting factor concentration was due to dilution of 

the blood by overly-aggressive fluid resuscitation with crystalloids like normal 

saline and lactated ringer's. However, it has been experimentally demonstrated 

that hemodilution by 40-60% is required to create measurable coagulopathy 

(Simmons et al., 2011 ). 

As hemorrhage progresses, hypothermia soon follows as shock inhibits 

the body's ability to regulate temperature (Perkins et al. , 2008). Hypothermia is 

sometimes used therapeutically following cardiac arrest or in other situations as a 

neuroprotective measure, but trauma-induced hypothermia does not provide that 

benefit. Instead, hypothermia following trauma further slows the coagulation 

reactions and significantly increases mortality rates. A study examined patients 

who were severely hypothermic (core temperature less than 32°C) upon hospital 

arrival and found that mortality rates were 23% overall and 100% in patients with 

trauma (Hoffman , 2004). 

There are a few common laboratory tests that evaluate a blood sample's 

coagulation ability. The extrinsic pathway's performance is measured by the 

prothrombin time (PT), where a sample of blood plasma is mixed with citrate to 

bind calcium and prevent clotting. Tissue factor is added, followed by an excess 

of calcium which allows the blood to clot again . This typically occurs in 10 to 12 
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seconds, but PT can vary by significant amounts depending on the laboratory 

procedure. So, the international normalized ratio (INR) standardizes prothrombin 

times for comparison . In general, coagulopathy is indicated by an INR greater 

than 1.5 in patients who are not on anticoagulants such as Coumadin . PT and 

INR measure deficiencies in Factors II, V, VII , and X as well as fibrinogen and 

other important enzymes (Rizoli et al., 2011 ). 

The intrinsic pathway is evaluated by activated partial thromboplastin time 

(aPTT), where a citrated plasma sample is again collected. Timing starts when 

phospholipid , a surface activator (like kaolin) , and calcium are added . It ends 

when a visible clot is formed ; typical values of aPTT are 30 to 45 seconds; a 

value in excess of 45 seconds is generally viewed as being indicative of 

coagulopathy in patients who are not on anticoagulants such as Heparin . aPTT 

can reveal deficiencies in Factors VIII , IX, XI , and XII as well as Factors V and X, 

fibrinogen , and prothrombin (Rizoli et al. , 2011 ). Another important test for 

coagulopathy is thromboelastography (TEG), which provides information about 

the speed of clot formation and the strength of the resultant clots. A shortcoming 

of laboratory tests, however, is that they are performed at 37°C. Blood samples 

from hypothermic trauma patients will therefore overestimate the coagulability of 

those patients (Perkins et al. , 2008). 

How common is ACOT? A study of 2,473 trauma patients showed that 

12% arrived at the hospital with coagulopathy or developed it within an hour, 

while an additional 11% developed coagulopathy within twenty four hours of 
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injury. Factors disposing trauma patients to ACOT/early TAC were acidosis, 

hypothermia, being male, severity of injury, pre-injury anemia, and large volumes 

of crystalloid administered prehospitally and in the emergency department 

(Engels et al. , 2011 ). Patients with TAC were more likely to require massive 

transfusion of blood products and were more likely to die from their injuries. 

Another study found that 20% of trauma patients arrived to a trauma center with 

one or more clinically-significant clotting factor deficiencies, defined as 30% of 

normal enzymatic activity or lower (Rizoli et al. , 2011 ). All of the patients were 

deficient in Factor V; 77% were only deficient in FV, 9% had two critically low 

clotting factors , 5% had three critically low clotting factors , and another 9% had 

deficiencies in eight clotting factors . Amongst these patients with severe clott ing 

factor deficiencies, 32% had elevated INRs, 36% had prolonged aPTTs, and 

35% had TEG values suggesting coagulopathy. In general , coagulopathy is 

associated with prolonged PT in 97% of cases, prolonged aPTT in 70%, and low 

platelet count in 72%. TEG is currently being evaluated as a front-line diagnostic 

test for assessing presence coagulopathy and determining an appropriate 

treatment (Perkins et al. , 2008). 

The preceding overviews of normal hemostasis and trauma-associated 

coagulopathy have introduced some of the physiologic challenges posed by 

severe hemorrhage. In the pages to follow, techniques and technologies for 

controlling bleeding in the combat setting are presented and discussed . Many of 

the improvements in survival rates from battlefield injuries have been made by 
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these advancements in prehospital and in-hospital trauma care. A basic 

understanding of hemostasis and the pathophysiology of coagulopathy will help 

the reader to understand how each of the combat hemostatic methods works. 

The efficacy of these interventions is evaluated along with the advantages and 

disadvantages of implementing them as standards of care in civilian prehospital 

trauma care. 
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TOURNIQUETS 

History 

A succinct and interesting history of medical applications of tourniquets 

was provided by Kragh et al. (Kragh Jr, Swan , Smith , Mabry, & Blackbourne, 

2011 ). Hindu medical texts dating from around the sixth century BC describe 

their earliest known use, which was for treatment of snakebites. It is believed 

that the Greeks learned about tourniquets from these texts as well. Early 

understanding of anatomy, physiology, and hemorrhage were quite rudimentary, 

so it is not too surprising that tourniquets were not used for control of bleeding 

until much later. In the third century BC, Erasistratus believed that arteries were 

naturally full of air and filled with blood only when injured. 

One of the earliest medical stances on tourniquet use for hemorrhage 

control highlights one of the longest-standing criticisms of their use. Galen , a 

roman surgeon who lived from 129-200 AD, was a staunch opponent of 

tourniquet use because he found them to increase bleeding . Likely, he was 

noting the effects of an improperly applied tourniquet. It is common medical 

knowledge today that an effective tourniquet must apply enough pressure to 

occlude both venous and arterial blood flow. A tourniquet that only occludes 

venous blood flow does in fact increase bleeding because it prevents blood from 

leaving extremities while allowing new blood to be continuously pumped in ; th is is 

precisely why phlebotomists and healthcare providers use venous-only 
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tourniquets when drawing blood or starting intravenous lines. Interestingly 

enough, the accepted medical knowledge of Galen's era was that venous blood 

and arterial blood originated from separate sources: the former from the liver and 

the latter from the heart. 

The first beneficial employments of tourniquets were not noted until many 

years later. In 1517, Hans von Gersdoff (a Prussian military physician) mentions 

tourniquet use in limb amputation surgeries. In 1593, the "Spanish windlass" was 

first described for use during amputations. It was not until 1628 that blood 

circulation was accurately explained by William Harvey. Shortly thereafter, in 

167 4, a French surgeon named Etienne Morel became the first person to 

definitively mention usage of tourniquets on the battlefield . The fate of the 

emergency tourniquet has been tied to data, or at least anecdotal evidence, from 

the battlefield ever since. Forty-four years later, the term "tourniquet" was coined 

by another French surgeon , Jean-Louis Petit, who named the device based on 

the turning motion used to tighten it. A final important event from the eighteenth 

century occurred in 1786 when Sir William Blizard recommended that ordinary 

sailors in the Royal Navy be trained in tourniquet use to provide a rapid initial 

response to severe limb hemorrhage. 

During the American Civil War, disagreement about the efficacy of 

tourniquets persisted . While a top Union surgeon , Samuel Gross, was a 

proponent of widespread tourniquet use, his Confederate counterpart, J. Julian 

Chisholm , described poor results of tourniquet use. Perhaps because of this 
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dismal view of battlefield tourniquets, the fate of the Confederate commander 

Albert Sidney Johnston was sealed . During the Battle of Shiloh in 1862, 

Johnston sustained a gunshot wound that resulted in a partially-transected 

popliteal artery. He gradually bled to death with an unused tourniquet in his 

pocket. 

Between the Civil War and World War I, new information came to light 

regard ing another pitfall of tourniquets, nerve damage. In 1873, Johannes 

Friedrich August von Esmarch reported that tightly-wrapped bandages (often 

composed of multiple layers and made of material that shrunk when exposed to 

water) could help to control bleeding as well. Early in the next decade, a German 

orthopedic surgeon described several cases of paralysis caused by Esmarch 

bandages and it became known that sustained high pressures led to nerve 

palsies. In 1904, Harvey Cushing developed a pneumatic tourniquet that allowed 

for monitoring of applied pressure via sphygmomanometer (like a blood pressure 

cuff) and a more equal distribution of pressure to the limb. 

World War I saw a continuation of the debate surrounding tourniquet use. 

The US military held a negative view of tourniquets . Navy corpsmen were not 

even issued them and an officer named Major Blackwood wrote that even though 

tourniquets could help to control severe bleeding , they were frequently overused 

and resulted in a large number of unnecessarily amputated limbs. Around this 

time, an Austrian trauma surgeon named Lorenz Bohler noted several failures 

regarding tourniquets. He reported that many times tourniquets were applied 
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before compression dressings or limb elevation were attempted, and 

unnecessary tourniquet use often resulted in limb ischemia, necrosis, 

amputation, and septicemia. He also reported that many times tourniquets were 

erroneously not used when basic hemorrhage control methods were insufficient. 

These observations aside, however, Bohler was an important proponent of 

tourniquets because he focused not on whether they should be used, but instead 

how and when they should be used. 

The conflicts of the twentieth century also resulted in differing opinions of 

tourniquet use. In 1936, the British Royal Air Force's senior orthopedic surgeon 

prohibited tourniquet use based on his analysis of anecdotal evidence from 

surgical procedures and since he was so well respected his views affected 

medical practice around the world. During World War II, the US Army analyzed 

two hundred randomly-selected cases involving tourniquet use and concluded 

that tourniquets were only sometimes capable of stopping arterial blood flow to a 

damaged limb and that tourniquets applied to thighs were particularly ineffective. 

The Korean War saw continued controversy regarding tourniquet use, but it was 

noted that hemorrhage control was crucial for saving lives and that tourniquets 

could play an important role. 

The turning point came from data collected the Vietnam War. Several 

studies reported that 7 to 7.4% of combat-related fatalities might have been 

prevented with better prehospital care, namely increased tourniquet use. 

Reports from the Israeli Defense Force have claimed good outcomes and low 
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complication rates from aggressive, early tourniquet use. Leading up to the 

current research and literature on battlefield tourniquet use, the US military noted 

after Operation Desert Storm in 1991 that uncontrolled limb hemorrhage 

remained a substantial source of preventable combat death. Just two years 

later, military healthcare providers recommended more frequent tourniquet use 

as a result of their experiences with the combat operations in Somalia during 

Operation Restore Hope. 

Current Literature 

The earliest of the relevant, contemporary literature on emergency 

tourniquet use comes from the Israeli Defense Force (IDF), which has 

encouraged liberal tourniquet use for several decades. In 2003, Lakstein et al. 

published a retrospective analysis of IDF tourniquet use from 1997-2001. During 

this period , 550 soldiers and civilians were treated from traumatic injuries due to 

direct combat action or terrorist attacks, including 91 patients who were treated 

with 110 tourniquets (Lakstein et al. , 2003). The tourniquets used by IDF 

personnel (200 em by 6.5 em elastic bands or improvised windlass tourniquets) 

differ from those used currently by US and coalition forces (commercially­

produced tourniquets), but the results of this study are still important to consider. 

The low threshold for tourniquet employment was readily evident; only 

53% of tourniquets were later deemed to have been indicated medically by the 

nature of the injury or tactically by the nature of the situation .(providing care 
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under fire , mass casualty incident, etc.). As the authors are quick to point out, 

however, although 125 (22%) of the 550 treated patients ultimately succumbed to 

their injuries, none of the deaths was attributed to uncontrolled extremity 

hemorrhage. One of the recommendations of the study was not surprisingly to 

focus on better training for medical personnel and lay-persons who were likely to 

use tourniquets. 

The data demonstrated that the morbidity and mortality associated with 

tourniquet usage were much lower than would have been predicted by 

conventional wisdom. The tourniquets were applied within fifteen minutes of 

injury in 88% of the cases. They remained in place, resulting in distal limb 

ischemia, for an average of 83 ± 52 minutes (range 1-305 minutes). Only seven 

limbs from five patients developed any neurologic complications (such as nerve 

palsies) . All of these sequelae occurred in conjunction with ischemic times in 

excess of 150 minutes, except for 109 minutes in one case. Another important 

recommendation from this study was that tourniquet times should be limited to a 

maximum of 1.5 to 3 hours. 

Lakstein et al. reported efficacy data that have been repeated ly validated 

by subsequent research. They found that only 78% of tourniquets were effective, 

and that better success was associated with application by medical versus non­

medical personnel as well as with anatomical location. While tourniquets were 

able to stop hemorrhage in 93% of upper extremities , they were only able to 

control hemorrhage in 71% of lower extremities (p < 0.01 ). A somewhat sobering 
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