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The consequences of haemorrhages where the functions are not dangerously 

affected, do not of course, require transfusion, since other remedies will suffice. 

But when the danger is imminent, and the common means are ineffectual, as when 

a parturient woman trembles on the brink of the grave from uterine haemorrhage, 

or when a soldier is at the point of death from loss of blood, what reason can be 

alleged for not having recourse to this last hope, and for not attempting to recruit 

the exhausted frame and turn the ebbing tide of life. 

     Dr. John Henry Leacock, 1817 



Scientific environment

The presented studies were performed at Haukeland University Hospital as a 

collaboration between the Department of Anesthesia and Intensive Care, the 

Department of Immunology and Transfusion Medicine, The Norwegian Naval 

Special Operations Commando, and The Norwegian Armed Forces Medical 

Services.

The collaborative efforts have been conducted in the Blood Far Forward research 

collaboration and influenced by the Traumatic Hemostasis and Oxygenation 

Research Network.

Blood Far Forward (BFF), a research program on whole blood 

resuscitation in austere environments, was initiated by the Norwegian Naval 

Special Operation Commando in 2010. Collaborators and participants today 

include: the Department of Immunology and Transfusion Medicine at Haukeland 

University Hospital, The Norwegian Armed Forces Medical Services, Norwegian 

Special Operation Command, and the U.S. Army Institute of Surgical Research. 

The original aim was to improve battlefield survival by developing a safe method 

for pre-hospital collection and transfusion of whole blood. The model is based on 

“buddy transfusion” and the field blood bank. During World War II, the U.S. 

established what could be termed “Field Blood Banks,” where whole blood was 

collected from immediately available donors and used on-site immediately 

(“Buddy Transfusion”), stored, or delivered far forward on the battlefield for pre-

hospital resuscitation. Currently, the BFF collaborative aims to further contribute 

to research on improving oxygen delivery and ameliorating acute traumatic 

coagulopathy in prehospital hemorrhagic shock resuscitation. 

The Traumatic Hemostasis and Oxygenation Research (THOR) network is 

a multidisciplinary group of clinical, translational, and basic researchers with a 

common interest in improving outcomes in patients with severe traumatic injury, 
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allowing first responders to interact with academicians and for scientists to educate 

the medics and paramedics on the latest research in the field of pre-hospital 

resuscitation. The Remote Damage Control Resuscitation (RDCR) meetings, held 

annually in Norway since 2011 and sponsored by the Norwegian Naval Special 

Operations Command, the Norwegian Air Ambulance, and the Traumatic and 

Hemostasis Oxygenation Research Network, have gathered international leaders in 

far-forward resuscitation to find optimal strategies that address both mitigations of 

oxygen debt and coagulopathy in hemorrhagic shock patients. 

The Norwegian Naval Special Operations Commando (NORNAVSOC)(MJK) is 

the Armed Forces maritime special force and is an integrated part of modern military 

operations. MJK operates nationally and internationally, solving tasks requiring thorough 

planning, quick reaction, high precision, and the ability to act independently.  

The research received funding from The Norwegian Armed Forces Medical 

Services, the Dept. of Immunology and Transfusion Medicine, and the Dept. of Pathology 

and Laboratory Medicine. 

The Dept. of Immunology and Transfusion Medicine at Haukeland University 

Hospital provided all Whole Blood units for the HEMS and facilitated all the laboratory 

investigations at the research lab.

The Dept. of Anesthesia and Intensive Care, Haukeland University Hospital, 

supported the dissertation with financial support for a twelve-month research position.  
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Abstract

Background  

In the last two decades, resuscitation of hemorrhagic shock has undergone a 

paradigm shift. Modern damage control resuscitation strategies aim to improve 

outcomes by facilitating early hemostatic resuscitation with blood and blood 

products. The ultimate goal is to prevent, reverse or mitigate the severity and 

duration of shock and its consequences until definitive hemorrhage control can be 

achieved. As a result, both civilian and military EMS systems are considering 

whole blood for prehospital resuscitation of hemorrhagic shock. Although 

appealing, establishing a robust system for forward resuscitation with whole blood 

is challenging as several vital factors regarding safety, logistics, and 

implementation barriers need to be considered.  

Aim 

To investigate and evaluate the implementation of a pre-hospital low titer group O 

whole blood (LTOWB) transfusion program.  

Methods 

Paper I investigated the feasibility, safety, and efficacy of autologous re-infusion of 

warm fresh whole blood (WFWB) through an intraosseous sternal device in a 

prospective human comparative study. Paper II investigated the ex vivo quality of 

LTOWB during storage for up to 21 days in an airtight thermal container at a 

helicopter emergency medical system (HEMS) base compared to LTOWB stored 

in the blood bank. Paper III identified current pre-hospital blood transfusion 

programs, future needs, and potential obstacles in implementing LTOWB in a 

national survey among the medical directors of the Norwegian HEMS and Search 

and Rescue (SAR) helicopter bases. Finally, in a prospective observational study, 
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paper IV described and evaluated the implementation of a LTOWB program in one 

of the Norwegian HEMS services in 2015-2020. 

Results 

There was no evidence of hemolysis following sternal intraosseous re-infusion of 

whole blood. The median infusion rate was 46.2mL/min for the FAST-1 device, 

and the failure rate for inexperienced personnel was 9%.  

Storage of LTOWB complied with the EU regulations throughout remote and in-

hospital storage for 21 days. In addition, there were no significant differences in 

hematology variables, platelet aggregation, or viscoelastic properties between 

blood stored remotely and in the blood bank.  

All HEMS and SAR helicopter services in Norway carry LTOWB or blood 

components. A majority of services have a preference for LTOWB because 

LTOWB enables early balanced transfusion and may have logistical benefits in 

time-critical emergencies. This far, four of 20 (20%) have implemented LTOWB. 

Blood banks and services that provide LTOWB report favorable experiences.  

During the five years, the Bergen HEMS in study IV responded to 5124 patients. 

Seventy-two (1.4%) were transfused. Twenty patients were excluded mainly due to 

a lack of informed consent. Of the 52 patients, 48 received LTOWB. Forty-six 

(88%) were admitted to the hospital alive, and 76% of these received additional 

transfusions during the first 24 hours. Most patients presented with blunt trauma 

mechanisms (69%), followed by hemorrhage unrelated to trauma (29%). Overall 

36 (69%) survived 24 hours, and 28 (54%) survived 30 days. No suspected 

transfusion reactions or logistical issues were reported.  

Conclusion 

WFWB transfusion through the IO route is safe, reliable, and provides sufficient 

flow for the initial resuscitation of hemorrhagic shock. Storage of LTOWB in 

thermal containers in a pre-hospital HEMS service is feasible and safe. Hemostatic 
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properties are present for up to 21 days of storage and are similar to LTOWB 

stored in the blood bank. HEMS services and blood banks report favorable 

experiences implementing and utilizing LTOWB in Norway. The logistics of 

LTOWB emergency transfusions are manageable and safe in a Norwegian HEMS 

service.   
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Abstract in Norwegian

Bakgrunn

De siste tiårene har det vært et paradigmeskifte i behandlingen av blødningsjokk. 

Skadebegrensende resuscitering har som hensikt å understøtte hemostatisk evne 

hos pasienten og reversere og dempe konsekvensene av sjokk slik at pasienten har 

tilstrekkelige fysiologiske reserver til å overleve påfølgende behandling i sykehus. 

Strategien baserer seg i all hovedsak på å starte tidlig behandling med blod og 

blodprodukter. I økende grad har sivile og militære prehospitale tjenester vurdert 

fullblod som et alternativ for den intiale resusciteringen av blødningsjokk. Selv om 

fullblod har tiltalende egenskaper er det flere utfordringer ved implementering av 

fullblod i et prehospitalt system. Forhold knyttet til sikkerhet, logistikk, lagring og 

praktisk bruk bør evalueres.

 

Mål

Å undersøke og evaluere implementeringen av et program for implementering av 

prehospitalt lavtiter gruppe O fullblod (LTOWB).

 

Metode

Paper I undersøkte gjennomførbarhet, sikkerheten og effektivitet av intraossøs 

sternal autolog re-infusjon av varmt friskt fullblod (WFWB) i en prospektiv 

human komparativ studie. Paper II undersøkte ex vivo kvaliteten til lav titer type O 

fullblod (LTOWB) under fremskutt lagring i opptil 21 dager i en lufttett 

temperaturregulert beholder ved en luftambulansebase sammenlignet med LTOWB 

lagret i blodbanken. Paper III identifiserte nåværende prehospitale 

blodtransfusjonsprogrammer, fremtidige behov og potensielle barriærer for 

implementering av LTOWB i en spørreundersøkelse blant medisinsk ansvarlige 
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leger ved luft og redningshelikoptertjenestene i Norge. Paper IV beskrev 

implementeringen av et LTOWB-transfusjonsprogram i Luftambulansetjenesten i 

Bergen i perioden 2015-2020 i en prospektiv observasjonsstudie. 

 

Resultater

Det var ingen hemolyse etter sternal intraossøs re-infusjon av fullblod. Median 

infusjonshastighet var 46,2 ml/min for FAST-1-IO nålen, og feilraten ved 

innleggelse av IO tilgangen for uerfarent personell var 9 %.

Fremskutt lagring av LTOWB opptil 21 dager førte ikke til konsekvenser som kan 

true pasientsikkerheten. Blodet tilfredstilte EU krav i hele lagringsperioden. Det 

var ingen signifikante forskjeller i de hematologiske variablene, 

blodplateaggregering eller viskoelastiske egenskaper mellom blod lagret fremskutt 

og blod lagret i blodbanken.

Alle luft og redningshelikopter i Norge har blodprodukter tilgjengelig. Fire av 20 

(20 %) har implementert LTOWB. Et flertall av tjenestene har en preferanse for 

LTOWB siden dette muliggjør tidlig balansert transfusjon og kan ha logistiske 

fordeler i tidskritiske situasjoner. Blodbanker som leverer LTOWB rapporterer 

gunstige erfaringer. I løpet av 2015-2020 responderte Luftambulansen i Bergen til 

5124 pasienter. Syttito (1,4%) mottok blodtransfusjon. 52 pasientene samtykket til 

deltagelse i studien. Av disse fikk 48 LTOWB. Førtiseks (88 %) ble innlagt på 

sykehuset i live, og 76 % av disse fikk ytterligere transfusjoner i løpet av de første 

24 timene. De fleste pasienter presenterte med stump skademekanikk (69 %), 

etterfulgt av blødninger som ikke var relatert til traumer (29 %). Totalt overlevde 

36 (69%) 24 timer, og 28 (54%) overlevde 30 dager. Ingen transfusjonsreaksjoner 

eller logistiske problemer ble rapportert.
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Konklusjon

Intraossøs infusjon av WFWB er trygt, pålitelig og gir tilstrekkelig flow for den 

initielle resuscitering ved blødningsjokk. Fremskutt lagring av LTOWB i 

Luftambulansetjenesten er gjennomførbart og trygt. Kvalitet tilfredstiller EU krav 

opptil 21 dagers lagring, og hemostatiske egenskaper e LTOWB sammenlingbar 

med LTOWB lagret i blodbanken. Luftambulansetjenestene og blodbankene som 

leverer LTOWB har gode erfaringer med implementering av LTOWB. Våre 

undersøkelser viser at implementering av et prehospitalt transfusjonsprogram med 

fullblod er mulig og sikkert. Det er videre behov for studier som ser på 

effektiviteten av fullblod sammenlignet med blodkomponenter.
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1. Introduction

1.1. Trauma epidemiology and life-threatening hemorrhage

Death from hemorrhage is a significant global challenge and a considerable health 

burden, with more than 1.9 million deaths yearly worldwide (1). The causes of 

hemorrhage leading to shock vary widely and include bleeding following trauma, 

maternal/obstetric hemorrhage, gastrointestinal bleeding, and hemorrhage 

following great vessel disease (e.g., ruptured aortic aneurysm).

Trauma remains globally the leading cause of death in the population aged 

0-45 years (2). In Norway, 1951 people died from trauma in 2021 (3). From a 

public health perspective, trauma-related injuries represent an annual cost of more 

than $406 billion in medical care and lost productivity in the United States (4). 

Understanding the epidemiology of death after trauma is vital to improving 

outcomes in this population. In 1983, Donald D. Trunkey published one of the 

most influential papers in traumatology. He described the chronological 

distribution of mortality and injury patterns after trauma - leading to the concept of 

the trimodal distribution of trauma deaths - immediate, early, and late (5).  

Trunkey described that the immediate deaths, within one hour post-injury, were 

caused by massive injuries to the whole body, central nervous system (CNS), 

heart, great vessels, and compromised airways. These deaths were considered non-

preventable. From a trauma systems perspective, these deaths are best addressed 

through injury prevention and safety programs. Early deaths (second peak) were 

primarily attributed to CNS injury or uncontrollable hemorrhage within one to four 

hours after injury. Although options for addressing primary CNS injuries are 

limited, efforts focus on optimizing brain perfusion to minimize secondary 

ischemic brain injury. Some of the deaths due to hemorrhage during this interval 
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are potentially preventable, emphasizing opportunities for novel interventions. The 

third peak corresponds to the patients who die from infection and/or multi-organ 

failure after days or weeks. 

Trunkey´s findings have paved the way for new injury prevention concepts, the 

focus on expedited evacuation, and newer optimized acute therapeutic 

interventions that characterize trauma systems today.

Due to the advancements of the trauma systems in the early 2000s, the distribution 

of trauma deaths is no longer trimodal but rather bimodal, with immediate and late 

deaths, with a reduction in early deaths. This may reflect the improvements in the 

trauma systems, such as shorter on-scene times, advances in trauma and ICU care, 

and adherence to modern damage control principles (6). However, the proportion 

of early deaths still represents a major burden across several trauma systems (7, 8). 

This relates particularly to deaths caused by non-compressible torso hemorrhage 

and extremity trauma. Hence, death after trauma is mostly an acute phenomenon 

occurring within the timeframe of acute medical care from prehospital medical 

emergency services (9). One hour has frequently been suggested as a goal for 

initiating critical interventions. In recent years this «golden hour» doctrine has 

been a hallmark in most trauma systems, both within the military and civilian 

sectors (7, 10, 11, 12). However, defining «preventable death» has been difficult. 

Although several methods exist, there is no standard definition that is universally 

acceptable. Regardless of the metrics used, hemorrhage seems to be a consistent 

pathophysiological parameter associated with preventable trauma mortality. In a 

large autopsy study of battlefield deaths, Eastridge et al. found that 87% died 

before arrival at the medical treatment facility (MTF). Among these, 24% of the 

deaths were considered potentially preventable. Further evaluation identified that 

the site of lethal bleeding was mainly torso hemorrhage (67%) followed by 

junctional (19%) (areas at the junction of the trunk and its appendages) and 

extremity bleeding (14%) (13).  In civilian trauma deaths, where blunt mechanisms 
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of injury are more prevalent, studies demonstrate that hemorrhage is the most 

important contributor to early deaths. One large study showed that 29% of 

prehospital trauma deaths were potentially preventable; of these, 64% were 

entirely or partially due to hemorrhage and hemorrhagic shock (10). The main 

focus over the last decades has thus been to achieve early hemorrhage control 

through damage control resuscitation.

The incidence of non-traumatic hemorrhagic shock is less evident. Holler et 

al. found inadequate evidence to establish precise estimates of the characteristics 

of non-traumatic hypotension and shock. They found that 1-2% of the emergency 

medical system (EMS) contacts presented with shock unrelated to trauma (14). 

Further, a Danish study reported that trauma victims only accounted for 35.9% of 

the patients who received blood transfusions from the EMS. Comparative analysis 

between the trauma and non-trauma victims demonstrated that the non-trauma 

victims were significantly older and had different hospital courses, mortality, and 

admission characteristics. The non-trauma patients presented with a wide variety 

of surgical and medical conditions, with gastrointestinal bleeding being the most 

prevalent (15). Hence, this heterogeneous group is a significant challenge for 

civilian prehospital services. Most patients are critically ill and have a mortality 

rate similar to trauma patients (16).

1.2. History of hemorrhagic shock resuscitation

Ancient times

The ancient Edwin Smith papyrus is the oldest known treatise on trauma care. 

Although it dates to c.1600BC, it is believed to be an incomplete copy of an older 

reference manuscript from the Old Kingdom in 2500-3000BC. It describes various 

treatment modalities, such as sutures, splints, and bandages to stop bleeding (17). 
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Homer described the treatment of war wounds in 1200 BC and emphasized the 

importance of surgeons on the battlefield (18). During the Roman wars, Romans 

deployed a combat surgeon within every legion and provided a surgical hospital at 

every legion fort - the first medical treatment facilities. Although treating wounds 

was important, the understanding of what caused death was vague except for the 

acknowledgment of fatal bleeding. Before the 1600s, there was no established 

understanding of the circulatory system. It was assumed that the blood was 

produced in the liver and consumed in the peripheries. This understanding was 

based on the works by Galen of Pergamon (AD 129-216), who made important 

discoveries in the field of anatomy but incorrectly assumed that bodily functions 

were dependent on the levels of the four humors, leading to the belief that 

hemorrhage was one of the conditions that benefitted from bloodletting (19). 

17th century - anatomic and physiologic breakthrough

The Galenic era ended in 1628, when William Harvey, an English physician, 

published his seminal discoveries that blood flowed away from the heart and 

returned in the veins, meaning that the blood circulated (20). Further, he stated that 

the liver could not produce the volumes of blood the Galenic model required, 

concluding that there was a fixed and optimal volume of blood circulating in the 

human body. In 1666, Richard Lower revealed that transfusion could be a life-

saving intervention for exsanguination. He bled a dog to the point of death and 

then performed a carotid artery to jugular vein transfusion from a larger dog - 

saving the dog's life (21). Later attempts at transfusion demonstrated that the 

rationale for transfusing blood was unknown, the risks unidentified, and the 

potential benefits unclear. Attempts were made to perform xenotransfusions from 

animals to humans to cure madness (22). Despite the efforts to make blood 

transfusion available, the associated fatalities caused society to abandon the 

practice. 

                                                                                                                             23



19th century - the start of transfusions

In 1817, Dr. Henry Leacock noted that blood was species-specific and argued for 

human-to-human transfusions in conditions such as postpartum hemorrhage or for 

exsanguinated soldiers suffering from gunshot wounds. The year after, the English 

obstetrician James Blundell postulated that transfusions could be used to treat 

postpartum hemorrhage and performed the first human-to-human transfusion, 

followed by the publication of 10 successful transfusions (23). The first use of the 

term «shock» to describe the collapse of vital functions in a trauma victim 

appeared in 1740 by French surgeon Henri Francois Le Dran (24). Later in the 

1800s, surgeons frequently stated that death was attributed to shock, but the 

clinical syndrome was separated entirely from hemorrhage and not understood 

(25). 

20th century - blood groups, cross-matching, blood storage, war experiences,

Well into World War I (WWI), it was believed that «wound shock» was caused by 

a toxic factor arising from damaged and dying tissue and as a complication of 

surgery - which led to increased capillary permeability and the escape of plasma, 

leading to a lower circulating blood volume. Today, we acknowledge that they 

were right; the release of bradykinin, histamine, and cytokines from trauma and 

shock adds a distributive shock component to the hemorrhage component. Until 

WWI, the primary treatment for «wound shock» was strychnine and saline. It was, 

however, noted that the time factor in treating shock was of great importance. The 

mortality of injured patients treated within one hour was only 10%, while after 8 

hours - mortality was above 75% (26). In 1901, immunologist and Nobel prize 

winner Karl Landsteiner published his groundbreaking work, identifying blood 

group-specific agglutinins enabling blood transfusion without endangering the 

patients' lives (27). However, blood crossmatching in clinical practice was not 

implemented until later, in 1907, when Ruben Ottenberg performed the first 
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crossmatched transfusion. In the early 1900s, Lindeman revolutionized the 

transfusion procedure using syringes and cannulas, replacing surgical procedures 

pioneered by Carrel, Chile, and others connecting the donor artery and recipient's 

vein (28, 29, 30). During WWI, «wound shock» treatment revolved around the 

administration of colloid solutions; the most common was «gum salt» - 6% acacia 

in 0.19% sodium chloride. However, it was believed that administering whole 

blood (WB) would be highly effective in treating hemorrhage and shock. Bruce L. 

Robertson, a Canadian forward surgeon, published an intriguing paper in 1916, 

arguing for the regular employment and transfusion of WB in war surgery. 

Although the WB transfusions were uncross-matched, he described a markedly 

improved survival rate in 36 severely injured patients. He also demonstrated an 

understanding of the pathophysiology of hemorrhagic shock that is relevant today 

(31). 

Oswald Hope Robertson suggested an improved system for direct blood 

transfusion in war casualties. In his premise, he understood that there was a need 

for large-scale blood collection. He tested donors, and only used type O, universal 

donors that were tested for syphilis. He collected blood in glass bottles with citrate 

as an anticoagulant, stored it on ice for up to 26 days, and transported it where it 

was needed. He thus pioneered transfusion at the front line. This approach paved 

the way for the blood banking systems we see today (32, 33). During and after 

WWI, the understanding of the pathophysiology of hemorrhagic shock evolved. It 

was recognized that hemorrhage is the most critical factor in shock and that the 

blood volume lost defines the degree of shock. Further, the need for oxygen-

carrying corpuscles was understood. This supported the conclusion that no other 

intravenous solutions other than blood could serve the purpose of resuscitation 

from hemorrhagic shock. In 1927, Blalock presented the modern theory of shock 

divided into four classes: hematogenic (hypovolemic), neurogenic, vasogenic 

(anaphylactic and septic), and cardiogenic shock (34). At the entry of WWII, the 

U.S. position was that freeze-dried plasma (FDP) was sufficient for the 
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resuscitation of war casualties. However, in the North African campaign, U.K. 

surgical teams demonstrated better outcomes using WB. As such, the U.S. started a 

walking blood bank program that lasted until the landings at Normandy. However, 

the unacceptable outcomes at the landings led U.S. forces to adopt a cold-stored 

whole blood (CWB) program from U.S. civilian donors (35, 36, 37). During 

WWII, other colloid solutions were utilized, namely gelatins, pectin, amino acids, 

oxidized cotton, and dextran. 

In 1922, the circulation in bone marrow was described. Due to the known 

difficulties in attaining rapid access to the circulatory system in patients with 

hemorrhagic shock, WWII doctors argued that intraosseous (IO) access was a 

viable alternative (38, 39, 40). Almost 4000 IO procedures were documented 

during WWII. 

After WWII, the US blood program was discontinued. However, in 1950 

the Korean War again warranted a system for far-forward resuscitation of 

hemorrhagic shock. Experience from WWII led to a policy change where only 

low-titer (Anti-A and -B <256) group O whole blood (LTOWB) was collected to 

reduce the logistical burden of typing and crossmatching recipients (41). Some 

400.000 units of WB were transfused by the end of the war. After the war, it was 

discovered that severe transfusion reactions sometimes occurred when type-

specific whole blood was given after large transfusions of LTOWB. Therefore, it 

was recommended that after massive transfusion episodes with LTOWB, no type-

specific transfusions should occur before at least two weeks elapsed (37). 

During the Vietnam War, initially, only LTOWB was shipped. However, blood 

requirements necessitated the addition of group A and, later, all blood groups. For 

logistical reasons, only LTOWB was deployed for forward resuscitation. From 

1967-1969, 230.323 units of WB were transfused, and 24 hemolytic transfusion 

reactions were reported. Only one of these reactions was caused by ABO 

isoagglutinin's in the transfused group O WB unit (42). 
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During the conflict in Vietnam, Carrico and Shires et al. demonstrated that severe 

hemorrhage results in a disparate reduction in extracellular fluid volume that could 

not be accounted for by external loss and that normalization of extracellular fluid 

volume with isotonic salt solutions improved outcomes (43, 44). The suggestion 

was to add 1-2L of crystalloids during resuscitation to avoid renal failure. 

However, this led to an increase in crystalloid use, probably due to the easy 

logistics of crystalloids compared to blood. As such, a complicating lung-failure 

syndrome termed «shock lung» or «DaNang lung» became apparent (45). The 

acute respiratory distress syndrome (ARDS) appeared as an early cause of death 

after severe hemorrhage. The coagulopathy following serious trauma was 

frequently discussed during and after the Vietnam War. The empiric conclusion 

was that this oozing coagulopathy was virtually always reversible, and the 

suggestion for the treatment was to give fresh WB or plasma sequentially (46, 47). 

The 1970s - a shift toward blood component therapy

Following the Vietnam War, infectious disease, blood fractionation, and financial 

opportunities forced a shift from WB toward blood component therapy (BCT). The 

most important driver was probably president Nixon´s war on cancer that started in 

1971. With chemotherapy came bone marrow suppression and single cytopenias. 

The blood banks evolved to cater to the isolated problems of low cell numbers. 

Interestingly, during the transition from WB to BCT, no studies on the efficacy of 

BCT in treating hemorrhagic shock were published. This transition and the 

misapplied data from Carrico and Shires et al. probably drove the civilian trauma 

systems towards the recommendations that early treatment for hemorrhagic shock 

included external hemorrhage control followed by a rapid infusion of 2000 ml of 

crystalloids. During the 80s and 90s, it was clear that this philosophy was 

misapplied, with the overuse of crystalloids often in a ratio >3:1 to estimated blood 

loss. As a result, patients often received 5-10 L of crystalloids before any blood 
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product administration (48). In the early 90s, some researchers began to question 

such treatment algorithms. Bickell et al. demonstrated that restrictive fluid 

resuscitation with crystalloids in patients suffering from penetrating torso injuries 

improved survival (49). This led to the adoption of permissive resuscitation 

(permissive hypotension) strategies for prehospital management of non-

compressible hemorrhage. At this time, blood component therapy (BCT) was the 

mainstay treatment for patients who continued to bleed after 2L of crystalloid 

therapy.

With the beginning of the conflicts in Southwest Asia following the September 11, 

2001 attacks on the U.S. by Al Qaida, the increasing number of injured soldiers in 

Iraq and Afghanistan sparked a renewed focus on the iatrogenic injury following 

high volume crystalloid and BCT, as well as the optimal strategy for hemorrhagic 

shock resuscitation. Again, there was a renewed focus on WB and damage control 

resuscitation principles in the war theaters (50). The term damage control has its 

roots in the navy, describing the crew's efforts to keep a leaking ship afloat with 

temporary salvage techniques so the ship can survive to port. The corresponding 

medical term highlights rapid temporary hemorrhage control and hemostatic 

resuscitation efforts to stabilize metabolic disturbances keeping the patient alive 

until surgical hemorrhage control can be achieved (51). These principles include a 

permissive hypotension strategy, a balanced transfusion ratio with packed red 

blood cells (PRBC), plasma, and platelets (PLT), the avoidance of the excessive 

use of crystalloids, and the principles of damage control surgery (52). Today most 

civilian hospitals utilize BCT in a balanced ratio in the resuscitation of 

hemorrhagic shock based on observational data from military experience and the 

results of the PROPPR trial. However, there is an increased focus on implementing 

LTOWB for pre- and in-hospital resuscitation of hemorrhagic shock (53, 54, 55).  

At the same time, economic issues and safety concerns promote strategies for 

maximum utilization of available blood and more restrictive guidelines (56). 
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After year 2000 - have we come full circle? 

Modern damage control resuscitation (DCR) represents a bundle of care principles 

first described by Holcomb in 2007 aimed at improving outcomes in patients 

suffering from traumatic hemorrhage and hemorrhagic shock. DCR principles 

emphasize early compressible hemorrhage control, hypotensive resuscitation, rapid 

evacuation and surgical control of bleeding, avoidance of hemodilution from 

overuse of crystalloids and colloids, prevention of acidosis and hypothermia, and 

hemostatic resuscitation with blood or blood components (52). The modern 

principles of hemostatic resuscitation represent a paradigm shift in the treatment of 

hemorrhagic shock. However, the core principles are, in many ways, a 

reintroduction of earlier methods and interventions. 

1.3. Hemorrhagic shock - definition and pathophysiology

Definition of shock

The classical definition of shock is that tissue oxygen delivery to tissues is 

insufficient to meet metabolic demands (57). In this state, oxygen consumption is 

delivery-dependent, and reduced delivery of oxygen causes a metabolic shift 

towards anaerobic metabolism (glycolysis) (58).

Oxygen deficit and oxygen debt

The oxygen delivery to the tissues (DO2) can be derived from Fick´s principle, 

where key determinants are cardiac output, hemoglobin concentration, and oxygen 

saturation (59). 

To understand the concept of oxygen debt and shock, one must look at the biphasic 

relationship between oxygen delivery (DO2) and consumption (VO2) (Figure 1.). 
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Figure 1. The biphasic relationship between DO2 and VO2

In a normal resting state, oxygen consumption (VO2) is independent of oxygen 

delivery (DO2). DO2 can vary widely without a drop in VO2 since oxygen 

extraction (OER) can increase to meet tissue metabolic demand (VO2) (green 

area). However, if severe hemorrhage causes a drop in DO2 beyond tissue VO2 

(critical DO2), VO2 becomes directly dependent on DO2. This inflection point 

(represented by the red vertical line) represents the transition from mass aerobic 

metabolism to mass anaerobic metabolism, an ischemic state where an oxygen 

deficit exists. In the delivery-dependent state, the oxygen extraction ratio (OER) is 

increased, as reflected in reduced central venous oxygen levels (SVO2). 

Reproduced with permission from John Wiley and Sons, License Number: 

5460961428829
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The duration and magnitude of shock can be labeled as the «shock dose» and will 

be a measure of the body’s oxygen debt. The greater the shock dose (duration/

magnitude), the greater the final tissue damage and organ dysfunction after 

reperfusion. However, the tolerance to oxygen debt varies among different tissues.  

The pathophysiological consequences of oxygen debt have been described in 

several studies and are linked to morbidity and mortality and the development of 

multiorgan failure(60, 61, 62).  

Pathophysiology of hemorrhagic shock

As shock persists, cellular function deteriorates. The anaerobic metabolism leads 

to an accumulation of lactic acid, inorganic compounds, and free radicals (58). In 

this process, the release of mitochondrial DNA and formyl peptides known as 

damage-associated molecular patterns (DAMPs or alarmins) incites a systemic 

inflammatory response (63). Ultimately, critically impaired ATP supplies cause 

cellular homeostasis to fail, leading to cell death due to membrane rupture, 

apoptosis, or necroptosis. Hemorrhage is followed by hypovolemia, capillary 

vasoconstriction, and thrombosis, which causes organ hypoperfusion. The net 

result is organ dysfunction and, ultimately, organ failure that leads to multi-organ 

dysfunction. At the mitochondrial level, the oxygen deficit restricts oxygen from 

serving as the terminal electron acceptor (oxidant) in the electron transport chain, 

leading to a significant decrease in ATP production. The increased mitochondrial 

electron burden leads to a destabilization of the mitochondrial membrane and the 

opening of mitochondrial pores. This permits the leakage of ions, metabolites, and 

macromolecules, leading to mitochondrial swelling and membrane depolarization. 

Cytochrome c is also released, leading to the activation of apoptosis activating 

factor 1 (Apaf1) and the formation of the apoptosome (64). The mitochondrial 

damage may be accelerated by proteolytic enzymes and reactive oxygen species 

(58). In addition, highly reactive oxygen species are formed due to the breakdown 
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of the catalase and glutathione peroxidase system (65).  The ongoing production of 

these oxidants may cause irreversible cellular damage in the form of lipid 

peroxidation, protein nitrosylation, and DNA damage (66).  Paradoxically, the 

production of these oxidants is exacerbated by reperfusion, as more oxygen is 

available to react with the free electrons. Hence, the greater the ischemic burden, 

the greater the tissue injury will be following reperfusion. 

Although the described dynamics of impaired oxygen delivery cause alterations at 

the cellular levels that lead to organ dysfunction and affect the endothelial system, 

coagulation system, and immune system, it is also worth noting that severe 

hemorrhage may cause rapid exsanguination with subsequent pulselessness that 

may cause a rapid cerebral and myocardial hypoperfusion leading to anoxic brain 

injury, heart failure, or fatal arrhythmia within minutes. 

Adrenergic response to shock

Hemorrhagic shock leads to the activation of the sympathetic nervous system. This 

process is characterized by catecholamine release due to pain and tissue injury that 

induces cardiovascular compensatory mechanisms, including increased heart rate, 

relaxation of pulmonary smooth muscle, and the activation of energy stores in the 

liver. The peripheral compensatory vasoconstriction exacerbates tissue oxygen 

deficit due to reduced blood flow. Adrenergic activation also stimulates the Na+-

K+-ATPase resulting in increased lactate production (67). Although some tissues 

may utilize lactate as fuel, increased lactate levels lead to acidosis. Recent 

publications demonstrate that sustained high catecholamine levels directly impair 

endothelial function through increased permeability and glycocalyx shedding (68, 

69, 70). 
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Clinical relevance of oxygen debt

An often overlooked significant factor in the resuscitation of hemorrhagic shock is 

the importance of timely repayment of critical portions of the debt as soon as 

possible (57). Compared to other physiological debts, such as sleep, it is 

impossible to incur a significant debt and suffer no consequences. As such, 

resuscitative efforts that halt the accumulation of oxygen deficit by returning to a 

DO2-independent VO2- state are essential but usually insufficient to achieve 

homeostasis. Critical energetic cellular systems such as the phosphagen and 

glycogen-lactic systems may be significantly depleted during shock (71).

Identifying, quantifying, and monitoring the oxygen debt are major 

challenges in the prehospital environment. Currently, no tools allow providers to 

assess the oxygen debt and when it has been repaid. Further, it is unknown how 

much debt can be tolerated over what period other than to speculate that there 

probably is a significant inter-individual difference (72).  Currently, the most 

physiological approach may be initiating resuscitation early and rapidly 

normalizing lactate and the body’s oxygen extraction ratio to maximize chances of 

timely oxygen debt repayment and reversal of hemorrhagic shock (73)(Fig.2).
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Fig. 2 Conceptual schematic overview of oxygen debt accumulation in non-

compressible hemorrhage

Following hemorrhage, failure to control active bleeding inevitably leads to 

reduced DO2 to the tissues. When the compensatory mechanisms fail to sustain 

adequate DO2, the organism enters a state of shock at the critical DO2 level.

The overall aim should be to resuscitate to reduce the accumulation of oxygen 

debt.  

1.4. «Blood failure»

The classical understanding of coagulopathy following hemorrhage 

There has been a significant focus on improving early mortality in patients 

suffering from major hemorrhage and hemorrhagic shock. One of the main 

challenges recognized since the early 19th century is the development of early 

hemostatic dysfunctions, today recognized as coagulopathies (74, 75, 76). The 

34



development of early coagulopathies after significant bleeding has predominantly 

been studied in the trauma population; however, a common problem is the critical 

care of patients suffering from major hemorrhage unrelated to trauma. Despite the 

poor evidence that bleeding after surgery, gastrointestinal and obstetric 

hemorrhage are associated with hemostatic changes similar to the patients 

suffering from hemorrhage after trauma, treatment protocols and therapeutic aims 

are the same (77). 

Traditionally the development of coagulopathy has been attributed to the dilution 

of coagulation factors, acidosis, and hypothermia following major bleeding, 

termed the «lethal triad.» Hemorrhage leads to loss of hydrostatic pressure, 

followed by a fluid shift from the extravascular space into the circulation. This 

mechanism has been described as auto-resuscitation as a response to hypovolemia. 

On the other hand, the resulting dilution of remaining coagulation factors has 

detrimental effects on coagulation (78). The administration of crystalloids may 

further exacerbate this effect. Hypothermia is a known complication in major 

trauma and hemorrhagic shock, especially in the prehospital setting. Decreased 

oxygen delivery to tissues reduces ATP production and lower heat production. 

Heat loss to the environment, immobility, anesthetic drugs and administration of 

cold fluids inevitably aggravate hypothermia in these patients. It has been shown 

that temperature affects the performance of the coagulation system. The optimal 

temperature for coagulation is 37ºC, and deviation causes a reduction in 

coagulation performance (79). Further, hemorrhage leads to the accumulation of 

oxygen debt. The resulting anaerobic metabolism and increased lactate levels 

affect acid-base homeostasis. The optimum pH for activation of the coagulation 

cascade is slightly above the normal physiologic levels. As such, it has been shown 

that FVII activity is reduced by 90% at pH 7,0 (80). 

In certain hemorrhages, there is a significant effect of the consumption of 

coagulation factors. The rapid consumption of coagulation factors can be observed 
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in the setting of blunt trauma mechanisms if large areas of damaged tissue are 

exposed to the circulating system. Similar effects are seen in postpartum 

hemorrhage. This is particularly evident in fibrinogen levels, which tend to decline 

rapidly early in trauma (81, 82). 

Modern understanding of coagulopathy and endotheliopathy following 

hemorrhage

Recent data has demonstrated that coagulopathy following traumatic bleeding 

cannot be adequately explained by classical mechanisms alone. In trauma patients, 

it has been recognized that disruption of hemostatic equilibrium begins at the 

moment of traumatic impact. Brohi et al. demonstrated that about a quarter of the 

patients had developed coagulopathy at admission to the hospital, even within 20 

minutes after injury. Further, they found that the presence of coagulopathy 

predicted the incidence of multi-organ dysfunction and intensive care utilization. 

The presence of early coagulopathy has been associated with a four-fold increase 

in mortality. Similar results were presented in another contemporary study (74, 

75). As a result, the early onset of coagulopathy in the trauma population is termed 

acute traumatic coagulopathy (ATC). Subsequent medical interventions may affect 

and exacerbate ATC by several mechanisms leading to the complex syndrome 

termed trauma-induced coagulopathy (TIC).  

Due to these findings, researchers have focused on pro- and anti-hemostatic 

mechanisms that precede and aggravate the effects of the classical mechanisms.

Systemic anticoagulation - The protein C pathway

One prevailing theory is that ATC development is driven by hypo-perfusion 

leading to an increase in thrombomodulin which diverts thrombin from fibrin 

generation towards the activation of protein C. Activated protein C (aPC) is known 

to cleave FVa and FVIIIa. As such, the theory postulates that this results in 
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systemic anticoagulation because of the resultant inhibition of thrombin 

generation. Secondly, aPC has been proposed as an inhibitor of plasminogen 

activator inhibitor-1 (PAI-1). This would then lead to an increase in plasmin 

generation and, subsequently, an acceleration of fibrinolysis (82, 83). However, 

there are several issues related to the role of aPC in systemic anticoagulation. First, 

the levels of aPC observed in ATC are far from the concentration that can cleave 

platelet and plasma FVa sufficiently to cause systemic anticoagulation (84). 

Further, aPC binds PAI-1 in a 1:1 fashion. Since there are about ten times higher 

levels of PAI-1 compared to the amount of protein C, it seems unlikely that this 

would cause a significant effect on fibrinolysis (85, 86, 87). Also, a systematic 

review found no reports on the protein C-mediated neutralization of PAI-1 (88). 

Hence, although activated protein C has both anticoagulant and pro-fibrinolytic 

effects in normal hemostasis at the site of injury, it is unlikely that the protein C 

pathway is the culprit in the systemic development of ATC (89).

Fibrinogen depletion

The rapid decline in fibrinogen levels after trauma and obstetric bleeding has been 

well documented. In obstetric bleeding, fibrinogen depletion has been identified as 

an early predictor of severe postpartum bleeding. The mechanism of fibrinogen 

loss in trauma and postpartum hemorrhage continues to be the subject of debate 

and ongoing research. The leading theory is linked to the exposure of large areas 

of damaged tissue to circulating blood, causing significant consumption. Iatrogenic 

dilution also seems to play a role (81, 82, 90). Fibrinogen supplementation with 

cryoprecipitate (UK or U.S.) or fibrinogen concentrate (Europe) has traditionally 

been considered a second-line therapy in the delayed treatment of hemostatic 

dysfunction in trauma patients. In contrast, early fibrinogen supplementation has 

been commonplace in postpartum hemorrhage and cardiac surgery. The potential 

benefit of early fibrinogen supplementation in trauma is the subject of a large 

randomized controlled trial - CRYOSTAT-2 (91). Currently, the relative 
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contribution of hypofibrinogenemia to the development of ATC and the critical 

clinical threshold levels is still questioned (81).

Reduction in red cell mass

Circulating red cells significantly affect primary hemostasis as they tend to flow 

through the center of the artery or arteriole. In normal hematocrit levels, this 

causes the plasma and platelets to be marginated towards the vascular wall. In the 

event of vascular injury, this phenomenon facilitates early platelet and coagulation 

factor interaction with the damaged vessel wall. However, this effect is disrupted 

once the hematocrit falls below about 30% (92, 93). As such, it has been shown 

that there is an inverse relationship between hematocrit and in vitro bleeding time 

(94).

Excessive fibrinolysis

The clinical importance of fibrinolysis has been demonstrated by the CRASH-2 

trial showing a survival benefit when blocking this pathway with tranexamic acid 

during hemorrhage (95). Excessive fibrinolysis is caused by local tissue response 

to hypo-perfusion, leading to the release of tissue plasminogen activator (tPA). The 

release of tPA is modulated by circulating epinephrine, vasopressin, and thrombin 

signaling. Circulating tPA catalyzes the conversion of plasminogen to plasmin, 

causing fibrinolysis and the dissolving of blood clots. In this setting, tPA will 

improve local perfusion in damaged tissue areas, yet in severe injury, it may have 

systemic adverse effects (96). This is the most critical factor in the development of 

ATC as it is consistent with current knowledge and the timing of observed effects. 

The drop in middle arterial pressure in hemorrhage stimulates tPA release within 

20-30 minutes, which causes plasmin activation and initiation of fibrinolysis. The 

plasmin-antiplasmin complex (PAP) can be measured and is a sensitive indicator 

for the activation of fibrinolysis, and the levels are significantly increased in most 

severely injured trauma patients (97). Again, the timing of the development of 
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fibrinolysis following these mechanisms is consistent with the observed improved 

outcomes following early (<1h) administration of tranexamic acid (95). 

Platelet dysfunction

Functional platelets are vital components in the maintenance of vascular integrity 

after injury. Platelets activate, accumulate, aggregate, and provide a scaffold for 

thrombin and fibrin mesh generation to provide a platelet plug that participates in 

mechanical hemostasis. Subsequent clot retraction facilitates the repair of damaged 

vascular tissue edges. Platelet dysfunction is observed in trauma patients, even in 

the presence of a normal platelet count and regular standard clotting panels. It has 

profound implications for mortality (98, 99, 100). In a sub-study of the PROPPR 

trial, patients who received platelets early had better outcomes (101). However, the 

mechanisms underlying trauma-associated PLT dysfunction are an area of 

continued research. Animal studies have suggested that PLT dysfunction is caused 

by changes in intracellular cyclic AMP and bioenergetic failure (102). Other 

factors, such as oxidative stress during hemorrhagic shock and high intracellular 

calcium levels, may play a role (103).

Interestingly, research has also shown that a low Glasgow coma scale is an 

independent predictor of platelet dysfunction in trauma patients, highlighting the 

potential link between TBI and PLT dysfunction (98). As such, the impact of 

dysfunctional platelets in the early course of trauma is an area of research. 

Unfortunately, early evaluation of platelet function has proved difficult, as 

standard available assays like PT and INR neglect platelet function. Functional 

tests like platelet aggregation and newer viscoelastic testing with platelet mapping 

may provide further insight into this issue.

Endotheliopathy

Coagulopathy develops in parallel with a dysfunction in the endothelial system. 

The microcirculation with its endothelial lining is estimated to represent an area 

above 3000m2. It is responsible for critical regulated processes such as the delivery 
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of oxygen, hormones, nutrients, and waste removal (104). It may be considered the 

body’s largest integrated organ system. This system is highly affected by 

hemorrhage, hypo-perfusion, and resulting reperfusion injury (105). 

Endotheliopathy following injury can be characterized by dysfunctional 

hemostasis, increased paracellular permeability, and inflammation. It essentially 

corresponds to what clinicians called «wound shock» in WWI.  The degree of 

endothelial damage is largely modulated by the scope of direct damage, the 

degree, and duration of hypo-perfusion, and is affected by the accompanied 

sympathoadrenal activation. The resulting endothelial activation leads to an 

overwhelming release of tPA and hyperfibrinolysis. In addition, hypo-perfusion 

has been shown to result in the shedding of the endothelial lining - the glycocalyx, 

releasing antithrombotic syndecans into the bloodstream, a concept known as auto 

heparinization. The shedding of the glycocalyx is correlated with circulating 

catecholamines and mortality (69, 106, 107, 108). 

Clinical evaluation of coagulopathy

In addition to standard tests such as activated partial thromboplastin time (aPTT) 

and prothrombin time (PT) or international normalized ratio (INR), several other 

tests are available. From a clinical perspective, point-of-care testing has been 

developed for the early evaluation and recognition of hemostatic dysfunction. The 

viscoelastic tests of thromboelastography (TEG) and rotational 

thromboelastometry (ROTEM) are global tests of hemostasis performed on whole 

blood (109). These tests may be performed bedside to rapidly assess the kinetics of 

clot formation, strength, and dissolution. The thromboelastogram provides 

information on the time to initiation of fibrin clot formation, speed of initial clot 

formation, rate of fibrin cross-linking, the clot's maximum strength, and the clot's 

degradation. From the thromboelastogram, targeted treatment may be suggested 

based on the identified pathologies. In addition, impedance aggregometry testing 

may be utilized to identify platelet dysfunction (110). Although viscoelastic tests 
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are promising, they suffer from clinically significant shortcomings, such as the 

dependence on clinical judgment and interpretation (111). In addition, the impact 

of viscoelastic testing in the early phases of non-compressible hemorrhagic shock 

is limited due to the time delay in obtaining the results.    

In summary, it is evident that a deeper understanding of the development of ATC 

and how to treat it is essential to reduce morbidity and mortality after trauma and 

hemorrhagic shock. Researchers agree on the complexity of ATC and that its 

underlying causes need to be better understood. Moreover, current diagnostic 

criteria such as PT, INR, and viscoelastic assays are insufficient to get complete 

oversight on the complex development of coagulopathy after hemorrhagic shock. 

Thus, there is a lack of diagnostic tools that can provide guidance among a myriad 

of treatment options. Hence, the multivariate nature of the conditions needs to be 

addressed from their root causes rather than attempting to correct deviations in 

inconclusive tests (89). The development of the different pathophysiological 

components is driven and exacerbated by shock and the accumulation of oxygen 

debt. While the linkage between shock and traditional organ failure has long been 

recognized, both the endothelium and blood are very sensitive to oxygen debt. 

They can be regarded as an integrated organ system at risk of failing, impacting all 

other organ systems. Hence, the combination of oxygen debt-driven 

endotheliopathy and coagulopathy might be considered collectively as «blood 

failure» due to the highly connected networks between the systems and the 

subsequent failure in hemostasis during hemorrhagic shock (112, 113)(Fig.3). In 

the prehospital setting, the consequence would be to direct efforts towards 

mitigation of oxygen debt accumulation and oxygen debt repayment to reduce the 

severity and duration of the shock. 
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Fig. 3 Framework for the initiation and evolution of blood failure

The figure outlines the framework and the individual components in the 

development of blood failure.

Reproduced with permission from Walters Kluwer Health, Inc. License Number: 

5460960526974

1.5. Remote damage control resuscitation

The distinct field of RDCR

Although the implementation of modern RDCR principles may represent a 

paradigm shift in the prehospital care of patients suffering from hemorrhagic 

shock, the strategy for providing basic point-of-care interventions, controlling 

hemorrhage, and rapid transport to medical treatment facilities has been practiced 
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for centuries. However, to facilitate a successful outcome, the patient must survive 

transport and possess sufficient biological reserves to endure advanced treatment 

in the hospital. Therefore, RDCR principles have been described as the 

implementation of DCR strategies in the prehospital setting (114). DCR principles 

include compressible hemorrhage control, hypotensive resuscitation, avoidance of 

the overuse of clear fluids, prevention and correction of acidosis and 

hypocalcemia, hemostatic resuscitation (early use of a balanced transfusion with 

red cells, plasma, and platelets), and moving as fast as possible to damage control 

surgery for definite hemorrhage control (52).  The RDCR principles reflect the 

same goals but take into account the differences in the immediate goals, available 

resources, and optimal management strategies between prehospital and in-hospital 

care. 

With the implementation of the RDCR principles, it is essential to distinguish 

between patients suffering from hemorrhagic shock from non-compressible 

hemorrhage and patients who can achieve hemorrhage control early. For instance, 

the concept of hypotensive resuscitation may be detrimental to the latter in the case 

of delayed evacuation. Hypotensive resuscitation is a controversial practice which 

will be discussed below. 

Management of hemorrhagic shock - RDCR vs. DCR

Although some trauma systems employ experienced prehospital physician-led 

teams to the point of injury, most prehospital DCR providers are typically first 

responders, EMS personnel or paramedics in the civilian setting, and combat 

medics, paramedics, or hospital corpsmen in the military environment. As such, 

these small prehospital teams may lack experience with patients in severe 

hemorrhagic shock compared to the highly resourced, specialized in-house trauma 

teams. There is also a distinct difference in the availability of diagnostic tools such 

as radiology, ultrasonography, advanced monitoring, and laboratory assays. 
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Further, the limited availability of therapeutic options in the prehospital 

environment, such as available blood and blood products, hemostatic adjuncts, and 

surgical capabilities, highlight the logistical problems of RDCR. Moreover, 

prehospital providers may have different short-term goals due to the nature of the 

situation on the scene. Extrication challenges, immediate threats, weather 

conditions, noise, darkness, confined areas, triage, and evacuation logistics may 

influence the individual patient's resuscitation efforts. The nature of prehospital 

care and its challenges dictates that the providers carefully conserve resources and 

prioritize time-critical interventions to improve outcomes.

For instance, the threshold for advanced airway management differs in the 

prehospital phase, as the risk of intubation and positive pressure ventilation are 

increased due to the inability to monitor and volume load the patient (115). 

Another significant hurdle in the early care of patients suffering from hemorrhagic 

shock is the timely obtainment of vascular access. Prehospital intravenous (IV) 

access may be complicated in some patient groups, especially in bleeding patients 

(116, 117). Data show that prehospital IV access is associated with longer on-scene 

times (118). The rapid obtainment of vascular access, for example, via an 

intraosseous route, is vital to facilitate early hemostatic resuscitation. These 

aspects underscore the differences between RDCR and DCR and the need to direct 

future research efforts to the applications and outcomes of prehospital and in-

hospital interventions separately.  

RDCR Principles - Compressible hemorrhage

One of the core principles of RDCR is to stop or reduce ongoing bleeding as soon 

as possible to minimize the consequences of hypoperfusion and oxygen debt and 

to augment the hemostatic response. This principle has been highlighted both in 

civilian and military trauma care. In recent years, the traditional ABC approach in 

Advanced Trauma Life Support (ATLS) has been questioned, noting that massive, 
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life-threatening bleeding should be addressed before airway management (119). In 

the military framework, this concept is implemented in the MARCH algorithm in 

the Tactical Combat Casualty Care (TCCC) guidelines (120). Ultimately, early 

hemorrhage control can be achieved by detecting the source of bleeding, applying 

direct or proximal pressure, and elevating the bleeding site. However, hemostatic 

adjuncts may be necessary to achieve a beneficial outcome. These adjuncts may be 

divided into «mechanical» adjuncts, which refer to devices that stop or reduce 

hemorrhage, or «injectable» hemostatic adjuncts, which refer to plasma derivatives 

or substances that affect the coagulation system and provide hemostatic effects. A 

summary of available hemostatic adjuncts is presented in table 1.

                                                                                                                             45



Table 1. Hemostatic adjuncts in RDCR

Table 1. Outline of hemostatic adjuncts available for RDCR

The table shows the mechanical and injectable adjuncts in current use. (1REBOA: 

Resuscitative Endovascular Balloon Occlusion of the Aorta)

Category Adjunct Mechanism of action

Mechanical Gauze External compression or wound packing directly 
at the site of injury. Often used in combination 
with compressible dressings or clamps.

Topical hemostatic agents Gauze or dressings impregnated with substances 
with hemostatic properties. (Chitosan, kaolin)

Pelvic binder Reduction and stabilization of fractures in the 
pelvic ring, reduction of pelvic volume - decrease 
potential space for blood loss.

Extremity tourniquet Proximal external compression of arterial blood 
supply to extremity

Junctional tourniquet Proximal compression of arterial supply in axilla 
or groin in injuries not amenable to extremity 
tourniquets.

Abdominal aortic tourniquet Proximal compression of abdominal aorta for 
pelvic or junctional injuries not amenable by 
junctional tourniquets

External soft tissue clamps Retractable external clamps that reduce and 
contract soft tissue lacerations. Often used in 
combination with gauze.

Expandable hemostatic agents Percutaneous injection of expandable substances 
for temporary control of internal hemorrhage

REBOA1 Endovascular total or partial balloon occlusion of 
aorta for pelvic or abdominal hemorrhage.

Injectable Tranexamic acid Lysine analog that inhibits the activation of 
plasminogen to plasmin - antifibrinolytic

Prothrombin complex 
concentrate

Plasma-derived agent made up of coagulation 
factors II, IX and X. Some agents also contain 
VII, protein C and antithrombin

Recombinant Factor VIIa Activated form of FVII

Cryoprecipitate Plasma derived preparation rich in fibrinogen and 
coagulation factors VIII, XIII and vWF

Fibrinogen concentrate Lyophilized fibrinogen powder
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RDCR Principles - Hypotensive resuscitation

Hypotensive resuscitation has been a central yet controversial concept in RDCR. 

Several other terms describing the same context, such as permissive hypotension, 

delayed resuscitation, permissive resuscitation, and hypo-resuscitation, have been 

presented in the literature. A part of the original justification of the concept of 

hypotensive resuscitation was to avoid the transient increase in blood pressure 

following aggressive clear fluid administration in patients suffering from non-

compressible hemorrhage. The following increase in blood pressure might disrupt 

the endogenous formed clotting processes and increase a bleeding tendency (121). 

Data from civilian trauma systems has demonstrated that a restrictive clear fluid 

strategy reduced mortality in penetrating torso trauma (49, 122). These studies 

were conducted in settings with short evacuation times. In contrast to these studies, 

two non-randomized controlled trials examining patients with either penetrating or 

blunt trauma injuries alone found no significant differences in survival (123, 124).  

Targeting resuscitation efforts toward a palpable radial pulse and/or an appropriate 

level of mentation has been a typical strategy in civilian and military trauma 

systems. Hence, a restrictive fluid administration regimen until definitive 

hemorrhage control requires accepting a period of suboptimal end-organ perfusion. 

Conversely, a restrictive clear fluid resuscitation policy may reduce the incidence 

of secondary complications of aggressive clear fluid therapy, such as abdominal 

compartment syndrome, coagulopathy, and acute respiratory distress syndrome 

(122, 125, 126). The strategy may be described as a «necessary evil» - sacrificing 

perfusion to reduce bleeding. However, the evidence is sparse. First, in the event 

of concomitant traumatic brain injury, permissive hypotension may be 

contraindicated. Second, in civilian EMS systems where elderly patients are 

heavily represented, with comorbidities and various medications, there is limited 

data on how the strategy will affect outcomes. Last and most important, as many 

EMS services are now implementing hemostatic resuscitation with blood products, 
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it is problematic to extrapolate data from the excessive use of crystalloids and 

hypotensive resuscitation to the use of blood and blood products. As such, 

reviewing the strategy, one must consider the type of injury (penetrating vs. blunt), 

non-traumatic hemorrhage, the likelihood of intracranial injury, resuscitation fluid 

available, and the proximity to a medical treatment facility and definite 

hemorrhage control.   

RDCR Principles - Correction of acidosis, hypothermia, and hypocalcemia

The development of acidosis resulting from the production of lactate, acidic 

metabolites, and unmeasured anions during hypo-perfusion and shock contributes 

to trauma mortality. Data show that the degree of acidosis upon arrival to the 

emergency department correlates with the degree of coagulopathy and mortality 

(127, 128). While emerging acidosis has some adaptive aspects, as it aids oxygen 

extraction at the cellular level, it has multiple adverse effects, including worsening 

coagulopathy, increased compensatory respiratory minute volume, and decreased 

responsiveness to catecholamines. Aggressive infusions of saline may contribute to 

developing acidosis since normal saline has a pH of 5,5. In addition, the high 

chloride fraction may contribute to hyperchloremic acidosis.

Hypothermia aggravates the complications of shock. Patients suffering from 

hemorrhagic shock lose their ability to generate heat and sustain a normal core 

temperature. A recent study showed that > 70% of trauma victims were 

hypothermic on the arrival of EMS providers (129). In RDCR, efforts should focus 

on aggressive hypothermia prevention, including passive and active rewarming 

utilizing blood-warming devices and heated blankets. 

48



RDCR Principles - Hemostatic resuscitation

The final principle of RDCR is early hemostatic resuscitation, with the ultimate 

goal of restoring or sustaining adequate tissue perfusion and oxygen delivery while 

preserving effective coagulation and clotting in non-compressible hemorrhage. 

Most guidelines address the importance of the time factor - to initiate resuscitation 

as early as possible and to reduce the time elapsed between injury and bleeding 

control to a minimum. Shackelford et al. found that only transfusions commenced 

within 15 minutes of medical evacuation (between 30-40 minutes from injury) 

were associated with reduced 24-hour mortality in combat casualties (130). The 

physiologic rationale would be to prevent or minimize the impact of hemorrhagic 

shock and its consequences before it is allowed to evolve. However, in contrast to 

hospital-based DCR, prehospital blood transfusions for hemorrhagic shock are still 

a subject for debate, at least in the civilian setting. A systematic review found that 

using PRBC and plasma prehospital reduced the odds of long-term mortality. Still, 

the authors were careful in concluding a potential survival benefit of prehospital 

BCT (131). One RCT (RePHILL) found no difference in survival comparing 

prehospital plasma and PRBC transfusions versus crystalloid infusions in severely 

injured trauma victims (132). However, the time to intervention in this study was 

above 50 minutes, questioning the potential effect of any of the interventions. 

Similar results were presented in the COMBAT trial (133). In this trial, prehospital 

time was extremely short, averaging 20 minutes. Again, the short timespan 

questions the potential futility of the intervention, notably when only a minority of 

patients received an intervention of two units of plasma before hospital arrival. On 

the other hand, the RCT by Sperry et al. (PAMPer) found that using plasma 

improved survival compared to crystalloids in a prehospital setting (134). Post-hoc 

analyses of PAMPer found that patients receiving both plasma and PRBC had the 

best outcomes (135). Furthermore, pooled data from PAMPer and COMBAT 

demonstrated that pre-hospital plasma transfusion was associated with a survival 

benefit when the pre-hospital times were more than 20 minutes (136). At last, 
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Braverman et al. conducted a retrospective study that compared no prehospital 

transfusion to LTOWB transfusion for patients in hemorrhagic shock and found 

that patients who received LTOWB transfusion prehospital had a more significant 

improvement in shock index (heart rate divided by systolic blood pressure) and a 

reduction in early mortality (137).  

Either way, the overall goal to provide hemostatic resuscitation early is 

standard in most systems. Internationally, there are three leading in-hospital 

approaches to hemostatic resuscitation (138). The European guidelines recommend 

goal-directed (GD) therapy based on viscoelastic testing (VET) and laboratory 

assays (139). The predominant rationale for this method is that this therapy 

addresses the individual patients’ derangements in TIC. As such, goal-directed 

BCT can be considered an alternative that provides an individualized approach to 

the bleeding patient (140, 141). Although GD therapy may provide a physiological 

and targeted approach that may limit the waste of blood products, the protocols are 

not straightforward, and the accuracy may be operator dependent. Further, relying 

on VET may be problematic as the results are not time sensitive. In addition, 

randomized data supporting VET-guided therapy are limited. A single-center study 

demonstrated a survival benefit, but a more extensive multi-center study did not 

(142, 143). Lastly, this therapy is not available for prehospital settings and RDCR. 

The second approach is to apply hemostatic resuscitation with BCT in a 

fixed ratio. This approach relies less on diagnostics than GD therapy and 

represents a more straightforward strategy with simple protocols and uniform 

dosing. The justification of fixed-rate BCT for bleeding patients is based on the 

mechanistic rationale of providing a balanced 1:1:1 resuscitation with PRBC, 

plasma, and PLT in a ratio that is the closest approximation to WB to improve 

survival (9). The PROPPR trial investigated the efficacy of a fixed 1:1:1 ratio of 

plasma, PLT, and PRBC compared to a 1:1:2 ratio and found no differences in 24h 

and 30-day mortality between the two groups (55). However, in the 1:1:1 group, 
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fewer patients died from exsanguination within 24 hours, and more patients 

achieved hemostasis. The PROPPR trial received criticism for confounding factors 

and inconsistencies, mainly because patients never received an actual 1:1:1 ratio 

during resuscitation. For instance, plasma was given well after (> 6 hours) of 

initial resuscitation. This «catch-up» phenomenon points to a common problem in 

fixed ratio BCT resuscitation strategies - all components are not necessarily 

available at all time points. As such, although providers may «end up» with a 

balanced 1:1:1 ratio, it doesn’t mean that the patient has received balanced BCT at 

all phases. Regarding PLT therapy, as stated above, patients who receive PLT early 

have better survival, highlighting the need to consider PLT-containing products in 

a prehospital setting (101). Further research is needed to determine the mortality 

benefit of 1:1:1 vs. 1:1:2 therapy. In prehospital RDCR, fixed ratio BCT is 

currently a logistical challenge. PRBC may be stored and deployed in RDCR, but 

fresh frozen plasma and platelets are logistically challenging to provide prehospital 

due to the infrastructure necessary to prepare and store these products in the field. 

For instance, room-temperature stored platelets are stored and agitated in a room-

temperature incubator. However - lyophilized and liquid plasma and cold-stored 

platelets may be an option prehospital. 

The third conceptual approach is to provide hemostatic resuscitation with WB. The 

supporting rationale for this strategy has been to provide the patient with a product 

similar to what is lost. Further, the simplistic protocols, uniform dosing, and 

potential benefit of avoiding the hemodilutional effects of BCT have been 

highlighted. Additionally, the WB approach provides the patient with a properly 

balanced transfusion in all resuscitation phases, avoiding the «catch-up» 

phenomenon (discussed in detail below). On the other hand, few RCTs support its 

use, and there are concerns about the logistics, short shelf life, safety, and potential 

waste. The potential mortality benefit of WB has been investigated in a recent 

prospective multi-center observational study. Compared to BCT, WB was 

associated with a 48% reduction in mortality in trauma patients (144). A similar 
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prospective observational study demonstrated that using LTOWB increased the 

odds of 24-hour survival by 23% (OR 0.81) (145). For prehospital interventions, 

the aforementioned retrospective study demonstrated an improved shock index and 

a reduction in early mortality (137). In the non-trauma patients, there is a paucity 

of data describing its use, highlighting the need for more outcome data in this 

population (146). Randomized trials comparing WB to BCT have been proposed 

and are beginning to enroll in both the U.S. and Europe. An outline of future 

studies is outlined below.  

1.6. Blood products for prehospital hemostatic resuscitation

The availability of blood products in the prehospital arena depends on several 

factors, including local policies, storage facilities, logistical constraints, and 

availability and proximity of blood banks and blood donors. The financial burden 

of a prehospital blood transfusion program is also relevant in the cost-benefit 

analysis. A European survey of prehospital blood transfusion found marked 

dissimilarities in practice between the countries. Overall, 48% of the services had 

access to PRBC, 22% fresh plasma, and 14% FDP. Fifty-five % of the services 

stated that prehospital blood transfusions are beneficial and, in some individual 

cases, life-saving (147). Table 2. presents the blood products available in RDCR.
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Table 2. Outline of the blood products available in RDCR

The table shows the storage conditions and shelf life of blood and blood products 

in RDCR. Room temperature stored platelets is not available for RDCR due to a 

5-7 day shelf life and the need for agitation and an incubator. (1CPD: Citrate-

Phosphate-Dextrose 2Citrate-Phosphate-Dextrose-Adenine)

Red cells

Red blood cells are critical in oxygen delivery to the tissues, critical enzymatic 

processes, and buffering the blood (148). As mentioned earlier, red cells provide 

the bulk of the clot mass and ensure the margination of platelets to the vessel wall 

in the bloodstream, ensuring platelet interaction with the damaged vessel (93). Red 

blood cells have historically been among the first products administered in 

resuscitation due to their role in oxygen delivery and easy administration in blood 

banking practice. Their shelf life of 42 days is also beneficial in the avoidance of 

unnecessary waste. However, multiple studies have addressed the red cell storage 

lesion that causes altered membrane shape, reduced oxygen-carrying capacity, and 

membrane integrity. Observational data suggests that old PRBC cause harm, but 

no RCT has found evidence of such(149, 150). Although PRBC remains an 

integral part of DCR together with plasma and platelets, transfusion of old red 

Product Storage Shelf life

Whole blood (WB) 2-6ºC 21 days (CPD,CP2D)1

35 days (CPDA-1)2

Warm fresh whole blood Stored in donor or after 
donation as WB

In donor or as WB (above)

Red blood cells 2-6ºC Up to 42 days (35 days in 
Norway)

Lyophilized plasma 2-25ºC Up to 2 years

Liquid plasma 1-6ºC 26 days (CPD) 40 days 
(CPDA-1)

Thawed plasma 1-6ºC 5 days

Cold stored platelets 2-6ºC 14 days
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cells to patients in hemorrhagic shock may result in a greater likelihood of poor 

outcomes (151, 152, 153, 154).

Plasma

The transfusion of plasma in hemostatic resuscitation should be evident as plasma 

contains all the necessary enzymes and substrates to produce a clot and supports 

vascular integrity during hypo-perfusion. In addition, plasma has a favorable 

colloid-osmotic profile that restores and sustains intravascular volume in shock. 

Fresh frozen plasma is the most common plasma product available.

FFP is separated from whole blood by centrifugation and stored at -18ºC or colder 

with a shelf life of up to 3 years, dependent on storage temperature. The thawing 

process is originally performed by gentle agitation in a 30-37ºC water bath or 

warming device over 30-40 minutes. Although newer portable rapid thawing 

devices may allow FFP to be thawed in 5- 15 minutes, the option is still 

cumbersome in austere environments and in time-critical emergencies. However, 

thawed FFP may be re-labeled and stored as thawed plasma and refrigerated with a 

shelf life of up to 5 days. Plasma can also be processed and dehydrated to a stable 

powder of plasma proteins and rehydrated on demand (155). Lyophilized plasma 

may be stored for up to 2 years and can be safely deployed prehospital (156, 157). 

However, from our experience, it takes 10-15 minutes to rehydrate and reconstitute 

lyophilized plasma, and the procedure requires several steps. This is not optimal in 

time-critical emergencies. Finally, never frozen liquid plasma could be a viable 

alternative, allowing immediate availability and storage for up to 40 days. Liquid 

plasma contains lower levels of Factors V and VIII than FFP but is comparable to 

thawed plasma (158, 159, 160). 
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Platelets

Although neglected in resuscitation strategies for many years, platelets play a vital 

role in initiating hemostasis at the bleeding site. Once collected, platelets are 

usually stored under gentle agitation at room temperature. However, these storage 

conditions present a problem for prehospital providers. Further, platelets suffer 

even quicker from a «storage lesion» over time, especially at room temperature, 

impacting clinical outcomes (161, 162). Therefore, cold storage has been 

suggested to overcome the storage lesion and bacterial contamination. However, in 

the late 1960s, data demonstrated reduced in vivo viability of transfused cold-

stored platelets (163). Today, it is appreciated that part of the explanation for the 

reduced circulating time of refrigerated platelets is that they are activated. As such, 

they migrate to the injury site and contribute to hemostasis. In addition, 

accelerated clearance of cold-stored platelets through the binding of Ashwell-

Morrell receptors in the reticuloendothelial system has also been demonstrated. 

Still, this does not appear to affect hemostatic function in the acute setting (164). 

Indeed, in multiple clinical studies, cold-stored platelets have demonstrated 

hemostatic efficacy (165, 166). On the other hand, the hemostatic function of 

room-temperature stored platelets has been questioned (161). Hence, cold-stored 

platelets may be a viable option for prehospital resuscitation of hemorrhagic shock 

and have already been utilized in the U.S. and by overseas U.S. military units 

(167, 168). 

Whole Blood

Whole blood can refer to two types of products. The first is warm fresh whole 

blood (WFWB), available as an option in austere environments for forward 

resuscitation (50, 169, 170). Over the last two decades, deployed military medical 

teams, especially special operations units, have implemented WFWB protocols 

(171, 172). The amount of equipment needed is limited to a collection bag, blood 
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administration set, blood typing cards, and point of care tests, making the protocol 

appealing for the special operations medic in the austere environment. However, 

WFWB is also utilized in civilian austere medical preparedness settings (173, 

174). Typically, WFWB is drawn on an emergency basis from a selected and 

prescreened donor and transfused within a limited window (175). However, this 

procedure omits the standard pathogen screening usually performed on each blood 

unit before transfusion and blood group testing in the hospital. The risk of 

transfusion-transmitted disease and blood group mismatch can be mitigated by the 

utilization of a prescreened walking donor pool, preferably donors who are group 

O low anti-A and anti-B titer (LTOWB), in addition to robust protocols and point 

of care testing of TTD´s and blood groups (171, 176). Implementing WFWB 

protocols also requires extensive training and certification of the individual 

provider to ensure safety. 

The second whole blood product refers to fully tested and standard 

refrigerated WB, usually termed cold WB (CWB). Depending on the anticoagulant 

used, it can be stored for 21 days (CPD) or 35 days (CPDA-1). This product may 

be maintained and monitored during prehospital storage with electronic 

temperature loggers and designated cooling boxes similar to what is used for 

PRBC. However, stored WB suffers from a «storage lesion» similar to PRBC. 

Platelets undergo shape change and lose function as they interact with fibrinogen 

and leukocytes, inducing the release of intracellular contents, leading to decreased 

function. The metabolic waste products accumulate, causing increased acidity. As 

such, the major concerns related to prehospital LTOWB are the potential reduced 

platelet function during storage and its consequences. In addition, the potential 

wastage due to relatively short storage times compared to erythrocyte concentrates 

is a potential concern. However, today, LTOWB is the only option that leaves the 

prehospital provider with a balanced transfusion option in one bag, ready for any 

patient at a moment’s notice.  
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1.7. LTOWB as compared to BCT in RDCR, properties, and safety

When comparing BCT and LTOWB for hemostatic resuscitation, there are 

differences in hemostatic profile, logistical aspects, and safety issues that need to 

be considered.

In a reconstituted whole blood product made from 1:1:1 BCT, hemoglobin, 

hematocrit, and factor levels are lower than in the equivalent number of WB units. 

This is related to the amount of preservative solutions and anticoagulants in the 

individual bags of blood components compared to the single bags of WB. The 

differences may vary depending on the different protocols used internationally.  

Table 3. presents the properties of 1:1:1 BCT and WB, respectively, according to 

quality data from Haukeland University Hospital, Bergen.

Table 3. Overview of volume fractions in BCT and LTOWB

The table shows the total volume and volume fractions of the elements in LTOWB 

and 1:1:1 transfusions.

The ultimate differences in oxygen carrying capacity, factor content, platelet 

amount, and fibrinogen generate different in vitro physiological and hemostatic 

profiles. However, the clinical (in-vivo) relevance is still debated (177, 178). 

However, WB's superior oxygen-carrying capacity and hemostatic profile have 

appealed to prehospital services. Furthermore, during hemorrhagic shock, the 

3 Units LTOWB 1:1:1 (3:3:1) Apheresis 
platelets

1:1:1 (3:3:1) Pooled 
platelets

Total volume 1362ml 1700ml 1783ml

Clear fluids content 177ml (13%) 452ml (27%) 496ml (28%)

Plasma volume 666ml (49%) 759 (45%) 798% (45%)

Erytrocytes 519ml (38%) 489ml (29%) 489 (27%)

Platelet concentration 165 x 109/L 167 x 109/L 174 x 109/L
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optimization of oxygen delivery and hemostatic potential underscores the 

argument that WB may be a more efficient and efficacious option (Fig.4). 

Fig. 4 The conceptual differences in oxygen-carrying potential during 

resuscitation of non-compressible hemorrhagic shock

The relative amount of additive solutions reduces the oxygen-carrying potential in 

1:1:1 BCT compared to WB transfusion. As such, the hemoglobin concentration 

will ultimately stabilize at a lower level. Crystalloid therapy only contributes to 

increased DO2 via a transient increase in cardiac output.   

Laboratory studies have been performed to evaluate the coagulation potential of 

whole blood compared to 1:1:1 BCT. The results of these studies are in favor of 

whole blood (179, 180). However, it is difficult to compare the different products 

and strategies due to the impact of different storage durations of the individual 
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products. Further, in vitro coagulation assays and viscoelastic tests have 

limitations, and other factors than in vitro product quality influence the hemostatic 

potential of the products in vivo (181). 

Concerning the logistics of resuscitation, it is much easier to collect, 

dispatch, transport, and transfuse single products rather than three different 

products with three different storage modalities. In prehospital resuscitation, other 

issues like limited resources and personnel, weight and storage constraints, and 

several competing time-critical tasks may limit the efficacy of BCT (182, 183). 

Further, providing the patient with a balanced transfusion in all phases of care with 

BCT might be challenging. This refers to the phenomenon mentioned above of 

«catching up,» The resulting consequence may be that resuscitation efforts are not 

balanced at all time phases. 

1.8. Complications of transfusion

Although blood products and early hemostatic resuscitation may improve 

outcomes, they should be administered judiciously as several possible 

complications may occur. Whether relying on emergency release blood 

components or LTOWB, these complications may occur, with major hemolytic 

reactions following incompatible red cell transfusion and ABO mismatch being the 

most feared. The release of universal group O PRBC, group A or AB plasma, as 

well as LTOWB, may mitigate this risk. Other more common acute or delayed 

non-hemolytic transfusion reactions may occur but may be of minor importance in 

life-threatening hemorrhage. 

For LTOWB, mitigation of possible hemolysis due to incompatible plasma when 

transfusing LTOWB to non-group O donors may be achieved by selecting donors 

with low anti-A and anti-B titers (184). However, there is still some debate on the 
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exact titer level that should be applied (e.g., <256 or <512) to ensure safety (185, 

186). However, clinical experience and several trials have not been able to detect 

significant hemolysis. For example, one study found that at least four units of 

LTOWB with a titer <100 did not lead to hemolysis in trauma patients, and data 

from Haukeland University Hospital in Norway did not find evidence for 

hemolysis in patients receiving > 4 units (187, 188, 189, 190). A second issue is 

related to the amount of LTOWB provided that allows for a safe type-specific 

transfusion at a later stage. Again, further research is needed, but current protocols 

suggest continuing with type O PRBC or AB/A plasma after three to six units of 

LTOWB. Again, however, this is a subject for debate. Either way, this topic 

highlights the problem of obtaining the blood group of patients who have received 

massive transfusions pre-hospital and early in-hospital due to lack of pre-

transfusion screening. 

Transfusion-related acute lung injury (TRALI) is a rare but serious complication 

following transfusion that is characterized by sudden onset of respiratory distress 

not attributable to another cause (191). All plasma-containing blood products have 

been implicated in TRALI. It is thought to be caused by the activation of the 

recipient's neutrophils via human leukocyte antigens (HLA) or human neutrophil 

antigens (HNA) by donor-derived antibodies. Females with a history of pregnancy 

have a higher risk of anti-HLA/HNA antibodies. Some jurisdictions have adopted 

mitigation strategies to prevent TRALI. These include the utilization of male 

donors for universal blood components or LTOWB or anti-HLA and HNA testing. 

Theoretically, LTOWB transfusion would decrease the risk of TRALI due to the 

relative exposure to fewer donors during the course of resuscitation. 

A second common complication of blood transfusion is transfusion-associated 

circulatory overload (TACO). Typically, the patient presents with respiratory 

distress due to developing pulmonary edema due to volume excess or circulatory 

overload following transfusion. Aggressive over-resuscitation with BCT or WB in 
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patients suffering from hemorrhagic shock may contribute to the development of 

TACO, underscoring the need for monitoring and constant reevaluation of the 

clinical condition. 

Efforts should be made to transfuse Rh-negative LTOWB or PRBC to 

female recipients of unknown blood type in the fertile age groups to avoid 

alloimmunization to the D antigen in Rh-negative individuals. However, the risk of 

alloimmunization in patients suffering from hemorrhagic shock is low.  As such, 

some situations may warrant Rh-positive blood transfusion to recipients of 

unknown blood type and even, in some circumstances, to patients who are known 

Rh-negative (192). In Norway, blood transfusion policies seek to reduce the risk of 

hemolytic disease of the fetus/newborn in future pregnancies by administering Rh-

negative blood to this population. However, some institutions ignore this for 

patients in hemorrhagic shock due to the limited availability of Rh-negative donors 

and the overall cost-benefit analysis in this population (193, 194).  

When transfusing universal group O red cells, there is a risk of clinically 

significant alloantibodies outside the ABO blood group system. Sensitization to 

these erythrocyte antigens is influenced by the number and frequency of prior 

transfusions, earlier pregnancies, the recipient's age, sex, and potential 

comorbidities. However, the risk of clinically significant immediate or delayed 

transfusion reactions seems to be low in most patients presenting to the ED (195). 

1.9. Why is this thesis needed?

To salvage a patient that presents with severe non-compressible hemorrhage is 

dependent on a multitude of factors ranging from the urgent response and timely 

critical interventions by capable pre-hospital care providers, swift evacuation, 

timely assessment and stabilization in the hospital, emergency surgery or other 
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hemostatic interventions to achieve hemorrhage control, complicated ICU care and 

ultimately rehabilitation. The initial workload in these «damage control» - 

pathways may be challenging. As such, the resuscitation strategy should be simple 

and effective. In this context, several civilian and military EMS are now 

investigating opportunities to implement WB, yet its use is still controversial and 

debated. Establishing a robust system for forward resuscitation with WB is 

challenging. There is limited data available on the implementation of WB 

programs in Europe. The renewed interest in WB in this context warrants a 

description of the implementation process and an evaluation of the safety, 

feasibility, and logistics of using WB in RDCR. Further, it is especially important 

to assess the properties of WB, evaluate its clinical use, and identify and address 

potential barriers to facilitate early resuscitation. 

This thesis addresses the barriers that may obstruct early prehospital resuscitation 

with whole blood, such as immediate access to the vascular system during 

hemorrhagic shock. Further, there is limited data on the product quality, efficacy, 

and safety of forward-stored LTOWB. Lastly, the thesis will describe and evaluate 

the safety of forward resuscitation of hemorrhagic shock with WB in a 

Scandinavian HEMS system and identify obstacles in implementing WB in other 

EMS systems in Norway. 
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2. Aims of thesis

2.1. General aim

The overall primary aim of this thesis was to identify challenges in the forward 

resuscitation of hemorrhagic shock and explore and evaluate potential solutions. In 

addition, the thesis aimed to identify potential barriers to implementing a 

prehospital LTOWB program and to describe and review the implementation in a 

Norwegian HEMS (Fig.5).  This was achieved by using different methodological 

approaches as outlined in the specific aims.

Fig. 5 Aims of thesis

Figure 5, an overview of the aims of the thesis
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2.2.Specific aims

Paper I

The primary objective was to compare flow-rate of re-infusion of WB using the 

sternal intraosseous route compared to the intravenous route using two different 

CE-marked and FDA-approved emergency sternal intraosseous devices and to 

measure post re-infusion hemolysis using haptoglobin and lactate dehydrogenase 

(LDH) as the primary marker for hemolysis. 

A secondary objective was to compare the technical success rate of sternal access 

between the two devices and to evaluate the feasibility of using the sternal 

intraosseous route for emergency WB transfusions. 

 

Paper II

The primary objective was to assess in vitro quality of WB during storage for up to 

21 days when stored in an airtight storage container forward at the operating base 

as compared to WB stored in the blood bank.

A secondary objective was to establish a storage protocol for the forward handling 

of CWB and to evaluate if storage conditions met EU standards.

Paper III

The primary objective was to describe Norwegian prehospital air ambulance blood 

transfusion programs.

A secondary objective was to identify future needs for the implementation of 

LTOWB, describe the rationale for LTOWB in Norway, and identify potential 

implementation obstacles. 
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Paper IV

The objective was to describe and evaluate the implementation of LTOWB in a 

Norwegian HEMS system, with primary endpoints being the number of transfused 

patients, transfusion-related adverse events, and survival rates. 
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3. Materials and methods

In this section, I will present an overview of the selected methods. For 

comprehensive details regarding study design, study population, and the technical 

aspects of the chosen methods, I refer to the respective papers. 

3.1. Paper I

Design

This was a prospective non-randomized three-armed comparative study.

Subjects and sample size

Volunteer military personnel who attended the Norwegian Naval Special Operation 

Commando training in RDCR were enrolled after written informed consent. Warm 

fresh whole blood was collected and re-infused using two different sternal 

intraosseous devices (EZ-IO T.A.L.O.N and FAST-1) and a standard 18G 

intravenous line. A total of 30 participants were enrolled, 10 in each group. 

Intervention and procedures

Baseline blood sampling was performed before blood donation. Blood was 

collected in standard CPDA-1 bags and placed on a blood collection mixer. The 

bags were stored for up to 20 minutes awaiting re-infusion. 

The participants performed the IO procedure under supervision. The IO 

needles were placed in the manubrium of the sternum according to the 

manufacturer’s instructions. Correct placement was confirmed with aspiration of 
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bone marrow, followed by rapid flushing of 0.9% sodium chloride. The IV 

cannulas were placed in the left or right antecubital vein. 

Re-infusion was performed through a standard blood administration set 

with 180cm of tubing connected to a three-way connection tube. Re-infusion was 

performed with gravity only, without additional pressure on the collection bags 

with subjects supine. In the IO groups, rapid flushing with 2mL of 0.9% sodium 

chloride was repeated if the provider considered flow to be inadequate. Thirty 

minutes after completion, post re-infusion blood samples were collected. 

Investigation of hemolysis was performed by measurement of haptoglobin and 

lactate dehydrogenase. The number of failed IO insertions, total re-infusion time, 

number of flushing procedures, and pain associated with the procedure were noted.  

Statistical analysis

Test of the distribution of variables was performed using the Shapiro-Wilk test. 

Due to the overall non-normal distribution of variables, comparisons were 

performed using Kruskal-Wallis nonparametric tests (for three group 

comparisons), Wilcoxon signed rank test for related samples, and Mann-Whitney 

U test for two independent samples. 

Ethics

The study was approved by the Regional Committee for Medical and Health 

Research Ethics in Norway (REK 2014/691) and registered in the 

ClinicalTrials.gov registry (NCT02924792).

3.2. Paper II

Design

This was a prospective two-armed observational study.
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Subjects and sample size

Twenty WB units (test) were stored in an airtight thermal container and deployed 

on missions at Bergen HEMS for seven days. After seven days, units were rotated 

back to the blood bank for additional storage of 14 days (total storage time 21 

days) in the container. Twenty WB units (control) were stored in a conventional, 

approved, and monitored refrigerator at the blood bank for 21 days. There were no 

previous studies that could be used for power calculation. Based on a general 

assumption of normality for outcome measures, enabling the use of a two-sided t-

test, setting the mean to 1 and standard deviation to 0.5, with a significance level 

of 0.05 and a power of 0.8, we found that we needed a minimum of 17 units in 

each group. Hence, we choose to have 20 units in each group to ensure the 

completion of the study with adequate power. 

Collection and preparation of WB units

WB was collected from regular healthy volunteer low titer group O blood donors 

using a 450ml CPD collection set. The units were filtered through an inline PLT-

sparing leukocyte-reducing filter allowing for a PLT content of more than 90% of 

the unit before filtration and a white blood cell (WBC) concentration of 1 x 106/

unit. 

Cold chain maintenance and forward monitoring

The test group WB units were transferred to an approved, primed, and conditioned 

portable thermal container (Crédo Duracube HD, with a Golden Hour inner 

container, Pelican Biothermal) together with a data logger that recorded ambient 

temperature, humidity, light, and three-axis acceleration. The thermal container 

was conditioned at -18ºC followed by a staging at 22ºC before adding the WB 

units. The thermal container was stored in a regular refrigerator at the HEMS base 
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and carried on missions for seven days before returning to the blood bank, 

followed by an additional 14 days of storage in the container at the blood bank. 

Laboratory investigations 

Samples were collected on days 1,8,14 and 21. Laboratory investigations included 

hematology parameters, blood gas variables, and coagulation parameters. The 

hemostatic function was evaluated with kaolin-initiated thromboelastography, 

multiple impedance aggregometry, and light transmission aggregometry for 

platelet function. In a subset of test and control units, platelet activation and 

adhesion were investigated by flow cytometry.

 

Statistical analysis

The effect of forward storage of LTOWB in an airtight container on each of the 

outcome variables was investigated using a linear mixed effects model. Storage 

time, study group, and their interaction were used as predictors. Simple contrasts 

were used to investigate whether the variables changed from days 1-8, 1-14, and 

1-21. The interaction between storage time and study group was used to describe 

whether the change was different between blood stored at the HEMS or blood 

stored in the blood bank. 

Ethics

There were no patient interventions in the study. However, WB units were enrolled 

after written informed consent from all donors. The study was approved by the 

Regional Committee for Medical and Health Research Ethics in Norway (REK 

2017/157) 
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3.3. Paper III

Design

This was a national survey of prehospital blood transfusion programs in HEMS.

Subjects

All medical directors for the HEMS and Search and Rescue (SAR) helicopter 

bases in Norway were invited to participate in the survey. In addition, all blood 

banks that support HEMS with LTOWB were invited to participate. 

Data collection

The medical directors from the 13 HEMS and 7 SAR bases were contacted by 

telephone, and the survey aims were outlined. An electronic questionnaire was sent 

by email following the telephone call. A similar approach was applied to the blood 

banks. 

Three different questionnaires were used in the survey. One questionnaire for the 

HEMS who had implemented LTOWB, a separate questionnaire for those who had 

not, and a third questionnaire for blood banks that supported LTOWB to the 

HEMS in their region. Different questionnaires were used to gather specific data 

on the experience of the use and the supply of LTOWB.

Ethics

No patient information was collected. The local data protection officer at 

Haukeland University Hospital reviewed the study. 
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3.4. Paper IV 

Design

This was a prospective observational study.

Population

Over a five-year period, patients who suffered from hemorrhagic shock and 

received prehospital transfusion with LTOWB, FDP, or PRBC from Bergen HEMS 

were included. 

Endpoints

Primary endpoints were the category and number of patients transfused, 

transfusion-related adverse events, and 24h/30-day survival. Secondary endpoints 

were HEMS response times, key vital signs, and emergency interventions. 

Data collection 

Prehospital data was collected by the attending HEMS physician. In-hospital data 

were obtained from patient records and the blood bank management system. 

 

Injury/illness severity

The severity of the condition was classified using the National Advisory 

Committee on Aeronautics (NACA) severity score since both non-trauma and 

trauma patients were included. 

Blood products and logistics
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Two LTOWB units were collected weekly at the Department of Immunology and 

Transfusion Medicine (Haukeland University Hospital, Bergen). The units were 

stored in primed thermal containers and carried on HEMS missions. Between 

missions, the containers were stored inside a standard refrigerator. If unused, the 

units were rotated back and stored for up to 21 days awaiting in-hospital utilization 

in massive transfusion packages. If the units were used at the HEMS, immediate 

replacement of LTOWB or PRBC units was facilitated. The HEMS service also 

carried an additional unit of FDP.

Statistics and data presentation

Data were presented as medians with interquartile ranges or means and standard 

deviations. Categorical variables were presented as numbers with percentages of 

the total. The Wilcoxon signed-rank test was used when comparing prehospital and 

in-hospital vital signs.

Ethics

Written informed consent was obtained from surviving subjects. The consent 

covered patient data acquisition and handling from the time of emergency 

intervention to the last endpoint and subsequent data handling and storage. 

Informed consent was waived for deceased subjects. The Regional Committee for 

Medical and Health Research Ethics in Norway approved the study (REK 

2016/304), and the study was registered in the ClinicalTrials.gov registry 

(NCT02784951)
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4. Summary of main results

The summary of results in this thesis is abridged with full reference to the 

appended papers I-IV.

4.1. Results paper I
In the intraosseous reinfusion study, a total of 36 participants were enrolled. Six 

participants were excluded; two due to failure in the blood collection procedure 

and four due to failure of the IO procedure. In the T.A.L.O.N. IO group, 4 (29%) 

of the 14 procedures failed. In the Fast-1 IO group, 1 (9%) of the 11 procedures 

failed. One of the participants in the failed T.A.L.O.N group was moved to the IV 

group. 

The participants were all male, with a median age of 25, 27, and 34 years in the 

Fast-1, T.A.L.O.N., and IV group, respectively. Baseline hemoglobin, haptoglobin, 

platelet count, and lactate dehydrogenase (LD) levels were within normal ranges in 

all subjects. 

The median reinfusion rate was 46.2 (39.3-51.2) mL/min in the Fast-1 IO group, 

32.4 (26.3-39.3) mL/min in the T.A.L.O.N. IO group, and 74.1 (72.0-84.8) mL/

min in the IV group.  There were statistically significant differences between all 

groups (p<0.05). 

Between-group analysis of the median change in hemolysis parameters showed no 

statistically significant differences. 

Within-group analysis of the change in hemolysis parameters and hemoglobin 

before and after reinfusion showed a significant elevation of LD in the Fast-1 

group 174 (155-216) to 176 (156-242) U/L (p<0.05). No decrease in haptoglobin 

or significant changes in Hb was observed in this group. In the T.A.L.O.N group, 
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there was a significant change in Hb from 15.8 (15.1-16.3) g/dL to 15.45 

(14.9-16.2) g/dL. In the IV group, haptoglobin decreased from 0.88 (0.70-1.34) g/

L to 0.86 (0.68-1,31) g/L. 

As such, we found an infusion rate of 46.2 mL/min (Fast-1) and 32.4 (T.A.L.O.N.) 

and no evidence of clinically relevant hemolysis.

4.2. Results paper II
A total of 40 CWB units were monitored and tested. Twenty units were dispatched, 

stored at the HEMS base, and brought on missions, and twenty served as control. 

During forward storage, there were no recorded breaches in temperature limits 

(1-10ºC). The CWB units were carried on a mean 4.1 (2.86-5.34) number of 

missions, and the mean time outside the refrigerator in the thermal box was 339 

(209-469) minutes.  Figure 6. shows the hematology, clinical chemistry, and 

hemostatic capacity of CWB during storage at the HEMS and blood bank. 
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Figure 6. Hematology, clinical chemistry, metabolism, and hemostatic 

properties of cold-stored LTOWB as compared to LTOWB stored in the blood 

bank.

Mean and 95% CIs of the variables during 21 days of storage. ( ) Control 

group; ( ) HEMS group. A linear mixed-effects model was fitted with storage 

time, study group, and their interaction as predictors. The p-value shown 

represents the interaction between storage time and study group and signifies 

whether there was a significant difference between the two groups in how the 

variable changed from Day 1 to 8, Day 1 to 14, and Day 1 to 21. Reprinted with 

permission from John Wiley and Sons, License Number: 5460970292046

There was a significant difference in the change of Hb levels in the two groups 

from day 1 to day 21. Regarding metabolism parameters, the glucose concentration 

declined more in the CWB units stored at the HEMS base on days 8,14, and 21 

compared to the control group. The same was evident with regard to base excess 

(BE) and pH. Conversely, lactate increased more in the HEMS group within the 

same timeframe. 

When assessing the hemostatic properties, the TEG angle and maximal amplitude 

(MA) declined less in the HEMS units on days 8,14, and 21. There were no 

differences in platelet aggregation capacity between the two groups as measured 

by multiple impedance and light transmission aggregometry. Lastly, flow 

cytometry measured no difference in platelet function as measured by 

investigating ADP and TRAP-stimulated expression of CD62P and CD42b.

We conclude that all CWB units complied with EU standards throughout 

storage in both groups. There were no significant differences in PLT aggregation, 

viscoelastic properties, and hematology variables between the two groups. 

However, minor yet significantly lower pH, glucose, base excess, and higher 

lactate were observed after storage in the airtight containers.
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4.3. Results paper III
All medical directors from the 13 HEMS, seven SAR bases, and the four blood 

banks providing LTOWB responded to the survey. The inventory of the services is 

outlined in figure 7. 

Fig. 7  The location and blood inventory of HEMS and SAR helicopter bases 

in Norway.

Reprinted with permission according to Creative Commons license 4.0.

All services reported that they carried various hemostatic adjuncts. Tranexamic 

acid (100%), fibrinogen concentrate (30%), prothrombin complex concentrate 

(10%), and calcium chloride/gluconate (80%). All but one base stored blood at the 

base. 

In 2020, there were 216 prehospital transfusion episodes in the SAR and HEMS 

services, as outlined in figure x.  
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Fig. 8 Transfusion episodes in HEMS and SAR - 2020

Reprinted with permission according to Creative Commons license 4.0.

Most services (14/16 - 88%) stated that they wished to explore and implement a 

WB program in the future. The medical directors that had requested LTOWB from 

their local blood bank reported several obstacles, including: 

• LTOWB not currently available at the local blood bank

• The need for further evidence on the efficacy and safety of prehospital 

LTOWB transfusions programs

• Negative cost/benefit analysis due to few potential transfusions, including 

the potential for waste

• The lack of potential LTOWB donors

Conversely, the medical directors from the HEMS bases that deploy LTOWB 

reported that the appealing factors of LTOWB were that each bag carries a greater 

volume than BCT, that the product is less hemodiluted and can provide a balanced 

transfusion strategy early and thus ease the logistics of resuscitation. In addition, 

the logistical burdens of the LTOWB programs were reported as low. 
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The blood banks that supported LTOWB all provided Rhesus-D negative 

LTOWB.  The definition of «low titer» varied between the blood banks. Three 

blood banks defined low titer as follows; IgM anti-A and anti-B <256 and IgG 

anti-A and anti-B < 500. The last blood bank defined low titer for IgM and IgG 

<256. Two of the blood banks included both male and female donors, and the 

others male only. Three of the blood banks stated that they had sufficient LTOWB 

donors for the transfusion program, but the last reported difficulties in recruiting 

donors from time to time. The storage time on the HEMS was reported to be seven 

days at two bases and 14 days at two. Unused blood was utilized for in-hospital 

patients in two centers; for the others, the units were discarded. Wastage rates were 

reported to be 79.6%, 73.2%, 77%, and 26.4%, respectively. The lowest rate was 

reported at the hospital that utilizes LTOWB in the massive transfusion package 

in-hospital. 

In summary, we found that all SAR and HEMS services in Norway have 

hemostatic resuscitation capabilities. As of July 2021, four services have 

implemented LTOWB. Most services prefer LTOWB, mainly due to the logistical 

benefits. Blood banks that provide LTOWB report favorable experiences with 

LTOWB.
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4.4.Results paper IV

HEMS responded to 5124 patients in the five-year period, as presented in figure 9.

Fig. 9 Total number of HEMS dispatches and the number of responses by 

category. 

Seventy-two patients were transfused in this period. Twenty patients were 

excluded, 16 due to lack of informed consent, and four were excluded since they 

did not meet inclusion criteria. Reprinted with permission according to Creative 

Commons license 4.0.

Data were analyzed from 52 patients with a mean NACA score of 5.63 (SD 0.864).  

The dataset included 41 (79%) males and 11 female (21%) patients with a median 

age of 49 (IQR 27-70). The most prominent mechanisms of injury and illness were 

motor vehicle accidents (26.9%), falls from heights (15.4%), gastrointestinal 

bleeding (15.4%), ruptured aorta (9.6%), and penetrating injuries/stab wounds 

(7.7%). 
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There were no reported adverse events related to the transfusion procedure or 

suspected clinical transfusion reactions. In 90% of the cases, there were no 

reported problems related to the transfusion procedure; however, in two cases 

(4%), there were problems with the IO procedure delaying transfusion. In three 

other cases, the teams experienced difficulties achieving intravenous access, 

missing transfusion sets, and overt pain during the transfusion of cold WB, 

respectively.

Of the 52 patients, 48 (92%) received LTOWB, 9 (17%) received PRBC and 9 

(17%) FDP. 

Twenty-eight patients survived beyond 30 days. Thirty-six (69%) survived 24 

hours. Of the 24 deaths (46%), six (12%) died within one hour, seven (13%) died 

within 6 hours, and three (6%) died within 24 hours. The remaining eight patients 

died within 30 days. Ten (19%) patients presented with cardiac arrest on scene; 

four of these were admitted to the ED with signs of life. No patient who presented 

with cardiac arrest on scene survived beyond 24 hours. 

Thirty-five of the 46 patients who were admitted to the hospital alive received 

additional transfusions of blood components or whole blood in the first 24 hours. 

Of the 42 patients who did not present with cardiac arrest on scene, 24 

(57%) had a documented blood pressure before transfusion. The others were 

assessed with peripheral or central pulses. In five patients, there were no 

documented assessments of blood pressure or pulses. Median Glasgow Coma 

Scale (GCS), systolic blood pressure, and heart rate were 9.5, 80, and 80, 

respectively. 

All cardiac arrest patients received advanced airway management. Nine (21%) of 

the non-cardiac arrest patients received rapid sequence induction and endotracheal 

intubation on scene. Three (7%) received bag-mask ventilation, and 17 (40%) were 

provided with supplemental oxygen on a nonrebreather mask. Thirteen patients 

(31%) received no airway management or supplemental oxygen. 
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The median response time was 20 minutes (IQR 12-35) on primary 

missions and 37 (IQR 20-43) on inter-hospital transfer missions. The median on-

scene time for primary and secondary missions was 7.5 minutes (IQR 4-19) and 15 

(IQR 9-24), respectively. Transport times were 19 minutes (IQR 12-26) for 

primary missions and 35 minutes (IQR 20-41) for secondary missions. 

Of the 46 admitted patients, 41 received emergency interventions at the 

hospital within the first 24 hours. In-hospital interventions included thoracotomy, 

laparotomy, craniotomy, skin sutures of major soft tissue lacerations, radiological 

hemostatic interventions, bone fracture repairs, or hemostatic gastroscopies. 

In summary, 1,4% of patients were transfused during the five-year period. 

Most patients presented with blunt trauma mechanisms and hemorrhage unrelated 

to trauma. No transfusion reactions, complications, or logistical issues were 

reported. Overall 69% of the patients survived 24 hours, and 54% survived 30 

days. 
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5. General Discussion

This dissertation identifies challenges in forward resuscitation of hemorrhagic 

shock, including timely access to the vasculature with intraosseous devices for WB 

transfusion, as well as the potential challenges in making LTOWB available on 

scene. We present data on the feasibility, efficacy, and safety of WB transfusion via 

the sternal intraosseous route, as well as the implementation and product quality of 

forward-stored LTOWB. The dissertation presents data on potential obstacles in 

implementing LTOWB in Norwegian HEMS and SAR helicopter services and 

presents data on a LTOWB program in a HEMS system in the western part of 

Norway. 

5.1. Methodological considerations

In this section, I will discuss the rationale for the study design and describe the 

selected methods and their limitations. 

The aim of paper I was to explore the safety and feasibility of emergency 

intraosseous transfusion of WB. The available evidence on intraosseous blood 

transfusions was based on animal studies, theoretical modeling, and individual 

case reports with conflicting results (196, 197, 198, 199, 200). In addition, live 

training with autologous re-infusion of WFWB is performed regularly, especially 

in military special operations medical training. Although some case reports and 

animal studies were available, we decided that a prospective comparative human 

study would be needed to explore the safety and efficacy of the procedure. Due to 

the lack of available data, we could not perform precise power calculations. 

Because the literature describes potential harm caused by additional pressure 

during infusion, we decided to evaluate re-infusion using gravity alone. Our data 
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support that adequate flow rates may be achieved without additional pressure. 

Hence, with this study design, we could not rule out hemolysis during high-

pressure re-infusions, often performed in clinical practice. It is also important to 

realize that the study investigates the reinfusion of WFWB, which has a lower 

hematocrit than PRBC. The elevated hematocrit and lower temperature may cause 

flow-related problems in PRBC transfusions.

In paper II, we compared forward-stored WB and WB stored in the blood bank. In 

addition to regular hematologic, biochemical, and metabolic parameters, we 

sought to investigate hemostatic function in depth. There are a lot of quality 

assurance data on the in-house storage and transfer of blood and blood components 

(201, 202, 203). In addition, European directives and guidelines define how to 

store and handle the products safely, as well as regulations on product quality 

(204). However, to our knowledge, there was no published data on the logistics 

and safety of forward storage of LTOWB in a HEMS environment. We decided 

that a prospective two-armed comparative study was suitable to compare storage 

conditions and product quality during storage. One of the primary considerations 

was to investigate the storage conditions in clinical practice rather than in a 

simulated environment. A linear mixed effects statistical model with storage time 

and storage conditions and their interaction as predictors was chosen due to the 

longitudinal design and repeated measurements. As such, we were able to use 

simple contrasts to investigate whether the outcome variables had changed at the 

different time points and to describe whether the level of change was different 

between the groups. Viscoelastic testing was chosen due to the ability to measure 

whole blood's capacity to form a clot quantitatively. Viscoelastic point-of-care 

coagulation testing has been used in trauma and surgical settings to manage goal-

directed therapy of blood component transfusions and assessment of coagulopathy. 

It provides a holistic view of ex vivo clotting, examining red cells, platelets, 

fibrin(ogen), coagulation factors, and medication contribution to clotting. The 

assay used in paper II (TEG 5000) measures the physical clot formation during the 
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transition of blood from a liquid to a gel state by assessing the clot shear modulus 

using physical force transduction by a pin suspended in a cup of whole blood. A 

clotting activator is added (kaolin), and as the clot forms around the pin and the 

cup walls, the opposing forces in the rotation of the cup are measured and 

displayed continuously in the thromboelastogram providing information on the 

kinetics of clot formation, clot strength, and potential fibrinolysis. The clot 

initiation time (R-time) is dependent on the concentration and function of 

coagulation factors. The kinetics of clot formation (α -angle, K-value) is 

dependent on fibrinogen levels and platelets. The clot strength (Maximal 

Amplitude, MA) depends on the platelet abundance, fibrin cross-linking, and clot 

retraction. At last, the lysis (LY 30) describes the fibrinolysis stage, dependent on 

the level of plasmin and plasminogen (111, 205). We choose to utilize rotational 

thromboelastography (TEG 5000) in our study. The alternative option was 

rotational thromboelastometry (ROTEM). Although similar, they report metrics 

with different nomenclature. Unlike TEG, ROTEM has four separate channels 

with different reagents that can detect abnormalities in different compounds 

involved in coagulation (Intem -contact activation pathway, Extem - tissue factor 

pathway, Heptem - neutralization of heparin, and Fibtem - fibrinogen contribution) 

(206). It is important to note that the clinical relevance of the thromboelastography 

and platelet function findings is disputed as it measures blood coagulation ex vivo. 

In vivo coagulation is much more complex as the tissue factor, size of the injured 

vessel, blood flow characteristics, and local vessel wall biology will affect the in 

vivo formation of a clot. 

Due to the ongoing debate on the platelet function in CWB, several modes for 

investigating platelet function were chosen (multiple impedance aggregometry, 

optical aggregometry, and flow cytometry) (207). Optical aggregometry is 

considered the «gold standard» of platelet function testing. It is based on detecting 

the difference in light transmission after adding a platelet agonist to platelet-rich 

plasma. Different platelet agonists may be used. We chose the thrombin receptor 
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activating peptide (TRAP) and ADP to assess the potential acquired platelet 

function dysfunction during storage. In addition, we performed impedance 

aggregometry testing of platelet function using the same agonists as stimulants. 

This method measures the change in electrical impedance between two electrodes 

during platelet aggregation; an increase in electrical impedance corresponds to 

platelet aggregation. This method assesses platelet function more physiologically 

as it measures aggregation in whole blood, enabling other elements to influence 

the aggregation response. At last, flow cytometry was used to assess the expression 

of surface CD62p quantitatively as a measure of the unstimulated platelet 

activation in the two groups to evaluate how storage conditions influenced platelet 

activation (208). In addition, platelet activation potential was assessed with the 

expression of CD62p with ADP and TRAP as stimulants.

Over the last decade, there have been several changes in prehospital 

hemostatic resuscitation strategies in Norway. In paper III, we used a simple 

survey amongst the end-users and supporting blood banks to gather data on the 

utilization, rationale, logistics, and future perspectives of pre-hospital blood and 

blood products in Norway. The medical leadership and administration of the 

individual HEMS and SAR helicopter services differ in their opinions on 

transfusion strategies. As such, we concluded that a survey amongst the medical 

directors at the individual base would give further insight into the regulatory 

obstacles in the different transfusion programs. Further, a survey among the 

medical directors would provide a higher response rate and more detailed 

information. A more comprehensive survey amongst all medical doctors in the 

SAR and HEMS services would probably give more information on the different 

attitudes and rationale of RDCR, but the response rates would likely be poor and 

biased. In Norway, the Blood Transfusion Service is organized as individual 

government-funded blood banks located at the different hospitals. The inventory of 

blood differs between the blood banks based on local policies. To give further 

insight, we also decided to include the blood banking perspective.
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Paper IV aimed to describe and evaluate the implementation of LTOWB in 

a Norwegian HEMS service. As mentioned earlier, patients in extremis suffering 

from hemorrhagic shock are quite rare in Norway, but prospective observational 

data may contribute to the overall evidence in this field. In 2015, the intention was 

to collect data on all prehospital transfusions in Norway. The prospective design 

allowed for more detailed and defined information on the endpoints in these 

patients. In addition, the prospective design was chosen to generate new 

hypotheses and provide data for future randomized controlled trials. We decided to 

evaluate current clinical practice in a physician-staffed HEMS in Norway. Hence 

transfusions were administered in compliance with the local HEMS standard 

operating procedures. Further, due to the suspected small number of patients 

during the five-year period, we decided to include both non-trauma and trauma 

victims to highlight the overall appearance of a LTOWB transfusion program in a 

Norwegian HEMS. 

5.2. Discussion

The Norwegian prehospital medical services cover a population of 5,5 million 

living in a country with challenging topography, including mountain areas and 

fjords. In addition, the approximate distance of 600km between the level-one 

trauma hospitals illustrates the need for air transportation systems and remote 

damage control resuscitation protocols. In the last decade, there has been a 

paradigm shift to include hemostatic considerations in prehospital resuscitation 

strategies. Today, all Norwegian HEMS and SAR services provide WB or BCT to 

patients (paper III). Although to a lesser degree, this shift is also evident in EU 

prehospital services (147). In this thesis, we have found that early intraosseous 

hemostatic resuscitation with WB may be initiated efficiently and safely. LTOWB 

may be stored forward and brought on missions for up to 21 days. Forward-stored 

blood complies with EU regulations, and the hemostatic potential is present during 
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storage. The thesis has found favorable experiences with the utilization of LTOWB 

both from the blood bank and end-user perspectives. The logistics of LTOWB 

transfusions are manageable and safe. 

Intravenous administration of medication, fluids, and potentially blood for 

hemostatic resuscitation is one of the key concepts of emergency care. Further, the 

optimal time for achieving vascular access has been disputed. Studies address 

delays of up to 5 minutes owing to the cannulation procedure (118, 209). In 

patients suffering from hemorrhagic shock, cannulation may be even more 

complex. Several EMS systems support the «load-and-go» doctrine in severe 

trauma, favoring only critical interventions on scene and cannulation in the 

emergency department (210, 211). This approach might be reasonable for services 

that do not carry blood, but EMS systems deploying blood to the scene should 

achieve vascular access early to initiate hemostatic resuscitation. 

Intraosseous vascular access is an alternative technique for achieving 

vascular access through the non-collapsible venous plexuses in the bone marrow 

(212). However, the evidence for utility in blood transfusion has been questioned. 

Concerns about the flow of viscous blood through the porous bone marrow causing 

hemolysis and the claimed inadequate flow rates for hemostatic resuscitation are 

leading some to conclude that the IO route is contraindicated for blood 

transfusions (197). The potential limited flow is hypothesized to be caused by the 

need to overcome the intraosseous pressure (1/4 of arterial pressure) and by the 

physiological principles of Darcy’s law, which describe the inverse relationship 

between blood viscosity, bone density, and rate of flow (197, 213, 214). The 

subsequent need for increasing IO infusion pressures to achieve adequate flow 

could potentially cause shear forces that cause hemolysis, especially in patients 

between 20-40 years, the age group that presents with the highest bone densities 

(197). This is contrasted to the clinical use of IO access for resuscitation of trauma 
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victims both in the civilian and military populations (215, 216, 217). However, 

only a small number of animal studies address this matter. These studies have 

presented conflicting results regarding the flow rate and have not found clinically 

relevant hemolysis unless pull-push infusion techniques with a syringe were 

applied, reaching infusion pressures >3000-4000mmHg (196, 198, 200, 218). 

Although our data show lower flow rates compared to a standard peripheral 

IV line, IO transfusion rates are sufficient to maintain the flow needed to fulfill the 

criteria for massive transfusion (219). Hence, the data show that it should be 

possible to administer one unit of WB within 11 minutes with no other pressure 

than gravity. Most prehospital services carry only two units of blood, and the 

evacuation time seldom exceeds 20 minutes (papers III/IV). As such, the IO 

transfusion rates achieved are sufficient and suitable for the immediate prehospital 

resuscitation of hemorrhagic shock. There was no evidence of hemolysis in study 

I, which is consistent with earlier animal studies. The observed change in Hb and 

LD was of no clinical significance. There were differences in the success rate of 

the different IO devices, and it is worthwhile mentioning that most providers did 

not have experience with the procedure. Nevertheless, only one out of eleven 

procedures failed with the FAST-1 device. These data correspond with earlier 

reports' high success rates (220). Due to the superior flow rates, the sternal access 

may be an attractive access site for resuscitation of hemorrhagic shock. In 

addition, the marrow cavities of the manubrium and sternal body seldom 

communicate, allowing for patent use even in the case of sternum fracture (38). 

This is not the case for distal fractures and IO access sites in the humerus or tibia. 

On the other hand, sternal IO devices may be cumbersome to handle in 

cardiopulmonary resuscitation settings. In time-critical hemorrhagic shock, sternal 

IO access may be achieved in 30-60 seconds and is an alternative to the 

problematic prehospital IV cannulations. This ultimately may facilitate early 

resuscitation with WB or BCT and short on-scene times. 
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In the case of non-compressible hemorrhage, RDCR principles dictate early 

resuscitation and moving as fast as possible to definitive hemorrhage control in the 

hospital. Over the last decade, as outlined in paper III, most HEMS services have 

shifted policy to carry LTOWB or BCT to respond quickly. It would represent a 

significant time delay for the HEMS to pick up blood at the blood bank when 

needed. However, the forward storage of LTOWB differs from the blood storage in 

the blood bank. Maintenance of the temperature conditions at the base, in-flight, 

and on-scene requires a robust «cold chain» and may be achieved using portable 

thermal boxes (221). We found that the storage protocol facilitated storage in 

compliance with the temperature limits, even if some of the units were outside the 

refrigerator in the thermal boxes for up to 660 minutes. This may be important 

since freezing conditions may cause significant hemolysis and subsequent harm to 

the patients, and higher temperatures may cause bacterial overgrowth and 

compromise product quality (222, 223). Further, past reports have suggested 

significant hemolysis of red cells following helicopter transport, potentially 

causing fatal outcomes for the transfused patient (224). We did not find any signs 

of hemolysis. The hemolysis grade was < 0.8% of the total red blood cell mass, 

within the EU requirements. These findings are supported by more recent reports 

on helicopter transport of PRBC (225). When comparing LTOWB stored in the 

blood bank and LTOWB stored forward, there were differences in how the 

hemoglobin levels had changed at 21 days of storage and the metabolic surrogates. 

The differences in how the metabolic surrogates changed (pH, lactate, glucose, and 

BE) probably reflect alterations in gas exchange conditions during storage in the 

airtight thermal boxes for forward stored blood. However, looking at the absolute 

values, the clinical impact of these changes is probably without clinical 

significance. When assessing the hemostatic capacity of LTOWB, we observed 

that the TEG angle and maximal amplitude had declined less in the forward stored 

blood during the storage period. We found no differences in platelet count and 

fibrinogen levels at day one, nor any differences in how these variables changed 
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during storage. Finally, there were no significant differences in platelet function 

measured by LTA or flow cytometry. Hence, it seems unlikely that PLT and 

fibrinogen levels caused the differences in angle and maximal amplitude. Either 

way, the changes favored forward storage. 

As demonstrated with impedance and optical aggregometry, PLT aggregation 

deteriorates after eight days of storage. This is consistent with previous studies 

(180). However, our data show that the general viscoelastic hemostatic capacity of 

cold-stored LTOWB is, to a great extent, maintained for up to 21 days of storage. 

This is important because it indicates the CWB PLT's ability to catalyze clot 

formation and contraction throughout the storage period. Standard room 

temperature stored platelets have previously been shown to suffer from a 

significant storage lesion with a rapid decline in aggregation function in about 72 

hours (161, 162). One explanation for our findings may be the effect of cold 

storage and the possible resulting bioenergetic conservation of the platelet fraction 

in CWB (226). The findings support extending storage in environments with 

limited resources or reducing waste.  

As reported in the survey, LTOWB is a preferred option for prehospital services. 

One reason is reported to be the ability to deliver functional platelets on scene, 

which may be vital for hemostasis if given early (paper III)(101). In addition, the 

medical directors highlight the appealing logistics of resuscitation with cold stored 

LTOWB, specifically a larger volume in each bag and the limited need for 

transfusing several bags with components (III). Similar to other time-sensitive 

interventions like early coronary revascularization of myocardial infarction or 

stroke and early administration of antibiotics in severe sepsis, early hemostatic 

resuscitation in non-compressible hemorrhage is important. Prehospital care is 

characterized by a lack of personnel, time-critical interventions, a goal to reduce 

on-scene times, constrained spaces, and en-route care. These are important factors 
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that underscore that speed and ease of use are important factors when deciding the 

prehospital transfusion strategy. 

Furthermore, it is well known that avoidance of stress, limiting the task load, and 

reducing task interruptions may improve patient care. In this context, LTOWB 

should be evaluated further to quantify changes in prehospital care team task 

saturation and stress (227, 228, 229). 

However, the aforementioned relative lack of prospective data and the cost-benefit 

considerations in services with few annual transfusions resulting in blood waste 

seem to represent the major concerns with the implementation of prehospital 

LTOWB programs (III). From the blood bank perspective, the additional concerns 

with the lack of possible LTOWB donors play a role. Donor availability is affected 

by the local policies regarding the definition of low-titer, the potential use of both 

male and female donors, and whether or not to utilize Rh-positive donors or not 

(III). Finally, in-hospital utilization of LTOWB for the initial resuscitation of 

bleeding patients may reduce waste significantly (III). In this respect, prehospital 

transfusion programs are and should continue to be interlinked with in-hospital 

strategies to optimize the continuum of care and utilization of blood.

As outlined earlier, most exsanguination deaths occur early but within the 

realm of EMS care. Our results substantiate this statement, as most deaths occur 

within 6 hours of injury (paper IV). Although the clinical benefit of prehospital 

blood transfusions on long-term outcomes is debated, the majority of data shows 

improvement in short-term outcomes as more patients are admitted to the hospital 

alive (137, 230, 231). This possible «delayed death effect» is interesting because 

hospitals receive patients in extremis that may need a different approach. As such, 

changes in prehospital care warrant a shift in in-house strategies as well. Overall, 

we found that two of three patients receiving transfusions survived the first 24 

hours, and only one of two survived beyond 30 days. No cardiac arrest victims 

survived beyond 24 hours.
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Our data from the HEMS service in Norway demonstrate a transfusion rate 

of 1.4% of all patients (paper IV). This may be considered a restrictive transfusion 

policy compared to other services, such as the UK EMS services, with a 

transfusion rate of 3-5.2%(132, 230). Patient demographics in Norway are similar 

to data from Finland, where the predominant injury pattern was blunt force trauma 

in middle-aged male patients (16, 232). Additionally, it is worth noting that a 

significant portion of transfused patients in our study presented with hemorrhagic 

shock unrelated to trauma. As such, our data is not comparable to the demographic 

data from the US, where patients present more frequently with penetrating trauma 

mechanisms. However, our data are more consistent with data from other 

Scandinavian countries (15, 16, 137). Hence, these findings support that it is 

difficult to compare data from Europe and the US, even data within Europe, as it 

may be confounded by the transfusion policies, time to intervention, blood product 

utilized, patient demographics, and injury patterns amongst trauma victims.

In addition, other interventions made on scene may confound the data. For 

instance, the overall attitude toward advanced airway management and subsequent 

on-scene times may impact outcome parameters. Only 29% received prehospital 

intubation in our study (paper IV). In contrast, US and UK data show intubation 

rates in excess of 50% (134, 233). This may be important as drug-assisted rapid 

sequence induction and positive pressure ventilation may delay definitive 

hemorrhage control and may have a detrimental effect on venous return in patients 

already in shock (115, 234, 235, 236, 237). As such, knowledge of whether, when, 

and how to intubate these patients may be crucial for outcome. 

Our data demonstrated no logistical issues or adverse events related to the storage, 

handling, or transfusion of LTOWB.  

As outlined, the principles of RDCR mandate early balanced resuscitation 

for patients in hemorrhagic shock. However, the evidence for prehospital blood 

transfusion is still debated due to conflicting results in recent prospective 
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randomized trials. The RePHILL trial found no benefit of PRBC and lyophilized 

plasma compared to 0.9% saline on outcomes in severely injured trauma patients 

(132). The PAMPer trial showed significantly lower 30-day mortality in patients 

who received two units of plasma followed by standard of care compared to 

standard of care, which could be either crystalloid or crystalloid and PRBC (134). 

The COMBAT trial found no difference in 28-day mortality between the plasma 

and crystalloid groups (133). Although several aspects of these trials differ, one of 

the interesting factors is the difference in the time of entry into the study and, 

therefore, the timing of interventions. In the COMBAT trial, the total prehospital 

time was extremely short (mostly less than 20 minutes), perhaps too short to 

identify potential benefits in the limited population. Indeed, a pooled analysis of 

PAMPer and COMBAT identified a survival advantage for patients receiving 

plasma followed by standard of care when the prehospital time was longer than 20 

minutes (136). In the RePHILL trial, the time to intervention was 56 minutes from 

emergency dispatch. As such, the timing of the intervention was maybe too late, 

and survivors may have survived regardless of the intervention. In the PAMPer 

trial, total prehospital time was around 40 minutes which is more in line with the 

golden hour policy. In addition, the retrospective data from Shackelford et al. 

underscore the importance of early resuscitation to show the benefit of prehospital 

transfusion (130).  

5.3. Limitations

Several limitations of this work have been presented in the specific papers and 

discussed in the methodological considerations (I-IV). 

About emergency intraosseous access as an option for the immediate 

resuscitation of hemorrhagic shock, it is important to realize that PRBC is 

extensively used in EMS services today. Although our findings are encouraging 

with regard to WFWB transfusion, the storage, and refrigeration of other blood 
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products, such as CWB or PRBC, may potentially affect the red cell membrane 

integrity. In this regard, fresh autologous whole blood, as used in this study design, 

may not be a perfect surrogate for the products utilized in civilian clinical practice. 

As such, we cannot rule out hemolysis following intraosseous transfusion of other 

blood products (238). Furthermore, the relatively short observation period limits 

the ability to rule out delayed hemolysis. Concerning this matter, we should have 

considered a third observation point after 6 hours. However, we would likely have 

lost subjects to follow up. Also, the hypothesis of hemolysis following IO 

transfusion is based upon the immediate mechanical lysis due to shearing forces, 

so the possibility of late hemolysis seems unlikely. It is also important to 

acknowledge that the study design did not reflect the events following massive 

transfusion, as only one unit of WFWB was transfused. It may, however, reflect the 

immediate prehospital care of patients suffering from hemorrhagic shock, as short 

transport times and limited resources exclude the option of large-volume 

transfusions. Further, only the sternal access was evaluated. Prospective studies are 

warranted for both the tibial and humeral IO access sites commonly used 

worldwide, but there are ethical considerations with the pain associated with 

transfusion at these sites. Finally, other hypothetical complications, such as fat 

embolism syndrome, venous thrombosis, and osteonecrosis, which may take up to 

48 hours to develop, were not investigated. Magnetic resonance imaging would 

give further insights into the safety of the intervention. However, we have not 

received any reports on delayed adverse events. 

With regard to forward storage of LTOWB, unfortunately, we could not 

randomize the units stored forward and the units stored in the blood bank due to 

the scheduled blood collection of HEMS LTOWB and the available resources at 

the blood collection facility and the lab. We had to collect the units for the 

different arms at different time points. This may have caused potential confounders 

if the characteristics of donors differ from day to day. Therefore, the statistical 

design was chosen to account for differences at baseline. 
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One of the strengths of the survey (paper III) was the high response rate. 

However, there was uncertainty regarding the exact number of transfusion 

episodes given from 7 of the 20 bases due to underreporting of data in the 

electronic patient journal systems.

Initially, study IV aimed to collect data from all HEMS services in Norway, 

but we experienced difficulties with missing data and adherence to the protocol. 

However, local data was more consistent and robust. As such, paper IV reflects the 

implementation of LTOWB and hemostatic resuscitation at a single HEMS base. 

As expected in the prehospital environment, we experienced difficulties with 

patient follow-up and data gathering. It is difficult to gather reliable data in pre-

hospital time-critical emergencies. In addition, some patients are difficult to 

identify at an early stage, and due to the severity of their injuries makes it difficult 

to obtain consent. Regarding the potential transfusion reactions, we recognize that 

this is a topic that is difficult to address in this patient group. Due to overlapping 

symptoms, it is extremely difficult to recognize an adverse transfusion reaction in 

patients suffering from hemorrhagic shock due to the clinical condition. 

Unfortunately, 16 patients declined to provide consent. However, these patients did 

not differ significantly from the included patients regarding demographics and 

mechanism of injury/illness. However, there might be a confounding selection bias 

in the results.
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6. Conclusions

6.1. Paper I
WFWB transfusion through the IO route is safe, reliable and provides sufficient 

flow for the initial resuscitation of hemorrhagic shock

6.2. Paper II
Storage of LTOWB in thermal containers in a pre-hospital HEMS service is 

feasible and safe. Product quality complies with EU policies for up to 21 days of 

storage, and hemostatic properties are similar to LTOWB stored in the blood bank. 

PLT function deteriorates after eight days of storage but remains detectable for up 

to 21 days. The overall coagulation properties are adequate for up to 21 days.

6.3. Paper III
HEMS services and blood banks report favorable experiences implementing and 

utilizing LTOWB in Norway. Most HEMS services in Norway want to evaluate the 

implementation of WB in the future. 

6.4. Paper IV
Implementation of a LTOWB program in civilian HEMS is feasible and safe. The 

logistics of LTOWB transfusion for critical patients in hemorrhagic shock are 

manageable. 
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7. Further perspectives

This thesis has contributed with knowledge regarding the prehospital 

implementation of LTOWB. Although many EMS systems have implemented WB 

or BCT for the initial hemostatic resuscitation of hemorrhagic shock, the benefit of 

early prehospital blood transfusion is still debated. As stated in Paper IV, there is a 

need to further investigate the efficacy of prehospital LTOWB transfusion in 

prospective trials. There are different attitudes and opinions on the use of LTOWB, 

which in part could be explained by the absence of robust scientific evidence for or 

against prehospital LTOWB transfusions, leaving space for opinion-based 

approaches. The different attitudes seem to be driven by individual views and 

experiences, differences in regulations, and the regional availability of potential 

donors. Regarding hard endpoints, today, there is yet not enough clinical evidence 

to support or refute the clinical superiority of LTOWB in RDCR compared to 

BCT. With this in mind, we are now awaiting a multitude of results from 

prospective trials. To mention a few, the French are conducting the STORHM 

study (Sang Total pour la Reanimation des Hemorrhagies Massive, Clinical Trials 

NCT04431999) comparing LTOWB to 1:1:1 fixed ratio BCT in massive traumatic 

hemorrhage. The U.S. S.W.A.T. trial (Shock, Whole Blood, and assessment of 

TBI, Clinical Trials NCT03402035) is a four-year, multicenter, prospective 

observational cohort study that compares LTOWB to BCT. The U.K. SWIFT trial 

(ISRCTN23657907) compares pre-hospital LTOWB to PRBC and plasma 

transfusions.

Moreover, the timing and triggers of the different RDCR interventions, as 

well as further knowledge on which patient may benefit, is of interest. Although 

some retrospective evidence from the military population suggests that blood 

transfusion should be initiated early to be beneficial, it is still unclear what the 

optimal timing for pre-hospital blood transfusion in civilian trauma and non-
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trauma victims is. Although most will agree that a patient in hemorrhagic shock 

benefits from an early blood transfusion, the transfusion triggers need to be 

established. At last, there is a need to develop diagnostic tools that can help 

providers identify patients on the verge of shock to secure early intervention. It is 

important to call attention to the fact that it is difficult to generalize conclusions 

from prospective randomized data and extremely hard to conduct prospective trials 

due to the limited population, challenging research environment, the heterogeneity 

of conditions and trauma systems, as well as the numerous potential confounders 

in these complex patient pathways. The patient demographics, injury patterns, pre-

hospital provider experience, on-scene times, and pre-hospital treatment 

algorithms may differ. Even the composition of the blood components may vary in 

the different transfusion programs. As such, it is essential to recognize that even 

retrospective data is of great value in this field - especially if interpreted along 

known physiologic principles. 

We are aiming to further investigate the logistical burden of on-scene 

RDCR. As interventions are limited by the inherent environmental challenges in 

pre-hospital care, there should be opportunities in the bundle of care for patients in 

Hemorrhagic shock.  

Ideally, tomorrow’s pre-hospital transfusion will be administered timely, 

based on criteria specific for hemorrhagic shock, to the patient who benefits, 

without delay in definitive care at the hospital. 
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Cold-stored whole blood in a Norwegian emergency helicopter
service: an observational study on storage conditions and

product quality

Christopher Bjerkvig ,1,2,3 Joar Sivertsen ,4 Hanne Braathen ,4 Turid Helen Felli Lunde ,4

Geir Strandenes ,4,5 Jörg Assmus,6 Tor Hervig,3,4 Andrew Cap,7 Einar K. Kristoffersen,3,4

Theodor Fosse,1,2,3 and Torunn Oveland Apelseth4,8

BACKGROUND: Increasing numbers of emergency
medical service agencies and hospitals are developing
the capability to administer blood products to patients
with hemorrhagic shock. Cold-stored whole blood
(WB) is the only single product available to prehospital
providers who aim to deliver a balanced resuscitation
strategy. However, there are no data on the safety and
in vitro characteristics of prehospital stored WB. This
study aimed to describe the effects on in vitro quality of
storing WB at remote helicopter bases in thermal
insulating containers.
STUDY DESIGN AND METHODS: We conducted a
two-armed single-center study. Twenty units (test) were
stored in airtight thermal insulating containers, and
20 units (controls) were stored according to routine
procedures in the Haukeland University Hospital Blood
Bank. Storage conditions were continuously monitored
during emergency medical services missions and
throughout remote and blood bank storage. Hematologic
and metabolic variables, viscoelastic properties, and
platelet (PLT) aggregation were measured on Days 1, 8,
14, and 21.
RESULTS: Storage conditions complied with the EU
guidelines throughout remote and in-hospital storage for
21 days. There were no significant differences in PLT
aggregation, viscoelastic properties, and hematology
variables between the two groups. Minor significantly
lower pH, glucose, and base excess and higher lactate
were observed after storage in airtight containers.
CONCLUSION: Forward cold storage of WB is safe and
complies with EU standards. No difference is observed
in hemostatic properties. Minor differences in metabolic
variables may be related to the anaerobic conditions
within the thermal box.

ABBREVIATIONS: aPTT = activated partial thromboplastin time;

BE = base excess; CWB = cold whole blood; DCR = damage control

resuscitation; LTA = light transmission aggregometry; MA =

maximum achieved clot strength; HEMS = helicopter emergency

medical services; PRP = platelet-rich plasma; TRAP = thrombin

receptor-activating peptide; WB = whole blood.
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During the past two decades there has been a
paradigm shift in resuscitation strategies for
major hemorrhage and hemorrhagic shock.1–3

Damage control resuscitation (DCR) strategies
now favor the early transfusion of blood components con-
taining red blood cells (RBCs), platelets (PLTs), and plasma,
contradicting the previous policies favoring the use of clear
fluids. Although definitive evidence concerning transfusion
ratios is lacking, there is a strong trend to aim for physiologic
ratios of blood components in the initial phase of resuscita-
tion. Simultaneously, there is a clear vision that the pre-
hospital phase should be as short as possible even if blood
components are available at an early stage.4–6 Balanced blood
product replacement aims at addressing both shock and
coagulopathy, which underscores the rationale for starting
this approach in the prehospital phase of care. A growing
number of prehospital emergency services in Europe and the
United States have implemented this strategy.7 Although
DCR principles address trauma, early prehospital transfusion
of blood products may also benefit patients who suffer from
hemorrhagic shock due to medical conditions.8 It is also
common for helicopter emergency medical services (HEMS)
to respond to rural clinics and hospitals with limited transfu-
sion capabilities for stabilization and subsequent transport of
bleeding patients. Prehospital transfusion programs may be
of value in these circumstances as well.

Owing to the logistics and limitations associated with
transfusion in the prehospital arena, DCR based on compo-
nent therapy may not be feasible. At present, cold-stored
RBCs and lyophilized plasma are the components most
widely used in the prehospital environment.9 Hence, the
PLT supply is the weak link to achieve what may be consid-
ered currently a “gold standard” DCR. In most circum-
stances it is logistically impossible to supply room
temperature–stored agitated PLTs for forward resuscitation.
Even if cold-stored PLTs are considered as an alternative,
the component-based strategy suffers from the fact that the
1:1:1 ratio yields a dilute mixture because of the RBC addi-
tive solutions.10 Second, it is a great logistic challenge for
the prehospital provider to deliver three different products
simultaneously in a time-sensitive emergency. Recent expe-
rience from the war theaters in Iraq and Afghanistan suggest
that whole blood (WB) resuscitation for trauma victims may
be a viable option in this context.11–15

At present in excess of 30 HEMS in the United States
and Norway carry cold-stored low-titer group O WB to
patients. Further, several military units have implemented
WB in war theaters over the past 6 years.13,16,17

The storage conditions for cold WB (CWB) in the pre-
hospital environment differ from in-hospital CWB storage.
Prehospital CWB is usually stored in closed isothermal con-
tainers. Impaired gas-exchange conditions raise concerns
about the potential reduction in hemostatic function due to
impaired PLT function in the product.

The problem with adhering to storage standards may
be a reason why some emergency medical services no lon-
ger carry blood. The lack of data on prehospital storage con-
ditions and data on the hemostatic function of prehospital
stored WB is the rationale for conducting this study.18

In our study we wanted to assess how forward cold
storage of WB in a civilian emergency helicopter service
would affect the product quality. Our primary objective was
to evaluate if the storage conditions support blood that
complies with EU standards for up to 21 days of storage.19

The secondary objective was to assess product in vitro qual-
ity and hemostatic function of WB during storage for up to
21 days in an approved airtight thermal insulating storage
container.

MATERIALS AND METHODS

Study design and ethics
This is a prospective single-center, two-armed observational
study of forward storage of WB in airtight thermal insulating
storage containers. The study was conducted at the Depart-
ment of Immunology and Transfusion Medicine, Haukeland
University Hospital (Bergen, Norway), and at the Norwegian
Air Ambulance HEMS base Grønneviksøren (Bergen,
Norway), a location 2 km from Haukeland University Hospi-
tal, from May to October 2017. According to routine proce-
dures for the Bergen HEMS prehospital blood program, WB
units in the test group (HEMS group) were stored continu-
ously in an airtight approved container at the HEMS base
for 1 week before being returned to the blood bank for con-
tinuous total storage of 21 days in the thermal container.
The control group units were stored according to routine
procedures without agitation in a temperature-controlled
refrigerator at 4 ! 2oC in the blood bank the entire study
period. Sampling from the test units was performed imme-
diately before and after transfer to the base. The test units
were included in the study from the regular inventory at the
HEMS base if not used at the HEMS base within 7 days of
storage. There were no patient interventions. The study was
approved by the regional ethics committee (REK ID
2017/157). Informed written consent was obtained from all
donors of WB.

Bergen HEMS
The emergency helicopter service in Bergen, Norway,
responds to both medical and trauma cases in a 60:40 ratio
24 hr/day 365 days/year. The HEMS is staffed with an expe-
rienced prehospital anesthesiologist, a HEMS rescue para-
medic, and a pilot. Emergency response is carried out by
helicopter or by a rapid response car. Bergen HEMS
implemented routinely cold-stored, leukoreduced low-titer
group O WB for remote hemostatic resuscitation in
December 2015. Also, lyophilized plasma is available in the
service.
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Collection and preparation of WB units
Whole blood was collected from regular blood donors using
the 450-mL WB-SP CPD collection set (BB*LGQ456E6, Ter-
umo BCT). The WB units were rested for 2 hours followed
by a gravitational filtration through the inline PLT-sparing,
leukoreducing filter, allowing for a PLT content of more
than 90% of the unit before filtration. The residual white
blood cell (WBC) concentration was less than 1 × 106/unit,
in line with requirements for cellular blood components. To
minimize risk of hemolytic transfusion reactions, all blood
donors had blood group O. The titers of IgM anti-A and
anti-B were below 256 and all units were correspondingly
labeled “low titer.” Two CWB units were dispatched to the
HEMS service each week.

Cold chain maintenance and forward monitoring
The test group WB units (n = 20) were transferred to an
approved primed portable thermal container (Cr!edo
Duracube HD with Golden Hour inner container, Pelican
BioThermal) together with a data logger that recorded
ambient temperature, three-axis acceleration, humidity,
light, and barometric pressure (MSR 145 mini datalogger,
MSR Electronics GMBH). According to local routines, the
container was then placed in a regular refrigerator at the
HEMS base. The units were carried on missions in the con-
tainer for 7 days before returned to the Department of
Immunology and Transfusion Medicine at Haukeland
University Hospital and then stored in the same container
for an additional 14 days up to a total of 21 days. The con-
tainer was only brought on HEMS missions involving calls
to patients with potential bleeding. HEMS crew members
recorded the duration of the mission and how long the ther-
mal box was outside the refrigerator. These records were
compared to the data logger recordings inside the box. Con-
trol group WB units (n = 20) were stored without agitation
in a conventional approved, monitored refrigerator (2-6°C)
in the blood bank according to routine.

Laboratory investigations
Samples were collected on Days 1, 8, 14, and 21 by sterile
transfer of approximately 25 mL to a transfer bag (Teruflex,
BB*T015CM, Terumo BCT), which was then used to further
aliquot to the appropriate sample tubes.

Leukoreduction status was verified by counting
residual WBCs using the WBC counting kit and flow
cytometer (BD LeucoCount and a FACSCanto II, respec-
tively (BD Biosciences;). Hematologic variables (hemoglobin
[Hb], hematocrit [Hct], RBC count, PLT count, and mean
PLT volume) were quantified with a hematology analyzer
(Cell-Dyn Sapphire, Abbott Diagnostics). To evaluate hemo-
lysis, Hb in plasma was measured on a plasma/low Hb
photometer (HemoCue, HemoCue AB) and percent hemo-
lysis wad calculated as ((plasma-Hb/10) × (100 − Hct))/Hb.

Blood gas variables (pH, pO2, pCO2, and base excess
[BE]) were analyzed on a blood gas analyzer (ABL825
FLEX, Radiometer Medical ApS). Sodium and potassium,
glucose, and lactate levels were measured on a chemis-
try analyzer (Cobas 8000, ISE/c702, Roche Diagnos-
tics GmbH).

The effects of storage on coagulation were studied
by measuring activated partial thromboplastin time
(aPTT), prothrombin time/international normalized ratio
(INR), Factor (F)VIII and fibrinogen using a hemostasis
analyzer (STA-R Evolution/STA-R Max; STA-Liquid
Fib/STA-Fibrinogen 5, STA-Deficient VIII, STA-SPA+,
STA-PTT Automate 5, STA-CaCl2 and STA-Unicalibrator,
Stago S.A.S.).

The hemostatic function was evaluated by kaolin-
initiated thromboelastography on a thromboelastograph
(TEG 5000, Haemonetics Corporation) and quantified as
time to start of clot formation, clot formation speed (angle),
and maximum achieved clot strength (MA).

To quantify PLT aggregation, we performed multiplate
impedance aggregometry (Roche Diagnostics GmbH) with
6.5 μmol/L adenosine diphosphate (ADP), and light trans-
mission aggregometry (LTA; Chrono-log Model
700, Chrono-log Corporation) with 10 μmol/L ADP and
30 μmol/L thrombin receptor-activating peptide 6 (TRAP-6,
Roche Diagnostics GmbH).

Samples for impedance aggregometry were analyzed
using the manufacturerʼs procedure for citrated samples,
including partial recalcification with 3 mmol/L CaCl2. PLT-
rich plasma (PRP) for LTA was prepared by 200 × g centrifu-
gation for 10 minutes. The remaining material was further
centrifuged at 1500 × g for 15 minutes to yield PLT-poor
plasma. PLT count in PRP was verified to be in the
150 × 109 to 600 × 109/L range.20 PRP and PLT-poor plasma
was visually inspected for hemolysis and lipemia and incu-
bated at 37°C for 3 minutes before performing LTA at 37°C
with 1000 RPM stirring. Samples were run in two parallels,
and the mean was reported.

Platelet activation and adhesion were also investigated in
8 control units and 6 HEMS units by use of flow cytometry.
Samples were stimulated with 2,8 μL ADPtest and 1,7 μL
TRAPtest. A premade mix of monoclonal mouse anti-human
antibodies were thereafter added without further incubation
(BD Bioscience) with PerCP CD61 (Clone EUU-PL 7 F12, Cat.
No. 347408), APC CD42b (Cat. No. 551061), and PE CD62P
(Cat. No. 561921). Thirty minutes of incubation in the dark at
room temperature was followed by a RBC lysing step where
we added 465 μL of lysis buffer (Dako EasyLyse, Ref.
No. S2364, Agilent). After 2 mL of flow cytometry sheath fluid
(FACSFlow, Cat. No. 342003, BD Biosciences) was added, the
samples were run on a flow cytometer using its software
(BD FACSCanto II and FACSDiva, Version 8.0.1, respectively,
BD Biosciences). We gated the PLTs using forward scatter
height versus area to avoid doublets and side scatter versus for-
ward scatter to narrow the gating. The same gating was used
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on all samples, regardless of age. Results reported as age of
percent parent of CD61-positive cells for the activation
markers.

Statistical analysis
The effect of forward storage in an airtight container at the
HEMS base on each of the outcome variables was investi-
gated using a linear mixed-effect model with storage time,
study group, and their interaction as predictors. In this
model, we used simple contrasts to investigate whether the
outcome variables changed from Day 1 to 8, Day 1 to
14, and Day 1 to 21. Additionally, we used the interaction
between storage time and study group to describe whether
this level of change was different between the blood stored
at the blood bank and at the HEMS base. The p value
reported in the text and figures are for this interaction.
Potential differences in age and sex distribution between
the two groups were examined using independent-sample
t tests. A p value of less than 0.05 was considered signifi-
cant. Results were presented as mean (95% confidence
interval [CI]). All analyses were performed with computer
software (R version 3.6.0 with the NLME package version
3.1-140, The R Foundation for Statistical Computing).

We found no previous studies that could be used for
sample size calculation. With the general assumption of
normality for outcome measures enabling the use of a two-
sided t-test, setting the mean to 1 and a standard deviation
to 0.5 with a significance level of 0.05 and a power of 0.8,
we found that we needed a minimum of 17 individual units
in each group. Based on this we chose to include 20 WB
units in each study group.

RESULTS

Quality requirements
A total of 40 CWB units were monitored and tested, 20 in
the HEMS group and 20 in the control group. During stor-
age at the HEMS base, there were no recorded breaches of
temperature limits (1-10°C). Table 1 show the number of
HEMS missions in which CWB were carried and the total
duration of storage outside of the refrigerator. The blood
was carried on a mean (95% CI) number of 4.1 (2.86-5.34)
missions. The mean (95% CI) duration of the missions was
339 (209-469) minutes.

All units in the study complied with the requirements
set forth in the “Guide to the Preparation, Use and Quality
Assurance of Blood Components.”19 The hemolysis at the
end of storage was below the EU requirement of 0.8% of the
RBC mass in all units throughout storage in both groups. The
Hb level was above the EU requirements of 43 g/unit in all
observed units until the end of storage (Table S1, available as
supporting information in the online version of this paper).

Changes during 21-day storage
Hematology
There was no significant difference in change during storage
regarding PLT count, mean PLT volume, or number of RBCs
between the two groups (Fig. 1A, Table S1). We found a sta-
tistically significant difference in the change of Hb levels
from Day 1 to Day 21 between the two groups (p < 0.05;
Fig. 1B).

Clinical chemistry
We found no significant difference in change in potassium
between the two groups during 21 days of storage (Fig. 1C).

Metabolism
When investigating how the metabolic markers changed in
the two groups, we found that the glucose concentration
declined more in the HEMS group on Days 8, 14, and
21 (p < 0.05) compared to the control group (Fig. 1D). The
same was evident in regard to pH and BE (Fig. 1E and
Table S1). Conversely, we found that the lactate increased
significantly in the HEMS group compared to the control
group (Fig. 1F).

Hemostatic properties
There was no significant difference in change in fibrinogen,
international normalized ratio and FVIII levels (Figs. 1G and
1H and Table S1). However, we found a reduction in aPTT
on Day 21 in the test group (Fig. 1I). When investigating the
change in hemostatic capacity by thromboelastography, we
found no difference in change during storage regarding time
to start of clot formation and K between the two groups
(Fig. 1J and Table S1). However, we found that the TEG
angle declined less in the HEMS group compared to the
control group on Days 8, 14, and 21 (p < 0.05; Fig. 1K). This
was also observed in regard to TEG MA, where the TEG MA
declined less in the HEMS group (Fig. 1L). As discussed
later, we also observed significant differences between the
two groups at baseline.

When investigating the PLT aggregation capacity by the
use of the multiplate analyzer with ADP test, we found no

TABLE 1. Number and duration of HEMS missions
where WB units were carried*

WB unit Number of missions Mission duration (min)

1 & 2 3 120
3 & 4 6 600
5 & 6 3 180
7 & 8 6 360
9 & 10 6 420

11 & 12 2 180
13 & 14 4 300
15 & 16 3 360
17 & 18 6 660
19 & 20 2 210

* There were no recorded temperature breaches.
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significant difference during storage between the two groups
(Fig. 1M). There were also no differences between the two
groups when utilizing LTA to assess maximum aggregation
with TRAP and ADP as stimulants (Figs. 1N and 1O). The
spontaneous aggregation was comparable in the two groups
(Table S1). Finally, in regard to PLT function, we found no
significant difference between the two groups when investi-
gating ADP- and TRAP-stimulated expression of CD62P and
CD42b by flow cytometry (Table S1).

Additional findings
We found a statistically significant difference in pH, BE,
and TEG MA on Day 1, indicating that there was a differ-
ence between the two groups at baseline in these variables.

There were no significant differences between the groups
in the distribution of donor ages (HEMS 36.2 [30.3-42.1]
versus control 42.6 [36.1-49.1]; p = 0.134) and sex (HEMS
15 male, five female vs. control nine male, 11 female;
p = 0.053).

DISCUSSION

This study evaluated changes in hematology, clinical chem-
istry, metabolism, and hemostatic variables of CWB stored
in an airtight thermal box forward at a HEMS base, for up to
21 days, compared to changes of CWB stored according to
routine practice in the blood bank. All CWB units complied
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Fig. 1. Mean and 95% CIs of the variables during 21 days of storage. ( ) Control group; ( ) HEMS group. A linear mixed-effects

model with storage time, study group, and their interaction as predictors was fitted. The p value shown represents the interaction
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with the requirements set forth in the “Guide to the Prepa-
ration, Use and Quality Assurance of Blood Components”
throughout storage for 21 days, regardless of storage condi-
tions. The hemolysis grade was below 0.8% of the total RBC
mass, and that the Hb content was above 43 g/unit.19

The storage of CWB at the HEMS base revealed no
safety concerns concerning temperature limits (1-10°C).
This is important as increased temperature may compro-
mise the product quality.21–23 Thus, the crew must be vigi-
lant in monitoring the operability of the refrigerator and to
ensure that there has not been breach of temperature limits
before administering the blood in the field. Temperature
monitoring is an essential part of quality control in transfu-
sion medicine. One of the main disadvantages of the pre-
sent storage container is that the crew must open the box to
read the logger. Future designs should consider providing
an external temperature reading on the thermal box to
improve safety.24

The number of missions varied from two to six, and
the total duration of missions varied from 120 to
660 minutes for the blood units in the HEMS group. In
addition to changes in temperature, the blood properties
could potentially be influenced by changes in pressure and
vibration during missions. Due to the low number in each
group, we were not able to adjust for differences in the
amount and duration of missions in the results. However,
if these factors were substantial, we would expect the vari-
ance of the results in the HEMS group to be generally
larger than that in the control group (Table S1). Generally,
for all our outcome measures small CIs were observed in
both groups.

We found a significant difference in how the Hb levels
had changed in the two groups at 21 days of storage. How-
ever, the difference between the two groups is without clini-
cal significance as the difference in change of Hb
concentration between the two groups was only 0.05 g/dL.

Prehospital CWB is stored in an airtight thermal box
and placed inside a conventional refrigerator at the HEMS
base. The changes in metabolic variables during storage
and comparison between the two groups suggest that there
are minor alterations in gas exchange conditions for CWB
stored in airtight thermal insulated storage containers. We
observed slightly higher lactate levels and lower BE and
pH levels in CWB stored forward. The clinical impact of
these values is uncertain and probably without impor-
tance. There was a significant difference in how aPTT had
changed at 21 days, with less increase in the HEMS group
on Day 21. The difference was minimal and for the benefit
of the HEMS group, however, probably without clinical
significance.

Viscoelastic hemostatic capacity as measured by TEG
was present in both groups for the entire 21-day storage
period. As mentioned, we found that the TEG angle had
declined less in the HEMS group. The TEG angle measures

the speed at which fibrin builds up and cross-links. Hence,
the angle assesses the rate of clot formation. This process is
propagated by thrombin formation and is dependent on
PLTs and fibrinogen. We did not find that there was a signif-
icant difference in these measurements on Day 1, nor any
difference in how these variables changed. Based on this, it
seems unlikely that the difference in the TEG angle can be
explained by PLT and fibrinogen effects. Further, there was
also a significant difference in the TEG MA evolution during
storage. Again, it declined less in the HEMS group. The TEG
MA represents in simple terms the ultimate strength of the
fibrin clot, dependent on PLT function and fibrin levels. We
did not find significant differences when evaluating PLT
count and function using LTA and multiplate or flow
cytometry.

When it comes to the hemostatic properties of CWB
in general, these results show that viscoelastic hemostatic
properties are to a great extent maintained for up to
21 days. The final MA in both groups was approximately
50, whereas the plasma fibrin contribution to clot strength
alone typically yields an MA of 10.25 This indicates that
the PLTs in CWB retain considerable ability to catalyze
clot formation and contraction throughout storage dura-
tion. The PLT function as measured by PLT aggregation
and agonist-induced glycoprotein expression was pre-
served for at least up to 8 days of storage, after this we
observed a decline in response. This is consistent with
previous studies.26–28

We found significant differences in pH, BE, and TEG
MA, between the two groups on Day 1. We performed sec-
ondary analysis to see if the differences were related to
the distributions of sex and age between the groups but
did not find a statistical relationship. However, examining
the data, although not significant, the mean PLT count
was 175 in the control group versus 155 in the HEMS
group. The TEG MA is affected by PLT count, and this
may explain this finding. Regarding pH and BE, although
there were significant differences at baseline, the actual
values are without clinical significance (mean pH 6.97 in
control group vs. 6.99 in HEMS group). Further, these
findings should not interfere with secondary objective
results as the statistical design takes into account differ-
ences at baseline.

We conclude that storage of CWB in thermal con-
tainers in a prehospital emergency service is feasible. The
logistics and maintenance of the thermal conditions are
easy and safe. The product quality is within EU regulations
for up to 21 days of storage. The hemostatic properties of
CWB stored prehospital are similar to those of CWB stored
in the blood bank. The PLT function in CWB deteriorates
after 8 days of storage but is still clinically useful for up to
21 days. These findings support the practice of extending
storage in resource-poor environments and thus reducing
waste.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article.

Table S1. Mean and 95% confidence intervals for all mea-
sured variables. A linear mixed effect model with storage
time, study group and their interaction as predictors was

fitted. For time, simple contrasts were used. pDay signifies
whether there was a statistically significant change from
Day 1 to the specified storage day. pInteraction signifies
whether this change was statistically different between the
two study groups. The pInteraction given for Day 1 indicates
whether the baseline measurement was significantly differ-
ent in the two groups..
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Abstract
Background: Prehospital management of severe hemor-
rhage has evolved significantly in Norwegian medical emer-
gency services in the last 10 years. Treatment algorithms for 
severe bleeding were previously focused on restoration of 
the blood volume by administration of crystalloids and col-
loids, but now the national trauma system guidelines recom-
mend early balanced transfusion therapy according to re-
mote damage control resuscitation principles. Materials 
and Methods: This survey describes the implementation, 
utilization, and experience of the use of low titer group O 
whole blood (LTOWB) and blood components in air ambu-
lance services in Norway. Medical directors from all air am-
bulance bases in Norway as well as the blood banks that sup-
port LTOWB were invited to participate. Results: Medical di-
rectors from all 13 helicopter emergency medical services 
(HEMS) bases, the 7 search and rescue (SAR) helicopter bas-
es, and the 4 blood banks that support HEMS with LTOWB 
responded to the survey. All HEMS and SAR helicopter ser-
vices carry LTOWB or blood components. Four of 20 (20%) 
HEMS bases have implemented LTOWB. A majority of ser-
vices (18/20, 90%) have a preference for LTOWB, primarily 
because LTOWB enables early balanced transfusion and has 
logistical benefits in time-critical emergencies and during 

prolonged evacuations. Conclusion: HEMS services and 
blood banks report favorable experiences in the implemen-
tation and utilization of LTOWB. Prehospital balanced blood 
transfusion using whole blood is feasible in Norway.

© 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Prehospital management of severe hemorrhage has 
evolved significantly in Norwegian medical emergency 
services in the last 10 years [1–3]. Treatment algorithms 
for severe bleeding were previously focused on restora-
tion of the blood volume by administration of crystalloids 
and colloids, but today, the national trauma system guide-
lines recommend balanced transfusion therapy as early as 
possible [4, 5]. In Norway, military-civilian cooperation 
has been instrumental in facilitating this shift in policy. 
The initial step was the implementation of freeze-dried 
plasma (FDP), followed by red blood cell (RBC) concen-
trates and low titer group O whole blood (LTOWB) at 
some of the air ambulance bases. This paradigm shift is 
based on recent scientific progress in remote damage 
control resuscitation, which states that life-threatening 
hemorrhage requires immediate intervention and resus-
citation with blood and blood products to reduce the im-
pact of hemorrhagic shock, including subsequent coagu-
lopathy and organ failure, to increase survival and reduce 
morbidity [6–10]. Evidence from military and civilian 
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practice suggests that early administration of blood may 
improve survival to the hospital, decrease ongoing trans-
fusion requirements, and decrease mortality [11]. Coagu-
lopathy of trauma is a process that occurs in patients suf-
fering from hemorrhagic shock after major trauma. It has 
become evident that the duration and severity of shock 
influence the degree of coagulopathy, the activation of 
inflammation and overall clinical status when the patient 
is admitted to the emergency room. Studies have demon-
strated that platelet dysfunction and fibrinogen deficien-
cy are of paramount importance in early trauma-induced 
coagulopathy [12–15]. An early balanced transfusion 
strategy addresses both critical oxygen delivery due to the 
loss of volume, the ability to form clots at bleeding sites 
and the prevention of endotheliopathy [16–19].

Current evidence supports the implementation of 
LTOWB in prehospital services. A major challenge is the 
limited availability of platelet concentrates, as most in-
stitutions utilize room temperature-stored platelets un-
der constant agitation with a maximum holding time of 
5–7 days. Therefore, a true balanced component-based 
transfusion strategy is difficult to achieve in the prehos-
pital environment. In addition, whole blood-based 
transfusion therapy causes reduced hemodilution due to 
the relatively reduced amount of additive solution in 
LTOWB compared to a balanced component transfu-
sion alternative [20]. Furthermore, the simplicity of the 
logistics involving LTOWB is advantageous because it is 
easier to prepare and transfuse single units of LTOWB 
compared to separate bags for plasma, red cells, and 
platelets during prehospital time-dependent critical 
emergencies.

The aims of this study were to describe Norwegian 
prehospital air ambulance blood transfusion programs, 
to describe the rationale for and the practical aspects of 
implementation of a prehospital LTOWB program, and 
to present the experience with LTOWB in Norway from 
the air ambulance and blood banking perspective.

Materials and Methods

Study Design and Ethics
This was a survey of the implementation, utilization, and expe-

rience with the use of blood products in the HEMS and SAR heli-
copter services in Norway with a focus on our LTOWB program. 
This survey was conducted and funded by the Department of Im-
munology and Transfusion Medicine and the Department of An-
esthesia and Intensive Care, Haukeland University Hospital (Ber-
gen, Norway). No information on individual patients were col-
lected. The local data protection officer reviewed the survey.

The Norwegian System for Prehospital Critical Care
The Norwegian healthcare system is organized into four differ-

ent government-funded regional health authorities that adminis-
ter hospital systems in the regions. Prehospital critical care is the 

joint responsibility of municipal health services, regional ground 
ambulance services, the civilian National Air Ambulance Services 
of Norway, and military and civilian search and rescue (SAR) he-
licopters. In Norway, the combination of fjords, mountains, and 
scattered populations often results in long transport times to hos-
pitals. Due to bad weather conditions, communities may also be 
isolated for days at a time.

The National Air Ambulance Services of Norway are respon-
sible for helicopter emergency medical services (HEMS) and fixed 
wing air ambulances in Norway. This nationwide service operates 
14 helicopters located at 13 bases and 9 fixed wing aircraft located 
at 7 bases [21] and responds to all types of medical emergencies 24 
h a day every day. More than 20,000 patients are supported yearly 
by helicopter or a rapid response car. Although the primary role of 
HEMS is to respond to medical and trauma cases, it also handles 
pediatric and neonatal retrievals, interhospital transfers, and SAR 
missions. The service is government funded, but the regional 
health authorities administer the bases. Hence, there are some dif-
ferences in the medical capabilities and standard operating proto-
cols among the bases. The HEMS are staffed with a prehospital 
anesthesiologist at the consultant level, a HEMS rescue paramedic, 
and a pilot. The HEMS conduct missions in almost all weather 
conditions, including instrument flying conditions or visual flying 
conditions with night vision capabilities. The national dispatch 
strategy aims to reach 90% of the population within 45 min after 
dispatch.

The Norwegian SAR helicopters are largely operated by the 
Royal Norwegian Air Force. SAR is funded by the Ministry of Jus-
tice and Public Security and operates 6 bases along the coastline of 
Norway. A civilian contractor operates an additional base at Sval-
bard. The Norwegian SAR helicopter services area of responsibil-
ity is extensive and primarily focuses on the vast sea territories 
bordering Norway and the Arctic regions, but they also respond to 
ambulance missions when needed. Two pilots, two system opera-
tors, a rescue swimmer, and a prehospital anesthesiologist at the 
consultant level normally operate on SAR helicopters. The civilian 
SAR helicopter at Svalbard has the same medical capabilities as 
military SAR helicopters.

The Norwegian Blood Bank Structure
Norwegian blood banks are hospital based, and their activities 

include blood collection, component production, and storage in 
addition to in-hospital immunohematology and transfusion ser-
vices. The blood banks adhere to EU regulations and standards 
[22]. All hospitals in Norway have their own blood banks, but 
many of the smaller blood banks do not provide platelet concen-
trates due to low demand and the risk of waste. Whole blood for 
transfusion is made available for in-hospital use by some blood 
banks, whereas the use of whole blood is under discussion in oth-
ers. Because the blood bank system is decentralized, accessibility 
of LTOWB to the different air ambulance bases is dependent on 
local blood bank policies.

Data Collection
The medical directors of the 13 HEMS bases and 7 SAR heli-

copter bases were contacted by telephone and invited to participate 
in the survey. The aims of the survey were explained, and the tele-
phone call was followed by an electronic questionnaire sent by 
email. In the case of missing responses, the medical directors were 
contacted again by phone. A similar approach was applied to the 
blood banks supporting HEMS bases with LTOWB.

Three sets of questions were used: one for the ambulance bases 
that had implemented LTOWB, one for bases that had not imple-
mented LTOWB, and a separate survey for the blood banks that 
support prehospital LTOWB.
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Statistical Analysis
Descriptive statistics were performed using Prism 9 v. 9.1.2 for 

Mac – GraphPad Software LLC. Results are shown as medians 
(IQR, min.–max.). No statistical comparisons were performed be-
tween the services providing LTOWB and those not providing 
LTOWB due to the low numbers.

Results

All medical directors from the 13 HEMS and 7 SAR 
bases and the 4 blood banks that supply LTOWB re-
sponded to the surveys, yielding a response rate of 100%. 
Only one response per service was received.

Prehospital Blood Inventory in Norway
All 20 Norwegian HEMS and SAR services carry dried 

plasma. In addition, 13/20 (65%) services carry RBC con-
centrates, and 4/20 (20%) carry LTOWB (Table 1). The 
variation in the blood inventory is shown in Figure 1. All 
services carry tranexamic acid in addition to various he-
mostatic adjuncts, such as fibrinogen concentrate and 
prothrombin complex concentrate (Table  1). Calcium 
supplementation is included in the transfusion protocols 
for a majority of the services. No services carry frozen 
plasma, platelet concentrates, albumin, or desmopressin. 
With one exception, all services store the blood and blood 
products at the base, ready for emergency response. One 
HEMS service collects RBCs at the hospital but FDP is 
available at the base. HEMS implemented battery-pow-
ered blood warmers in 2021. SAR services have procured 
blood warmers, but some still await implementation.

The number of transfusion episodes in 2020 in Nor-
way is shown in Figure 2. In total, there were 216 prehos-
pital transfusion events. The median number of transfu-
sions per base was 8.5 (4.3–18, 0–28). The number of 
transfusions varied based on location and type of service. 
SAR services generally have the lowest number of trans-
fusions.

Fourteen of the 16 (88%) services that did not carry 
LTOWB stated that they wished to implement LTOWB 

in the future. In total, 18 of the 20 (90%) Norwegian 
HEMS and SAR services preferred LTOWB in the pre-
hospital service, and only 2 of the 20 (10%) reported that 
they had not decided on a future strategy concerning 
LTOWB. None answered that they did not wish LTOWB. 
One of the services that only carries FDP stated a goal to 
implement RBCs in the future.

The medical directors who had requested LTOWB 
from their local blood banks reported the following chal-
lenges in the potential implementation of LTOWB: (1) 
LTOWB is not currently available at their supporting 
blood bank; (2) there is a need for evidence on efficacy 
and safety in the implementation of LTOWB in HEMS 

Table 1. Blood and hemostatic adjunct inventory in SAR and HEMS in Norway

Inventory Total (n = 20) Components (n = 16) WB (n = 4)

RBC 13 (65%) 13 (81%) 0 (0%)
FDP 20 (100%) 16 (100%) 4 (100%)
LTOWB 4 (20%) 0 (0%) 4 (100%)
TXA 20 (100%) 16 (100%) 4 (100%)
Calcium chloride/calcium gluconate 16 (80%) 13 (81%) 3 (75%)
Fibrinogen concentrate 6 (30%) 5 (31%) 1 (25%)
Prothrombin complex concentrate 2 (10%) 1 (6%) 1 (25%)

RBC, red blood cells; FDP, freeze-dried plasma; LTOWB, low titer group O whole blood; TXA, tranexamic acid.

Fig. 1. The location and inventory of the HEMS and SAR helicop-
ter bases in Norway.
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and SAR services to present when discussing with the 
blood bank; (3) negative cost-benefit analysis due to few 
potential transfusions annually, including concerns with 
respect to the potential for waste; and (4) concerns ex-
pressed by the local blood bank with respect to a lack of 
LTOWB donors.

Prehospital LTOWB in Norway
Four of the 20 (20%) services have implemented 

LTOWB, all of which are HEMS bases. The first service 
initiated their LTOWB program in 2015, the second in 
2017, and the last two in 2019 and 2021. Prior to the im-
plementation of LTOWB, the services had RBCs and FDP 
available. Figure 3 shows the rationales given for imple-
menting LTOWB. The four (20%) bases all store two 
units of LTOWB in temperature-monitored thermal con-
tainers (Credo Duracube HD with Golden Hour inner 
container, Pelican BioThermal) within a refrigerator at 
the base. The storage time is 7 days at two of the bases and 
14 days at the other two. There were no reports on breach-
es in cold chain storage.

Only one base reported that LTOWB was carried on 
every mission. Others reported that the individual crew 
decided whether blood was to be included depending on 
the nature of the emergency dispatch. The reasons for not 
including blood on every mission were the limited space 
and weight restraints for the helicopter and the risk of 
breaking the cold chain if the blood was forgotten in the 
cabin of the helicopter. One of the directors commented 
that a powered, fixed cooler suitable for the helicopter 
would be beneficial.

All bases reported that the doctor on call decides 
whether to initiate a whole blood transfusion. Three of 
the four bases stated that they have a supporting transfu-
sion protocol but that the transfusion triggers are broad 
with the decision relying on the clinical judgment and 
experience of the crew. No respondents reported any sus-
pected transfusion reactions since the initiation of the 
LTOWB programs.

When the respondents were asked to subjectively as-
sess the logistical burden of the LTOWB program from a 
numeric scale (1–10) where 1 is minimal and 10 is severe, 
two bases reported 2 and two bases reported 1.

Information from Blood Banks Supporting LTOWB 
for Prehospital Transfusion
All four blood banks supporting HEMS with LTOWB 

provide Rhesus D-negative whole blood. The definitions of 
low titers implied are as follows: IgM anti-A and anti-B 
<250 and IgG anti-A and anti-B <500 for three of the blood 
banks, whereas the fourth blood bank defines low titers as 
IgM and IgG anti-A and anti-B <256. Different column/gel 
agglutination techniques are applied for the measurement 
of titer. Two blood banks use male donors only, while two 
include both male and female donors. No additional test-
ing is required for female donors. Three blood banks stated 
that they had sufficient LTOWB donors, while one stated 
that they had challenges from time to time with supply.

All blood banks provide LTOWB with citrate phos-
phate dextrose, which is leukoreduced with a platelet-
sparing filter (Terumo Imuflex® WB-SP). If whole blood 
is used, two of the blood banks resupply the HEMS base 
with RBCs between the preplanned whole blood exchange 
dates, while one blood bank answered that they are usu-
ally able to substitute one unit of LTOWB. The fourth 
blood bank uses LTOWB in the hospital massive transfu-
sion packages with a minimum inventory of 8 LTOWB 
units at any time and is therefore able to resupply HEMS 
with LTOWB when needed.

LTOWB that is not transfused during the predefined 
storage time at the HEMS base is returned to the blood 
bank. Two blood banks utilize LTOWB that is not used at 
HEMS for in-hospital patients, whereas for the other two 
blood banks, the units are outdated and discarded. The 
waste rates were 79.6%, 73.2%, 77.0%, and 26.4% for the 
four different blood banks, with the lowest waste rate ob-
served at the blood bank that regularly utilizes whole 
blood for in-hospital massive transfusion packages.

Fig. 2. The number of transfusion events at the individual HEMS 
and SAR helicopter base in 2020.

Fig. 3. The rationale for implementation of LTOWB at the four 
HEMS bases.
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Two blood banks followed every prehospital transfu-
sion with registration in a local quality registry and/or 
posttransfusion hemolysis panel. Two blood banks did 
not have follow-up protocols after transfusion. All re-
spondents stated that their overall experience in provid-
ing LTOWB for HEMS was favorable.

Discussion

This survey provides an overview of the Norwegian 
HEMS and SAR helicopter service capabilities, experi-
ences, and future visions for prehospital blood transfu-
sion. There has been a significant shift in strategy since 
2012, when no service had blood readily available at the 
base. Some of the services had an option to pick up blood 
at the blood bank, but crystalloid and colloid therapy was 
the backbone of fluid resuscitation. Recent evidence has 
highlighted the importance of early aggressive hemostat-
ic resuscitation of hemorrhagic shock both in civilian and 
military settings. Shackelford et al. [23] found that pre-
hospital blood product transfusion in the military setting 
was associated with increased 24-h and 30-day survival. 
In a civilian setting, studies of early prehospital transfu-
sion have shown a significant reduction in mortality in 
patients with bleeding without a significant increase in 
harm [24, 25]. With a population of only 5.4 million 
across an area of 385,000 km2, Norway has a demanding 
topography consisting of mountains and fjords, which 
may make ground ambulance transport of critical trauma 
patients challenging. Furthermore, the long distances be-
tween Norwegian Level 1 trauma centers (approximately 
600 km) support the use of air transport and demand that 
HEMS use a remote damage control resuscitation ap-
proach for critical patients [3].

In Norway, experienced prehospital anesthesiologists 
at consultant level staff the HEMS and SAR helicopter 
services. Although most services utilize transfusion pro-
tocols with evaluation of common transfusion triggers 
(mechanism of injury compatible with hemorrhage, 
blood pressure <100 mm Hg, pulse rate >90 bpm, lactate 
>4 mmol/L, and impaired mentation), the services em-
phasize the overall clinical judgment of the doctor on call. 
The low overall number of transfusion episodes reported 
in 2020 likely reflects the relatively small trauma popula-
tion in Norway.

The differences in inventory and strategy at the SAR 
and HEMS services in Norway are explained by differenc-
es in local policies and the availability of LTOWB at the 
blood banks supporting the different services. However, 
the national trauma guidelines that state that services 
should be able to provide an early balanced transfusion 
strategy have had an impact, as all HEMS and SAR helicop-
ter services now carry LTOWB or blood components.

Civilian-military cooperation has been of instrumen-
tal importance for the implementation of LTOWB in 
Norway [26–28]. Initial protocols for cold-stored LTOWB 
were initiated to support the Norwegian Armed Forces 
with trauma resuscitation in international operations in 
2013. This development seems to be consistent with the 
increasing implementation of cold-stored LTOWB in ci-
vilian systems in other countries [29, 30].

Almost all HEMS and SAR services prefer LTOWB in 
the prehospital service. The predominant reasons seem to 
be linked to the logistical benefits of LTOWB transfusions 
for provision of a balanced transfusion in time-depen-
dent critical emergencies where there often is lack of per-
sonnel, a goal to reduce on-scene time to a minimum, and 
constrained working spaces during the flight. This is con-
sistent with experience from the HEMS in London, UK. 
To mitigate these challenges, they are performing a 2-year 
feasibility study on the utilization of a combined red cell 
and plasma component for forward resuscitation to re-
duce the workload and time spent on the scene [31]. The 
responders also highlight the ability to provide a balanced 
transfusion to bleeding patients, which is in accordance 
with Norwegian national and international guidelines [4, 
32]. In-hospital studies suggest that RBCs, plasma, and 
platelets should be given together in a 1:1:1 ratio [33, 34]. 
Furthermore, LTOWB may be of benefit since platelets 
may be more effective if given early [35]. Finally, the re-
spondents emphasize the impact of larger volumes in 
each bag, further highlighting the importance of reducing 
the workload during resuscitation.

In a previous study, we evaluated the safety and hemo-
static properties of LTOWB stored at the air ambulance 
base [36]. The study concluded that forward storage of 
LTOWB is feasible, easy, and safe and that the product 
quality is within EU regulation standards during storage. 
Platelet function seems to deteriorate after 8 days of stor-
age but is still clinically useful for up to 21 days [36]. Three 
of the blood banks that supply HEMS with LTOWB re-
port relatively high waste levels (>70%). In Norway, with 
a relatively small population and a small number of trau-
ma cases, it seems that hospitals need to accept high waste 
levels of LTOWB to implement its use in the HEMS sys-
tem. On the other hand, as demonstrated by one of the 
respondents, if the blood bank facilitates in-hospital 
transfusions of LTOWB, waste might be considerably 
mitigated. The blood bank that utilizes LTOWB for mas-
sive transfusion in the hospital rotates unused LTOWB 
units at the HEMS to the hospital and reports a waste 
level of approximately 26%.

Increasing numbers of hospitals, especially in the USA, 
have included LTOWB in their in-house emergency mas-
sive transfusion protocols. Data suggest that transfusion 
of uncrossmatched LTOWB for catastrophic hemorrhage 
in the hospital is safe and that there is no significant dif-
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ference in survival rates between nongroup O patients re-
ceiving incompatible plasma and group O patients re-
ceiving compatible plasma [37–40]. The available litera-
ture supports the feasibility and safety of LTOWB used in 
the treatment of civilian patients, but the evidence re-
garding clinical outcomes, particularly with direct com-
parison to balanced-ratio transfusions with components, 
is limited [29, 41]. Hence, with respect to hard endpoints, 
there is not enough evidence to support or refute the clin-
ical superiority of LTOWB compared to component ther-
apy. However, there are three ongoing randomized con-
trolled trials for early trauma resuscitation with whole 
blood for severely bleeding patients [42–44].

Respondents to the survey indicated several challenges 
in the potential implementation of LTOWB. Most com-
monly, there was a lack of availability of LTOWB at the 
local blood bank and a lack of evidence for efficacy and 
safety when arguing their case to blood providers. The 
results from ongoing studies and clinical experience from 
current users are essential for the future use of LTOWB 
in prehospital emergency care services.

The strengths of this study include the high response 
rate from survey participants (100%) and the level of de-
tail in the information given. Limitations include a poten-
tial uncertainty regarding the exact number of transfu-
sion episodes given from 7 of the 20 bases due to under-
reporting of data in their electronic patient journal 
systems.

In this survey, we described the use of LTOWB in pre-
hospital air ambulance services in Norway. HEMS and 
blood banks report favorable experiences in the imple-
mentation and utilization of LTOWB. We conclude that 
LTOWB is feasible both from the air ambulance and 
blood banking perspectives and that LTOWB is preferred 
by a majority of the HEMS and SAR bases. Our findings 
support further efforts to enable the implementation of 
prehospital LTOWB programs.
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Abstract 
Background: Early balanced transfusion is associated with improved outcome in haemorrhagic shock patients. This 
study describes the implementation and evaluates the safety of a whole blood transfusion program in a civilian heli-
copter emergency medical service (HEMS).

Methods: This prospective observational study was performed over a 5-year period at HEMS-Bergen, Norway. 
Patients in haemorrhagic shock receiving out of hospital transfusion of low-titre Group O whole blood (LTOWB) or 
other blood components were included. Two LTOWB units were produced weekly and rotated to the HEMS for for-
ward storage. The primary endpoints were the number of patients transfused, mechanisms of injury/illness, adverse 
events and survival rates. Informed consent covered patient pathway from time of emergency interventions to last 
endpoint and subsequent data handling/storage.

Results: The HEMS responded to 5124 patients. Seventy-two (1.4%) patients received transfusions. Twenty patients 
(28%) were excluded due to lack of consent (16) or not meeting the inclusion criteria (4). Of the 52 (100%) patients, 
48 (92%) received LTOWB, nine (17%) received packed red blood cells (PRBC), and nine (17%) received freeze-dried 
plasma. Of the forty-six (88%) patients admitted alive to hospital, 35 (76%) received additional blood transfusions dur-
ing the first 24 h. Categories were blunt trauma 30 (58%), penetrating trauma 7 (13%), and nontrauma 15 (29%). The 
majority (79%) were male, with a median age of 49 (IQR 27–70) years. No transfusion reactions, serious complications 
or logistical challenges were reported. Overall, 36 (69%) patients survived 24 h, and 28 (54%) survived 30 days.

Conclusions: Implementing a whole blood transfusion program in civilian HEMS is feasible and safe and the logistics 
around out of hospital whole blood transfusions are manageable.

Trial registration The study is registered in the ClinicalTrials.gov registry (NCT02784951).

Keywords: Out of hospital, Blood transfusion, Haemorrhagic shock, Helicopter Emergency Medical Services, Low-
titre group O whole blood
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Introduction
Haemorrhage is a leading cause of early death in trauma 
patients worldwide, but the optimal haemorrhagic shock 
resuscitation strategy is still under discussion [1, 2]. 
Development in military and civilian trauma care over 
the last decade indicates that crystalloid or colloid-based 
resuscitation causes haemodilution, acidosis and reduced 
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oxygen delivery, suggesting that an early blood-based 
resuscitation strategy can be superior for treating major 
haemorrhage in the out of hospital setting [3, 4]. Military 
use of blood products is a key element in remote dam-
age control resuscitation (RDCR), as it reduces the time 
to transfusion and improves survival in combat causali-
ties [5].

Recently, some civilian emergency medical services 
have established systems for whole blood, packed red 
blood cells (PRBC) and plasma administration [6, 7]. 
Whole blood shows logistical advantages over a bal-
anced transfusion strategy using PRBC and plasma, is 
less haemodiluted and contains platelets that improve 
clotting [8, 9]. Whole blood transfusions may improve 
shock severity and coagulopathy compared to traditional 
resuscitation with crystalloid fluids or blood components 
[10]. Improved survival in civilian trauma patients receiv-
ing whole blood in the emergency department has been 
shown [9].

However, evidence describing out of hospital whole 
blood use in civilian haemorrhagic shock patients is 
scarce. In 2015, our helicopter emergency medical ser-
vice (HEMS) was one of the first civilian physician-staffed 
services to implement an out of hospital whole blood 
transfusion program. "is study aimed to describe and 
evaluate the implementation and safety of this transfu-
sion program, with primary endpoints being the number 
and category of patients transfused, transfusion-related 
adverse events and 24-h/30-day survival rates.

Methods
Ethical approval
"e Regional Committee for Medical and Health 
Research Ethics in Norway (REK-Vest-2016/304) 
approved the study. Informed consent covered patient 
pathway from time of emergency interventions to last 
endpoint and subsequent data handling/storage. Written 
informed consent was obtained from surviving subjects 
and waived for deceased participants. "e study is reg-
istered in the ClinicalTrials.gov registry (NCT02784951).

Patients
Patients in haemorrhagic shock and receiving out of 
hospital transfusion of low-titre Group O whole blood 
(LTOWB) or PRBC were included. Transfusions were 
done in compliance with HEMS standard operating 
procedures describing the use of blood products and 
the accompanying bundle of care (e.g., tranexamic acid, 
calcium or pelvic binders). Transfusion was initiated at 
the physician’s discretion in patients with a mechanism 
of injury or illness compatible with active bleeding and 
in haemorrhagic shock (e.g., penetrating trauma to the 
torso), absent or elevated radial pulse (above 100 beats 

per minute), decreased systolic blood pressure (SBP) 
below 90 mmHg, or altered mental status (reduced Glas-
gow Coma Scale (GCS)) in the absence of head injury 
or known intoxication. Exclusion criteria were previous 
allergic reactions to blood transfusions or refusal of blood 
products on religious grounds (e.g., Jehovah’s Witness).

Conduct of the study
"is prospective observational study was performed at 
HEMS-Bergen over a 5-year period from December 2015 
to December 2020. "e HEMS is located at the regional 
trauma centre for the western part of Norway at Hauke-
land University Hospital in Bergen and is staffed by a 
physician, flight paramedic, and pilot. All physicians are 
specialists in anaesthesiology, with a median HEMS expe-
rience of 16.5 (IQR 6–19.5) years. "e pilots have exten-
sive military or civilian flight experience prior to starting 
HEMS service, with all-weather/instrument flight/night-
vision-goggles capabilities. "e flight paramedics are 
paramedics or nurses, and fulfil national standards for 
HEMS flight paramedics issued by the Ministry of Justice 
and Public Security (e.g., education, rescue and medical 
competence). "e HEMS covers a population of approxi-
mately 550,000 people across 15,500   km2, including 
urban and rural areas, a coastline, several $ords, and high 
mountains. It operates 24/7/365 and responds by heli-
copter or rapid response car to medical and trauma cases 
(ratio 60:40). Data were obtained from patient records. 
Out of hospital injury severity was classified using the 
National Advisory Committee on Aeronautics’ (NACA) 
severity score [11]. "e study complied with Strengthen-
ing the Reporting of Observational studies in Epidemiol-
ogy (STROBE) reporting guidelines [12].

Endpoints
Primary endpoints were the number and category of 
patients transfused, transfusion-related adverse events 
and 24-h/30-day survival rates. Secondary endpoints 
were key vital signs, HEMS response times and emer-
gency interventions.

Blood products and logistics
LTOWB units are produced weekly at the Department of 
Immunology and Transfusion Medicine (Haukeland Uni-
versity Hospital, Bergen) and rotated to the HEMS for 
forward storage at the base [13]. If unused, the units are 
rotated back and used for a total storage period of up to 
21 days. If transfused, they are immediately replaced with 
LTOWB or freshly produced PRBC (0 Rh (D) negative) 
units. "e LTOWB units are donated by regular blood 
donors and tested for infectious agents and blood type 
antibodies in accordance with Norwegian and European 
legal regulations [14]. "e LTOWB is leukocyte reduced 
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with a platelet-sparing filter (IMUFLEX, WB-SP Blood 
Bag System, TERUMOBCT, Lakewood, CO, USA). Con-
tinuous quality monitoring of used blood products is 
performed at the Department of Immunology of Trans-
fusion Medicine in accordance with the European rec-
ommendations [14]. If needed, additional transfusion 
with freeze-dried plasma (FDP) (LyoPlas N-w (Deutsches 
Rotes Kreuz—Blutspendedienst West, Hagen, Germany) 
may be given. "e FDP used is a quarantined single 
donor plasma. We currently use group AB or A plasma. 
LyoPlas powder dissolves in 200 ml of sterile water and is 
ready for injection within 5–10 min depending on water 
temperature and can be administered intravenously or 
intraosseously.
"e HEMS is deployed with two units of LTOWB and 

one unit of FDP. "e HEMS crew, including flight para-
medics and pilots, are trained in administering transfu-
sions of LTOWB, FDP or PRBC on the physician’s orders. 
"e LTOWB units are stored in a portable thermal 
“golden hour box” (Pelican Biothermal, Plymouth, MN, 
USA). Crēdo Duracube, Series 4 2L HD, 2–8  °C, 272), 
and the temperature is monitored with a temperature 
logger. "e box is stored in a refrigerator at the HEMS 
base at 4 °C between missions. We have validated the box 
to maintain temperature at 4  °C under these conditions 
for more than a week [7].

Statistics
Continuous variables are expressed as medians with 
interquartile ranges (IQRs) or means (standard devia-
tions), and categorical variables are expressed as numbers 
with percentages of the total. "e Wilcoxon matched-
pairs signed rank test was used when comparing out of 
hospital and in-hospital vital signs. P values less than 
0.05 were considered statistically significant. "e statisti-
cal package for IBM SPSS statistics (SPSS, version 26.0, 
IBM Corporation, New York, USA) was used for statisti-
cal analysis.

Results
Patients
In the 5-year study period, the HEMS responded to 5124 
patients. Seventy-two patients received out of hospi-
tal LTOWB, FDP or PRBC transfusions from December 
2015 to December 2020. Sixteen patients were excluded 
due to lack of consent, and four patients did not meet 
the inclusion criteria. We analysed data from the remain-
ing 52 (100%) patients with written consent (Fig.  1: 
flowchart). "e mean NACA score was 5.63 (SD 0.864) 
(Additional file 1). Patient characteristics are summarized 
in Table  1, and biochemistry analyses are summarized 
in Table  2. "e main mechanisms of injury in trauma 
patients were motor vehicle accidents (26.9%) and falls 

from heights (15.4%). In nontrauma patients, gastrointes-
tinal bleeding (15.4%) and ruptured aortae (9.6%) domi-
nated (Table 3). "e overall transfusion rate was 1.4%.

Survival
Overall, 36 (69%) patients survived the first 24 h, and 28 
(54%) patients survived 30 days. Of the 24 (46%) deaths 
in total, six (12%) died within 1  h, an additional seven 
(13%) within 6 h and three (6%) within 24 h. "e remain-
ing eight (15%) died within 30 days. Ten (19%) patients 
presented with cardiac arrest (CA) on-scene: seven (70%) 
with blunt trauma, two (20%) with penetrating trauma 
and one (10%) with nontrauma. Four (40%) patients with 
initial CA on-scene were admitted with signs of life. 
However, no patients presenting with CA on-scene sur-
vived beyond 24 h.

Transfusion-related adverse events and waste
No clinical transfusion reactions were reported out of 
hospital or after admission. Furthermore, there were no 
other serious complications or adverse events related to 
the transfusion procedure. Each blood unit in the blood 
bank inventory is electronically supervised from donor 
to patient by a single blood bank laboratory informa-
tion system, including those at the HEMS base. No waste 
of prepared plasma or blood units was recorded at the 
HEMS due to rotation of the unused units to the in-hos-
pital use at the Department of Immunology and Trans-
fusion Medicine. In 47 (90%) patients, the physicians 
reported no technical problems with the transfusions. In 
two (4%) cases, a sternal intraosseous device failed, and 
transfusion was delayed. In three (6%) other cases, the 
team experienced missing transfusion sets, difficulties 
in establishing intravenous access or pain during initial 
transfusion.

Out of hospital and in-hospital transfusions
Of 52 (100%) patients, 48 (92%) received LTOWB, nine 
(17%) received PRBC, and nine (17%) received FDP. 
Twenty-eight (54%) patients were transfused with one 
unit of LTOWB, and 20 (39%) patients were transfused 
with two units. Four (8%) interhospital transfers with 
ruptured aortic aneurysms (3) or intraabdominal bleed-
ing and pelvic fracture (1) received 4–7 units of PRBC 
and 2–6 units of FDP in addition to two LTOWB units 
during transfer to the regional trauma centre.

Of the forty-six (88%) patients who were admitted 
alive to the hospital, 35 (76%) received additional trans-
fusions of whole blood or blood components during the 
first 24 h; 15 (33%) received LTOWB, 31 (67%) received 
PRBC, 28 (61%) received thawed fresh frozen plasma 
(FFP), and 14 (30%) received platelet concentrates. Eleven 
(24%) patients were not transfused with additional blood 
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products after admission. Out of hospital and in-hospital 
fluid resuscitation is shown in Table 4. "irty-three (63%) 
patients received 1 g of tranexamic acid out of hospital. 
In the last two years of the study period, calcium chlo-
ride was added to the inventory, and four (8%) patients 
received 5 mmol out of hospital.

Key vital signs
Of the 42 non-CA patients, 24 (57%) had documented 
blood pressure prior to the start of transfusion. In the 

non-measured group, three (7%) presented with a pal-
pable peripheral pulse, and ten (24%) presented with 
a palpable carotid pulse. There were no documented 
assessment of blood pressure or pulse in five (12%) 
patients. There were missing data for out of hospi-
tal SBP, respiratory rate, and pulse oximetry  (SpO2) 
in 42%, 10%, and 43% of patients, respectively. Out 
of hospital and in-hospital vital signs are described 
(Fig. 2), and significant differences were found for sys-
tolic blood pressure, heart rate, and  SpO2.

Fig. 1 The flowchart shows the total number of HEMS dispatches and the number of responses by category in the period from December 2015 
to December 2020. In total, 72 patients were transfused. *Sixteen patients were excluded due to lack of informed consent, and 4 patients were 
excluded since they did not meet the inclusion criteria.
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Table 1 Basic characteristics

Variable All cases Trauma Nontrauma

No. of patients 52 (100) 37 (100) 15 (100)

Male 41 (79) 28 (76) 13 (87)

Age, y 49 (27–70) 41 (21–62) 66 (54–74)

Mission category

Primary 43 (83) 33 (89) 10 (67)

Secondary 9 (17) 4 (11) 5 (33)

Transport mode

Ground ambulance 27 (55) 17 (46) 10 (67)

Helicopter 20 (41) 15 (41) 5 (33)

Not transported 2 (4) 2 (5) 0 (0)

NACA score 6 (5–6) 6 (5–6) 6 (5–6)

Timeline

Response time, min 21 (13–40) 21 (12–37) 25 (14–40)

On-scene time, min 10 (4–20) 11 (4–22) 8 (4–10)

On-scene to hospital arrival, 
min

20 (13–30) 19 (13–27) 20 (13–36)

Type of injury

Trauma 37 (71) 37 (100) 0 (0)

Nontrauma 15 (29) 0 (0) 15 (100)

Out of hospital
Blood pressure assessment

Not measured 5 (10) 4 (11) 1 (7)

Central palpable pulse 9 (17) 6 (16) 4 (27)

Peripheral palpable pulse 3 (6) 3 (8) 0 (0)

Measured blood pressure 24 (46) 15 (41) 9 (60)

Cardiac arrest 10 (19) 9 (24) 1 (7)

Airway management

Endotracheal intubation 15 (29) 13 (35) 2 (13)

Supraglottic device 3 (6) 3 (8) 0 (0)

Mask-bag ventilation 4 (8) 4 (11) 0 (0)

Supplementary oxygen 17 (33) 12 (32) 5 (33)

No airway intervention 13 (25) 5 (14) 8 (53)

Out of hospital

Systolic blood pressure, 
mmHg

80 (0–100) 75 (0–98) 97 (50–100)

Heart rate, beats/min 80 (0–100) 65 (0–90) 120 (94–125)

Respiratory rate, breaths/
min

13 (0–20) 10 (0–17) 16 (12–28)

Pulse oximetry, % 90.5 (0–99) 84 (0–99) 94 (88–100)

Glasgow coma scale score 9.5 (3–15) 8 (3–15) 12 (3–15)

In-hospital

Emergency department

Systolic blood pressure, 
mmHg

110 (65–130) 110 (76–130) 116 (60–126)

Heart rate, beats/min 94 (70–108) 84 (64–106) 100 (82–113)

Respiratory rate, breaths/
min

20 (12–24) 15 (12–24) 22 (16–27)

Pulse oximetry, % 97 (92–100) 98 (88–100) 97 (93–100)

Glasgow coma scale score 12 (3–15) 7 (3–15) 15 (10–15)

Interventions

Table 1 (continued)

Variable All cases Trauma Nontrauma

Emergency interven-
tions < 24 h

41 (79) 29 (78) 12 (80)

Survival

Survival 24 h 36 (69) 25 (68) 11 (73)

Survival 30 days 28 (54) 18 (49) 10 (67)

Data are presented as the number of patients (percentage) or median 
(interquartile range) per patient category

NACA score, National Advisory Committee for Aeronautics score

Table 2 First biochemistry analyses in-hospital (N = 52)

Data are presented as the number of patients (percentage) or median 
(interquartile range)

APTT, activated partial thromboplastin time; INR, international normalized ratio

Patients transfused Number of 
patients (%)

Values

Haemoglobin (g/dl) 42 (80) 12.9 (11.5–14.1)

Haematocrit 4 (7) 0.30 (0.3–0.4)

INR 25 (48) 1.1 (1.1–1.2)

APTT 24 (46) 33.5 (31–39)

Fibrinogen (g/L) 23 (44) 2.4 (1.8–3.1)

pH 39 (75) 7.3 (7.2–7.4)

Lactate (mmol/L) 39 (75) 4.4 (2.0–10.1)

Base excess 39 (75)  − 5.7 (− 15.7–(− 1.1))

paO2 39 (75) 22.7 (10.8–36.6)

paCO2 39 (75) 5.4 (4.3–6.4)

Ionized calcium 38 (73) 1.10 (1.0–1.2)

Table 3 Mechanisms of injury or illness

Mechanisms of injury or illness Number of 
patients

%

Avalanche 1 1.9

Cardiac tamponade 1 1.9

Chainsaw injury 1 1.9

Extremity injury 1 1.9

Epistaxis 1 1.9

Fall from heights- multitrauma 8 15.4

Gastrointestinal bleeding 8 15.4

Gunshot wounds- multitrauma 2 3.8

Motor vehicle accident- multitrauma 14 26.9

Ruptured aorta 5 9.6

Stab injuries- multitrauma 4 7.7

Surgical complications 1 1.9

Traumatic brain injury 1 1.9

Vehicle versus pedestrian accident 2 3.8

Wind-thrown tree 2 3.8

Total 52 100.0
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Airway management
All 10 (19%) patients presenting with CA received 
advanced airway management. Of these, six (60%) 
received endotracheal intubation (ETI), three (30%) 
received a supraglottic airway device, and one (10%) 
received bag-mask-ventilation. Excluding CA patients, 
nine (21%) received rapid sequence induction and ETI, 
three (7%) received bag-mask ventilation, 17 (40%) 
received supplemental oxygen on a nonrebreather mask, 
and 13 (31%) received no advanced airway interventions.

Response and transport times
"e response, on-scene and transport times are pre-
sented in Table 1. "e median response time was 20 min 
(IQR 12–35) on primary missions, 37 min (IQR 20–43) 
on secondary missions, and 21  min on cardiac arrest 
missions (IQR 10–43). "e median “on-scene-time” was 
7.5  min (IQR 4–19), 15  min (IQR 9–24), and 14  min 

Table 4 Out of hospital and in-hospital volume replacement

Data are presented as the number of patients (percentage) or mean (standard 
deviation)

Variable Number of 
patients (%)

Volume replacement

Out of hospital

Clear fluids, ml 9 (17) 716 (606)

Red blood cells, units 9 (17) 3.33 (2.35)

Plasma, units 9 (17) 1.78 (1.64)

Whole blood, units 48 (92) 1.42 (0.51)

In-hospital, < 24 h

Clear fluids, ml 37 (90) 2007 (1345)

Red blood cells, units 28 (67) 7.39 (11.99)

Plasma, units 25 (60) 8.36 (14.60)

Platelets, units 13 (32) 3.36 (5.05)

Whole blood, units 14 (34) 7.60 (7.89)

Fig. 2 The box-and-whisker plots give out of hospital and early in-hospital key vital signs. Out of hospital and in-hospital (emergency department) 
values were compared using the Wilcoxon matched-pairs signed rank test, and significant p values were found for systolic blood pressure (SBP) 
(p = 0.0169), heart rate (p = 0.0169), and  SpO2 (p = 0.0242). Patients with cardiac arrest were excluded from the analysis
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(IQR 3–28), respectively. "e median transport time was 
19  min for primary missions (IQR 12–26), 35  min for 
secondary missions (IQR 20–41), and 20 min for cardiac 
arrest missions (IQR 12–38).

Implementation process
Prior to implementation of the LTOWB transfusion pro-
gram, over 30 units were subjected to extensive in vitro 
quality control analysis. As LTOWB is not an ordinary 
blood product in Norway, we applied to the appropri-
ate regulatory body and were granted permission to use 
LTOWB in out of hospital emergencies. For the first two 
years of the program, the returned LTOWB units were 
subjected to internal quality controls (e.g., haemolysis 
at the end of storage) and then discarded. In December 
2017, usage of LTOWB was implemented for in-hospital 
massive transfusion protocols. Subsequently, all returned 
LTOWB units were incorporated into the blood bank 
inventory for in-hospital use or stored for 21 days.

Emergency interventions
In 41 of 46 admitted patients, emergency surgery (e.g., 
thoracotomy, laparotomy, or craniotomy) or other hae-
mostatic interventions (e.g., sutures of skin or soft tis-
sue lacerations, radiological interventions, bone fracture 
repairs and gastroscopies) were performed within the 
first 24 h (Table 1).

Discussion
To our knowledge, this is the first study describing an 
out of hospital transfusion program with whole blood 
to patients in haemorrhagic shock by civilian physician-
staffed HEMS in Europe. We found that the major-
ity of exsanguination deaths occurred early and within 
6 h. Overall, one in three patients receiving transfusion 
died within 24 h, and only one in two patients survived 
beyond 30 days, emphasizing the life-threatening nature 
of their injury or illness and the need to improve out of 
hospital treatment of civilian patients suffering noncom-
pressible haemorrhage. Our results indicate a restric-
tive transfusion practice with an overall transfusion rate 
of 1.4%, comparable to transfusion rates in other air 
ambulance services (UK) that show approximately 3% in 
trauma patients receiving PRBC [15]. We found no seri-
ous complications or adverse events with whole blood 
during transfusion or transit. Although logistics around 
forward storage and transfusion of blood products in the 
out of hospital setting may be challenging, no adverse or 
logistical issues were reported. "e demographics in our 
study are comparable with other studies describing out of 
hospital use of blood products in civilian trauma services, 
with middle-aged male patients and blunt trauma mecha-
nisms dominating; however, our results cannot compare 

directly with those from studies describing military use 
of blood products in younger patients with combat inju-
ries [2, 16].
"e main priorities in haemostatic resuscitation are, 

nonetheless, to stop compressible bleeding, maintain 
vital organ perfusion and support haemostasis [17]. 
Although overall trauma mortality has decreased over 
the last decades due to improved trauma services and 
hospital infrastructure, most early deaths due to haem-
orrhage still occur in the pre-surgical phase [18, 19]. 
"e use of out of hospital blood products has evolved to 
improve the survival of haemorrhaging patients in the 
field, both civilian and military [10].

Military use of whole blood has become a key element 
in RDCR, due to simpler logistics, reduced time to trans-
fusion, and improved survival in combat causalities [5, 
20]. Whole blood may have better global haemostasis 
effects, a reduced incidence of transfusion hypocalcaemia 
and haemodilution, and a reduction in overall blood use 
compared to components with higher citrate and addi-
tives contents [4, 21]. A growing body of evidence sup-
ports the use of whole blood for civilian out of hospital 
patients with noncompressible bleeding [9, 22]. Learn-
ing from military experiences, some civilian ambulance 
services (USA) have recently implemented whole blood 
programs with success, while the majority still deploy 
traditional PRBC, FDP or crystalloids [23, 24]. A recent 
review of air ambulance services (UK) showed that less 
than half of the services deployed with blood products 
(PRBC or FFP) [15].

For haemorrhaging patients in extremis to survive, 
they should have access to modern haemorrhage con-
trol treatments available in trauma hospitals as well as 
balanced blood transfusions [10, 25]. Tailored treatment 
offering out of hospital whole blood to patients with life-
threatening noncompressible haemorrhage may offer 
a more targeted approach than traditional transfusion 
protocols [9, 26]. "e decision to initiate transfusion in a 
patient with suspected haemorrhagic shock is both com-
plex and time-critical and is based on a variety of symp-
toms, clinical presentations and mechanisms of injury. In 
patients presenting with unstable physiology or clinical 
signs on scene, a certain degree of overtransfusion may 
be inevitable [27]. Although increased survival to hospi-
tal in trauma patients receiving out of hospital transfu-
sion of PRBC has been shown, this does not necessarily 
translate into increased long-term survival [28].

Out of hospital resuscitative interventions are often 
initiated before the cause of hypotension or hypoxia is 
clearly identified [29]. In our study, SBP was not con-
sistently documented prior to resuscitation, as only 
approximately half of the patients had a blood pressure 
reading prior to transfusion. Hence, SBP was not used 
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as a transfusion trigger in the majority of the patients. 
In exsanguinating patients, establishing vascular access 
by intraosseous or intravenous routes to enable transfu-
sion is just one of many timely interventions that must 
be provided [30]. "erefore, having to prioritize resus-
citative efforts before measurements may indicate the 
degree of haemodynamic instability in these patients and 
the haste involved in correcting circulatory failure [31]. 
As the pathophysiology behind hypotension is diverse, 
it is important that vital signs are interpreted along with 
clinical symptoms and mechanism of injury or illness 
by competent providers’ on-scene [32]. Having experi-
enced physicians in the HEMS teams may ensure that 
life-saving interventions can be performed to the same 
standards as in-hospital emergency treatment without 
compromising on-scene times [33].

Drug-assisted rapid sequence induction and intubation 
is the definitive method of securing the airway in trauma 
patients [34]. "e decision whether to intubate patients 
in haemorrhagic shock may be challenging. "e timing 
of intubation is crucial, and despite current European 
guidelines, ETI on-scene is not always done [35]. ETI 
should be restricted to those showing signs of increasing 
airway compromise or deteriorating level of conscious-
ness [25]. Detrimental effects of advanced airway man-
agement strategies in exsanguinating patients have been 
reported [36]. "e physiological effects of ETI and sub-
sequent positive pressure ventilation on venous return 
may mimic the physiology of tension pneumothorax in 
hypovolemic patients, leading to a further decrease in 
cardiac output [37, 38]. "erefore, in patients with non-
compressible haemorrhage, reducing on-scene times and 
postponing ETI until haemorrhage control is achieved 
may increase survival [25]. Knowledge of whether, when 
and how to intubate these patients is important [39].

An out of hospital balanced transfusion approach with 
components is challenging due to different storage con-
ditions for PRBCs, plasma and platelets. Whole blood 
represents an alternative that is logistically superior and 
easier to handle in time-critical emergencies with short 
on-scene and flight times compared to blood compo-
nents [20]. "e production of a leukocyte-reduced, 
platelet-containing LTOWB unit in our blood bank also 
requires fewer logistical steps compared to a unit of 
PRBC concentrate. "is whole blood fulfils all quality 
control parameters detailed in national requirements as 
well as the European Guidelines concerning testing for 
infectious agents, haemolysis, and leukocyte depletion 
[14]. Our system, where unused units are returned and 
incorporated into the blood bank inventory for further 
in-hospital use, minimizes potential waste.
"e strength of our study is the prospective design 

involving experienced physicians in charge of patient 

treatment and data registration and the inclusion of 52 
patients in haemorrhagic shock receiving out of hospital 
blood transfusions over a 5-year study period. "e limita-
tions are the small number of patients reflecting the low 
frequency of haemorrhagic shock in our area of opera-
tions and the selection bias represented by the excluded 
patients. Our patient cohort was also a heterogene-
ous mix of trauma and nontrauma patients, with differ-
ent mechanisms of injuries/illnesses and high mortality 
rates. "e ethical committee required written informed 
consent from all surviving participants. Unfortunately, 
this was not possible to achieve in sixteen patients. "e 
excluded patients did not differ significantly from the 
included patients regarding demographics or mecha-
nisms of injury/illness, and we found the study patients 
to be representative of the target population. "erefore, 
this selection bias may be of less importance in regard to 
interpreting our results.

Patients in extremis who require immediate out of hos-
pital blood transfusions are rare, but prospective obser-
vational trials can contribute to the overall evidence in 
this field [40]. More studies are needed to clarify the role 
of whole blood in civilian out of hospital haemostatic 
resuscitation and whether early transfusions reduce the 
overall use of blood products in these patients, as well as 
aid in developing more objective transfusion protocols. 
"e experience and research gained from the implemen-
tation of advanced interventions, such as whole blood 
transfusion programs in HEMS, may provide guidance 
on future resuscitation strategies for these patients [25].

Conclusions
Our results indicate that implementing a whole blood 
transfusion program in civilian HEMS is feasible and safe 
and that the logistics around out of hospital whole blood 
transfusions are manageable.
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