
Address rep
Injury Research
uth.tmc.edu

No other fin

The authors

DOI: 10.1097/S

Copyright � 2

behalf of the Sh

of the Creative

(CCBY-NC-ND

is properly cite

without permis

SHOCK, Vol. 56, Supplement 1, pp. 9–15, 2021
BACK TO THE FUTURE: WHOLE BLOOD RESUSCITATION OF THE
SEVERELY INJURED TRAUMA PATIENT
Christopher Cameron McCoy,* Megan Brenner,† Juan Duchesne,‡

Derek Roberts,§ Paula Ferrada,jj Tal Horer,� David Kauvar,** Mansoor Khan,††

Andrew Kirkpatrick,‡‡§§ Carlos Ordonez,jjjj�� Bruno Perreira,***

Artai Priouzram,††† and Bryan A. Cotton*

*Department of Surgery and the Center for Translational Injury Research, University of Texas Health
Science Center, Houston, Texas; †Department of Surgery, University of California Riverside, Riverside,

California; ‡Division Chief Acute Care Surgery, Department of Surgery, Tulane, New Orleans, Louisiana;
§Division of Vascular and Endovascular Surgery, Department of Surgery, University of Ottawa, The
Ottawa Hospital, Civic Campus, Ottawa, Ontario, Canada; �VCU Surgery Trauma, Critical Care and

Emergency Surgery, Richmond, Virginia; jjDepartment of Cardiothoracic and Vascular Surgery, Faculty of
Life Science &Ouml;rebro University Hospital and University, &Ouml;rebro, Sweden; **Vascular Surgery
Service, San Antonio Military Medical Center, San Antonio, Texas; ††Academic Department of Military
Surgery and Trauma, Royal Centre for Defence Medicine, UK; ‡‡Regional Trauma Services Foothills

Medical Centre, Calgary, Alberta, Canada; §§Canadian Forces Health Services, Calgary, Alberta, Canada;
��Departments of Surgery, Critical Care Medicine, University of Calgary, Calgary, Alberta, Canada;

jjjjFundacio&nacute; Valle del Lili, Division of Trauma and Acute Care Surgery, Department of Surgery,
Universidad del Valle, Valle, Columbia; ***Department of Surgery and Surgical Critical Care, University of
Campinas, Campinas, Brazil; and †††Department of Cardiothoracic and Vascular Surgery, Link&ouml;ping

University Hospital, Link&ouml;ping, Sweden

Received 15 Nov 2019; first review completed 9 Dec 2019; accepted in final form 20 Oct 2020
ABSTRACT—Following advances in blood typing and storage, whole blood transfusion became available for the treatment

of casualties during World War I. While substantially utilized during World War II and the Korean War, whole blood transfusion

declined during the Vietnam War as civilian centers transitioned to blood component therapies. Little evidence supported this

shift, and recent conflicts in Iraq and Afghanistan have renewed interest in military and civilian applications of whole blood

transfusion. Within the past two decades, civilian trauma centers have begun to study transfusion protocols based upon cold-

stored, low anti-A/B titer type O whole blood for the treatment of severely injured civilian trauma patients. Early data suggests

equivalent or improved resuscitation and hemostatic markers with whole blood transfusion when compared to balanced

blood component therapy. Additional studies are taking place to define the optimal way to utilize low-titer type O whole blood

in both prehospital and trauma center resuscitation of bleeding patients.
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INTRODUCTION

Current trauma resuscitation protocols, as outlined by

Advance Trauma Life Support guidelines, recommend initial

resuscitation of the bleeding trauma patient with a crystalloid

bolus followed by balanced blood component transfusion (1).

One hundred years ago, injured Allied casualties during World

War I had limited resuscitation options including experimental

colloid solutions comprised of gutta percha or gum acacia and

access to a newly introduced therapy: citrated whole blood (2).

These current and historical strategies share a common goal,

the resuscitation of the bleeding trauma patient with fluids that

closely mimic the patient’s lost blood. Although whole blood
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transfusion was phased out in favor of component transfusion,

recent military experience has refocused clinical inquiry into

the efficacy of whole blood. Here, we review the history of

military and civilian whole blood transfusion and current

research into its utility to resuscitate severely injured civilian

trauma patients.

THE HISTORY OF WHOLE BLOOD TRANSFUSION

Following the development of blood storage solutions such

as citrate and ABO typing in the early twentieth century, whole

blood transfusion became a part of combat casualty care in

select Allied hospitals during World War I (Fig. 1) (3). At the

start of World War II, the British Royal Army Medical Corp

utilized stored whole blood for casualty resuscitation; the

American military instead chose to focus upon freeze dried

plasma and albumin (4). By 1942, however, clinical observa-

tions of improved outcomes with whole blood transfusion lead

to the adoption of whole blood programs within the US military,

a practice that continued through Vietnam (5). While whole

blood was used during these initial hostilities, within the first

few years of the Vietnam War, advances in fractionation led to

the availability of red blood cells (RBC) and fresh frozen



1914-1918 World War I
�� ABO typing & blood storage developed
� Military whole blood (WB) transfusion begins

1939-1945 World War II
� WB transfusion con�nues alongside plasma & albumin
� Civilian dona�on supports war effort

1950-1953 Korean War
� Logis�cal challenges of distant theater hinders blood delivery

1959-1975 Vietnam War
� Blood component therapy (BCT) improves supply chain
� WB relegated for platelets and coagulopathy treatment

1975-2012 Civilian Transi�on to BCT
� WB eliminated from civilian procurement & therapies

2001-2016 Opera�ons Enduring Freedom & Iraqi Freedom
� Platelet logis�c challenges renew WB interest
� 2/2016: Dept. of Defense approval for LTOWB use

2016-present Select Civilian Trauma Centers Adopt WB Transfusion
� Ini�al u�liza�on of low �ter O- WB
� Transi�on to low �ter O+ WB and introduc�on of prehospital use

FIG. 1. Timeline of military and civilian whole blood transfusion.
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plasma. The longer shelf life of these components made them

favorable for a conflict so far from home soil. From this point

onward, the US military turned to blood components as the

primary means of hemorrhage resuscitation, with RBC and

saline (which contained none of the clotting factors or platelets

contained in whole blood) being the initial and primary prod-

ucts used (6).

After Vietnam, considerations for civilian transfusion

became primary as military utilization of blood products

declined. Separation of donated blood into components maxi-

mized the potential utilization of each unit (7). Non-surgical

specialties such as pediatrics and hematology utilized far more

blood components than specialties treating surgical hemor-

rhage with whole blood (8). Treatment of disorders such as

thrombocytopenia and hemophilia with platelet concentrates

and plasma favored the streamlining of component production

and storage. Red Cross Regional Blood Centers, established

during World War II to buttress military transfusion with

civilian donors, chose to focus upon the more widely used

and applicable blood components, abandoning whole blood

transfusion for civilians, even those in hemorrhagic shock (5).

Most concerning is that it was done with complete absence of

data demonstrating noninferiority of component therapy.
During the late 1970s and early 1980s, resuscitation practices

also changed with literature supporting the use of crystalloid as

the initial product of choice for civilian trauma resuscitation (9,

10). The civilian shift to component transfusion and the popu-

larization of crystalloid resuscitation cemented the decline of

whole blood transfusion. Often cited studies found that the

addition of platelets and fresh frozen plasma to resuscitations

did little to alter the incidence of coagulopathy in severely

injured trauma patients (11). However, these studies were only

partially read and repeatedly misinterpreted. The investigators’

actual papers stated that crystalloid solutions were safe while

awaiting arrival type-specific whole blood and additional

plasma and platelets were unnecessary when using whole blood

to resuscitate hemorrhagic shock in trauma patients. What was

heard and practiced, however, was that crystalloids were the

preferred resuscitation product and that plasma and platelets

were unnecessary when using red blood cells.
RECENT MILITARY WHOLE BLOOD EXPERIENCE

Recent military conflicts in Iraq and Afghanistan renewed

interest in the use of whole blood transfusion. The distance of

theaters of operation from the United States made maintaining
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sufficient quantities of platelets difficult due to their relatively

short shelf life compared to RBCs and plasma. As a result, and

combined with exhaustion of available component therapy,

military hospitals turned to fresh whole blood from ‘‘walking

blood banks.’’ The low resource environment of many combat

support hospitals made refrigerated storage of adequate blood

components insufficient for the care of mass casualties (12, 13).

Current military doctrine guided the use of fresh whole blood,

rapidly screened for ABO compatibility and blood-borne dis-

ease, when appropriate blood components were not available or

had failed to correct traumatic coagulopathy.

With over 8,000 units of fresh whole blood transfused during

these conflicts, outcomes data emerged suggesting equivalent if

not improved outcomes of combat casualties that received fresh

whole blood versus component-only transfusion (14, 15). In the

austere environments encountered by US Forward Surgical

Teams in Afghanistan, resuscitation including fresh whole

blood demonstrated a survival benefit over stored RBC and

plasma alone (16). This benefit existed for both type-specific

and un-crossmatched group O fresh whole blood. Comparisons

between resuscitation including fresh whole blood and compo-

nent therapy alone with apheresis platelets demonstrated 24-h

and 30-day survival benefits for patients receiving fresh whole

blood (17).

Military Combat Support Hospitals were uniquely posi-

tioned during these conflicts to provide rapid availability of

fresh whole blood from ‘‘walking blood banks.’’ Hospital and

on-base personnel were prescreened for eligibility to serve as

fresh whole blood donors and, by foregoing leukoreduction or

irradiation, could provide a donated unit to a causality in as

little as 30 min. Although trauma care providers have proposed

establishing similar systems for fresh whole blood at civilian

hospitals, most recent studies of civilian whole blood use have

focused upon cold-stored whole blood as an alternative to blood

components during massive transfusion (MT). Based on evolv-

ing data and recent military experience, in February of 2016,

the US military implemented a cold-stored low-titer whole

blood program for transfusion in austere settings, beginning

with the US Army Ranger Program.
CIVILIAN CLINICAL TRIALS

This positive military experience renewed interest in whole

blood for civilian trauma patients. Initial resistance to this

practice focused upon the logistical challenges of ABO com-

patibility to avoid hemolytic transfusion reactions and the

absence of leukoreduction methods that did not result in

dramatic reductions in platelet count (18). Many civilian

centers were both unfamiliar and uncomfortable with whole

blood procurement and providing fresh whole blood similar to

that performed in the military. In addition, early attempts at

establishing donors who could be contacted on an urgent basis

to provide fresh whole blood failed to show reductions in blood

product utilization or mortality when compared with compo-

nent therapy.

A single-center randomized control trial of blood component

versus modified whole blood transfusion assessed the primary

outcome of 24-h and total transfusion volumes as well as other
secondary outcomes in severely injured patients precited to

receive a MT (19). Due to study design restrictions, investi-

gators were forced to use leukoreduced whole blood with

resultant platelet filtration (and destruction of platelets). This

was due to the absence at the time of any platelet-sparing

leukoreduction techniques. As a result, both treatment arms

required apheresis platelet supplementation in balanced ratios.

While the component and whole blood treatment arms did not

demonstrate significant differences in mortality, the primary

aim was achieved in those patients without non-survivable TBI.

The authors demonstrated a significant reduction in transfusion

requirements, where the WB group received less 24-h RBC,

plasma, platelets, and total products. Moreover, it was the first

study to demonstrate that the median time to death in hemor-

rhagic shock could be moved beyond the 3-h mark. While

patients in the component group had a median time to death of

less than 2 h, the whole blood patients had a time to death of

almost 12 h.

Building on this, attention turned to cold-stored whole blood

as a means of providing a reliable supply for civilian trauma

patients. Data suggesting cold-stored platelets retained their

hemostatic potential supported trials of refrigerated whole blood

in place of component therapy (20). In vitro studies also demon-

strated adequate concentrations of coagulation factors in cold-

stored whole blood when compared to conventionally obtained

fresh frozen plasma (20). The need to provide the safest universal

whole blood led to studies of civilian trauma using group O, low

anti-A, and anti-B titer (<1:100) whole blood from male donors,

to mitigate the risk of transfusion-related acute lung injury. Units

were leukoreduced with newly developed platelet-sparing filtra-

tion systems. Units of whole blood were preserved with CPD

solution and refrigerated at 1 to 68C and were transfused up to

10 days following collection (21). To reduce the perceived risk of

alloimmunization to Rhesus (Rh) factor, whole blood transfusion

was limited to male trauma patients. This series reported no

hemolytic transfusion reactions related to incompatible plasma

and established the feasibility of cold-stored whole blood trans-

fusion for civilian trauma.

While multiple civilian studies compared clinical outcomes

of whole blood transfusion, efforts were also made to charac-

terize the in vitro properties of whole blood compared to

balanced component transfusion. Due to the need for appropri-

ate anticoagulation and preservation of stored blood products, a

single unit of whole blood (approximately 450–500 mL) has

less dilution from added solutions compared to a reconstituted

unit of blood from 1:1:1 components (approximately 660 mL).

Donated whole blood contains a higher hematocrit (33–43% vs

29%), higher platelet count (130–350 vs 88 � 109/L) and

higher coagulation factor concentration (80–100% vs 65%)

when compared to a reconstituted unit of blood from individual

components (Table 1) (22–24). Cold-stored whole blood,

refrigerated at 1 to 68C without agitation, remains viable for

up to 35 days in citrate phosphate dextrose adenine-1 (CPDA-1)

solution and 21 days in citrate phosphate dextrose (CPD)

solution. While notably shorter than RBC stored up to 42 days

(in AS-1), these shelf lives represent longer storage times

compared to the 5-day shelf life of both apheresis platelets

and thawed plasma (25).



TABLE 1. Composition of whole blood versus 1:1:1 balanced blood

component units

Whole blood Blood component (1:1:1)

Hematocrit (%) 33–44 29

Platelet count (k/mm3) 150–350 88

Coagulation factor (%) 80–90 65

Volume (mL) 450–600 650

Shelf life 21–35 d RBC 21–42 days

Cryo/FFP 12 months

Thawed plasma

and PLT 5 days
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With this extended storage time, concerns were raised that

hemostatic function of whole blood would decline due to

platelet inactivation. One study utilizing rotational thromboe-

lastometry (ROTEM) demonstrated preserved platelet-depen-

dent coagulation function at 2 weeks and preserved fibrinogen-

dependent coagulation function at 3.5 weeks (26). Another

study utilizing thrombelastography demonstrated normal

hemostatic profiles for refrigerated whole blood at 11 days

shelf life with platelet aggregation assays preserved to 21 days

(27). These data support preserved hemostatic function of cold-

stored whole blood beyond the current 5-day shelf life of

apheresis platelets. Cold-stored whole blood not only offers

a new source of platelets for transfusion in austere environ-

ments (where reliable supplies of apheresis platelets are not

available), but also has the potential to offload civilian trauma

massive transfusion protocol (MTP) dependence on limited

supplies of apheresis platelets in civilian blood banks.
PURSUIT OF UNIVERSAL WHOLE BLOOD

Initial civilian studies of whole blood transfusion for trauma

utilized either type-specific whole blood, group O Rh� whole

blood (a very limited resource) or group O Rhþ units with

restricted administration to male recipients. During emergen-

cies time is not available to wait for recipient blood type or Rh

status prior to emergency transfusion. Given whole blood

contains both red blood cells and plasma from the same donor,

definition of a universal whole blood donor type is more

complex than providing type O, Rh-negative units. In addition,

the production of sufficient quantities of type O, Rh� whole

blood would impinge against the production of other blood

components of this type as such donors represent less than 5%

of the general US population. Donors of universally compatible

type O red cells may also contribute plasma with restrictively

high levels of anti-A and/or anti-B antibodies that could result

in recipient hemolysis. As a result, significant research has

focused upon defining an optimal form of whole blood to serve

as a universal donor unit for civilian trauma patients.

While the provision of type O whole blood assures red cell

universal compatibility regardless of recipient ABO type, it

does not protect against donor plasma anti-A or anti-B anti-

bodies causing hemolysis of recipient red cells following whole

blood transfusion. Taking experience from utilization of type A,

low anti-B titer plasma as universal product due to the limited

supply of donated AB plasma, blood centers realized type

O whole blood could potentially be utilized if it contained
low-titer levels of anti-A and anti-B antibodies. A successful

whole blood transfusion program is predicated on the assay of

these antibody levels in donor units followed by diligent

monitoring for hemolysis following transfusion. Multiple civil-

ian trauma centers have reported low to zero rates of recipient

hemolysis with iso-hemagglutinin antibody titers of less than

50 to 100 following whole blood transfusion of 2 to 4 units (21,

28). However, military data has shown that an antibody titer of

less than 256 is a safe and can be used for emergency release

blood product and qualify as low-titer (29). Based on this, our

center began using low-titer (<1:256) group O whole blood in

both the trauma bay as well as on our helicopters. Patients

receiving this non-leukoreduced whole blood product (stored

up to 21 days) were recently compared to those receiving

emergency release blood component therapy only (RBC,

plasma, platelets) (30). In this study, we found that low-titer

group O whole blood had similar evidence of laboratory

hemolysis and transfusion reaction rates compared to compo-

nent therapy, with a reduction in overall transfusions and

increased likelihood of survival. Many trauma centers provid-

ing low-titer group O whole blood follow protocols in the post-

transfusion period to monitor for possible hemolysis. Hemoly-

sis panels usually involve the measurement of daily serum

lactate dehydrogenase (LDH), total bilirubin, haptoglobin,

potassium and creatinine for 72 h following transfusion (Fig. 2).

In addition to considering the ABO compatibility of donor

and recipient, early use of whole blood for civilian trauma has

carefully considered Rh status of its donors and recipients.

Blood centers are primarily concerned with the alloimmuniza-

tion of Rh� female recipients of child-bearing age who receive

low-titer group O whole blood that is Rhþ. This poses the

potential risk of future loss of a Rh� pregnancy in a recipient

previously sensitized by low-titer group O whole blood trans-

fusion. As a result, early trials required type-specific whole

blood administration with the required delay in whole blood

transfusion to allow for lab results (22). Currently, centers

utilizing Rh� group O whole blood have no age or sex

restrictions for their product, while those transfusing Rhþ
low-titer group O whole blood allow women greater than

50 years of age to receive whole blood. In the latter centers,

females under 50 years of age receive component therapy (31).

As trauma is the leading cause of death for male and female

individuals <65 years in the United States, increasing avail-

ability of low-titer group O whole blood transfusion to all

trauma patients has been investigated.

Due to the limited supply of Rh� low-titer group O whole

blood for civilian trauma patients, some trauma centers have

carried out risk assessments of instituting a Rhþ low-titer group

O whole blood transfusion program for severely injured trauma

patients (32). As whole blood is currently utilized for patients

with life-threatening, large-volume hemorrhage, this study

evaluated the demographics and Rh status of a large cohort

of trauma patients treated with a MTP at a US level 1 trauma

center. While the risk of alloimmunization of a Rh� recipient

with Rhþ transfusion is reported as high as 80% in a healthy

volunteer not treated with Rh immune globulin, a recent study

of emergency transfusion of type Oþ blood demonstrated

alloimmunization rates of Rh� trauma patients as low as



FIG. 2. Emergency Department Whole Blood Deployment. A: Emergency department storage of universal low-titer group Oþwhole blood alongside liquid
plasma and RBCs. B: Tag affixed to all low-titer group Oþ whole blood for hemolysis monitoring.
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3% (33). This low rate is hypothesized due to the immunosup-

pression that can occur during severe traumatic injury and

profound shock; the population that would actually be receiving

emergency blood products (34). When this large level 1 trauma

center reviewed patients treated with their MTP, they found

only one Rh� female of child-bearing age received this therapy

over a 30-month period of time with a total of 124 protocol

activations. However, 15% of their MTP activations were for

women of child-bearing age with life-threatening hemorrhage

who could potentially benefit from low-titer group O whole

blood. Taken together, the low rate of alloimmunization in

severely injured trauma patients and the availability of Rh

immune globulin therapy for Rh� women of child-bearing

age who receive Rhþ low-titer group O whole blood support

the use of Rhþ low-titer group O whole blood transfusion for

all severely injured trauma patients, male and female. For

female patients of child-bearing age considered for Rh immune

globulin therapy, those who received greater than 20% circu-

lating volume Rhþ transfusion should be considered for red

cell exchange therapy given the elevated risk of splenic
sequestration and hemolysis with Rh immune globulin treat-

ment. In light of these data, several centers have begun to use

Rhþ group O whole blood on all patients regardless age or sex.
FUTURE CONSIDERATIONS WITH WHOLE BLOOD

Following in the footsteps of prehospital RBCs and plasma

administration to initiate hemostatic resuscitation earlier in the

care of severely injured trauma patients, multiple US civilian

trauma centers are trialing the administration of low-titer group

O whole blood by prehospital personnel for the treatment of

hemorrhagic shock (Table 2) (30–32, 35, 36). Approval of Rhþ
low-titer group O whole blood protocols permits the sustainable

production of sufficient quantities of whole blood to stock

entire metropolitan helicopter-based Emergency Medical Ser-

vices and advanced ground unit services that would not be

possible with more scarce Rh� whole blood. Current preho-

spital protocols through our regional providers have allowed the

successful hemostatic resuscitation of patients with traumatic

hemorrhage as well as non-traumatic hemorrhagic shock.



TABLE 2. Institutional practices in civilian low-titer O whole blood transfusion

LTOWB units Anti A/B titers Expiration Eligible patients

UPMC Prehospital 0

In-hospital 4

<1:50 21 d Males > 18 years

Females > 50 years

Mayo Clinic Prehospital 0

In-hospital 2

<1:200 14 d Males > 18 years

Females > 55 years

UT San Antonio Prehospital 2

In-hospital 4þ
<1:256 35 d Males > 10 years

Females > 50 years

UT Houston Prehospital 2

In-hospital 4þ
<1:256 21 d All males

Females > 50 years
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Coupled with the concerns for donor plasma ABO incom-

patibility and Rh alloimmunization, centers initially investigat-

ing low-titer group O whole blood restricted transfusion to two

to four units in an individual patient. Recent data, however, has

demonstrated very low rates of hemolysis and alloimmuniza-

tion and liberalized whole blood transfusion up to six units per

patient (31). A recent case report documents the successful use

of a whole blood-based MT for a civilian trauma patient who

received 38 units of low-titer group O whole blood and

additional component therapy in the first 24 h of care (37).

This whole blood resuscitation maintained the patient’s hemo-

static indices but required platelet and cryoprecipitate supple-

mentation late in the process to aid in hemostasis.

Civilian centers providing prehospital and in-hospital whole

blood resuscitation have not reached consensus on optimal

whole blood shelf-life (Table 2). Just as blood components

develop storage lesion, whole blood units demonstrate age-

related alterations in parameters of coagulation (27, 38). While

coagulation factor-based clot formation appears stable to

31 days utilizing thrombelastography, platelet and fibrino-

gen-based clot formation degrades between 14 to 21 days of

storage. Conversely, thrombin generation assays demonstrate

progressive increases in thrombin generation and peak throm-

bin levels with increased storage duration. Other factors includ-

ing the type of storage solution appear to affect the age-based

hemostatic potential of cold stored whole blood as well. The

most appropriate expiration based upon patient outcomes has

not been established.

As trauma care providers increasingly use whole blood as a

first-line resuscitative agent, additional logistical challenges

will arise with this new intervention. During traditional, com-

ponent-based MTP resuscitations, rapid infusion devices are

frequently used to deliver large volumes of blood product over

short periods of time. Current manufacturers’ guidelines do not

recommend the administration of platelets through infusers

such as the Belmont Rapid Infuser (Belmont Medical Technol-

ogies, Billerica, Mass) (39). While administration of platelets

through fluid warmers has demonstrated preserved platelet

function and counts, the effect of warming and delivery through

rapid infusing devices has not been fully characterized. A

recent study of in vitro whole blood hemostatic profile prior

to and after transit through a pressure infusion device demon-

strated the use of rapid infusers is appropriate despite contain-

ing platelets and fibrinogen. While platelet count was

significantly decreased when whole blood was subjected to a

rapid infuser device (as compared to pressure bag and standard

blood tubing), platelet function and overall clot strength are
preserved. Moreover, when compared to standard transfusion

tubing or pressure bag, thrombin generation was accelerated

and thrombin potential increased when whole blood was

administered through a rapid infuser device (40).
CONCLUSION

The return to whole blood transfusion for trauma resuscita-

tion represents a culmination of research and clinical experi-

ence in how to improve upon balanced component

resuscitation. Current data suggests that low-titer group O

whole blood has an acceptable shelf life and hemostatic profile

to serve as a universal blood product to resuscitate severely

injured civilian trauma patients. Ongoing research into its

safety profile will serve to broaden adoption by blood procure-

ment centers and civilian trauma centers. Widespread incorpo-

ration of low-titer group O whole blood into trauma care has the

potential to revolutionize hemostatic resuscitation, decrease

overall transfusion volumes, and improve patient outcomes.
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