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I Introduction

Advances in surgical and critical care medicine frequently parallel the course of
armed conflict. Indeed, surgery is a specialty born of warfare and will continue to
drive advancements as mankind finds new and more lethal methods of combat. As
hemorrhage is far and away the leading cause of potentially survivable death on
the battlefield, the methods of resuscitation and blood transfusion continue to
evolve. The critical role that blood plays in resuscitation of the critically injured
patient was first explored during World War I for the treatment of ‘wound shock’.
Type O whole blood was collected in sterile glass bottles containing citrate and
transfused into patients prior to surgery. During the years following World War I,
blood component fractionation became available, blood banking was initiated, and
the transfusion of packed red blood cells (RBCs), fresh frozen plasma (FFP) and
platelets became a mainstay of the trauma management paradigm. However, in
times of war the variable availability of short-lived platelets, FFP, and cryoprecipi-
tate inevitably leads back to the resurrection of fresh whole blood transfusion.
Fresh whole blood, though not without some risk, restores the hemostatic mecha-
nism and provides volume and oxygen-carrying capacity.

Several studies have questioned the universal benefit of RBC transfusion for
trauma patients, having found immunosuppression and dilutional coagulopathy in
patients who receive massive transfusion. Additionally, standard component therapy
dilutes platelets and coagulation factors in these patients. Massive transfusion is
further hampered by a pressing need for new intravascular methods of preventing
ongoing blood. Fluid for optimal resuscitation should be widely available and have
a stable shelf life, and combine the safety of blood components with the efficacy,
resuscitative and hemostatic effects of fresh whole blood. Such a fluid would truly
provide ‘hemostatic resuscitation’. Hemostatic resuscitation as an initial resuscita-
tion regimen would restore the hemostatic mechanism, correct, or more impor-
tantly, prevent coagulopathy and would also enhance tissue perfusion. In this chap-
ter, we describe the recent widespread use of fresh whole blood on the battlefield,
the controversy surrounding massive transfusion of stored packed RBCs and other
blood components as well as promising new developments in the arena of blood
component substitutes.
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I Fresh Whole Blood

Combat medicine is an ebb and flow of casualties. Several days may pass when
there are no casualties, followed by an onslaught of wounded. Casualties from ex-
plosive devices, such as those seen in Operation Iraqi Freedom and civilian terror-
ist attacks, tend to result in a large number of casualties at one time. This para-
digm does not lend itself to component therapy. Packed RBCs, plasma, and crystal-
loid solutions may be in abundance, but a five-day shelf life prohibits the banking
of platelets. The casualties who receive massive transfusions (>10 units packed
RBCs) quickly deplete precious stores. FFP bags, not designed to support the tem-
perature (-70 °F) associated with dry ice used during transport, become brittle and
break one third of the time during the thawing process. Platelets generated by plas-
mapheresis became available only two years after the start of the war in Iraq, re-
quire significant and dedicated resources and availability remains limited. Limited
blood products, manpower shortages, and warming methods increase the vulner-
ability of wounded soldiers to the onset of a second enemy: hypothermia, acidosis
and coagulopathy.

In an attempt to resolve this problem combat surgeons often resort to the ‘walk-
ing blood bank’. Predetermined donors are mobilized and fresh whole blood is
collected, tested, and given to the wounded. Fresh whole blood protocols were
followed in post-war Kosovo and in Somalia where over 120 units of fresh whole
blood were collected and administered to critically wounded patients [1, 2]. A com-
bat support hospital deployed to Baghdad transfused 598 units of fresh whole blood
over a 6 month period [3]. Reports of the rapid positive response of recipients to
fresh whole blood are thought-provoking and suggest profound possibilities for
fresh whole blood transfusion. In combat, fresh whole blood for massive transfu-
sion becomes a blood bank multiplier, providing within a single unit, RBCs, vol-
ume, coagulation components, and functional platelets in a warm fluid.

In 1999, Pearce and Lyons contrasted blood product usage from World War II
and Korea to the practice in Vietnam [4]. In World War II and Korea, resuscitation
consisted of colloid in the form of concentrated plasma and fresh whole blood.
However, the incidence of hepatitis transmission rose to unacceptable levels - as
high as 21% in some units in Korea [5]. In Vietnam, tested units of packed RBCs
and crystalloid solutions (lactated Ringer’s) were used and the incidence of infec-
tious disease decreased. However, complications of the switch from fresh whole
blood to stored RBCs became evident in Vietnam as acute respiratory distress syn-
drome (ARDS) or ‘Da Nang Lung’ was so prevalent that it became the focus of
thousands of studies and book chapters. In comparison, very few cases of ARDS
were described during World War II and none during Korea despite the administra-
tion of large volumes of whole blood and colloid [4].

These observations from the front lines of the advantages of fresh whole blood
transfusion have been borne out in the civilian literature. In particular, two well de-
signed, prospective studies support the clinical testimony of combat surgeons that
fresh whole blood improves coagulopathy and decreases blood loss when compared
to component therapy. The first study randomized cardiopulmonary bypass (CPB)
patients to receive either one unit of fresh whole blood or 10 units of platelet con-
centrates after surgery [6]. The patients who received one unit of fresh whole blood
increased platelet counts by 34+17x10%/l, an increase equivalent to four to six
units of platelets. Platelet aggregation response to collagen and epinephrine after
fresh whole blood transfusion was superior to that achieved by 10 units of platelets.
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Furthermore, bleeding time after administration of one unit of fresh whole blood
approximately equaled bleeding time following eight units of platelets. In the sec-
ond study, the beneficial effects of fresh whole blood on the coagulation cascade
were demonstrated in a double-blinded, randomized controlled study comparing
the use of fresh whole blood less than 24 hours old (n=52), fresh whole blood be-
tween 24 and 48 hours old (n=57), and reconstituted blood using packed RBCs,
plasma, and platelets (n=52), in a pediatric population undergoing CPB operations
[7]. The 24-hour blood loss was no different between the two whole blood groups.
The group that received reconstituted products had an increase in average blood
loss that was significantly greater than either of the fresh whole blood groups
(p=0.03). After age stratification, the 24-hour blood loss for children less than 2
years old who received reconstituted blood was 85% greater than those who re-
ceived fresh whole blood (p=0.001). When platelet aggregation times were com-
pared among the three groups, the group that received the reconstituted blood had
a greater incidence of abnormal studies in the presence of the agonists ADP, epi-
nephrine and collagen (p<0.001, p=0.02, and p=0.007, respectively). Other recent
studies have linked increasingly negative outcomes to each unit of packed RBCs
received.

Fresh whole blood transfusion has also been shown to improve hemodynamic
and oxygen delivery parameters in animal studies. One such study comparing
transfusion of packed RBCs with whole blood in a canine model of hemorrhagic
shock demonstrated that animals resuscitated with packed RBCs had significantly
less hemodynamic recovery, demonstrated by lower mean arterial pressure and car-
diac output (p<0.05) [8]. Resuscitation with packed RBCs elevated total peripheral
resistance when compared with resuscitation with fresh whole blood, suggesting va-
soconstriction or obstruction of the peripheral vasculature by noncompliant RBCs
[8]. This study corroborated findings of an earlier study that showed improved car-
diac output and oxygen delivery in dogs resuscitated with whole blood compared
to those resuscitated with crystalloid or colloid [9].

In an attempt to explain these observations of improved oxygen delivery, macro-
aggregated albumin clearance rates from the lungs of hemorrhaged rats were stud-
ied. Rats that received fresh whole blood demonstrated improved clearance of the
tracer compared to animals resuscitated with either crystalloid or colloid [10]. An-
other rat model of hemorrhage and resuscitation demonstrated that fresh whole
blood for resuscitation provided superior end organ perfusion by preventing ultra-
structural kidney damage [11]. In a recent severe porcine hemorrhage study, resus-
citation with fresh whole blood resulted in 90% 72-hour survival compared with
27% survival in animals receiving standard of care resuscitation fluids (lactated
Ringer’s, Hextend, 5% NaCl, 7.5% NaCl-6% Dextran-70 [HSD]) [12]. This was a
non-coagulopathic model of controlled hemorrhage (53% bled in 5 minutes), indi-
cating the metabolic benefits of fresh whole blood as a resuscitation solution.

Fresh whole blood transfusion is not without risk. The emergency conditions of
the battlefield permit little time to test the blood for infection prior to administra-
tion. Aliquots from each unit of transfused fresh whole blood are sent back to the
United States for testing. Over 1700 units of fresh whole blood have been trans-
fused in the Iraqi operating room. In the aliquots of this blood, there were two
positive confirmatory tests for hepatitis C (1:1000) (RIBA), and one each indeter-
minate test (Western blot) of human immunodeficiency virus (HIV) and human T-
cell lymphocytic virus (HTLV). Compared to the extremely low incidence of trans-
mission of these diseases in component therapy (1:493,000 HIV, 1:641,000 HTLV,
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1:103,000 hepatitis C, 1:63,000 hepatitis B) [13], the risk of infectious disease
transmission is still very low, but the surgeon must weigh the risk of infection
against the risk of poor outcome if fresh whole blood is not received.

Rapid enzyme-linked immunosorbent assay (ELISA) for disease can be accom-
plished in two hours. ELISA was successfully utilized at one of the large combat
support hospitals and has since seen more widespread use [3]. Without ELISA fresh
whole blood must be administered sparingly and only under extreme circum-
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Fig. 1. This flow diagram is the massive transfusion/fresh whole blood transfusion protocol employed by
the 31° Combat Support Hospital, while serving in Baghdad, Iraq. This is a two-pronged approach where
patients are identified early and the mechanism for obtaining fresh whole blood initiated. Patients receive
emergency release packed red blood cells (pRBCs) and when available are transitioned to fresh whole
blood. This transition time coincides with the point where platelet transfusion would likely be indicated.
FFP: fresh frozen plasma; cryoppt: cryoprecipitate. From [3] with permission



Hemostatic Resuscitation

stances and protocols have been established that delineate the clinical guidelines for
determining who should receive fresh whole blood. Figure 1 illustrates one such
protocol employed at a combat support hospital [3]. Fresh whole blood was re-
quested when large quantities of blood were required in order to save life and
when the onset of coagulopathy and the need for platelets was imminent. This pro-
tocol illustrates a two-pronged approach in the event a massive transfusion is re-
quired. First, uncrossmatched, Type O packed cells are made available as emer-
gency-release blood and the ‘massive transfusion’ protocol is initiated. At the same
time, since there are usually no platelets and nominal FFP and cryoprecipitate
available on the battlefield, the ‘walking blood bank’ of predetermined donors is ac-
tivated so that required coagulation factors and components can be provided in the
form of fresh whole blood. The first unit of fresh whole blood usually becomes
available in about 120 minutes and the surgical team transitions to fresh whole
blood as an adjunct to the massive transfusion protocol [3]. Many civilian hospitals
utilize this template of a ‘massive transfusion protocol’ where, upon activation, pre-
determined quantities of packed RBCs, FFP, platelets and cryoprecipitate are sent at
scheduled time intervals. The main difference is the effort to obtain fresh whole
blood and the transition to whole blood transfusion.

I Stored Packed Red Blood Cells

Following a landmark study published in the New England Journal of Medicine, the
recommendations for red blood cell transfusion when serum hemoglobin levels are
less than 10 mg/dl was changed to hemoglobin levels of 7 mg/dl in patients with
signs of systemic compromise [14]. This randomized controlled trial compared a
practice of liberal transfusion (keeping the hematocrit >30%) with a practice of re-
strictive transfusion (keeping the hematocrit between 21-27% and only transfusing
if the hematocrit fell below 21%). There was no difference in overall mortality.
However, less ill patients (APACHE <20) and younger patients (age <55) showed a
statistically significantly improved survival with the use of a restrictive transfusion.
Of clinical significance, the liberal practice group showed more cardiac complica-
tions and the restrictive practice population had lower hospital mortality and a
lower adjusted multi-organ dysfunction score.

A growing body of literature underscores the potential risks of stored RBC trans-
fusion. A retrospective study assessed over 15,000 patients for the independent pre-
dictors of mortality, intensive care unit (ICU) admission, ICU length of stay, and
hospital length of stay [15]. After adjustment for injury severity, blood transfusion
was shown to be an independent predictor of mortality, ICU admission, and hospi-
tal length of stay. Patients who underwent blood transfusion were nearly three
times more likely to die and greater than three times more likely to be admitted to
the ICU.

Coagulopathy can be caused by the dilution of coagulation factors by packed
RBCs which do not contain any factors. Patients who undergo a massive transfu-
sion (more than 10 units of packed RBCs or receipt of twice the normal blood vol-
ume) have prolonged prothrombin time, thrombocytopenia and decreased levels of
fibrinogen. Seventy percent of those who receive more than 20 units of red blood
cells become coagulopathic, with thrombocytopenia being the most common ab-
normality [16]. A single unit of packed RBCs is approximately 335 ml with a hema-
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tocrit of 55%. A single unit of platelets is 50 ml and contains 5.5x 10"/l platelets. A
single unit of plasma is about 275 ml with only 80% coagulation activity of fresh
whole blood. When all of these components are combined, the result is a fluid with
a hematocrit of 29%, 8.8x107/1 platelets and coagulation activity that is 65% of
normal [17]. Even when RBCs are administered at a high one-to-one ratio with
FFP, dilution of coagulation factors and platelets and iatrogenic anemia is unavoid-
able.

It is well known that the trauma related to surgery results in the activation of
the immune system. Levels of inflammatory cytokines are elevated to a greater ex-
tent in patients with severe blood loss when compared to patients with isolated
trauma. Additionally, the degree of elevation of pro-inflammatory cytokines corre-
lates with severity of injury [18, 19]. When blood transfusion, which is inherently
pro-inflammatory, is combined with the inflammatory response associated with
trauma, the result is an exacerbated acute phase response [20]. This exacerbated in-
flammatory response is associated with increased infectious complications and in-
creased mortality [19]. A biphasic inflammatory response begins, with initial pro-
inflammation followed by immunosupression which begins at about 24 hours [18].
It is during the subsequent phase of immunosuppression that the patient is most
susceptible to infection. Historically, this immunosuppressive effect was actually
used to the advantage of the patient. Prior to the use of cyclosporine, blood trans-
fusion was used in transplant patients as an immunosuppressant, improving out-
comes [21].

Several studies further illustrate the disruption of the immune system by RBC
transfusion. A prospective trial demonstrated a significantly increased rate of noso-
comial infection of 15.4% in 412 patients who received transfusions compared to a
2.9% rate in 1,301 control patients who did not receive transfusions [22]. There
was a dose-related response between the number of units of packed RBCs received
and the risk of developing a nosocomial infection. Additionally, patients who re-
ceived transfusions showed increased mortality, length of ICU stay, and hospital
stay (p <0.05). This single-center prospective trial corroborated the observations of
several basic science studies. Detrimental immunomodulation is thought to occur
following increased production of both serum and tissue tumor necrosis factor
(TNF)-a, interleukin (IL)-1p, IL-6, IL-8, interacting with soluble cytokine receptors
[23]. Fransen et al. showed that surgical patients who received packed RBCs com-
pared to those who did not had increased levels of IL-6 (p<0.01) and bactericidal
permeability increasing protein (BPI) (p<0.05), which is a marker of neutrophil
activation [20]. In addition to these serum markers of inflammation, patients who
received transfusions had increased ventilator time (42+12 vs. 22+2h, p<0.025)
and increased ICU days (45+6 vs. 89+21, p<0.025) [20]. Transfusion of blood
components has also been associated with impaired natural killer cell function and
decreased helper-suppressor cell ratios as well as effects on B lymphocytes [24].
Again, there appeared to be a linear relationship between the amount of blood
transfused and the degree of impairment [24].

Approximately twenty-four hours is required for transfused packed RBCs to re-
cover their full ability to deliver oxygen, but the precise mechanism of this immu-
nomodulation is a mystery. One theory is that immune system derangement is the
result of the storage age of blood. Gastric mucosal pH can be used as an indicator
of oxygenation of the gastric mucosa or the organs of splanchnic distribution and
studies have shown that direct measurements of gastric mucosal pH are related to
the age of the blood transfused to critically ill patients [25, 26]. Two mechanisms
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that have been proposed to account for the inability of old transfused RBCs to im-
prove systemic oxygen consumption include a left shift in the oxyhemoglobin dis-
sociation curve due to 2,3-diphosphoglycerate (DPG) depletion with storage, and
loss of the RBC compliance and the ability to deform, impeding delivery of oxygen
to the microcirculation [27]. Another emerging theory speculates that due to the
high affinity of nitric oxide (NO) with free hemoglobin, cell-free ferrous hemoglo-
bin in the plasma is oxidized to methemoglobin and nitrates that rapidly destroy
NO [28, 29]. The decreased availability of NO results in regional and systemic vaso-
constriction.

The exact mechanisms are uncertain, but it is becoming clearer that the admin-
istration of stored RBCs is a clinical decision that should not be taken lightly. The
negative repercussions of packed RBC transfusion may become evident in trauma
patients, who present in a state of acute inflammation derived from the trauma sus-
tained. The literature supports the theory that the transfusion of packed RBCs can
actually result in a deranged inflammatory response and that this may be related to
the storage age of the blood. The transfusion of packed RBCs remains the standard
of care for restoring RBC concentration and circulating oxygen content during on-
going hemorrhage, but it is not a solution that is devoid of risk.

I Hemoglobin-Based Oxygen Carriers

In severe hemorrhage, oxygen delivery to tissues must be restored. Hence, the
rationale for hemoglobin-based oxygen carriers is the ability to deliver oxygen to
vital organs via plasma components. But the development of hemoglobin-based
oxygen carriers to replace packed RBCs has led a rocky course over the past
twenty-five years. Several variants of hemoglobin-based oxygen carriers attempted
in the past were either abandoned by the developing company or discontinued in
phase III trials out of concern for patient safety [30]. Concerns about hemoglobin-
based oxygen carriers are their effects on vasoactivity resulting from binding of
NO by hemoglobin and subsequent hypertension. Currently, however, in the United
States a phase III trial of pyridoxalated hemoglobin (Polyheme, Northfield Labora-
tories, Evanston, IL.) is 50% completed. This multicenter pre-hospital trial is exam-
ining the administration of hemoglobin based oxygen carriers to trauma patients
in severe hemorrhagic shock. Hopefully, upon completion of this study, hemoglobin
based oxygen carriers will be added to the armamentarium of the caregiver.

An effective and safe hemoglobin-based oxygen carrier appeals to both the
civilian and military communities. Polyheme can be stored for 72 hours at room
temperature, virtually eliminates any risk of disease transmission, does not require
type and cross-matching and provides a fluid which can enhance oxygen delivery
[31]. It does not, however, have any restorative effect on coagulation. For military
use, Polyheme will require availability at room temperature extended beyond 72
hours. Whether it will be carried in the rucksack of a medic for a limited time or
in a civilian ambulance, this potentially lifesaving product deserves further explora-
tion.
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I Fresh Frozen Plasma

Plasma contains various components including stable coagulation factors, fibrino-
gen and albumin. Lyophilized plasma was the principle resuscitation fluid during
both World War II and the Korean War due to its long shelf life without refrigera-
tion. At the end of World War II and the Korean War, the discovery of infectious
diseases as the result of plasma obtained from multiple donors, i.e., pooled plasma,
halted this practice. Consequently, the indications for plasma transfusion today no
longer include that of a volume expander. FFP is indicated for the correction of
coagulopathy associated with factor deficiency (II, VII, IX, X), hemorrhage, reversal
of warfarin effect, and antithrombin deficiency.

During massive transfusion of packed RBCs in a patient with exsanguinating
hemorrhage, the onset of coagulopathy is usually described as the result of dilution
and consumption of coagulation factors, acidosis and hypothermia. The incidence
of coagulopathy increases with injury severity. Twenty-one percent of patients with
an injury severity score (ISS) of 15-29 are coagulopathic, 41% with an ISS of 30-
44, 59% with ISS of 45-59, and 79% of those with an ISS of 60-75 [32]. However,
importantly, the most seriously injured patients are coagulopathic upon admission,
unrelated to dilution. In a large study of 1,088 trauma patients, 24.4% were coagu-
lopathic on admission [32]. As a general rule, hemostasis is possible as long as co-
agulation factor activity is kept at 20 to 30% of normal and fibrinogen levels are at
least 100 mg/dl. FFP contains plasma clotting factors and fibrinogen; in addition,
administration will increase intravascular volume.

Because the incidence of coagulopathy increases with severity of injury, many
institutions include the transfusion of single donor FFP in their massive transfu-
sion protocols. Often, the first application of blood products contains six units of
type O RBCs and four units of AB negative FFP. Subsequent applications include
six units of type specific RBCs and FFP, and a six-pack of platelets with a unit of
cryoprecipitate in every other application. Cryoprecipitate provides fibrinogen and
some clotting factors which become depleted in a massive transfusion. Volume ex-
pansion inherently occurs with the administration of these products and is also
augmented with either crystalloid or colloid solutions. The purpose of this protocol
is to restore circulating RBCs, volume, clotting factors, and clotting substrate and
to sustain the patient while the surgeon stops the source of bleeding.

The onset of coagulopathy in the hemorrhaging patient can be rapid, and the
time required to obtain plasma can further propel the patient along the ‘bloody
vicious cycle’ of coagulopathy, acidosis, and hypothermia. Therefore, to prevent a
dangerous situation the caregiver must be ready to transfuse blood products based
on immediate clinical evaluation rather than delayed laboratory assessment. The
current laboratory guidelines for the transfusion of FFP are prothrombin time (PT)
more than 1.5 times greater than normal, activated partial thromboplastin time
(aPTT) ratio more than 1.5 times greater than normal, fibrinogen less than 0.8 g/l,
and coagulation factor levels 30% of normal [17]. Some authors advocate early FFP
transfusion at a 1:1 ratio with packed RBCs after hemorrhage of one blood volume,
or PT and aPTT greater than 1.5 times normal with ongoing hemorrhage [33]. Even
with this aggressive practice of plasma transfusion, hemodilution is unavoidable.
As stated earlier, when standard blood products are administered in a 1:1 ratio the
resulting fluid has a hematocrit of 29%, 8.8x107/1 platelets, and coagulation activity
that is 65% of normal [17]. The primary risks associated with fresh frozen plasma
transfusion are infection, transfusion-related acute lung injury (TRALI), acute aller-
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gic and anaphylactic reactions, hemolysis due to anti-A and anti-B, and fluid over-
load [34]. Of these, the most common serious complication of FFP transfusion is
TRALI, thought to occur in a graft versus host mechanism as donor antibodies re-
act with host leukocytes [35]. The rate of infectious disease transmission resulting
from FFP administration is similar to that of packed RBCs.

I Platelets

It is important that clinicians take into consideration the etiology of thrombocyto-
penia, platelet dysfunction, risk of bleeding, planned invasive procedures, and the
presence of concomitant disorders when deciding whether or not to transfuse plate-
lets. Patients with severe sepsis, regardless of the presence of hemorrhage, usually
receive a transfusion of platelets if their platelet count falls below 5000/mm>. Plate-
let transfusion should be considered if the platelet count is between 5000-30,000/
mm?®, and there are signs of bleeding. If the patient requires surgery or other inva-
sive procedures it is recommended that the platelet count be maintained above
50,000/mm’. The conundrum presented by these classic recommendations is the
highly variable relationship between platelet counts and platelet efficacy.

Platelets pose significant logistical problems. Since the development of platelet
aphaeresis technology, it has been well known that platelets stored in the cold have
poor recovery and survival in vivo. They cannot be refrigerated even for short peri-
ods of time, thus platelets are stored at 22°C. Studies of chilled platelets have
shown that this irreversibly alters their morphology as well as the expression of the
GPIba receptor on the platelet, causing rapid clearance of the transfused platelet
from the circulation [36]. The changes which occur in the structure and function
of stored platelets are known as the ‘platelet storage lesion’ and are poorly under-
stood. There are few data regarding the function of platelets in the bleeding patient.
After room temperature storage of up to 5 days, the risk of bacterial contamination
becomes significant. The rate of septic reaction to platelet transfusion in the United
States is between 1:10,000 and 1:20,000 [37]. The short shelf-life of platelets com-
bined with an uncertain demand for platelets results in wastage rates as high as
50%.

Significant efforts are being made in the development of novel platelet products
and platelet substitutes. Lyophilized platelets are one such product, initially investi-
gated nearly fifty years ago and recently resurfaced [38]. Lyophilized platelets have
shown encouraging preclinical results in animal models [39]. A second product,
SynthocyteTM (Profibrix, Inc., The Netherlands), is a fibrinogen-coated albumin mi-
crosphere that has shown a reduction in surgical bleeding in a thrombocytopenic
animal model [40]. The mechanism of action of Synthocytes™ is thought to be
due to the cross-linking of fibrinogen which has been directly imbedded into the
surface of the microcapsules [41]. Other areas of platelet product development in-
clude liposome-based hemostatic agents, thromboerythrocytes, and platelet-derived
microparticles.
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I Fibrinogen

One of the end products of the coagulation system is the production of thrombin
which stimulates the sequential proteolytic cleavage of fibrinogen to release fibrino-
peptides A and B. The fibrin monomers that result from this process spontaneously
polymerize to form an insoluble matrix. This matrix is stabilized by factor XIIIa,
which is another product of thrombin generation. Fibrinogen, or factor I, is essen-
tial for hemostasis and it is recommended that fibrinogen be administered in the
form of cryoprecipitate once fibrinogen levels fall below 100 mg/dl. This number
applies to patients with non-surgical bleeding and not necessarily to those with ac-
tive blood loss.

Cryoprecipitate derived from a unit of whole blood contains 10-20 ml of fluid
per unit, providing up to 150-250 mg of fibrinogen, 80-100 units of factor VIII,
and 50-60 mg of fibronectin and in a non-bleeding 70 kg patient one pool of cryo-
precipitate will increase the fibrinogen levels 45 mg/dl. Cryoprecipitate does not
contain all of the necessary coagulation factors and should not be used in place of
FFP.

Fibrinogen substitutes are being actively investigated for fibrinogen supplemen-
tation. Recombinant fibrinogen, rhFIB, (Pharming Group, Denmark) is currently
under investigation by the United States Army as an adjunct for hemostasis. An-
other group has shown that fibrinogen derived from salmon activates human plate-
lets and may provide a hemostatic function [42]. A third product, Haemocomplet-
tan (Aventis Behring GmbH, Marburg, Germany), is a lyophilized human fibrino-
gen concentrate that has been shown to correct thromboelastograph abnormalities
and improve mortality as seen in rat models of sepsis-induced disseminated intra-
vascular coagulation (DIC) [43]. Fibrinogen substitutes would allow more rapid
correction of fibrinogen dilution than cryoprecipitate.

I Recombinant Factor Vila

Over the past several years recombinant factor VIIa (rFVIIa) (Novoseven, Novonor-
disk, Malov, Denmark) has emerged as a promising therapy for treatment of coagu-
lopathy associated with trauma and massive transfusion. This emergence began as
observational experiences [44], translated into pre-clinical studies in animal models
[45, 46], and progressed to large, multicenter, randomized and controlled studies
which clearly show the safety and efficacy of rFVIIa in severely injured trauma pa-
tients. Phase II trials will soon advance to larger phase III studies and rFVIIa holds
promise as an adjunct to hemostasis in patients who receive massive transfusions
for both blunt and penetrating trauma.

Used as a surgical adjunct rFVIIa reduces blood loss. In a randomized, double-
blinded prospective study, surgical patients who underwent a retropubic prostatect-
omy were given 20 pg/kg rFVIIa, 40 pg/kg rFVIIa or placebo prior to surgery. The
higher dose group showed significant decreases in blood loss (p <0.01) and surgical
time (p<0.05) and elimination of packed RBC transfusion requirements [47]. On
the other hand, studies regarding the proper administration of rFVIIa have eluci-
dated that rFVIIa is ineffective as a ‘last resort’ [48]. We recommend that the ad-
ministration of rFVIIa follow a clinical protocol according to set guidelines for dose
and other parameters in order to optimize success. One early guideline published
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by Dutton et al. outlines the use of clinical “gatekeepers” who are available to assess
the patient and clinical circumstances surrounding the administration of rFVIIa
[49]. Criteria include evidence of ongoing active hemorrhage, with clinical evidence
of coagulopathy, and ongoing utilization of conventional transfusion and hemo-
static therapy which must be judged unlikely to succeed. Patients must have re-
ceived at minimum 10 units of RBCs, eight units of FFP, one unit of platelets, with
continued derangement of coagulation studies and ongoing hemorrhage. This
approach reserves rFVIIa for the most critically injured.

With its safety demonstrated in a large randomized clinical trial, most clinicians
are utilizing rFVIIa earlier in an attempt to prevent massive bleeding and coagulo-
pathy rather than treating them after the fact. In a protocol in May 2004 from the
Trauma Consultant to the Surgeon General of the United States, this change from
reacting to coagulopathy to actively preventing coagulopathy with rFVIIa was made
manifest. It is recommended that combat surgeons “consider rFVIIa administration
for use in patients that require damage control procedures, have coagulopathic
bleeding, or difficult to control bleeding associated with hypothermia or significant
operative bleeding.” It is further recommended that the surgeon consider adminis-
tering two units of fresh whole blood prior to rFVIIa to ensure the presence of
functional platelets and coagulation factors.

A significant drawback to the administration of rFVIIa is cost. On average, an
80 kg man receiving a 120 ug/kg dose, costs about $ 8,000. Though this cost ap-
pears exorbitant, most studies demonstrate a reduction in blood product require-
ments, which in turn should translate to lower costs and prevention of subsequent
infection and deleterious inflammatory response. Efforts are also being taken to de-
crease cost by making rFVIIa more efficient. In a rat model of hemophilia, three
‘super analogs’ of rFVIIa were compared with rFVIIa [50]. The rFVIIa groups re-
ceived 1, 3, 6 or 10 mg/kg, and the super-analog groups 1 or 3 mg/kg. Two of the
3 mg/kg groups of the super-analogs and the 10 mg/kg group of rFVIIa showed sig-
nificant improvement in bleeding times (p <0.001) when compared to the hemophi-
lia control group. Average blood loss was reduced in the 3, 6 and 10 mg/kg groups
of rFVIIa (p<0.05) and in all groups of the super-analog, including the 1 mg/kg
groups (p<0.05). A dose response was seen between the 1 and 3 mg/kg groups of
all three super-analogs, with decreased blood volumes in the higher dose super
analog groups (p<0.001) [50]. With further research and the development of
rFVIIa analogs with greater potency, we hope to see the cost associated with this
drug decrease while effectiveness increases.

I Where are we Heading?

The potential hematologic and physiologic benefits of fresh whole blood as a hemo-
static and resuscitative fluid are clear. This straightforward approach is akin to the
damage control procedures so widely accepted in trauma surgery, although it is
temporized by inherent logistical problems and the small but real threat of infec-
tious diseases. What is needed is a fluid which contains the oxygen-carrying cap-
ability as well as the volume and hemostatic qualities provided by fresh whole
blood. For hemostatic resuscitation on the battlefield we also envision a fluid that
is stable at room temperature and has a long shelf life. Additionally, a fluid that
can transport oxygen, possibly by a hemoglobin-based oxygen carrier could serve
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as a volume expander and contain active clotting factors and platelets, like those
found in freeze-dried plasma, platelets, fibrinogen and recombinant factor VIla.
Being fielded forward to the point of injury, this fluid could prevent the onset of
coagulopathy and decrease blood product transfusion requirements, all in hope of
improving survival. Fascinating and promising products on the horizon may make
hemostatic resuscitation a possibility.

I Conclusion

Component therapy is useful for the majority of patients when blood requirements
are minimal and there is no associated coagulopathy. Of concern are requirements
for massive transfusion and resuscitation that absorb resources and create a short-
fall for patients whose injuries are less severe. Additionally, the conventional mas-
sive transfusion model of packed RBCs, plasma and platelets actually further di-
lutes the patient compared to the blood he or she has lost and thus is not the ideal
fluid for patients who require this massive transfusion of products. Fresh whole
blood has three vital properties: oxygen carrying capacity, volume, and hemostatic
effect. In the austere environment of combat the practice of fresh whole blood
transfusion has proven beneficial to patients who are coagulopathic and require
massive transfusion. Appropriate use following established guidelines can be bene-
ficial and may even be superior to packed RBCs. A fluid containing the vital prop-
erties of fresh whole blood would serve as a bridge to allow a patient to be resusci-
tated without initiating the ‘bloody cycle of death’ that is seen all too often in our
current paradigm of massive resuscitation.
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