
Introduction
Haemorrhage accounts for at least 40% of
the mortality associated with military and
civilian trauma (1) and up to 60% of the
civilian deaths from haemorrhage occur after
the patient has arrived at a hospital (2). The
mortality associated with bleeding is even
higher if its contribution to subsequent
conditions such as Multi Organ Failure
(MOF) is also included (1).

Blood has been used as a component of
resuscitation for trauma since World War II.
According to ATLS guidelines (3), initial
fluid resuscitation should be with isotonic
electrolyte solutions and the decision to use
blood is then based upon the haemodynamic
response, and is indicated by a transient or
absent response to the initial fluid challenge.
This lack of response equates to >20% loss
of circulating volume: the aim of a
transfusion at this point is the restoration of
the oxygen-carrying capacity rather than
contribution to volume restoration, although
blood has been described as ‘the original
colloid.’

In 1997 over 11 million units of blood were
transfused in the USA (4) many of these
transfusions are received by critically injured
patients (5), so despite a perceived decrease
in the use of blood in trauma resuscitation a
considerable demand remains. The use of
blood and its constituent products (fresh
frozen plasma and cryoprecipitate) seek to
achieve 2 specific aims in the trauma patient:

� Restoration of red cell mass and oxygen
carrying capacity

� Normalisation of the in-vivo coagulation

In addition to the use of donated blood, a
number of synthetically manufactured
products are also now in use or undergoing
clinical trials to address the lack of ready
availability of human sanguineous
resuscitation agents. This article reviews the
pathophysiological consequences of loss of
oxygen carrying capacity and the use of these
products in trauma resuscitation.

Blood Transfusion And The
Metabolic Response To Injury
The metabolic response to injury is
characterised by an initial ‘ebb’ phase of
decreased energy consumption followed by a
‘flow’ phase of increased energy
consumption, negative nitrogen balance and
the emergence of an inflammatory response.

The body’s free radical scavenging pathway is
energy dependant and is less effective in
hypoxia. An increase in serum free radicals
has been demonstrated in trauma patients
(6), and whilst red cell transfusion may
increase oxygen carrying capacity, it may also
deliver free radicals overloading an already
compromised system and contributing to the
inflammatory response. An accumulation of
activated neutrophils in the pulmonary
circulation during acute lung injury and
SIRS is associated with release of locally
destructive cytokines, contributing to the
development of ARDS (7,8).

The incubation of normal neutrophils with
blood plasma increases the release of
inflammatory mediators – an effect amplified
with increasing age of the blood (9). Studies
suggest that transfusion in some groups has
been shown to be associated with an
increased inflammatory response and worse
clinical outcomes. This results from a
combination of the introduction of
inflammatory mediators present in stored
blood, and an induced response mediated
through increased release of Interleukin 6
(10-12). Studies of plasma from severely
injured patients show the presence of
activated neutrophils with reduced apoptosis
and increased adhesion receptors (13).
Leucodepletion of donated units is normal in
UK practice but not worldwide but the
evidence of benefit from leukodepletion is
conflicting in surgical and trauma patients,
with some studies reporting benefits (14),
and others no significant effect (15): a recent
overview was inconclusive (16).

Blood Transfusion And Oxygen
Delivery
Transfusion of PRBCs should improve
oxygen delivery to tissues (DO2), in order to
match oxygen requirements and allow
aerobic respiration (16). DO2 is a product of
cardiac output and arterial oxygen content
and is given by the equation DO2 = CO
x({SaO2xk1x[Hb]}+{k2xPaO2}) where
CO= Cardiac output, SaO2 = arterial O2
saturation, k1 = O2 carrying capacity of
haemoglobin, [Hb] = haemoglobin
concentration, k2 = plasma O2 dissolution
co-efficient at room temp, PaO2 = partial
pressure of O2 in arterial blood.

In normal subjects, the fraction bound to
haemoglobin, predominates over that
dissolved in plasma, but in extreme
haemodilutional states the dissolved plasma
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fraction assumes increasing significance, thus
increasing the amount of dissolved oxygen in
plasma by hyperoxic ventilation has been
proposed as a method of reducing the need
for red cell transfusion (17). Under normal
physiological conditions, oxygen delivery
exceeds oxygen consumption (VO2), but
below a critical level of DO2, VO2 also falls.
Increasing DO2 by transfusion will only
benefit the patient if it also leads to an
increase in VO2, which is not necessarily the
case. A recent review of 18 studies in
critically ill patients (18) showed that
transfusing PRBCs did not always increase
DO2, and when DO2 was raised, this was
not always effective in increasingVO2.Whilst
variation in the oxygen debt of the study
patients may help to explain this, the benefit
may only exist in those patients in which a
DO2 dependent VO2 had been established
(16). How to identify such patients remains
an issue.

Restoration Of Oxygen
Carrying Capacity
Oxygen carrying capacity may be restored by
transfusion of either PRBCs or newer
artificial oxygen carriers.

Packed Red Cells
Units of PRBCs are derived from 500ml
units of whole blood, and have a volume of
110mls with a haematocrit of approximately
60-70%. A dose of 4ml/kg will raise the
haemoglobin concentration by around
1g/dl. PRBCs cells can be stored for 35 - 42
days at 4oC depending on the storage
medium used (19). To minimise potential
shortfalls of blood products consequent
upon variations in donation rates hospitals
endeavour to store blood for as long as
practicable, which may have deleterious
effects on its composition and function.
There is a decrease in 2,3-DPG and ATP
and an increase in pro-inflammatory
cytokines The age of transfused stored
blood is a risk factor for development of
MOF (20), although the optimum age is
not clear (21) . There are some animal data
that suggest that non-aged blood has more
beneficial effects on clinical outcome (22);
however, although the effects of storage on
blood are well understood, a recent review
concluded that there was insufficient
clinical evidence to support the use of
‘newer’ blood (23). There are no published
data specifically relating to trauma patients.

Risks of transfusion
The risks of transfusing PRBCs in trauma
include the well-documented risks
identified with transfusion in other
situations, including allergic or haemolytic
(immediate or delayed) reactions,
hyperkalaemia, and transfusion related
acute lung injury. However, the use of
donated blood products also carries the risk

of the transmission of infectious agents:
such considerations are relatively
unimportant in developed countries, but
pose a significant risk in developing regions
because of the higher seroprevalance of
such diseases, poor organisation of blood
donation systems, and inefficient pathogen
testing (24).Transfusions of PRBCs are also
implicated in immune modulation which
predisposes the recipient to infections not
actually present in the transfused units.
Blood transfusion is an independent risk
factor for developing infection after trauma
(25-27).

Blood transfusion was an independent
predictor for the development of SIRS,
admission to ICU, ICU length of stay,
overall length of stay, and mortality in a
prospective study of trauma patients in the
USA (28). This effect remained even when
the results were stratified by age, gender,
race, conscious level, Injury Severity Score
(ISS), and measurements of degree of
shock. The incidence of MOFs correlates
with the use of blood transfusion following
trauma (29).

Transfusion decisions
Although ABO and Rhesus compatibility is
preferred, O negative blood (and O positive
blood in males) can be used in the first
instance in an emergency. The number of
PRBC transfusions in the management of
trauma patients is declining (29,30) and this
is independent of either injury severity or
mechanism of injury, and appears to have no
impact on survival rates. There is also a
trend to undertake more complete cross-
matching of blood prior to administration.

Recommendations vary for the level of Hb
at which the don’t transfuse / transfuse
threshold is crossed (31). A comparison of
two different strategies of transfusion in
trauma patients in a critical care setting
(transfusion at either 7-9g/dl Hb, or at 10-
12g/dl) found no difference in mortality
between the two groups, suggesting that a
restrictive transfusion practice is safe (32).
Similar findings have been documented in
non-trauma patients in a similar setting
(18).

A recent review of conservatively managed
blunt abdominal trauma (35) showed that in
those selected for non-operative
management, blood transfusion was an
independent predictor of mortality and
increased length of stay, with the risk directly
proportionate to the volume of blood
transfused, even when controlled for the
severity of injury. The majority of deaths in
the patients reviewed were a result of MOFs.
Despite the emerging consensus that overly
liberal blood transfusion policies may be
detrimental to individual patients, expert
authors on the subject admit that they would
not be keen to impose too many restrictions
on the use of blood in their own practice.
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Artificial Oxygen Carriers
These compounds have obvious benefits:
they are easy to use and store, carry a low
infection risk, and have no need for
compatibility testing - these attributes, along
with the potential for an abundant supply
independent of donation, make them an
attractive option. There are two broad types
of artificial oxygen carriers:
� Bio-artifical – haemoglobin based oxygen

carriers (HBOCs)
� Synthetic – perfluorocarbons based

oxygen carriers (PFBOCs)

HBOCs
Purified, unaltered human Hb was initially
conceived as a replacement oxygen carrier,
but problems arose from renal toxicity (34).
Recently developed compounds use purified
Hb or recombinant forms that have been
modified in a variety of ways in to modulate
their oxygen affinity, circulation time and
toxicity (35). Other products such as
liposome-encased Hb remain in pre-clinical
stages (36) .

Most of the products are still in clinical
trials: of the eight companies who initially
took up the challenge of developing
HBOCs, only three are still actively engaged
in stage III trials (36).

Concerns have been raised with regard to
pulmonary and systemic hypertension,
organ dysfunction, oxidative tissue injury,
synergy with bacterial pathogens and
immunomodulation (37). Early phase III
trials in trauma patients with tetramic Hb
were stopped due to an increase in mortality
in the HBOC group (38). Stage III clinical
trials in other situations have been stopped
due to concerns regarding the safety of the
products (39).

Most of the products currently at stage III
trial level are polymerised Hb solutions. A
recent review of their use in trauma patients
is promising, demonstrating both their
clinical safety and efficacy in reducing the
need for PRBC transfusions (37). A multi-
centre trial of the pre-hospital use of
PolyhemeTM is currently underway in the US
(40). So far, only one product has been
approved for use in humans: in South Africa,
HemopureTM has been approved for use in
acute blood loss.

PFBOCs
These are artificial fluorinated organic fluids
with the ability to physically dissolve large
amounts of oxygen.They are chemically and
biologically inert, with the amount of
dissolved oxygen in the fluid being
proportional to the ambient oxygen tension
(41); thus, in order to maximise their
potential, hyperoxia is required. They do,
however, have favourable oxygen dissolution
profiles at tissue level (42). As they are non-
soluble, current formulations are delivered
intravenously as emulsions in aqueous

media with various additives to stabilise and
balance them.To date, experimental models
have shown benefits in oxygen delivery with
the supplemental use of PFBOCs (42,43).
However, studies in surgical patients have
raised concerns over a variety of adverse
effects (35), and their role in trauma has yet
to be defined. A full review of artificial
oxygen carriers will appear in a later edition
of this series of fluid reviews.

RESTORATION OF
COAGULATION STATUS
Resuscitation with both fluids and PRBCs
will be ineffective in the presence of ongoing
bleeding, and may be a misuse of time better
spent performing damage control surgery,
other interventional techniques, or the use of
other products to directly combat ongoing
losses.The two main products from donation
used in this regard are Fresh Frozen Plasma
(FFP) and platelets. A number of new
artificial factors are also available on the
market.

Coagulation cascade
The stimulus for coagulation is the exposure
of circulating platelets and clotting proteins
to the subendothelial matrix. Platelets adhere
to the matrix and are activated, forming a
platelet plug. The surface of the plug then
acts as a catalyst to the clotting cascade (44).

Coagulation in trauma
A number of factors adversely influence the
clotting cascade in trauma patients. Ongoing
haemorrhage leads to loss of platelets and
clotting factors; clotting is also affected by
other factors such as hypothermia and
acidosis, and dilution from fluid and PRBC
administration. Although the majority of
patients do not develop a life-threatening
coagulopathy (45), its incidence is increased
in line with injury severity (46), and it is seen
in the majority of trauma patients who
undergo transfusion of greater than 10 units
of PRBCs (40,48). The body maintains a
considerable reserve of platelets marginalised
in blood vessels and stored in the spleen, and
so platelet levels are less affected by dilution
(49) .

Hypothermia is common in trauma victims
and is an independent predictor of mortality
(50,51), it effects platelet adhesion,
aggregation and function (52-54) and
impacts on the enzymatic activity of the
clotting cascade (54-56). However,
laboratory confirmation of coagulative status
often underestimates the extent of the
problem, as most of the tests are carried out
with samples at normothermia. The same
tests carried out at lower temperatures
demonstrate impaired clotting even in the
presence of normal factor concentrations
(57,58).

Major trauma predisposes to acidosis,
through various mechanisms including tissue
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hypoperfusion and poor gas exchange and a
low pH adversely affects platelet structural
function (59) and clotting factor interactions
(60). Acidosis is a predictor for coagulopathy
in trauma patients (61). Hypothermia,
acidosis and progressive coagulopathy
constitute the ‘lethal triad’ of trauma or ‘the
bloody vicious cycle’ as each factor may
potentiate the others (62).

PLATELETS
Platelets are made in the bone marrow, and
survive in the circulatory system for an
average of ten days before being removed
from the body by the spleen. Following
trauma, bleeding is more likely if the platelet
count falls below 50 x 109/l. They are
collected in two ways (19):

� Apheresis (40%)
� Whole blood donation (platelets from four

separate donations are pooled for each
unit)

They are leucodepleted and stored in plasma
at 22 +/- 2oC; have shelf life of five days and
are labelled with ABO and Rh typing
(although cross-matching is not strictly
necessary). The storage of platelets leads to
changes which result in loss of function (63).
For the random donors units which are
typically used in trauma, each unit contains
approx 60 – 80 x 109 platelets in 50ml
citrated plasma. The dose is one unit per
10kg for adults and children (5ml/kg for
neonates <10kg). The expected increase in
platelet count is 30-50 x 109 /l. Single donor
units are rarely used, and contain 200 – 300
x 109 platelets in 200ml; one unit for an
average adult will raise the platelet count by
50-60 x 109/l.

In non-trauma patients, significant
thrombocytopenia does not develop until 20
units of PRBCs have been transfused
although significant decreases in clotting
factors are seen after 12 units (48) . A
prospective trial of additional platelet use in
non-trauma patients requiring transfusion of
12 units in 12 hours showed no clinical
benefit (64). A computer model of
exsanguinating haemorrhage came to a
similar conclusion (65), suggesting that there
is no benefit in trauma although direct
evidence from clinical trials is lacking.

Fresh Frozen Plasma
Since the change from the use of whole blood
to PRBCs in trauma resuscitation, more
problems have been seen from depletion of
clotting factors. These are typically restored
by transfusion of FFP. However, there is a
large variation on recommended protocols
for its use. In view of the cost and availability,
recommendations for transfusion have often
been based on laboratory confirmation of
clotting abnormalities rather than an
empirical approach. In the rapidly

exsanguinating trauma patient, this may not
be practical. One unit of FFP is created from
the plasma of a single unit of blood,
separated within 18 hours of donation. It is
stored at -30oC for up to 24 months and,
once thawed, must be used within four hours
at room temperature (or 24 hours if stored at
4oC) (19). During the preparation of FFP,
there is approximately a 15% loss in the
levels of coagulation factors (which may
worsen with the freezing and thawing
processes) (44). One unit of FFP has a
volume of 280ml and transfused units must
be ABO compatible. Recommended doses
vary, but the most common suggested initial
dose is 15-20ml /kg; subsequent dosing is
related to laboratory analyses. However, in
the rapidly changing scenario of a bleeding
trauma patient, this is not likely to be the best
strategy: a clinically based decision process
would be more appropriate.

A recent review of coagulation therapy in
trauma (66) suggests that, once it is obvious
that the patient will require almost complete
replacement of their blood volume, has
abnormal clotting on laboratory testing, or a
high Injury Severity Score, replacement of
FFP should be in a 1:1 ratio with PRBCs,
thus mimicking replacement with whole
blood. Other authors recommend similarly
aggressive strategies (49,67,68). A review of
trauma patients who had received over 50
units of PRBCs in a 24-hour period showed
that a more aggressive use of clotting factors
(1:1 ratio) led to increased survival (69).
However, Hirschberg’s (65) computer
simulated model concluded that current
protocols were insufficient to either prevent
or correct the dilutional coagulopathy from
infusion of resuscitation fluids. The correct
dosing strategy remains elusive, and further
trials are required.

The important step in the use of FFP is the
prompt identification of those patients in
whom continued transfusion (and thus
almost inevitable development of
coagulopathy) is likely.This may be based on
the severity of the injury, or of continuing
haemorrhage.

ARTIFICIAL CLOTTING
FACTORS
In the case of repairable surgical bleeding,
little time should be lost in achieving
definitive haemostasis. For other types of
bleeding, and in the unstable trauma patient,
a number of new products are being
suggested as methods of achieving faster
haemostasis than that traditionally
manageable with platelets and FFP.

FactorVIIa
One emerging therapy which is steadily
gaining in credence is recombinant activated
factor VIIa (Novoseven), used as a pro-
coagulant. Initially developed for use in
haemophilia, there are increasing numbers of
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reports of its use in the management of
traumatic haemorrhage since 1999 (70).
Martinowitz has reported a series of seven
patients, all of whom had exsanguinated to
the point where they required massive
transfusions and had become coagulopathic
(2). Administration of fVIIa reduced the
bleeding and transfusion requirements,
helped correct the clotting abnormalities,
and improved outcomes (three of the
patients died, but this was not attributed to
either fVIIa administration or haemorrhage).
A similar review of blunt trauma (71) also
showed a benefit in controlling haemorrhage
and improving outcome with the
administration of fVIIa. There are still
concerns over side effects, most notably
thromboembolic events. However, in a
review of more than 2500 cases of fVIIa
administration (in patients who were
bleeding with pre-existing coagulopathies),
only 0.7% had such an event (72).There are
no large scale data for patients without pre-
existing coagulation disorders. Factor VIIa
has also been used successfully as a novel
adjunct in the treatment of a complex
abdominal injury with haemorrhage and
coagulopathy in a Jehovah’s Witness refusing
blood products (73).

There are no reports on fVIIa use in the
early stages of trauma management, and to
date, no large scale randomised controlled
trials in trauma patients have been
completed.The dose and optimal indications
for administration have yet to be defined, as
has a clear picture of the benefits and
drawbacks.

Aprotonin
Aprotonin is a natural serine protease
inhibitor which can be manufactured from
bovine lung tissue. Although the mechanism
is not fully understood, it exerts its pro-
coagulant effects via inhibition of
complement activation, enhancement of
anti-fibrinolysis, and platelet adhesion. Paran
(74) used an animal model of uncontrolled
haemorrhagic shock to show that early
administration of Aprotonin aided
haemodynamic stabilisation and lead to
increased survival. This work followed from
its successful use in cardiac and liver
transplantation surgery. A Cochrane review
identified only 2 RCTs of sufficient structure
to be worth analysis: it found that there was
insufficient evidence to either support or
refute the use of aprotonin in trauma, and
recommended further trials (75). More data
are awaited in the clinical setting and in
trauma victims.

Conclusion
Blood has been used in trauma resuscitation
for a long time but its use is waning and the
advent of artificial oxygen carriers may
reduce this use even further as well as
potentially allowing pre-hospital transfusion.

At present, blood and blood products do still
have a place in the management of the
trauma patient but its use must be carefully
evaluated against the risks. Transfusion
strategies should take this into account by:
� Prompt identification of patients who will

need significant transfusion of PRBCs
(and, therefore, clotting factors). This
should be done from physiological and
clinical parameters, and selective use of
bedside testing, rather than laboratory
based tests.

� Prompt and aggressive correction of
hypothermia and acidosis, and the
avoidance of interventions which will
worsen either of these, such as prolonged
initial surgery.

� Prompt and aggressive correction of
coagulation with FFP (or newer adjuncts
such as fVIIa), in a ratio consistent at least
with that of whole blood.

� Acceptance of a lower level of
haemoglobin before transfusion is
triggered.
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