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Preface

Blood transfusions in 2007: Risks, alternatives

and indications

Avoiding allogeneic blood transfusions also in 2007 remains an important goal in the
perioperative treatment since blood transfusions are still associated with risk and a
limited efficacy. To reach this goal, we need a detailed knowledge of the physiology of
oxygen transport, the risks involved and the alternatives available. From the knowledge
of the physiology of oxygen transport physiologic transfusion triggers may be deduced.

Special considerations deserve the use of blood and blood products in trauma and
the use of anti-platelet drugs perioperatively. Last but not least the costs of blood
transfusions are perceived as high but may remain significantly underestimated.

All the above aspects are covered in this issue of ‘‘Best Practice & Clinical Anaes-
thesiology’’ and will hopefully help the clinician to better treat patients.

Donat R. Spahn
Institute of Anaesthesiology,
University Hospital Zürich,

CH-8091 Zürich, Switzerland
E-mail address: donat.spahn@usz.ch
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Allogeneic red blood cell transfusion:

Physiology of oxygen transport
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Allogeneic red blood cell (RBC) transfusions have been shown to be associated with consider-
able risks. While their efficiency in many clinical situations has not been proven, the number of
studies finding adverse outcomes in terms of morbidity (e.g. postoperative infections) and
mortality continues to rise. In view of these facts, physicians involved in transfusion medicine
have to be as restrictive as possible with RBC transfusions. Only a thorough knowledge of
the physiology and pathophysiology of oxygen transport can be a solid base for meaningful trans-
fusion decisions. Therefore, the goal of this article is to review the basics of oxygen transport
and normovolaemic anaemia.

Key words: anaemia; normovolaemic haemodilution; haemoglobin; circulation; cardio-vascular
risk; aortic stenosis; mitral insufficiency.

INTRODUCTION: RISKS OF RED BLOOD CELL TRANSFUSION

While there is still an astonishing lack of evidence for the efficacy of red blood cell
(RBC) transfusions, the number of well-conducted studies establishing a link between
RBC transfusion and poor outcome is large and still continues to increase. Numerous
randomized controlled trials (RCTs) and observational studies have examined the out-
comes after allogeneic RBC transfusions. The Transfusion Requirements in Critical
Care (TRICC) Trial investigated the effect of a restrictive transfusion strategy with
a transfusion threshold of 7 g/dl (target haemoglobin 7 to 9 g/dl) vs. a liberal transfu-
sion strategy with a transfusion trigger of 10 g/dl (target haemoglobin 10 to 12 g/dl) on
outcome in ICU patients. 30-day mortality was comparable between the two groups,
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indicating that a liberal transfusion strategy did not offer an advantage.1 Interestingly,
subgroup analyses of patients that/who were less severely ill (APACHE II score < 20)
and patients that/who were less than 55 years of age showed a significantly lower 30-
day mortality in the restrictive transfusion group.1 The favourable outcome refers to
TWO subgroups of patients (less severly ill patients as defined by an APACHE II score
< 20 and younger patients as defined by an age < 55). Two large observational studies,
the ABC (Anemia and blood transfusion in the critically ill) and the CRIT (Anaemia and
blood transfusion in the critically ill – Current clinical practice in the United States)
study noted associations between transfusion and mortality.2,3 The ABC study per-
formed in European intensive care units found a significantly higher mortality in trans-
fused vs. non-transfused patients with similar organ dysfunction. Even after matching
patients for being transfused, 28-day mortality was significantly higher in transfused
vs. non-transfused patients (22.7% vs. 17.1%, p¼ 0.02).2 Similarly the US CRIT study
identified the number of RBC units transfused as an independent risk factor for mor-
tality and length of hospital stay.3

In view of the results of these landmark studies and other trials on transfusion and
outcome, the harmful effects of transfusions under certain circumstances are undispu-
table. Therefore, the reluctance to consider RBC transfusions as potentially harmful
and avoidable interventions that is often encountered in daily practice among physi-
cians involved in perioperative and intensive care medicine is difficult to understand.
All the more it is important to have a good knowledge of the rationale upon which
RBC transfusions are based upon, that is oxygen transport.

OXYGEN TRANSPORT: BASIC PRINCIPLES

The rationale of a RBC transfusion is improvement of oxygen transport and ultimately
tissue oxygenation. Therefore, thorough knowledge of the physiology of oxygen trans-
port is a prerequisite when transfusing patients.4 Aerobic metabolism depends on
continuous oxygen delivery (DO2) to the cells in order to meet their metabolic
requirements. An inadequate oxygen supply may lead to tissue hypoxia resulting in an-
aerobic metabolism and the production of lactate.

There are two important processes involved in oxygen transport: convection and
diffusion. Oxygen in the inspired gas is transported by convective down to the alveoli,
diffuses across the alveolo-capillary barrier, binds to haemoglobin and is transported –
again by convection – to the microvascular network where it diffuses across the capil-
laries to the cells and finally into the mitochondria.

RED BLOOD CELL TRANSFUSION AND OXYGEN TRANSPORT

Global DO2 is determined by cardiac output (CO) and arterial oxygen content
(CaO2):

DO2¼CO�CaO2

Where DO2 is in ml/min, CO in l/min and CaO2 in ml/l.
CaO2 is the sum of the haemoglobin-bound form of oxygen and physically dissolved

oxygen in plasma:

CaO2¼ (SaO2� 1.34� [Hb])þ (0.03� PaO2)
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Where the haemoglobin-bound oxygen is the product of the arterial oxygen satura-
tion (SaO2, in %), the oxygen-carrying capacity of haemoglobin (1.34, in ml/g) and
the haemoglobin concentration ([Hb], in g/l) and dissolved oxygen is the product of
the plasma oxygen dissolution coefficient at body temperature (0.03, in ml/
(l�mmHg)) and the partial pressure of oxygen in arterial blood (PaO2, in mmHg).

Global oxygen consumption (VO2) which describes the amount of oxygen con-
sumed by the whole body per minute ranges under physiological conditions in a normal
adult from 200 to 300 ml/min whereas DO2 ranges from 800 to 1200 ml/min. The
relationship VO2/DO2 defines the oxygen extraction ratio (O2ER) which is thus in
the range of 20 to 30%. A normal VO2/DO2-relationship is illustrated in Figure 1. It
can be deduced from this graph that even a marked decrease in DO2 is tolerated
with respect to VO2 which is held constant and thus ‘‘DO2-independent’’. This situa-
tion may occur e.g. in acute normovolaemic anaemia, where CaO2 is reduced by the
fall in haemoglobin concentration. However, beyond a critical value of DO2 which is
referred to as critical DO2 (DO2 CRIT), VO2 starts to decrease and becomes thus
‘‘DO2-dependent’’ and tissue hypoxia develops.5

OXYGEN TRANSPORT BY DIFFUSION

Oxygen diffusion from the alveoli to the pulmonary capillaries or from the capillary
network into the tissues can be described by Fick’s first law of diffusion:
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Figure 1. VO2 – DO2 relationship. Three different conditions are shown: individuals 1 and 2 differ in their

metabolic demand, i.e. oxygen consumption (VO2) which is held constant despite a decrease (arrowheads) in

oxygen supply (DO2). At a critical threshold of DO2 (DO2 CRIT) which is reached sooner in individual 2 than

in individual 1, VO2 begins to fall rapidly. Individual 3 represents a particular condition: above DO2 CRIT, VO2 –

DO2 relationship does not plateau as under physiologic conditions. In contrast, VO2 continues to increase with

increasing DO2 even in a range of DO2 that would be largely sufficient to meet metabolic demands

under normal conditions and demonstrates therefore a ‘‘supply-dependency’’ indicating an oxygen debt.

This situation may be found in critical illness such as sepsis.
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O2 rate of diffusion¼ [K�A�DP]/D

Where K is the diffusion coefficient of oxygen within the medium, A the surface area
for diffusion, DP the pressure gradient across the diffusion barrier and D the distance
over which diffusion occurs.

When applying Fick’s equation to the diffusion process of oxygen from the capillar-
ies to the mitochondria, DP represents the difference between the mean capillary
oxygen partial pressure (PO2) and the PO2 near the mitochondria, while A und K
characterize the capillary network with respect to its surface and capillary density.
Accordingly, an increased PaO2 enhances oxygen diffusion from the blood into the
tissue by increasing the PO2 pressure gradient. It may be argued that physically dis-
solved oxygen contributes little to CaO2 and accordingly to DO2 and that increasing
PaO2 above a threshold of about 70 mmHg therefore offers little extra benefit since
over 90% of haemoglobin is already saturated with oxygen at this point of the oxyhae-
moglobin dissociation curve (Figure 2). While the latter part of this statement con-
cerning haemoglobin saturation is correct, the former one disregards the changes in
blood composition present in case of acute normovolaemic anaemia. With decreasing
haemoglobin values in acute normovolaemic anaemia the plasma compartment is sig-
nificantly increasing and represents therefore a quantitatively important reservoir for
physically dissolved oxygen. It has been demonstrated in animal experiments that phys-
ically dissolved oxygen can make up to 47% of VO2 at a haemoglobin of 7 g/dl6 and 74%
of VO2 when hyperoxic ventilation (100% O2) is applied in profound normovolaemic
anemia (haemoglobin of 3 g/dl).7 Already at 60% O2 ventilation the critical haemoglo-
bin could be lowered from 2.4 g/dl at 21% O2 ventilation to 1.5 g/dl.8 At the critical
haemoglobin of 1.5 g/dl 53% of the VO2 was from physically dissolved oxygen. This
finding is particularly important because long term ventilation with 60% O2 is less
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Figure 2. Oxyhaemoglobin dissociation curve. Changes in parameters leading to a rightwards shift are given

(box). P50¼Oxygen tension at which haemoglobin is 50% saturated. 2,3-DPG¼ 2,3-diphosphoglycerate.
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prone to be associated with O2 toxicity than a ventilation with 100% O2 and thus
practically more feasible.9

Furthermore, Meier and co-workers have shown that hyperoxic ventilation signif-
icantly increases survival after acute normovolaemic haemodilution to individual crit-
ical haemoglobin values (HbCRIT). Ventilation with 100% oxygen resulted in a 6-hour
mortality of 14% while all animals that were ventilated with room air (21% oxygen)
died with 6 hours after HbCRIT had been reached.10 In addition to these animal studies,
the beneficial effects of hyperoxic ventilation during normovolaemic anaemia have also
been found in humans. In a recent study in patients after coronary artery bypass graft
(CABG) surgery (haemoglobin 8.1–8.2 g/dl), ventilation with 100% oxygen resulted in
an increase of DO2 and skeletal muscle PO2 but not in VO2.

11 However, similarly to
the 47% contribution to VO2 found in the animal study by Meier et al10, hyperoxic ven-
tilation contributed approximately 38% to systemic VO2.

11 Thus, hyperoxic ventilation
in normovolaemic anaemia does not only seem to result in convective transport of
physically dissolved plasma, but also to increase the PO2 pressure gradient between
blood and tissue which facilitates oxygen diffusion and tissue oxygenation. Weiskopf
and co-workers have investigated the effect of a marked increase in PaO2 on haemo-
dilution-induced deficits of cognitive function and memory in healthy volunteers.12

Haemoglobin values decreased from 12.7 g/dl before haemodilution to 5.7 g/dl after
haemodilution. Tests for cognitive function and delayed memory showed a significant
impairment at these anaemic haemoglobin levels. These deficits were completely
reversed by breathing oxygen which increased PaO2 to approximately 400 mmHg.12

Accordingly, this study convincingly demonstrated that an acute anaemia-induced
oxygen supply-demand mismatch of the brain causing very subtle neurological deficits
can be compensated by a massive increase of physically dissolved oxygen.

COMPENSATORY MECHANISMS IN RESPONSE TO ACUTE
NORMOVOLAEMIC ANAEMIA

The primary goal in case of acute blood is to restore normovolaemia with cristalloids
and colloids. Therefore we will premise normovolaemic anaemia when discussing
physiologic alterations in response to acute anaemia.

Changes in blood flow represent a central mechanism that underlies a number of
compensatory mechanisms keeping DO2 above DO2 CRIT.

13 First, blood flow is aug-
mented at the level of the central circulation by an increased cardiac output (CO).
This is accomplished by a decrease in blood viscosity on one hand and an increase
in sympathetic stimulation of the heart on the other hand.14 Decreased blood viscosity
is due to the diminished number of RBC’s and the reduction in haematocrit. This
results in an increase in left ventricular performance by two mechanisms: an increased
venous return and consequently an increased preload (Frank-Starling mechanism) and
a decreased systemic vascular resistance and thus a decreased afterload.4

In anesthetized humans increased sympathetic activity leads to increased CO exclu-
sively by increased myocardial contractility but not by an increase in heart rate.5,15,16

Therefore, in contrast to awake humans, any increase in heart rate anesthetized
anaemic patients has primarily to be considered as a sign of hypovolaemia. In this regard
it is important to note that chronic b-adrenergic blockade does not impair the central
haemodynamic adaptation to mild normovolaemic haemodilution. Chronically b-
blocked and non-b-blocked patients undergoing CABG surgery have been prospec-
tively studied during preoperative acute normovolaemic haemodilution to haemoglobin
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levels of roughly 10 g/dl.17 Both patient groups compensated well for the acute decrease
in CaO2 with VO2 remaining unchanged in non-b-blocked patients and being slightly
increased in b-blocked patients. However, there was an interesting difference in the
compensatory mechanisms: while b-blocked patients showed an increase in cardiac
index and oxygen extraction, non-b-blocked patients responded only with an increase
in oxygen extraction. The authors hypothesized that this may be due to an up-regulation
of b-adrenergic receptors during chronic b-blockade resulting in a greater increase of
cardiac index in response to haemodilution-induced endogenous catecholamine secre-
tion compared to non-b-blocked patients.17 Therefore, it would be interesting to inves-
tigate the effect of short-term perioperative b-blockade on cardiac output in response
to acute normovolaemic haemodilution in humans since perioperative b-blockade has
been shown to decrease morbidity and mortality in CAD patients and is therefore com-
monly applied.18 Second, regional redistribution of blood flow from non-vital to vital
organs takes place. This redistribution occurs mainly in favours of heart and brain.
This is particularly important for the myocardium that has an almost maximal O2ER
under physiologic conditions. Thus, increased myocardial oxygen requirements have
to be met by an increase in DO2 via an increase in coronary blood flow which enables
the heart to maintain the macrocirculatory response to normovolaemic anaemia. How-
ever, an increased blood flow itself to the tissues does not necessarily result in an
adequate DO2. Microvascular blood flow exhibits a considerable spatial heterogeneity
with wide distributions of capillary haematocrit and RBC flow rates. Therefore, as
a third compensatory mechanism, blood flow homogenization in the microcirculation
resulting in an increase in the O2ER is an important mechanism in the maintenance of
an adequate tissue oxygenation.13 In addition to these blood flow alterations, increased
RBC 2,3-diphosphogylcerate (2,3-DPG) levels lead to a decrease in the affinity of
haemoglobin for oxygen with a shift of the oxyhaemoglobin dissociation curve to the
right resulting in a facilitated release of haemoglobin-bound oxygen4 (Figure 2).

ADAPTATION TO NORMOVOLAEMIC ANAEMIA: PATIENTS AT RISK

The outlined compensatory mechanisms in response to acute normovolaemic anaemia
can be impaired or DO2 CRIT – either systemic or organ specific – may be reached
sooner under certain pathophysiological conditions, respectively.

Coronary artery disease

Patients with coronary artery disease (CAD) may be at particular risk to develop myo-
cardial ischemia in case of an acute drop in CaO2 caused by acute normovolaemic
anaemia. This is mainly due to two reasons: first, the compensatory increase in coro-
nary blood flow is limited by the fixed coronary stenosis. Second, the heart has already
under physiologic conditions a relatively high O2ER and therefore a limited capacity to
increase O2ER further. Thus, myocardial DO2 CRIT is reached sooner in these patients
with ongoing haemodilution compared to patients without CAD.

It has been shown in patients with CAD scheduled for CABG surgery that haemodi-
lution from 12.6� 0.2 g/dl to 9.9� 0.2 g/dl is well tolerated.19 The patients in this pro-
spective, randomized study were able to increase both O2ER and cardiac index in
response to the acute decrease in CaO2. There were neither any signs of myocardial
ischemia in the ECG nor any hints for cardiac dysfunction when systemic and
pulmonary haemodynamic parameters were measured.19 These results were confirmed
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recently in a similar study in CAD patients who were haemodiluted from 13.9� 1.3 g/dl
to 9.3� 1.0 g/dl.20 In addition to the absence of ECG abnormalities and haemodynamic
instability, transoesophageal echocardiography did not exhibit any compromise in left
ventricular systolic and diastolic function.20 In addition, preoperative haemodilution
resulted in less postoperative troponin release, a reduced need for inotropic support
and fewer postoperative supra-ventricular arrhythmias.21 Thus, moderate haemodilu-
tion to haemoglobin levels of 8–9 g/dl seems to be safe in CAD patients and may even
result in an outcome benefit.

Valvular heart disease

Acute normovolaemic haemodilution from 13.4� 0.7 g/dl to 9.1� 0.9 g/dl has
recently been performed in patients with severe aortic stenosis (valve area of
0.6� 0.1 cm2).22 Preload indexes and cardiac output increased as expected. However
the compensatory increase in left-ventricular stroke volume was limited due to loss of
kinetic energy at the obstructed valve. Therefore, in case of severe aortic stenosis,
haemodilution to values lower than 9 g/dl may be performed with caution. Haemodi-
lution to haemoglobin values of 10 g/dL is well tolerated in patients with mitral valve
insufficiency, even when atrial fibrillation is present.23

It needs to be stressed that up to now, no studies have been performed on the
safety of haemodilution in patients with other valvulopathies such as aortic insuffi-
ciency or mitral stenosis.

Impaired cardiac contractility

Significantly impaired cardiac contractility may limit the compensatory increase in
response to acute normovolaemic anaemia. However, preoperative left-ventricular
ejection fraction (LV EF) in the range of 26 to 83% has been shown not to influence
the compensatory increase after haemodilution from 12.6� 0.2 g/dl to 9.9� 0.2 g/dl.19

Nevertheless, the number of patients with a LV EF below 35% was small and the results
of this study may not be applied to all patients with severely impaired LV EF.

RBC TRANSFUSIONS AND OXYGEN KINETICS

Most physicians would agree that the ultimate goal of allogeneic RBC transfusions con-
sists in increasing DO2 in order to increase tissue oxygenation. However, numerous
studies consistently failed to show an increase of tissue oxygen utilization as measured
by VO2. Hébert and colleagues identified eighteen studies studying the effect of RBC
transfusions on parameters including DO2 and VO2. Of the fourteen studies that de-
tected an increase in global DO2, only five detected an increase in global VO2.

24 A recent
prospective randomized study in patients evaluated the effect of transfusion of 1 or 2
RBC units or ventilation with 100% oxygen on systemic oxygenation parameters in
moderately anaemic patients (haemoglobin 8.1–8.2 g/dl) after primary CABG surgery.11

Again, systemic VO2 did not increase in the transfusion group. Only DO2 increased as in
the group that was ventilated with 100% oxygen. One reason for the lack of increase of
VO2 in all these studies might be the absence of a DO2-dependency of VO2 prior to the
transfusion. In the range of DO2-independency VO2 is held constant by the compensa-
tory mechanisms as discussed above. Therefore, from a physiological point of view, RBC
transfusions in these situations are of questionable benefit in terms of oxygen kinetics.
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OXYGEN TRANSPORT AND VISCOSITY

A recent animal study investigated the influence of blood viscosity on microvascular
conditions in case of extreme haemodilution.25 Haemoglobin was decreased by step-
wise haemodilution to a haematocrit (Hct) of 18% and 11%. In addition, by exchange
transfusion with RBCs containing methaemoglobin, a group with a haematocrit of
18% but an effective oxygen-carrying capacity of only about 11% Hct was created.
Interestingly, microvascular perfusion and sytemic conditions (e.g. mean arterial
pressure) were significantly better in group with methemoglobin-containing RBCs
compared with the 11% Hct group which was attributed to the higher blood viscosity.
Therefore the authors suggested that the present transfusion triggers could represent
in fact viscosity triggers.25

CONCLUSION

Over awide range of haemoglobin values theorganism is capable of maintaining a sufficient
O2 delivery to the tissue provided normovolaemia is maintained. The main compensatory
mechanisms are the increase in cardiac output and the increase in oxygen extraction.
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In clinical practice, the decision to transfuse is linked to the hope of increasing oxygen transport
(TO2) to tissues. Physiologic transfusion triggers should progressively replace arbitrary
hemoglobin-based transfusion triggers. These ‘physiologic’ transfusion triggers can be based
on signs and symptoms of impaired global oxygenation (lactate, venous O2 saturation [SvO2])
or, even better, of regional tissue oxygenation (electrocardiographic ST-segment, electroenceph-
alographic P300 latency). The SvO2 or its surrogate, the central venous O2 saturation (ScvO2), is
a clinical tool which integrates the relationship between whole-body O2 uptake and TO2, and as
such can be proposed as a simple physiologic transfusion trigger.

Key words: oxygen (O2) transport (TO2); regional tissue oxygenation; lactate; venous O2

saturation (SvO2); central venous O2 saturation (ScvO2); electroencephalographic P300 latency.

A decrease in hemoglobin (Hb; g/dL) is likely to be associated with a decrease in oxygen
transport (TO2) when cardiac output (CO) remains unchanged, since TO2¼CO�
CaO2, where CaO2 is arterial oxygen content, with CaO2 z Hb� SaO2� 1.34 (where
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SaO2 is the percentage arterial oxygen saturation; and 1.34 mL oxygen/g Hb is the
oxygen-carrying capacity of Hb), if one ignores the negligible O2 not bound to Hb.1

In clinical practice, the decision to transfuse is therefore linked to the hope of in-
creasing TO2 to tissues and subsequent oxygen utilization by the cells.2,3 Conversely,
one could define sufficient TO2 as that which meets tissue oxygen needs (VO2) or as
that which favors full cell oxygenation4,5, with VO2¼ (CaO2�CvO2)�CO according
to the Fick equation. Since venous oxygen content is CvO2 z Hb� SvO2� 1.34
(where SvO2 is the % mixed venous oxygen saturation), VO2 can be then calculated
as: VO2 z CO� (SaO2� SvO2)�Hb� 1.34; and SvO2 can be derived from:
SvO2 z SaO2� VO2/(Hb� 1.34�CO).

VENOUS OXYGEN SATURATION AND THE OXYGEN
UPTAKE/DELIVERY RELATIONSHIP

The venous oxygen saturation is a clinical tool which integrates the whole-body VO2/
TO2 relationship. In the clinical setting, the mixed SvO2 can be measured (continuously
or not) through the distal line of a pulmonary artery catheter (PAC). In the absence of
a PAC, the central venous oxygen saturation (ScvO2) is being increasingly used as a rea-
sonably accurate surrogate.6 The normal range for SvO2 is 68–77% and is considered to
be 5% above these values for ScvO2.

7

A decrease in Hb is one of the four determinants responsible for a decrease in
SvO2 (or ScvO2), alone or in combination with hypoxemia (decrease in SaO2), an in-
crease in VO2 without a concomitant increase in TO2, or a fall in CO.

When TO2 decreases, VO2 is maintained (at least initially) by an increase in EO2 (oxygen
extraction), since EO2¼ VO2/TO2. Since VO2 z (SaO2� SvO2)� (Hb� 1.34�CO)
and TO2 z SaO2�Hb� 1.34�CO, EO2 z (SaO2� SvO2)/SaO2. EO2 and SvO2 are
thus linked by a simple equation: EO2 z 1� SvO2. Assuming SaO2¼ 18, when SvO2 is
40%, EO2 is 60%.

Increased oxygen extraction reflects blood flow alteration at a regional level. This is
characterized by redistribution from non-vital to vital organs such as heart and brain,
allowing the heart to meet the increased oxygen demand, since myocardial EO2

reserve is limited and cannot fully compensate for the decreased blood oxygen capac-
ity. In contrast, the cerebral EO2 can be significantly increased in response to TO2

decrease. Finally, microcirculatory changes take place, leading to a recruitment of
capillaries and homogeneous blood flow through the capillary bed, which in turn
enables increased EO2.

9

When TO2 decreases beyond a certain threshold it induces a decrease in VO2. This
point is known as the critical TO2 (TO2crit), below which there is a state of oxygen
uptake-to-supply dependency which can be defined as shock or dysoxia.3,4 Below
the TO2crit, a decrease in consumption (VO2) is associated with an increase in lactic
acid production10 and an inadequate supply of ATP relative to cellular requirements.11

At this TO2crit, EO2 reaches its critical point (EO2crit). The TO2crit is highly depen-
dent on VO2. When VO2 is higher, TO2crit is higher as well. TO2crit is also higher
when EO2crit is lower.

In humans, tissue dysoxia is usually present when SvO2 falls below 40–50%
(SvO2crit); however, this may also occur at higher levels of SvO2 when EO2 is im-
paired. Usually efforts to correct CO (by fluids or inotropes) and/or Hb and/or
SaO2 and/or VO2 must target a return of SvO2 (ScvO2) from 50 to 65–70%.12 Hypo-
volemia due to blood loss is primarily corrected by infusion of crystalloids and colloids
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and transformed into normovolemic anemia. Acute normovolemic anemia usually re-
sults in an increase in CO.13 The decrease in blood viscosity leads to a facilitated ve-
nous return with an increased preload, and sympathetic stimulation increases inotropy,
thereby contributing further to the increase in CO.

THE CONCEPT OF PHYSIOLOGIC TRANSFUSION TRIGGER

In sedated critically ill patients in whom life support was discontinued, TO2crit was
found to be approximately 3.8–4.5 mL O2/kg/min for a VO2 about 2.4 mL O2/kg/min;
EO2 reached an EO2crit of 60%14 with SvO2crit being z 40%. In an 84-year-old
male Jehovah’s Witness undergoing profound hemodilution, the TO2crit was
4.9 mL O2/kg/min for a similar VO2 at about 2.4 mL O2/kg/min; the Hb value at the
TO2crit was 3.9 g/dL.5 This Hb value can be defined as a critical Hb value. Consistent
with these results, in young, healthy, and conscious (which means higher VO2 values)
volunteers undergoing acute hemodilution with 5% albumin and autologous plasma,
TO2crit was found to be lower than 7.3 mL O2/kg/min for a VO2 at 3.4 mL O2/kg/
min15 and an Hb value of 4.8 g/dL. The same investigators studied healthy resting hu-
mans to test whether acute isovolemic reduction of blood hemoglobin concentration
to 5 g/dL would produce an imbalance in myocardial oxygen supply and demand, re-
sulting in myocardial ischaemia.16 Heart rates increased from 63� 11 (baseline mea-
sured before hemodilution began) to 94� 14 beats/min (a mean increase of
51� 27%; P< 0.0001), whereas mean arterial blood pressure decreased from
87� 10 to 76� 11 mmHg (a mean decrease of 12� 13%; P< 0.0001), mean diastolic
blood pressure decreased from 67� 10 to 56� 10 mmHg (a mean decrease of
15� 16%; P< 0.0001), and mean systolic blood pressure (SAP) decreased from
131� 15 to 121� 16 mmHg (a mean decrease of 7� 11%; P¼ 0.0001). Electrocar-
diographic (ECG) changes were monitored continuously using a Holter ECG recorder
for detection of myocardial ischemia. During hemodilution, transient, reversible ST-
segment depression developed in three asymptomatic subjects at Hb concentrations
of 5 g/dL while the subjects were asymptomatic. The subjects who had ECG ST-seg
ment changes had significantly higher maximum heart rates (110–140 beats/min)
than those without ECG changes, despite having similar baseline values. The higher
heart rates that developed during hemodilution may have contributed to the develop-
ment of an imbalance between myocardial supply and demand resulting in ECG
evidence of myocardial ischemia. An approach of the myocardial oxygen balance is
offered by the product SAP�HR which should remain below 12,000. For
HR¼ 110 beats/min, if SAP is 120 mmHg, SAP�HR¼ 13,200 and may be considered
too high for the myocardial VO2.

In 20 patients older than 65 years and free from known cardiovascular disease, Hb
was decreased from 11.6� 0.4 to 8.8� 0.3 g/dL. With stable filling pressures, CO in-
creased from 2.02� 0.11 to 2.19� 0.10 L/min/m2 (P< 0.05), while systemic vascular
resistance decreased from 1796� 136 to 1568� 126 dynes/s/cm5 (P< 0.05) and EO2

increased from 28.0� 0.9 to 33.0� 0.8% (P< 0.05) resulting in stable VO2 during he-
modilution. While no alterations in ST segments were observed in lead II, ST segment
deviation became slightly less negative in lead V5 during hemodilution from
�0.03� 0.01 to �0.02� 0.01 mV (P< 0.05). The authors concluded that isovolemic
hemodilution to a hemoglobin value of about 8.8 g/dL was the limit to be tolerated in
these patients.17

In 60 patients scheduled for coronary artery bypass graft surgery with coronary ar-
tery disease receiving b-adrenergic blockers chronically, Hb was decreased from
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12.6� 0.2 to 9.9� 0.2 g/dL (P< 0.05). With stable filling pressures, CO increased
from 2.05� 0.05 to 2.27 � 0.05 L/min/m2 (P< 0.05) and EO2 from 27.4� 0.6 to
31.2� 0.7% (P< 0.05), resulting in stable VO2. No alterations in ST segments were
observed in leads II and V5 during hemodilution. Individual increases in cardiac index
and EO2 were not linearly related to age and left ventricular ejection fraction
(P¼ 0.841; P¼ 0.799).18

Young healthy volunteers were also tested with verbal memory and standard, com-
puterized neuropsychologic tests before and twice after acute isovolemic reduction of
their Hb concentration to 5.7� 0.3 g/dL. Heart rate (HR), mean arterial blood pres-
sure (MAP), and self-assessed sense of energy were recorded at the time of each test.
Reaction time for digit-symbol substitution test (DSST) increased, delayed memory
was degraded, MAP and energy level decreased, and HR increased (all P< 0.05). In-
creasing arterial oxygen pressure (PaO2) to 406� 47 mmHg reversed the DSST result
and the delayed memory changes to values not different from those at the baseline Hb
concentration of 12.7� 1.0 g/dL and decreased heart rate (P< 0.05), although MAP
and energy level changes were not altered with increased PaO2 during acute anemia.
In that study, the authors confirmed that acute isovolemic anemia subtly slows human
reaction time, degrades memory, increases HR, and decreases energy level.19

Subsequent studies identified the cause of the observed cognitive function deficits
in impaired central processing as quantified by measurement of the P300 latency. The
P300 response was significantly prolonged when unmedicated healthy volunteers were
hemodiluted from hemoglobin concentrations of 12.4� 1.3 to 5.1� 0.2 g/dL.20 The
increased P300 latencies could be reversed to values not significantly different from
baseline when inspired oxygen concentration was increased from 21 (room air) to
100%. These results suggest that P300 latency is a variable sensitive enough to predict
subtle changes in cognitive function. Accordingly, the increase of the P300 latency
above a certain threshold might serve as a monitor of inadequate cerebral oxygenation
and as an organ-specific transfusion trigger in the future.

Spahn and Madjdpour21 recently emphasized that Weiskopf et al20,22 have opened
the ‘window to the brain’ with respect to monitoring the adequacy of cerebral oxy-
genation during acute anemia.

These observations and results clearly indicate that there is no ‘universal’ Hb
threshold that could serve as reliable transfusion trigger and that transfusion guidelines
should take into account the patient’s individual ability to tolerate and to compensate
for the acute decrease in Hb concentration. Useful transfusion triggers should rather
consider signs of inadequate tissue oxygenation that may occur at various hemoglobin
concentrations depending on the patient’s underlying diseases.1 These ‘physiologic’
transfusion triggers can be based on signs and symptoms of impaired global (lactate,
SvO2 or ScvO2) or, even better, of regional tissue oxygenation (ECG ST-segment,
DSST or P300 latency).

THE VENOUS OXYGEN SATURATION AS A PHYSIOLOGIC
TRANSFUSION TRIGGER

The venous oxygen saturation helps to assess the VO2/TO2 relationship and anemia
tolerance during blood loss since it integrates Hb, CO, VO2 and SaO2. The mixed
SvO2 can be measured with the help of a PAC. The central venous catheter allows
sampling of blood for measurement of ScvO2, the surrogate for mixed SvO2, or
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even monitoring if an oximetry catheter is being used. A central venous catheter is
simpler to insert, and generally safer and cheaper than a PAC.

In a landmark study by Rivers et al23, patients admitted to an emergency depart-
ment with severe sepsis and septic shock were randomized to standard therapy (aim-
ing for a CVP of 8–12 mmHg, MAP �65 mmHg, and urine output �0.5 mL/kg/h) or
to early goal-directed therapy (EGDT) where, in addition to the previous parame-
ters, an ScvO2 of at least 70% was targeted by optimizing fluid administration, keep-
ing hematocrit �30%, and/or giving dobutamine to a maximum of 20 mg/kg/min. The
initial ScvO2 in both groups was low (49� 12%), suggesting a hypodynamic condition
before resuscitation is started. From the 1st to the 7th hour the amount of fluid re-
ceived was significantly larger in the EGDT patients (z5000 mL versus 3500 mL).
From the 1st to the 7th hour, and from the 7th to the 72nd hour, the number of
patients treated by vasopressor was smaller in EGDT patients (i.e. 27.4 versus
30.3%, and 29.1 versus 42.9% respectively) when the number of patients treated
by dobutamine was significantly larger (13.7 versus 0.8% and 14.5 versus 8.4% respec-
tively). When in all patients the decision was to keep a hematocrit above 30%, it is
noticeable that the number of patients receiving red blood cells was significantly
larger in the EGDT group than in the control group (64.1 versus 18.5%), suggesting
that the strategy of targeting a ScvO2 of at least 70% was associated with more de-
cisions to transfuse once fluid, vasopressor, and dobutamine were titrated to im-
prove tissue oxygenation. In the follow-up period between the 7th and the 72nd
hour, in patients receiving EGDT, mean ScvO2 was higher (70.6� 10.7% versus
65.3� 11.4%; P¼ 0.02), mean arterial pH was higher (7.40� 0.12
versus. 7.36� 0.12; P¼ 0.02), and lactate plasma levels were lower (3.0�
4.4 mmol/L versus 3.9� 4.4 mmol/L; P¼ 0.02), as well as base excess (2.0�
6.6 mmol/L versus 5.1� 6.7 mmol/L; P¼ 0.02). Organ failure score was significantly
altered in patients receiving standard therapy when compared to EGDT patients.
Hospital mortality fell from 46.5% (standard group) to 30.5% in the EGDT group
(P¼ 0.009). Importantly, 99.2% of patients receiving EGDT achieved their treatment
goals within the first 6 hours compared with 86% in the standard group. This was the
first study demonstrating that initiation of EGDT to achieve an adequate level of
tissue oxygenation by oxygen delivery (as judged by ScvO2 monitoring) significantly
improves mortality.

In a subsequent prospective observational study24 we tested how well the ScvO2

was related to the French recommendations for blood transfusion (BT) and to the
anesthesiologist’s decision to transfuse. The French recommendations for BT were
presented during a consensus conference organized in 2003 by the French Society
of Intensive Care Medicine (Société de Réanimation de Langue Française; SRLF). They
are based on plasma Hb concentration value and associated clinical state (Table 1).
Apart from cardiac and septic patients, the threshold value of Hb for BT is 7 g/
dL. Sixty high-risk surgery patients in whom BT decision was discussed postopera-
tively were included in the study. They were eligible when hemodynamically stable
and equipped with a central venous catheter. The BT decision was taken by the
anesthesiologist in charge of the patient. The anesthesiologist was informed of the
French recommendations; on request he/she could be aware of the ScvO2 value
that was obtained at the sampling time of the Hb. The following parameters
were registered: age, history of cardiovascular disease, presence of sepsis, number
of blood units transfused, agreement with the SRLF recommendations. In 53 of
the 60 general and urologic surgery patients, the BT was decided. ScvO2 and
Hb were measured before and after BT, together with hemodynamic parameters
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(HR, SAP). Patients were retrospectively divided into two groups according to
ScvO2 before BT: < or �70%, and then in four groups according to the SRLF
recommendations (reco) for BT: recoþ for ‘recommendation for BT’; reco� for
‘no recommendation for BT’.

Overall, demographic characteristics were similar (Table 2). BT provided a signifi-
cant and approximately similar increase in Hb for each patient in the four groups, while
ScvO2 value rose significantly only in recoþ patients with ScvO2 <70% before BT
(Table 3). The HR and SAP were of no value in helping the BT decision. We must no-
tice, however, that the SAP�HR product was >12,000 (post-BT HR� SAP¼ 100�
130¼ 13,000) in the unique situation where reco� patients with an ScvO2� 70%
were transfused.

The conclusions of this observational study are as follows: (1) 26 patients (49%) re-
ceived BT in spite of recommendations (reco�); (2) 22.6% of the patients out of these
recommendations (reco�) with an ScvO2< 70% seem nevertheless to derive benefit
from BT (according to the VO2/TO2 relationship); one may speculate that absence of
recommendations for BT in those patients could have contributed to a ‘lack of BT’;
(3) according to ScvO2 (which remained largely below 70%) BT might even have
been insufficient (n¼ 2 blood units) in this subgroup; (4) 24.5% of the patients fulfilling
the SRLF recommendations (recoþ) with an ScvO2� 70% received BT, although VO2/
TO2 might have been adequate; one may speculate that BT in those patients could have
contributed to an ‘excess of BT’, which would be consistent with the post-BT
HR� SAP product.

Table 2. Demographic characteristics in 53 patients who received blood transfusion (BT).

ScvO2< 70% (n¼ 26) ScvO2� 70% (n¼ 27)

Reco � (n¼ 12) þ (n¼ 14) � (n¼ 14) þ (n¼ 13) Kruskal-Wallis

test (P¼ 0.05)

Age 55.5 [46.4e64.4] 74.5 [62.2e77.2] 46 [30.5e62.9] 69 [59.7e80.3] NS

Weight 73.5 [62.9e96.9] 74 [67.8e76.8] 70 [58.7e86.7] 70 [57.3e72.5] NS

Blood units 2 [1.7e2.1] 2 [1.8e2.7] 2 [1.8e2.7] 2 [1.6e2.2] NS

Patients were divided into two groups according to their central venous oxygen saturation (ScvO2) be-

fore BT: < or �70%, and then into four groups according to the SRLF recommendations (reco) for BT:

recoþ for ‘recommendation for BT’; reco� for ‘no recommendation for BT’.

Table 1. The French recommendations for blood transfusion (BT) in critically ill patients are based on

a recent consensus presented by the French Society of Intensive Care Medicine (Société de Réanimation

de Langue Française; SRLF) using threshold values for hemoglobin (Hb) together with the clinical context

for indicating BT.

Threshold value of Hb (g/dL) Clinical context

10 Acute coronary syndrome

9 Ischemic heart disease

Stable heart failure

8 Age >75

Severe sepsis

7 Others
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Following the study by Rivers et al, and our own observations, we conclude that
ScvO2 appears to be an interesting parameter to help in making a BT decision in he-
modynamically unstable severe sepsis or in stable high-risk surgery patients equipped
with a central venous catheter. ScvO2 can be proposed as a simple and universal phys-
iologic transfusion trigger. It deserves a controlled randomized study in which patients
would be separated into two treatment groups: (1) a control group in which the BT
decision will be made according to Hb threshold values (similar to those presented
by the SRLF); (2) an ScvO2 goal-directed group in which the BT decision will
be made according to an ScvO2 value <70% as soon as the Hb value is <10 g.dL�1

(hematocrit <30%), providing that the CVP is 8–12 mmHg.

Table 3. Central venous oxygen saturation (ScvO2), hemoglobin (Hb), heart rate (HR) and systolic

arterial pressure (SAP) values (median [CI 95%]) in patients divided into two groups as in Table 2.

ScvO2< 70% ScvO2� 70%

Reco þ � þ � KruskaleWallis

test (P< 0.05)

ScvO2 pre-BT 58.6

[52.2e62.3]

56.5

[49.0e62.9]

75.3

[68.0e79.9]

75.4

[58.5e86.9]

P< 0.001

ScvO2 post-BT 69.3a

[58.8e74.5]

65.4

[55.5e69.7]

77.4

[71.0e80.8]

75.9

[67.7e80.8]

P¼ 0.002

Hb pre-BT 7.4

[7.2e7.9]

8.0

[7.6e8.5]

7.6

[7.2e8.2]

7.5

[7.3e8.0]

NS

Hb post-BT 9.2a

[8.7e9.8]

9.9a

[9.4e10.3]

9.7a

[9.2e10.6]

10.2a

[9.2e10.7]

NS

HR pre-BT 89.0

[84.3e106.1]

95.5

[90.1e112.9]

87.5

[75.8e102.6]

97.0

[86.3e126.6]

NS

HR post-BT 92.0

[86.2e98.9]

92.0

[82.9e101.1]

84.0

[78.7e100.4]

100.0

[84.2e107.5]

NS

SAP pre-BT 120.5

[105.7e138.4]

130.0

[120.7e149.5]

128.0

[117.1e138.7]

124.0

[109.6e150.0]

NS

SAP post-BT 122.0

[111.4e138.3]

120.0

[108.6e146.6]

140.0a

[131.8e159.2]

130.0a

[117.9e163.5]

NS

a P< 0.05; Wilcoxon test for values before (pre-BT) versus after BT (post-BT).

Practice points

� ScvO2 can help in making a blood transfusion (BT) decision in hemodynamically
unstable severe sepsis or in stable high-risk surgery patients equipped with
a central venous catheter
� the Hb level associated with the knowledge of the clinical context is not pre-

dictive of the ScvO2 value
� the BT decision can be made according to an ScvO2 value <70% as soon as the

Hb value is <10 g/dL (hematocrit <30%) providing that the central venous
pressure is 8–12 mmHg
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CONCLUSION

Physiologic transfusion triggers should progressively replace arbitrary Hb-based trans-
fusion triggers. This will render allogeneic erythrocyte transfusions more efficacious
because physicians will be capable of using goal-directed erythrocyte transfusions.21

These ‘physiologic’ transfusion triggers can be based on signs and symptoms of impaired
global (lactate, SvO2 or ScvO2) or, even better, regional tissue oxygenation (ECG ST-
segment, DSSTor P300 latency). They have to include, however, two important simple
hemodynamic targets: HR and MAP or SAP. One may refer to the product SAP�HR
which should remain below 12,000 to maintain the myocardial oxygen balance.
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Transfusion-related acute lung injury (TRALI) is defined as new acute lung injury (ALI) that
occurs during or within six hours of transfusion, not explained by another ALI risk factor. Trans-
fusion of part of one unit of any blood product can cause TRALI. The mechanism may include
factors in unit(s) of blood, such as antibody and biologic response modifiers. In addition, yet to
be described factors in a patient’s illness may predispose to the condition. The current incidence
is estimated to be 1 in 5,000 units. Patients present with acute dyspnea, or froth in the endo-
tracheal tube in intubated patients. Hypertension, hypotension, acute leukopenia have been
described. Management is similar to that for ALI and is predominantly supportive. When TRALI
is suspected, Blood banks should be notified to quarantine other components from the same
donation. No special blood product is required for subsequent transfusion of a patient who
has developed TRALI.

Key words: blood transfusion/adverse effects; pulmonary edema; acute lung injury.

Transfusion-related acute lung injury (TRALI) is a syndrome of acute lung injury (ALI)
associated with transfusion. The term TRALI was coined by Drs. Popovsky and Moore
when they reported a case series at the Mayo Clinic in 1985.1 In this case series, the
typical clinical presentation included acute respiratory distress characterized by hyp-
oxemia and fulminant pulmonary edema. The onset was usually within 4 hours of
transfusion and was often accompanied by fever, tachycardia, hypotension or hyper-
tension. In most patients (81%), recovery was rapid and complete. The incidence
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was 1:5,000 units transfused and the TRALI patients were comprised of mainly surgical
patients. There is still no consensus on the incidence, pathogenesis or laboratory
diagnosis of the syndrome. However, reports of TRALI are increasing due to increas-
ing awareness of the syndrome, although underreporting is still strongly suspected. An
analysis of the United States Food and Drug Administration fatality reports for the last
three fiscal years showed bacterial contamination, TRALI, and ABO hemolytic reac-
tions to be the leading causes of deaths from transfusion. TRALI became the leading
cause of fatalities reported to the FDA in fiscal 2003. Fatalities were associated with
fresh frozen plasma (FFP), red blood cells (RBCs) or platelets.2 Based on these data,
it is clear that TRALI is one of the most significant complications of modern blood
transfusion. This paper reviews what is known and unknown regarding the definition,
mechanisms, incidence and clinical relevance of the syndrome.

DEFINITION

Definition of ALI

According to the American-European Consensus Conference of acute respiratory dis-
tress syndrome3, the criteria for acute lung injury (ALI) are:

a. Timing: Acute onset
b. Pulmonary artery wedge pressure: �18 mm Hg when measured, or a lack of clinical

evidence of left atrial hypertension
c. Chest radiograph: Bilateral infiltrates seen on frontal chest radiograph
d. Hypoxemia: Ratio of PaO2/FIO2 � 300 mm Hg regardless of PEEP level (Note: In

patients in whom an arterial blood gas is not available, an oxygen saturation of
<90% when the patient is breathing room air meets the criterion for hypoxemia)

Definition of clinical TRALI

The National Heart Lung and Blood Institute (NHLBI) Working Group on TRALI
developed a definition.4 In patients with no ALI immediately before transfusion, and
no other ALI risk factor (Table 1) is present, a diagnosis of TRALI is made if there is:

a. New ALI after transfusion, and
b. The onset of symptoms or signs is during or within 6 hours after transfusion

Practice points

� TRALI is a clinical diagnosis
� Suspect TRALI when new ALI develops during or within six hours of

transfusion
� Rule out other ALI risk factors such as sepsis and aspiration
� TRALI has been associated with all blood components that contain plasma
� Transfusion of even part of one unit has been associated with TRALI
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The definition includes patients who are massively transfused who develop new
ALI, and such patients may be at greater risk for TRALI as they receive multiple units.
The definition excludes patients with ALI before transfusion; even though worsening
of existing ALI after transfusion could be due to TRALI, defining this form of TRALI is
problematic.

In patients who have other ALI risk factors can also develop TRALI, and thus TRALI
should not be excluded from consideration in these patients. The incidence of ALI in
prospective studies of patient groups with ALI risk factors is less than 50% (see
Table 1). Thus, the presence of an ALI risk factor does not mean the patient will def-
initely develop ALI. New ALI in a transfused patient with an ALI risk factor could be
mechanistically due to the transfusion and/or the risk factor, i.e. TRALI and/or ALI due
to the risk factor. In such patients who have another ALI risk factor, the diagnosis of
TRALI can be difficult. The NHLBI working group recommended that critical care
experts judge whether the new ALI is temporally associated with the transfusion,
or whether the new ALI is temporally associated with worsening of the other ALI
risk factor. The Canadian Consensus Conference proposed no such judgment evalua-
tion and proposed the term ‘‘possible TRALI’’ for new ALI in a transfused patient who
also has another ALI risk factor.5

Currently there is no definitive laboratory test for the diagnosis of TRALI. Leuco-
penia or neutropenia has been observed in case reports6–12 but has not been studied
in small case series.1,13 Leukocyte antigen-antibody match between donor and recip-
ient (HLA class I or II, granulocytes or monocytes), and neutrophil priming activity in
donor blood have been reported but are not diagnostic14

MECHANISMS

Although the association of transfusion with lung injury has been observed for almost
30 years, the mechanisms are still unclear. In massive transfusion, the mechanism of
lung injury was initially thought to be microaggregates in stored blood causing

Table 1. Risk factors for ALI in prospective studies.44,54,55,57

Risk Factor Incidence of ALI

Septic shock 47%

Pneumonia source 35%

Extrapulmonary source 13%

Sepsis syndrome without hypotension 29%

Pneumonia source 24%

Extrapulmonary source 6%

Aspiration of gastric contents 15%, 22%, 30%, 36%

Multiple transfusions 36%, 36%, 24%

Near drowning 33%

Disseminated intravascular coagulation 22%

Pulmonary contusion 17%, 22%

Pneumonia requiring ICU care 12%

Drug overdose requiring ICU care 9%

Fracture of long bones or pelvis 5%, 8%,11%

Burn, any percent of body surface 2%

Cardiopulmonary bypass 2%
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micro-pulmonary emboli and lung damage, but this theory has been discredited, since
transfusion of stored blood through microaggregate filters has not prevented lung in-
jury in animals15 nor in humans.16,17 Pathologically, the disease involves sequestration
of activated neutrophils within the pulmonary capillaries, leading to acute lung injury.18

The contribution of neutrophils to multiple types of acute lung injury is well under-
stood and has been validated in several animal models.19 The major pathophysiologic
question in TRALI then becomes how the transfusion is associated with or leads to
wide spread neutrophil activation in these patients.

In the past two decades, two hypotheses that lead to neutrophil activation in TRALI
have been proposed: antigen-antibody hypothesis versus the two-event hypothesis.
Recipient factors that may be involved in the pathogenesis include the recipient’s
underlying condition and genetic predisposition. Donor unit factors that may be
involved in the pathogenesis include leukocyte antibody, cytokines, lipids and factor(s)
that increase pulmonary endothelial cell permeability. These hypotheses and factors
are discussed below.

The antigen-antibody hypothesis

The first evidence supporting this came from observation that classic findings of TRALI
(including leukopenia) developed in a healthy volunteer injected with 50 ml of blood
from a patient with a strong leukoagglutinin.6 This healthy volunteer was not ill and
his neutrophils should not have been primed. In this case, leukocyte antibody alone
seemed to cause TRALI. The evidence supporting immunologic activation of neutro-
phils by antibody revolves around the association of this disease with the presence
of anti-HLA class I and II and anti-neutrophil antibodies in the donor units implicated
in TRALI. The primary hypothesis is that the alloantibodies in the donor blood product
directly activate either the patient neutrophils, monocytes or tissue macrophages, lead-
ing to initiation of the inflammatory cascade.20,21 Antibodies recognizing neutrophil
HNA-2a (CD177) or HNA-3 antigens have been implicated in cellular injury in both
ex vivo perfused rat lung models and in cell culture models.22,23 In both cases, the evi-
dence suggests direct binding of the antibodies to the neutrophils results in cellular ac-
tivation leading to degranulation and respiratory burst responses, which in turn damage
pulmonary endothelium. Donor alloantibodies may also attach directly to vascular
endothelial cells, and thus form the equivalent of immune complexes, which in turn
recruit circulating neutrophils and lead to sequestration/activation of these cells. This
latter hypothesis is supported by the observation of a TRALI reaction occurring in

Research agenda

� In patients with other ALI risk factors, research is warranted to determine
whether transfusion contributes to new ALI, and whether ALI risk factors pre-
dispose patients to TRALI
� Research is warranted to determine whether the mechanism of ALI after mul-

tiple transfusions is the same as the mechanism for TRALI after a single unit
transfusion.
� Diagnostic laboratory tests for TRALI need to be evaluated in prospective

studies
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only one lung following lung transplantation (suggesting that the alloantibodies recog-
nized only new donor lung endothelium).24 This mechanism of alloantibody mediated
TRALI has also been modeled in mice, where it was demonstrated that recognition
of endothelial bound anti-MHC-1 mAb (the murine equivalent of anti-HLA Abs) by neu-
trophil Fc receptors caused neutrophil activation (degranulation/respiratory burst) and
subsequent pulmonary damage.25 Interestingly, it has been observed that the presence
of leukocyte antibodies in donors is common, while the occurrence of TRALI is uncom-
mon, and thus antibody alone can not be the sole explanation for TRALI. The incidence
of neutrophil antibody of 7.7% in blood donors and components was reported in an
abstract.26 The incidence of HLA antibodies has been studied in female donors (not
male) and the incidence is dependent on the technique used and donor parity. Using
the less sensitive cytotoxity technique, Rodey found an incidence of 18.7% among do-
nors with a history of four or more pregnancies.27 Densmore found HLA antibodies in
8% of female plateletphereses donors, with frequencies of 7.9% to 26.3% among those
with parity between 0 and �3 pregnancies.28 Insunza found an incidence of 18.1% in
female plateletpheresis donors who have had one or more pregnancies.29 Recently, us-
ing the sensitive Luminex flow method, investigators at Emory University found HLA
antibodies in 22.5% of segments of randomly selected blood components30, but the
specificities of these antibodies were not defined.

The two-event hypothesis

Silliman et al noted an association of TRALI cases with use of aged blood products.31

They propose that the first event is the patient’s condition (surgery, inflammation) that
enhances the risk of TRALI. The second event is transfusion of mediators, such as
lipids and cytokines from stored blood products, which can prime or directly activate
neutrophils, leading to pulmonary damage. These lipids include lysophosphatidylcho-
lines, which are released from apoptotic white blood cells and platelets and have
the capacity to enhance neutrophil function.32

Patient underlying condition

In both hypotheses (either direct antibody mediated activation or the two-event
mechanism), it is quite likely that underlying risk factors in patients, including surgery
or inflammation, enhance the risk of TRALI reactions. Inflammation has been associ-
ated with upregulation of HLA and neutrophil antigens, thus increasing the number of
targets for transfused antibody and potentially increasing the probability that trans-
fused antibodies can directly activate neutrophil function.33,34 In addition, inflammation
may upregulate vascular adhesion molecules such as P, E-selectin and ICAM-1, which in
turn will facilitate accumulation of neutrophils in tissues. TRALI may occur if a second
hit (ie transfusion of a lipid mediator or cytokine) enhances or directly activates neu-
trophil function – rapid injury of tissues, such as pulmonary parenchyma, containing
the accumulated neutrophils would ensue.

Cytokines

Elevation of cytokines in the plasma of ALI patients, probably as a result of lung injury,
has been long observed, and some cytokines are prognostic markers for patient out-
come. However, it is also likely that cytokines present in donor blood products can be
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directly causative of ALI. Cytokines in the plasma of stored blood products are derived
from two sources: leukocytes and platelets, or possibly, from a donor who was incu-
bating an inflammatory but subclinical illness at the time of donation. Proinflammatory
cytokines that accumulate with stored red cell blood products are removed by pre-
storage leukoreduction, while those that are released by platelet activation may not
be removed by leukoreduction. TRALI decreased, but did not disappear, with the im-
plementation of universal leukodepletion in Canada.35 Two reasons account for the
decrease in TRALI with leukoreduction: First, the 10% of TRALI cases due to patient
antibody against donor leukocytes in the unit of blood would not occur. Second, leu-
koreduction reduces accumulation of proinflammatory cytokines in stored blood
products. During storage of red cells or platelet units that are not leukoreduced,
proinflammatory cytokines such as IL-1b, IL-6, IL-8 and TNFa accumulate in the super-
natant plasma, and are virtually eliminated by prestorage leukoreduction.36–39 IL-8 has
neutrophil priming activity that could be important in causing TRALI.14 Other cyto-
kines are not reduced by leukoreduction, e.g. RANTES and TGF-b1 accumulate in
platelet components during storage.39 RANTES (Regulated upon activation, normal
T-cell expressed and presumably secreted) evokes the release of histamine from baso-
phils, may be related to allergic reactions. There are conflicting data regarding the role
of RANTES in animal models of lung injury.40,41 TGF-b1 is mostly bound in an inactive
form to extracellular components, but there is evidence of a link to ALI.42 PAI-1 is also
released by platelets, and but its levels in leukoreduced platelet products is unknown.
More recently, direct priming/activation of neutrophils has been demonstrated to oc-
cur through the surface molecule CD40, which is recognized by the molecule sCD40L,
a major product of platelets and found in high levels in platelet concentrates.43

Genetic predisposition

There is new evidence that there may be genetic predispositions to the development
of clinical acute lung injury. For example, polymorphisms in the SP-B gene have been
associated with the development of ALI.44-47 Homozygosity for the deletion polymor-
phism in the angiotensin converting enzyme (ACE ) gene which is associated with
higher ACE levels and activity was found in an increased frequency among patients
with ALI.47 Also, there has been some work that associated polymorphisms in the
IL-6 and TNF-a genes with susceptibility to sepsis and acute lung injury. Moreover,
there has been a growing interest in examining whether common polymorphisms of
genes that encode mediators of inflammation, innate immunity, as well as coagulation
may allow for host phenotypic differences in the susceptibility to ALI, thus accounting
for some of the individual susceptibility to ALI.48 Genetic predispositions to TRALI are
thus possible but have not yet been defined.

Endothelial cell injury

Another contributor to TRALI reactions is the potential that transfusion products may
directly injure vascular endothelial cells in the lung. Recently, Rao et al49 have found
that supernatants from stored red blood cell units can contain a soluble, transferable
factor that directly increases vascular permeability in cultured microvascular endothe-
lial cells. The nature of such an agent, which resulted in partial endothelial cell retrac-
tion and development of increased intercellular space, remains unclear. However, the
component appears to have a molecular weight greater than 100kD, ruling out
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common cytokines. Further investigation of the potential that stored blood products
may alter vascular endothelial cell integrity is clearly warranted.

INCIDENCE

The actual incidence of TRALI is unknown because of lack of large, current prospec-
tive studies that use a standard definition for the syndrome. The lack of such studies
account for the wide range in the reported incidence of TRALI, from approximately 1
in 500 to 1 in 100,000, as reviewed at the consensus conference in Toronto in 2004,
including series from University of Denver, University of Alberta, Mayo Clinic, UK, and
Canada.50 TRALI has been reported following transfusion of all plasma-containing
blood components. Estimates of the incidence of TRALI have been 1 in 5,000 compo-
nents, mostly in whole blood1, 1 in 7,900 units of fresh frozen plasma51, and 1 in 432
units of whole blood-derived platelet concentrates.13 Critically ill patients may be at
greater risk for TRALI because of underlying severe illness, and a retrospective study
estimated the risk of TRALI and possible TRALI to be 1 in 1271 units transfused to
patients in intensive care units.52

Evidence for underreporting was found in a study of recipients of previous dona-
tions of donor with neutrophil 5b antibody. Some patients developed signs and symp-
toms of TRALI, but these cases had not been reported to the Blood Bank.53

Underreporting is due to several reasons. First, TRALI is acute lung injury (ALI),
and there is yet no uniformly agreed upon criteria that distinguish TRALI from
ALI34 due to other causes. Second, some clinicians attribute ALI to massive transfu-
sion44,54,55, rather than to TRALI from a single unit of blood. Third, the treatment
of TRALI is currently the same as for other forms of ALI, primarily supportive with
a lung protective ventilatory strategy, so clinicians who recognize the syndrome may
see no reason for reporting the case to the Blood Bank. Fourth, distinguishing
between intravascular fluid overload vs. TRALI is difficult. Finally, making a diagnosis
of TRALI is costly to Blood Banks. The cost of a complete antibody investigation is
several thousand dollars, and in addition, implicated donors may be prohibited from
further donations, even if they have donated before without reported adverse reac-
tions in recipients. The cost of investigation and loss of blood donors may understand-
ably bias Blood Bank personnel to attribute pulmonary edema after transfusion to fluid
overload rather than TRALI.

These barriers to determination of the actual incidence of TRALI can be overcome.
Recognizing the need for a common definition, the NHLBI Working Group on TRALI
determined criteria for clinical TRALI.4 The common definition described earlier in
this paper provides a foundation for studies of incidence. To study true incidence, large
prospective studies are needed using a standard protocol. In such studies, a surveillance
system is needed that does not depend on clinician reports and will capture all cases of
TRALI.56 Also, in such studies, experts are needed to assess fluid overload vs. ALI vs.

Research agenda

� Research is needed to identify donor or donor unit factors that cause TRALI.
� Research is needed to identify recipient factors that predispose to TRALI
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TRALI and the experts should be blinded to donor unit attributes and donor test
results.

CLINICAL RELEVANCE

Patients with TRALI present with acute dyspnea during or within hours of trans-
fusion. Intubated patients develop oxygen desaturation and froth may be observed
in the endotracheal tube if the patient is supine. For acute management, any trans-
fusion should be stopped immediately and supportive care provided to the patient.
A white blood cell count should be obtained soon, as acute leucopenia may
develop immediately after transfusion of an implicated unit.12 The leucopenia may
be easily missed later, because the white blood cell count returns to normal within
hours, when the marginating pool of neutrophils move into the circulation. The
Blood Bank should be notified to quarantine other units from the same dona-
tion(s). If the patient requires further transfusions, no special blood products are
required. The institutional policies for a transfusion reaction workup should be fol-
lowed. If available, bags of units of blood transfused in the six hours before onset
of signs and symptoms should be returned to the Blood Bank. To facilitate workup,
it is helpful to indicate the order the units of blood were transfused, and which
unit was transfused during or just prior to onset of signs and symptoms. To deter-
mine whether leukocyte antibody was transfused to recipient cognate antigens,
blood banks may test for leukocyte antigens in the recipient and leukocyte anti-
bodies in implicated donors units. With supportive therapy, most patients recover
without permanent pulmonary disease.

The best strategy to prevent TRALI is unknown because the etiology and pathogen-
esis of the condition is unclear. However, plasma is currently being diverted from FFP
manufacture when the donor is female, on the hypothesis that females are more likely
to contain alloreactive antibodies that may induce TRALI in recipient patients. Aside
from diversion of all female plasma, other possible strategies include:

Research agenda

� Prospective studies are needed to determine the incidence of TRALI
� Surveillance methods that capture all cases of TRALI are needed

Practice points

� Stop the transfusion immediately if TRALI is suspected.
� Obtain a white blood cell count and chest radiograph.
� Request Blood Bank to quarantine other units from the same donation(s).
� Request other units for transfusion if indicated (no special requirements).
� Follow institutional polices for a transfusion reaction workup.
� Return bags of units of blood transfused in the last 6 hours, indicating the last

unit transfused prior to onset of signs or symptoms
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� Preventative HLA and granulocyte antibody testing, and/or questioning of female
donors on parity, followed by plasma product diversion and washing of red blood
cells from donors at increased risk.
� Plasma product diversion of donors involved in a case of TRALI

SUMMARY

TRALI is clinically defined as new ALI that develops during or within hours of trans-
fusion of any blood product. In the absence of another ALI risk factor such as sepsis,
pneumonia or aspiration, and when onset clearly develops after the transfusion, the
diagnosis is clear. However in the presence of another ALI risk factor, the new ALI
may be caused by the transfusion and/or the ALI risk factor. The mechanism of TRALI
is unclear and may be multifactorial, including donor and recipient factors. The inci-
dence was 1:5,000 units transfused in older studies, and new studies need to be per-
formed to determine current incidence among transfusion recipients, especially those
in intensive care units. The condition is under diagnosed and anesthesiologists should
be aware of the possibility in their patients who develop new ALI after transfusion.
Treatment is supportive. Research is much needed to elucidate the mechanisms and
to institute effective methods to prevent the disease.
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HISTORICAL BACKGROUND

The unique function of blood was known by many early civilizations long before the
scientific era. It was believed to have a healing ability and to be associated with life,
figuring in various beliefs and myths.

The first known transfusion attempt was made, according to legend, in the 15th
century, when the blood of three healthy boys was transfused into the veins of the
then sick pope Innocentius VIII, unfortunately without success. Two centuries later
a Frenchman, Jean-Baptiste Denis, transfused the blood of a calf into a man.
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However, up to the beginning of the 20th century more than a half of the transfused
patients died, threatening the development of transfusion medicine. This changed as
a result of the findings of Karl Landsteiner who, while investigating failed blood trans-
fusions, identified different blood types, resulting in the ABO and rhesus blood group
systems. The development of cross-matching strongly decreased adverse transfusion
reactions. A second important development in blood transfusion practice was the
introduction by Richard Lewisohn in 1915 of sodium citrate as an anticoagulant storage
solution. This important development turned the transfusion of blood into a relatively
safe and bearable procedure for both the donor and the patient.

The rapidly evolving transfusion technology solved the problem of short storage
time, which became an issue during the Second World War due to the need for large
amounts of blood. The development of plastic containers eased the storage and trans-
port of blood units. In the 1950s the separation of blood components, and in the last
three decades the developments of additive solutions, rejuvenation and leukodepletion
fuelled by the increasing demand for allogeneic red-blood-cell transfusions, significantly
improved the quality of stored red blood cells.

RED-BLOOD-CELL PHYSIOLOGY AND ITS ROLE IN OXYGEN
DELIVERY TO THE TISSUES

In order to understand the impact of storage on the function of red blood cells it is
necessary to review normal red-blood-cell physiology and its role in oxygen delivery
to the tissues.

Oxygen delivery to the tissues, in general, is simply calculated as the product of
blood flow and arterial oxygen content. This can be described as follows:

DO2 ¼QðflowÞ �CaO2ðarterial oxygen contentÞ
CaO2 ¼ ðHb� SaO2� 1:34Þ þ ðPaO2� 0:003Þ

in which 1.34 represents the oxygen-binding capacity of haemoglobin (mL O2/g Hb)
and 0.003 the solubility coefficient for oxygen in blood (0.003 mL O2 is dissolved
for each mmHg of partial O2 pressure).

It is obvious from this formula that the decreases in flow, arterial oxygen content (a
decrease in red-blood-cell mass or haemoglobin oxygen saturation, or an inability to
use the oxygen available in the circulation), and dissolved oxygen should result in tissue
hypoxia. It is also obvious that decreases in the variables can be compensated, up to
a point, by regulation of other variables.

Pathological conditions such as a decrease in haemoglobin levels during anaemia is tol-
erated to a certain extent by the action of compensatory mechanisms such as increased
blood flow. In addition, a moderate decrease in haematocrit can improve oxygen trans-
port by lowering blood viscosity, thereby improving microvascular perfusion. With this
inmind, anoptimal haematocrit canbepredictedwhich is lower than the physiological hae-
matocrit. On the other hand, lowering blood viscosity too much, as can happen in haemo-
dilution, can cause a fallout of capillaries and a reduction in functional capillary density.1,2

In healthy adults, tissue oxygenation has a residual capacity. In general, oxygen
consumption is approximately one third of oxygen delivery, which allows the body
to continue its functions in various conditions, where the changes in DO2 do not affect
VO2 and tissues do not often encounter hypoxia. Thanks to this residual capacity,
a wide range of decreases, causing a decrease in oxygen transport capacity, can be
compensated for simply by increases in cardiac output. This was shown by van der
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Linden and co-workers, who found that fresh red blood cells were as efficient as
blood-flow increases in relieving conditions dependent on oxygen supply.

If the decrease in oxygen-carrying capacity is more than the compensatory
mechanisms can handle, further decreases in oxygen delivery (DO2) can lead to an
increase in extraction ratio (ER¼VO2/DO2). Upon reaching a critical point, further
reduction in haemoglobin concentration causes oxygen supply to be dependent on VO2.
Further decreases in DO2 will result in decreases in VO2 and leave the tissues hypoxic,
and if not corrected this may lead to irreversible tissue damage and organ failure
If such a condition is imminent and decreases in systemic haemoglobin levels occur, the
therapy of choice is the administration of blood transfusions.

However, as seen from the viscosity example above, oxygen flux into the tissues
and finally into the cells also depends on many other factors, such as blood-flow
distribution between organs and within the microcirculation, functional capillary den-
sity, red-blood-cell transit times, physical, rheological and functional properties of red
blood cells, tissue diffusion coefficient, oxygen transport across the cell membrane,
and finally mitochondrial function and oxygen requirement.

The microcirculation has an oxygen-dependent regulatory system which is con-
nected to the systemic circulation, but is also able to regulate and direct blood flow
to the tissues depending on the metabolic need of those tissues. The flow of blood
in the microcirculation, even under normal conditions, is highly heterogeneous, but
by its heterogeneity ensures a homogenous distribution of oxygen in the tissues.3

Therefore, in order to regulate microcirculatory blood flow and thereby oxygen
transport to the microcirculation instantly, hypoxia-detecting mechanisms are
required. Under normal physiological conditions, this finely regulated system of capil-
laries, arterioles and venules can supply oxygen in excess of oxygen demand, so that
the tissues can continue their function under changing metabolic demands.

THE PHYSIOLOGY OF RED BLOOD CELLS

Besides the negligible amount of oxygen dissolved in plasma, red blood cells are the
only cell group responsible for the transport of oxygen to and carbon dioxide from
the tissues. In order to fulfil this role, red blood cells use haemoglobin molecules
which they produce during their maturation process. The unique ability of haemoglo-
bin to bind tightly to oxygen in the lungs and to release it in the tissues where it is
needed stems from the allosteric function of 2,3-diphosphoglycerate (2,3-DPG) pro-
duced by the Rapoport–Luebering shunt of the Embden–Myerhof pathway. The signif-
icance of 2,3-DPG lies in its ability to lower the affinity of the haemoglobin molecule
for oxygen, reflected in a right shift of the haemoglobin–oxygen dissociation curve.
This function depends on the amount of oxygen bound to the molecule, the pH of
the molecule’s environment, and the amount of 2,3-DPG present.

When haemoglobin is fully deoxygenated, the molecule exists in the ‘taut’ configura-
tion (T state). In this conformation, each of the four haem iron atoms has a low binding
affinity for oxygen. When an oxygen atom binds to any one of the four iron atoms in the
haem rings, the 2,3-DPG molecule cannot access its binding site, conferring a high
oxygen-binding affinity on the remaining haem iron atoms (relaxed or R state).

Red blood cells anaerobically catabolize glucose to lactic acid via the Embden–Myerhof
or glycolytic pathway. Since red blood cells do not store glycogen, they must con-
stantly catabolize glucose from the bloodstream via this pathway and the hexose
monophosphate shunt in order to obtain energy.
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The Embden–Myerhof pathway serves three functions in the red blood cell. The
first function is ATP production. Production of ATP is essential for a functioning red
blood cell. ATP is the major fuel source of red blood cells, and while several enzymes
depend on ATP, the Naþ-Kþ pump in particular is vital for these cells. The red blood
cell’s volume is maintained largely by the Naþ-Kþ-ATPase in its plasma membrane,
which extrudes Naþ from the cell together with osmotically obligated water mole-
cules. In the absence of ATP, Naþ is retained and the cell swells. Resultant swollen
red blood cells fail to negotiate the microcirculation and are eliminated by macro-
phages. The second function is the production of 2,3-DPG by an alternative pathway
called the Rapoport–Luebering shunt. The third function is NADH production, which
is essential for additional critical protection against oxidative damage to the cell from
toxic peroxide radicals.

In addition to their oxygen-transporting ability with haemoglobin and the allosteric
regulator 2,3-DPG, red blood cells need to be able to travel through a fine network of
vessels with diameters <100 mm where the gas exchange actually takes place: the
so-called microcirculation. Normally, erythrocytes have a flexible membrane and can
reversibly alter their biconcave, discoid shape, which allows them to pass through
capillaries smaller in diameter (2–6 mm) than red blood cells (�8 mm). To maintain
the asymmetric membrane structure, biconcave shape, deformability, surface–volume
relationship, intracellular viscosity and other physical properties which allow this
flexible structure, red blood cells need energy and hence an adenine nucleotide
pool in order to synthesize ATP. The compliant nature of red blood cell membranes
(in contrast to the stiffer membranes of leucocytes) is of great importance in this
respect, ensuring the successful entrance of the cells into the capillaries (the exchange
site), thereby allowing adequate oxygen delivery to the tissues. This property of red
blood cells also acts as an in-vivo quality control marker, where stiff old cells are
filtered in the spleen and cleared by phagocytes from the circulation.

Besides being a cell without a nucleus and being responsible for oxygen and carbon
dioxide transport between organs and lungs, new functions of red blood cells have
been found which have led to the idea that red blood cells also play an important
role in vascular regulation. Increasing numbers of studies have demonstrated that
red blood cells induce vasodilation in the presence of hypoxia and promote oxygen
transport. Two major compounds have been proposed in relation to this function:
ATP and nitric oxide (NO).3–8

ATP

It has become increasingly clear that, in addition to functioning as an intracellular
energy source, ATP can serve as important extracellular signalling molecule. It is
now known that red blood cells release ATP in response to hypoxia, pH and mechan-
ical stress.

In mechanical stress, the defects of the spectrin network induced by the defor-
mation of red blood cell9 were proposed to play a role in the release of ATP from
deformed red blood cells. It is suggested that the partially freed actin at these defect
sites may explain the activation of the cystic fibrosis transmembrane protein receptor
(CFTR) membrane-bound protein and the subsequent release of ATP by red blood
cells subjected to deformations.

In hypoxia, however, Jagger et al10suggested that the conformational transitioning of
oxygenated haemoglobin (R state) to deoxygenated haemoglobin (T state) due to
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oxygen release caused by the decreasing gradient of pO2 leads to the displacement of
phosphofructokinase (PFK) from the cytoplasmic domain of band 3 protein, creating
increased glycolysis and ATP accumulation within the red blood cell. Subsequently
ATP efflux from the red blood cell is believed to occur via CFTR, allowing ATP to
activate endothelial purinergic receptor subtypes, increasing the production of nitric
oxide. Extracellular ADP as a product of released ATP, and nitric oxide released
from the endothelial cells, are proposed to inhibit further ATP release from the red
blood cells. Such a feedback mechanism should protect the organism, since the aden-
osine concentration inside the red blood cells is almost a 1000-fold higher than that in
plasma, and 40% of blood consists of red blood cells.

Nitric oxide

It has been proposed that nitric oxide release during hypoxia is associated with the
bioavailibity of S-nitrosothiol11and/or nitrate12 and nitrite 7 in red blood cells, both
of which are able to donate nitric oxide under hypoxic condition. The first studies
regarding nitric oxide focused on the endothelial synthesis of nitric oxide products
as a result of ATP release from the red blood cells. However, the recent discovery
of a functional endothelial nitric oxide synthase (eNOS) in the red-blood-cell mem-
brane that co-localizes with glycophorin A may also be an import component in this
respect.8 Such hypoxia-induced, red-blood-cell-associated release of vasodilator sub-
stances is now regarded as an important vascular regulatory mechanism, ensuring
an oxygen supply adequate for the needs of tissues. However important these vascular
control mechanisms may be, other red-blood-cell functions are also are important
determinants of the ability of red blood cells to deliver oxygen to the tissues.

THE IMPACT OF BLOOD STORAGE

Continued developments in storage techniques have resulted in improved storage
times as well as red-blood-cell quality. In this context we refer to ‘storage’ as liquid
preservation, as this is the most common blood preservation technique currently in
use. The increasing demand for allogeneic blood transfusions has resulted in millions
of liquid-stored allogeneic red blood cell units being used annually for transfusions
worldwide. This practice is based on the theoretical expectation that increasing the
intravascular mass of red blood cells will increase oxygen delivery to the tissues. How-
ever, accumulating evidence is showing that this expectation may not be true, and that
there is a negative relationship between the storage time and red-blood-cell viability
and function. Additionally, recent findings in observational studies on large populations
showed that restrictive transfusion triggers were associated with a better patient out-
come. Nevertheless, despite these new findings, and the possibility of using allogeneic
blood transfusion alternatives – such as peri/postoperative cell salvage, pre-donation
and recombinant erythropoietin administration – liquid-stored allogeneic red blood
cells are still the most favoured transfused blood products.

The increasing concerns about the efficacy of allogeneic blood transfusions forces
the question about the impact of storage on red-blood-cell function and hence on
their use for blood transfusion. First, however, the issue of how the physical and
biochemical properties of red blood cells are altered under conditions of storage
should be discussed. Indeed, it has been shown that red blood cells undergo a number
of changes during liquid storage which affect their viability and their ability to deliver
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oxygen to the tissues. We can classify the alterations in two major groups: biomechan-
ical and biochemical.

Biomechanical changes

The first group of changes in red-blood-cell properties is membrane alteration. The
structure of the red blood cell is complex, and membrane phospholipids and proteins,
cytoskeletal proteins and cytoplasmic components are all related to each other.

Haemorheological alterations – such red blood cell shape changes, decreased
membrane deformability and surface/volume ratio, increased mean cell haemoglobin
concentration and osmotic fragility, increased aggregability and intracellular viscosity –
can occur during storage and may possibly disturb the flow of red blood cells through
the microcirculation and influence red-blood-cell transport of oxygen to the tissues.

During storage, red cells undergo progressive morphological changes, from de-
formable biconcave disks to echinocytes with protrusions, and finally to spheroechino-
cytes. In parallel with these changes, redistribution and loss of phospholipids in the
red-cell membrane by the formation of microvesicles are seen both in storage and
in red cell aging, and may contribute these changes during storage.13–16

The storage-related decrease in red-blood-cell membrane deformability is a crucial
change in red-blood-cell properties and is associated with post-transfusional 24-hour
survival. The decreased deformability was thought to be associated with reduced
ATP levels. While ATP depletion as seen during storage can reproduce many shape
changes, a reduction in surface/volume ratio and increases in intracellular viscosity
and post-transfusional 24-hour survival of red blood cells precede the decreases in
ATP concentration. Only decreases beyond 50% of the ATP concentration can be
shown to be associated with decreased mortality, suggesting that the role of ATP
depletion in storage-related damage may be limited. Nevertheless, restoring ATP
levels in red-blood-cell units appears to correct membrane alterations to a certain
level. It is probable that a basal ATP level is necessary for the survival of red cells,
and therefore the adenine pool (AMP, ADP, and ATP) has more effect on cellular
changes than ATP alone.

Other mechanisms – such as loss or redistribution of membrane phospholipids
and protein and lipid oxidations – have been suggested to contribute to the stor-
age-dependent alterations of red-blood-cell membranes. The formation of microve-
sicles, causing the loss of membrane phospholipids, was identified by Rumsby
et al.16 An alternative mechanism which has been proposed is the internalization of
phosphatidylserine (PS) and phosphoethanolamine (PE) from the membrane into the
cytosol and loss of asymmetry in the red cell membrane.17 This suggestion is sup-
ported by a recent study by Verhoeven et al18 in which the effects of prolonged stor-
age on two different activities affecting the red-blood-cell membrane asymmetry were
compared. They studied the effects of storage on flippase, the ATP-dependent
aminophospholipid translocase, which moves PS from the outer to the inner leaflet
of membrane, compared to phospholipid scrambling which moves PS from the inner
to outer leaflet. They demonstrated a decrease in flippase activity starting after
21 days of storage in SAGM (saline, adenine, glucose, mannitol) solution and further
decreasing over time. The authors also showed that the correction of storage-induced
metabolic changes by increasing intracellular ATP levels only partially restores flippase
activity. However, flippase activity could be completely restored when intracellular pH
was corrected in parallel with ATP.
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In conclusion, the red-blood-cell membrane is certainly adversely affected by
storage; however, these alterations appear to be reversible, up to a point, by the
use of better storage and rejuvenation solutions. Around one fifth to one fourth of
transfused red blood cells are being destroyed within the 24 hours of transfusion.
This phenomenon may be explained by changes in red-blood-cell membrane structure
triggering immune removal mechanisms, so that these old cells are cleared from the
circulation. Band 3 protein, a major membrane protein of the erythrocyte in addition
to its suggested involvement in oxygen delivery, is also responsible for triggering the
binding of antibodies to antigens and the clearance of these cells from the circulation.
Very possibly this mechanism is involved in determining the survival of erythrocytes
after transfusion. Other proteins, such as annexin V and CD47, are also proposed
to contribute to determination of survival or clearance of red blood cells in vivo.
While annexin V is a cytosolic protein and is investigated as a sensitive marker for
monitoring the potential cellular damage induced by filtration of stored whole blood,
CD47 is a cell adhesion molecule, and red blood cells lacking CD47 are believed to be
rapidly cleared from circulation by the reticuloendothelial system.19–21

These biomechanical alterations may account for less deformable red blood cells,
and may cause even more problems for a microcirculation already under stress under
conditions of disease. However, biomechanical alterations are probably not the only
problem occurring during storage.

Biochemical changes

2,3-DPG

2,3-DPG is a well-known molecule in red-blood-cell function, as its role in haemoglobin
oxygen affinity regulation is crucial for tissues. Therefore, any alteration of 2,3-DPG is
believed to be very important, and initial studies on the loss of oxygen-delivering ability
of red blood cells during storage were focused mostly on 2,3-DPG. 2,3-DPG is a meta-
bolite and allosteric modifier of haemoglobin and decreases quickly during the first
2 weeks of storage to almost undetectable levels. This decrease leads to an increase in
haemoglobin oxygen affinity, which may be an explanation for the decrease of red-
blood-cell oxygen-delivering ability during storage. However the 2,3-DPG levels appear
to start to recover within several hours, and this may take up to 72 hours after transfu-
sion in vivo.22 Considering the fact that blood transfusions are often given to acute
patients, waiting for 2–3 days to see the effects of blood transfusion is hardly acceptable.

However, the clinical consequences of completely 2,3-DPG-depleted red-cell units
do not seem be that significant. Theoretically, if 2,3-DPG is not present in red blood
cells stored longer than 2 weeks, then approximately two thirds or more of all stored
red-cell units would be expected to be 2,3-DPG-depleted. In 2001 d’Almeida and col-
leagues, investigating the impact of 2,3-DPG depletion in an anaemic oxygen-supply-
dependent rat model, compared fresh and old red blood cells stored for 7 days.
They were not able to find any differences between the groups, and suggested that
2,3-DPG depletion has a minor physiological impact.23 Additionally, a recent experi-
mental study showed that although red blood cells were stored for 2–3 weeks and
were completely devoid of 2,3-DPG, their oxygen-delivering capacity to the intestinal
microcirculation in an oxygen-supply-dependent isovolaemic exchange model did not
differ from that of fresh (2–6 days) red blood cells.24 Therefore, we may conclude that
decreases in 2,3-DPG levels are reversible and, in the view of storage damage, seem
not to be too crucial.
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Vasoactive compounds: ATP and NO

An additional biochemical change which occurs in stored red blood cells is the
decrease in intracellular ATP levels. ATP, besides playing a secondary role in membrane
deformability, is crucial for red-blood-cell function due to its central role in cellular
metabolism as an energy source. Sugar transport into the red cell, protective anti-
oxidant mechanisms, membrane phospholipid distribution, and all other functions
are only possible if ATP is present or can be regenerated in the red blood cell. The
newly discovered role of ATP as a vasodilator under hypoxic conditions has highlighted
its importance for red-blood-cell function.

The mechanical and hypoxia-induced ATP release is believed to be through a specific
membrane-bound receptor, the CFTR.9 This function probably depends on a number
of factors, including the intracellular adenosine pool, red-cell cytoskeletal and mem-
brane structure, and partially 2,3-DPG presence, in order to detect hypoxia.25 Never-
theless, the complex regulation mechanism of oxygen-sensing and ATP-releasing
functions is not very well understood and needs further studies. ATP depletion and
the adenine pool in the red cell do not determine the red cell survival directly, but
certainly have an important role in red-blood-cell function.

Raat et al24 showed that ATP levels remained unchanged in red blood cells stored for
2–3 weeks, but dropped to 60% in red blood cells stored for 5–6 weeks. This finding was
also associated with the oxygen-delivering ability of the red blood cells, and old (5–6
weeks’ storage) red blood cells had a reduced oxygen-delivering capacity compared to
fresh (2–6 days) and intermediate (2–3 weeks) ones. These findings support the idea
that ATP may contribute to oxygen delivery by red blood cells due to its action as
a vasodilator and its being released by red blood cells in the presence of hypoxia. This
physiological property of ATP may be negatively affected by storage duration.

Another possible mechanism which may account for alterations in the oxygen-
transporting capabilities of transfused red blood cells is their ability to generate nitric
oxide under acidic and hypoxic conditions. Nitric oxide and its products, besides many
other roles in the organisms, can be regarded as being among the major compounds
accounting for vascular regulation due to their vasodilatory action on blood vessels.
Recent studies have shown that red blood cells are able to release nitric oxide in
the presence of hypoxia, and that this nitrite-mediated function accounts for
hypoxia-induced vasodilation. An alternative route for hypoxia-induced nitric oxide
has been proposed to be the presence of red blood cell-bound S-nitrosothiol.11

The further identification of functional eNOS on red-blood-cell membranes has
made the red cell a central player not only in oxygen transport but also in vascular
control mechanisms. It could well be that this NO-mediated function of red blood cells
may be affected during storage.

In conclusion, the current criteria for the quality of red blood cells for transfusions
take biomechanical alterations into consideration as the basis for determining the
in-vivo function of the cells. The major properties of blood which are routinely
controlled are 0.8–1% haemolysis in stored units, 75% in-vivo survival within 24 hours
after transfusions, and volume and haemoglobin content of red blood cells. These are
indeed very useful quality parameters; however, biochemical alterations of red-blood-
cell properties associated with vascular regulation as discussed above should also
be taken into consideration. The alterations which occur during storage appear to
be at least partially reversible by use of improved storage conditions, additional solu-
tions, or rejuvenation. An important message in this context is the in-vivo recovery of
2,3-DPG and ATP levels within several hours up to a day after transfusions.
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Preclinical and clinical studies

Fitzgerald and co-workers26, using septic oxygen-supply-dependent rats, raised the
question of whether the storage duration before transfusion has an impact on tissue
oxygenation. The authors compared transfusion with old red blood cells stored in
CPDA-1 for 28 days with fresh red blood cells stored for 3 days under oxygen supply
conditions. They showed that the transfusion of old cells did not significantly improve
the oxygen consumption (VO2), whereas transfusion of fresh red blood cells acutely
increased VO2.

Van Bommel et al27, using a rat haemorrhagic shock model, compared the effects of
resuscitation with fresh and old red blood cells, the latter stored for 28 days in CPD
plasma, SAGM and CPDA-1 solutions. By measuring the intestinal microvascular PO2

with O2-dependent quenching of palladium porphyrin phosphorescence technique, the
authors were able to demonstrate that stored red blood cells did not restore the
microcirculatory oxygenation, in contrast to fresh red blood cells; however, with
the exception of the CPD-stored group, the storage damage was not severe enough
to impair intestinal oxygen consumption.

However, d’Almeida et al23 and Raat et al24 indicate limitations in the previous types
of rat models where stored rat red blood cells were used for transfusion. These lim-
itations were the faster aging of rat red blood cells and failure of stored rat red blood
cells to regenerate 2,3-DPG, unlike human red blood cells. Raat et al24 developed a rat
model able to accommodate human red-blood-cell transfusions. In a randomized
controlled study on the ability of fresh (2–6 days), intermediate (2–3 weeks) and
old (5–6 weeks) stored human red blood cells to improve gut microcirculatory oxy-
genation in anaemic oxygen-supply-dependent rats, the authors showed that oxygen
delivery capacity was diminished in the old (5–6 weeks) group compared to the fresh
and intermediate groups.

In conclusion, the preclinical studies demonstrated the harmful effects of prolonged
storage on red-blood-cell functions. However, the results from clinical studies are
confusing, and the answer to the question of how important these storage-induced
alterations are in vivo, and especially in clinical conditions, remains uncertain.

Marik and Sibbald28 were unable to show any beneficial effects of blood transfusion
in septic patients, and Purdy and colleagues29 showed, in severe septic patients, a
relation between the age of transfused red blood cells and patient mortality. Keller
et al found a relationship between the transfusion of red blood cells older than 14
days and length of hospital stay; however, they did not find a significant increase in
length of intensive care stay. Recently Basran and colleagues30 demonstrated that
the mean storage duration of the transfused red blood cells was an independent pre-
dictor of in-hospital mortality, and associations were found between storage duration
and length of hospital and intensive-care stay and acute renal dysfunction.

In contrast, Vamvakas and Carven31 could not find any deleterious effects in cardiac
surgery patients of transfusion of aged cells. However, in a prospective double-blinded
randomized study, Walsh et al32, using red blood cells stored for <5 days versus >20
days, did not observe any significant adverse effects in critically ill anaemic patients.
Recently, Hebert et al investigated the effects in cardiac patients of a prolonged storage
time of red blood cells used in transfusions. They designed two groups: the standard
group received red-blood-cell units with an average storage time of 19 days, while the
experimental group received red-blood-cell units with an average storage time of
4 days (5 and 3.4 units per patient, respectively). They found no difference in mortality
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and morbidity between the two groups, despite a difference of 15 days in storage time.
Van de Watering et al33 studied 2732 patients who received buffy-coat-depleted
red-blood-cell units. They compared patients who received red blood cells stored
for longer than 18 days (median 24 days) to patients who received red blood cells
stored for less than 18 days (median 13 days). They found no correlation between
age of stored blood cells and patient outcome.

Similarly, in large prospective studies on both anaemia and blood transfusion in the
critically ill34,35, the storage time of the transfused blood was not associated with
a higher mortality or morbidity. However, blood transfusion itself was independently
associated with longer intensive-care and hospital stay and mortality.

Based on their findings, the authors above suggested that a limit of 18–28 days be used
to identify a red-blood-cell unit as ‘old’. If such a threshold were applied in clinical prac-
tice, what would the consequences be? To answer this, data on the storage duration of
transfused red-blood-cell units are needed. Indeed, in recent large-population studies
the storage times of transfused red blood cells were determined. In the Anemia and
Blood Transfusion in the Critically Ill (ABC) study34 the mean age of the blood was
16.2 days (�7 days), whereas in the Current Clinical Practice in the United States
(CRIT) study35 the mean age of the blood was 21.2 (�11.4 days). Interestingly age of
blood was found not to be related to any clinical outcome. There was actually a trend,
but this did not reach the significance level. However, in both of these studies the number
of transfusions was relatively small (12,000 and 4000 respectively) in a total number of
16,000 units. In another study, Raat and his colleagues analysed the age of stored red-
blood-cell concentrates in 74,084 units in the Academic Medical Centre in Amsterdam,
the Netherlands, between the years 1997 and 2001, for a period of 5 years. They found
that the mean storage time was 19.4� 7 days, with 37% older than 3 weeks.36

The data above showed that, in a total of 90,000 red-blood-cell units, most of those
being used in critically ill patients are 16–21 days old. One third of the patients
received transfusions of blood older than 21 days, which supports the idea that dys-
function of these older cells may indeed be a clinical problem. However, while in-vitro
studies were able to detect the storage-related changes, most preclinical studies have
shown less beneficial, if not deleterious, effects of transfusions of stored red blood
cells. One wonders why clinical studies produce such confusing results.

Several hypotheses can be proposed in order to explain this controversy. First of all
very few studies have focused primarily on the impact of storage time on red blood
cells. Those which did investigate the impact of storage did not monitor tissue oxygen-
ation parameters as ultimate proof of the efficacy of blood transfusions, neither did
they measure red-blood-cell properties, instead recording only general patient out-
come variables such as mortality and morbidity. The results, therefore, do not allow
evaluation of whether transfusion of red blood cells itself, the white-blood-cell burden,
or other factors such as severity of disease or risks of transfusion might have caused
these results. Under normal physiological conditions only a portion of oxygen deliv-
ered to the tissues is actually used. There is a residual capacity for increased demand,
so that the tissues can continue to function even under extreme circumstances. Sev-
eral studies have indeed shown that blood transfusions may increase the oxygen supply
to the tissues; however, if oxygen consumption remains stable in patients without
critical oxygen delivery status, its benefit would be questionable. Therefore, demon-
stration of the positive effects of blood transfusions should especially be seen in
patients with critical oxygen supply where the compensatory mechanisms cannot
handle the alterations in oxygen delivery. If the disease state is not severe in observed
patients, this may mask the beneficial effects of blood transfusions.
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White-blood-cell burden in stored red blood cells may be another factor affecting
transfused blood function, since most studies have been performed prior to the imple-
mentation of leukocyte depletion. Several studies have shown the positive effect of
leukocyte removal both in vivo and in vitro. Izbicki et al37 have shown that storage for
longer than 3 weeks may play an important role in the development of post-transfusional
leukocytosis in transfusion of non-leukodepleted red blood cells by accumulation of
interleukin 8. The cytokines and inflammatory mediators are known to be produced
by white blood cells during blood storage, and these interfere with immune function.
Therefore, theoretically, pre-storage leukoreduction should prevent the accumulation
of these products.

Several studies have proposed a difference between the buffy-coat-depleted and
leukodepleted red blood cell units.37–41 This was explained by the differences in the
numbers of leukocytes achieved by these two methods. Buffy-coat-free red blood cells
contain about 109 leukocytes per litre, whereas this number decreases to 106 in leu-
kodepleted red-blood-cell units.

In support of this, Anniss and colleagues42 investigated the adherence of red blood
cells to vascular endothelium, comparing non-leukodepleted, buffy-coat-poor and
leukodepleted red-blood-cell units. They demonstrated significantly less adherence
of leukodepleted cells on the first day of storage, and that adherence increased in
all groups during 28 days of storage. After 28 days of storage both buffy-coat-poor
and leukodepleted red-blood-cell units were less adherent than non-leukodepleted
units. This finding supports the idea that white-blood-cell burden, besides causing
transfusion-related alterations in immunological response and transfusion-related
acute lung injury (TRALI), may worsen the storage-induced changes in the structure
and function of the red blood cells.

Underlying diseases may interfere with these results. For instance, in septic patients,
increased red cell destruction and shunting may possibly reduce the effects of blood
transfusions. For example, Carroll and colleagues43 demonstrated that red blood cells
from diabetics had a decreased ATP-releasing ability which is probably associated with
an altered antioxidant metabolism.

Another factor may be that the blood chosen to investigate the effects of prolonged
storage in some studies may not be old enough, and the use of mixed red-blood-cell
units with different storage times in clinical studies may mask the actual impact
of storage time. Clinically relevant storage-induced red-blood-cell damage appears
to become more obvious in red-blood-cell units which are stored for longer than
3 weeks, so it may be hypothesized that those stored for 18 days may actually be
on the borderline. The proportion of these cells in circulation will probably contribute
to the clinical efficacy of red blood cells. In clinical practice this can be translated as
patients who receive more blood transfusions may be at higher risk, or conversely
may benefit more, from this method, depending on how efficient the cells are.

Furthermore, the age of red blood cells at the time of collection may theoretically
affect the impact of storage time on red blood cells. In normal physiological circum-
stances red blood cells have a life-span of approximately 120 days. Therefore a whole
blood unit collected from a healthy donor will contain red blood cells with an age
spectrum of 0–120 days. It is expected that a proportion of these cells should be older
than average or approaching the end of their life span. These cells may undergo more
storage-induced changes than younger cells. In support of this, Sparrow et al, in a very
recent study, were able to separate young and old red blood cells prior to storage.
They suggested a relationship between the age of the red blood cells at the time of
blood donation, and changes in the cell-surface expression of cell adhesion molecules
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and glycoporin A. Further research should focus on both biomechanical and biochem-
ical alterations in red-blood-cell properties and their clinical importance. Better-
designed studies using large populations and in-vivo tissue oxygenation techniques
should be performed. The target groups for investigations should especially include
patients in a critical oxygen delivery state.

Practice points

� in the absence of adequate evidence, advice to use fresh red blood cells in all
patients is unrealistic and unnecessary. Accumulating in-vitro and experimental
data, however, strongly suggest the use of fresh red blood cells, especially in
critically ill patients who are in an oxygen-supply-dependent state. In such
patients, if transfusion is needed, the transfusion of fresh red blood cells may be
advised. However, the question regarding relatively old cells still needs to be
investigated
� patients’ own blood is preferable to stored blood, and therefore the first aim

should be to prevent blood loss in patients. Good bleeding control, cell salvage,
and avoidance of unnecessary blood sampling for medical reasons may decrease
anaemia in most patients. Allogeneic blood transfusion alternatives can be used
in some patients
� studies have shown that restrictive blood transfusion triggers may be better for

patients. This is supported by most recent guidelines. In practice, if haemoglobin
values are >10 g/dL blood transfusions are generally not given, and if <6 g/dL
most patients are given at least one blood transfusion. However, decisions on
transfusion for patients with a haemoglobin value between these limits should
be made individually by the clinicians. The use of haematocrit and systemic
haemoglobin values may give a general idea about tissue oxygenation, but they
are not the best methods for deciding whether to transfuse because of individual
differences between patients in their tolerance of anaemia. Physiological transfu-
sion triggers may be used to evaluate organ function, such as ST elevations
observed in electrocardiograms.. However, it should be taken into consideration
that each organ has a different residual capacity and may respond differently
� flow redistribution may affect the response to blood transfusions in critically ill

patients. Therefore in-vivo monitoring of tissue oxygenation at the bedside is
essential. The lack of in-vivo monitoring techniques was a limiting factor in
such studies, and can account for why the findings in in-vitro and preclinical
studies could not be confirmed in clinical studies. However, these techniques
are now available, and some studies have been performed observing microcircu-
lation after blood transfusions. Several patient groups are of particular interest
here, such as those undergoing cardiac surgery and extracorporeal circulation,
septic patients, haematological diseases and oncology patients. In these diseases,
microcirculatory disturbance is caused by different mechanisms, and understanding
these changes may improve our understanding of oxygen delivery in critically ill
patients
� it appears to be important to revise and standardize the quality criteria for red

blood cells by including functional biochemical properties in addition to current
regulations based on haemolysis and haemoglobin mass
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Although safer than ever before, the transfusion of allogeneic blood is still associated
with risks for the recipient (cf. Table 1), the most serious of which are allergic re-
actions, transfusion-related lung-injury (TRALI), accidental mistransfusions (‘clerical
error’), and the transmission of viral and bacterial infections (hepatitis, HIV, cytomeg
alovirus, Epstein–Barr virus).1,2 Indeed, the results of several prospective clinical stud-
ies indicate that a restrictive transfusion regimen is associated with lower morbidity
and mortality than a liberal transfusion policy.3–7

Moreover, public health systems are facing a cost explosion resulting from transfu-
sion-related morbidity as well as from continuously rising costs of the blood products
themselves; because of the growing imbalance between the decreasing rate of blood
donation and the continuously increasing demand, the costs of blood products are
expected to double until 2030.8,9

To control both the inherent risks as well as the increasing costs, allogeneic blood
transfusions should be either completely avoided or at least reduced to an absolute
minimum during surgical procedures.

This chapter reviews the following topics in connection with alternatives to alloge-
neic blood transfusions: (1) the tolerance of acute normovolaemic anaemia, including
the acceptance of low intraoperative haemoglobin (Hb) concentrations; (2) the
employment of autologous transfusion techniques, including supportive administration
of erythropoietin; and (3) the potential of artificial oxygen carriers as substitutes for
allogeneic red blood cells (RBCs).

TOLERANCE OF ACUTE NORMOVOLAEMIC ANAEMIA

The initial treatment of intraoperative blood loss always consists in the maintenance of
normovolaemia by the infusion of crystalloid (3:1) and colloidal solutions (1:1). This
acellular fluid replacement implies the dilution of the cell mass remaining in the vascula-
ture (haemodilution), resulting in a dilutional anaemia (acute normovolaemic anaemia).

Table 1. Incidences of potential risks associated with allogeneic blood transfusions.

Risk factor Incidence

Mistransfusion Acute haemolytic reaction 1:6000e1:33,000

Delayed haemolytic reaction 1:2000e1:11,000

Infections (viral) HIV 1:20 million

Hepatitis A 1:1 million

Hepatitis B 1:63,000e1:320,000

Hepatitis C 1:1.2e1:11 million

Cytomegalovirus (CMV) 1:10e1:30

EpsteineBarr virus (EBV) 1:200

Infections (Bacterial) Yersinia enterocolica,

Serratia marcescens, Pseudomonas,

enterobacteria

1:200,000e1:4.8 million

Immunological Transfusion-related lung injury (TRALI) 1:4000

Alloimmunization 1:16,000

Immunosuppression 1:1

Allergic transfusion reaction 1:2000
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In the context of alternatives to allogeneic blood transfusion, the term ‘anaemia tol-
erance’ is used to refer to the patient’s physiological ability to tolerate acute normovo-
laemic anaemia as well as the anaesthesiologist’s intention to accept low haemoglobin
concentrations. Hence, the omission of any avoidable transfusion represents the sim-
plest but also the most important alternative to allogeneic blood transfusion. Indeed,
the acceptance of low haemoglobin values offers two incentives: (1) the more diluted
the patient – i.e. the lower the intravascular haemoglobin concentration – the less the
red cell mass lost/mL blood loss (Figure 1); and (2) postponing the transfusion until after
surgical haemostasis has been achieved increases the percentage of transfused red
blood cells which remain within the vasculature rather than being spilled out with un-
controlled blood loss.

Compensatory mechanisms of dilutional anaemia

Regardless of the fact that arterial oxygen content (CaO2) decreases proportionally
with haematocrit (Hct), it has been known for a long time that normal oxygen supply
and tissue oxygenation do not depend on a normal haemoglobin concentration, always
presuming that normovolaemia is maintained.10,11

Initially, dilutional anaemia is essentially compensated by an increase in cardiac out-
put (CO), which at first is caused exclusively by an increase in left ventricular stroke
volume. In more profound stages of normovolaemic anaemia, this is accompanied by
an increase in heart rate (HR). Oxygen delivery to the tissues (DO2) begins to
decrease beyond baseline level at Hct values lower than w25%, so that haemodilution

Figure 1. Extent of normovolaemic exchange of blood for acellular fluids necessary to decrease haemoglobin

by 1 g/dL, exemplarily calculated for a man (body weight 80 kg, height 1.8 m, blood volume 6000 mL). X-axis:

stepwise decrease in haemoglobin concentration by 1 g/dL. Y-axis: blood loss necessary to realize the respec-

tive drop in haemoglobin by maintenance of normovolaemia with cell-free solutions during acute blood loss.

The lower the starting haemoglobin, the greater the blood loss necessary to decrease the haemoglobin

concentration by 1 g/dL.
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to Hct w25% (corresponding to a haemoglobin concentration of w8 g/dL) occurs
without a net decrease in DO2.

At Hct values below w25%, the compensation for dilutional anaemia via CO
increase becomes exhausted, and DO2 starts to fall below the baseline level. To main
tain tissue oxygen demand – as reflected by total body oxygen consumption (VO2) –
the decreasing DO2 is further compensated by: (1) utilization of ‘luxury DO2’ (under
normal conditions, DO2 exceeds VO2 by a factor of 3–4); (2) a haemodilution-related
increase in nutritive organ blood flow; (3) homogenization of local DO2; and (4) an
increase in tissue oxygen extraction.12 Therefore, VO2 initially remains unchanged de-
spite falling DO2 (oxygen-supply-independency of VO2, see Figure 2a).

Figure 2. The relationship between oxygen consumption (VO2) and oxygen delivery (DO2). Physiologically,

DO2 is three or four times higher than VO2. (a) Over a long period, VO2 remains independent of DO2

despite the anaemia-related decrease of DO2 (oxygen-supply-independency of DO2). (b) When a critical

haemoglobin concentration (Hbcrit) is reached, DO2 falls short of the actual oxygen demand and VO2 begins

to decrease (onset of oxygen-supply-dependency of VO2).
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Limits of dilutional anaemia – the concept of critical Hct

At extreme degrees of dilutional anaemia, DO2 falls below a critical value (DO2crit).
The amount of oxygen delivered to the tissues becomes insufficient to meet their ox-
ygen demand, and VO2 starts to decline (oxygen-supply-dependency of VO2, cf.
Figure 2b).13 This indirectly indicates the onset of tissue hypoxia. The haemoglobin
value that corresponds to the inflection of VO2 is called ‘critical haemoglobin’ (Hbcrit)
and reflects the physiological limit of dilutional anaemia. In a standardized experimental
protocol, it could be demonstrated that the persistence of DO2crit without any treat-
ment finally leads to death in less than 3 hours.14

Both DO2crit and Hbcrit vary within and between individuals and are influenced by
different physiological circumstances (see below). In previous experimental studies,
Hbcrit values between 2 and 3 g/dL were found. In clinical observations in anaesthe-
tized patients, extremely low haemoglobin concentrations (3.0� 0.8 g/dL in children
undergoing major spine surgery15 and 1.1 g/dL in an unexpected massive blood
loss16) have been tolerated without meeting the DO2crit (Table 2).

Table 2. Physiological limits of acute normovolaemic anaemia in different species.

Author Species Anaesthesia FiO2 Plasma

substitute

Identification

of Hbcrit

Hbcrit

(g/dL)

Fontana et al15 Man

(child)

Isoflurane 1.0 Albumin Decay of VO2 2.1

Sufentanil

Vecuronium

Van Woerkens et al99 Man

(84 years)

Enflurane 0.4 Gelatin Decay of VO2 4

Fentanyl

Pancuronium

Zollinger et al16 Man

(58 years)

Propofol 1.0 Gelatin ST-segment

depression

w1.1

Fentanyl

Pancuronium

Cain et al13 Dog Pentobarbital 0.21 Dextran Decay of VO2 3.3

Meier et al14 Pig Propofol 0.21 HES Decay of VO2 3.1� 0.4

Fentanyl

Pape et al24 Pig Propofol 0.6 HES Decay of VO2 1.5� 0.4

Fentanyl

Midazolam

Pancuronium

Kemming et al100 Pig Midazolam 0.21 HES ST-segment

depression

2.6� 0.3

Morphine

Pancuronium

Meisner et al101 Pig Diazepam 0.21 Albumin ST-segment

depression

2.0� 0.8

Morphine

Pancuronium

Meier et al

(unpublished data)

Pig Propofol 0.21 HES Decay of VO2 2.6� 0.4

Fentanyl

Pancuronium

Hbcrit, critical haemoglobin level; HES, hydroxyethyl starch.
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These data demonstrate that the tolerance of acute normovolaemic anaemia is high
in anaesthetized subjects. However, the presented concept of DO2crit refers to a crit-
ical limitation of total body oxygen supply. The limiting factor of anaemia toler
ance is the oxygenation of the myocardium as the motor of haemodynamic compen-
sation: when DO2crit is reached, a deterioration in myocardial performance represents
imminent breakdown of total body oxygenation.

Since myocardial oxygen extraction is already maximal under rest conditions,
increased myocardial oxygen demands can only be met by utilization of the coronary
flow reserve.17 In contrast, other vitally important organs (i.e. brain, intestine, kidneys)
can increase oxygen extraction to compensate for acute anaemia.18 However, what
degree of dilutional anaemia may result in a critical limitation of oxygen delivery to
these organs has not yet been completely elucidated. Further research is necessary
to identify organ-specific limits of anaemia tolerance.

Factors influencing anaemia tolerance

DO2crit and Hctcrit are influenced by a couple of physiological variables. The basic
requirement for the efficacious compensation of dilutional anaemia is normovolaemia.
During hypovolaemic haemodilution the total body oxygen demand increases due to
the release of catecholamines and other stress hormones, and the ‘critical’ oxygen
delivery (DO2 crit) is met at higher values than under normovolaemia. Myocardial per-
formance is another variable that determines anaemia tolerance. During haemody-
namic compensation of dilutional anaemia, increased myocardial oxygen demand is
met by a coronary vasodilation and an increase in coronary blood flow (coronary
flow reserve, see above). In patients with restricted coronary reserve (e.g. coronary
artery disease), limited ventricular performance (e.g. congestive heart failure) and
cardiodepressive medication, anaemia tolerance is reduced.19

Anaemia tolerance is also influenced by the depth of anaesthesia and muscular
relaxation. In high doses most of the anaesthetics attenuate the cardiac output
response during haemodilution and thus reduce anaemia tolerance.20 In contrast, neu-
romuscular blockade increases anaemia tolerance, since skeletal muscle mass repre-
sents about 30% of total body mass, so that reduction in muscular oxygen demand
significantly decreases total body oxygen consumption.21 In an experimental study in
anaesthetized pigs, deep neuromuscular block using rocuronium significantly increased
anaemia tolerance (Hbcrit 2.4� 0.5 g/dL versus 3.2� 0.7 g/dL in animals without relax-
ation; personal unpublished data).

Moreover, body temperature modulates anaemia tolerance. In experimental
models mild hypothermia has been shown to increase anaemia tolerance due to a
reduction in total body oxygen demand.22 The opposite should be postulated for
hyperthermia.

Finally, anaemia tolerance can also be increased by ventilation with high inspiratory
oxygen fraction (FiO2, hyperoxic ventilation). The amount of oxygen physically
dissolved in the plasma increases proportionally with arterial partial pressure of oxy-
gen (paO2). In profound anaemia, the plasma compartment is significantly increased
and becomes an important source of oxygen.23 In experimental studies, the positive
effect of hyperoxic ventilation on anaemia tolerance has been demonstrated repeat-
edly (Table 3).14,24–26

The omission of any avoidable transfusion is the most important alternative to the
application of allogeneic blood. In the best case, permissive anaemia can be sustained
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until surgical bleeding is under control27, which may allow saving of blood products
which would get lost immediately after transfusion via the ongoing bleeding. The pa-
tient’s individual tolerance towards acute normovolaemic anaemia reflects the mar
gin of safety, in between which any restrictive transfusion policy will not be associated
with an increased the risk of tissue hypoxia. Both the optimization of anaemia toler-
ance and the choice of an adequate transfusion trigger (cf. Chapter 2 by B. Vallet) en-
able the implementation of a safe and effective blood-sparing strategy.

AUTOLOGOUS TRANSFUSION TECHNIQUES

Autologous transfusion techniques are generally intended to replace as many alloge-
neic RBC transfusions as possible by (re)transfusion of autologous blood. Autologous
blood is either harvested a couple of weeks before (preoperative blood donation,
PAD) or immediately before surgery (acute normovolaemic haemodilution, ANH).
The concept of intraoperative cell salvage (ICS) implies the collection and reprocessing
of shed blood for autologous retransfusion.

Preoperative autologous blood donation (PAD)

In the course of PAD, autologous whole blood is collected weekly within 4–6 weeks
prior to surgery. The final donation must not be performed later than 72 hours before
surgery.28 Whole blood units are separated into red blood cells and plasma, and sub-
sequently classified according to the ABO and rhesus systems and clearly allocated to
the donor.

Usually, PAD is suitable when a blood loss of 500–1000 mL is anticipated in at least
5–10% of the cases, or when the estimated transfusion probability exceeds 50%,
respectively. The minimum acceptable haemoglobin concentration for PAD is 11 g/
dL.28 In the presence of lower preoperative haemoglobin levels the supportive admin-
istration of iron and/or recombinant erythropoietin (rhEPO) may encourage PAD
anyway (see below).

PAD is contraindicated in patients with elevated cardiac risk, i.e., patients with
unstable angina, myocardial infarction within the previous 3 months, coronary artery

Table 3. Factors influencing anaemia tolerance.

Factor Effect on anaemia tolerance

Hypovolaemia Y
Coronary arterial stenosis Y
Hyperoxaemia [
Muscular relaxation [
Hypothermia [
Depth of anaesthesia Y
Choice of infusion fluid 4
Hypoxaemia 4
Sepsis Y
Polytrauma Y
Pregnancy 4
Chronic anaemia 4
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main stem stenosis, congestive heart failure, and significant aortic valve stenosis
(gradient >70 mmHg).29

The adequate number of PAD units has to be calculated prospectively for each
individual case, the type of surgery, the probability of a transfusion requirement, and
the time left until the date of surgery being taken into consideration. A helpful tool
may be the maximum surgical blood ordering schedule (MSBOS), which is based on
a specific institutional analysis of the mean number of blood units transfused per
type of surgical intervention and individual surgeon.30,31

The cost-efficacy of PAD decreases with the number of blood units discarded11,
which underlines the necessity to exactly calculate the individual number of blood dona-
tions.32 Indeed, PAD is not cost-effective if only one unit of allogeneic blood must be
transfused despite previous PAD, or if more than 15% of donated blood is discarded.33

Major risks associated with PAD consist in contamination during storage and – as in
the transfusion of allogeneic blood – in the potential clerical error with consecutive
mistransfusion.34

Whereas the blood-sparing potential of PAD had been documented in some pre-
vious studies29, a recent meta-analysis indicates that PAD is actually associated with
a higher overall transfusion rate.35 Overall it can be assumed that other blood-conser-
vation techniques will increasingly replace PAD in elective surgical procedures.

Acute normovolaemic haemodilution (ANH)

ANH entails the isovolumic exchange of whole blood for acellular fluids (colloids and/
or crystalloids) directly prior to surgery.36 Usually, 3–4 units of blood are withdrawn
and are stored at the bedside in the operating room. In terms of the safe application of
ANH, it is essential to know the physiological changes that occur during dilutional
anaemia (see above), and to evaluate the patient’s individual anaemia tolerance (i.e.
the lowest, safely tolerable haemoglobin level).37 The benefit of ANH consists in a -
reduction of net RBC loss related to dilutional anaemia (see above) and the availability
of fresh whole blood, including coagulatory factors and platelets, for autologous
retransfusion.

The blood-sparing efficacy of ANH depends on the baseline haemoglobin level, the
target haemoglobin after ANH, and the dimension of blood loss measured as a fraction
of circulating blood volume.38 ANH should therefore target as low a haemoglobin con-
centration as possible while still leaving an adequate margin of safety for tissue oxygen-
ation (i.e. haemoglobin 6–7 g/dL in otherwise healthy patients and 9–10 6–7 g/dL in
patients with cardiovascular comorbidity).

While the efficacy of ANH in reducing perioperative allogeneic transfusion could be
demonstrated in several clinical trials (abdominal, vascular, orthopaedic, urological and
maxillofacial surgery)39–43, the same effect could not be confirmed in some meta-anal-
yses.44,45 However, the heterogeneity of transfusion managements between different
institutions (e.g. choice of transfusion triggers) complicates the comparability of the
different patient populations.

ANH is contraindicated with unstable angina, coronary artery disease with signifi-
cant main-stem stenosis or myocardial infarction within the past 6 months, high-grade
aortic valve and carotid artery stenosis, renal insufficiency, and manifest bacteraemia,
but not with malignant disease.

All in all, ANH should be preferred to PAD, since: (1) ANH is less expensive than
PAD ($28 versus $226 per unit)46 because travel expenses, costs for staff, material,
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and processing and testing devices can be omitted; and (2) the performance of ANH
allows for a more flexible scheduling of the date of surgery since the complex logistics
necessary for PAD can be omitted. As a blood conservation method, ANH has been
readopted in the practice guideline for perioperative blood transfusion of the Amer-
ican Society of Anesthesiologists (ASA).47

Supportive administration of iron and/or recombinant human
erythropoietin (rhEPO)

During the perioperative phase, iron and/or rhEPO are administered either alone48 or
in combination with PAD and/or ANH11, both allowing for the implementation of a
restrictive transfusion protocol. In particular, anaemic patients seem to benefit from
preoperative substitution of iron48, whereas in non-anaemic patients undergoing
orthopaedic surgery the isolated administration of iron did not decrease the perioper-
ative transfusion rate.49 In combination with PAD, the substitution of iron (e.g. 100–
200 mg/day orally) is recommended anyway for treatment of PAD-related anaemia.29

The administration of rhEPO (e.g. 100–150 U/kg subcutaneously twice a week)
should always be accompanied by iron substitution in order to achieve an effective stim-
ulation of erythropoesis.50 In these low dosages, the costs of rhEPO are comparable
with those of allogeneic blood.51 The augmentation of haematopoiesis alone
has already been proven to reduce allogeneic blood transfusions, since a low preoper-
ative haemoglobin level is a relevant predictor of allogeneic RBC transfusion.11 More-
over, an increase in preoperative haemoglobin levels using rhEPO also increases the
efficacy of ANH by allowing for a more extensive exchange of blood for acellular fluids.

Intraoperative cell salvage (ICS)

In surgical interventions with a blood loss of at least 800–1000 mL, autotransfusion of
RBCs salvaged from shed blood is a highly effective method for reducing allogeneic
blood transfusions. Basically, shed blood is aspirated via a heparinized suction tube
into a collection reservoir. Erythrocytes are salvaged by differential centrifugation
and washing in 0.9% saline, while contaminants such as fibrin, cell debris, microaggre-
gates, bone fragments, fat, haemoglobin and heparin are eliminated. Depending on the
washing program, the haematocrit of the autologous RBC concentrate is 55–80%.52

The quality of salvaged blood is excellent compared with stored pRBCs; fresh salvaged
blood has a lower oxygen affinity related to a more physiological pH and a higher con-
tent of ATP and 2,3-diphosphoglycerate (2,3-DPG). However, an extensive list of con-
traindications to ICS is traditionally proposed by the manufacturers of ICS devices
(Table 4).

To a certain extent, these contraindications have been challenged by recent litera-
ture. Only the potential bacterial contamination of collected wound blood represents
an absolute contraindication for autotransfusion in patients undergoing replacement
surgery (i.e., implantation of vascular grafts or joint prostheses, cardiac valve
replacement).33

In the case of definite contamination of shed blood with bacteria or malignant cells,
some authors advocate the use of PAL leukocyte-depleting filters in addition to the cen-
trifugation and washing process of the cell saver.53 A recent study performed in a South
African trauma centre even suggests that ICS without PAL filters in 44 patients with
penetrating abdominal trauma significantly reduced the need for allogeneic blood
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transfusions. These patients received prophylactic antibiotics, and no differences to the
control group were apparent regarding the incidence of sepsis or overall mortality.54

As a highly effective method for completely eliminating contaminating tumour cells,
Hansen and co-workers propose the irradiation of RBC concentrates salvaged from
operating fields in cancer surgery.55 Moreover, irradiation of salvaged blood has
been demonstrated to mitigate the release of inflammatory mediators, which may pro-
vide an additional advantage when compared with allogeneic blood.56

Even in obstetric surgery, ICS seems possible when combined with PAL leukocyte
filters.57 A current investigation demonstrated that these filters effectively removed
squamous cells and other amniotic contaminants from washed blood salvaged during
caesarean deliveries.58 However, in the setting of a massive blood loss, the efficacy of
this procedure seems questionable, since the filter interposed into the transfusion line
increases the resistance of the system, resulting in a substantial reduction in transfu-
sion velocity.

In any case, it must be borne in mind that any use of cell salvage, despite the stip-
ulated contraindications, represents off-label use from the medico-legal point of view,
and has to be based on a thorough analysis of the individual risk/benefit ratio. Further
systematic research is necessary to elucidate important safety aspects of these appli-
cation modalities.

The blood-sparing potential of ICS has been proven in several clinical trials and meta-
analyses.11,35,59 ICS is also accepted by Jehovah’s Witnesses as long as the patient,
collection system, processing unit and final blood bag form a closed circuit.60

ARTIFICIAL OXYGEN CARRIERS

An attractive alternative to allogeneic RBCs consists in synthetic blood substitutes
(artificial oxygen carriers), which can be applied independently of blood-group typing
or infectious risks. Currently, there are two types of artificial oxygen carrier under
experimental and clinical investigation: (1) synthetically manufactured perfluorocar

Table 4. Proposed contraindications to intraoperative cell salvage.

Pharmacological agents Clotting agents

Irrigating solutions meant for topical use

Methylmethacrylate

Contaminants Urine

Bone chips

Fat

Bowel contents

Infection

Amniotic fluid

Malignancy

Haematological disorders Sickle-cell disease

Thalassaemia

Miscellaneous Carbon monoxide (electrocautery smoke)

Catecholamines (phaeochromocytoma)

Oxymetazoline

From Waters (2004, Transfusion 44: 40S–44S) with permission.
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bons (PFC), and (2) haemoglobin-based oxygen carriers (HBOCs), i.e., solutions based
on isolated human or bovine haemoglobin.61

Perfluorocarbons (PFCs)

PFCs are simply constructed molecules (MW 450–500 D) derived from cyclic or
straight-chain hydrocarbons with hydrogen atoms replaced by halogens (i.e. fluorine
or bromide). PFCs are chemically and biologically inert; they are insoluble in water
and therefore have to be emulsified for intravenous application. Oxygen kinetics of
PFCs are characterized by a linear relationship between partial pressure of arterial
oxygen and oxygen content; therefore high partial pressures of arterial oxygen are
required to maximize the amount of oxygen transported by the PFC (Figure 3).62

Oxygen release from PFC to the tissues is almost complete in the presence of
a high pO2 gradient between arterial blood and the tissues (cf. Figure 3). At a given
pO2 gradient of 560 mmHg (arterial blood 600 mmHg, tissue 40 mmHg), 100 g of
a 60% (w/v) PFC emulsion (e.g. perfluorooctylbromide, Oxygent�, Alliance Corp.,
San Diego, CA, USA) release 15 mL oxygen.63 The same amount of oxygen is provided
by 450 mL of whole blood with a haemoglobin concentration of 14 g/dL. Additionally,
PFCs enhance tissue oxygenation by lowering the diffusion barrier between erythro-
cytes and the plasma (‘facilitated diffusion’).61

After intravenous infusion, PFC emulsion droplets are rapidly taken up by the
reticuloendothelial system (RES). To avoid RES overload and consequent immunosup-
pression, the clinical application of PFC is restricted to low dosages (e.g. maximum
dose of 60% Oxygent�: 2.7 g/kg).

In elective surgery with anticipated substantial blood loss, a suitable application
mode of PFC is represented by the concept of augmented haemodilution
(A-ANH�, patented by Alliance Corp.): prior to surgery, autologous blood is har-
vested by ANH. During acellular fluid replacement of surgical blood loss, the combi-
nation of hyperoxic ventilation and repetitive co-administration of low boluses of PFC
maintains adequate tissue oxygenation despite further decrease of haemoglobin con-
centration. In the best case, retransfusion of autologous blood can be postponed until
bleeding is under control.64,65

Figure 3. Oxygen dissociation kinetics of native blood (sigmoidal) and a 60% (w/v) Oxygent� emulsion

(linear). At a given tissue pO2 of 40 mmHg, oxygen extraction from perfluorocarbon (PFC) is almost com-

plete, in contrast to that from blood (oxygen extraction rate 80–90% PFC versus 25% blood).63
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In splenectomized dogs, this concept allowed the extension of acute normovolae-
mic anaemia from Hct 21% to Hct 8% without any signs of impaired tissue oxygenation
or compromised myocardial contractility.25,66 In patients undergoing cardiac surgery,
the application of 2.7 g/kg Oxygent� provided adequate gastrointestinal tissue oxy-
genation at haemoglobin to 6.6� 0.4 g/dL.67 In non-cardiac surgical patients (ortho-
paedic and general surgery), the low-dose-bolus administration of 60% Oxygent�
(0.9, 1.8 or 2.7 g/dL) allowed the transfusion of allogeneic blood to be postponed
by 80 minutes.68

In a recent multicentre phase-III study, the number of pRBC units transfused until
postoperative day 3 was significantly lower in patients treated with PFC. However,
aside from typical mild side-effects of PFC (flu-like symptoms, primarily fever, chills,
headache, nausea and myalgia), an increased incidence of postoperative ileus has
been reported.69 Moreover, patient enrolment in a phase-III study in cardiac surgery
was suspended in 2001 due to an increased rate of neurological complications.62 Nev-
ertheless, the manufacturers are seeking to perform additional multicentre studies in
Europe and the USA before filing for market approval.

Haemoglobin-based oxygen carriers (HBOC)

Haemoglobin used for manufacturing HBOCs originates from outdated human red
cells or from bovine blood, or it is genetically engineered. Purified haemoglobin
molecules are chemically modified to increase their stability and to modulate oxygen
affinity. These chemical modifications include intramolecular cross-linking of a-sub-
units, polymerization of haemoglobin molecules using glutaraldehyde or o-raffinose,
conjugation of polyethylene glycol to the surface of the haemoglobin molecule, inser-
tion of 2,3-DPG analogues or embedding haemoglobin molecules into phospholipid
vesicles(Table 5).70

In contrast to PFCs, HBOCs feature sigmoidal oxygen kinetics. As indicated by high
p50 values, the oxygen affinity of most HBOCs is lower than that in native human
blood, facilitating the offloading of oxygen to the tissues.71 Moreover, extracellular
haemoglobin possesses strong vasoconstrictive properties, the underlying mechanisms
of which are: (1) scavenging of nitric oxide (‘NO scavenging’); (2) augmented release of
endothelin; and (3) stimulation of endothelin receptors and adrenoreceptors.72

Due to their oncotic properties, most HBOCs can be characterized as ‘oxygen-
transporting plasma expanders’ suitable for fluid resuscitation from haemorrhagic
shock as well as for the treatment of surgical blood loss.

During fluid resuscitation from haemorrhagic shock, hypovolaemia can be
treated effectively, while arterial oxygen content is maintained despite progressive
dilutional anaemia. Indeed, in experimental studies of severe hemorrhagic shock,
resuscitation with HBOCs consistently effected a sustained stabilization of the hae-
modynamics and tissue oxygenation and significantly decreased mortality.73–76

Moreover, the post-ischaemic interaction between leukocytes and the endothelium
could be attenuated by infusion of HBOCs based on human77,78 as well as bovine
haemoglobin.79

Surprisingly, the long-time favourite among the HBOCs, DCLHb, was abandoned in
1998 after an interim analysis of a trauma study performed in the USA. After enrol-
ment of 112 patients, the 24- and 48-hour mortality was significantly higher in patients
treated with DCLHb.80 Although severe deficiencies regarding design and perfor-
mance of the study (under-resuscitation and over-proportional enrolment of
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desperate cases in the DCLHb group), the study has been terminated prematurely and
has never been restarted.81

In contrast, PolyHeme� proved to be an effective resuscitation fluid when 171
patients suffering massive haemorrhage were treated with this HBOC. Compared
with a historical control group, 30-day mortality could be reduced significantly
(64.5% versus 25%).82 However, this report does not comment on potential side-
effects of PolyHeme�. Enrolment in another pre-hospital phase-III study has recently
been completed, and the first results are not expected before autumn 2006.

Aside from fluid resuscitation from haemorrhagic shock, HBOCs are also suitable
for the treatment of intraoperative blood loss. During isovolaemic replacement of lost
blood, the oxygen-transport properties of the HBOC allow for haemodilution to
a lower Hct than do crystalloid and colloid solutions. Hence, the transfusion of

Table 5. Physicochemical characteristics and actual state of clinical research on haemoglobin-based

oxygen carriers (HBOCs).

Source of

haemoglobin

Concentration

(g/dL)

MW (Da) P50

(mmHg)

Indication Phase of

clinical

testing

PHP� Human 8 123,000 23.6 Haemodynamic

instability

in septic shock

II/III

HemAssist� Human 10 65,000 32 Reduction of

perioperative

transfusion rate

Up to III,

stopped

r-Hb 1.1� Recombinant 5e10 64,000 31e32 Reduction of

perioperative

transfusion rate

I/II,

stopped

r.Hb 2.0� Recombinant 10 320,000 31e32 Reduction of

perioperative

transfusion rate

I/II,

stopped

Hemopure� Bovine 13 250,000 38 Reduction of

perioperative

transfusion rate

III

Polyheme� Human 10 150,000 26e32 Reduction

of perioperative

transfusion rate

III

Hemolink� Human 10 120e180,000 39 Reduction of

perioperative

transfusion rate

III,

discontinued

Hemospan� Human 4 95,000 6 Reduction of

perioperative

transfusion rate

II

PHP�, pyridoxylated, polyethylene-glycol conjugated haemoglobin (Curacyte Health Sciences, Munich,

Germany); HemAssist�, diaspirin cross-linked haemoglobin (DCLHb, Baxter Healthcare, Round Lake,

USA); r-Hb 1.1, recombinant haemoglobin, version 1.1 (Somatogen Inc., Boulder, USA, later Baxter

Healthcare); r-Hb 2.0, recombinant haemoglobin, version 2.0 (Baxter Healthcare); Hemopure�, poly-

merized bovine haemoglobin (HBOC 201, Biopure Corp., Cambridge, USA); Polyheme�, pyridoxylated,

glutaraldehyde-polymerized haemoglobin (Northfiled Lab. Inc., Evanston, USA); Hemolink�, haemoglo-

bin raffimer (Hemosol Inc., Toronto, Canada); Hemospan�, maleimide-activated polyethylene glycol-

modified haemoglobin (MP4, Sangart INC, San Diego, USA).
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allogeneic blood can be postponed until surgical bleeding is under control. HBOCs
have been tested in several clinical phase-III studies, including cardiac and non-cardiac
(general, vascular, trauma) surgery.82–90 Frequently observed side-effects consisted of
increased systemic and pulmonary arterial resistances, decreased cardiac output, jaun-
dice, and increased activities of amylase, lipase and hepatic transaminases.86–88,90

Whether the increased enzyme activities must be judged as signs of pancreatitis or
whether they may be related to interference with photometric laboratory tests has
to date not been fully elucidated.91

However, a sustained reduction of allogeneic blood transfusion (up to postoperative
day 7) attributable to the use of an HBOC has been reported by only two authors83,88,
but the blood-sparing potential was limited to only 260–600 mL pRBC. The clinical
relevance of this finding has been critically discussed by the authors themselves. A rea-
son for the finding may be the short intravascular half-life of HBOCs. The short-term
application only postpones the allogeneic blood transfusion. To achieve an effective re-
duction of RBC transfusions, HBOCs must be infused over a longer term, theoretically
until the erythropoiesis can provide a sufficient quantity of autologous RBCs. Regarding
the long-term use of HBOCs, only case reports are currently available.92,93

Finally, the clinical impact of vasoconstrictive activity exerted by most HBOCs is
not yet fully understood. Experimental data indicate that these properties may be
harmful with respect to nutritional blood flow and organ function.94,95 Therefore
the availability of a non-vasoactive HBOC may be desirable. Maleimide-activated poly-
ethylene-glycol-modified haemoglobin (Hemospan�, Sangart Corp.) represents such
an HBOC featuring a low haemoglobin concentration (4 g/dL), a high oxygen affinity
(p50 5.9 mmHg) and a high viscosity (2.5 cP). These characteristics, at first sight coun-
terintuitive, have been demonstrated to provide sufficient tissue oxygenation on the
microcirculatory level.96,97 Currently, Hemospan� has finished testing phases I and
II, and a clinical phase-III trial is scheduled for 2006.98

To date, no HBOC with worldwide approval is available for routine clinical use.
Only the bovine HBOC Hemopure� (Biopure Inc., Cambridge, USA) had been ap-
proved by the South African Ministry of Health in April 2001. The decisive factor
for this regional approval might have been the high incidence of infectious diseases
among blood donors in South Africa. However, in 2002, Biopure filed approval by
the FDA, the procedure is still pending.70 The blood-sparing potential of both types
of artificial oxygen carrier currently under investigation (PFC and HBOCs) has been
proven in experimental as well as in clinical studies. Nevertheless, the approval of a par-
ticular synthetic oxygen carrier by the FDA is not yet not foreseeable. Further re-
search and development activities targeting the identification of an ideal oxygen
carrier suitable for clinical use remains an issue of substantial interest.

Practice points

� the indication to transfuse allogeneic blood must be based on a critical judge-
ment of necessity
� augmentation of anaemia tolerance allows a restrictive transfusion policy to be

extended
� among autologous transfusion techniques, ANH and/or ICS are the most

effective
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Performing a surgical procedure on a patient undergoing anti-platelet therapy raises a dilemma: is
it safer to withdraw the drugs and reduce the haemorrhagic risk, or to maintain them and reduce
the risk of myocardial ischaemic events? Based on recent clinical data, this review concludes that
the risk of coronary thrombosis on anti-platelet drugs withdrawal is much higher than the risk of
surgical bleeding when maintaining them. In secondary prevention, aspirin is a lifelong therapy and
should never be stopped. Clopidogrel is mandatory as long as the coronary stents are not fully
endothelialized, which takes 6–24 weeks depending on the technique used, but might be required
for a longer period.
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With the increasing prevalence of coronary artery disease (CAD) and the progressive
aging of the population, it can be estimated that there are two million candidates for
coronary dilatation in Western Europe and the US each year.1 Currently, over 90%
of all percutaneous coronary interventions (PCIs) involve the placement of stents. Re-
cent data suggest that 5% of patients who underwent PCI will also undergo non-cardiac
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surgery within the first year after coronary stenting.2 The high success rate obtained
with the new coronary stents is linked, at least partially, to the prolonged intake of
anti-platelet (AP) medication. Moreover, situations other than coronary stenting
require the protection of AP drugs and increase the probability of meeting patients
under AP therapy: previous myocardial infarction (MI), cerebrovascular disease,
peripheral vasculopathy, or primary prevention in case of multiple cardiovascular risk
factors.

Therefore, anaesthesiologists are more and more frequently confronted with a new
situation: how to manage a patient on aspirin and clopidogrel after a recent PCI who is
to undergo a potentially haemorrhagic surgical procedure? They are faced with a di-
lemma: stopping the drugs increases the risk of stent thrombosis, but maintaining
them increases the risk of haemorrhage. The usual attitude is to withdraw all AP drugs
1 week prior to surgery, but recent data suggest that this might be extremely danger-
ous for the patients. It is therefore of the utmost importance to adjust the current
practice concerning the use of AP drugs in the perioperative period.

THE VULNERABLE PATIENT

The purpose of AP therapy is to decrease the patient’s vulnerability towards cardio-
vascular and cerebrovascular accidents. Vulnerable cardiovascular patients are those
susceptible to having a serious cardiovascular event in the future, which includes acute
coronary syndrome or sudden cardiac death. Their probability is based on three ele-
ments: the instability of atheromatous plaques, the susceptibility of the myocardium,
and the thrombogenicity of the blood.3

Unstable atheromatous plaques

Three quarters of sudden cardiac events (acute coronary syndrome and/or sudden car-
diac death) are due to atheromatous plaque rupture.4 These plaques are characterized
by a large lipid core covered by a thin cap; they are densely infiltrated by macrophages,
with signs of active inflammation. Multiple humoral and neuro-vegetative triggers may
destabilize the atheromatous plaque and lead to the development of an occluding
thrombus. Although the following classification is very much simplified, postoperative
MI can be divided in two different categories of approximately equal incidence5–7:

1. Infarction appearing in myocardial areas supplied by coronary arteries with tight
stenosis. The triggering factor is a mismatch between an increased oxygen demand
(tachycardia, hypertension, pain, stress) and a poor oxygen supply (coronary steno-
sis, tachycardia, hypovolaemia, anaemia) (demand ischaemia). Usually, this non-Q MI
follows a period of ST-segment depression (subendocardial infarction); it’s peak in-
cidence is at the third or fourth postoperative day, and its most effective prevention
is b-blockade.

2. Infarction due to disruption and thrombosis of an unstable plaque. This MI appears
in myocardial areas supplied by moderate coronary stenosis on angiogram (<60%)8

which are usually silent on stress test (supply ischaemia).9 It is characterized by an
elevation of the ST-segment and a Q wave (transmural infarction); it appears earlier
(<36 postoperative hours), and its most effective prevention is anti-platelet drugs
(aspirin and clopidogrel) and probably statins.
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Myocardial susceptibility

The myocardium modulates the effects of acute coronary ischaemia depending on its
degree of sympathetic stimulation, its susceptibility to ventricular arrhythmias, and its
previous damage due to chronic ischaemia or cardiomyopathy.3 Intra- and postopera-
tive periods are very complex situations because of a blending of harmful effects (sym-
pathetic stimulation, haemorrhage) and beneficial effects (continuous monitoring,
weakening of stress reaction by deep anaesthesia, preconditioning effect of haloge-
nated agents).

Blood coagulability and acute-phase reaction

A number of serological markers may predict a patient’s risk of cardiovascular compli-
cations: high low-density lipoprotein (LDL), low high-density lipoprotein (HDL), circu-
lating non-esterified fatty acids, interleukin-6, and C-reactive protein (CRP).10 Several
blood abnormalities such as anti-thrombin III and protein S deficiencies, and genetic
polymorphisms such as GP IIb/IIIa receptor polymorphism, are related to blood vulner-
ability to thrombosis.11 Acute coronary syndromes are linked with proinflammatory
and prothrombotic conditions that involve an increased level of fibrinogen, CRP and
plasminogen activator inhibitor.12 The importance of the equilibrium between procoa-
gulatory and fibrinolytic systems is demonstrated by several autopsy findings of old pla-
que disruption without vessel occlusion or myocardial infarction.13 In the perioperative
setting, this harmonious balance is disrupted in favour of vessel thrombosis. Surgery is
a high-risk situation because of the increased release of endogenous catecholamines in
the postoperative period, much higher than in known triggers such as intense exercise
or cigarette smoking.14 The postoperative risk of acute coronary syndrome is aggra-
vated by the increased platelet adhesiveness and decreased fibrinolysis which are char-
acteristic of the acute-phase reaction.15 It is therefore understandable that AP drugs
are particularly helpful when the thrombogenic risk is highest.

USEFULNESS OF ANTI-PLATELET DRUGS

AP drugs are indicated for primary and secondary prevention of heart and brain vas-
cular accidents. There are three different types of AP drugs:

� Acetylosalicylic acid (ASA, aspirin). The usual dosage is 50–300 mg/day; this is adap-
ted to body weight, but, for a normal adult, a daily dose beyond 150 mg increases
hemorrhagic risk without offering more protection.16 In primary protection, ASA is
indicated when the 10-year risk of vascular accidents is more than 10%.17 In second-
ary prevention, ASA decreases myocardial reinfarction rate by 30% and subsequent
stroke by 25%.18,19 ASA is a lifelong therapy which should never be discontinued
after a coronary or cerebrovascular event.20–22

� Clopidogrel (Plavix�; loading dose: 300 mg, daily dose: 75 mg) decreases the risk of
MI in unstable angina by 18% and the risk of coronary stent thrombosis and recurrent
stroke by 30%.1,23,24 The half-life of clopidogrel is short (4 hours), but recovery from
the drug is long because of irreversible platelet inhibition; normal coagulation relies
on the formation of new platelets, but not on the disappearance of the substance
from the plasma. Therefore, clopidogrel is stopped for at least 7 days
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preoperatively.25 In emergency situations, haemostasis can be restored by adminis-
tration of fresh platelets within a few hours of the last clopidogrel intake.
� Platelet glycoprotein IIb/IIIa receptor antagonists are used for the prevention of im-

mediate thrombosis of coronary stents and are prescribed for 24–48 hours after
PCI.26 Abciximab (ReoPro�) has a half-life of 23 hours, whereas tirofiban (Aggrastat�)
and eptifibatide (Integrilin�) have a half-life of 2 hours.27 In case of surgery within
48 hours after abciximab, platelet transfusions are mandatory; beyond 6 hours after
tirofibran or eptifibatide, platelet function returns to 90% of normal and bleeding time
is prolonged <1.5 times.28

� A bi-therapy (ASAþ clopidogrel) is required in cases of unstable plaque and during
the re-endothelialization phase of coronary stents. Clopidogrel can be substituted
for ASA in non-responders or in case of allergic reactions.

A substantial proportion of patients does not respond to ASA (12–20%), particu-
larly women and diabetics, and to clopidogrel (6–24%).29 The wide variation in prev-
alence is due to the multiplicity of tests used to quantify ASA effects and to the
absence of an effective test for evaluating clopidogrel efficiency.30 The resistance to
AP drugs might explain the high incidence of MI recurrence or stent thrombosis in
some patients. Studies tend to show that patients with previous stent thrombosis
have an impaired response to ASA, which may be overcome by additional treatment
with clopidogrel.31 Specific gene variants implicated in thrombosis might have an im-
pact on the efficiency of AP strategies. For example, the effect of ASA on platelet func-
tion is modified by the glycoprotein IIIa nucleotide polymorphism P1A2; patients who
are heterozygous for this gene keep a high platelet adhesiveness under ASA therapy,
whereas adhesiveness is efficiently blunted in homozygotes at the same dosage.11 In
the near future, pharmacogenomics might be able to set up tests differentiating
responders from non-responders; it will then be possible to tailor AP therapy to
the patient’s profile and improve the success rate of coronary revascularization.

PERCUTANEOUS CORONARY INTERVENTION (PCI)

Coronary revascularization is the first-choice therapy for severe coronary artery dis-
ease or unstable coronary syndromes. A successful revascularization places the patient
in a low-risk category, as if the coronary disease were cured, as long as he/she is
asymptomatic without treatment other than ASA. However, the period immediately
after any intra-coronary instrumentation is a high-risk period because the previously
stenotic lesion is momentarily transformed into an unstable area since its endothelial
covering is ruptured. After simple dilatation, it takes 2–4 weeks for the endothelium to
be completely healed. A bare metallic stent (BMS) is first covered by a thin layer of
smooth muscular cells in approximately 6 weeks; 6 more weeks are necessary for
a complete endothelial covering.32,33 The duration of re-endothelialization determines
the duration of clopidogrel treatment, which is mandatory as long as the prosthetic
material is not fully covered. The minimal duration is variable, depending on the
type of procedure (Table 1).20,22,34,35

With a full anti-platelet coverage, the 30-day stent thrombosis rate is less than 1%,
but the bare metal stents are threatened by an overgrowth of endothelium, which
leads to a restenosis rate of 12–30% at 6–12 months.22 In order to counteract this
phenomenon, the new ‘drug-eluting’ stents (DES) are covered with a fine layer of
anti-proliferative agents, namely sirolimus or paclitaxel. With this technique, the
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restenosis rate has dropped to 0.5–1.5% at 1 year.36,37 The drawback is a delayed com-
plete re-endothelialization and a prolonged AP therapy with ASA and clopidogrel: at
least 3 months for sirolimus and 6 months for paclitaxel.

The PCI Cure study, which consisted of 2658 patients with acute coronary syn-
drome undergoing PCI randomly assigned to 1-year treatment with clopidogrel or pla-
cebo, disclosed an overall reduction of 31% (P¼ 0.002) in cardiovascular mortality or
myocardial infarction rate in the clopidogrel group.24 The difference between the two
groups appears during the first 3 months, and stays constant thereafter. This raises the
question of the usefulness of clopidogrel beyond 1 year. The CHARISMA study tried
to answer this point38: 15,603 high-risk cardiovascular patients were randomly as-
signed to receive clopidogrel or placebo and low-dose ASA, and were followed for
a median of 28 months. The similar rates of MI, stroke or cardiovascular death in
both groups revealed that clopidogrel plus aspirin was not more effective than aspirin
alone for primary prevention. Moreover, the rate of severe spontaneous bleeding was
increased (2.1% versus 1.3%). In secondary prevention, a small (12%) reduction in rel-
ative risk was observed in the clopidogrel group, but also with a slight increase in the
bleeding risk. Therefore there are no hard data to support the use of clopidogrel be-
yond 1 year after PCI or cardiovascular event, except in some particularly unstable
cases. On the other hand, ASA is a lifelong therapy and should never be interrupted
whatever types of stents are used.

DELAYS AFTER CORONARY REVASCULARIZATION

As already mentioned, the weeks following a PCI are particularly dangerous because the
coronary vessel is not yet covered by an endothelial layer. When patients undergo non-
cardiac surgery during this period, their MI and mortality rates (average 30% and 20–40%
respectively) are 5–10 times higher than the rates of matched patients undergoing the
same operations under maximal medical therapy or after appropriate delays.2,39–41

The closer the PCI is to the operation, the higher the operative risk: mortality is 26%
and non-fatal MI rate is 35% within 3 weeks41, but decrease to 5% after 2–3 months
and to �1% beyond 3 months.39–42 The same pattern appears after surgical revascular-
ization (coronary artery bypass graft, CABG): mortality rate is 20.6% within 4 weeks
after CABG and 3.9% at 2 months.43 Major vascular surgery is particularly dangerous,
and abdominal aneurysm resection during the first month post-CABG has a mortality
rate of 28%.

We lack high-level-of-evidence studies on the optimal delays between revasculari-
zation and non-cardiac surgery. Therefore, the usual recommendations are based
rather on the principles of safety and precaution20,34:

Table 1. Duration of anti-platelet therapy after percutaneous coronary intervention (PCI).

� Dilatation without stenting: 2e4 weeks

� Bare metal stent: 4e6 weeks

� Drug-eluting stent (sirolimus; Cypher�): 3 months

� Drug-eluting stent (paclitaxel; Taxus�, Achieve�, V-flex): 6 months

� Brachytherapy: 12 months

� Safety precaution after drug-eluting stent: clopidogrel up to 12 months

� Aspirin: lifelong therapy
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� after CABG: 6 weeks;
� after PCI with simple dilatation (no stenting): 2–4 weeks;
� after PCI with bare metal stents: 6–8 weeks;
� after PCI with drug-eluting stents: 3 months (sirolimus) or 6 months (paclitaxel).

All patients are kept under ASA therapy in the perioperative period. When clopi-
dogrel is indicated by the coronary status (Table 1), it is continued throughout the op-
eration without interruption.

The studies comparing preoperatively revascularized CAD patients to non-
revascularized patients with full medical treatment (b-blockers, statins, AP drugs)
have not disclosed any significant difference in the rate of postoperative ischaemic
complications between the two groups.44,45 Revascularization is based on coronary
angiogram results, but half of the postoperative MI cases are linked to the thrombosis
of an unstable plaque and occur in myocardial areas that are dependent on arteries with
a non-significant stenosis.5,8 Moreover, coronary revascularization and non-cardiac
operations are added risks and have cumulative mortality rates. For vascular patients,
for example, the sum of the mortalities of revascularization and non-cardiac surgery is
clearly higher than the mortality of non-cardiac surgery without revascularization but
under optimal pharmacological protection with b–blockers, statin and aspirin.46,47

Therefore, preoperative coronary revascularization may be indicated only if some
prerequisites are fulfilled:

� the indication is based on the coronary status, and is the same as outside the sur-
gical context;
� the safety delays between revascularization and non-cardiac surgery (6–24 weeks,

depending on the technique used) must be compatible with the clinical evolution
of the surgical disease; this might not be the case for malignant tumours, aneurysms,
incapacitating bone fractures, bowel obstruction, etc;
� the added risks of revascularization and non-cardiac surgery must be less than the

risk of surgery under medical protection; this happens only in the case of very un-
stable CAD and expected delays between PCI/CABG and non-cardiac operation.

WITHDRAWAL OF ANTI-PLATELET DRUGS

It is a generally accepted policy to withdraw AP medications 7–10 days prior to a surgical
or endoscopic procedure in order to prevent excessive bleeding. Knowing the efficiency
of these drugs in preventing coronary stent thrombosis or MI and stroke recurrences,
this attitude raises two important questions: how safe is it to abruptly interrupt AP ther-
apy, and is bleeding really a major problem under continuous AP treatment?

Acute withdrawal of AP agents induces a deleterious rebound effect; prothrom-
botic phenomena overrule the physiological balance. An excessive thromboxane A2

activity and a decreased fibrinolysis have been noticed on aspirin interruption.48,49

In a study of 2229 patients with DES and a thrombosis rate of 1.5% during the first
year, premature discontinuation of AP therapy is the most significant independent pre-
dictor of stent thrombosis, with a hazard ratio of 57.13 (P< 0.001) and a mortality
rate linked to stent thrombosis of 45%.36 Another study shows that two thirds of
the late DES thromboses are linked to AP withdrawal.37 Compared to patients who
have taken AP drugs without interruption, patients who stopped clopidogrel during
the first month after PCI are ten times more likely to die (7.5% versus 0.7%,
P< 0.0001) or to be rehospitalized (23% versus 14%, P¼ 0.08) during the next 11
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months.50 Stopping ASA, even as long as 15 months after PCI, may precipitate DES
thrombosis and acute MI.51,52 The risk of non-fatal MI or cardiac death following acute
coronary syndrome is twice as high in patients who have interrupted their AP drugs
within 3 weeks (21.9% and 19.2% respectively) compared to those who are still under
therapy (12.4% and 9.9% respectively).53

These studies have been conducted outside surgery, but the situation is even worse
in the postoperative period: the withdrawal of AP treatment to allow non-cardiac sur-
gery within 3 weeks after PCI and stenting has resulted in mortalities between 30% 54

and 85%.41 The acute stent thrombosis has such a dramatic death rate because it cor-
responds to the abrupt interruption of flow in a coronary vessel where the output had
been maintained; the involved myocardial territory is neither collateralized nor pre-
conditioned by recurrent chronic ischaemic episodes.

HAEMORRHAGIC RISK

If the thrombotic risk at AP withdrawal is so high, what is the real danger of surgery under
continuous AP therapy? In large cardiological studies, the rate of severe spontaneous
bleeding is increased in patients under bi-therapy compared to those on ASA alone; it in-
creased from 0.7% to 1.13% (37% increase in relative risk) in the ATC trial18, or from 2.7%
to 3.7% (27% increase in relative risk) in the CURE trial.23 The studies on intraoperative
haemorrhagic risk of AP therapy are numerous but usually statistically underpowered.
Large prospective randomized studies are rare, most reports being retrospective or an-
ecdotal. The investigations havebeen carried outmainly in orthopaedics (hip arthroplasty)
and in cardiac surgery (CABG). Nevertheless, the analysis of this literature reveals inter-
esting facts concerning the impact of aspirin and clopidogrel on surgical bleeding.

Patients on ASA

A large review and meta-analysis of 474 studies devoted to the impact of aspirin pro-
phylaxis on surgical blood loss has disclosed that patients on ASA alone have an intra-
operative haemorrhagic risk increased by an average factor of 1.5 without an increase
in surgical mortality or morbidity.55 Despite a modest rise in bleeding rate, there are
no modifications in surgical complications linked to haemorrhage in dental surgery,
ophthalmology, visceral surgery, endoscopies and biopsies. In vascular surgery, the in-
crease in bleeding complications is only 2.46%.21 In orthopaedics, the data are contro-
versial: studies have shown an increased rate of bleeding and transfusion in hip
arthroplasty56 but not in femoral neck fracture osteosynthesis57 or spinal instrumen-
tation and multilevel fusion surgery.58 Although aspirin increases bleeding by approx-
imately 50%, surgeons unaware of aspirin application could not always differentiate
patients on aspirin from patients off aspirin just from surgical bleeding.59

Aspirin seems to be associated with a rise in bleeding rate only in specific procedures.
After tonsillectomy, the reoperation rate for postoperative haemorrhage is increased 7.2
times in the aspirin group compared to the paracetamol group.60 During transurethral
prostatectomy, blood transfusion rate is increased by a factor of 2.7 in patients on aspirin
compared to control groups55; more importantly, there are two reported cases of fatal-
ities in patients on low-dose aspirin.61 The new laser technique for endoscopic prostatec-
tomy should abrogate the haemorrhagic complication in these patients. In intracranial
neurosurgery, aspirin has been involved in an increased risk of postoperative intracere-
bral haematoma. In some cases it has been a contributing factor to the fatal issue.62
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Patients under aspirin and clopidogrel

When clopidogrel is added to aspirin, the bleeding rate is increased on average by
30–50%, but most of the studies have been conducted in cardiac surgery with full in-
traoperative heparinization for cardiopulmonary bypass. In this case, the transfusion
rate is augmented from 51% (controls) to 73% (treatment) of the patients, and the
number of blood units given increases from 1.6 to 3.063; the reoperation rate for hae-
mostasis is increased from 1.6% to 9.8%. Clopidogrel intake during the last 4 days be-
fore CABG is an independent predictor of transfusions (odds ratio 4.22) and length of
stay in intensive care unit (odds ratio 3.14).64

In non-cardiac surgery, however, the situation is less obvious. In patients undergoing
vascular, orthopaedic and visceral surgery after coronary stent implantation, a Mayo
Clinic study showed that the transfusion rate is 38.5% in controls and 42.6% in patients
under AP bi-therapy42; the difference is insignificant. After transbronchial biopsy, the
bleeding rate is very high (89%) in patients under clopidogrel compared to patients with-
out AP treatment (3.4%), but no patient required transfusion, and each case was con-
trolled by endoscopic route.65 Case reports and small clinical series in visceral and
vascular surgery have revealed an increase in surgical blood loss and transfusion rate,
but not in morbidity or mortality. In neurosurgery, a short communication has recently
described seven patients who developed fatal intracerebral haemorrhages associated
with neurointerventional procedures and the use of clopidogrel and the anti-GP IIb/
IIIa abciximab.66 It appears therefore that the continuous use of clopidogrel during the
perioperative period increases the surgical bleeding and the transfusion rate but not
the morbidity or survival of the patients, with the exception of intracranial neurosurgery.

Platelet transfusion

Platelet transfusion may be indicated in cases of clopidogrel intake within 24 hours be-
fore an operation. The serum half-life of clopidogrel is 4 hours, but the platelets are
irreversibly inhibited by the drug. However, since no drug is detectable in the serum
beyond 3 half-lives, the platelet transfused beyond 12 hours after drug intake will not
be blocked and will function normally. Among anti-GP IIb/IIIa, tirofiban (Aggrastat�)
and eptifibatide (Integrilin�) have a serum half-life of 2 hours, but abciximab (ReoPro�)
has a serum half-life of 23 hours. With the former, the risk of platelet inhibition disap-
pears after 6 hours, whereas transfused platelets will be at least partially blocked by
the latter when they are administered within 24 hours of the last dose.28

PERIOPERATIVE AP DRUGS: MAINTAINING OR WITHDRAWING?

The recent data presented above tend to show that it has become imperative to mod-
ify the traditional standpoint of withdrawing patients from all AP drugs before surgery.
The relative risks of keeping or removing this medication must be put in the balance.
On the one hand are the risks of maintaining the AP drugs:

� average increase in haemorrhagic risk of 2.5–20% with aspirin, or 30–50% with
aspirin plus clopidogrel; no increase in surgical morbidity or mortality linked to
increased bleeding, except during intracranial neurosurgery;
� 30% increase in transfusion rate, but complication rate of red-blood-cell transfusion

is 0.4%67, and mortality linked to surgical severe or massive blood loss is �3%68;



Perioperative use of anti-platelet drugs 249
� ischaemic complication rate similar to the rate of stabilized CAD patients: non-fatal
MI 2–6%, mortality 1–5%.34

On the other hand are the risks of withdrawing the AP drugs:

� rebound effect with increased platelet adhesiveness, simultaneous with the in-
creased platelet adhesiveness and decreased fibrinolysis of the acute-phase reaction
to surgery;
� average postoperative MI rate of 30% during the re-endothelialization phase of cor-

onary stents; MI mortality is 20–40%39,41,54;
� outside the intraoperative and immediate postoperative periods, cessation of AP

drugs is associated with doubled MI and mortality rate in cases of acute coronary
syndrome53, increased risk of late DES thrombosis36,37,45, 5–10 times increased
rate of cardiac death.41,50,54

It seems evident that the risks of cessation of AP drugs are much higher than the
risks of maintaining them. Intraoperatively, it is easier to take care of increased bleed-
ing than of an acute coronary thrombosis. Pending large prospective randomized stud-
ies on different AP regimens during non-cardiac surgery, we propose the following
recommendations based on present knowledge and precaution principles (Figure 1):

� ASA is a lifelong therapy; it should not be stopped before surgery when it is pre-
scribed as a secondary prevention after stroke, angina, MI or revascularization; as
a primary prevention, it can be withdrawn 1 week before surgery.

Stop 10 days
before operation 

as needed  

Patients with aspirin
(75–300 mg/d)  

        High-risk situations: 
<6 weeks after MI, PCI, stroke
<6 weeks after bare metal stent
<3 months after stent sirolimus 
<6 months after stent paclitaxel 
multiple stent implantations, 
long stent (>36 mm), chronic 
total occlusions and bifurcation 
                  lesions.  

Secondary prevention
postinfarction, ACS,
stent, stroke, PAD  

Primary
prevention  

Operation under
continuous 
treatment 

Patients with aspirin (75–300 mg/d)
+ clopidogrel (75 mg/d)   

Intracranial
neurosurgery  

All
surgery

Vital surgery 
only 

Low-risk
situations 

Stop clopidogrel
continue
aspirin  

All
surgery 

IC neurosurgery

Figure 1. Algorithm for preoperative management of patients under anti-platelet therapy. ACS, acute

coronary syndrome; PAD, peripheral arterial disease; MI, myocardial infarction; PCI, percutaneous coronary

intervention; IC, intracranial.
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� If clopidogrel is prescribed for an unstable angina or during the re-endothelialization
period of a stent, it should not be stopped before a non-cardiac procedure. This
period lasts 2–4 weeks after simple dilatation, 6 weeks after BMS, 3–6 months after
DES, and may be prolonged up to 1 year or more in unstable situations.
� In closed spaces, the least postoperative haemorrhage might have disastrous conse-

quences, particularly in neurosurgery. Therefore, the attitude recommended in our
institutions is to leave ASA but withdraw clopidogrel for 1 week before intracranial
open-skull surgery; meanwhile, it would be safer to give low-molecular-weight hep-
arin, although the degree of protection is inferior.53 In the case of stereotaxic intra-
cranial procedures, ASA should also be interrupted, but it would be more reasonable
to postpone the operation until the patient can safely stop all AP medication.

During the year after discontinuation of clopidogrel, patients with DES present a sig-
nificantly higher occurrence of MI or death than patients with BMS: 4.9% versus 1.3%
(P¼ 0.01) in one study69, or þ38% (P¼ 0.03) for sirolimus-eluting stents and þ16%
(P¼ 0.68) for paclitaxel-eluting stents in a meta-analysis.70 DES is clearly beneficial dur-
ing the first 6 months when patients are still on clopidogrel.71 These recent data re-
inforce our attitude to maintain AP therapy in the perioperative period, even if the
delay since PCI is relatively long.

THE PROBLEM OF REGIONAL ANAESTHESIA

The low-dose ASA therapy (�300 mg/day) is not a contraindication to regional anaes-
thesia (RA), including neuraxial blockade.72 However, it is recommended to restrain
from intraoperative heparinization in this case.73 This attitude might create a problem
in vascular surgery, where the administration of 100 U/kg heparin is usual before
clamping an artery. There is no contraindication to administering heparin at the end
of the procedure, but it should be stopped 12 hours before removing the epidural
catheter. The intake of clopidogrel during the preceding week is a formal contraindi-
cation to any form of RA.25

Frequently, the AP drugs are interrupted by the anaesthesiologist because he/she
wants to perform a neuraxial blockade, on the basis that it is safer than a general an-
aesthesia in a patient suffering from CAD. Unfortunately, only a high thoracic epidural
blockade (>T6 level) can induce a cardiac sympatholysis which increases coronary
blood flow, decreases myocardial oxygen consumption (mVO2)

74, and may reduce
the incidence of postoperative MI linked to demand ischaemia (see above).75,76 Below
the T6 level, the neuraxial blockade, alone or in combination with general anaesthesia,
does not significantly reduce the cardiac risk77–79; it does not modify mortality or in-
farction rate in a meta-analysis of 11 randomized trials (1173 patients).75 In abdominal
vascular surgery, one study revealed a decrease in cardiac complication rate with com-
bined anaesthesia compared to general anaesthesia (10% versus 18%), but only in the
subgroup of high-risk patients undergoing lengthy operations.79 Neuraxial blockade
might have an antithrombotic effect, with a slight reduction in the incidence of post-
operative pulmonary embolism80 and in the incidence of thrombosis in peripheral
arterial reconstruction.81 One can argue that RA might reduce the intensity of the
acute-phase reaction linked to surgery, and therefore decrease the risk of thrombosis
on unstable plaques, but this hypothesis has not yet been demonstrated clinically.

Thus, the anaesthetist has to choose between two different attitudes: (1) keeping
the protecting effect of clopidogrel on unstable plaques or uncovered stents and
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proceeding with conventional general anaesthesia, or (2) stopping clopidogrel for at
least 7 days before the operation in order to perform epidural or combined anaesthe-
sia and benefit from its sympatholytic and analgesic effects. To the best of our knowl-
edge, the protection of AP drugs is far more efficient than the effects of RA on arterial
thrombosis and on the reduction of MI and cardiac death rates. Moreover, the intra-
operative sympatholysis of epidural anaesthesia can also be realized with intravenous
substances such as b-blockers, a2-agonists, and higher dosages of opioids.82 The only
real disadvantage is a lower quality of postoperative analgesia and comfort for the pa-
tient. In conclusion, the risk/benefit ratio for patients under AP bi-therapy is in favour
of continuing ASA and clopidogrel and thus renouncing neuraxial blocks.

URGENT OR SEMI-URGENT SURGERY

The dismal outcome of some pathologies – such as carcinomas, aneurysms, intracra-
nial tumours, unstable fractures or infections requiring drainage – pleads in favour of
a rapid surgical management. This might happen shortly after a PCI with stents or in
a patient suffering from unstable angina. Three situations are possible:

1. The procedure must be performed within 24–48 hours. The patient should be
placed under maximal medical therapy (b-blocker, aspirin, clopidogrel). It is useless
to perform a coronary angiogram, because the results will not modify the therapeu-
tic choice; if necessary, a simple transthoracic echocardiography will determine the
ventricular function and rule out associated valvulopathy.

2. The non-cardiac surgery can wait for 2–3 weeks. In case of extremely unstable cor-
onary flow, very proximal stenosis, and large area of threatened myocardium, it is
possible to consider a PCI without stenting. Among 345 patients who underwent
non-cardiac surgery within 60 days of balloon angioplasty without stenting, global
mortality and non-fatal MI rates were 0.3% and 0.6%83; only three major adverse
cardiac events (one death and two MI) were noted in the 188 patients who under-
went surgery within 2 weeks of PCI. When optimal ‘stent-like’ coronary dilatation
is obtained with simple balloon angioplasty, the rates of major adverse cardiac
events, repeat revascularization and death up to 12 months are homogeneously
similar between PCI with and without immediate bare-metal stents.84 Therefore,
PCI without stenting may be a safe means of revascularization for patients who
need an operation with minimal delay. With or without PCI, these patients must
be treated with continuous perioperative b-blocker, statins and AP bi-therapy.

3. The operation can be delayed for 6 weeks. This is long enough to perform a PCI
with placement of BMS and allow 4–6 weeks of double AP therapy. It would prob-
ably be safer to operate under the continuous protection of AP drugs. DES are con-
traindicated, because the operation would happen during the re-endothelialization
phase, when the risk of stent thrombosis is the highest.

POSTOPERATIVE PCI

Since the greatest risk of ischaemia and infarction occurs during the first days after
surgery, the treatment of chronic CAD (b-blocker, a2-agonist, anti-hypertensive
agent) or unstable coronary syndrome (aspirin and clopidogrel) must be recom-
menced immediately after the operation. Routine monitoring of cardiac enzymes
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is useful to unmask silent ischaemia, which is frequent during the postoperative pe-
riod and predicts long-term mortality.85 In case of STelevation, the patient should im-
mediately be taken to the cath lab for a coronary angiogram and a PCI. Dilatation is
mandatory, but stenting may be problematic because the early postoperative phase is
characterized by an acute systemic inflammatory syndrome accompanied by a phase
of blood hypercoagulability. Unfortunately, it is not possible to use GP IIb/IIIa inhibitors
in the first 24–48 hours after surgery because of the risk of catastrophic bleeding. In this
case, it might therefore be safer to refrain from stenting and proceed to a simple
dilatation.

SUMMARY

Present data demonstrate that the risk of coronary thrombosis at AP drug with-
drawal is much higher than the risk of surgical bleeding when maintaining them, ex-
cept when haemorrhage supervenes in a closed space (skull, eye). After stroke, MI
or coronary revascularization, ASA is a lifelong therapy that should never be
stopped. Clopidogrel is mandatory as long as the endothelial covering is incomplete
after intravascular instrumentation; the duration of therapy depends on the tech-
nique and type of stent used. Since surgery is characterized by increased platelet ad-
hesiveness, AP drugs are particularly helpful when the risk of thrombosis is the
highest.

ADDENDUM

Since the submission of the manuscript, new findings were published in the litterature
concerning the higher risk of late thrombosis of DES. These data tend to show that
DES thrombosis carries a high mortality (19-45%), and that patency of DES is highly
dependent on clopidogrel administration during the first year after implentation.
Therefore, the updated AHA/ACC Science Advisory and the Society of Cardiovascular
Angiography DES Task Force recommend 12 montths of dual antiplatelet therapy after
DES, and postponement of all elective operations for one year.86,87

Practice points

� anti-platelet regimen should not be modified perioperatively
� low-dose aspirin (�300 mg/d) in secondary prevention should never be

stopped
� clopidogrel must be maintained in unstable coronary syndromes and during the

re-endothelialization phase of stents (6–24 weeks)
� if haemorrhage in a closed space is feared, the combined treatment of aspirin–

clopidogrel may be reduced to aspirin alone and heparin
� during the first 6–12 weeks after PCI and stent, only life-saving operations

should be performed
� during PCI, the type of stent, if any, should be adapted to the presumed sub-

sequent non-cardiac surgery
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According to the global study of the burden of disease, violence and accidental injury account for
12% of deaths worldwide; 30–40% of trauma mortality is attributable to haemorrhage. The
highly complex haemostatic system is severely impaired as a result of haemorrhagic shock,
acidosis, hypothermia, haemodilution, hyperfibrinolysis, and consumption of clotting factors.
Thus it is important to prioritize the prevention of the development of coagulopathy. Timely
transfusion of red blood cells and plasma products becomes essential to restore tissue oxygen-
ation, support perfusion, and maintain the pool of active haemostatic factors. The limits to this
strategy to compensate for the loss of blood and coagulation factors are discussed. In the
absence of international guidelines, there is an ongoing debate about a generally accepted treat-
ment algorithm, mass transfusion protocols, and adverse events that have been observed as a
result of transfusion. Thus many recommendations are based upon expert opinion rather than
on evidence. In this chapter we address key issues of transfusions of red blood cells and plasma
products in the acute control of bleeding in traumatized patients.

Key words: trauma; haemorrhage; haemostasis; coagulopathy; blood products.

Exsanguination after trauma has been identified to be the leading cause of early in-
hospital mortality.1,2 Uncontrolled bleeding after trauma is usually caused by a combina-
tion of surgical and coagulopathic bleeding, requiring an interdisciplinary approach. On
admission to hospital, 25–36% of trauma patients already show signs of coagulopathy.3,4

Coagulopathic bleeding is multifactorial and includes dilution and consumption of
coagulation factors, hypothermia, hypocalcaemia, acidosis and activation of fibrinolysis.
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Surgical control of bleeding is unlikely to be successful if a combination of hypothermia,
acidosis and coagulopathy – also called the ‘the lethal triad’ – is present.5

Hypothermia is an independent risk factor for bleeding and death6, causing an impair-
ment of clotting, a reduction in the synthesis of coagulation factors, altered platelet
function, and increased fibrinolysis.7 Since most laboratory tests – activated partial
thromboplastin time (aPTT), prothrombin time (PT) – are performed at 37 �C, the effect
of hypothermia on coagulation in the patient is often underestimated.8

Acidosis may develop as a result of reduction in tissue perfusion and consequent
release of anaerobic metabolites, compromising the function of platelets and coagula-
tion enzymes. Compared to pH 7.4, prothrombin activation at pH 7.0 is reduced by
70%.9 Thus the maintenance of tissue oxygenation and oxygen delivery remains one
of the most important goals in the treatment of trauma victims.

Coagulopathy may further be aggravated by the infusion of large volumes during
initial fluid resuscitation. The magnitude of dilution coagulopathy depends on the vol-
ume and the type of volume infused.10

The early recognition of haemorrhagic shock in the initial management phase is
essential for the prevention of coagulopathy. Early signs of shock are11:

� altered level of consciousness as a result of reduced cerebral perfusion;
� delayed capillary refilling, mottled skin as a consequence of reduced peripheral

perfusion; and
� oliguria.

Analysis of lactate and base excess will further help to differentiate the severity of
shock.12,13 A blood loss of <15% of total blood volume is usually well tolerated, while
a lossof 30–40%will lead to haemorrhagic shock. A massive haemorrhage is definedas14,15:

� loss of an entire blood volume equivalent within 24 h; or
� loss of 50% of blood volume within 3 h; or
� continuing blood loss at a rate of 150 mL/min; or
� continuing blood loss at a rate of 1.5 mL/kg/min over 20 min; or
� rapid blood loss leading to decompensation and circulatory failure, despite the

support of blood products, volume replacement, and all accepted surgical and inter-
ventional treatments to stop bleeding.

For a targeted therapy it would be ideal to establish a relation between the volume
of blood loss and reduction in coagulation factors and platelets. However, because of
the high dynamic of blood loss, inter-individual variations in clotting factors, and the
functionality of involved organ systems, this has not yet been accomplished.16 In order
to preserve tissue oxygenation and maintain the pool of procoagulant factors, red
blood cells (RBCs), plasma, and coagulation factors are transfused, but monitoring
both the effects and the timing of the substitution is highly complicated. Therefore
this review highlights selected issues in the transfusion of RBCs and plasma products.

BLOOD AND BLOOD COMPONENTS IN MASSIVE HAEMORRHAGE

Red blood cells (RBCs)

Transfusion of RBCs is a mainstay in trauma management. The concept of specific
component therapy was developed during the 1960s. Whole blood units are separated
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into RBCs, platelets and plasma, and these may be separated further (e.g. by cryopre-
cipitation). The advantage of this strategy is to allocate resources according to the
needs of the individual patient, resulting in both economic and logistic benefits. One
disadvantage is that, the substitution with plasma-free and thrombocyte-depleted
RBCs can lead to coagulopathies at an earlier stage compared to the substitution of
whole blood. An analysis from the Vietnam war revealed that the platelet count did
not fall below 103/L, despite massive transfusion of 6 L of whole blood.17 In contrast,
85% of patients receiving at least 10 units of RBCs developed thrombocytopenia.18

The use of whole blood continues in military settings because frozen components
and platelets cannot be stored19, and large amounts of blood can be delivered in
a timely manner even in the case of mass casualties.20

Although it is known that the haematocrit influences coagulation, the specific
effects are generally unknown. One mechanism is attributed to the margination of
platelets. This means that platelets have to be pushed by red cells to the margin of
the vessel to make contact with injured endothelial cells.21 Clinically, an acute reduc-
tion in the haematocrit leads to a prolongation of the bleeding time.22 In contrast,
a moderate isolated reduction of haematocrit in vitro did not reveal an effect on
thrombelastography except for the clot formation time.23 Erythrocytes support
thrombin generation24 and maintain oxygen delivery, securing aerobic metabolism.
However, there are well-described short-term and long-term negative effects of
RBC transfusion encompassing haemolytic reaction and transmission of infectious
diseases. With regard to trauma, RBC transfusion might also cause multiple organ
failure (MOF) and increase the incidence of post-traumatic infections.25–28

There is no randomized controlled trial (RCT) available comparing a liberal versus
a restrictive transfusion regimen in trauma patients. Reanalysed data from the Trans-
fusion Requirements in Critical Care trial showed that a restrictive regimen (transfu-
sion trigger <7 g/dL) compared to a liberal regimen (transfusion trigger <10 g/dL)
resulted in reduced numbers of RBCs transfused.29,30 Although the analysis did not
show a beneficial effect of a restrictive transfusion regimen, reflected by similar inci-
dences of MOF and post-traumatic infections, this could still be the case, since the
study was not primarily designed or powered to answer this question. In contrast,
an observational study with 15,534 patients by Malone et al revealed different results;
in this trial 1703 trauma victims received on average 6.8� 6.7 units RBCs.31 After con-
trolling for potential confounders – injury severity score (ISS), Glasgow coma score
(GCS), shock variables, age, race – RBC transfusion was associated with increased
mortality, admission to ICU and ICU length of stay. Until further RCTs adequately
address these issues, it is generally agreed that the haemoglobin level in a bleeding
patient should be maintained at 7–8 g/dL at least.32 Primary efforts in treating trauma
victims should also include measures to reduce the need for RBC transfusion.

Platelets

Platelets are separated from whole blood by centrifugation or by apheresis. After
preparation they can be stored for up to 5 days at room temperature (20–24 �C)
with constant movement to prevent clotting. In massive bleeding, a relevant thrombo-
cytopenia develops much later than plasma deficits, and will occur after the replace-
ment of approximately 220% of circulating blood volume.33 The decline of platelet
count is individually different due to different capabilities for recruiting platelets
from spleen and lung and the release of premature platelets from the bone marrow.



260 O. Grottke et al
Since some patients even have high platelet counts despite ongoing bleeding, it is
important to measure the platelet count repeatedly after admission. However, the
number of platelets does not correlate with their ability to coagulate, and there are
no practical methods for testing their activity.

A platelet count <50� 109/L in a bleeding patient or a patient with a pre-existing
coagulopathy is generally regarded as an indication to transfuse platelets. In most
patients one aphaeresis concentrate will increase the platelet count by 20� 109/L
(one platelet aphaeresis concentrate is approximately equivalent to a pool of 4–8 plate-
let concentrates).34,35 The adequacy of transfusion should be confirmed after
10–15 min post-transfusion36, since ongoing bleeding, platelet consumption, or human
leukocyte antibodies (HLA) may cause a lower increase in platelets than expected.37 In
the case of diagnosed HLA antibodies, only matched HLA platelets will be effective. The
recovery rate of 5-day-old platelets is about 50%. Non-viable platelets are sequestered
in the spleen.38 No data are available about the time taken for these non-viable platelets
to be removed from circulation in massive trauma. This might lead to falsely high platelet
counts. Platelets become fully functional after 4 hours of administration.39,40

A platelet count >100� 109/L is usually sufficient and requires transfusion only if
severe platelet dysfunction is present. In the absence of bleeding or coagulopathy,
a low platelet count is not an indication to transfuse platelets.

Platelet inhibitors – acetylsalicylic acid, glycoprotein (GP) IIb/IIIa inhibitors, etc –
severely reduce the capability of platelets to aggregate. In cardiac surgery it has
been shown that the inhibitory platelet effect caused by clopidogrel doubles the
need for RBCs and causes an eight-fold increase in the need for platelet substitution.41

In conclusion, the platelet count has to be interpreted in the specific clinical context.42

Adverse reactions of platelet transfusion include transmission of infectious diseases,
allergic reactions, transfusion-related lung injury (TRALI), graft-versus-host disease
(GVHD), and bacterial infections, which might cause a septic platelet transfusion asso-
ciated with a high mortality.43

Fresh-frozen plasma (FFP)

Fresh-frozen plasma is human donor plasma separated from whole blood or obtained
by plasmapheresis. It is frozen within 6–8 h after collection, stored at a temperature
below –30 �C, and must be thawed at 37 �C before use. The volume of a typical
unit contains 150–250 mL. FFP contains near-normal physiological levels of all plasma
proteins – including procoagulant and inhibitor components of the coagulation cascade
such as antithrombin – except FVIII, which rapidly decays.

Coagulation factors are diluted by approximately 15% during the preparation
process with anticoagulant solution. During the freezing and thawing process further
losses might occur. Also, the activity of coagulation factors depends on the donor’s
concentration of coagulation factors. Thus concentrations might vary between 60
and 140%. In contrast, solvent-detergent plasma (SD-FFP) contains pooled plasma
from multiple donors, balancing the variations in factor concentrations.

According to guidelines from the American Society of Anesthesiologists (ASA), the
indication for the use of FFP in trauma is a prolongation of prothrombin time and acti-
vated thromboplastin time of more than 1.5 times.34 Furthermore, FFP is advised in
patients with clinical signs of a bleeding coagulopathy, such as diffuse bleeding, massive
transfusion, or disseminated intravascular coagulation (DIC). Other recommendations
suggest transfusing FFP prophylactically after a certain number of units of RBCs have
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been transfused.18 Nonetheless, there is no evidence for the dose that should be
transfused, nor for the ratio of FFP to RBC that should be applied (1:1, 1:2 or 1:3).
Also, it has not been proven whether prophylactic substitution of FFP prevents the
development of coagulopathy or improves bleeding control44,45, and there is no apparent
correlation between the degree of bleeding and the total volume of plasma transfused.46

Current recommendations on dosage are based on personal experience and expert
opinion rather than on evidence. A dose of 10–15 mL/kg is widely accepted. However,
if no volume deficit is present, patients with impaired cardiac or renal function might
decompensate under volume overload.

Despite the lack of evidence, the number of FFP individually transfused has increased
steadily over the last two decades in many countries.47 Stanworth et al therefore did
a systematic review of RCTs on the clinical effectiveness of the use of FFP.48 From the
57 RCTs identified, only six could demonstrate a potential benefit with the use of FFP.

For life-threatening bleeding caused by warfarin overdosage, guidelines recommend
the use of FFP only if prothrombin complex concentrate (PCC) is unavailable or
contraindicated.10 It has been well documented that the effectiveness in correcting
coagulopathy as reflected by the international normalized ratio (INR) and the levels
of vitamin-K-dependent clotting factors is lower using FFP than using PCC.49,50 This
is attributed to the level of factor IX in FFP, which is often too low to reach haemo-
static concentrations. In order to achieve sufficient haemostatic concentrations of co-
agulation factors, the associated volume overload might become problematic. Besides,
it has been shown that the administration of FFP is more prolonged than PCC. If PCC
is not available, a dose of 15 mL/kg FFP is generally sufficient to correct warfarin-
induced coagulopathy.51–53 Disadvantages of FFP usage include the time delay (turn-
around time) of a minimum of 30 min for thawing and transport of FFP from the blood
bank to the patient. In addition, FFP contain varying amounts of citrate or citric acid
for anticoagulation purposes. Since citrate binds calcium, it is necessary to monitor
the calcium concentration closely.54 Special attention should be give to patients
with reduced capacity to metabolize citrate, such as patients with hypothermia or
liver failure. Moreover, the transfusion of FFP is associated with risk of TRALI and
transmission of infectious diseases.

COAGULATION FACTORS

Recombinant activated factor VII (rFVIIa)

rFVIIa was originally developed as haemostatic agent for use in haemophilia patients
who developed inhibitors to factor VIII or IX. Since its first approval 10 years ago
by the US Food and Drug Administration (FDA), it has also been approved in Europe
for factor VII deficiency and Glanzmann’s thrombasthenia (GT) with past or present
refractoriness to platelet transfusion. Haemostasis is induced by exogenous adminis-
tration of pharmacological doses if rFVIIa plasma concentrations of �25 nmol/L is
reached.55 In these supraphysiological doses rVIIa binds to the phospholipid structures
of activated platelets at the site of injury and thereby directly activates factors IX and
X. This augmentation of the coagulation process leads to the enhancement of throm-
bin (thrombin burst). The activation of platelets at the site of injury is the reason for
a localized reaction of rFVIIa. Furthermore, it has been demonstrated that rFVIIa
influences the fibrin structure in a dose-dependent manner by forming a tight fibrin
structure which is resistant to premature lyses.56
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The efficacy of rFVIIa depends on the pH. An in-vitro study demonstrated that
thrombin generation in response to rFVIIa administration was statistically significantly
reduced during acidosis.9 On the other hand, no negative influence on the effective-
ness of rFVIIa has been reported during hypothermia.57

The first successful treatment of a nearly exsanguinated trauma patient with rFVIIa
was reported in 1999.58 Since then the numbers of case series and reports describing
the still off-label use of rFVIIa in controlling massive haemorrhage is increasing.59

Dutton et al published a large case series (n¼ 81) of patients with coagulopathic
bleeding as a result of different causes, including traumatic haemorrhage and trau-
matic brain injury.60 The use of rFVIIa in a dose range of 40–150 mg/kg successfully
stopped the coagulopathic bleeding in 75%. The Israeli Multidisciplinary rFVIIa Task
Force reports another series with 36 trauma patients in whom the use of rFVIIa
(dose range 100–140 mg/kg) prevented exsanguination in 72% of the cases.61 On
the basis of their findings, they developed recommendations for the use of rFVIIa
in uncontrolled haemorrhage, suggesting an initial dose of 120 mg/kg followed by fur-
ther doses (second dose of 100 mg/kg) if required after 15–20 min. Recently Boffard
et al published the results from a multicentre, randomized, double-blind, placebo-
controlled trial, stratifying for severe blunt and penetrating trauma.62 Patients
were included in the study after receiving 6 units of RBCs and were randomized
to obtain either three doses of rFVIIa (200, 100 and 100 mg/kg) or placebo. In addi-
tion, damage-control surgery to manage haemorrhage was performed. A significant
reduction in the primary end-points, RBC units transfused, and need for massive
transfusion (defined as >20 units of RBCs) was observed in patients with blunt
trauma who survived for more than 48 h. The need for massive transfusion was
reduced from 33% to 14% (P¼ 0.03). The incidence of acute respiratory failure
was also significantly lower. Although a trend towards a reduced need for RBC
transfusion and fewer mass transfusions was also observed in the group of penetrat-
ing injuries, this did not reach statistical significance. The incidence of adverse events
was comparable between the placebo and rFVIIa groups, and no thromboembolic
events were observed.

As a result of these findings, a European expert panel recommended the use of
rFVIIa in blunt trauma with a starting dose of 200 mg/kg (grade B).63 In contrast, the
use of rFVIIa was not recommended in penetrating trauma (grade B). However, in con-
clusion, the lack of data from randomized trials and the possibility of a publication bias
in favour of successful case series were criticized. Furthermore, there is still a consider-
able lack of evidence about the timing of rFVIIa administration, the dosage, and the
identification of the most suitable patients. At present, an international phase-III study
is targeting to enrol 1500 patients with the aim to investigate, the effect of rFVIIa on
mortality in trauma patients (CONTROL).

An algorithm for the use of rFVIIa based on the current evidence was developed to
offer guidance for the practising physician (Figure 1). Most importantly, main factors
additionally compromising coagulation (haematocrit, fibrinogen, platelets, pH) have
to be corrected before rFVIIa is administered. After the application, close monitoring
is advised for possible adverse thromboembolic events.

Fibrinogen and cryoprecipitate

The conversion from fibrinogen to fibrin is the final step in the coagulation cascade to
clot formation. In a study enrolling 60 patients, Hiippala et al showed that fibrinogen is
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the first coagulation factor to reach critical concentrations when blood loss has
reached 142% of the calculated blood volume.64 Massive blood loss, large wound
areas, and consumption and dilution of coagulation factors contribute to the decrease
in fibrinogen level. The polymerization of fibrinogen is influenced by the interaction
with colloids65, and the clot firmness can additionally be reduced by concomitant
hyperfibrinolysis. The impact of reduced fibrinogen concentration by dilution has
been shown in vitro and in vivo.66,67 Using thrombelastography, Fries et al demon-
strated that the impaired fibrin polymerization was reconstituted after the administra-
tion of fibrinogen.67 Using electron microscopy, the exogenous administration of
fibrinogen had a recovery effect on the thinner reticular network.

Despite the lack of evidence for the optimal dose of fibrinogen, different algorithms
recommend the substitution of fibrinogen in bleeding patients if the level falls below
0.5–1.0 g/L.61,63 If the application of FFP in a bleeding patient is not sufficient to raise
the fibrinogen plasma level to this concentration, the use of fibrinogen concentrate or
cryoprecipitate might be indicated.

Massive bleeding 

Bleeding stopped

Surgical control Blood products 
Reversal of anticoagulation

Attempt to correct: 

Fibrinogen: >50–100 mg dl-1 
Platelets: >50.000 µl-1

Hypothermia

Fibrinogen: >50–100 mg dl-1

Platelets: >50.000 µl-1

pH:>7.2
Hypothermia

Administer rFVIIa 

Consider after 1 h 

Bleeding stopped

Attempt to correct: 

Persistent massive bleeding

Persistent massive bleeding

Re-Administer rFVIIa 

Control of bleeding source (surgery etc.)

Embolization External fixateur 

No further treatment Consider rFVIIa

No further treatment

pH:>7.2

Figure 1. An algorithm for the use of recombinant activated factor VII (rFVIIa), developed by a European

panel of experts modified from Ref. 64
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Fibrinogen concentrates are virally inactivated and are the treatment of choice for
patients with inherited deficiencies of fibrinogen. On average, the adult dose is 2–3 g
intravenously for acceptable levels to be achieved.

Cryoprecipitate contains factor VIII, von Willebrand factor (vWF), factor XIII,
fibrinogen and fibronectin. It is the cryoglobulin fraction of FFP when thawed and
centrifuged. On average, a dose of 2 mL/kg is used. One unit (10–20 mL) of cryopre-
cipitate should increase the fibrinogen level by 0.1 g/L. Since fibrinogen concentrates
and cryoprecipitate are small in volume, both can be administered rapidly. If available,
fibrinogen is the treatment of choice rather than cryoprecipitate.34,35,51 The effective-
ness of substitution should be monitored by fibrinogen levels and clinical signs of
bleeding. In addition, thrombelastography is useful to estimate the clot firmness. To
our knowledge no specific adverse reactions except allergic reactions and anaphylaxis
have been reported.

Prothrombin complex concentrate (PCC)

PCC contains the vitamin-K-dependent factors FII, FVII, FX and FIX. Because of the
heterogeneity of available PCCs, the therapeutic amounts of factors vary (‘‘four versus
three factor concentrates’’).68 Most PCCs also contain heparin and proteins C and S,
as well as protein Z of varying concentrations and antithrombin. All plasma products
are virally inactivated and have a good safety record. The indications for the use of
PCC are a fast reversal of oral anticoagulation with warfarin or a known deficiency
of the vitamin-K-dependent factors in potentially life-threatening bleeding. The substi-
tution should be supplemented by intravenous vitamin K to induce the endogenous
synthesis of vitamin-K-dependent factors. Dosing recommendations are controversial,
suggesting either an adjustment according to INR69 or standard doses regardless of
INR.70 It seems reasonable to monitor the effect of PCC therapy based on the results
of INR and the clinical effect.71

Well-known adverse effects include thromboembolism (coronary and cerebral
arteries) and disseminated intravascular coagulation, which appear in a dose-depen-
dent manner.72,73 Moreover PCC is very expensive. Therefore, PCC should be applied
only after careful assessment of the individual benefits and risks. The clinical diagnosis
or a history of heparin-induced thrombocytopenia (HIT) are contraindications to using
PCC.

Single-factor therapy

The substitution of mono-component factor therapy is required for correcting coagul-
opathy in patients with congenital factor deficiencies such as haemophilia A or B or
von Willebrand’s disease (vWD). Patients with massive haemorrhage and no history
of isolated coagulation factor deficits do not require single-factor replacement.

PHARMACOLOGICAL AGENTS TO SUPPORT COAGULATION

Antifibrinolytic drugs

In trauma patients both hypofibrinolytic and hyperfibrinolytic states have been
described74–76, depending on the time of assessment and the severity of the trauma.
Ideally antifibrinolytic drugs should only be used in the evidence of hyperfibrinolysis.
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However, RCTs have also shown a blood-sparing effect of aprotinin and tranexamic
acid in cardiac surgery in prophylactical use.77,78

Antifibrinolytic agents currently in use are the serin protease inhibitor aprotinin
and the synthetic analogues e-aminocapronic acid (6-aminohexanoic acid, EACA)
and tranexamic acid (TXA).79 Aprotinin is a naturally occurring polypeptide which
unspecifically inhibits serine proteases such as plasmin, trypsin, kallikrein and others;
it is isolated from bovine lung. The antifibrinolytic mechanism is mediated by the
reversible formation of inhibitor complexes. Since aprotinin inhibits plasmin it inter-
feres neither with fibrin-bound plasmin nor with plasminogen. The activity of
aprotinin is expressed in kallikrein inactivator units (KIU). 1 KIU is defined as the
amount of aprotinin that decreases the activity of two biological kallikrein units by
50%.80 To inhibit plasmin, plasma concentrations of 125 KIU/mL aprotinin are usually
needed.81 Although different dose regimens have been proposed, the most common
is to administer a loading dose of 1–2 million KIU followed by a continuous infusion
of 100,000–200,000 KIU/h.82 A rapid redistribution in the extracellular space leads
to an initial decrease in plasma concentration. Finally, aprotinin is metabolized in a
biphasic pattern with metabolism in the proximal renal tubes.83

After the administration of aprotinin, anaphylactic reactions have been observed,
induced by the circulating foreign polypeptide. The re-exposure to aprotinin within
6 months increases the risk of developing a severe anaphylactic reaction in up to
4.5% of cases.84 A recently published international observational prospective study
by Mangano et al showed that the use of aprotinin in cardiac surgery was associated
with an increased risk of renal failure and myocardial infarction.85 A propensity
score case–control comparison of aprotinin and tranexamic acid from Karkouti
et al also concluded that the use of aprotinin might be associated with an increased
risk of renal dysfunction.86 Based on those studies, the US FDA advises limiting the
use of aprotinin to situations where the clinical benefit of reduced blood loss out-
weighs the potential risks.87 Furthermore, the FDA recommends to carefully mon-
itor for adverse events.

EACA and TXA are competitive inhibitors of plasminogen activation. TXA is about
10 times more potent than EACA in vitro, with sustained antifibrinolytic activity.88

A systematic review of RCTs from Henry et al investigated wether the use of anti-
fibrinolytics in elective surgery reduces the need for allogenic transfusion.89 Aprotinin
reduced the rate of blood transfusion by 30% (RR¼ 0.70: 95%CI: 0.64–0.76), whereas
TXA reduced the rate by 34% (RR¼ 0.66: 95%CI: 0.54–0.81). In contrast, EACA
showed no significant reduction in the need for RBC transfusion (RR¼ 0.48: 95%CI:
0.19–1.19). This review also revealed that most data were obtained from RCTs using
aprotinin leading to a potentially publication bias. Whether or not antifibrinolytic drugs
could contribute to reducing the need for RBC transfusion in trauma patients has not
yet been sufficiently investigated.90

The CRASH-II trial (clinical randomization of antifibrinolytics in significant haemor-
rhage) is currently investigating the effects of TXA in a large cohort of 20,000 trauma
patients.91

Desmopressin (DDAVP)

Desmopressin (1-deamino-8-D-arginine vasopressin) is a synthetic analogue of vaso-
pressin. It increases plasma levels of both FVIII and vWF from endothelial storage sites
in healthy individuals as well as in deficient patients.92 Desmopressin is an effective
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treatment in bleeding patients with congenital bleeding disorders, such as haemophilia
and certain vWF disease type.93 Plasma concentrations of factor VIII and vWF are up
to quadrupled after administration.94 Results from different studies using
desmopressin after the use of aspirin to reduce haemorrhage after coronary artery
surgery bypass grafting are not conclusive.95–97

In a meta-analysis, Carless et al showed the effect of desmopressin in elective
surgery.98 Neither the blood loss (WMD¼�114.3 mL: 95%CI: �258 to 30.2 mL)
nor the need for RBC transfusion (WMD¼�0.35 units: 95%CI: �0.7 to 0.01units)
was reduced. The authors concluded that there is no evidence for the administra-
tion of desmopressin to reduce the need for blood transfusion in the absence of
congenital disorders. Furthermore, there are no data available for its use in trauma
patients.

SUMMARY

Coagulopathy after trauma is multifactorial and remains a challenge requiring an inter-
disciplinary approach. Most effort should be made to prevent the development of coa-
gulopathy. Once the distortion of the complex haemostatic coagulation has developed,
a clear strategy is essential for overcoming coagulopathy. Clinical assessment should
supplement close laboratory monitoring to identify the cause of persistent bleeding.
To preserve tissue oxygenation and maintain the pool of coagluation factors in massive
haemorrhage, RBCs, FFP and platelets remain the mainstay of therapy. Supplementing
fibrinogen or PCC should be undertaken only on the individual patient’s need. The use
of rFVIIa in trauma has been shown to be beneficial in blunt injuries, but further data
on dosage, timing, and indication are urgently needed. Pharmacological treatments to
support coagulation are effective in reducing the need for RBCs transfusion in different
clinical settings, but insufficient data are available on the use of these substances in
trauma.

Practice points

� hypothermia and acidosis severely impair coagulation and should be avoided or
corrected, respectively
� use of RBCs and plasma products should be adapted to clinical monitoring and

laboratory tests of haemostasis, including thrombelastography
� FFP is generally required when the PT or aPTT are more than 1.5 times the

normal value
� fibrinogen and cryoprecipitate may be used if the fibrinogen level is lower than

0.5–1.0 g/L
� PCC is recommended in a bleeding patient with warfarin anticoagulation
� before the administration of rFVIIa, surgical and interventional methods to

control haemorrhage should to be performed; in case of persistent bleeding,
an initial dose of 200 mg/kg rFVIIa is recommended and should be followed
by 1–2 repeated doses of 100 mg/kg if necessary
� adjuvant therapy with antifibrinolytics might be useful in certain cases of

haemorrhage bleeding and hyperfibrinolysis
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surpassing simple supply versus demand economics. Shrinking donor availability and application
of a precautionary principle to minimize transfusion risks are factors that continue to drive the
cost of blood products upward. Recognizing that historical accounting attempts to determine
blood costs have varied in scope, perspective, and methodology, new approaches have been ini-
tiated to identify all potential cost elements related to blood and blood product administration.
Activities are also under way to tie these elements together in a comprehensive and practical
model that will be applicable to all single-donor blood products without regard to practice
type (e.g., academic, private, multi- or single-center clinic). These initiatives, their rationale,
importance, and future directions are described.

Key words: blood; blood products; economics; transfusion.

INTRODUCTION

Delivering health care at a reduced cost while maintaining or improving the quality of
care is a challenging global quest. From societal and payer perspectives, collecting and
maintaining a blood supply free of potentially infectious viruses, bacteria, and prions is
enormously costly.1 For example, detecting HIV and HCV with nucleic-acid testing
(NAT) exceeds the acceptable limit to gauge cost-effectiveness benchmark ($80,000
per-quality of life-year [QALY] gained) by 72- to 105-fold.2 With blood donor pools
shrinking owing to population aging, restrictions on blood donor eligibility3,4, and op-
erative procedures rising to increase demand, recruitment efforts need to be rein-
forced to replace deferred donors, resulting in increasing incremental cost for each
additional unit donated.5 Implementing appropriate checks to ensure that transfusions
are administered safely without laboratory, clerical, managerial, screening, or adminis-
tration errors6 is associated with costs still to be estimated.7

Transfusion-related adverse events, both short- and long-term, are among the cost-
liest contributors to health care expenditures.8 Costs associated with long-term con-
sequences are among the hardest to quantify.4,9–14 Pharmacoeconomic analyses are
complex because of uncertainties with calculating the probabilities of illness, projecting
future outcomes, and discounting.1 Lost wages and adverse events that have an impact
on quality of life add to indirect costs of blood product transfusions, but these factors
have rarely been incorporated into quantitative cost-analyses.15,16 Adding increased
liability and regulatory (i.e., haemovigilance) issues to the list, blood product costs
will continue to trend upward.

Despite the increasing cost of blood, transfusion practices remain quite liberal17,18,
variable from institution to institution19, and are often inappropriate.20,21 The percent-
age of costs attributable to inappropriate blood transfusion ranges between 9% and
44%.21 Frequent transfusions are also linked to poorer outcomes, including increased
patient mortality22,23, a higher incidence of nosocomial infections24, multi-organ fail-
ure25,26, and increased length of hospital and ICU stays.23,27,28

How is the cost of blood to individuals, health-care providers, and society deter-
mined? Unless all contributing cost elements are accounted for, beginning with blood
collection, continuing through pretransfusion preparation and transfusion administra-
tion, and lasting throughout follow-up, the cost of blood is very likely to be underap-
preciated. That premise forms the rationale and basis of this manuscript. Past attempts
to ascertain the cost of blood and the shortcomings of studies will be reviewed, as well
as the progress made by the Society for the Advancement of Blood Management
(SABM) toward estimating what blood really costs from a societal perspective. We
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also examine our expectations about how these estimates and descriptions of cost
elements can serve as benchmarks and roadmaps that institutions worldwide can
use to examine their processes, optimize blood usage, and save valuable resources.

PAST: EVALUATIONS OF BLOOD AND TRANSFUSION COSTS

Studies on the economics of blood have been conducted in oncology patients29–32, in
the perioperative and ICU setting21,33, in neonates34, and in patients who require
chronic transfusions (e.g., sickle cell anaemia, thalassaemia, chronic renal disease).35–37

Cost analyses have been used to compare red blood cell (RBC) administration to
transfusion alternatives.15,36,38,39 Although these studies provide useful information,
several shortcomings exist. First, transfusion-related costs are captured with varying
degrees of rigor. Second, many studies estimate costs associated with RBC transfu-
sions but may not consider costs associated with the handling of specialty products.
Third, although a societal perspective is preferred because a more complete picture
is provided, the health-care providers’ perspective is more commonly applied.1

The simplest way to examine blood costs is by cost per unit of allogeneic RBCs (Table 1).
However, even when considering this least common denominator, cost estimates are
not easily compared because the premises and perspectives adopted by each investiga-
tor differ. From there, establishing the cost of blood becomes increasingly more com-
plex. One reason is that allogeneic RBC transfusions comprise only 75% of blood
product transfused. Over 11 different types of RBC products are available (including
washed white blood cell [WBC]-reduced, filtered WBC-reduced, pediatric units, fro-
zen-deglycerolized cells, CMV-negative) whose incremental costs are considerably
higher than the base unit.29 For example, examining several recent price lists from US
and European blood services, the cost of specialty-processed blood units can be 40%-
230% higher per unit than that of a standard, nonleukodepleted packed RBC unit.

Studies about the cost of blood have typically separated direct and indirect costs
and further divided these into variable and fixed costs. Direct variable expenses are
those associated with materials that vary with usage, i.e., the RBC units and adminis-
tration sets, costs of labour and of laboratory tests.31Overhead (generally a fixed cost)
contributed 46% to the price of a unit of blood, whereas material, fixed, and variable
labour costs each contributed 19%, 18%, and 17% to total costs, respectively, as esti-
mated by Cremieux et al.32 In addition to the cost of the blood unit itself, laboratory
test kits, administration materials, institutional overhead, and labour costs of handling
blood are incorporated into most models.29,32 Some have included costs associated
with blood wastage, especially blood collected for autologous use, which contributes
significantly.40,41

PRESENT: ELEMENTS CONTRIBUTING TO BLOOD COST

Blood costs will generally depend on the number of steps it takes to deliver the trans-
fused unit; simply stated, more steps translate into higher costs. Process flow dia-
grams (e.g., Figure 1) can help illustrate the complexities involved in administering
blood transfusions after the decision to transfuse is made.31,32 Although it generates
valuable information, this approach does not include cost elements incurred before
a unit is ready to be transfused, i.e, beginning at donor recruitment and continuing
through collection, screening, blood processing, donor notification, transport from
the collection facility to the transfusion center, and costs related to inventory.42
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Cost elements associated with long-term adverse events may be missed. Interdepen-
dence amoung tasks and how one sector affects another are almost never considered.
For example, if screening for viruses after donation becomes more stringent, more
donors will be deferred. This can lead to the need to increase recruitment efforts
to replace deferred donors, counselors to work with donors who are made aware
they have a virus, reporting requirements, stepped-up haemovigilance efforts, look-
back notifications, etc.

Seeking to develop an all-inclusive reference methodology that can be used
to calculate the societal cost of single-donor blood components, applicable across

Table 1. Prior estimates of costs of allogeneic red blood cells.

Citation

(reference

year $)

Acquisition Cost

(% of total)

Total Cost

per Unita
Methods

Forbes et al.

1991(1989 $)29
37% $350.49 Total: Direct costs included acquisition,

handling, laboratory, administration in a

mixed population.

Etchason et al.

(1995)(1992 $)40
50% (includes labor

and equipment for

collection)

$269.00 Direct: Labor, equipment, infectious

tests, processing, inventory management,

and compatibility tests in mixed surgical

population.

Indirect: Discarded, crossover cross-

match, treatment of complications

Total: Directþ Indirect

Cantor et al.b

(1998)(1995 $)31
15% $429.22c Outpatient transfusions administered to

oncology patients. A process flow model

was used to determine costs per step.

Direct: Direct variable (blood, supplies,

tests)þ direct fixed (clinical personnel,

managerial, facility, capital)

Total: average directþ indirect fixed

(support services, facility and general

administration) unit costs for solid

tumor, hematologic tumor patients

Cremieux et al.

(2000)(1998 $)32
18% $780.59 Outpatient transfusions administered to

oncology patients. A process flow model

was used to determine costs per step.

Direct: Direct material (products, kits,

administration sets, screening for

viruses)þ variable direct labor

(personnel)þ fixed (administrators)

Total: average directþ overhead unit

costs for solid tumor, hematologic

tumor, and complex patients

a Adjusted for inflation from (reference year $) to (2005 $) based on Consumer Price Index for

Medical Care Services per the US Department of Labor, Bureau of Labor Statistics available at:

www.bls.gov Accessed 10/26/06.
b May be significantly underestimated since Cantor et al.31 provided costs per 2 units of RBC trans-

fused, and the cost per unit may actually be higher than that of 2 units divided in half.
c Non-bone marrow transplant solid tumor estimate.

http://www.bls.gov
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institutions, payer types, delivery systems, and countries, SABM organized the first
cost-of-blood consensus conference (COBCON 1). Consisting of 17 experts from
blood collection facilities, government agencies, academia, hospitals, and practitioners
in transfusion medicine, the group used the model first proposed by the Lewin
Group43 and then defined key cost elements and interdependencies associated with
whole blood collection, transfusion processes, and follow-up (Figure 2).42

Direct costs of preparing and delivering blood products distinct from simple al-
logeneic RBC units can also affect the bottom line.40 For example, allogeneic
RBC units are the least costly to prepare (Table 2), but pose higher risks of viral
and bacterial transmission and immunological consequences. Predonated autologous
units are 33% more expensive per unit to collect and process and only eliminate
some, but not all, blood transfusion risks. Although 33% seems a reasonable pre-
mium to improve upon blood safety40, predonated autologous blood costs escalate
dramatically when wastage of unused units is included. Modeling surgical procedures
in which up to 66% of self-donated blood was wasted41, incremental costs of
substituting autologous for allogeneic units were $68 to $4,783 per unit. The highest
costs were associated with the lowest probability of using the predonated autolo-
gous units. In another study, of all the blood collected for autologous or directed
donations, 52%-57% (w4% of the US blood supply) was discarded, even after cor-
recting for blood transferred into the allogeneic blood supply.44 The COBCON
panel recognized the importance of accounting for discarded units in their working
model.
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Figure 1. Process flow of outpatient RBC transfusion administration. This flow chart is part of a larger process,

comprising a limited portion of cost elements (i.e., Steps 7 & 8 in Figure 2). (Reprinted from Cantor, et al31 with

permission from the American Society of Clinical Oncology.)
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Additional steps and costs are incurred if collected blood is processed into specialty
blood products.29 Leukodepletion by filtration or washing to avoid alloimmunization
and other immunomodulatory effects45,46 adds to the direct costs of blood ($39/unit
adjusted for inflation to 2005 [AFI2005]).

47 Dzik and colleagues estimated this cost to
total $600 million ($667 million AFI2005) in the US alone.48 Given that standards for im-
plementing such testing differ from country to country, a tool is needed to estimate
these costs according to the standards that apply.
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5.  Blood collection
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7. Pre- transfusion 
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6. Transfusion
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8. Transfusion
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    tracking

Blood Center/Collection Facility Transfusion Service
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Figure 2. Blood collection and transfusion flow chart. (Reprinted from the Cost of Blood Consensus Con-

ference participants42 with permission from Elsevier.

Table 2. Direct costs of collecting, testing, and processing autologous and allogeneic blood.

Item Cost per Unit (US Dollars) % Higher

Autologous Allogeneic $ (Auto-Allo)/$ Allo

Collection 129.42 84.91 51.9

Infectious disease testing 24.27 24.27 0

Blood processing and

inventory management

28.16 25.03 12.5

Compatibility testing 16.19 16.19 0

Total 198.04 149.80 32.2

Adapted from Etchason, et al40



Estimating the cost of blood 277
COST-EFFECTIVENESS EVALUATIONS OF BLOOD TRANSFUSIONS

Strategies to improve blood safety are resource-intensive. In some cases, pharmacoe-
conomic principles have been applied and cost-effectiveness studies performed to help
determine whether society can afford to pay for the added safety benefit. Value is as-
signed to variables measured in health units, i.e., years of survival gained, number of
infections avoided, or hospital length of stay (LOS) shortened. In cost-utility analyses,
incremental benefits are adjusted to common units, i.e., the quality-adjusted life year
(QALY).1 If the dollar value assigned to QALYs exceeds $50,000 to $80,000, the in-
tervention will typically be less acceptable from a financial perspective.

Autologous versus allogeneic blood

In one of the first economic studies comparing predonated autologous to allogeneic
blood, the number of dollars per QALY varied from $235,000 to over $23 million,
causing the authors to conclude that autologous donations were not cost-effective.40

Birkmeyer and colleagues examined low transfusion risk versus high transfusion risk
surgical procedures and estimated dollars per QALY ranging from $40,000 (high
risk) to over $1 million (low risk) for autologous donations, reflecting that wasted
units produce the highest costs.49 These investigators also demonstrated that auto-
logous programs in patients undergoing coronary artery bypass graft (CABG) surgery
would cost between $508,000 and $909,000 per QALY. An even higher estimate of
$26 million to $300 million per QALY was projected to prevent one HIV transmission
in pregnant women delivering term infants using an autologous blood program.50

Unfortunately, none of these estimates compare favourably to cost-effectiveness
benchmarks, ranging from $6,000 to $79,000 per QALY for procedures such as
CABG in coronary artery diseased patients with angina, cervical cancer screening
every 4 years, adjuvant chemotherapy for breast cancer, kidney or heart transplants,
treatment with captopril for mild to moderate hypertension, or hemodialysis for
end-stage renal disease.51

A cost analysis of autologous blood processed using cell-salvage machines versus
allogeneic blood transfusions indicated that cost equivalence of the two products
would be reached if using autologous blood could theoretically reduce the hospital
LOS by between 0.3 and 2 days.52 Their analyses did not include infection risk or other
immune consequences; larger studies to determine cost-equivalence were recommen-
ded. Blumberg and Heal53 considered the cost associated with managing immunolog-
ical sequelae and calculated total hospital charges associated with giving 1 to �3
allogeneic transfusions were $5,000 to $11,000 higher than those in patients who
received up to 5 units of autologous blood. The public health impact of autologous
blood and whether it is worth the incremental cost warrants further study.

White blood cell reduction

Leukodepletion has had positive effects on mortality in specific patient populations54–56

and some transfusion reactions57, and it is mandatory practice in many countries, how-
ever, this practice has still not been universally adopted.47,58 Cost-effectiveness evalua-
tions of leukoreduced blood products have revealed that the cost per QALY due to
leukoreduction is highly sensitive to infection risk, ranging from $2,470 if risk is high
(1.85 relative risk) to $3.4 million if there is no infection risk. Thus, in order for this
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practice to be fiscally acceptable, leukoreduction must actually reduce the incidence of
infection, cancer, or other immunologic-related consequences.

This issue of benefit has been intensely debated.59–61 In the US, universal WBC re-
duction is not mandated but is estimated to be applied in the vast majority of hospitals.
Many reports assert that leukoreduction is cost-effective53,62,63, and that LOS or
hospital charges are sufficiently reduced to justify higher costs.58

Older blood

Especially in critically ill patients, deleterious effects and increased mortality have been
associated with administration of older blood.64 Decreased deformability of RBC
membranes owing to oxidation, diminished 2,3-DPG levels impairing O2 delivery,
decreased pH, diminished oxygen-carrying capacity, decreased number of viable cells
per unit, and an increase in inflammatory cytokines released by contaminating leuko-
cytes are some of the characteristics that RBCs express when nearing their expiration
date.65 Any of these characteristics can negatively affect the anticipated benefit of
a transfusion, especially in a critically ill patient.66 Additionally, the incidence of noso-
comial infections may increase with the length of RBC storage.67,68

To date, no studies have attempted to quantitate cost or outcomes of providing
fresh versus older blood. Since 2 of 14 million units per year outdate69, it may be
very costly for society to adopt strategies to direct fresh blood supplies to certain
populations. Improving the efficiency of blood banking systems, or expanding
geographical areas served by individual blood banks to better utilize existing blood
inventories may be warranted but will certainly add many cost elements.

More stringent blood collection and testing paradigms

More stringent andextensive screening during bloodcollection hasmade theblood supply
safer, but has also made blood more difficult to acquire. Donors are more often rejected
because of increasingly stringent standards.70,71 The Food andDrug Administration (FDA)
final rule on testing human blood for transmissible infections72 does not require screening
of autologous blood provided that the collection center does not transfer blood collected
for autologous use to the allogeneic blood supply. Cost was one of the FDA’s primary
considerations when deliberating the recommendation to test all blood.72,73

The use of NAT for detection of viral RNA or DNA has added to blood costs.74 In-
dividual unit testing reduces risk75,76 and the reagents used are relatively inexpensive;
however, indirect costs, especially the impact of higher donor disqualification or discard
rates, have not been examined. The concept of testing pooled batches versus individual
units may reduce costs somewhat, but could also result in false negatives with poten-
tially harmful outcomes.77 The QALYs per infection detected have been estimated at
$1.3 and $1.8 million dollars for pooled versus individual testing, respectively.78,79

Pathogen inactivation

Processes and chemical agents designed to eliminate viral and bacterial infectious risks
have been in clinical development as a potential alternative to NAT screening.80 Many
unknowns related to disposal, neutralization, processing, and logistical or administrative
tasks exist.81,82 It will be important for cost estimates of untreated blood to be robust
so that these new technologies can be adequately evaluated.
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Quality management and quality control

Technologic improvements for administering transfusions and monitoring transfusion
practices have been made83,84, including safeguards against clerical and management
errors that can lead to adverse events.85–87 Blood collection, blood-banking, administer-
ing transfusions, and all blood-related activities are highly regulated and require adequate
training, standard operating procedures and protocols, and stringent controls.88 Under
the umbrella of administrative monitoring are processes for lookback-notifications of
transfused patients for the risks of contracting HIV and HCV, estimated to cost approx-
imately $14.50 (AFI2005) for each transfused patient.89 Computerized systems are nec-
essary to manage the vast quantity of transfusion-related data. Development and
implementation of efficient computer systems contribute to overhead costs.

COSTS OF TRANSFUSION-RELATED ADVERSE EVENTS

Medical implications

Any evaluation of the cost of blood must consider the costs of treating and managing
adverse events that can result from transfusions, of which there are many.4,10 The
costs of some adverse consequences found in the literature provide some perspective
(Table 3).90–95 The probability of sustaining an adverse event is usually factored into
any decision-tree analysis; most risks occur with low probability.96 For example, death
immediately following or directly linked to transfusions is rare, resulting from haemol-
ysis, pulmonary injury, bacterial contamination, graft versus host disease (GVHD),
delayed haemolysis, and infusion of incorrect, contaminated, or damaged prod-
uct.4,14,97 Transfusion-acquired infections, also rare, still represent a risk that will never
be 100% eliminated.4,12,98–100 Of all transfusion-related fatalities reported to the FDA
(1986-1991), 16% to 26% were related to bacterial contamination.100 Viruses that are
undetectable due to lack of screening tests also remain a health concern.4

Although the immunologic consequences of blood transfusion are incompletely un-
derstood, these can result in poorer outcomes.4,10,45,46,54,101,102 Other severe events,
e.g., transfusion-related acute lung injury (TRALI), transfusion-associated GVHD, or
transfusion errors may go undiagnosed and are left underreported14,103–105, and their
costs are not always attributed to transfusion. Some of the more commonly recog-
nized related expenditures addressed in cost studies include treating nosocomial infec-
tions106,107, increased hospital charges to manage the immunological consequences of
allogeneic versus autologous transfusions53, increased costs due to prolonged hospital
and ICU lengths of stay27,99,107,108, lost time from work16, costs of treating serious
medical sequelae (sepsis, acute respiratory distress syndrome, systemic inflammatory
response syndrome [SIRS])108,109, and increased mortality.109 Chelation therapy for
iron overload secondary to chronic transfusions is also costly.35

Legal implications

An important consideration often omitted from cost of blood studies involves the
costs of litigation and damages awarded. Transfusion medicine is a very highly regulated
sector of our medical system, and legal issues surrounding patient and donor consent
and litigation relating to transfusion adverse events can have significant economic con-
sequences. A few pertinent examples of negligence convictions incurring monetary
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damages, each up to $500,000, include missing documentation, inadequate quality con-
trols, lack of shipping records or temperature controls, insufficient tests performed to
ensure safety, type and cross-match errors, and inadequately executed informed con-
sent. In some cases, criminal prosecutions have resulted, which would further impact
costs from society’s perspective.86,110

Haemovigilance

Systems in place to ensure the safety of the blood supply vary considerably from
country to country.111 At the present time, no information exists about what

Table 3. Estimated costs of managing transfusion-related sequelae.

Potential Event Costs of Events References

HIV infection

(CD4 count <200)

$318/month McCarthy et al90;

Hellinger et al91

Symptomatic AIDS $6,970/month

Lifetime cost HIV $119,000

Hepatitis infection

and related sequelae

$1,106/1st year (acute) Sonnenberg et al92;

Wong et al93$2,340/hospitalization (acute)

$3,085/1st year (chronic)

$287/year >1st year (chronic)

$1,700/year for cirrhosis

$20,900/hepatocellular carcinoma

(one-time cost)

Lost earnings/

productivity

$74/day for patient Denton15;

Barnett et al16$133/day for employer

Bacterial infection $12,900e$14,000/per event Sonnenberg et al92;

Carson et al94

Hemolytic

transfusion reactions

$100 (minor)-$1,000 Sonnenberg et al92;

Denton15;

Birkmeyer et al49
$112,578 (fatal)

Nosocomial infection $16,309 (converted from Vuros) Liu et al106;

Orsi et al107$66,302 higher hospital costs (2-fold)

than noninfected controls in patients

with end-stage renal disease

Chelation therapy

for iron overload

$12,719 to $24,845 per patient/year Wayne et al35

ICU costs $1,246/day (fixedþ variable;

converted from £)

Dickie et al95

Hospital costs $1,551/day� 10.3 days

nontransfused; $1,682/day� 16.7

days transfused in colorectal cancer

patients

Vamvakas et al28

Sepsis $877/day Canadian (survivors) Letarte et al108;

Angus et al109$1,724/day Canadian (non-survivors)

$22,100/case

Sequelae related to

immunomodulation

$5,000e$11,000 incremental

hospital charges if allogeneic vs

autologous

Blumberg & Heal53
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haemovigilance systems cost in terms of personnel and administration or what their
economic impact might be. The ability to input haemovigilance costs by country or
region as applicable would seem to be more useful than any broad generalization.

FUTURE: COBCON 2

The importance of establishing a baseline cost of any particular blood product from
which all future cost-effectiveness analyses could be determined cannot be overem-
phasized. In light of the foregoing discussion, we can now unequivocally assert that ar-
riving at a dollar figure for the cost of blood is a complex undertaking. Moreover, for
such a baseline to be meaningful, it should be customized for individual circumstance.
Building upon the work product initiated by COBCON 1, a subset of individuals
(COBCON 2) continue to pursue development of a widely applicable and practical
cost-calculating tool, using activity-based cost methodology previously described.112

From a societal perspective, the cost of blood should include the following:

1. Cost incurred to donors
2. Cost of producing blood components for transfusion
3. Cost of transfusion logistics and preparation within hospitals
4. Cost of administering and monitoring actual transfusions
5. Cost of treating adverse transfusion events
6. Cost of treating transfusion transmitted disease
7. Cost of litigation (claims of contaminated victims)
8. Cost of lost productivity
9. Cost of organizing and maintaining nationwide/continental haemovigiliance systems.

Using the economic expertise available to COBCON 1 (Axel Hofmann, Medical
Society for Blood Management), a basic cost-equation has been constructed (Figure 3)
and, at present, is being populated with actual dollar values. A preliminary estimate of
more than $1,400 per unit (based on European transfusion volumes in 2004) has been
calculated, representing a minimum to which costs associated with elements 1, 4, 6, 7,
8, and 9 listed above have yet to be added. Even though these costs still need to be
incorporated, the dollar figure is nearly twofold more than any previous cost of blood
estimate AFI2005 (Table 1).

The data emerging from COBCON 2 confirm what the experts from COBCON 1
suspected, namely, that the cost of blood has been seriously underestimated in previ-
ous studies. This knowledge could stimulate change in the way that transfusions are
used and how transfusion alternatives are evaluated. It may also help administrators
justify appropriation of funds to reduce and optimize transfusion usage.

Economic opportunities afforded by blood conservation strategies

The principles underlying optimization of blood usage include correcting anaemia
before surgery, avoiding or minimizing intraoperative blood loss, and, with an under-
standing of the individual’s physiological tolerance of anaemia, use more restrictive
transfusion triggers when appropriate.113 Considering these principles, the Austrian
Study Group for the Advancement of Blood Management (formally SABM-Austria),
in the name of the Austrian Federal Structural Fund and the Federal Ministry of Health
and Women, conducted a benchmarking evaluation to predict savings that might
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accrue if transfusion practices were optimized. In 18 randomly selected Austrian hos-
pitals, transfusion practices varied widely (Table 4). However, by reducing the variabil-
ity amoung centers, lowering the average transfusion rate and number of units
transfused per patient to that of the lowest five consuming hospitals, the study group
identified an opportunity to save 32% to 62% of units transfused.

Acute normovolaemic haemodilution, also a potential cost- and blood-saving alter-
native, produced 2.5-fold cost savings, using 2.3-fold fewer RBC units in patients
undergoing radical retropubic prostatectomy.114

Where:
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Figure 3. Basic cost equation.

Table 4. Evaluation of potential blood cost-savings at 18 Austrian hospitals.

Type of Surgery % of Patients

Transfused

Units Transfused

per Patient

Potential Savings

if Transfusion Practices

were Optimized %a

THR 16e84 0.3e2.9 59.4

TKR 12e87 0.3e2.8 62.1

CABG 37e71 0.9e2.9 32.1

a Optimized defined as follows: 1) reduce the average % of patients transfused across all 18 sites to the

average % of patients transfused at the five least-consuming sites for total hip replacement (THR) and

total knee replacement (TKR) and the two least-consuming sites for coronary artery bypass graft

(CABG); 2) reduce the average number of transfused units per patient to the average at the five

least-consuming out of 16 sites for THR and TKR and at the two least-consuming out of 6 sites for

CABG.
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We must acknowledge that interventions to conserve blood are also associated
with costs.33,51,52,115,116 For example, reinfused RBCs salvaged during joint arthro-
plasty as compared to allogeneic transfusions would incur an estimated $5.7 million
per QALY.33,117 Another strategy commonly employed to reduce transfusion require-
ments is to administer erythropoietic stimulating agents (ESAs). If anaemia due to sur-
gery118, cancer, or other causes can be anticipated in advance119–124, administration of
ESAs may reduce the need for transfusions, but are they worth the extra cost? In one
recent study of the cost-effectiveness of epoetin alfa as a transfusion alternative in ICU
patients, costs per QALY were between $34,088 and $47,149, most sensitive to the
risk of nosocomial bacterial infections per RBC unit. In this setting, assuming that
RBC transfusions increase infection risk, epoetin alfa was cost-effective.125 In another
study, eliminating transfusions offset the direct costs of epoetin alfa by 25% to 50%,
even without considering the cost-benefit of improving outcomes, and avoiding trans-
fusion risks and the costs for their management.37 A robust and comprehensive eval-
uation of the cost of blood is essential so that the questions are appropriately posed
and outcomes are rigorously assessed. The work undertaken by COBCON 1 and 2
will be of value to economists who conduct such studies.

CONCLUSIONS

Blood, from its acquisition to transfusion through follow-up, is costly to society. Blood
is not a resource to be taken for granted, used liberally without accountability, or
wasted. Determining the cost of blood from a societal perspective is a complex under-
taking that requires consideration of all relevant cost elements, many of which have
not been identified previously. At a minimum, we estimate that the cost of blood to
society is twofold higher than calculations derived from previous studies. Many ele-
ments have yet to be factored in, including the cost of haemovigilance, about which
almost nothing is presently known. Adoption of effective strategies to optimize blood
usage, reduce variability, and minimize waste would have an enormous impact on
lowering overall health-care costs.

SUMMARY

The use of blood and blood products throughout the world’s health-care systems con-
tributes substantially to overall health-care costs. Although many prior and worth-
while attempts to estimate the cost of blood have been made, a comprehensive
‘‘vein-to-vein’’ approach that assumes a societal perspective is still needed. Beginning
with the costs of donor recruitment, and encompassing all tasks, personnel, and infra-
structures associated with blood collection, processing, distribution, pre transfusion
preparation, administration, wastage, adverse event handling, and long-term haemovi-
gilance, it is clear that this is an enormous and complex undertaking. Sophisticated
knowledge is required about transfusion medicine, clinical outcomes, administrative
structures, health-care economics, and blood distribution networks worldwide. The
Society for the Advancement of Blood Management has spearheaded an initiative to
gather this expertise and to tie all critical cost elements together into one comprehen-
sive and practical model. Once developed, the model will apply to all single-donor
blood products, and may be used by academic, private, and multi- or single-center
practices to compute costs associated with blood and blood products. The purpose
of having such a comprehensive model is severalfold. First, it will serve future research
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that seeks to determine the cost-effectiveness of interventions for improving blood
safety and optimizing blood utilization. Second, the model will be adaptable to institu-
tions wanting to increase institutional efficiency and reduce costs at each point-of-
care. Finally, and perhaps most importantly, it will raise awareness about the
economic realities of blood, its impact on individuals, institutions, and society, and
encourage practitioners to think more critically about their blood usage patterns.
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