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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 Ziirich,

CH-8091 Ziirich, Switzerland

E-mail address: donat.spahn@usz.ch

1521-6896/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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Allogeneic red blood cell transfusion:
Physiology of oxygen transport

Caveh Madjdpour mp
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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/d| (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,

* Corresponding author. Tel.: +41 44 255 26 95; Fax: +4| 44 255 44 09.
E-mail address: donat.spahn@usz.ch (D.R. Spahn).
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indicating that a liberal transfusion strategy did not offer an advantage.' Interestingly,
subgroup analyses of patients that/who were less severely ill (APACHE Il 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.' The favourable outcome refers to
TWO subgroups of patients (less severly ill patients as defined by an APACHE Il 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 practlce in the United States)
study noted associations between transfusion and mortality.>* 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 S|gn|f‘cantly higher in transfused
vs. non-transfused patients (22.7% vs. 17.1%, p = 0.02).? Similarly the US CRIT study
identified the number of RBC unlts transfused as an independent risk factor for mor-
tality and length of hospital stay.?

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.” Aerobic metabolism depends on
continuous oxygen delivery (DO,) 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 DO, is determined by cardiac output (CO) and arterial oxygen content
(Ca0y):

DOZ =CO x Ca02

Where DO, is in ml/min, CO in I/min and CaO, in ml/l.
CaQ, is the sum of the haemoglobin-bound form of oxygen and physically dissolved
oxygen in plasma:

Ca0, = (Sa0, x 1.34 x [Hb]) + (0.03 x Pa0,)
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Where the haemoglobin-bound oxygen is the product of the arterial oxygen satura-
tion (SaO,, 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/
(I x mmHg)) and the partial pressure of oxygen in arterial blood (PaO,, in mmHg).

Global oxygen consumption (VO,) 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 DO, ranges from 800 to 1200 ml/min. The
relationship VO,/DO, defines the oxygen extraction ratio (O,ER) which is thus in
the range of 20 to 30%. A normal VO,/DO;-relationship is illustrated in Figure I. It
can be deduced from this graph that even a marked decrease in DO, is tolerated
with respect to VO, which is held constant and thus “DO,-independent”. This situa-
tion may occur e.g. in acute normovolaemic anaemia, where CaQO, is reduced by the
fall in haemoglobin concentration. However, beyond a critical value of DO, which is
referred to as critical DO, (DO, crit), VO, starts to decrease and becomes thus
“DO,-dependent” and tissue hypoxia develops.’

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:

400

200

VO, (ml/min)

DOZ CRIT

400 800 1200
DO, (ml/min)

Figure |. VO, — DO, relationship. Three different conditions are shown: individuals | and 2 differ in their
metabolic demand, i.e. oxygen consumption (VO,) which is held constant despite a decrease (arrowheads) in
oxygen supply (DO;). At a critical threshold of DO, (DO, cgt) Which is reached sooner in individual 2 than
in individual I, VO, begins to fall rapidly. Individual 3 represents a particular condition: above DO; g1, VO, —
DO,; relationship does not plateau as under physiologic conditions. In contrast, VO, continues to increase with
increasing DO, even in a range of DO, 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 iliness such as sepsis.
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O, rate of diffusion =[K x A x 4P]/D

Where K is the diffusion coefficient of oxygen within the medium, A the surface area
for diffusion, AP 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, AP represents the difference between the mean capillary
oxygen partial pressure (PO,) and the PO, near the mitochondria, while A und K
characterize the capillary network with respect to its surface and capillary density.
Accordingly, an increased PaO, enhances oxygen diffusion from the blood into the
tissue by increasing the PO, pressure gradient. It may be argued that physically dis-
solved oxygen contributes little to CaO, and accordingly to DO, and that increasing
PaO, 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 VO, at a haemoglobin of 7 g/dI® and 74%
of VO, when hyperoxic ventilation (100% O,) is applied in profound normovolaemic
anemia (haemoglobin of 3 g/dl).” Already at 60% O, ventilation the critical haemoglo-
bin could be lowered from 2.4 g/dl at 21% O, ventilation to 1.5 g/dl.® At the critical
haemoglobin of 1.5 g/dl 53% of the VO, was from physically dissolved oxygen. This
finding is particularly important because long term ventilation with 60% O, is less

100
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Figure 2. Oxyhaemoglobin dissociation curve. Changes in parameters leading to a rightwards shift are given
(box). P50 = Oxygen tension at which haemoglobin is 50% saturated. 2,3-DPG = 2,3-diphosphoglycerate.
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prone to be associated W|th O, toxicity than a ventilation with 100% O, and thus
practically more feasible.’

Furthermore, Meier and co-workers have shown that hyperoxic ventilation signif-
icantly increases survival after acute normovolaemic haemodilution to individual crit-
ical haemoglobin values (HbcgT). Ventilation with 100% oxygen resulted in a 6-hour
mortality of 14% while all animals that were ventllated with room air (21% oxygen)
died with 6 hours after Hbcg;T had been reached.'® 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 IOO% oxygen resulted in
an increase of DO, and skeletal muscle PO, but not in VO,."' However similarly to
the 47% contribution to VO, found in the animal study by Meler etal'®, hyperoxic ven-
tilation contributed approximately 38% to systemic VO,.'' Thus, hyperoxm ventilation
in normovolaemic anaemia does not only seem to result in convective transport of
physically dissolved plasma, but also to increase the PO, 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 PaO, on haemo-
dilution-induced deficits of cognitive function and memory in healthy volunteers.'?
Haemoglobin values decreased from 12.7 g/dl before haemodilution to 5.7 g/d| after
haemodilution. Tests for cognitive function and delayed memory showed a significant
impairment at these anaemic haemoglobin levels. These deficits were completelg
reversed by breathing oxygen which increased PaO, to approximately 400 mmHg.'
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 DO, above DO, crit 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.'* 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 mechanlsm) and
a decreased systemic vascular resistance and thus a decreased afterload.”

In anesthetized humans increased sympathetic activity leads to increased CO exclu-
sively by increased myocardial contractility but not by an increase in heart rate. >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 -adrenergic blockade does not impair the central
haemodynamic adaptation to mild normovolaemic haemodilution. Chronically f-
blocked and non-fB-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.'” Both patient groups compensated well for the acute decrease
in CaO, with VO, 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 -blocked patients showed an increase in cardiac
index and oxygen extraction, non-f-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 -blockade resulting in a greater increase of
cardiac index in response to haemodllutlon induced endogenous catecholamine secre-
tion compared to non-B-blocked patients.'” 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.'® 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 O,ER
under physiologic conditions. Thus, increased myocardial oxygen requirements have
to be met by an increase in DO, 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 DO,. 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 OZER is an important mechanism in the maintenance of
an adequate tissue oxygenation.'> 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 dISSOCIatlon curve to the
right resulting in a facilitated release of haemoglobin-bound oxygen* (Figure 2).

ADAPTATION TO NORMOVOLAEMIC ANAEMIA: PATIENTS AT RISK

The outlined compensatory mechanisms in response to acute normovolaemic anaemia
can be impaired or DO, cgrjT — 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 CaO, 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 O,ER and therefore a limited capacity to
increase O,ER further. Thus, myocardial DO, gyt 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 4 0.2 g/dl is well tolerated.'” The patients in this pro-
spective, randomized study were able to increase both O,ER and cardiac index in
response to the acute decrease in CaO,. There were neither any signs of myocardial
ischemia in the ECG nor any hints for cardiac dysfunctlon when systemic and
pulmonary haemodynamic parameters were measured.'” 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/dI
t0 9.3 + 1.0 g/d1.? In addition to the absence of ECG abnormalities and haemodynamic
instability, transoesophageal echocardiografhy did not exhibit any compromise in left
ventricular systolic and diastolic function. % In addition, preoperative haemodilution
resulted in less postoperative troponin release, a reduced need for inotropic support
and fewer postoperative supra-ventricular arrhythmias.?' 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+£0.7g/dl to 9.1 0.9 g/dl has
recently been Eerformed in patients with severe aortic stenosis (valve area of
0.6 £0.1 cm2).2 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.”®

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."®
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 DO, in order to increase tissue oxygenation. However, numerous
studies consistently failed to show an increase of tissue oxygen utilization as measured
by VO,. Hébert and colleagues identified eighteen studies studying the effect of RBC
transfusions on parameters including DO, and VO,. Of the fourteen studies that de-
tected an increase in global DO,, only five detected an increase in global VO,.%* A recent
prospective randomized study in patients evaluated the effect of transfusion of | 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.''
Again, systemic VO, did not increase in the transfusion group. Only DO, increased as in
the group that was ventilated with 100% oxygen. One reason for the lack of increase of
VO, in all these studies might be the absence of a DO,-dependency of VO, prior to the
transfusion. In the range of DO,-independency VO, 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.”> Haemoglobin was decreased by step-
wise haemodilution to a haematocrit (Hct) of 18% and |1%. In addition, by exchange
transfusion with RBCs containing methaemoglobin, a group with a haematocrit of
8% but an effective oxygen-carrying capacity of only about 1% 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 | 1% Hct group which was attributed to the higher blood viscosity.
Therefore the authors su§gested that the present transfusion triggers could represent
in fact viscosity triggers.’

CONCLUSION

Over awide range of haemoglobin values the organism is capable of maintaining a sufficient
O, delivery to the tissue provided normovolaemia is maintained. The main compensatory
mechanisms are the increase in cardiac output and the increase in oxygen extraction.

Practice points

e Over a wide range of haemoglobin values the organism is capable of maintaining
a sufficient O2 delivery to the tissue provided normovolaemia is maintained.

e The main compensatory mechanisms are the increase in cardiac output and the
increase in oxygen extraction.

e The presence of stable coronary artery disease is no contra-indication to acute
normovolaemic haemodilution to a haemoglobin of 8-9 g/dI.

Research agenda

e Large scale prospective randomised studies on the impact of restrictive vs.
liberal perioperative transfusion triggers.

o Detailed assessment of the impact of patient related co-morbidities on the
compensatory mechanisms during acute normovolaemic haemodilution.

e Development of a clinical monitor to assess the adequacy of tissue oxygenation
during acute anaemia.
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In clinical practice, the decision to transfuse is linked to the hope of increasing oxygen transport
(TO,) 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 O, saturation [SvO,])
or, even better, of regional tissue oxygenation (electrocardiographic ST-segment, electroenceph-
alographic P300 latency). The SvO, or its surrogate, the central venous O, saturation (ScvO,), is
a clinical tool which integrates the relationship between whole-body O, uptake and TO,, and as
such can be proposed as a simple physiologic transfusion trigger.

Key words: oxygen (O,) transport (TO,); regional tissue oxygenation; lactate; venous O,
saturation (SvO,); central venous O, saturation (ScvO,); electroencephalographic P300 latency.

A decrease in hemoglobin (Hb; g/dL) is likely to be associated with a decrease in oxygen
transport (TO,) when cardiac output (CO) remains unchanged, since TO, = CO x
CaO,, where CaO; is arterial oxygen content, with CaO, = Hb x SaO; x |.34 (where
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Sa0, 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 O, not bound to Hb."'

In clinical practice, the decision to transfuse is therefore linked to the hope of in-
creasing TO, to tissues and subsequent oxygen utilization by the cells. 23 Conversely,
one could define sufficient TO, as that which meets tissue oxygen needs (VO,) or as
that which favors full cell oxygenation*?, with VO, = (CaO, — CvO,) x CO according
to the Fick equation. Since venous oxygen content is CvO, = Hb x SvO, x 1.34
(where SvO, is the % mixed venous oxygen saturation), VO, can be then calculated
as: VO, = CO x (SaO; — SvO,) x Hb x 1.34; and SvO, can be derived from:
SvO, = Sa0, — VO,/(Hb x 1.34 x CO).

VENOUS OXYGEN SATURATION AND THE OXYGEN
UPTAKE/DELIVERY RELATIONSHIP

The venous oxygen saturation is a clinical tool which integrates the whole-body VO,/
TO; relationship. In the clinical setting, the mixed SvO, 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 (ScvO,) is being increasingly used as a rea-
sonably accurate surrogate.® The normal range for SvO, is 68-77% and is considered to
be 5% above these values for ScvO,.”

A decrease in Hb is one of the four determinants responsible for a decrease in
SvO, (or ScvO,), alone or in combination with hypoxemia (decrease in Sa0O,), an in-
crease in YO, without a concomitant increase in TO,, or a fall in CO.

When TO, decreases, VO, is maintained (at least initially) by an increase in EO, (oxygen
extraction), since EO, =VO,/TO,. Since VO, = (SaO, — SVO,) x (Hb x 1.34 x CO)
and TO, = Sa0, x Hb x 1.34 x CO, EO, = (Sa0, — SvO,)/Sa0,. E02 and SvO, are
thus linked by a simple equation: EO, = | — SvO,. Assuming SaO, = 1%, when SvO, is
40%, EO, 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 EO,
reserve is limited and cannot fully compensate for the decreased blood oxygen capac-
ity. In contrast, the cerebral EO, can be significantly increased in response to TO,
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 EOZ

When TO,; decreases beyond a certain threshold it induces a decrease in VO,. This
point is known as the critical TO, (TO-crit), below which there is a state of oxygen
uptake-to-supply dependency which can be defined as shock or dysoxia34 Below
the TO,crit, a decrease in consumption (VO,) is associated with an increase in Iactlc
acid production'® and an inadequate supply of ATP relative to cellular requirements.'
At this TO,crit, EO, reaches its critical point (EO,crit). The TOycrit is highly depen-
dent on VO,. When VO, is higher, TOcrit is higher as well. TO,crit is also higher
when EOscrit is lower.

In humans, tissue dysoxia is usually present when SvO, falls below 40-50%
(SvO,crit); however, this may also occur at higher levels of SvO, when EO, is im-
paired. Usually efforts to correct CO (by fluids or inotropes) and/or Hb and/or
SaO, and/or VO, must target a return of SvO, (ScvO,) from 50 to 65-70%.'* Hypo-
volemia due to blood loss is primarily corrected by infusion of crystalloids and colloids
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and transformed into normovolemlc anemia. Acute normovolemic anemia usually re-
sults in an increase in CO.'® 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, TO,crit was
found to be approximately 3.8—4.5 mL O,/kg/min for a VO, about 2.4 mL O,/kg/min;
EO, reached an EO,crit of 60%'* with SvO,crit being = 40%. In an 84-year-old
male Jehovah’s Witness undergoing profound hemodilution, the TO,crit was
4.9 mL O,/kg/min for a similar VO, at about 2.4 mL O,/kg/min; the Hb value at the
TO,crit was 3.9 g/dL.> This Hb value can be defined as a critical Hb value. Consistent
with these results, in young, healthy, and conscious (which means higher VO, values)
volunteers undergoing acute hemodilution with 5% albumin and autologous plasma,
TOzCr'It was found to be lower than 7.3 mL O,/kg/min for a VO, at 3.4 mL O,/kg/
min'> 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 |mbalance in myocardial oxygen supply and demand, re-
sulting in myocardial ischaemia.'® Heart rates increased from 63 + | | (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 £ 10to 76 £ | | mmHg (a mean decrease of 12 £ 13%; P < 0.0001), mean diastolic
blood pressure decreased from 67 =10 to 56 £ |0 mmHg (a mean decrease of
I54+ 16%; P<0.0001), and mean systolic blood pressure (SAP) decreased from
131 £ 15 to 121 & 16 mmHg (a mean decrease of 7 & | 1%; P=10.0001). 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 (| 10-140 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 x HR which should remain below 12,000. For
HR = 110 beats/min, if SAP is 120 mmHg, SAP x HR = 13,200 and may be considered
too high for the myocardial VO,.

In 20 patients older than 65 years and free from known cardiovascular disease, Hb
was decreased from | 1.6 + 0.4 to 8.8 +- 0.3 g/dL. Wlth stable filling pressures, CO in-
creased from 2.02 +0.11 to 2.19 4 0.10 L/min/m? (P < 0.05), whlle systemic vascular
resistance decreased from 1796 & 136 to 1568 + 126 dynes/s/cm® (P < 0.05) and EO,
increased from 28.0 + 0.9 to 33.0 &= 0.8% (P < 0.05) resulting in stable VO, during he-
modilution. While no alterations in ST segments were observed in lead Il, ST segment
deviation became slightly less negative in lead Vs during hemodilution from
—0.03+ 0.0l 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.'’

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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126 £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/m? (P < 0.05) and EO, from 27.44 0.6 to
31.24+0.7% (P < 0.05), resulting in stable VO,. No alterations in ST segments were
observed in leads Il and V5 during hemodilution. Individual increases in cardiac index
and EO, were not linearly related to age and left ventricular ejection fraction
(P=0.841; P=0.799).'8

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 (PaO,) 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 PaO, 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.'’

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.*° 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 Madjdpour?' recently emphasized that Weiskopf et al*>?? 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.' These ‘physiologic’
transfusion triggers can be based on signs and symptoms of impaired global (lactate,
SvO,; or ScvO,) 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 VO,/TO, relationship and anemia
tolerance during blood loss since it integrates Hb, CO, VO, and SaO,. The mixed
SvO; can be measured with the help of a PAC. The central venous catheter allows
sampling of blood for measurement of ScvO,, the surrogate for mixed SvO,, 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 al*3, 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 ScvO, of at least 70% was targeted by optimizing fluid administration, keep-
ing hematocrit >30%, and/or giving dobutamine to a maximum of 20 pg/kg/min. The
initial ScvO, in both groups was low (49 + 12%), suggesting a hypodynamic condition
before resuscitation is started. From the Ist to the 7th hour the amount of fluid re-
ceived was significantly larger in the EGDT patients (=5000 mL versus 3500 mL).
From the Ist 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 ScvO, 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 ScvO, was higher (70.6 £ 10.7% versus
653+ 11.4%  P=0.02), mean arterial pH was higher (7.40£0.12
versus. 7.36 +0.12; P=0.02), and lactate plasma levels were lower (3.0+
44 mmol/L versus 3.9 +4.4 mmol/L; P=0.02), as well as base excess (2.0+
6.6 mmol/L versus 5.1 & 6.7 mmol/L; P=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
(P =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 ScvO, monitoring) significantly
improves mortality.

In a subsequent prospective observational s'cudy24 we tested how well the ScvO,
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 Frangaise; SRLF). They
are based on plasma Hb concentration value and associated clinical state (Table ).
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 ScvO, 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. ScvO, and
Hb were measured before and after BT, together with hemodynamic parameters
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Table I. 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 Francaise; 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

(HR, SAP). Patients were retrospectively divided into two groups according to
ScvO, before BT: < or >70%, and then in four groups according to the SRLF
recommendations (reco) for BT: reco” 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
ScvO, value rose significantly only in reco’ patients with ScvO, <70% before BT
(Table 3). The HR and SAP were of no value in helping the BT decision. VWe must no-
tice, however, that the SAP x HR product was >12,000 (post-BT HR x SAP = 100 x
130 =13,000) in the unique situation where reco™ patients with an ScvO, > 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 ScvO, < 70% seem nevertheless to derive benefit
from BT (according to the VO,/TO, relationship); one may speculate that absence of
recommendations for BT in those patients could have contributed to a ‘lack of BT’;
(3) according to ScvO, (which remained largely below 70%) BT might even have
been insufficient (n = 2 blood units) in this subgroup; (4) 24.5% of the patients fulfilling
the SRLF recommendations (reco™) with an ScvO, > 70% received BT, although VO,/
TO; 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 x SAP product.

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

SevO, < 70% (n = 26) ScvO, > 70% (n = 27)
Reco —(n=12) + (n=14) —(n=14) + (n=13) Kruskal-WVallis
test (P =0.05)
Age 55.5 [46.4—64.4] 74.5[62.2—77.2] 46 [30.5—62.9] 69 [59.7—80.3] NS
Weight 73.5[62.9-96.9] 74 [67.8—76.8] 70 [58.7—86.7] 70 [57.3—72.5] NS
Blood units 2 [1.7—2.1] 2[1.8-27] 2[1.8-27] 2[1.6—22] NS

Patients were divided into two groups according to their central venous oxygen saturation (ScvO,) be-
fore BT: < or >70%, and then into four groups according to the SRLF recommendations (reco) for BT:
reco’ for ‘recommendation for BT’; reco™ for ‘no recommendation for BT’.
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Table 3. Central venous oxygen saturation (ScvO,), hemoglobin (Hb), heart rate (HR) and systolic
arterial pressure (SAP) values (median [Cl 95%]) in patients divided into two groups as in Table 2.
ScvO, < 70% ScvO, > 70%
Reco AF = F = Kruskal—Wallis
test (P < 0.05)

ScvO, pre-BT  58.6 56.5 75.3 754 P <0.001
[52.2—62.3] [49.0—-62.9] [68.0—79.9] [58.5—86.9]

ScvO,; post-BT  69.3% 65.4 774 75.9 P =0.002
[58.8—74.5] [55.5—69.7] [71.0—80.8] [67.7—80.8]

Hb pre-BT 74 8.0 7.6 7.5 NS
[7.2—7.9] [7.6—8.5] [7.2—-8.2] [7.3—8.0]

Hb post-BT 9.2° 9.9° 9.7° 10.2* NS
[8.7—9.8] [9.4—10.3] [9.2—10.6] [9.2—10.7]

HR pre-BT 89.0 95.5 87.5 97.0 NS
[84.3—106.11 [90.1—112.9] [75.8—102.6] [86.3—126.6]

HR post-BT 92.0 92.0 84.0 100.0 NS
[86.2—98.9] [82.9—101.11 [78.7—100.4] [84.2—107.5]

SAP pre-BT 120.5 130.0 128.0 124.0 NS
[105.7—138.4] [120.7—149.5] [I17.1—138.7] [109.6—150.0]

SAP post-BT 122.0 120.0 140.0* 130.0° NS
[111.4—1383] [108.6—146.6] [131.8—159.2] [I17.9—163.5]

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

Following the study by Rivers et al, and our own observations, we conclude that
ScvO, 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. ScvO, 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: (I) 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 ScvO, goal-directed group in which the BT decision will
be made according to an ScvO, value <70% as soon as the Hb value is <10 g.dL ™"
(hematocrit <30%), providing that the CVP is 8—12 mmHg.

Practice points

e ScvO, 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

e the Hb level associated with the knowledge of the clinical context is not pre-
dictive of the ScvO, value

o the BT decision can be made according to an ScvO,; 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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e there is a need for a controlled randomized study in which patients would be

Research agenda

separated into two treatment groups: (|) a control group in which the BT de-
cision will be made according to Hb threshold values (similar to those pre-
sented by the SRLF); (2) an ScvO, goal-directed group in which the BT
decision will be made according to an ScvO,; value <70% as soon as the Hb
value falls to <10g/dL (hematocrit <30%), providing that the CVP is
8-12 mmHg. Main study goals: transfusion savings in the ScvO, goal-directed
group; adverse events in both groups

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.”'
These ‘physiologic’ transfusion triggers can be based on signs and symptoms of impaired
global (lactate, SvO, or ScvO,) or, even better, regional tissue oxygenation (ECG ST-
segment, DSST or P300 latency). They have to include, however, two important simple
hemodynamic targets: HR and MAP or SAP. One may refer to the product SAP x 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 | 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 ALl 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." 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.” 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

Practice points

TRALI is a clinical diagnosis

Suspect TRALI when new ALl develops during or within six hours of
transfusion

Rule out other ALI risk factors such as sepsis and aspiration

e TRALI has been associated with all blood components that contain plasma
Transfusion of even part of one unit has been associated with TRALI

Definition of ALI

According to the American-European Consensus Conference of acute respiratory dis-
tress syndrome?, 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 PaO,/FIO, < 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.* In patients with no ALl 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
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Table I. Risk factors for ALl in prospective studies.**>*>%>7

Risk Factor

Incidence of ALI

Septic shock

Pneumonia source

Extrapulmonary source

Sepsis syndrome without hypotension
Pneumonia source

Extrapulmonary source

Aspiration of gastric contents
Multiple transfusions

Near drowning

Disseminated intravascular coagulation
Pulmonary contusion

Pneumonia requiring ICU care

Drug overdose requiring ICU care
Fracture of long bones or pelvis
Burn, any percent of body surface
Cardiopulmonary bypass

47%

35%

13%

29%

24%

6%

15%, 22%, 30%, 36%
36%, 36%, 24%
33%

22%

17%, 22%

12%

9%

5%, 8%,11%
2%

2%

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 ALl 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 ALl risk factors can also develop TRALI, and thus TRALI
should not be excluded from consideration in these patients. The incidence of ALl in
prospective studies of patient groups with ALl risk factors is less than 50% (see
Table I). Thus, the presence of an ALl risk factor does not mean the patient will def-
initely develop ALI. New ALl 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 ALl is temporally associated with the transfusion,
or whether the new ALl 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 ALl in a transfused patient who
also has another ALl risk factor.®

Currently there is no definitive laboratory test for the diagnosis of TRALI. Leuco-
penia or neutropenia has been observed in case reports®™'? but has not been studied
in small case series."”'? Leukocyte antigen-antibody match between donor and recip-
ient (HLA class | or Il, granulocytes or monocytes), and neutrophil priming activity in
donor blood have been reported but are not diagnostic'

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
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Research agenda

e 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

e 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.

e Diagnostic laboratory tests for TRALI need to be evaluated in prospective
studies

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 animals'> nor in humans.'®'” Pathologically, the disease involves sequestration
of activated neutrophils within the pulmonary capillaries, leading to acute lung injury.'®
The contribution of neutrophils to multiple types of acute lung injury is well under-
stood and has been validated in several animal models.'” 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.® 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 | and Il 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.’®?' 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.???* 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
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only one lung following lung transplantatlon (suggesting that the alloantibodies recog-
nized only new donor lung endothelium).?* 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 neutrophll activation (degranulation/respiratory burst) and
subsequent pulmonary damage.”® 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 neutrthll antibody of 7.7% in blood donors and components was reported in an
abstract.’® 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 pregnanaes ” Densmore found HLA antibodies in
8% of female plateletphereses donors, with frequenC|es of 7.9% to 26.3% among those
with parity between 0 and >3 pregnancnes 8 Insunza found an mudence of 18.1% in
female plateletpheresis donors who have had one or more pregnanues Recently, us-
ing the sensitive Luminex flow method, investigators at Emory University found HLA
antibodies in 22.5% of segments of randomly selected blood components®°, 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.*'
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 mcreasmg the probability that trans-
fused antibodies can directly activate neutrophil function.>*>* 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.®® 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-18, IL-6, IL-8 and TNFa accumulate in the super-
natant plasma, and are virtually eliminated by prestorage leukoreduction.>*? IL-8 has
neutrophil priming activity that could be important in causing TRALL'* Other cyto-
kines are not reduced by leukoreduction, e.g. RANTES and TGF-f1 accumulate in
platelet components during s'corage.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.***' TGF-BI is mostly bound in an inactive
form to extracellular components, but there is evidence of a link to ALL.*? PAI-| 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.*?

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 ALL.****” 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 ALL* 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 AL, thus accounting
for some of the individual susceptibility to ALL*® 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 al*® 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.

Research agenda

e Research is needed to identify donor or donor unit factors that cause TRALI.
e Research is needed to identify recipient factors that predispose to TRALI

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 |
in 500 to | 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.>® TRALI has been reported following transfusion of all plasma-containing
blood components. Estimates of the incidence of TRALI have been | in 5,000 compo-
nents, mostly in whole blood', | in 7,900 units of fresh frozen plasma®', and | in 432
units of whole blood-derived platelet concentrates.® 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 | in 1271 units transfused to
patients in intensive care units.>

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.>?
Underreporting is due to several reasons. First, TRALI is acute lung injury (ALl),
and there is yet no uniformly agreed upon criteria that distinguish TRALI from
ALI** due to other causes. Second, some clinicians attribute ALl to massive transfu-
sion****> 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 TRALL* 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
TRALL>® Also, in such studies, experts are needed to assess fluid overload vs. ALl vs.
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TRALI and the experts should be blinded to donor unit attributes and donor test
results.

Research agenda

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

CLINICAL RELEVANCE

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

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.'* 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:
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e 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.

e Plasma product diversion of donors involved in a case of TRALI

Research agenda

e Modeling the impact of donor deferral or screening interventions, and
e Research into etiology, diagnostic testing, epidemiology, treatment, and
prevention.

SUMMARY

TRALI is clinically defined as new ALl 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 ALl 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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