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CHAPTER  1

From Blood Transfusion
to Transfusion Medicine
Alice Maniatis
Hematology Department, Henry Dunant Hospital, Athens, Greece;
Network for Advancement of Transfusion Alternatives (NATA)

Attempts at using blood transfusion for the treat-
ment of bleeding and anemia were made centuries
ago mostly with disastrous effects, and although
James Blandell (1818) is granted with the first suc-
cessful transfusion, it was only during the twen-
tieth century that blood transfusion came of age.
The first half of the century was the era of pioneers
and ingenious, hardworking individuals who made
major breakthroughs.

The second half saw the organization of large in-
stitutions charged with developing methods of pro-
curement of safe and effective blood products.

During this time, developments occurred in
quick succession in a variety of fields like immunol-
ogy, biochemistry, microbiology, genetics, molec-
ular biology, and biotechnology, all impacting on
transfusion and leading to today’s complex thera-
peutic intervention and the new specialization of
transfusion medicine.

“The history of blood transfusion is marked by
numerous bright pages but also some dark mo-
ments” as pointed out by Douglas Starr.

The surgical phase

Blood transfusion was introduced by surgeons, as
theirs was the main need of finding a method of
transferring blood from donor to patient. Alexis

Carrel became famous for accomplishing a trans-
fusion through suturing of vessels of the donor to
those of the patient, in this case, the father to his
baby daughter.

The technique underwent numerous modifica-
tions with the use of cannulae and tubes but re-
mained difficult and cumbersome, so as to be used
only infrequently. By the end of the first decade of
the twentieth century, surgeons were performing
some 20 transfusions a year at Mount Sinai hospi-
tal, New York.

New York had become home to a number of
prominent physicians and scientists like Carrel,
Landsteiner, Lindemann (the first full time special-
ist in transfusion, who introduced the multiple sy-
ringe method of transfusion), and others.

Direct donor–patient transfusions performed by
surgeons continued to be practiced for decades and
even as late as the early 1940s, though as described
by Douglas Starr, “nobody liked transfusion as it ex-
isted, not the patient or the donor not even the doc-
tors, who spent more time performing the transfu-
sion, than the operation they were using it for.” In
addition to being cumbersome, transfusions were
resulting in severe reactions in more than 30% of
instances.

The laboratory phase

By the end of the first decade, Landsteiner’s dis-
covery of ABO blood groups dating to 1900 began
to enter the transfusion field through the efforts,
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4 From Blood Transfusion to Transfusion Medicine

to a large extent, of Ottenberg, who was also the
first to use compatibility testing before transfusion;
he was thus able to reduce the posttransfusion acci-
dents concluding that “accidents can be absolutely
excluded by careful preliminary tests.”

The next problem to be addressed was clotting
of the blood which necessitated either suturing of
donor to patient vessels or very rapid removal and
reinjection of the blood, which presented technical
difficulties.

The syringe technique introduced by Lindemann
eliminated the need for suturing blood vessels, as
he inserted needles into the veins of donor and pa-
tient, and withdrew and reinjected blood with sy-
ringes; nevertheless, the method required quick ac-
tion and clotting was not always prevented. So the
next hero proved to be Lewisohn who introduced
sodium citrate as the anticoagulant, publishing his
method in 1915.

Surgeons, however, were apparently reluctant to
accept the simplified procedure offered by anticoag-
ulation (namely the collection of blood in a vessel
containing sodium citrate); they wanted to main-
tain transfusion as “a complicated and lucrative op-
eration.”

Donor recruitment

Despite the use of anticoagulants, blood could not
be stored for any length of time, hence the need
for proximity of donor and patient. Compatible
donors had to be recruited by the doctor, either
from the patient’s family or the environment, so
the donor supply was difficult and unreliable. In
London, donor recruitment techniques were de-
veloped similar to those used to this day; donors
were tested for ABO group and called by telephone
when needed. Through the efforts of Percy Oliver,
2500 nonremunerated donors were made available
to London hospitals by 1930. Oliver’s example was
followed in other countries as well.

Meantime in Russia, Dr Alexander Bogdanov in
1926 established the “Central Institute of Hema-
tology” where research in transfusion was carried
out; experimenting with transfusion on himself,
he eventually died of a massive intravascular

hemolysis. In 1930, cadaver blood for transfusion
was used for the first time in Russia by Dr Serge
Yudin.

Blood banking

It was in Russia that the idea of storing blood
was originated by Dr Yudin, leading to the in-
stitution of blood banks. Blood storage facilities
spread throughout the country and blood was
being stored for weeks resulting in a high per-
centage of reactions. Blood bank establishments
were followed in Europe and the United States. In
1937, Bernard Fantus in Chicago established what
was initially called Blood Preservation Laboratory
changing the name later to Blood Bank as it oper-
ated with deposits and withdrawals of blood! This,
in my opinion, unfortunate name, lingers until to-
day throughout the world, giving false messages to
potential donors.

Eventually with the improvement of storage ves-
sels, anticoagulants, and preservatives, longer stor-
age periods became possible, and in the 1940s,
blood collection and transfusion stopped being a
surgical enterprise and came into the hands of
blood bankers. The year 1940 also marks the sep-
aration of plasma from whole blood. With regard
to the volume of blood to be collected, based on
experiments carried out in the 1930s and 1940s, it
was decided that it should not exceed 13% of the
donor’s estimated blood volume; the 70 mL/kg rule
may not be very accurate as pointed out by Frank
Boulton, but has prevailed ever since as has the
addition of 120 mL of anticoagulant to each blood
unit.

World wars

The need for blood transfusion skyrocketed during
World War II leading to a series of developments;
glass bottles for blood collection, acid citrate dex-
trose developed by Patrick Mollison for blood an-
ticoagulation, and separation and fractionation of
plasma by Cohn with the production of albumin.
Dried plasma and albumin were used as volume
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Chapter 1 5

expanders on the battlefields during World War II.
“By the end of 1943, the military had received
more than two and a half million packages of dried
plasma and nearly 125,000 ampoules of albumin”
as mentioned by Starr.

In parallel with these developments, blood group
serology was progressing thus increasing the safety
of transfusion. The Coombs test introduced in 1945
for pretransfusion testing reduced significantly the
risk of immune hemolysis of transfused RBCs. New
methods of antibody detection led to the recog-
nition of blood group systems, an endeavor that
continues until today.

Blood collection—blood centers
versus hospital blood banks

Blood collection from volunteers was relatively
easy during the war but became increasingly dif-
ficult after the end of the war. Some countries like
France and England managed to proceed to the de-
velopment of National Blood Transfusion Centers
and adopt the idea that blood should be voluntarily
given without payment to donors. They developed
networks of smaller and larger blood banks for col-
lection and distribution of blood to hospitals.

In other countries such as Switzerland and
Canada, it was the Red Cross that assumed the re-
sponsibility to recruit volunteer donors and supply
blood products. In the United States, the American
Association of Blood Banks formed in 1947 empha-
sized individual responsibility for blood procure-
ment, asking patients to replace transfused units or
else reimburse the blood bank; in contrast, the Red
Cross supported community responsibility.

In many countries, a multitude of small blood
banks collecting blood from paid blood donors pre-
vailed in the 1950s and 1960s. By the late 1960s,
it became apparent that most deaths by transfu-
sion worldwide were because of viruses, bacte-
ria, or parasites in the blood, and that the in-
cidence was higher from paid donor blood lead-
ing to pressures to eliminate paid blood donation.
In some instances, this led to substitution of paid
donors by friends and relatives of patients, the so-
called “replacement donors.” Replacement donors

are safer than paid but not as safe as truly volunteer
donors.

Even until today, very few countries have
achieved 100% collections from truly volunteer
donors.

Blood components: hemapheresis

Progress in the technology of blood collection al-
lowed the separation of whole blood into cellu-
lar components and plasma, making it possible to
cover the transfusion needs of more than one pa-
tient with one unit of blood. The terms “compo-
nent therapy” or “blood economy” were coined by
Edwin Cohn. In developed countries, whole blood
transfusion is a rarity nowadays as each unit is sep-
arated into red cells, plasma, and platelets.

Plasmapheresis, a term coined in 1914 by John
Jacob Abel, described the removal of plasma while
returning the cells to the donor. It was initially
conceived as treatment to remove toxic substances
from blood but evolved into a component produc-
tion technique to provide plasma for transfusion
and also for fractionation. Initially, it was carried
out manually but it expanded, as automation be-
came available in the 1960s. Blood cell separa-
tors made the procedure faster, safer, and yield-
ing a better product. The need for albumin, gamma
globulins, and coagulation factors encouraged the
expansion of the fractionation industry with nu-
merous companies becoming active throughout the
world.

Therapeutic plasmapheresis or rather plasma ex-
change has contributed significantly in the treat-
ment of hematologic, autoimmune, and metabolic
diseases by the removal of antibodies of immune
complexes, monoclonal proteins, or cholesterol.

Selective removal of cells, platelets, granulocytes,
erythrocytes, and hemopoietic progenitor cells with
discontinuous or continuous cell separators are car-
ried out today in blood banks around the world.
Platelet apheresis available since the 1970s is gain-
ing ground, replacing gradually the recovery of ran-
dom platelets for transfusion. Peripheral blood stem
cell collection is also replacing bone marrow har-
vesting for bone marrow transplantation. Red cell
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apheresis is the most recent development with ad-
vantages to both donors and patients, but is limited
to larger donors.

Blood safety

The 1970s were marked by progress in the safety
of blood through the introduction of screening for
hepatitis B virus, which reduced the incidence of
posttransfusion hepatitis (PTH), followed by docu-
mentation of residual PTH, and the identification of
hepatitis C, for which testing was developed in the
early 1990s. Unfortunately, the 1980s were marked
by the AIDS epidemic, which caused a tremen-
dous amount of grief to both patients and blood
providers.

Pathogens continued to emerge calling for con-
stant vigilance; West Nile virus and Chikungunya
are the most recent invaders of the blood supply,
but such epidemics are quickly brought under con-
trol nowadays.

Transfusion risks are not limited to infectious
agents; alloimmunization and transfusion reac-
tions, platelet refractoriness due to HLA and
antiplatelet-specific antibodies, immunosuppres-
sion, transfusion-associated graft versus host dis-
ease, and TRALI (transfusion-related acute lung in-
jury) have all received attention in the last 20 years,
and measures to prevent them are continuously be-
ing studied.

Since a number of risks are attributed to the
leukocytes in blood units, leukodepletion, or reduc-
tion of leukocytes in blood units by filtration, was
introduced some 20 years ago and has proven to
be effective in reducing febrile reactions, platelet
refractoriness, cytomegalovirus transmission, red
cell alloimmunization, and transfusion-induced im-
munosuppression.

The latest weapon in enhancing the safety of
blood products is the inactivation of pathogens.

Solvent detergent treatment of plasma disrupts
lipid-enveloped viruses and has been used in
pooled plasma since the 1990s, whereas methylene
blue, a photoactive virucidal agent, can be added
to single units as it has proven to be safe espe-
cially since it is being removed before transfusion.

Inactivation of pathogens in cellular components is
proving more difficult although for platelets, pso-
ralen and UVA light activation are proving feasible
and effective. Although screening for viruses will
continue, treatment of blood components could be
added to reduce the risk of pathogens that we can-
not test for.

Information technology (IT) is also adding to
the safety of blood transfusion; electronic medical
records, electronic blood donor records, computer
crossmatch, and virtual blood inventories are be-
ginning to change the way transfusion medicine is
practiced.

Alternatives to allogeneic
transfusion

The realization that blood can never become 100%
safe gave impetus to the development of transfu-
sion alternatives.

Autologous transfusion
� Autologous transfusion, initially by predeposit
autologous blood collection before surgery took off
mainly in the 1980s after the AIDS epidemic; its
advantages (safety, economy of allogeneic blood)
were soon counteracted by disadvantages, mainly
cost, and its practice is now limited to selective
indications.
� Intraoperative hemodilution, the removal of two
units immediately preoperatively replacing the vol-
ume with crystalloid, proved feasible and had the
advantage of decreasing the loss of red cells during
surgery but concerns over cardiac ischemia have
limited its application to experienced centers.
� Intraoperative red cell salvage particularly with
automated centrifugation and washing machines
introduced in the late 1980s, is gaining ground.
The method is safe but is suitable mainly for ma-
jor procedures with significant predicted blood loss
such as cardiovascular, vascular, and orthopedic
operations.
� Postoperative red cell salvage, namely blood col-
lected from drains in the first 6 hours follow-
ing surgery and reinfused without manipulation,
is simple and is adopted mainly by orthopedic
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teams, but concerns regarding reinfusion of acti-
vated plasma proteins and wound debris remain.

Pharmacologic alternatives
Hemopoietic growth factors became available in
the 1990s as a result of progress in recombinant
technology.

Erythropoietin was the first one to be used in re-
nal disease resulting in drastic decrease in transfu-
sions for these patients. The indications for rhEPO
have expanded reducing the need for transfu-
sion in hematologic disease and cancer patients as
well as in the anemia of chronic disease and of
prematurity.

Colony stimulating factors (CSFs), granulocyte
G-CSF, and granulocyte-macrophage GM-CSF for
chemotherapy-induced neutropenia, chronic, and
neonatal neutropenia are widely used and have re-
sulted in decreased mortality from infection.

The use of thrombopoietin for the treatment of
thrombocytopenia has been under investigation for
the past 10 years but has not yet had an impact in
reducing platelet transfusions.

Hemostatic agents
Almost 50% of blood units are transfused dur-
ing surgical procedures, so, if perioperative blood
loss could be reduced, transfusions would also be
reduced.

Antifibrinolytic agents like tranexamic acid,
epsilon-aminocaproic acid, and aprotinin have all
been used in the last 20 years and have re-
sulted in significant decreases in the need for
transfusions, mainly in cardiovascular surgery; un-
fortunately, aprotinin was recently implicated in
thrombosis and myocardial infarction and has been
removed from circulation.

Fibrin sealants
Topical agents made of fibrinogen and thrombin or
platelet gel applied on surgical surfaces to accel-
erate hemostasis have been developed in the last
10 years and are used mainly in cardiovascular and
orthopedic surgery.

Red cell substitutes
The greatest hope for reducing the need for trans-
fusions was the development of red cell substitutes;
perfluorocarbons and hemoglobin-based oxygen
carriers have been the subject of intense investiga-
tion for more than 20 years but safety problems are
still limiting them to clinical studies.

Hemovigilance quality systems

Systematic surveillance of adverse transfusion ef-
fects begun in the 1990s; France was the first
country to implement such a system in 1993, fol-
lowed by the United Kingdom in 1996. Today, most
European countries have a hemovigilance system,
although it is not obligatory in all of them. In ad-
dition to disease transmission and reactions, these
systems document errors occurring in the entire
transfusion chain; by far, the most frequent ad-
verse events were those resulting from errors in
the transfusion process leading to the transfusion
of ABO incompatible blood. Implementation of
hemovigilance has led to establishment of new
guidelines for a number of procedures.

In the last 15–20 years, emphasis was given to
the application of quality systems principles; good
manufacturing practices (GMPs) and quality man-
agement systems have been implemented in blood
centers, leading to better standardization of blood
products and reduction of errors and accidents.

Transfusion medicine

Blood transfusion started out as a relatively sim-
ple replacement therapy for bleeding or anemic
subjects. The last 20 years, however, have seen
a tremendous progress in the development of a
number of blood products and in their safety; at
the same time, emphasis was placed on the proper
indications for transfusion and on the choice of
available specialized blood products to cover the
needs of patients. Hemotherapy acquired a com-
plexity that necessitated specialized knowledge,
and studies began to show the deficiencies in
such knowledge of clinicians in making transfusion
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decisions. The effectiveness of transfusion came un-
der scrutiny, while the risks remained significant.
Blood bank personnel used to dealing with normal
subjects such as the blood donors, with the emer-
gence of therapeutic apheresis and stem cell col-
lection for transplantation, have to deal now with
patients; clinical laboratory training is not sufficient
any more. These developments created the need
for a new medical discipline, namely transfusion
medicine. Transfusion specialists trained in labora-
tory medicine, pharmaceutical production, clinical
medicine, epidemiological aspects, stem cell trans-
plantation, legal, ethical, and administrative aspects
could bridge the gap between the blood bank and
the clinicians, be it internists, anesthesiologists, or
surgeons. Clinician education and audits of trans-
fusion practice are the tools by which transfusion
specialists are aiming at improving the use of blood
products.

In 1989, Dr Sacket coined the term evidence-
based medicine (EBM), defined as the integration
of the best research evidence with the best clinical
expertise for good clinical decision making.

Transfusion medicine had to follow the princi-
ples and research methodologies that support EBM
in order to develop transfusion guidelines based on
such evidence, by performing Randomized Con-
trolled Trials (RCTs). As per the McCarthy et al.’s
study, 1000 RCTs on transfusion and apheresis and
70 meta-analyses were published by 2006.

Borzini et al. in an article published 10 years ago
pointed out that “transfusion medicine had become
a self-sufficient autonomous discipline.” He went
on to say that in order for TM to be “a stand alone
discipline,” self-recognition of such autonomy was
necessary but not recognition by other disciplines!

I would argue that the latter recognition is
important but unfortunately 10 years later the
specialty of TM is still not widely recognized.

Mueller and Seifried questioned recently why Eu-
ropean directives, recognizing professional qualifi-
cations of European doctors, do not include TM,
blood transfusion, or immunohematology at all, al-
though TM is recognized as a specialty by a number
of EU member states.

Efforts to this end should continue in order to
attract young doctors to the specialty of TM and
secure not only the safety and economy of blood
but most importantly the continued research in the
particular field.
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Donor selection and testing

Blood in Europe and America is collected from
nonremunerated volunteer donors who undergo
donor selection procedures designed to protect the
health of both donor and recipient. A health ques-
tionnaire aims to identify any underlying illness
in the donors which may put their health at risk
when making a donation and identifies any factors
(such as foreign travel or promiscuous sexual be-
havior) which may indicate an increased risk of car-
rying a potentially transfusion-transmissible infec-
tion. All donations are tested for mandatory micro-
biological markers (hepatitis B and C, HIV, syphilis,
and HTLV; see the chapter by Kitchen and Bar-
bara [1] in this volume) and ABO and Rh blood
groups. A proportion of donations also undergo
testing for other viruses (e.g., CMV) and additional
typing, such as extended blood grouping and hu-
man leukocyte antigen (HLA) typing, for patients
with specific requirements.

Whole-blood collection, storage,
and processing

European and American guidelines recommend
that the volume of whole blood collected is be-
tween 450 and 500 mL ± 10 % [2–4]. Blood is
collected into an anticoagulant composed of citrate,
phosphate, and dextrose designed to prevent blood

from clotting and maintain cellular function dur-
ing storage. Adenine may also be added to the an-
ticoagulant to improve the quality of red cells dur-
ing storage if other solutions are not added during
later processing steps. It is generally accepted that
there are very few clinical indications for transfu-
sion of whole blood, and the vast majority of blood
is therefore processed into its basic components: red
cells, platelets, and plasma. This is achieved by cen-
trifugation of whole blood in the primary collection
pack, followed by manual or automated extraction
of the components into satellite packs.

The initial storage temperature of whole blood
determines which components can be produced
from it (Figure 2.1). Because platelet function
rapidly deteriorates at 4◦C, whole blood must be
processed on the day of blood collection or stored
overnight at 22◦C for platelet production. However,
for the production of red cells, whole blood can be
stored at 4◦C for 48–72 hours prior to separation.
Plasma is generally separated from whole blood on
the day of collection or from blood that has been
stored at 22◦C for up to 24 hours, as these methods
have been shown to preserve plasma quality. In the
United States, “liquid plasma” (which has not been
frozen) and thawed plasma are also available for
use when transfusion of labile clotting factors (e.g.,
factors V and VIII) is not required. The storage tem-
perature, media, and shelf life of blood components
is tailored to each type of component, so that there
is preservation of component quality while afford-
ing the maximal usable shelf life.
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Figure 2.1 Production of components
from whole blood.

Collection of blood components
by apheresis

Apheresis, from a Greek word meaning “to take
away,” is an alternative to producing blood com-
ponents from whole-blood donations by selec-
tively collecting one or more components directly
from donors and returning the rest to the circu-
lation. Automated apheresis can be used to col-
lect platelets, plasma, red cells, or granulocytes, and
more specialized products, such as stem cells. The
main emphasis in the past has been the collection of
platelets and plasma components, with red cells be-
ing returned to the donor. The size and complexity
of the equipment, as well as welfare of the donor,
has previously necessitated this activity to take
place in static clinics. However, smaller portable
machines are now available that can be used on
mobile sessions to collect red cells, platelets, and
plasma. The main advantage of apheresis collec-
tions are that more than one dose of platelets or red
cells can be collected from one donor per donation,
thus reducing patient exposure to multiple donors.
In addition, the hematocrit and hemoglobin con-
tent of red cells is much more consistent than those
produced from whole-blood donations, which vary
considerably because of the variation in hematocrit
of whole blood in different donors.

Leukocyte depletion

Many countries have implemented universal
leukocyte depletion (LD) of blood components,

whereas in others leukocyte-depleted components
may be issued for selected patient groups only. In
the UK, a perceived benefit in terms of reduction in
the risk of variant Creutzfeldt-Jakob disease (vCJD)
transmission was a major contributory factor in the
decision to introduce universal LD in 1998. Other
benefits of LD, such as the potential for reduced im-
mune complications and transfusion transmission
of some cell-associated viruses (e.g., CMV), were
considered more important by other countries.

Although in the past LD was performed at the
bedside, the preference is now, because of qual-
ity reasons, for LD to be performed prior to com-
ponent storage, usually within 48 hours of dona-
tion. For whole-blood donations, this is achieved
by filtration, whereas an LD step by centrifuga-
tion/elutriation is integral to some apheresis tech-
nologies. Most whole-blood LD filters remove �2
logs of platelets in addition to �4 logs leukocytes.
Therefore, only fresh-frozen plasma (FFP) and red
cells can be produced from whole blood that has
been leukocyte depleted. To produce platelet con-
centrates, each component (red cells, plasma, or
platelets) must be filtered after their separation
from whole blood. However, a second generation of
whole-blood filters is becoming available that per-
mit platelets to pass through the filter, although
these are not yet in widespread use. LD results in
a 10–15% loss of volume of whole blood or pro-
cessed component but has minimal adverse effects
on the quality of blood components.

The specification for leukocyte-depleted blood
components varies between countries (Table 2.1),
but all reflect the current capability of LD systems,
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Table 2.1 Specifications for leukocyte-depleted blood components.

UK
Council of Europe/
European directive AABB

Level of residual leukocytes <5 × 106/U <1 × 106/U 5 × 106/U for red cells and
apheresis platelets <8.3 × 105/U for
platelet-rich plasma platelets

Percentage of components in
which this must be attained

99 90 95

Statistical confidence that this
is attained

95% Not stated Not stated

Adapted from Cardigan and Williamson [5].

the fact that only a fraction of components are
tested for residual leukocytes and that the limit of
sensitivity of current counting methods is around
0.3 × 106/U. Recent studies have demonstrated
�3.8 log reduction in all leukocyte subtypes by
whole-blood filtration and �3.1 log reduction by
platelet filtration and one platelet-apheresis tech-
nology [6].

Despite advances in technology, LD systems oc-
casionally fail. The risk that an LD system will result
in blood components being issued that fail to meet
the required specification for residual leukocytes is
dependent upon a number of factors: the capabil-
ity of the ID system, potential manufacturing de-
fects in the LD filter or pack system, the proportion
of components that are tested for residual leuko-
cytes, and donor-related causes. An estimation of
the likelihood of components is issued that exceed
certain levels of residual leukocytes are illustrated

(Table 2.2). Although most donor-related causes of
filter failure are poorly understood, it is known that
donors with sickle cell trait are more likely to either
block LD filters or fail to leukocyte deplete; 100%
of donations from such donors are therefore usu-
ally assessed for residual leukocytes [7].

Preparation and storage of
red-cell components

Red cells are transfused to treat clinically signifi-
cant anemia or blood loss. They are produced by
removing the majority of plasma from whole blood
by centrifugation (Figure 2.2). Red cells produced
from blood where the buffy coat has been removed
to make platelets will contain slightly lower volume
and hemoglobin content because of loss of some
red cells into the buffy coat (Table 2.3).

Table 2.2 Estimation of the residual risk of a
leukocyte-depleted component being issued
containing residual leukocytes above defined
levels.

>1 × 106/U >5 × 106/U >100 × 106/U

Apheresis platelets 1:175 1:1352 1:6381
Pooled platelets 1:202 1:2028 <1:22304
Red cells in additive 1:160 1:1522 1:7250
Fresh-frozen plasma 1:1072 1:18251 <1:14783

Figures are taken from UK quality monitoring data for an 18-month
period.
Residual risk = number of units issued/(number of units not
tested/number of units tested) × number of units that have residual
leukocytes above defined level.
Adapted from Cardigan and Williamson [5].
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Figure 2.2 Production of platelet components from whole blood. WB, whole blood; LD, leukocyte depletion; PRP,
platelet-rich plasma. Reproduced from Williamson and Cardigan [8], with permission.

Table 2.3 Specification and typical values for volume and hemoglobin content for leukocyte-depleted red-cell
components.

Specification Typical values

Volume (mL) Hb content (g/unit)

UK EU AABB UK EU AABB
Volume
(mL)

Hb
(g/unit)

Plasma
volume
(mL)

Red cell in additive
solution, LD all
methods

>75%,
220–340 mL

NS NS >75%,
>40 g

>40 g NS 284 ± 25 56 ± 7 17

Red cell in additive
solution, LD, apheresis

>75%,
220–340 mL

NS >95%,
>128 mL
red cells

>75%,
>40 g

>40 g >95%,
>42.5

273 ± 17 53 ± 4 22

Red cells in plasma, LD
for exchange

NS >75%,
>40 g

NS 321 ± 27 60 ± 6 116

Red cells in additive
solution, LD buffy coat
removed

As above 250 ± 19 49 ± 6 6

Red cells in additive
solution, LD

As above 304 ± 17 58 ± 5 28

LD, leukocyte depletion; NS, not stated.
Adapted from Cardigan and Williamson [5].
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Red-cell components are stored at 4 ± 2◦C for
a maximum of 35–49 days in additive solution or
28–35 days in plasma. The shelf life depends upon
the combination of anticoagulant, storage medium,
blood pack, and whether any further processing
steps are performed on the red-cell component
(e.g., irradiation of the component).

For the vast majority of red-cell units pro-
cessed, an additive solution containing adenine is
added following separation to achieve a hemat-
ocrit of 50–70% and maintain red-cell quality dur-
ing storage. The amount of residual plasma in a
red-cell unit in additive solution is dependent on
the hematocrit of the donor and how hard red
cells have been centrifuged; it is between 5 and
30 mL. Red cells used for intrauterine transfusions
(IUTs) and exchange or large-volume transfusion
to neonates are normally stored or reconstituted in
100% plasma because of concerns over potential
toxic effects of some of the constituents of additive
solutions.

For patients with immunoglobulin A deficiency
or severe allergic or anaphylactoid reactions to red

cells, it may be necessary to remove �90% of
plasma by washing and resuspending red cells in
saline. Red cells from donors with rare phenotypes
may be stored frozen for up to 30 years and are
washed prior to transfusion to remove the cryopro-
tectant used to store them.

Preparation and storage of
platelet components

Platelets are transfused to patients who have an in-
herited or acquired deficiency of platelet number or
platelet function [9]. There are two basic methods
for producing platelets from whole-blood dona-
tions: the “buffy-coat” method favored in Europe
or the platelet-rich plasma (PRP) method favored
in North America (Figure 2.2). Specifications
for platelet components are given in Table 2.4.
In the PRP method, whole blood is separated into
PRP and red cells following a “soft spin.” The PRP
is then subjected to a “hard spin” to remove plasma
and concentrate the platelets. In the buffy-coat
method, whole blood is subjected to a “hard spin”

Table 2.4 Specification and typical values for volume and platelet content for leukocyte-depleted platelet components.

Specification

Volume (mL)* Platelet content (× 109/unit) Typical values†
Platelet
processing
method

Number
of donors
per dose UK EU AABB UK EU AABB

Volume
(mL)

Platelet
content

Platelet-rich
Plasma

5–10 — >40 mL per
60 × 109

platelets

Not
specified

— >60 >55‡

Apheresis 1–2 Locally
defined

>40 mL per
60 × 109

platelets

Not
specified

>240§ >200 >300‡ 198 ± 15 288 ± 38

Buffy-coat-
derived
pooled

4–8 Locally
defined

>40 mL per
60 × 109

platelets

Not
specified

>240§ >60 per
single unit
equivalent

— 297 ± 38 330 ± 52

*The volume is also partly dictated by a requirement to keep the pH of platelet components within specified limits during
storage.
†Typical values are taken from national quality monitoring data from the English National Blood Service and are likely to
vary between countries.
‡More that 90% of components must meet this criterion.
§More than 75% of components must meet this criterion.
Adapted from Cardigan and Williamson [5].
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and separated into plasma, red cells, and a buffy
coat that contains most of the platelets but also
some leukocytes and red cells. Buffy coats from
four to six donations are then pooled with a unit of
plasma from one of the donations (or PAS, platelet
additive solution), subjected to a “soft spin” and
the PRP removed. The main difference between
platelet concentrates collected by apheresis and
PRP or buffy-coat platelets is that one or more adult
therapeutic doses can be collected by apheresis
from a single donor, which is not possible from one
whole-blood donation.

For either buffy-coat-derived or apheresis
platelets, the majority of plasma (70%) in the
platelet concentrate can be replaced with an arti-
ficial PAS designed to maintain platelet function
during storage. PAS differ in their composition;
key elements are the use of acetate or glucose as a
substrate for platelet metabolism, phosphate that
buffers lactate production, citrate to prevent coag-
ulation and lactate production and the inclusion
of potassium and magnesium to improve platelet
function during storage. Three different PAS are
CE marked in Europe for platelet storage, and
some European blood centers routinely produce
and store platelets in PAS. Platelets are stored with
agitation at 22 ± 2◦C for up to 5 days, although in
some countries this is extended to 7 days, provided
platelets are screened for bacterial contamination.
For some patients with severe anaphylactic reac-
tions to platelets because of contaminating plasma
proteins, platelets can be re-suspended in 100% ad-
ditive solution. However, these “washed” platelets
have a reduced shelf life of 24 hours because of
the rapid deterioration of platelet quality in the
complete absence of plasma, and a proportion of
the platelets may be lost during the process.

Preparation and storage of
frozen-plasma components

Plasma from whole-blood donations or apheresis
is used to either prepare plasma components for
clinical transfusion or fractionate to produce pure
plasma proteins.

FFP is produced by rapidly freezing the plasma
removed from a whole-blood donation or collected
by apheresis. This is usually performed within

8 hours of donation to preserve the activity of co-
agulation factors V and VIII, which are relatively
labile. However, FFP can be produced from whole
blood that has been stored at 4◦C or 22◦C for
24 hours. FFP is now only used to replace congeni-
tal single coagulation factor deficiencies where pu-
rified factor concentrates are not available (factors
V and XI). Most FFP is used to treat acquired multi-
ple coagulation factor deficiencies, usually in a clin-
ical setting of massive transfusion, liver disease or
disseminated intravascular coagulation [10]. Speci-
fications of frozen-plasma component are given in
Table 2.5.

Cryoprecipitate is produced by slowly thawing
FFP at 4◦C. This causes the so-called cryoproteins
to precipitate out: factor VIII, fibrinogen, von Wille-
brand factor (VWF), fibronectin, and factor XIII. By
centrifuging and removing the supernatant plasma,
the cryoprecipitate left is a rich source of these pro-
teins in a small volume of plasma. Because of the
widespread availability of purified or recombinant
concentrates of factor VIII and VWF, cryoprecipi-
tate is rarely used in the developed world to replace
these factors and is mainly used in the treatment
of hypo- or dysfibrinogenemia. Because of its high
fibrinogen content, cryoprecipitate is also used as a
starting material for the production of fibrin glue.

The supernatant plasma removed from cryo-
precipitate (CDP, cryoprecipitate-depleted plasma)
has been used as a replacement fluid for plasma-
exchange treatment of patients with thrombotic
thrombocytopenic purpura (TTP), as an alterna-
tive to FFP. There are theoretical advantages of
using CDP as it contains lower levels of high-
molecular-weight multimers of VWF, but this
benefit has not been proven clinically. In the UK,
however, solvent-detergent-treated FFP is now
recommended for the treatment of TTP because it
is subject to pathogen inactivation during its man-
ufacture and carries a lower risk of transfusion-
related acute lung injury (TRALI) because of
plasma pooling, which dilutes down the donor
antibodies.

Frozen-plasma components can be stored for up
to 36 months depending on the storage tempera-
ture, which is usually below −30◦C. Once thawed,
FFP should be used immediately but can be stored
for up to 24 hours at 4◦C.
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Preparation and storage of
granulocytes

Granulocytes may be transfused to patients with
a severe deficiency or dysfunction of neutrophils
which have developed or are at risk of developing
life-threatening infections. There is anecdotal ev-
idence of benefit, but few randomized controlled
trials (RCTs) have been performed, and a recent
systematic review found that there is inconclusive
evidence from RCTs to support or refute the gen-
eralized use of granulocyte transfusion therapy in
neutropenic patients [11]. Granulocytes are nor-
mally collected by apheresis and contain mainly
neutrophils but also significant numbers of lym-
phocytes, red cells, and platelets; hence, they need
to be crossmatched prior to transfusion. Preadmin-
istration of steroids and granulocyte-colony stim-
ulating factor (G-CSF) to donors can considerably
increase the yields collected (1−10 × 1010), but
this is not permitted in volunteer donors in some
countries. Yields in unstimulated donations rarely
exceed 0.5 × 1010, which is below the dose gen-
erally considered adequate for adults (�1 × 1010).
Because of the logistical and ethical constraints in
providing apheresis granulocytes, some countries
issue buffy coats as a source of granulocytes. Ten to
twelve buffy coats are transfused to provide a dose
of 1 × 1010 neutrophils.

Granulocytes should be transfused as soon as
possible after collection or preparation but can be
stored at 22◦C for up to 24 hours without agita-
tion and are irradiated prior to transfusion to pre-
vent transfusion-associated graft-versus-host dis-
ease (TA-GVHD) (see below).

Irradiation

Patients with congenital or acquired cellular im-
munodeficiency are at risk of development of
TA-GVHD, an almost universally fatal condition
caused by seeding of donor lymphocytes in the im-
munodeficient recipient. This condition can be pre-
vented by irradiation of blood components prior to
transfusion. A dose of 25–50 Gy is administered,
usually using purpose-built gamma irradiation
chambers; however, newer X-irradiation devices

are now coming on the market, which do not carry
the security risks of a gamma irradiation source.

Irradiation of red cells results in increase in
extracellular potassium levels and hemolysis. For
this reason, it is recommended that components
only up to 14 days following collection are irradi-
ated, and the shelf life is limited to 14 days post
irradiation. Potassium levels are more critical in
neonatal transfusions, and therefore the shelf life
of large-volume transfusions for neonates (e.g., for
exchange transfusion) is reduced to 24 hours post
irradiation. There is no change to the shelf life of
platelets postirradiation. Frozen components (FFP,
cryoprecipitate) do not require irradiation as they
do not contain live lymphocytes, and TA-GVHD has
not been reported following transfusion of these
components.

Patients at risk of TA-GVHD, who should receive
irradiated cellular components, include hemopoi-
etic stem-cell-transplant recipients, children with
congenital cellular immunodeficiency, patients
with Hodgkin’s disease, and those treated with
purine analog drugs and fetuses receiving IUT. Sub-
sequent transfusions to IUT recipients should also
receive irradiated components during the neona-
tal period. Some immunocompetent patients are
also at risk, namely those receiving HLA-matched
platelets, transfusions from first- or second-degree
relatives, or therapeutic granulocytes.

Quality monitoring of blood
components

Blood establishments manufacture blood com-
ponents to meet agreed specifications [2–4].
However, because of biological variation of the
starting material (i.e., the donor), not all compo-
nents produced can be expected to meet specifica-
tion. Quality monitoring is therefore performed on
a proportion of components (usually 1% of compo-
nents of which a large number are made; 10 per day
when small numbers are made) to assess confor-
mance. For some parameters, e.g., LD performance,
statistical process monitoring is used to detect any
drift in process capability before overt failures to
specification are found.
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Prion removal

At the time of writing, there have been four cases of
possible transmission of vCJD by transfusion [12],
all from nonleukocyte-depleted red cells. Recently,
studies using hamster scrapie models have shown
that LD reduces infectivity by 42% [13]. As LD
alone is unlikely to render units non-infectious,
there is considerable interest in alternative meth-
ods to reduce infectivity. Several companies are
developing technology to remove prion protein
from blood. PRDT/Macopharma has developed a
filter that removes prion protein from LD red-
cell concentrates. As this is an additional filtra-
tion step to LD, it is associated with a further loss
of hemoglobin. On the basis of current Spongi-
form Encephalopathy Advisory Committee (SEAC)
working assumptions on levels of infectivity, it is
predicted that at least 3 log removal of infectivity
(in addition to LD) would be needed to provide
clinical benefit in terms of preventing transmission
of vCJD. The PRDT device removes 3–4 logs of in-
fectivity from red cells spiked with scrapie infected
hamster brain [14] and �1.2 log (to below the limit
of detection) of infectivity from the blood of ham-
sters infected with scrapie [15].

The PRDT/Macopharma P-CaptTM Prion Capture
filter (Pathogen Removal and Diagnostic Technolo-
gies, Inc., New York, NY, USA, and Macopharma
Tourcoring, France) has been shown in vitro to
have negligible effect on the quality of red cells
or on the expression of common red cell antigens.
Studies in healthy volunteers examining the re-
covery of red cells filtered using P-Capt have been
completed with satisfactory results, and a clinical
study in patients designed to detect increased rates
of adverse events or red-cell alloimmunization has
commenced. Furthermore, the UK transfusion ser-
vices have commissioned an independent assess-
ment of the efficacy of prion reduction which is be-
ing performed by the Health Protection Agency.

A combined LD and prion removal filter is being
developed by Pall (Ann Arbor, MI, USA). As yet,
there are no prion removal filters for whole blood,
platelets, or single unit plasma.

Prion removal technologies would therefore ap-
pear to offer great promise in reducing the risk of
vCJD by transfusion; however, their implementa-

tion will require careful consideration of the costs
and benefits involved and what role they will play
if and when it becomes possible to test donors for
vCJD. In October 2009, the Advisory Committee
on the Safety of Blood Tissues and Organs recom-
mended this to UK adopt prior filtration of red cells
for patients born after 1st January 1996 (who will
not have been exposed to BSE through diet). The
UK Blood services are awaiting a decision in the
Departments of Health as to whether this recom-
mendation will be enacted.

Components for IUT and for
neonatal transfusion

IUT and exchange or large-volume
transfusions to neonates
Red cells are transfused in utero to treat severe fetal
anemia. In order to keep the volume transfused to
a minimum, they are prepared by removing some
of the plasma from whole blood to achieve a high
hematocrit of 0.70–0.90. Platelets may also need to
be transfused in utero in cases of severe thrombo-
cytopenia because of fetomaternal alloimmuniza-
tion to platelet antigens (e.g., HPA-la). A hypercon-
centrated platelet for this purpose can be produced
using apheresis technology from geno-typed
donors.

Exchange transfusions are performed on
neonates to treat hyperbilrubinemia. As for red
cells for IUT, those for exchange transfusion are
prepared by removing some of the plasma from
whole blood, but to achieve a lower hematocrit of
0.50–0.55. Red cells for IUT/exchange transfusion
are limited to a 5-day shelf life and should be used
within 24 hours of irradiation.

Because of concerns over the potential toxicity
of adenine and mannitol in red cell additive solu-
tions, red cells for IUT and exchange transfusion are
prepared and stored in plasma. The same concerns
apply to other clinical situations where large vol-
umes of red cells are transfused to neonates, such as
cardiac surgery or extracorporeal membrane oxy-
genation. However, some countries use red cells
in additive for exchange and large volume trans-
fusion without apparent problem. In the UK, there
is a move toward the use of red cells in additive for
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large-volume transfusion where possible to reduce
the unnecessary exposure of neonates to plasma
and therefore risk of TRALI and vCJD.

Top-up red-cell transfusions to
neonates
These are usually given to replace blood taken re-
peatedly for laboratory analysis in premature ba-
bies. They are prepared by splitting red cells in ad-
ditive solution into multiple smaller packs, which
can be stored up to the normal shelf life of red
cells in additive (35 days in the UK) and reserved
for individual recipients. This reduces the exposure
of the recipient to different donors considerably.
These need not be irradiated unless there has been
a previous IUT, or the blood donation is from a fam-
ily member.

Platelets and FFP
These are generally given to extremely sick babies
with multiple defects in hemostasis. They can be
prepared by splitting a full size unit into multiple
aliquots or in the case of platelets by preparing
them from a single donor by the PRP or buffy-coat
method. They have the same shelf life as standard
platelet and plasma components. In the UK, plasma
for FFP and cryoprecipitate production for those
under the age of 16 is imported from the USA as a
precautionary measure to reduce the risk of vCJD
transmission.
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CHAPTER 3

Current Information on the Infectious
Risks of Allogeneic Blood Transfusion
Alan D. Kitchen1 & John A. J. Barbara2
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Introduction

Although transfusion services globally strive to
ensure the microbial safety of the products they
provide, even in developed countries there remains
a residual, albeit small, risk of transfusion-related
infection. However, it is also important to recognize
that any invasive clinical procedure carries a finite
risk. The key issues are to understand the princi-
ples of risk and risk assessment in the transfusion
context, to determine the specific infection risks as-
sociated with allogeneic transfusion, to determine
the consequences of any transmission and then to
quantify those risks. This is complicated to some de-
gree by the fact that transmission of infection may
not always lead to clinical disease, and in such a sit-
uation there are no signs and symptoms of infection
and therefore any infectious events are unlikely to
be identified. This raises the question whether the
transmission of an infectious agent that does not
result in clinical disease, and when the recipient is
not harmed in any way, should be considered to be
an “infectious risk” of transfusion or not. Although
the issue of transfusion-transmitted infection may
seem to be fairly clear-cut—the transfusion trans-
mission of any infectious agent is always a serious
situation—the resultant pathological outcomes
must be considered. In the absence of any resultant

identifiable pathology, it could be hard to justify
introducing screening.

This review will consider the overall infectious
risks of allogeneic transfusion, the agents most
commonly involved and their prevalence and in-
cidence, how donations are screened to minimize
the risk of infection, the concept and quantifica-
tion of residual risk, new infectious “threats,” and
the importance of ensuring the appropriate clinical
use of blood to minimize unnecessary exposure to
human-sourced products.

The infectious risks of allogeneic
transfusion

There are perhaps two main areas that can con-
tribute to “risk” in terms of transfusion-transmitted
infection: first, the risk of not identifying those
transmissible infectious agents present in the donor
population and for which donations need to be
screened; second, the risk of then failing to detect
an infectious donation with the screening program
in use.

The first “risk” reflects the fundamental need to
ensure that the right infectious agents have been
identified and are being screened for in the first
place. Although simple in concept, resolution of
this can be complex. While most transfusion ser-
vices globally would consider that all donations
should, as a minimum, be screened for hepatitis
B virus (HBV), hepatitis C virus (HCV), human
immunodeficiency virus (HIV), and syphilis, there
then remains the issue of additional agents that
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may need to be screened for. This is largely depen-
dent upon the incidence and prevalence of other
transmissible infectious agents present in the donor
population. These “other” transmissible agents in-
clude, for example, malaria, Chagas disease, human
T-cell lymphotropic virus, agents that are restricted
geographically, by continent, region, or even coun-
try, and thus present with wide ranging incidence
and prevalence, and for which universal screening
is not appropriate. Infrastructure of blood services
and financial resources are also important issues in
developing a screening policy.

The second risk is one of the most critical
in transfusion practice today—the failure of the
screening program to detect an infectious donation.
There are a number of reasons for this, ranging
from human error to biological variability, and a
significant proportion of the resource of national
transfusion services is allocated to reduction of this
risk. While the reliability of the infectious disease
screening of donated blood is critical to ensuring a
blood supply that is as safe as possible, there are
areas where this may fail. Although most national
transfusion services tend to automate as much as
possible the screening of donations, and also have
fairly robust and comprehensive quality systems,
there is always a reliance on staff to ensure that the
systems are used correctly and effectively. Because
neither the staff nor the systems in place are to-
tally infallible, errors may still occur. However, it is
probably true to say that in any well-developed and
managed blood transfusion service the risks associ-
ated with failing to detect an infectious donation
are more scientific/biological; this will be discussed
in more detail in a later section.

In most countries with developed healthcare sys-
tems and developed blood transfusion services, the
transfused blood is rarely the source of infection.
More often either the patient was already infected
or there was a different source. Nonetheless it is
still crucial that the transfusion be ruled out as the
source of infection as soon as possible.

Transfusion-transmissible agents

There are a number of infectious agents that
are known, because of documented cases, to be

Table 3.1 Infectious agents transmissible by blood
transfusion.

Viruses

Hepatitis viruses
Hepatitis A virus (HAV)
Hepatitis B virus (HBV)
Hepatitis C virus (HCV)
Hepatitis D virus (HDV) (requires co-infection with HBV)
Hepatitis E virus (HEV)

Retroviruses
Human immunodeficiency virus (HIV) 1 and +2 (+ +
other subtypes)
Human T-cell leukemia virus (HTLV) I and II

Herpes viruses
Human cytomegalovirus (HCMV)
Epstein–Barr virus (EBV)
Human herpesvirus 8 (HHV-8)

Parvoviruses
Parvovirus B19

Miscellaneous viruses
GBV-C [previously referred to as hepatitis G virus (HGV)]
TTV
West Nile virus

Bacteria
Endogenous

Treponema pallidum (syphilis)
Borrelia burgdorferi (Lyme disease)
Brucella melitensis (brucellosis)
Yersinia enterocolitica
Salmonella spp.

Exogenous (environmental species and skin commensals)
Staphyloccocal spp.
Pseudomonads
Serratia spp.

Rickettsiae
Rickettsia rickettsii (Rocky Mountain spotted fever)
Coxiella burnettii (Q fever)

Protozoa
Plasmodium spp. (malaria)
Trypanosoma cruzi (Chagas disease)
Toxoplasma gondii (toxoplasmosis)
Babesia microti/divergens (babesiosis)
Leishmania spp. (leishmaniasis)

Prions
Variant Creutzfeldt–Jakob disease (vCJD)

transmitted by transfusion. Table 3.1 provides a
current listing.

Although the list may appear long, the bulk of
the risk is centered on a small number of infectious
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agents, mainly those giving rise to persistent infec-
tions, for which it is generally considered that all
donations should be screened: hepatitis B and C,
HIV, and syphilis. Although for many years, “clini-
cally,” risk has been associated more with the per-
sistent viral agents causing a carrier state, acute
(short viremia) agents can be a risk, especially if at
a high incidence.

Additionally, there are other agents such as
plasmo-dium spp. (malaria), Trypanosoma cruzi
(Chagas disease), and T-cell lymphotropic virus for
which donors and/or donations may be screened in
nonendemic areas such as Europe, but which may
not be considered as such a universal threat as the
specific infection risks associated with donors are
more clearly defined, and thus the donor selection
process can play a major role in screening for such
infections.

Finally, there are those infectious agents such as
Borrelia burgdorferi (Lyme disease), Brucella meliten-
sis (brucellosis), Babesia microti, and divergens, and
Rickettsia rickettsii (Rocky Mountain spotted fever),
which are very restricted in their distribution/risk,
and which may only present a risk in specific coun-
tries or even specific regions/localities within indi-
vidual countries.

New/emerging infectious
“threats”

In addition to the “existing” infectious risks, the
threat of either new or emerging infection is always
present. These “threats” may be newly identified
infectious agents, known agents not previously
identified as a threat to transfusion and known
transmissible agents when the incidence of infec-
tion has increased both significantly and rapidly.
Whatever the threat, it is obviously important to
identify it as soon as possible.

A major problem for transfusion services is that
very often the first knowledge of a “new” infectious
threat comes from the report of an infection identi-
fied in the transfusion recipient. In some countries
there is monitoring of transfusion recipients, and
this is a way in which possible transfusion-related
infections can be identified, hopefully as early as
possible following the development of infection.

However, this is very expensive, time-consuming,
and fraught with problems, and therefore only
performed in a small number of countries (and
even then often only on a percentage of recipients).
Additionally there are specific studies of cohorts
of transfused patients, often looking for evidence
of infection with “known” infectious agents, but
sometimes looking for specific agents to determine
if transfusion transmission occurs or has occurred.
However, although such studies are valuable,
they do not provide a systematic approach to the
identification of transfusion-transmitted infectious
agents.

Although many countries do have surveillance
programs that monitor infectious disease outbreaks
and their spread in the population for both new and
existing infectious diseases, this may not always be
related to any resultant risk of transfusion-related
infection. The West Nile virus epidemic in the
United States is such an example. Although the
spread of infection in the population was being
monitored and West Nile virus fitted the category
of potentially transfusion-transmissible infectious
agents, it still took transfusion transmissions to
trigger interventions to reduce the transfusion risk.
Additionally the risk of transmission of even a
low-risk infectious agent may increase as the level
of infection rises. Thus it is not just the monitoring
of the prevalence of infection that is needed, but
also the monitoring of the incidence of infection.
Increasing incidence of a transmissible infectious
agent in the general population almost always
translates into an increased risk of infection in
donors and thus potentially increased risk of the
agent entering the blood supply [1].

Probably the most significant emerging threats
to transfusion safety are the mosquito-borne
infections, notably viruses such as Chikungunya,
Dengue, Zika virus. Dengue is a well known
and characterized virus and although always a
potential threat it has rarely been reported to have
compromised blood safety probably because it gives
rise to an acute and highly symptomatic infection.
Similarly Chikungunya is another well character-
ized threat, and although generally uncommon in
actually compromising blood safety, it has caused
specific problems following a major outbreak on
the island of Reunion in 2005/6. Zika virus is a
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more recently identified flavivirus that effectively
appears as a milder form of Dengue. As it is has rel-
atively mild clinical sequelae, its actual significance
in terms of transfusion transmission is unclear.
Transfusion-transmitted infections may be more
clinically significant, or alternatively mild infec-
tions following transfusion may not be identified in
the absence of clinical symptoms and transmissions
may be missed. However, in all such cases the
emerging threat is primarily because of spread
of the disease either through increased travel to
endemic places or through the spread of infected
mosquitoes to previously uninfected areas. Glob-
ally there would appear to be a slow but continuing
spread of infectious agents from endemic areas
into nonendemic areas or areas from where the
infectious agents had been eradicated. There are a
number of factors at play here, including increased
global travel, the changing global climatic pat-
terns, and failure or cessation of national/regional
eradication programs. Although increasing the
potential for transfusion transmission, in nonen-
demic countries at least, “at-risk” donors can be
identified through travel/residency history (most
risks in nonendemic countries come from travelers
or migrants) and deferred or screened accordingly.
There is an emerging issue, but in most cases there
is also a viable solution.

Screening to reduce risk

The key to minimizing infectious risk is screening
of both donors and donations. Screening is thus a
two-stage approach: the donor selection process is
the first stage of the screening process, and labora-
tory screening/testing the second stage.

Donor selection and screening
At the outset, the donor selection/deferral process
determines whether the donor himself/herself
represents a risk. If so a donation should not be
collected from that donor. The definition of “risk”
as far as donor selection is concerned revolves
around the likelihood of the donor having been
exposed to any infectious agent that is likely to be
transmitted by transfusion. This risk is normally as-
sessed by identifying particular activities/behavior,

which could have resulted in the transmission of
infection, i.e., unprotected sex, intravenous drug
use, tattooing, travel, and so on, although this
approach is not effective if exposure is common,
e.g., eating beef in the United Kingdom.

Information is usually provided to donors in
advance of donation so that self-exclusion can
take place. This approach can be very effective
as it reduces the issues surrounding obtaining
the right information from donors in the “open”
environment of a collection session. If potential
donors have sufficient information ahead of time,
they can elect not to attend a session if they are an
“infection risk” in any way.

At the collection session, donors are normally
then interviewed further and in more detail to
ensure that they meet the selection criteria. These
include medical conditions that may actually result
in risk to the donors themselves if they donate.

Donation screening
Once the donor has been cleared for donation, lab-
oratory screening/testing of the donation collected
is the next step in the process. For most products
this is also the final step. A screen negative result
releases the product for clinical use. Thus there
is a heavy reliance on the screening program to
ensure that any donation from an infected donor
is detected and removed from inventory as soon
as possible. The effectiveness of any screening
program is dependent upon a number of indi-
vidual factors: the incidence and prevalence of
the infectious diseases being screened for, the
performance of the screening assays used, the
screening algorithm, and the overall breadth and
effectiveness of the quality system.

Understanding the infectious agents present in
the donor population is critical—not just which
agents are present, but their incidence and preva-
lence. In the context of transfusion safety, it is
the incidence of infection in the donor population
that is generally more relevant than prevalence
as this represents the greatest risk in terms of
encountering recent infections. Populations with a
high incidence of infection are a greater risk, as at
any point in time, there is a greater likelihood that
a recently infected donor may present to donate; in
most countries with developed transfusion services,
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it is these donations that represent the greatest
infectious threat to blood safety today. Although
high prevalence populations do also present a risk,
if the incidence is low, the risk may be different.
Depending upon the specific circumstances, it
would be expected that most infected individuals
would have (long) past infections, and any infected
donations would therefore be detected easily on
screening. In addition, if on resolution of infection
immunity is conferred, then history of previous
resolved infection would not exclude donation (c.f.
HBV screening).

The screening assays in use must be selected
carefully, ensuring the highest possible sensitivity
and specificity. To achieve this, formal scientific
evaluation of the assays is required, and their
performance must be well characterized [2]. This
includes evaluating the performance of assays in
the detection of the different types and subtypes of
the specific infectious agents, and importantly the
ability to detect any mutants that either already
exist or may appear. Thus the assay evaluation
process plays a major part in ensuring safety.
However, such evaluations are expensive and
time-consuming, and even today there are limited
numbers of high-quality in-depth evaluations per-
formed globally. However, most of the evaluation
data are subsequently made available in the public
domain and so are accessible to most countries. The
only proviso is that the data generally have a slight
bias toward the specific needs of the country that
performed the evaluation, its donor population,
disease levels, and transfusion risks, and therefore
may need supplementing in countries with signif-
icantly different disease prevalence and incidence.
In addition to sensitivity, specificity assessment
is also important to ensure that donations are
not wasted unnecessarily. Even today, this still
involves a degree of mutual exclusivity: increasing
sensitivity results in decreasing specificity, and
vice versa. Thus, assay sensitivity is not the sole
performance marker.

The screening algorithm adopted plays an im-
portant role in the overall effectiveness of any
screening program. The algorithm defines how
the assay is used and the actions to be taken as a
consequence of the results obtained. The simplest
algorithm involves screening with the selected as-

say and then acting directly on the results obtained,
i.e., releasing the screen negative donations and
discard the reactives. This provides safety, but
at the expense of sufficiency. Although safety is
important, sufficiency is also important. A more
balanced algorithm, for example, would be to
screen with the selected assay, release the screen
negative donations, and repeat the screening test
(in duplicate) on all initially reactive donations.
Donations with both repeat tests negative are
released and repeat reactives discarded. There are
other algorithms that can be used depending upon
the circumstances. The rationale behind all of the
algorithms is to ensure that the screening being
performed is as effective as it can be given the
particular situation. This is a function of the expec-
tation of the screening, i.e., in the blood transfusion
service context it is expected that the population
being screened is a low-risk population and
therefore the majority of screen reactives reflect
nonspecific reactivity rather than true infection.

Finally, the overall quality of the laboratory
screening performed obviously plays an important
role in assuring safety. The effectiveness of the
quality system is critical here. No matter how good
the assays used, if they are not used correctly and
effectively, there is a risk that an infected donation
could be missed. The quality system ensures that
the screening is performed effectively and consis-
tently so that the results generated can be relied
upon. There are numerous specific elements of any
laboratory quality system, too many to cover ade-
quately in this text. However, key elements of the
quality system include the effective training of staff,
documents and document control systems, evalua-
tion and validation, and the ongoing monitoring of
results; all of these drive toward process control and
the aim of “error-free” testing. With these in place,
the overall quality of the screening outcomes—the
reliability of the results—increases.

Residual risk

Overall, well-designed laboratory screening pro-
grams are very effective in ensuring that donations
with evidence of infection are identified. Nonethe-
less, there are limitations, and even the best
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screening programs may not prevent all instances
of failure to detect an infectious donation. Probably
the main reason today for any failure of the screen-
ing program within a well-organized and well-
managed blood transfusion service is the situation
where a donor has been recently (unknowingly)
infected and then donates—although “incorrect”
donor selection (for whatever reason) may also
result in potentially infectious donations being col-
lected. At that time the donation may be infectious,
but the particular circulating marker of infection
screened for, for that particular agent is not yet
present at a detectable level. The donation will be
“screen negative” although potentially infectious.
This situation is described as the “window period”
of infection, that period when a donor may be
infectious, yet undetectable on screening. All blood
screening strategies therefore aim to reduce the
window period as much as possible. Whether the
window period can be closed totally is a matter of
debate, but good screening strategies can certainly
reduce it significantly. However, to understand
how this can be achieved, and the limitations, the
factors that give rise to the window period must be
considered and understood, and then the proba-
bility of collecting a donation from a donor in the
window period must be quantified in some way.

Importantly, the window period is not simply
a result of poor assay sensitivity; further factors
are involved. The window period exists due to
the combination of the biology of the infectious
agent, the immunocompetence of the donor, the
incidence of infection, the screening marker cho-
sen, and the sensitivity of the screening assay used.
Following exposure to an infectious agent, it takes
some time, variable according to the agent, before
replication has generated sufficient target, or the
immune response has produced enough antibodies,
to appear in the circulation and be detectable in a
given test. Even then, there is a finite level at which
it is detectable, although this may be greater than
the level required to transmit infection. This is then
dependent upon the particular marker of infection
screened for—the agent itself (nucleic acid or anti-
gen) or the host’s immune response to the agent
(antibody). Detection of the marker is then a func-
tion of its presence in the circulation, its level, and

the sensitivity of the screening performed. Thus,
the complexity of the window period and its im-
portance in blood screening can be seen clearly.

The topic of residual risk, definition, calculation,
and minimization, is one that has been of particular
interest to transfusion services for over 10 years
now. Residual risk (of transfusion-transmitted
infection) is, very simply, the risk of an infectious
donation being present in the blood supply after
all of the donor and donation screening activities
have taken place and the unsuitable donations
have been removed and discarded. Although to
“complete the circle” it would be useful to extend
this definition to include the risk of the recipient
then becoming infected, this clearly involves sev-
eral factors and cannot be calculated exactly and
reproducibly. However, the risk of failing to detect
an infectious donation can be calculated with some
degree of accuracy by using basic data generated
through the screening program. In general, the
data help to establish, by measurement, the overall
effectiveness of the screening program. More
specifically, however, the data can be used in a
number of ways to both provide a baseline for the
“current screening strategy” and predict the impact
of changes to screening programs, for example,
of introducing an additional assay or changing an
assay. In addition, the data can be extrapolated
to help calculate the potential risk of a “new” or
“emerging” infectious agent by comparing data for
a similar existing agent.

The estimates of residual risk are calculated by
using the original formula of Schreiber et al. [3]
and are based upon knowing the incidence of each
transmissible infection in the donor population in
question, the window period for each infectious
agent, and the inter-donation interval. Although
these data are general estimates in themselves, they
are largely based upon clear measurables that can
be obtained by transfusion services from within
their own screening systems. The residual risk de-
creases as the incidence and the window period
decrease and the inter-donation interval increases.

Residual risk estimates are now available from
a number of countries. However, the nature of
some of the data required (incidence of infec-
tion, interdonation intervals) is such that not all
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Table 3.2 UK data on residual risk of transfusion-transmitted viral infections 2003–2004* [4].

Risk due to HBV HCV HIV HTLV I

Window period donation
Per million 1.03 0.01 0.17 0.03
1 per × million 0.97 79.05 5.8 30.39
All causes
All donations
Per million 1.09 0.01 0.19 0.04
1 per × million 0.91 71.92 5.38 23.89

Donations from new donors
Per million 4.38 0.05 0.27 0.15
1 per × million 0.23 18.39 3.65 6.65

Donations from repeat donors
Per million 0.73 0.01 0.18 0.03
1 per × million 1.36 105.57 5.67 33.36

*Data include additional risk because of test sensitivity and testing errors.

transfusion services have the organization and
structure to have accurate figures for these data.
In these cases, it is very hard to generate accurate
and meaningful data. Nonetheless, countries are
starting to report residual risk data. Tables 3.2
and 3.3 provide residual risk data: detailed data
from the United Kingdom (Table 3.2) and data
from a number of countries (Table 3.3).

Bacterial contamination

A further, and important “risk” aspect of transfu-
sion, although most commonly of platelet products,
is bacterial contamination. The contamination of

blood and components by bacteria has been a per-
sistent problem for many years, although the ad-
vent of single use disposable collection systems has
helped reduce significantly the incidence of con-
tamination. However, platelet products, because of
their storage temperature at 20–22◦C and the nu-
trients in the plasma, provide the ideal conditions
for bacterial growth. Over the years the numbers
of reported cases of bacterial contamination have
increased [12, 13] partly because of the develop-
ment of coordinated reporting systems and partly
because of an increased awareness and improved
monitoring of patients. The risk of contamina-
tion effectively arises from either endogenous bac-
teremia in the donor, or from exogenous bacteria

Table 3.3 Data on residual risk of transfusion-transmitted viral infections from seven countries 2000–2005.

Risks per 106 donations
Tests in addition to HBs Ag,

Country HCV Ab, HIV Ab or Ag/Ab Years HIV HCV HBV

Germany [5] HIV/HCV RNA, HBV DNA (pools) 2000–2002 0.22 0.37 1.51
France [6] HIV/HCV RNA (pools) 2001–2003 0.32 0.1 1.57
Switzerland [7] HIV/HCV RNA (pools) (2002) 2001–2003 1.35 1.5 5.36
Italy [8] HIV/HCV RNA (pools) 2001–2003 1.1 0.5
Spain [9] HCV RNA (pools) 2000–2002 2.48 3.94 9.78
UK [10] HCV RNA + HIV RNA (pools) 2002–2003 0.22 0.05 2.2
Canada [11] HIV/HCV RNA 2001–2005
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entering the blood from the environment at some
point in the donation process. Bacterial contami-
nation from bacteremic donors is uncommon. Ei-
ther levels are very low, such as after recent dental
work and there may be automatic temporary defer-
ral after such interventions, or the donor would be
too unwell to donate. The major cause of bacterial
contamination is because of exogenous contamina-
tion at some stage during the collection, processing,
storage, or even use of the product. At the point of
donation there is the greatest risk, as bacteria are
present on the skin of the donor. Donor arm cleans-
ing techniques have been refined over the years to
minimize this risk, but some bacteria sit deep in the
skin and may enter the donation in the plug of skin
that is excised by the collection needle. Blood bag
manufacturers have assisted in reducing the risk of
contamination at the point of collection by adding
a small pouch to the collection set into which the
first 20–30 mL of blood is diverted. This should then
capture any bacteria associated with the plug of
skin. This, together with the improved arm cleans-
ing methods, should reduce significantly contami-
nation because of bacteria introduced at the time of
donation [14]. In addition, although poor cleanli-
ness and care during the subsequent processing of
donations may result in the introduction of bacte-
ria into one or more of the products, closed sys-
tems and improvements in hygiene and cleanliness
in processing areas have reduced this risk also. To-
day, although bacterial contamination still occurs,
improved practices have reduced the incidence of
events. Monitoring of bacterial contamination of
platelets has also been introduced in some coun-
tries to try to reduce the risk further still [15].

Identifying transfusion-
transmitted infections

As discussed above, information about transfusion-
transmitted infection incidents may come from a
variety of sources. However, although prospective
screening of recipients can be highly effective, it
is not a highly practical approach. Thus, in terms
of ensuring that any infections resulting from
transfusion are identified, national hemovigilance

programs are essential for capturing this informa-
tion. Many countries now have such programs,
which aim to identify nationally adverse out-
comes of transfusions, and to collate and analyze
the information. In the United Kingdom, this is
achieved through the national Serious Hazards of
Transfusion system [13], which requires all users
of blood and blood components to report any ad-
verse incidents in transfusion practice. Individual
hospitals report to a central point any adverse
incidents arising directly from transfusion. The
information reported includes a full description
of the incident and surrounding circumstances,
the clinical outcome, possible causes, and the out-
come of any local investigation. This information
is then analyzed in a standardized way that enables
incidents to be grouped according to underlying
cause, outcome, and so on. The data obtained not
only provide a good overview of the outcomes
of blood transfusion, but also provide the essen-
tial information to enable a transfusion service
to change/develop its strategies in response to
identified issues and clinical outcomes.

However, it is also just as important to determine
as accurately as possible whether a reported case
of transfusion transmission of infection is genuine
or not. This applies equally to known agents as
well as new/emerging agents. For any reported
transmission, it is crucial to investigate and deter-
mine (i) whether the recipient is truly infected;
(ii) whether the recipient was infected before the
transfusion event; and (iii) whether the infectious
agent was actually present in one or more of the
donations transfused. The acid test is to deter-
mine whether the reported infection event fulfills
Koch’s postulate, i.e., the proven detection of the
infectious agent in both the transfused product
and the recipient. Clearly, without demonstrating
the presence of the agent in any of the products
transfused, it is unlikely that the transfusion would
be confirmed as the source of the infection.

Appropriate clinical use of blood

One of the most obvious ways to reduce the
risk of posttransfusion infection is to transfuse
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only when it is necessary, and then only what is
actually needed to obtain and maintain the desired
clinical outcome. Thus, blood should only be used
and transfused when clinically indicated. The
use of alternatives, e.g., crystalloids and colloids
when simple volume expansion is required, must
be encouraged. It is only when either red cells,
platelets, or plasma are specifically indicated that
they should be transfused. This is a key element
of medical education and is now being incorpo-
rated into medical training at undergraduate and
graduate levels. It is also becoming increasingly
emphasized by national departments of health as
an important aspect of clinical governance.

Other interventions to reduce risk

Although screening today is still the mainstay of
ensuring the microbiological safety of the blood
supply, there are other interventions that can be
applied to the products themselves to help reduce
risk even further. Pathogen inactivation, the post-
processing treatment of blood products by using
combinations of chemical and physical treatments,
has been in use for some years now, for specific,
largely fractionated plasma products [16, 17], and
more recently for ID products [18]. The effective-
ness of such approaches on cellular products is lim-
ited, primarily as many of the approaches adopted
so far are incompatible with cellular products,
rendering them ineffective. There are a number of
companies now working on more broadly appli-
cable systems, and it should be expected that the
use of pathogen inactivation technology would in-
crease. However, this approach will not replace lab-
oratory screening as the cornerstone of blood safety
until it can be applied to all blood components.

Leukodepletion, although not intended to be
an intervention solely to reduce microbial risk,
may now also be considered to play a role in
helping to reduce infection risk [19, 20]. There
are some transmissible infectious agents that are
essentially cell (leukocyte) associated, and removal
of a significant percentage of the leukocytes may
reduce any risk of their transmission. However,
it must also be remembered that leukodepletion

does not remove all leukocytes, and even with the
expected 3–4 log10 removal there are still large
numbers remaining. Leukodepletion has been
considered to be a way to reduce the risk of variant
Creutzfeldt–Jakob disease because of its association
with leukocytes. In addition to leukodepletion,
nanofiltration of red cell products to remove prions
is also under evaluation, but the costs are high and
the net benefit yet to be determined.

Although there are approaches and interven-
tions that are aiming to reduce risk by replacing
human-derived materials with artificial ones or
by applying postprocessing procedures to inacti-
vate/remove pathogens, these approaches leave
gaps such that laboratory screening is still the
keystone of the removal of infectious risk from
transfusion.

Conclusion

Although blood transfusion is not without in-
fection risk, in most countries with developed
healthcare systems and transfusion services this
risk is extremely small, almost negligible, and
certainly well below the level of the general risk
associated with invasive clinical procedures and
other aspects of health care in general. The vast
majority of patients are not at risk of infection from
the blood and products that they receive. However,
it is also important that transfusion services are
vigilant and ensure that risks are kept low and that
any threats to safety are identified and dealt with
as soon as possible. Notwithstanding this, there is a
real threat to blood safety—that of maintaining the
right balance between cost and benefit. There is no
question that there is a cost to ensuring safe blood
and also a clear need. However, a problem arises
when the costs spiral out of all proportion to the
benefit obtained. This is an emerging consequence
of the (over) use of the precautionary principle,
applied increasingly to blood safety. Of course,
measurement of the benefit is important, and
then the issue arises of an expectation of absolute
safety of all blood and products. Clearly, for those
of us working in the field, no matter how much
we may strive for it, we know this is unrealistic.
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Nevertheless, patients, politicians, and some
clinicians seem to have this expectation.
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Introduction

It is impossible to attain zero risk from blood trans-
fusion, as indeed it is from any therapeutic in-
tervention in medicine. There is increasing public
awareness of the possible complications of blood
transfusion with intense media attention focusing
particularly on the risk of transfusion transmitted
infections. The result is that the public perceive that
blood transfusion is becoming more and more un-
safe, whereas the reality is that blood transfusion
has probably never been safer. This public con-
cern is also misdirected, as the majority of poten-
tial blood recipients are aware of possible infec-
tious complications but oblivious to the risks of
incompatible transfusion. In the developed coun-
tries, transfusion transmitted infections carry an ex-
tremely low risk, while the risk of immunologi-
cal complications of blood transfusion is somewhat
higher. This risk tends to receive rather less media
attention although some fatal cases of the wrong
blood being transfused into a patient occasionally
reach the newspaper headlines. However, the pub-
lic and the media have a great deal of influence on
blood transfusion services, resulting in demands for
both improvements in the microbiological safety of
blood, and for increased availability of alternatives
to blood transfusion.

In this chapter, the immunological complications
of blood transfusion will be discussed; the problems
of viral transmission and bacterial contamination
are discussed by Kitchen and Barbara [1] in this
volume. In the United Kingdom, 2,250,000 of red
cells are issued to hospitals in the course of 1 year,
together with 300,000 units of fresh frozen plasma
and 255,000 units of platelets. Between the years
1996 and 2008, the Serious Hazards of Transfusion
(SHOT) report, a centralized anonymous hemovig-
ilance data collection scheme to which all UK hos-
pitals contribute [2, 3], included 5374 reports of
transfusion related adverse incidents.

Figure 4.1 shows a pie chart illustrating the
breakdown of causes of these transfusion reac-
tions reported to the UK national hemovigilance
system, SHOT. Transfusion of the incorrect blood
component (IBCT) accounted for 43.8% of the
cases reported (2355 cases). This underlines the
fact that procedural errors resulting in the blood
of the incorrect group or specification being trans-
fused, including incorrect ABO and Rh D groups,
are responsible for the majority of complications
of transfusion. Incorrect prescription, administra-
tion of components, handling and storage are also
included in the IBCT category. In fact, in only 24
cases in 12 years, was the transfusion of the IBCT
causal or contributory to death; fortunately only 5–
10% of recipients of ABO incompatible blood suffer
serious morbidity of mortality. It is estimated in the
United States and the United Kingdom that about
1 in 30,000 units of red cells transfused are ABO
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Figure 4.1 Cumulative numbers of cases
reviewed by SHOT, the UK hemovigilance
system 1996–2008 (n = 5374) (Before 2006
the HTR category was referred to as delayed
transfusion reactions.) ATR, acute transfusion
reaction; HSE, handling and storage errors;
HTR, hemolytic transfusion reaction; IBCT,
incorrect blood component transfusion; I&U,
Inappropriate and unnecessary transfusion;
PTP, post-transfusion purpura; TACO,
transfusion associated circulatory overload;
TAD, transfusion associated dyspnoea;
TA-GVHD, transfusion-associated
graft-versus-host disease; TRALI,
transfusion-related acute lung injury; TTI,
transfusion-transmitted infection.

incompatible, while deaths because of ABO incom-
patibility are of the order of 1 in 500,000–600,000
[3, 5]. This fatality rate, although very small, is
much higher than the residual risk of acquiring HIV
infection by transfusion in the United Kingdom,
i.e., less than 1 in 5,000,000 units transfused (see
the chapter by Kitchen and Barbara [1] in this
volume).

Other immune-mediated causes of transfusion
fatalities and of serious morbidity are generally less
predictable or preventable. These include white cell
antibody-mediated transfusion-related acute lung
injury (TRALI), extravascular acute and delayed
hemolytic transfusion reactions (HTR) because of
non-ABO antibodies, transfusion-associated graft-
versus-host disease (TA-GVHD), post-transfusion

purpura (PTP), and anaphylactic reactions because
of IgA in plasma transfused to IgA-deficient recipi-
ents with anti-IgA (Table 4.1).

HTR

HTR are the clinical consequence of the immune
destruction of transfused red cells. This typically
occurs when antigen-positive red blood cells are
transfused into a patient who has a clinically signifi-
cant alloantibody to that antigen. Severe acute HTR
(AHTR) which occur within 24 hours of the of-
fending transfusion are largely due to intravascular
hemolysis caused by complement fixing IgM anti-
bodies. However, less severe AHTR can be caused

Table 4.1 Immunological complications of blood transfusion.

Acute or immediate immunological complications of blood transfusion (occur within 1–2 hours)
Hemolytic transfusion reactions with symptoms (intra- or extravascular)
Febrile, nonhemolytic transfusion reactions
Uticarial reactions
Anaphylactic reactions
Transfusion-related acute lung injury

Delayed immunological complications of blood transfusion
Delayed hemolytic transfusion reactions with symptoms; always extravascular
Post-transfusion purpura
Graft-versus-host disease
Immunological refractoriness to platelet transfusions
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by extravascular red cell destruction by IgG anti-
bodies, such as, anti-D, anti-K in patients sensitized
by previous transfusions, or pregnancy. The inci-
dence of these is reported to be approximately 1
in 25,000 transfused units of blood [6]. Delayed
HTR (DHTR) occur after 5–8 days following trans-
fusion and are due to anamnestic or secondary im-
mune responses in previously sensitized (“primed”)
patients in whom no antibody can be detected in
the pretransfusion sample leading to extravascular
hemolysis. The incidence of these is frequently re-
ported to be 1 in 2500 transfused units [7].

The clinical presentation is a spectrum of symp-
toms, including fever and chills, which are the
most common symptoms in both AHTR and DHTR
[8]. Hypotension, tachycardia, nausea, and vom-
iting are more likely to occur in acute reactions,
as are loin pain and chest pain, although these
may also occur in delayed reactions. A leukocy-
tosis may be noted in any HTR. The intravascular
hemolysis of the AHTR produces the classic signs
of hemoglobinemia and hemoglobinuria, which are
pathognomonic of this condition (they may oc-
cur in extravascular HTR if very potent antibod-
ies lead to red cell destruction by cytotoxicity).
These signs are not a feature of DHTR in which the
hemolysis is largely extravascular and jaundice is
characteristic. Disseminated intravascular coagula-
tion (DIC) and renal failure are much more com-
mon in AHTR but may also sometimes occur in
DHTR, and death may ensue in either case, al-
though more frequently after acute intravascular
HTR. In certain circumstances, particularly in pa-
tients who are under anesthesia, the typical symp-
toms may be masked by the paralysis and uncon-
sciousness of the patient. An HTR may then be
first noted from the hemoglobinuria and excessive
bleeding because of DIC. Biochemical tests may re-
veal hemoglobinemia, elevated lactic dehydroge-
nase, renal failure, and hyperbilirubinemia. Hap-
toglobin may become depressed in both kinds of
reactions but is more important in intravascular
cases. There is of course a danger in this situation
that further blood may be transfused to keep up
with blood loss, and this may be incompatible blood
if the cause of the problem has not yet been fully
identified.

Occasionally, an HTR may result from transfu-
sion of non-red cell blood components such as fresh
frozen plasma or platelets. In this event, the plasma,
which is usually group O transfused to A, B, or AB
recipients, may contain sufficient potent antibodies
directed against A or B antigens on the recipient’s
red cells to cause hemolysis. Even more rarely, in-
compatibility between red cells from one donor and
plasma from another donor may result in hemoly-
sis when the two are mixed in the recipient (“in-
terdonor” incompatibility). In some instances of
DHTR, the apparent loss of circulating red cells ex-
ceeds what would be expected if only the antigen-
positive transfused cells were cleared from periph-
eral blood. This may be because of complement
deposition on autologous red cells which become
positive on the direct antiglobulintest (DAT). This
phenomenon has been called “bystander hemoly-
sis” [9]. This reaction can be differentiated from
autoimmune hemolytic anemia by the absence of
anti-IgG reactivity in the DAT and a lack of an au-
toantibody in the eluate.

The characteristics of the alloantibodies and their
specificity determine the course and severity of an
HTR. Red cell alloantibodies are primarily IgG and
less often IgM. IgM antibodies readily fix comple-
ment and it is these that classically cause the in-
travascular AHTR. IgG antibodies typically cause
extravascular HTR which can be acute (if there
is antibody present in sufficient quantity at the
time of the incompatible transfusion), or delayed
(if antibody is absent in the pretransfusion testing,
“boosted” by the transfusion and becomes appar-
ent 5–8 days later leading to red cell destruction).
Table 4.2 shows the specificities associated with in-
travascular or extravascular hemolysis. Other red
cell antibodies may rarely cause mild extravascular
hemolysis but not intravascular hemolysis, and are
very unlikely to be life-threatening.

Pathophysiology

Intravascular HTR (e.g., caused by anti-A; -B;
-A,B; anti-Lea anti-PPk)
The most frequent cause is ABO incompatibility be-
cause of procedural errors, such as identification
mistakes or laboratory errors. Most deaths because
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Table 4.2 Red cell antibody specificities
associated with hemolysis.Blood group system Intravascular hemolysis Extravascular hemolysis

ABO, H A, B, A1, H
Lewis Lea Leb

P P + P1+Pk(Tja) P1

I/i I, i
Rh All
Duffy Fya Fyb

MNS M, S, s, Mi, N
Lutheran Lub

Kell K, k, Kpa Kpb Jsa Jsb

Kidd Jka Jkb Jk3

Vel Vel Vel

of incompatibility are caused by the transfusion of
group A or B red cells to group O recipients, be-
cause anti-A,B is significantly more potent than
anti-A or anti-B in group B or A subjects, respec-
tively. There is activation of the full complement
cascade by potent ABO IgM antibodies, leading to
hemoglobinemia and hemoglobinuria. Cl to C9 ac-
tivation leads to liberation of anaphylatoxins C3a
and C5a, which are responsible for a significant
proportion of the signs and symptoms of immune
intravascular hemolysis (e.g., hypotension, shock,
renal failure, DIC), and are usually far more serious
than those of non-immune intravascular hemolysis
or than those of immune extravascular hemolysis.

C3a and C5a act on mononuclear phagocytic cells
and neutrophils to stimulate the respiratory burst
and to enhance the expression of C3b receptors on
these cells. As anaphylatoxins, C3a and C5a trigger
the mast cell and basophilic release of mediators al-
ready preformed in their granules (e.g., histamine,
platelet activating factor, tumor necrosis factor
(TNF), IL-1, IL-3, 4, 5, and 6) or newly synthesized
through the metabolism of arachidonic acid (e.g.,
leukotrienes, prostaglandins). In addition, mono-
nuclear phagocytic cells are activated by phago-
cytosis per se and by C5a with the consequent
secretion of mediators of the acute inflamma-
tory response: TNF, IL-1, IL-8, PGE2, neutrophil-
activating factor (NAP-1), and neutrophil chemo-
tactic factor. Thromboplastic substances released by
hemolysis and the activation of complement lead to
activation of the extrinsic pathway of the coagula-
tion cascade, contributing to DIC.

Extravascular HTR (caused by anti-Rh; -K; etc.)
Adherence of red cells coated with IgGl or IgG3 an-
tibodies and/or C3b, to Fc receptors (Fc�Rl, Fc�R2,
and Fc�R3), and to complement (CR1) receptors
on mononuclear phagocytic cells or lymphocytes,
leads to either phagocytosis and/or cytotoxicity of
red cells. Cytotoxicity is mediated mostly by lysozy-
mal enzymes released by the mononuclear phago-
cytic cells when red cells bind to them, heavily
coated with IgGl and/or IgG3 antibodies. Moder-
ate coating of red cells leads to phagocytosis. Those
IgG antibodies that fix complement, such as anti-
Jka are not as efficient as IgM antibodies and will
only activate the cascade up to C3. C3b alone does
not mediate cytotoxicity or phagocytosis but greatly
enhances IgG-induced phagocytosis or cytotoxicity
through adherence to the complement receptors
(for C3b only) on mononuclear cells. Free IgG in
plasma inhibits the binding of IgG red cell antibod-
ies to Fc receptors on mononuclear phagocytic cells.
Hence, red cells coated with noncomplement fixing
IgGl or IgG3 antibodies (e.g., anti-D, -E, -c) are de-
stroyed mainly in the spleen where there is hemo-
concentration and large numbers of macrophages.
C3b, with a very short half-life on red cells, abol-
ishes the inhibitory effect of free IgG in plasma on
Fc receptors of mononuclear cells: as there is no
free C3b in plasma, cells coated with C3b will easily
bind to CR1 receptors wherever they are present.
For this reason, red cells coated with IgG and C3b
(e.g., most anti-Jka, -Jkb, many anti-K, many anti-
Fy3, etc.) are destroyed predominantly in the liver
where there are abundant phagocytic cells and a
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good blood flow. This destruction occurs gener-
ally more rapidly and efficiently than when cells
are coated only with IgG antibodies. Most clinically
important IgG red cell antibodies are composed of
subclasses 1 and 3, which are the subclasses with
greatest destructive power as Fc� receptors recog-
nize only these two subclasses. Those IgM antibod-
ies which do not activate complement do not seem
to cause red cell destruction. Red cell alloantibod-
ies composed only of IgA have not been found [8].

Clinical signs and symptoms of HTR
Fever and chills are usually the first signs of HTR,
and it is impossible to distinguish them from febrile
non-HTR (FNHTR). They are due to the release of
anaphylatoxins and other mediators. Back or loin

pain is very common and the cause is unknown.
Feelings of unrest and dyspnea are caused by lung
perivascular and peribronchial edema. Hypotension,

shock, and renal failure occur in up to 10% of pa-
tients who have intravascular HTR but are rarely
seen in extravascular reactions. Complement acti-
vation is likely to be a significant factor in these
cases, and the anaphylatoxins C3a and C5a are
probably the most important. In addition, the cy-
tokines TNF and IL-1 can cause hypotension and
shock. Renal failure may occur in either type of
HTR although it is more common in the acute va-
riety. Mildly affected patients may have elevated
serum urea and creatinine levels but no symp-
toms. In more severe cases the patient may become
anuric and require dialysis, with hypotension and
DIC contributing to the renal impairment. Patho-
logically, the initial response is acute tubular necro-
sis, but there is also some thrombus formation in
renal arterioles which may cause cortical infarc-
tion. With full supportive care, many patients re-
gain normal renal function.

DIC is seen in intravascular AHTR but is very rare
in extravascular HTR. It is probably due to comple-
ment activation and the release of thromboplastic
substances caused by intravascular red cell destruc-
tion as well as by inflammatory cytokines. It may
be difficult to distinguish from other causes of co-
agulopathy, which may occur in massive transfu-
sion or in liver disease. Any patient who has been
transfused and has microvascular bleeding must be

considered to have an AHTR and be investigated ac-
cordingly. Coagulation tests and platelet counts are
useful in guiding management.

Investigation of HTR based on AABB
standards [10]
� Each blood bank or transfusion service must have
a system for detection, reporting, and evaluation
of suspected complications of transfusion. A re-
sponsible physician and the transfusion depart-
ment/laboratory must be notified immediately and
the reactions must be evaluated promptly.
� If there are symptoms or findings suggestive of
an HTR, the transfusion must be stopped and the
following must be performed:
1 Checking of all labeling on blood containers and
documentation. If it is discovered at this stage that
the wrong blood has been transfused, leading to an
ABO incompatible transfusion, there is no need to
continue investigating any further, except for inves
tigating for signs of hemolysis and monitoring for
severe signs and symptoms. The destination of the
units of blood intended for that patient must be as-
certained in order to avoid an incompatibility to an-
other patient.
2 A properly labeled blood sample must be ob-
tained from the patient and sent to the transfusion
laboratory along with the original transfusion bag
and giving set.
3 Post-reaction serum must be inspected for ev-
idence of hemoglobinemia. A DAT must be per-
formed and if positive must be compared with a
prereaction sample.
4 Visual inspection of the urine for hemoglo-
binuria.
Additional testing must be carried out as necessary:
1 Repeat ABO and Rh testing on pre- and post-
transfusion samples and on donor units.
2 Repeat the crossmatches on pre- and posttrans-
fusion samples using the antiglobulin technique.
3 Repeat antibody screen on pre- and post-
transfusion samples with antibody identification.
Supplementary immunohematological tests may be
necessary.
� Hematology tests for confirming hemolysis:
1 Red cell osmotic fragility.
2 Peripheral blood film.
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Table 4.3 Differential diagnosis of hemolytic transfusion
reactions.

Autoimmune hemolytic anemia
Cold hemagglutinin disease
Non-immune hemolysis
Incompatible fluids
Improper storage
Malfunctioning blood-warmer
Hereditary hemolytic anemias
G6PD deficiency
Hereditary spherocytosis
Hemoglobinopathies, e.g. sickle cell disease
Drug-induced hemolysis
Microangiopathic hemolytic anemia
Thrombotic thrombocytopenic purpura
Hemolytic uremic syndrome
HELLP syndrome
Mechanical heart valve dysfunction
Paroxysmal nocturnal hemoglobinuria
Bacterial contamination
Clostridium welchii
Malaria
Babesiosis

G6PD, glucose-6-phosphate dehydrogenase; HELLP,
hemolysis, elevated liver enzymes and low platelets
syndrome.

3 Reticulocyte count.
� Biochemical tests to confirm hemolysis:
1 Haptoglobins.
2 Methemalbumin.
3 Lactate dehydrogenase.
4 Bilirubin.
5 Tests for hemoglobinuria and hemosiderinuria.
If none of these tests are positive and involve-
ment of the local reference laboratory yields no
further information, then one must consider non-
immunological causes of hemolysis. These include
bacterial contamination, physical damage to trans-
fused cells or recipient’s cells, destruction of re-
cipient’s abnormal cells, e.g., in G6PD deficiency
or hemoglobinopathy, or infectious causes such as
gram-negative sepsis or malaria (Table 4.3).

Treatment
The treatment of an HTR must be guided by the
clinical manifestations in the patient. The patient

with minimal symptoms may be managed by care-
ful observation, but in a severe reaction, early vig-
orous intervention may save life. Generally, the
severity of a hemolytic reaction is directly related
to the volume of incompatible blood transfused (al-
though some deaths have been reported after ABO-
incompatible transfusions of �30 mL of blood),
so early recognition and stopping the transfusion
is paramount in preventing severe morbidity and
mortality. If there is ABO incompatibility and se-
vere hemolysis, exchange transfusion may be nec-
essary to prevent death and may be considered if
large quantities of incompatible red cells are known
to have been transfused. However, it is not always
appropriate to expose the patient to further do-
nated units with the associated risks of transfusion-
transmitted disease if the hemolytic process is being
well tolerated. Renal failure may be prevented by
maintaining urine output with intravenous fluids
and diuretics such as frusemide, and pressor sup-
port may be necessary for hypotension. Care must
be taken to avoid fluid overload, especially in olig-
uric renal failure or patients with cardiac impair-
ment.

DIC should be treated according to local proto-
cols as there is still some controversy in the man-
agement of this condition. Plasma, cryoprecipitate,
and platelets may be necessary; they should be
prescribed against the clinical condition of the pa-
tient and the results of frequent monitoring of
the coagulation screen, fibrinogen, FDP (fibrinogen
degradation products) levels, and platelet count.
Some authors advocate the use of heparin in the
management of DIC. Intravenous immunoglobu-
lin (IVIg) has occasionally been used as a pretreat-
ment for a patient when incompatible blood has
had to be given to an alloimmunized patient, be-
cause the IgG antibody is acting against a very com-
mon antigen and no compatible blood can be found
promptly. This has successfully prevented extravas-
cular haemolytic transfusion reactions [11]. Selec-
tion of red cells for a patient bleeding severely fol-
lowing an extravascular HTR may be very difficult.
It is of course paramount that no patient is allowed
to bleed to death for lack of red cells in the face
of serological incompatibility. If possible, red cells
should be obtained which lack the known antigens
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to which the patient has developed clinically signif-
icant antibodies.

Prevention
Proper patient identification is of ultimate impor-
tance in the prevention of AHTR because of ABO
incompatibility, as the vast majority of these are the
result of errors [2,3].

These generally occur at the bedside before
administration of the blood component or when
taking samples for pretransfusion testing [2, 3,12].
Laboratory errors are less common. The majority
of serious transfusion errors arise from breaches
of current and established codes of practice in
each institution. Human error is inevitable, but
systems must be in place to minimize the possi-
bility of harm to the recipient. Current standard
operating procedures for accurate identification
of patients must be in place both for taking of
blood for pretransfusion testing and for bedside
documentation immediately before transfusion
[13]. Staff must be fully trained in the recognition
of transfusion reactions and in taking prompt and
appropriate action. Simple protocols should be
established, implemented, and adhered to at all
hospitals administering blood transfusions [14].

FNHTR
FNHTR are the most common adverse effect of
blood transfusion and have a plethora of causes.
When non-leukoreduced or -leukodepleted red
cells or platelets are transfused, they occur with an
incidence of 1% and 5–10%, respectively [10]. This
reaction is usually immune mediated, because of
the reaction of white cell antibodies in the recipi-
ent’s plasma with the leukocytes in the transfused
component. However, some evidence suggests that
plasma proteins may also have an etiological role in
FNHTR [15].

Definition and differential diagnosis
The definition of FNHTR includes a rise in temper-
ature of at least 1◦C (sometimes 1.5–2◦C), which
is not accounted for by the patient’s clinical condi-
tion. The fever occurs in association with the trans-
fusion and may be accompanied by chills, rigors,
and a feeling of discomfort. It usually responds to

antipyretic medication and hemolysis does not oc-
cur. FNHTR are not life-threatening, but repeated
episodes may make the patient very apprehen-
sive and reluctant to have subsequent blood com-
ponents. To avoid these problems, premedication
(with paracetamol) is often used to prevent febrile
reactions [8]. However, in many multitransfused
patients, premedication will not be sufficient and
the white cell load of cellular components will need
to be reduced. The differential diagnosis may be
difficult, especially when comorbid disorders such
as infection or malignancy, and certain treatments,
may cause a similar spectrum of symptoms. Fever
may also accompany other acute transfusion reac-
tions, including AHTR, infusion of a bacterially con-
taminated blood component, or TRALI. The diag-
nosis of FNHTR must therefore be a diagnosis of ex-
clusion. If in doubt, a direct antiglobulin (Coombs)
test and a test for the presence of free hemoglobin
in plasma may be performed. Bacterially contam-
inated blood components usually cause a rapid
and profound febrile hypotensive reaction occur-
ring much earlier than FNHTR. On the other hand,
TRALI, which can be severe and life-threatening, is
associated with dyspnea and cyanosis as well as hy-
potension and therefore a clinical diagnosis may be
possible.

Antibody-mediated reactions
Evidence has been available since the 1950s to sup-
port the hypothesis that FNHTR are associated with
the presence of white cell antibodies in the re-
cipient reacting with leucocytes in the transfused
component [16]. Also, it was noted that many pa-
tients who developed FNHTR had received previ-
ous blood transfusions or had been pregnant. Such
white cell antigen–antibody interactions result in
the stimulation and release of endogenous pyro-
gens, e.g., IL-1�, IL-6, and TNF cytokines, from
the donor leukocytes. FNHTR may also result from
cytokines released by the activation of the recip-
ient’s macrophages rather than the donor leuko-
cytes. In these cases, the antibody–white cell inter-
action leads to the activation of complement and
it is the antigen–antibody–complement interaction
that may cause activation of macrophages in the
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recipient resulting in the production of endogenous
pyrogens [17].

Antibodies against white cells are found in 70%
or more of patients who suffer from FNHTR [18].
These include HLA and granulocyte antibodies.
Leukodepletion or leukoreduction of blood com-
ponents to below a threshold of 5 × 106 leuko-
cytes per component significantly reduces the inci-
dence of FNHTR. However, not all FNHTR are due
to leukocyte antibodies. In 30% of patients experi-
encing these reactions, no white cell antibodies are
in fact demonstrable. Although white cell antibod-
ies are the main type of antibody implicated, anec-
dotal cases of strong FNHTR because of the pres-
ence of HPA antibodies reacting with incompatible
platelets have been reported.

Reactions mediated by accumulation
of biological response modifiers
during storage
Among recipients of platelet transfusions, over
20% of patients suffer FNHTR on the very first
exposure, while 55% experience their first reac-
tion within their first three transfusion episodes.
The occurrence of reactions to the first ever platelet
transfusion in a patient means that such individu-
als could not have been previously alloimmunized
to leukocytes, and therefore some FNHTR are not
antibody-mediated. It has become clear from stud-
ies following up these data that component stor-
age is an important factor in the occurrence of FN-
HTR. Also, it has been noted that the frequency of
FNHTR is much greater with platelets than with
red cells, even though the absolute number of leu-
cocytes being transfused with each component is
similar.

Increased concentrations of cytokines, either en-
dogenous or exogenous, are harmful to the host,
acting as endogenous pyrogens [19]. Cytokines
such as IL-1�, IL-6, IL-8, and TNF� are actively syn-
thesized and released during platelet and red cell
storage. Linear correlations exist between cytokine
level, white cell content, and duration of storage.
Cytokines accumulate more at 22◦C than at 4◦C
[20]. Prestorage leukocyte reduction prevents accu-
mulation of cytokines and is associated with signifi-
cantly fewer FNHTR. The removal of the buffy coat

from red cells or the preparation of platelet con-
centrates by the “top-and-bottom” system or buffy-
coat method will be sufficient to significantly re-
duce the production of cytokines in stored blood
components; thus, it is not necessary to aim at
leukodepletion when leukoreduction will be suffi-
cient for this purpose. The effects of IL-1 include
its potent pyrogenic activity, possibly mediated by
IL-6 or PGE-2, stimulation of hemopoiesis, and ac-
tivation of neutrophils and platelets. TNF is also a
potent pyrogen, enhances B cell proliferation, and
activates the extrinsic pathway of coagulation via
tissue factor. IL-6 is a pyrogen and also enhances
antibody responses and stimulates B cell prolifer-
ation and differentiation. IL-8 is a chemokine and
a chemotactic factor for neutrophils and T cells. It
stimulates neutrophil oxidative bursts and basophil
histamine release. These findings support the con-
cept that proinflammatory cytokines play a role in
FNHTR, although the strong association is not nec-
essarily proof of causation.

When plasma is exposed to plastic surfaces, com-
plement is activated through the alternative path-
way. C3 activation has been detected in both ran-
dom donor and single donor apheresis platelets af-
ter storage for 5 days at room temperature with
agitation. The mechanism of C3 activation is not
cell-dependent as leukocyte-depleted platelets still
have high C3 activation levels. C3a has multiple
pathophysiological effects: it promotes mast cell
histamine release, it is a vasodilator increasing mi-
crovascular permeability and it enhances in vitro
platelet aggregation and serotinin release. It has
been suggested that complement activation may
stimulate monocytes in platelet concentrates to
produce cytokines thereby contributing to the char-
acteristic symptoms of FNHTR. Some of the newer
leukodepletion filters appear to absorb C3a from
platelet concentrates and may therefore be able to
help reduce the incidence of FNHTR.

Prevention of FNHTR
The most effective way of preventing the ma-
jority of FNHTR is by prestorage leukodeple-
tion of cellular blood components, i.e., red cells
and platelet concentrates. Leukodepletion can be
achieved by filtration of blood components or by
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modern apheresis techniques during the collection
of platelets. In addition, as a proportion of reac-
tions are mediated by biological response modifiers
released by white cells and accumulating in the
blood component over the period of storage, inter-
ventions to prevent this accumulation will decrease
the frequency of FNHTR [15]. Poststorage (bedside)
leukocyte reduction is not as effective as prestorage
leukodepletion, as it is not well quality-controlled
and cannot remove mediators and biological re-
sponse modifiers such as IL-1�, IL-6, and TNF.
Several groups have demonstrated that removal of
leukocytes to a threshold of 5 × 106 per component
before storage prevents the accumulation of IL-8
and proinflammatory cytokines such as IL-1�, IL-6,
and TNF in both red cell and platelet components
[21]. The administration of an antipyretic such as
paracetamol may be useful in damping down the
symptoms of FNHTR.

Allergic and anaphylactic
reactions

These reactions occur in response to plasma pro-
teins in the blood components administered, and
represent a type 1 hypersensitivity response, i.e., an
immediate allergic reaction following a second or
further contact with an antigen which may vary on
a scale from urticaria to anaphylaxis [8]. Hypersen-
sitivity responses occur very rapidly following con-
tact with the relevant antigens and recur on sub-
sequent occasions. The primary antigen exposure
stimulates plasma cells to produce specific IgE. This
IgE binds to mast cells via its Fc receptor and sen-
sitizes them. Representation of the antigen causes
crosslinking of surface IgE stimulating degranula-
tion of mast cells. The organ systems affected in-
clude skin, and the mucosa of the gastrointestinal
and respiratory tracts, which are where mast cells
are normally distributed. Stimulation of the sensory
nerves causes itch and flare reactions while smooth
muscle contraction causes vascular leakage and tis-
sue edema. Arterial dilatation may cause headache
and hypotension, while bronchoconstriction can
cause respiratory distress. The mediators of this
response from endogenous sources include hista-

mine, serotonin and bradykinin, the analphylatox-
ins C3a and C5a, lymphokines, and leukotrienes
[22]. Cutaneous allergic transfusion reactions occur
in 1–3% of plasma-containing blood components,
including red cells and platelets. The cardinal signs
and symptoms are local erythema, urticaria, and
pruritus. Soluble proteins in donor plasma are gen-
erally responsible but specific etiologies are rarely
identified. Occasionally it has been discovered that
the donor has ingested a food allergen or drug to
which the recipient is sensitized [22]. Treatment
includes antihistamines and occasionally hydrocor-
tisone; antihistamines may be used prophylacti-
cally 1 hour before transfusion, to prevent future
episodes.

Anaphylactic transfusion reactions are much less
common, occurring once per 20,000–400,000 units
of blood or components transfused. The cause is
generally an IgG anti-IgA in an IgA-deficient recip-
ient who is transfused with IgA-containing blood
products. The formation of IgG/IgA immune com-
plexes leads to the activation of complement and
the subsequent release of C3a and C5a anaphylo-
toxins [23]. The signs and symptoms include a feel-
ing of apprehension and impending doom, gener-
alized flushing, nausea, vomiting, diarrhea and ab-
dominal cramps, laryngeal edema, bronchospasm
and dyspnea, profound hypotension, shock, and
potential cardiopulmonary arrest. The transfusion
should be stopped immediately and adrenaline 1
in 1000 (0.3–0.5 mL) given immediately. Support-
ive therapy for the circulation and respiratory sys-
tem may be necessary. The differential diagno-
sis for such an acute and severe transfusion re-
action must include ABO-incompatibility with an
AHTR, TRALI, and perhaps bacterial contamina-
tion. IgA deficiency occurs in approximately 1 in
700 of the population in the United Kingdom and
is defined as less than 0.05 mg/dL of IgA. The fre-
quency of IgA deficiency with IgA antibodies is 1 in
1200; often anti-IgA is found in subjects who have
never been pregnant or received a blood transfu-
sion. Less than 20% of suspected cases of anti-IgA
in a recipient reveal this to be the cause of the
reaction.

Diagnosis must be made by reliably demon-
strating deficiency of IgA and the detection of an
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anti-IgA. Once the diagnosis has been made, the
patient must be clearly identified both on the hos-
pital notes and on a wrist band or bracelet, and
he/she must be fully informed of the implications.
In future such patients should receive only IgA-
deficient components which are collected from a
special panel of IgA-deficient donors. In the ab-
sence of IgA-deficient donors, washed red cells
may be administered with appropriate prophylactic
measures taken beforehand in case of a mild reac-
tion. Autologous transfusion may be considered in
appropriate circumstances.

TRALI

TRALI is a life-threatening complication of trans-
fusion which may have a very dramatic clinical
presentation indistinguishable from adult respira-
tory distress syndrome [24]. In most cases it begins
within 2 hours of transfusion but may be up to 4
or 6 hours following administration of a plasma-
containing blood component. Symptoms generally
include fever, hypotension, chills, cyanosis, non-
productive cough, and dyspnea. Chest X-ray shows
severe bilateral pulmonary edema or perihilar and
lower lung field infiltration, without cardiac en-
largement or involvement of the vessels. The X-ray
findings may be much more severe than the auscul-
tatory changes on examination. Severe hypoxia is
usual, with very low arterial oxygen tensions, and
the patient frequently requires mechanical ventila-
tion. In contrast to patients with circulatory over-
load, those with TRALI have normal central ve-
nous pressure and normal or low pulmonary wedge
pressure. It is possible that milder cases of TRALI
may occur and not be recognized. Approximately
80% of patients with TRALI improve both clini-
cally and physiologically within 2 or 3 days with
adequate supportive care. Overall mortality appears
to be in the region of 5–8%, in contrast to ARDS
(adult respiratory distress syndrome), which has a
mortality rate of 40–50%. Differential diagnosis in-
cludes circulatory overload, anaphylactic transfu-
sion reaction, and bacterial contamination [8,10].

The true incidence of TRALI is unknown al-
though there is a much quoted figure of 1 in 5000

plasma-containing transfusions [25]. This figure is
likely to be an underestimate as milder cases may
pass relatively unnoticed and severe cases may still
be misdiagnosed, being attributed to circulatory
overload. The precise mechanism involved in the
development of TRALI is not clear, but two possible
mechanisms have been postulated: an antibody-
mediated and a soluble mediator-mediated. These
mechanisms both involve the activation of granu-
locytes and the triggering of an inflammatory pro-
cess, leading to the sequestration of neutrophils in
the lung. In the vast majority of cases, investiga-
tors have demonstrated the presence of HLA class I
and class II or granulocyte-specific antibodies in the
donor [26]. In about half the cases studied, the HLA
antibodies in the implicated donor correspond with
one or more of the HLA antigens in the recipient. In
other cases, neutrophil-specific antibodies (HNA1,
HNA-3a) have been identified in the plasma of im-
plicated units [26, 27]. These antibodies are most
commonly found in the donations of multipa-
rous women. It seems that the granulocytes inter-
act with activated complement causing aggregation
and blockage of the pulmonary microvasculature.
Pulmonary leuko-sequestration leads to transient
changes in vascular permeability and pulmonary
edema. In a small number of reported cases, similar
antibodies are found in the pretransfusion serum of
the recipient and in such cases TRALI is more fre-
quent after granulocyte transfusions [28]. In some
cases clinically diagnosed as TRALI, no antibody has
been identified. It has been suggested that in these
cases the granulocyte activation is mediated by a
soluble lipid substance, which accumulates during
the storage of the products [29]. In any case, it is
likely that a number of factors determine the final
clinical response of a patient and these may include
the characteristics of the antibody, nature and dis-
tribution of the related antigen, the extent of com-
plement activation (in particular liberation of C5a)
and the immune status of the recipient.

Diagnosis and treatment
There is no diagnostic test or pathognomonic find-
ing for TRALI, so the diagnosis is one of exclusion.
Other causes of respiratory distress and pulmonary
edema in the transfusion setting must be fully
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investigated, including myocardial infarction, cir-
culatory overload, and bacterial infection. The mea-
suring of central venous and pulmonary wedge
pressures is very helpful. A proper work-up of
TRALI should include testing of the donor and re-
cipient sera for granulocyte (HNA) and lymphocyte
(HLA) antibodies.

Antibody specificity can be determined and HLA
or HNA typing of the recipient’s or donors’ cells
can also be carried out. The presence of a posi-
tive reverse lymphocyte crossmatch between donor
serum and patient lymphocytes provides further
supportive evidence. The treatment of TRALI in-
cludes intensive respiratory and circulatory sup-
port [24]. In almost all cases, oxygen supplementa-
tion is necessary, although mechanical ventilation
may not always be required. Some reports suggest
that the administration of corticosteroids may be
beneficial.

Prevention
It is recommended that donors who have been im-
plicated in TRALI and who are found to have gran-
ulocyte or lymphocyte antibodies should be with-
drawn from the donor panel unless their compo-
nents are to be issued as deglycerolized or washed
red cells [24]. Exclusion of all multiparous women
from the donor panel would result in a huge
(5–30%) loss of blood donors, but it is advisable
not to use their plasma for the manufacture of FFP
or for suspension of platelet concentrates. Routine
donor testing for HLA and granulocyte antibodies is
time-consuming and much too costly to be imple-
mented. In the United Kingdom, efforts are made
to use only male donations for the preparation of
FFP and for suspension of pooled platelets.

TA-GVHD

Acute GVHD is a recognized complication of al-
logeneic hemopoietic progenitor cell transplanta-
tion. It results from the presence of viable lym-
phocytes in the allograft recognizing the host HLA
antigen type as foreign, resulting in a characteris-
tic immune response [30]. The clinical syndrome
includes fever, diarrhea, abnormal liver function

tests, and a characteristic rash particularly affecting
the palms. A similar picture may result from the
transfusion of viable lymphocytes into immuno-
suppressed recipients in the absence of an allo-
geneic stem immunosuppressed cell transplant. In
this situation, bone marrow aplasia and pancytope-
nia also result.

TA-GVHD is typically evident from 8–10 days
post-transfusion. It is almost uniformly fatal, with
death occurring within 1 month in over 90% of
cases. The features discussed above are not substan-
tially different from those of a variety of viral ill-
nesses or drug reactions [31]. Comorbid conditions
may obscure the clinical features of TA-GVHD, par-
ticularly if the clinician has a low index of suspi-
cion. Cases are most certainly under-reported be-
cause of lack of recognition or the absence of defini-
tive diagnostic studies in many cases. Cases were
originally recognized in patients with severe com-
bined immunodeficiency or Wiskott–Aldrich syn-
drome, neonates with hydrops fetalis, and in pa-
tients with Hodgkin’s disease. The incidence is un-
known, but TA-GVHD is estimated to occur in up
to 1% of patients with hematological malignancies
or lymphoproliferative diseases.

In addition to defined populations at risk as in
Table 4.4, TA-GVHD has also been reported in non-
immunocompromized hosts, particularly pregnant
women, people undergoing cardiovascular and ab-
dominal surgery, patients with active rheumatoid
arthritis, and trauma cases [32]. Clearly not all im-
munocompromized individuals develop TA-GVHD
and there must be additional risk factors predispos-
ing patients to this condition. The main require-
ments for the development of GVHD are the follow-
ing: shared HLA types between the recipient and
donor but with other differences that will make
the donor recognize the recipient as foreign, the
presence of immunocompetent cells in the trans-
fused blood components, and inability of the host to
reject the immunocompetent donor lymphocytes.
In a normal recipient, immune cells will far out-
number donor-derived T cells, which are therefore
eliminated by a host-versus-graft reaction. How-
ever, if a small number of functional T lymphocytes
are transfused which derive from a donor who is
homozygous for one of the recipient’s HLA
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Table 4.4 Patient groups at risk of transfusion-associated
graft-versus-host disease (TA-GVHD).

Patient groups at risk of TA-GVHD
Congenital immune-deficiency disorders
Hodgkin’s disease
Neonates with erythroblastosis fetalis
Recipients of intrauterine transfusions
Recipients of stem cell transplants
Recipients of blood components donated by relatives
Recipient-donor pairs from genetically homogeneous
populations

Recipients of HLA-matched cellular products
Premature neonates

Patients possibly at risk
Non-Hodgkin’s B cell lymphomas
Solid tumors

Potential at-risk group
Full term neonates
Patients with AIDS
Patients receiving immunosuppressive medication

HLA, human leukocyte antigen.

haplotypes, the recipient will not recognize these
cells as foreign. The donor T cells will, however,
recognize the host as foreign, undergo clonal ex-
pansion and establish TA-GVHD. This situation is
referred to as a one-way HLA match and TA-GVHD
may be expected to occur regardless of the host im-
mune status [33]. Recent experiments in selective
depletion of recipients’ CD4+, CD8+, and NK cells
have suggested that CD4+ cells may be involved in
the pathogenesis of TA-GVHD, while CD8+ and NK
cells appear to be protective. This may explain why
TA-GVHD is not reported in patients suffering from
AIDS.

Diagnosis
Only the documentation of donor-derived lympho-
cytes in a recipient’s circulation or tissues can con-
firm the presence of TA-GVHD. Characteristic his-
tological changes may be seen in a skin biopsy
which may reveal degeneration of the basal cell
layer with vacuolization, dermal epithelial layer
separation, and bulla formation. Liver biopsy may
reveal degeneration and eosinophilia, and bone
marrow aspiration may reveal aplasia with lym-
pocytic infiltration. Several methods are used to

Table 4.5 Diagnostic techniques for graft-versus-host
disease.

HLA typing of donor and recipient, ideally using
DNA-based techniques

Molecular genetic evaluation using short tandem repeats
probes

Identification of donor T cells using the above techniques
in skin biopsy samples

HLA, human leukocyte antigen.

make a positive diagnosis of TA-GVHD, and these
are based on demonstrating donor cells or DNA in
the patient, as shown in Table 4.5 [34–36].

Treatment
There is no effective treatment of TA-GVHD and
the mortality rate is extremely high. Immunosup-
pressive therapies have been used with little suc-
cess, including steroid therapy, antithymocyte glob-
ulin, cyclosporin, cyclophosphamide, and anti-T
cell monoclonal antibodies. These treatments are
sometimes useful in GVHD after stem cell trans-
plantation but are ineffective in TA-GVHD. In the
light of the absence of any effective treatment, the
prevention of this condition is essential. This is par-
ticularly demonstrated by the UK hemovigilance
reports (SHOT), which show that TA-GVHD has
been a significant cause of mortality from transfu-
sion. The incidence has been reduced by the intro-
duction of universal leukodepletion, but not elimi-
nated while other causes are gradually being elimi-
nated [2].

Prevention
The irradiation of cellular blood components ren-
ders the donor lymphocytes non-viable and pro-
tects the recipient from potentially developing TA-
GVHD. Guidelines have been produced by the
American Association of Blood Banks in the United
States and the British Committee for Standards in
Haematology in the United Kingdom recommend-
ing for which patients gamma-irradiated products
should be available [37–39]. At the moment, be-
cause of the low incidence of TA-GVHD in im-
munocompetent patients receiving donated blood
from unrelated donors, gamma irradiation is not
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applied to all transfused cellular blood components.
This decision is based upon the extremely low risk
in such recipients, and the costs and logistics of
universal irradiation, plus the effect on other mea-
surable parameters in components such as potas-
sium content and shelf life. Leukocyte reduction to
a level of less than 5 × 106 residual leukocytes per
unit is not an effective way of preventing the occur-
rence of TA-GVHD, as sufficient viable lymphocytes
are still present to cause this syndrome. The intro-
duction of universal leukodepletion in the United
Kingdom has resulted in a significant reduction in
the number of reported cases in the past years [25].

PTP

PTP is characterized by the development of severe,
sudden and self-limiting thrombocytopenia occur-
ring 5–10 days after a blood transfusion. The recip-
ients always have a history of sensitization, mostly
by pregnancy, and occasionally by blood transfu-
sion. The diagnosis rests on the demonstration of
potent antiplatelet reactivity in the patient’s serum
for a specific platelet antigen, usually HPA-la. PTP
therefore is a disease of adults, with no patients
younger than 16 years of age being reported in
the literature [40]. The female-to-male ratio is 5:1.
The epidemiological findings are due to the require-
ment that a patient has previously been exposed
to platelet-specific antigens before PTP can develop
following a subsequent transfusion.

Clinical presentation
In the majority of cases (over 80%), the platelet
count drops around 1 week following the trans-
fusion to less than 10 × 109 per liter. If random
platelets or specific antigen-negative platelets are
transfused, the increment is generally very poor or
nonexistent [41]. One or two reports suggest that
HPA-la-negative platelets may be beneficial, and in
cases of severe bleeding platelet transfusion should
be considered [42]. Hemorrhage may occur from
the gastrointestinal tract and epistaxis is common.
Intracranial hemorrhage is responsible for the
mortality rate which is around 9%. The differential
diagnosis of PTP includes immune thrombo-

cytopenic purpura (ITP), sepsis and DIC, bone
marrow failure, drug-induced thrombocytopenia,
and thrombotic thrombocytopenic purpura (TTP).
Drugs, infection, and DIC are common causes of
thrombocytopenia and these must be excluded. In
straightforward alloimmunization to platelet, red
cell, or lymphocyte antigens, only the incompatible
cells bearing the relevant alloantigen are destroyed
by the reaction. The unique feature of PTP is de-
struction of autologous antigen-negative platelets
in the presence of a platelet-reactive alloantibody.
A source of indirect evidence of PTP as opposed
to straightforward alloantibody-mediated platelet
destruction is the response to therapy. IVIg infu-
sion or plasma exchange has little effect on simple
alloantibody-mediated platelet destruction, but
these therapies are effective in PTP. The difficulty
in proving a diagnosis of PTP means that the
incidence of PTP is unclear, especially in the group
of long-term platelet-dependent patients. The
clinical spectrum of PTP may be very broad and
mild cases may also not be noticed. Calculations
of the theoretical frequency of occurrence of PTP
based on the incidence of HPA-la and other platelet
antigens in the population, and on the frequency
of alloimmunization through pregnancy, suggest a
high incidence of PTP. In fact, it is quite rare, and it
may be that other immune response factors may be
necessary for individuals exposed to incompatible
platelet antigens to develop the syndrome whereby
autologous platelets are destroyed.

Mechanism
Several theories have been put forward to explain
the destruction of autologous antigen-negative
platelets in PTP. The first suggests that immune
complexes are formed by the interaction of solu-
ble platelet-specific antigen in donor plasma and
platelet antibody in the patient [43]. These com-
plexes then bind to autologous platelets through
a high affinity Fc receptor mediating platelet de-
struction. A second theory maintains that an au-
toantibody is developed in response to exposure to
an incompatible platelet antigen and this antibody
reacts not only with HPA-1a-positive cells but also
with antigen-negative cells in the recipient. A third
suggestion is that the soluble platelet antigen in
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donor plasma adsorbs onto the recipients’ platelets,
converting them to antigen-positive targets which
are then destroyed by the alloantibody [44]. Solu-
ble HPA-la substances have certainly been identi-
fied in the plasma of HPA-la-positive donors; how-
ever, platelet antigen–antibody complexes have not
been demonstrated in the serum of PTP patients.
In support of the auto-antibody theory, platelet-
associated IgG is increased in PTP. In addition,
acute-phase PTP serum contained reactivity against
a protein present in both HPA-la-positive and HPA-
la-negative platelets. This reactivity occurred con-
currently with anti-HPA-la activity and disappeared
after the acute phase of the illness, although the
anti-HPA-la persisted. Certainly, the response to
therapy of PTP is similar to that of ITP, in which
steroids, IVIg, and splenectomy may be associated
with elevations of the platelet count and decreases
in platelet-associated IgG.

The diagnosis of PTP depends upon the finding
of severe thrombocytopenia of less than 10 × 109

per liter approximately a week to 10 days post-
transfusion. Normal red cell morphology rules out
the possibility of TTP. Platelet antibody assays re-
veal serum antibody with HPA-la specificity in most
cases, although antibodies to other platelet-specific
antigens are sometimes implicated [45]. Such pa-
tients frequently have antibodies to red cell and
white cell antigens as well, and it may be that some
individuals mount a generalized immune response
encompassing a number of targets.

Therapy
Treatments for PTP are hard to evaluate as the con-
dition is generally self-limiting and untreated pa-
tients recover in approximately 2 weeks. Most pa-
tients with PTP are treated with corticosteroids dur-
ing the acute phase at a dose of 2 mg/kg of pred-
nisolone, or an equivalent dose of an alternative
preparation [46]. There is little evidence of the effi-
cacy of this treatment, although steroids may in-
hibit reticuloendothelial cell function or alterna-
tively may result in a decreased antibody produc-
tion. The most effective therapy for PTP is plasma
exchange using some fresh frozen plasma as a re-
placement [47]. Recently, infusions of IVIg have
become the first line in therapy for PTP, and a

large proportion of patients respond well [48]. Only
those unresponsive to IVIg now go on to plasma
exchange. Recovery from PTP occurs 3–4 days af-
ter initiation of treatment with IVIg 0.5 g/kg for
2 days.

Prognosis
Prognosis is good with spontaneous recovery occur-
ring in all cases. Mortality rates relate to the inci-
dence of intracranial hemorrhage in a few patients.
The incidence of recurrence of PTP with subsequent
transfusions in an individual patient is extremely
low, although, because of the potential severity of
the reaction, patients with a documented history
of PTP should receive antigen-negative blood prod-
ucts when at all possible.

Immunological refractoriness to
platelet transfusions

Platelet transfusions play a major role in the man-
agement of thrombocytopenia in hematological
and onco-logic patients. However, a proportion of
these patients become refractory to the transfu-
sion of platelets from random donors, because of
immunological and/or nonimmunological causes.
Immunological refractoriness is primarily caused
by HLA antibody-mediated destruction of trans-
fused platelets, although HPA and high-titer ABO
alloantibodies have occasionally been implicated.
The nonimmunological causes of platelet refrac-
toriness, because of the destruction/consumption
of transfused platelets, include sepsis, disseminated
intravascular coagulation in the patient and certain
drugs, such as amphotericin B, vancomycin, and
ciprofloxacin. Patients with confirmed immunolog-
ical refractoriness because of the presence of HLA
antibodies require transfusions of HLA-matched or
HLA compatible platelets.

The laboratory investigations to identify these
cases involve an HLA antibody screening of the pa-
tient’s serum, and if positive, the identification of
antibody specificity. This is followed by the HLA
typing of patients and the selection and issue of
HLA compatible platelets. An alternative approach,
in the absence of a panel of HLA-typed donors,
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is to provide crossmatch-compatible platelets. It
is important to document the posttransfusion
increments in order to evaluate the efficacy of the
transfusion and the donor. Although platelets ex-
press HLA-A, -B, and -C antigens, only matching at
the HLA-A and -B locus antigens is considered to
be relevant.
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CHAPTER 5
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Introduction

Most symptomatic adverse effects of blood trans-
fusion are caused by iso- and alloantibodies. The
discovery of the antiglobulin test to detect ir-
regular IgG red cell antibodies prevented most
life-threatening acute and subacute hemolytic
transfusion reactions. Characterization of antibody
specificities after repeated erythrocyte transfusions
led to preventive matching for Rh and Kell anti-
gens for multitransfused patients at high risk. Sim-
ilar milestones exist to limit the side effects of
leukocyte antibodies. In the 1960s, leukocyte an-
tibodies were identified as a cause of febrile non-
hemolytic transfusion reactions [1] and, some years
later, of transfusion-related acute lung injury [2]
and platelet transfusion refractoriness [3]. Removal
of leukocytes by filtration significantly reduced
febrile nonhemolytic transfusion reactions and hu-
man leukocyte antigen (HLA) immunization by
platelet transfusions, and this was widely imple-
mented in Europe at the end of last century [4].
Most of these first observations, after (evidence-
based) confirmation, changed transfusion manage-
ment and improved transfusion safety.

In 1973, Opelz and Terasaki showed in a mul-
tivariate analysis of observational studies a signif-
icant enhancement of survival of kidney grafts in
recipients of multiple transfusions compared with

nontransfused patients [5]. The concern for wider
consequences of this immunosuppressive trans-
fusion effect on impairment of immunosurveil-
lance against cancer was raised in 1981 by Gantt
[6]. Since then, transfusion-related immunomod-
ulation (TRIM) has been suspected of causing
postoperative nosocomial infections and other
complications leading to increased mortality after
surgery. How transfusions affect the recipient’s cel-
lular immune response and which clinical benefit
or harm can be attributed to transfusions is, how-
ever, still unraveled. The current evidence on TRIM
is discussed in this review.

Immunological effects of blood
transfusions

The adaptive immune response
The adaptive antigen-specific immune response,
distinguishing self and nonself, is performed by
lymphocytes. This immune response requires the
recognition by helper T (Th) cells of foreign pro-
teins on antigen presenting cells (APCs). In the
case of a primary immune response in a naive pa-
tient, a strong stimulus by professional APCs such
as dendritic cells, producing IL-12 p70 and IFN-y,
is most effective. Th cells can be activated by
two pathways. Foreign APCs, bearing major his-
tocompatibility complex (MHC)-HLA-class II anti-
gens, induce direct stimulation of the immune
response. A fairly large number of T cells can
respond to this stimulus, which under physio-
logical circumstances only occurs in fetomaternal
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hemorrhage in pregnancy, but also applies to blood
transfusion and transplantation. The other T helper
activation pathway, used for all foreign antigens, is
by indirect stimulation. This process requires degra-
dation of foreign proteins into small peptide frag-
ments that are transported to the groove formed
by HLA-class II molecules on the surface of APCs.
Th cells recognizing foreign peptide in self-HLA
class II are less abundant than T cells responding
to direct activation by foreign MHC. The cytokines
produced after APC-Th interaction determine the
skewing towards particular effector Th cells (Thl,
Th2, or Th3), relevant for developing cytotoxic
T cells or specific antibodies. After elimination of
the immunizing trigger, the response is downregu-
lated to memory cells. The adaptive response in a
naı̈ve person (primary immune response) is rather
slow, taking days to weeks before it is maximally
effective.

The innate immune response
Our first line of defense, the innate nonantigen-
specific immune system attacks dangerous for-
eign molecules. This system is represented by
macrophages, granulocytes, natural killer (NK)
cells, and soluble factors such as natural antibod-
ies, the complement, and coagulation systems. The
innate immune system uses receptors (Toll-like re-
ceptors), which are triggered by a wide range of
structures present on various pathogens. Activa-
tion of the innate immune system leads to release
of cytokines and chemokines which attract neu-
trophils and macrophages leading to inflammation,
usually locally at the site of microbial invasion or
tissue damage. This inflammatory process also pro-
vides accessory factors essential for activation of the
adaptive response.

Transfusions and the immune response
Transfusions affect both the innate and the adap-
tive immune system. Transfusions contain many
foreign antigens and always, increasing with longer
storage intervals, apoptotic, and necrotic cells. Im-
mediately after blood withdrawal, granulocytes
start to deteriorate, followed by macrophages, al-
though viable lymphocytes can be detected after
more than 25 days of storage.

Apoptotic cells, expressing annexin V or phos-
phatidylserine, immediately engage a ligand
on macrophages which start to produce anti-
inflammatory cytokines such as prostaglandin E-2
and transforming growth factor-beta [7]. These
factors not only suppress the innate immune re-
sponse of macrophages and NK cells but impair the
APC capacity as well, downregulating the adaptive
antigen-specific immune response. During storage,
soluble response modifiers accumulate in blood
products. Factors derived from leukocytes are elas-
tase, soluble HLA class I and II molecules, sFasL,
and proinflammatory cytokines IL-1, IL-6, and
IL-8. Pro inflammatory cytokines are an important
cause of nonhemolytic febrile transfusion reactions
[8, 9] and in particular IL-8 is associated with
transient posttransfusion leukocytosis, observed in
critically ill patients [10].

Beside gradual apoptosis, functional lesions oc-
cur during storage. After 3–5 days of storage, the
responder capacity of T cells decreases owing to a
phosphorylation defect, impairing the protein syn-
thesis of T cells upon signaling of the T cell recep-
tor. This reduces the proliferative response of donor
lymphocytes, relevant to impaired transfusion-
associated graft-versus-host disease [11]. The stim-
ulator capacity by donor APCs of the direct path-
way is irreversibly abrogated after 10–14 days of
storage because of loss of costimulatory molecules,
which are essential for effective APC-Th cell inter-
action [12].

Consequently, every blood product differs in
content of soluble proinflammatory cytokines
and in proportion of apoptotic cells, signaling
macrophages to produce anti-inflammatory factors.
With respect to adaptive immunity, during storage
APCs lose costimulatory molecules impairing direct
activation of Th cells. This leaves only the indirect
pathway to elicit an adaptive immune response af-
ter processing of foreign donor antigens. This indi-
rect pathway is dependent on APCs, which may be
affected by pro- and/or anti-inflammatory stimuli
in the blood product.

It makes a difference whether transfusions are
administered to patients in stable condition or
to patients after surgery or during critical illness
or sepsis, as these latter conditions can cause
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a profound suppression of the innate immune
system.

After transfusion, there is a two-way interaction
between donor and recipient cells. Three to five
days after transfusion, depending on the storage
interval of contaminant leukocytes, proliferating
lymphocyte blasts can be found in the circulation
[13]. Most donor DNA disappears after a week, be-
low the detection level of sensitive molecular meth-
ods, although haploidentical cells sharing an HLA-
DR antigen can remain detectable for several weeks
[14]. Persistence of donor cells for many years is ob-
served in approximately 20% of apparently healthy
transfused trauma survivors, even after transfu-
sions of leukocyte-reduced blood stored for longer
than 3 weeks. Lee et al. showed that these patients,
prior to transfusion, have an impaired lymphocyte
proliferative capacity against donor lymphocytes,
owing to instant and profound suppression of the
innate immune system induced by trauma injury
[15]. This transfusion-induced chimerism is not as-
sociated with apparent clinical disease; a role for
this chimerism in allogeneic (transplantation) tol-
erance has not yet been investigated.

Transplantation tolerance

Clinical results
The observations of Opelz et al. [5] showing bet-
ter cadaver kidney graft survival in recipients of
multiple blood transfusions initiated a debate as
to whether this could be the result of an im-
munomodulating effect of transfusions or, because
transfusions elicit HLA antibodies, an improved
compatibility of a kidney graft selected by a neg-
ative leukocyte cross-match. The possibility that
allogeneic leukocytes play a causal role in trans-
plantation tolerance was made more likely by a
study by Persijn et al. showing that a single blood
transfusion, provided the blood was not leukocyte-
depleted, improved graft survival [16]. The supe-
riority of sharing at least one HLA-DR antigen be-
tween transfusion donor and recipient in order to
obtain graft acceptance was proposed by several
investigators [17, 18]. The beneficial effect of pre-
transplant blood transfusions is not restricted to

cadaver kidney transplantation [5, 16, 18–30], but
has been published in heart [18, 31–35], combined
pancreas–kidney [36, 37] and liver transplantation
[38, 39] (Tables 5.1 and 5.2.) The studies in Tables
5.1 and 5.2 span over 30 years during which new
and highly effective immunosuppressive drugs to
prevent or treat rejection were developed. As out-
come after organ transplantation depends on sev-
eral factors that cannot be controlled in a retro-
spective study, it is difficult to compare solely the
effect of a pretransplant blood transfusion between
studies with a historical control group. Multivari-
ate analysis can control for confounding factors,
but cannot change the setup of a study. Of the 26
clinical studies summarized in Tables 5.1 and 5.2,
only four had a prospective, randomized controlled
character [19–22]. Because these studies differ with
regard to the selection of patients and to that of
(third-party or organ-specific) transfusion donors,
the transfusion schedule, and the immunosuppres-
sive treatment, a combined analysis is not possible
and a conclusion on the immunomodulatory effect
of transfusion cannot yet be made. Although the
beneficial transfusion effect seems to be present de-
spite the use of modern immunosuppressive drugs,
deliberate pretransplant transfusions are currently
virtually abandoned. The main reasons are con-
cerns about transfusion-transmitted diseases and
development of alloimmunization.

On the mechanism
Pretransplant blood transfusions may contribute to
immunological tolerance. Central tolerance results
from intrathymic deletion of self-reactive lympho-
cytes. In the periphery, tolerance to self or non-
self, such as allogeneic transplantation antigens,
can be achieved by various mechanisms [40]. Pro-
posed mechanisms are induction of apoptosis or
deletion of effector cells [41–43] induction of an-
ergy [12, 44–47] and active regulation of effector
cells [48–51]. However, these putative mechanisms
do not explain why HLA-DR sharing between
blood donor and recipient would be advantageous
in evoking a positive effect. Figure 5.1 shows a
hypothetical model in which pretransplant blood
transfusions from donors sharing an HLA class II
antigen with the patient may facilitate peripheral
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HLA
class I/II

Immunological events
after transplantation

In case of pretransplant
blood transfusion

(a) Direct
allorecognition

Kidney allograft

(b) Indirect
allorecognition

Recipient
APC

Self-HLA
Alloreactive

T cell

Memory phase

Shared HLA

Transfusion-
donor APC

Donor
peptide

CD4/8+
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CD4+
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Figure 5.1 Putative mechanism of the immunomodulating effect of HLA-DR shared blood transfusions in
transplantation. The upper part of the graph shows the immunological events occurring after organ transplantation in
case no pre-transplant blood transfusion is given. CD4+ and CD8+ T cells of recipient origin may directly (a) recognize
allogeneic HLA molecules on the surface of the transplanted organ. This results in upregulation of HLA class II
molecules on allore-active T cells. When the transplanted organ sheds allopeptides, they may end up in the self-HLA
class II molecules [109]. Triggering of recipient T cells via the indirect pathway (b) occurs as organ donor-derived
peptides will be processed and presented by recipient APCs in their own HLA. T cell activation begins when T cells
recognize alloantigens, either directly or indirectly. The effector phase is characterized by increased production of
cytokines, activation of inflammatory cells, increased cytotoxic activity, and stimulation of B cells to produce
alloantibodies, all leading to graft rejection. The lower part of the graph shows the situation after a HLA-DR shared
pretransplant blood transfusion. The transfusion donor APC can trigger recipient T cells via the indirect pathway, as it
expresses a HLA-DR molecule which is similar to self. After recognition of a foreign peptide in shared HLA, the primed
CD4+ T cells may exert effector functions, go into apoptosis or may become memory cells. It is assumed that after
transplantation these memory cells can be activated again in case the same complex of allopeptide and shared/self-HLA
is available as after blood transfusion. Thus the alloreactive T cell and recipient APC can trigger the CD4+ Treg cell. This
may result in lysis ( ) of the alloreactive T cell and recipient APC or modulation of dendritic cells by production of
IL-10, leading to downregulation of the immune response towards the graft. The mechanism described above requires
the sharing of HLA-DR between blood donor and recipient and sharing of a peptide between blood donor and organ
donor. APC, antigen presenting cell; HLA, human leukocyte antigen.
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tolerance against a third-party organ donor [52–
54]. It is assumed that the recognition of an allo-
geneic peptide in the context of the shared HLA-DR
on blood donor APC by recipient T cells, a pseudo
indirect pathway of allorecognition, may lead to
the induction of regulatory T cells (Tregs). Such
Tregs may downregulate an immune response to-
wards the subsequently transplanted organ shar-
ing a peptide with the transfusion donor, which is
quite likely given the multitude of shared peptides
among random individuals. Subsequently, two mu-
tually nonexclusive ways can lead to abrogation
of an effector response against cells expressing this
peptide. These cells are either killed by direct cy-
totoxicity or they may produce significant amounts
of IL-10 leading to modulation of dendritic cells and
less effective T helper stimulation [55,56]. Transfu-
sion tolerance may not only weaken graft rejection,
but on the long term the presence of tolerizing cells
may allow the minimization of potentially harmful
immunosuppressive drugs.

Cancer immunosurveillance

A deleterious role of blood transfusions on cancer
surveillance was feared because of immunological
analogy between alloimmunity (such as organ graft
rejection) and tumor immunity. This was further
supported by in vitro studies showing transfusion-
induced impaired NK functions, animal models,
and hundreds of observational studies [57]. Only
one randomized study investigated a role of pre-
sumed suppressive effects of leukocyte-containing
transfusions compared with leukocyte-depleted fil-
tered transfusions on recurrence of colorectal can-
cer after surgery with curative intent. This study
found no difference in cancer recurrence after 2
and 5 years of follow-up [58, 59]. Colorectal can-
cer is weakly immunogenic. Most clinically man-
ifest cancers and metastasis do not elicit an effec-
tive immune response as tumor cells can downreg-
ulate allele-specific HLA antigens, escaping T cell
and NK cells [60, 61]. Blood transfusions during
surgery come in a late phase of the disease, when
immunosurveillance already had its chance, and
failed.

Transfusions and postoperative
nosocomial infections

The possible effect of blood transfusions on the
incidence of postoperative infections is widely re-
searched [58, 62–69]. So far this has lead to a large
number of publications, several randomized con-
trolled trials (RCTs) [58,62,66,67,70–75] and fierce
discussions [76–80].

Observational studies
The vast majority of published studies are obser-
vational and compare transfused with nontrans-
fused patients. This design makes them unsuitable
to inform on causal relationships, as infections may
be correlated to anemia and independent from
the transfusions. Multivariate analyses reduced the
number of significant correlations reported, but
even the use of multivariate analyses can never
fully correct for the inclusion bias where all pa-
tients have a clinical transfusion indication in the
transfused group versus none in the nontransfused
group.

Meta-analyses
Several meta-analyses [64, 76, 80–85] were per-
formed, mainly on the RCTs, in an attempt to
gain more insight in this matter. However, all were
hampered by several factors:
� Different types of surgical patients were included.
Bowel surgery (bowel flora), cardiac surgery (time
on cardiopulmonary bypass circuit) and orthope-
dic surgery are all associated with different specific
infection risks, and patients undergoing different
types of surgery may react differently to an immu-
nomodulatory effect by blood transfusions [80,85].
� Different definitions were used for postopera-
tive infections. Some studies reported on all infec-
tions fulfilling specified (e.g., CDC), criteria, some
reported only on “surgical infections,” others on
all culture-positive infections or on all infections
treated with antibiotics, and some did not specify
what they reported.
� Different blood products were used. The “stan-
dard” red cell components had a leukocyte content
ranging from � 0.8 to � 3.0 × 109 per liter and was
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compared with autologous or filtered blood alter-
natives.
� A further problem is the way study results
are reported by the authors. Some only reported
intention-to-treat results where others reported
the results from the transfused subpopulations of
the different trial arms, sometimes with the non-
transfused patients combined in a control group.
These differences resulted in the reporting of odds
ratios ranging from �1 to �14, clearly indicating
that the studies did not report on similar situations.
� Furthermore, there is some publication bias, as
the smaller RCTs, reported in the literature, show
more pronounced detrimental effects of leukocyte
containing transfusions than the larger RCTs [76].
Authors of meta-analyses tried various ways to
adjust for all these variations, resulting in dif-
ferent conclusions in meta-analyses based on the
same studies [76, 80, 83–86]. Of the two most re-
cently updated meta-analyses, one reports a signif-
icant odds ratio of 1.92 (95% CI, 1.22–3.01) fo-
cusing on transfused patients only, while the other
one reports a nonsignificant odds ratio of 1.24
(95% CI, 0.98–1.56) following analysis according
to intention-to-treat [76, 85]. With such results,
an effect of transfusion on postoperative infections
cannot be considered proven, but it definitely can-
not be excluded either.

Transfusions and multiorgan
failure and mortality

The reported higher mortality rate in transfused
versus nontransfused patients can largely be ex-
plained by patient selection. However, there is an
increasing amount of evidence that in specific pa-
tient groups blood transfusions may increase the in-
cidence and/or mortality rate of multiorgan failure.

In vitro studies
We discussed earlier the proinflammatory effects of
transfusing blood or blood components. Priming/
activation of neutrophils [87, 88] and the transfu-
sion and induction of proinflammatory cytokines
[89–91] may all amplify an inflammatory response,
thereby predisposing a patient to a systemic in-

flammatory response syndrome (SIRS). This SIRS
may result in (multi-)organ failure and eventually
death.

Clinical studies
The introduction of leukocyte reduction for all
transfusions was used in several countries to per-
form before/after studies [92–95]. Some of these
studies reported a beneficial effect of leukoreduced
blood on mortality [94, 95]. Other observational
studies reported transfusions as an independent
risk factor for SIRS, multiorgan failure, and mor-
tality [89, 96–99]. As for postoperative infections,
the limitations of the observational design prevent
any definitive conclusion on a causal relationship.

Most of the RCTs reporting on mortality inves-
tigated the effect of leukoreduction by filtration
[66,67,71,73–75,100–104]. An association of non-
filtered blood transfusions with mortality was only
reported in some of the cardiac surgery studies (see
Figure 5.2) [66, 74, 101]. Of the RCTs investigating
the use of autologous blood, none reported a bene-
ficial effect on mortality [62,105–107].

Meta-analyses
The meta-analysis of the before/after studies did
not show a significant beneficial effect of the intro-
duction of leukocyte reduction on mortality [81].
Meta-analyses on the RCTs also did not show sig-
nificant benefits on mortality in the overall analy-
ses [83–85, 108]. Only when the meta-analysis fo-
cused on cardiac surgery was there a significant
benefit shown on mortality [85,108].

Conclusions

On one hand, TRIM is a concept that is very attrac-
tive to exploit as specific tolerance-inducing con-
ditioning prior to organ transplantation; on the
other hand, transfusion-related immunosuppres-
sion enhancing cancer recurrence, infections and
mortality is a serious concern that has led to wide
implementation of universal leukocyte reduction
of red blood cell transfusions. As yet, there are
insufficient studies to provide solid evidence for
these postulated TRIM effects. A deleterious role



c05 BLBK256-Maniatis July 26, 2010 12:26 Trim: 246mm X 189mm Char Count=

Chapter 5 55

RCTs on noncardiac surgery RCTs on cardiac surgery

Jensen et al. [71]

N
ielsen et al. [103]

T
itlestad et al. [73]

D
zik et al. [104]

V
an hilten et al. [75]

V
an de w

atering et al. [66]

W
allis et al. [67]

B
racey et al. [100]

B
ilgin et al. [74]

B
oshkov et al. [101]

C
om

bined, all

C
om

bined, cardio

0.01

0.1

1

10

Favors
filtered

Favors
nonfiltered

N
athens et al. [102]

Figure 5.2 Short-term mortality
(maximum 90 days) in RCTs comparing
filtration-leukoreduced RBCs with
nonfiltered RBCs (OR surrounded by
95% CI). RBC, red blood cell; RCT,
randomized controlled trial.

of leukocyte-containing transfusions has only been
demonstrated in cardiac surgery. This might be re-
lated to the effects of extracorporeal circulation and
reperfusion injury leading to SIRS, with transfu-
sions disturbing, as a second hit, the shaky balance
of the recovery process.
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CHAPTER 6

Pathogen Inactivation of
Blood Components
Chris Prowse
Scottish National Blood Transfusion Service, Edinburgh, UK

Introduction

Blood transfusion services are testing each blood
donation for an ever-increasing number of
pathogens. In the United Kingdom, this testing
includes HIV, hepatitis B, hepatitis C, HTLV,
and syphilis, with optional testing for bacteria,
cytomegalovirus (CMV), and malaria (see the
review by Kitchen and Barbara [1] in this volume).
Elsewhere, testing for parvovirus B19, West Nile
virus, Chagas’ disease, and other agents is in place.
Pathogen inactivation of blood components ideally
offers the option of using one process to inactivate
transfusion-transmitted infections and thereby
potentially avoid the need to introduce further
testing, and even to cease using some of the cur-
rent tests. Reality is somewhat different as current
technologies are not applicable to all components
and are not effective against all agents.

Fractionated plasma products now have a very
good safety record, based on a combination of
donor questioning, donation testing, and process-
ing (including specific pathogen inactivation steps)
[2,3]. While the first two of these are also applicable
to single-donation labile blood components, most
pathogen-inactivation steps applied to fractionated
products are incompatible with platelet and red
cell viability. In recent years, compatible pathogen
inactivation methods have become available and

are now licensed, at least in Europe, for plasma
and platelet products; but not yet for red cells
(Table 6.1).

For those agents currently tested on all blood
products, the combination of serological and nu-
cleic acid based assays has made the residual risk of
infection remarkably low—of the order of one in a
million or less per donation. Benefits of pathogen
inactivation technology are more likely to be re-
alized for emerging agents for which blood is not
yet tested, or where testing is only partially effec-
tive, as is the case for bacterial contamination of
platelets [4].

Available and developing
technologies

The first commercialized pathogen inactivation
technique applied to blood components was
solvent-detergent treatment of whole plasma [5].
This method relies on the disruption of virus lipid
envelopes by the solvent-detergent combination
and requires removal of these chemicals after pro-
cessing. It is only effective against lipid-enveloped
viruses (not nonlipid-enveloped viruses or bacte-
ria), disrupts cells and is hence not applicable to
platelets or red cells. It has usually been applied
to pools of up to 2500 donations, but a method
for single-donation plasma has also been described
[6]. Other methods used in the fractionation in-
dustry have also been applied to plasma, such as
nanofiltration [7] and pasteurization [8], but have
not been progressed to full-scale clinical use.
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Table 6.1 Status of technologies (2008).

Component Company Method US status EU status

Plasma Octapharma Solvent detergent Licensed Licensed
Cerus Amotosalen + UV Phase III Licensed
Macopharma Methylene blue + light ? Licensed
Navigant Riboflavin + UV ? Licensed

Platelet Cerus Amotosalen + UV Phase III Licensed
Navigant Riboflavin + UV Phase II Licensed
Macopharma UV ( ±thionine) Preclinical Preclinical

Red Cells Vitex Inactine Abandoned Abandoned
Cerus S-303 (FRALE) Phase Ib Phase Ib
Navigant Riboflavin + UV Preclinical Preclinical
American Red Cross Thiopyrilium + light Preclinical Preclinical

Phase 1: volunteer safety studies. Phase II: patient safety studies. Phase III: patient efficacy studies.
Licensed: by FDA in USA and/or CE marked in Europe.

Recent developments have relied more on the
use of combinations of visible or ultraviolet (UV)
light and photosensitizers to modify nucleic acids.
As therapeutic components do not require ge-
netic material (platelets and red cells being anu-
clear) for function, specific “inactivation” of nucleic
acid should have no effect on plasma, red cell,
or platelet function but reduces pathogen viabil-
ity (other than prion agents). As shown in Figure
6.1, pathogen inactivation can be achieved by sim-
ple use of UV or gamma irradiation, but for blood
components the only practical application of this
has been with UV light where specificity is depen-
dent on the absorption characteristics of nucleic
acids at this wavelength. Proteins also absorb in

hv

hv

hv

Target
(UV or Gamma)

Target

Target

Sensitiser
(Psoralen)

Sensitiser
(Phthalocyanin,
Phenothiazine)

Free radicals
(Type I)

and Reactive oxygen
(Type II)

Photodynamic

Photochemical

Direct

Routes of action of radiation

Quenchers

Figure 6.1 Mechanisms of pathogen inactivation by
radiation.

the UV light and damage to proteins may result at
higher doses. Gamma irradiation at doses that inac-
tivate pathogens (rather than just leukocytes) cer-
tainly causes irreversible changes to proteins and
cells. More normally, specificity is achieved by use
of a photosensitive compound that binds to nu-
cleic acids. Irradiation then either results in di-
rect cross-linking of this compound to nucleic acid
(photochemical inactivation) or generation of free
radicals or active oxygen species (photodynamic
inactivation) that act only on molecules in the
immediate vicinity owing to their short lifespan.
However, the binding of such compounds (Figure
6.2) is not absolutely selective and usually some ef-
fect can be detected on other constituents. These
may be minimized through the use of quenchers or
reducing agents such as glutathione.

Examples of photo-inactivation methods applied
to plasma include the use of the phenothiazine dye
methylene blue, in combination with visible light,
[9] and the psoralen amotosalen, with UVA light
[10] as well as a combination of riboflavin and
UV light [11]. The latter two methods have also
been developed for platelet treatment, although the
amotosalen approach requires use of a platelet ad-
ditive to replace two-thirds of the plasma used for
platelet suspension so as to avoid excessive ab-
sorption of the UV light by plasma proteins. Ma-
copharma are also developing the use of UV alone
or in combination with thionine (a derivative of
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Figure 6.2 Some chemicals used in
pathogen inactivation.

methylene blue) for platelet treatment [12]. The
current licensing status of these technologies is
shown in Table 6.1.

For red cells, photo-inactivation is less applica-
ble owing to their high optical density, although
this approach is being progressed for the riboflavin
method. The alternative approach of using chem-
ical compounds that bind specifically to nucleic
acid and achieve inactivation by direct chemical ac-
tion after a shift to neutral pH has been attempted
by two companies using the compounds Inac-
tine [13] and S-303 (a psoralen derivative desig-
nated as a frangible anchor-linked effector) [14]. In
both cases, problems arose owing to side reactions

that changed the red cell surface (see below), but
Cerus are still progressing studies using a modified
S-303 method. A more recent photo-inactivation
approach has been to use a sensitizer that can only
be activated by light when bound to nucleic acid
and fixed in a certain conformation. This uses com-
pounds such as thiopyriliums [15] and thiazole or-
ange [16] that have yet to be assessed clinically.

Other than for riboflavin, most of the methods
developed include steps to remove the residual sen-
sitizer.

Leukodepletion may also be regarded as a
pathogen removal step for those agents that pri-
marily infect white cells, such as CMV and HTLV.
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Clinical trials (plasma)

Millions of donations of methylene blue- and
solvent-detergent-treated plasma have been used
in patients, while many thousands of doses of
amotosalen-treated platelets have been used clin-
ically. Use on this scale is reassuring in terms of
safety, but it does not address efficacy.

For trials of inactivated plasma, there is a prob-
lem in that it is uncertain what the benefits of the
standard product are, other than in correcting lab-
oratory parameters [17]. Hence, trials comparing
inactivated and standard plasma may be of little
value.

Nevertheless, studies on the early solvent-
detergent-treated plasma demonstrated equiva-
lence to standard plasma in a variety of disorders
including coagulation deficiencies (both congenital
and acquired) and in thrombotic thrombocytopenic
purpura (TTP) [18,19]. By today’s standards, these
trials were underpowered and are probably too
small to reach definite conclusions. Soon after its
widespread introduction in the United States, re-
ports appeared of hyperfibrinolysis and even death
in patients undergoing liver transplantation, [20–
22] which was probably due to the reduction in
protein S and antiplasmin in this product as a re-
sult of processing. A somewhat different process is
used in Europe that has less impact on these pro-
teins, and there are few if any reports of such effects
with the OctaPlas product now made and licensed
in Europe [21,22].

For methylene blue-treated plasma, very few
clinical trials of any size have been carried out, as
licensure of this product at the time of its intro-
duction did not require these. Such studies as ex-
ist indicate equivalent efficacy to standard plasma,
[23] although there has been recent concerns over
reduced efficacy in TTP despite the product con-
taining normal levels of the von Willebrand factor
cleaving enzyme ADAMTS-18, deficiency of which
gives rise to this condition [24].

For amotosalen-treated plasma, a series of well-
designed recent clinical trials of adequate power
(except in the case of TTP) have demonstrated
equivalence to standard plasma in acquired and

congenital coagulation deficiency as well as in TTP
[25–27].

Clinical trials (platelets)

While clinical trials on the riboflavin product have
commenced with encouraging results [28, 29], the
only complete trials are for the amotosalen product
with one European trial using a platelet-increment
endpoint [30] and a US one using a bleeding
correction endpoint [31]. For the chosen end-
points, these trials showed equivalence with stan-
dard platelet products, but closer inspection sug-
gests a somewhat reduced (around 10–15%) ef-
ficacy when using normal clinical monitoring pa-
rameters. For licensure, most platelet products are
also assessed by autologous transfusion to vol-
unteers to assess in vivo recovery and survival.
The FDA has recently proposed that, at the end
of their shelf life, platelet products should have
67% of fresh platelet recovery and 58% of fresh
platelet survival. Against this standard, both amo-
tosalen and riboflavin [28] platelets are close to
the limit after 5 days storage, and longer stor-
age may result in suboptimal results, particularly
in the additive solution used with the amotosalen
product.

Clinical trials (red cells)

Prior to full-scale clinical testing, novel red cell
products are usually checked in volunteer autolo-
gous isotope-labeling studies to check that at least
75% of transfused red cells remain in the circu-
lation 24 hours after infusion. This was done and
found to be the case for both Inactine and S-303
red cell products, [32,33] but in subsequent clinical
trials both products caused the formation of anti-
bodies to red cells, ascribed to surface modification
of the red cell by the pathogen inactivation process
[14]. Further work by Cerus on the S-303 method
has resulted in a modified procedure with minimal
effects on red cell surface structure, and this revised
product is now entering early clinical testing [14].
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Effects on potency and quality
of product

For plasma products, conditions are usually cho-
sen to balance the loss of potency against the level
of pathogen inactivation. In practice, this usually
means that there is a loss of around 30% of coagu-
lation factor VIII potency [34]. For most products,
this protein is the most susceptible to inactivation.
Except in patients with moderate to severe factor
VIII deficiency, who should be treated with factor
VIII concentrates, this level of loss is not of concern
in itself. For solvent-detergent products, it has al-
ready been mentioned that protein S and antiplas-
min losses are noteworthy.

For cellular products, the process steps, includ-
ing those introduced to remove sensitizer, mean
that there are multiple transfers between blood
packs, which can result in significant volume losses
(up to 10%) and hence there is a question of
yield losses as well as any resulting directly from
the inactivation procedure. In routine use, the
overall loss of potency can usually be limited
to 15%, but can be considerably less than this
for processes such riboflavin pathogen inactiva-
tion where a sensitizer removal step is not deemed
necessary.

Toxicology and neoantigens

As the sensitizers or chemicals used to achieve
pathogen inactivation result in modification of nu-
cleic acids, toxic side effects are a natural concern
for pathogen inactivated components. To address
this, most procedures incorporate a step to remove
unused chemicals or their breakdown products. Ex-
tensive testing of residual toxicity is undertaken
[35]. For all licensed products, the residual toxic-
ity is not significant, this being part of the licensing
procedure [36, 37]. For those products that have
been in use for some time, there is the additional
reassurance of safe outcome with considerable us-
age over a number of years.

Separately from this, treatment may result in
changes to the surface of red cells or proteins that

elicit an inappropriate immune response. As al-
ready noted, formation of such “neoantigens” was
found for the two trialed red cell methods, although
whether the antibodies that formed were of clin-
ical significance remains uncertain. For pathogen-
inactivated plasmas and platelets, neoantigen for-
mation does not seem to have been a problem to
date, despite the changes in plasma proteins already
described. Companies try and assess products for
neoantigen formation [38], but this can only be
fully assessed in human studies.

Extent of pathogen inactivation
achieved and required

For bacteria, initial contamination levels in blood
components are low and rare [4], although with
the potential to grow during storage. For viruses,
titers may rise as high as 1019 viruses per mL
(for parvovirus B19) during the acute phase of in-
fection, but are more normally in the range of
104–106 per mL, although for those viruses for
which screening is routinely undertaken this will
be reduced further (to less than 104) by exclusion
of high-titer donations. For parasites, intermediate
titers are seen.

To assess inactivation capacity, components are
usually “spiked” with stocks of pathogenic or model
agents before undertaking pathogen inactivation
and the results expressed as a log kill, usually de-
termined by assaying dilutions of agent in cell cul-
ture assays. The demonstrable levels of inactiva-
tion are often limited by the available titer of stock
pathogens. For most lipid-enveloped viruses and
for many bacteria, it is usual to find a log kill of
more than 6 logs (99.9999%) [5, 9, 10, 39]. For
non-lipid-enveloped viruses, more variable results
are seen that range from virtually no kill to more
than 6 logs. Fortunately, the viruses of most con-
cern to date are usually lipid enveloped. Additional
reassurance can be obtained by undertaking kinetic
studies and showing that all the available viruses
are inactivated in a period less than that usually
used. Particularly, if nucleic acid testing is un-
dertaken, these levels of inactivation are probably
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adequate to deal with any virus, and also with bac-
teria in the absence of screening.

However, where methods are known to be
ineffective against nonlipid-enveloped viruses,
pathogen inactivation may be inadequate, and in
the case of pooled solvent-detergent-treated plasma
clinical illness as a result of parvovirus B19 infec-
tion has been reported [40]. This has resulted in the
introduction of nucleic acid screening both for B19
and hepatitis A, another nonlipid-enveloped virus,
as part of the solvent-detergent plasma process.

As mentioned earlier, pathogen inactivation pro-
cesses also inactivate white cells and may provide
an alternative to gamma or X-ray irradiation in
avoiding graft-versus-host disease [41,42].

Cost-effectiveness

If only those viruses for which routine screen-
ing is in place are considered, cost-effectiveness
analysis shows virus inactivation to be uneco-
nomic, owing to the very low risks of infec-
tion already achieved. Formal analysis of this for
solvent-detergent-treated plasma has given figures
of at least $2,000,000 per quality-adjusted life-year
(QALY) saved [43]. Assuming a cost of $50 to $100
per unit for pathogen-inactivation processing, sim-
ilar results would be expected for other procedures.

For pooled solvent-detergent plasma, there are
two additional variables—relating to pooling rather
than infectious agents—that may influence these
estimates. Both arise from the fact that pooling re-
duces the titer of specific antibodies that may occur
in occasional donations. The result is that antibod-
ies that may cause transfusion-related lung injury
are diluted to clinically insignificant levels [44]. If
the cost benefits of this are introduced, then the
cost-effectiveness of solvent-detergent plasma be-
comes around $50,000 per QALY [45]. The second
is that anti-A and anti-B antibodies may be diluted
out to yield a product (UniPlas) that is universal
and does not require blood-group-matched trans-
fusion.

More interesting is to consider bacteria and
emerging pathogens. For emerging infections,
pathogen inactivation has the potential to avoid the

delay and costs involved in introducing new tests,
the value of this being dependent on the particular
emerging agent. For bacteria, current testing is not
fully effective [4] and, while possibly a more expen-
sive option than testing [46], pathogen inactivation
is likely to be more effective. A formal full-scale as-
sessment of this has just commenced in France.

Conclusions and consensus

To paraphrase the conclusion of a recent consen-
sus conference [47], pathogen inactivation of blood
components cannot be justified for those trans-
fusion [transmitted agents for which mandatory
routine testing is already in place but should be
given serious consideration to address the almost
inevitable next emerging infection(s)].

To this I would add two points. First, no inactiva-
tion procedure is likely to be able to address prion
diseases, such as variant Creutzfeldt–Jakob disease,
as these are not dependent on nucleic acid. Poten-
tial screening assays for these agents are approach-
ing field trials, as are filters that should allow re-
moval of the infectious agent. Second, for bacterial
contamination of platelets, pathogen inactivation is
likely to be more effective but more expensive than
bacterial screening. Ideally, one would wish to in-
troduce the more effective technology, but whether
this is affordable becomes a local political or man-
agerial decision.
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CHAPTER 7

The Benefits of Allogeneic
Erythrocyte Transfusion:
What Evidence Do We Have?
Neil Soni1 & Benjamin Thomas2

1Consultant ITU and Anaesthetics, Chelsea and Westminster Hospital, London, UK
2SpR Anaesthesia, St Mary’s Hospital, Paddington, London, UK

Introduction

Generations of doctors were taught to replace the
fluid that a patient was losing—simple and sound
advice that meant water was replaced with water,
electrolyte solutions with similar and blood with
blood, albeit from someone else. In the broadest
sense, this simple advice is still pertinent and, for
example, with massive blood loss there is noth-
ing yet that will substitute for blood. The situa-
tion is made far more complex by modern medicine
where there are many current and historical indi-
cations for blood where the basis for its use can,
and is being, challenged. There is a rapidly grow-
ing wealth of evidence, both substantial and more
commonly circumstantial, denying the usefulness
and emphasizing the hazards of allogeneic blood,
with few if any papers focused on demonstrating
the benefits of its traditional uses. These traditional
uses or indications of blood extend from its physi-
ological value in oxygen delivery (DO2) (see Table
7.1) through the relative benefits of replacing ab-
normal variants of hemoglobin and into the realms
of blood as a “tonic.” The intention of this pa-
per is to address the question of what the benefits
are, to necessitate a review of where and how it is

used, and to assess the rationale and the available
evidence.

Few textbooks list the indications for transfusion
even from the era when blood was considered es-
sential, but they all list a vast array of complica-
tions and problems. The indications of erythrocyte
transfusion discussed in this review are shown in
Table 7.2.

The issue of whole fresh blood

Whole fresh blood is the topic that will not go away.
There have been several periods when whole blood
was reputed to have almost magical properties
when given hot and fresh. “Bleeding stops and the
patient gets better in a way that components never
get near.” The potential cross-matching and infec-
tivity problems have made this almost impossible,
but leaving the question about its efficacy unan-
swered. There is little or no evidence to support the
anecdotal reports of its efficacy, although there are
theoretical arguments. These can be summed up
as warm with normal 2,3-diphosphoglycerate (2,3-
DPG) and with the right balance of clotting factors
and fibrinogen. It also has the correct properties for
volume replacement, oxygen carriage, and coagu-
lation. It is being used in theaters of war where
the risk/benefit analysis is altered by specific pop-
ulation screening, the nature and immediacy of the
injuries and availability of supply [1–3].
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Table 7.1 Oxygen availability—using the basic equation
for oxygen delivery to tissues: Hb × CO × l.34 × ER
(1.34 is the hemoglobin binding constant).

Situation
Oxygen availability
(mL/minute)

Oxygen delivery
(mL/minute)

Hb 10, CO 6, ER 0.3 241 804
Hb 10, CO 2, ER 0.3 80 268
Hb 10, CO 2, ER 0.7 187 268
Hb 5, CO 6, ER 0.3 120 402
Hb 5, CO 6, ER 0.7 281 402
Hb 5, CO 2, ER 0.7 94 134

Sources vary as to the limits of the ER. The literature
indicates that in severe exercise a ratio of 0.8 is seen if the
venous saturation is used as an indicator, although it is
likely that muscle oxygen consumption is exceeding its
oxygen delivery at that rate, i.e. this is beyond the critical
point. In most organs 0.5 is probably a more reasonable
maximum ER. Here ratios of 0.3 and 0.7 are used to try to
illustrate the likely oxygen availability. CO, cardiac output
(L/minue); ER, extraction ratio (final saturation/initial
saturation); Hb, hemoglobin concentration (g/dL).

Acute hemorrhage

In acute hemorrhage, in any scenario planned or
unplanned, the sudden reduction in hemoglobin

is usually linked to volume loss but also results in
loss of oxygen-carrying capacity. The former is eas-
ily corrected by volume replacement. The latter is
an issue that is essential to what constitutes an in-
dication for blood transfusion. There are two key
elements: first, maintaining DO2 above the critical
threshold point where tissue demand exceeds sup-
ply; and second, “dynamism,” i.e., predicting the
likelihood of falling below that threshold.

Oxygen delivery
The issue of oxygen supply will be dealt with be-
low, but a brief description of the relevant features
is pertinent here. Cain performed landmark stud-
ies in DO2 in dogs rendered isovolemically ane-
mic to see the relationship between oxygen con-
sumption (VO2) and DO2 [4]. It was clearly shown
that there was a point at which delivery no longer
matched consumption and below which consump-
tion fell precipitously. This was the “critical point”
(CP) at which compensation failed and oxygen sup-
ply was inadequate [4]. It is from this point down-
ward where delivery and consumption are directly
related. It is important to appreciate there is a global
CP but also organ-specific CPs determined by organ

Table 7.2 Indications for packed red blood cells.

Acute hemorrhage, nonsurgical Frequently necessary
Acute hemorrhage, surgical Necessary but use conservation methods
Acute expected hemorrhage, surgical When conservation fails
Preoperative correction of anemia Only if unavoidable (restrictive)
Acute hemolysis Necessary (restrictive)
Acute hematological problems: marrow
suppression and lack of red cells

Necessary (restrictive)

Critically ill: treatment of bleeding When necessary (margin of safety threatened)
Intensive care unit: top up Minimize need (restrictive)
Burns Minimize need (restrictive)
Acute coronary syndrome Confusing (see ACUTE CORONARY SYNDROME)
Sickle cell prophylaxis/crisis Only when necessary
Malaria When necessary
Chronic anemia, renal Avoid
Chronic anemia, palliative care Avoid
Rehabilitation Avoid (evidence confused)
Trauma Possibly whole fresh blood

Restrictive: apply restrictive transfusion policy.
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Figure 7.1 The relationship between
cardia output and the extraction ratio
approaching the critical point (CP)
with two different hemoglobin values
(5 and 10 g/dL). CP, critical point; Hb,
hemoglobin concentration; VO2,
oxygen consumption. - - - Hb 5,
– – Hb 10, — VO2.

requirements and blood flow, and the two may be
different.

The DO2 is measured by the product of cardiac
output and bound hemoglobin (CO × Hb × l.34 ×
saturation). Essentially the three variables are the
hemoglobin concentration, the amount of oxygen
bound to hemoglobin, saturation, and the total
quantity of both being delivered (Figure 7.1). Lo-
cal factors such as pH, PCO2 value, and the Bohr
effect would also be relevant in terms of the abso-
lute quantity of oxygen being unloaded from each
hemoglobin molecule at tissue level. In this article
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Figure 7.2 The relationship between
cardiac output and hemoglobin value
at the critical point at two different
extraction ratios: 0.5 and 0.3. CP,
critical point; ER, extraction ratio.
— CP ER = 0.5, - - - CP ER = 0.7.

the amount unloaded is described as the extraction
ratio where a reasonable limit is 0.5 while up to 0.7
can occur (Figure 7.2).

This is relevant in acute hemorrhage, assuming
functional lungs, as two main factors influence de-
livery to the blood tissue interface; cardiac output
and the amount of hemoglobin saturated. DO2 into
the tissues is then determined by the amount of
oxygen that can be off-loaded from the hemoglobin
molecule, i.e., the fall in saturation. A decrease
in any of the multiple factors that influence de-
livery to the tissues can then be compensated
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Table 7.3 Acute bleeding.

1. Blood loss leads to ↓ volume (cardiac output), ↓ Hb (total)
2. Compensation: Systemic: ↑ heart rate, ↑ vasoconstriction (danger; ischemic heart disease)

Local: Bohr effect, ↑ extraction ratio
3. Correction = fluid

↑ volume, ↑ cardiac output, ↓ Hb
4. Correction = blood

↑ volume, ↑ cardiac output, ↑ Hb
(but old blood = low extraction ratio)

Hb, hemoglobin concentration.

for by unloading more oxygen from the delivered
hemoglobin.

Conversely, if the hemoglobin is low because of
the hemorrhage, an increase in cardiac output will
deliver more blood to the tissue, albeit with a lower
hemoglobin concentration. The net effect is to in-
crease DO2. As long as the available DO2 is above
the CP, VO2 is maintained. However, increased car-
diac output from increased heart rate and vasocon-
striction, which is also part of the compensatory
mechanism, result in increased cardiac work, and
VO2 that may tax the potentially ischemic heart.
The patient, the organ, and the cell determine what
the VO2 needs to be, and the delivery is only rele-
vant if it is inadequate.

In acute hemorrhage, the volume depletion of
bleeding reduces cardiac output and hence DO2,
while loss of hemoglobin mass will reduce poten-
tial oxygen carriage (see Table 7.3). Volume reple-
tion will restore output that can increase to com-
pensate for low hemoglobin. Then the hemoglobin
is relatively unimportant in terms of DO2 until the
hemoglobin is extremely low. If volume status is
not corrected and the cardiac output cannot com-
pensate, then DO2 is increasingly dependent on the
oxygen unloaded from the available hemoglobin. If
the latter is low, then the available oxygen is also
limited.

With normovolemic anemia, improved car-
diac output can provide adequate DO2 until the
hemoglobin is very low—probably considerably
less than 5 g/dL. As cardiac output falls then the
amount of oxygen extraction from the available
hemoglobin increases dramatically. In summary,
cardiac output compensates for low hemoglobin,

and oxygen extraction compensates for low cardiac
output. If both fall simultaneously then there is no
compensatory mechanism that can increase DO2,
and the VO2 is compromised as the CP is reached
and passed.

In acute bleeding, all of the above can happen.
If volume is protected then a low hemoglobin con-
centration can be tolerated, but if volume is com-
promised then a high hemoglobin concentration
is protective. The real issue is how far an individ-
ual is from the CP at which DO2 fails to match
requirements.

There are other considerations. This global
picture also applies to the microcosm of individual
circulations, such as the coronary circulation
and indeed other organs. There the flow may be
determined not only by cardiac output but also
by local factors, for example a stenosed vessel.
Stenosis means flow limitation, irrespective of
volume status. The issue is that any compensatory
increases in cardiac output to improve oxygen
supply will be ineffectual because of the stenosis,
and the organ is increasingly dependent on oxygen
extraction from the available hemoglobin.

The key is the CP, which has a global value but
will also have local organ values. Identifying the
CP is easy when it has been passed, in terms of
signs of tissue hypoxia such as falling pH and rising
lactate. In an individual organ such as the heart,
overt cardiac ischemia indicates the cardiac CP has
been passed. That is too late to be a useful indica-
tor, except for rescue. There are no adequate mea-
sures of when the patient is approaching the CP,
either globally or locally. Ideally the patient should
not reach that point. In acute situations, both
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Table 7.4 Risk factors suggesting that a patient is
potentially closer to the critical point than normal.

1. Impaired ventricular function with poor cardiac output
and no reserve

2. Hypovolemia
3. Hypoxemia
4. Anemia
5. Ischemic heart disease
6. Vascular disease with stenosed vessels
7. Increased metabolic activity (increased oxygen

consumption)

hemoglobin and cardiac output are threatened. The
cautious clinician protects both and builds in a mar-
gin of safety between the patient and their CP (see
Table 7.4). “It does not matter where you are as
long as you are above it.”

“Dynamism”
It is important to be clear about what we know and
what we do not know. This describes acute med-
ical practice where some facts are known, several
are presumed, and some are unknown. It may be
known or presumed that bleeding is taking place,
either from obvious overt blood loss or signs con-
sistent with blood loss. The site may be known
or presumed. What is frequently unknown is the
actual bleeding rate, whether bleeding is ongoing
and whether it will accelerate or decelerate. Fur-
ther down the track is the uncertainty of when,
by what means, and how effectively bleeding can
be controlled. Frequently the estimated losses will
be determined by signs and measurements, such as
pulse rate, blood pressure, and hemoglobin. Some
changes are immediate, but hemoglobin changes
are late and indicate what has already happened,
not necessarily what is currently occurring. Clini-
cal signs that indicate a 20% loss in a normal in-
dividual may appear after a much smaller loss in a
patient who is already hypovolemic and compro-
mised from previous losses. This compote of uncer-
tainty is what prevails in acute circumstances and
represents the dynamics of the situation. In such a
dynamic situation where the specific value of the
CP is unknown, an approach that builds a margin

of safety that protects both compensatory mech-
anisms (cardiac output and hemoglobin) would
seem prudent. In acute bleeding, there is good
evidence that both low cardiac output and low
hemoglobin carry a significant morbidity and mor-
tality. There is even better evidence that the com-
bination is lethal.

Other considerations

Other options
In an unstable position with ongoing bleeding and
a falling hemoglobin, transfusion is indicated to re-
main safe. In the ward environment, there may be
no choices available, but in other situations such as
accident and emergency, intensive care, and the-
aters, there are many occasions where implemen-
tation of conservation methods such as cell salvage
may be feasible and may reduce transfusion re-
quirements. This should be available to be used, if
appropriate.

Efficacy of the blood
Cold stored blood with reduced 2,3-DPG content
has relatively poor oxygen affinity. Increasing the
hemoglobin will increase carriage, but with a low
extraction rate. Paradoxically, to ensure avoiding
the CP, earlier administration is necessary to allow
for the relative inefficiency [5–8].

Current reports suggest that stored blood im-
pairs nitric oxide function and thereby causes vaso-
constriction. If this is correct then vasoconstriction
will impair perfusion and local DO2. The argument
would then be for earlier transfusion to mitigate
this side effect. In transfusing blood, reduced oxy-
gen availability because of low 2,3-DPG will be
compounded by reduced perfusion because of im-
paired nitric oxide. This is a microcosm of the fall
in cardiac output and anemia seen on a global level
[9–11].

Acute expected hemorrhage

When major bleeding is anticipated then there will
be a requirement for blood, but blood transfusion
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with allogeneic blood should be reserved for situ-
ations where blood-conservation techniques can-
not be used or where they cannot cope [12]. In
many settings, means of conserving blood are avail-
able, and methods of reducing loss can be imple-
mented prospectively. Even with good salvage and
good surgery, there are situations where blood loss
is large and transfusion will be necessary. A restric-
tive transfusion approach is feasible.

Preoperative transfusion

The patient is presenting with a low hemoglobin,
losses may occur, and the margin of safety is threat-
ened. The approach should be dictated by circum-
stances. In elective situations, when time is on
your side, conservative means of improving a very
low hemoglobin concentration should be used; and
that might include iron and/or recombinant human
erythropoietin. The data are confusing as in many
situations there appears to be little morbidity and
mortality dependent on the level of hemoglobin
[13, 14]. This Halcyon approach has been chal-
lenged by a recent study in cardiac surgery [15].
In that large study, anemia was defined as less than
13 g/dL in men and 12 g/dL in women. It was quite
clear that adverse outcome started increasing with
preoperative hemoglobin concentrations below
10 g/dL. Given that anemia is known to be a dis-
ease marker in its own right, it is not surprising it is
associated with poorer outcome. It does not mean
that transfusion, fixing the number, would alter the
outcome, but it would be naive to dismiss this im-
portant epidemiological finding when so many oth-
ers are being accepted.

In practical terms, if there is no time to cor-
rect hemoglobin by other means, then a transfu-
sion might be indicated to preempt heavy blood loss
or just to bring the hemoglobin to a “safe” value.
“Safe” means that with a corrected hemoglobin the
patient has to lose both blood and volume to reach
the CP. At present, in the absence of ischemic heart
disease, a trigger of �8 g/dL is used by many to
good effect [12–14,16–20].

It is important to note that the transfusion stud-
ies look at populations undergoing procedures as-
sociated with very low mortality rates and low in-
cidences of myocardial infarction, and therefore
it is unsurprising that few are seen. The lack of
overt morbidity has resulted in a degree of com-
placency about the certainty of declaring that low
hemoglobin values carry little, if any, risk. Few
transfusion trials are focused on the “at-risk” pop-
ulations, where the preoperative cardiac surgery
study of anemia indicated a problem, and so as-
sumptions still prevail [20].

Indications in the critically ill

Acute transfusion
The same conditions apply in the critically ill as
for any major hemorrhage that may result in im-
pairment of DO2. In the critically ill, the patient
is presumably even more vulnerable as the usual
compensatory mechanisms may already be com-
promised. For example, the hemoglobin may be
partially derived from transfused blood, the cardiac
output may be supported by inotropes, which in-
cidentally increase oxygen use, or conversely the
patient may be unable to produce a compensatory
increase in cardiac output. The Bohr effect may al-
ready be maximally exercised. Overall the patient
may reach the CP very rapidly, in terms of sup-
porting VO2, with blood loss. In these instances the
hemoglobin has exaggerated importance. The CP is
unknown but the vulnerability of organ systems in
this population should indicate that a wide safety
margin is desirable. It is therefore surprising to find
that hemoglobin is relatively unimportant in the
critically ill. Studies indicate that a restrictive ap-
proach is safe and may even be beneficial [21, 22].
A trigger of 7–8 g/dL appears to be safe.

It is very important to appreciate the context. The
discussion so far has centered on acute transfusion
for presumed major bleeding, and these studies did
not look at this subgroup. The dynamics discussed
previously are relevant in this population and the
same rules apply in that keeping the patient well
above the CP below which VC2 can no longer be
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supported is crucial, and in these patients it is only
recognizable when it has been passed. That is too
late. There must be a conservative approach to re-
strictive triggers in unstable situations. Some au-
thors allude to this as a tailored approach to trans-
fusion [23].

The studies on blood conservation, the appar-
ent safety of low hemoglobin levels, and the dan-
gers of giving blood demonstrate some interesting
details. Some studies indicate that red cell trans-
fusion does improve DO2 but not VO2 [5, 24, 25].
Is this surprising? It is a physiological fact that
the cells determine their oxygen requirements and
take what they need. The link between delivery
and consumption only occurs when there is in-
adequate oxygen for their needs, i.e., below the
CP. Above that point, giving more than they need
will not increase consumption, unless they are
oxygen deprived, but will increase the margin of
safety.

Various epidemiological studies indicate that
mortality may be higher in patients liberally trans-
fused, while a myriad of studies have shown that
needing and receiving a blood transfusion worsens
outcome. This is seen in everything from burns
through cardiac surgery to intensive care in general
[25–32]. Most authors claim that this is not stating
the obvious—that transfusion requirement is a
significant indicator of a major problem, especially
in an era when blood is being used increasingly
conservatively, and therefore must translate into
outcome. Statistics fail dismally to separate the
issue of requirement and risk. These studies are
currently proliferating in the journals, but their
interpretation is difficult. If blood is so bad as
to cause this morbidity, it is vital to know the
mechanism by which it causes damage if it is gen-
uinely only blood related. Potential mechanisms
include viscosity, microcirculation, and now the
new nitric oxide findings, which suggest that a
storage injury impairs nitric oxide release and
hence cause vasospasm—a nice idea but currently
an extrapolation too far [10, 11]. The relevance to
the individual has to be set against their threshold
determined by their cause of bleeding and its man-
agement but also by comorbidities. It is quite clear
that high hemoglobin values cause problems. At

lower hemoglobin values the issues of the efficacy
of transfused stored blood may be theoretically
important, but withholding blood in a patient
who is close to the CP has not been subjected to
trial. Observational studies in Jehovah’s Witnesses
indicate that at least some patients can survive
despite amazingly low hemoglobin values.

Intensive care unit “top up”

Intensive care unit (ICU) patients tend to be ane-
mic, and more than 40% of them receive blood,
usually just to adjust hemoglobin. The benefits of
this cannot be measured or even found [33]. Im-
portantly, these vast numbers of minor transfu-
sions with no apparent outcome impact must play
a significant role in the studies we have to date
that assess transfusion triggers [13, 22, 27]. This is
a problem in that there is no differentiation be-
tween transfusions given electively and those given
urgently. This is an obvious weakness in the posi-
tion that needs well-designed prospective studies.
In the hemoglobin “top-up” scenario, it seems at
least reasonable to assume that the data fully sup-
port a restrictive approach.

There is a negative aspect to this. In Scotland,
with restrictive transfusion practice about a third
of patients are discharged from the ICU with a
hemoglobin less than 9 g/dL [34]. To date there ap-
pears to be no problem with lower values. How-
ever, it is important to note that anemia is good in-
dicator of poor prognosis in the critically ill [35–37].
Outside of intensive care, in practice of other spe-
cialties such as oncology and nephrology, a low
hemoglobin (commonly less than 9 g/dL) is an in-
dicator of poor prognosis [38–42]. It is clearly not
cause and effect, but rather the anemia is a disease
marker. Mistaking disease markers for causes and
treating them as such has usually been found to be
frustrating, and there is no reason it should be dif-
ferent in the critically ill.

The debate now swings between caution and the
suggestion that even lower might be even better
[21, 33, 43, 44]. If outcome is the only meaningful
end point, then a restrictive practice is important in
this group of patients.
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Burns

In burns the same conditions apply as in the criti-
cally ill with one large exception. The operative in-
terventions cause massive bleeding, and cell salvage
is often contraindicated because of infected eschars.
There is some evidence that blood transfusion in
burns is associated with outcome and may, unsur-
prisingly, be detrimental [26, 30, 45]. The subject
is well recognized as being a significant issue [45].
The restrictive transfusion approach works equally
well in this population and is gaining ground, al-
though with no firm guidelines [46,47]. A range of
methods for managing burns so as to reduce sur-
gical blood loss are being assessed as methods of
predicting blood loss, all of which may help de-
ciding how much to transfuse [48, 51]. An inte-
grated approach with hemostasis-conscious surgical
technique, conservation methods, and a restrictive
approach has been shown to reduce blood usage,
specifically in burns of less than 20% body sur-
face, although it seems reasonable to extend this
approach to bigger burns [52–54]. All the consider-
ations regarding the CP still apply in this vulnerable
population. The more chronic use of blood for “top
ups” in the burns unit is very similar to that in the
ICU, both in cause and in practice, and a similar
approach should be adopted.

Acute coronary syndrome

Transfusion in acute coronary syndrome has been
shown to be associated with increased mortality
[55]. Yet, in the elderly it has been shown to re-
duce mortality if the hematocrit is less than 30%
[56]. However, this is complicated by evidence that
transfusion for those with a hemoglobin concen-
tration less than 12 g/dL is good in ST-segment el-
evation myocardial infarction, but not so good in
non-ST-segment elevation myocardial infarction.
To confound matters further, there is excess mor-
tality with both very high and very low hemoglobin
concentrations [57]. The only conclusion would
appear to be that a hemoglobin level between
10 g/dL and 14 g/dL is best left alone.

Chronic anemia

There are two areas of chronic anemia that exem-
plify the issues involved. They are renal impair-
ment and palliative care.

Renal impairment
Renal impairment is associated with anemia that
is often secondary to the condition, is perceived
to cause functional problems and is associated
with a poor outcome. It has also been investigated
very extensively. More than 60% of renal patients
have anemia. Previous studies indicated that cor-
rection of anemia was beneficial [58–60]. More re-
cent studies emphasize that a hemoglobin level of
around 10 g/dL is acceptable, while higher values
are associated with increased morbidity and mor-
tality, in particular seizures and hypertension [61–
63]. Transfusion should not be indicated here, as
other means, especially erythropoiesis-stimulating
agents, are as effective.

Palliative care
In palliative care, anemia is clearly a problem,
and quality-of-life indices are correlated with
hemoglobin values in 15 out of 16 studies [64].
Transfusion has been used to provide symptom
relief and a general improvement. In particular,
weakness and dyspnea seem to be helped [65, 66].
The area is difficult to assess with relatively nonspe-
cific and unpredictable responses in terms of pre-
and postvalues, yet with a high perceived bene-
fit rate [67, 68]. Whether these benefits could be
achieved without transfusion needs elucidating and
is controversial [69].

Sickle cell disease (Table 7.5)

There are specific emergency indications for trans-
fusion in sickle cell disease (the decision to trans-
fuse should always be made in consultation with a
hematologist). As with other areas of transfusion,
there is a trend away from its use because there
are clearly defined problems with transfusion, espe-
cially chronically used transfusion in patients with
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Table 7.5 Indications for transfusion in sickle cell disease.

Pulmonary (infection, fat emboli, infarction) Transfusion if PaO2 falling <8 kPa

Splenic sequestration [78,79] Rapid fall in Hb (may need splenectomy) [80]
CNS vascular damage/stroke [77,81–84] Early exchange transfusion for neurological deficit
Ophthalmic (retinal artery occlusion) [80] Transfusion
Multiorgan failure [85,86] Often necessary
Heart failure if anemic
Aplastic marrow
Heart kidney transplantation [87]
Preoperative transfusion See Preoperative transfusion
Pain (acute or chronic) Avoid. Transfusion could make it worse
Pulmonary hypertension Promising but unproven
Priapism Only if persistent >24 hours
Pregnancy See Pregnancy

CNS, central nervous system; Hb, hemoglobin concentration.

sickle cell disease. The risk/benefit analysis is diffi-
cult except in extremis [70].

Transfusion therapy reduces the percentage of
sickle cells and, at low levels of hemoglobin, im-
proves oxygen transport. Reducing the number of
cells helps to reduce blood viscosity, which in its
own right causes significant problems, but also re-
duces sickling [71]. This is best achieved by ex-
change transfusion, although far more blood is in-
volved than in a simple transfusion. Anemia may
benefit from a standard transfusion; the litera-
ture suggests a threshold hemoglobin level of 8 or
9 g/dL, but this will almost certainly be reviewed as
transfusion should be avoided where possible and
exchange is at least iron neutral [72–74]. Too much
blood—and certainly a hemoglobin level greater
than 11 g/dL—is associated with increased viscos-
ity and inherent problems [75–77].

Preoperative transfusion
There is a clear association between general anes-
thesia and sickling; preoperative transfusion re-
duces the incidence of complications [88,89]. There
is debate about whether exchange or simple trans-
fusion is better as the results are similar. The
United States National Institutes of Health recom-
mend aiming for 10 g/dL but not greater for ma-
jor surgery, as well as replacing blood loss. Previ-

ous recommendations for transfusion prior to eye
surgery have been modified in order to mirror
those for surgery under anesthesia [88,90–92].

Pregnancy

There is no place for prophylactic transfusion in
normal pregnancy, but in sickle cell disease the sit-
uation may be complicated [84, 93]. Opinions vary
but complications in association with anemia may
necessitate transfusion—simple transfusion if the
hemoglobin is less than 5 g/dL, but exchange trans-
fusion if it is higher [93,94].

Pain
Pain has been used as an indication for transfusion,
but it is generally agreed that transfusion should be
avoided. Preventive therapy of sickle pain is best
achieved with hydroxyurea, which was found to
decrease the frequency of crises significantly, de-
crease the incidence of acute chest syndrome, and
decrease the need for blood transfusion [95].

Other indications for transfusion in this condi-
tion lie as a specialty area within hematology and
transfusion services. There is an excellent review by
Josephson et al. [94].
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Malaria

In severe malaria, exchange transfusion, in use
since 1974, is an adjunctive measure [96]. Its mode
of action is a combination of parasite and toxin
removal and potentially improved rheology. The
Centers for Disease Control and Prevention recom-
mend that this treatment be considered in case of
a parasitemia greater than 10% or the presence of
major complications such as cerebral malaria, re-
nal failure, or pulmonary edema [97,98]. The only
meta-analysis showed that there is inadequate con-
trolled data and that no survival benefit for ex-
change transfusion could be seen, but the authors
do comment that the populations may have been
different [99].

Conclusion

Restrictive transfusion practice is not life-
threatening and may even be beneficial where
transfusion is clearly associated with increased
morbidity. High hemoglobin targets in some
populations increase morbidity and death. Blood
transfusion should be avoided, and the evidence is
compelling. Unfortunately, the situation is made
more complex by other observations. Anemia is
associated with morbidity, and acute anemia and
hypovolemia have a strong association with major
morbidity and death.

Probably less dramatic but of greater concern
is that most human beings seem content with a
hemoglobin level of 14 g/dL in men and 12 g/dL
in women. Furthermore, most people subjected to
sudden and unexpected anemia, albeit isovolemic,
feel unwell, and fatigue easily. A physiological ap-
proach might be to ask why we have such high nor-
mal values when we do not need them or indeed if
they are evolutionarily redundant. While that may
be the case in those who are sitting in front of a
computer desk, which in the modern age has re-
placed hunting and gathering, it can hardly be ap-
plied widely. Even if it were, acute critical illness
and surgery have been shown to be physiologically
challenging, and one might expect that physiologi-
cal reserve would be important, if not in the acute

phase then in the recovery. Few studies have ad-
dressed recovery from illness with low hemoglobins
[100]. At least one study could find no evidence of
problems, while another found higher hemoglobins
to be better; so the evidence is sparse and uncon-
vincing in either direction [101,102].

Therefore, there are definite unknowns, and
it would be foolish to accept the current evi-
dence without reservation until the unknowns
are known. The focus of research should address
whether a normal hemoglobin confers recovery
properties even if it is transfused blood and should
define the actual mechanism by which transfu-
sion does harm. With this knowledge, complacent
acceptance of low hemoglobin values as being of
no consequence is unlikely to result in embar-
rassment. More importantly, both authors wish to
stress that if they are bleeding and are anywhere
near their CP they would like to be transfused.
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CHAPTER 8

Plasma and Albumin
Philippe L. Baele
Department of Anesthesiology, Cliniques Universitaires Saint-Luc, Brussels, Belgium

Plasma

The composition of plasma reflects that of the
extravascular extracellular space, the “milieu
intérieur” of Claude Bernard, with some important
differences. Indeed it also contains hormones, nu-
trients, and end products of metabolism transiting
through the circulation; it contains clotting factors,
components of the inflammatory and fibrinolytic
pathways in various stages of activation, and
immunoglobulins; the oncotic pressure generated
by its soluble proteins—mainly albumin—plays
a major role in the conservation of intravascular
volume, allowing for adequate circulation. Extra-
cellular viruses, bacteria, or parasites, and other
infectious agents are conveyed through the blood-
stream and can therefore be found in plasma, as
can be toxins, drugs, chemicals, and environmental
contaminants. Thus, the fluid bathing erythrocytes
is by no means an inert medium and transfusing
plasma has much more profound implications than
perfusing a “physiologically balanced solution” to
restore volemia.

Source
Human plasma has been obtained from various
sources and is prepared in many ways [1]. The
standard today is to obtain plasma from well-
identified, medically examined, screened, and
followed voluntary, unpaid donors, although the
importance of the latter characteristic is still a
matter of debate between nonprofit organizations

and industrial companies involved in the field.
Plasma can be centrifuged from whole blood
donations or can be obtained by plasmapheresis.
Apheresis yields larger volumes per donation and
allows for more frequent donations, which favors
the selection of a pool of stable regular donors.
Collecting blood from placentas is still a matter
of controversy [2]. In the past, plasma used for
fractionation has also been collected from paid
donors in developing countries, in prisons, or in
impoverished areas of developed countries, all
unacceptable practices by today’s standards.

Testing
Every plasma unit must be tested for HIV, HBV
(HBsAg, anti-Hbc antibodies), HCV, syphilis, and
HTLV (where requested). Hepatic enzymes activ-
ities must be within normal limits in countries
where this test is requested. All these tests must
be carried out on individual donations. For pooled
products, a second series of tests must be performed
after pooling, and finally most countries request
PCR testing for HCV on the final product.

Viro-inactivation
The AIDS epidemic prompted most countries to
adopt viro-inactivation methods in the process of
preparing plasma and derived products. It taught
how pooled blood products could multiply the
spread of an emerging, and yet undetectable, in-
fectious agent, and how a single infected donation
could possibly result in the contamination of all
unitary doses made from an affected pool. It dis-
closed how vulnerable the transfusion system re-
ally is: no testing program will ever foresee emerg-
ing viruses or new forms of infectious agents. It also
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taught how the infectious risk concentrates on pa-
tients chronically depending on pooled products for
their survival, such as hemophiliacs.

Two fundamentally different strategies have
been developed to reduce the infectious risk of
some blood products: single-unit versus pooled-
unit viro-inactivation [3].

Pooled procedures are industrial processes ap-
plied to batches of thousand donations, involving
several filtration, extraction, and viro-inactivating
steps, resulting in highly standardized, purified, and
predictable products. Dilution from pooling also
considerably reduces those risks that are quanti-
tatively related to the dose of some undesirable
components such as drugs or specific anti-HLA im-
munoglobulins. All units produced from the same
batch are identical. The potential danger of pooling
comes from qualitative agents for which even the
minutest dose carries the full risk, such as viruses.
For such agents pooling initially multiplies the risk
by the number of donations entering a batch, to
eventually reduce it to zero during processing. As
concerns these risks, the quality of the end prod-
uct can only be as good as the efficiency of viro-
inactivating methods.

By contrast, single-unit viro-inactivation applies
to individual donations and obviates the need for
pooling and industrial facilities. Another advantage
is the simplicity of the process, which usually
relies on adding small amounts of a photosensitizer
to a leukofiltered plasma unit before exposing it
to high intensity light of a wavelength chosen to
optimally activate the photosensitizer. Initial vari-
ability among units is unaffected by the process:
no two units are the same. Some sources of vari-
ation are systematic: group O donors have lower
concentrations (0.75 IU/mL) of Factor VIII, for
example Reference [1]. Other characteristics are
specific to individuals, like the presence of specific
immunoglobulins resulting from pregnancies or
previous transfusions. Efficacy and side effects
are therefore less predictable than with pooled
products. On the contrary, if an (new) infectious
agent escapes viro-inactivation, it will only affect
the few units drawn from contaminated donors.

Currently, it can be said that advantages and
disadvantages of both strategies balance out [3].

Both systems yield high-quality safe and effective
products. As a reminder, plasma contains no cel-
lular components; therefore, intracellular viruses
(e.g., cytomegalovirus or CMV) or parasites (e.g.,
malaria) are not transmitted by fresh frozen plasma
(FFP).

Single-unit viro-inactivation
Since 1992, minute amounts of the phenothiazine
dye methylene blue (�100 �g) have been added to
millions of units of FFP in Germany and Switzer-
land, and more recently in Spain and in the United
Kingdom methylene blue has a high affinity for
guanine in nucleic acids, but can also link to various
proteins, including some viral core proteins. Acti-
vation by visible light yields highly reactive singlet
oxygen, which will locally oxidate and inactivate
nucleic acids or denaturate proteins. It influences
minimally coagulation factors activity [4]. Most
enveloped and many nonenveloped viruses are
inactivated by methylene blue, but some are not.
HIV-1 and -2, HBV, HCV, HSV, CMV, and many
others are inactivated. Hepatitis A is not, and prob-
ably neither is Parvovirus B19 [3, 5]. Methylene
blue has been used for decades in other fields of
medicine in dosages hundred to several thousand
times higher than the quantity contained in a
200 mL unit of FFP [6]. Side effects from this
molecule should, therefore, not be a concern
at least for adult recipients. Experience with
neonates is still limited. One newborn has been
reported with a photosensitivity reaction during
phototherapy [7].

Psoralenes are another class of photosensi-
tizers activated by UV light. They link strongly
to nonadjacent DNA or RNA bases, preventing
further replication of the involved segment. Their
advantage is an easy penetration through cel-
lular and nucleic membranes. They can thus be
active in a dose-dependent way against all forms
of life relying on nucleic acids to function and
perpetuate. This includes viruses, bacteria, proto-
zoa, but also leukocytes and intracellular forms
of infectious agents. Future applications under
investigation include inactivation of infectious
agents and leukocytes in platelet or even red cell
concentrates [8]. In the seventies, psoralens used
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in conjunction with UV therapy to treat psoriasis
have been held responsible for provoking skin
cancers. Psoralens are potentially mutagenic and
oncogenic molecules. It is still unclear whether
this should be a concern for the type and doses
of psoralens proposed to viro-inactivate blood
products. Their use in transfusion medicine is still
experimental.

Viro-inactivation of pooled units
Plasma has been viro-inactivated with solvent
and detergent since the mid-nineties, most of-
ten with tri(n-butyl)-phosphate and Tween 80.
Tween must be from vegetal origin or certified from
BSE-free bovine origin. Solvents and detergents
effectively dissolve lipids and lipid membranes
while minimally affecting proteins such as coag-
ulation factors. Lipid-enveloped viruses like HBV,
HCV, HIV, and HTLV are destroyed by solvents
and detergents. By contrast, some small protein-
encapsulated viruses remain unharmed, e.g., hep-
atitis A virus or Parovirus B19. Antibodies directed
against HAV and present in the infected donor’s
plasma provide partial passive protection against
the virus.

Quarantine
Plasma intended for fractionation is deep-frozen
and stored for 50–120 days (depending on coun-
try and end product) before processing. This in-
creases the chances to detect and exclude a donor
in the early incubation phase of a viral illness, i.e.,
in its seronegative “window” period. Due to rela-
tive shortages of plasma the quarantine period for
FFP distributed as such is shorter in most countries.

Fractionation
Many components of human plasma can be
extracted from pools of up to 10,000 donations
and prepared in concentrated, stable (mostly
freeze-dried), purified, and viro-inactivated forms
(see Table 8.1). Some can also be produced by
genetic engineering. Whenever possible specific
concentrated factors should be used to treat
well-identified coagulation deficits.

Conservation
In order to prevent the alteration of coagulation
factors, plasma must be frozen to −30◦C within
6 hours of collection. The eutectic point of plasma is
−23◦C. Once cooling has started, complete freezing

Table 8.1 Available plasma fractions.

Albumin solutions
Stable plasma protein solutions
Cryoprecipitate, contains fibrinogen, factor VIIIc, von Willebrand factor, factor XIII, and fibronectin
Fibrinogen
Factor VI
Factor VII
von Willebrand Factor
Factor XI
Human prothrombin complex, contains concentrated vitamin K-dependent factors: factor II, factor VII, factor X, factor IX,
protein C, + various proteins and heparin (5 �/mL after reconstitution)
Antithrombin III
Protein C
Protein S
Fraction C1 of compliment esterase inhibitor
Immunoglobulins

• Polyvalent preparations (i.m. or i.v.)
• specific

Anti-Rh(D)
Anti-HBs, anti-herpes zoster, anti-CMV, anti-rubella, anti-tetanic, anti-pertussis, anti-rabies, etc.

Surgical glues
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Table 8.2 European Council Specifications for FFP [9].

Volume Specified within 10% Standard = 200 mL + anticoagulant
Blood group* ABO, Rh(D)
Irregular erythrocyte antibodies None
Residual cells Erythrocytes <0.6 × 109 per liter (about 0.05% vol)

Leukocytes <0.1 × 109 per liter
Platelets <50 × 109 per liter

Packing No leaks
Visual inspection No abnormal color

No precipitates, no clot formation
Viral tests (ELISA)* HIV, HBV, HCV, HTLV
Bacteriology Sterility, negative tests for syphilis*

Pyrogens None
Enzymes Normal ALAT activity*

*Tested on individual donations, before pooling.

to −30◦C must be obtained rapidly to avoid factor
VIII degradation by excessive concentration of salts:
ideally the process must take less than 60 minutes
and a maximum of 4 hours [1]. Plasma can be kept
for 2 years at −30◦C, for 6 months between −25
and −30◦C, and for 3 months between −18 and
−25◦C. Such temperatures totally prevent bacte-
rial replication. Deep-freezers containing derivates
from human blood must be subjected to specific
controls.

Product specifications
Table 8.2 details the Council of Europe standards
for plasma prepared for transfusion [9] and Table
8.3 lists the expected concentrations of FFP con-
stituents [10]. FFP from any source should contain
near-normal concentrations of original plasma
constituents; a slight dilution (1:4 for single donor
plasma, 1:6 for pooled plasma) results from the
presence of an anticoagulant, usually Citrate Phos-
phate Dextrose Adenine. Rapid transfusion of large
volumes of FFP may therefore result in citrate tox-
icity requiring calcium administration. Albumin,
fibrinogen, coagulation factors, and other plasma
proteins are found in near-normal concentrations
in FFP. This includes all kinds of immunoglobulins
including antibodies directed against erythrocytes,
occasionally against the recipient’s. Some pa-
tients (with anti-IgA antibodies) may develop an

anaphylactic reaction against any blood product
containing normal IgA, including FFP.

Cryosupernatant plasma, i.e., plasma left after re-
moval of cryoprecipitate has been in use in some
countries. It has near-normal contents in albumin,
immunoglobulins, and coagulation factors except
for factor V and VIIIc, which are significantly de-
creased and for fibrinogen, which is almost entirely
removed. The sole indication for this product is
Thrombotic Thrombocytopenic Purpura [10].

Table 8.3 Expected concentrations of FFP constituents.

Factor VIIIc >0.7 I U/mL
Fibrinogen 1.5–4 mg/mL
Other coagulation factors >0.5 I U/mL
Total proteins 40–60 g/L
Osmolality 320–420 Mosmol/ kg
Electrolytes Na+ ≤200 mEq/L

K+ ≤5 mEq/L
Ca+2 ≤5 mEq/L
H+ 27–100 nEq/L
pH 7.0–7.6 pH units

Citrate 15–25 mmol/L
Lactate <5 mmol/L
Phosphate 3.5–7.5 mmol/L
Triton X-100 <5 �g/mL
Tri-(n-butyl)-phosphate <2 �g/mL
Glycin 4–6 g/L
apt 30–45 Seconds

Adapted from United Kingdom Health Departments [10].
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Labeling
Plasma is legally considered as a “labile” blood
product; as such it is distributed by the blood bank,
not the hospital pharmacy. Its label must contain
the following information: name of product, its
origin (whole blood vs apheresis), volume, anti-
coagulant, identification number of the donation
or batch, ABO group, Rh(D) group (positive or
negative), name, and address of the manufac-
turer, and whether the unit has been quarantined
and viro-inactivated (and how). Labels may not
mention donor’s identity, except for autologous
donations. Further information must be printed
either on the label of the unit or on its outer
packing: date of freezing, expiry date, temperature
of storage, and instructions for storage, thawing,
and administration.

Transfusion
Before transfusion, FFP must be thawed in a 37◦C
water bath or in specially designed microwave
ovens. Exposure to higher temperatures can lead
to protein denaturation with ensuing loss of trans-
fusion efficiency or aspecific transfusion reactions.
Every unit must be visually inspected after thaw-
ing; a unit in which insoluble matter can be seen
may not be transfused. Once thawed plasma may
not be refrozen for later use, but must be trans-
fused within 2 hours to prevent decrease of coag-
ulation factors concentrations, as well as bacterio-
logical growth. Transfusion must occur through a
170–200 �m filter and its rate should be adapted to
recipient’s hemodynamic tolerance.

Pretransfusion check, traceability, and
hemovigilance
Good clinical practice includes verifying every unit
before connecting it to the patient’s perfusion line,
documenting every transfusion in the patient’s
file, and ensuring traceability for all transfused
products. For FFP, documentation should include:
identification of the patient, registration number
of the donation or batch, patient’s blood group,
blood group of the unit, expiration date of the unit,
hour and date of transfusion, type of blood product
and quantity, reason for transfusing FFP (with
laboratory results if relevant), name of prescribing

AB

A B

O

Figure 8.1 ABO transfusion rules for plasma.

physician, and name of the person executing the
order. No proof of compatibility is required. Correct
documentation of follow-up includes a mention in
the patient’s file of the occurrence or absence of
any side effect, and a clinical or biological assess-
ment of the transfusion efficacy. Side effects must
be reported to the blood bank and this information
included in hemovigilance data banks.

Compatibility
Plasma contains antibodies against erythrocyte
antigens. Concerning the ABO system, plasma
compatibility transfusion rules must be followed
to avoid hemolysis (Figure 8.1). Group O plasma
is susceptible to contain antibodies against both A
and B antigens, and can only be given to group O
recipients. Conversely, group AB plasma cannot
contain anti-A nor anti-B antibodies and can
theoretically be used for recipients of any blood
group. Unfortunately, AB donors only constitute
3% of the European population, which mandates
to restrict the use of AB plasma for AB recipients,
for the rare emergencies with unknown blood
group, or for special indications such as neonatal
exsanguino-transfusions.

Rh(D) compatibility is usually not requested.
Rh(D) group is not always mentioned on pooled
viro-inactivated plasma units because of the ab-
sence of residual erythrocytes. However, to avoid
alloimmunization, it is advisable to transfuse only
Rh(D) isogroup plasma to young females receiv-
ing single-donor units, since erythrocytes are not
always filtered out during their preparation.
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No compatibility tests are performed before
transfusing plasma. Donors with the most frequent
irregular antibodies are excluded. However, FFP
may contain significant titers of antibodies un-
screened for by standard testing panels: more or less
severe immune reactions and hemolysis may ensue
when large quantities of plasma are transfused in a
short period of time [11,12].

Passive transfusion of lymphocytotoxic, HLA, or
granulocyte specific antibodies triggering comple-
ment activation and neutrophil sequestration in
the lung microvasculature is evoked as a possible
mechanism for transfusion-related acute lung in-
jury (TRALI) [13–15]. This rare but severe com-
plication has been associated with all plasma-
containing products, including red cell concentrates
and platelets [13–19]. Other authors have proposed
that lipids from stored plasma might play a role
[20]. It is unclear from published reports whether
pooled viro-inactivated plasma has ever been im-
plicated [18]; if not, the important dilution effect
from pooling and the removal of lipids by deter-
gents could both have a protective effect. TRALI
presents initially like an adult respiratory distress
syndrome, i.e., with low hydrostatic pressure pul-
monary edema, but most patients recover without
sequellae after a few days of adequate respiratory
support; mortality is between 5 and 10%.

Acute and severe thrombocytopenia has also
been reported within a few hours after transfus-
ing single-donor FFP, due to passive transfer of an-
tiplatelet antibody [21].

Indications for transfusing FFP

Coagulation disorders
Coagulation disorders become rarely obvious
clinically until the concentration of a given factor
has decreased substantially, usually below 30%
of normal [22–26]. Therefore the effective initial
dosage of FFP to correct coagulation disorders must
be important: at least 10–15 mL/kg. By definition
1 mL of FFP contains about one unit of coagulation
factor activity. Further dosage will depend on the
expected ongoing losses (from the surgical field, for
example) and on the half-life of the most depleted
factor (Table 8.4).

Table 8.4 Adverse effects of FFP transfusions.

• Anaphylactic or anaphylactoid reactions
• Hemolytic immunological reactions:

� ABO incompatibility
� Other anti-erythrocyte antibodies

• Nonhemolytic immunological reactions:
� Fever, chills, and urticaria
� Transfusion-related thrombocytopenia
� Transfusion-related acute lung injury (TRALI)
� Allo-immunization against residual erythrocytes

• Circulatory overload
• Bacterial contamination and septic shock
• Residual viral risk:

� After viro-inactivation: hepatitis A and parovirus B19
� Without viro-inactivation: same as whole blood or

red cells
• Unknowns: transmission of prion diseases?

It is now generally admitted that coagulation
disorders only need correction if they result in clin-
ical bleeding [27, 28]. FFP is sometimes prescribed
in situations where bleeding is anticipated or could
entail special risks, for example in patients with
one or more depleted coagulation factors about
to undergo a surgical or an invasive procedure
such as central vein catheterization, liver biopsy,
or thoracocentesis. The value of such prophylactic
administration of FFP is controversial [29]. Limited
clinical series, some of them retrospective, failed to
support the use of FFP in such indications [30,31].
However, prudence is required to correct coag-
ulation abnormalities when performing invasive
procedures.

Whenever possible, concentrated factors spe-
cific to the patient’s needs should be used rather
than FFP, which should only be used when
specific factors are unavailable. Preparations of
vitamin K-dependent factors, also called “Human
Prothrombin Complex” (Prothrombin factor II,
Proconvertin factor VII, Stuart factor X, and antihe-
mophilic B factor IX) should be used preferentially
to counteract antivitamin K anticoagulants coumadin

and warfarin when urgent reversal is needed.
Similarly, the von Willebrand moiety of factor VIII
exists in purified preparations or can be expressed
by platelets or endothelial cells after i.v. infu-
sion of DDAVP, a vasopressin derivate devoid of
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Table 8.5 Average half-lives of coagulation
factors. Factor I Fibrinogen 3–5 days

II Prothrombin 3–5 days
V Proaccelerin 15–24 hours
VII Proconvertin 4–6 hours
VIII Antihemophilic A factor 12–18 hours
IX Antihemophilic B factor 13–20 hours
X Stuart 48–72 hours
XI Thromboplastin antecedent 48–84 hours
XII Hageman 60 hours
XIII Fibrin stabilization factor 4 days

Antithrombin III 3 days

vasoconstrictive properties. The latter is a suitable
first line therapy for patients with some form of
mild to moderate congenital or acquired von Wille-
brand factor or factor VIII deficiency undergoing
minor surgery. Advise of a coagulation specialist is
required because DDAVP may be contra-indicated
in other forms of these diseases [32] (Table 8.5).

Pediatrics
Newborns, especially prematures, have low concentra-
tions of coagulation factors. Although, this should
pose no direct clinical threat, any further hemodi-
lution could bring these concentrations to danger-
ously low levels. Furthermore, albumin plays a crit-
ical role in the neonatal period due to its capacity
to transport nonconjugated (toxic) bilirubin. For all
these reasons, FFP is a commonly accepted therapy
for volume replacement in neonatal care, especially
for preterm babies [33]. However, its systematic use
to treat hypovolemia in newborns, even preterm
babies, has been challenged recently on the basis of
a large randomized trial involving 776 babies from
21 hospitals, which compared on-demand therapy
versus systematic aggressive volume loading with
either FFP or gelatin. The end point was survival
without major neurological deficit at 2 years; there
were no differences between the three therapeutic
regimens [34]. Another randomized controlled trial
showed that crystalloids could be equally effective
as colloids in treating hypotension in preterm ba-
bies [35]. In infants and children with meningoc-
cal septicemia, 4.5% human albumin solution has

been used in doses as large as 300 mL/kg within
the first 12 hours and resulted in low mortalities
[36]. As a consequence, routine use of FFP in the
absence of coagulopathy is now discouraged in pe-
diatrics [37].

Massive hemorrhage and dilution
coagulopathy
Compensation of massive hemorrhage by transfu-
sions of red cell concentrates eventually leads to
multicomponent deficiency of hemostatic factors
[22–24, 38]. Dilution and shock both play a role in
the genesis of the resulting coagulopathy. Studies
on massive transfusions have often been conducted
with red cell concentrates, stored on CPD or ACD
anticoagulants, and underlined the dangers of cit-
rate toxicity. However, residual amounts of plasma
in those preparations delay the advent of coagula-
tion factor deficiencies. When using red cell con-
centrates resuspended in Sorbitol Adenine Glucose
Mannitol solutions clinically significant coagula-
tion factor deficiencies, especially fibrinogen, occur
earlier and require treatment [39]. Studies on mas-
sive transfusions have repeatedly emphasized that
there is no need to transfuse prophylactically FFP
or platelets before clinical evidence of abnormal
bleeding develops, which may not occur before re-
placement of one to two circulating blood volumes
[10, 40]. Abnormal coagulation tests are effective
in detecting situations where plasma is needed.
However, these tests take time, as do thawing and
transfusing FFP Transfusing FFP while waiting for
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laboratory results is therefore a reasonable attitude
when confronted to microvascular bleeding during
massive transfusion [27]: laboratory evidence will
then help redirecting therapy if needed.

Dilution of coagulation factors during cardiopul-
monary bypass does not justify replacement ther-
apy in most instances [41]. Priming oxygenator and
circuits with plasma has been abandoned without
evidence of harm [42]. Consumption of platelets
and coagulation factors does occur during bypass,
but rarely results in clinical bleeding before numer-
ous hours of bypass, and is encountered mostly
during prolonged circulatory or respiratory assis-
tance with Extra Corporeal Membrane Oxygena-
tion.

Systematic FFP transfusions at the end of pro-
longed surgery is unwarranted in the absence of
clinical bleeding and alteration of laboratory coag-
ulation tests.

Other coagulopathies
Severe liver disease results in combined factor I, II,
V, VII, VIII, IX, X, XIII, AT III, and plasminogen
deficiencies. Transfusion of FFP is often required
when these patients bleed clinically or must un-
dergo surgical or invasive procedures.

In acute diffuse intravascular coagulopathy
(DIC), therapy with FFP and platelets can only play
a palliative role. Treating and reversing the cause of
DIC is of paramount importance.

Under normal circumstances antithrombin III
(AT III) deficiency can remain a silent feature. It
prevents heparin-induced anticoagulation and can
therefore be an unexpected intraoperative finding
at the start of cardiac surgery, when activated clot-
ting time fails to increase after repeated heparin
doses. Under those circumstances, readily available
FFP may be an acceptable substitute to AT III con-
centrates to restore heparin sensitivity and allow
the start of extracorporeal circulation with minimal
delay. AT III deficiency can also be acquired in criti-
cally ill patients. Normalizing its levels is possible by
using high doses of AT III concentrates, but the ef-
fect of this therapy on survival is controversial [43].

Protein C and protein S preparations exist as
do C1 esterase inhibitor concentrates, obviating

the need to transfuse FFP for patients with such
deficiencies.

Immunotherapy
Preparations of specific or aspecific immunoglobu-
lins exist. FFP should therefore not be used to treat
acquired or inherited immunodeficiencies.

Thrombotic thrombocytopenic purpura (TTP) re-
mains an undisputed indication for FFP, preferen-
tially during a plasma exchange program [44, 45].
It is advised to start plasma exchanges as soon as
possible, once the diagnosis of TTP is established.
Doses of 20 up to 60 mL/kg FFP during daily plasma
exchanges have been proposed, to be continued
4–6 days after hemolysis and thrombopenia have
disappeared. The highest doses will be required by
patients suffering from nonfamilial TTP with high
titers of inhibitor of von Willebrand factor cleaving
protease [44]. Children affected by the milder type
of thrombotic microangiopathy called hemolytic
uremic syndrome usually respond to anti-
infectious agents, FFP transfusions and supportive
measures, but rarely need plasma exchanges.

Frequent misuses of plasma
Plasma is still too frequently prescribed for indica-
tions which rest on no scientific or clinical evidence
[46–48]. The following are not indications to trans-
fuse plasma. Plasma transfusion does not promote
wound healing. Plasma should not be used as a
volume expander, nor a nutritional source. Plasma
should not be used to reconstitute whole blood
when red cell concentrates are transfused. Plasma
should not be used prophylactically or systemati-
cally because of the type of surgery or because of
its duration.

Consensus conferences and
guidelines for clinical practice
Guidelines about plasma transfusion have been
published as early as 1985 [49], in response to
evidence of widespread misuse of FFP [47]. Sev-
eral other guidelines followed. A recent review of
consensus conferences has been published by the
Canadian Medical Association in 1997 [50, 51].
It refers to 17 guidelines and 42 review articles.
Among the Guidelines, four focused on plasma and
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Table 8.6 Indications and nonindications for FFP.

Definite indications for the use of FFP
1 � Replacement of single coagulation factor deficiencies, where a specific or combined factor concentrate is

unavailable.
2 � Immediate reversal of warfarin effect.
3 � Acute disseminated, intravascular coagulation (DIC).

Conditional uses: FFP only indicated in the presence of bleeding and disturbed coagulation
1 � Massive transfusion.
2 � Liver disease.
3 � Cardiopulmonary bypass surgery.
4 � Special pediatric indications.

No justification for the use of FFP
1 � Hypovolemia.
2 � Plasma exchange procedures.
3 � “Formula” replacement to reconstitute whole blood with red cell concentrates.
4 � Nutritional support.
5 � Treatment of immunodeficiency states.

Adapted from Consensus Guidelines of the British Committee for Standards in Haematology [59].

eight concerned both plasma and red cell transfu-
sions [27, 49, 52–60]. Other papers [48, 61, 62] de-
livered basically the same messages. Most refuted
the concept of arbitrary transfusion triggers, but
instead insisted on clinical judgment. For plasma
transfusion, they repeatedly and invariably insisted
on the need to combine a clinical assessment of
bleeding and its risk, with a laboratory investiga-
tion of potential coagulation abnormalities. Most
insisted also on transfusing concentrated products
to correct specific deficits rather than transfusing
FFP in a blind—and often less effective—way. Table
8.6 reproduces the conclusions of guidelines pub-
lished in the UK in 1992, which also cite the most
frequently invoked “wrong reasons” for transfus-
ing plasma [59]. The Practice Guidelines, published
in 1996 by the American Society of Anesthesiolo-
gists, differ from previous texts in their rating of the
evidence on which is based every recommendation
[28]. The authors emphasize how little of our trans-
fusion practice has ever been build on randomized
or even nonrandomized properly controlled trials.

Epidemiological surveys
Long after publication of the first guidelines, and
despite the availability of fractionated products,
plasma remained widely used, especially in surgery
or intensive care. Various reasons may explain

this: isolated deficits of one plasma fraction are rare
in those settings, hypovolemia often accompanies
coagulation deficits during hemorrhagic episodes,
time is lacking to perform laboratory tests, frac-
tionated products may be more expensive and
more difficult to obtain than FFP in some hospitals.
Despite the well-known capacity for plasma to
convey pathogens, its use extended far beyond the
accepted indications even before viro-inactivated
FFP became available. Considerable variations
could be demonstrated between centers for the
same procedures, or even within the same hospital
between teams performing procedures of similar
importance.

A recent (1998) North-American multicentric
survey [63] found large variations in the use of
FFP in coronary surgery, ranging from 0 to 36% of
operated patients, despite the existence of national
guidelines specific to the field of cardiac revascu-
larization surgery [54]. Similar findings had been
made for orthopedic surgery [64].

The European Sanguis Study (1990–1991)
[65, 66] revealed that 84% of patients receiving
FFP had no laboratory test performed to assess
coagulation on the day of plasma transfusion, that
only 12% of recipients had evidence of abnormal
coagulation, and that the average quantity of ad-
ministered plasma was low, between 2 and 4 units
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depending on the type of surgery. In some places,
plasma was still used in liquid form and given
systematically for open-heart surgery. In other
places, plasma was administered at the rate of one
unit a day for up to five postoperative days after
hemicolectomy [67]. These results strongly suggest
that plasma was most often given for wrong indi-
cations: to restore volemia, to “reconstitute whole
blood” during transfusion of red cell concentrates,
or for nutritional purposes. Furthermore, it could
be shown that teams transfusing much plasma also
gave much human albumin and/or artificial col-
loids, probably reflecting their preference for active
volemic expansion strategies over pharmacological
alternatives, when facing clinical situations involv-
ing vasoplegia or third-sector formation. Six years
after large diffusion of these results, a similar study
conducted in Belgium [68] revealed a dramatic
decrease in the proportion of operated patients
receiving plasma, from 15.3 to 2.7% of operated
patients. Plasma transfusions without coagulation
tests virtually disappeared, decreasing from 36
to 1.3% of patients receiving FFP. Such reduc-
tions in FFP use have been reported elsewhere
[69–72]. However, quantitative reductions do not
necessarily mean improved practice. Indeed, in the
Belgian study correlation between indications and
objective needs remained very poor [68]. Only one
out of seven patients with documented PTT values
inferior to 15% of normal received a plasma trans-
fusion, whereas 69 out of 79 patients who received
plasma, had their lowest documented PTT value
above 60% of normal. Finally autotransfusion
was found to strongly influence the way plasma is
prescribed: 45 out of 127 patients (35.4%) having
predeposited autologous red cells and plasma, were
transfused with their plasma, in contrast to 35
patients receiving allogeneic plasma among 1321
(2.6%) who also received allogeneic red cells.

Conclusions
Misuse and overuse of plasma have been preva-
lent in the field of surgery. Despite efforts to curb
unwarranted use over the last 10 years, plasma is
still seldom prescribed in its first indication, i.e.,
correction of coagulation deficiencies in situations
where specific factor therapy is unsuitable or un-

available [73]. Furthermore, it cannot be excluded
from existing surveys that patients who would ben-
efit from plasma transfusions might not get it by
lack of knowledge or surveillance. Finally, auto-
transfusion can introduce a strong bias in the way
FFP is prescribed.

Teaching the indications of plasma transfusion
should be part of basic specialty training in all spe-
cialties dealing with surgical procedures, intensive
care, hematology, or transfusion in general (see
Table 8.6).

Albumin

Physiology
Albumin is a hydrophilic protein with a molecular
weight of 69,000 Da. The total body albumin
content is about 4–5 g/kg. One third circulates in
the intravascular space, and two thirds are located
in the extravascular compartment. Half of the
extravascular albumin is concentrated close to
the skin, which explains the rapid and dramatic
protein losses encountered after burns. Albumin
is exchanged between intra- and extravascular
compartments at a rate of about 5% per hour. This
means that 90% of the extravascular pool can re-
turn to the circulation in 1 day, and also that 10%
of infused albumin leaves the circulation within
2–3 hours [74]. Under normal circumstances albu-
min is the most abundant protein in the plasma and
accounts for 70–80% of plasma oncotic pressure.
This colloid osmotic pressure (COP) counteracts
the exudation of water that would normally occur
at the capillary level under the local hydrostatic
pressure gradient [75]. Injury to the vascular en-
dothelium can disrupt this equilibrium and allow
albumin extravasation along its concentration
gradient.

At pH = 7.40 albumin bears 17 negative charges
and binds as many cations, which further increase
its oncotic activity by the Donnan effect. One gram
of albumin retains 15 mL of water. Albumin plays
thus a major role in the water balance between
intra- and extravascular fluid compartments [74].

Albumin synthesis takes place exclusively in
hepatocytes and accounts for 10% of protein
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synthesis by the liver. Synthesis seems to respond
to changes in plasma COP, but is also regulated
by the nutritional status and by several hormones
including insulin, glucagon, cortisol, and thyroid
hormones. Cytokines liberated into the circula-
tion following trauma or inflammation may also
enhance its production. Albumin has a half-life of
2–3 weeks. It seems to be broken down primarily
in the reticuloendothelial system.

Besides its oncotic power, albumin plays several
other important physiological roles. Its abundance
and its capacity to fix hydrogen ions make it an
active buffer in the acid–base balance of blood.
Capable to bind at different sites both cationic
and anionic molecules, albumin transports (and
neutralizes) a variety of active and sometimes toxic
substances in the bloodstream, such as hormones,
nonconjugated bilirubin, and many drugs. It has
also been hypothesized that it may act as a free
radical scavenger.

Rationale for using albumin infusions
Several pathological conditions interfering with al-
bumin synthesis or with the glomerular capac-
ity to retain it in the bloodstream can lead to
severe hypoalbuminemia. This feature is a well-
known marker of severity for many underlying
conditions. It seemed therefore logical to believe
that lack of albumin—and particularly circulating
albumin—could be, at least, partially responsible
for the poor outcome of severely hypoalbuminemic
patients. The next logical step has been to try and
restore lost albumin functions by albumin adminis-
tration [76–78].

Manufacture and proposed clinical
uses of albumin solutions
Albumin is usually extracted from human plasma
through the cold alcohol fractionation technique
invented by More and Harvey, Cohn, Kistler,
and Nitschamnn, often referred to as the Cohn
alcohol extraction method [79–82]. Coagulation
factors and other enzymes are first removed by
cryoprecipitation or chromatography. Contact with
increasing alcohol concentrations then precipitates
other proteic fractions such as immunoglobulins
G, which must then be filtered out. Further phases

using chromatography eliminate endotoxins,
some salts and other undesirable contaminants.
Aluminium and thermal stabilizers such as N-
acetyl-tryptophane or sodium caprylate are added
to the solution before heating, and must be re-
moved later on. Their residual concentrations, as
well as that of heme, are regulated by the U.S. and
European Pharmacopoeias [83]. Albumin is then
resuspended to obtain 4, 5, 20, or 25% solutions.
A small proportion of molecules may differ slightly
from native albumin in that some ligands may be
lost in the process, and dimers or even polymeric
forms can assemble.

In many countries, 5% stable plasma pro-
teins solutions (SPPS) have been used abundantly.
Such preparations contained predominantly albu-
min (4.5%), but also many other plasma proteins
such as immunoglobulins, to which some recipients
could develop anaphylactoid reactions. Release of
activated kallikrein from its vector protein during
the manufacturing process, has been incriminated
as another cause for aspecific hypotensive episodes
[84,85]. SPPS has progressively been replaced by 4
or 5% solutions of purified albumin although some
countries kept the original denomination “SPPS.”
The important point is that the quality of both pu-
rified albumin and SPPS have definitely improved
over the last 10 years, which should be kept in
mind when reviewing results of earlier trials.

The industrial process is applied to pools of up to
ten thousand plasma donations, and is completed
by pasteurization, i.e., 10 hours of heating at
precisely 60◦C, in the liquid phase; this ensures the
destruction of all known viruses, bacteria or par-
asites. To date, there is no evidence that hepatitis
A, B, or C; HIV; and HTLVI of CMV have ever been
transmitted via transfusion of an albumin or SPPS
solution [86]. One patient received, during a liver
transplant a unit of albumin, to which a donor had
contributed, who later developed Creutzfeldt Jakob
disease (CJD); this recipient later developed CJD
[87]. Coincidence, not causal relationship, is be-
lieved to link these two patients, because no other
recipient of the same pool of albumin preparation
developed CJD [88]. The way the AIDS epidemic
spread via other pooled blood products such as
coagulation factors, and the fear that someday new



c08 BLBK256-Maniatis July 26, 2010 12:27 Trim: 246mm X 189mm Char Count=

98 Plasma and Albumin

infectious agents might escape inactivation through
pasteurization, have justified measures to better
control the quality and origin of donations entering
the plasma pools used to manufacture albumin.
In December 1993, a major producer who used to
manufacture albumin from placentas, rather than
well-screened regular plasma donors, withdrew
its product from the market. In 1998, the British
government took the controversial decision to
withdraw all blood products derived from plasma
given by UK donors; theoretical concerns about
the possible transmission of the new variant of CJD
(actually the human form of Bovine Spongiform
Encephalopathy) motivated this decision. The
multiplying effect of pooling donations during the
manufacturing processes was, again, at the heart
of the debate. The decision also concerned human
albumin, including its use as excipient for many
vaccines.

The end products are ready-to-use sterile and
pyrogen-free solutions, stable at room temperature
if protected from light. Albumin represents at least
95% of their proteins. Their pH must be 7.0 ± 0.3.
Sodium concentration should not exceed 160
mmo1/L and potassium 0.05 mmol/ g of protein.
Kallikrein and prekallikrein activator concentra-
tions should be inferior to 15 IU/L and 20 IU/mL,
respectively [9]. A 4–5% albumin solution is
nearly isooncotic. More concentrated solutions
are hyperoncotic; their infusion will result in fluid
being drawn from the extravascular space into the
circulation. Being a normal constituent of plasma,
albumin is expected to be devoid of any toxic,
oncogenic, mutagenic or teratogenic potential.
Overdosage only comes from relative or absolute
fluid overload of the circulation, and directly
depends on the total dose administered and the
speed of infusion. In Europe, albumin solutions are
now considered medications and hence distributed
by pharmacists, no longer by blood banks. Albumin
solutions are labeled with a reference number,
which must be reported in the patients’ file at the
time of transfusion to ensure traceability.

Clinical uses of albumin solutions
Albumin solutions were adopted with enthusiasm
by the medical community with the hope that

recipients would benefit from the many physio-
logical roles of albumin, and because of the sense
of security provided by pasteurization, and the
perceived advantage of a human protein versus
artificial colloids prone to provoke life-threatening
allergic reactions [89–91]. In contrast to artificial
colloids, albumin solutions have no maximal doses
and have a sustained effect on volemia. Albumin
solutions became used as the resuscitation fluids
of choice and often as first-line infusions during
surgery, in emergency situations, and in intensive
care units. In some countries, albumin solutions
led the list of in-hospital pharmaceutical expenses
[92]. Profits from their sales compensated for losses
endured to meet increasing testing costs for other
blood products such as red cells. By the end of
the 1980s, albumin solutions had turned into the
driving force allowing national blood transfusion
services to keep delivering high quality blood
products in some countries, a role played by co-
agulation factors in other countries. This situation
favored self-sufficiency in plasma at national and
European levels, but was intrinsically unhealthy
because it encouraged consumption beyond ac-
tual clinical needs, and tended to create artificial
situations of unmet demand. As a result, 6- to
10-fold differences in albumin consumption could
be documented between nations of the Council of
Europe [93]. In most countries, the instructions
accompanying albumin solutions featured a list of
numerous and vaguely defined indications.

Albumin to treat hypoalbuminemia
Foley et al. [70] compared treatment with 25%
human albumin in order to keep serum albumin
concentrations above 25 g/L versus no treatment in
40 consecutive randomly assigned adult patients,
referred to the nutrition support service in a major
North American hospital. Albumin administration
was effective in correcting hypoalbuminemia and
maintaining serum albumin concentrations at
target levels. However, no significant differences
could be found in terms of mortality (7/18 treated
patients vs 6/22 untreated) or major complications
(16/18 treated vs 17/22 untreated). Lengths of hos-
pital and ICU stay, and duration of artificial ventila-
tion were shorter in the untreated group, but these
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differences failed to reach statistical significance. It
is interesting to note that serum albumin levels rose
spontaneously in the group of patients receiving no
albumin, as their underlying condition improved.

The authors have been criticized for having
used questionable allocation procedures (patients
were randomized according to their medical record
number). Nevertheless, their study has been instru-
mental in showing that, while hypoalbuminemia
remains an ominous sign in many pathologies,
correcting this symptom with albumin transfusions
will not improve outcome.

Albumin to meet fluid demands in critically ill
patients: the stockwell study
In this study, 475 consecutive adult patients admit-
ted to an Intensive Care Unit were randomized to
receive either a 4.5% human albumin solution or
a synthetic colloid (polygelin), whenever volume
replacement was considered, based on clinical
status or invasive pressure measurements [78].
All patients received crystalloid solutions and
enteral/parenteral nutrition to satisfy their basic
fluid and nutritional requirements. Despite an
older age (64 vs 60) and a slightly higher APACHE
II score (14 vs 12) in the polygelin group, the
mortality was exactly the same with both regimens
(20%), and so was the length of ICU stay (3 days).
Subpopulation analyses of patients starting with
more severe clinical conditions (e.g., APACHE II
�10) or staying longer than 5 days in the ICU
yielded similar results. In an associated paper, the
same authors focused on the influence of treat-
ment allocation on serum albumin concentrations
[94]. In the albumin group, nonsurvivors showed
a tendency for serum albumin to decrease below
25 g/L. However, in the polygelin group serum
albumin concentrations rapidly decreased below
22 g/L in all patients, survivors and nonsurvivors
alike. These findings indicate that a low serum al-
bumin concentration per se was not a direct cause
of poor outcome, although failure to maintain near
normal serum albumin concentrations despite al-
bumin infusions heralded a poor outcome. Among
patients who stayed more than 5 days in the ICU
slightly more patients developed renal failure
(10% vs 4%) pulmonary edema (15% vs 11%) or

both (8% vs 6%) in the polygelin group, but these
differences failed to reach statistical significance.
Unfortunately, these issues are somewhat con-
founded because 4 patients in the albumin group
and 13 in the polygelin group also received con-
centrated albumin to treat peripheral or pulmonary
edema, mostly in association with dialysis. Besides
confirmation of Foley’s conclusions, the main value
of this study for the clinician (and the manager)
is its demonstration on a large scale that replacing
expensive albumin solutions with polygelin solu-
tions as first-line volume replacement in an ICU
will not result in measurable changes in outcome.

Albumin to maintain COP
Grundmann and Heistermann [95] randomized
220 postoperative patients into two therapeutic
strategies. One group received albumin whenever
COP was lower than 29 cm H20 whereas the other
group did no receive albumin until COP decreased
below 24 cm H2O; 77% of patients in the high COP
group versus 65% in the low COP group required
albumin. There were no differences in length of
stay, recorded complications or need for artificial
ventilation. Other studies have since shown the
feasibility to manage patients at lower COP levels,
sometimes below 15 mmHg [96].

Physiological effects of albumin and
substitutes in trauma and sepsis
In 1996, Boldt et al. [97] reported on a carefully
conducted study comparing over 5 days the phys-
iological characteristics of adult patients treated
for trauma or sepsis, randomized to receive either
a 20% albumin solution or a 10% solution of
hydroxyethyl starch (200,000 MW with a molar
substitution ratio of 0.5). There were thus four
groups of 15 patients each. Volemia was mainly
adjusted according to pulmonary wedge pressure
measurements. The most notable differences were
that cardiac index, oxygen delivery index (Do21)
and oxygen consumption index (Vo21) increased
significantly over time in the groups treated
with HES, but not in those receiving albumin.
Sepsis patients receiving albumin therapy had
significant decreases in gastric intramucosal pH
(�7.20), which did not occur with HES. Five-day
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and late mortalities were comparable in the four
groups. The principal value of this study is the
prolonged and comprehensive scope of physio-
logical observations. Its main finding is that HES
solutions consistently improved cardiocirculatory
and respiratory variables, while albumin did not.
An unexpected additional finding is that albumin
might actually contribute to deteriorate splanchnic
circulation in some classes of critically ill patients.

Albumin for treatment of burns
Thermal injuries induce coagulation and dehydra-
tion of tissues. The resulting local hyperosmolarity
and endothelial lesions provoke a rapid and mas-
sive fluid shift toward the affected zone; edema
formation starts within minutes and culminates
after 24 hours. The release of vasoactive (and
cardiodepressive) substances by burned tissues
disrupt endothelial permeability in the whole
body, i.e., also in nonburned tissues, leading to
generalized edema formation starting 4 hours after
the initial injury and culminating around 12 hours
after burn. The ensuing fluid and protein losses
from the circulation quickly lead to acute hemo-
concentration and hypoalbuminemia, requiring
the administration of important quantities of intra-
venous fluids [98]. Since 1978, several consensus
conferences have regularly updated guidelines
concerning the treatment of postburn shock.
Current guidelines favor the exclusive use of crys-
talloids during the first hour postburn and propose
the introduction of artificial colloids and human
albumin solutions after the eighth hour postburn
[99–104]. At this stage, colloids could have a
positive effect by reclaiming water from edematous
nonburned tissues when they regain normal
endothelial permeability. No attempt should be
made to normalize serum albumin levels: it has
been shown that concentrations as low as 15 g/L
can be tolerated without deleterious consequences
[105]. Furthermore, improving circulating volume
may not improve renal function [106]. Therapy
should be guided by the hemodynamic status as
assessed by urine output, cardiac echography, or
more invasive pressure and output measurements,
rather than by serum albumin concentrations.

Albumin usage in infants and neonates
Neonates and infants present specific features re-
garding their circulating proteic and fluid balances
[33] (see Table 8.7). First, their plasmatic volume is
relatively large when compared to adults. Second,
their endothelial permeability is greater than that
of adults. Third, their serum albumin concentration
varies over time: it is low at birth but increases with
age. Albumin plays a vital role during the first days
of life because it transports and neutralizes uncon-
jugated bilirubin, preventing this toxic metabolite
to reach the intracranial gray matter and protecting
from the feared “kernicterus.” Fourth, maternal
immunoglobulins contribute to the COP. Their
concentration is lower in prematures and decreases
after the third month of life. For all these reasons,
newborns, and especially premature babies, are at
high risk of significant fluid shifts from the intravas-
cular to the extravascular compartment with sub-
sequent hypovolemia and circulatory failure. Mild
to moderate hypovolemia can be treated with 0.9%
normal saline or lactated Ringer solutions, but fluid
resuscitation should quickly resort to human
albumin solutions because of the specific transport
capacity of this protein. Artificial colloids are there-
fore not recommended in infants. Because new-
borns, and especially prematures, have low concen-
trations of coagulation factors (especially factors II,
VII, and fibrinogen) viro-inactivated FFP is a suit-
able alternative whenever hemostasis is a concern,
e.g., in endotoxinic shock or during major surgery.
A recent uncontrolled series [37] reported excel-
lent results by using albumin solutions as first line
therapy in meningococcemia, underlining the need
for controlled, randomized studies to better define
the indications of FFP and albumin solutions.

Other usages and the Erstad literature review
In 1991, Erstad and his group [77] reviewed the
available literature concerning the use of albu-
min solutions in trauma patients, aortic surgery
patients, patients undergoing cardiopulmonary by-
pass, patients with acute pulmonary insufficiency,
sepsis, burns, hypovolemia, or other critical con-
ditions. Historical comparisons, open or random-
ized trials consistently failed to document major
significant differences in outcome between groups
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Table 8.7 Pediatrics reference values.

Blood volume
(mL/ kg) Total body water (%)

Extracellular
volume (%)

Serum protein
concentration
(g/L)

Serum albumin
concentration
(g/L)

Preterm baby 90–100 80 45 43–75 30–42
Newborn 80–90 75 40 46–75 36–54
1–12 months 80 65 30 50–75 40–50
1–12 years 70–80 60 20–25 62–80 35–50
Adult 60–65 50–55 20–25 60–78 35–50

Data from Moulin [33].

receiving albumin versus crystalloids (occasionally
other colloids).

Patients with cirrhosis undergoing repeated
paracentesis had less renal dysfunction and less
hyponatremia when given 20% albumin [107].
Similar benefits could occasionally be obtained
by others with i.v. or oral sodium chloride sup-
plements [108]. Whether albumin offers an
advantage over other fluids in this indication
remains, therefore, an open question.

A more recent study (posterior to Erstad’s
review) compared antibiotics alone with albu-
min supplements in patients with cirrhosis and
spontaneous bacterial peritonitis and disclosed
no difference in infection resolution but showed
a threefold reduction in renal impairment and
mortality in the group receiving albumin [126].
However, patients receiving antibiotics alone did
not receive other fluids, let alone colloids, to
compensate to paracenteses.

In young patients with severe nephrosis failing to
respond adequately to diuretics a normal response
to treatment could be restored after albumin infu-
sion in at least two studies [109,110].

Controversial data exist as to whether enteral
feeding intolerance could be improved by albu-
min: a study in children reported encouraging re-
sults [111] while another reported no benefits in
adults [70]. No definitive advantage seems to result
from adding albumin to total parenteral nutrition
[70,112].

Prospective randomized controlled studies are
lacking in the field of cerebral ischemia, renal trans-

plantation, and partial hepatectomy comparing al-
bumin, artificial colloids, and crystalloids.

Finally, albumin replacement is recommended
and preferred to plasma transfusions during large
plasma exchange procedures, except for Throm-
botic Thrombocytopenic Purpura [59,113–115].

The overall picture provided by this literature re-
view was that, in many fields of medicine, albu-
min therapy had been adopted and was widely used
without adequate scientific evidence on the basis of
properly conducted prospective randomized trials.

The Cochrane meta-analysis
The Cochrane group is an Oxford-based inter-
national group of physicians and other scientists
interested in reviewing the evidence underlying
current medical interventions. Well known for
its epidemiological work on perinatal medicine, it
also includes subgroups studying other aspects of
medicine. In 1998, the Cochrane Injuries Group
published a meta-analysis of available randomized
controlled trials comparing the administration of
albumin solutions with standard therapies [116].
Thirty-two trials representing 1495 patients were
included and were subdivided according to the
main indication for albumin administration: hy-
povolemia (20 trials, 790 patients), burns (3 trials,
163 patients), and hypoalbuminemia (9 trials, 542
patients). Some trials concerned only neonatology,
while others concerned perioperative or intensive
care adult populations. They had been published
between 1975 and 1997. Rather strict criteria deter-
mined the inclusion or exclusion of trials including
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Table 8.8 The Cochrane meta-analysis—main results [116].

n deaths/n cases*

Trials (n)
Trials with
deaths (n) Albumin Controls

Relative risk trials
with deaths (95% CI)

Hypovolemia 20 13 38/256 26/278 1.46 (0.97–2.22)
Burns 3 3 19/81 8/82 2.40 (1.11–5.19)
Hypovolemia 9 8 41/259 24/248 1.69 (1.07–2.67)
Total 32 24 98/596 58/608 1.68 (1.26–2.23)

*Trials with zero mortality being excluded from analysis.

random allocation of patients between the albumin
and control groups, clear definitions of treated con-
ditions, and availability of mortality figures. A few
trials comparing low with high dosage albumin reg-
imens were included, along with a majority of trials
comparing albumin with crystalloid administration.
Neither Stockwell’s [78,94] nor Boldt’s [97] studies
comparing albumin to other colloid solutions were
included in the meta-analysis (Table 8.8).

For all three main indications, the Cochrane
analysis found an excess mortality in the albumin
(or high-albumin) patients. The relative risk of
dying when allocated to receive albumin was 1.46
when the indication was hypovolemia, 1.69 for
hypoalbuminemia, and 2.40 for burns. The overall
excess mortality was 6.8%, or about six additional
deaths for every 100 patients treated with albumin.
The conclusion of the study was that “[. . .] the use

of human albumin in the management of critically ill
patients should be reviewed. A strong argument could be

made that human albumin should not be used outside the
context of a properly concealed and otherwise rigorously
conducted randomized controlled trial with mortality as

the endpoint.”
Many critics have been voiced concerning the se-

lection of trials, the pooling of neonatal and adult
populations, or the inclusion of studies conducted
with old solutions of albumin prepared before the
advent of modern purification techniques. It is in-
deed possible that some of the oldest trials bore
heavily on the reported excess mortality. Reconsid-
ering the data to answer such critics could reduce
the calculated excess mortality, but never reverse
it. The major conclusion of the Cochrane analysis
remains therefore unchallenged, namely that the

administration of albumin solutions to a wide vari-
ety of acutely ill patients provides no proven benefit
over crystalloids [117,118]. Its main shortcoming is
that it did not address the comparison between al-
bumin and artificial colloids.

Epidemiological surveys
The European Sanguis Study conducted in 1990
and 1991 in 43 teaching hospitals across the
European Union, confirmed extreme variations
in the use of human albumin solutions between
countries [65, 66]. Schematically, northern coun-
tries, which produced most albumin solutions,
used them more often and in larger quantities than
southern countries such as Greece, Italy, Spain,
and Portugal. Belgium, where 15% of studied
patients had been enrolled, had used about 50%
of the total amount of human albumin adminis-
tered during the study [67]. In several countries,
surgical teams could be divided according to their
near-exclusive usage of one type of colloid solution
versus any other. Such choices were not consistent
for a given surgical procedure, nor did they affect
outcome as far as could be judged from in-hospital
mortality or length of hospital stay.

A study using the same methodology was con-
ducted 6 years later in Belgium, under the aegis
of the European BIOMED program [68]. At least,
two surgical procedures allowed meaningful com-
parison between surveys. A dramatic decrease in
the use of human albumin was noted for both op-
erations: the overall consumption was reduced by
85% for hemicolectomy and 81% for total hip re-
placement. Several factors may have contributed to
the decrease in albumin consumption during the
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nineties: lack of scientific evidence, publication of
the mentioned surveys allowing for international
and inter-hospital comparisons, new reimburse-
ment regulations obliging to justify its use, and new
guidelines issued after consensus conferences.

Consensus conferences
Consensus conferences were held about the use
of albumin in Australia [119], Belgium [120], and
France [86, 121–123]. Their main conclusions are
similar: there is no scientifically documented min-
imal albumin plasma concentration above which a
specific treatment must be instituted; there is no
obvious indication for using human albumin solu-
tions to treat hypovolemia in emergency or inten-
sive care situations; human albumin solutions are
not first line treatments for perioperative hypov-
olemia; human albumin is justified only when arti-
ficial colloids are contraindicated in case of severe
hypoproteinemia (�35 g/L) unrelated to dilution
during resuscitation. Several guidelines also reem-
phasized that FFP should not be used to correct hy-
povolemia, nor as a mere source of albumin. The
impact of these consensus conferences has been
questioned [92].

Conclusion and moral
The story of therapeutic use of albumin has gone
a full circle and is exemplative of how missing
some logical steps to jump to “obvious” conclu-
sions can lead to widespread adoption of a ques-
tionable therapy. Since hypoalbuminemia and poor
outcome were so strongly associated, it has been
assumed they were linked by a cause-to-effect re-
lationship. In the process of thought, two questions
were skipped: (1) what is the mechanism by which
lack of albumin increases mortality in hypoalbu-
minemic patients? and (2) does restoration of nor-
mal serum (and tissue) albumin concentration im-
prove outcome?

As the story goes, albumin could be isolated,
purified, and produced at industrial scale. With
hindsight, the Cohn alcohol extraction method
and pasteurization constituted exceptionally effi-
cient safety measures against infectious agents.
With time, infrequent hypotensive reactions dis-
appeared with improved fractionation methods.

Without maximal dose and no direct effect on
hemostasis, albumin solutions achieved an unchal-
lenged leadership among colloid solutions. Techni-
cally, it undoubtedly has been a success story.

Quality improvement of albumin production
and the crystalloid versus colloid resuscitation
controversy generated much scientific work, but
comparatively few prospective randomized con-
trolled trials assessed the two forgotten questions.
Ironically, the ever enlarging usage of albumin
therapy created the conditions for reaction: per-
ceived shortages or excessive dependence of whole
transfusion systems on albumin sales led to recon-
sider the scientific evidence underlying clinical use.
Despite the unmatched safety record of albumin
solutions, the AIDS epidemic also contributed to
revisit indications for transfusing albumin, like
those of any other pooled blood product.

A few consensus conferences later, very little is
left of the once accepted uses of albumin [124,125].
Residual indications concern mainly neonatology,
end-stage medical conditions, adjuvant therapy for
infrequent techniques such as plasma exchange,
some transplantation surgeries, and burns (with
some controversy). Almost nothing remains from
its main usage as ideal volume replacement for the
operated or critically ill patient. Many questions
remain unanswered concerning, for example, the
pharmacological interactions of albumin transfu-
sions. The place in modern pharmacopoeia of this
colloid featuring both a long intravascular half-life
and a remarkable absence of toxicity remains to
be defined. Despite so many years of clinical use,
there is still a definite need for properly conducted
prospective randomized trials.
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22. Myllylä G. New transfusion practice and haemosta-

sis. Acta Anaesthesiol Scand 1988;89(Suppl.

32):76–80.

23. Murray, DJ, Olson JD, Strauss R, Tinker JH. Coagu-

lation changes during packed red cell replacement of

major blood loss. Anesthesiology 1988;69:839–45.

24. Murray DJ, Pennel BJ, Weinstein SL, Olson JD.

Packed red cell in acute blood loss: dilutional coagu-

lopathy as a cause of surgical bleeding. Anesth Analg

1995;80:336–42.

25. Ciavarella D, Reed RL, Counts RB, et al. Clotting

factor levels and the risk of microvascular bleeding

in the massively transfused patient. Br J Haematol

1987;67:365–8.

26. Reed RL, Heimbach DM, Counts RB, et al. Prophy-

lactic platelet administration during massive transfu-

sion. Ann Surg 1986;203:40–48.

27. American Society of Anesthesiologists. Practice

guidelines for blood component therapy: a report

by the American Society of Anesthesiologists Task

Force on Blood Component Therapy. Anesthesiol-

ogy 1996;84:732–47.

28. American Society of Anesthesiologists. Questions and

Answers About Transfusion Practices, 3rd edn. Ameri-

can Society of Anesthesiologists, Illinois, 1998.

29. Ewe K. Bleeding after liver biopsy does not correlate

with indices of peripheral coagulation. Dig Dis Sci

1981;26:388–93.

30. Foster PF, Moore LR, Sankary HN, Hart ME, Ash-

mann MK, Williams JW. Central venous catheter-

ization in patients with coagulopathy. Arch Surg

1992;127:273–5.

31. Mc Vay PA, Toy PT. Lack of increased bleeding

after paracentesis and thoracocentesis in patients

with mild coagulation abnormalities. Transfusion

1991;31:164–71.



c08 BLBK256-Maniatis July 26, 2010 12:27 Trim: 246mm X 189mm Char Count=

Chapter 8 105

32. Rodeghiero F, Castaman G, Mannucci PM. Clinical

indications for desmopressin (DDAVP) in congeni-

tal and acquired von Willebrand disease. Blood Rev

1991;5:155–61.

33. Moulin D. Human albumin and substitutes in pe-

diatric intensive care and neonatalogy. Arch Public

Health 1994;52:417–23.

34. Northern Neonatal Nursing Initiative Trial Group.

Randomised trial of prophylactic early fresh-frozen

plasma or gelatin or glucose in preterm babies: out-

come at 2 years. Lancet 1996;348:229–32.

35. Nadel S, De Munter C, Britto J, Levin M, Habib

P. Albumin: saint or sinner? Arch Dis Child

1998;79:384–5.

36. So KW, Fok TF, Ng PC, Wong WW, Cheung KL.

Randomised controlled trial of colloid or crystal-

loid in hypotensive preterm infants. Arch Dis Child

1997;76:F43–6.

37. Hope P. Pump up the volume? The routine early use

of colloid in very preterm infants. Arch Dis Child

1998;78:F163–5.

38. Leslie SD, Toy PTCY. Laboratory hemostatic ab-

normalities in massively transfused patients given

red-blood cells and crystalloids. Am J Pathol

1991;96:770–73.
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CHAPTER 9

Pharmacology of Intravenous Fluids
Michael F.M. James
Department of Anaesthesia, University of Cape Town Faculty of Health Sciences, Cape Town, Western Cape, South Africa

Intravenous fluids can be broadly categorized into
crystalloids and colloids. As the colloids are sus-
pended in a crystalloid solution, there is some over-
lap in the pharmacology of these preparations, but
this categorization will be used for convenience in
this discussion.

Crystalloids

Crystalloids are aqueous solutions of mineral salts
that pass readily through biological membranes.
The term “crystalloid” is derived from the fact that
when these solutions are evaporated to dryness all
that remains are pure crystals of the dissolved salts.
Crystalloids are true solutions with all the associ-
ated physical characteristics of such solutions, in-
cluding depression of freezing point.

Crystalloid solutions expand the extracellular
fluid (ECF) space and are redistributed between
the intravascular and extracellular compartments
in a ratio of 1:4 in proportion to the normal dis-
tribution of fluid between these two spaces. Con-
sequently, full volume expansion after blood loss
requires 3–4 times the volume lost to be replaced
with crystalloids alone to replenish the intravascu-
lar losses. In the initial resuscitation phase, crys-
talloids may be deceptively effective, but once the
capillary perfusion is re-established, the crystalloid
will rapidly move out of the vascular space. Crystal-
loids will result in a reduction plasma oncotic pres-
sure and excessive quantities of crystalloids used for

resuscitation may have adverse effects, particularly
in terms of abdominal compartment syndrome [1].

None of the currently available crystalloid solu-
tions completely resembles the electrolyte content
of plasma. The most widely used crystalloids, 0.9%
saline and balanced salt solutions such as Ringer’s
lactate, fall well short of the desired composition.

(Ab)normal saline
“Normal” saline is a simple solution of sodium
chloride containing 154 mmol/L (0.9%) sodium
chloride salt. It is significantly hypertonic (osmo-
larity 308 mOsm/L) and has a very high chlo-
ride content (154 mmol/L; normal plasma range,
95–105 mmol/L). Infusions of as little as 2 L 0.9%
saline during surgical procedures will produce a
significant, measurable metabolic acidosis due to
the chloride load [2, 3]. Hyperchloremia has been
shown to be one of the main causes of progres-
sive metabolic acidosis in critically ill patients [4].
The clinical significance of this metabolic acidosis
has not yet been established, but a number of ad-
verse effects have been ascribed to excessive chlo-
ride administration, including decreased survival in
animals, abdominal discomfort, impaired cerebral
function, and delayed renal clearance of fluid loads
[5]. Chloride regulates renal vascular resistance
markedly within the clinical range [6] and hyper-
chloremia produces dose-dependent renal vasocon-
striction and reductions in glomerular filtration rate
[7]. Diminished renal function has been demon-
strated in patients receiving saline-based fluids pe-
rioperatively and decreased water clearance and
greater fluid retention with saline as opposed to
Ringer’s lactate shown in volunteers [3].
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There is substantial evidence that chloride load-
ing may impair renal function and may interfere
with coagulation. However, there are no human
outcome data suggesting that this may lead to
decreased survival. There is a common miscon-
ception that 0.9% saline is a safer intravenous
fluid to use than Ringer’s lactate in patients with
renal dysfunction and an elevated serum potas-
sium. However, the acidosis associated with saline
administration may cause extracellular migration
of potassium from the intracellular space, leading
to a paradoxical rise in plasma potassium concen-
trations, despite the administered fluid containing
no potassium itself. A recent study has shown
that, in patients undergoing renal transplantation,
potassium concentrations were better controlled
with Ringer’s lactate than with saline [8]. Similar
considerations apply to the recommendation to
use 0.9% saline in the management of the ketoaci-
dosis of diabetes mellitus. The policy frequently
advocated is to use saline until such time as renal
function is established and then to switch to a
more balanced salt. Again, this ignores the effect of
the hyperchloremic acidosis on potassium release.
There is no scientific basis for this recommendation.

Balanced salt solutions
The composition of a variety of electrolyte solu-
tions is shown in Table 9.1. Ringer’s lactate (or
acetate), like 0.9% saline, is not an ideal solution.
The Cl− content is substantially higher than plasma
chloride (111 mmol/L), the Na+ content is lower
(131 mmol/L), and the osmolarity of the solution
is 274 mOsm/L. This may be of some relevance in
critically ill patients in whom antidiuretic hormone
production results in water retention in excess

of sodium, and may be clinically important in
patients with head injury. Several studies have
demonstrated that reduced plasma osmolality is
associated with increased cerebral edema where
the blood–brain barrier has been disrupted [9–11],
but these have not been translated into clinical
outcome studies. Nevertheless, most authorities
recommend limited use of Ringer’s lactate in
patients at risk of cerebral edema.

Lactate is rapidly metabolized to CO2 and water,
resulting in a positive strong ion difference, which
may lead to metabolic alkalosis, despite the fact that
the pH of Ringer’s lactate is 6.5. The conversion of
lactate to glucose may impair glucose control in di-
abetics, but Ringer’s lactate has been widely used
without problems in these patients and there is no
evidence that the lactate substantially disturbs glu-
cose metabolism. However, it should probably be
avoided in patients taking metformin where lac-
tate metabolism may be impaired. A further prob-
lem with the use of lactated solutions is that they
may interfere with the use of lactate as a marker of
adequate tissue perfusion in critically ill patients.

Alternative solutions have used different anions
to replace the lactate in an attempt to avoid the
theoretical considerations mentioned above. The
most popular anion for this purpose has been
acetate. Arguments in favor of acetate include the
fact that it can be metabolized by peripheral tissues,
requires less oxygen for its metabolism, and is not
solely dependent on the liver for its breakdown.
However, the fact that it is rapidly metabolized
may actually worsen the alkalosis problem as the
strong ion difference will increase more rapidly.
Gluconate has also been used as an alternative
anion in some solutions. Currently, there are no

Table 9.1 Approximate constituents of some common electrolyte solutions (vary from country to country).

Solution Na K Ca Mg Cl Lac Bic Acet Gluc Osm

0.9% Saline 154 154 — — — — — — 308
RL 131 5 1.8 — 111 27 — — 274
Plas B 131 5 1.8 1.5 111 29 276
Plas A 140 5 1.5 98 27 23 294

RL, Ringer’s lactate; Plas B, plasmalyte-B; Plas A, plasmalyte-A; Lac, lactate; Bic, bicarbonate; Acet, acetate; Gluc, gluconate
(all in mmol/L); Osm, approximate osmolarity (mOsm/L).
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clinical comparative studies demonstrating any
benefit of one anion over another.

A near-ideal crystalloid solution exists in the
form of plasmalyte-A. This solution contains
140 mmol/L of sodium and appropriate concentra-
tions of the other cations. However, the anion com-
ponent is made up of a mixture of gluconate and
acetate. Despite the obvious theoretical benefits
of this solution, it has not gained any widespread
acceptance and there are no studies demonstrating
its clinical advantages (or disadvantages).

In summary, an ideal crystalloid solution cur-
rently does not exist. Ringer’s lactate (acetate)
is moderately hypo-osmolar, while 0.9% saline
may have substantial adverse effects due to the
chloride load. At present, the best compromise,
other than plasmalyte-A, is probably a combination
of Ringer’s lactate and 0.9% saline to achieve a
balance between hyperchloremia and adequate
sodium administration.

There is growing evidence of a substantial
problem associated with excessive crystalloid use,
including acid-based disturbances, osmolality
problems, and increased risks of fluid overload
[12]. A more rational approach to perioperative
fluid therapy would suggest that crystalloids should
be limited in volume, blood loss replaced largely
with colloid and red blood cells using balanced salt
solutions [13].

Hypertonic solutions
Hypertonic solutions, both crystalloid and colloid,
will draw ECF into the vascular compartment, re-
sulting in a greater expansion of the vascular space
than the volume infused, but at the price of a fur-
ther depletion of ECF and intracellular fluid (ICF).
This may be valuable in prehospital resuscitation,
but has limited application and requires subsequent
re-expansion of the ECF. Hypertonic saline (7.5%)
allows initial resuscitation with relatively small vol-
umes of fluid and is theoretically indicated in pa-
tients with head injury. However, the duration of
benefit is limited and no overall survival benefit has
been demonstrated [14]. There is some evidence
that hypertonic saline may improve the immune
status of traumatized patients [15].

Colloids

The term “colloid” is derived from the Greek word
for glutinous and is described as the residue left
when a colloid suspension is evaporated to dryness.
It defines a substance comprising very small, insol-
uble particles, usually 1–1000 nm in diameter, that
are uniformly dispersed or suspended in a finely
divided state throughout a continuous dispersion
medium. If all particles in a colloidal system are
of approximately the same size, the system is
called monodisperse; where there is a substantial
range of molecular size, the system is referred to
as polydisperse. The average size of the particles
in the suspension is critical as this will determine
the extent to which the colloid is retained within
the circulation. The determination of the effective
molecular size depends on the dispersity of the
system.

Albumin is a uniform size molecule and so an
albumin suspension is a monodisperse system for
which the molecular mass is easily established. The
synthetic colloids (gelatins, dextrans, and hydrox-
yethyl starches) are all, to a greater or lesser extent,
polydisperse systems. In polydisperse systems the
determination of particle mass or relative molec-
ular mass gives averages, which depend on the
method used. The molecular weight (MW) can be
described in one of the two ways: weight-averaged
MW (MWW) and number-averaged MW (MWN).

Number-averaged molecular weight is calculated
as:

MWN =
∑

ni M(i)
∑

ni

The weight-averaged (or mass-averaged) molecular
weight is calculated as:

MWN =
∑

ni {M(i)}2

∑
ni M(i)

where ni and M(i) are the amount of substance and
the relative molecular mass of the species i respec-
tively.

The weight-averaged molecular weight is more
influenced by the larger molecules in the system
and gives a larger value for the averaged MW than
the number-averaged MW. The ratio MWW/MWN
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gives an index of the degree of polydispersity in
the system. When a polydisperse colloid is infused
into the circulation, small molecules below the re-
nal threshold (approximately 65 kDa) are rapidly
excreted, while the larger molecules are retained
for varying periods of time depending on their size
and ease of breakdown. However, since osmotic ef-
fectiveness depends on the number of particles, and
not the molecular size, the excretion of the smaller
particles continuously reduces the osmotic effec-
tiveness of the infused solution, and the retained
larger particles have less osmotic action.

None of the currently unavailable colloids is
ideal. Albumin has recently been criticized as lead-
ing to a higher mortality in critically ill patients
[16]. The gelatins pose a considerable risk of ana-
phylaxis, which is significantly greater than that
posed by the other colloid solutions [17]. The dex-
trans also represent a significant anaphylaxis risk,
although the use of Dextran 1 may significantly
reduce this risk, while hydroxyethyl starch (HES)
solutions have the lowest risk of allergic reactions
among colloids. Both the dextrans and the HES so-
lutions significantly interfere with coagulation to
varying degrees. All colloids carry some risk of in-
ducing hyperosmolar renal failure if they are in-
fused without adequate accompanying crystalloid,
or if the hyperosmolar particles are allowed to
accumulate in the circulation. This problem has
been most widely described with the dextrans and
HES, particularly when hyperoncotic solutions are
administered.

Gelatins
The gelatins are the oldest of the synthetic colloids
available and are derived from the degradation of
bovine collagen with alkali. Two types of gelatins
are available, the urea-linked form as typified by
Haemaccel R© and the succinylated form as typified
by Gelofusin R©.

Urea-linked gelatin consists of polypeptides
linked through a urea bond giving an average MW
of 35 kDa. It is suspended in a saline-based solu-
tion containing additional potassium and calcium.
The high calcium concentration (approximately
6 mmol/L) makes it inadvisable to mix citrated

blood in the same giving set as urea-linked gelatin
as this may lead to the formation of clots in the
fluid line or filter. The low MW means that it
is fairly rapidly filtered through the kidneys and
consequently the duration of the plasma expansion
is quite limited.

The succinylated gelatins have the NH3 groups
replaced with COO−, which gives the molecule
a negative charge. This changes the shape of the
molecule, opening up the coiled structure, result-
ing in an effectively larger molecule for the same
MW [18]. Together with the negative charge, this
enhances intravascular retention, despite MW of
only 30 kDa. However, there is currently no pub-
lished evidence that the succinylated gelatins have
a longer duration of action than the older gelatins.
The electrolyte content of Gelofusin R© is similar
to 0.9% saline, although the osmolarity is slightly
lower than that of plasma, and the chloride con-
tent is lower than that of normal saline, with part
of the cation content being made up of the nega-
tively charged gelofusin particles.

The polydispersity of the gelatins results in a
large number of small molecules with an intense,
but short lived, plasma volume expansion lasting
for 1–3 hours [18]. Consequently, the gelatins are
useful plasma expanders in circumstances where a
short-term increase in volume is desirable, such as
during neuraxial blockade, or as an interim mea-
sure while waiting for red cell infusions to become
available. The gelatins are fully cleared from the
body through the kidney.

The gelatins exert little effect on coagulation, al-
though they may impair clot strength, mainly on a
dilution basis. The succinylated gelatins may have
a greater effect on the von Willebrand (vWF) factor
than the urea-linked type [19], but no coagulation
disturbances are recognized and no volume limi-
tation applies. The main adverse effect attributable
to the gelatins is that of anaphylaxis. The risk is
significantly greater for the urea-linked gelatins
than the fluid gelatins, but both appear to have a
higher risk of allergic reactions than other colloids.
It is possible that the gelatins may be preferable to
some of the starches in patients with impaired re-
nal function, particularly in association with renal
transplantation.
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Dextrans
The dextrans are glucose polymers derived from the
action of leuconostoc bacteria growing in sucrose-
containing media. The parent, natural polymer has
a mean MW of 450 kDa, and this molecule is then
hydrolyzed to various smaller units. They are poly-
disperse colloids with a wide range of molecular
sizes. There is some in vivo metabolism, but the
main route of elimination is through the kidney.

There are various dextran preparations, defined
by the average MW, ranging from Dextran 1 (MW
1 kDa) to the, now obsolete, Dextran 110. The dex-
trans generally enhance tissue plasma flow by re-
ducing blood viscosity and by diminishing red cell
aggregation and enhancing endothelial integrity.
From a purely pharmacokinetic point of view, Dex-
tran 70 may be regarded as a near-ideal volume
expander because it has a long dwell time, is
biodegradable, and is a good volume expander.

Dextran 40 (generally available in a 10%, hy-
peroncotic preparation) produces greater volume
expansion than Dextran 70, but has a shorter
duration of action due to the smaller mean
molecular size. The smaller dextran molecules are
readily filtered in the kidney where they have
significant osmotic effects. The most noted adverse
effect of dextrans is their ability to interfere with
coagulation, largely through binding to the vWF,
thus inhibiting platelet adhesion. They also impair
the action of thrombin, resulting in reduced clot
strength and enhanced plasmin activity. Dextrans
have been used for the prevention of thromboem-
bolism, where they are as effective as low-dose
heparin [20, 21]. In addition, Dextran 40 may be
beneficial in decreasing the incidence of cerebral
embolism and improving the cerebral blood flow
following carotid endarterectomy [22]. However,
no benefit has been shown in other forms of
vascular surgery.

For simple volume replacement, and for the pre-
vention of thromboembolism, Dextran 70 is the
dextran of choice, whereas Dextran 40 is used to
enhance the microcirculation, particularly in free-
flap surgery. Recent research has suggested that the
combination of hypertonic saline and dextran may
have advantages in resuscitation, particularly in
patients with brain injury [23].

The dextrans have numerous adverse effects. The
osmotic diuresis associated with Dextran 40, may
lead to hyperosmotic renal failure. Rarely, adverse
reactions including the dextran syndrome (which
consists of a combination of hypotension, acute res-
piratory distress syndrome, anemia, and coagulopa-
thy) and anaphylaxis may occur. Dextran anaphy-
laxis is a true immunoglobulin-mediated reaction
for which no prior exposure is necessary, since dex-
trans occur in very low concentrations in the gut.
However, the risk of anaphylaxis with the dextrans
can be almost completely eliminated by pretreat-
ment with the low-MW hapten compound Dextran
1. Its use is now standard practice in many Euro-
pean countries as a pretreatment where dextran is
to be used.

Hydroxyethyl starches
The starches are a group of compounds character-
ized by hydroxyethyl substitution of plant-derived
starch molecules. Hydroxyethylation increases the
water solubility of the starch and inhibits break-
down of the starch molecule by amylase. Starches
used in the manufacture of these products are de-
rived either from waxy corn or from potato, pro-
ducing compounds with somewhat different prop-
erties. Hydroxyethyl groups attach to the glucose
subunits at the C2, C3, and C6 positions on the
molecule. Substitution in the C2 position is the
most important in terms of preventing the action
of amylase and substitution seldom occurs in the
C3 position. The extent of substitution may be de-
scribed either by the degree of substitution, which
is the ratio of glucose units containing hydrox-
yethyl groups to the total number of glucose units,
or by the molar substitution (MS), which is the av-
erage number of hydroxyethyl groups per glucose
molecule. The latter is the term that is generally
used as it is easier to characterize, but in practice,
the two are not greatly different.

A variety of different HES products exist with
considerable differences in their pharmacological
properties. HES solutions are classified according to
the average in vitro MW into high MW (450–700
kDa), medium MW (100–200 kDa), and low
MW (70 kDa). However, further classification is
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necessary as the starches undergo some metabolism
in the plasma which results in changes in the MW.
The rate of metabolism is determined by the extent
of hydroxyethyl substitution (MS) ranging from 0.4
to 0.7 and the ratio of the carbon atom position at
which the substitution occurs (C2/C6). High values
for MW, MS, and C2/C6 ratio all result in a reduc-
tion in metabolic rate with a long-lasting volume
effect and extended persistence within the body.
Large molecules increase the incidence of bleeding
complications and may be associated with an in-
creased risk of pruritis. Since the degree of in vivo
metabolism is critical, it is now more common to
classify the starches by their MS ratios. The current
classification is as follows:

MS ratio Generic name Commercial products

0.7 Hetastarch Hespan R©, Plasmasteril R©,
Hextend R©

0.6 Hexastarch Elohes R©

0.5 Pentastarch HAES-Steril R©, Pentaspan R©,
Hemohes R©

0.4 Tetrastarch Voluven R©, Venofundin R©,
Tetraspan R©

The starches, therefore, are characterized by both
the MW and the MS, and typical nomenclature
gives both of these values; hence, Hespan R© is char-
acterized as 450/0.7 while Voluven R© is character-
ized as 130/0.4 and Venofundin R© as 130/0.42.

The lower MS of the newer HES products re-
sults in more rapid breakdown of the starch in the
plasma, resulting in lower in vivo MW in the order
of 70 kDa. This has resulted in substantial decreases
in the major adverse effects of the HES products
including impaired coagulation [24], tissue accu-
mulation, and potential for renal dysfunction [25].
However, as the in vivo MW remains above the
crucial value of 65 kDa there is minimal loss of ef-
ficacy, and tetrastarch has been shown to be as ef-
fective and to have similar duration of action as the
older HES products [26].

In clinical terms, starches are characterized by
effective plasma expansion that is usually more
than 100% of the volume infused, a relatively long

duration of action of 4–8 hours, and a possible pro-
tective effect of the endothelium. Adverse effects
include interference with coagulation as a result
of binding and inactivation of the factor VIII/vWF
complex, tissue persistence that may result in skin
itching and possible renal dysfunction that is prob-
ably the result of hyperosmolar states, rather than
a direct toxic effect of the starch molecules. All of
these effects appear to be related to the higher lev-
els of MS and are of minimal importance with the
tetrastarches.

Recently, potato-derived starches have been in-
troduced that are substantially different from the
waxy cornstarch product. Waxy cornstarch is al-
most pure amylopectin, whereas the potato starch
contains a significant proportion of amylase. The
potato starch also has a significant phosphate con-
tent that is not present in the waxy cornstarch
product. The physical characteristics of the two
starch products are different and the pharmacoki-
netic profiles are similar but not truly bioequiva-
lent. Older potato starch (200/0.5) was associated
with a greater bleeding risk than the equivalent
cornstarch in one comparative study [27]. In an-
other study, clinical use of potato starch 200/0.5
and 130/0.42 was associated with a postoperative
increase in bilirubin in both groups [28]. A recent
analysis of the cornstarch and potato starch HES
preparations has demonstrated substantial differ-
ences between the products in terms of in vitro
MW, MS, amylose content, and phosphate content
[29]. Whether these differences are clinically im-
portant remains to be established, but at present,
these HES preparations should not be regarded as
being interchangeable.

HES as a group have the lowest incidence of al-
lergic reactions of all the colloid preparations, in-
cluding albumin.

Most starch products are suspended in saline,
with the potential for hyperchloremic acidosis re-
ferred to above. Recently, starch solutions contain-
ing balanced salts have been introduced. These in-
clude an HES 650/0.7 available in the United States
(Hextend R©), and two products that have recently
entered the market containing HES 130/0.4 or HES
130/0.42. The latter two products should be avail-
able internationally in the near future and may
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go some way to resolving the problem of hyper-
chloremic acidosis where large volumes of resusci-
tation fluid are used.

Conclusions

The crystalloid–colloid controversy is far from being
resolved, and absolute recommendations regarding
the choice of intravenous fluid cannot be made at
this time. However, the general consensus appears
to be that a balanced approach using a rational mix
of crystalloid and colloid based on the condition of
the patient is the best choice. In order to make such
a rational choice, the pharmacological properties of
each of the crystalloid and colloid solutions must be
understood and considered when making clinical
decisions.
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CHAPTER 10

Crystalloids versus Colloids:
The Controversy
Hengo Haljamäe
Department of Anaesthesiology and Intensive Care, Sahlgrenska University Hospital, Göteborg, Sweden

Introduction

Fluid therapy with water and salts was first given
in the 1830s for treatment of dying cholera pa-
tients and dramatic responses to the treatment
were noted [1]. In spite of remarkable immediate
effects of the fluid resuscitation on vital signs, the
effects on outcome were less impressive at that
time due to problems with electrolyte composi-
tion, tonicity, and sterility of the solutions. The
importance of the electrolyte composition of crys-
talloids used for plasma volume support was shown
by Sydney Ringer in the 1880s [2]. Further im-
provements of the composition of Ringer’s solution
were achieved in the 1920s when Alexis Hartmann
could demonstrate that by the inclusion of lactate
it was possible to reduce the chloride load and
thereby the risk of hyperchloremic acidosis. At the
same time a buffering capacity was achieved since
bicarbonate is produced at the metabolic break-
down of lactate [2]. It is interesting to note that
Ringer worked quite a lot with frog tissue, which
explains the sodium level of about 130 mmol/L of
the Ringer’s solution. Today, more than 100 years
later, we are still treating our patients with hypona-
tremic Ringer’s/Harmann’s type of solutions more
suitable for frogs than for humans.

The use of saline fluid resuscitation in shock was
initially described by the turn of the century while
colloids were introduced much later [1]. Gelatin,

the first artificial plasma substitute to be used clin-
ically for shock treatment, was introduced in 1915
[3] and it was used rather extensively during World
War I [4]. Gelatin was in the 1940s and 1950s
followed by dextrans and later also by different
hydroxyethyl starch preparations.

Increasing knowledge about disturbances in fluid
homeostasis induced by trauma and blood losses
was gained during the First and Second World
Wars. It was, however, not until the 1940s and
1950s when, by the use of standardized animal
models, the pathophysiology of hypovolemia and
the physiological importance of fluid resuscitation
were understood more in detail [5]. At that time it
was claimed that pronounced acute internal fluid
fluxes between the different compartments of the
body constituted an important endogenous physi-
ological response to trauma and hypovolemia [6–
12]. It was also suggested that these internal fluid
derangements had to be compensated for in or-
der to reestablish fluid homeostasis in the posttrau-
matic period. Since extravascular fluids were pri-
marily involved, infusion of crystalloids rather than
of colloids was suggested by Shires and coworkers
[13,14]. The existence and importance of these so-
called third space fluid losses advocated by Shires and
coworkers have recently been questioned [15]. The
evidence supporting the idea that hemorrhage or
operation will cause a contraction of the extracellu-
lar volume (ECV) was considered weak, and prob-
ably a result of flawed methodology [15].

A superior relative effectiveness of colloids in
comparison with crystalloids for support of plasma
volume and thereby for normalization of the
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hemodynamics in emergency resuscitation has,
however, been acknowledged for years [16–18].
Therefore, a colloid-based fluid regimen has often
been suggested as a better alternative than infusion
of crystalloids in many clinical situations [16–18].
The optimal fluid regimen has, however, remained
a matter of controversy and a crystalloid versus col-
loid debate has been going on for years and is still
not satisfactorily settled.

It is obvious that intravenous infusion of an elec-
trolyte solution results in a rather poor plasma vol-
ume supporting effect because of rapid redistribu-
tion of the solution throughout the whole extracel-
lular fluid space [19]. This implies that for restitu-
tion of a plasma volume deficit there is a volume
requirement of crystalloid far in excess of the ac-
tual intravascular volume deficit. At the fluid re-
suscitation a major part of the infused crystalloid
is deposited in extravascular tissues whereby in-
terstitial hydration is markedly increased [17, 18].
When more extensive volume deficits are substi-
tuted with crystalloid this interstitial deposition of
fluid may include a risk of tissue edema formation,
compressing capillaries and impairing microvascu-
lar blood flow. Therefore, it is not surprising that
the rationale for choosing crystalloid in the clinical
treatment of more extensive plasma volume deficits
or perioperative blood losses may be questioned.

About 20 years ago “An end of the crystalloid era”
was suggested by Twigley and Hillman [20]. To-
ward the end of 1980s as well as 1990s, how-
ever, some rather alarming reports, based on meta-
analyses of published randomized studies, were
published [21–23]. These meta-analyses indicated
an increased risk of mortality for critically ill pa-
tients resuscitated with colloids. Although albumin
was suggested the possible main cause of negative
colloid-associated influences on outcome, at least
in critically ill patients [23], still the discussions in-
duced by these publications [21–23] caused a ma-
jor push for increased use of crystalloids, both in
the perioperative period and in the intensive care
surroundings. The clinical relevance of these meta-
analyses were, however, questioned and within
short several papers appeared showing no differ-
ence in mortality, pulmonary edema, or hospital
stay between crystalloid- and colloid-based resusci-

tation [24] or presence of albumin-associated out-
come hazards [25].

It should be obvious, however, that the type
of fluid required to correct fluid deficits and de-
rangements will to a considerable extent depend on
which fluid compartment is depleted and if more
than one fluid compartment is affected [1]. Since
the optimal fluid regimen in different clinical con-
ditions has remained a matter of controversy, this
survey will summarize the basic physiological con-
cepts of crystalloid and colloid resuscitation, includ-
ing the present status of the ongoing crystalloid
versus colloid debate.

Fluid spaces and internal fluid
fluxes in response to trauma

Fluid spaces
The fluid spaces of the body are schematically pre-
sented in Figure 10.1. Total body water in the
adult usually ranges from about 50 to 65% of body
weight, somewhat lower in females than in males,
and there is a general decrease in body water with
increasing age in the elderly. About 2/3 of the body
water is found within the intracellular space, i.e.,
approximately 28 L in a 70 kg adult male. Most of
the remaining body fluid (about 14 L) is distributed
within the interstitial and intravascular spaces. The
relationship between the fluid content of the in-
travascular and interstitial spaces is in the range of
1/4 to 1/5. The capillary membrane is freely per-
meable to water. Therefore, the fluid movements
between the intravascular and interstitial spaces are
primarily influenced by the osmotic gradients of so-
lutes. At fluid homeostasis the osmolality of both
these extracellular compartments is approximately
equivalent.

The total fluid fluxes between the intra- and ex-
travascular compartments are influenced by hydro-
static and colloid osmotic gradients as predicted by
the Starling transcapillary fluid equilibrium equa-
tion. A near-equilibrium situation usually exists
between several forces tending to move fluid out
through the capillary membrane (mean capillary
hydrostatic pressure, negative interstitial free fluid
pressure, interstitial fluid colloid osmotic pressure
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IntravascularInterstitialIntracellular
spacespacefluid space

(≈ 28 L)  (≈ 11 L) (≈ 3 L) Colloid
infusion of 1 L

Trauma-induced 
fluid  ------------------------------->  2–3 L   ------------>   1 L         Advantages 
mobilization   Good intravascular persistence
(transcapillary refill) ≈1 L Moderate volume required 

Plasma COP moderately altered
0.2 L Minor risk of tissue edema

Enhanced microvasc blood flow
Moderation of SIRS

0.8 L Disadvantages/risks
Volume overload
Disturbed hemostasis 
Tissue accumulation
Adverse effects on renal function
Anaphylactoid reactions 
More expensive 

Crystalloid 
infusion of 1 L 

Advantages
Balanced electrolyte composition
Buffering capacity (lactate/acetate)
No risk of adverse reactions 
Minimal effects on hemostasis 
Promoting diuresis 
Inexpensive
     Disadvantages/risks 
Poor plasma volume support 
Large volume needed 
Overhydration/edema formation 
Reduced plasma COP 
Hypothermia 

Figure 10.1 Fluid spaces, trauma induced fluid fluxes, and the effects and advantages/disadvantages of colloid- and
crystalloid-based fluid resuscitation.

[COP]), and one major force tending to move fluid
back into the capillary bed (plasma COP). At near-
equilibrium there is a slight imbalance in favor
of outward filtration, which is balanced by re-
turn of the fluid via the lymphatics. Alterations in
any of these variables, including changes in capil-
lary permeability, will change the overall balance
of the fluid exchange process across the capillary
membrane.

Fluid fluxes in response to surgery
and trauma
The general response of the body to trauma and
blood loss is a pronounced neuroendocrine acti-
vation whereby different major compensatory de-
fense mechanisms are set into action in order to
secure the perfusion and substrate availability of
central vital organs [26]. In this process major in-
ternal changes of the fluid homeostasis between

the different fluid spaces of the body are induced
[11,12]. In response to the neuroendocrine activa-
tion induced by trauma and/or hemorrhage about
1.0 L of fluid can be transferred in the adult indi-
vidual from the intracellular and interstitial spaces
into the intravascular compartment (Figure 10.1).
The main components of this endogenous plasma
volume supporting defense mechanism are:
� A glucose-osmotic transcapillary refill process
[11,12].

In response to the hyperglycemia induced by the
trauma, plasma osmolality will increase and about
2–3 L of fluid can be mobilized along the osmotic
gradient from the intracellular compartment into
the interstitial fluid space. Of this fluid about 0.5 L
will reach the intravascular compartment and sup-
port blood volume. Trauma-induced insulin resis-
tance will contribute to the maintenance of the hy-
perglycemia and thereby increase the efficacy and
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duration of this glucose-osmotic transcapillary refill
process.
� A resetting of the pre- to postcapillary resistance
ratio [11,12].

The capillary hydrostatic pressure is reduced
due to precapillary vascular constriction in re-
sponse to the neuroendocrine activation induced
by trauma and/or hemorrhage. Thereby, the equi-
librium of the Starling transcapillary exchange pro-
cess is changed so that fluid reabsorption from ex-
travascular sources is favored. In the adult individ-
ual about 0.5 L of fluid can be mobilized by this
compensatory mechanism from the interstitial fluid
space into the intravascular compartment.

In addition to direct losses of blood and plasma
in connection with surgical procedures or follow-
ing trauma, there is an increased overall transcap-
illary fluid loss resultant from increased trauma-
induced activation of the cascade systems evok-
ing a systemic inflammatory response syndrome
(SIRS) influencing endothelial cell barrier function
and thereby capillary permeability [27]. This more
generalized increase of capillary permeability in re-
sponse to trauma will further enhance the hypov-
olemia and jeopardize tissue perfusion [28].

Shires and coworkers [6, 7] have suggested a re-
duction of the extracellular fluid volume during
major surgery and following trauma due to inter-
nal redistribution of fluid into traumatized tissues
(wound edema) and into organs, the function of
which is disturbed (e.g., paralytic intestine). Such
fluid movements were considered to constitute so-
called third space losses. The occurrence and clinical
significance of possible internal third space losses has
remained unclear [1]. Trauma is often considered
associated with a relative increase rather than a re-
duction in extracellular fluid content. A relative in-
crease in the interstitial fluid content is explained
by stress-induced salt and water retention, as well
as the above-discussed mobilization of intracellular
fluid into the extracellular fluid space. Recently the
existence and importance of these so-called third

space fluid losses advocated by Shires and cowork-
ers have been seriously questioned by Brandstrup
and coworkers [15]. On the basis of a systematic re-
view of original trials measuring ECV changes dur-
ing hemorrhage or operation it was considered that

the evidence supporting the idea that these con-
ditions will cause a contraction of the ECV was
weak, and probably a result of flawed methodol-
ogy [15]. It seems obvious, however, that in order
to achieve normovolemia and hemodynamic sta-
bility and reestablish fluid homeostasis in surgical
patients or trauma victims, it is necessary at the
fluid resuscitation not only to consider direct blood
losses but also to take the internal compensatory
fluid fluxes into consideration [12,17,18].

Distribution of infused
resuscitation fluids

The relative distribution of crystalloids and colloids
between the different fluid spaces of the body and
the advantages and disadvantages of crystalloid-
versus colloid-based fluid resuscitation regimes are
summarized in Figure 10.1. As indicated in the fig-
ure, the plasma volume support achieved at the in-
fusion of a colloid is usually good while the more
prolonged plasma volume-supporting efficacy of
crystalloids is poor [17,18].

Crystalloids

General aspects
Crystalloid resuscitation fluids usually have a bal-
anced electrolyte composition since infusion of
a rather large volume is needed for restoration
of hemodynamic stability in hypovolemic patients
(Figure 10.1). Infusion of large volume of saline
(154 mmol/L of sodium and chloride) will include
a risk of hyperchloremic acidosis negatively affect-
ing acid–base status, hemostasis, and renal per-
fusion [29–32]. Predominant use of 0.9% saline
solution in major surgery may have little impact
on outcome as assessed by duration of mechanical
ventilation, intensive care unit stay, hospital stay,
and postoperative complications, but it does appear
to be associated with increased perioperative blood
loss [32]. Although hyperchloremic metabolic aci-
dosis and a hypocoagulable state may not necessar-
ily harm the patient, still metabolic acidosis is not
observed after administration of lactated Ringer’s
type of solutions [30, 32]. The use of fluids with
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a balanced electrolyte composition and “buffering
capacity”, i.e., Ringer’s type of solutions contain-
ing either lactate or acetate therefore seems advan-
tageous [18]. When the lactate or acetate ions are
metabolized by tissue cells, bicarbonate ions will be
produced and a buffer effect is achieved. Acetate-
containing Ringer’s solutions seem even more ad-
vantageous than lactate containing ones since the
capacity of the body to metabolize lactate may be
reduced in case of disturbed organ perfusion, as
seen in the connection with shock and trauma
[18,33,34]. Therefore, a lactate containing solution
may even aggravate an already existing lactic aci-
dosis since the metabolic capacity of the two main
lactate-clearing organs, i.e., the liver and the kid-
ney, is disturbed in severe shock. Acetate, on the
other hand, can be metabolized by most tissue cells
of the body and therefore includes advantages in
case of compromised liver function [35].

Additional advantages of Ringer’s type of crys-
talloids are: absence of adverse anaphylactoid reac-
tions, minimal influences on hemostasis other than
those caused by the hemodilution per se, and di-
uresis promoting effects (Figure 10.1). Thromboe-
lastographic studies indicate mild hypercoagulabil-
ity induced by crystalloids but the effect is similar
for saline as for Ringer’s solution [36, 37]. The low
cost of crystalloids as compared to colloids is often
also considered advantageous.

Distribution between the different
fluid spaces
Balanced salt solutions will freely cross capillary
membranes and equilibrate within the whole ex-
tracellular fluid space. The intravascular retention
of a crystalloid is consequently poor and it is usu-
ally considered that in connection with blood losses
a large volume, i.e., 4–5 times the actual intravas-
cular volume deficit, has to be infused in order to
achieve normovolemia [17–19]. In surgical patients
it has been shown by Lamke and Liljedahl [19] that
infusion of 1 L of crystalloid in the postoperative
period will result in a remaining plasma volume
expansion of only about 0.2 L after an equilibra-
tion period of 90 minutes. Cervera and Moss [38]
have also pointed out that crystalloid resuscitation

of hemorrhage for reexpansion of the lost plasma
volume may require much larger volumes than
appreciated by most clinicians.

It has been claimed by Riddez and coworkers
[39], however, that for optimal volume substitu-
tion following acute hypovolemia, infusion of a
much smaller volume of Ringer’s solution may be
sufficient. In their study young volunteers were
subjected to acute moderate venesection, i.e., with-
drawal of 900 mL of blood. It was noted that these
young individuals were able to restore up to 50%
of the blood loss by internal shift of fluid from
extravascular sources into the intravascular com-
partment, as expected on the basis of the above-
considered transcapillary refill process. On the ba-
sis of these observations it was suggested that in-
fusion of Ringer’s solution corresponding to about
twice the lost volume was sufficient for restitution
of central and regional hemodynamics. Young indi-
viduals subjected only to withdrawal of blood and
not exposed to any tissue injury and/or anesthe-
sia may not be representative for the average surgi-
cal or trauma patient population seen in the clinics.
However, the SAFE (Saline vs Albumin Fluid Eval-
uation) study [40] showed that on an average only
1.4 times more saline than 4% albumin was needed
to cope with the fluid requirements of intensive
care patients. It should be noted, however, that the
initial fluid resuscitation of the ICU patients was
not included so the fluid administered was for sat-
isfaction of the basal fluid requirements and the
maintenance of hemodynamic stability during the
ICU stay. Still, the observations of the SAFE study
seem to favor a more restrictive administration of
crystalloids than the traditional concept of infusion
of 3–5 times the estimated plasma volume deficit.
A perioperative intravenous fluid restriction was
by Brandstrup et al. [41, 42] suggested to reduce
complications after elective colorectal resection and
such a more restrictive fluid therapy concept has
recently been supported by others [43, 44]. Conse-
quently it seems justified, on the basis of current
best clinical evidence suggestions, to recommend
the principle of a more “restricted intravenous
fluid therapy.” The concept basically means that
fluid losses should be replaced but crystalloid fluid
overload should be avoided.
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Figure 10.2 An experimental study of the effects of a
massive intravenous isotonic fluid load (5% of body
weight; corresponding to infusion of 3.5 L in a 70 kg
man) on the extravascular fluid content of different
tissues. Data from Larsson and Ware [46].

Crystalloid-associated disadvantages/risks
After a rather short time period 75–80% of the in-
fused volume of a crystalloid will lodge in the ex-
travascular compartments [17,18,45]. Therefore, it
is obvious that crystalloid resuscitation includes a
risk of increased tissue hydration and edema for-
mation (Figure 10.1). Quite often it is thought that
the edema formation caused by excessive crystal-
loid infusion is mainly a cosmetic problem affecting
peripheral tissues. An experimental study of the ef-
fects of a massive intravenous isotonic fluid load
(5% of body weight; corresponding to infusion of
3.5 L in a 70 kg man) on the extravascular fluid
content of different tissues has also verified that
fluid will accumulate mainly in tissues with a high
compliance such as skin and connective tissue [46].
However, the crystalloid load was found also to in-
crease the fluid content of more vital organs, e.g.,
the lungs and the intestine (Figure 10.2).

Extravascular lung water: In the lungs a reduc-
tion of the COP in response to crystalloid resusci-
tation will influence the threshold hydrostatic cap-
illary pressure at which pulmonary fluid overload
will occur [17, 47]. The hydrostatic gradient (dif-
ference between the pulmonary capillary and the
tissue fluid pressures) tends to push fluid out of
the vasculature. However, it is counteracted by the
high COP gradient between plasma and tissue fluid
favoring retention of fluid within the vascular com-
partment. This oncotic gradient, however, is depen-
dent on the ability of the capillary membrane to re-
flect substances that are colloid-osmotically active,

i.e., to prevent leakage of colloidal substances out of
the vascular compartment into the interstitial fluid
space.

Major causes for increased extravascular lung
water are increases in the hydrostatic gradient
across the pulmonary capillary during fluid resus-
citation and increases in the protein permeability
of the capillary membrane due to systemic activa-
tion of the cascade systems influencing endothelial
cell barrier function. The maintenance of a gradient
of 7–9 mmHg between plasma COP and cardiac fill-
ing pressure has been suggested to be of importance
for prevention of pulmonary edema [48]. However,
there are several important antiedema safety fac-
tors, which will prevent moderate changes in cap-
illary hydrostatic pressure from influencing the ex-
travascular fluid content of the lung [49]. One com-
ponent of this physiological defense mechanism is
the increase in interstitial pressure that is initially
created by an increased fluid filtration. Thereby the
hydrostatic pressure gradient across the pulmonary
capillary is shifted back toward the normal level
and further fluid movement is prevented. Increased
fluid filtration will also influence the COP gradient
by diluting the protein content of the extravascular
fluid. Such a reduction of the interstitial COP will
oppose fluid-flux by widening the colloid osmotic
gradient across the pulmonary capillary bed.

Although the above-considered antiedema safety
factors are of importance in the early phase of in-
creased pulmonary capillary hydrostatic pressure,
the most important edema preventive factor is the
capacity of the lung to increase its lymph flow.
From basal levels lung lymph flow can increase
several fold, up to 7–10 times [50]. Therefore,
as long as the lymph drainage of the lung can
clear the amount of fluid that is filtered across
the pulmonary capillary, no manifest clinical pul-
monary edema will occur. This may explain why
crystalloid treatment of hypovolemia in many sit-
uations does not seem to increase extravascu-
lar lung water to any significant extent [51–55].
Still, infusion of 40 mL/kg body weight over a
3-hour period in healthy volunteers has been
shown to result in a significant decrease in pul-
monary function and a body weight increase
persisting 24 hours after the infusion [56]. The
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occurrence of hypoxemic episodes of patients in
a postanesthesia care unit also seems associated
with intraoperative infusion of greater volumes
(�1500 mL) of intravenous fluid [57]. Excessive
perioperative fluid administration resulting in ma-
jor net fluid retension has been shown to include
even a risk of fatal postoperative pulmonary edema
[58]. Furthermore, resuscitation with crystalloids
has been suggested to predispose for pulmonary
dysfunction in case of later major challenges of the
homeostatic balance [59]. Especially in elderly pa-
tients with reduced functional capacity of vital or-
gans, including the cardiovascular and respiratory
systems, crystalloid fluid overload may disturb the
recovery process after surgery and trauma. Late ad-
verse effects after an initial resuscitation with large
quantities of fluid, seen as a “third-day” transient
circulatory overload, may in addition occur due to
the subsequent redistribution of the tissue edema
[60]. Therefore, it seems likely that in several clin-
ical situations the functional respiratory capacity
may be disturbed by infusion of a large volume of
crystalloid resuscitation fluids. The risk seems more
pronounced in connection with lung surgery than
other types of surgical procedures [61].

Peripheral tissue edema: A crystalloid-based treat-
ment regime of profound hypovolemia may ini-
tially restore cardiac output during the fluid resus-
citation but, due to rapid leakage of fluid out into
the extravascular tissues, may be insufficient for
the maintenance of an adequate intravascular vol-
ume support [62]. Laser doppler flowmetric studies
have demonstrated a persistent depression of the
microvascular blood flow following hemorrhage in
spite of infusion of Ringer’s lactate up to four times
the volume of maximal bleeding [63]. It seems ob-
vious that crystalloid fluid resuscitation includes
a risk of edema formation in peripheral tissues,
which by compression of capillaries, may jeopar-
dize microvascular blood flow and thereby also tis-
sue oxygenation [64–67]. Generalized edema may
consequently disturb the transport of oxygen and
nutrients to tissue cells and thereby contribute to
the development of multiple organ failure.

Iatrogenic tissue edema caused by crystalloid re-
suscitation is reflected by a significant weight gain
and has been considered to result in prolonged

need of respirator treatment, impaired wound heal-
ing, and prolonged ICU-stay [66, 67]. Also regain
of gastrointestinal function following surgery or
trauma resuscitation seems influenced by the fluid
treatment strategy chosen. A postoperative increase
in body weight of more than 3 kg has been shown
to delay regain of gastrointestinal function (pas-
sage of flatus and feces) and thereby also prolong-
ing hospital stay and cost of surgery [68]. Studies
of liberal versus restrictive perioperative infusion of
crystalloid indicate that the main cause for delayed
regain of gastrointestinal function and prolonged
hospital stay is liberal administration of fluid [43].
Liberal fluid strategies in gastrointestinal surgery
have repeatedly been suggested to impair clinical
outcome [41,43,44].

The association between excessive crystalloid
fluid resuscitation and major problems within the
gastrointestinal tract is also obvious from the expe-
riences at the management of trauma patients. The
pressure within the abdominal cavity is normally
little more than atmospheric pressure but even
small increases in intra-abdominal pressure can
induce adverse effects on renal function, cardiac
output, hepatic blood flow, respiratory mechan-
ics, splanchnic perfusion, and intracranial pressure
[69–71]. Massive fluid resuscitation may conse-
quently not only induce hypothermia leading to
coagulopathy but also include a risk of abdomi-
nal hypertension and abdominal compartment syn-
drome [72]. An association between massive fluid
resuscitation and abdominal compartment syn-
drome seems obvious [72, 73] and excessive use
of crystalloids seems to be the primary determi-
nant [74]. Consequently, supranormal trauma re-
suscitation requiring more Ringer’s solution infu-
sion seems associated with decreased intestinal per-
fusion (higher GAP CO2), and increased incidence
of intra-abdominal hypertension, abdominal com-
partment syndrome, multiple organ failure, and
death [75].

Most of the extravasating crystalloid will dis-
tribute within the interstitial space but some will
probably leak into hypoxic or traumatized cells
in connection with surgery or trauma, i.e., into
cells with a reduced functional capacity to regulate
their membrane electrolyte balance and hence their
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volume [28]. Therefore, the problem of extravas-
cular fluid accumulation after crystalloid volume
loading seems even more critical for trauma pa-
tients suffering head injuries [76] and edema for-
mation may occur even in the heart following mas-
sive crystalloid resuscitation [77].

It seems evident that nowadays there is an in-
creased awareness of the clinical problems caused
by fluid overload and, as stated by Lowell et al.
[78] almost 20 years ago, “fluid overload is not a
benign problem.” Fluid administration routines re-
sulting in negative fluid balance in septic shock pa-
tients has been claimed to predict good outcome
prognosis and survival [79].

Colloids

General aspects
The advantages and disadvantages of colloid-based
fluid resuscitation are summarized in Figure 10.1.
Colloid solutions contain, to varying degrees,
larger, oncotically active molecules, which do not
easily cross the capillary membrane. The greater ca-
pacity of colloids to remain within the intravascular
space includes not only a more efficient expansion
of the intravascular plasma volume but also a bet-
ter maintenance of plasma COP. Therefore, the ad-
dition of colloid, even in low concentrations, will
markedly reduce the overall fluid volume require-
ments for achievement of hemodynamic stability in
the treatment of hypovolemia [80–82]. Infusion of
only a rather moderate volume is usually needed
and therefore the risk of fluid overload of ex-
travascular tissues, as seen in connection with only
crystalloid-based fluid resuscitation, is reduced.

Plasma volume supporting efficacy
The overall plasma volume-expanding efficacy
of a colloid solution is dependent on the size
and concentration of its colloid-osmotically active
molecules and their intravascular persistence [82].
The COP of a colloid is the major factor influencing
its initial plasma volume expanding capacity. Intra-
venous infusion of colloids with a COP lower than
or equal to that of plasma will even at high infusion
rates result in a mainly isovolemic initial plasma

volume expansion. Colloids with a high COP, on
the other hand, will mobilize fluid from extravas-
cular sources into the vascular compartment along
the created COP gradient. Rapid infusion of colloids
with a high COP may consequently include a risk of
acute intravascular volume overload [82].

The more prolonged plasma volume supporting
capacity of a colloid is determined by the num-
bers, sizes, and configurations of the molecules in
the suspension and the breakdown and elimination
characteristics for the substance [82]. It has repeat-
edly been claimed that infusion of colloid will im-
prove the oxygen transport to tissues and thereby
favor aerobic tissue metabolism better than crys-
talloid fluid resuscitation [67, 82, 83]. This may be
explained by favorable hemorheological effects of
colloids. In patients undergoing major abdominal
surgery a colloid-based volume replacement regi-
men has been shown to increase tissue oxygen ten-
sion while crystalloids were found to impair tissue
oxygenation [84].

Hemorheological effects
The rheological behavior of blood is altered in
many clinical situations and hemorheological as-
pects are important to consider at the choice of
resuscitation fluid. The hemorheological effective-
ness of a colloid is determined by its hemodilu-
tional capacity in combination with its inherent
specific pharmacological effects on red cell aggrega-
tion, platelet function, plasma viscosity, and blood
corpuscle–endothelial cell interactions [82].

The reduction of the hematocrit level of the
blood at the hemodilution seems to be the most
important determinant for the rheologic effects
and thereby for enhancement of tissue perfusion
and oxygenation. Vascular resistance is reduced
by lowered whole blood viscosity, which will en-
hance venous return and increase cardiac out-
put [85–87]. In comparison with the dominating
role played by the hemodilution per se changes
in plasma viscosity seem to be of minor impor-
tance for alterations of tissue perfusion [88, 89].
Colloid-associated reduction of red blood cell ag-
gregation and leukocyte–endothelium interactions
may be additional factors of importance for the
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enhancement of blood flow in the microvascula-
ture [82,90,91]. Thereby the potential activation of
a SIRS by surgery or trauma will be moderated and
the risk of multiple organ dysfunction syndrome
may be reduced (Figure 10.1).

Colloid-associated disadvantages/risks
In addition to the risk of volume overload at ex-
tensive fluid resuscitation with colloids, several of
the available artificial colloids will influence the
hemostatic competence of the body [29,92]. The ef-
fects on hemostasis are partly due to hemodilution,
resulting in decreased concentrations of coagula-
tion factors, and partly to colloid-specific effects on
the clotting of blood. Dextrans seem to reduce the
hemostatic competence more than hydroxyethyl
starch preparations and gelatins [29, 82]. As re-
cently pointed out by Van der Linden and Ickx
[93] the clinical consequences of the biological ef-
fects of colloids on hemostasis are limited, pro-
vided that safety considerations are observed (max-
imum daily dosage, duration of treatment, patient’s
hemostatic status, clinical conditions). The implica-
tions may be different in patients with hemostatic
disorders, either inherited or related to preopera-
tive antiplatelet or anticoagulant treatment. The to-
tal volume of fluid infused, crystalloid as well as
colloid, also seems to be a factor of importance.
Barak et al. [94] reported that administration of
more than 3 L of crystalloids or 500 mL of colloids
during abdominal surgery correlated with postop-
erative coagulopathy.

Colloid-associated factors such as tissue accumu-
lation, potential adverse effects on renal function,
and risk of anaphylactoid reactions are also of im-
portance, as is the cost factor (Figure 10.1)[29].
Considering the above-mentioned pros and cons of
colloid-based fluid resuscitation, it seems obvious
that at the choice of colloid the following aspects
should be considered:
– Plasma volume supporting capacity

� size, concentration, and elimination character-
istics of the macromolecules

– Clinical safety
� minimal effects on hemostasis
� complete elimination/no tissue accumulation

� absence of adverse effects on organ function
� no risk of allergic/anaphylactoid reactions

Therapeutic goals of clinical fluid
resuscitation

It is obvious that colloids and crystalloids, due to
their specific fluid characteristics, are distributed
differently within the fluid spaces of the body.
Since colloids are distributed mainly to the in-
travascular space and crystalloids to the interstitial
space, the decision to use colloid or crystalloid so-
lution should depend to a considerable extent on
whether the intravascular or the interstitial space
is depleted [1]. The intravascular space is the more
accessible one to clinical estimation of its fluid sta-
tus. Cardiac output, arterial blood pressure, pulse
rate, central venous pressure, pulmonary artery
wedge pressure, peripheral tissue perfusion, and
urine output are all indicators contributing to the
assessment of the adequacy of the intravascular
blood volume. The response of these variables may
also be considered to be of value in conjunction
with a fluid challenge. A challenge with colloid,
mainly staying in the circulation, is much easier to
interpret than a challenge with crystalloid, which
to a considerable extent relatively rapidly is redis-
tributed to the extravascular space [1].

Appropriate goals for the fluid resuscitation in
connection with surgical procedures or in the treat-
ment of critically ill patients and the optimal choice
of fluid to reach the goals can be summarized as
follows [18,82]:
� Provide daily basal fluid requirements (crystal-
loid)
� Rehydrate fluid deficient patients (crystalloid)
� Maintain normovolemia and hemodynamic sta-
bility (colloid)
� Enhance microvascular blood flow (colloid)
� Maintain adequate plasma COP (colloid)
� Avoid tissue edema formation (colloid)
� Prevent/moderate trauma-induced activation of
cascade systems and enhancement of coagulation
(colloid)
� Prevent reperfusion type of cell injury caused by
generation of free radicals (colloid)
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� Guarantee adequate transport of oxygen to tissue
cells (colloid + RBCs)
� Promote diuresis (colloid + crystalloid)

In order to achieve all these clinical goals of
fluid resuscitation the use of both crystalloids and
colloids seems indicated. However, as indicated in
the above summary, colloids seem to play a more
important role in not only the maintenance of
central hemodynamic stability and microvascular
blood flow but also the moderation of trauma in-
duced inflammatory reactions [82]. In spite of quite
a bit of evidence in favor of colloids, a crystalloid
versus colloid controversy has continued and, as
discussed below, presently there does not seem to
exist any generally accepted consensus on the op-
timal fluid therapy in different clinical situations
[20–25,40,44,95–97].

Choice of fluid regimen and
clinical outcome

Major surgery
In most situations about 60–80% of infused crys-
talloids will leave the intravascular compartment
before the end of the infusion, i.e., within a
rather limited time period [18–20]. The correction
of the intravascular hypovolemia with a moder-
ate volume of crystalloid is in most cases there-
fore rather insufficient. Even minor remaining de-
grees of hypovolemia can predispose to insufficient
organ perfusion. The splanchnic circulation may
be critically affected and a decrease in splanchnic
blood flow may occur even after a brief episode
of normotensive hypovolemia [98, 99]. Infusion of
too large volumes of crystalloid solution, on the
other hand, will lead to interstitial sequestration
of fluid and tissue edema that will impair tissue
oxygenation and organ function. It has been sug-
gested on the basis of systematic reviews (meta-
analyses) of randomized controlled studies that
colloid administration, at least for critical ill pa-
tients, may rather increase than reduce mortality
[21–23]. However, data related to major surgery
included in these meta-analyses were rather in
favor of colloid-based perioperative fluid regimes
[21–23].

The studies by Lobo et al. [68] and Nisanevich
et al. [43] clearly indicate that perioperative in-
crease in body weight due to excessive infusion
of fluid will delay regain of postoperative gastroin-
testinal function and thereby prolong hospital stay
and the cost of the surgical care. Preoperative as
well as intraoperative expansion of plasma volume
with colloid has been shown to reduce mucosal hy-
poperfusion and improve outcome [99,100]. In the
study of Moretti et al. [101] it was found that post-
operative nausea and emesis was much more com-
mon in patients receiving only crystalloid as com-
pared with patients given a balanced fluid resusci-
tation also including colloid. Still, the difference in
total amount of fluid infused was only about 1.5 L.
A reasonable explanation for the difference in the
occurrence of nausea and emesis could be increased
fluid content (edema) of the GI tract influencing GI
function in the patients not getting colloid. Further-
more, the inclusion of colloid also reduced post-
operative pain experiences, tissue edema, and in-
cidence of dubble vision [101]. The findings clearly
indicate that the choice of fluid therapy will influ-
ence “the quality of care” for the surgical patient.
On the basis of the above-considered studies in Fig-
ure 10.3, suggested intraoperative fluid treatment
strategy seems advantageous [44,102].

The main arguments in favor of the concepts pre-
sented in Figure 10.3 are:
1 Prior to surgery the patient is usually sub-
jected to a period of fluid restriction and the basal
fluid requirements of the patient have to be sat-
isfied. Therefore, start with a crystalloid (1 L)
since compensation of the dehydration may im-
prove symptoms related to preoperative dehydra-
tion [103]. Prefer balanced (Ringer’s type) crys-
talloid to avoid effects on acid–base balance (hy-
perchloremic metabolic acidosis), hemostasis, and
renal perfusion [29,30,32].
2 In case of epidural anesthesia (EDA) or spinal
anesthesia (SPA) do not volume preload with crys-
talloid but rather use vasoconstrictors to prevent
hypotension caused by venous pooling [44, 102].
For volume loading with crystalloid large volume
is needed which may include a risk of tissue
edema impairing nutritional blood flow. Further-
more, fluid (water) overload may occur once the
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Initial phase (fluid restriction, basal fluid requirements) 
EDA/SPA no volume preload (vasoconstrictor) 

    Blood loss (colloid–volume to volume basis) 

Use of cell saver if possible
    

Hb-level as transfusion trigger 

Start with          Colloid  Blood 
crystalloid                 transfusion 

Anaesthesia 
Surgery

MAIN MESSAGE: COLLOID EARLIER + CRYSTALLOID FLUID RESTRICTION 

1
2

3

4

5
6

Figure 10.3 Suggested best strategy for fluid resuscitation in major surgery [44,102]. For details see text.

sympathetic block has regressed. If volume support
for some reasons is considered a better choice for
the patient than vasoconstrictors—choose colloid
[44,102].
3 Do not substitute blood loss with crystalloid but
use colloid on a volume-to-volume basis. For blood
salvage use cell saver whenever possible.
4 The optimal hemoglobin trigger level for blood
transfusion has to be determined individually for
each surgical patient. The lowest safe limit or
“transfusion trigger” for surgical patients approx-
imates hemoglobin and hematocrit levels of 7.0
g/dL and 21%, respectively. Some patient subsets,
such as elderly patients suffering from complicat-
ing medical disorders, appear to have better out-
comes when a hematocrit level of 30–33% and
hemoglobin of about 10 g/dL are aimed at [104].
5 The main message for fluid therapy is use colloid
earlier. . .and . . ..
6 Restrict the infusion of crystalloid so that perioper-
ative weight increase can be maintained at level
�4% of body weight [41,44,68].

The above aspects have in a recent survey been
supported by Joshi [44] suggesting the following
clinically useful guidelines:
� Avoid deep general anesthesia
� Eliminate preload for EDA patients
� Use balanced approach to fluid management
with colloids to provide hemodynamic stability and
maintain urine output of 0.5 mL × kg−1 × h−1

� Crystalloids only for maintenance
� Blood loss replaced with colloid on a volume-to-
volume basis
� Replacements of third space losses and losses
through diuresis are unnecessary.

An all too restrictive (“dry”) perioperative fluid
therapy, as suggested by Brandstrup et al. [41, 42],
however, has been questioned. Although the ba-
sic concept is that fluid lost should be replaced
and fluid overload should be avoided [42], still a
somewhat more liberal but balanced strategy, in-
cluding crystalloid as well colloid, has by Holte et
al. [105,106], been considered more advantageous.
Fluid optimization by proper monitoring of the
physiological effects of the fluid therapy given may
be more important than the choice of fluid for the
clinical outcome [97]. Goal-directed intraoperative
fluid administration has been reported to result in
earlier return to bowel function, lower incidence of
postoperative nausea and vomiting, and decrease in
length of postoperative hospital stay [107]. Proper
intraoperative monitoring and fluid challenge has
been shown as advantageous also for patients with
hip fracture by shortening the duration of hospi-
tal stay [108]. Postoperative restriction of fluid and
sodium may not have a similar impact as intraoper-
ative moderation of fluid therapy on postoperative
recovery and hospital stay [109].

Recent reviews, often including meta-analytic
data assessments, do not provide any conclusive



c10 BLBK256-Maniatis July 26, 2010 12:28 Trim: 246mm X 189mm Char Count=

130 Crystalloids versus Colloids: The Controversy

evidence of the most optimal strategy for perioper-
ative fluid management of patients undergoing ma-
jor surgical procedures [24,97,105,106,110]. As re-
cently commented by Boldt [111] the ongoing de-
bate on fluid management of surgical patients may
arise more questions than answers. Conclusive data
on definite advantages of a “dry approach” to fluid
management of surgical patients are not available
but still the advantages of “a more restrictive in-
travenous fluid therapy policy” are often stressed
[42, 112]. The concept of an optimal fluid therapy
approach in major surgery seems to be avoidance
of fluid overload by replacing only the fluids lost
during surgery and by early inclusion of colloid
for plasma volume support. At the choice of col-
loid the advantages and disadvantages of the differ-
ent available colloids should be taken into account
[29, 82]. Furthermore, in case of major surgery
the perioperative fluid administration should be
monitored and individualized goals for the fluid
administration should be set [97,107,108,113].

Intensive care

Crystalloids or colloids
Clinical outcome data on mortality of different
meta-analytic comparisons published in the late
1990s [21–23] suggested that crystalloids may be
the superior alternative in the treatment of criti-
cally ill patients with increased capillary permeabil-
ity. Original publications included in these meta-
analyses [19–22] cover a time period of about 25
years. During this long time period many basic
clinical therapeutic procedures, in addition to the
choice of fluid regimen, have changed consider-
ably and do not reflect present practice. Subse-
quent meta-analyses [24, 25] taking such aspects
into consideration and the extensive clinical SAFE
studies [40], including almost 7000 intensive care
patients, could not verify critical differences in
clinical outcome between colloid and crystalloid-
based fluid resuscitation regimes. However, col-
loids are in general more effective than crystal-
loids for optimizing physiological variables related
to flow in critically ill patients and for maintaining
an adequate delivery of oxygen to tissue cells. The

clinical experience reported by Rackow et al. [114]
almost 25 years ago was that by colloid-based fluid
resuscitation hemodynamic stability was obtained
at infusion of much less fluid than if crystalloid
was chosen. The larger crystalloid fluid load was
at the same time found to increase the incidence
of pulmonary edema considerably. The association
between crystalloid fluid load and increased pul-
monary edema is obvious in many studies but may
not necessarily affect long-term outcome (survival)
[115–117].

Questionnaire-based assessments of the routines
of fluid resuscitation used in the ICUs have indi-
cated that there are major national [118] as well
as international differences [119, 120]. The data
of the CRYCO Study Group [120] indicate that in
Europa a combination of colloid and crystalloid is
most commonly used for critically ill patients and
that starches are the most widely used colloids
while the use of albumin is declining. Although
decreased survival in acutely ill patients given al-
bumin has been suggested in subgroups of acutely
ill patients [121], still the clinical value of albumin
in the treatment of ICU patients is being reeval-
uated [122–124]. Alderson et al. [125] still claims
that for patients with hypovolemia there is no evi-
dence that albumin reduces mortality when com-
pared with cheaper alternatives, but at the same
time it is commented that there is a possibility
that for highly selected populations of critically ill
patients albumin may be indicated. Data showing
that albumin administration may improve organ
function in hypoalbuminemic critically ill patients
have recently been presented [126]. Furthermore,
long-term albumin infusion seems to improve sur-
vival of patients with cirrhosis and ascites [127].
Use of albumin in resuscitation of burn patients
may even reduce the likelihood of mortality [128].
Therefore, considering the above-commented more
recent studies it seems obvious that the use of
albumin in different ICU settings is beneficial in
influencing morbidity as well as mortality. How-
ever, it is becoming more and more obvious con-
sidering rational use of colloids that synthetic
colloids may be superior to albumin especially
in patients with increased capillary permeability
[129–133].
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Fluid resuscitation practice in
the ICU

Important factors to consider at fluid resuscitation
of critically ill patients are:
� Timing of fluid resuscitation—tissue hypoperfu-
sion should be avoided by fluid administration
whenever hypovolemia is suspected.
� Choice of fluid—avoid saline excess (risk of hy-
perchloremic metabolic acidosis) by using balanced
(Ringer’s type of solutions) and avoid crystalloid
fluid overload (tissue edema) by addition of colloid
at an early phase of the resuscitation efforts.
� Rate of fluid administration and monitoring of
the response to the infusion—the response to
the fluid administration should be monitored as
closely as possible, preferably by evaluation of the
stroke volume response to the fluid infusion, and
when in doubt—use fluid challenge (colloid bolus)
to evaluate optimal cardiac response to the fluid
resuscitation.
� Endpoints for the resuscitation—for optimal
safety individualized endpoints for the resuscitation
should be defined.
� Assessment of tissue perfusion—monitoring of
blood (base excess, lactate levels) or direct tissue
variables (tissue oxygen tension, tonometry, CO2

gap, microdialysis) to be able to optimize the fluid
resuscitation.

Conclusions

The crystalloid versus colloid controversy in the
treatment of surgical and critically ill patients seems
in favor of a balanced fluid therapy strategy on the
basis of administration of crystalloid as well as col-
loid. The following aspects should be considered:
� Fluid therapy should be based on the specific
needs of each individual patient.
� Crystalloids are needed to satisfy basal fluid re-
quirements and for correction of extravasacular
fluid derangements.
� At the choice of crystalloid use balanced (Ringer’s
type of solutions) rather than saline.
� Infusion of large volume of crystalloids for correc-
tion of major intravascular volume deficit includes
a risk of tissue edema and organ dysfunction.

� Colloids are in most situations to be preferred
when the main indication is to increase intravas-
cular volume.
� At the choice of colloid consider the plasma vol-
ume supporting capacity, and the hemorheological
effects, the anti-inflammatory potential, the elimi-
nation characteristics, and the clinical safety of the
colloid.
� Favor a balanced fluid treatment strategy includ-
ing crystalloids and colloids for surgical as well as
for intensive care patients.
� Use well-defined individual endpoints for the
monitoring of the fluid therapy.
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CHAPTER 11

Effects of Synthetic Colloids
on Hemostasis
Sibylle A. Kozek-Langenecker & Gisela Scharbert
Department of Anesthesiology and Pain Management, Medical University of Vienna, Vienna, Austria

Introduction

Synthetic colloids are frequently used plasma ex-
panders, which are indicated to restore and main-
tain intravascular volume, to stabilize hemody-
namic conditions, and to improve tissue perfusion.
Among them, hydroxyethyl starch (HES) solutions
are most widely used. Developments of HES prepa-
rations since their introduction into clinical prac-
tice centered on designing starch molecules with an
increased oncotic pressure and hemodynamic effi-
cacy while minimizing the risk of adverse reactions
such as plasma and tissue accumulation and anti-
coagulant effects. Hemostatic alterations associated
with the use of plasma expanders are related to
both nonspecific dilutional effects and specific ef-
fects. This chapter will extend the focus of previous
reviews on specific anticoagulant side effects of var-
ious HES generations, including hetastarch, pen-
tastarch, and tetrastarch [1–4] and compares HES
to gelatin and dextran.

Chemistry

Adverse effects on hemostasis are determined by
the in vivo degradation of a particular HES prepa-
ration. HES solutions are classified:
1 According to the molar substitution (mol hy-
droxyethyl residues per mol glucose subunit) into

hetastarch (highly substituted: 0.62–0.75), pen-
tastarch (medium substituted: 0.5), and tetrastarch
(low substituted: 0.4);
2 According to the C2/C6 ratio (pattern of hydrox-
yethylation at the carbon position C2 and C6) into
solutions with a high C2/C6 ratio (�1:8) and low
C2/C6 ratio (�1:8); and
3 According to the manufactured mean molecular
weight into high molecular weight (450–670 kDa),
medium molecular weight (130 and 200 kDa), and
low molecular weight solutions (�70 kDa).
Especially molar substitution and C2/C6-ratio de-
termine the in vivo behavior of specific HES
types and the rate of HES degradation. Hetastarch
and pentastarch are slowly degradable, whereas
tetrastarch is rapidly degradable. The development
of HES over the past decades has been charac-
terized by a concomitant reduction in molecular
weight and molar substitution (from HES 450/0.7
to HES 200/0.5 to HES 130/0.4). Molecular de-
sign of HES products differ between the continents:
in Europe medium molecular weight HES solu-
tions with low substitution are predominant. The
standard solutions in the United States are rela-
tively high molecular weight HES (450 or 670 kDa)
with a high substitution (0.7 or 0.75). In the light
of the importance of pharmacokinetic parameters
on coagulation, future papers need to clearly in-
dicate molar substitution, C2/C6 ratio, molecular
weight, and the concentration in the carrier solu-
tion in order to permit precise interpretation of the
results.

Linkage of carboxymethyl rather than hy-
droxyethyl groups to the starch backbone
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results in polyanionic, negatively charged and
more hydrophilic starches. Carboxymethyl starches
may therefore exert a more pronounced volume
expansion effect compared with conventional
HES.

Gelatins are polypeptides produced from collagen
by hydrolysis. Although prepared from bovine ori-
gin, gelatins are sterile, pyrogen free, and contain
no preservatives. Chemical conformation is modi-
fied by addition of succinic acid anhydride in fluid-
modified gelatins. Urea-linked gelatins are pre-
pared by cross-linking polypeptides by addition of
hexamethyl di-isocyanate. The third type of mod-
ified gelatin products available is oxypolygelatin.
Molecular weight of gelatins ranges from 5 to 50
kDa.

Dextran molecules are chain-like polymers with
a low degree of branching. Dextrans are prepared
from glucose by enzymatic degradation and par-
tial acid hydrolysis. High molecular weight dextrans
have a molecular weight of 60–70 kDa; the com-
mercially available 6% solution is hyperoncotic.
Low molecular weight dextrans have a molecular
weight of 40 kDa; the commercially available 3.5%
solution is isooncotic, whereas 10% solution is hy-
peroncotic.

Decrease in coagulation factor VIII
and von Willebrand factor

Acquired von Willebrand syndrome and the de-
creasing effect on factor VIII of slowly degradable
HES have repeatedly been observed since the in-
troduction of slowly degradable HES solutions into
clinical practice (Figure 11.1). Treib et al. systemat-
ically investigated differences of HES preparations
with regard to coagulation [5–7]. Physicochemi-
cal differences have been shown to be important
for the factor VIII/von Willebrand factor (vWF)-
lowering properties of particular HES preparation:
Slowly degradable HES solutions have been consis-
tently shown to decrease circulating plasma levels
of coagulation factor VIII and vWF by up to 80% in
healthy volunteers [8–10] and in patients [11, 12]
even when used below the recommended daily
amounts of 25–50 mL/kg. Hemostatic dysfunction

after HES administration has been intensively in-
vestigated in vitro [13–19] and in vivo [20–23]. The
pathophysiological consequence of the decrease in
factor VIII and vWF antigen is an impairment of
functional parameters such as ristocetin cofactor
activity or activated partial thromboplastin time,
or thrombelastographic parameters. Patients with
type 0 blood may have increased coagulation com-
promise after acute hemodilution with HES owing
to lower baseline values of vWF (and factor VIII:c)
[24]. VWF is a high molecular weight glycopro-
tein (GP) that plays an important role in hemosta-
sis by interacting with platelet membrane recep-
tors. The defect in vWF activity can be estimated
by ristocetin cofactor activity (vWF:RCo), collagen
binding activity (vWF:CBA). The degree of vWF
synthesis, degradation, consumption, or nonspe-
cific binding can be detected by the measurements
of vWF:antigen (Ag).

In contrast to slowly degradable HES, rapidly
degradable tetrastarch had negligible effects in or-
thopedic patients, in patients with cerebrovascu-
lar disease after chronic administration, and in vol-
unteers [9, 25]. Recent trials reported the use of
high tetrastarch doses of up to 50–70 mL/kg with-
out deterioration of VIII [26, 27]. In parallel to the
lower in vivo molecular weight of tetrastarch, fac-
tor VIII and vWF returned to almost normal up
to 5 hours postoperatively, but not in hetastarch-
treated orthopedic patients [25]. There is a physi-
ologic increase in acute phase parameters such as
coagulation factor VIII and vWF in the postoper-
ative period starting upon the arrival at the re-
covery room, which plays a role in the postop-
erative hypercoagulability. Slowly degradable HES
[28], but not rapidly degradable HES diminished
the postoperative increase in factor VIII and vWF
[29–32].

Gelatins and dextrans share the same factor
VIII/vWF-lowering potency. This effect appears to
be proportional to the molecular weight of the dex-
tran molecules [33]. Gelatin decreases factor VIII
and vWF more than tetrastarch [34]. In this study,
however, prothrombin time, fibrinogen concentra-
tion (despite substitution), and factor VII decreased
more from preoperative baseline in the gelatin
group than in the tetrastarch group.
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Figure 11.1 Effect of hydroxyethyl starch (HES) molecules on hemostasis. Slowly degradable HES solutions decrease
the plasma concentration of coagulation factor VIII and its carrier glycoprotein (GP) von Willebrand factor (vWF).
Consequently, vWF-mediated rolling and adhesion of platelets to subendothelial collagen (CO) and heparin-like
glycosaminoglycanes (GAC) involving platelet GP Ib-IX and GP IIb-IIIa is impaired in the presence of HES. Reduced
availability of activated GP IIb-IIIa by platelets surface coating of HES macromolecules impairs adhesion to
surface-bound fibrinogen (Fg) and, most important, soluble fibrinogen (Fg) ligand binding between neighboring
platelets causing platelet aggregation. Activated platelets expose negatively charged phospholipids on their surface,
which bind constituents of the prothrombinase (Va) and tenase complex (VIIIa; procoagulant activity). Consequently,
reduced availability of the accelerator VIIIa results in diminished activation of factor X in the intrinsic coagulation
pathway. HES impairs fibrin polymerization required for stable clot formation. The in vivo pharmacokinetic behavior of
HES types, especially the in vivo molecular weight and HES plasma concentration, determine side effects on hemostasis:
Rapidly degradable HES (tetrastarch) has fewer effects when compared with slowly degradable HES (hetastarch and
pentastarch). Modified from [1].

Pathophysiology: coagulation
factor VIII and vWF

The pathogenetic mechanism responsible for the
adverse effects on plasmatic coagulation is not yet
understood. While passive hemodilutional effects
are observed immediately after infusion (such as

the decrease in hemoglobin, fibrinogen concentra-
tion, and platelet count), vWF reaches its minimum
1–2 hours afterward, and exceeds the degree of
decrease (20% vs 47%) indicating additional mech-
anisms responsible for the decrease beyond the
dilutional effect [9]. Nondilutional mechanisms,
however, remain hypothetical. While each in vivo
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study found a decrease in factor VIII (although
the decrease did not reach statistical significance
in some studies [28, 35]) in vitro studies failed to
reproduce the lowering effect of HES on factor
VIII (except for one experimental study [17]).
This result may suggest the absence or blockade of
the pathogenic mechanism in the in vitro testing
milieu.

A decreased release is unlikely considering the
half-life of vWF of 8 hours. Antibody-mediated
mechanisms also seem to be unlikely because of
the very rare occurrence of preformed HES an-
tibodies [36]. Increased proteolytic degradation is
unlikely because both small and large vWF multi-
mers decrease similarly after HES infusion [5, 37].
Association of vWF with collagen has been sug-
gested to regulate glycoprotein Ib binding function.
Similarly, association with larger colloid molecules
may occur [37, 38] and accelerated elimination af-
ter complexing has been considered as a pathogenic
mechanism responsible for the adverse effect on
factor VIII/vWF-complex. In this context it remains
to be determined whether its nonspecific binding
to colloid molecules reduces vWF levels, modulates
vWF function, and whether the interaction of vWF
with platelet receptors blocked by colloid molecules
modulates vWF-cleaving protease secretion or ac-
tivity.

Decrease in platelet function

The introduction of near-patient coagulation mon-
itoring such as Platelet Function Analyzer PFA-100
and thrombelastography, and novel platelet test-
ing techniques such as whole blood flow cytome-
try advanced our understanding of HES-dependent
platelet effects. Similar to the plasmatic coagu-
lation changes, physicochemical differences were
found to be important for the platelet-inhibiting
properties of particular HES preparations: Slowly
degradable HES solutions have been found to pro-
long PFA-100 closure times significantly [39, 40],
while rapidly degradable HES had minimal specific
effects, if any, in healthy volunteers [40]. PFA-
100 measures global platelet function that is de-

pendent upon the interaction of GP IIb-IIIa and
GP Ib with their ligands such as fibrinogen and
vWF. HES-induced prolongations in PFA-100 clo-
sure times have been confirmed in the majority of
studies [8,40,41] except in a single study in which
surgery per se may have counteracted the effect
of HES on platelet function [29]. Fitting into the
above elaborated picture, rapidly degradable HES
did not decrease platelet aggregation [29], while
slowly degradable HES impaired platelet aggrega-
tion [42].

Platelet inhibition by HES molecules has been
further investigated at the cellular level using flow
cytometry, which permits evaluation of surface re-
ceptor expression and intracellular messenger sta-
tus on individual platelets [39]. The interaction of
GP Ib-IX with vWF is essential for platelet adhesion.
Platelet activation transforms the extracellular por-
tion of platelet membrane GP IIb-IIIa complex into
a conformational state that is competent for bind-
ing its ligands such as soluble fibrinogen and vWF.
This reaction is a prerequisite for platelet aggrega-
tion and irreversible adhesion to the subendothe-
lium. P-selectin is present in internal �-granules
and translocates to the cell surface upon platelet
activation and secretion. Our own recent exper-
iments suggest that not only their physicochemi-
cal differences but also the composition of the sol-
vent determines side effects of HES preparations
on platelet function: The novel high molecular
weight HES (670 kDa, molar substitution 0.75) ex-
erts platelet-stimulating effects, which may be, at
least partly, due to the high calcium concentration
in the solvent [43]. While 10 mL/kg HES 130/0.4
had no platelet inhibiting effects [40], 20 mL/kg
inhibited the expression of platelet membrane
GP Ib-IX (CD42b), GP IIb-IIIa (CD41/61), and P-
selectin (CD62P) on ADP-stimulated platelets [44].
Platelet function recovered within 6 hours af-
ter infusions of HES 130/0.4 but not after HES
200/0.5 [44].

Dextrans share platelet inhibiting effects [3].
Chemical characteristics of gelatin solutions mod-
ulate their influence on platelet reactivity. The
extent of antiplatelet effects of oxypolygelatin is
minimal and comparable to tetrastarch [45]. Both
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fluid-modified gelatin and urea-linked gelatin have
been shown to impair aggregability [45] resulting
in increased bleeding times [46,47].

Pathophysiology: platelet
inhibition

Slowly degradable HES induces cellular abnormal-
ities with a decreased agonist-induced expression
and activation of platelet surface GP IIb-IIIa
[39, 40]. Reduced activated GP IIb-IIIa availability
in turn leads to impaired platelet adhesion and
aggregation, and prolongs PFA-100 closure times.
Slowly degradable HES molecules appear not to
exert their inhibitory effect on platelet function by
interfering with intracellular signal transduction
because the agonist-induced increase in cytoplas-
mic calcium, the key second messenger in platelets,
was unchanged in the presence of HES [48].
Platelet secretion is a downstream platelet function
dependent on intracellular calcium. Supporting the
independence of platelet-inhibiting HES effects on
intracellular signal transduction, platelet secretion
assessed by the expression of P-selectin, was not
[40] or only slightly decreased [49] by slowly
degradable HES. Further in vitro experiments
investigated unspecific binding of fluorochrome-
coupled HES molecules to the platelet surface
as another potential mechanism of HES-induced
platelet inhibition [50]. These flow cytometric
experiments visualized extracellular coating of hu-
man platelets by HES macromolecules as proposed
by early studies. HES may inhibit platelet reactivity
by blocking the access of ligands to surface recep-
tors or by an unspecific modification of cytoplasmic
membrane structures, and a consecutive inhibition
of the conformational change of GP IIb-IIIa. It
remains to be determined whether extracellular
coating impairs platelet procoagulant activity
by modifying the binding of constituents of the
prothrombinase and tenase complex to the nega-
tively charged phospholipids exposed on activated
platelets.

Dextrans [3] and gelatins [45] have also been ac-
cused to induce extracellular coating.

Thrombelastography and
thrombelastometry reveal
hypocoagulability

Blood coagulation is increasingly compromised
by HES hemodilution toward hypocoagulabil-
ity characterized by an increase in the time to
thrombelastographic clot initiation, a decrease in
the speed of clot propagation, or a decrease in
clot strength. By employing either conventional
or platelet inhibitor-modified thrombelastography,
hypocoagulability has been documented exten-
sively with slowly degradable HES having the most
pronounced effect [9,21,23,28,35,51–54]. In line,
HES 650/0.42 had a significantly greater impact on
routine coagulation and thrombelastographic pa-
rameters than HES 130/0.42 [55]. However, effects
were similar when observed antihemostatic effects
were related to the measured HES plasma concen-
tration. Plasma concentration in g/L, integrating
both number and size of circulating molecules,
determined the effect on blood coagulation [56].
This study also showed that HES 650/0.42 has
a lower efficacy in immediate plasma expansion
[56]. Another study by Spahn’s group system-
atically investigated the isolated effect of molar
substitution and C2/C6 ratio of HES molecules.
Although the dynamic of in vivo molecular weight
measurements was unlikely (increase starting from
30 kDa), Madjdpour et al. [53] reported lower
in vivo molecular weight in pigs after infusion of
HES 130 compared with HES 500 and HES 900 at
the same low degree of molar substitution (0.42),
while coagulation tests revealed no differences
between these HES infusions. The authors thus
questioned the in vivo molecular weight as the
key factor compromising blood coagulation in
tetrastarch. Less accumulation of HES 130 may be
considered.

High molecular weight HES (700 kDa) with a low
molar substitution of 0.42 and a low C2/C6 ratio
of 2.7 had the lowest effect on in vitro coagulation
[52]. Spahn’s group recently described the effect of
novel carboxymethyl starches on hemostatis: car-
boxymethyl starches impaired thrombelastographic
variables more than HES [56].
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The antihemostatic effect of dextran in vis-
coelastic parameters is more pronounced than that
of other colloids [17, 57–60]. Clot firmness in
thrombelastometric assays was more deteriorated
after tetrastarch infusion compared with gelatin
[34,61].

Decrease in thrombin–fibrinogen
interaction and fibrin
polymerization

HES impairs thrombin–fibrinogen interactions and
fibrin clot formation [62]. HES solutions diminish
the profile of the propagation phase of citrated
whole blood exposed to 55% in vitro hemodilu-
tion [63]. Polymerization of fibrin monomers is
impaired in the presence of HES macromolecules
[16, 34, 35, 61]. Using pooled human plasma
samples subjected to factor-supplemented TEG
analyses and frozen plasma samples stored from
previous hemodilution studies in rabbits, Nielsen
explored the pathomechanism of decreased clot
propagation [18,64,65]: Thrombin-mediated poly-
merization of fibrin and activation of factor XIII
with consequent fibrin polymer cross-linking are
inhibited by HES molecules. A higher C2/C6 ratio
of two tetrastarch solutions only showed a trend
toward a more pronounced decreasing effect on
shear elastic modulus, maximum and total throm-
bus generation 1 hour after test infusion (possibly
due to low statistical power or counteracting lower
molar substitution).

Combinations of drugs are likely to exert addi-
tive effects. Recent experiments showed that HES
dilution increase the time to clot initiation, decrease
the velocity of clot propagation, and clot strength in
one lot of pooled citrated control plasma incubated
with argatroban [65].

Dextrans share the diminishing effect on clot
propagation [63]. Gelatins also reduce the qual-
ity of the clot but the inhibiting effect on
thrombin–fibrinogen interactions and fibrin clot
formation is less pronounced when compared with
HES [34,35,66].

Fibrinolysis

The effect of colloids on fibrinolysis has been dis-
cussed controversially. Some studies showed in-
creased fibrinolysis in vivo and in vitro in the
presence of HES [11, 20–22, 51], whereas others
found no effect [10, 12, 42]. HES could favor fib-
rinolysis by incorporation of HES macromolecules
in the clot [20] or increased plasminogen activa-
tor activity [67]. HES enhanced tissue plasminogen
activator-induced fibrinolysis in plasma secondary
to decreased factor XIII-mediated clot strength [22].
Hence, HES modulates the response of plasma to
fibrinolytic stress and decreases clot resistance to
fibrinolytic disintegration. A definite conclusion on
the clinical importance of the effect of HES on fibri-
nolysis cannot be drawn from the available (exper-
imental) data.

Dextrans accelerate fibrinolysis by increasing fib-
rinolysis activators and altering polymerization of
fibrin monomers [68].

Suspension medium

Both the molecular design of HES and the sus-
pension medium may alter blood coagulation.
Most HES compounds are prepared in normal
saline or plasma adapted, balanced solutions (6 or
10%). The higher the HES concentration the more
anticoagulant effects may be observed. Hetastarch
prepared in balanced solution containing lactate
buffer, calcium chloride, and glucose resulted
in a better coagulation status in vivo than the
same HES prepared in saline [69]. Hyperchloremic
metabolic acidosis may be caused by large volumes
of saline-based fluid administration, which per
se may impair coagulation [70]. Balanced salt
solutions caused fewer coagulation abnormalities
in vitro than similar HES types dissolved in saline
[43, 71–73]. However, the content of calcium,
magnesium, and buffer per se may enhance aggre-
gation and overall coagulation in the test cuvette at
high degrees of hemodilution. Hence, the clinical
relevance of these in vitro experiments remains to
be determined.
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Clinical aspects—perioperative
blood loss

Side effects of HES on the coagulation system have
been accused to worsen clinical outcome [74]. A
meta-analysis involving 16 trials and 653 random-
ized patients showed a significant higher postoper-
ative bleeding in cardiopulmonary bypass patients
exposed to slowly degradable hetastarch and pen-
tastarch than albumin [75]. The authors reported
increased costs of care since excessive bleeding trig-
gers blood transfusion, prolonged mechanical ven-
tilation, or reexploration for bleeding in many cen-
ters.

A recent pooled analysis included 449 patients
undergoing major surgical procedures prospec-
tively randomized in 7 studies having compared
HES 130/0.4 (n = 228) or HES 200/0.5 (n = 221)
[76]. The use of HES 130/0.4 was associated with a
significant reduction in perioperative blood loss, re-
sulting in a decrease in allogeneic blood transfusion
by about 140 mL RBC unit per patient. Differences
between HES 130/0.4 and 200/0.5 appear larger
then those reported in a previous meta-analysis
comparing slowly degradable starches (HES 450
and 200 kDa) and albumin [75]. Decreased inter-
action of tetrastarch with factor VIII, vWF, and
platelet function might translate to a smaller blood
loss. Even after repetitive large-dose infusion up to
70 mL/kg/day for up to 28 days, blood loss and
transfusion of packed red blood cells were lower
in patients treated with tetrastarch [26]. The in-
creased therapeutic safety index of the tetrastarch
HES 130/0.4 has recently been acknowledged by
the European regulatory authorities by increasing
the maximum daily dose to 50 mL/kg bodyweight
per day.

Dextran acts as an anticoagulant and is not rec-
ommended as a volume expander in patients at risk
for bleeding.

Gelatins have been suggested not to increase pe-
rioperative blood loss in human [77]. However,
gelatin increased blood loss compared to albumin
in several clinical setting, e.g., cardiac surgery [78].
In contrast to slowly degradable hetastarch and
pentastarch, patients receiving rapidly degradable
tetrastarch were not different in respect to blood

loss and transfusion requirements after cardiac,
major abdominal, and orthopedic surgery when
compared with albumin or gelatin [27, 29–31, 79–
81]. A recent study indicated that gelatin increases
blood loss and blood product requirements com-
pared to tetrastarch in orthopedic surgery [34]. The
relationship between bleeding and laboratory co-
agulation parameters (e.g., clot polymerization) in
the presence of synthetic colloids need to be deter-
mined in humans.

Clinical aspects—
hypercoagulability

Colloid-induced hemostatic changes may be either
beneficial or unwanted depending on the status of
a given patient. Hypercoagulability remains a ma-
jor source of morbidity and mortality in trauma
patients, the manifestations of which include deep
vein thrombosis and multiple organ failure. Atten-
uation of the postoperative hypercoagulability as a
physiologic component of the acute phase reaction
after surgery by hetastarch and pentastarch solu-
tions may be beneficial in patients at risk for throm-
botic episodes. Long-term repeated infusion of
slowly degradable HES, e.g., in patients with cere-
bral perfusion disorders who are at an increased
risk for thrombosis may benefit from the HES-
induced antithrombotic and platelet-inhibiting ef-
fects. High molecular weight hetastarches attenu-
ate hypercoagulability when compared with crys-
talloids and albumin [58,82].

Mild to moderate hemodilution with HES has
been reported to accelerate the onset of clotting
[9,35]. This phenomenon may either be an in vitro
artifact or HES may indeed serve as an additional
surface able to activate coagulation factors, thus ac-
celerating the conversion of fibrinogen to fibrin. In
contrast to crystalloid-induced hypercoagulability
an imbalance between thrombin generation and
antithrombin concentration is not suggested to be
involved in HES-induced hypercoagulability [35].
Decreased endogenous heparinoid release has been
suspected as a cause of increased clot initiation
in the presence of HES 450/0.75 [83]. Mild to
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moderate hemodilution with gelatin has been
reported to accelerate the onset of clotting [84].

Reversing strategies

The administration of desmopressin has been re-
ported to reverse the lowering effect of slowly
degradable HES as well as dextan and gelatin on
factor VIII and vWF, as well as to shorten bleeding
times [12,85]. Other therapeutic approaches for ac-
quired vWS by colloids may involve the administra-
tion of factor VIII/vWF-concentrates [38]. Symp-
tomatic treatment is typically complicated by the
short half-life of endogenous and exogenous vWF.

Platelet transfusion may correct platelet alter-
ations induced by slowly degradable HES by dis-
tributing HES macromolecules to an increased pool
of platelets. Sorensen’s group [63, 86] investi-
gated possible approaches to reverse HES-induced
decreased dynamic whole blood clotting profile.
While platelets, factor VIII, and recombinant ac-
tivated factor VII failed to restore whole blood
thrombin generation capacity and clot strength, fib-
rinogen substitution was effective. Fries et al. [87]
confirmed these findings in a porcine model. Fib-
rinogen supplementation also partially improved
clot strength in plasma samples hemodiluted with
various colloids [64]. Factor XIII addition par-
tially restored clot propagation in samples diluted
with HES 450/0.7, HES 200/0.45, or albumin [64].
Tranexamic acid failed to reverse HES-associated
impairment of clot strength [88]. Prospective clini-
cal studies have to evaluate indications for revers-
ing strategies, as well as efficacy and safety issues.
Prothrombotic complications and side effects of the
reversing agents per se have to be considered before
their administration.

Practical considerations

Judging by currently available evidence, adverse
hemostasis effects appear to be inherent to dextran,
gelatin, and HES molecules, although hetastarch
and pentastarch definitely have a more pro-
nounced impact than tetrastarch. Tetrastarch HES

130/0.4 appears to be a suitable volume expander
in the routine perioperative setting owing to
adequate volume efficacy and the minimal risk for
hemostatic derangements. Contraindications such
as anuria and maximum daily doses (50 mL/kg for
HES 130/0.4) need to be acknowledged.

Dextran has its clinical indication in the preven-
tion and treatment of deep vein thrombosis [3] but
not as a volume expander in patients at risk for
bleeding due to its multifold side effects (antihe-
mostatic, allergic, and renal) [89,90]. These side ef-
fects of dextran (70 kDa 6%) are also present in
novel hypertonic preparations for low volume re-
suscitation with additional antihemostatic effects of
hypertonic saline per se [91–93]. Maximum daily
doses are 1.5 g/kg/day for conventional dextran so-
lutions and 4 mL/kg for hypertonic, hyperoncotic
dextran solutions.

Volume efficacy of gelatin is lower compared
with tetrastarch [2, 3]. Accordingly, repeated
infusions of gelatin are necessary to maintain
adequate intravascular volume. This disadvantage
is balanced by the absence of maximum daily dose
limitations and lack of accumulation. Gelatin is
frequently used as a second-line colloid in Europe
after maximum daily doses of HES have been
administered, while it is no longer approved in the
United States for fluid therapy.

Limitations of study designs

Mixing defined doses of colloids to blood stored in
the cuvette may allow for studying selected bio-
logical effects [17, 22, 57, 64, 65, 94]. However ex-
trapolations from such experimental study designs
to clinical practice are not feasible because the
in vitro model only shows what happens in this
particular model not necessarily representing re-
ality. The increasing understanding of the crucial
importance of the in vivo molecular weight and
the specific in vivo pharmacokinetic behavior of a
particular HES preparation suggest that some ex-
perimental in vitro study designs may be inade-
quate to detect HES-dependent hemostatic side ef-
fects due to the absence of endothelium, metabolic
degradation, and compensatory mechanisms such
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as buffering, control of pH, and electrolyte
environment.

Limitations of the thrombelastography and
thrombelastometry must be considered such as it
is not a satisfactory surrogate parameter for plasma
levels of factor VIII, vWF, platelet function, or
antithrombin levels. Small differences in percent
change of clot strength between HES preparations
do not necessarily translate into clinically relevant
phenomena.

The use of plasma instead of whole blood for
thrombelastography employs a nonphysiological
test milieu despite our understanding of a cell-
based model of hemostasis. Although the use of
plasma may allow for simplifying the complex in-
teractions during hemostasis, and the use of factor-
deficient plasma or factor-supplemented plasma
devoid of platelets, red and white blood cells may
isolate the effect of HES on individual steps of the
plasmatic cascade reactions, this methodology re-
mains highly artificial. Studies employing whole
blood instead of plasma-modified artificial study
designs appear to give a closer picture of reality
[63,86,95].

Subgroup analysis revealed a significant differ-
ence in mortality in trauma patients in favor of
crystalloid resuscitation versus hetastarch and pen-
tastarch [96]. Although these analyses contributed
to our understanding, the crystalloid versus colloid
debate is not answered until clinical studies em-
ploying tetrastarch are available.

We need adequately powered in vivo studies
in humans to assess the clinical consequences of
the administration of novel tetrastarch preparations
and (oxypoly-)gelatin on coagulation, periopera-
tive blood loss, and transfusion requirements in
the relevant clinical situation of procedures with
high volume shifts and imminent bleeding. How-
ever methodology of some in vivo studies may
also be questioned because intravenous infusion of
20 mL/kg within 10 minutes does not necessarily
represent common practice [18, 22]. Furthermore,
blood substitution strategy and individual circum-
stances, like comorbidities and co-medication, in-
dividual anatomy, as well as operative sites influ-
ences blood loss sometimes to a larger extent than
coagulopathy. Fluid volume regimens need to be

adjusted to the different volume effects of the test
solutions.
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Introduction

Beyond the controversy regarding the role of col-
loids and crystalloids in fluid therapy, another
debate—just as impassioned—concerns hydrox-
yethyl starch (HES) solutions and their effect on
renal function. When assessing the evidence, the
type of HES used should be considered. Studies
performed with “old” high-molecular-weight and
high-substitution-ratio HES solutions are probably
not applicable to newly marketed HES. The data re-
garding the nephrotoxicity of HES solutions should
also be analyzed with consideration to the clini-
cal circumstances in which these solutions are pre-
scribed [1]. Given the wide heterogeneity of the
published material, it would be inappropriate to
compare an organ donation, which is a model of
ischemia-reperfusion, to a septic shock, where a
multiple organ dysfunction syndrome is associated
with an alteration of glomerular perfusion and fil-
tration even before fluid resuscitation, or to intra-
operative compensation of blood loss. In all these
circumstances, the volume and duration of fluid
administration are different.

The difficulties in addressing intraoperative re-
nal protection because of the lack of understanding
of its complex physiology were underlined by the

consensus conference sponsored by the French So-
ciety of Anesthesiology and Intensive Care in 2004
[2]. However, in patients at risk of renal failure,
rapid restoration of perfusion pressure to the kid-
ney is probably just as important for the prognosis
of renal function as the choice of the fluid replace-
ment solution [3].

Nephrotoxicity associated with
fluid replacement solutions

Part of the nephrotoxicity ascribed to HES falls
within the scope of colloid-induced lesions during
fluid resuscitation or immunotherapy with intra-
venous immunoglobulin [4, 5]. These fluids can
alter renal function by increasing oncotic pressure
in the glomerular capillaries, thereby opposing
glomerular filtration. This happens when large
quantities of colloids are administered to de-
hydrated patients without administration of
crystalloids. Moreover, filtration of low-molecular-
weight (�50 to 60 kD) colloid substances, increase
of viscosity of tubular urine, and colloid deposit in
the tubular lumen could all contribute to altering
renal function.

Osmotic-nephrosis lesions have been described
after administration of HES in kidney transplanta-
tion [6]. We have known about osmotic-nephrosis
lesions for a long time and they are reported af-
ter administration of sugar, mannitol, radiocontrast
dyes, gelatins, and dextrans. The most probable
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mechanism is based on resorption of filtered
molecules by tubular epithelial cells through
pinocytosis. These cells lack the enzymes capable
of degrading internalized molecules, leading to in-
tracellular accumulation. The proximal and distal
distribution of osmotic-nephrosis lesions and their
persistence are arguments in favor of HES-induced
nephrotoxicity. On the other hand, these lesions
are not associated with clinically significant mod-
ifications of renal function, neither has the pres-
ence of molecules of HES in cytoplasmic vacuoles
ever been demonstrated, which pleads against in-
duced nephrotoxicity and suggests that the modi-
fications of renal function observed in these clini-
cal circumstances are generated by multiple factors
such as ischemia-reperfusion and/or inflammation
of the kidney.

However, long-lasting deposition of HES in typ-
ical vacuoles can be found in other organs such
as the liver, the spleen, and the reticuloendothelial
system. In 2001, Stander et al. [7] elegantly proved
by antibody studies that such vacuoles in endothe-
lial and nerve cells contained HES and were re-
sponsible for HES-induced pruritus. Pillebout et al.
[8] found osmotic-nephrotis lesions characteristic
for HES toxicity which persisted up to 10 years in
16 out of 29 patients (61%) who previously had
received orthotopic liver transplantation and de-
veloped chronic renal failure. The authors, who
did not expect this finding, called it “chronic HES
nephrotoxicity” and concluded that this chronic re-
nal failure “can be attributed to four associated pri-
mary lesions: (i) specific chronic CsA/FK506 arte-
riolopathy; (ii) typical diabetic nephropathy; (iii)
acute or chronic thrombotic microangiopathy at-
tributed to CsA/FK506 or �-IFN; and (iv) tubu-
lar changes related to administration of hydroxy-
ethylstarch” [8]. Patients receiving large amounts
of HES, in particular after several plasma ex-
changes, were found to have widespread HES de-
position resembling acquired lysosomal storage dis-
ease [9–11].

Considering the accumulation of material in
tubular cells, possibly related to starches, large
amounts of HES should be avoided and basic intra-
venous hydration with crystalloids should be per-
formed in parallel.

HES solutions and kidney
transplantation

In a letter published by The Lancet in 1993,
Legendre et al. [6] underlined the increased in-
cidence of osmotic-nephrosis lesions observed on
biopsies of kidneys transplanted in 1992, compared
with the period preceding the introduction of HES
200/0.62 in organ-donor resuscitation protocols.
This study found 80% of osmotic-nephrosis lesions
after introduction of HES 200/0.62, compared with
14% previously. Of note, these osmotic-nephrosis
lesions had no impact on transplanted kidney
function; there was no delay in graft function nor
any difference in terms of plasmatic creatinine
3 months or 6 months after transplantation. From
the start, osmotic-nephrosis lesions were described
as persistent as they were found on routine biopsies
at 3 months in three patients. This study concluded
with the absence of impact on renal function but
underlined the added difficulty of interpretation of
histological findings concerning grafted kidneys.

These results led Marie-Laure Cittanova’s team
to undertake an open prospective study on the im-
pact of the use of HES 200/0.62 on renal function
in kidney-transplant recipients [12]. This study was
interrupted after an intermediate analysis showed a
negative effect on graft function. The criteria of re-
nal function alteration were an increased need for
renal replacement therapy (33% versus 5%) in the
HES group and a slower decrease of plasma crea-
tinine. The following factors, although not signifi-
cant, may have contributed to these results:
� The total volume of fluid administered to the
donor was 1000 mL higher in the gelatin group.
� Early administration of cyclosporine was more fre
quent in the HES group (33% versus 25%).
� The need for vasopressor support was more fre-
quent (40% versus 33%) in the HES group.
� The use of Euro-Collins as kidney graft preser-
vation liquid was twice as important in the HES
group.
� The distribution of the kidneys across the trans-
plan tation sites was not specified. Care of the
kidney-transplant recipient varies from one hos-
pital to another, in particular with regard to fluid
replace ment therapy before release of vascular
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clamps, and can have an impact on the frequency
of early graft function.
� The indications of renal replacement
therapy—the primary outcome—were not spec-
ified, particularly with regard to the presence of
urine output.

In this context, acute tubular necrosis after is-
chemia and delayed graft function might be caused
by multiple factors. The impact of this study was
considerable and resulted in abandoning the use
of HES with high in vivo molecular weight for
fluid resuscitation of brain-death patients. Long-
term followup of the patients included in this study
did not show a significant difference in renal func-
tion after 5–6 years [13].

During the same period, the above-mentioned
studies were contradicted by three papers [14–16].
Coronel et al. [14] reported that the frequency of
osmotic-nephrosis lesions (20%) was not influ-
enced by the use of HES, that these lesions had no
impact on graft function and that hemo-dynamic
status of the donor could affect the incidence of
these lesions just as much as the type of fluid
replacement solution used. This letter confirmed
the data from a 1994 study [15] reporting that
administration of HES 200/0.62 to the donors of
26 transplanted kidneys was associated with no use
of renal replacement therapy nor any difference in
plasmatic creatinine or oliguria during the first
week. During this study, four biopsies were
performed in the HES group, showing osmotic-
nephrosis lesions in all four cases, with no relation
to the HES volume administered or graft function.
In 1999, Deman et al. [16] reported a retrospective
study comparing administration of HES 200/0.5,
HES 450/0.7, and albumin associated with gelatin.
A delay in graft function was found in 15, 31, and
19% of patients, respectively, but the differences
did not reach statistical significance. The delay
in graft function observed with HES 450/0.7 was
associated with donor hemodynamic instability.
Of note, preservation liquids containing HES (U
Wisconsin) offer better results on graft function
than Euro-Collins [17 ].

In summary, high-molecular-weight, high-
substitution-ratio HES solutions with a prolonged
half-life should not be used for fluid therapy in or-

gan donors. The use of medium-molecular-weight
HES solutions has been shown to increase the
frequency of osmotic-nephrosis lesions, without
any demonstrated correlation with the prognosis
of graft function. As suggested by the French
Society of Anesthesiology and Intensive Care
expert recommendations for the management of
organ donors [2], restrictions on the use of HES
200/0.62 do not concern HES solutions with a low
molecular weight and a low substitution ratio.

HES solutions and perioperative
renal function

The use of HES for compensation of periopera-
tive blood loss is equally controversial with regard
to the effects on renal function. On one hand, a
number of studies covering multiple surgical situ-
ations and involving large patient populations did
not demonstrate any increase in postoperative re-
nal dysfunction [18–26]. On the other hand, case
reports have blamed HES for causing renal dysfunc-
tion [27]. In this context, where a number of fac-
tors related to the patient, the surgical procedure,
and the perioperative events are associated with an
increased risk of acute renal failure, it is difficult to
isolate HES administration from all the other po-
tential causative factors.

It must be noted that studies reporting an impact
on renal function use different specific markers
of renal tubular function, such as N-acetyl-�-D-
glucosaminidase (NAG), �1-microglobulin, or �

and �, glutathione transferase, without demon-
strating any alteration in glomerular filtration,
requirements for renal replacement therapy or
vital prognosis [19, 28]. These markers of tubular
function are extremely sensitive to ischemia-
reperfusion damage, which occurs frequently in
these patients. The association with HES admin-
istration remains unclear. For example, during
cardiac surgery on 40 patients over 70 years of age,
who already combined two major risk factors for
developing postoperative acute renal failure, the
use of low-molecular-weight and low-substitution-
ratio HES was not associated with a significant
increase of renal function markers, compared
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with a group receiving gelatin [18]. None of the
patients developed acute renal failure in the first
48 hours after surgery. Mortality was not modified
and the increased level of renal function markers
was identical in both groups, underlining the
impact of the type of surgery rather than the fluid
replacement solution. These results confirmed the
study by Kumle et al. [23] comparing two HES so-
lutions (with medium and low molecular weights)
and gelatin during major abdominal surgery.

The use of large volumes of HES during major
urologic surgery [25] or orthopedic surgery [26]
is not associated with changes in renal function
during the first 24 hours, compared with a control
group receiving albumin. During thoracic and tho-
racoabdominal surgery of the aorta [22], significant
alterations of renal function were noted in 25% of
the 475 patients studied. HES (200/0.62) was used
in 217 patients, 25% of whom developed acute
renal failure, whereas 26% of the 258 remaining
patients developed acute renal failure. The multi-
variate analysis did not find the use of medium-
molecular-weight HES to be an independent risk
factor. These results were confirmed when using
HES 130/0.4 in abdominal aortic surgery [29]. The
peak plasma creatinine level and the minimum
postoperative creatinine clearance did not differ be-
tween HES and gelatin patients. A randomly con-
ducted comparison of HES 200/0.62, HES 130/0.4,
and gelatin administration in 62 patients under-
going abdominal aortic aneurysm surgery showed
a lower creatinine level in the HES 130/0.4 pa-
tients at days 1, 2, and 5 after surgery [30]. The
use of large volumes (up to 70 mL/kg/day) of HES
(130/0.4) during 1–5 days in head injury patients is
not associated with an altered renal function when
these patients are compared with a group receiving
another HES (200/0.5) solution at a 33 mL/kg/day
dose, associated with albumin [24].

A deleterious effect on the evolution of renal
function after coronary artery bypass has been
reported [31]. This study showed a decrease of
the glomerular filtration rate by approximately
10 mL/min at days 3 and 5 after surgery. The
glomerular filtration rate was evaluated using the
Cockroft formula, which has only been validated in
stable patients, a situation very different from the

perioperative period. The creatinine values were
not reported. The multivariate analysis found an
association between HES administration and re-
nal dysfunction, without demonstrating a causality
link. The HES used in small volumes (650 mL) was
a high-molecular-weight and high-substitution-
ratio HES. It is not easy to determine the specific
role of HES in the genesis of the observed lesions.

Finally, an evaluation of the effects of fluid ther-
apy on renal function in 60 ears, nose, and throat
(ENT) patients receiving either Ringer’s lactate or
one of three different HES solutions (200/0.5;
200/0.62; 450/0.7) at a dose of 15 mL/kg at in-
duction of anesthesia found no modification of
renal function [21]. These results are observed
during the first 2 days following the operation.
The markers studied were urea, creatinine, and
urine output, as well as more sophisticated mark-
ers of renal function such as renal plasmatic flow,
p-aminohippurate clearance, glomerular filtration
rate (inuline clearance), or biochemical markers
of tubular injury (�-1-microglobulin, NAG, Tamm-
Horsfall protein).

In conclusion, administration of moderate vol-
umes of HES to patients without renal dysfunction
is not associated with alterations of renal function.

HES solutions and fluid therapy in
intensive care

Severe sepsis, i.e., sepsis associated with acute or-
gan dysfunction, is a major problem in intensive
care, accounting for 10–20% of intensive care unit
(ICU) stays longer than 24 hours [32]. Adequate
fluid resuscitation is a major step in the manage-
ment of severe sepsis or septic shock [33]. The
objective of fluid resuscitation is to improve re-
gional, local, and general circulation in order to
prevent tissue damage. The rapidity and quality
of fluid resuscitation are important factors for the
prevention of secondary multiorgan failure. The
time devoted to correcting hypovolemia is a de-
cisive element in the prognosis of severe sepsis.
In the study by Rivers et al. [34], optimization
of the management of severe sepsis in the first
6 hours was shown to significantly reduce mortal-
ity. During sepsis, fluid therapy is administered to
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compensate fluid losses and to restore a normal
hemodynamic status characterized by a decrease
in systemic vascular resistance and capillary leak
syndrome. The choice of the fluid replacement regi-
men is debated between partisans of albumin, crys-
talloids, and gelatins, or starches [28].

Early restoration of intravascular volume re-
quires a strategy of aggressive filling. Isoosmotic
crystalloids (0.9% NaCl, Ringer’s lactate) are dis-
tributed to all extracellular compartments; there-
fore, larger volumes are needed than with colloids
to obtain the same intravascular volume expansion.
Colloids have a longer volume effect than crystal-
loids. However, this property has not been shown
to have an impact on mortality. A meta-analysis
comparing albumin and crystalloids showed no dif-
ference between the two groups [35]. In the only
randomized, prospective study with a large num-
ber of patients, no effect on 28-day mortality was
found with intensive treatment consisting of 4% al-
bumin compared with 0.9% NaCl [36]. A subgroup
analysis showed a trend toward reduced mortal-
ity in patients with severe sepsis resuscitated with
albumin versus patients treated with crystalloids
(30.7% versus 35.3%; P = 0.06). Further stud-
ies evaluating colloid administration in this patient
group are needed.

Beyond the alteration of renal function asso-
ciated with the type of fluid replacement so-
lution used, the interaction between the fluid
replacement strategy, and injury to the vascular
endothelium should be considered [37–39]. More-
over, in these situations, alterations of renal per-
fusion caused by changes in cardiac output or sys-
temic blood pressure play a role, just as alterations
of intrarenal circulation. Intrarenal circulation is
compromised because of an imbalance between re-
nal vasoconstrictor and vasodilatator mediators.

A prospective randomized study assessed renal
function in patients with severe sepsis or septic
shock receiving either HES (200/0.62), at a to-
tal dose of 31 mL/kg for up to 4 days, or gelatin
[40]. This study concluded that there was an in-
creased risk of acute renal failure (defined as a
twofold increase of plasmatic creatinine, irrespec-
tive of the baseline value). However, the two pa-
tient groups differed with regard to baseline re-

nal function (plasmatic creatinine: 143 (�mol/L in
the HES group versus 114 (�mol/L in the gelatin
group). The difference in plasmatic creatinine levels
recorded from day 0 to day 8 only reached signif-
icant levels at days 6 and 7, with relatively minor
differences considering the clinical context. Most
importantly, these alterations of renal function had
no effect on patient outcomes (overall mortality,
need for renal replacement therapy, or length of
hospital stay). In most analyses of ICU registries,
development of acute renal failure is predictive of
an increase in mortality and length of hospital stay
[41]. The clinical significance of these modifications
of plasmatic creatinine remains unclear.

In a recent observational study [42], 1075 of
3147 critically ill patients admitted to 198 ICUs re-
ceived HES. Administration of HES had no influ-
ence on renal function or the need for renal re-
placement therapy in the ICU.

The results of the VISEP (Efficacy of Volume
Substitution and Insulin Therapy in Severe Sepsis)
study were presented in 2006 [43]. Administration
of HES 200/0.5 was compared with Ringer’s lactate
infusion to achieve the Surviving Sepsis Campaign
hemodynamic goals in septic patients. Although
neither the 28-day mortality nor the mean SOFA
score reached any significant differences, the study
was suspended because of a significant increase in
the frequency of acute renal failure and need for
renal replacement therapy in the HES group. These
data have yet to be published and special attention
should be paid to the type of HES used, the dura-
tion of HES administration, and the results should
be interpreted cautiously. It should be emphasized
that the dose of HES was not tapered when acute
renal failure appeared, basic hydration was not ad-
equately performed, and acute renal failure was not
diagnosed before the fifth ICU day.

In trauma patients, administration of HES
(250/0.45) resulted in significantly lower capillary
leak syndrome and higher PaO2/FiO2 ratio than
gelatin [44]. Finally, no difference in plasma creati-
nine or urine output was reported. Administration
of large volumes of HES, compared with albumin, is
associated with no increase of acute renal failure in
the high-risk population of patients suffering from
toxic hepatitis after ingestion of paracetamol.
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The 2004 consensus statement of the American
Thoracic Society stated that “HES administration
may increase the risk of acute renal failure in pa-
tients with sepsis (II-A)” and that “hydroxyethyl
starch solutions should be used with caution in
cardiopulmonary bypass (meta-analysis) and in pa-
tients with sepsis (II-A)” [45].

Conclusion

HES-induced renal dysfunction is at the center
of a major debate between advocates of crystal-
loids, those who prefer gelatins, those who con-
sider that albumin would be more appropriate,
and finally those who believe in the renal tox-
icity of HES. HES incrimination in renal alter-
ations is based on a limited number of studies
to which the following arguments—both method-
ological and pathophysiological—can be opposed:
� The use of medium-molecular-weight and low-
substitution-ratio HES for patients with risk factors
for acute renal failure is associated with no changes
in renal function modification, whatever marker is
used. The use of large volumes of this type of HES
does not have any undesirable effect on renal func-
tion. Accumulation of solutions with a longer half-
life imposes limitations on both the duration of ad-
ministration and the volume administered.
� In cases of preexisting alterations of renal func-
tion, the use of low-molecular-weight and low-
substitution-ratio HES is not associated with a de-
cline of renal function.
� The use of low- or medium-molecular-weight
and low-substitution-ratio HES is not associated
with a degradation renal function in high-risk pe-
rioperative situations such as cardiac, vascular, or-
thopedic, and ENT surgery or neurosurgery. Most
published studies support this observation.
� In organ donors and ICU patients, administra-
tion of HES has been associated with transient in-
creases of serum creatinine levels which did not af-
fect mortality, the need for renal replacement ther-
apy in septic patients, or the prognosis of kidney
graft function in organ donors. Considering that
osmotic-nephrosis lesions do not contain any HES
and that they remain in place even after renal func-

tion returns to normal, the link between the use of
HES and renal dysfunction remains to be demon-
strated.
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CHAPTER 13

Choice of a Synthetic Colloid
for Surgery
Joachim Boldt
Department of Anesthesiology and Intensive Care Medicine,
Klinikum der Stadt Ludwigshafen, Ludwigshafen, Germany

Introduction

During surgery, absolute or relative blood volume
deficits often occur. Absolute volume deficits are
secondary to bleeding, relative volume deficit may
result from vasodilation mediated by vasodilating
substances (e.g., anesthetics) or rewarming of the
patient. Fluid deficits can also occur in the absence
of obvious fluid loss due to generalized alterations
of the endothelial barrier resulting in diffuse cap-
illary leak. This situation is characterized by a pa-
nendothelial injury with subsequent development
of increased endothelial permeability, leading to a
loss of proteins and a fluid shift from the intravas-
cular to the interstitial compartment resulting in in-
terstitial edema.

Concern about the risk of allogenic blood sup-
ply has forced us to reduce the use of allogenic
blood and blood products. Even severe reduction
in hemoglobin is not deleterious since compensat-
ing mechanisms (e.g., increase in cardiac output)
are able to guarantee tissue oxygenation and sys-
temic oxygen transport [1]. However, the “safe”
hemoglobin level is still not definitely known and
it is unlikely that any level of hemoglobin can be
used as a universal threshold for transfusion. My-
ocardial oxygen supply is determined by coronary
blood flow and its oxygen content. Especially in the
critically ill patient showing cardiovascular diseases

augmentation of coronary blood flow may not pro-
vide adequate myocardial oxygenation when arte-
rial blood oxygen content is decreased by reduc-
ing hemoglobin to critical levels owing to extreme
hemodilution.

Consequences of surgery
and hypovolemia

Current evidence suggests that hypovolemia is as-
sociated with flow alterations that are inadequate
to fulfill the nutritive role of the circulation. The
hypovolemic patient is at risk of experiencing
significant organ hypoperfusion with subsequent
development of (multiple) organ failure [2, 3].
Shoemaker et al. [4] demonstrated the importance
to maintain VO2 (oxygen consumption) and DO2

(oxygen delivery) to reduce the incidence of MOF
(multiple organ failure) and overall mortality in
high-risk surgical patients. Thus, in patients un-
dergoing complex, long-lasting surgery, mainte-
nance of an adequate circulating volume appear
to be a prerequisite to avoid postoperative organ
dysfunction.

During hypovolemia, the organism tries to com-
pensate perfusion deficits by redistribution of flow
to vital organs (e.g., heart and brain) resulting
in an underperfusion of other organs such as
splanchnic bed, kidneys, muscles, and skin. Re-
lease of inflammatory mediators and vasoactive
substances are of particular importance for im-
paired perfusion in this situation. Activation of
the sympathetic nervous system (SNS) and the
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renin–angiotensin–aldosteron system (RAAS) are
compensatory mechanisms to maintain peripheral
perfusion. This compensatory neurohumoral acti-
vation is beneficial at first, but becomes deleteri-
ous and may be involved in the bad outcome of
the critically ill surgical patient. Thus an adequate
restoration of intravascular volume in the perioper-
ative period is an important therapeutic maneuver.
The controversy in this area focuses on the ideal
kind of volume therapy [5–11]. This controversy
does not only refer to the crystalloid–colloid debate,
but has been widened in recent years to include a
colloid–colloid debate since synthetic colloids have
proven to be of benefit for volume therapy in this
situation [12].

Principles of volume therapy in
the surgical patient

The administered fluid may stay in the intravas-
cular compartment or equilibrate with the inter-
stitial/intracellular fluid compartments. The antidi-
uretic system (ADH), the RAAS, and the SNS are
involved in the control of volume and composi-
tion of each body compartment. The principal ac-
tion of these systems is to retain water in order to
restore water or intravascular volume deficits, to
retain sodium in order to restore the intravascu-
lar volume, and to increase the hydrostatic perfu-
sion pressure through vasoconstriction. The control
of ADH secretion depends on plasmatic osmolality,
whereas the most important stimulus for activation
of the RAAS is depletion of the intravascular vol-
ume. Enhanced activity of ADH, RAAS, and SNS
is known to occur in stress situations, e.g., during
surgery. Although the normal response to surgery
and starvation results in increased metabolic ac-
tivity, it can be expected that a preexisting deficit
of water or intravascular volume further may in-
crease this activity. If water or intravascular vol-
ume deficits and the stress-related stimulus of
ADH, RAAS, and SNS are additive, fluid manage-
ment could inhibit this process through counter-
regulatory mechanisms. Several attempts to inhibit
or attenuate the activity of ADH and RAAS by ad-
ministering different volumes of isotonic crystalloid

solutions were made. It is known that the ADH pro-
duction is dependent on the maintenance of the ex-
tracellular volume and, in particular, the intravas-
cular compartment. Administration of a restricted
volume of crystalloids could possibly replace a pre-
vious deficit of water, but the replacement of a pre-
vious intravascular volume deficit would require
much more volume in order to inhibit the secretory
stimulus of all the hormones committed to main-
tain it. It can be expected that the replacement of
crystalloids alone will not inhibit the normal re-
sponse of ADH and RAAS, whereas administration
of a combination of crystalloid and colloid solu-
tions (replacement of water deficit simultaneous
with improvement of the effective intravascular
volume) may achieve this goal.

Practical strategies of
volume replacement in the
surgical patient

The primary goal of volume administration is to
guarantee stable systemic hemodynamics, whereas
overloading of the circulation and extreme hemod-
ilution should be avoided [7,13].

Large volumes of crystalloids are necessary for ef-
fectively increasing plasma volume and may subse-
quently result in severe hemodilution with subse-
quent reduction in colloid oncotic pressure (COP)
followed by the risk of increased interstitial edema
and an impaired organ function. For these reasons,
colloids have been established for rapid restoration
of the circulating plasma volume, thus avoiding ex-
cessive fluid accumulation, particularly in the inter-
stitial tissue. Several different colloids are available
varying with regard to their physicochemical prop-
erties and efficacy.

Human Albumin (HA)
HA is the naturally occurring colloid. The molecu-
lar weight of albumin is approximately 69,000 Da.
Owing to its preparation procedures it is free of
risk of transmitting infections and thus generally
held to be safe. Four percent of albumin is slightly
hypooncotic, 5% albumin is isooncotic, whereas
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20 and 25% solutions are hyperoncotic expand-
ing plasma volume by fluid shift from the intersti-
tial to the intravascular compartment. The effects
of 5% HA are not well predictable—infusion of 500
mL of albumin expanded plasma volume by 490 or
750 mL [13]. The retention of the infused albumin
in the intravascular compartment and therefore its
hemodynamic efficacy greatly vary with regard to
the patient’s disease. In patients with altered vas-
cular endothelial integrity, albumin may pass into
the interstitial space, by which fluid shift from the
intravascular compartment is promoted. The im-
portance of albumin is also related to its transport
function for various drugs and endogenous sub-
stances (e.g., bilirubin, free fatty acids)—the clinical
relevance of administration of HA in surgical pa-
tients for this purpose, however, have never been
shown.

The worth of using HA in surgical appears to be
very uncertain. In a study in elderly patients (�70
years) undergoing major abdominal surgery, it has
been shown that although total protein concentra-
tion was kept normal by administering HA, these
patients did not profit from the use of HA com-
pared to a much cheaper nonprotein modern hy-
droxyethyl starch (HES) preparation [14]. Inflam-
matory response and endothelial activation/injury
was even more beneficially influenced by HES
130/0.4 than by HA. When considering the effects
on hemodynamics, organ function (renal), coag-
ulation, inflammatory response or endothelial ac-
tivation/integrity, and finally costs, HA cannot be
recommended in this patient population and the
use of a modern HES preparation should be favored
to correct hypovolemia.

Synthetic colloids
Due to the high costs of albumin, less extensive
synthetic colloids are widely used as cheap alter-
natives. The term “synthetic colloids” is somewhat
misleading because all of them are from biologi-
cal origin. Thus “nonprotein” colloids sound not
as negative as synthetic colloids. In contrast to al-
bumin, which is a monomer (i.e., all molecules
have the same size and weight), synthetic colloids
are polydispersed, i.e., they are a combination of

many differently sized molecules. Large molecules
only contribute minimally to the volume expan-
sion effects; they reflect viscosity and persistence in
the circulation. Smaller molecules are quickly lost
by renal filtration or diffusion into the interstitial
space.

Dextrans
Dextrans are a polydispersed mixture of glu-
cose polymers. The two available dextran prepa-
rations are 6% Dextran 70 (average molecular
weight 70,000 Da) and 10% Dextran 40 (aver-
age molecular weight 40,000 Da). The two solu-
tions mainly differ with regard to their influence on
microcirculation. Infusion of Dextran 40 increases
microcirculatory flow because of a reduced red
cell and platelet sludging, volume expansion, and
hemodilution-induced reduction in whole blood
viscosity. Dextrans are associated with anaphylactic
reactions, coagulation abnormalities (e.g., interfer-
ence with platelet adhesion and a von Willebrand-
like syndrome), and impaired blood crossmatching.
They have been replaced by other plasma substi-
tutes in several countries and cannot any longer
be recommended for correcting hypovolemia in the
surgical patient.

Gelatins
Gelatins are modified beef collagens. Gelatin so-
lution was introduced in 1915 for shock treat-
ment and was used extensively during World War
I. Gelatin is listed by the World Health Organi-
zation as an essential drug. In the USA, how-
ever, gelatins were abandoned in 1978 owing to
its high incidence of hypersensitivity reactions [15,
16]. Gelatins exist in three different modifications:
cross-linked gelatin (e.g., Gelofundiol R©), urea-
linked gelatin (e.g., Haemaccel R©), and succinylated
gelatin (e.g., Gelofusine R©). The only major differ-
ence between these preparations is the different
electrolyte concentrations: urea-linked gelatin in-
cludes high calcium and potassium contents, suc-
cinylated preparations have low calcium and potas-
sium contents. Due to the very low molecular
weight average (approximately 35,000 Da), plasma
half-life is only short. Subsequently repeated doses
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are necessary to maintain adequate blood volume.
Because of their poor volume-supporting capacity,
their low intravascular persistence, and their high
incidence of severe anaphylactic reactions, gelatins
are not ideal for replacement of volume deficits in
the surgical patient [7].

Hydroxyethyl starch
Hydroxyethyl starch is a high polymeric glu-
cose compound that is manufactured through hy-
drolysis and hydroxyethylation from the highly
branched starch amylopectin. Polymerized D-
glucose units are joined primarily by 1–4 linkages
with occasional 1–6 branching linkages. Natural
starches cannot be used as plasma substitutes be-
cause they are unstable and rapidly hydrolyzed by
circulating amylase. HES preparations are charac-
terized by [17,18]:
� concentration (low: 3%; medium: 6%; high:
10%),
� molar substitution (MS [low: 0.4 or 0.42;
medium: 0.5; high: 0.62 and 0.7]),
� mean molecular weight (MW [low molecular
weight [LMW]–HES: 70 kDa; medium molecular
weight [MMW]–HES: from 130 to 260 kDa; high
molecular weight [HMW]–HES: �450 kDa),
� the ratio of the C2:C6 hydroxyethylation,
� the solvent (nonbalanced HES are solved in saline
solution; balanced HES are solved in a plasma-
adapted solution).

The extent and duration of plasma expansion
are extremely dependent on the physicochemical
characteristics of the HES solution. The different
HES preparations cause different effects on hemo-
dynamics, rheology, coagulation, oncotic pressure,
and intravascular half-lives. Comparison of the dif-
ferent studies on HES solutions is difficult because
they vary widely concerning the subjects that were
studied, rate and amount of infused volume, and
end point of fluid therapy.

The beneficial hemodynamic effects of HES by ef-
fectively restoring hypovolemia have been show-
ing by several studies in all kind of surgery.
Aside from adequately restoring hypovolemia, cer-
tain HES preparations beneficially influenced tis-
sue oxygenation. In patients undergoing major

abdominal surgery, the influence of 6% HES
130/0.4 on tissue pO2 was compared to patients
who received saline solution for volume replace-
ment [19]. Skeletal muscle tissue pO2 (ptiO2) was
monitored for 24 hours after surgery using flexible
minimal-invasive microsensoric pO2 catheters. Al-
though systemic hemodynamics and oxygenation
data were kept unchanged from baseline and were
similar in both groups, ptiO2 increased significantly
in the HES-treated patients (59%), but decreased
in the RL group (−23%). This was confirmed by
a study in volunteers undergoing acute normov-
olemic hemodilution, in whom three HES prepa-
rations were used to replace withdrawn blood [20]:
HES 130/0.4 showed the significantly highest in-
crease in skeletal muscle ptiO2 in comparison to
prehemodilution values. In patients undergoing ab-
dominal aortic aneurysm repair, 6% HES 450/0.7
(hetastarch) -treated patients showed higher gastric
mucosal pH than a RL group indicating improved
splanchnic blood flow and tissue oxygenation by
HES [21]. In patients undergoing major surgery
with large blood loss, volume resuscitation with a
MMW-HES (MW 200 kDa) also improved splanch-
nic blood flow and tissue oxygenation [22].

Finally, there is increasing evidence that some
HES preparations possess additional effects on or-
gan perfusion, microcirculation, tissue oxygena-
tion, inflammation, endothelial activation, capillary
leakage, and tissue edema that are beyond their
volume replacing properties. In normal aged as well
as elderly patients undergoing major abdominal
surgery, inflammation (IL-6 and IL-8 plasma lev-
els) and endothelial injury/activation (plasma lev-
els of adhesion molecules [sICAM-1, sELAM-1])
were significantly higher in crystalloid-treated pa-
tients than in patients in whom 6% HES 130/0.4
was given indicating attenuated inflammatory re-
sponse with this HES preparation [23,24].

A new concept: the balanced
volume replacement strategy

Almost all colloids (dextrans, albumin, HES,
gelatins) are prepared in unphysiologic solutions—
most of them are solved in saline solution
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containing unphysiologically high concentrations
of sodium and chloride and thus can be can be
defined as “unbalanced colloids.” In the beginning
of the nineties, substantial alterations in acid–base
status have been described in patients in whom
large amounts of saline solution were infused—this
phenomenon has been defined as “hyperchloremic
acidosis” [25]. Subsequently, use of consider-
able amounts of unbalanced colloids may be as-
sociated with unwanted electrolyte disturbances
or acid–base derangements (acidosis). Avoidance
of acid–base alterations by the choice of volume
replacement regimen is a widely accepted policy,
because base excess (BE) may serve as an important
marker to identify patients with malperfused tis-
sues. Producing hyperchloremic acidosis by admin-
istering large amounts of unbalanced fluids may
mask diagnosis of perfusion deficits or may result in
inappropriate clinical interventions due to the erro-
neous presumption of ongoing tissue hypoxia sec-
ondary to hypovolemia. In a study in intensive care
unit (ICU) patients, the BE was shown to predict
outcome, the BE may also be utilized to identify pa-
tients who have a high risk for mortality and thus
should be administered to the ICU [26]. In patients
undergoing cardiac surgery with cardiopulmonary
bypass, the BE measured during the first hour after
surgery was correlated with the length of stay on
the ICU [27].

Aside from substance-specific beneficial effects
on hemodynamics and substance-related un-
wanted adverse effects of certain colloids (e.g.,
on coagulation kidneys), a total balanced fluid
resuscitation concept including balanced colloids
may add another piece in the puzzle of finding
the ideal fluid therapy in the hypovolemic surgical
patient. Embedded in a total balanced, plasma-
adapted volume replacement strategy (balanced
crystalloid plus balanced 6% HES 130/0.42) and
given in moderate doses (approximately 2.500
mL of HES within 24 hours), this concept showed
favorable effects in electrolyte concentrations and
BE in patients undergoing complex abdominal
surgery [28]: the unbalanced volume replacement
concept was associated with significantly more
patients showing a BE of less than −5 mmol/L
(maximum: −11.5 mmol/L) and a Cl− plasma

levels of �115 mmol/L (maximum: 128 mmol/L)
than the balanced concept.

A balanced volume replacement regimen appears
to show other beneficial effects aside from less
acid–base disturbances. In a prospective, random-
ized, double-blinded clinical trial in elderly patients
(�60 years) undergoing elective open surgical pro-
cedures, either a conventional high-MW HES with
a high MS (hetastarch, n = 24) or a similar high
MW, highly substituted HES prepared in a balanced
electrolyte formulation (Hextend R©, n = 23) was
used [29]. Only patients treated with the unbal-
anced hetastarch developed acidosis (postoperative
BE: −3.8 mmol/L in the hetastarch group versus
−0.2 mmol/L in the Hextend R© patients). Gastric
tonometry indicated improved gastric mucosal per-
fusion with the balanced HES when compared to
the patients treated with saline-based HES.

Finally, balanced starched have been shown to
be associated with significantly less alterations in
coagulation—especially when a high degree of di-
lution reached [14,30]. In an in vitro study, whole
blood from 20 healthy volunteers was hemodiluted
either with a low-MW HES (130 kDa) with a low
MS (0.42) dissolved in a balanced solution, a con-
ventional 6% HES 130/0.4 (dissolved in saline so-
lution) or RL [14]. Modified thrombelastography
was used to measure influence on coagulation and
whole blood aggregometry was used for assess-
ing platelet function. Induction of platelet aggre-
gation was performed with ADP (ADPTest), col-
lagen (COLTest), or thrombin-receptor-activating
protein (TRAPTest). Fifty percent dilution with
nonbalanced HES resulted in significantly more
altered platelet aggregation than in the balanced
HES group. These beneficial influence on coagu-
lation may be of interest especially in those surgi-
cal patients that are at risk of extensive bleeding
problems.

Volume replacement strategies in
surgical patients in the mirror of
literature analysis

There exists some meta-analyses or evidence-
based analyses dealing with different volume
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Figure 13.1 Volume resuscitation in the bleeding patient including crystalloids, nonprotein colloids, and blood/blood
products.

replacement strategies in the surgical patient [31–
34]. These analyses are far from being conclusive.
Mostly, all kind of patients (e.g., burns, trauma,
cardiac surgery patients) comparing all kinds of vol-
ume (e.g., “colloids” vs “crystalloids” without dis-
tinguishing the different “colloids”) were included,
the study population differ widely ranging from 5
to 247 patients in each volume group, the amount
of infused volume ranged from 500 mL up to 3000
mL of the particular solution, and either fixed doses
of the different solutions were administered or the
amount of fluid replacement was adjusted with re-
gard to defined hemodynamic variables (e.g., MAP,
HR, CVP). Some studies tailored volume therapy
only according to “clinical estimation,” to “main-
tain hemodynamics,” or “according to blood loss.”
Moreover, several of the included studies in these
analyses have been published 20 years or more ago.
Several innovative strategies have been developed
in the past 10–15 years including improved surgi-
cal/anesthetic techniques, monitoring, ventilation
strategies, and postoperative critical care manage-
ment. Thus data from these analyses are more
confusing than they are helping to solve current
problem on the ideal volume replacement strat-
egy in the surgical patient. The more it is as-
tonishingly that guidelines of volume replacement

therapy have been published recommending crys-
talloids as first choice in the surgical patient [35].
The American College of Surgeons Classes of Acute
Hemorrhage specified four classes of acute hem-
orrhage classifying blood loss from up to 750 mL
to �2000 mL and using some additional variables
such as blood pressure and urine [36]. Fluid re-
placement is recommended to be performed with
crystalloids (3:1 rule). There is no place for col-
loids in this recommendation. By contrast, in a
study comparing the effects of crystalloids with two
colloids (albumin and 10% HES 200/0.5) in pa-
tients undergoing abdominal surgery, the signifi-
cantly largest intestinal edema was demonstrated
with the use of crystalloids [37]. Others also re-
ported on negative effects of crystalloid volume re-
placement on the gut in comparison to colloids
[21]. Thus it has to be questioned on what results
these recommendations refer to. More reliable rec-
ommendations for volume therapy in this situation
are based on an individualized approach including
crystalloids, nonprotein colloids, and blood/blood
products (Figure 13.1).

Changes in hemostasis was the target of several
studies. The majority of studies compared differ-
ent HES preparations with albumin. Use of mod-
ern HES preparations was never associated with
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differences in the hemostatic competence or in-
creased bleeding tendency in comparison with the
natural colloid albumin. By contrast, use of dex-
tran was shown to result in higher bleeding and
use of more packed red blood cells than use of albu-
min [38]. Hemodynamic efficacy was another tar-
get of some studies. There were no differences in
hemodynamic efficacy of albumin versus nonpro-
tein colloids particularly HES. Some studies were
only safety studies looking at possible negative side
effects of nonprotein colloids (e.g., on kidney func-
tion, itching). Several studies showed that renal
function was not negatively influenced by HES dur-
ing surgery even in the elderly patient who is at risk
to develop kidney dysfunction [15,39–41].

A much-debated issue is which end points should
be used to assess the benefit of volume replacement
regimens—patients’ outcome (morbidity or mor-
tality?), length of stay in the hospital, physician’s
satisfaction? Mortality does not seem to be an ap-
propriate end point when comparing different vol-
ume replacement regimens in surgery as outcome
was not shown in most studies. Thus the influence
of different volume replacement strategies on out-
come in surgery cannot be determined today.

Conclusions

The “optimal” way of volume replacement in the
surgical patient still represents a challenge. An ex-
tensive search is currently in progress to define
which solution is best for which patient. What did
we learn from past on the issue of volume therapy
in the surgical patient?
� Extensive and complex surgical procedures may
be associated with considerable perioperative
hemodynamic alterations and organ complications
[42, 43]. Fluid administration restores plasma vol-
ume and increases venous return to the heart, thus
increasing cardiac output and improving systemic
hemodynamics and organ perfusion. A substantial
body of evidence supports the concept that deterio-
ration in systemic and regional may be of particular
importance for postoperative complications. An ad-
equate volume therapy is accepted as the mainstay
of managing perfusion deficits in this situation. The

Table 13.1 Important issues for an ideal volume therapy
in surgery.

Hemodynamic efficacy
Influence on interstitial fluid
Influence on coagulation
Side effects (e.g., kidney, liver)
Availability
Costs

efficacy of different fluid preparations is still dis-
cussed controversially. The “ideal” solution should
not only stabilize systemic hemodynamics but or-
gan perfusion and microcirculation should also be
guaranteed or even improved without being asso-
ciated with side effects (Table 13.1).
� Several studies have revisited the crystalloid–
colloid or colloid–colloid controversies. Meta-
analyses, however, must be viewed with some
skepticism. Mortality does not seem to be an ap-
propriate end point when comparing different vol-
ume replacement strategies, because mortality was
never an end point of any of the studies [44]. The
influence of the different colloids on organ func-
tion, endothelial inflammation, or perfusion should
also be focused on.
� Blood volume can be definitely restored more
rapidly with synthetic colloids rather than with
crystalloids. Even excessive amounts of crystalloids
do not always guarantee circulating blood volume
and sufficient hemodynamics.
� When comparing albumin and nonprotein (“syn-
thetic”) colloids, several studies demonstrated no
differences between these colloids and subse-
quently use of albumin for volume therapy cannot
be justified. In today’s climate of cost consciousness
and cost containment, financial considerations may
come into play. The major advantage of nonpro-
tein colloids is in their relative economy. Although
cost considerations are very difficult because of dif-
ferent medical systems of the countries, treatment
with albumin cannot be recommended also from
the economic point of view.
� Balanced colloids offer a promising approach and
may add an important piece in the puzzle of finding
an ideal volume replacement strategy in the surgi-
cal patient.



c13 BLBK256-Maniatis July 26, 2010 12:29 Trim: 246mm X 189mm Char Count=

Chapter 13 165

� We should always remember when caring for our
patients “Quidquid agis prudenter agas et respice finem.”

Key points

� Adequate volume replacement is important in all
surgical procedures.
� Volume replacement should be aimed at restoring
systemic hemodynamics and tissue perfusion.
� Colloids are superior to crystalloids for restoration
of the intravascular volume.
� Synthetic colloids should be better termed “non-
protein colloids”
� Synthetic colloids appear to be equal to natural
colloid albumin.
� Synthetic colloids can be recommended for vol-
ume therapy in surgery.
� Albumin cannot anymore recommended for cor-
recting hypovolemia in the surgical patient.
� Dextran has the most pronounced side effects
(e.g., negative influence on hemostasis, induction
of anaphylactic reactions).
� The different hydroxyethyl starch preparations
widely differ with regard to efficacy and side
effects.
� Modern HES preparations with a moderate mean
molecular weight (MW) and a low molar substitu-
tion (MS) should be preferred for volume therapy
in surgery.
� Current available meta-analyses are not helpful
to identify the “ideal” solution for volume replace-
ment in surgery.
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CHAPTER 14

Choice of Colloid for Intensive
Care Patients
Yasser Sakr & Yalcin Inel
Department of Anesthesiology and Intensive Care, Friedrich-Schiller-University Hospital, Jena, Germany

Introduction

The never-ending crystalloid/colloid debate is still
unresolved. In addition, recent years have brought
another issue to the frontline, namely the col-
loid/colloid debate. Indeed, a recent multicenter
observational study [1] showed a marked varia-
tion in the use of colloids among European coun-
tries (Figure 14.1). Hypovolemia is common in the
intensive care unit (ICU). Whatever the cause of
hypovolemia, a well-defined approach is needed
to correct this condition because failure in treat-
ing it appropriately may lead to the development
or worsening of organ dysfunction and subsequent
worse outcome. In order to deal with hypovolemia
and to restore an adequate intravascular volume, a
physician needs to have a profound knowledge of
the underlying pathophysiology of hypovolemia in
various ICU settings and the properties of the flu-
ids and drugs at his/her disposal. Furthermore, the
ability to evaluate a patient’s macro- and microcir-
culatory status and to act according to these param-
eters is probably the most essential aspect of vol-
ume therapy, since the definition of a clear volume
replacement strategy remains elusive.

In this chapter, we will concisely review the fac-
tors influencing the choice between various colloids
and their potential application in different case sce-
narios in critically ill patients.

Colloids: the bright side

The ideal colloid should have a rapid and sustained
volume effect with a low risk profile. It should also
be cost-effective and easy to use, ideally with no
dose limitations. Isooncotic, plasma isotonic fluids,
preferably with low viscosity, are favored in this
context [2]. Colloid administration offers several
advantages over other fluid types, which vary from
one colloid to another (Table 14.1).

Albumin is a naturally occurring protein in hu-
mans and is synthesized in hepatocytes. In a
healthy person, albumin accounts for 70–80% of
the total plasma oncotic pressure [3]. About 5%
of the albumin leaks from the circulation per hour
in healthy subjects, with 90% of this extravascu-
lar pool of albumin returning to the circulation
each day. This movement of albumin is also known
as the transcapillary escape rate and can be in-
creased threefold in sepsis [3]. Albumin solution
has long been regarded as the gold standard solu-
tion for treatment of hypovolemia [3]. Since more
than 95% of its particles are of uniform molecu-
lar size with a molecular weight (MW) of 69 kDa,
albumin solutions are the only known monodis-
perse colloid. The high safety profile of albumin so-
lutions and low costs in some countries were the
major advantages of its use in ICU patients. Re-
cently, the saline versus albumin fluid evaluation
(SAFE) study provided evidence of the safety of us-
ing albumin solution for volume resuscitation [4].
Vincent et al. [5] have also recently reported
that albumin administration may improve organ
function in hypoalbuminemic critically ill patients,
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Figure 14.1 Bar chart demonstrating the use of various colloids in European countries. Reproduced from Sakr et al.
[36], with permission from Oxford University Press.

Table 14.1 Overview of some advantages of
colloids. Colloid Advantages

Albumin • Since it is a natural colloid, it has the lowest incidence
of adverse effects among colloid solutions

Gelatin • Rapid effect
• No accumulation in the body
• Osmotic diuretic effect if given rapidly

Dextran • Useful in reducing ischemia-reperfusion injury
• Improves peripheral blood flow

HES • HES solutions, especially those with a high MW,
remain longer in the intravascular space, resulting not
only in a rapid volume substitution, but also in a
sustained effect
• Fewer allergic reactions than many semisynthetic
colloids
• Improves microcirculation, albeit without an effect on
tissue oxygenation
• Lowers the circulating levels of adhesion molecules in
sepsis
• May have useful effects on the microvascular
coagulation cascade by elevating levels of protein C and
protein S

HES, hydroxyethyl starch solutions.
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being associated with a less positive fluid balance
and better tolerance to enteral feeding. Neverthe-
less, the high costs of albumin solutions in some
countries and the high efficacy of semisynthetic
colloid solutions as plasma substitutes have led
many clinicians to switch to alternative volume ex-
panding methods.

Semisynthetic colloids that are commonly used in
clinical practice include gelatins, dextrans, and hy-
droxyethyl starch (HES) solutions. These solutions
differ considerably in composition and physical
properties (Table 14.2). Gelatin solutions are poly-
dispersed polypeptides derived from bovine gelatin,
a derivative of collagen. Since 1915, gelatin so-
lutions have been used in the treatment of hy-
povolemia. Nowadays, there are three types of
gelatin available: cross-linked or oxypolygelatins,
urea cross-linked, and succinylated fluid gelatins.
The MW is around 30 kDa, which is the renal
threshold. The large number of small molecules
make a rapid initial osmotic effect possible, but they
are then cleared from the intravascular space (half-
life: 3.5–4 hours) [6]. This clearance may be even
more rapid in sepsis because of the endothelial cap-
illary leak. After filtration, gelatin solutions may act
as osmotic diuretics in the glomeruli, since 60%

of the given volume appears in the urine within
the first 24 hours [7]. Gelatin solutions are, there-
fore, rapidly acting without tissue accumulation
and may have an osmotic diuretic effect if given
rapidly.

Dextrans are a group of branched polysaccha-
rides derived from the bacteria Leuconostoc mesen-
teroides. Currently available formulations of dextran
are 10% dextran with a MW of 40 kDa, and 6%
dextran with a MW of 70 kDa [8]. Being a polydis-
perse solution, 90% of Dextran 40 has a MW be-
tween 10 and 80 kDa. Since the renal threshold for
dextran is between 50 and 55 kDa, about 70% of
the given dose will be observed in the urine within
the first 24 hours [3]. A smaller fraction enters the
interstitial space and returns to the bloodstream
via lymphatic drainage or is metabolized by cer-
tain organs. Small amounts may also be eliminated
by the gastrointestinal tract. The effects of dex-
tran solutions depend on their MW. Molecules hav-
ing MW smaller than 60 kDa promote peripheral
blood flow by disaggregating red blood cells and
reducing blood viscosity. Both vessel endothelium
and the cellular components of blood are coated
by dextrans resulting in fewer interactions be-
tween the two components. This aspect may prove

Table 14.2 Overview of properties of semisynthetic colloid solutions.

Concentration
(%)

Volume
efficacy
(%)

Volume
effect
(hours)

Mean
molecular
weight
(kDa)

Maximum
daily dose

Osmolarity
(mosmol/L)

Molar
substance

C2/C6
ratio

Urea-cross-linked gelatins 3.5 80 1–3 35 No
limitations

301 NA NA

Cross-linked gelatins 5.5 80 1–3 30 No
limitations

296 NA NA

Succinylated gelatins 4.0 80 1–3 30 No
limitations

274 NA NA

6% Dextran 70 6 100 5 70 1.5 g/kg — NA NA
10% Dextran 40 10 175–200 3–4 40 1.5 g/kg — NA NA
HES 70/0.5 6 100 1–2 70 20 mL/kg 290 0.5 4:1
HES 130/0.4 6 100 2–3 130 50 mL/kg 308 0.4 9:1
HES 200/0.5 6 100 3–4 200 20 mL/kg 308 0.5 6:1
HES 200/0.5 10 130 3–4 200 20 mL/kg 308 0.5 6:1
HES 200/0.62 6 100 5–6 200 20 mL/kg 308 0.62 9:1
HES 450/0.7 6 100 5–6 450 20 mL/kg 308 0.4 4.6:1
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Table 14.3 Classification of hydroxyethyl solutions
according to their physical properties.

Criteria Available options

Concentration 3, 6, and 10%
Molecular weight

Low 70 kDa
Medium 130–270 kDa
High >450 kDa

Molar substitution*

Low 0.4 and 0.5
High 0.62 and 0.7

*The ratio of the total number of hydroxyethyl groups to
the total number of glucose molecules. High molar
substitution leads to slower degradation.

useful especially in ischemia-reperfusion injury,
where leukocyte adherence plays an important role
[9]. Dextrans also impair factor VIII activity by in-
hibiting the formation of FVIII/vWF complex [3].
Therefore, Dextran 40 is used mainly to improve
peripheral blood flow, but it is not advisable to use
it in ICU patients because of its adverse effects on
coagulation. On the other hand, Dextran 70 could
be used for volume expansion in hypovolemic pa-
tients but it is not commonly used for this purpose
in many countries due to its adverse effects.

Hydroxyethyl starch solutions are synthetic colloid
solutions containing glycogen-like modified natu-
ral polysaccharides [10]. HES solutions can be clas-
sified by their molecular properties according to
their MW, concentration, and degree of substitu-
tion (Table 14.3). HES solutions, especially those
with a high MW, remain longer in the intravascu-
lar space than other colloids, resulting not only in

rapid volume substitution, but also in a sustained
effect. Fewer allergic reactions have been reported
with HES solutions compared to other semisyn-
thetic colloids [11]. HES solutions have been re-
ported to improve the microcirculation, albeit with-
out an effect on tissue oxygenation [12]. Favorable
effects of these solutions in sepsis include reducing
circulating levels of adhesion molecules [13] and
increasing levels of protein C and S [13].

The downside: adverse effects

Colloid use is associated with various adverse ef-
fects (Table 14.4) that must be taken into consider-
ation when selecting a colloid in specific groups of
ICU patients. Serious adverse effects include ana-
phylactic reactions, tissue accumulation with sub-
sequent organ dysfunction, pulmonary edema, and
adverse effects on coagulation. The choice of colloid
requires a risk-benefit assessment in view of these
adverse events (Figure 14.2).

Anaphylactic or anaphylactoid reactions may oc-
cur with naturally occurring and semisynthetic
colloids. Histamine release commonly occurs
after administration of gelatin solutions [3].
Cardiorespiratory arrest has been reported with
urea-linked gelatin (Haemaccel), which has also
been associated with more anaphylactoid reactions
than succinylated gelatins. High MW dextrans
have also been linked to anaphylactoid reactions,
probably because of their multiple side branches,
and all dextrans may cause true anaphylaxis. This
effect is thought to result from previous cross-
immunization against commensal gut bacterial
antigens, causing a type III immune complex

Table 14.4 Risks associated with colloid administration.

Albumin Dextrans Gelatins
Hydroxyethyl
starches (low MW)

Hydroxyethyl
starches (high MW)

Anaphylactoid reactions + ++ +++++ +++ +++
Pruritus − − − + ++
Tissue accumulation − − − + ++
Coagulopathy + +++ ++ ++ ++
Renal failure + ++ + + ++
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Coagulation?
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Figure 14.2 Practical approach to
selecting a colloid for intensive care
patients. BP, blood pressure; CVP,
central venous pressure; ScvO2,
central venous oxygen saturation;
HES, hydroxyethyl starch.

anaphylaxis. These antibodies are found in 70% of
humans, and their titers correlate with the severity
of the reaction. The incidence of anaphylaxis is
quoted at 1:4500, but can be reduced to 1:84,000,
after pretreatment with 3 g Dextran 1 (MW 1
kDa). Anaphylactoid reactions after HES infusions
may be related to complement-mediated hyper-
sensitivity [3]. Human albumin is known to have
the lowest incidence of anaphylaxis among the
colloids. The pooled incidence of anaphylactoid
reactions after albumin infusion is about 9.4 in
100,000 [11]. The pooled incidence rate ratios

of anaphylactoid reactions for gelatin, HES, and
dextran solutions are 12.4, 4.5, and 2.3% when
compared to albumin solutions [11].

Tissue deposits and accumulation occur after ad-
ministration of some plasma substitutes, most
commonly with HES solutions. After admin-
istration of HES, deposition in the cells of the
monocyte–macrophage system of various organs
has been demonstrated, slowing elimination [14].
Tissue deposition is thought to be transitory
and dose- and MW-dependent, with differences
in severity and duration among subjects [14].
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However, in some patients, storage of HES can
be shown by immunohistochemistry and immu-
noelectron microscopy more than 2 years after
administration. Pruritus may occur due to tissue
accumulation of HES and may last for years [14].
In some patients suffering from pruritus, additional
deposition was observed in cutaneous nerves
[9, 15]. Pruritus mostly occurs in patients who
receive large amounts of HES (e.g., 20 L) over a
long period of time (10–20 days). In a study that
included 700 critically ill patients, the incidence of
pruritus was similar after low and medium MW
HES compared with lactated Ringer’s solution [16].

Gelatins do not accumulate in the body [17]. Tis-
sue deposition of albumin has not been observed in
necroscopic studies [11].

Pulmonary edema is a serious adverse effect
of fluid resuscitation. There are considerable in-
terindividual differences in the development of pul-
monary edema in response to volume substitu-
tion. A balance should be maintained between op-
timizing cardiac performance and ensuring ade-
quate gas exchange. The status of the alveolocap-
illary membrane plays a role in the contribution
of colloid osmotic pressure (COP) to this problem
[18]. In an intact alveolocapillary membrane, lym-
phatic drainage and COP may protect the lung
from pulmonary edema. Lymphatic drainage can
increase 20-fold, thus maintaining the transcapil-
lary COP gradient and restoring protein content
into the vascular compartment. This is the case with
pulmonary artery occlusion pressure (PAOP) levels
up to 25 mmHg; but when PAOP increases and, at
the same time, COP decreases, the PAOP thresh-
old for pulmonary edema also decreases from 25
mmHg to 11 mmHg [19]. Alveolocapillary mem-
brane permeability may be altered after insults such
as sepsis, trauma, burns, and toxic agents. In an im-
paired alveolocapillary membrane, the COP gradi-
ent is nearly negligible. Experimental animal mod-
els of fluid resuscitation in previously damaged
lungs showed that albumin infusions given to in-
crease COP by 5 mmHg, failed to reduce pulmonary
edema, whereas a reduction in PAOP by 5 mmHg
decreased the extravascular fluid volume by 50%
[20]. In other similar models, where the pulmonary
effects of crystalloids and colloids were measured,

there were no significant changes between groups
[20–23]. These studies, along with a recent study
on the effect of fluid loading with saline or colloids
on pulmonary permeability, edema, and lung in-
jury score after cardiac and major vascular surgery,
demonstrate that the type of fluid used does not af-
fect pulmonary permeability and edema [24].

Disturbances in renal function: Since 1970, dex-
trans have been known to cause acute renal failure
associated with the vacuolization of the proximal
tubular cells, osmotic nephrosis-like lesions [25].
Many hypotheses have been formulated to explain
the renal failure and the most recent, albeit still
relatively old, suggests that the administration of
hyperoncotic colloid solutions may increase the
viscosity of the urine causing stasis in renal tubular
flow. Concerns about the adverse effects of HES on
renal function were first raised by Legendre and
colleagues [26], who reported an association be-
tween organ donors exposure to HES and osmotic
nephrosis-like lesions in the transplant recipients.
The first randomized trial exploring possible dele-
terious effects of HES administration on renal
function was conducted by Cittanova and cowork-
ers [27], who compared HES (200 kDa/0.60) with
gelatin and revealed that the use of HES solutions
in brain-dead kidney donors was followed by
immediate impairment in renal function in the
recipients with an increased rate of hemodialysis
and higher serum creatinine concentrations. How-
ever, subsequent studies yielded conflicting results
[28–32]. The debate regarding HES solutions was
fuelled when a multicenter randomized study by
Schortgen and colleagues [30], comparing the
effects of 6% HES (200/0.62) and fluid modified
gelatin on renal function in 129 patients with
severe sepsis, found that the frequencies of acute
renal failure, oliguria, and raised serum creatinine
concentrations were higher in the HES group
than in the gelatin group. A limiting factor in that
study was the better renal function at baseline in
the gelatin group [33–35]. A recent retrospective
analysis of a large European database showed
that HES had no influence on renal function or
on the need for subsequent renal replacement
therapy. The presence of sepsis, hematological
cancer, or cardiovascular failure, and the baseline
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renal function were more important risk factors for
development of subsequent renal dysfunction [36].

Coagulopathy: All the semisynthetic colloid solu-
tions have a negative effect on coagulation. One
of the main reasons for this is the hemodilu-
tionary effects of colloids. Although some studies
have shown that clot strength can be reduced af-
ter administration of gelatins in large volumes [37],
thromboelastographic studies in patients undergo-
ing surgery revealed a tendency to hypercoagu-
lopathy after gelatin infusions for substitution of
blood loss, compared with controls and with pa-
tients receiving albumin or HES [38]. Dextrans on
the other hand have more significant effects on
hemorheology and coagulation. As mentioned ear-
lier, Dextran 40 can reduce blood viscosity, reduce
Factor VIII activity, and increase plasminogen ac-
tivation and fibrinolysis. The net effect is that clot
strength is reduced and thrombocyte activity is im-
paired [3]. The more rapidly eliminated members
of the HES family, such as HES 200/0.5 and HES
130/0.4, seem not to have a significant effect on
hemostasis [39]. However, there are also data from
a randomized controlled trial in 69 cardiac surgery
patients, which suggest that bleeding is increased
by HES with medium and high MW compared to
albumin [40].

Other reported adverse effects of colloids include
acute fetal distress because of uterine hypertonia
when dextrans are administered during delivery
[41] and elevation of alpha amylase levels in blood
after HES administration [42].

Choice of colloids in specific
subgroups of critically ill patients

Severe sepsis and septic shock
Animal studies suggest that the type of fluid used
in severe sepsis and septic shock has little influence
on outcome. Timely resuscitation to rapidly restore
hemodynamic parameters can be achieved inde-
pendent of the type of fluid used [43]. Although
albumin and HES solutions were more efficient in
improving cardiac output and oxygen delivery, and
in lowering blood lactate levels than gelatin and
Ringer’s lactate, the type of intravenous fluid used
for initial fluid resuscitation has limited effects on

outcome [44]. In another animal study, HES solu-
tions were shown to have a protective in vivo ef-
fect on endotoxin-induced microcirculatory disor-
ders. HES 130 kDa is effective in preventing LPS-
induced leukocyte adherence, improving capillary
perfusion, and reducing macromolecular leakage.
Because there were no signs of in vivo HES 130 kDa
toxicity or bleeding diathesis, HES 130 kDa may
offer an anti-inflammatory potential when used
during experimental sepsis [45], whereas modified
fluid gelatin did not show anti-inflammatory prop-
erties in a rat model of polymicrobial sepsis [46].
A porcine septic shock model also demonstrated a
protective effect of HES solutions on sepsis-induced
capillary leakage and showed that the 130 kDa
variant was significantly more effective than the
200 kDa variant [47]. Similarly, the formation of
platelet-derived microvesicles was increased signif-
icantly by volume replacement with Ringer’s so-
lution compared to colloid solutions [48]. How-
ever, renal and liver failure, coagulation defects
and pruritus may represent a potential risk of us-
ing HES solutions in patients with severe sep-
sis and septic shock, especially those with border-
line renal function or those requiring high doses
over a long period of time with the risk of tissue
accumulation.

Despite the fact that the SAFE study failed to
demonstrate differences in outcome in critically ill
patients requiring fluid repletion who were treated
with 4% albumin compared to those treated with
saline, albumin may not be harmless in all ICU pa-
tients. In subgroup analyses of the SAFE study [4],
discordant results were reported for patients with
severe sepsis and those admitted because of trau-
matic injuries. In a recent observational multicen-
ter study [1], albumin administration was found to
be associated with decreased survival in acutely ill
patients admitted to European ICUs. Although this
study was not designed primarily to investigate this
issue, it may cast some doubts on the presence of a
differential effect of albumin solutions on outcome
in various subgroups of critically ill patients. Never-
theless, until further study results are available, hu-
man albumin may be used when considered appro-
priate, notably in hypoalbuminemic patients [49].

Recently, the guidelines of the Surviving Sep-
sis Campaign did not support the use of one type
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of fluid over another in the resuscitation of pa-
tients with severe sepsis [50]. The resuscitation of
a patient with severe sepsis or sepsis-induced tis-
sue hypoperfusion (hypotension or lactic acidosis)
should begin as soon as the syndrome is recognized
and should not be delayed pending ICU admission.
In a key randomized controlled study by Rivers
et al. [51], early goal-directed therapy in emer-
gency department patients with septic shock was
shown to improve survival. During the first 6 hours
of resuscitation, the goals of initial resuscitation of
sepsis-induced hypoperfusion included mean arte-
rial pressure (�65 mmHg), central venous pres-
sure (8–12 mmHg), urine output (�0.5 mL/kg/h),
and central venous oxygen saturation (�70%). Re-
suscitation directed toward these goals was able to
reduce 28-day mortality rates. Therefore, optimal
resuscitation of patients with sepsis requires early
volume substitution with either crystalloids or col-
loids. Vasopressor therapy should be initiated when
volume resuscitation is not able to rapidly restore
an acceptable hemodynamic profile [50].

Fluid challenge is a term used to describe the ini-
tial fluid resuscitation period where the response
of the patient to fluid infusion is carefully evalu-
ated. In this process, large amounts of fluids may be
used over a short period of time, so there must be
close monitoring to evaluate the patient’s response
and to avoid pulmonary edema. The severity of
intravascular volume deficit in patients with se-
vere sepsis is variable. Because of vasodilation and
increased capillary permeability, most patients re-
quire aggressive fluid resuscitation during the first
24 hours of treatment [49]. Fluid challenge in pa-
tients with suspected hypovolemia may be given at
a rate of 500–1000 mL of crystalloids or 300–500
mL of colloids over 30 minutes and repeated based
on response (increase in blood pressure and urine
output) and tolerance [49].

Acute lung injury and acute
respiratory distress syndrome
Sepsis is the most frequent cause of death in the
ICU and the most common cause of acute lung in-
jury (ALI) and acute respiratory distress syndrome
(ARDS), occurring in 30–40% of patients. The rea-
son for the pulmonary edema that develops in

ALI/ARDS is alveolocapillary barrier dysfunction.
Reduced COP may also play a role in the genera-
tion and persistence of pulmonary edema [52]. Re-
duced COP, particularly if hydrostatic pressures rise
above normal, contributes to an exaggerated pul-
monary edema. However, COP is less important in
preventing pulmonary edema than the efficiency of
the lymphatic system in the lung. This is particu-
larly important when capillary permeability is im-
paired, like in sepsis or ALI/ARDS, where the pro-
tein reflection coefficient is reduced and hydrostatic
pressure is more important in affecting the accu-
mulation of fluid in the extravascular region, which
causes edema [53].

In ALI/ARDS patients, there is no evidence that
a given fluid improves clinical outcomes, just as
in sepsis. In patients with established pulmonary
insufficiency, albumin infusion significantly im-
proved the intrapulmonary shunt [53]. Combined
use of albumin and furosemide in hypoproteinemic
patients with ALI created significant diuresis and
weight loss with around 40% improvement in
oxygenation and long lasting amelioration of
hemodynamic stability [53]. One study suggests
that positive fluid balance per se is at least partially
responsible for poor outcome in patients with
pulmonary edema. The authors defend the strategy
of attempting to achieve a negative fluid balance if
tolerated hemodynamically [54]. Which colloid—if
at all—to use in ALI/ARDS is still debatable, since
there is no study comparing the effects of different
colloids in these patients. Moreover, patients
may benefit from a conservative fluid strategy.
Although this strategy does not achieve any signif-
icant improvements in mortality, it improves lung
function and shortens the duration of mechanical
ventilation and intensive care without increasing
nonpulmonary organ failures [55]. A risk-benefit
assessment, considering the underlying etiology
and associated conditions seems to be the most
appropriate strategy in this population.

Trauma and hemorrhagic shock
Severe trauma may cause hemorrhagic shock, re-
sulting in mortality rates exceeding 50%. Early
fluid resuscitation has traditionally been used to
avoid shock and its complications, but clinical data
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suggest that definitive bleeding control is impera-
tive before aggressive fluid resuscitation [56]. The
clinical trajectory of patients who develop multi-
ple organ failure is set early in the resuscitation
process (i.e., within 6 hours of injury). Many pa-
tients at high risk require emergency surgery or
interventional radiology and arrive in the ICU af-
ter this time window [57, 58]. Primary resusci-
tation using colloids requires one quarter to one
half of the infusion volume of crystalloids and
may reduce resuscitation time by up to 75%, de-
pending on illness severity. However, colloids have
only inconsistently been shown to reduce subse-
quent organ dysfunction, such as ALI/ARDS. Stud-
ies of relevant pulmonary function are inconclusive
[53]. On the basis of a prospectively defined subset
in the SAFE trial, crystalloids are the best choice
for general resuscitation of trauma patients (rela-
tive risk for death with colloids, 1.36; 95% confi-
dence interval, 0.99–1.86). This is particularly true
among these patients when associated with trau-
matic brain injuries (colloid relative risk, 1.62; 95%
confidence interval, 1.12–2.34) [43]. Secondary in-
sults after major trauma may incite an inflamma-
tory reaction with altered capillary permeability;
intravenous fluid resuscitation in this phase should
be guided by the same principles as in sepsis.

Conclusion

The choice of a colloid in critically ill patients re-
quires an integration of clinical data with the prop-
erties and risk profile of the available solutions.
There are few large randomized clinical studies
comparing various colloids and the current evi-
dence does not support the use of one specific
colloid over any of the others. A risk-benefit ap-
proach should be considered when colloid admin-
istration is indicated and predefined clinical end
points should be set to guide fluid therapy. Care-
ful attention should be paid to dose limitations
and contraindications of some colloid solutions, es-
pecially HES solutions. Careful observation is re-
quired to identify and adequately manage side ef-
fects, whenever they occur. Due to the potential
risks of colloid solutions, their use as an alternative

to crystalloids in stable critically ill patients without
urgent need for rapid volume expansion, should be
discouraged.
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CHAPTER 15

Hypertonic Saline Solutions for the
Initial Treatment of Patients with
Traumatic Injuries
Charles E. Wade & Michael A. Dubick
US Army Institute of Surgical Research, San Antonio, TX, USA

Initial fluid resuscitation of the patient, who is hy-
potensive, with traumatic injuries impacts survival
as well as other measures of outcome, such as days
on ventilator support and intensive care unit (ICU),
and length of hospital stay. Yet, of the standard of
care (SOC) fluids presently used, none has been re-
quired to demonstrate an improvement in the pri-
mary outcomes of survival, morbidity, or avoidance
of allogeneic blood transfusions. Trauma is a ma-
jor cause of death in the first 40 years of life in
developed countries and is increasing worldwide
[1,2]. The primary cause of death in this population
is hemorrhage, which also contributes to morbid-
ity. Early control of bleeding, restoration of blood
volume, and reestablishment of adequate tissue
perfusion to vital organ are essential to improved
outcomes. Early and aggressive fluid resuscita-
tion to treat blood loss due to hemorrhage, while
being recommended for many decades, remains
controversial.

This review focuses on investigations into the use
of hypertonic (∼2400 mOsm/kg) fluids as resusci-
tation for the initial care of victims of trauma. Hy-
pertonic solutions usually consist of 7.5% sodium
chloride (NaCl), though other salts have been used,
often combined with hyperoncotic colloids, such
as 6% Dextran 70 or hetastarch. Clinical interest

in these fluid formulations has been stimulated by
an extensive basic science literature elucidating a
number of mechanisms of action and an expanding
positive clinical experience.

The issues that must be considered while eval-
uating the efficacy of a resuscitation fluid are the
effects on the relationship of oxygen delivery and
demand, possible aggravation of bleeding resulting
in additional loss of blood, and the time delay in
gaining vascular access before initiation of defini-
tive interventions.

Any asanguinous fluid used for resuscitation may
expand the blood volume and therefore improve
cardiac output, but it may also dilute the concen-
tration of hemoglobin and thus, reduce oxygen car-
rying capacity. The net result could be a decrease in
oxygen delivery. The balance of the cost of increas-
ing flow at the expense of oxygen content must
be considered in the evaluation of a resuscitation
fluid.

The aggravation of bleeding by fluid administra-
tion may occur by two means. The first is by an
increase in blood pressure in the presence of un-
controlled bleeding. This has led some to advocate
hypotensive or permissive resuscitation [3, 4]. The
second is by the dilution of clotting factors. When
evaluating the benefit of a resuscitation fluid the
effects on clotting and blood pressure must be con-
sidered in light of the possibility of increasing blood
loss.

Safety and ease of administration must also be
considered in use of a resuscitation fluid in an
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emergent situation. The fluid should have a well-
defined safety profile of which any side effects can
be corrected easily. Administration should be rapid
to attain early efficacy to mitigate or attenuate the
consequences of hemorrhagic hypotension.

Thus, the ideal resuscitation fluid to treat the
emergent patient with traumatic injuries who is hy-
potensive should be safe, expand blood volume,
be able to improve oxygen delivery, and possi-
bly reduce oxygen demand, not increase bleed-
ing, and be easy to administer. Currently, none
of the fluids considered as SOC meets all of these
criteria. Furthermore, of the presently available
fluids for the replacement of blood loss due to trau-
matic injuries, none has undergone extensive clin-
ical and regulatory investigations. Recently, ques-
tions have been raised about the use of these
SOC fluids as information on efficacy and safety
has accumulated [5]. These issues have stimu-
lated an effort to develop new resuscitation so-
lutions such as the hypertonic fluids discussed
here.

Physiological properties

The initial incentive for clinical evaluation of hy-
pertonic saline (HS) fluids came from early work in
a number of animal models on survival after major
hemorrhage. Velasco et al. [6] reported that dogs
who were lightly anesthetized and hemorrhaged
to a blood pressure of 40 mmHg for 30 minutes
survived if infused with 4 mL/kg (10% of the blood
volume lost) of 7.5% HS. Upon administration
there was a rapid improvement in blood pressure
and cardiac output. None of the control animals
survived while 100% of the treatment animals
were alive at 7 hours. In a study in conscious pigs
that were hemorrhaged 70% of their estimated
blood volume, Maningas and Bellamy [7] reported
that none of the control animals survived while
50% of animals administered 11 mL/kg of HS
survived; when given an equal volume of hyper-
tonic saline dextran (HSD) 100% survived. These
finding were reiterated in numerous other studies
employing a wide range of species and hemorrhage
models.

Expansion of blood volume
The increased survival noted with administration
of hypertonic fluids in animal studies was associ-
ated with the expansion of blood volume as fluid
moves from the extravascular space into the vas-
cular compartment as a result of the osmotic gra-
dient. The expansion of blood volume and reten-
tion was greater when the fluids contained colloids
[8]. Studies of these solutions in human experi-
mental subjects have contrasted hypertonic solu-
tions with SOC crystalloid fluids such as Lactated
Ringer’s (LR) and normal saline [9–11]. In subjects
who were hypovolemic there was a greater expan-
sion of central blood volume with hypertonic fluids
that persisted longer than SOC (Figure 15.1).

In the presence of hypotension, the increase in
blood volume with hypertonic fluid administration
is accompanied by an increase in blood pressure
and cardiac output [12–15]. A reduction in total pe-
ripheral resistance also occurs. These changes im-
prove blood flow to vital organs. Of note is that the
administration of HS results in a greater increase
in cardiac output for a given increase in blood vol-
ume. This improvement in cardiac output with HS
could be related to increases in left ventricular con-
tractile force associated with the increase in plasma
osmolality as well as the greater preload because
of expansion of blood volume. The reduction in
total peripheral resistance may also contribute to
the reduction in afterload. Hypertonic fluids cause
hemodilution resulting in a reduction in oxygen
carrying capacity; however, the increase in cardiac
output proportionally exceeds this reduction result-
ing in a net increase in oxygen delivery [12–15].

Immune function
Studies of the hemodynamic aspects of HS or
HSD for the treatment of hemorrhagic hypoten-
sion revealed a marked increase in flow in the
microvasculature compared to conventional crys-
talloid fluids. It has been well documented that
in response to hypoperfusion and subsequent
rapid reperfusion, adherent leukocytes activate
which release cytotoxic substances and reactive
oxygen species damaging the endothelial barrier.
With this damage comes leakage of fluid and
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Figure 15.1 Central blood volume after the administration of 250 mL of isotonic saline. (�. . ..�), 6% Dextran (�—�),
7.5% hypertonic saline (� �) or hypertonic saline 6% Dextran (×- - -×) in human subjects. Inset graph represents
first 15 minutes after infusion.

macromolecules into the extravascular space and
development of tissue or organ injury. Subsequent
to improved microcirculatory flow, use of hyper-
tonic fluids has been associated with a reduction of
neutrophils rolling and sticking to the endothelial
cells of blood vessels [16–26]. Hypertonicity has
been shown to inhibit leukocyte adherence and
activation [16–20, 25]. Furthermore, HS reduced
L-selectin shedding in isolated polymorphonuclear
neutrophils (PMNs). This was also observed with
choline chloride, but not with hypertonic mannitol
or sucrose [27]. In addition, in isolated PMNs from
healthy human volunteers, it was observed that
HS decreased �2-integrin expression, superoxide
production, and elastase release, but only if HS was
added before PMNs became primed or activated
[28, 29]. Others have also found that incubation
of human PMNs with HS or HSD inhibited their

respiratory burst [30, 31]. However, if HS was
added after PMN priming or activation, superoxide
production and elastase release were actually
enhanced. This observation further supports the
use of HS as the first resuscitation fluid in the
treatment of hemorrhage [32,33].

These observations have led to the notion that
hypertonic fluids may actually inhibit the immune
suppression associated with hemorrhagic shock,
supported by numerous studies in isolated blood
cells, animal hemorrhage studies, and recent hu-
man clinical trials. In an early study, incubation of
HS with human and rabbit monocytes resulted in
enhanced monocyte function and T-cell prolifera-
tion [18]. This effect was also seen with HSD [34].

Other studies have evaluated the protec-
tive effects of HS on immune cells. Using
murine thiocholate-elicited peritoneal exudative
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macrophages to model the effects of HS on Kupf-
fer cells, it was observed that HS increased IL-10
mRNA levels and enhanced the increase in IL-10
induced by lipopolysaccharides (LPS) [35].

Recent studies have also identified a number
of immune pathways which appear mediated by
hypertonicity [16–20, 25]. For example, Junger
et al. demonstrated that HS-mediated T-cell pro-
liferation may relate to tyrosine phosphorylation
of cellular proteins and activation of MAPK p38
[36]. However, Ciesla et al. [37] found that HS
inhibited platelet-activating factor-mediated MAPK
p38 activation in isolated PMNs from healthy vol-
unteers. Ciesla et al. [38] have also shown that
HS could reversibly inhibit cytotoxic responses
in isolated human PMNs, an effect that occurred
again with repeated HS treatment. Of note, many
of these responses can be demonstrated in vitro
suggesting that HS has a direct effect on immune
cells. It appears that the administration of HS and
resultant hypertonicity elicits a cellular signal,
which modulates and inhibits the immune cas-
cade normally associated with reperfusion injury.
Administration of HS resulting in suppression of
this cascade may impact long-term morbidity and
survival. However, recent findings suggest that
once this cascade is initiated the beneficial effects
of hypertonic solutions are diminished.

Supporting the in vitro observations, a number
of studies in trauma and hemorrhage rodent mod-
els have observed an inhibition of inflammatory re-
sponses and reduced tissue injury after HS infusion
[16, 17, 25, 39–42]. Some in vivo studies observed
that infusion of HS reduced susceptibility to sep-
sis after hemorrhage, possibly due to inhibition of
sepsis-induced P-selectin expression or to bacterial
challenge [43–45]. Other studies suggest that the
reduced lung or hepatic injury associated with HS
after hemorrhage or ischemia/reperfusion in ani-
mal models can be attributed to reduced neutrophil
priming, activation and respiratory burst [17, 39,
41, 46, 47]. In a mouse hemorrhage/LPS injection
model, Pascual et al. [48,49] found HS infusion re-
duced PMN adherence to pulmonary endothelium
and reduced lung myeloperoxidase activity com-
pared to LR infusion; findings consistent with oth-
ers [16, 17]. In addition, it has been proposed that

HS infusion induces stat3 activation of endogenous
IL-10 release as a protective mechanism [40, 50].
Other investigators have proposed that the im-
proved immune function after hemorrhage related
to HS infusion is due to its producing a more bal-
anced profile of T-lymphocytes or to its effects on
adhesion molecules on the neutrophils [25,42,51].

Taken together, these data suggest that initial or
early hypertonic saline resuscitation would be of
greater benefit than infusion after administration
of conventional fluids. The modulation of immune
function by HS would possibly reduce secondary
complications. Furthermore, the addition of dex-
tran, as in HSD, does not inhibit the immunomod-
ulatory effects of HS in response to hemorrhage.

Bleeding
As noted above, the administration of hypertonic
fluids causes an acute increase in blood pressure
which, in the presences of uncontrolled bleed-
ing could contribute in increased bleeding, as sug-
gested by Bickell et al. [3, 52–55]. Rapid adminis-
tration of HSD may rapidly elevate blood pressure,
which could disrupt established clots and therefore
increase blood loss. However, several studies ad-
dressing this issue found that if the standard in-
travenous set and infusion procedures are used,
blood pressure is prevented from reaching unsafe
levels [56].

Clinical trials

Over the past decade there have been several
reviews of the clinical use of hypertonic fluids
[8, 32, 57–63]. The number of reviews greatly ex-
ceeds the number of clinical trials. This disparity is
partially because of the difficulties associated with
studies involving critically ill trauma patients and
the requirement for community consent. In many
of these reviews, clinical populations have been
mixed with data from elective surgery patients
combined with data from patients with traumatic
injuries. In addition, analyses included intermin-
gled solutions with various NaCl concentrations
and different colloids. Therefore, it is incumbent
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upon the reader to sort through the literature to
fully understand the available data. For the present
review of the use of hypertonic fluids in clinical
studies, we will focus on patients with traumatic
injuries treated with HS (7.5% NaCl) or HSD
(7.2–7.5% NaCl and 4–6% dextran).

Primary end points

The end points in the evaluation of any resuscita-
tion product must include safety and efficacy. The
criteria for the evaluation of efficacy are based on
a definitive influence on clinical outcome. While
there are numerous physiological measures sug-
gestive of improvement, efficacy must be tied to
the ultimate outcome of the patient. If, for exam-
ple, a fluid improves cardiac output but the pa-
tient still dies, efficacy is not improved. Accepted
clinical outcomes for evaluation of a resuscitation
fluid by regulatory agencies are an improvement in
survival, a reduction in morbidity or a decrease in
the number of patients requiring allogeneic trans-
fusions [64, 65]. While the importance of the first
two end points is obvious, the avoidance of transfu-
sion is based upon the risk associated with receiving
allogeneic blood products.

Survival
Survival is the definitive end point of clinical in-
tervention. There have been a number of studies
evaluating the use of HS and HSD in patients with
traumatic injuries. The focus here will be on 13 ran-
domized studies in which a hypertonic fluid was
used as part of the initial care and outcomes were
compared to those for SOC. In 11 of the studies
of HS or HSD, enrollment was based on injuries
due to trauma [66–74]. In the other two studies,
criteria included hypovolemic shock [75, 76]. Be-
cause 96% and 85% of patients enrolled in these
two studies also had traumatic injuries, they are
included in the present review. In all 13 studies,
there were both blunt injuries (primarily from ve-
hicle accidents), and penetrating injuries (gunshot
or stab wounds). Injuries were distributed equally
between these two mechanisms of injury in most
of the studies.

Table 15.1 Percent survival of patients after treatment
with hypertonic saline (HS) or standard of care (SOC)
from published clinical studies of trauma patients.

Reference SOC HS

Younes [75] 77% (35) 80% (35)
Vassar [73] 63% (27) 47% (32)
Vassar [72] 83% (84) 86% (85)
Fabian (cited in Wade [79]) 63% (75) 64% (67)
Fabian (cited in Wade [79]) 72% (113) 65% (71)
Vassar [74] 49% (45) 60% (50)
Cooper [91]* 50% (115) 55% (114)

Values in parenthesis are the number of subjects per
group.
* Refers to studies where enrollment was limited to
patients with traumatic brain injury (TBI).

For HS, seven prospective studies have been ex-
tensively reviewed by the Cochrane Collaboration
and our group (Table 15.1) [33, 57–59, 62, 77–80].
Findings in all cases were similar, with no evi-
dence of improvement in survival for HS compared
with isotonic crystalloids. However, the limitations
of the published studies do not rule out important
clinical differences.

Whether or not HSD improves survival in pa-
tients with traumatic injuries is controversial. For
this review, we appraised 11 prospective studies
of 748 patients treated with HSD and 797 re-
ceiving SOC fluids (Table 15.2). The mean dif-
ference in survival was an increase of 3.6% in
favor of HSD. However, the evidence was not
conclusive, with only one of the studies report-
ing a significant improvement in survival. In one
study with a trend for a decrease in survival,
the groups appear to be mismatched as to the
severity of injury [74]. Extensive retrospective re-
view of these studies concluded that HSD had fa-
vorable effect on survival compared to SOC. But
presently, there are no randomized clinical tri-
als demonstrating conclusive evidence of increased
survival to support the use of hypertonic colloids
in the initial treatment of patients with traumatic
injuries.

Of note, there may be specific patients within
the traumatic injury population that may benefit
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Table 15.2 Percent survival of patients after treatment
with hypertonic saline dextran (HSD) or standard of care
(SOC) from published clinical studies of trauma patients.

Reference SOC HSD

Younes [75] 77% (35) 80% (35)
Maningas [68] 80% (25) 87% (23)
Vassar [73] 46% (24) 48% (23)
Vassar [72] 59% (83) 64% (83)
Mattox [69] 80% (211) 83% (211)
Younes [94] 64% (111) 73% (101)
Vassar [74] 83% (84) 78% (89)
Vassar [71] 49% (45) 56% (50)
Alpar [66] 87% (90) 92% (90)
Rizoli [70] 86% (14) 100% (10)
Bulger [67] 88% (26) 92% (36)

from hypertonic fluids. Recent discussions have
suggested that hypertonic fluids for maintaining
plasma volume in patients with burns or traumatic
brain injuries (TBIs). In the treatment of burn in-
juries, hypertonic fluids have reduced fluid require-
ments and prevented edema formation [81–86].
Also, Oda and coworkers [87] recently found that
HS decreased fluid requirements and reduced the
risk of abdominal compartment syndrome in pa-
tients with severe burns (mean = 65% TBSA).
The authors noted no difference in multisystem
organ failure or survival between the HS and
SOC groups. However, another comparative trial
reported an increase in mortality, raising ques-
tions about the advisability of HS for burn pa-
tients [88, 89]. For treatment of TBI, the benefit of
HS has drawn greater attention based on the ob-
servation of HS administration and decreased in-
tracranial pressure and improved cerebral perfu-
sion pressure [90]. The randomized trial of 7.5%
HS for field treatment of patients with TBI failed to
demonstrate an improvement in survival or neu-
rological function, though post hoc reviews sug-
gest possible efficacy [71, 79, 91]. Benefits of HS
fluid administration retrospectively described in pa-
tients who require surgery, blood transfusion, or
treatment for TBI suggest that there may be sub-
populations in which HS solutions could improve
survival.

Morbidity
As mentioned, studies of immunological function
in human cells show improvements with the ad-
ministration of hypertonic solutions [92,93]. These
improvements, coupled with an improvement in
organ blood flow during adequate resuscitation,
should lead to a reduction in medical complica-
tions secondary to hypoperfusion and reperfusion
injury. The trend has been for a reduction in the
incidence of complications when HS is adminis-
tered, and in the number of patients in which
they are reported. In a study of 422 patients by
Mattox et al. [69], 22 had medical complications;
seven patients (3%) treated with HSD had com-
plications versus 13 (6%) with complications who
received SOC. Of the patients with complications,
only one of the seven (14%) who received HSD
died, while six (46%) of the SOC-treated patients
died. In a study by Vassar et al. [74], deaths from
sepsis and organ failure were one for SOC, three
for HS, and three for HSD. In addition, Younes
et al. [94] reported that the incidence of complica-
tions was similar among treatment groups. Recent
studies, though of limited numbers of patients, sug-
gest no difference between treatments in rates of
infection or multiple organ failure [67,70]. Though
a definitive evaluation of the effect of hypertonic
fluids on the incidence of medical complications is
still necessary, the trend is toward a reduction or
no change in the rate of medical complications in
patients administered HS.

Allogenic transfusion
Patients who require the transfusion of whole
blood or packed red cells are presumed to be in a
life-threatening state of hypovolemia. The necessity
for blood replacement is correlated with severity of
injury and is more common in patients with pene-
trating injuries [74]. The amount of blood infused
is on the order of 1–2 L [71,74]. In a meta-analysis
of individual patient data from six of the previous
studies of HSD, Wade et al. found that the odds
ratio (1.60; 95% CV 0.95, 2.81) favored HSD im-
proved survival until discharge in patients requir-
ing blood transfusion [79]. This finding, however,
was not statistically significant. Vassar et al. [74]
reported the estimated blood loss and replacement
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requirements of patients undergoing emergent sur-
gical procedures. There was no significant differ-
ence in the amount of blood required, 1.5 ± 2.7
L for SOC and 1.2 ± 1.8 L with HSD, but in the
HSD group, survival was improved compared to
predicted outcome. Younes et al. [75] noted that
significantly greater amounts of blood were admin-
istered to patients with SOC compared with either
HS or HSD. Rizoli and coworkers [70] also noted
a trend toward a reduction in blood use with HSD
infusion. Bulger et al. [67] reported no difference
between treatments in the number of red blood
cell units transfused, and the incidence of massive
transfusions (�10 units) was similar.

In general patients requiring blood transfusion
are believed to be at risk of dying, and the ad-
ministration of HSD tends to increase the proba-
bility of survival in this population [79]. However,
while these studies report the mean number of red
cell units transfused and suggest a reduction in re-
quirements with HS administration, none have ad-
dressed the avoidance of allogeneic transfusions. As
the number of transfused units of blood products
is decreased, the probability of developing infection
is reduced, however, the ideal primary end point is
the elimination of the risk by eliminating all trans-
fusions.

Secondary end points

Fluid requirements
Hypertonic fluids may decrease fluid requirements
and attenuate edema formation. In the earliest
reports by Younes et al. [75, 76], there was a
significant reduction in the required volume of
both crystalloids and blood in those patients with
hypotension who were initially administered HS
or HSD. The reduction in fluid requirements was
over 40% compared to SOC. This study was con-
ducted in an emergency room where investigators
controlled fluid administration to a systolic blood
pressure (SBP) of 100 mmHg. In the recent study
by Alper and Killampalli [66], fluid requirements
were decreased by 30%. The group receiving
SOC was administered 6.5 L in comparison with
4.5 L in those treated with HSD. In trials by

others the administration of fluids was not as
well controlled. However, there was still the trend
toward a reduction in early fluid requirements in
those who received hypertonic fluids. In patients
administered HSD, the trend was a reduction of
about 1000 mL during 24-hour fluid adminis-
tration [68, 69, 71, 72, 76, 94]. No difference in
urine output between treatments has been noted
[66, 69]. Thus, administration of HS solutions
reduces overall resuscitation fluid requirements
and net positive fluid balance compared to SOC.

Blood pressure
The majority of the clinical trials with hypertonic
fluids enrolled patients who were hypotensive, de-
fined as a SBP of less than 90 mmHg [33]. It is
assumed that patients with a blood pressure that
is sustained at a low level for an extended period
of time will have a poor outcome [95, 96]. This is
supported by the work of Vassar et al. [71, 74], in
which blood pressure was not increased in response
to fluid administration in nonsurvivors to the ex-
tent that it was in survivors. If this holds true, the
benefits of hypertonic fluids outweigh SOC, as re-
searchers have consistently found a greater increase
in blood pressure with HS [68,69,71,75,76,94]. For
most patients, the increase in SBP with HS or HSD
is on the order of 10 mmHg above that observed
with SOC [69, 71, 75, 76, 94]. If it is assumed that
an increase in blood pressure is beneficial, resulting
in increased survival, the administration of HS or
HSD would be favored.

Immune responses
Modulation of immune function has been related
to fewer incidents of multiple organ failure, and
lower infection rates and subsequent length of ICU
and hospital stays. To date, few clinical studies
have investigated the immunomodulatory effects
of HS or HSD in trauma patients. In normovolemic
women, HS infusion increased the number of
B-cells and decreased the number of circulating
neutrophils compared to LR in a 2-hour study
period, suggesting a modest immunologic effect in
these women [92]. This agrees with the modest
12% inhibition of CD11b expression in activated
neutrophils observed in normal healthy volunteers
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[97]. However, these authors speculated that
this modest effect could be more pronounced in
trauma patients in whom neutrophil-mediated
tissue injury is common. In a single blinded study
of women undergoing abdominal hysterectomy,
infusion of HS did not affect natural killer cell
activity, lymphocyte proliferation, or other as-
says of immune function compared with normal
saline, leading the authors to conclude that the
recommended therapeutic dose of HS did not affect
cellular immune response [98]. More recently,
two studies have evaluated the effects of HSD on
immune function in patients with traumatic hem-
orrhagic shock. Infusion of 250 mL of HSD resulted
in a transient hypernatremia, but shock-induced
neutrophil activation was reduced and L-selectin
shedding was induced for 24 hours [70]. HSD also
significantly reduced TNF-� production, leading
the authors to conclude that HSD promotes a more
balanced inflammatory response to hemorrhagic
shock. In a randomized, double-blind study of
traumatic hypovolemic shock, Bulger et al. [67]
also observed reduced neutrophil activation and a
more normal monocyte profile 12 hours after HSD
infusion compared with those that received LR.
Perhaps these data further support the observation
that elective surgery patients are not always a good
surrogate models for trauma patients.

Safety

Hypertonic fluids raise a number of safety issues
[8,32,60,73,99]. While there has been supposition
as to possible complications, on the whole, data are
limited. Notably, the focus has been on the HS com-
ponent rather than the colloids in the combination
fluids. This is partly due to the extensive experience
associated with use of the various colloids, espe-
cially in Europe. The safety concerns of colloid solu-
tions are addressed by others in this book. For this
reason, we will direct our discussion to the safety
of the hypertonic component of the solutions.

Uncontrolled bleeding
An increase in blood pressure has been purported
to induce an increase in bleeding in the presence

of uncontrolled hemorrhage [3]. In animal models,
administration of fluid to increase blood pressure
leads to greater blood loss, and, ultimately death
[53, 54, 100]. This occurs in animals with the ad-
ministration of either HS or HSD. It is of inter-
est that when the amount of blood loss is esti-
mated, and the requirements of resuscitation flu-
ids are examined, there is little difference between
HS and SOC fluids [66,71,75]. Concerns about un-
controlled bleeding focus particularly on patients
with penetrating injuries to major vessels that re-
quire surgical intervention to stop the hemorrhage.
Oddly, in a number of studies it was actually the
patients with penetrating injuries requiring surgery
that had the greatest improvement in discharge
survival [69, 71]. For example, in a study by Mat-
tox et al. [69], in patients with penetrating injuries
requiring surgery the use of HSD was favored (p =
0.01) to improve survival over the first 24 hours.
In this study at the hospital with the highest enroll-
ment of patients with penetrating injuries requir-
ing surgery, (Ben Taub General in Houston TX), the
survival rates were 88% with HSD and 77% with
SOC treatment (p = 0.06). This is also the institu-
tion where studies about the benefits of withhold-
ing fluids in the field were conducted and survival
in the HSD group was still higher than patients
receiving limited fluid [3]. Vassar et al. [71, 74]
also noted an improved discharge survival in pa-
tients requiring urgent operative treatment if they
had received HSD. Thus, if fluids are used for the
emergent resuscitation of patients with hypoten-
sion and traumatic injuries, hypertonic fluids do
not appear to increase bleeding compared to SOC
fluids, as hemoglobin concentrations, hematocrit,
and estimated blood loss are not different between
treatments [69,71,72,74]. Take together these data
suggest that this subgroup had a significant im-
provement in survival with HS infusions irrespec-
tive of any additional bleeding.

Another factor contributing to an increase in
bleeding would be the hemodilution that occurs
with the infusion of hypertonic fluids. Hemodilu-
tion would cause a decrease in the concentration of
clotting factors and lead to an increase in clotting
time contributing to an increase in bleeding. The
reported incidence of coagulopathies has been
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similar among the test solutions [69, 71]. The
incidence of massive transfusion was also the same
[67]. In studies that have measured prothrombin
(PT) and activated partial thromboplastin times
(aPTT), no significant differences have been noted
between treatments. The dextran component of
HSD has also been reported to reduce clotting
when administered in large volumes. However, ad-
ministration of 250 mL of HSD in studies in which
the dextran concentration was increased up to 12%
showed no difference in clotting factors [71]. In
vitro studies of the effects of HS on clot formation
and strength suggest that dilutions of over 15% of
blood volume have anticoagulant effects [101,102].
However, these levels of dilution far exceed the rec-
ommended dose for hypertonic fluids. Therefore,
evidence from clinical studies support the in vitro
studies that at the recommended dose it appears
that the use of HS or HSD does not alter clotting.

Hypernatremia
A consistent observation following the use of HS
is hypernatremia. An increase of 10–12 mmol/L in
plasma sodium is observed if 250 mL of HS or HSD
is administered to a patient with traumatic injuries
[66–74]. There have been no adverse neurological
reactions or neuropathological abnormalities found
at autopsy associated with this increase in plasma
sodium concentration [73, 74]. Further, in patients
who died in which autopsies were conducted, there
were no incidences of central pontine myelinoly-
sis [71, 73, 74]. At present, there are no reports
of any adverse effects associated with increases in
sodium concentrations of the magnitude reported
with the administration of 250 mL of 7.5% NaCl
or HSD. However, we have little information about
the use of HS solutions in children, who may be
more susceptible to the adverse effects of hyperna-
tremia [103,104].

Acidosis
HS has been postulated to result in acidosis due to
hyperchloremia. Following admission to hospital,
there appears to be no difference in pH (or base
excess) between patients administered HS or SOC
[69]. However, Vassar et al. [73] reported that 8 of
106 patients administered hypertonic solutions had

significant hyperchloremic acidemia but all eight
were moribund before administration of the fluid.
As acidosis is present in severely injured trauma pa-
tients and in those patients with a period of car-
diac arrest, it has been difficult to determine if there
is a cause and effect relationship between acidosis
and administration of HS. This has led to the rec-
ommendation that HS administration be avoided
in patients with preexisting acidosis, especially fol-
lowing cardiac arrest [32]. Recently, Bender et al.
[105] reported the use of hypertonic saline het-
astarch in patients requiring cardiopulmonary re-
suscitation. The patients were in severe acidosis
upon enrollment (mean pH 7.04 ± 0.11), with no
change noted after HS infusion. The benefit of HS
was more pronounced if the duration of cardiac ar-
rest was greater than 6 minutes, or if the initial car-
diac rhythm was asystole or pulseless. These find-
ings suggest that HS for the patient with acidosis
may still be of benefit.

Timing of administration
In most of the available studies, hypertonic fluids
were administered within 2 hours following injury.
In addition, there appears to be a greater benefit if
HS is administered as the first fluid in resuscitation
[32]. Animal studies support this observation, al-
though the beneficial effects were attenuated with
the administration of repeated doses during contin-
ued bleeding, possibly due to a reduction in the re-
sultant osmotic gradient with each dose [106]. The
rate of administration may also make a difference
[56]. Therefore, it is recommended that HS fluids
be the initial fluid administered to resuscitate a pa-
tient with hypotension and traumatic injuries, at a
rate limited by use of a standard intravenous infu-
sion set.

Dose
The dose and rate of administration of hypertonic
fluids that is recommended, 250 mL, followed by
conventional fluids as needed, is based on survival
studies in animals [6,107]. Issues as to the safety of
this dose and administration rate have been raised
in intraoperative studies. Rapid administration of
hypertonic saline hetastarch to patients with a
limited cardiac reserve undergoing cardiac surgery
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resulted in hypotension, with transient hypov-
olemic left ventricular failure [108,109]. In trauma
patients, the rate of administration has been lim-
ited by the size of the infusion needle and the use
of gravity to initiate flow [56, 110, 111]. A more
rapid administration of hypertonic fluids has not
been evaluated in patients. There is little data to
support an increase in volume or rate of admin-
istration of the present dose (250 mL), which has
been suggested to be effective in the treatment of
trauma patients.

The recommended dose does raise a question as
to body size. In all studies a uniform dose has been
used over a wide range of body weights. Unfortu-
nately, in the clinical trials published to date, body
weight has not been reported. As the majority of
patients have been young male adults, body weight
could vary from 50 to 150 kg, thus the dose by
body weight covers a wide range, 5–1.6 mL/kg. Re-
cent studies in children undergoing cardiac surgery
demonstrated the dose of 4 mL/kg of HS colloid flu-
ids to be safe and effective [103, 104]. The use of
HS improved cardiac output, reduced extravascu-
lar lung water, and decreased fluid requirements.
This work suggests that adjustment of the dose to
4 mL/kg may be appropriate for patients with body
weights less than 60 kg. The present dose of 250
mL favors safety and has not been associated with
adverse events in patients with traumatic injuries.

Summary

Presently, there are major ongoing multicenter
double blind randomized trials with hypertonic
fluids. The Resuscitation Outcomes Consortium
(ROC) is conducting two multicenter trials of HS re-
suscitation in trauma patients. The first study seeks
to determine the impact of hypertonic resuscitation
on survival for blunt or penetrating trauma in pa-
tients in hypovolemic shock. The second will de-
termine the impact of hypertonic resuscitation on
long term (6 months) neurologic outcome for blunt
trauma patients with severe TBI. Both studies will
be three arm, randomized, blinded intervention tri-
als comparing HS/dextran (7.5% saline/6% Dex-
tran 70, HSD), HS alone (7.5% saline, HS), and

normal saline as the initial resuscitation fluid ad-
ministered to these patients in the prehospital set-
ting. These studies will hopefully provide definitive
evidence as to the efficacy of hypertonic fluids in
the treatment of patients with traumatic injuries
and hypovolemia.

Currently, there is no evidence from randomized
double-blinded control studies of the primary out-
comes of survival, morbidity, or avoidance of al-
logeneic blood transfusions to support the use of
HS fluids in the initial resuscitation of the patient
with traumatic injuries. It must be remembered
that none of the SOC fluids has been required to
demonstrate an improvement in these primary out-
comes. However, with the administration of hyper-
tonic fluids there are improvements in secondary
clinical end points in comparison to SOC fluids.
There is a consistent improvement in blood pres-
sure, a decrease in fluid requirements over the first
24 hours, and improved immune function. Fur-
thermore, retrospective analyses suggest improve-
ments in specific patient populations. These include
improved survival in those patients who required
emergent surgical care or blood transfusion and
who presumably suffered greater injury acuity. Un-
fortunately, at this time these patient populations
cannot be identified in the field at the onset of
care for randomization into clinical trials. Clinical
studies thus far have raised no major safety issues.
At this time, despite extensive and compelling pre-
clinical data and strong preliminary clinical studies,
caution should be used in the administration of hy-
pertonic solutions to patients who are hypotensive
and have traumatic injuries.
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Introduction

It was in 1934 that Alexis Hartmann first demon-
strated that electrolyte imbalances caused by
intravenous fluid administration could affect
human health and alter clinical outcome; expla-
nations for the resultant acidosis were based on
the “dilution” of bicarbonate ions by the infused
solution, and the phenomenon of hyperchloremic
acidosis was not described until 1953. There has
since been increasing interest in a physicochemical
approach to acid–base homeostasis in the critical
care, anesthesiology and physiology literature, as
it provides a model that allows a new insight into
diagnosis of acid–base disturbances, and different
treatment options based on manipulation of plasma
electrolyte levels.

This chapter will demonstrate how high plasma
levels of chloride can cause acidosis on the basis
of Stewart’s physicochemical theory of acid–base
balance. We will go on to describe the effects
that hyperchloremic acidosis may have on home-
ostasis and detail the most relevant in vitro data
and experiments in both animal and humans
demonstrating its etiology, incidence in the clinical
population, and effects on different organ systems.

How does hyperchloremia cause
acidosis?

Hydrogen ion concentration in aqueous solutions
within the human body is tightly controlled in

health, and disturbances of acid–base balance are a
common phenomenon in the critically ill. The high
charge density of hydrogen ions (H+) has effects on
enzyme structure and configuration, and thus their
regulation at low concentration is essential. Knowl-
edge of how and why derangements of H+ concen-
tration occur may help both in the diagnosis and
treatment of these acid–base disturbances.

The 1990s saw the development of the
Henderson–Hasselbalch equation on the basis
of equilibrium theory of carbamate species in
human blood. A descriptive approach, it centers
on the pH effects of the partial pressure of carbon
dioxide (PaCO2) and the concentration of bicar-
bonate ions in plasma, which are then used to
describe different kinds of acid–base disturbances.
Siggaard-Andersen later developed the semiquanti-
tative base-excess model after examining titrations
of human blood and described a nomogram to de-
termine base excess in the clinical setting [1]. This
approach remains the most widely used in clinical
practice, as it is relatively easy to understand and
apply in common clinical scenarios, although it
breaks down at physiological extremes. The theory
has been criticized for the primacy of the role of
bicarbonate as an independently adjusted variable,
and it has been said that base excess quantifies
rather than explains acid–base disturbances. The
fact that it is an in vitro measurement may mean
that it has little relevance in a physiological system.

In 1981 Stewart proposed a quantitative
approach to acid–base physiology based on fun-
damental principles of physical chemistry, with
elements of the approaches of Van Slyke [2] and
Singer and Hastings [3]. He recognized that “the
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quantitative results of several interacting but independent
mechanisms cannot be explained or understood solely in

terms of the action of any single one of these mechanisms”
[4]. On the basis of the laws of mass action, the
conservation of mass, and conservation of charge,
he derived three independent variables that are
the final determinants of pH and explained how
all other variables, including bicarbonate, were
dependant on these three independent variables.
Two of these were new, namely the strong ion
difference (SID), and the total weak acids (Atot).

Knowledge of the quantitative physicochemi-
cal approach appears to offer advantages over
bicarbonate-centered approaches in understanding
the complex acid–base disturbances associated with
critical illness and intravenous fluid therapy. In
particular it allows the clinician to determine the
causative ion and provides a rationale for hyper-
chloremic acidosis, as well as explaining the alkalo-
sis associated with decreased plasma albumin con-
centrations.

Stewart’s physicochemical approach
It is difficult to briefly describe the approach, and
there is value in understanding the equations used
to arrive at the final, relatively simple concepts.

Central concepts
� [H+] in any solution is only determined by the
current values of SID, PaCO2 and [Atot] in that so-
lution. These are the three independent variables.
� Changes in dependant variables can only
occur as a result of changes in independent
variables—dependant variables cannot cause
changes in each other.
� Transport of strong ions across cell membranes
may influence [H+]
� Reactions are taking place in aqueous
solution—water is by far the most concen-
trated substance in the body (109 times that of H+)
and can dissociate, which is of great importance.
� Electrical neutrality must be maintained in aque-
ous solution—this is important in quantitative
analysis as it provides a link between concentra-
tions of nonreacting strong ions and equilibrating
weak ones.

� The dissociation equilibria of all incompletely dis-
sociated substances, as derived from the law of mass
action, must be satisfied at all times
� Conservation of mass—the amount of each com-
ponent substance in an aqueous solution remains
constant unless it is added or removed from the
outside, or it is created or destroyed by reactions
within the solutions. This last applies when dissoci-
ation and recombination occur and is fundamental
when discussing hydrogen ions.

Definitions
� Strong electrolytes—always completely dissoci-
ated in solution, so that none of the undissociated
parent molecules remain. Na+, K+, Ca2+, Mg2+,
and Cl− exist in body fluids as completely ion-
ized entities, and hence are referred to as strong
ions. At physiological pH, lactate, sulphate, and �-
hydroxybutarate will also act as strong ions, be-
cause of their large dissociation constants.

Strong ion difference (SID)—excess of strong
cations in body fluids, SID = [strong cations] −
[strong anions].

◦ Strong ions are not involved in any chemical
reactions in the solution. All that matters is the
net positive charge due to the presence of strong
ions.

� Arterial PCO2 (PaCO2)—the body is an open sys-
tem for CO2, eliminating the 360 L (14 moles) of
CO2 produced via the lungs per day. Henry’s law
states that the concentration of dissolved CO2 is di-
rectly proportional to the partial pressure—in ve-
nous and interstitial fluid the concentration of dis-
solved CO2, expressed as [CO2 dissolved], is one of
the three independent variables.
� Weak electrolytes—substances that only par-
tially dissociate when dissolved in water, and both
molecules of parent substance as well as products
of dissociation all exist together in solution.

◦ HA → H+ + A−, and [H+] × [A−] = Ka × [HA],
where Ka is the dissociation constant
◦ Equilibrium requires that rate of dissociation =
rate of recombination

� Total concentration of weak acid [Atot]—the to-
tal concentration of nonvolatile weak acid in any
compartment
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� [Atot] = [HA] + [A−], and does not vary with
changes in pH. It is an independent variable.
� Nonvolatile weak acids (A−) in plasma consist
mainly of albumin, with a smaller contribution
from inorganic phosphate. Interstitial fluid has
much lower concentrations of both in health, but
capillary leak can alter this. Red blood cells con-
tain hemoglobin as the dominant weak acid.
Stewart analyzed the various components which

constitute human fluids in each compartment ap-
plying the definitions and central concepts listed.
He developed the theme by initially examining wa-
ter, then strong ion solutions in water, weak acid
solutions in water, and finally solutions containing
carbon dioxide. This allowed him to develop a set
of six simultaneous equations primarily describing
the behavior of weak ions, which could be applied
to isolated blood plasma and isolated intracellular
fluid.

Equations and derivations

Pure water
This is the simplest acid–base system, which can
be thought of as the behavior of hydrogen ions in
aqueous solution. Water has important properties
for Stewart’s hypothesis:
� It has a large dielectric constant, and so will dis-
sociate to yield ion-containing solutions.
• [H+] × [OH−] = Kw[H2O]
where Kw is the dissociation constant for water and
is dependant on temperature. Because of extremely
high [H2O], relative to the ionized component, it
can be thought of as constant and thus
� Water dissociation equilibrium:

[H+] × [OH−] = K ′
w (16.1)

Strong ions in water
Remember that
SID = [strong cations] − [strong anions]

Consider solutions of ions fully dissociated in wa-
ter, and thus not participating in any reactions. A
simplified solution would contain Na+, Cl−, and
ions in water. Now some of the central concepts
must apply:
� Electroneutrality

[Na+] − [Cl−] + [H+] − [OH−] = 0 (16.2)

Substituting K ′
w/[H+] for [OH−] from Equation

(16.1) yields
[Na+] − [Cl−] + [H+] − (K ′

w/[H+]) = 0
One can then clear this to yield the quadratic

equation
[H+]2 = ([Na+] − [Cl−]) × [H+] − K ′

w = 0
This can then be solved for [H+]

[H+] =
√

K ′
w + ([Na+] − [Cl−])2

4
− ([Na+] − [Cl−])

2

or [H+] =
√

K ′
w + [SID]2

4
− [SID]

2

From the definitions it can be seen that [H+] is a
function of the SID and that the SID is therefore an
independent variable imposed on the system exter-
nally.

In body fluids SID is approximately equal to 40
mEq/L.

In extracellular fluid SID ≈ ([Na+] − [Cl−]),
while intracellular fluid SID ≈ ([K+] + [Mg2+])

The important conceptual point is that a mea-
sured difference in [H+] only tells us that strong
ions have been added or removed from the solu-
tion.

Note here that we can begin to see the physiolog-
ical cause for hyperchloremic acidosis: as the level
of chloride is raised relative to the level of sodium,
the SID will reduce, affecting the [H+] equilibrium.

Weak electrolytes in aqueous solution
Weak electrolytes introduce additional equilibria
involving OH− or H+. In human physiology these
are weak acids (HA), and must satisfy the two re-
quirements of dissociation equilibrium and conser-
vation of mass for “A”
� Weak acid dissociation equilibrium:
[H+] × [A−] = Ka × [HA] (16.3)
where Ka is the dissociation constant for HA
� Conservation of mass for “A”
[Atot] = [HA] + [A−] (16.4)

The system must still satisfy the previously de-
scribed principles
� Water dissociation: [H+] × [OH−] = K ′

w
� Electroneutrality: [SID] + [H+] − [OH−] −
[A−] = 0
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There are thus four equations with four un-
knowns which must be simultaneously solved. By
a process of systematic substitution, [H+] can be
calculated from the cubic polynomial equation ob-
tained. The important observations are that
� [H+] is determined by [Atot], Ka, K ′

w, and [SID]
because they must all be solved simultaneously
� [SID] and [Atot] are therefore independent vari-
ables
� [SID] changes occur frequently in body fluids,
while weak electrolyte concentrations change little
� [SID] of interstitial fluid is altered locally by ion
pumps and the production of lactate
� weak electrolytes are mainly plasma proteins, in
particular albumin

Strong ions and CO2

[CO2 (dissolved)] = Sc × pCO2 from Henry’s law,
where Sc is the gas solubility coefficient.

Dissolved CO2 can be removed from solution by
two further reactions
� combination with water to form carbonic acid
H2CO3, which then dissociates to form H+ and bi-
carbonate ions HCO3

−
� combination with OH− ions to form HCO3

−

Carbonic acid is in equilibrium with CO2 (dis-
solved), therefore

[CO2(dissolved)] × [H2O] = k × [H2CO3]
Substituting Sc × pCO2 for CO2 (dissolved) and
combining all constants,

[H2CO3] = Kh × pCO2 because [H2O] is so large
as to be virtually constant
Substituting H+ and bicarbonate ions HCO3

− for
[H2CO3] yields the bicarbonate ion formation
equilibrium

[H+] × [HCO−
3 ] = Kc × pCO2 (16.5)

which is catalyzed by carbonic anhydrase.
The final equilibrium is the carbonate ion forma-

tion equilibrium
[H+] × [CO2−

3 ] = K3 × [HCO−
3 ] (16.6)

Application of the formulae to human plasma
and intracellular fluid
Human plasma is effectively an aqueous solution
containing strong ions, weak acids and CO2 (dis-
solved), and by combining the six formulae derived

above it is possible to calculate [H+] by solving then
simultaneously.
1 Water dissociation equilibrium:

[H+] × [OH−] = K ′
w

2 Electroneutrality equation:
[SID] +[H+] − [HCO−

3 ] − [A−] − [CO2−
3 ]

−[OH−] = 0
3 Weak acid dissociation equilibrium:

[H+] × [A−] = Ka × [HA]
4 Conservation of mass for “A”:

[Atot] = [HA] + [A−]
5 Bicarbonate ion formation equilibrium:

[H+] × [HCO−
3 ] = Kc × pCO2

6 Carbonate ion formation:
[H+] × [CO2−

3 ] = K3 × [HCO−
3 ]

This yields a fourth-order polynomial equation:
a[H+]4 + b[H+]3 + c [H+]2 + d[H+] + e = 0

where
a = 1,

b = [SID] + Ka,

c = {Ka × ([SID] − [Atot]) − K ′
w − Kc × pCO2},

d = −{Ka × (K ′
w + Kc × pCO2) − K3 × Kc × pCO2},

e = −Ka × K3 × Kc × pCO2

It can therefore be seen that the only independent
variables which determine [H+] and thus pH are
SID, [Atot], and pCO2, and any change in pH must
be due to a change of one of them. This has obvious
relevance to the practice of transfusion medicine,
given that all available intravenous fluids are solu-
tions of strong ions either as the sole constituent or
as the carrier solution.

We can conclude three things from the above.
Firstly, the interpretation of acid–base changes us-
ing Stewart’s physicochemical approach is not in-
tuitive, and requires a detailed knowledge of phys-
iology, chemistry, and mathematics. Secondly that
acid–base derangements should not be thought of
as due to either metabolic or respiratory causes but
can be thought of in a unified way. Thirdly, that the
ratio of anions to cations in plasma is fundamen-
tal to describing the etiology of hyperchloremic aci-
dosis. We will now go on to describe the evidence
available which supports this model and which de-
scribe its consequences.

There is a wealth of experimental data describ-
ing the most common etiology of hyperchloremic
acidosis, namely large sodium chloride loads. This
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Table 16.1 Comparison of electrolyte composition of different IV fluids and normal human plasma.

Contents
(mmol/L)

Plasma
(normal values
may vary)

Normal
saline Hartmanns

Plasmalyte
148 Hextend Gelofusine

Sodium 135–145 154 131 154 140 143
Potassium 4.5–5.0 0 5 <1 5 3
Chloride 99–105 154 108 125 98 124
Calcium 2.0–2.5 0 2.5 <1 0 2.5
Magnesium 0.7–1.4 0 1 <1 1.5 0.5
Osmolality 290–300 286 254 274 288 307
Osmolarity 291 308 276 310 298.5 305
Lactate 1–2 0 24 0 0 28
Bicarbonate 23–278 0 0 0 50 (acetate/

gluconate)
0

Na:Cl ratio 1.38 1.0 1.21 1.27 1.42 1.15

Manufacturers: normal saline, nonproprietary; Hartmann’s solution, nonproprietary; Gelofusine, B. Braun Medical Inc,
Germany; Plasmalyte B, Baxter International, Deerfield, IL, USA; Hextend, BioTime Inc, Berkeley, CA, USA.

will be discussed first, before we examine the data
identifying the consequences of this syndrome. We
will examine the most compelling evidence from in
vitro studies, and then go on to discuss the evidence
in animal, volunteer, and patient populations.

Etiology of hyperchloremic
acidosis

As described above, a reduction in plasma pH may
be caused by a reduction in the SID, which in turn
is most likely to be due to an upset in the balance
of cations and anions. An alteration in the ratio of
sodium to chloride in plasma by infusing a solution
with a nonphysiological concentration of chloride
ions will affect the SID. Should the plasma chloride
level rise disproportionately to the plasma sodium
level, the SID will be reduced, resulting in acidosis.

There are several factors which may cause hy-
perchloremic acidosis. It was initially described as
a consequence of ammonium chloride poisoning,
and some uncommon renal tubular acidosis disor-
ders can now be thought of as chloride ion chan-
nelopathies [5], but the most common cause and
the one that concerns us in transfusion medicine
is iatrogenic sodium chloride overdose, usually due
to intravenous infusion of a large volume of normal
saline.

Several clinical trials conclude that normal saline
infusion is causally related to hyperchloremic aci-
dosis. In a randomized controlled trial in 1994,
Macfarlane and Lee [6] described a reduced serum
pH in a group of surgical patients given normal
saline when compared to a balanced fluid so-
lution containing less chloride. This is a recur-
ring theme; investigating perioperative gynecologi-
cal patients in 1999, Scheingraber [7] showed that
normal saline infusion was independently associ-
ated with metabolic acidosis compared to the infu-
sion of a balanced crystalloid solution. There have
since been several other studies describing the same
phenomenon (Table 16.1).

Of the commercially available IV fluids, very few
have a composition close to that of human plasma,
with most having an excess of chloride ions. Those
that match plasma more closely, e.g., Hartmann’s
solution, Hextend, and Tetraspan are described as
“balanced” salt solutions.

By contrast, 0.9% saline solutions, when viewed
from a physicochemical perspective, have a SID of
zero, as they have equal numbers of sodium and
chloride ions. When they are infused into a physio-
logical milieu in large volumes, they reduce the SID
by equilibration with plasma, increasing the plasma
Cl− concentration relative to the plasma Na+ con-
centration, As we have seen, this reduction in SID
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causes an increase in H+ concentration. This type
of hyperchloremic acidosis can be thought of as an
infusion-related acidosis.

Consequences of hyperchloremic
acidosis

In vitro studies
The ex vivo data supports the hypothesis that a
high chloride load affects renal function and coagu-
lation homeostasis. We will describe these in turn.

With regards to the kidney, data supporting an
adverse effect of a high chloride load on renal phys-
iology arose in the early 1980s when, without ref-
erence to Stewart’s physicochemical theory, Wilcox
[8] demonstrated that hyperchloremia caused renal
vasoconstriction in a specific and dose-dependant
manner, and that renal blood flow and glomerular
filtration rate were inversely related to the chloride
concentration in the Loop of Henle.

Wilcox went on to show that chloride could
affect prostaglandin release in the kidney, which
he hypothesized could mediate these vascular
changes.

In vitro work on coagulation homeostasis has
demonstrated a greater derangement on coagula-
tion as measured by thromboelastography (TEG),
and reduced platelet function measured by whole
blood aggregometry in blood diluted with a colloid
product suspended in a normal saline solution com-
pared with blood diluted with the same colloid in a
balanced salt solution [9]. This work has been repli-
cated in similar studies [10].

Animal studies
An experimental rat model of salt-sensitive hy-
pertension demonstrated that the blood-pressure
increase caused by sodium chloride was not repli-
cated by infusion with sodium bicarbonate, leading
investigators to suggest that it was the chloride
rather than the sodium which was responsible [11].

Animal models have also shown an association
between iatrogenic hyperchloremia and gastroin-
testinal morbidity, namely, intestinal injury in rats
[12] and impaired gastropyloric motility in pigs
[13].

Any form of acid–base derangement will af-
fect the function of inflammatory mediators, and
there is considerable animal evidence showing pro-
inflammatory cytokines being released in response
to hyperchloremia, including the interleukins IL-
6, IL-10, and tumor necrosis factor. Interestingly
this effect was not reproduced with other forms of
acidemia; indeed, lactic acidosis seemed to be anti-
inflammatory.

Kellum and colleagues, who have published ex-
tensively in this area, recently showed in an ex-
perimental model of sepsis that dogs treated with
lactated Ringer’s solution and 5% hydroxyethyl
starch diluted in a balanced electrolyte solution had
less acidosis and improved survival compared with
those treated with normal saline. In a further study,
the same authors demonstrated a reduced mean ar-
terial pressure and increased nitrate/nitrite level in
septic rats when exposed to hyperchloremia. The
effect was more closely correlated to chloride lev-
els than to pH. Kellum has since written that al-
though there is no evidence that correcting acidosis
in the critically ill improves outcome, there is evi-
dence that iatrogenic acidosis is harmful [14].

In a rat model of massive hemorrhage, resusci-
tation with red cells suspended in normal saline
caused more acidosis than resuscitation with red
cells suspended in lactated Ringer’s solution, and
resulted in worse survival [15]. These results were
replicated in a similar pig model [16] comparing
normal saline resuscitation with Ringer’s lactate, al-
though the survival difference in this pig model did
not achieve statistical significance.

Volunteer studies
In a landmark study, Williams et al. [17] demon-
strated an adverse outcome by administration of
normal saline to healthy volunteers in her random-
ized crossover study. The volunteers were given
50 mL/kg of Hartmanns solution or Normal saline
over 1 hour. The volunteers given Normal saline
displayed a lower blood pH at the end of the hour,
and a number of symptoms and signs not present in
the group given Hartmanns solution; their time to
first urination was longer, and they demonstrated
a higher incidence of abdominal pain, nausea, and
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lassitude and decreased perceived ability at abstract
thinking.

The administration of 50 mL/kg is a great deal
of fluid to give healthy volunteers—more than 3.5
L over 1 hour for a 75-kg subject. These volumes
of fluid are, however, comparable to the volumes
given to an under-resuscitated patient undergoing
major surgery, or to a critically ill patient in the in-
tensive care unit (ICU).

A more recent trial of similar design [18] repli-
cated these results, and showed a paradoxically
greater natriuresis in the group of volunteers given
a balanced salt solution when compared to nor-
mal saline, even though the saline contained more
sodium, suggesting a direct inhibitory chloride ef-
fect on the renal tubule, consistent with the earlier
in vitro work by Wilcox.

Clinical studies
Most of the clinical data that exists with regards
to hyperchloremia is focused on the intraoperative
surgical population, a group that often receives a
large intravenous fluid load over a relatively short
time. Again, the clinical data is most compelling
when examining renal function and coagulation.

With regards to renal function, in a random-
ized controlled trial on 180 cardiac surgical pa-
tients, Bennett-Guerrero et al. [19] demonstrated
an inferior outcome in several renal variables in the
group given a normal saline based regime, namely
reduced urine output, increased creatinine rise,
need for renal replacement and decreased creati-
nine clearance when compared to the group given
a balanced fluid regime.

A more recent randomized controlled trial in
patients undergoing renal transplantation demon-
strated an association between normal saline
infusion and hyperkalemia and acidemia postop-
eratively, which was an unexpected finding: tra-
ditionally saline has been favored over balanced
fluids for patients with renal failure due to the pres-
ence of potassium in the latter. The authors sug-
gest that the hyperkalemia associated with normal
saline infusion, which caused the trial to be pre-
maturely terminated, may be caused by an extra
cellular shift of potassium in response to increasing
academia [20]. The acidemia, in turn, is likely to

be caused by the reduction in the SID due to the
hyperchloremia.

Further data on renal dysfunction is available
from a nonsurgical patient group. Merten and
Burgess [21] recently observed that renal dysfunc-
tion in patients caused by intravenous administra-
tion of iodinated contrast agents may be alleviated
by intravenous prehydration, but that the type of
hydration matters. In their randomized controlled
trial of 119 patients undergoing a radiographic pro-
cedure involving the use of iodinated contrast, they
noted a significantly reduced incidence of renal
dysfunction in the patient group given intravenous
sodium bicarbonate compared to the group given
an equivalent volume of sodium chloride. It is in-
structive to note that equimolar concentrations of
sodium were given to both groups, with the only
difference being the presence of either bicarbonate
ions or chloride ions as the anion.

In a randomized double-blind controlled trial
on elderly surgical patients undergoing elective
major noncardiac surgery, Wilkes et al. demon-
strated reduced splanchnic perfusion using gastric
tonometry in a saline-based fluid group when
compared to a balanced fluid group [22]. The study
was terminated prematurely due to an increased
acidosis in the saline group, but despite this a trend
was noted toward more postoperative nausea
and vomiting (PONV) in the saline-based group.
The authors concluded that the hyperchloremic
acidosis from normal saline infusion impairs gastric
perfusion. In another recent clinical trial, Moretti
et al. demonstrated a significantly increased rate
of PONV associated with hyperchloremia following
infusion of normal saline-based fluids [23].

In a randomized controlled trial comparing nor-
mal saline infusion to lactated Ringer’s solution in
patients undergoing elective open abdominal aortic
aneurysm (AAA) repair, Waters et al. reported an
increased requirement for blood products and a
trend toward increased blood loss in the normal
saline group [24]. Similarly, in a clinical trial in-
volving patients undergoing elective surgery with
expected moderate to severe blood loss (�500 mL),
Gan et al. demonstrated a nonsignificant increase
in hemorrhage and a significantly greater amount
of red cells transfused in their normal saline based
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group when compared to the group given bal-
anced fluids. There were more coagulation related
adverse events in the saline-based group in this
study [25].

Coagulopathy was again demonstrated, this time
as manifested by abnormal TEG, in another clinical
trial comparing in perioperative patients the infu-
sion of a hydroxyethyl starch suspended in a nor-
mal saline vehicle with a similar starch suspended
in a balanced electrolyte vehicle [26].

Although the trial data we have discussed reveals
a difference in some aspects of patient morbidity,
no clinical trial to date has effectively demonstrated
a significant difference in patient mortality or other
markers of serious morbidity. For example, in
their randomized controlled trial of periopera-
tive elective AAA patients, Waters et al. did not
demonstrate a difference in mortality, length of
ICU stay, or time on the ventilator between their
balanced and normal saline groups, despite an in-
creased acidosis in the normal saline group. Similar
findings have been reported in other clinical trials
demonstrating differences in surrogate end points:
the question remains, however, whether the trials
were underpowered for mortality and significant
morbidity, or whether no such difference exists.

Hyperchloremia worsens base deficit, which may
cause the clinician to give further fluid, wrongly
considering the worsening acidosis to be a result
of poor perfusion. The extra fluid paradoxically
worsens the base deficit; this cycle of iatrogenic
injury will lead to inappropriate fluid therapy and
fluid overload. This has been demonstrated in
several groups of patients receiving large quantities
of normal saline with subsequent hyperchloremia,
including children with diabetic ketoacidosis and
adults undergoing major surgery. An understand-
ing of the quantitative physicochemical approach
may aid in diagnosing the cause of these complex
acid–base problems, and thus prevent iatrogenic
injury.

Conclusion

Hyperchloremia is a potent cause of acidosis. A
variety of homeostatic imbalances are caused by

hyperchloremia: some of these seem to be due to
metabolic acidosis, and some may be due to the
excess of chloride ion itself. Animal and human
volunteer studies have demonstrated that normal
saline infusion can have adverse effects including
reduced survival when compared to balanced fluid
infusion.

Patient outcome studies have shown significant
differences in some morbidity outcomes, in par-
ticular renal, gastrointestinal, and coagulation, but
have not demonstrated a difference in mortality.
This may be due to absence of effect, poor study
design, or lack of power from the existing clinical
studies.
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CHAPTER 17

Basic Principles of Oxygen Transport
and Calculations
Jean-Louis Vincent, Pongdhep Theerawit & Davide Simion
Department of Intensive Care, Erasme Hospital, Université Libre de Bruxelles, Brussels, Belgium

Introduction

Oxygen is an essential requirement for normal
cell activity involved in the provision of energy
by oxidative reactions. If oxygen availability is
limited, or there is an imbalance between oxygen
delivery and demand such that cellular oxygen
requirements are not met, cellular functions will
be impaired leading to cellular and organ dysfunc-
tion. Maintaining adequate oxygen transport is
therefore crucial to prevent cellular dysoxia. To
achieve this, a clear understanding of the principles
underlying oxygen transport in health and how
this may be altered in disease is essential.

Back to basics

Oxygen delivery (DO2) is the amount of oxygen
provided to the tissues per minute. DO2 is depen-
dent on the cardiac output and the arterial oxygen
content (CaO2) so can be calculated as follows:

DO2 = CO × CaO2

= CO × (oxygen bound to hemoglobin)

+ (oxygen dissolved in plasma)

= CO × (Hb × SaO2 × 1.39) + (PaO2 × 0.031)

where Hb is the hemoglobin concentration (g/L),
SaO2 (%) the hemoglobin oxygen saturation, 1.39

the amount of oxygen bound to 1 g of fully sat-
urated hemoglobin and PaO2 the arterial oxygen
tension. In normal conditions, dissolved oxygen
contributes minimally to CaO2 and can effectively
be neglected. However, in severe anemia (espe-
cially when blood is unavailable), the contribution
of the dissolved oxygen to tissue oxygen trans-
port becomes relatively more important if the pa-
tient is receiving 100% oxygen. The normal DO2 is
700–1000 mL/minute.

Oxygen consumption (VO2) is the amount of
oxygen taken up by the tissues per minute and is
dependent on the cardiac output and the arterial-
venous oxygen difference (CaO2−CvO2), so can be
calculated as follows:

VO2 = CO × (CaO2 − CvO2)

= CO × Hb × (SaO2 − SvO2) × k.

The normal VO2 is about 200–300 mL/min.
The oxygen extraction ratio (O2ER) is the

amount of oxygen taken up by the tissues in re-
lation to the amount of oxygen provided by them,
and can be calculated as follows:

O2ER = VO2

DO2

= CO × (CaO2 − CvO2)

CO × CaO2

= CaO2 − CvO2

CaO2

The normal O2ER is 25–30%.
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Figure 17.1 The VO2/DO2 relationship in physiological
(solid line) conditions and in pathophysiological
conditions (dotted line).

In physiological conditions, VO2 is independent
of DO2 because oxygen extraction can adapt to
counter changes in DO2 such that when DO2 de-
creases as a result, for example, of a decrease in
cardiac output or hemoglobin concentration, O2ER
will increase and VO2 will remain relatively stable
(Figure 17.1). However, if DO2 decreases below a
so-called “critical” point at which O2ER is unable to
increase further, VO2 will also start to be affected
and VO2 becomes DO2 dependent. Due to the in-
creased relative importance of the dissolved oxygen
in plasma during extreme anemia, hyperoxic ven-
tilation (100% O2) can significantly decrease the
Hbcrit at both systemic and regional levels [1]. In
certain conditions, e.g., sepsis, when oxygen ex-
traction capabilities are altered, the DO2/VO2 curve
is shifted to the right and the critical level of DO2,
at which VO2 becomes DO2 dependent, is higher
(Figure 17.1, dotted line) [2,3].

Effects of transfusion on cellular
oxygenation

Blood transfusions usually do not increase cellu-
lar VO2. Indeed, VO2 is generally independent of
DO2 in the absence of profound hemodynamic
alterations. VO2 increases following transfusions

only in the presence of hemorrhagic shock [4, 5]
and possibly severe respiratory failure [6, 7]. Even
DO2 does not always increase following a blood
transfusion.

To understand the effects of blood transfusions
on oxygenation, one must clearly separate ane-
mia and hemorrhage (Figure 17.2). Hemorrhage
is badly tolerated because of the associated hypo-
volemia, which decreases venous return and there-
fore cardiac output. Therefore, treatment of hem-
orrhage should focus primarily on the correction
of hypovolemia. In these conditions, DO2 increases
substantially by the increase in cardiac output. One
should also remember that in the initial phase of
hemorrhage, the hemoglobin concentration is still
normal or only slightly decreased, but will decrease
following the plasma reexpansion induced by in-
travenous solutions or fluid shifts from extravas-
cular compartments, by the phenomenon called
“transcapillary refill.” It is only when hypovolemia
is corrected that cardiac output can increase suffi-
ciently to compensate for the fall in hemoglobin.
However, normovolemic anemia can be remark-
ably well tolerated. Several elements can account
for this. First, cardiac output is increased by several
mechanisms, including a decrease in blood viscos-
ity and a sympathetic response that increases my-
ocardial contractility and heart rate. Second, there
is redistribution of cardiac output towards the vi-
tal organs (heart and brain). Third, there is an
increase in oxygen extraction by the tissues, mani-
fested by a decrease in mixed venous oxygen satu-
ration (SvO2).

Transfusions will obviously have opposite effects
to anemia, increasing blood viscosity and reduc-
ing the adrenergic response. It is intriguing to con-
sider that transfusions may result in a decrease in
myocardial contractility. Hence, cardiac output of-
ten decreases following transfusions in the normo-
volemic patient, and the increase in DO2 can be
minor or even absent. For example, Shah et al.
[4] observed in resuscitated trauma patients that
blood transfusion of one unit of RBC increased
hemoglobin from 9.2 ± 0.3 to 10.2 ± 0.3 g/dL,
but decreased cardiac output, so that DO2 did not
change.
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Figure 17.2 Effects of transfusions on DO2, in relation to the initial volume status.

The effects of transfusions on
oxygen extraction

If anemia is associated with a decrease in SvO2,
blood transfusions are also expected to increase
SvO2, i.e., to decrease oxygen extraction. From
above, the O2ER can be calculated from the CaO2

and CvO2, and hence also as:

O2ER = (CaO2 − CvO2)

CaO2

= (Hb × SaO2 × C) − (Hb × SvO2 × C)

Hb × SvO2 × C

= (SaO2 − SvO2)

SaO2

Hence, SvO2 is virtually the reverse of O2ER in
the absence of hypoxemia, i.e., when SaO2 is close
to 1.

It is interesting to note that O2ER itself is in-
fluenced, but not determined, by the hemoglobin
concentration. The relationship between cardiac in-
dex and O2ER can be useful to assess the effects of
transfusions on DO2 and VO2 (Figure 17.3) [8].

The microcirculatory effects of
blood transfusions

Even though hemoglobin levels increase in
large vessels, capillary hematocrit (or “micro-
hematocrit”) may not increase comparably. The
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Figure 17.3 Effects of transfusions on the relationship
between cardiac index and O2ER.
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microhematocrit is less than the systemic hema-
tocrit because of the Fahraeus effect. Red blood
cells, circulating in a vessel with a diameter less
than 300 �m, have a mean hematocrit less than
the hematocrit present in the supplying vessels.
This phenomenon is explained by the concentra-
tion of red blood cells in the center of the blood
vessel allowing them to move more rapidly. As
a result, increasing the systemic hematocrit has
very little effect on the capillary hematocrit for
levels greater than 20–25%. Moreover, within the
microcirculation, the hematocrit is very hetero-
geneous.

Transfused red blood cells, which have been
altered by storage lesions, may not penetrate the
microcirculation as well as native red blood cells.
The importance of the age of the red blood cell
remains controversial as current evidence does not
support a clinically relevant relationship between
the age of transfused red blood cells and morbidity
or mortality [9].

The effects of red blood cells on the microcir-
culation have not been well defined. Using the
orthogonal polarization spectral (OPS) imaging
technique, we studied the sublingual microcir-
culation before and after transfusion in patients
with sepsis who were moderately anemic [10]. Mi-
crovascular perfusion was not significantly altered
by transfusion of 1–2 units of red blood cells, but
there was considerable interindividual variation.
Further analysis revealed that changes in perfusion
were correlated with the initial perfusion, such that
transfusion improved perfusion in those patients in
whom perfusion was already altered at baseline but
not in those with normal perfusion at baseline [10].
Nevertheless, global hemodynamic effects were
similar in all patients. Hence, a simple interpreta-
tion is that the effect of red blood cell transfusion
(altered by storage lesions) in septic patients (in
whom red blood cells are altered by the inflamma-
tory response) is dependent on the initial degree
of microcirculatory alterations. Other techniques
allowing the microcirculation to be visualized or
assessed at the bedside, such as near-infrared spec-
troscopy, could be useful to determine the effects of
transfusions.

Conclusion

Maintaining adequate tissue oxygen is a funda-
mental aspect of the management of all critically
ill patients. The effects of blood transfusions on
cellular oxygenation are quite complex. Global
DO2 is influenced by cardiac output, hemoglobin,
and SaO2. In this short review, we did not consider
the influence of hypoxemia that would make our
analysis even more complex. Anemia and blood
transfusions both influence not only hemoglobin
concentrations but also cardiac output in a quite
complex fashion. Blood transfusions do not always
increase DO2 and are even less likely to increase
VO2. They usually decrease the ratio of VO2 over
DO2, i.e., O2ER. These global effects may not result
in parallel effects on the microcirculation, which
are also relevant for the cells and are influenced
by many factors related to the host and to the
characteristics of the transfused red blood cells. The
effects of blood transfusions on oxygen transport
are, therefore, difficult to predict.

References

1. Kemming GI, Meisner FG, Kleen M, Meier JM, Till-

manns J, Hutter JW, et al. Hyperoxic ventilation at

the critical haematocrit. Resuscitation 2003;56:289–

97.

2. Vincent JL, De Backer D. Oxygen transport—the oxy-

gen delivery controversy. Intensive Care Med 2004;

30:1990–96.

3. Squara P. Matching total body oxygen consumption

and delivery: a crucial objective? Intensive Care Med

2004;30:2170–79.

4. Shah DM, Gottlieb ME, Rahm RL, Stratton HH, Barie

PS, Paloski WH, et al. Failure of red blood cell trans-

fusion to increase oxygen transport or mixed ve-

nous PO2 in injured patients. J Trauma 1982;22:741–

6.

5. Steffes CP, Bender JS, Levison MA. Blood transfusion

and oxygen consumption in surgical sepsis. Crit Care

Med 1991;19:512–17.

6. Ronco JJ, Phang PT, Walley KR, Wiggs B, Fenwick JC,

Russell JA. Oxygen consumption is independent of

changes in oxygen delivery in severe adult respiratory



c17 BLBK256-Maniatis July 26, 2010 12:31 Trim: 246mm X 189mm Char Count=

Chapter 17 209

distress syndrome. Am Rev Respir Dis 1991;143:

1267–73.

7. Piagnerelli M, Vincent JL. Evaluation du seuil
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Introduction

Since the first major trial comparing restrictive (7
g/dL of hemoglobin concentration) versus liberal
(10 g/dL of hemoglobin concentration) red blood
cell (RBC) transfusion practice in euvolemic crit-
ically ill patients (the Transfusion Requirement In
Critical Care or TRICC study) [1], physicians appear
to have adopted lower RBC transfusion triggers
[2]. However, transfusion of RBCs is a potentially
life-saving therapy in case of major bleeding and
remains an essential and frequently performed
medical intervention. Recently, different studies re-
ported, in contrast to the TRICC trial, that a higher
transfusion trigger may have beneficial effects on
outcome. These studies included especially patients
with cardiac dysfunction [3,4], brain injuries [5–7]
or sepsis and alterations of the microcirculation
[8]. The apparent controversy between these dif-
ferent studies highlights the fact that hemoglobin
concentration alone is an insufficient indicator of
an individual’s need for RBC transfusion, as the
adequacy of the hemoglobin concentration in any
given situation depends on the tissue’s oxygen
requirements. This chapter will focus on the
tools currently available to the clinician to assess
tissue oxygenation during acute normovolemic
anemia.

Physiology of oxygen transport

RBCs are the key element for oxygen (O2) transport
from the air to the mitochondria in the cells [9]. In-
terestingly, on top of being an O2 transporter, RBCs
are now also considered as an O2 sensor capable to
induce vasodilatation in hypoxic conditions [9–13].
Oxygen transport to the tissues includes two main
biophysical principles: convection (bulk flow of
blood) and diffusion (random movement of O2

molecules) [14]. As blood flow passes through the
lungs, O2 diffuses down its partial pressure gradient
from the alveoli into the bloodstream where it
combines with hemoglobin in the RBCs and is
carried by convective transport through the heart
and further down to the large and small arteries
into the microcirculatory vessels. At this level, the
partial pressure gradient favors diffusion from the
RBC to the tissue [14, 15]. The microcirculation,
including arterioles, capillaries, venules, and lym-
phatic vessels with a diameter �100 �m is the
essential site of O2 exchange [16]. Within individ-
ual organs, the distribution of blood flow and thus
RBC supply is, by nature, heterogeneous. Blood
flow heterogeneity develops down the arteriolar
tree into the microcirculation, where the distri-
bution of flow is actively regulated by changes in
vascular resistance and perfusion pressures which
originate primarily from arterioles. Even changes
in the resistance of the smallest terminal arterioles
may be followed by a significant redistribution of
RBC flow within the capillary network. Blood flow
within the microcirculation is also influenced by
different factors such as blood viscosity and its ef-
fects on endothelial wall shear stress [17] that may
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influence the vascular tone through generation of
vasoactive substance like nitric oxide.

Oxygen-derived variables

O2 delivery, O2 consumption, and O2
extraction
O2 delivery (DO2) represents the amount of O2

delivered to the tissues per minute, and O2 up-
take (VO2) represents the total of O2 consumed in
the body per minute. Global DO2 is the product of
the cardiac output and arterial O2 content (CaO2).
CaO2 is the product of the arterial O2 saturation
(SaO2), hemoglobin concentration, and an invari-
able, reflecting the hemoglobin–O2 binding capa-
city.

VO2 can be directly measured from expired gas
analysis taking into account the inspiratory and ex-
piratory concentration of O2, the CO2 production,
and the minute ventilation using the formula: VO2

= VCO2/RQ, where RQ is the respiratory quotient.
Disadvantages of this technique are complexity of
measurement of expiratory gases, need of a patient
in stable conditions, and possible errors of measure-
ment when high FiO2 are required [18].

VO2 can also be calculated by the Fick method
using the formula:

VO2 = CI × ([Hb] × 1.39 × [SaO2 − SvO2]

+ 0.0031 × [PaO2 − PvO2],

where CI represents the cardiac index, [Hb] the
hemoglobin concentration, 1.39 the O2 fixation ca-
pacity of 1 g of hemoglobin, SaO2 the arterial O2

saturation, SvO2 the mixed venous O2 saturation,
PaO2 the arterial partial pressure of O2, and PvO2

the mixed venous partial pressure of O2.
In a healthy adult, VO2 is approximately 250

mL/minute at rest. When DO2 decreases, VO2 is
maintained by an increased in O2 extraction (EO2),
since EO2 = VO2/DO2 or (SaO2 − SvO2/SaO2). EO2

and SvO2 are thus linked by a simple equation:

EO2 = 1 − SvO2. Assuming SaO2 = 1, when

SvO2 is 70%, EO2 is 30%.

When DO2 decreases beyond a certain threshold,
the increase in EO2 becomes insufficient to main-
tain VO2, which in turn begins to decrease (the
“oxygen supply dependency”). This phenomenon
indicates that tissue O2 demand is no longer en-
countered. Below this point (critical DO2), the
decrease in VO2 is associated with an increase
in lactic acid production [18] and an inadequate
supply of ATP relative to cellular requirements. In
humans, the critical SvO2 is approximately 40–50%
corresponding to a critical EO2 of approximately
50–60% [18,19].

The relationship between VO2 and DO2 can be
used to assess the adequacy of tissue oxygenation.
However, the measurements of all of these param-
eters involves invasive catheterizations, complex
calculations and can be criticized because of the
possible mathematical coupling of the data (mea-
surements of CI, hemoglobin concentration, and
arterial O2 concentration used in the calculation of
both parameters may alter the physiological rela-
tion between them) [20], or cumbersome equip-
ment if metabolic carts are used to measure VO2.

The relationship between CI and EO2 (CI/EO2 �

10) may provide a useful means of monitoring tis-
sue oxygenation, especially in anemic cardiac crit-
ically ill patients [21]. Indeed, CI/EO2, which is
around 12 (3/0.25) in healthy humans, is relatively
stable in the event of isovolemic hemodilution
[22, 23]. In patients with hypovolemia or with an
altered cardiac function, CI/EO2 decreases, whereas
patients with sepsis may show an increased CI/EO2

ratio [24].

Venous O2 saturation
SvO2 is easily measured at the bedside either
intermittently, or continuously with fiber optic
modified catheters, although it requires invasive
monitoring. Measurement of central venous O2

saturation (ScvO2) via central venous catheter re-
flects principally the rate of O2 extraction at the
level of the brain and the upper part of the body
[25]. Several factors may limit the interpretation
of a SvO2 or ScvO2 value. Indeed, these parame-
ters only provide information on global EO2 of a
given territory and the ability to extract O2 varies
considerably from one tissue to another [25]. For
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example, the O2 saturation of the coronary venous
blood is physiologically lower (37%) than that of
renal venous blood (92%) [25]. In pathologic con-
ditions such as septic shock, peripheral EO2 is al-
tered and SvO2 remains high, being therefore of
little help. Moreover, the value of SvO2 depends
on the position of the oxyhemoglobin dissociation
curve. For the same PvO2 value, the SvO2 will be
lower in case of acidosis, which explains the right
shift of the hemoglobin–O2 affinity curve (Bacroft
curve) [9]. Nevertheless, this is not clinically rel-
evant if SVO2 or SvcO2 are continuously or fre-
quently measured with a cooximeter.

Blood lactate concentrations

Lactate is the end product of the glycolysis. A total
of 15–20 mEq/kg/day is released by many tissues
including RBCs, skeletal muscle, and skin. Lactate
is produced from pyruvate degradation through
the lactate dehydrogenase enzyme and concentra-
tion �2 mEq/L provides generally evidence of in-
adequate tissue oxygenation [26]. Several studies
have shown that blood lactate levels rise when
the critical EO2 level is reached during hemod-
ilution [27–29]. However, elevated blood lactate
concentrations do not necessarily reflect anaero-
bic metabolism secondary to cellular hypoxia. In-
deed, tissue hypoxia and anaerobic metabolism
cannot be sustained for a long period of time with-
out inducing cell death, as the energy produced
by anaerobic metabolism is quite low compared
to aerobic metabolism [26]. Mild hyperlactatemia
(2–4 mEq/L) in hemodynamically stable septic pa-
tients is probably not related to tissue hypoxia [26].
Other mechanisms, including activation of aero-
bic glycolysis with increased pyruvate availability
[30], altered lactate clearance because of liver fail-
ure (function and/or perfusion), or increased lac-
tate regional production (lungs in acute lung in-
jury, white blood cells stimulated by endotoxins)
may also cause an increase in blood lactate concen-
tration [31,32]. Lactate levels are easily and rapidly
measured at the bedside and the assessment of re-
peated values with calculation of the early lactate
clearance is of more interest than an isolated lactate

value [33]. It must also be remembered that blood
lactate concentrations represent, as does SvO2, a
global marker of oxygenation and offer no infor-
mation about local perfusion.

Assessment of the
microcirculation

Microcirculation, which includes vessels with a di-
ameter �100 �m, plays a central role in tissue oxy-
genation, because it is across the walls of the mi-
crovessels that O2 diffuses from the blood to the
cells within each tissue. Alterations at this circula-
tory compartment level are frequently observed in
critically ill patients [34, 35]. Reduction of the mi-
crocirculation shunting is a new therapy in provid-
ing adequate tissue O2.

Different techniques allowing the assessment of
the microcirculation have been recently developed.
Nevertheless, all of these techniques need con-
firmation for their usefulness in measuring tissue
oxygenation in the clinical setting.

The orthogonal polarization
spectroscopy imaging
The orthogonal polarization spectroscopy (OPS)
imaging is a newly developed noninvasive tech-
nique that allows direct visualization of the micro-
circulation [36]. The technique has been described
in detail elsewhere [36]. Briefly, polarized light il-
luminates the area of interest, is then reflected by
the background, and is absorbed by hemoglobin.

Specific optical filtration allows the elimination
of the light reflected at the surface of the tissue to
produce high-contrast reflected light images of the
microcirculation. Hence, RBCs appear dark, while
white blood cells and platelets may sometimes
be visible as refringent bodies. Vessels are only
visible if they content RBCs. For this reason, the
technique is especially convenient to study tissues
characterized by a thin epithelial layer, such as mu-
cosal surfaces (rectum, vaginal, sublingual area) al-
though other microcirculation beds, like at the level
of the brain have also been studied [37,38].

Compared to healthy volunteers, patients with
cardiogenic and septic shock exhibited a decreased
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capillary density and a reduction in the proportion
of perfused capillaries [34,35,39,40]. Interestingly,
persistence of such microcirculatory alterations
has been associated with a poor outcome and this
independently of the systemic hemodynamic status
[34, 40]. These alterations of the microcirculation,
studied by the OPS imaging technique, could be
modulated by various therapeutic interventions,
including nitric oxide donors and dobutamine
administration [41, 42]. Sakr et al. [8] reported
recently on the effect of RBCs transfusion in stable
septic patients. These authors observed that in
patients with altered baseline microcirculation,
transfusion was associated with an increased
number of perfused capillaries. In contrast, in
patients with well-preserved baseline microcircu-
lation, transfusion was associated with a decreased
capillary density. This study highlights the possible
beneficial role of the assessment of the microcircu-
lation before deciding to transfuse an anemic septic
patient. However, this technique presents several
limitations: it is time consuming and observer-
dependent, and requires a very cooperative or
adequately sedated patient. Moreover, as described
above, only vessels that contain RBCs can be ob-
served due to the light absorbance of hemoglobin.
All of these factors therefore restrict the routine use
of this technique. In addition, comparison of the
results reported in different studies is sometimes
difficult, as different scoring indices of flow have
been developed to quantify the alterations of the
microcirculation. A recent round table conference
proposed to uniform the scoring indices in char-
acterizing the flow and images quality assessment
[43]. Nevertheless, heterogeneity in microvascular
blood flow and oxygenation exists between organs
and may change dramatically during critical peri-
ods [44]. In the scope of all this, more investigation
into OPS imaging is required before it can be
recommended for routine use at the bedside.

Gastric tonometry and the sublingual
partial pressure of carbon dioxide
(PslCO2)
Gastric tonometry was developed more than 15
years ago, as a tool to evaluate splanchnic perfusion
in critically ill patients. According to the Fick equa-

tion, the determinants of tissue PCO2 are tissue CO2

production and blood flow. In low-flow states tis-
sue hypercapnia is due to stagnation of CO2 [45].
Therefore, the PCO2 gap (difference between arte-
rial and gastric intramucosal PCO2) could provide
useful information about splanchnic oxygenation.
As the gut appears to be the first organ to suffer
during circulatory shock, monitoring of tissue oxy-
genation at this level may be of great value in criti-
cally ill patients. Gastric tonometry has shown that
prolonged mucosal acidosis was a sensitive predic-
tor of poor outcome in critically ill patients and
resuscitation therapy guided by gastric tonometry
could be associated with a decreased mortality in
this high-risk population [46]. Bacher et al. [47]
studied the effect of moderate isovolemic hemodi-
lution from a hematocrit of 40–34% on gastric mu-
cosal pH during cardiac surgery. These authors ob-
served a better preservation of the gastric mucosal
pH in the hemodiluted patients than in those of
the control group. However, routine clinical use
of this technique is hampered by several method-
ological problems. The most important one relies
on the fact that the increased gradient between
mucosal and arterial PCO2 is not always due to
an imbalance between perfusion and metabolism.
Indeed, the relationship between carbon dioxide
partial pressure and content is not linear when
O2 saturation, hemoglobin, and/or the arterial-
venous pH difference change [48, 49]. Some years
ago, Weil et al. [50] reported that in hemorrhagic
shock, sublingual partial pressure of carbon diox-
ide (PslCO2) and gastric tonometry revealed par-
allel alterations, suggesting that both areas can be
similarly affected during acute circulatory failure.
More recently, several studies reported that PslCO2

measurements may correlate with the severity of
shock and outcome in emergency room [51] or
in intensive care unit [52, 53]. Also, Creteur et al.
[53] observed in 12 patients with septic shock that
PslCO2 was correlated with the proportion of well-
perfused capillaries as assessed by the OPS imaging
technique. Moreover, infusion of dobutamine at
5 �g/kg minute induced an increased capillary per-
fusion and a decreased PslCO2 gap (Figure 18.1),
suggesting that the regional microcirculatory blood
flow should be the main determinant of PslCO2
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Figure 18.1 Individual effects of a dobutamine infusion
(5 �g/kg minute during 90 minutes) on sublingual to
arterial PCO2 gradient (PslCO2 gap; mmHg) and the
proportion of well-perfused capillaries investigated by
the OPS technique in 12 patients in the early phase of
septic shock. Adapted from Creteur et al. [53].

[53]. Although PslCO2 appears a promising tech-
nique, its usefulness as a clinical tool in transfusion
decision making remains to be demonstrated.

The near-infrared spectroscopy
The near-infrared spectroscopy (NIRS) has been re-
cently proposed as a rapid and noninvasive tech-
nique for the measurement of blood flow and tis-
sue oxygenation, both in the muscles and the brain
[54–56]. This technique determines tissue O2 sat-
uration using the principles of light transmission
and absorption. Indeed, NIRS measures oxygenated
and deoxygenated hemoglobin as well as the re-
dox state of the cytochrome aa3. It determines
a parameter, which is an average of O2 satura-
tion values of arterial, venous, and capillary vas-
cular beds, according to the law of Lambert–Beer
[57]. Cytochrome aa3 is the terminal cytochrome
of the respiratory chain, responsible for 90% of
cellular O2 consumption through oxidative phos-
phorylation [58]. Using this technique, muscular
blood flow and VO2 were recently studied in crit-
ically ill septic patients after an occlusion test of the
brachial artery [55, 59]. In these patients, the rela-
tive inability of muscular tissue oxygenation to re-
cover after such an ischemic challenge was associ-
ated with a poor outcome. Interpretation of NIRS
measurements at the bedside can be hampered by

the presence of artifacts, related to light contami-
nation through scatter and absorption. Some clini-
cal studies have assessed the usefulness of the NIRS
technique in the context of blood transfusion and
hemodilution. Torella and coworkers studied the
effects of RBC transfusions in 29 patients undergo-
ing aortic or spinal surgery [60]. They observed an
increase in the peripheral O2 saturation after trans-
fusion, correlating with the volume of blood trans-
fused. In another work, the same authors observed
a decrease in gastrocnemius muscle O2 satura-
tion in 30 patients undergoing acute normovolemic
hemodilution to target hemoglobin of 11 g/dL [61].
Further studies are needed to determine if the pa-
rameters provided by the NIRS technology can be
of clinical interest in evaluating the individual need
for blood transfusion in critically ill patients.

Conclusions

Assessment of tissue oxygenation during anemia
represents a key factor in evaluating the need for
blood transfusion in critically ill patients. Most of
the clinical tools provide information on global tis-
sue oxygenation and many of them imply invasive
monitoring.

Studying the microcirculation represents proba-
bly the best approach to assess the O2 transport–
consumption relationship. New techniques have
been developed to directly evaluate the microcir-
culation (OPS, PslCO2, NIRS). Nevertheless, these
techniques are still under investigation and present
pitfalls that limit their clinical use. Currently, the
decision to transfuse must be individually eval-
uated with careful consideration of all available
oxygenation parameters in conjunction with the
patient’s clinical and hemodynamic status and co-
morbidities.
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CHAPTER 19

Tissue Oxygenation and Blood
Transfusion
Stefan Suttner & Joachim Boldt
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Introduction

Indications for
transfusion—transfusion trigger
Transfusion of packed red blood cells (PRBCs) is
a potentially life-saving therapy in case of major
bleeding and remains an essential and frequently
performed medical intervention. The American
Association of Blood Banks reports that in 2004
nearly 29 million units of blood components were
transfused, including 14 million units of PRBCs [1].
Up to 80% of these transfusions are administered
to surgical and critically ill patients. In 1995,
Corwin et al. reported that 85% of critically ill
patients who remained in the intensive care unit
(ICU) longer than 1 week received blood transfu-
sions [2]. The mean volume of PRBCs transfused
was 9.5 units per patient. More recently, the
prospective, multicenter, observational cohort
CRIT study (Anemia and Blood Transfusion in
the Critically Ill—Current Clinical Practice in the
United States), which included 4892 medical and
surgical ICU patients, reported an overall transfu-
sion rate of 44% among patients in the ICU [3].
With an aging population and further advances in
medical treatments and procedures requiring blood
transfusions, the demand for blood continues to
increase. Despite the widespread use of PRBC
transfusions, for a variety of reasons, the number
of indications in which such transfusions are

appropriate is quite limited. In an analysis of nine
studies assessing the appropriateness of red cell
transfusions, inappropriate rates of 18–55% have
been reported [4]. However, substantial variation
was found in the criteria for an appropriate or an
inappropriate transfusion. In an effort to reduce
the perceived overtransfusion of blood and blood
components, guidelines for blood transfusion have
been issued by several organizations, including a
consensus conference of the American National
Institutes of Health, the American College of Physi-
cians, the American Society of Anesthesiology, and
the Society of Thoracic Surgeons [5–8] (Table 19.1).

These guidelines recommend that PRBCs should
be administered only when the hemoglobin (Hb)
concentration is low (e.g., less than 6 g/dL in
a young, healthy patient), especially when the
anemia is acute. Red blood cells (RBCs) are usually
unnecessary when the Hb concentration is more
than 10 g/dL. The determination of whether inter-
mediate Hb concentrations (i.e., 6–10 g/dL) justify
or require PRBC transfusion should be based on
any ongoing indication of organ ischemia, potential
or actual ongoing bleeding (rate and magnitude),
the patient’s intravascular volume status, and the
patient’s risk factors for complications of inade-
quate oxygenation [8]. The use of a single arbitrary
Hb based transfusion trigger for all patients (i.e., Hb
of 10 g/dL) is not recommended [8]. Specifically
discouraged was the use of transfusion to enhance
a sense of well-being of the patient, to promote
wound healing, as a prophylactic measure in the
absence of signs and symptoms, or to expand
intravascular volume in the absence of evidence of
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Table 19.1 American Society of Anesthesiology
Guidelines for transfusion of red blood cells (RBCs) in
adults [8].

• Transfusion for patients with Hb level of less than 6 g/dL
is indicated, especially when anemia is acute

• Transfusion is rarely indicated when the Hb
concentration is greater than 10 g/dL

• For stable patients with Hb level between 6 and 10 g/dL,
the benefit of transfusion is unclear
• The use of a single Hb “trigger” for all patients is not
recommended
• Indications for transfusion of autologous RBCs may be
more liberal than for allogeneic RBCs

inadequacy in oxygen-carrying capacity or oxygen
delivery.

Useful transfusion triggers should rather consider
signs of inadequate tissue oxygenation that may
occur at various Hb concentrations depending on
the patient’s underlying diseases. These “physio-
logical” transfusion triggers can be based on signs
and symptoms of impaired global or regional tis-
sue oxygenation. However, before transfusion deci-
sions based on physiological transfusion triggers are
made, maintenance of strict normovolemia by the
use of crystalloid and colloids has to be ensured [9].

Physiology of oxygen transport

Knowledge of the basic principles of oxygen trans-
port and the physiology of anemia is a prerequisite
for meaningful RBC transfusion decisions [10].
Thus, we emphasize some basic principles. The
main function of RBCs is O2 transport from the
atmosphere to the mitochondria. The transport of
O2 from the atmosphere to the cell involves two
biophysical principles: convection (i.e., bulk flow
of blood) and diffusion (i.e., random movement of
O2 molecules). As blood passes through the lung,
oxygen diffuses down its partial pressure gradient
from the alveoli into the bloodstream where it
combines with Hb in the RBCs and is carried by
convective transport through the heart and large
and small arteries to the microcirculatory vessels

where the partial pressure gradient favors diffusion
from the RBC to the tissue [11].

The microcirculation usually is defined as that
part of the vascular tree comprising blood vessels
smaller than 100 �m, including arterioles, capillar-
ies, and venules. Its many branches, which expand
the oxygen exchange area and its close proximity
to the cells, make the microcirculation ideal for
oxygen exchange with surrounding tissue. Within
individual organs, a heterogeneous distribution of
blood flow, and thus RBC supply, is physiological
[11, 12]. Blood flow heterogeneity continues
down the arteriolar tree into the microcircula-
tion, where the distribution of flow is actively
regulated by changes in vascular resistance and
perfusion pressures which originate primarily from
arterioles. Even changes in the resistance of the
smallest, terminal arterioles may be followed by
substantial redistribution of RBC flow within the
capillary networks [11, 12]. Blood flow within the
microcirculation is also subject to passive control,
for example, when altered by rheologic influences
and network geometry (Figure 19.1).

The concept of critical oxygen
delivery/critical Hb level
The amount of oxygen available to the cell is deter-
mined by the adequacy of cardiorespiratory func-
tion, Hb concentration, the redistribution of cardiac

Mediators
of inflammation

Endothelial
function

Micro-
circulation

Hematocrit

Global
oxygen

transport
Activation

of leukocytes

Tissue
temperature

Vascular
sclerosis

Blood viscosity

Figure 19.1 Factors influencing microcirculation.
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output to the various organs, and to regulation of
the microcirculation.

The amount of O2 delivered, either to the whole
body or to specific organs, is the product of blood
flow and arterial O2 content. For the whole body,
O2 delivery (DO2) is the product of total blood
flow or cardiac output (CO) and arterial O2 content
(CaO2).

The arterial oxygen content is expressed by the
following formula:

CaO2 = (Hb · 1.39 · SaO2) + (0.0031 · paO2)

where Hb is the hemoglobin concentration (in
g/dL), 1.39 is the oxygen carrying capacity of Hb
(in mL O2/g Hb), SaO2 denotes arterial oxygen sat-
uration, and paO2 denotes arterial partial pressure
of oxygen; 0.0031 is the solubility coefficient of
oxygen in plasma at 37◦C (mL O2/mmHg pO2). In
terms of CaO2, more than 99% of O2 is transported
by Hb and only a negligible amount is dissolved in
the plasma fraction at ambient paO2 in room air.
Thus, under most circumstances, DO2 can be calcu-
lated by

DO2 = CaO2 · CO

It is important to note that blood flow, which is
one of the key determinants of DO2, is regulated
not only at the level of the central circulation (as
represented by CO in the formula above) but also
at the regional level and the microcirculatory level.
The latter is primarily determined by the autonomic
control of vascular tone and local microvascular
responses and to the degree of affinity of the Hb
molecule for oxygen.

Under physiological conditions DO2 exceeds O2

consumption (VO2) by a factor of up to 4, resulting
in an oxygen extraction ratio (O2ER) of 20–30%.
Consequently, even a marked isolated decrease
in Hb concentration with all other determinants
remaining constant will still result in sufficient DO2

to meet tissue oxygen requirements. However,
below a critical threshold of Hb concentration
there will be a decrease not only in DO2 but also
in VO2. This relationship between VO2 and DO2 is
referred to as the concept of critical DO2 or critical
Hb level. Above the critical DO2/critical Hb level
tissue oxygenation is sufficient as represented by

VO2

Critical DO2

DO2

Lactate

- Hb
- CO 
- SaO2

↓
↓

↓

Figure 19.2 Relationship between systemic oxygen
delivery and oxygen consumption. The VO2 decreases
only when the DO2 falls below a critical threshold
(critical DO2); this is associated with an increase in
lactate.

a constant VO2, which is thus “DO2 independent.”
By contrast, below the critical DO2/critical Hb level
oxygen demands are no longer met, resulting in
a decrease in VO2. This state is characterized by a
“VO2–DO2 dependency” and the development of
tissue hypoxia (Figure 19.2) [13, 14]. This whole
body shift to anaerobic metabolism might be the
absolute indicator for RBC transfusion. From a
physiological point of view, the expected benefit
of a RBC transfusion at this threshold would be
an increase in VO2 and DO2 and prevention of
irreversible cellular injury.

The point of systemic critical O2 delivery/critical
Hb level, however, may vary according to the indi-
vidual patient’s ability to tolerate and compensate
for anemia [9, 10, 13]. Factors affecting a patient’s
response to decreased Hb concentration, and thus
the factors that should influence the physician’s
decision to transfuse, include the patient’s car-
diopulmonary reserve (determined by the presence
or absence of cardiac and/or pulmonary disease),
the rate and magnitude of blood loss (actual and
anticipated), oxygen consumption (affected by
body temperature, drugs/anesthetics, sepsis, mus-
cular activity), and atherosclerotic disease (cere-
brovascular, cardiovascular, peripheral, renal) [8].

The critical Hb level cannot be defined in a
generally applicable way, but it is intriguing to
learn that even extreme acute normovolemic
hemodilution (ANH) to a Hb concentration of
5 g/dL was well tolerated in otherwise healthy
humans [16]. No signs of compromised DO2, such
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as a decrease in VO2 or an increase in lactate, were
observed, not even after further compromising
DO2 by acute �-blockade suggesting that a Hb
concentration of 5 g/dL was not yet critical [16].
The critical Hb level can only be defined for certain
organs, specific situations and disease states, and
particular age groups [15]. Anemia is believed to be
less well tolerated in older patients, in the critically
ill, and in patients with clinical conditions such as
coronary, cerebrovascular, or respiratory disease.

Patients with coexisting cardiac diseases may be
at particular risk of developing inadequate oxy-
genation and cardiac complications at low Hb levels
even when normovolemic. Anesthetized patients
with severe coronary artery disease (CAD) toler-
ated ANH to a Hb concentration of 9.9 ± 0.2 g/dL
without evidence of myocardial ischemia [17]. In-
creases in cardiac output and oxygen extraction
compensated the decrease in arterial oxygen con-
tent due to ANH completely. However, the exact
Hb level associated with myocardial ischemia is
variable and depends on the degree of coronary
stenosis and whether it is a one- or a multivessel
CAD [16,17].

Elderly patients (65–88 years of age) without
known cardiac disease tolerate moderate ANH to
a mean Hb concentration of 8.8 g/dL well and
were capable of fully compensating the decrease
in arterial oxygen content by increases in cardiac
output and oxygen extraction [19]. None of
these patients was hemodynamically unstable or
showed evidence of myocardial ischemia before
retransfusion. Thus, hemodynamic tolerance of
low Hb levels was well preserved in elderly patients
without clinical evidence of cardiac disease.

However, the above results do not exclude that
tissue ischemia could develop earlier in some areas
due to a higher regional critical O2 delivery, espe-
cially in acute blood loss and when hypovolemia
complicates anemia.

Measuring tissue oxygenation and
microcirculatory flow
As mentioned earlier, assessment of the adequacy
of oxygen supply to organs and tissues is essential
to guide transfusion decisions. Whether RBC
transfusion actually restores tissue oxygenation is

difficult to determine due to the lack of appropriate
clinical monitoring techniques [20,21]. Monitoring
of tissue oxygenation and organ function in the
clinical setting is largely based on measuring
traditional variables of resuscitation, such as global
hemodynamics, pulse oximetry, capillary refill,
urine output, or indirect biochemical markers.
However, these parameters remain as insensitive
indicators of dysoxia and are considered to be
poor surrogates for the oxygen availability at tissue
levels, since tissue oxygenation is determined by
the net balance between cellular oxygen supply
and oxygen demand [20, 21]. Furthermore, the
fact that continuing regional tissue dysoxia can
persist despite the presence of an apparently
normal adequate systemic blood flow, pressure,
and arterial oxygen content, highlights the need
for specific indices of oxygenation at tissue level
[22, 23]. Methodologies to detect tissue dysoxia
and oxygen debt can grossly be subdivided into
two groups, namely techniques directed at the
assessment of oxygenation at the systemic level,
and monitoring techniques for measurements at
the organ level (Table 19.2).

Oxygen delivery, oxygen uptake, and oxygen
extraction ratio
The relationship between DO2 and VO2 can be
used to assess the adequacy of tissue oxygenation.
However, measurement of DO2 and VO2 requires
right heart catheterization to measure cardiac out-
put or is technically demanding and expensive if
metabolic carts are used to measure VO2. However,
the interpretation of DO2/VO2 relationships has
been criticized because of mathematical coupling
[23]. However, this is only the case if DO2 and VO2

are determined from right heart catheterization.

Mixed venous oxygen saturation
Mixed venous oxygen saturation (SvO2) can be
readily measured from blood gas analysis derived
at the bedside either intermittently or continu-
ously with fiberoptic pulmonary artery catheters.
Since the pulmonary artery carries blood from all
vascular beds of the organism, mixed venous blood
may represent the amount of oxygen in systemic
circulation that is left after passage through the
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Table 19.2 Clinical techniques to monitor tissue oxygenation and microcirculatory flow.

Monitor Method Variables Global/regional Invasive/noninvasive

Systemic oxygenation Pulmonary artery catheter VO2/DO2/ERO2 Global Invasive

Mixed venous O2

saturation
Pulmonary artery
catheter—blood gas
analyses

SVO2 Global Invasive

Lactate Laboratory—enzymatic
testing

Lactate Global Invasive

Gastrointestinal
tonometry

Measurement of pCO2 in
an air- or saline-filled
balloon

PrCO2/pCO2 gap pHi Regional Minimally invasive

Near-infrared
spectroscopy

Absorbance analysis of
near-infrared light

Hb/O2Hb cytochrome aa3 Regional Noninvasive

Oxygen electrodes Polarographic probes PO2 Regional Minimally invasive

Orthogonal
polarization spectral
imaging

Scattered polarized light Diameter of vessels,
velocity of RBCs, functional
capillary density

Regional Noninvasive

Sidestream darkfield
imaging

LEDs emit green light
which directly illuminates
the tissue microcirculation

Diameter of vessels,
velocity of RBCs, functional
capillary density

Regional blood
flow

Noninvasive

VO2, oxygen consumption; DO2, oxygen delivery; ERO2, oxygen extraction ratio; SvO2, mixed venous oxygen saturation;
prCO2, regional gastric CO2 tension; pCO2gap, arterial-to-intramucosal pCO2 difference; pHi, gastric intramucosal pH;
Hb/O2Hb, deoxygenated/oxygenated Hb; pO2, partial pressure of oxygen.

tissues. Thus, SvO2 might serve as a parameter
of global oxygenation. Determinants of SvO2 are
SaO2, systemic VO2, CO, and Hb concentration,
with

SvO2 = SaO2 − VO2

1.39 · Hb · CO

Accordingly, an increase in VO2 and a decrease in
Hb, CO, and arterial oxygenation will result in a de-
crease of SvO2. Interpretation of SvO2 values might
be difficult in conditions where DO2/VO2 relation-
ships are altered. For example in sepsis, arterial-
venous microcirculatory shunting may increase
SvO2, thus preventing adequate tissue oxygena-
tion, while regional tissue dysoxia is present [22].

Arterial lactate
Lactate is formed from pyruvate by the cytosolic
enzyme lactate dehydrogenase and lactate concen-
trations �2 mmol/L are generally considered as a
biochemical indicator of inadequate oxygenation
[24]. Circulatory failure and impaired tissue per-

fusion is the most common cause of lactic acidosis
in intensive care patients. However, a number
of mechanisms other than impaired tissue oxy-
genation may cause an increase in blood lactate,
including activation in glycolysis, reduced pyruvate
dehydrogenase activity, or liver failure [25, 26].
Therefore, understanding the complex process of
tissue lactate production and utilization is impor-
tant to understand the usefulness and potential
limitations of monitoring blood lactate levels.

Measurement of global DO2, VO2, O2ER, SvO2,
and blood lactate may all provide means of as-
sessing global oxygenation. They are not sufficient
parameters, however, to indicate abnormalities in
regional perfusion and oxygen balance.

Gastric mucosal tonometry
The introduction of gastric or sigmoid mucosal
tonometry for the measurement of intraluminal
carbon dioxide has enabled the clinician to change
focus from global oxygen transport to regional
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tissue oxygenation. Measuring the regional gastric
CO2 tension (prCO2) photometrically with infrared
spectrometry via a special gastric tube and calcu-
lating the arterial-to-intramucosal pCO2 difference
(pCO2gap) and gastric intramucosal pH (pHi)
provide valuable information about splanchnic
perfusion [27–30]. Thus, tonometer measurements
might provide an insight in a region of the body
that is among the first to develop an inadequacy
of tissue oxygenation in circulatory shock and
the last to be restored by resuscitation [27]. Gas-
trointestinal tonometry has been evaluated in
various situations during surgery and intensive
care [27, 28]. As a result, it has been shown that
prolonged acidosis in the gastric mucosa might be
a sensitive but not specific predictor of outcome in
critically ill patients [27,28].

Near-infrared spectroscopy
Near-infrared spectroscopy (NIRS) is a continuous
noninvasive method applying the principles of light
transmission and absorption to determine tissue
oxygen saturation. NIRS measures oxygenated
and deoxygenated Hb as well as the redox state
of cytochrome aa3 (cyt aa3) as an average value
of arterial, venous, and capillary blood according
to the law of Lambert–Beer. cyt aa3, the terminal
cytochrome of the respiratory chain, is respon-
sible for approximately 90% of cellular oxygen
consumption through oxidative phosphorylation
[31]. Since the redox state of cyt aa3 is primarily
determined by available oxygen, a decrease in
cellular oxygen delivery results in a reduction of
oxidative phosphorylation and a decreased oxida-
tion level of cyt aa3. Monitoring the redox state
of cyt aa3 might therefore be a key indicator of an
impaired cellular oxidative metabolism and tissue
dysoxia. Although NIRS may be applied to almost
any organ, it has mainly been used in studies
investigating cerebral or muscle oxygenation after
different types of hypoxic injuries [31, 32]. The
main limitation of NIRS in the clinical setting is
the inability to make quantitative measurements
because of the contamination of light by scat-
ter and absorption [31, 32]. Moreover, normal
values for regional tissue oxygen saturation in
organs like the brain or skeletal have not yet been
established.

Tissue oxygen tensions
Monitoring tissue oxygen tensions has become
feasible for clinical use by the development of
miniaturized implantable Clark electrodes. These
polarographic oxygen sensors enable us to mea-
sure oxygen partial pressure in tissues (ptiO2),
organs, and body fluids directly and continuously.
PtiO2 values correspond to oxygen availability on
a cellular level and provide information about
oxygen supply and utilization in specific tissue beds
[22]. Tissue oxygen tension has been measured
successfully in intensive care as well as during
several other surgical procedures [33–37]. Studies
on the critical threshold of ptiO2 after traumatic
brain injury showed that the absolute level of
oxygenation in the cerebral white matter was a
reliable predictor of neurological outcome [34,35].
However, organs like the brain are not readily
accessible and thus not suitable for clinical routine
monitoring. Monitoring muscle pO2 might provide
an early and reliable indicator of stagnant blood
flow and tissue dysoxia. Moreover, it is easily
accessible and reacts to hemorrhage, resuscita-
tion, and shock on a similar time scale to that of
the gastrointestinal tract. This has been shown
clinically and in experimental studies [37–39].
Limiting factors in the use of polarographic oxygen
probes are the dependence of electrode currents on
tissue temperature, errors in ptiO2 readings due to
tissue trauma and edema by electrode insertion, or
intravascular misplacement of the oxygen sensors.

Orthogonal polarization spectral imaging
Orthogonal polarization spectral (OPS) imaging
is a newly developed noninvasive technique that
allows direct visualization of microcirculation [40].
Polarized light is used to illuminate the area of
interest. The light is scattered by the tissue and
collected by the objective lens. A polarization filter
or analyzer, oriented orthogonal to the initial plane
of the illumination light, is placed in front of the
imaging camera, eliminating the reflected light
scattered at or near the surface of the tissue that re-
tains its original polarization or glare. Depolarized
light scattered deeper within the tissues passes
through the analyzer. High-contrast images of mi-
crocirculation are formed by absorbing structures
of blood vessels, for example, that are close to the
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surface and that are illuminated by the depolarized
light coming from deeper structures. Because of
its specific characteristics, this device is particularly
convenient for studying the tissues protected by a
thin epithelial layer, such as mucosal surfaces. In
critically ill patients, the sublingual area is the most
easily investigated mucosal surface.

Using OPS imaging in the sublingual area of pa-
tients in shock states, several investigators recently
observed that microcirculatory alterations are
frequent in critically ill patients [41,42]. Compared
with healthy volunteers, patients with cardiogenic
and septic shock presented a decrease in capillary
density and a decrease in the proportion of the
perfused capillaries. Current studies are ongoing to
determine the effects of various interventions on
microcirculation in humans.

The limitations of the OPS imaging technique
include movement artifacts and the presence of
various secretions such as saliva and blood. Be-
cause OPS imaging techniques use light absorbance
by Hb, vessels can be visualized only when these

are filled by RBCs. In addition, patients need to be
cooperative or adequately sedated to prevent them
from biting the device.

A major problem with using monitors of re-
gional tissue oxygenation in clinical practice is that
normal and critically abnormal values have not
been established. Moreover, heterogeneity in mi-
crovascular blood flow and oxygenation that exists
between organs as well as at the level of each organ
may further increase during shock, sepsis, or other
states of critical illness. Consequently, a common
dysoxic threshold in vitally important organs such
as the brain, the myocardium, the gastrointestinal
tract, or any given tissue remains unclear.

Effect of RBC transfusion on tissue
oxygenation in experimental and
clinical studies

Clinical and animal studies have reported contra-
dictory findings about the oxygenation capacity of
stored RBCs [33,43–49] (Table 19.3).

Table 19.3 Clinical studies evaluating the effect of blood transfusion on tissue oxygenation.

Author Patient group
No. of
patients Tissue O2 monitor Effect of blood transfusion

Leal-Noval [35] Hemodynamically stable,
nonbleeding patients with
severe traumatic brain injury

60 Brain pO2 Transfusion of 1–2 units of RBCs
improved cerebral pO2

Zygun DA [36] Anemic patients with severe
traumatic brain injury

30 Brain pO2 and
cerebral metabolism

Transfusion of 2 units of RBCs
improved cerebral pO2 and
metabolism

Marik PE [46] Critically ill patients with sepsis 23 Gastric mucosal
tonometry

Transfusion of 3 units of RBCs led
to a decrease of pHi

Sakr Y [50] Critically ill patients with severe
sepsis

35 OPS Transfusion 1–2 units of RBCs had
no effect on microcirculatory flow

Smith MJ [49] Volume-resuscitated patients
with subarachnoid hemorrhage

35 Brain pO2 Transfusion of RBCs improved
cerebral pO2

Silverman H [45] Critically ill patients with sepsis 21 Gastric mucosal
tonometry

Transfusion of 2 units of RBCs had
no effect on pHi

Suttner S [33] Volume-resuscitated patients
after elective coronary artery
bypass grafting

51 Skeletal muscle pO2 Transfusion of 2 units of RBCs had
no effect on skeletal muscle pO2

Walsh TS [48] Critically ill patients with
significant organ failure, but
no evidence of hemorrhage

22 Gastric mucosal
tonometry

Transfusion of 2 units of RBCs had
no effect on global and regional
oxygenation

OPS, orthogonal polarization spectral imaging; pHi, intramucosal pH.
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In a recent clinical study, Suttner et al. used sys-
temic O2 transport variables and skeletal muscle O2

tension to assess global and regional oxygenation
status of 51 volume-resuscitated, mechanically
ventilated patients after elective coronary artery
bypass grafting following transfusion of one or two
units of allogeneic RBCs [33]. The authors further
tested the hypothesis that increasing O2-carrying
capacity by 100% O2 ventilation would be equally
effective or even superior to red cell transfusion
in improving tissue oxygenation in the immedi-
ate postoperative period. Tissue oxygen tension
was measured continuously using implantable
polarographic microprobes. Transfusion of stored
allogeneic blood was only efficacious in improving
systemic O2 delivery, whereas VO2 and skeletal
muscle O2 tension remained unchanged. Augmen-
tation of blood O2 content by 100% O2 ventilation
also failed to increase VO2, but was followed by an
immediate increase in systemic DO2 and skeletal
muscle pO2. This improved oxygenation status was
due to an increase in convective oxygen transport
with an increased driving gradient for diffusion of
plasma-dissolved oxygen into the tissues. However,
the study was restricted to hemodynamically sta-
ble, low-risk patients without excessive bleeding.
Therefore, the results of this study may not be
extended to patients who exhibit a pathological O2

supply dependency or have perfusion failure (i.e.,
circulatory or septic shock).

Other clinical investigations used gastric tonom-
etry to study the effects of transfusions on gastric
intramucosal pH [29, 30]. In these studies, a large
interindividual variability in the response to RBC
transfusions was observed.

Silverman and Tuma compared the effective-
ness of dobutamine administration with the
effectiveness of transfusion in increasing gastric
intramucosal pH [45]. Although dobutamine ad-
ministration significantly increased a low baseline
intramucosal pH, transfusion with PRBCs failed to
have any effect on intramucosal pH in the patients
evaluated. Marik and Sibbald’s study also failed
to show a beneficial effect of red cell transfusion
on measured systemic oxygen uptake and gastric
intramucosal pH in septic patients with elevated
lactate levels [46]. On retrospective analysis they

found a decrease in gastric intramucosal pH after
transfusion of three RBC units that were stored
for more than 15 days, reflecting an inadequacy
of splanchnic oxygenation. They concluded that
poorly deformable cells cause microcirculatory
occlusions, and further postulated that these
occlusions lead to tissue ischemia. Thus, the age of
RBC units may be an important factor influencing
the efficacy of RBC transfusion to improve tissue
oxygenation.

Long-term blood storage decreases RBC con-
centrations of adenosine triphosphate and 2,3-
diphosphoglycerate, resulting in decreased ery-
throcyte membrane deformability and increased
affinity of Hb for O2 [44]. These “storage” effects
may interfere with the ability of RBCs to transport
and unload O2 at the capillary level [47]. There-
fore, it has been proposed to transfuse fresh rather
than stored erythrocytes.

Contradictory results were reported by Walsh
et al., who evaluated changes in tonometric indices
of gastric mucosal oxygenation and global oxy-
genation parameters in 22 ventilated critically ill
patients with significant organ failure, but no ev-
idence of hemorrhage [48]. The patients received
two units of leukodepleted red cells in a double-
blind, randomized fashion that were either fresh
(stored �5 days) or had prolonged storage time
(�20 days). In this study, the authors were not
able to detect any adverse consequences on gastric
intramucosal pH and changes in the arterial-gastric
mucosal carbon dioxide gap with a storage time
�20 days as compared to patients receiving RBCs
�5 days. Possible explanations for the differences
in results are that the patients in the Marik study
were at an earlier stage of sepsis and more oxygen
supply dependent or that the Walsh et al. used
leukodepleted RBC and transfused only two RBC
units, whereas Marik and Sibbald used three. Re-
cently, Weiskopf et al. showed that transfusion of
erythrocytes stored for less than 5 hours (“fresh”)
or more than 3 weeks (“old”) to increase Hb from
5 to 7 g/dL equally reversed neuropsychological
deficits in unmedicated healthy volunteers [51].
The equal efficacy of fresh blood and blood stored
for 23 days was found despite significant decreases
of 2,3-diphosphoglycerate and P50, the partial
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pressure of oxygen at pH 7.4 and partial pressure
of carbon dioxide 40 mmHg, at which the oxyhe-
moglobin saturation is 50%. This study strongly
indicates that “old” and “fresh” RBCs are equally
efficacious in restoring inadequate oxygenation.

Only two clinical studies found beneficial effects
of RBC transfusion on tissue oxygenation [45, 49].
In a prospective observational study, Smith et al.
continuously monitored local brain tissue oxygen
partial pressure during transfusion of allogeneic
RBC units to volume-resuscitated patients with
subarachnoid hemorrhage or traumatic brain in-
jury, without cardiac disease [49]. An increase in
brain tissue oxygen partial pressure was observed
in 26 of the 35 patients (74%). The mean increase
in brain tissue oxygen partial pressure for all pa-
tients was 3.2 ± 8.8 mmHg, a 15% change from
baseline. This mean increase appears to be inde-
pendent of cerebral perfusion pressure, Hb oxygen
saturation, and inspiratory fraction of oxygen. In
nine patients, brain tissue oxygen partial pressure
decreased after RBC transfusion.

Another prospective observational study in-
vestigated the long-term influence of erythrocyte
transfusion on cerebral oxygenation in hemody-
namically stable, nonbleeding patients with severe
traumatic brain injury and monitored through in-
tracranial pressure and brain tissue partial pressure
of oxygen catheters [35] Transfusion of 1–2 units
of RBCs was associated with a variable increase
in brain tissue partial pressure of oxygen during a
6-hour period, with a peak at 3 hours in 78% of the
patients. Low baseline brain tissue partial pressures
of oxygen (�15 mmHg) defined those patients who
benefited the most from erythrocyte transfusion.

Conclusion

The use of a single arbitrary Hb based transfusion
trigger for RBC transfusions for all patients (i.e.,
Hb concentration of 10 g/dL) is not recommended.
Useful transfusion triggers should rather consider
signs of inadequate tissue oxygenation that may
occur at various Hb concentrations depending on
the patient’s underlying diseases. These “phys-
iological” transfusion triggers can be based on

signs and symptoms of impaired global or regional
tissue oxygenation. However, clinical monitoring
techniques that indicate failing tissue oxygenation
have often not proved easy, reproducible, and sen-
sitive to regional tissue hypoxia. Current evidence
from studies of the influence of allogeneic blood
transfusion on tissue oxygenation is seriously
hampered by the absence of a significant number
of adequately powered randomized controlled
trials. Small clinical and animal studies report con-
tradictory findings about the oxygenation capacity
of stored RBCs. However, including measures of
tissue oxygenation into transfusion decisions may
enable a more individual use of allogeneic PRBCs
in specific situations.

Key points

1 Transfusion of allogeneic PRBCs is a frequently per-
formed and potentially life-saving therapy.
2 RBC transfusions are indicated only to avoid or to treat
tissue hypoxia.
3 Whether RBC transfusion actually restores tissue oxy-
genation is difficult to determine owing to the lack of
appropriate clinical monitoring techniques.
4 Clinical and animal studies report contradictory find-
ings about the oxygenation capacity of stored RBCs.
5 Including measures of tissue oxygenation into transfu-
sion decisions may enable a more individual use of allo-
geneic PRBCs in specific situations.
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CHAPTER 20

Anemia and Cardiovascular Disease
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Introduction

Anemia is a well-recognized risk factor in a vari-
ety of medical conditions, including cardiovascular
disease (CVD), where a close link between anemia
and the development of CVD is being increasingly
appreciated over the recent years.

Classically, chronic anemia has been associ-
ated with high-output heart failure (HF) espe-
cially when hemoglobin (Hgb) levels are ≤8 mg/dL
[1]. This type of HF is characterized by (i) re-
duced afterload due to decreased systemic vascular
resistance and reduced blood viscosity (due to a de-
crease in erythrocyte number and hematocrit); (ii)
increased preload due to an increase in venous re-
turn; and (iii) increased left ventricular (LV) systolic
performance due to increase both in preload and
in sympathetic activity [2, 3]. Mechanisms induc-
ing arterial dilatation include (i) hypoxic vasodila-
tion due to hypoxia-generated metabolites; and (ii)
flow-mediated vasodilation due to increased blood
flow, an effect mediated by endothelial cells and
endothelium-derived nitric oxide (NO) [4]. Beyond
vasodilation, increase of the vascular bed due to
recruitment of new vessels and formation of collat-
erals and arteriovenous shunts seems to play an ad-
ditional minor role [5]. Ensuing pathophysiologic
changes including tissue hypoxia, volume overload
with its attendant LV hypertrophy, and LV dilation,

may ultimately lead to circulatory decompensation
especially in the presence of associated pathological
conditions, such as hypertension, diabetes mellitus
(DM), and uremia (Figure 20.1) [6–12].

In patients with end-stage renal disease (ESRD),
a significant correlation between LV volume and
mass with the severity and duration of anemia in-
dependently from age, DM, and hypertension has
been repeatedly demonstrated [13, 14]. But even
in patients with milder forms of renal impairment,
a decrease in Hgb level is a better predictor of
LV hypertrophy (LVH) than systolic blood pressure
[15–19]. This holds true for the general population
as well, as was shown in the Framingham Heart
study [16], and in the Atherosclerosis Risk in Com-
munities (ARIC) study [20]. In the ARIC study,
which investigated 14,410 individuals without CVD
at baseline, anemia defined by Hgb �13 g/dL in
men and �12 g/dL in women was independently
associated with 1.4 times higher risk of myocardial
infarction (MI), coronary angioplasty (PCI), coro-
nary artery bypass surgery (CABG) or definite coro-
nary death in the entire cohort during a mean fol-
low up of approximately 6 years [20].

Beyond its potentially causative role in the de-
velopment of CVD both in subjects with or without
cardiovascular risk factors and in patients with re-
nal insufficiency, anemia also seems to aggravate
the prognosis of those who already suffer from car-
diovascular complications. Patients with congestive

HF are the most characteristic example. Anemia is
common among patients with HF, and the preva-
lence of anemia increases with the severity of HF,
decline in renal function, and with increased age of
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Figure 20.1 Proposed pathophysiologic mechanisms linking anemia to the development of cardiovascular disease.

the population and possibly with associated comor-
bidities such as diabetes, renal dysfunction, poor
diet, and gastrointestinal blood loss [21,22].

Anemia may precipitate myocardial ischemia as
well. The myocardium has a high oxygen-
extraction ratio and can augment oxygen delivery
only by increasing coronary blood flow. Such an
increase may not be possible in patients with fixed
coronary stenoses. In the normal healthy heart,
oxygen consumption and oxygen extraction are
relatively constant at hematocrit levels between 20
and 60% [23]. Indeed, considerable experimental
data suggest that a Hgb level of 7 g/dL is toler-
ated without myocardial ischemia if there is no ob-

structive coronary artery disease (CAD). With coro-
nary artery obstruction, however, ischemia can oc-
cur with even mild anemia [24].

The impact of anemia therapy on outcomes in
CVD has been intensively investigated over the re-
cent years. Definitive evidence is still lacking and
anemia correction has not been incorporated into
the routine clinical practice yet. The simplest way of
correcting anemia through blood transfusions, al-
though guided by common sense, has been shown
to be potentially harmful especially when used
liberally and aggressively as a treatment strategy
[25]. On the contrary, the administration of ery-
thropoietin (EPO) seems promising, especially for
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the anemic patients with chronic kidney dysfunc-
tion (CKD), HF, or both [26]. However, concerns
have also been raised about the safety of this type
of treatment, since EPO has been associated with
an increased risk of hypertension and thrombosis
[27,28].

In this setting, further investigation regarding the
most appropriate “transfusion trigger” and “target”
levels of hematocrit as well as the role of nonblood-
based alternatives (i.e., EPO and its recombinants)
for improving oxygen delivery in anemia is war-
ranted. Ongoing large clinical trials (Trial to Reduce
Cardiovascular Events with Aranesp—TREAT, Re-
duction of Events with Darbepoetin alfa in Heart
Failure trial—RED-HF) are expected to provide us
with some answers [29,30].

Anemia in heart failure

Prevalence and prognostic
implications
Heart failure (HF) is a significant burden for health
care systems and is expected to increase consider-
ing the aging of the population. Despite recent di-
agnostic and therapeutic advances it still portends
a poor prognosis [31]. Such disappointing find-
ings may be partly explainable by the underutiliza-
tion of mortality reducing therapies, such as ACE
inhibitors, �-blockers, and aldosterone antagonists
[32]. Among other reasons for the poor prognosis
of HF, outstands the high prevalence of untreated
anemia, which only recently attracted attention
[31, 33]. Epidemiologic studies demonstrated that
lower Hgb levels in HF are related to female gen-
der, older age, poor kidney function, lower body
weight, inflammation, and advanced disease status
[34].

Different estimates of anemia prevalence among
HF patients give percentages ranging from 9 to
79.1%, depending on the definition used for ane-
mia, as well as HF severity and etiology in the
studied population [35,36]. In general, a physician
should expect at least mild anemia to coexist in
30–50% of HF patients [37–39].

Beyond being common, anemia portends in-
creased disease severity, more adverse events,

inferior quality of life and ominous prognosis. It
coexists more often with NYHA functional class III
or IV, lower peak oxygen consumption (VO2 max),
and impaired renal function [36, 40]. Most impor-
tantly, multiple reports show that it is an indepen-
dent predictor of morbidity and mortality in HF
patients [19, 37–39, 41–43]. However, it is not yet
clear whether anemia is a pathophysiologic factor
that worsens HF or merely a marker of more severe
disease.

Mechanisms of anemia in
heart failure

The cardiorenal anemia syndrome
The pathogenesis of anemia coexisting with HF is
variable and difficult to elucidate. Pathophysiolog-
ical correlates and other comorbidities can be both
a cause as well as a consequence of anemia. Re-
nal damage due to prolonged renal ischemia among
HF patients with low cardiac output is a common
mechanism related to anemia. The term cardiorenal

anemia syndrome suggests this interplay among HF,
renal dysfunction, and anemia (Figure 20.2) [44].
Each of these three conditions deteriorates and is
deteriorated by the other two and the three to-
gether form a vicious cycle. The syndrome is more
common among older patients with a remarkably
low LV ejection fraction (LVEF). Of note, HF and
renal failure have also common etiologies such as
DM, hypertension and vascular disease. Chronic re-
nal insufficiency is a risk factor in itself for CVD,
especially when anemia is present [45]. In patients
with CKD, anemia promotes LVH, which is in turn
an established risk factor for HF and sudden death
[46].

The cardiorenal anemia syndrome can be bet-
ter understood when EPO is considered. EPO is
an hypoxia-induced hormone synthesized by per-
itubular cells in the cortex-medullary border of the
adult kidney. Its levels can be elevated above nor-
mal values in many anemic patients with HF in pro-
portion to the severity of symptoms, but this eleva-
tion is unlikely to compensate for the degree of pre-
vailing renal hypoxia [47]. In such cases the inverse
correlation between EPO and Hgb levels is modest,
indicating a blunted response or even resistance to
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Figure 20.2 The vicious circle of “cardiorenal anemia syndrome.”

EPO, which explains anemia. Elevated EPO levels
in HF patients are associated with an adverse prog-
nosis independent of Hgb levels [48]. Of course, if
severe enough, coexisting renal failure will lead to
EPO underproduction.

The combination of HF, renal insufficiency, and
anemia seems to have an additive effect on morbid-
ity and mortality. It has been estimated that each
of these three factors increases the risk of death or
ESRD by 50–100% and the three together raise the
chances by up to 300% [49]. In the recently pub-
lished ANCHOR study, Hgb levels and CKD have
been shown to independently predict substantially
increased risks of death and hospitalization among
HF patients. Of note, mortality and hospitaliza-
tions increased in a graded fashion for Hgb val-
ues �13 g/dL and creatinine clearance values �45
mL/minute/1.73 m2 [32] and Hgb was an indepen-
dent predictor of outcomes at all levels of kidney
function [39].

Other mechanisms

Hemodilution
Activation of the sympathetic, the renin–
angiotensin–aldosterone and vasopressin sys-
tems that characterize HF lead to sodium and
water retention. Hemodilution seems to be present

in about 40% of HF patients but in the majority
of cases the RBC volume may also be reduced
[50,51].

ACE inhibitors
ACE inhibitors are widely used in HF but may cause
the hematocrit to fall by 2–5%. Suppression of an-
giotensin II production by ACE inhibitors in high
doses may inhibit EPO synthesis [52]. Angiotensin
II can stimulate erythroid progenitor cell growth
in vitro while captopril inhibits it [53]. ACE in-
hibitors have also been shown to reduce production
of interleukin-12, a cytokine known to stimulate
erythropoiesis [54]. ACE inhibitors may also cause
some degree of EPO resistance particularly at high
doses [55]. Whether angiotensin receptor blockers
(ARBs) have a similar effect is uncertain due to a
paucity of data.

Hematinic deficiency
Treatment of the disease underlying HF, principally
CAD with agents such as aspirin and warfarin, can
contribute to iron loss and anemia due to gastroin-
testinal blood loss. Iron deficiency can be found in
21% of anemic HF patients [38]. Poor nutrition,
cardiac cachexia, uremic gastritis, and malabsorp-
tion also predispose to iron as well as folate and B12

deficiencies.
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Proinflammatory cytokines
Heart failure is characterized by an inflammatory
milieu and proinflammatory cytokines seem to
contribute to anemia [56,57]. Substantial evidence
implicates tumor necrosis factor-� (TNF-�) and in-
terleukins (IL) 1 and 6 in the disruption of erythro-
poiesis, which is also frequently seen in other in-
flammatory conditions [57]. In HF patients, an in-
verse relationship has been demonstrated between
cytokines and plasma Hgb levels [58]. TNF-� se-
creted by the failing heart can cause anemia by
reducing EPO production in the kidneys, by EPO
resistance at the bone marrow level and by dis-
rupting the supply of iron necessary for erythro-
poiesis through inhibition of its release from the
reticuloendothelial system [59, 60]. Inflammatory
cytokines might also antagonize the action of EPO
at a cellular level [61,62].

Anemia correction treatment among
patients with heart failure
The encouraging results of anemia correction by
the use of recombinant EPO in other settings of
chronic disease, such as CKD, inspired its use to
treat anemia in HF [63]. Several groups have al-
ready tested the efficacy of EPO to correct ane-
mia and improve outcomes in anemic HF patients.
Initial studies were characterized by small patient
numbers, differences in population characteristics
and duration of follow-up. The first by Silverberg
et al. was uncontrolled and examined the effects
of anemia correction among 26 patients suffering
from severe NYHA class IV HF with mean serum
creatinine of 2 mg/dL [36]. The therapeutic targets
were Hgb �12 g/dL and serum ferritin �400 �g/L.
They were pursued by using a regimen of 2000
IU/week of EPO along with 200 mg of intravenous
iron per week adjusted according to the response.
Patients were treated for 7.2 ± 5.5 months and
the clinical outcome was characterized by improved
functional capacity, a modest increase of LVEF, and
a dramatic decrease of hospitalizations.

The same and other groups continued this work
with randomized controlled and uncontrolled stud-
ies in patients with HF and showed that anemia
correction was similarly useful in HF patients with
and without DM [64–68]. All the results were in

the same direction with improvement of functional
capacity indices (VO2 max, 6-minute walk test, to-
tal exercise time) and better quality of life, and a
decrease in hospitalizations. One study also showed
a significant fall in plasma B-type natriuretic pep-
tide (BNP) levels. Two recent randomized, double-
blind, placebo-controlled studies comprising 475
patients with HF and anemia tested the effects
of darbepoetin alfa [69]. Although Hgb levels in-
creased with darbepoetin compared to placebo, im-
provement in symptoms was not significant. Of
note, there was a nonsignificant trend toward de-
creased mortality in the darbepoetin arm. The effect
of darbepoetin treatment on morbidity and mor-
tality of this type of patients is expected to be de-
termined by the ongoing randomized controlled
RED-HF study, which will enroll 3400 patients
[30].

When correcting anemia with EPO in HF pa-
tients, consideration should be given to the opti-
mal target. Concerns are raised by three published
studies comparing aggressive versus moderate ane-
mia correction in patients with CKD [70–73]. There
were trends toward higher risk of death and MI for
patients assigned to the higher target hematocrit.
Although the safety of aggressive anemia correction
is still an ongoing debate, the raised concerns are
important for HF patients. Theoretically, by rais-
ing Hgb concentration, tissue oxygen delivery in-
creases, but at the cost of increased blood viscosity
and potentially thrombotic events. However, there
is evidence that at least anemia correction to a tar-
get hematocrit of 36% is safe [73].

Beyond studies using EPO in order to improve
outcomes in anemic HF patients, others have eval-
uated the effect of iron supplementation alone
among HF patients with iron deficiency anemia.
A small uncontrolled, open-label study tested the
effects of an intravenous iron sucrose regimen in
16 such patients, which succeeded in correcting
anemia and was related to symptomatic improve-
ment and increased exercise capacity during three
months of follow-up [74]. In the FERRIC-HF, a
randomized single-blinded study, intravenous iron
sucrose treatment was tested in 35 HF patients with
iron deficiency with or without anemia. The ac-
tive treatment was linked to improved NYHA class
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and VO2 max increase especially in anemic patients
[69]. The IRON-HF study, a large multicenter, ran-
domized, double-blind, placebo-controlled trial is
ongoing and will seek better answers concerning
the expected clinical benefits of iron supplementa-
tion alone in HF patients with iron deficiency ane-
mia [75].

To conclude, there is substantial evidence that
correction of anemia can improve outcomes of pa-
tients with HF. Studies reported so far show that by
increasing Hgb levels one should expect improved
functional capacity, fewer hospitalizations, stabi-
lized renal function, and less diuretic use. These
results were mainly derived from studies testing
treatment by EPO in patients with advanced HF and
modestly impaired renal function (cardiorenal ane-
mia syndrome). Some evidence also recently ap-
peared that even iron supplementation alone, for
the subgroup of HF patients with iron deficiency
anemia, can improve functional status. However,
many questions remain unanswered and further
research is needed in order to optimize treatment
regimens and determine if anemia correction in HF
patients can not only lead to increased exercise ca-
pacity but also to survival benefits.

Anemia and acute coronary
syndromes

Abnormal hemoglobin levels are quite frequently
encountered among patients with an acute coro-
nary syndrome (ACS). In one retrospective analy-
sis of acute MI admissions to nonFederal hospitals
in New Jersey in 1986 (prethrombolytic era, n = 15
584) and 1996 (thrombolytic era, n = 14 757), ane-
mia was detected in 6.4 and 10.2% (p � 0.0001)
of patients respectively [76]. In more recent stud-
ies the incidence of anemia has been reported
even higher (18–24.6%) [77–79]. The increased
incidence of either occult or clinically apparent
blood loss due to the use of both more aggres-
sive antiplatelet regimens (clopidogrel, IIb/IIIa in-
hibitors) and more invasive revascularization pro-
cedures may account for this increase. Anemia in
ACS seems also to be associated with advancing
age, DM, and renal dysfunction [77].

ACS which include ST-segment-elevation MI,
nonST-segment-elevation MI, and unstable angina,
develop as a consequence of an intrinsic mis-
match between myocardial oxygen supply and de-
mand. Anemia exacerbates this imbalance by caus-
ing a decrease in oxygen-carrying capacity. Indeed,
anemic dogs have shown ischemic ST-segment
changes and locally depressed cardiac function at
higher hemoglobin levels with experimentally cre-
ated coronary stenosis varying from 50 to 80%
[80]. However, despite this clear-cut pathophysio-
logic substrate, clinical data have been rather in-
consistent in supporting the adverse effect of ane-
mia on the outcome of patients presenting with
ACS. Older studies both from the prethrombolytic
and thrombolytic era failed to establish an indepen-
dent long-term prognostic role of anemia in pa-
tients with acute MI. Most of them were small,
had short duration follow-up, or focused on a spe-
cific group of patients [70, 81–83]. The higher un-
adjusted mortality observed among patients with
acute MI and anemia was attributed to older age,
higher comorbidity, and more LV dysfunction [76].

However, more recent data have shown that
hemoglobin levels are independently associated
with short and long-term prognosis of patients pre-
senting with ACS. In a retrospective study, 1841
consecutive patients admitted with the diagnosis
of acute MI were categorized according to the
hemoglobin level on admission (10 g/dL or less, or
greater than 10 g/dL). The 30-day mortality was
21.6% in patients with Hgb levels on admission
�10 g/dL and 9.3% in patients with Hgb levels
�10 g/dL. More importantly, this relationship be-
tween low Hgb levels and 30-day mortality re-
mained significant after adjustment for other risk
factors (HR 1.76, CI 1.08–2.85; p = 0.02) [84].

More powerful data offered an analysis of the
30-day cardiovascular outcome in patients com-
prising the 16 Thrombolysis in Myocardial Infarc-
tion (TIMI) trials database. In patients with ST-
elevation MI, when those with Hgb values between
14 and 15 g/dL were used as the reference, cardio-
vascular mortality increased as Hgb levels fell below
14 g/dL, with an adjusted odds ratio of 1.21 for each
1 g/dL decrement in Hgb. In patients with nonST-
elevation ACS, with those with Hgb 15–16 g/dL
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used as the reference, the likelihood of cardiovas-
cular death, MI, or recurrent ischemia increased as
Hgb fell below 11 g/dL, with an adjusted OR of 1.45
for each 1 g/dL decrement in Hgb [85].

Moreover, in a more recent prospective study
of 1410 consecutive patients with ACS the pres-
ence of anemia was an independent predictive fac-
tor of mortality and had an incremental predictive
value to the calculation of 30-day survival proba-
bility [86].

Regarding the impact of anemia on the long-term
prognosis of patients presenting with ACS, recent
data, albeit limited, suggest a significant prognos-
tic role as well. In a 20-year follow-up study of 193
men presented with ACS, a Hgb level �13 g/dL was
associated with an almost twofold increase in the
risk of death or MI [87]. Studying a much larger
database of 1038 patients with ACS, Vaglio et al.
[88] were also able to show a similar importance of
anemia in the 2-year outcome. More importantly,
they were able to demonstrate a graded response.
Thus, mild anemia (hematocrit levels 33.1–39%)
was associated with a 1.5 increase in death rate,
while more severe anemia was associated with a
2.5 increase of the risk. A similar graded relation-
ship was found in a cohort of older patients (mean
age 73 years) hospitalized for acute MI. The mor-
tality at 1 year was 18.6% for individuals with a
hematocrit ≥40%; 23.5% (relative risk: 1.35) for
hematocrit 36–39%; 30.7% (relative risk 1.94) for
hematocrit between 30 and 35%, and 35.8% (rela-
tive risk: 3.16) for those with a hematocrit �30%.
An interaction between anemia and CKD was also
noted in this particular study suggesting a possible
joint role of these two risk factors for mortality after
a MI [89]. In the subpopulation of patients who un-
dergo revascularization procedures, anemia seems
to retain its prognostic significance. As shown by
Nikolsky et al. [90], baseline anemia in patients un-
dergoing primary PCI for acute MI was found to be
an independent predictor of both in-hospital and
1-year mortality.

The pathophysiology underlying the frequent
development of anemia in patients with ACS has
not been clearly defined. Nevertheless, the contri-
bution of blood loss offers a reasonable explanation.
The use of clopidogrel, for example, has been asso-

ciated with increased incidence of bleeding in pa-
tients with ACS who undergo invasive procedures
[91]. In general, severe bleeding can be estimated
as being between �1 and 10% in patients with
nonST elevation MI or unstable angina [92]. On
the contrary, bleeding is more frequent in patients
with ST-elevation acute MI probably due to the ad-
ditional use of thromolytic regimens [93].

Of note, as serum ferritin is an acute-phase reac-
tant, a reduction in ferritin due to iron deficiency
can be masked by the acute systemic inflammatory
response characterizing the ACS [77]. Other factors
may be the frequent coexistence of DM and CKD
in patients with myocardial ischemia both associ-
ated with reduced EPO production and impaired
hemopoetic response in this hormone [94]; also
bone marrow suppression by the acute inflamma-
tory response [95] or drugs [96] and more rarely
nutritional deficiencies [77]. However, blood loss
seems to be the most important factor and is proba-
bly the major contributor to the adverse progno-
sis associated with anemia in patients with ACS
[97,98]. Not only may blood loss predispose to ane-
mia but also anemia seems to predispose patients
with acute MI to the development of bleeding [99].

Since anemia has been linked to a worse progno-
sis in patients with ACS, correction through blood
transfusion has been studied as a strategy aiming to
abrogate the adverse outcomes. Indeed, Wu et al.
[81] showed that blood transfusion reduced short-
term mortality in eldlerly patients with ACS who
had a hematocrit up to 33% on admission. How-
ever, blood transfusions in this setting have been
associated with higher mortality in most of the
studies [100,101]. Wu et al. showed to the contrary
that blood transfusion to increase Hb concentration
within “normal range” may improve survival In a
recent study, transfusions increased the risk of an
adverse outcome by 2.5 times even after correct-
ing for the presence of anemia and other signifi-
cant risk factors [102]. In a prospective database of
patients with acute MI, Aronson et al. [103] cal-
culated an adjusted hazard ratio for mortality of
1.9 in transfused patients. Nevertheless, transfusion
had a protective effect in patients with hemoglobin
≤8 mg/dL. Similarly, in the CRUSADE trial blood
transfusion had an adverse effect in patients with
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nonST elevation ACS and Hct � 27% [104]. How-
ever, this effect was neutralized in patients with
lower Hct levels. Thus, current evidence seems not
to support routine use of blood transfusion in ane-
mic patients with ACS, with the possible exception
of those with very low Hb levels. Proposed mech-
anisms of the adverse effects of blood transfusion
include an immunomodulatory effect leading to a
graft-versus-host reaction, an increase in mediators
of inflammation, alterations in handling of NO by
stored red blood cells [105] as well as decreased
RBC deformability in stored blood [106,107] which
can promote vasoconstriction thereby triggering or
worsening ischemia and finally volume expansion
and increasing blood viscosity [108]. Given the fact
that blood transfusion seems to be of limited value
in patients with an ACS, other alternative thera-
pies like the use of EPO are currently being tested
in clinical trials [109].

Chronic renal disease and anemia
in CVD

Over the past decades the incidence of CVD and
CKD are rising steadily. About 20 million of the
US population (11%) has CKD [110, 111] whereas
about 400,000 of the adult US population (0.1%)
have end-stage renal disease (ESRD). Congestive
HF is also quite prevalent among the general pop-
ulation. Although the annual incidence of HF in
those �65 years of age is about 10 per 1000 per-
sons [112], a report from the Hemodialysis (HEMO)
study [113] indicated that the prevalence in ESRD
is about 40%.

Cardiovascular disease, especially atherosclero-
sis, stroke, and MI, has long been recognized as the
most common cause of mortality in adult patients
with CKD [114] accounting for approximately 50%
of deaths in patients with ESRD in the US be-
tween 1997 and 2001 [115]. Indeed, CVD mortality
rates in ESRD patients are 30 times higher than in
the general population [116]. Also, only 15% have
normal LV structure and function at dialysis initia-
tion [117].

It is well established that HF and CKD are inex-
orably linked (one can cause or worsen the other).
The connector between this relationship seems to

be a third factor often seen in both conditions. This
factor is anemia. Anemia can be caused by both the
HF and the CKD and this anemia can act back and
further damage both. These three diseases make
a vicious circle called the cardiorenal anemia syn-
drome [118, 119] (Figure 20.2). Correction of ane-
mia may be crucial in the prevention of the pro-
gression of both HF and CKD.

The cardiorenal anemia syndrome
The high prevalence of CVD in patients with CKD
is widely reported over the past several years [19,
120–124]. Almost 25% of the whole cardiac out-
put is used for kidney perfusion. Kidney function is
believed to be impaired when glomelural filtration
rate (GFR) falls below 60 mL/minute/1.73 m2. In a
large epidemiologic study by Go et al. [125] which
included 100,000 individuals, there was noted an
increase in age-adjusted risk of mortality and in-
cidence of CVD as the renal function worsened.
Specifically, this risk in patients with GFR between
45 and 59 mL/minute/1.73 m2 was 17% and in
patients with GFR �15 mL/minute/1.73 m2 it was
343%. Decreasing renal function results in serious
changes in several homeostatic mechanisms includ-
ing coagulation, fibrinolysis, endothelial function,
anemia, arrhythmias, calcium–phosphorous bal-
ance, renin–angiotensin–aldosterone system, and
lipid metabolism [126].

Heart abnormalities in CKD
The pathogenesis of CVD in patients with CKD
comprises causes that are the same as in the general
population (e.g., smoking, hyperlipidemia), factors
that cause renal failure and also have adverse ef-
fects on the heart (e.g., DM) and factors that are
independent of the underlying cause of renal in-
sufficiency (e.g., hypertension, uremia per se). The
clinical manifestations of CVD in CKD can be sta-
ble or unstable angina, MI, arrhythmias, or con-
gestive HF. In ESRD, at the onset of hemodialysis,
50% of patients have symptoms or clinical signs of
CVD [115] and almost 80% have ECG abnormali-
ties [127].

The main pathophysiologic mechanisms of heart
disorders in CKD patients include enhanced
atherosclerosis, metabolic abnormalities of the
heart, overactivity of sympathetic nervous system,
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microvascular disease, LVH, and cardiomyocyte ab-
normalities.

Enhanced atherosclerosis
The high prevalence of atherosclerotic lesions in
uremic patients has been amply documented by au-
topsy studies [128, 129]. The prevalence of calci-
fied plaques is 4 times higher in uremic patients. In
a recent study, very rapid appearance of advanced
coronary lesions was demonstrated in young adults
with childhood-onset chronic renal failure [130].
Oxidative stress seems to play a major role in
the production of atherosclerotic plaques in CKD.
Highly reactive oxygen radicals as O2- superoxide,
hydroxy radicals, hydroxy peroxide, or peroxini-
trite were found in high concentrations in patients
with renal failure [131]. Even in early stages of
the disease, elevated plasma concentrations of C-
reactive protein (CRP), interleukin-6 and advanced
oxidation protein products, interleukin-1 (IL-1) re-
ceptor antagonists and soluble TNF receptors were
found [130]. Thus, uremia per se is a proinflam-
matory condition, independent of dialysis [133].
Inflammation markers, such as CRP, seem to be
independent risk factors for cardiovascular mortal-
ity in the general population [134] as well as in
the dialysis patients [135]. Hyperphosphatemia is
another factor that probably plays a role in the
atherosclerotic plaque progression. In dialysis pa-
tients a pre-dialysis serum phosphate concentration
of �6.5 mg/dL increases all-cause [136] and cardiac
mortality [137]. High concentration of phosphorus
is deleterious even in patients without renal failure
as it is a predictor of the narrowing of coronary ar-
teries [138].

Metabolic abnormalities of the heart
The heart in uremic patients seems to have sev-
eral metabolic abnormalities. As shown in animals
[139] when they are in low flow circumstances, a
decay of ATP and generation of adenosine are ob-
served, leading to a reduction of energy stores. Un-
der hypoxic conditions, the heart is forced to gen-
erate ATP through glycolysis which needs a high
glucose concentration, and in the uremic cardiomy-
ocyte it is this insulin-dependent glucose entry that
is compromised [140, 141]. The beneficial effect of
intensive insulin therapy which was observed in

diabetic patients after acute myocardial infarction
(MI) in the DIGAMI study [142], as well as in crit-
ically ill patients in general and especially in those
with acute renal failure [143] may be explained by
this mechanism. Moreover, in the cardiomyocyte
of patients with CKD, an abnormal calcium cycling
and contractile function occurs [144], as well as an
increased rate of apoptosis [145].

Overactivity of the sympathetic nervous
system
Chemoreceptors and baroreceptors are activated in
the damaged kidney, even when GFR is still nor-
mal [146, 147]. Activating signals from these re-
ceptors then convene to the hypothalamus where
they cause an increase in sympathetic tone. Sympa-
thetic overactivity will increase inotropy and, con-
sequently, oxygen demand and is therefore un-
wanted in patients with ischemic heart disease. This
sympathetic overexpression may be one of the ma-
jor reasons of poor outcome of patients with ESRD
after a MI [148]. Thus, the role of �-blockers is
very important in uremic patients and their use
is continuously increasing. In a prospective study,
carvedilol was shown to improve survival in dialy-
sis patients with impaired cardiac function due to
dilated cardiomyopathy [149, 150]. Furthermore,
in the CIBIS II trial in the subgroup of chronic HF
patients with renal failure, the protective effect of
bisoprolol was the same as in the other patients
[151]. In the DOPPS study although only a mi-
nority of dialyzed patients with CAD received �-
blockers, their survival was higher by 13% [152].
Over the past several years �-blockers are being in-
creasingly employed in patients with CKD, whether
diabetic or not [153].

Microvessel disease
The heart capillaries in uremic patients have re-
duced length and thus their growth is not in
accordance with the cardiomyocyte hypertrophy
[154]. Therefore, there is an increased distance
through which oxygen must diffuse from the cap-
illary lumen to the interior of the cardiomyocyte.
This will expose the cardiomyocyte to hypoxia
whenever the oxygen supply of the heart is criti-
cally low, for instance when coronary blood flow
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decreases. Moreover, abnormalities in vascular re-
modeling may occur in patients with CKD [155].

Left ventricular hypertrophy
LVH is present from the early stages of CKD [156].
The cause of LVH in renal disease relates to a
chronic increase in stroke work and the work of
the LV per minute, which are the results of pres-
sure and volume overload [157].

Cardiac disorders caused by anemia
It is known from several years that severe anemia
can cause HF even in individuals without cardiac
abnormalities [6]. In Figure 20.1 there is shown
the pathogenetic mechanism of HF due to anemia
[158–169]. In a recent study [170] in a large pop-
ulation of over 1,000,000 elderly patients, anemia
conferred a twofold relative risk to develop HF dur-
ing the next year compared to those with a normal
hematocrit.

Almost all the HF parameters are worse in
anemic HF patients [40, 171]. Specifically, they
have more hospitalizations, worse NYHA func-
tional class, lower LVEF, and exercise tolerance
as expressed by reduced VO2 peak, higher level
of BNP, higher heart rate, more severe peripheral
edema, higher pulmonary capillary wedge pres-
sures, and a greater resistance to therapy as judged
by the need for higher doses of diuretics. They also
have increased levels of proinflammatory cytokines
such as TNF-� and interleukin 6 (IL 6), a higher
prevalence of cardiac cachexia, and a more rapid
progression of renal failure.

Approximately one third of HF patients have Hgb
�12 g/dL [172]. The presence of anemia is associ-
ated with more severe HF as expressed by NYHA
functional class. In multiple studies, anemia has
emerged as an independent risk factor of morbid-
ity and mortality, but also a therapeutic target in
HF patients [172–179]. The degree of anemia in HF
may also play a role in hospital mortality and hos-
pital costs [180].

Anemia causes in HF & CKD
Over the past several years a lot of pathophysio-
logic mechanisms of anemia in patients with HF
and CKD have been proposed, among which pre-

vail HF itself and its drug therapy (ACE inhibitors
or ARBs), the associated renal dysfunction, coexist-
ing DM, production of proinflammatory cytokines
such as TNF-� or of other substances from the heart
myocytes of patients with HF that inhibit erythro-
poiesis [96, 181–189]. Aspirin, taken by the major-
ity of HF patients, may also cause microscopic blood
loss from the gastrointestinal system and thus pro-
duce anemia. Proteinuria which is also common in
HF patients can cause anemia by the loss of EPO,
iron, and transferrin in great amounts from the
urine [187]. Finally, hemodilution is another pos-
sible explanation of anemia in HF.

Benefits of anemia treatment
The close relationship of anemia with poor prog-
nosis made the correction of anemia a therapeu-
tic target in HF and CKD patients. Administration
of recombinant EPO and IV or peros iron was first
used in HF patients in 2000 [36]. The correction
of anemia to a Hgb level �12.5 g/dL by IV iron at
a dose of 200 mg/week (ferric sucrose) and EPO
2000 IU/week in patients with severe HF improved
symptoms and quality of life of these patients, ev-
idenced by improvement of the NYHA functional
class, increased LVEF, reduced number and days of
hospitalization, reduced doses of oral and IV diuret-
ics required, and improved self-assessed shortness
of breath and fatigue. It was also noted that after
correction of anemia, creatinine clearance was sta-
bilized when before correction it had been falling
at about 1 mL/minute every month [190]. The first
randomized blind placebo-controlled study of EPO
therapy in 22 patients with anemia and severe HF
was performed in 2003 and had favorable results
[51]. Other more recent studies had similar results
[67,74].

Nevertheless, the use of recombinant human
EPO has some adverse effects. These adverse ef-
fects include the development or worsening of
systemic hypertension, access site thrombosis in
dialysis patients with arteriovenous shunts and
generally increased thrombosis risk. Thus, the op-
timal hemoglobin level in patients with CKD is not
yet known and the benefits must be judged and
weighed against the risks of EPO use.
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The CREATE study [72, 191] tried to investigate
the effect of early anemia correction in patients
with CKD on the cardiovascular risk which was
assessed as the time to first cardiovascular event,
including angina, acute congestive HF, MI, arrhyth-
mias, sudden death, stroke, transient cerebrovascu-
lar ischemia, and manifestation of peripheral vascu-
lar disease. It included 603 patients with CKD not
yet requiring renal replacement therapy (creatinine
clearance 15–35 mL/minute) and moderate anemia
(Hgb, 11.0–12.5 g/dL). Patients were randomized to
early treatment or late treatment with epoetin beta
administered subcutaneously. The early treatment
group started epoetin therapy immediately, aiming
for a target Hgb level of 13–15 g/dL. The late treat-
ment group only started epoetin therapy once the
Hgb level had declined to below 10.5 g/dL (target
Hgb level 10.5–11.5 g/dL). After 3 years of follow-
up, no difference was observed between the two
groups in the cardiovascular events.

Another study, the CHOIR study, in patients with
CKD was planned in order to find the “optimal”
level of hemoglobin [71]. This study included 1432
patients with CKD who received epoetin alfa for the
correction of their anemia. Patients were divided in
two groups. The first group received a dose of epo-
etin alfa targeted to achieve a Hgb level of 13.5 g/dL
and the other group received a dose targeted to
achieve a level of 11.3 g/dL. The primary end point
was a composite of death, MI, hospitalization for
congestive HF, and stroke. After a follow-up pe-
riod of 16 months, the group with high target Hgb
had more cardiovascular events and no difference
in the quality of life was observed between the two
groups.

The PRESAM study included 4333 predialysis pa-
tients with CKD. It was observed that the use of
EPO in the pre-dialysis period was associated with
a lower incidence of HF, angina pectoris, and MI
during this period [192]. Moreover, the mortality
rate, and the hospitalization rate after dialysis was
started, was also shown to be lower in those who
received EPO in the predialysis period.

In a recent meta-analysis [193] of nine random-
ized trials which included 5143 patients with CKD,
it was observed that there was a significantly higher
risk of all-cause mortality and arteriovenous access

thrombosis in the higher Hgb target group than in
the lower Hgb target. The authors concluded that
there is risk of major adverse events—including
death—when Hgb is raised to 12–16 g/dL in CKD
patients which is in the normal range for healthy
individuals and suggests that there should be con-
sidered an upper limit for target Hgb concentra-
tions in the next guidelines for anemia manage-
ment in CKD which until now recommend the
maintenance of Hgb concentration at 11g/dL. Sim-
ilar results were found in a previous meta-analysis.
This was a meta-analysis of controlled studies of
anemia treatment in pre-dialysis and dialysis pa-
tients. It was concluded that the benefit of main-
taining Hgb of up to 12 g/dL was associated with
a lower all-cause mortality but there is no evi-
dence of benefit by increasing Hgb above this level
[194].

All these data clearly suggest that anemia indeed
does play a role in the worsening of HF, but large
randomized placebo-controlled studies are needed
to confirm this. Furthermore, more studies are re-
quired on total correction of anemia in HF, CKD,
and ESRD. These studies should ideally include pa-
tients with a wide range in Hgb levels and last for
several years to recognize dysfunctions, which are
slow in occurring.

Diabetes and anemia

Anemia is quite common in patients with DM
and often goes unrecognized. Although data from
prospective surveys are lacking, cross-sectional
studies have shown a prevalence at least two
times higher than that of the general population
[181, 195]. A further and sharp increase of ane-
mia prevalence has been observed in diabetics with
micro- or macrovascular complications, especially
those with various degrees of renal impairment.
The prevalence of anemia seems to increase pro-
gressively with worsening renal failure[196]. In pa-
tients with diabetic nephropathy, frequencies of
up to 70% have been reported [197]. Moreover,
anemia is more common in diabetic nephropa-
thy than in other renal diseases. For example,
the Third National Health and Nutrition Exami-
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nation Survey found that people in the general
population with DM were nearly twice as likely
to have anemia as people without DM but with
a similar degree of renal impairment [198]. Fi-
nally, anemia develops earlier and is more severe in
patients with DM than in patients with renal im-
pairment from other causes [182]. The etiology
of anemia in DM is complex, but a major fac-
tor seems to be the inability of the kidney to in-
crease the circulating concentrations of EPO as a
response to falling hemoglobin (functional EPO de-
ficiency) [199]. This seems to happen even in the
absence of overt diabetic nephropathy [200]. Ad-
ditional, nonrenal factors include reduced erythro-
cyte survival [201], chronic systemic inflammation
[202], occult blood loss, and hematinic deficiencies
[203]. It has been reported that up to one-third
of patients with DM have reduced iron availability
[204]. Finally, drugs used for the treatment of DM
and its complications may also precipitate anemia
through various mechanisms. Thiazolidinendiones,
for example, can cause a dilutional benign ane-
mia through fluid retention and increase in plasma
volume [205]. Metformin intake on the contrary
has been associated with a decrease in both folic
acid and vitamin B12 absorption [206]. The precise
mechanism by which DM impairs renal EPO re-
sponse remains unidentified. Although functional
EPO deficiency is linked to renal dysfunction, the
defect appears to be beyond that seen in other renal
diseases. The predominance of damage to specific
cells and vascular architecture of the renal tubu-
lointerstitium, and the resulting systemic inflam-
mation, autonomic neuropathy, and induction of
inhibitors of EPO release, have all been suggested
as contributors to impaired renal EPO production
and release [207].

Anemia has been clearly associated with the
presence and the progression of both microvascu-
lar and macrovascular complications in DM. Dia-
betic patients with anemia had an increased risk
of nephropathy [208,208], retinopathy [209], neu-
ropathy [210], impaired wound healing [211],
and macrovascular disease. Some of the risk
of macrovascular disease may be attributed to
nephropathy, a common cause of both anemia
and CVD. However, anemia per se may also be

independently associated with accelerated vascu-
lar disease [212]. Moreover, in diabetic patients
with macrovascular disease anemia further wors-
ens prognosis [19,213]. Tissue hypoxia may be the
common denominator linking anemia to organ-
specific dysfunction and may account for the
interaction between anemia and hyperglycemia
on the progression of diabetic microvascular and
macrovascular complications. Given that, anemia
should be considered a nontraditional risk fac-
tor and its treatment might prevent or slow pro-
gression of DM complications. Small studies have
shown that symptoms such as fatigue and exer-
cise tolerance, and poor quality of life are improved
when anemia is corrected with the administration
of iron and EPO [214]. Signs and symptoms of
HF have also been shown to improve in patients
with DM and HF [65]. However, definitive data of
the effect of anemia correction on morbidity and
mortality are lacking. A recently completed clinical
trial failed to show any regression in left ventricu-
lar hypetrophy after administration of epoetin beta
for correction of anemia to an Hb target level of
13–15 g/dL in diabetic patients with chronic kid-
ney disease [215]. Nevertheless, normalization of
Hb level prevented an additional increase in left
ventricular hypertrophy, was safe, and improved
quality of life in these patients. More large-outcome
studies are now in progress and are expected to
provide us with valuable information on the bene-
fits of anemia correction in patients with either DM
alone or DM with renal dysfunction [201].

Risk of anemia in CABG and
valve surgery

Both preoperative and perioperative anemias are
major components of the high-risk profile of pa-
tients who are candidates for cardiac surgery [216].
Clearly, bleeding and the addition of nonhematic
fluids during cardiopulmonary bypass (CPB) lead-
ing to hemodilution are the main causes of ane-
mia in the surgical patient. Beyond blood loss dur-
ing the procedure, activation of the contact co-
agulation factors during extracorporeal circulation
causes activation of the complex fibrinolytic system
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with subsequent hemorrhagic diathesis [217, 218].
Moreover, CPB shortens RBC life by increasing
fragility [219, 220]. On the contrary, the current
practice of CPB, which entails the addition of 1.5–2
L or more of crystalloid and colloid fluids (used
to prime the CPB circuit), frequently results in
marked hemodilution, often to hematocrit concen-
trations �20% [221]. Finally, drugs most com-
monly the antithrombotic and antiplatelet agents
contribute to the development of bleeding and con-
sequent anemia [216].

Anemia has an adverse impact on the prognosis
of patients who undergo cardiac surgery. Data from
a large US registry of CABG patients have shown
that the lowest hematocrit during CPB is signifi-
cantly associated with increased risk of in-hospital
mortality, intra- or postoperative placement of an
intra-aortic balloon pump and return to CPB after
attempted weaning [222]. Others have shown an
independent, nonlinear relationship between nadir
hematocrit concentration during CPB and acute re-
nal failure necessitating dialysis support [221]. The
risk of stroke is also increased in these patients
[223].

Several strategies have been developed to pre-
vent and treat perioperative anemia in cardiac
surgery. However, transfusion of RBCs remains
the mainstay of treatment. The lower cutoff point
of Hgb levels for deciding to transfuse remained
a controversial issue for many years. It was ini-
tially believed that a Hgb concentration of 10 g/dL
(hematocrit 30%) was essential in surgical patients
and that transfusion should be undertaken when-
ever necessary to achieve it [224]. This concept
was essentially challenged in the 1980s not by
the appearance of new evidence but by the real-
ization that human immunodeficiency virus (HIV)
was transmissible by blood transfusion. Physiology
studies showed that oxygen delivery in acute nor-
movolaemic anemia was similar at a Hgb concen-
tration of 7 g/dL to that at 13 g/dL. On the strength
of this observation, and the knowledge that many
severely anemic patients (for example those with
renal failure) can safely be brought through anes-
thesia and surgery, a consensus conference encour-
aged the belief that a Hgb level of 7 g/dL was gen-
erally acceptable [225].

In the past decade, more evidence about the low-
est tolerable Hgb level has become available. Ex-
perimental animals can survive hemodilution to a
hematocrit value of 4% [226]. Human studies are
rare in this field, but it has been shown recently
that 32 resting healthy subjects tolerated acute nor-
movolemic anemia to a Hgb level of 5 g/dL without
a rise in plasma lactate levels, although two sub-
jects developed significant ST segment changes on
Holter ECG monitors [227]. However, patients who
have surgery for cardiac disease may not tolerate
these low levels of hemoglobin. In a series of 4470
patients admitted to Canadian intensive care units,
a tendency to increased mortality was observed in
patients with cardiac disease when Hgb values fell
below 9.5 g/dL, a trend which could be reversed by
blood transfusion [228].

Given the fact that CABG and other cardiac pro-
cedures are among the most frequently performed
operations and account for ∼10% of all RBC units
transfused [229] as well the important hazards
associated with blood transfusion, recently pub-
lished guidelines for cardiac surgery have indicated
that: “. . .With hemoglobin levels below 6 g/dL,
RBC transfusion is reasonable, as this can be life-
saving. Transfusion is reasonable in most postoper-
ative patients whose hemoglobin is �7 g/dL, but no
high-level evidence supports this recommendation.
(Level of evidence C) . . .” [216].

Alternative to blood transfusion strategies are
currently been investigated as well. These strategies
include drugs like antifibrinolytic agents: aprotinin
is not more available), Desmopressin is no more
recommended for cardiac surgery patients, recom-
binant factor VIIA[230–232] not demonstrated and
EPO[233–235] remains a matter of debate, new de-
vices that aid blood concentration and finally, new
perfusion techniques like intraoperative autotrans-
fusion, intraoperative autologous donation, preop-
erative autologous blood donation, postoperative
shed blood reinfusion, etc. [216].

Conclusion

A close association between anemia and the de-
velopment of CVD is being increasingly recognized
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over the recent years. In the general population,
anemia is associated with increased cardiovascular
morbidity. There seems to be a potentially causative
role in the development of CVD both in subjects
with or without cardiovascular risk factors and in
patients with renal dysfunction. Anemia also seems
to aggravate the prognosis of patients who already
suffer from cardiovascular complications, such as
those with congestive HF. Anemia is quite com-
mon among patients with HF, encountered in fre-
quencies hovering around 30%. Anemia may also
precipitate myocardial ischemia, particularly in pa-
tients with CAD, whereby ischemia can occur with
even mild degree of anemia.

The impact of anemia therapy on outcomes in
CVD has been intensively investigated over the re-
cent years. Definitive evidence is still lacking and
anemia correction has not been incorporated into
the routine clinical practice yet. Correcting ane-
mia through blood transfusions, although guided
by common sense, has been shown to be poten-
tially harmful especially when used liberally and
aggressively as a treatment strategy. On the con-
trary, the administration of EPO seems promising,
especially for the anemic patients with CKD, HF,
or both. However, concerns have been raised about
the safety of this type of treatment, since EPO has
been associated with an increased risk of hyperten-
sion and thrombosis.
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72. Drüeke TB, Locatelli F, Clyne N, et al. Nor-

malization of hemoglobin level in patients with

chronic kidney disease and anemia. N Engl J Med

2006;355:2071–84.

73. Ma JZ, Ebben J, Xia H, et al. Hematocrit level and

associated mortality in hemodialysis patients. J Am

Soc Nephrol 1999;10:610–19.

74. Bolger AP, Bartlett FR, Penston HS, et al. Intra-

venous iron alone for the treatment of anemia in

patients with chronic heart failure. J Am Coll Car-

diol 2006;48:1225–7.

75. Beck-da-Silva L, Rohde LE, Pereira-Barretto AC,

et al. Rationale and design of the IRON-HF study:

a randomized trial to assess the effects of iron sup-

plementation in heart failure patients with anemia.

J Card Fail 2007;13:14–17.

76. Al Falluji N, Lawrence-Nelson J, Kostis JB, et al.

Effect of anemia on 1-year mortality in pa-

tients with acute myocardial infarction. Am Heart

J 2002;144:636–41.

77. Bindra K, Berry C, Rogers J, et al. Abnormal

hemoglobin levels in acute coronary syndromes. Q

J Med 2006;99:851–62.

78. Arant CB, Wessel TR, Olson MB, et al. Hemoglobin

level is an independent predictor for adverse car-

diovascular outcomes in women undergoing eval-

uation for chest pain—results from the national

heart, lung, and blood institute women’s ischemia

syndrome evaluation study. J Am Coll Cardiol

2004;43:2009–14.

79. Nikolsky E, Mehran R, Aymong ED, et al. Im-

pact of anemia on outcomes of patients undergoing

percutaneous coronary interventions. Am J Cardiol

2004;94:1023–7.

80. Yoshikawa H, Powell WJ Jr, Bland JH, et al. The ef-

fect of acute anemia on experimental myocardial is-

chemia. Am J Cardiol 1973;32:670–78.

81. Wu WC, Rathore SS, Radford MJ, et al. Blood

transfusion in elderly patients with acute myocar-

dial infarction. New Engl J Med 2001;345:1230–

36.

82. Carson JL, Duff A, Poses RM, et al. Effect of anemia

and cardiovascular disease on surgical mortality and

morbidity. Lancet 1996;348:1055–60.

83. Carson JL, Duff A, Berlin JA, et al. Periopera-

tive blood transfusion and postoperative mortality.

JAMA 1998;279:199–205.

84. Lipsic E, Van Der Horstc ICC, Voorsa AA, et al.

Hemoglobin levels and 30-day mortality in pa-

tients after myocardial infarction. Int J Cardiol

2005;100:289–92.

85. Sabatine MS, Morrow DA, Giugliano R, et al. As-

sociation of hemoglobin levels with clinical out-

comes in acute coronary syndromes. Circulation

2005;111:2042–9.

86. Meneveau N, Schiele F, Seronde MF, et al. Anemia

for risk assessment of patients with acute coronary

syndromes. Am J Cardiol 2009;103:442–7.

87. Cavusoglu E, Chopra V, Gupta A, et al. Useful-

ness of anemia in men an independent predictor

of two-year cardiovascular outcome in patients pre-

senting with acute coronary syndrome. Am J Cardiol

2006;98:580–84.

88. Vaglio J, Safley DM, Rahman M, et al. Relation of

anemia at discharge to survival after acute coronary

syndromes. Am J Cardiol 2005;96:496–9.

89. Langston R, Presley R, Flanders WD, et al. Renal in-

sufficiency and anemia are independent risk factors

for death among patients with acute myocardial in-

farction. Kidney Int 2003;64:1398–405.

90. Nikolsky E, Aymong ED, Halkin A, et al. Impact

of anemia in patients with acute myocardial infarc-

tion undergoing primary percutaneous coronary in-

tervention: analysis from the Controlled Abciximab

and Device Investigation to Lower Late Angioplasty

Complications (CADILLAC) Trial. J Am Coll Cardiol

2004;44:547–53.

91. Berry C, Kelly J, Cobbe SM, et al. Comparison of

femoral bleeding complications after coronary an-

glography versus percutaneous coronary interven-

tion. Am J Cardiol 2004;94:361–3.



c20 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

246 Anemia and Cardiovascular Disease

92. Rao SV, Eikelboom JA, GrangerCB, et al. Bleed-

ing and blood transfusion issues in non-ST-segment

elevation acute coronary syndromes. Eur Heart J

2007;28:1193–204.

93. LeMay MR, Wells GA, Labinaz M, et al. Com-

bined angioplasty and pharmacological intervention

versus thrombolysis alone in acute myocardial in-

farction (CAPITAL AMI Study). J Am Coll Cardiol

2005;46(3):417–24.

94. Thomas MC, Cooper ME, Tsalamandris C, et al. Ane-

mia with impaired erythropoietin response in dia-

betic patients. Arch Int Med 2005;165:466–9.

95. Means RT. Advances in the anemia of chronic dis-

ease. Int J Hematol 1999;70:7–12.

96. Ishani A, Weinhandl E, Zhao ZH, et al. Angiotensin-

converting enzyme inhibitor as a risk factor for the

development of anemia, and the impact of incident

anemia on mortality in patients with left ventric-

ular dysfunction. J Am Coll Cardiol 2005;45:391–

9.

97. Eikelboom JW, Mehta SR, Anand SS, et al. Ad-

verse impact of bleeding on prognosis in pa-

tients with acute coronary syndromes. Circulation

2006;114:774–82.

98. Manoukian SV, Feit F, Mehran R, et al. Impact of

major bleeding on 30-day mortality and clinical out-

comes in patients with acute coronary syndromes.

An analysis from the ACUITY trial. J Am Coll Car-

diol 2007;49:1362–8.

99. Dauerman HL, Lessard D, Yarzebski J, et al.

Bleeding complications in patients with anemia

and acute myocardial infarction. Am J Cardiol

2005;96(10):1379–83.

100. Yang X, Alexander KP, Chen AY, et al. CRUSADE

Investigators. The implications of blood transfusions

for patients with non-ST-segment elevation acute

coronary syndromes: results from the CRUSADE na-

tional quality improvement initiative. J Am Coll Car-

diol 2005;46:1490–95.

101. Rao SV, Jollis JG, Harrington RA, et al. The rela-

tionship of blood transfusion and clinical outcomes

in patients with acute coronary syndromes. JAMA

2004;292:1555–62.

102. Singla I, Zahid M, Good CB, et al. Impact of blood

transfusions in patients presenting with anemia and

suspected acute coronary syndrome. Am J Cardiol

2007;99:1119–21.

103. Aronson D, Dann EJ, Bonstein L, et al. Impact of

red blood cell transfusion on clinical outcomes in pa-

tients with acute myocardial infraction. Am J Cardiol

2008;102(8):1116–17.

104. Alexander KP, Chen AY, Wang TY, et al. Trans-

fusion practice and outcomes in non-STsegment

elevation acute coronary syndromes. Am Heart J

2008;155(6):1047–53.

105. Stamler JS, Jia L, Eu JP, et al. Blood flow regulation

by S-nitrosohemoglobin in the physiological oxygen

gradient. Science 1997;276:2034–7.

106. Weed RI, LaCelle PL, Merrill EW. Erythrocyte

metabolism and cellular deformability. Vox Sang

1969;17:32–3.

107. Longster GH, Buckley T, Sikorski J, et al. Scanning

electron microscope studies of red cell morphology.

Changes occurring in red cell shape during storage

and post transfusion. Vox Sang 1972;22:161–70.

108. Perrotta PL, Snyder EL. Non-infectious com-

plications of transfusion therapy. Blood Rev

2001;15:69–83.

109. Belonje AM, Voors AA, van Gilst WH, et al. HEBE III

investigators. Effects of erythropoietin after an acute

myocardial infarction: rationale and study design of

a prospective, randomized, clinical trial (HEBE III).

Am Heart J 2008;155:817–22.

110. United States Renal Data System. USRDS 2005, An-

nual Data Report. National Institute of Health, Na-

tional Institute of Diabetes and Digestive and Kidney

Diseases, Bethesda, MD, 2005.

111. National Kidney Foundation. K/DOQI clinical prac-

tice guidelines for chronic kidney disease evalua-

tion, classification and stratification. Am J Kidney

Dis 2002;39(Suppl. 1):S1–266.

112. Redfield MM, Jacobsen SJ, Burnett JC, et al. Burden

of systolic and diastolic ventricular dysfunction in

the community: appreciating the scope of the heart

failure epidemic. JAMA 2003;289:194–202.

113. Cheung AK, Sarnak MJ, Yan G, et al. Cardiac dis-

eases in maintenance hemodialysis patients: results

of the HEMO Study. Kidney Int 2004;65:2380–89.

114. Chavers BM, Li S, Collins AJ, Herzog CA. Cardiovas-

cular disease in paediatric chronic dialysis patients.

Kidney Int 2002;62:648–53.

115. Groothoff J, Gruppen M, de Groot E, Offringa M.

Cardiovascular disease as a late complication of

end-stage renal disease in children. Perit Dial Int

2005;25(Suppl. 3):S123–6.

116. Collins AJ, Li S, Ma JZ, Herzog C. Cardiovascular dis-

ease in end-stage renal disease patients. Am J Kid-

ney Dis 2001;38(Suppl. 1):S26–9.

117. Foley RN, Parfrey PS, Harnett JD, et al. Clini-

cal and echocardiographic disease in patients start-

ing end-stage renal disease therapy. Kidney Int

1995;47:186–92.



c20 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

Chapter 20 247

118. Silverberg DS, Wexler D, Blum M, Iaina A. The car-

dio renal anaemia syndrome: correcting anaemia in

patients with resistant congestive heart failure can

improve both cardiac and renal function and re-

duces hospitalization. Clin Nephrol 2003;60(Suppl.

1):S93–102.

119. Silverberg DS, Wexler D, Blum M, et al. The in-

teraction between heart failure, renal failure and

anaemia- the cardiorenal anaemia syndrome. Blood

Purif 2004;22:277–28.

120. McAlister FA, Ezekowitz J, Tonelli M, Armstrong

PW. Renal insufficiency and heart failure: prognos-

tic and therapeutic implications from a prospective

cohort study. Circulation 2004;109:1004–9.

121. Dries DL, Exner DV, Domanski MJ, Greenberg B,

Stevenson IW. The prognostic implications of renal

insufficiency in asymptomatic and symptomatic pa-

tients with left ventricular systolic dysfunction. J Am

Coll Cardiol 2000;35:681–9.

122. Stack AG, Bloembergen WE. A cross-section study

of the prevalence and clinical correlates of conges-

tive failure among incident US dialysis patients. Am

J Kidney Dis 2001;38:991–1000.

123. Brenner BM, Cooper ME, de Zeeuw D, et al., for

the RENAAL Study Investigators. Effects of losar-

tan on renal and cardiovascular outcomes in patients

with type 2 diabetes and nephropathy. N Engl J Med

2001;345:861–9.

124. Adams KF, Fonarow GC, Emerman CL, et al. Char-

acteristics and outcomes of patients hospitalized for

heart failure in the United States: rationale, de-

sign, and preliminary observations from the first

100,000 cases in the Acute Decompensated Heart

Failure National Registry (ADHERE). Am Heart J

2005;149:209–16.

125. Go AS, Chertow GM, Fan D, et al. Chronic kid-

ney disease and the risks of death, cardiovas-

cular events, and hospitalization. N Engl J Med

2004;351:1296–305.

126. McCullough PA. Cardio renal risk: an impor-

tant clinical intersection. Rev Cardiovasc Med

2002;3:71–76.

127. Greaves SC, Gamble GD, Collins JF, et al. Deter-

minants of left ventricular hypertrophy and systolic

dysfunction in chronic renal failure. Am J Kidney

Dis 1994;24:768–76.

128. Clyne N, Lins LE, Pehrsson SK. Occurrence and sig-

nificance of heart disease in uraemia. Scand J Urol

Nephrol 1986;20:307–11.

129. Ansari A, Kaupke CJ, Vaziri ND, Miller R, Barbari

A. Cardiac pathology in patients with end-stage re-

nal disease maintained on hemodialysis. Int J Artif

Organs 1993;16:31–6.

130. Oh J, Wunsch R, Turzer M, et al. Advanced coro-

nary and carotid arteriopathy in young adults with

childhood-onset chronic renal failure. Circulation

2002;106:100–105.

131. Boaz M, Smetana S, Weinstein T, et al. Secondary

prevention with antioxidants of cardiovascular dis-

ease in endstage renal disease (SPACE): randomised

placebo-controlled trial. Lancet 2000;356:1213–8.

132. Witko-Sarsat V, Friedlander M, Nguyen Khoa T, et al.

Advanced oxidation protein products as novel me-

diators of inflammation and monocyte activation in

chronic renal failure. J Immunol 1998;161:2524–32.

133. Stenvinkel P, Heimburger O, Paultre F, et al. Strong

association between malnutrition, inflammation,

and atherosclerosis in chronic renal failure. Kidney

Int 1999;55:1899–911.

134. Ridker PM, Hennekens CH, Buring JE, Rifai N. C-

reactive protein and other markers of inflamma-

tion in the prediction of cardiovascular disease in

women. N Engl J Med 2000;342:836–43.

135. Zimmermann J, Herrlinger S, Pruy A, et al.

Inflammation enhances cardiovascular risk and

mortality in hemodialysis patients. Kidney Int

1999;55:648–58.

136. Block GA, Hulbert-Shearon TE, Levin NW, Port

FK. Association of serum phosphorus and calciumx-

phosphate product with mortality risk in chronic

hemodialysis patients: a national study. Am J Kid-

ney Dis 1998;31:607–17.

137. Ganesh SK, Stack AG, Levin NW, et al. Associa-

tion of elevated serum PO(4), CaxPO(4) product,

and parathyroid hormone with cardiac mortality risk

in chronic hemodialysis patients. J Am Soc Nephrol

2001;12:2131–8.

138. Narang R, Ridout D, Nonis C, Kooner JS. Serum cal-

cium, phosphorus and albumin levels in relation to

the angiographic severity of coronary artery disease.

Int J Cardiol 1997;60:73–9.

139. Raine AE, Seymour AM, Robert AFC, et al. Impair-

ment of cardiac function and energetics in exper-

imental renal failure. J Clin Invest 1993;92:2934–

40.

140. Ritz E, Koch M. Morbidity and mortality due to hy-

pertension in patients with renal failure. Am J Kid-

ney Dis 1993;21:113–8.

141. Amann K, Ritz C, Adamczak M, Ritz E. Why is

coronary heart disease of uraemic patients so fre-

quent and so devastating? Nephrol Dial Transplant

2003;18:631–40.



c20 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

248 Anemia and Cardiovascular Disease

142. Malmberg K. Prospective randomised study of in-

tensive insulin treatment on long term survival after

acute myocardial infarction in patients with diabetes

mellitus. DIGAMI (Diabetes Mellitus, Insulin Glu-

cose Infusion in Acute Myocardial Infarction) Study

Group. BMJ 1997;314:1512–5.

143. Van Den Berghe G, Wouters P, Weekers F, et al. In-

tensive insulin therapy in the critically ill patients. N

Engl J Med 2001;345:1359–67.

144. Periyasamy SM, Chen J, Cooney D, et al. Effects

of uremic serum on isolated cardiac myocyte cal-

cium cycling and contractile function. Kidney Int

2001;60:2367–76.

145. Anversa P, Nadal-Ginard B. Myocyte renewal and

ventricular remodelling. Nature 2002;415:240–43.

146. Rump LC, Amann K, Orth S, Ritz E. Sympa-

thetic overactivity in renal disease: a window to

understand progression and cardiovascular com-

plications of uraemia? Nephrol Dial Transplant

2000;15:1735–8.

147. Klein IH, Ligtenberg G, Oey PL, Koomans HA,

Blankestijn PJ. Sympathetic activity is increased in

polycystic kidney disease and is associated with hy-

pertension. J Am Soc Nephrol 2001;12:2427–33.

148. Herzog CA, Ma JZ, Collins AJ. Poor long-term

survival after acute myocardial infarction among

patients on long-term dialysis. N Engl J Med

1998;339:799–805.

149. Cice G, Ferrara L, Di Benedetto A. Dilated cardiomy-

opathy in dialysis patients—beneficial effects of

carvedilol: a double-blind, placebo-controlled trial. J

Am Coll Cardiol 2001;37:407–11.

150. Cice G, Ferrara L, D’Andrea A. Carvedilol in-

creases two year survival in dialysis patients

with dilated cardiomyopathy. J Am Coll Cardiol

2003;41:1438–44.

151. Erdmann E, Lechat P, Verkenne P, et al. Results from

post-hoc analyses of the CIBIS II trial: effect of biso-

prolol on high-risk patient groups with chronic heart

failure. Eur J Heart Fail 2001;3:469–79.

152. Bragg JL, Mason NA, Maroni BJ, Held PJ, Young

EW. Beta-adrenergic antagonist utilization among

hemodialysis (HD) patients. J Am Soc Nephrol

2001;12:321A.

153. Zuanetti G, Maggioni AP, Keane W, Ritz E. Nephrol-

ogists neglect administration of betablockers to

dialysed diabetic patients. Nephrol Dial Transplant

1997;12:2497–500.

154. Amann K, Breitbach M, Ritz E, Mall G. My-

ocyte/capillary mismatch in the heart of uremic pa-

tients. J Am Soc Nephrol 1998;9:1018–22.

155. Amann K, Miltenberger-Miltenyi G, Simonaviciene

A, et al. Remodeling of resistance arteries in renal

failure: effect of endothelin receptor blockade. J Am

Soc Nephrol 2001;12:2040–50.

156. Levin A, Singer J, Thompson CR, Ross H, Lewis M.

Prevalent left ventricular hypertrophy in the predial-

ysis population: identifying opportunities for inter-

vention. Am J Kidney Dis 1996;27:347–54.

157. London GM. Cardiovascular disease in chronic re-

nal failure: Pathophysiologic aspects. Semin Dial

2003;16(2):85–94.

158. Bongartz LG, Cramer MJ, Doevendans PA, et al.

The severe cardiorenal syndrome:“Guyton revis-

ited”. Eur Heart J 2005;26:11–7.

159. Johnson DB, Dell’Italia LJ. Cardiac hypertrophy and

failure in hypertension. Curr Opin Nephrol Hyper-

tens 1996;5:186–91.

160. Katz AM. The cardiomyopathy of overload: an un-

natural growth response in the hypertrophied heart.

Ann Intern Med 1994;121:363–71.

161. Aessopos A, Deftereos S, Farmakis D, et al. Cardio-

vascular echocardiographic study. Clin Invest Med

2004;27:265–73.

162. Astor BC, Arnett DK, Brown A, Coresh J. Associ-

ation of kidney function with left ventricular mor-

phology among African Americans: the Atheroscle-

rotic Risk in Communities (ARIC) study. Am J Kid-

ney Dis 2004;43:836–45.

163. Olivetti G, Lagrasta C, Quaini F, et al. Capillary

growth in anaemia induced ventricular remodelling

in the rat heart. Circ Res 1989;65:1182–92.

164. Olivetti G, Quaini F, Lagrasta C, et al. Myocyte cel-

lular hypertophy and hyperplasia contribute to ven-

tricular wall modelling in anaemia induced cardiac

hypertrophy in rats. Am J Pathol 1992;141:227–39.

165. Rossi MA, Carillo SV. Electron microscopic study on

the cardiac hypertrophy induced by iron deficiency

in the rat. Br J Exp Pathol 1983;64:373–87.

166. Rakusan K, Cicutti N, Kolar F. Effect of anaemia on

cardiac function, microvascular structure and capil-

lary hematocrit in rat hearts. Am J Physiol Heart Circ

Physiol 2001;280:H1407–14.

167. Schunkert H, Hense HW. A heart price to pay for

anaemia. Nephrol Dial Transplant 2001;16:445–8.

168. Davis LE, Hohimer AR. Hemodynamics and organ

flow in fetal sheep subjected to chronic anaemia. Am

J Physiol 1991;261:R152–8.

169. Davis LE, Hohimer R, Brace RA. Changes in

left thoracic lymph flow during progressive

anaemia in the ovine fetus. Am J Obstet Gynecol

1996;174:1469–76.



c20 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

Chapter 20 249

170. Sandgren E, Murray AM, Herzog CA, et al. Ane-

mia and new-onset congestive heart failure in

the general Medicare population. J Card Fail

2005;11:99–105.

171. Low I, Grutzmacher P, Bergmann M, Schoeppe

W. Echocardiographic findings in patients on

maintenance hemodialysis substituted with re-

combinant human erythropoietin. Clin Nephrol

1989;31:26–30.

172. Silverberg DS, Wexler D, Iaina A. The role of ane-

mia in the progression of congestive heart failure.

Is there a place for erythropoietin and intravenous

iron? J Nephrol 2004;17:749–61.

173. Felker GM, et al. Anemia as a risk factor and ther-

apeutic target in heart failure. J Am Coll Cardiol

2004;44:959–66.

174. Obialo CI. Cardiorenal consideration as a

risk factor for heart failure. Am J Cardiol

2007;99(Suppl.):21D–24.

175. Wexler D, Silverberg DS, Sheps D, et al. Prevalence

of anaemia in patients admitted to hospital with a

primary diagnosis of congestive heart failure. Int J

Cardiol 2004;96:79–7.

176. Tanner H, Moschovitis G, Kuster GM, et al. The

prevalence of anemia in chronic heart failure. Int J

Cardiol 2002;86:115–21.

177. Herzog CA, Muster HA, Li S, Collins AJ. Impact of

congestive heart failure, chronic kidney disease and

anemia on survival in the medicare population. J

Card Fail 10:467–72.

178. Gregory DD, Sarnak MJ, Konstam MA, et al.

Impact of chronic kidney disease and anaemia

on hospitalization expense in patients with left

ventricular dysfunction. Am J Cardiol 2003;92:

1300–305.

179. Felker GM, Gattis WA, Leimberger JD, et al. Useful-

ness of anaemia as a predictor of death and rehospi-

talization in patients with decompensated heart fail-

ure. Am J Cardiol 2003;92:625–8.

180. Nordyke RJ, Kim JJ, Goldberg GA, et al. Impact of

anaemia on hospitalization time, charges and mor-

tality in patients with heart failure. Value Health

2004;7:464–71.

181. Thomas MC, MacIsaac RJ, Tsalamandris C. Anemia

in patients with type 1 diabetes. J Clin Endocrinol

Metab 2004;89:4359–63.

182. El-Achkar TM, Ohmit SE, McCullough PA, et al.

Higher prevalence of anaemia with diabetes mellitus

in moderate kidney insufficiency: the Kidney Early

Evaluation Program. Kidney Int 2005;67:1483–

8.

183. Herrera-Garza EH, Stetson SJ, Cubillos-Garzon A,

et al. Tumor necrosis factor: a mediator of dis-

ease progression in the failing human heart. Chest

1999;115:1170–74.

184. Deicher R, Horl WH. Hepcidin: a molecular link

between inflammation and anaemia. Nephrol Dial-

Transplant 2004;19:521–4.

185. Rivera S, Liu L, Nemeth E, et al. Hepcidin ex-

cess induces the sequestration of iron and

exacerbates tumor-associated anaemia. Blood

2005;105:1797–802.

186. Detivaud L, Nemeth E, Boudjema K, et al. Hep-

cidin levels in humans are correlated with hepatic

iron stores, hemoglobin levels and hepatic function.

Blood 2005;10:746–8.

187. Vaziri ND. Erythropoietin and transferrin

metabolism in nephrotic syndrome. Am J Kid-

ney Dis 2001;38:1–8.

188. Macdougall IC. The role of ACE inhibitors

and angiotensin II receptor blockers in the re-

sponse to erythropoietin. Nephrol Dial Transplant

1999;14:1836–41.

189. Odabas AR, Cetinkaya R, Selcuk Y, et al. The effect

of high dose losartan on erythropoietin resistance in

patients undergoing hemodialysis. Panminerva Med

2003;45:59–62.

190. Silverberg DS, Wexler D, Blum M, et al. Aggres-

sive therapy of Congestive Heart Failure and asso-

ciated chronic renal failure with medications and

correction of anaemia stops or slows the progres-

sion of both diseases. Perit Dial Int 2001;21(Suppl.

3):S236–40.

191. Macdougal IC. CREATE: new strategies for early

anaemia management in renal insufficiency.

Nephrol Dial Transplant 2003;18(Suppl. 2):ii13–6.

192. Valderabano F, Horl W, Macdougall IC, et al. Pre-

dialysis survey on anaemia management. Nephrol

Dial Transplant 2003;18:89–100.

193. Phrommintikul A, Haas SJ, Elsik M, Krum H.

Mortality and target haemoglobin concentrations

in anaemic patients with chronic kidney disease

treated with erythropoietin: a meta-analysis. Lancet

2007;369:381–8.

194. Strippoli GFM, Craig JC, Manno C, Schena FP.

Hemoglobin targets for the anaemia of chronic kid-

ney disease: a meta-analysis of randomized, con-

trolled studies. J Am Soc Nephrol 2004;15:3154–65.

195. Thomas MC, MacIsaac RJ, Tsalamandris C, et al.

Unrecognized anemia in patients with diabetes: A

cross-sectional survey. Diabetes Care 2003;26:1164–

9.



c20 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

250 Anemia and Cardiovascular Disease

196. New JP, Aung T, Baker PG, et al. The high preva-

lence of unrecognized anaemia in patients with di-

abetes and chronic kidney disease: a population-

based study. Diabet Med 2008; 25:564–9.

197. KEEP 2004 Data Report. Am J Kidney Dis

2005;45(Suppl. 2):S8–13 and S76–7.

198. Astor BC, Muntner P, Levin A, et al. Association

of kidney function with anemia: the Third Na-

tional Health and Nutrition Examination Survey

(1988–1994). Arch Intern Med 2002;162:1401–8.

199. Thomas MC, Tsalamandris C, MacIsaac R, et al.

Functional erythropoietin deficiency in patients

with type 2 diabetes and anaemia. Diabet Med

2006;23:502–9.

200. Thomas S, Rampersa M. Anemia in diabetes. Acta

Diabetol 2004;41:S13–17.

201. Jones RL, Peterson CM. Hematologic alterations in

diabetes mellitus. Am J Med 1981;70:339–52.

202. Coccia MA, Cooke K, Stoney G, et al. Novel ery-

thropoiesis stimulating protein (darbepoetin alfa) al-

leviates anaemia associated with chronic inflam-

matory disease in a rodent model. Exp Hematol

2001;29:1201–9.

203. Thomas MC, Tsalamandris C, MacIssaac R, et al.

Anemia in diabetes; an emerging complica-

tion of microvascular disease. Curr Diab Rev

2005;1:107–26.

204. Thomas MC, Cooper ME, Rossing K, et al. Anaemia

in diabetes: is there a rationale to TREAT? Diabetolo-

gia 2006;49:1151–7.

205. Bell DSH. A comparison of agents used to manage

type 2 diabetes. Need for reappraisal of traditional

approaches. Treat Endocrinol 2004;3(2):67–76.

206. Wulffele MG, Koy A, Lehert P, et al. Effects of short

term treatment with metformin on serum concen-

trations of homocysteine, folate and vitamin B12

in type 2 diabetes mellitus:a randomized placebo-

controlled trial. J Intern Med 2004;25(2):302–3.

207. Ueda H, Ishimura E, Shoji T, et al. Factors affecting

progression of renal failure in patients with type 2

diabetes. Diabetes Care 2003;26:1530–34.

208. Yokoyama H, Tomonaga O, Hirayama M, et al. Pre-

dictors of the progression of diabetic nephropathy

and the beneficial effect of angiotensin-converting

enzyme inhibitors in NIDDM patients. Diabetologia

1997;40:405–41.

209. Qiao Q, Keinanen-Kiukaanniemi S, Laara E. The re-

lationship between hemoglobin levels and diabetic

retinopathy. J Clin Epidemiol 1997;50:153–8.

210. Bosman DR, Winkler AS, Marsden JT, et al. Ane-

mia with erythropoietin deficiency occurs early in

diabetic nephropathy. Diabetes Care 2001;24:495–

9.

211. Roman RM, Lobo PI, Taylor RP, et al. Prospec-

tive study of the immune effects of normalizing the

hemoglobin concentration in hemodialysis patients

who receive recombinant human erythropoietin. J

Am Soc Nephrol 2004;15:1339–46.

212. Srivastava PM, Thomas MC, Calafiore P, et al. Di-

astolic dysfunction is associated with anaemia in

patients with Type II diabetes. Clin Sci (Lond)

2006;110:109–11.

213. Lavery LA, Van Houtum WH, Armstrong DG. Insti-

tutionalization following diabetes-related lower ex-

tremity amputation. Am J Med 1997;103(5):383–8.

214. Ross SD, Fahrbach K, Frame D, et al. The ef-

fect of anemia treatment on selected health-related

quality-of-life domains: a systematic review. Clin

Ther 2003;25:1786–805.

215. Ritz E, Laville M, Bilous RW, et al. Target level

for hemoglobin correction in patients with diabetes

and CKD: primary results of the Anemia Correc-

tion in Diabetes (ACORD) study. Am J Kidney Dis

2007;49:194–207.

216. The Society of Thoracic Surgeons Blood Conserva-

tion Guideline Task Force and The Society of Car-

diovascular Anesthesiologists Special Task Force on

Blood Transfusion. Perioperative blood transfusion

and blood conservation in cardiac surgery: The Soci-

ety of Thoracic Surgeons and The Society of Cardio-

vascular Anesthesiologists Clinical Practice Guide-

line. Ann Thorac Surg 2007;83:S27–86.

217. Journois D, Mauriat P, Pouard P, et al. Assessment

of coagulation factor activation during cardiopul-

monary bypass with a new monoclonal antibody. J

Cardiothorac Vasc Anesth 1994;8:157–61.

218. Brody JI, Pickering NJ, Fink GB. Concentrations

of Factor VIII-related antigen and Factor XIII dur-

ing open heart surgery. Transfusion 1986;26:478–

84.

219. Yamaguchi H, Allers M, Roberts D. The effect

on the red cell deformability during cardiopul-

monary bypass. Scand J Thorac Cardiovasc Surg

1984;18:119–21.

220. Cohen E, Neustein SM, Silvay G. Profound ane-

mia following cardiac surgery. J Cardiothorac Vasc

Anesth 1993;7:721–3.

221. Karkouti K, Beattie WS, Wijeysundera DN. Hemod-

ilution during cardiopulmonary bypass is an in-

dependent risk factor for acute renal failure in

adult cardiac surgery. J Thorac Cardiovasc Surg

2005;129:391–400.



c20 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

Chapter 20 251

222. DeFoe GR, Ross CS, Olmstead EM, et al. Lowest

hematocrit on bypass and adverse outcomes associ-

ated with coronary artery bypass grafting. Ann Tho-

rac Surg 2001;71:769–76.

223. Floyd TF, McGarvey M, Ochroch A, et al. Periop-

erative changes in cerebral blood flow after cardiac

surgery: Influence of anemia and aging. Ann Thorac

Surg 2003;76:2037–42.

224. Sunder-Plassmann L, Kloevekorn WP, Holpe K,

et al. The physiological significance of acutely

induced hemodilution. In: Ditzel J, Lewis DH (eds)

6th European Conference for Microcirculation. Karger,

Basel, 1971, pp. 23–28.

225. Consensus Conference. Perioperative red blood cell

transfusion. JAMA 1988;260:2700–703.

226. Wilkerson DK, Rosen AL, Sehgal LR, et al. Limits

of cardiac compensation in anemic baboons. Surgery

1988;103:665–70.

227. Weiskopf RB, Viele MK, Feiner J, et al. Human car-

diovascular and metabolic response to acute, severe,

isovolemic anemia. JAMA 1998;279:217–21.

228. Hebert PC, Wells G, Tweeddale M, et al. Does trans-

fusion practice affect mortality in critically ill pa-

tients? Am J Resp Crit Care Med 1998;279:199–205.

229. Graves EJ. National hospital discharge sur-

vey: annual summary 1991. Vital Health Stat

1993;114:1–62.

230. Karkouti K, Beattie WS, Wijeysundera DN, et al.

Recombinant factor VIIa for intractable blood loss

after cardiac surgery: a propensity score-matched

case-control analysis. Transfusion 2005;45:26–

34.

231. Von Heymann C, Redlich U, Jain U, et al. Re-

combinant activated factor VII for refractory bleed-

ing after cardiac surgery: a retrospective analy-

sis of safety and efficacy. Crit Care Med 2005;33:

2241–6.

232. Romagnoli S, Bevilacqua S, Gelsomino S, et al.

Small-dose recombinant activated factor VII

(NovoSeven) in cardiac surgery. Anesth Analg

2006;102:1320–26.

233. Monk TG. Preoperative recombinant human ery-

thropoietin in anemic surgical patients. Crit Care

2004;8(Suppl. 2):45–8.

234. Sowade O, Warnke H, Scigalla P, et al. Avoidance

of allogeneic blood transfusions by treatment with

epoetin beta (recombinant human erythropoietin)

in patients undergoing open heart surgery. Blood

1997;89:411–18.

235. D’Ambra MN, Gray RJ, Hillman R, et al. Effect of

recombinant human erythropoietin on transfusion

risk in coronary bypass patients. Ann Thorac Surg

1997;64:1686–93.



c21 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

PART 5

Perioperative Hemostasis

Alternatives to Blood Transfusion in Transfusion Medicine, Second Edition
Edited by Alice Maniatis, Philippe Van der Linden and Jean-François Hardy
© 2011 Blackwell Publishing Ltd.  ISBN: 978-1-405-16321-7



c21 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

CHAPTER 21

Monitoring of Hemostasis in the
Perioperative Setting
Sibylle A. Kozek-Langenecker & Eva Schaden
Department of Anesthesiology and Pain Management, Medical University of Vienna, Vienna, Austria

Introduction

The aim of perioperative monitoring of hemostasis
is to increase the safety of patients undergoing sur-
gical procedures. Massive bleeding can either be an-
ticipated (during major surgery with a high risk of
bleeding) or unexpected. Management requires (1)
preoperative risk evaluation and preoperative op-
timization (e.g., discontinuation or modification of
anticoagulant drugs, prophylactic coagulation ther-
apy); and (2) intraoperative causal diagnosis of the
complex pathophysiology of massive bleeding as
well as early goal-directed therapy. Risk evaluation
and risk reduction for postoperative hypercoagula-
bility and thrombosis also needs to be considered
in the perioperative management of patients. The
present review focuses on bleeding history, routine
coagulation testing, and viscoelastic point-of-care
hemostasis monitoring as the diagnostic basis for
perioperative prothrombotic interventions.

Preoperative evaluation
and preparation

The preoperative assessment of the bleeding his-
tory of the patient and of his/her relatives remains
the most important tool for making a correct di-
agnosis of both mild and severe inherited or ac-
quired bleeding disorders which may increase the

risk of operative bleeding [1]. Standardized ques-
tionnaires have been designed in order to assess
the type of bleeding (mucosal vs nonmucosal) and
the timing of bleeding (immediate vs delayed, since
early childhood vs late in life) among other items
such as use of anticoagulant or antiplatelet drugs
[2, 3]. Preoperative clinical examination may also
reveal hematoma, petechiae, or wound healing de-
fects indicating bleeding disorders. Preoperative pa-
tient evaluation should be done well enough in ad-
vance to elective surgery to correct bleeding risk
factors.

The most common cause of clinical nonsurgical
bleeding relates to abnormalities in platelet func-
tion, with von Willebrand syndrome being consid-
ered the most frequent inherited bleeding disor-
der [4, 5]. Recommended baseline screening tests
involve routine coagulation tests investigating the
plasmatic coagulation profile, as well as tests of
platelet function [3]. If bleeding history is posi-
tive (abnormal), further laboratory investigation of
hemostasis is indicated and requires a stepwise ap-
proach [6]. If bleeding history is normal, further
laboratory investigations of hemostasis are only in-
dicated if the patient is scheduled for surgery with
a high risk of bleeding or if there is a relevant co-
morbidity (Figure 21.1).

If preoperative evaluation anticipates an in-
creased operative bleeding risk, preoperative pa-
tient preparation includes discontinuation or mod-
ification of anticoagulant drugs if clinically possible
[7,8], prophylactic therapy to promote coagulation
(e.g., antifibrinolytic drugs, desmopressin, vitamin
K), and to prevent/decrease allogeneic transfusion
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Bleeding history

AbnormalNormal

No co-morbidity

Surgery with high bleeding risk

ASA ≥ 3Liver insufficiency

No laboratory tests PT
pc

PT
aPTT
fibr
pc

Clinical bleeding symptoms Antithrombotic drugs

PT
aPTT
fibr
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Figure 21.1 Preoperative monitoring of hemostasis. PT, prothrombin time; pc, platelet count; aPTT, activated partial
thromboplastin time; fibr, fibrinogen level; vWF, von Willebrand factor. * or no evidence for usefulness of laboratory
tests; #, e.g., factor VIII in hemophilia A.

requirements (e.g., erythropoietin, autologous
blood predonation) [1]. The risks and benefits of
instituting preoperative optimization in patients on
anticoagulant or dual antiplatelet drugs should be
assessed on a case-by-case basis and may involve
specific drug monitoring [7,9,10].

Intraoperative monitoring

Periodic visual assessment of the surgical field and
communication with the surgical team is recom-
mended as standard practice to detect impending
or established coagulopathy, and entails the assess-
ment of the amount of blood lost and the pres-
ence of microvascular bleeding from mucosal le-
sions, serosal surfaces, catheter insertion sites, and
wounds. The diagnosis of intra- and postopera-
tive coagulopathy in massive transfusion needs to
be verified by appropriate coagulation tests [1].
Meanwhile, surgical attempts to control a visi-
ble source of hemorrhage are required (e.g., liga-
tion, embolization, packing). Monitoring for “ba-
sic coagulation support” further includes tempera-
ture monitoring for maintaining normothermia and
blood gas analysis for correction of acidosis, ane-
mia, and hypocalcemia. Monitoring for “advanced
coagulation support” involves routine coagulation

testing, rotational thromboelastometry (ROTEM),
thromboelastography (TEG), and platelet function
testing.

Routine coagulation testing

Even though these tests were not developed to pre-
dict bleeding or guide coagulation management in
the surgical setting, most centers in clinical prac-
tice draw blood perioperatively for the follow-
ing routine coagulation tests (“routine coagulation
panel”):
� Activated partial thromboplastin time (aPTT): The
aPTT was developed to monitor heparinization
in the treatment of thromboembolic disorders, to
characterize clotting factors, and for research pur-
poses on hemophilia. Activation of coagulation fac-
tors, formerly known as the “intrinsic coagulation
cascade,” is performed by incubating plasma with
partial thromboplastins, calcium, and kaolin pow-
der. The endpoint of measurement is the formation
of fibrin strands. Empiric cutoff value for therapeu-
tic intervention (fresh frozen plasma (FFP) 15–30
mL/kg or prothrombin concentrate (PCC)) in ma-
jor surgery is an aPTT � 50 seconds.
� Prothrombin time (PT): This test was developed
to monitor and adjust the doses of coumarins.
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Activation of coagulation factors, formerly known
as the “extrinsic coagulation cascade,” is performed
by incubating plasma with tissue thromboplastin
and calcium. The time until fibrin strand formation
is determined. Standardization of the PT for labora-
tory control of oral anticoagulant treatment is based
on the responsiveness of one type of thromboplas-
tin, measured by its international sensitivity index,
and conversion into the international normalized
ratio (INR). Empiric cutoff value for therapeutic in-
tervention (FFP or PCC) is a PT �65%.
� Platelet count: Platelet counting is routinely per-
formed by automated machines. The number of
platelets, however, does not reflect the quality of
platelet function. Empiric cutoff value for platelet
transfusion is a platelet count �50–100 G/L.
� Fibrinogen concentration: Fibrinogen plays a major
role in routine coagulation tests such as PT and
aPTT. In the conventional Clauss method where
thrombin is added to plasma, the fibrinogen con-
centration is proportional to the coagulation time
measured. This test is affected by heparin and
fibrinogen degradation products. Excessive bleed-
ing has been reported at fibrinogen levels below
50–100 mg/dL [1,11].
� Second-level coagulation tests: Because of long
turnaround times and limited availability in many
laboratories, coagulation factor levels and molecu-
lar markers of the coagulation and fibrinolytic sys-
tem are rarely assayed in the acute perioperative
setting. Patients with inherited coagulation defects
may exsanguinate with trauma or major surgery
unless specific factor replacement is provided (such
as factor VIII, IX, von Willebrand factor concen-
trate) necessitating second-level coagulation tests.

Routine coagulation monitoring:
predictor of bleeding and
mortality

Severe aPTT prolongations �1.8 times normal are
associated with bleeding [11,12]. Similarly, INR el-
evations in trauma patients are only indicative of
a risk of generalized bleeding if they are �1.5–1.8
times normal and are associated with an elevated
aPTT [11, 13]. A severely prolonged activated clot-

ting time (ACT) may indicate exhaustion of the co-
agulation system’s reserve [14]. In trauma victims,
an initially abnormal PT increases the adjusted odds
of dying by 35%, a prolonged aPTT by 326% [15].

Although severely abnormal PTs and aPTTs are
predictors of mortality, the poor predictive power
of moderately impaired routine coagulation tests
has repeatedly been argued as a major limita-
tion of these tests [12]. In a multiple regression
model, platelet count was not an independent pre-
dictor of mortality in emergency medicine [15].
The decline of platelet count is a highly individ-
ual phenomenon, some patients being able to re-
cruit platelets from storage pools. Most patients ap-
proach the critical platelet count after losing two
blood volumes [16].

Limitations of routine coagulation
tests

In the perioperative setting where events may pro-
ceed at a fast and dramatic pace, real-time monitor-
ing of the patient’s coagulation profile and repeated
laboratory tests are vital in view of administrating
proper replacement therapy. However, results of
routine coagulation tests performed at the hospi-
tal’s central laboratory are generally only available
with a delay of at least 30 minutes (sample prepara-
tion including centrifugation and buffering, trans-
portation of blood samples, and test results) [17].
Hardy et al. [18] concluded that bedside monitors
of hemostasis are needed urgently for the manage-
ment of operative and trauma-associated bleeding.
The bedside determination of PT and aPTT in whole
blood using the CoaguCheck (Roche Diagnostics,
Switzerland) aimed at overcoming this limitation;
however, correlation with central laboratory test
results is inadequate.

Routine coagulation tests are performed in
plasma at a standardized temperature of 37◦C,
without the presence of platelets and other blood
cells. Accordingly, routine laboratory tests can-
not assess the effect of hypothermia on hemosta-
sis in hypothermic patients, neither can they di-
agnose fibrinolysis and platelet dysfunction. Since
the hemostatic response to injury or surgery is a
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complex interaction of plasma proteins, platelets,
and the vessel wall (cell-based model of hemosta-
sis), it cannot be evaluated by tests performed in
plasma. Although aPTT, PT, fibrinogen concentra-
tion, and platelet count determination are well-
validated tests, methodological problems include
variable sensitivity of test reagents, high variabil-
ity between laboratories and investigators, as well
as insufficient standardization.

Routine tests pick up abnormalities of hemosta-
sis due to single or multiple deficiencies of coag-
ulation factors, but do not identify them. The PT
is a more reliable marker of critically low coagu-
lation factor levels than the aPTT, possibly due to
the high rate of false negative aPTT results when
acute phase reactant factor VIII is elevated [13].
Several studies demonstrate a poor correlation be-
tween the amount of blood products given and the
severity of coagulation defects [11, 12]. Obviously,
simplistic formulas or flow charts for predicting fac-
tor deficiencies from blood loss are not applicable
[19]. PT and aPTT assess only the speed of fibrin
strand formation, but not the mechanical and func-
tional properties of the clot over time. Functional
fibrin polymerization may be impaired despite nor-
mal fibrinogen concentration. Colloidal solutions
may impair determination of fibrinogen concentra-
tion [20].

The most important limitation of routine co-
agulation tests is the fact that the predominant
pathophysiological mechanism of bleeding in
the complex scenario of trauma-associated co-
agulopathy or massive intraoperative blood loss
cannot be differentiated: a prolonged aPTT may
be because of “intrinsic coagulation factor” defi-
ciency requiring specific substitution, fibrinogen
deficiency requiring fibrinogen substitution, hy-
pothermia requiring rewarming, heparinization
requiring protamine reversal, or hyperfibrinolysis
requiring antifibrinolytic drugs. Thus, an incorrect
differential diagnosis may lead to therapeutic
mismanagement. Due to the complex nature of
hemorrhage in this setting, physicians require
coagulation monitoring strategies sensitive to all
major possible pathophysiological mechanisms
[18, 21, 22]. Near-patient (point-of-care) coagu-
lation monitoring devices have become available

and are likely to overcome several limitations of
routine (laboratory) coagulation testing.

Near-patient coagulation
monitoring

Thromboelastography and rotational
thromboelastometry
The viscoelastic whole blood test was invented by
Hartert in 1948 and has recently been included
in the panel of laboratory monitoring for coagu-
lopathy by the American Society of Anesthesiol-
ogists [1]. Thromboelastography (TEG)/rotational
thromboelastometry (ROTEM) measures the vis-
coelastic properties of nonanticoagulated or (cit-
rate) anticoagulated blood after induction of clot-
ting under low shear conditions, resembling the
rheologic properties in venous vessels in vivo. The
pattern of changes in viscoelasticity reflect the ki-
netics of all stages of thrombus formation (r and
k time, CT and CFT), the stability and firmness of
the clot, which is a function of platelet–fibrin in-
teraction, and fibrin polymerization (MA, MCF), as
well as dissolution (fibrinolysis) [23] (Figure 21.2).
TEG/ROTEM is a fibrinolysis-sensitive assay and al-
lows for diagnosis of hyperfibrinolysis in bleeding
patients [24]. Standardized operating procedures
required for quality control testing are available.
A multicenter investigation yielded consistent val-
ues between centers and provided general refer-
ence ranges for the ROTEM [25]. Interpretation of
TEG/ROTEM results is simplified by both graphi-
cal and numerical presentation of results, highlight-
ing of abnormal results, and computerized analy-
sis of the trace. While conventional TEG has been
described as an insufficient monitor in trauma pa-
tients because of unclear interpretation and lim-
ited run-to-run variation [26], the ROTEM (Pen-
tapharm GmbH, Germany) improved the original
TEG (Haemoscope Inc., USA) procedure by reduc-
ing the interference with vibrations and limited
transportability. Addition of different coagulation-
activating agents and/or platelet inhibiting agents
allows the detection and quantification of specific
coagulation defects such as (1) defect in clot firm-
ness due to fibrinogen deficiency (being an early
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Figure 21.2 Parameters of thromboelastometry and
thromboelastography. The pattern of changes in
viscoelasticity reflect the kinetics of all stages of thrombus
formation (CT and CFT, r and k times), firmness of the
clot, which is a function of platelet–fibrin interaction and
fibrin polymerization (MCF, MA), as well as dissolution
(fibrinolysis; ML, LY). Thromboelastometric parameters:
CFT, clot formation time (seconds); CT, clotting time
(seconds); MCF, maximum clot firmness (mm); ML,
maximum lysis (%). Thromboelastographic parameters:
k = coagulation time (seconds); LY, lysis index (%); MA,
maximum amplitude (MA); r = reaction time (seconds).

phenomenon) and thrombocytopenia; (2) impaired
clot stability due to hyperfibrinolysis and factor XIII
deficiency (being a late phenomenon); and (3)
prolonged clot generation due to various coagulation
factor deficiencies or heparin. ROTEM not only
provides a global picture of the injured patient’s
hemostatic status but also permits differential di-
agnosis of the major underlying pathophysiological
mechanism of coagulopathy. Normal viscoelastic test
results are unlikely to coincide with bleeding (high
negative predictive value) [27]. As a consequence,
another important implication of TEG/ROTEM
monitoring is the immediate initiation of surgical
reexploration if no hemostatic cause of bleeding is
observed.

Test modifications and differential
diagnosis
EXTEM is a baseline test that uses recombinant tis-
sue factor to activate coagulation (comparable to

the PT) that causes rapid generation of the clot.
The maximum clot firmness (MCFEXTEM) gives in-
formation on the maximum clot strength and sta-
bility, which is largely dependent on platelet count
and fibrinogen level. Prepared disposable wells con-
taining cytochalasin D, a platelet inhibitor, are used
in the FIBTEM test. MCFFIBTEM represents the con-
tribution of fibrinogen to the clot strength. Critical
MCF cutoff values appear within 15 minutes after
test initiation (depending on hemostatic function).
A low MCFFIBTEM is indicative of the need to admin-
ister fibrinogen concentrates. A normal MCFFIBTEM

(≥12 mm) in the presence of a low MCFEXTEM (�50
mm) indicates the need for platelet substitution.
Thus, comparing MCFFIBTEM to MCFEXTEM permits
differentiation of a low platelet count from dys- or
hypofibrinogenemia.

Practical consideration: FIBTEM and EXTEM should be
performed simultaneously as first line ROTEM tests in
surgical patients. Some experts recommend analysis of
A10 (clot strength 10 minutes after start of ROTEM) in-
stead of the MCF because this variable is obtained more
rapidly. This approach allows timely therapeutic deci-
sions. A10FIBTEM �6 mm triggers administration of high
dose fibrinogen concentrate (60 mg/kg), A10FIBTEM be-
tween 6 and 11 mm triggers administration of 30 mg/kg.

The clotting time (CTEXTEM) gives information
about the initial activation and dynamics of clot for-
mation, thus allowing analysis of factor deficiencies
(and the detection of anticoagulants). The critical
cutoff value for CT, indicating the necessity to ad-
minister PCC or FFP, appears about 100 seconds af-
ter test initiation.

EXTEM allows for the visual diagnosis of hyper-
fibrinolysis when a typical tapering trace is shown.
In addition, wells containing aprotinin (APTEM)
permit the quantitive assessment of fibrinolysis
and the estimation of the therapeutic benefit
from an antifibrinolytic agent such as tranexamic
acid. Any improvement in CT, CFT, and MCF in
APTEM compared to EXTEM unmasks low-grade
hyperfibrinolysis (e.g., CTAPTEM/CTEXTEM � 0.8).
Risks associated with antifibrinolytic drugs have
to be considered [10]. If detected in the ROTEM
or TEG, first line therapy is aimed at correcting
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hyperfibrinolysis, followed by replacement of
consumed coagulation factors.

INTEM uses ellagic acid contact activator (com-
parable to the reagent used for aPTT) to analyze the
general coagulation status. Wells containing hep-
arinase (HEPTEM) or ecarin can be used to de-
tect specific anticoagulant effects. The comparison
of CTINTEM and CTHEPTEM permits the quantification
of heparinization and estimation of the therapeutic
benefit from protamine reversal [28].

Practical consideration: INTEM and HEPTEM should be
performed as first line ROTEM tests in heparinized (car-
diac) patients and as second line ROTEM tests in all other
surgical patients if (endogenous or exogenous) hep-
arinization is suggested to complicate bleeding. CTINTEM

�240 seconds and CTHEPTEM/CTINTEM �0.66 triggers pro-
tamine administration.

The described test modifications and their poten-
tial intraoperative implications are summarized in
Figure 21.3. Each routine test is specific for some
portion of the hemostatic mechanism and none
can be used alone. Similarly, ROTEM test combi-
nations (EXTEM, FIBTEM, APTEM) are required as
a basic diagnostic panel in the presence of massive
bleeding.

Another test modification that can be performed
for further differential diagnosis is the incubation of
blood in the EXTEM assay with coagulation factor
XIII (0.2 international units). A reversal of maxi-
mum lysis (to the normal range) from MLEXTEM and
MLAPTEM of 20–25% indicates factor XIII deficiency.
A test modification containing factor XIII is not yet
commercially available, but coagulation factor XIII
concentrates are available to spike ROTEM test cu-
vettes and to diagnose this bleeding mechanism.

TEG/TEM measurements can be performed at
the actual body core temperature of the patient at
adjusted test temperatures between 22 and 42◦C,
thus allowing quantitative analysis of the antico-
agulant effect induced by hypothermia [29]. Test
temperature adjustments, however, should not be
conducted in the OR because physicians may be
tempted to treat abnormal test results with coag-
ulation factor substitution while only rewarming is
indicated.

Practical considerations
TEG/ROTEM measurements should be performed
at baseline (before surgery), when clinically abnor-
mal bleeding occurs, and after therapeutic inter-
ventions. Tests should be initiated immediately af-
ter blood withdrawal. TEG/ROTEM are easy to use
by nonlaboratory personnel in the emergency unit
or the OR. Performance of TEG/ROTEM in the cen-
tral laboratory by trained laboratory personnel re-
duces the possibility of handling errors; online data
transmission to a monitor in the OR permits timely
coagulation management.

Point-of-care coagulation monitoring using
TEG/ROTEM increases knowledge and vigilance of
anesthesiologists for hemostasis and coagulopathy.
Clinical users’ meetings promote the exchange of
experience and speed up transfer of knowledge.

Management algorithm for
coagulation therapy
Routine laboratory-based transfusion algorithms
are superior to treatment based solely on the clin-
ician’s experience [18, 30]. Normal values of rou-
tine coagulation tests and in vivo bleeding time
as a trigger for antifibrinolytic drugs (indication
by exclusion) [31], does not allow the appropri-
ate management of coagulation, based on patho-
physiological criteria. TEG-guided administration of
clotting factors was superior to routine coagula-
tion testing [32]. The institution of transfusion al-
gorithms based on thromboelastographic parame-
ters reduced transfusion requirements (and in some
study designs also blood loss) in both routine and
high-risk cardiac surgery in adults and children and
in liver transplantation [33–40]. Transfusion re-
quirements after, compared with before, the imple-
mentation of the ROTEM were significantly lower
and clinically more relevant [41]. TEG was found to
be an early predictor of transfusion in blunt injury
patients [42].

ROTEM cutoff values recommended by experts
(not yet evidence-based) are higher for traumatized
patients with ongoing bleeding than for patients
undergoing elective surgery such as liver transplan-
tation and cardiac surgery and in the absence of ac-
tive bleeding [43, 44]. It must be kept in mind that
the excessive support of the hemostatic system in
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Clinical bleeding
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Fibrinogen 30–60 mg/kg
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Platelet concentrate
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Tranexamic acid
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or ADPtest < 50 AU*minutes
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CTIN > 240 seconds 
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Case-by-case management
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F XIII, rFVIIa, specific factor
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Figure 21.3 Intraoperative monitoring of hemostasis and therapeutic consequences. Basic panel consists of EXTEM
( = EX), FIBTEM ( = FIB), APTEM ( = AP). Depending on the results and medical history, INTEM ( = IN), HEPTEM
( = HEP), platelet function testing and second line tests (e.g., factor VIII in hemophilia) are recommended. ADP,
adenosine diphosphate; ASPI, arachidonic acid; AU, aggregation units; CT, clotting time; EPI, epinephrine; FFP, fresh
frozen plasma; MCF, maximum clot firmness; ML, maximum lysis; PCC, prothrombin complex concentrate; PFA-100,
Platelet Function Analyzer; TRAP, thrombin receptor activator peptide. * only qualitative assessment of TRAP test if
platelet count �50–100 G/L or MCFEX � 50 mm.

the pre- and intraoperative period may precipitate
patients in a prothrombotic state postoperatively
with the risk of myocardial infarction, pulmonary
embolism, or deep vein thrombosis. Close coagu-
lation monitoring with the ROTEM and PFA-100
to achieve sufficient but not overwhelming multi-
modal anticoagulation has been recommended in
patients with cardiac assist devices [45].

Limitations of point-of-care
algorithms based on TEG/ROTEM
Point-of-care monitoring with the ROTEM is still
an evolving field. Concomitant training, educa-
tion, and quality control are critical. Another lim-

itation of these point-of-care tests is their limited
robustness. Future studies in emergency medicine
are warranted to validate critical cutoff values for
procoagulant therapy and transfusion. Not only
the amount of bleeding, but also the site will de-
termine cutoff values. Acceptance of the method
not only by anesthesiologists but also by hema-
tologists has to be gained and, most important,
the improvements in patient outcomes as well as
health cost reductions have to be demonstrated. It
needs to be determined if goal-directed coagulation
management based on a point-of-care algorithm
can help prevent coagulopathy during massive
transfusion.
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Because of the inability to detect platelet function
disorders such as von Willebrand syndrome and an-
tiplatelet drug effects (except for the novel TEG ag-
gregation test Platelet Mapping), more specific tests
are recommended in platelet-dependent bleeding.

It may be helpful to assign a hematologist or
transfusion specialist to a multidisciplinary team
treating acutely bleeding patients if proper blood
component therapy cannot be achieved by the OR
team, including anesthesiologists trained in coagu-
lation management and point-of-care monitoring.

Platelet function tests

Widespread adoption of antiplatelet agents into ev-
eryday clinical practice has revolutionized contem-
porary care of cardiovascular patients. The bleeding
risks these drugs pose perioperatively will become
increasingly important [46, 47]. Platelet function
tests are first-level tests in the preoperative eval-
uation of patients with a positive bleeding history
[3,5](Figure 21.1) and second-level tests in actively
bleeding patients if antiplatelet therapy, inherited
or acquired platelet defects, or extracorporeal cir-
culation are involved, and if ROTEM and “routine
coagulation panel” tests cannot reveal a defect in
hemostasis responsible for bleeding (Figure 21.3).

There is still no simple reliable method for mea-
suring platelet function. Static tests such as the
measure of �-thromboglobulin capture only one
single point in time and cannot accurately re-
flect the dynamic processes encountered intraop-
eratively. Dynamic tests such as the in vivo bleed-
ing time reflect the time-dependent contribution
of platelets to overall clot formation. The in vivo
bleeding time is an older test method in which the
time until cessation of bleeding after incision of the
skin by a specific device is determined. However,
the bleeding time is poorly standardized, tempera-
ture and drug dependent (catecholamines), influ-
enced by vascular disorders, lacks specificity and
sensitivity, and is not predictive of bleeding [48].
The bleeding time increases nonspecifically during
surgery and transfusion [49], and does not allow
the differentiation between bleeding and nonbleed-
ing patients [12].

Several platelet function analyzers test the
platelet’s response to an agonist. The Platelet Func-
tion Analyzer PFA-100 (Dade) provides a measure
of platelet function in citrated whole blood. The
device measures platelet function at high shear
rates. A blood sample of 800 �L is added to a
reservoir well in a disposable cartridge. The in-
strument aspirates the blood sample under a con-
stant vacuum through a capillary and a microscopic
aperture within a membrane coated with platelet
agonists, collagen, and either epinephrine or
adenosine diphosphate (ADP). This leads to the at-
tachment, activation, and aggregation of platelets
and formation of a platelet plug. The time taken
to occlude the aperture is known as the closure
time and is a function of platelet count and reactiv-
ity, von Willebrand factor activity, and hematocrit
[50]. This method rapidly identifies aspirin effects
and platelet disorders prior to surgery [3, 5, 51]. In
patients with preoperatively identified platelet dys-
functions, shortening of the PFA-closure time after
desmopressin infusion should be assessed (“desmo-
pressin response test”). In cardiac surgical patients,
the preoperative PFA-100 closure time correlated
with postoperative blood loss in some studies [52],
but not in others [53]. A Medline search on the use
of the PFA-100 during massive transfusion failed to
retrieve any relevant references. Major limitations
of the PFA-100 as an intraoperative point-of-care
system in massive transfusion include its strong de-
pendence on platelet count (�100 G/L) and hema-
tocrit (�30%). Trigger values are PFA-closure time
�165 seconds in epinephrine cartridges.

Optical and impedance platelet aggregometry as-
sess platelet reactivity by measuring changes in
luminescence or impedance upon platelet agonist
stimulation. Originally, these techniques have only
been performed in specialized laboratories by ex-
perienced technicians. The need for preparation of
platelet rich plasma limited widespread application
of optical aggregometry (Born). Further limitations
are the dependence to temperature, stirring rate,
and limited standardization. Nevertheless, optical
aggregometry remains the accepted “gold standard”
for the detection of platelet dysfunction.

The novel impedance aggregometer Multiplate
(Dynabyte) is a significant step forward and
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avoids several methodological problems of the
original platelet aggregometer, especially by using
whole blood, disposable test cuvettes, various com-
mercially available test reagents at standardized
concentrations (collagen, arachidonic acid, ADP,
thrombin receptor activator peptide (TRAP), risto-
cetin), an automated pipetting system, and a direct
thrombin inhibitor as anticoagulant with minimal
per se effects on platelet function. The Multiplate
could potentially provide the differential diagnostic
information required for the management of acute
bleeding problems. This device has been used suc-
cessfully in the diagnosis of antiplatelet drug effects,
and the prediction of blood loss in cardiac surgery
[54,55]. Although aggregometry has recently been
reviewed as evidence-based coagulation monitor-
ing [33], the Multiplate assay has not been vali-
dated for low platelet counts and, thus, its use in
hemorrhagic thrombocytopenia remains to be de-
termined.

A modified thromboelastographic assay, the
Platelet Mapping Assay (Haemoscope) has been
introduced to monitor platelet function: heparin-
anticoagulated whole blood is clotted by a reptilase-
factor XIIIa activator mixture [56]. This MA0

(maximum amplitude) is proportionate to platelet
activation and is compared to the MAADP/AA in
clotted blood with additional ADP or arachidonic
acid activation, as well as to the MAKH in citrated
blood with kaolin activation and heparinase addi-
tion. Platelet reactivity is calculated by the follow-
ing formula:

MA% = 100 × MAADP/AA − MA0/MAKH − MA0

This assay permits monitoring of NSAID inhi-
bition [57] and of the reversal of clopidogrel
and NSAID inhibition of platelet function before
surgery [58].

Numerous other platelet monitoring techniques
assessing the platelet’s response to various agonists
are emerging such as the Hemostatus (Medtronic),
Rapid Platelet Function Analyser (Ultegra, Accu-
metrics), Clot Signature Analyzer (CSA; Xylum),
PlateletWorks (ICHOR, Helena Bio Sience), Hemo-
dyne Platelet Analysis System (Hemodyne Inc.),
and Cone and Plate Analyser (CPA “Impact”; Di-
amed). These tests as well as flow cytometric assays

have not yet been broadly adopted in the treatment
of platelet-related bleeding.

Summary and conclusions

In the preoperative setting, laboratory investigation
of hemostasis is indicated if the bleeding history
is abnormal. A stepwise approach including rou-
tine coagulation tests such as aPTT, PT, and platelet
function is recommended.

In the operative setting associated with clinical
bleeding, bedside and repeated monitoring of the
patient’s coagulation profile is vital for proper
procoagulant therapy. Limitations of routine co-
agulation tests are multifold in early goal-directed
coagulation management, such as delay of data
reporting, diagnostic gap for hyperfibrinoly-
sis, hypothermia effects, and platelet dysfunction.
Near-patient coagulation monitoring using ROTEM
or TEG provides a global picture of the hemostatic
status. Specific test kits such as EXTEM and
FIBTEM allow the detection of specific coagulation
defects: reduced clot firmness because of fibrino-
gen deficiency (being an early phenomenon in
bleeding) and thrombocytopenia, impaired clot
stability because of hyperfibrinolysis and factor
XIII deficiency, and prolonged clot generation
due to various coagulation factor deficiencies or
heparin. ROTEM/TEG-guided administration of
clotting factors has been found superior to therapy
based on the clinician’s experience and routine
coagulation testing. Platelet function tests are
useful as second-level tests in bleeding patients if
antiplatelet therapy, inherited or acquired platelet
defects, or extracorporeal circulation are involved.

Future studies are warranted to validate critical
cutoff values for procoagulant therapy and bene-
ficial effects on clinical outcome, as well as to an-
alyze cost-efficiency of near-patient monitoring of
hemostasis in the perioperative setting.
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CHAPTER 22

Antifibrinolytics in Open-Heart
Surgery
Wulf Dietrich
Institute for Research in Cardiac Anesthesia and Working Group of Perioperative Hemostasis, Departments of Anesthesiology
and Transfusion Medicine, University of Munich, Munich, Germany

Cardiopulmonary bypass (CPB) is associated with
impaired hemostasis, which may lead to increased
perioperative bleeding. Therefore, postoperative
hemorrhage is a common complication in open-
heart surgery. On the other hand, CPB and all
major operations are characterized by a marked
prothrombotic state in the postoperative period.
Postoperative complications like MI, stroke, or
pulmonary embolism are associated with pro-
thrombotic activity. Thrombin plays an important
part in this activation of coagulation [1], which is
also linked to the activation of inflammation [2].

An increased perioperative bleeding tendency
may lead to reexploration, which increases the
risk of the surgical procedure. Allogeneic blood
requirement varies significantly among institutions
[3]. However, the overall transfusion rate in
open-heart surgery is 50–60% [4]. Because of the
risks associated with the use of allogeneic blood
products, the shortage of donor blood and the costs
of allogeneic blood products, blood conservation
has become a priority during cardiac surgery.
Furthermore, attenuation of the perioperative ac-
tivation of coagulation, especially the exaggerated
generation of thrombin, is desirable.

Different strategies have been developed to re-
duce the bleeding tendency and inflammatory reac-
tions associated with cardiac surgery. One approach
is the prophylactic administration of antifibrinolytic

therapy. The most thoroughly evaluated antifib-
rinolytic agent is aprotinin. However, this drug
was withdrawn from the market in 2007 and is no
longer clinically available. Other antifibrinolytics
are the so-called lysine analogs like epsilon-
aminocaproic acid or tranexamic acid, which are
widely used in cardiac surgery to reduce bleeding.

Antifibrinolytics have also been used in other
surgical procedures besides cardiac operations. It
was reported that bleeding and allogeneic blood
requirements were reduced in orthopedic surgery
[5,6] or liver transplantation [7,8]. It is conceivable
that antifibrinolytic treatment may be effective
in all procedures where hemostatic activation is
responsible for increased perioperative bleeding.
Cardiac surgery provides a controlled, reproducible,
and powerful hemostatic stimulus and may, there-
fore, serve as a model for the consequences of
increased hemostatic activation. One has to bear
in mind that all pharmacological interventions into
the intricate network of hemostasis may result in
unwanted side effects. For example, inhibition of
fibrinolysis may shift the hemostatic balance to the
prothrombotic side.

The aim of this overview is to describe the ac-
tivation of hemostasis during CPB, to discuss the
mode of action of different antifibrinolytics, and to
present some clinical results of the use of these
drugs. Although aprotinin is no longer available
since it was withdrawn from the market for safety
concerns, it is still discussed in this review because
it represents an example of the effects of nonspe-
cific protease inhibition during major surgery.
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Activation of hemostasis
during CPB

Platelet dysfunction is the main cause of nonsur-
gical bleeding after open-heart surgery [9]. It was
thought that platelets are mainly mechanically acti-
vated by the contact with the nonendothelial, arti-
ficial surfaces of the heart-lung machine, the roller
pumps, the suction lines, and the oxygenator [10].
However, currently it is evident that activation of
plasmatic coagulation factors during major surgery
and especially thrombin generation causes platelet
activation and platelet dysfunction. The hemostatic
system is activated via two pathways: the contact of
blood with the negatively charged surfaces of the
extracorporeal circuit results in the activation of the
contact phase of hemostasis. prekallikrein is con-
verted to kallikrein, which, in the presence of high
molecular weight kininogen, activates Factor XII
(Hageman Factor). This process finally leads to the
activation of the clotting cascade and the formation
of thrombin [11]. The process of hemostatic acti-
vation is controlled by amplification and inhibitory
cascades of proteolytic enzymes. The vast majority
of those are mediated by serine proteases [12].

The extrinsic system of coagulation, on the other
hand, is also activated via the release of tissue
factor during open-heart surgery [13]. This is the
main cause of hemostatic activation in noncardiac
surgery. It is still under debate, which of these path-
ways is the main activator of coagulation during
CPB [14]. However, the end point of both pathways
is thrombin generation. Thrombin is the pivotal en-
zyme in this process of activation [1]. Thrombin not
only converts fibrinogen to fibrin, but is also the
most powerful platelet activator, which activates
the endothelium and fibrinolysis via the release of
tPA from the endothelium, stimulates neutrophils
and monocytes, and influences the smooth muscle
cells [1]. Thus, activation of the plasmatic hemo-
static system leads also to massive platelet activa-
tion. Fibrinolysis is also activated via the intrinsic
pathway of hemostasis because of contact phase
activation. Plasmin also activates platelets [15].

Several connecting points exist between
hemostasis and inflammatory response [2] and
both systems cannot be considered different

processes. The endothelium [16] is the first link
between inflammation and coagulation, since
damaged endothelium during and after CPB rep-
resents a surface where proteins involved in both
coagulation and the development of inflammation
are expressed [17].

Heparin, which is commonly used during CPB,
inhibits thrombin formation only incompletely
[18]. Therefore, the key point of the activation of
the hemostatic system is thrombin generation and
the ability to attenuate this generation in a more
effective way.

Mode of action of aprotinin

The nonspecific serine protease inhibitor aprotinin
was discovered 1936 by Kraut and Kunitz [19].
This inhibitor, extracted from bovine lung tissue,
consists of 58 amino acids and the stability of the
single-chain is ensured by three disulfide bridges.
In a dose-dependent manner, it inhibits virtually
all serine proteases. Most of the enzymes of the
hemostatic system are serine-proteases. The pre-
eminent characteristic of aprotinin is the poten-
tial to inhibit plasmin—the final enzyme of fibri-
nolysis. Thus, despite being a nonspecific protease
inhibitor, aprotinin is often characterized as being
an antifibrinolytic. However, aprotinin reduces also
thrombin generation during CPB [20] and attenu-
ates the inflammatory response to major operations
[21]. The activity of aprotinin is often expressed
in kallikrein inhibiting units (KIU). The concentra-
tion of aprotinin required to inhibit serine proteases
varies from 50 KIU/mL for plasmin to 200 KIU/mL
for plasma kallikrein [19]. Aprotinin has a biphasic
elimination and its half-life is approximately 1 hour
[22]. All studies on aprotinin report attenuation or
almost total suppression of fibrinolytic activation
during CPB. On the other hand, there is no influ-
ence on the extrinsic part of fibrinolysis: no differ-
ences in tPA concentration could be detected [11].

Aprotinin obtained its drug approval in Central
Europe at the end of the 1950s with the indi-
cation to attenuate hyperfibrinolytic conditions.
Aprotinin was applied in numerous indications
with suspected hyperfibrinolysis, especially for the
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treatment of pancreatitis; however, a clinical
benefit of antifibrinolytic treatment could not be
demonstrated at that time [23].

In cardiac surgery, John Kirklin’s group in
Alabama pursued the mechanism of the so-
called postperfusion syndrome and demonstrated
that the interaction of blood with the artificial,
nonendothelialized surfaces of the heart-lung
machine-circuit led to the activation of several
markers of inflammation, especially of the com-
plement cascade. In the Hammersmith hospital
in London, S. Westaby and D. Royston’s team
tried to attenuate the inflammatory response
after CPB by the proteinase inhibitor aprotinin
in around 10-fold higher dosages compared with
previously applied dosages for other indications.
Unexpectedly, they observed an abnormally dry
operating field in their cardiosurgical patients. This
was the hour of birth of the high-dose aprotinin
dosage or the Hammersmith regimen. Soon after
the first publication by Royston [24] of a series of
22 patients undergoing repeat cardiac surgery,
which reported an almost unbelievable reduction
in blood loss and transfusion requirement, the
drug, which was already approved, became very
popular in Europe. Randomized and observational
studies confirmed its blood sparing effect [23].
Later on, it was even criticized that too many re-
dundant trial addressed efficacy questions already
definitively answered by previous studies [25].

Aprotinin was approved in the United States
by the FDA for repeat CABG surgery 1993 after
controlled, randomized US studies had proven its
efficacy. Later on, it was also approved for primary
CABG with an increased risk of bleeding, but not
for valves, pediatric, or major aortic surgery.

The efficacy of the drug was proven after the ini-
tial studies in several meta-analyses [26] and finally
in a Cochrane report [27]. However, these studies
were not aimed or powered enough to confirm the
safety of this treatment.

There is further evidence that aprotinin not only
inhibits fibrinolysis but also clotting activation.
Thrombin generation, measured by prothrombin
fragment F1.2 [28] as well as thrombin activity,
measured as thrombin–antithrombin III complex
[29], is reduced by high-dose aprotinin. Though

these results are not as uniform as the results
on fibrinolytic activation, there is considerable
evidence that aprotinin also acts as an anticoag-
ulant [20, 21]. Thus, a very important aspect of
aprotinin’s mode of action is the reduced thrombin
generation secondary to its use.

In clinically applied dosages, aprotinin has
no direct platelet protective function. However,
platelet activation is tightly linked to activation
of hemostasis [30]. Less thrombin and plasmin
generation due to aprotinin treatment finally
leads to better preserved platelet function which is
described with the use of aprotinin [31,32]

Because aprotinin—by inhibiting kallikrein
activation—attenuates contact phase activation,
the intrinsic pathway of fibrinolysis is inhibited
[33]. Additionally, other physiologic cascade
systems of the body, which depend on contact
phase activation, are also influenced by the use
of high-dose aprotinin. Some results suggest [21]
that the inflammatory response to CPB may be
decreased by the use of aprotinin. Bradykinin may
be one of the mediators modulating perioperative
inflammation and bleeding tendency. Aprotinin
inhibits the response to bradykinin. This was
demonstrated in a rat model, where tranexamic
acid had no significant effect on vascular perme-
ability caused by bradykinin, whereas aprotinin
decreased vascular permeability significantly [34].

Lysine analogs

The synthetic antifibrinolytics tranexamic acid and
epsilon-aminocaproic acid inhibit fibrinolysis by
binding to the high-affinity lysine binding-side
of plasminogen and plasmin [35], thus blocking
the action of plasmin on fibrin. Compared to
epsilon-aminocaproic acid, tranexamic acid has the
greater efficacy, a longer half-life and stronger plas-
minogen binding. Tranexamic acid has a molecular
weight of 157 Da and is 5–10 times more potent
than epsilon-aminocaproic acid, and its half-life
in vivo is 80 minutes. The synthetic antifibrinolyt-
ics inhibit fibrinolysis at the level of plasminogen
as well as plasmin, but there is some evidence that
they act more at the level of plasminogen: Eberle
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Total dosage of tranexamicacid
(calculated for an 80-kg patient with a duration of operation of 4 hours)
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Figure 22.1 This figure shows the
result of a survey about the dosage
and use of tranexamic acid in 72
German heart centers. The total
dosage of tranexamic acid in patients
with CAD—for some centers
calculated from a per kg dosage for an
80-kg patient—showed a wide
variation. Even given the fact that
these are survey and not study data,
these results demonstrate the urgent
need for dosage studies of tranexamic
acid.

[36] found increased antiplasmin–plasmin com-
plexes by the use of epsilon-aminocaproic acid
compared to aprotinin. Similar results were found
by others [37]. This indicates that plasminogen
is inhibited by the lysine analogs but the still
remaining plasmin generation must be inhibited
by physiologic inhibitors.

In contrast to aprotinin, the synthetic antifibri-
nolytics have no influence on the activation of co-
agulation; there was no significant alteration in the
generation of thrombin–antithrombin complexes
[38] or prothrombin fragment F1.2 [39] by the use
of synthetic antifibrinolytics. Since plasmin acts as
a weak platelet agonist, the inhibition of plasmin
activity by synthetic antifibrinolytics may also
reduce platelet activation and promote hemostasis
[40]. The mode of action of lysine analogs in
cardiac surgery has been poorly investigated. These
drugs solely inhibit fibrinolysis and it is conceivable
that this activity shifts the balance of hemostasis
toward coagulation [41]. It was hypothesized that
a transiently high plasma concentration of epsilon-
aminocaproic acid might be conducive to acceler-
ated thrombus formation [42]. The inflammatory
response to CPB is also not altered by lysine analogs

[43]. The most effective dosage of lysine analogs is
not well-defined: while large studies from Canada
applied dosages between 6 [44] and 10 g [45],
studies from the United States used much lower
dosages from 1 to 2 g [35]. In Europe, there is also a
wide variation: survey in Germany yielded dosages
between 0.5 and 12 g tranexamic acid in cardiac
surgery. These results are given in Figure 22.1.

In comparison, lysine analogs and aprotinin both
inhibit activation of fibrinolysis during CPB effec-
tively [46]. While the lysine analogs specifically
inhibit plasminogen and plasmin activation, apro-
tinin exhibits a more nonspecific inhibitory capac-
ity. Not only fibrinolysis but also clotting activation
is inhibited by aprotinin. While lysine analogs are
pure antifibrinolytics, aprotinin is an nonspecific
proteinase inhibitor.

Clinical results

The primary end point of most studies investigating
antifibrinolytics during cardiac surgery was blood
loss and use of allogeneic blood products, which
are both clinically and economically significant end
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points. There is no doubt that the prophylactic use
of antifibrinolytics reduces postoperative hemor-
rhage in patients undergoing open-heart surgery.
A Cochrane report [47], which analyzed the rela-
tive effectiveness and adverse effect profile lysine
analogs and aprotinin, emphasized the effective-
ness of both drugs. Adverse events of these drugs
were not reported in this report.

Aprotinin was subject to more than 100 ran-
domized clinical trials to study its effectiveness.
The updated Cochrane report [27] and a large
meta-analysis [48] demonstrated the effectiveness
of aprotinin to reduce the need for transfusions
and reexploration after cardiac surgery. Epsilon-
aminocaproic acid and tranexamic acid were not
studied as extensively. Some clinical trials com-
pared the clinical effect of aprotinin and tranex-
amic acid directly [46, 49]. One trial [46] found a
slightly increased efficacy of aprotinin in terms of
transfusion requirements, but the clinical signifi-
cance of this difference was questionable. The re-
cent guidelines of the Society of Thoracic Surgeons
and the Society of Cardiovascular Anesthesiologist
gave an IA recommendation for both lysine analogs
and aprotinin for use in cardiac surgery [50].

All studies done with aprotinin in open-heart
surgery revealed that high-dose aprotinin sig-
nificantly reduces perioperative blood loss and
allogeneic blood requirement by 30–80% [51].
Additionally, the percentage of patients not requir-
ing allogeneic blood transfusion was increased by
approximately 50% [27]. Comparable results were
reported for patients treated with aprotinin in a
half-dose, low-dose, or pump prime only regimen
[52]. Comparing low-dose and full-dose apro-
tinin, it could be demonstrated [53] that full-dose
aprotinin was superior compared to low-dose in
reducing perioperative blood loss and allogeneic
blood requirement.

Because the dosage regimens for all drugs vary
among the studies, an assessment of comparative
efficacy is difficult. High- and low-dose aprotinin
significantly reduce postoperative bleeding ten-
dency and transfusion requirement, but the higher
dosage regimen seems to be more effective com-
pared to the lower one [54]. Results are less consis-
tent for other antifibrinolytics. Similar reductions

of postoperative bleeding tendency were found
with a variety of lower dose regimens of aprotinin
in comparison to epsilon-aminocaproic acid or
tranexamic acid [46].

Aprotinin—early safety concerns

A drug, which shows such a striking efficacy and
influence on coagulation like aprotinin, raises
concerns about unwanted side effects. Soon after
its approval, the first reports on adverse events
with the use of aprotinin were published. These
first reports of adverse events were related to
hypercoagulability [55], renal function [56], and
hypersensitivity [57].

Hypercoagulability
The largest study on graft patency found a slight
risk of occluded saphenous vein grafts in aprotinin-
treated patients [58]. Prothrombotic risks were not
the focus of the recent safety discussions. For a dis-
cussion of this topic, the reader should refer to the
review by Westaby [59].

Renal function
Aprotinin is excreted by the kidney and metabo-
lized in the proximal tubule. Since this is an active
process, concerns about the possible nephrotoxicity
of aprotinin came up very early after its introduc-
tion in cardiac surgery. These concerns could not be
substantiated in vitro studies [60], however, clinical
studies reported impaired renal function with the
use of aprotinin [55,61]. A slight reversible impair-
ment of renal function after high-dose aprotinin
had been demonstrated already in one of the ear-
lier European studies [62] and confirmed by one of
the US investigations [63].

Systematic reviews of studies investigating the
effect of aprotinin on blood loss and transfusion re-
quirements did not confirm these safety concerns.
A Cochrane report described a similar incidence
of renal dysfunction in aprotinin treated patients
and control subjects [47]. These findings were
corroborated in patients undergoing CABG surgery
[26]. Admittedly, the end point of almost all studies
included in these reviews was blood loss and not



c22 BLBK256-Maniatis July 26, 2010 12:33 Trim: 246mm X 189mm Char Count=

272 Antifibrinolytics in Open-Heart Surgery

renal safety and the number of patients might
have been insufficient to detect small differences
in renal outcome or uncommon adverse events.

In May 2007, the most comprehensive meta-
analysis by Brown et al. [48] analyzed clinical
outcomes from 138 trials including approximately
6000 patients treated with either high- or low-dose
aprotinin. All dosages were effective in reducing
bleeding and transfusion, but only high-dose
aprotinin reduced the rate of reexploration (rel-
ative risk, 0.49; 95% CI, 0.33–0.73). There were
no significant risks or benefits for any agent for
mortality, stroke, myocardial infarction, or renal
failure. However, high-dose aprotinin significantly
increased the risk of renal dysfunction (relative
risk, 1.47; 95% CI, 1.12–1.94), 12.9% versus 8.4%.
The discussion about severity of renal impairment
due to aprotinin is still ongoing [44,64,65].

Antigenicity
Aprotinin is a protein derived from bovine lungs.
As such it has the potential to stimulate the produc-
tion of antibodies. Already very early, anaphylactic
reactions to aprotinin had been described in pa-
tients with a reexposure to the drug. It has been
demonstrated that the formation of IgG antibodies
is responsible for these sometimes fatal reactions
[66]. However, these antibodies disappear over
time and after a time interval of 6 months, a
reexposure to the drug is possible if its use is indi-
cated [57]. It can be speculated that a considerable
number of patients were threatened or died by the
inappropriate use of aprotinin during reexposures.

There are no data reported on the risks associated
with the use of lysine analogs.

The safety of aprotinin has been heavily ques-
tioned in 2006 by studies from Karkouti et al. and
Mangano et al. Karkouti analyzed the single-center
institutional database and compared out of a pool
of 10,870 patients the outcome data of 449 patients
treated with aprotinin with 449 matched patients
treated with tranexamic acid [67]. The analysis
did not demonstrate differences in the incidence
of postoperative renal failure requiring dialysis
(p = 0.3), however, in patients with abnormal
preoperative renal function it revealed a signifi-
cant difference in the incidence of postoperative

dysfunction in 23/126 patients with tranexamic
acid (18%) and 34/110 (31%) in aprotinin patients
(p = 0.03). Otherwise, there were no differences
in outcome. These results were in accordance
with the updated Cochrane report on the use of
aprotinin published in 2007 [27].

In an observational, retrospective, multinational
database analysis Mangano and colleagues [68]
reported the outcome data of 4374 patients un-
dergoing coronary revascularization and found
a doubling in the risk of renal events among
patients treated with aprotinin (OR 1.89, 95 CI
1.01–3.55; p = 0.04). Among patients undergoing
complex surgery (n = 1361), aprotinin treatment
was associated with increased renal dysfunction
and renal failure requiring dialysis. Postoperative
renal dialysis was observed in 5% of the aprotinin
group compared with 1% in the control group
and adverse renal outcome was reported in 8%
(aprotinin) compared to 3% in patients without
aprotinin. In an unadjusted analysis, the authors
postulated a dose-dependent effect of aprotinin on
renal events (high-dose aprotinin 18% vs 7% in
the low-dose group; p � 0.001). The authors found
an additional risk of aprotinin treatment on car-
diovascular events, mainly in primary surgery: OR
1.42 (1.09–1.86; p = 0.01) for primary surgery and
OR 1.08 (0.75–1.57; p = 0.67) for complex surgery,
cerebrovascular events OR 2.15 (1.14–4.06; p =
0.02) for primary surgery and OR 1.29 (0.71–2.35;
p = 0.41) for complex surgery, but not on short-
term mortality (p = 0.66). They also postulated no
effect of aprotinin on blood loss and blood transfu-
sion; however, unfortunately, they did not include
total allogeneic blood transfusions in their analysis
but only intraoperative transfusions. Apparently,
patients treated with aprotinin were at higher
preoperative risk compared to patients treated with
lysine analogs or control patients. Since the indica-
tion for aprotinin use was not standardized within
the database and the drug was not on the market in
all participating countries or not approved for the
investigated indication, a selection bias cannot be
ruled out. A thorough rebuttal of these results can
be found in the publication by Royston et al. [69].

A later analysis of the same dataset claimed an
increase in long-term mortality in aprotinin treated
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patients [70], but left the question open as to why
a drug with a short half-life, which did not cause
short-term mortality [68], may affect long-term
survival. Otherwise, this observation may support
the suspicion that aprotinin treated patients were
sicker patients and, thus, had a shorter life ex-
pectancy.

The Mangano study provoked intensive and con-
troversial discussion [71–75]. Concurrently, the
studies by Karkouti and Mangano were subject
to two Renal and Cardiovascular Advisory Board
meetings of the FDA in September 2006 and 2007.
The FDA recommended a change of the packet
insert with a new black box warning and asked for
new studies. However, the FDA had no sufficient
safety concerns to recommend withdrawal of the
drug from the market or limit its indications.

The demise of aprotinin

The end of aprotinin was the BART (Blood Conser-
vation using Antifibrinolytics: A Randomized Trial
in high-risk cardiac surgery patients) study [44];
this was a multicenter, not industry-sponsored,
prospective study from Canada including 2331
high-risk cardiac surgical patients. Patients were
randomly assigned to receive aprotinin (n = 781)
or the lysine analogs tranexamic acid (n = 770)
or epsilon-amino caproic acid (n = 780). The
primary endpoint of this study was massive post-
operative bleeding. This trial was terminated early
because of a consistent trend toward a higher
mortality in aprotinin treated patients. The 30-day
mortality rate from any cause was 6.0% in the
aprotinin group as compared with 3.9% in patients
with tranexamic acid (relative risk 1.55; 95% CI
0.99–2.42) and 4% in the epsilon-aminocaproic
group (relative risk 1.52; 95% CI 0.98–2.36). If
both lysine analog groups were combined, the
relative risk of death was 1.53 (95% CI 1.06–2.22).
However, the death rate in the ICU was not
statistically significantly different. On the other
hand, massive bleeding was reduced in the apro-
tinin group (9.5%) as compared with the other
groups (each 12.1%), relative risk 0.79 (95% CI
0.56–1.09). The number of patients transfused with

blood products (red blood cells, platelets, cryopre-
cipitates, and fresh frozen plasma) was significantly
lower in the aprotinin group in almost all compar-
isons. Adverse events like stroke, myocardial in-
farction, renal failure, or new renal failure were not
statistically significant different among the groups.

This detailed listing of the BART results demon-
strates the difficulty in interpreting the results:
there was a trend toward a higher mortality in
the aprotinin group, but the mortality in the ICU
was comparable. Likewise, the recorded morbid-
ity, especially renal and cardiac morbidity, was
not different (some of the retrospective analyses
found increased renal morbidity with aprotinin
[76]). Thus, the cause of death remains, presently,
speculative. On the other hand, the reduction of
massive transfusion and the incidence of allogeneic
blood products in the aprotinin group did not
result in any benefit for these patients, as it would
be expected from other studies investigating the
influence of blood transfusion on outcome [77].

The BART Data Safety Monitoring Board rec-
ommended after the second interim analysis that
randomization of patients to receive aprotinin
should be stopped prematurely on October 16,
2007. Immediately upon this notification, the
manufacturer withdrew the drug from the market.

Conclusion

The prophylactic perioperative use of antifibri-
nolytics in open-heart surgery essentially reduces
hemorrhage and allogeneic blood requirement.
Lysine analogs are effective, but we still need more
safety data and more information about the most
effective dosage of these drugs. It seems evident
that aprotinin has some negative impact on renal
function. Whether other detrimental effects are
caused by, or associated with, aprotinin remains
debatable. One must accept that aprotinin is off the
market and is not likely to come back. Ironically,
the drug is missed sorely for indications it had
never been approved for, like pediatric cardiac
surgery [78], aortic surgery [59], or multiple or
septic valve replacements. Aprotinin may serve as
example for the efficacy of nonspecific protease
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inhibition. New protease inhibitors are on the
horizon [79], however, not only efficacy data but,
as the aprotinin story teaches us, safety data for
these new drugs are critically important.
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Endogenous activated factor VII plays a crucial
role in the coagulation process. The clotting drug
NovoSeven R© (Novo Nordisk A/S, Bagsvaerd, Den-
mark) is structurally nearly identical to endogenous
factor VIIa and produced by recombination from
a baby hamster kidney cell line. Supra-physiologic
concentrations of activated factor VII are achieved
by the administration of pharmacological doses of
recombinant activated factor VII (rFVIIa). rFVIIa
plays a central role in coagulation according to the
newer, cell-based concepts of coagulation that have
emerged recently [1]. To generate thrombin, rFVIIa
needs either tissue factor (TF) or activated platelets
(TF-independent generation).

During initiation of coagulation, TF exposed on
the subendothelium forms a complex with circulat-
ing factor VIIa. The TF-FVIIa complex activates fac-
tor X and leads to the generation of a small quantity
of thrombin. This small quantity of thrombin acti-
vates platelets and co-factors, “priming” the system
for the subsequent generation of large amounts of
thrombin. Factor IX, also activated during the ini-
tiation phase, acts as a procoagulant signal and ini-
tiates, on the surface of platelets, the cascade lead-
ing to the “thrombin burst,” i.e., the generation of
sufficient thrombin to cleave enough fibrinogen to
result in a strong clot. Ultimately, the process is

completed when fibrin is cross-linked to enhance
durability and when platelets retract, stabilizing the
platelet plug.

At least two mechanisms, either TF dependent
or independent, may explain the hemostatic effect
of rFVIIa administered to (previously normal) pa-
tients with uncontrolled hemorrhage [2]. If TF is
available to complex rFVIIa, it seems likely that
thrombin generation will be mediated by a TF-
dependent pathway, given the marked affinity of
FVIIa for TF. If TF is separated from the blood-
stream by the growing hemostatic plug, rFVIIa may
enhance coagulation by directly stimulating fac-
tor X on the surface of platelets, resulting in the
“thrombin burst” necessary for the formation of a
stable clot. It is most likely that both mechanisms
are involved. Theoretically, the TF-dependent ac-
tivation remains localized and the TF-independent
activation of FX is not supported by endothelial
cells, preventing the systemic initiation of coagu-
lation.

Currently, rFVIIa is approved for the preven-
tion and the treatment of bleeding in patients with
hemophilia who present antibodies to factors VIII
or IX. Numerous case reports and case series have
been published describing its successful use in pa-
tients with no prior defect of hemostasis to con-
trol bleeding secondary to trauma or major surgery.
Over the past 5 years, the estimated number of
patients treated with rFVIIa has grown rapidly,
mainly for off-license indications.
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Before its introduction in general clinical use, a
new treatment has to be proven both effective and
safe. The gold standard in establishing the bene-
fits and harms of a novel therapeutic intervention
is the randomized controlled trial (RCT). In this
chapter, which extends our previous work pub-
lished elsewhere [3], we reassess all published RCTs
that have evaluated the hemostatic efficacy and/or
safety of rFVIIa in nonhemophiliac patients. In to-
tal, at the time of writing, 18 placebo-controlled
double-blind RCTs have been published in 17 ar-
ticles on the use of rFVIIa to control bleeding in
nonhemophiliac patients. rFVIIa was administered
either prophylactically to prevent (9 RCTs, 938 ran-
domized patients) [4–12] or therapeutically to treat
(9 RCTs, 2012 randomized patients) [13–20] exces-
sive bleeding.

We searched MEDLINE for RCTs published ei-
ther in English or French on the use of rFVIIa (ac-
tivated recombinant factor VII/NovoSeven R©) out-
side hemophilia. To be included in this review,
studies had to be prospective, randomized, blinded,
and placebo-controlled and had to evaluate the ef-
ficacy and safety of rFVIIa in nonhemophiliac pa-
tients. Retrospective, nonrandomized, open label,
nonplacebo-controlled studies were excluded, as
were those conducted in patients with hemophilia.
Case series, retrospective reviews and registers
were considered only for discussion purposes.

Eighteen trials published in 17 articles were iden-
tified. Trials dealt either with the prophylactic or
the therapeutic use of rFVIIa to prevent or treat
excessive bleeding in a variety of clinical contexts.
Main data were summarized and are presented in
Tables 23.1 and 23.2.

Efficacy of rFVIIa for the
prevention of excessive bleeding
and the reduction of transfusions

Table 23.1 summarizes the main characteristics
and the key findings of the nine trials that have
evaluated the prophylactic use of rFVIIa outside
hemophilia. In over half of the trials, rFVIIa was
not efficacious [5,6,8,9,11].

The trial by Lodge on the use of rFVIIa to reduce
bleeding and transfusions in liver transplantation
found a statistically significant but small difference
in the proportion of transfused patients [7]. At best,
the percentage of patients avoiding transfusions al-
together was 10% (6/62 in the 60 �g/kg group;
Table 23.1). Use of red blood cells (RBC), fresh
frozen plasma (FFP) and platelet concentrates (PC)
was similar in all groups and there were no other
clinically important differences between groups.

The authors of a pilot study on the use of rFVIIa
to reduce allogeneic transfusions in patients under-
going complex noncoronary cardiac surgery with
cardiopulmonary bypass stated that “rFVIIa signifi-
cantly reduces the need for allogeneic transfusion”
[10]. However, one patient in the rFVIIa group was
excluded from the “per protocol analysis” following
unblinding of treatment allocation because of the
sudden onset of mediastinal hemorrhage 2 hours
after surgery while the patient was in the intensive
care unit. The patient consumed 72 units of allo-
geneic blood products, two further doses of rFVIIa,
and returned to the operating room on two occa-
sions before a posterior aortic tear was discovered.
When the results were analyzed by intention-to-
treat (also presented in the article), the results of
the pilot study were negative [10].

The latest trial on the prophylactic use of rFVIIa
evaluated the efficacy of the drug to reduce trans-
fusions in burn patients undergoing excision and
skin grafting. Interpretation of the results is diffi-
cult as they are presented as “Total blood products
transfused/full thickness burn wound excised and
grafted (% total body surface area)” [12]. We were
unable to determine how this applies clinically to
a burn patient coming to the operating room for
excision and skin grafting and the percent of total
body surface area at which the use of rFVIIa be-
comes beneficial. The effect of treatment on intra-
operative bleeding is not reported and all the other
outcomes of interest were similar in both groups
(Table 23.1).

The study by Friederich et al. showed that rFVIIa
reduced perioperative blood loss and eliminated
the need for transfusion in patients undergoing
retropublic prostatectomy [4]. Nevertheless, most
clinicians would consider that blood losses in the
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placebo group were much greater (median 2688
mL) than those encountered in contemporary clin-
ical practice [21], specially in light of the re-
cent advancements in minimally invasive surgi-
cal techniques [22,23]. Accordingly, the usefulness
of rFVIIa to reduce bleeding and transfusions in
patients undergoing retropubic prostatectomy de-
scribed in 2003 would probably not apply today.

In summary, the role of rFVIIa to prevent exces-
sive bleeding and reduce transfusions in a variety of
patients at risk of hemorrhage during surgery has
not been demonstrated convincingly.

Efficacy of rFVIIa for the
treatment of excessive bleeding
and the reduction of transfusions

Table 23.2 summarizes the main characteristics and
the key findings of the nine trials (published in
eight articles: two studies [14] were published si-
multaneously) that have evaluated the therapeu-
tic use of rFVIIa outside hemophilia. Three stud-
ies evaluated surgical indications while six explored
medical indications.

rFVIIa was used as adjunctive therapy for the
control of bleeding in severely injured trauma
patients in two randomized, placebo-controlled,
double-blind clinical trials (one in blunt trauma and
one in penetrating trauma). The primary end point
of the study “was the number of RBC units (au-
tologous RBCs, allogeneic RBCs, and whole blood)
transfused during the 48-hour period after the first
dose of trial product.” Whether in blunt or pene-
trating trauma, use of RBC, FFP, and PC was simi-
lar in placebo and treatment groups when all pa-
tients are considered (intention-to-treat analysis;
Table 23.2). There was a significant reduction of
transfusions in the blunt trauma patients treated
with rFVIIa who were alive at 48 hours (post hoc
analysis).

The other surgical trial evaluated the effect of
rFVIIa in spinal surgery patients who reached a
bleeding trigger (10% blood loss; expected total
losses ≥20% total blood volume) during the oper-
ation [19]. Mean blood losses and transfusion vol-
ume were not different between groups. When ad-

justed for duration of surgery, number of verte-
bral segments fused and estimated blood volume,
blood loss, and transfusion volume were reduced
significantly in treated patients. However, as pre-
sented, the results do not allow us to determine in
which patients (according to estimated blood vol-
ume, planned duration of surgery, and number of
vertebral segments fused) the use of rFVIIa may be
beneficial.

Positive findings on the therapeutic use of rFVIIa
were observed in patients with intracerebral hem-
orrhage (ICH) [16] In their initial study, Mayer
et al. showed that the administration of rFVIIa
within four hours after the onset of symptoms of
ICH is associated with a reduced growth of the
hematoma, and a decrease in 90-day mortality. In
addition, an improvement in functional outcomes
at 90 days as assessed by four neurologic outcome
scales (Modified Rankin Scale, Barthel Index, Ex-
tended Glasgow Outcome Scale, and National In-
stitutes of Health Stroke Scale) was observed in
the treatment groups, despite an increase in the
frequency of thromboembolic events (see below).
Unfortunately, these positive results were not con-
firmed by a subsequent large multicenter, phase III
trial involving 841 patients [20].

Three other studies report the use of rFVIIa to
treat excessive bleeding in a medical context. The
first was in cirrhotic patients presenting with upper
gastrointestinal bleeding [13], the second in chil-
dren with Dengue fever [17] and the third in adults
after hematopoietic stem cell transplantation [18].
In all cases, bleeding control and transfusion re-
quirements were similar in both groups.

Finally, a phase II study in cardiac surgery was
stopped in November 2007 after enrollment of 172
patients into two dose cohorts of 40 and 80 �g/kg,
but without enrolling patients into the final dose
cohort (http://clinicaltrials.gov/ct2/show?cond=%
22Postoperative+Hemorrhage%22&rank=2). The
decision to conclude the study was “based on the
wish to accurately reflect current clinical prac-
tice with respect to NovoSeven

R©
dosing” (Novo

Nordisk announcement, December 2007). As of
January 2009 the study remains unpublished.

In summary, the role of rFVIIa to treat exces-
sive (or critical, in the case of ICH) bleeding and
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reduce transfusions in a variety of medical and sur-
gical conditions has not been demonstrated con-
vincingly.

Safety of rFVIIa when used for the
prevention or the treatment of
excessive bleeding and the
reduction of transfusions

The incidence of adverse (including thromboem-
bolic) events was not increased in the nine trials
evaluating the prophylactic use of rFVIIa (Table
23.1). With two exceptions, the incidence of ad-
verse events was also not increased in the nine tri-
als evaluating the therapeutic use of rFVIIa (Table
23.2).

An increase in the incidence of arterial throm-
botic events was observed in the ICH trial published
by Mayer in 2005 [16]. Total (venous and arterial)
serious adverse thromboembolic events occurred
in 2% of patients receiving placebo and in 7% of
all patients treated with rFVIIa (p = 0.12). The
incidence of venous thromboembolic events was
the same (2%) in both groups. However, the inci-
dence of arterial serious adverse thromboembolic
events (myocardial ischemic events and cerebral
infarctions) was increased in rFVIIa patients (0%
vs 5%; p = 0.01). The incidence of fatal or disabling
thromboembolic events related to treatment was
the same (2%) in both groups. Despite the use
of smaller doses, a similar increase of arterial
TE events was demonstrated in the most recent
ICH trial by the same authors [20]. Pooled data
from three ICH trials supported the increased risk
of arterial thromboembolic events with rFVIIa,
particularly at higher doses (120–160 �g/kg) [24].

The majority of studies excluded patients at
risk of thrombosis such as those with known
hypercoagulopathy, history of pulmonary em-
bolism, or deep vein thrombosis, stable/unstable
angina pectoris, myocardial infarction, intermittent
claudication, transient ischemic attack/ischemic
stroke; signs of cardiac ischemia, etc. In one case,
midway through the trial, a change was made “to
exclude patients with any history of thrombotic
vaso-occlusive disease” [16]. Such strict exclusion

criteria may have contributed to the 12% enroll-
ment rate of screened patients mentioned in that
trial [16] and raise the possibility that the incidence
of adverse thrombotic events might be higher in a
broader ICH patient population [25].

In summary, the observations made in 16 of the
18 published RCTs on the use of rFVIIa to prevent
or to treat excessive bleeding in nonhemophilia pa-
tients do not report an excess of serious (particu-
larly thrombotic) adverse events. The use of rFVIIa
in highly selected ICH patients with minimal (but
critical) bleeding was associated with an increased
risk of arterial thrombosis [16,20].

Comments

The role of rFVIIa to prevent or to treat excessive
(or critical, in the case of ICH) bleeding and re-
duce transfusions in a variety of patients at risk of
hemorrhage during surgery has not been demon-
strated convincingly. The most impressive benefits
of the therapeutic use of rFVIIa were in patients
with ICH but these results were not confirmed in
a recent phase III trial. Thus, the generalized ad-
ministration of rFVIIa to nonhemophiliac patients
at risk of excessive (or critical) bleeding cannot be
recommended today.

Our findings concur with those of the meta-
analysis published by Stanworth et al. [26] that
included 13 trials. Six trials examined the pro-
phylactic use of rFVIIa and seven examined the
therapeutic use of the drug. The authors conclude
that the effectiveness of rFVIIa as a more general
hemostatic drug, either prophylactically or thera-
peutically, remains uncertain compared to its role
in the management of patients with hemophilia
and that its use should be restricted to clinical
trials. The results of three additional studies on
prophylaxis [6,11,12] and of the two on treatment
[19,20] with rFVIIa are in line with the conclusions
of Stanworth’s meta-analysis.

Recently, another meta-analysis evaluated the
efficacy and safety of rFVIIa in major surgical pro-
cedures [27]. The systematic review included seven
trials [4–10] while the efficacy analysis was con-
ducted in five [4, 5, 7, 9, 10]. The review concluded
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that patients receiving rFVIIa had a reduced risk of
allogeneic red cell transfusion but the authors were
unable to comment on transfusion needs or peri-
operative bleeding. The selection of studies and the
very positive results of the 40 �g/kg group in the
Friederich trial [4] may help explain the discrep-
ancy between meta-analyses.

Numerous case reports, case series, and regis-
ters have suggested that rFVIIa may be efficacious
for the prophylaxis or for the treatment of severe
bleeding in different clinical contexts. [28–36] Ob-
servational studies report success rates that vary
from 69% [33] up to 80% [32, 35]. It is rather in-
teresting to note that these rates are similar to those
reported in trials evaluating the therapeutic poten-
tial of rFVIIa. When aggregating the data on the
control of bleeding in the three RCTs that reported
this variable [13, 17, 18], the number of patients
with reduced bleeding was 158/210 or 75.2% in
the rFVIIa group vs 130/172 or 75.6% in the con-
trol group [26]. Thus, whatever the circumstances,
approximately 75% of patients appear to respond
to treatment, whether it is rFVIIa or placebo.

Notwithstanding the interest of case reports, case
series and registers, the gold standard in establish-
ing the benefits and the harms of a technology is
the RCT [37]. The RCT is a study in which sub-
jects are randomized to an intervention or con-
trol and followed systematically for occurrence of
outcome. Randomization and blinding of interven-
tion avoid observator bias, which would, other-
wise, be inevitable. Thus, as opposed to observa-
tional, single arm interventional studies or those
using historical controls, the RCT is the only study
design where causality, both for benefits and for
harms, can be established. Unfortunately, and con-
trary to the hopes raised by case reports, case series,
and registers, results of published RCTs have failed
to demonstrate convincingly the efficacy of rFVIIa
outside hemophilia.

Why have such disappointing results been
observed? Possible explanations are numerous and
include inadequate doses of the drug or inappropri-
ate timing of administration, a suboptimal clotting
environment at the time of drug administration,
and adherence to a transfusion protocol for red
cells and hemostatic blood components. In studies

evaluating the prophylactic use of rFVIIa, doses
varied between 20 and 120 �g/kg and were either
not repeated or repeated at intervals of 2 or 5 hours
(Table 23.1). Surprisingly, the study reporting un-
questionable efficacy of rFVIIa used the smallest
doses administered only once in the early operative
phase [4]. Despite the use of more generally ac-
cepted dosages (of the order of 90 �g/kg) repeated
at a time interval in relation with rFVIIa’s half-life
of 2–3 hours [38, 39], all the other trials generated
results that were either negative [5, 6, 8, 9, 11]
or difficult to interpret clinically [7, 10, 12]. In
studies evaluating the therapeutic use of rFVIIa,
doses were, in general, higher and repeated more
frequently. This is congruent with the known phar-
macokinetic profile of rFVIIa whereby clearance is
increased and half-life is shortened in the presence
of bleeding [38, 40, 41]. While doses higher than
50 �g/kg appear to be more efficacious [27], the
level of FVII required to achieve hemostasis in
different clinical circumstances remains uncertain
[39,42].

An important consideration when treating hem-
orrhage pertains to the maintenance of an opti-
mal hemostatic environment. Hematocrits as high
as 35% may be required to sustain hemostasis
in bleeding patients undergoing massive transfu-
sion [43]. Erythrocytes modulate the biochemical
and functional responsiveness of activated platelets,
suggesting that erythrocytes contribute to throm-
bosis and hemostasis and supporting the concept
that thrombus formation is a multicellular event
[44–46]. Another mechanism by which erythro-
cytes modulate hemostasis is the rheological effect
of red cells on the margination of platelets [47],
enhancing the near-wall concentration of platelets
up to about seven times the average concentra-
tion [48]. Maintaining adequate levels of circu-
lating platelets is important given (a) our current
knowledge of hemostasis, in which platelets play a
pivotal role [42] and (b) the findings from studies
[49–52] showing that survival is improved in mas-
sively transfused patients who received increased
numbers of platelet concentrates.

We used the intent-to-treat principle to evalu-
ate the results of RCTs [37]. Inclusion of only those
subjects who followed the protocol as planned (per
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protocol analysis) introduces a number of biases.
Subjects who are lost to follow-up or who refuse
treatment (despite consenting initially) are likely to
be different in important ways from other subjects.
The intent-to-treat principle takes into account the
inherent difficulties of a treatment. Excluding pa-
tients in whom treatment was difficult or impos-
sible will bias the overall results on the efficacy of
an intervention. Finally, some important outcomes
cannot be predicted at the time of randomization
(had they been predicted, the patient would not
have been included in the study). For example, it
is impossible to determine ahead of time which pa-
tient(s) will present with overt surgical bleeding af-
ter a cardiac operation [10] or those who will be
alive at 48 hours after trauma [14]. Thus, the re-
sults of the analysis by intent-to-treat truly reflect
the efficacy of an intervention in the conditions of
the study.

Prevention of excessive bleeding and transfu-
sions can be achieved by different pharmacological
and nonpharmacological interventions. Obviously,
to be adopted in clinical practice, an intervention
must be efficacious but safety remains a major
concern. When administered at pharmacological
doses, blood levels of activated factor VII are 1000
times greater than normal. As mentioned previ-
ously, rFVIIa augments thrombin generation by TF
dependent and independent pathways; enhances
the adhesion, deposition, and activation of platelets
(thrombin dependent); and inhibits fibrinolysis
[42, 53–55]. By definition, any therapy that pro-
motes hemostasis is likely to induce thrombosis.
Thus, a favorable balance between hemostasis (the
desired effect) and thrombosis (an unwanted, po-
tentially serious adverse event) may be difficult to
achieve. In theory, since they are mediated by TF,
the effects of rFVIIa should remain localized [56].
Nevertheless, Stanworth et al. observed a trend
toward an increase in thromboembolic events asso-
ciated with the use of rFVIIa either prophylactically
(pooled RR 1.25; 95% CI 0.76–2.07) or therapeu-
tically (pooled RR 1.50; 95% CI 0.86–2.62) [26].

Tissue factor may be expressed at sites other than
the site of hemorrhage, resulting in undesirable
thrombotic events [57]. In animals with no hemo-
static defect and a carotid artery lesion, rFVIIa in-

creases the incidence of thrombosis [58, 59]. This
may help explain the increased incidence of arterial
serious adverse thromboembolic events observed
in ICH patients [16]. The “potential increased risk
of arterial thromboembolic adverse events with
use of NovoSeven, including myocardial ischemia,
myocardial infarction, cerebral ischemia and/or
infarction” (http://www.fda.gov/medwatch/safety/
2005/safety05.htm#NovoSeven) that occurred de-
spite very strict exclusion criteria, as mentioned
earlier, raises the possibility that the incidence of
adverse thrombotic events might be higher in a
broader ICH patient population [25].

A review of the Adverse Event Reporting Sys-
tem (AERS) of the United States Food and Drug
Administration (FDA) documented a total of 431
AE reports for rFVIIa between 1999 and 2004
[60]. Of these, 168 reports described 185 throm-
boembolic events, the majority of which (151)
were for unlabeled indications. Reported adverse
events included cerebrovascular accident (n = 39),
acute myocardial infarction (n = 34), other arterial
thromboses (n = 26), pulmonary embolism (n =
32), other venous thromboses (n = 42), and clotted
devices (n = 10). In 72% of the 50 reported deaths,
the probable cause of death was the thromboem-
bolic event. A major concern was that the use of
rFVIIa and spontaneous reporting of AEs increased
steadily during the study period while reporting
of AEs originating from controlled trials decreased.
The authors concluded that RCTs are needed to es-
tablish the safety and efficacy of rFVIIa in patients
without hemophilia and we believe this conclusion
still applies.

Summary and recommendations

In summary, published RCTs do not support the
efficacy of rFVIIa to control bleeding and reduce
transfusions in various patient populations, either
prophylactically or therapeutically. In addition, the
safety of rFVIIa remains a major concern [60]. The
lack of adequately powered, randomized studies
evaluating rFVIIa limits the capacity to draw firm
conclusions on its optimal role in our therapeutic
armamentarium, whether for the prevention or for
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the treatment of coagulopathy. Consequently and
while awaiting the unambiguous demonstration of
its benefits, confirmation of its safety, determina-
tion of the optimal dosage, and appropriate timing
of administration, the generalized use of rFVIIa to
prevent or to control bleeding in nonhemophiliac
patients cannot be recommended.

Unfortunately, off-label use of the drug has in-
creased markedly, despite some evidence that the
drug may increase the risk of thrombotic events
and death, a situation described as “the scientifi-
cally unsound creep of prescribing indications” by
Hébert and Stanbrook in 2007 [61].

In spite of the lack of formal evidence for effi-
cacy and or safety, the off-label use of a drug like
rFVIIa may be, on occasion, appropriate when the
anesthesiologist, critical care physician, or surgeon
determine that this is the best option for their pa-
tient in light of the available evidence [61]. The
decision to administer a potent hemostatic such
as rFVIIa outside its recognized prescribing indica-
tions should, however, always be discussed with
the patient (or the patient’s family as would be
the case for surgical hemorrhage). Patients should
be informed about knowledge gaps and pertinent
risks [61], which are both important in the case of
rFVIIa.

Accordingly, rFVIIa may be considered with cau-
tion in patients with refractory life-threatening
hemorrhage when all conventional measures (in-
cluding embolization, surgery, rewarming the pa-
tient, etc.) have failed [62]. It should be considered
as an adjunct to, rather than in replacement of,
such measures. Inasmuch as possible, an optimal
hemostatic environment must be ensured. Thus,
FVIIa should be considered relatively late in the
management of excessive bleeding. Introduction of
rFVIIa at a very early stage of hemorrhage will ex-
pose an unnecessarily large number of patients to
an extraordinarily expensive therapy whose effi-
cacy remains unclear. On the contrary, criteria such
as the Sequential Organ Failure Assessment and re-
sponse to the initial dose of rFVIIa may help deter-
mine when treatment is futile [63].

Finally, all patients exposed to rFVIIa should be
included in ongoing registers. While registers can-
not demonstrate the efficacy or the safety of a drug,

they may be helpful to identify specific clinical cir-
cumstances in which rFVIIa could be useful and,
thus, assist in planning future RCTs on the bene-
fits and risks of rFVIIa used to control bleeding in
nonhemophiliac patients.
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Introduction

In 1988 the National Institutes of Health held a
consensus conference addressing perioperative
human red blood cell product transfusion practice
[1]. The objective of the conference was the
elucidation of the risks and potential benefits of
blood product transfusion and a reassessment of
“current” transfusion practices. The conference also
served to provide scientific-based recommenda-
tions for transfusion practice that would ultimately
replace the traditional “10/30 rule” (a hemoglobin
concentration of 10 g/dL and hematocrit level of
30%) established by Adams and Lundy in 1942 [2].
Indeed the “transfusion trigger” hemoglobin was
lowered by consensus from 10 to 7 g/dL and a more
directed assessment of individual clinical needs and
symptoms as the basis for transfusion was stressed
rather than reliance on a single laboratory value.

Since the NIH consensus recommendations were
established there have been multiple attempts to
determine whether there exists an “optimal” or
“minimally acceptable” hemoglobin level on which
to base a universal “transfusion trigger” [3–6]. In-
vestigations have recently focused on deriving a
“transfusion trigger” from a variety of measured
and derived physiologic parameters related to oxy-
gen delivery physiology [7–10]. Cardiopulmonary

disease, age, gender, and underlying acute and
chronic diseases as well as current pharmacologic
treatment must be considered while establishing
transfusion guidelines [11–18]. The question will
remain: what is the role of the hemoglobin con-
centration and hematocrit level in determining the
transfusion trigger?

History

A comprehensive view of the history of red cell
transfusion is neither possible nor desirable in the
context of this work. A few highlights will provide a
background for the reader to appreciate the essen-
tially empirical nature of the “transfusion trigger”
decision as it has evolved over the last millennium
[19–21]. Although there are reports of blood
transfusion dating back to the fourteenth century
AD, the first documented transfusions were carried
out in seventeenth century England and France
from animals to humans in an attempt to combat
mental illness. Over a century later, autotransfu-
sion for postpartum hemorrhage was introduced
by James Blundell in 1818. However until the
turn of the century, before allogeneic blood
transfusion was possible, physicians were forced
to accept low hemoglobin levels because there
was no means to alter them. By 1900 ABO blood
groups were identified by Karl Landsteiner and a
biologic basis for transfusion therapy was initially
established.
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With the onset of World War I, whole blood
transfusion became available because of significant
improvements in blood storage and collection. At
the same time, the concept of hemorrhagic shock
and the need to correct the underlying hypov-
olemia was recognized by George Crile. The impor-
tance of blood volume was further elucidated by
the investigations of Thomas Addison and Ernest
Starling. Principles of sepsis and sterility were in-
troduced through the late nineteenth century work
of Joseph Lister.

By 1937 the first blood bank was in full opera-
tion at Cook County Hospital in Chicago, Illinois.
Shortly thereafter, in 1939, the Rh group was
discovered and more accurate crossmatching pro-
cedures were available. During the height of World
War II blood transfusion was a common practice.
Complications such as transfusion reactions and
transmission of hepatitis were recognized if not
fully understood. There followed a 30-year period
of exploration into transfusion medicine with
emphasis on component therapy—generally con-
sidered a useful guiding therapeutic principle—and
product safety as the main objectives. Indications
for transfusions, especially red cells, and trans-
fusion triggers were mostly ignored because the
resource was not considered to pose a significant
risk. That all changed in the early 1980s when
transfusion related HIV transmission was observed.
The medical community at that time suddenly
began to reassess the benefits and potential risks
of transfusion practice and to emphasize red
blood cell conservation techniques and alterna-
tive therapies. The latter included not only the
development of red cell substitutes but also the
decision processes and indications for all aspects
of transfusion. It was the events of this time and
concerns raised about red cell transfusions that the
“10/30 rule” as a transfusion trigger was at long last
challenged.

The “10/30 rule”

In 1942 Adams and Lundy recommended pre-
operative blood transfusion in all patients “when

the concentration of hemoglobin is less than 8 to
10 grams per 100 cubic centimeters” [2]. Their
recommendation was based the premise that the
effects of anemia on the oxygen-carrying capacity
of blood resulted in inadequate oxygen transport to
the tissues; however, they failed to provide corrob-
orative scientific support for this recommendation.
Clark and colleagues subsequently proposed that
patients with anemia of “chronic shock” would
benefit from preoperative transfusion. Nevertheless
by defining an optimal hemoglobin level as 10 g/dL,
they established the doctrine of the “transfusion
trigger” or the “10/30 rule” for transfusion, which
has consequently persisted into current clinical
practice [22].

Scientific support of the 10 g/dL hemoglobin
as the “optimal hemoglobin” level as 10 g/dL has
been provided by Stehling and Zauder. Using in
vitro rheologic studies, they demonstrated that
oxygen delivery (DO2) peaks at hematocrit levels
of 30% and declines with progressive hemodi-
lution [23]. Of course, hemodilution decreases
oxygen carrying capacity as a direct function of
hemoglobin concentration and thus in some sense
is rheology dependent. Oxygen delivery would
be expected to decrease absent any increase in
cardiac output necessary to assure adequate tissue
perfusion. The “optimal hemoglobin” may then
be defined as the hemoglobin concentration at
which organ function is at its peak while avoiding
the adverse effects of either too low or too high a
hemoglobin concentration. In several experimental
animal models, oxygen transport, and survival
have been shown to be optimal at hematocrit
levels of 30–40% [24–26]. Czer and Shoemaker
found the optimal hematocrit level to be 32%
in the critically ill patient population even after
taking into consideration variations in volume
status because this particular patient population
experienced acute blood loss from trauma or emer-
gency surgery. They also observed that patients
could tolerate hematocrit levels of 18% when
compensatory mechanisms were normal suggest-
ing that the “optimal hemoglobin” level was not
the same as the minimally acceptable hemoglobin
level [27].
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Is the optimal hemoglobin the
minimally acceptable
hemoglobin?

For many years the “optimal hemoglobin” was
considered to be the same as the “minimally
acceptable” or “tolerable” hemoglobin; the terms
were used interchangeably. Little was known about
the minimally acceptable hemoglobin level until
the 1930s when Carrel and Linbergh demonstrated
isolated organ survival and growth in a severely
anemic (i.e., low hemoglobin concentration)
environment. Their work defined the hemoglobin
level of 3 g/dL as the “minimally acceptable” or
“tolerable” hemoglobin in their models [19]. In
an animal model of extreme anemia (hemoglobin
concentration of 3–5 g/dL), Takaori and Safar
documented long-term survival in 80% of dogs
subjected to normovolemic hemodilution [28].
Extrapolation to humans was not readily apparent.

In 1987 Wilkerson illustrated evidence of cardiac
compensation in response to decreased hemoglobin
in a baboon model with hematocrit levels of 10%
and observed survival even at hematocrit levels
of 4% [29]. More recently in 1991, Spence and
colleagues found that a hemoglobin level of less
than 3 g/dL was an independent predictor of poor
outcome [30]. In 1978 Geha and Baue studied the
effect of graded coronary stenosis and coronary
flow during acute normovolemic hemodilution
(hematocrit of 20%) and demonstrated cardiac
ischemia and compromise in left ventricular per-
formance with significant coronary stenosis (�67%
narrowing of left anterior descending artery), while
confirming tolerance of acute normovolemic ane-
mia in animals with no or insignificant coronary
stenosis [31]. Thus “survival” relative to minimal
hemoglobin concentration is dependent upon
variable comorbidities but optimal hemoglobin
concentration is a broader and more clinically
relevant issue.

Many studies initially carried out to establish
an optimal hemoglobin level have shown that
lower hemoglobin levels are tolerable. In several
studies, Spence and Carson evaluated the role of
anemia and the risk of postoperative morbidity and

mortality in a Jehovah’s Witness population. The
first study of 125 patients undergoing emergency or
elective surgery showed a significantly higher pre-
operative hemoglobin level in survivors compared
to those who died (11.8 vs 7.6 g/dL, p � 0.002).

Operative mortality for patients with hemoglobin
levels between 0 and 6 g/dL, 6.1 and 8 g/dL, 8.1 and
10 g/dL, and greater than 10 g/dL was 61.5, 33.3,
0, and 7.1% respectively. Additionally, there was
no reported mortality in patients with preoperative
hemoglobin levels greater than 8 g/dL with opera-
tive blood loss of less than 500 mL [32]. The second
study demonstrated no operative mortality in 113
elective operations with hemoglobin levels as low
as 6 g/dL as long as blood loss remained less than
500 mL [33].

Should the “tolerable” hemoglobin level then
be considered the “acceptable” level to establish a
transfusion trigger? Although many patients can
and do tolerate hemoglobin levels significantly
lower than 10 g/dL, this does not imply that that
a tolerable hemoglobin level should be the accept-
able level used as a transfusion trigger. In some pa-
tients, however, it may be. Similarly, although a
hemoglobin level of 10 g/dL has been considered
optimal, it is unnecessary and potentially harmful
to transfuse all patients to this level. The risk of
transfusion versus no transfusion must always be
considered [34–37].

An alternative to hemoglobin
concentration as the “transfusion
trigger”

If the hemoglobin concentration is rejected as the
indication for transfusion is there another set of
variables that reflect tissue perfusion that may be
more critical? Moving from the static state measure
hemoglobin concentration absent even a blood vol-
ume measurement element to the more dynamic
state of oxygen delivery physiology may provide
just the set of data needed to create a “transfu-
sion trigger” applicable to the modern era [38]. It
should be obvious that any such decision process,
relying on physiologic and metabolic data obtained
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with the aid of invasive monitoring, will have a
more limited application. The process then becomes
site specific in the sense that monitoring equip-
ment and access to blood gas analysis is required.
It will not, obviously, apply to many routine trans-
fusion decisions where practice standards prevail
and are notorious for being highly variable [39–43].
These decision points may change over time with
physician and surgeon education. The accumula-
tion of data showing that a hemoglobin concen-
tration as low as 7 g/dL is equally safe to a higher
one-absent a patient with significant cardiovascular
disease-strongly supports this approach [11,44,45].
To avoid allogeneic RBC transfusion is considered
desirable if the sequelae of not transfusing are no
more frequent or of no greater severity than the
risk of a complication from the transfusion itself.
This is a general principle necessary as criteria to
evaluate efficacy and cost of alternatives to conven-
tional red cell transfusion practice. In every deci-
sion process the need to consider the alternative to
not acting plays a role. In the case of the red cell
transfusion decision, the risks of not transfusing a
patient with cardiovascular disease may outweigh
the risks of a less frequent but potentially more
severe transfusion reaction including the transmis-
sion of infectious diseases. The transfusion decision
must be an active one for there are “risks” associ-
ated with either option.

Physiology of oxygen delivery

Oxygen delivery physiology is a rather complex is-
sue, especially when it is applied to patient man-
agement. It relates to tissue perfusion in a very real
and direct way. Adequate tissue perfusion is the
primary goal of resuscitation and maintenance of
physiologic function. Without adequate tissue per-
fusion the machinery of life, basic cell function, and
oxidative phosphorylation is disrupted; if the per-
fusion deficit persists sufficiently long cell death,
organ death, and organism death will follow. Tis-
sue perfusion has been studied from the cellular
level to the “global” or systemic level. Studies of
isolated vascular beds lend understanding to basic
physiologic processes and are important in estab-

lishing the basis for some of the specific metabolic
deviations seen in patients. It is given that there
is a relationship between these “microevents” and
the more global oxygen delivery parameters we can
measure and manipulate but the magnitude and
accuracy of the relationship is still not fully appre-
ciated.

In the clinical arena we can appreciate a rela-
tionship of global oxygen delivery variables to not
only physiologic parameters of tissue perfusion but
to overall survival as well. A “transfusion trigger”
defined in terms of oxygen delivery physiology is
reasonably supported by a growing body of data
[7–9].

Absent the ability to evaluate specific organ or
tissue oxygen utilization the more “global oxygen
delivery” measures can be obtained. Ideally, car-
diac output, heart rate, A-VO2 difference, pH, base
excess, and lactate can be measured. Additional
variables can then be calculated or derived. For
now some of these variables require invasive
monitoring to place catheters for sampling and
are thus associated with some increased risk to
the patient. “Global” in this context really refers
to systemic hemodynamics and oxygen delivery
physiology for that is the most clinically relevant
measure available today.

Global oxygen delivery is the product of cardiac
output (best expressed as cardiac index) and ar-
terial oxygen content. Arterial oxygen content is
measured or derived from an arterial blood gas
sample where the key elements are hemoglobin
concentration, partial pressure of oxygen (PO2) and
oxygen saturation (SaO2); the hemoglobin concen-
tration is a major component of this variable. In
that context hemoglobin concentration is directly
related to oxygen delivery.

Global oxygen consumption is the difference be-
tween the product of cardiac output or index and
mixed venous oxygen content and global oxygen
delivery. The oxygen extraction ratio (OER) is the
number resulting from dividing oxygen consump-
tion by the global oxygen delivery. Consumption is
expressed as a percentage of delivery and normally
runs 25–30%.

There is another interesting relationship noted
between oxygen delivery and oxygen consumption
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that has been defined and validated both clinically
and experimentally. Oxygen consumption is “flow
dependent”—that is, it increases with oxygen
delivery—until a plateau or change in slope of the
curve occurs at which point it is said to be “flow
independent.” The point where this occurs is called
the “critical oxygen delivery point” and it reflects
adequate tissue perfusion. Values above this imply
oxygen supply in excess of need and values below
this point imply a need to increase tissue perfusion.

Corresponding to this critical oxygen delivery
point the OER begins to increase at around 30–40%
and increases exponentially as the relationship is
defined in the flow-dependent portion of the curve.
Moreover, an increase in the serum lactate can be
appreciated near this point as well. Increases in
serum lactate that parallel the increases in OER
have been documented. This is not unexpected
given the relationship between cellular hypoxia,
lactate, and the OER.

Thus it would appear that the critical oxygen
delivery point, defined in terms of oxygen delivery
physiology, reflects in many ways adequate tissue
perfusion. Given this logical construct, the transfu-
sion trigger may be this point which is noted to be
9–12 mL O2/kg body weight. This oxygen delivery
approximation may be a more accurate estimate
of a true transfusion trigger than any single static
measure of hemoglobin concentration.

It must be noted that as the hemoglobin concen-
tration decreases, even in isovolemic hemodilution
models, cardiac output will of necessity increase
to effect a uniform level of global oxygen delivery.
This rather simple model does not consider the
autoregulatory aspects of the various vascular beds
but rather assumes uniform global oxygen delivery
to be good for overall tissue perfusion. Limiting the
ability to increase cardiac output will be patient’s
age, the presence of coronary artery disease, and
the presence of beta-blockers or other cardiac
drugs [11,46,47]. Absent the ability to compensate
for a decrease in hemoglobin concentration, the
result could be inadequate tissue perfusion and
all of the sequelae attendant thereto in terms of
detrimental effects. Thus, a transfusion of red blood
cells to increase the oxygen carrying capacity of
the blood—an increase in oxygen content—and

to normalize oxygen delivery will place fewer de-
mands on an already compromised cardiac pump.
It must be noted that, in this context, increasing
cardiac output is an oxygen-consuming process. A
significant portion of any increase in global oxygen
delivery is a necessity and will be utilized by the
heart itself to increase cardiac output. As a result,
the less of an increase in system oxygen delivery
will be realized than can be easily calculated
or assumed. This concept of evaluating cardiac
efficiency and power are just getting underway
and may eventually play a role in further refining
a physiologically defined “transfusion trigger.”

Individual patients and clinical
conditions

Most patients with normally functioning cardio-
vascular compensatory mechanisms will tolerate
acute anemia, a moderate decrease in hemoglobin
concentration, without event, providing normo-
volemia is maintained. The signs and symptoms
of decreased red blood cell mass are relatively
insensitive parameters for use as a transfusion
trigger. Signs and symptoms of anemia (hypoten-
sion, tachycardia, tachypnea, dizziness, fatigue,
etc.) are variable depending on the patient’s age,
body temperature, medications, rate of volume loss
and comorbidities. Muller [48] documented that
hemodynamic symptoms are usually not observed
until the hemoglobin and hematocrit levels fall
to 6 g/dL and 20%, respectively, and that adults
were more likely than children to experience these
changes. Only 54% had tachycardia, 32% had
hypotension, 27% had dyspnea, and 35% had
impaired levels of consciousness in the study pop-
ulation of 100 children and 71 adults [48]. Similar
results were reported by Carmel and Shulman who
found symptoms of chest pain, dyspnea, syncope,
or lethargy in 55% of 122 medical students with a
mean hemoglobin of 5.5 g/dL [49]. Weiskopf and
colleagues also showed that acute isovolemic ane-
mia to a hemoglobin level of 5 g/dL does not result
in inadequate tissue oxygenation, assessed by
plasma lactate and oxygen consumption, in a pop-
ulation of 33 conscious, healthy resting humans
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[50]. However, application of this observation to
the complex disease or older patient population
should be done cautiously and with delibera-
tion. Elective isovolemic hemodilution in normal
healthy volunteers is not the same as the technique
applied to an older population with coronary artery
disease, hypertension, systemic arteriosclerosis,
and a variety of pharmacologic agents.

Is there really a transfusion
trigger?

The arbitrary transfusion trigger of a hemoglobin
level of 10 gm/dL dating back to 1942 was based
on the scientific knowledge and perceptions avail-
able at that time. Numerous attempts have been
made since then to validate a lower hemoglobin
transfusion trigger; however, the hemoglobin level
alone has proved to be an unreliable indicator.
Multiple sets of guidelines have been proposed
with most reaching the conclusion that there is
little evidence to support specific recommenda-
tion [1, 5, 15, 16, 51]. Indeed, all have essentially
established “expert opinion” as the standard be-
cause the data is unreliable or nonexistent. In
the ICU/OR environment transfusion decisions
based on oxygen delivery, measured and derived
variables are possible and apparently used al-
though the results and implications may be argued
[3, 52]. In all, the data are inadequate to make a
standard set of guidelines on the basis of a specific
transfusion trigger. Neither the optimal nor the
minimally acceptable hemoglobin can be regarded
as the transfusion trigger as they either over or
underestimate the transfusion need.

Clinical symptoms of cardiac compromise or
inadequate oxygen delivery have not correlated
well with hemoglobin levels. Use of a symptomatic
transfusion strategy has been proposed by Carson
and colleagues on the basis of a cohort study of
8787 hip fracture patients in which there was
no apparent effect on mortality in patients with
hemoglobin levels as low as 8 g/dL, even those with
cardiovascular disease [45]. In 1998 Carson and
colleagues found transfusion of fewer units of red
blood cells (0 vs 2 units, p � 0.001) and lower mean

hemoglobin levels (9.3 ± 1.2 vs 10.3 ± 0.9 g/dL)
but no statistically significant difference in 60-day
mortality (11.9% vs 4.8%, relative risk 2.5; 95%
CI, 0.5–12.2) with symptomatic transfusion in a
randomized pilot study comparing symptomatic
versus hemoglobin-level-driven red blood cell
transfusions in a population of 84 hip fracture
patients undergoing surgical repair [53]. There
are few large prospective studies investigating
hemoglobin level and concomitant medical prob-
lems, such as cardiac disease, pulmonary disease,
or sepsis, with regard to mortality, morbidity or
functional status [54]. Much larger more definitive
trials are certainly needed.

The need for perioperative red blood cell trans-
fusion should be based on individual needs in
specific clinical settings according to each patient’s
clinical condition and ability to tolerate anemia.
At hemoglobin levels below 7 (or 6) g/dL cardiac
output increases sharply placing extra demands on
the myocardium [50, 55]; if the hemoglobin con-
centration is reduced acutely most anemic patients
will require transfusion. In otherwise healthy
patients with a hemoglobin level of 10 g/dL
or greater, red cell transfusion is rare, if ever
indicated. Literature about “healthy individuals”
provides a basis for understanding the hemody-
namic and cardiopulmonary parameters associated
with acute anemia—a decrease in hemoglobin
concentration usually associated with a decrease
in blood volume [50]. However, these data may
not translate into applications in clinical practice
in a population of “sick individuals.” The decision
to transfuse should therefore take into account
the rapidity of blood loss and other preexisting
conditions such as chronic anemia, impaired
cardiopulmonary reserve, and cerebrovascular or
peripheral circulatory disease.

The transfusion trigger should not be defined by
a simple static variable (i.e., hemoglobin concen-
tration) which is only a part of the oxygen de-
livery equation but not the sole determinant of
this key set of variables. The transfusion trigger is
an individualized “transfusion trigger” defined by
the patient’s needs as assessed by hemodynamics,
symptoms, metabolic status, and tissue perfusion
status reflected in global oxygen dynamics. It is
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for these reasons that individualized approach is
strongly recommended.

Key points
� Hemoglobin concentration alone should not be a

“transfusion trigger.”

� Transfusion should be based on the patient’s clinical
condition and tolerance of anemia with particular
attention to comorbid cardiovascular and pulmonary
disease.

� An individual approach to transfusion practice is
strongly recommended.
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CHAPTER 25

Calculation of Blood Loss
Mark E. Brecher
Department of Pathology Laboratory Medicine; McLendon Clinical Laboratories; University of North Carolina,
Chapel Hill, USA

Introduction

Key to the planning of a transfusion strategy or a
blood-conservation intervention is an understand-
ing of the anticipated blood loss. Attempts to antici-
pate the needs for autologous blood have tradition-
ally been on the basis of red cell usage. Therefore,
not surprisingly, one frequently finds the terms
blood loss and red cell loss used interchangeably in
the literature, albeit incorrectly.

Further complicating estimates of blood loss is
that the use of an intraoperative estimated blood
loss for a surgical procedure is both poorly repro-
ducible and typically an underestimate. Attempts
to carefully quantitate blood loss by the weighing
of sponges and the collection of suctioned fluids
in volumetric container are complicated by lavage
fluids, evaporation, and blood lost on the floor.
Therefore, comparison of blood loss from one
institution to another or from one surgeon to
another has been difficult.

Use of validated mathematical models have led
to a better understanding of the limited but real
“savings” attainable with acute normovolemic
hemodilution, preoperative autologous donation,
preoperative erythropoietin, and intraoperative
hemodilution [1–8]. The mathematical models that
have been derived to analyze the benefits of such
blood-conservation strategies can also be applied
to planning for the provision of red cells in an
individual patient.

This chapter reviews the mathematical method-
ology by which either the anticipated red cell usage
or the actual blood loss can be estimated on the ba-
sis of historical data for a given surgical procedure.
In general such models are based on one-, two-, or
three-variable (univariant, bivariant, or trivariant)
analyses. As the models account for additional clin-
ically significant variables, the potential for more
accurate forecasting of blood needs for an individ-
ual patient is realized.

Univariant analysis (blood usage)

Initial attempts to predict the blood usage for a spe-
cific surgical procedure involved the use of a “max-
imum surgical blood ordering schedule” (MSBOS)
[9, 10]. In these schedules the amount of blood re-
quired by patients undergoing a specific surgical
procedure would be rank ordered and the number
of units that would support a threshold of accep-
tance (typically taken as the 80th or 90th percent of
patients), which would be the recommended num-
ber of units to be crossmatched for surgery. This
type of mathematical manipulation of data (the cal-
culation of the xth sample percentile among the
values in range) is referred to as a cumulative per-
centage. In the case of 90% of patients not requir-
ing any units of red blood cells (RBCs), a type and
screen would be sufficient.

The use of such schedules reduces the number
of units of blood crossmatched preoperatively for
patients undergoing elective surgery, reduces the
amount of time units spent in an assigned or cross-
matched status allowing better utilization of a hos-
pital’s blood inventory with reduced outdating of
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units. The decreased number of crossmatches, the
reduced inventory requirements, and the decreased
outdating result in financial savings without com-
promising patient care.

A refinement of such schedules for autologous
predeposit RBC collection is a schedule of optimal
preoperative collection of autologous blood (SOP-
CAB) which includes the RBC needs for the entire
hospitalization rather than the operative procedure
alone [11].

The use of such schedules depends on quantify-
ing one variable (RBC usage) alone to allow for the
provision of RBCs. Unfortunately, the use of such
schedules for the collection of autologous blood in-
evitably leads to the over collection of autologous
RBCs as the average patient uses the 50th per-
centile of blood usage and not the 90th percentile.
Such a mismatch of collection and transfusion leads
to the nearly half of predeposit autologous RBCs
being discarded.

Bivarant analysis

Multiple groups have described the use of stratifi-
cation of the admission hematocrit or hemoglobin
and the cumulative percent of red cell needs within
each group as a predictor of the blood needs. For
example, in a study of 332 total hip arthroplasties
it was predicted that the use of a stratified SSBOS
based on the admission hemoglobin would have re-
duced the collection of autologous RBCs 12% and
would have reduced the discard rate from 53.5 to
36.7% [12]. Similarly, in radical prostatectomies
at Washington University in St. Louis, an admis-
sion hematocrit of 45% required no transfusion of
banked units [13].

A group from the Mayo Clinic (Rochester,
Minnesota, USA) have advocated the use of alge-
braic models for optimizing transfusion strategies
on the basis of red cell volume or mass [14, 15].
Such models deal principally with two surgical vari-
ables: (i) the volume or mass of red cells transfused
and (ii) the volume or mass of red cells lost. The
goal of such a mathematical approach is to deter-
mine the total red cell volume or mass that must be
available before surgery.

For example, the amount of hemoglobin lost for
a surgical procedure such as a primary total hip
arthroplasty would be calculated as:

PreHb − PostHb + RBCs = Hblost

where PreHb = preoperative Hb (g/dL), PostHb =
Hb 24 hours after the surgical procedure (g/L),
RBCs = Hb (g/dL) provided by allogeneic RBC units
transfused on the day of surgery (assuming 1 unit =
1 g/dL Hb ), and Hb lost = Hb lost secondary to the
surgical procedure (g/dL).

In the case of a primary total hip arthroplasty it
was found that patients lost 3.7 ± 1.7 g/dL of Hb
(with intraoperative blood salvage being routinely
employed).

A surgical blood ordering equation (SBOE) is
then used to calculate the number of RBC units to
order for surgery.

Hb lost − (PreHb − MinHb) = Units to order −
the SBOE equation

where MinHb = minimal acceptable Hb (g/dL) con-
sidered the transfusion trigger or minimal allowable
Hb, and units to order = the number of RBC units
to be crossmatched for surgery.

For a patient undergoing a primary total hip
arthroplasty with a blood volume of 5000 mL,
whose admission Hb/hct was 10.7 g/dL/32.1%, and
for whom a minimally allowable Hb was 10 g/dL
the number of units to order would be:

3.7 − (10.7 − 10.0) = 3 units.

In actual practice, the use of such equations was
(a better predictor of the number of units to be
crossmatched (Table 25.1).

Table 25.1 Surgical blood ordering equation.

Number of patients (%)

MSBOS (n = 29) SBOE (n = 31)

Exact match 2 (7%) 18 (58%)
Underordered RBCs 0 (0%) 7 (23%)
Overordered RBCs 27 (93%) 6 (19%)
C:T ratio 4.12 0.83

Adapted from Nuttall et al. [15].
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As one might suspect, underordering was not a
problem with the MSBOS, which was optimized to
support 90% of patients, however, with the SBOE
23% of the patients had underordering. As the
mean number value for the hemoglobin lost was
used in the SBOE, it is inevitable that there would
be underordering. If such an approach was used
to plan for preoperative autologous collections, al-
lowances must be made for the falling hemoglobin
during the predeposit process and the total hospi-
talization must be analyzed, not simply during the
first 24 hours following the operative procedure as
was done at the Mayo Clinic.

Trivariant analysis

The algebraic approach
Mercurali and Inghilleri from the Gaetano Pini
Orthopedic Institute (Milan, Italy) have also pro-
posed the use of an algebraic approach, similar
to the Mayo bivariant approach described above
[16]. However, they consider the additional vari-
able of the patients’ blood volume. In this approach
the “tolerated blood loss” depends upon the base-
line circulating RBC mass and the circulating RBC
mass that gives a value of hematocrit compatible
with clinical and cardiocirculatory condition of the
patient (the minimally tolerated hematocrit). Al-
though this group talks about “blood loss,” what
they actually describe is the RBC loss (expressed in
mL of RBCs).

The predicted “blood loss” for each surgical pro-
cedure represents the 80th percentile of distribu-
tion of the volume of estimated RBC loss during
surgery and during the first five postoperative days.

The calculations employed are as follows:

Predicted RBC loss = C-RBC-Vpresurgery −
C-RBC-VDay 5 postoperative + mL of RBC transfused

where C-RBC-V (circulating RBC volume) = esti-
mated blood volume (EBV) × Hct and

Estimated RBC loss (mL of RBCs) = EBV ×
(Hctpreoperative − HctDay 5 postoperative) +
mL of RBC transfused

For example, transfusion needs for a patient with
a 5000-mL EBV, a baseline Hct of 32.1%, and min-
imally tolerated hematocrit of 28%, who was to
undergo a total hip arthroplasty and for whom a
predicted RBC loss of 907 mL was to be expected
would be calculated as follows:

Tolerated RBC loss = (5000 × 0.321)
−(5000 × 0.28)=1605 − 1400 = 205 mL of RBC

Transfusion needs = 907 − 205 = 702 mL of RBC

assuming that every unit of predeposit autologous
blood has 180 mL of RBCs this would be equivalent
to 3.9 units.

While this method further individualizes the ap-
proach to the patient it has some limitations. With
such an approach one cannot account for the “sav-
ings” attributable to the use of hemodilution of pa-
tients as a means of blood conservation. For exam-
ple, if one determined that a patient would require
600 mL of RBCs above that needed to maintain
a minimal hematocrit, but the patient may have
only an “extra” 500 mL of RBCs above his min-
imum hematocrit red cell volume. If the patient
underwent acute hemodilution, no additional red
cell volume is created, yet there is a “savings” asso-
ciated with performing this procedure that would
likely be sufficient to carry the patient through
surgery.

In addition, the use of RBC loss rather then ac-
tual blood loss can lead to miscalculations at ex-
tremes of blood volume. If the predicted RBC loss
for a specific operative procedure was 2000 mL, in
patients with blood volumes of 4000 or 6500 mL,
one would need a preoperative hematocrit of 50
and 31% respectively (one strategy to achieve a
hematocrit of 50% would be the use of erythropoi-
etin preoperatively). If a minimally tolerated hema-
tocrit was 28%, the patient with a blood volume of
4000 mL and a hematocrit of 50% could tolerate
a blood loss of 2319 mL while the patient with a
blood volume of 6500 mL and a hematocrit of 31%
could only tolerate a blood loss of 611 mL! Could
this phenomenon not be explained by the fact that
the volume calculated correspond in fact to the “net
red blood cell” loss that is tolerable? The amounts
of tolerable blood loss are quite different and are
unlikely to reflect actual practice.
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Not surprisingly, a variation of this approach that
attempts to convert back to total blood loss has also
been described from the Albert Einstein Medical
Center [17]. In this method variables are defined as
follows: preoperative hemoglobin (Hgb(i)), preop-
erative hematocrit (Hct(i)), body weight (Wt), post-
operative day one morning hemoglobin (Hgb(f))
and hematocrit (Hct(f)). For each patient, the ac-
tual blood loss (ABL), i.e., the amount of blood that
left the patient’s body, was calculated as the aver-
age ABL(n) resulting from two computations of the
following formula:

ABL(n) =EBV × (H(i) − H(f)

(H(i) + H(f))/2
+ (500 × T(u))

where
1 EBV is assumed to be 70 cm3 (or mL) /kg;
2 H(i) and H(f) represent Hgb(i) and Hgb(f) for one
computation and Hct(i) and Hct(f) for the second
computation, and
3 T(u) is the sum of autologous whole blood
(AWB), packed red blood cells (PRBC), and cell
saver (CS) units transfused.

The calculus approach
A more sophisticated approach to the estimation of
the actual blood loss that employs calculus has also
been described [18]. Using the differential equation
originally described by Bourke and Smith in 1975
for isovolemic hemodilution [19]:

dHct

dVL
= −Hct

EBV

where Hct = hematocrit,,V = volume, L = loss, and
EBV = estimated blood volume

which indicates that a small change in hematocrit
from the initial hematocrit should equal a small
change in blood volume from the initial blood vol-
ume. This equation can be integrated from time
zero (0) to time final (F) to yield:

VL = EBV × ln (Hct0/HctF)

This equation indicates the volume that must
be lost while maintaining an isovolemic state to
achieve a final Hct of HctF. From this equation one
can create plots of the blood loss, initial hematocrit,
and the transfusion trigger for a given blood vol-
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Figure 25.1 Relationship of allowable blood loss to
minimally tolerated hematocrit (transfusion trigger) at
various initial hematocrit levels (30, 35, 40, and 45%) in
a patient with a blood volume of 5000 mL. Other blood
volumes would result in proportional changes in blood
loss. Through the use of an erythropoieten (EPO)
intervention, one might shift a patient from a low
hematocrit curve to a higher one and thereby allow
greater blood loss before allogeneic red cells would be
necessary. Adapted from Cohen [4].

ume. From such equations one can derive nomo-
grams that can help guide the blood-conservation
strategy for a specific patient (Figure 25.1) [4].

Calculations of blood loss in
specific patients

For modeling purposes a surgical procedure can be
divided into three phases (Figure 25.2) [18]. Phase
1 encompasses the blood loss that occurred once
surgery is started until a minimum hematocrit at
which transfusion would begin is reached. Phase
2 encompassed the period after which the mini-
mum hematocrit was reached (it was assumed that
the patient would be transfused with red cells so
as to maintain the minimum allowable hematocrit
throughout the remainder phase 2. The third and
final phase assumed hemostasis and been achieved
and that a final volume equilibrium was reached
(this would also include the postoperative period).

Phase 1
Phase 1 encompasses the blood loss that occurred
once surgery is started until a minimum hematocrit
at which transfusion would begin is reached.
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Figure 25.2 Diagramatic rendering of the hematocrit
over time for a patient undergoing hospitalization for a
surgical procedure. The time period is divided into three
phases. Phase 1 encompasses the blood loss that occurred
once surgery begins until a minimum hematocrit is
reached at which transfusion would begin. Phase 2
encompassed the period after which the minimum
hematocrit was reached; it was assumed that the patient
would be transfused with red cells so as to maintain the
minimum allowable hematocrit throughout the
remainder phase 2. The third and final phase assumed
hemostasis and been achieved and that a final volume
equilibrium was reached. Reproduced from Nuttall et al.
[14] .

Such a volume is calculated by:

VL = −EBV × ln(Hct0/Hctmin)

where V L = volume lost, EBV = estimated blood
volume, Hct0 = the hematocrit at the start of
surgery, and Hctmin = the final Hct (in this case the
minimum Hct allowable or the transfusion trigger).

If acute normovolmic hemodilution is employed
the starting Hct would be the Hct following the
completion of the dilution or:

HctF = Hct0 × e(−VANH/EBV)

where in this case HctF = the Hct following the
drawing of the ANH blood and V ANH would be the
volume of ANH blood drawn.

Phase 2
After the minimum hematocrit is reached it is as-
sumed that the patient would be transfused with
red cells so as to maintain the minimum allow-
able hematocrit and normovolemia throughout the

remainder of phase 2. Actual practice may reflect
some fluctuations in hematocrit or volume status.
However, for the purposes of a mathematical model
such assumptions are common and are unlikely to
greatly effect the overall approximation.

The blood loss during this phase can be calculated
as:

RBCT − RBCF

Hctmin

where RBCT = the total amount of RBCs (mL)
transfused during the hospitalization and RBCF =
the RBC volume given during the third phase if the
hematocrit is raised above the transfusion trigger.
RBCT can represented as:

RBCT = RBCANH + RBCALLO + RBCPAD + RBCIBS

where RBCANH = the volume of RBCs in the ANH
blood reinfused, RBCALLO = the volume of RBCs in
the allogeneic units infused, RBCPAD = the volume
of RBCs in the preoperative autologous donation
(PAD) units, and RBCIBS = the volume of RBCs in
the intraoperatively blood salvaged and reinfused.
If postoperative salvage were employed, an addi-
tional RBC term for the postoperatively salvaged
red cells could be similarly added.

For purposes of calculation, it was assumed
that an allogeneic unit of RBCs had an average of
200 mL of RBC while a predeposit unit of au-
tologous RBCs would average 180 mL [20].
Intraoperatively salvaged blood was assumed to
have an average Hct of 55%. Alternative values
could be employed if they differ at different institu-
tions. Similarly, if the actual red cell volumes of the
units are known these values can be substituted.

The RBC volume of the ANH blood is calculated
by:

VANH × HctANH

where HctANH = the average Hct of the ANH blood
drawn and calculated by:

HctANH = (Hct0 × EBV) × (1 − e−VANH/EBV)/VANH

Alternatively, the RBC volume of the ANH blood
can be calculated by

EBV × (Hct0 − HctF)

where HctF = the posthemodilution hematocrit.
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Phase 3
The third and final phase assumed hemostasis had
been achieved and allows for a final volume equi-
librium in the patient to occur. In some cases re-
maining ANH blood or salvaged blood is transfused
before the patient leaving the operating room and
may transiently lead to a hypervolemic state. Thus,
an increase in the patient’s hematocrit above the
minimum allowable hematocrit may be seen. Alter-
natively, postoperative bleeding may decrease the
hematocrit, which can also be accounted for.

RBCF = (HctDC − Hctmin) × EBV

where RBCF = the RBC mL infused during the final
phase and HctDC = the discharge hematocrit.

A straightforward example of such a calculation
would be a patient with an initial Hct of 45%, an
EBV of 5000 mL and a transfusion trigger and dis-
charge hematocrit of 28% who received 2 units of
allogeneic blood would be calculated as follows:
� Phase I—the blood loss from moving from a Hct
of 45–28% would be:

5000 mL × ln(0.45/0.25) = 2372 mL

� Phase II—the transfusion of 2 units of allogeneic
would have added an additional blood volume of

(2 × 200 mL RBCs/unit)/0.28 (the transfusion

trigger) = 1429 mL

� Phase III—since the discharge hematocrit equals
the transfusion trigger there would be no additional
blood loss.

So that the final blood loss would be:

2372 mL + 1429 mL = 3801 mL

A somewhat more complicated example would
be a patient with an initial hematocrit of 45%, an
EBV of 5000 mL, a transfusion trigger hematocrit
of 28% who underwent 1 L of hemodilution at the
beginning of the operative procedure, received two
units of allogeneic blood and the ANH blood and
had a discharge hematocrit of 30% would be calcu-
lated as follows:
� Phase I—the initial hemodilution and subsequent
blood loss to the transfusion trigger

The 1000 mL hemodilution would result in a
postdilution hematocrit of

45 × e(−1000/5000) = 36.8

the volume of RBCs contained in the ANH blood
would be

(0.45 − 0.368) × 5000 = 410 mL

The blood loss from the hematocrit of 36.8 to
28% would be calculated as

5000 mL × ln(0.36.8/0.28) = 1366 mL

� Phase II—the transfusion of 2 units of allogeneic
would have added an additional blood volume of

(2 × 200 mL RBCs/unit)/0.28 (the transfusion

trigger) = 1429 mL

the transfusion of the ANH blood would have an
additional blood volume of 410/0.28 (the transfu-
sion trigger) = 1464 mL
� Phase III—the change in hematocrit from 28 to
30 would be the result of “tanking up” the pa-
tient. Therefore the portion of the transfused red
cell mass that moved the patient from a hematocrit
of 28–30% needs to be subtracted from the blood
loss would be:
(0.30 − 0.28) × 5000 = 100 mL of RBCs
which is the equivalent to
100/0.28 = 357 mL of blood loss

Therefore, the total blood loss would be equal to:

1366 + 1464 + 1429 − 357 = 3902 mL.

Had the patient had a final hematocrit of 26%
instead of 30% the phase III blood loss would have
been

Phase III blood loss = 5000 × ln (0.28/0.26)

= 371 mL

So that the total blood loss would have been
equal to:

1366 + 1464 + 1429 + 371 = 4630 mL

A distinct advantage of this approach is that
when one calculates an actual blood loss, such
modeling has the inherent flexibility to allow for
the savings attributable to hemodilution.
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Figure 25.3 Cumulative percent blood loss graph. From
a plot of this type one can decide the amount of blood
loss that would encompass a given percent of the
surgeons patients. In this example a 5000-mL blood loss
account for 90% of patients while a 3000-mL blood loss
would only account for approximately 50% of patients.
Automated spreadsheet templates that allow for such
rapid calculations and the creation of such a plot are
available in both Lotus 123 and Microsoft Excel format.

Computer modeling

While the equations described can be calculated
with a scientific calculator the use of commer-
cially available spreadsheet application programs
can greatly facilitate such calculations. Templates
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Figure 25.4 Comparison of the
calculated blood loss for
hospitalization with the intraoperative
estimated blood loss in 250 radical
retropubic prostatectomy patients.
The line of identity is the line where
estimated blood loss would equal
calculated blood loss. Reproduced
from Nuttall et al. [14].

have been designed that given a patient’s EBV;
preoperative Hct, the discharge Hct, the number
of units of PAD and allogeneic units infused, the
milliliters of intraoperatively salvaged red cells re-
infused; the volumes of ANH blood drawn and re-
infused; and the minimum Hct at which transfusion
would be initiated-automatically calculates an esti-
mated blood loss. Such templates can calculate the
blood loss of a larger number of cases and automat-
ically plot a cumulative percent blood loss graph
(Figure 25.3).

Validation of the calculus/computer
model
Such modeling has been validated in 250 radi-
cal retropubic prostatectomy patients (Figures 25.4
and 25.5). This study found a significant relation
(p � 0.001) between the calculated blood loss for
the hospitalization and the estimated intraopera-
tive blood loss. On average, the calculated blood
loss was 2.1 times the intraoperative blood loss es-
timated by the anesthesiologist (median 1.9). How-
ever, the correlation coefficient (r = 0.38) sug-
gested that, for any single value, there was not a
good correlation.



c25 BLBK256-Maniatis July 26, 2010 12:35 Trim: 246mm X 189mm Char Count=

310 Calculation of Blood Loss

125

100

75

50

25

0
0 1 2 3

Ratio of calculated to estimated blood loss

P
ro

p
o

rt
io

n
 p

er
 b

ar

C
o

u
n

t

4 5 6 7 8 9 10 11 12

0.6

0.5

0.3

0.2

0.1

Figure 25.5 Distribution of the ratios
of the calculated to the intraestimated
blood loss in 250 radical retropubic
prostatectomy patients. The majority
of cases clustered about 2 (mean =
2.1, median = 1.9). The one extreme
outlier involved a patient whose
course was complicated by extensive
intraperitoneal bleeding in the
postoperative period following the
placement of a drain. Reproduced
from Nuttall et al. [14].

Figure 25.6 Representative screen from a Microsoft Excel template that allows the rapid evaluation of what-if scenario
planning for a surgical patient. In this example the patient with an initial hematocrit of 40%, a blood volume of 5000
mL, and a minimal allowable hematocrit of 28% underwent ANH to a hematocrit of 28%, who sustains a 3000-mL
blood loss would be expected to have a final hematocrit of 23.6%. Had ANH not been performed the final hematocrit
would have been 22.0%.
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Conclusion

Initial attempts at planning for the blood usage con-
centrated on assessing the blood usage that would
be adequate for 80–90% of patients. Such methods,
however, did not adequately address the needs of
the individual patient and resulted in considerable
overcollection and disposal of autologous blood.
Recently, several groups have attempted to refine
the art of predicting blood usage by the inclusion
of additional red cell variables and an algebraic ap-
proach to red cell loss. However, such approaches
fall short of actually estimating the blood loss.
Other groups have been involved in a resurgence
of interest in the mathematical modeling of trans-
fusion strategies with the application of calculus
methodology. Application of the mathematical
principles outlined in such studies also allow for
a calculated blood loss based on easily obtained
data.

Given the inexpensive computing power avail-
able today, it does not take much of a leap of faith
to anticipate that simulation programs will soon
be readily available to surgeons as they plan for
the blood needs of their patients. Such programs
could even be run from palm-top computers. An
example of such “what-if” type scenario planning
would be a patient with an initial hematocrit of
40%, a blood volume of 5000 mL, and a minimally
allowable hematocrit of 28% (the transfusion
trigger), who sustains a 3000-mL blood loss. In this
case, the final hematocrit following this blood loss
would be 22.0%, which is below the minimum
allowable hematocrit of 28%. Had the patient been
given preoperative erythropoietin and the patient’s
hematocrit raised from 40 to 45%, following the
3000-mL blood loss, the hematocrit would be
24.7%, still not above the required minimum
hematocrit of 28%. If acute normovolemic hemod-
ilution (instead of the use of erythropoietin) were
performed to a minimum hematocrit of 28% (and
the ANH blood was transfused so as to maintain
this hematocrit during the case and any residual
ANH blood was returned at the end of the case the
final hematocrit would have been 23.6%, again
not above the required final hematocrit of 28%
(Figure 25.6). However, if ANH and erythropoietin

were combined before the 3000-mL blood loss the
patient would be able to achieve a nadir hematocrit
above 28% (in this case 28.2%).

The technology to apply such patient specific
modeling is available today. The challenge is to use
it in such a fashion that results in direct patient
benefit (decreased allogeneic exposure, cost, and
anemia).

The use of mathematical modeling of blood loss
and “what-if” scenario planning offers the potential
for more judicial and informed decisions regarding
the use of blood-conservation techniques.
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Introduction

Uncontrolled hemorrhage and, as a consequence,
massive transfusion (MT) is a frequent complica-
tion of trauma and surgery. MT is commonly de-
fined as the loss of one blood mass in a period of
24 hours. However, a more dynamic definition of
MT, such as the transfusion of four or more red
cell concentrates within 1 hour when ongoing need
is foreseeable, [1] appears preferable in the clini-
cal setting. Massively transfused patients will show
evidence of coagulopathy in a high percentage of
cases.

This percentage will vary according to the clini-
cal context: blunt versus penetrating trauma, pres-
ence of brain injury, and elective surgery [2,
3]; according to the definition of coagulopathy:
clinical versus based on coagulation testing [3];
and according to the blood products administered
to the massively bleeding patient: fresh whole
blood, stored whole blood, “modified whole blood”
(MWB—whole blood from which platelets and/or
cryoprecipitate are salvaged before storage [4, 5],
packed red blood cells (PRBC), concentrated red
cells, etc. [6]. For example, before the era of blood
fractionation, the transfusion of large volumes of
stored blank blood did not result in hemorrhagic
diatheses in young and previously healthy soldiers
wounded during the Vietnam War [7]. More re-
cently, it has been shown that abnormalities of the

prothrombin time (PT) and of the activated partial
thromboplastin (aPTT) time occur after the trans-
fusion of 12 units of PRBC and that thrombocy-
topenia develops after the transfusion of 20 units
[8]. Yet, despite several attempts at defining mean-
ingful laboratory indicators of impending or es-
tablished coagulopathy, the relationship between
laboratory hemostatic abnormalities and abnormal
clinical bleeding remains unclear.

Most studies of MT have been conducted in
trauma patients and most are retrospective or un-
controlled observational studies [9], for obvious
reasons. Given the variable and complex clinical
context, the results of these studies have seldom
led to definitive conclusions. Furthermore, fac-
tors other than the transfusion strategy, related to
trauma itself, may have led to the observed hemo-
static abnormalities [10]. Unfortunately, conven-
tional teaching has sometimes failed to appreciate
the evolution of transfusion practices and the con-
text in which these were developed. As a result,
anesthesiologists may have been led to apply trans-
fusion strategies, e.g., those developed for trauma
patients at a time when MWB was available, in-
appropriately to patient receiving red cell concen-
trates for massive bleeding during elective surgery.
The situation can become even more confusing
when disseminated intravascular coagulation (DIC)
is associated with trauma and/or MT.

In this chapter on MT and coagulopathy, we will
attempt to:
1 Identify the causes of coagulopathy in massively
transfused, adult, and previously hemostatically
competent patients to determine the most appro-
priate transfusion/treatment strategies.
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2 Differentiate between the elective surgical set-
ting and trauma, hypothesizing that recommenda-
tions derived from studies of MT in elective surgi-
cal patients may not apply in trauma patients and
inversely.

Variables responsible for
coagulopathy in association
with MT

Platelets
Since the publication of Miller’s classic study
on coagulation defects associated with massive
blood transfusions, thrombocytopenia resulting
from hemodilution has been thought to be the
most important hemostatic abnormality associated
with MT [11]. This explanation is intuitively ap-
pealing: replacement of lost blood with fluids
that do not contain platelets (or coagulation fac-
tors) results in a dilutional coagulopathy. However
appealing, hemodilution fails to explain several
observations.

In wounded (excluding burns and head trauma)
young and previously healthy soldiers, platelet lev-
els fell rapidly to about 100,000/mm3 during rapid
transfusion of stored whole blood and remained at
that level after the first 6 L of stored whole blood
[7]. PTs, partial thromboplastin times, and fibrino-
gen levels were less severely affected and, most im-
portant, significant operative bleeding was not en-
countered in conjunction with these mild dilutional
coagulation changes [7]. On average, the platelet
count fell below 100,000/mm3 after transfusion of
18 units of blood in the study by Counts et al.
[5]. Nonetheless, in that study, slightly less than
half (43%) of the variation in platelet counts could
be ascribed to the functional relationship between
blood transfused and the platelet count. In a study
conducted to determine the efficacy of prophylac-
tic platelet administration to prevent microvascular
bleeding (MVB) associated with MT, Reed et al. ob-
served that platelet counts were not different be-
tween patients who received prophylactic platelet
transfusions and those who did not [4]. Further,
both groups had higher platelet counts than pre-
dicted by a standard washout equation. The impli-

cation of this finding is that platelets are being re-
leased into the circulation counteracting the effects
of dilution. Sequestered platelets can be released
from the spleen and the lung, in addition to the pre-
mature release of platelets from the bone marrow.
Elevated stress hormones and the administration of
cathecolamines, a situation more likely to occur in
the trauma patient, will influence release.

As in the study by Counts, the relationship be-
tween platelet counts and units of blood trans-
fused was significant but variability was high (R2 =
0.24 for patients receiving platelets and R2 = 0.35
for patients receiving fresh frozen plasma or FFP)
[4], suggesting that factors other than simple dilu-
tion affect platelet count. Finally, in the study by
Miller, platelet counts did not parallel the predicted
platelet counts on the basis of a standard washout
equation [11]. For example, the observed platelet
count after the administration of 25 units of blood
was of the order of 60,000/mm3 while hemodi-
lution predicted a platelet count of approximately
20,000/mm3.

In patients undergoing elective surgery, the situ-
ation appears somewhat different, possibly because
tissue trauma is more controlled, normovolemia
is maintained, and blood losses are replaced in a
timely manner. In this context, coagulopathy is pri-
marily related to a coagulation factor deficit [3,12].
The role of fibrinogen appears to be preponderant.
The deficiency in fibrinogen concentration devel-
ops earlier than any other hemostatic abnormality
when plasma-poor red cell concentrates and colloid
plasma substitutes are used for the replacement of
major blood loss. Approximately 90% of the vari-
ation in fibrinogen concentration is explained by
blood loss and the critical level of 1.0 g/L is reached
when blood losses reach 142% (95% confidence
interval: 117–169%) of the calculated blood vol-
ume [12]. In the same study, thrombocytopenia
(defined as a platelet count below 50,000/mm3)
was a late occurrence and, to a great extent, quite
variable from patient to patient.

Murray et al. studied coagulation changes dur-
ing crystalloid and PRBC replacement of major
blood loss during elective surgery [13]. Four out
of 12 patients presented a coagulopathy. All pa-
tients with inadequate clinical hemostasis had a
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low platelet count (83,000/mm3 or below) and
transfusion of platelet concentrates corrected the
problem in those two who had fibrinogen con-
centrations above 1.0 g/L. Interestingly, platelet
transfusion was ineffective in those two patients
who had concurrent low fibrinogen concentrations
(0.73 and 0.40 g/L). The subsequent transfusion
of 2 and 4 units of FFP (respectively) normalized
hemostasis. The report by Ciavarella et al. supports
the association between MVB and a low platelet
count (below 50,000/mm3) or a low fibrinogen
concentration (below 0.5 g/L) [14].

Primary hemostasis is characterized by the for-
mation of the “platelet plug.” The mechanism is
complex and involves the presence of fibrinogen
and activation of several glycoprotein receptors on
platelets [15–19]. Hemostasis is initiated by injury
to the vascular wall, leading to the deposition of
platelets adhering to blood vessel subendothelial
matrix proteins (collagen and von Willebrand fac-
tor) via interactions with platelet membrane gly-
coprotein receptors. Subsequently, the GP IIb/IIIa
receptor is activated. This receptor has a high affin-
ity for fibrinogen. Binding of fibrinogen to adjacent
platelets results in irreversible platelet aggregation
and the formation of the platelet aggregate. It ap-
pears then logical to consider that coagulopathy af-
ter MT can be a problem resulting from a com-
bined deficit of platelets and fibrinogen. Focusing
on platelet levels or concentrations of specific coag-
ulation factors may not lead to the most appropriate
therapeutic approach.

Trauma-associated coagulopathy
Disseminated intravascular coagulation often com-
plicates the management of MT and is secondary
to the systemic and excessive activation of coagula-
tion. It may be defined by the association of hemo-
static defects related to the excessive generation of
thrombin and fibrin (with or without clinical signs)
and the excessive consumption of platelets and co-
agulation factors [20].

In earlier studies of trauma patients, DIC leading
to MVB was, apparently, relatively infrequent, oc-
curring for example in 1 out of 21 patients [11] and
3 out of 27 patients [5]. In wounded, previously
healthy, soldiers requiring MT, DIC was mild and

was not associated with clinical bleeding [7, 11].
More recent studies, however, suggest that there
is no significant correlation between the severity of
impaired hemostasis and total units of blood trans-
fused, suggesting that consumption of coagulation
factors and platelets is more important than simple
hemodilution [21–23].

In trauma patients, two major mechanisms are
responsible for the occurrence of DIC. The first
relates to shock and tissue hypoxia. The second
relates to the nature and to the importance of tis-
sue trauma. In approximately 25% of trauma pa-
tients, clinically significant coagulopathy is present
on arrival in the emergency room [24]. This acute
coagulopathy appears to be secondary to activa-
tion of anticoagulant (activation of protein C by
the thrombin–thrombomodulin complex) and fib-
rinolytic (release of tissue plasminogen activator
or tPA and reduction of plasminogen activator
inhibitor-1 or PAI-1) pathways [25]. In the study
by Cosgriff et al., in the absence of massive head in-
jury and preexisting disease, life-threatening coag-
ulopathy was associated with a pH of less than 7.10,
a temperature of less than 34◦C, an Injury Severity
Score greater than 25, and a systolic blood pressure
of less than 70 mmHg [23]. When all risk factors
were present, the incidence of coagulopathy was
98% [23]. Brain injury is associated with a partic-
ularly high incidence of coagulopathy. In the study
by Faringer et al., more than 40% of patients with
penetrating or blunt trauma with associated brain
injuries had abnormal coagulation tests on admis-
sion, compared with 0% in patients with blunt
trauma but without brain injury [2]. After blunt
brain injury, a DIC syndrome secondary to the ex-
travasation of tissue factor can rapidly (within 1–4
hours after injury) lead to a consumptive coagu-
lopathy that is associated with a high frequency of
death [26].

Mannucci et al. studied changes in the hemo-
static system in 172 patients undergoing MT for
excessive bleeding during or in the early postop-
erative period after elective, emergent, or trauma
surgery [27]. Of these, 52 (30%) suffered decom-
pensated DIC and there was no significant rela-
tion between the number of whole blood or PRBC
units transfused and the values of any variable of
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hemostasis measured [27]. In a series of 64 pa-
tients receiving more than 10 units of red cell con-
centrates (elective and urgent surgical procedures,
multiple trauma), Hewson et al.’s data suggest that
coagulopathy is, initially, secondary to hemodilu-
tion but that, within 3 hours, coagulopathy is re-
lated to the duration of antecedent hypotension
[28]. Reading these articles, it is difficult to deter-
mine which patient population (elective or urgent
operations, trauma) is most likely to sustain DIC.
No patient suffered from DIC among the 32 young
American Society of Anesthesiologists (ASA) physi-
cal status I or II patients undergoing posterior spinal
stabilization in the study by Murray et al. [3]. Clin-
ically increased surgical bleeding was present in 17
patients and in 14 of the 17 patients hemostasis
improved after the administration of FFP (approxi-
mately 10 mL/kg). Again, these results suggest that
when tissue hypoxia is avoided and surgical trauma
is controlled, the occurrence of DIC may remain
low despite MT.

Coagulation factors
The effects of decreased levels of coagulation factors
have been dealt within the previous section since
it is not possible to separate entirely the influence
of coagulation factors and platelets on the develop-
ment of impaired hemostasis after MT. However, it
is important to realize that studies conducted at a
time when fresh, stored, or modified whole blood
was in common use seldom reported low levels of
coagulation factors as the primary factor responsi-
ble for impaired hemostasis [4, 5, 7, 11, 14]. Since
the widespread use of volume resuscitation with
crystalloids, colloids and red cell solutions contain-
ing minimal amounts of plasma during the late
1980s and early 1990s, dilution or consumption
of coagulation factors has become a significant is-
sue requiring specific treatment with, primarily,
FFP [3, 6, 8, 12]. Failure to recognize this impor-
tant change in transfusion practice has led to the
persistence of inappropriate beliefs in transfusion
requirements.

In addition to the importance of tissue trauma,
shock, and tissue hypoxia, three other considera-
tions tend to confound the issue. First, as men-
tioned previously, impaired hemostasis is most

probably multifactorial in origin. The net adverse
hemostatic effect of multiple concurrent coagula-
tion factor deficits combined with variable degrees
of thrombocytopenia remains unclear [6]. Second,
clinicians seldom administer “pure” blood products.
PRBC contain a small amount of plasma (30–60
mL) or even no plasma, as do platelet concentrates
(80 mL approximately). Therefore, it may be dif-
ficult to differentiate precisely the therapeutic ef-
fect of the different blood components transfused.
Third, all coagulation testing is performed at 37◦C.
Thus, a test may be normal in vitro in the labo-
ratory but abnormal in vivo in the hypothermic
patient.

While numerous studies have measured changes
in the PT and in the aPTT in relationship with
bleeding and MT, few have examined individ-
ual hemostatic factors. In 1979, transfusing mod-
ified whole blood to patients who sustained ma-
jor trauma, massive gastrointestinal hemorrhage,
or aortic aneurysm rupture, Counts et al. reported
that the number of units of blood transfused ex-
plained less than 20% of the variance in factors V
and VIII and was not related to factor VII, X, XI, XII,
and fibrinogen levels [5]. The authors concluded
that it was not necessary to supplement transfu-
sions of stored, modified whole blood with fresh
blood or FFP [5]. In 1995, using plasma poor red
cell concentrates, Hiippala et al. showed that a con-
centration of fibrinogen of 1.0 g/L was reached
when the blood loss was 1.42 times the calculated
blood volume and that blood losses in excess of two
blood volumes caused the deficiency of prothrom-
bin, factor V, platelets, and factor VII, in this order
[12]. These observations were made in ASA phys-
ical status I or II patients undergoing elective ma-
jor urologic or abdominal surgery and, obviously,
may not apply to emergent operations or trauma.
Nonetheless, they illustrate well the difference
between earlier days when red cell solutions con-
tained significant amounts of plasma and contem-
porary component therapy.

Red cells
An often-ignored effect of RBC transfusion is
the improvement of hemostatic function. Transfu-
sion of RBC shortens the bleeding time (BT) in
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anemic thrombocytopenic patients despite per-
sistent thrombocytopenia [29]. Similarly, RBC
shorten the BT and control the hemorrhagic diathe-
sis of uremic patients [30]. This correlation between
the BT and hematocrit levels was studied in rabbits.
In nonthrombocytopenic animals, the BT varied in-
versely with the hematocrit, animals with hemat-
ocrit levels above 35% having shorter BTs than an-
imals with hematocrits lower than 35% [31]. In
subjects with normal renal function and platelet
counts over 100,000/mm3, there exists a mod-
est but statistically significant inverse correlation
(r = −0.47) between the hematocrit and the BT
[32]. In 42 patients with chronic anemia, the aPTT
and BT decreased significantly after transfusion, by
a mean of 1.3 seconds (p = 0.01) and 2.6 min-
utes (p � 0.01), respectively [33]. Valeri et al.
have shown that, in healthy volunteers, an acute
15% reduction in hematocrit produced a 60% in-
crease in the BT while the BT remained normal de-
spite a 32% reduction in platelet count [34]. All
this being said, the clinical significance of these
findings remains unclear since the relationship be-
tween the BT and perioperative blood loss is highly
controversial [34,35].

Erythrocytes have been shown to modulate bio-
chemical and functional responsiveness of activated
platelets, suggesting that erythrocytes contribute
to thrombosis and hemostasis and supporting the
concept that thrombus formation is a multicellu-
lar event [36–38]. This proaggregatory property of
erythrocytes is enhanced by diabetes [39] and can
be decreased by an appropriate aspirin regimen
[40, 41]. In a rabbit model of cyclic arterial throm-
bosis and clot lysis, Ouaknine-Orlando et al. have
shown that decreases in the hematocrit reduced the
cyclic arterial thrombosis rate and increased the BT
[42]. Interestingly, normalization of the hematocrit
caused thrombosis to reappear.

Another mechanism by which erythrocytes mod-
ulate hemostasis is the rheological effect of red cells
on the margination of platelets [43]. Under nor-
mal circumstances, red cell flow is maximal at the
center of a vessel, tending to push platelets to-
ward the periphery of the vessel lumen, thereby
optimizing their interaction with injured endothe-
lium and promoting hemostasis. In rabbit arteri-

oles, platelet numbers are highest near the ves-
sel wall [44] and platelets align themselves with
their equatorial plane parallel to the vessel wall
as they move closer toward the periphery of the
vessel [45]. Experimental data have shown that
platelets are expelled toward the red blood cell de-
pleted marginal layer near the tube wall by mutual
interaction with erythrocytes. Under these circum-
stances, the near-wall concentration of platelets is
enhanced up to about seven times the average con-
centration [46].

The hemostatic effects of profound normov-
olemic hemodilution were investigated in eight pa-
tients undergoing surgical correction of idiopathic
scoliosis by McLoughlin et al. [47]. Abnormal
hemostasis developed before compromise of global
tissue oxygenation suggesting that, in healthy anes-
thetized subjects, normovolemic hemodilution may
be limited more by preservation of normal coag-
ulation. In this report, reinfusion of all collected
blood at the end of the procedure did not normalize
the PT or the aPTT. Unfortunately, the authors did
not describe if the MVB observed during hemodi-
lution was corrected by increasing the hematocrit.
Modified ultrafiltration in pediatric open-heart op-
erations has been shown to increase the hemat-
ocrit and attenuate the dilutional coagulopathy as-
sociated with cardiopulmonary bypass in infants
[48]. Use of modified ultrafiltration to increase
the hematocrit to 36–42% reduced the rise in to-
tal body water and the need for donor blood in
children undergoing open-heart surgery [49]. In
2004, Segal et al. reviewed a total of 42 trials
comparing hemodilution to usual care or to an-
other blood conservation method. The risk of al-
logeneic transfusion was similar among patients
receiving acute normovolemic hemodilution and
those receiving usual care (relative risk [RR], 0.96;
95% CI, 0.90–1.01), or another blood conservation
method (RR, 1.11; 95% CI, 0.96–1.28). Hemodi-
luted patients, however, were transfused from 1 to
2 fewer units of allogeneic blood. They had less to-
tal bleeding than patients receiving usual care (91
mL; 95% CI, 25–158 mL), although more intraop-
erative bleeding [50].

Thus, further investigations into the role of
the hemoglobin concentration or hematocrit on
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hemostasis in massively transfused patients ap-
pear warranted. The data presented above tend to
support the concept of a minimal hematocrit for
optimal hemostasis. Currently the optimal hemat-
ocrit/hemoglobin concentration to avoid/treat co-
agulopathy remains unknown. The experimental
evidence presented above suggests that hematocrits
as high as 35–36% may be required to sustain
hemostasis in bleeding patients undergoing MT.

Crystalloids and colloids
Rapid hemodilution with crystalloid has been
shown to induce a hypercoagulable state [51, 52].
The clinical significance of this effect, specially
in trauma patients who are initially hypercoag-
ulable [7], remains unclear. Interestingly how-
ever, crystalloid-induced hypercoagulability casts a
doubt on studies describing the effects of colloids on
coagulation that used crystalloids as a control [53].

Gelatins have the reputation of not influencing
coagulation other than by their hemodiluting ef-
fect [54, 55]. A study comparing a 3% modified
fluid gelatin to 6% hydroxyethyl starch (HES) in
patients undergoing primary total hip replacement
concluded that the gelatin-based plasma expander
had a poorer volume effect than HES and that
blood losses were less important with gelatin com-
pared to HES [54]. Coagulation tests were similar
in both groups except for the higher incidence of
an abnormal BT in the HES group. In volunteers,
1L of a gelatin-based plasma substitute significantly
impaired primary hemostasis and thrombin gener-
ation compared to normal saline [56]. Dilution of
whole blood samples with two gelatin solutions re-
sulted in a reduction of clot quality (less exten-
sive fibrin mesh formation, reduced clot weight and
mean shear modulus) compared to dilution with
normal saline [57]. As for other colloids, the clin-
ical significance of these findings remains unclear.
Perhaps the effects on coagulation of gelatin-based
plasma substitutes are not clinically important. On
the contrary, they may have been underestimated,
given the difficulties of studying coagulation in the
uncontrolled context of trauma, MT and ongoing
bleeding.

HES solutions are effective plasma expanders
in common use both in Europe and in North

America. It has long been known that HES solu-
tions interfere with coagulation [58] and that the
effects vary according to the dose and type of so-
lution administered [59]. Solutions with a high
molecular weight and a high degree of substitu-
tion accumulate in the plasma and the tissues and
are responsible for more pronounced hemostatic ef-
fects [60]. Abnormal platelet function occurs more
frequently after high molecular weight HES [61].
Conversely, HES solutions with a low molecular
weight and a lesser degree of substitution are elim-
inated more rapidly and tend to affect measures of
hemostasis less [62–64].

In addition to their effects on hemostasis, the
infusion of large volumes of HES solutions will
result in significant hemodilution. The resulting
drop in hemoglobin and platelet concentrations
may compromise primary hemostasis. In addi-
tion, Innerhofer et al. have shown that the ad-
ministration of HES or modified gelatin in pa-
tients undergoing knee replacement surgery results
in reduced clot strength owing to impaired fib-
rinogen polymerization and that reduced fibrino-
gen concentrations might be reached earlier than
expected [65].

Adverse events associated with the use of HES
solutions for the resuscitation of patients requir-
ing MT have not been reported, inasmuch as the
allowed maximal daily dose is not exceeded [55].
A large retrospective study suggested that the use
of 6% high in vitro molecular weight HES in pri-
mary cardiac surgery with cardiopulmonary by-
pass may increase bleeding and transfusion require-
ments, despite the infusion of volumes smaller than
the manufacturer’s recommended dose [66]. Con-
versely, large volumes (up to 5L) have been infused
without major complications [67], but the safety of
this practice remains controversial [68]. In 2008, a
re-analysis of pooled data from 449 patients under-
going major surgery and included in seven clinical
trials suggested that HES 130/0.4 may be associated
with less blood losses and transfusion requirements
as compared to HES 200/0.5 [69].

The clinical significance of the effects of HES
solutions on hemostasis remains unclear. It may
never be possible to determine precisely the ef-
fect of volume replacement in massively transfused
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patients with ongoing bleeding. In these patients,
hemostasis is stressed severely by numerous factors
other than the type of clear fluid used for resusci-
tation and the underlying cause of coagulopathy is
difficult to ascertain. Nonetheless, it is interesting
to note that the use of colloids in trauma patients is
not recommended by the American College of Sur-
geons [70].

Temperature
An important measure to reduce blood loss through
preservation of hemostasis is the maintenance of
normothermia both during and after the operation.
Several animal studies conducted under hypother-
mic conditions have shown reversible platelet
count decreases and platelet function defects, al-
tered coagulation patterns, and an enhanced fib-
rinolytic response. In dogs cooled to 19◦C, Yoshi-
hara et al. [71] found a severe decrease in platelet
count and collagen-induced platelet aggregability
and an increase in fibrinolysis. No variations of the
PT and aPTT were observed but these tests were
performed in vitro at 37◦C. These modifications,
which could potentially increase bleeding, were not
documented in the normothermic control animals.
Pina-Cabral et al. [72] also observed a decrease
in platelet count in hypothermic dogs. The pres-
ence of platelet clumps was detected inside the hep-
atic sinusoids. The authors concluded that hepatic
platelet sequestration could explain the decrease in
platelet count in this setting. In swine, Oung et al.
[73] showed a prolongation of the BT (10.9 min-
utes vs 5.5 minutes in the control group), con-
firming the impairment of hemostasis induced by
hypothermia (30◦C). Prolongation of the BT has
also been observed by Valeri et al. in baboons sub-
jected to systemic hypothermia at 32◦C and skin
hypothermia at 27◦C [74].

In humans, several laboratory studies have em-
phasized the role of hypothermia on bleeding dur-
ing surgical procedures. Valeri et al. observed the
effects of skin temperature in 33 patients un-
dergoing CPB [75]. Local hypothermia produced
an increased BT and a significant reduction in
thromboxane B2 at the BT site. Local rewarm-
ing produced a significant increase in shed blood
thromboxane B2. Thus, hypothermia caused a re-

versible platelet dysfunction and rewarming im-
proved platelet function and reduced both BT and
blood loss. These data have been confirmed by
Michelson et al. [76] who demonstrated the in-
volvement of platelet glycoprotein receptor (GP Ib
and GMP 140) alterations in this hemostatic de-
fect. Again, rewarming completely reversed the ac-
tivation defect as soon as temperature returned
to 37◦C. Other studies have shown an important
prolongation of PT and aPTT that was inversely
correlated to temperature [77, 78]. This additional
contribution of hypothermia to the hemorrhagic
diathesis may be overlooked since coagulation test-
ing is normally performed at 37◦C [79].

The contribution of hypothermia to coagulopa-
thy in trauma patients has been alluded to pre-
viously [23]. Hypothermia (temperature less than
34◦C) occurred in 80% of nonsurvivors and 36%
of survivors in the 45 trauma patients reported by
Ferrara et al. [80]. Patients who were hypothermic
and acidotic developed clinically significant bleed-
ing despite adequate blood, plasma, and platelet re-
placement. The authors concluded that avoidance
or correction of hypothermia may be critical in pre-
venting or correcting coagulopathy in the patient
receiving MT.

Monitoring of coagulopathy

Numerous attempts have been made to monitor
changes to the hemostatic system in relationship
to trauma, surgery, and MT. Unfortunately, results
have been disappointing and, today, there is no
simple, reliable, and rapid diagnostic test that al-
lows clinicians to manage MVB in massively trans-
fused, critically ill patients.

Usefulness of the BT to diagnose or predict co-
agulopathy in massively transfused patients has
been investigated in a few studies. Overall, the BT
increases early in the course of surgery and trans-
fusion [81], remains elevated for several days post-
operatively [82] and does not allow the differen-
tiation between bleeding and nonbleeding patients
[5]. In their critical reappraisal of the BT, Rodgers
and Levin concluded that there is no evidence
that abnormalities in the test occur sufficiently in
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advance of other indicators of bleeding to allow ac-
tions to be taken that could alter outcome favorably
[83]. Consequently, the BT is of no use in the con-
text of MT.

The platelet count has been discussed earlier. It
is the only indicator of coagulation that can be ob-
tained rapidly through the use of automated coun-
ters in contrast to conventional hemostasis test-
ing that takes a minimum of 30 minutes since it
requires centrifugation of blood samples. Reliable
bedside monitors have become available to moni-
tor the PT and aPTT [84] and this may add to the
timely management of the bleeding patient. Coag-
ulation is a multicellular event, in which platelets
play an important role, obviously. Even so, a de-
creased platelet count is not a specific indicator of a
coagulopathy. Rather, the significance of decreased
platelet counts should be interpreted in the pa-
tient’s specific clinical context: is platelet function
expected to be normal? Is the fibrinogen concen-
tration sufficient? Is the hemoglobin concentration
adequate? Is there any evidence of a consumption
coagulopathy? Answering these questions will as-
sist in making the appropriate diagnosis of coag-
ulopathy and help the clinician to decide if trans-
fusion of platelet concentrates is likely to treat the
hemostatic defect.

As for decreased platelet counts and prolonga-
tions of the BT, prolongations of the PT and aPTT
are very common [2, 3, 5, 7, 8, 11–13, 22, 23, 27, 28,
85]. Controversy remains, however, on the proper
use of coagulation screening tests to guide replace-
ment therapy. Ciavarella et al. have shown that, in
36 massively transfused patients, marked prolon-
gations of the PT and aPTT predicted clotting fac-
tor levels below 20% and were good predictors of
bleeding as well [14]. Patients with a PT or aPTT ra-
tio greater or equal to 1.8 had an 80–85% chance
of exhibiting MVB. Lesser prolongations of the PT
or aPTT ratio are poorer predictors of bleeding in
massively transfused patients [5]. The PT and aPTT
are expected to become elevated when levels of
Factor V, VIII, and IX are less than 50% of val-
ues found in a control patient population [86]. In
trauma patients, when massive blood loss was re-
placed with MWB, factor V and VIII levels ≤30%
have been cited as indications for coagulation fac-

tors replacement [4,14]. When the fibrinogen level
is adequate, a PT or aPTT ratio greater or equal to
1.8 reliably predicts that factor V and VIII levels are
less than 30% [14]. In the presence of a decreased
fibrinogen concentration (less than 0.75 g/L), a PT
or aPTT ratio greater than 1.5 is associated with
Factors V and VIII of less than 20% [13]. Another
argument against the indiscriminate interpretation
of abnormal PT and aPTT results is the finding that
coagulation factor concentrations do not vary as ex-
pected on the basis of dilution. Factor levels are
much higher than expected by dilution and, in fact,
most of their variation is explained by influences
other than transfused blood, whether patients are
transfused with MWB [5] or PRBC [13]. In sum-
mary, only marked prolongations of the PT or aPTT
are likely to be significant from a clinical perspec-
tive. As for platelets, prolongations should be inter-
preted in light of the concomitant fibrinogen and
platelet concentrations.

Other instruments have been developed to study
coagulation at the bedside, using whole blood.
While their use in the context of MT appeared
promising, results have, unfortunately, been dis-
appointing. The best known is the thromboelas-
tograph, a device that measures the viscoelastic
properties of the clot during its formation and sub-
sequent lysis. In general surgical patients, throm-
boelastography analysis showed a trend toward in-
creased coagulability with progressive blood loss
and contributed to the identification of two patients
who required treatment of a coagulopathy [87].
Thromboelastography has a high negative predic-
tive value (82%) for bleeding after routine cardiac
surgery, allowing the differentiation between surgi-
cal bleeding and coagulopathy. Unfortunately, the
positive predictive value of the test is low (41%)
[88]. Thromboelastography has been used to eval-
uate the hemostatic effects of administering a trans-
fusion package to massively bleeding patients [89]
and showed that none of the patients remained
hypocoagulable after transfusion of up to 7 transfu-
sion packages. On the contrary, a MEDLINE search
(January 2008) on the use of thromboelastogra-
phy to orient transfusion therapy during massive
bleeding and MT failed to retrieve any relevant
references.
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Another instrument measures an ex vivo BT in
the presence of different agonists: the PFA-100.
This device has been used extensively for the di-
agnosis of hereditary coagulation disorders, partic-
ularly von Willebrand’s disease. In patients under-
going routine cardiac operations, the PFA-100 was
not correlated with mediastinal chest drainage [90,
91]. Again, a MEDLINE search (January 2008) on
the use of the PFA-100 during MT failed to retrieve
any relevant references. The reader is referred to
Chapter 21 devoted to Monitoring of Hemostasis in
the Perioperative Setting by S. Kozek-Langenecker
for more detailed information on currently avail-
able monitors.

Treatment of coagulopathy

Elective surgery
The treatment of coagulopathy associated with MT
is not simple. The causal diagnosis of MVB remains
elusive and the clinician must intervene rapidly
if the patient is to survive. The situation is fur-
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ther complicated by the increased risks associated
with transfusion, mandating that patients receive
the smallest number of blood products possible. As
a general principle, especially in the context of elec-
tive surgery, it should be mentioned that hemo-
static blood components should be transfused only
to treat a clinical coagulopathy. No prophylactic reg-
imen involving the administration of FFP and/or
platelet concentrates has been shown to be effective
[5, 27]. The prophylactic administration of (poten-
tially) unnecessary transfusions exposes patients to
multiple donors and increases the risks to the pa-
tient [92,93]. Nonetheless, given the delay required
to prepare and/or obtain blood products, MT asso-
ciated with evidence of an evolving laboratory co-
agulopathy may warrant ordering of blood compo-
nents that will, then, be readily available to treat
MVB should it occur.

The figure by Erber et al. summarizes well the
use of blood and nonblood products involved in
the resuscitation of a bleeding patient undergo-
ing elective surgery (Figure 26.1) [94]. Initially,
crystalloids or colloids are infused to maintain
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normovolemia. As the percentage of blood vol-
ume lost and replaced increases, PRBC, FFP, and
platelets will be required, in that order, guided by
clinical and laboratory variables. Pharmacological
agents are administered late in the process.

Basic recommendations include the mainte-
nance of normothermia and correction of a low
hemoglobin concentration. Maintaining a normal
body temperature is probably one of the simplest
and most effective strategies of blood conservation.
When a hypothermic patient bleeds without an ap-
parent surgical cause, temperature should be re-
stored to normal before administering any blood
product. Correction of the hypothermia-induced
hemostatic defect can be expected as soon as the
patient is rewarmed. Surgery under normothermic
conditions may help prevent bleeding complica-
tions and decrease the intraoperative use of trans-
fusions [95].

A low hemoglobin concentration should be cor-
rected before administration of hemostatic blood
products, in view of normalizing hemostasis. If
the circumstances allow, allogeneic red blood cells
should be transfused one unit at a time and the
effects of transfusion on hemostasis monitored be-
fore administering supplemental units. The optimal
hematocrit/hemoglobin concentration to sustain
hemostasis in the context of MT remains unknown
but is probably higher than that required for oxy-
gen transport and delivery.

In the bleeding patient, the use of platelets
and/or FFP should depend on clinical judgment
and the results of coagulation testing. A markedly
prolonged PT and aPTT suggests a coagulation
factor deficiency and is best treated with FFP.
Decreased levels of fibrinogen will also require
treatment with FFP or, when available, with fib-
rinogen concentrate. It is not clear now if coag-
ulation factor concentrates are as effective as FFP
but, clearly, this is a developing field in transfusion
medicine.

FFP should be administered in doses large
enough to increase coagulation factor levels and
maintain them above critical levels. Doses ranging
from 5 to 20 mL/kg have been recommended. In
the average adult, 4 units of FFP (800–1000 mL)
should suffice initially but additional bolus doses

should be administered according to ongoing blood
losses and transfusions [6].

Platelets should be administered only to correct
a clinical coagulopathy associated with a decreased
platelet count and/or platelet function. Clinicians
must remember that platelet counts will decrease
in a majority of massively transfused patients but
that not all patients will bleed excessively as a result
of thrombocytopenia. Other hemostatic anomalies
may warrant a more urgent (a marked prolonga-
tion of the PT and aPTT) or concurrent (a decreased
fibrinogen level) correction. From the time PRBC
have replaced whole blood, there is laboratory and
clinical evidence in the literature that FFP may be
required before platelet concentrates to treat a co-
agulopathy [3,6,8,13].

Trauma
In the context of trauma, recent evidence suggests
that the management of massive bleeding should
be more aggressive. While the escalating scheme
suggested by Erber is appealing and applicable in
the elective surgical setting where bleeding is usu-
ally progressive and coagulopathy can be moni-
tored and anticipated [94], the situation can be
quite different in the traumatized patient. In the
interval between injury and arrival to the hospital,
the patient has lost an undefined amount of blood
that has been replaced, in part, by crystalloids or
colloids. Tissue trauma, shock, tissue anoxia, and
hypothermia contribute to the development of co-
agulopathy and the results of coagulation testing
are not immediately available. Clinicians are called
upon to intervene rapidly in a very unclear and un-
stable situation.

Two older studies have shown that survival in
massively transfused trauma patients is associated
with the increased transfusion of platelet concen-
trates [23, 96]. In the context of trauma and mas-
sive bleeding, several recent case series suggest that
survival is improved by the administration of RBC,
FFP, and platelets in a 1:1:1 ratio [97–101]. Most
of these come from the military but 1:1:1 ratios
of RBC, FFP, and platelets have also been shown
to improve outcomes in civilian trauma [102–104].
Although interesting and promising, these data
are retrospective, remain somewhat controversial
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[105] and will require confirmation by properly
conducted prospective trials.

One may postulate that a more aggressive control
of coagulopathy could be beneficial in traumatized,
massively bleeding patients. Unfortunately, today,
no physiologic monitor (of coagulation or other)
allows clinicians to identify which patient is likely
to benefit from the increased transfusion of hemo-
static blood components.

Recombinant activated factor VII in trauma
The reader is referred to Chapter 23 devoted to
rFVIIa for a complete review of the efficacy and
safety of rFVIIa administered to prevent or to treat
excessive bleeding associated with a variety of med-
ical and surgical conditions.

The article by Boffard et al. reports the results
of two parallel randomized, placebo-controlled,
double-blind clinical trials on the use of rFVIIa as
adjunctive therapy to control bleeding in severely
injured trauma patients [106]. Patients received ei-
ther rFVIIa (three doses for a total of 400 �g/kg)
or an equal volume of placebo and were stratified
to blunt or penetrating injury, hence the two tri-
als. The primary end point was the total number
of RBC units transfused from start of treatment to
48 hours. Secondary end points included require-
ment for other transfusion products (FFP, platelets,
and cryoprecipitates), mortality, days on the ven-
tilator, and days in the intensive care unit. Safety
outcomes included frequency and timing of adverse
events, and changes in coagulation laboratory vari-
ables. In addition, the authors studied a composite
end point of death and critical complications [mul-
tiple organ failure (MOF) and acute respiratory dis-
tress syndrome (ARDS)].

The study enrolled 301 trauma victims, mostly
young, coagulopathic, acidotic, and hypothermic
young males, from 32 centers in eight countries.
Most penetrating trauma resulted from gunshot
and stab wounds (68 and 30% of 134 subjects an-
alyzed, respectively) while blunt trauma resulted
from motor vehicle accidents (77% of 143 sub-
jects analyzed). Baseline characteristics were sim-
ilar in both groups when stratified for penetrating
and blunt trauma.

When all patients are considered (intent-to-treat
analysis), total RBC transfusions during the first
48 hours after first dose of trial drug were not dif-
ferent between placebo and treatment groups for
the two trials. No significant differences were ob-
served in either of the trauma population regard-
ing the administration of hemostatic blood prod-
ucts. Mortality at 48 hours and 30 days was similar
in both groups for the two trials. The composite end
point of mortality, MOF, and ARDS was not differ-
ent between placebo and treatment groups for the
two trials.

In patients with penetrating trauma alive at 48
hours (subgroup analysis), transfusion of RBC was
not different between groups (estimated reduction
of 1.0 RBC unit with rFVIIa; p = 0.10). MT (�20
U of RBC) occurred in 19% of patients receiving
placebo versus 7% of patients treated with rFVIIa
(p = 0.08).

In patients with blunt trauma, a significant de-
crease in the number of RBC transfusions was ob-
served in patients alive at 48 hours receiving rFVIIa
(estimated reduction 2.6 RBC units; p = 0.02). MT
occurred in 33% of patients receiving placebo ver-
sus 14% of patients treated with rFVIIa (p = 0.03).

Twelve thromboembolic events were reported
and there was no difference between rFVIIa and
placebo (six in each treatment group). Finally,
rFVIIa did not increase the incidence of adverse
events and showed a potential to reduce compli-
cations such as MOF and ARDS. In the penetrat-
ing trauma group, the incidence of MOF was 3%
with rFVIIa versus 11% for placebo (p = 0.09); in
the blunt trauma group, the incidence of ARDS was
4% with rFVIIa versus 16% for placebo (p = 0.03).

Overall, the results of these first random-
ized, placebo-controlled studies in severely in-
jured trauma patients are disappointing. They
suggest that rFVIIa may have the potential to re-
duce blood transfusion requirements and complica-
tions in this critically ill patient population. Unfor-
tunately, a confirmatory study (ClinicalTrials.gov
identifier NCT00184548) initiated in 2005 was ter-
minated after enrolling 576 patients because a fu-
tility analysis conducted by the Data Monitoring
Committee predicted a low likelihood of obtain-
ing a positive trial outcome with the planned study
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population. Thus, today, the use of rFVIIa to con-
trol massive bleeding in trauma patients cannot be
recommended.

Conclusions

The answer to our first objective (“Identify the
causes of coagulopathy in massively transfused
adult patients in order to determine the most ap-
propriate transfusion/treatment strategies”) is com-
plex. The “classic” view that thrombocytopenia
is responsible for the majority of bleeding com-
plications in massively transfused patients should
be abandoned. In view of the current literature,
decreased levels of platelets and coagulation fac-
tors cannot be predicted by dilution alone. In the
trauma patient, coagulopathy secondary to tissue
injury and hypoxia often complicates the manage-
ment of MT. As a result, it is often difficult to as-
certain the exact cause of MVB. Coagulopathy as-
sociated with MT and surgery is an intricate, multi-
cellular, and multifactorial event. While the inter-
action between platelets, fibrinogen, and red cells
is particularly important, the contribution of ane-
mia, fluid replacement therapy, hypothermia, and
acidosis should not be overlooked.

The answer to our second objective (“Differ-
entiate between the elective surgical setting and
trauma, hypothesizing that recommendations de-
rived from studies of MT in elective surgical pa-
tients may not apply in trauma patients”) is clearer.
In the elective surgical situation, tissue trauma is
controlled, normovolemia can usually be main-
tained, tissue hypoxia is avoided and there is more
time to monitor coagulation variables and antici-
pate deficits. In this context, coagulopathy is more
often related to decreased coagulation factors and
best treated initially with FFP. In trauma patients,
tissue trauma is, by definition, uncontrolled, hy-
povolemia and tissue hypoxia are nearly always
present, there is little or no time to monitor coagu-
lation variables, and the precise pathological mech-
anisms responsible for the observed coagulopathy
remain unclear. In the context of trauma, the ag-
gressive management of these patients with RBC,
FFP, and platelets in a 1:1:1 ratio appears to im-

prove outcomes, but requires further confirmation
with well-designed prospective trials.

Whether for elective surgery or for the manage-
ment of trauma patients, reliable bedside moni-
tors of hemostasis are needed urgently. By assist-
ing clinicians in making the correct diagnosis in a
timely manner, monitors will contribute to the op-
timal use of blood products.

Times have changed, blood products have
changed, and so has the management of the bleed-
ing patient. Therapy should take into account all

the factors known to affect hemostasis in these
patients. Ideally, transfusion of blood components
should be based on appropriate hematological test-
ing and initiated only in those patients who bleed
actively. Nevertheless, a laboratory-based manage-
ment of MVB may not always be possible in mas-
sively bleeding patients, especially in the context of
trauma.

Finally, anesthesiologists tend to focus on hem-
orrhage and MT that occur as an immediate
consequence of trauma or surgery. Yet, in the post-
operative period, many of these patients will ex-
perience thrombotic complications related to the
consumption of coagulation factors (especially an-
tithrombin) associated with coagulopathy. Once
the initial, hemorrhagic, phase of coagulopathy is
controlled, efforts should be directed toward the
prevention of later, potentially disastrous throm-
botic complications. Only then will the man-
agement of coagulopathy associated with MT be
complete.
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Iron Deficiency: Causes, Diagnosis,
and Management
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Introduction

Iron deficiency in the developing world is frequent
and is mainly the result of poor nutrition. In the
developed world, iron deficiency has been reported
to be in 5% of the general population. The fre-
quency of anemia in the older people is of the
order of 10% and is the result of iron deficiency
due to chronic blood loss from gastrointestinal le-
sions, but also chronic inflammatory diseases and
decreased renal function leading to functional iron
deficiency (FID) (1). It is this population that of-
ten presents for elective surgical procedures with
preoperative anemia or even with iron deficiency
without anemia (2, 3). At the time of preoperative
assessment, one study evaluated the prevalence of
anemia and iron deficiency in 715 patients sched-
uled for major elective orthopedic surgery. Accord-
ing to WHO criteria, the prevalence of anemia was
10.5% (65/715), and it increased with age, with no
gender-related difference. Prevalence of iron defi-
ciency was 30% in anemic patients and 18% in
nonanemic patients (3). In this regard, it is im-
portant to investigate the cause of iron deficiency,
which is frequently due to gastrointestinal blood
losses (e.g., chronic NSAID intake or colon adeno-
carcinoma) (4). In fact, iron deficiency is found in
approximately 50% of the patients scheduled for

colon adenocarcinoma resection (5). In addition,
preoperative anemia is one of the major predictive
factors for perioperative blood transfusion in sur-
gical procedures with moderate–high perioperative
blood loss (6–8). Thus, timely diagnosis of iron defi-
ciency preoperatively has dual benefits. It decreases
the need for perioperative blood transfusions and
decreases morbidity and mortality in these patients.
Perioperative stimulation of erythropoiesis with the
administration of iron with or without erythro-
poiesis stimulating agents may correct the anemia.

Therefore, according to a recent NATA guideline,
whenever clinically feasible, patients undergoing
elective surgery with a high risk of severe postop-
erative anemia should have hemoglobin (Hb) level
and iron status tested a minimum of 30 days be-
fore the scheduled surgical procedure (9). For pa-
tients older than 60 years, vitamin B12 and folic
acid should also be measured (9,10). In this chapter
we will focus on the iron homeostasis in humans,
the diagnosis of iron deficiency, and the efficacy
and safety of iron administration for the treatment
of anemic patients in different clinical contexts.

Iron homeostasis

Most of the iron in the body is distributed within
red blood cell hemoglobin (70%). Approximately
10% is present in muscle fibers (in myoglobin)
and other tissues (in enzymes and cytochromes).
The remaining body iron is stored in the liver
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Figure 27.1 Iron turn-over under physiological conditions. Modified from Muñoz et al. [12].

and macrophages of the reticuloendothelial system
(RES). The body absorbs 1–2 mg of dietary iron a
day and this is balanced with losses via sloughed
intestinal mucosal cells, menstruation, and other
blood losses. Therefore, internal turnover of iron is
essential to meet the bone marrow requirements
for erythropoiesis (20–30 mg/day, and up to 50
mg/day during recovery from bleeding or treat-
ment with erythropoiesis stimulating agents) (Fig-
ure 27.1) (11,12). On the other hand, the body has
no effective means of excreting iron and thus the
regulation of absorption of dietary iron from the
duodenum plays a critical role in iron homeosta-
sis in the body (13). This is extremely important
as iron is essential for cellular metabolism and aer-
obic respiration, while cellular iron overload leads
to toxicity and cell death via free radical formation
and lipid peroxidation and thus, iron homeostasis
requires tight regulation (11).

Iron absorption
Nearly all absorption of dietary iron occurs at the
apical surface of duodenal enterocytes via different
mechanisms (Figure 27.2). Dietary nonhem iron
primarily exists in an oxidized (Fe3+) form that is
not bioavailable and must first be reduced to the
Fe2+ form before it is transported across the intesti-

nal epithelium cell by a transporter called divalent
metal transporter 1 (DMT1), which also traffics other
metal ions such as zinc, copper, and cobalt by a
proton coupled mechanism. Hem iron is absorbed
into the enterocyte by a different, as yet uniden-
tified, hem receptor. Once internalized in the ente-
rocyte, iron is released from hem by hem oxyge-
nase and then either stored or transported out of
the enterocyte across the basolateral membrane via
mechanisms similar to that of ionic iron (14, 15).
Ferroportin 1 (Ireg1) is the only putative iron ex-
porter identified to date. Ferrous iron once ex-
ported across the basal membrane by Ireg1, is then
oxidized by a multi-copper oxidase protein called
hefastin (similar to plasma ceruloplasmin) before
being bound by plasma transferrin. Ferroportin1 is
also the putative iron exporter in macrophages and
hepatocytes (Figure 27.2) (13,16).

Iron distribution
Iron released into the circulation binds to transferrin
and is transported to sites of use and storage (Fig-
ure 27.2). Transferrin has two binding sites bind-
ing one iron atom each. About 30–40% of these
sites are occupied in normal physiological condi-
tions. Transferrin-bound iron (TBI) enters target
cells—mainly erythroid cells, but also immune and
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hepatic cells—through the interaction of transferrin
with specific surface receptors (Transferrin receptor
1, TfR1) and endocytosis of the transferrin–receptor
complex. Production of Hb by the erythron ac-
counts for most iron use. High-level expression of
TfR1 in erythroid precursors ensures the uptake of
iron into this compartment.

A truncated form of the transferrin receptor can
be detected in human serum. The serum concen-
tration of this soluble form of transferrin receptor (sTfR;
normal median concentration: 1.2–3.0 mg/dL, de-
pending on the assessment kit used) is propor-
tional to the total amount of surface transferrin re-
ceptor. Increased sTfR concentrations indicate iron
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deficiency even during the anemia of chronic dis-
ease (ACD), as well as increased erythropoietic ac-
tivity without iron deficiency (17,18).

Iron storage
As stated above, Hb iron has substantial turnover,
as senescent erythrocytes undergo phagocytosis by
RES macrophages (Figure 27.2). Iron export from
macrophages is accomplished primarily by ferro-
portin 1, the same iron-export protein expressed
in the duodenal enterocyte (12–16). The liver is
the main storage organ for iron, where it is se-
questered predominantly in the form of ferritin or
hemosiderin. The uptake of TBI by the liver from
plasma is mediated by TfR1 and TfR2.

As transferrin becomes saturated in iron overload
states, excess iron is also found as nontransferrin-
bound iron (NTBI), which is transported across the
hepatocyte membrane via a carrier-mediated pro-
cess consistent with DMT1. Besides the blood ery-
throcyte mass, the hepatocyte may also store iron
from ferritin, hemoglobin–haptoglobin complexes,
and hem–hemopexin complexes. In contrast, once
again, ferroportin 1 is likely to be the only protein
mediating the transport of iron out of hepatocytes,
which is then oxidized by ceruloplasmin and bound
to transferrin (12–16).

Regulation
The absorption of iron is dependent on the body’s
iron stores, hypoxia, and rate of erythropoiesis, and
is mainly regulated by hepcidin. Liver hepcidin is a
25 amino acid cysteine rich peptide with antimi-
crobial properties, which is regulated by a number
of factors such as liver iron levels, inflammation,
hypoxia, and anemia The hepcidin model proposes
that hepcidin is secreted into the blood and inter-
acts with villous enterocytes to regulate the rate
of iron absorption by controlling the expression of
ferroportin at their basolateral membranes. Hep-
cidin binds to cell-surface ferroportin, triggering
its phosphorylation, internalization, and ubiquitin-
mediated degradation in lysosomes. By removing
ferroportin from plasma membrane, hepcidin shuts
off cellular iron export (18). Ferroportin molecules
present in macrophages and liver is also target for
hepcidin.

Thus it is hypothesized that when hepcidin lev-
els are increased in noncongenital iron overload (by
the uptake of transferrin bound iron via TfR1/HFE
and TfR2) or inflammation (via IL-6), iron release
from intestinal crypt cells, liver, and macrophages
is reduced. In contrast, when hepcidin levels are re-
duced, as in iron deficiency, anemia, or hypoxia, it
is likely that Ireg1 expression and iron release from
intestinal cells, liver, and RES cells are increased
(14,15).

In the erythroid precursors, the expression of
TfR1, DMT-1, and ferritin are reciprocally regulated
through iron-responding proteins (IRP)1 and IRP2,
which act on the iron-responding elements (IRE)
present in their RNA. Thus, when an increased
iron uptake is needed, the expression of TfR1
and DMT-1 is increased, whereas the synthesis of
ferritin is halted (19). In addition, there is evidence
that erythropoietin (EPO) activates IRP-1, leading
to an upregulation of TfR1 expression in the
erythroid precursors which is maintained along
the differentiation process (13). There are also data
indicating that EPO may downregulated DMT-1
and upregulate ferroportin in macrophages, thus
increasing iron supply to the bone marrow (20).

In iron overload, TfR1 is downregulated in hep-
atocytes, whereas TfR2 lacks an iron response ele-
ment and thus is not reciprocally regulated in re-
sponse to the level of plasma iron. Instead, TfR2
protein expression is regulated by transferrin sat-
uration, and is upregulated in iron overload. In
normal and iron loaded conditions, expression of
TfR2 exceeds that of TfR1 suggesting that TfR2
plays an important role in hepatic iron loading in
hemochromatosis (10).

Effects of inflammation on iron
homeostasis
In addition to blood loss, hemolysis, hepatic or en-
docrine disorders, and nutritional deficiencies, iron
homeostasis can be disturbed by inflammation (Fig-
ure 27.3). Activation of the immune and inflamma-
tory system results in pathologic iron homeostasis
due to increased DMT-1 (IFN� ; lipopolysaccharide,
LPS) and TfR (IL-10) expression in macrophages,
reduced Ireg-1 expression (IFN� , LPS, and LPS- or
IL-6-induced hepcidin) in enterocytes (inhibition
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Figure 27.3 Main pathophysiological mechanisms
involved in perioperative anemia.

of iron absorption) and macrophages (inhibition of
iron recirculation), and increased ferritin synthe-
sis (TNF�, IL-1�, IL-6, IL-10) (increased iron stor-
age). All these lead to hypoferremia, iron-restricted
erythropoiesis, and finally mild–moderate anemia
(21–24).

Thus, at least three major immunity-driven
mechanisms contribute to the development of
ACD: (1) inflammation-induced disturbances of
iron homeostasis (FID or decrease iron availabil-
ity); (2) cytokines, like TNF�, IFN� , and IL-1� exert
a negative impact on the proliferation and differ-
entiation of erythroid progenitor cells and can in-
duce apoptosis; and (3) patients with ACD display
a blunted secretion of endogenous EPO and an im-
paired response of erythroid progenitor cells to EPO
(19).

However, the pathophysiology of acute event-
related anemia (AERA, e.g., trauma, surgery) is
somehow different. In this setting, inflammatory
responses are mediated mainly by IL-6 and IL-8
(with transient contribution of TNF� and IL-1�

in some visceral surgeries, such as colonic or car-
diac procedures), whereas IFN� plasma levels are
undetectable or within the normal range (21–23).
Therefore, in most of these conditions, the two ma-
jor mechanisms leading to anemia are perioperative
or traumatic blood loss and blunted erythropoiesis

due to decreased iron availability, whereas EPO lev-
els are normal or near-to-normal.

The anemia associated to chronic or acute in-
flammatory diseases is typically mild to moder-
ate, and erythrocytes may not show any stigmata
of iron deficiency. But the underlying iron etiol-
ogy is evident: macrophages that normally recy-
cle iron are found to sequester it, intestinal iron
absorption is interrupted, and erythroid precur-
sors respond very rapidly when iron-transferrin is
made available, especially by the administration
of intravenous (i.v.) iron preparations. In contrast,
congenital, iron-refractory, iron-deficiency anemia
(IRIDA), which is also caused by inappropriately
high hepcidin expression, is associated with severe
microcytosis whereas the ACD is typically normo-
cytic. Therefore, it can be speculated that the nor-
mocytic RBCs result from the combination of iron
insufficiency and an as-yet-unexplained tendency
to macrocytocis (e.g., alterations in folates or B12
metabolism in response to inflammation) (13).

Diagnosis of iron deficiency

Iron deficiency without anemia
Normal Hb level does not exclude ID, because in-
dividual with normal body iron stores must lose a
large portion of body iron before the Hb falls be-
low the various laboratory definitions of anemia
(24). Isolated or uncomplicated ID in the absence of
other diseases that influence measurements of iron
status is seen most often in infants and preschool
children (because of rapid growth), in pregnant
women (because of the iron demands of the fetus),
and in patients with excessive uterine or gastroin-
testinal blood loss (24).

In nonanemic patients, the most important clin-
ical clue of ID is the symptom of chronic fatigue.
However, it is of little screening value because clin-
icians rarely consider the diagnosis of ID in patients
who are not anemic, and therefore ID is invariably
diagnosed in the laboratory (24). A normal Hb level
with a mean corpuscular hemoglobin (MCH) in the
lower limit of normality (28–35 pg) or an increased
red cell distribution width (RDW) point to mild ID
without anemia, but the main laboratory finding is
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a ferritin level �30 ng/mL in the absence of inflam-
mation (normal serum concentrations of C-reactive
protein [CRP]; �0.5 mg/dL).

On the other hand, nonanemic patients with
a serum ferritin level �100 ng/mL (or ferritin
100–300 ng/mL and transferrin saturation �20%)
undergoing surgical procedures with an expected
blood loss �1500 mL (Hb drop of 3–5 g/dL) may
be considered for preoperative oral or i.v. iron ad-
ministration, depending on the presence of comor-
bidities and on the timescale before surgery, as they
may not have enough stored iron to replenish their
perioperative Hb loss and maintain normal iron
stores (serum ferritin ≥30 ng/mL) (25).

Iron deficiency anemia
Patients should be considered to suffer from iron
deficiency anemia (IDA) when they are pre-
sented with low Hb (men, �13 g/dL and women,
�12 g/dL), TfS (�20%), and ferritin concentra-
tions (�30 ng/mL) but no signs of inflamma-
tion (26) (Figure 27.4). The mean corpuscular
haemoglobin (MCH) rather than mean corpuscular
volume (MCV) became the most important red-cell
marker for detecting IDE in circulating red blood
cells. MCV is a reliable and widely available mea-
surement but is a relatively late indicator in pa-
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Figure 27.4 A simplified algorithm
for anemia management. ACD,
anemia of chronic disease; ACD + ID,
ACD with true iron deficiency; AUC,
anemia of unknown cause; CRP,
C-reactive protein; CHr, reticulocyte
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tients who are not actively bleeding. Thalassemia
must be considered in the differential diagnosis of
a low MCV, but the distinction between IDE and
thalassemia is seldom difficult (24), although RDW
may help with diagnosis. Gastrointestinal evalua-
tion for potential malignancy or peptic ulcer is rec-
ommended for any patient with IDA, except pos-
sibly menstruating women or when the source of
blood loss is readily apparent (27). Patients with
IDA may benefit from oral or i.v. iron replacement
therapy. If after a few weeks of iron therapy, a nor-
mal Hb level has not been attained, treatment with
erythropoiesis stimulating agents (ESAs: epoetin,
darbepoetin) might be considered (Figure 27.4).

Anemia of chronic disease
Patients should be considered to suffer from ACD
when they have the following: (1) a chronic in-
fection or inflammation, autoimmune disease, or
malignancy (high CRP level); (2) a Hb concentra-
tion �13 g/dL for men and �12 g/dL for women;
and (3) a low transferrin saturation (TfS � 20%),
but normal or increased serum ferritin concentra-
tion (�100 ng/mL) or low serum ferritin concen-
tration (30–100 ng/mL) and a sTfR/log ferritin ratio
�1 (19, 28) (Figure 27.4). Measurement of reticu-
locyte counts, endogenous EPO secretion (ratio of
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observed EPO to expected EPO) (29), and serum
creatinin (glomerular filtration), will be helpful in
defining the cause of ACD. Although patients with
ACD benefit from treatment with ESAs, some of
them respond to i.v. iron. Nevertheless, i.v. iron re-
placement therapy should always be considered in
patients receiving ESAs (Figure 27.4).

ACD with true iron deficiency
Patients should be considered to have ACD with
true iron deficiency (ACD + ID) when they
have the following: (1) a chronic infection or
inflammation, autoimmune disease, or malignancy
(high CRP level); (2) a Hb concentration �13 g/dL
for men and �12 g/dL for women; and (3) low
transferrin saturation (TfS � 20%), a serum ferritin
concentration �100 ng/mL and a sTfR/log ferritin
ratio �2 (19, 28) (Figure 27.4). There are two im-
portant hematologic indices that may also help in
the diagnosis of ID in ATC: reticulocyte hemoglobin
content (CHr) and hypochromic red blood cells
(HYPO). In nonferropenic patients, the 2.5 per-
centile values were 28 pg for CHr and 5% for HYPO
(15). However, these hematologic indices are only
available in specific hematology analyzers. The Ad-
via 120 hematology analyzer determined CHr and
erythrocyte hemoglobin content (CH; ≥ 27 pg),
whereas the Sysmex XE-2100 hematology analyzer
determines RET-Y, which can be considered as the
reticulocyte hemoglobin equivalent (RET-He), as
well as RBC-Y, which can be considered as the
erythrocyte hemoglobin equivalent (30, 31). These
hematologic indices (CHr, CH, and HYPO) are di-
rect indicators of FID in contrast to the majority of
biochemical markers, which measure FID indirectly
via iron-deficient erythropoiesis and demonstrate
weaknesses in the diagnosis of functional ID as
defined by hematologic indices (15). Although
patients with ACD + ID benefit from treatment
with ESAs, most of them may initially respond to
i.v. iron or even oral iron (26) (Figure 27.4).

Noniron deficiency anemia
As shown in Figure 27.4, in patients presenting
with anemia and TfS �20%, vitamin B12 and fo-
late levels should be investigated. If low and ac-
companied of a MCV �100 fL, macrocytic anemia

should be suspected and the patient should be re-
ferred to the hematologist for further evaluation.
However, up to one third of older patients may
present with vitamin B12 or folate deficiency and
without macrocytosis, especially when coexisting
ID. Nevertheless, when vitamin B12 or folate lev-
els are normal, the diagnosis of a myelodisplastic
syndrome (MDS) or an anemia of unknown cause
(AUC) should be considered and patient should
be referred to the hematologist for further evalu-
ation. In this regard, it has been recently reported
that both AUC and B12/folate deficiency anemia
in elderly patients are characterized by low levels
of inflammatory markers (CRP) and low endoge-
nous EPO secretion (32). Therefore, patients with
AUC and those with B12/folate deficiency not re-
sponding to vitamin supplementation might benefit
from treatment with ESAs (Figure 27.4). Two im-
portant considerations should be taken: first, after
starting with the specific treatment (intramuscular
[i.m.] or high oral dose), patients with vitamin B12
deficiency should receive oral iron to avoid iron-
restricted erythropoiesis; second, no older patient
should receive folic acid without vitamin B12 (un-
less vitamin B12 deficiency has been ruled out) to
avoid further complications as transverse myelitis.

Iron therapy

When body iron stores are depleted, iron sup-
plementation seems beneficial, although the opti-
mal route of administration remains a controver-
sial. Oral iron supplementation is adequate in some
clinical conditions. Administration of oral iron, in
the absence of inflammation or significant ongo-
ing blood loss, can correct the anemia, provided
significant doses (200 mg) can be tolerated. How-
ever, although conventional wisdom “says” that up
to 200 mg of elemental iron per day is required to
correct IDA, this is probably incorrect. As a max-
imum of 10 mg of iron can be absorbed per day,
higher doses are questionable. Early studies indi-
cated that the coadministration of iron with ascor-
bic acid (vitamin C) might be of benefit in enhanc-
ing iron absorption, since, in theory, more ferrous
iron is maintained in solution. However, reports
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indicated that such coadministration could induce
severe toxicity in the gastrointestinal tract. More-
over, intake independent of meals is recommended
for increasing iron absorption but increases diges-
tive intolerance and, therefore, decreases compli-
ance. The absorption of oral iron can be diminished
by coadministration of tretracyclines, proton pump
inhibitor and anti-acid medication, phytates (high
fiber diets), calcium, and phenolic compounds (cof-
fee, tea).

On the other hand, nonabsorbed iron salts may
produce a variety of highly reactive oxygen species
including hypochlorous acid, superoxides, and per-
oxides that may lead to digestive intolerance, caus-
ing nausea, flatulence, abdominal pain, diarrhea or
constipation, and black or tarry stools, and perhaps
could activate relapsed inflammatory bowel disease
(IBD). To avoid the risk of poisoning, other com-
pounds (such as iron polymaltose, which has very
low toxicity and meets the requirements for a food
supplement) might be used instead of ferrous salt
preparations. In addition, lower doses of iron com-
pounds (e.g., 50–100 mg of elemental iron) should
be recommended, especially in patients with IBD
(33).

Total iron deficit (TID) can be calculated using
the Ganzoni’s formula: TID (mg) = Weight (kg)
× [Ideal Hb − Actual Hb] (g/dL) × 0.24 + depot
iron (500 mg). According to this formula, a person
weighing 70 kg with an Hb level of 9 g/dL would
have a body iron deficit of about 1400 mg (34). Fol-
lowing the administration of oral iron in the pre-
operative period, it takes 2–2.5 weeks for the Hb
to start rising, 2 months for it to return to nor-
mal levels, and 6 months for iron stores to be re-
pleted (35). Although preoperative oral iron plus a
restrictive transfusion protocol reduces transfusion
requirements in patients scheduled for knee arthro-
plasty (36) or colorectal cancer resection (37), in
ACD (e.g., rheumatoid arthritis, Crohn’s disease,
chronic renal or heart failure, cancer, etc.), as well
as in that associated with acute inflammation (e.g.,
trauma, postoperative period, etc.), the utility of
oral iron administration is rather limited, since ab-
sorption is downregulated, and the small amount
of iron absorbed is directed to the RES, where it is
sequestered. Currently available evidence does not

support the efficacy of postoperative oral iron sup-
plementation: in five randomized controlled trials
(RCTs) (four after orthopedic surgery and one af-
ter cardiac surgery), postoperative administration
of oral iron failed to increase hemoglobin levels (9).

In these situations, i.v. iron has emerged as a
safe and effective alternative for perioperative ane-
mia management. This takes into consideration fac-
tors such as intolerance of or contraindications to
oral iron, short time to surgery, severe preoperative
anemia (especially if accompanied by significant
ongoing bleeding), or the use of erythropoiesis-
stimulating agents (9). As i.v. iron can allow up
to a fivefold erythropoietic response to significant
blood-loss anemia in normal individuals (38), Hb
starts rising in a few days, the percentage of re-
sponding patients is higher and iron stores are re-
pleted. Boosting iron stores is an advantage, partic-
ularly for patients receiving ESAs (34).

Intravenous iron agents
All i.v. iron agents are colloids with spheroidal
iron–carbohydrate nanoparticles. Each particle
consists of an iron-oxyhydroxide core (Fe [III])
and a carbohydrate shell that stabilizes the iron-
oxyhydroxide core. Differences in core size and
carbohydrate chemistry determine pharmacologi-
cal and biologic differences between the different
iron complexes, including clearance after injection,
iron release in vitro, early evidence of iron bioactiv-
ity in vivo, and maximum tolerated dose and rate of
infusion (39,40). Complexes can generally be clas-
sified as labile or robust (kinetic variability), and as
week or strong (thermodynamic variability), with
all possible intermediates. Four different products
are principally used in clinical practice: iron glu-
conate, iron sucrose, iron dextran, and iron poly-
carboxymaltose (41–43) (Table 27.1).

Iron gluconate, which has a core tightly bound
to gluconate and weakly associated with sucrose
(molecular weight 38 kD), is a type III iron complex
(labile and weak) with fast degradation kinetics and
direct release to plasma proteins (apotransferrin,
apoferritin, and others). The potential for acute ad-
verse reactions related to labile iron release after
i.v. injection, which is caused by oversaturation of
the transferrin binding capacity, is higher with iron
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Table 27.1 Some characteristics of the different intravenous iron formulations.

Iron gluconate Iron sucrose
Iron dextran
(LMWID)

Ferric
carboxymaltose

Preparations Ferrlecit R© Venofer R©
Cosmofer R©
InFeD R©

Ferinject R©
Injectafer R©

Complex type
Type III
Labile and weak

Type II
Semi-robust and
moderately strong

Type I
Robust and strong

Type I
Robust and strong

Molecular weight (kD) 38 43 73 150
Initial distribution volume (L) 6 3.4 3.5 3.5
Plasma half-life (hours) 1 6 30 16
Labile iron release +++ ±* — —
Direct iron donation to transferrin
(% injected dose)

5–6 4–5 1–2 1–2

Test dose required No No Yes No
Maximal single dose (mg) 125 300 TDI 1000
Premedication No No TDI only No
Life-threatening ADE† (×106 doses) 0.9 0.6 11.3 ??
Death rate (×106 doses)† 0.25 0.11 0.78 ??

ADE, adverse drug events; LMWID, low molecular weight iron dextran; TDI, total dose infusion.
*If the infusion speed >4 mg Fe3+/min or dose >7 mg Fe3+/kg.
†Data from patients with chronic kidney disease.

gluconate compared to the other available i.v. iron
preparations. Nontransferrin bound labile iron may
induce acute endothelial cell injury and a transient
capillary leak syndrome. Clinical symptoms of iron
acute toxicity include nausea, hypotension, tachy-
cardia, chest pain, dyspnea (lung edema), and bi-
lateral edema of the hands and feet, and should not
be misread as anaphylaxis (39). To avoid these side
effects, maximum recommended dose is 125 mg,
whereas the administration of total dose is not rec-
ommended. The use of iron gluconate for iron de-
ficiency in patients on dialysis has been found to be
efficacious and safe (39,40).

Iron sucrose, which has a core tightly bound to
sucrose (molecular weight 43 kDa), is a partially
stable type with medium degradation kinetics and
partial uptake of released iron by plasma proteins
such as (apo)-transferrin but also by the RES (Type
II: semirobust and moderately strong). Its half-life
is relatively short (5–6 hours) and the amount of
iron transported by transferrin, calculated using the

Michaelis–Menten model for a single dose contain-
ing 100 mg of iron, is around 30 mg Fe/24 hours
(44). Following a single i.v. injection of 100 mg iron
sucrose administered to anemic patients, up to 95%
of the injected iron was utilized within 2–4 weeks.
During the last few years, experience of using iron
sucrose in various forms of ID has evolved. Single
dose of 100–200 mg as an i.v. injection (45) or up to
500 mg over an infusion time of 3.5 hours seems to
be safe (46). The maximal recommended dosage is
600 mg/week (200 mg iron as iron sucrose injected
or infused intravenously no more than 3 times a
week) but this amount exceeds the physiological
needs of the proliferating erythroblast. If the in-
fusion speed is too fast (above 4 mg Fe3+/minute)
or the single total iron dose too high (above 7 mg
Fe3+/kg, with a maximum of 500 mg), nontrans-
ferrin bound labile iron may cause transient hy-
potension, tachycardia, and dyspnea, as described
for iron gluconate. Overall, iron sucrose is currently
considered as the safest i.v. iron preparation (47).
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Low molecular weight iron dextran (LMWID) is a
stable parenteral iron product with a molecular
weight of 73 kDa. This type I iron complex (robust
and strong) shows high structural homogeneity
and only slow and competitive delivery to en-
dogenous iron binding proteins. Complexes are
actively phagocyted by macrophages of the RES
before they are released and become available for
hemoglobin synthesis. Although plasma half-life
is 30 hours (3 days for high molecular weight
iron dextran, HMWID), the full process of iron
release from dextran complex in the RES, storage
in ferritin, and delivery as TBI to the bone marrow
or other tissues may take several months (48).
Iron dextran can be administered as i.m. or i.v.
injections and as i.v. infusion. The stability of the
dextran complex allows administration of high
single doses (so-called “total dose infusion” which
may be given for over 4–6 hours). In contrast, the
bioavailability of iron following i.m. administration
has not been studied extensively. There seems to
be a risk of incomplete and variable absorption of
the iron from the injection site, and considerable
amount (30–50%) of iron can remain at the i.m.
injection site for many months. Therefore i.m.
injections are no longer recommended (49). How-
ever, these iron complexes may cause well know
dextran-induced anaphylactic reactions, especially
in patients receiving high molecular weight iron
dextran (not commercially available in Europe and
considered as an obsolete i.v. iron agent). Although
the exact mechanism of the anaphylactic reaction
to iron dextran has not been clarified yet, it seems
to be related to the antibody-mediated release of
mediators by mast cells.

Ferric carboxymaltose (FCM) is another stable par-
enteral iron product with a molecular weight of 150
kDa very similar to iron dextran in terms of stabil-
ity and structure (Type I, robust and strong). The
pharmacokinetics characteristics of FCM are similar
but not identical to iron dextran. The distribution
volume of both preparations corresponds nearly
to that of plasma, but half-life is approximately
16 hours for FCM as compared with 30 hours for
LMWID. It seems that the FCM is broken down
more rapidly than iron dextran because a-amylase
does no affect to dextran, or acts at a very slow rate

(43). A study using positron emission tomography
has shown that the iron from FCM accumulates in
the liver, spleen, and bone marrow and substan-
tial amounts were found in these organs within
minutes. In addition, FCM is able to exchange iron
rapidly with transferrin (50). As a result, the uti-
lization of iron for RBC increased rapidly up to
day 6–9, after which the utilization increased at a
much lower rate. Patients with IDA showed over
90% iron utilization after 24 days compared with
60–80% utilization for patients with renal ane-
mia (50). FCM is designed to mimic physiologi-
cally occurring ferritin, provide high iron utiliza-
tion, and eliminate disadvantageous characteristics
associated with iron dextran (anaphylaxis) and iron
sucrose (high pH, high osmolarity, dosage limita-
tions, and the long duration of administration). Up
to 100–200 mg FCM can be administered as i.v. in-
jection and up to 1000 mg iron can be infused in at
least 15 minutes and test dose is not required.

Efficacy of parenteral iron agents
FID is frequent and neglected in the perioperative
setting. Serum ferritin � 100 g/L, TSAT � 20%, in-
crease in% HYPO, and low CHr values have been
proposed as the most indicative parameters for the
assessment of FID outside the context of CKD. The
early detection and treatment of FID is essential to
assure an adequate iron supply to the bone mar-
row, particularly in patients receiving EPO therapy.

Experience with the use of i.v. iron therapy is
extensive in different clinical settings over the last
60 years. In the late 1980s, the introduction of
rHuEPO led to a revitalized interest in the use of
iron therapy, either in combination with rHuEPO
therapy, or alone. Intravenous iron therapy can
be used in a variety of clinical settings, as long as
iron parameters are carefully monitored. In a num-
ber of studies, i.v. iron was shown to be clearly
superior to oral iron for the treatment of anemia
associated with CKD, IBD, chronic inflammatory
arthritis, congestive cardiac failure, pregnancy, and
postpartum, or cancer (35, 51, 52). In the settings
of CKD or cancer related anemia, the use of i.v.
iron resulted not only in a more rapid and com-
plete response to rHuEPO, but also in a reduction
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of rHuEPO dose, and probably in a reduction of
rHuEPO side effects, such as thrombosis (53–55).

Only recently, i.v. iron therapy has been used in
patients undergoing orthopedic, cardiac and gyne-
cological surgical procedures (35, 51, 52), whereas
the information regarding the use of i.v. in critically
ill patients is even more scant (56,57).

Safety of parenteral iron agents
Nausea, abdominal pain, constipation, diarrhea, in-
jection site reactions (pain, superficial phlebitis),
metallic taste, headache, dizziness, and rash may
occur with all i.v. preparations, and were observed
in clinical trial with an incidence of 1–3%. How-
ever, the incidence of adverse drug events (ADEs)
associated with parenteral iron is much smaller.

Allergic and anaphylactic reactions
The numbers of non-CKD patients receiving i.v.
iron are not large enough to draw definitive conclu-
sions regarding the safety of i.v. iron agents in these
clinical settings. Therefore, we will focus on ADEs
associated with parenteral iron in CKD patients, as
they are the largest collective receiving these drugs.
According to data from the United States Food and
Drug Administration (FDA) on ADEs attributed to
the provision of four formulations of intravenous
iron (HMWID, LMWID, iron gluconate, and iron
sucrose) during 2001–2003, including, the total
number of reported parenteral iron-related ADEs
was 1141 among approximately 30 million doses
administered (approximately 38 ADEs per million),
with 11 deaths (7 iron dextran, 3 iron gluconate,
1 iron sucrose) (47). Relative to lower molecu-
lar weight iron dextran, total and life-threatening
ADEs were significantly more frequent among re-
cipients of higher molecular weight iron dextran
and significantly less frequent among recipients
of sodium ferric gluconate complex and iron su-
crose. The absolute rates of life-threatening ADEs
were 0.6, 0.9, 3.3, and 11.3 per million for iron
sucrose, sodium ferric gluconate complex, lower
molecular weight iron dextran, and higher molec-
ular weight iron dextran, respectively, whereas ab-
solute rates of death were 0.11, 0.25, 0.75, and
0.78 per million, respectively (Table 27.1). How-
ever, there were no significant differences in mor-

tality rates between LMWID and iron gluconate
(OR 0.3, 95% CI 0.1–1.3) or iron sucrose (OR 0.2,
95% CI 0.1–1.0), and there are no data available
regarding the safety of iron carboxymaltose. As for
FCM, since 2007 the use of Ferinject corresponds to
over 17,000 patient-years (one patient corresponds
to 2000 mg iron). Up to September 2008, no ana-
phylactoid reactions or death have been reported,
confirming the good safety profile of FCM (43).

Therefore, the frequency of intravenous iron-
related ADEs reported to the FDA has decreased,
and overall, the rates are extremely low (Table
27.1). In addition, the rates of ADES associated
with i.v. iron, including iron-related deaths, are
much lower than that of ABT-related severe side
effects (10 per million) and ABT-related deaths (4
per million) (58).

Intravenous iron and infection
Current information on the relationship between
i.v. iron and infection, and between i.v. iron and
oxidative stress deserves special consideration.
Elemental iron is an essential growth factor for
bacteria with many species expressing iron trans-
port proteins that compete with transferrin, and
it has long been suggested that patients with iron
overload are at increased risk of infection (59). In
contrast, in the peritoneal dialysis population, no
increased risk of peritonitis was found in patients
receiving with respect to those not receiving i.v.
iron (60). In addition, a meta-analysis of 6 obser-
vational studies (807 patients) revealed that the
administration of i.v. iron to patients undergoing
major orthopedic surgery led to a significant
decrease in both transfusion rate (RR: 0.60; 95%
confidence interval [CI]: 0.50–0.72; p � 0.001) and
infection rate (RR: 0.45; 95%CI: 0.32–0.63; p �

0.001) (61). Nevertheless, despite this absence of
definitive clinical data, it seems sensible to avoid
i.v. iron administration in the setting of acute
infection, and to withhold i.v. iron in patients with
pretreatment ferritin values �500 ng/mL (43).

Intravenous iron and oxidant damage
Biologically active iron, which is released by all
i.v. iron agents, also plays a role in inflammation,
oxidant stress, and the propensity for accelerated
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atherosclerosis. Persistent oxidative stress in CKD
patients promotes inflammation and, in turn,
atherogenesis, and increased cardiovascular mor-
bidity and mortality. However, available evidence
relating i.v. iron administration to atherogenesis is
indirect, and there is little evidence that i.v. iron
adversely affects survival in patients with dialysis-
dependent CKD. Nevertheless, the evidence argues
for caution, not complacency, in prescribing i.v.
iron (43).

Intravenous iron and cancer development
The association between iron overload with cancer
risk in humans has been under increased scrutiny
in recent decades, although epidemiological studies
on the association of iron with cancer remain in-
conclusive. The concerns are mostly focused on a
possible risk associated with dietary iron in colorec-
tal cancer, the increased risk of developing hepato-
cellular carcinoma in hereditary hemochromatosis
and related hepatic iron overload and cirrhosis, and
association between occupational exposure to iron
and kidney, lung, and stomach cancers. The risk
of iron-induced sarcoma by repeated intramuscu-
lar injections of iron dextran has also been raised.
However, i.v. iron therapy has not been associated
with a tumor incidence increase (62).

General good practice points

Based on the clinical experience of the expert panel
members of the Consensus Statement on the use of
i.v. iron for the treatment of perioperative anemia,
the following points might be considered as good
clinical practice for surgical patients (9):
� Patients at risk of receiving perioperative transfu-
sions should be identified on the basis of patient’s
RBC mass, the transfusion trigger, and the expected
blood loss (e.g., using Mercuriali’s algorithm).
� Whenever clinically feasible, patients undergoing
elective surgery with a high risk of severe postop-
erative anemia should have Hb level and iron sta-
tus (serum iron, ferritin, and transferrin saturation
index) tested preferably 30 days before the sched-
uled surgical procedure. For patients older than 60

years, vitamin B12 and folic acid should also be
measured.
� Patients with preoperative anemia due to iron
deficiency or chronic diseases may receive preop-
erative treatment with i.v. iron, with or without
rHuEPO. In addition, i.v. iron should be given to
improve the response to rHuEPO and might allow
for a reduction in the total dose of rHuEPO.
� Unexplained anemia should always be considered
as secondary to some other process and, therefore,
elective surgery should be deferred until an appro-
priate diagnosis has been made.
� Nonanemic patients with ferritin �100 ng/mL
and scheduled for surgical procedures with an ex-
pected blood loss �1500 mL (Hb drop of 30–50 g/L)
might benefit from preoperative oral or i.v. iron ad-
ministration, as they may not have enough stored
iron to reconstitute their perioperative Hb loss and
to keep a normal iron store (ferritin ≥30 ng/mL).
� The administration of i.v. iron should be avoided
in patients with pretreatment ferritin values �500
ng/mL. Nevertheless, as all i.v. iron agents have the
potential to release biologically active iron, i.v. iron
should not be given to patient with ongoing bac-
teremia.
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N, Muñoz M. Prevalence of preoperative anemia

and hematinic deficiencies in patients scheduled for

elective major orthopedic surgery. TATM 2008;10:

166–73.

4. Semba RD, Guralnik JM, Chaves P, Ricks MO, Fried

LP. Women’s health and aging studies. Iron status

and anemia in a population-based study of women

with and without disability living in the community:

the women’s health and aging studies. Haematologica

2004;89:357–8.
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22. Muñoz M, Garcı́a-Vallejo JJ, Sempere JM, Romero R,

Olalla E, Sebastián C. Acute phase response and cy-

tokine release in patients undergoing lumbar spinal

surgery: modulation by perioperative treatment

with naproxen and famotidine. Eur Spine J 2004;

13:367–73.

23. Van Iperen CE, Kraaijenahgen RJ, Biesma DH, Beguin

Y, Marx JJM, van de Wiel A. Iron metabolism and

erythropoiesis after surgery. Br J Surg 1998;85:41–5.

24. Cook JD. Diagnosis and management of iron-

deficiency anaemia. Best Pract Res Clin Haematol

2005;18:319–32.

25. Garcı́a-Erce JA, Cuenca J, Martı́nez F, Cardona
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2000, pp. 251–8.

35. Maniatis A. The role of iron in anaemia management:

can intravenous iron contribute to blood conserva-

tion? ISBT Sci Ser 2008;3:139–43.

36. Cuenca J, Garcı́a-Erce JA, Martı́nez F, Cardona R,
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51. Muñoz M, Breymann C, Garcı́a-Erce JA, Gómez-
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CHAPTER 28

Current Status of Perisurgical
Erythropoietin Therapy
Lawrence T. Goodnough
Departments of Medicine and Pathology, Stanford University School of Medicine, Stanford, CA, USA

Introduction

Recombinant human erythropoietin (EPO) therapy
has been approved for use in patients undergoing
autologous blood donation (ABD) in Japan, the Eu-
ropean Union, and Canada since 1993, 1994, and
1996 respectively, and is also approved for perisur-
gical adjuvant therapy in Canada, Australia, the
United States, and the European Union [1]. Emerg-
ing strategies to improve the dose–response rela-
tionship between EPO therapy and red cell produc-
tion include low dose EPO and intravenous iron
therapy, which are to be addressed in this chapter.

Current status of ABD

Since 1992, the percentages of blood collected and
transfused nationally that are autologous have de-
clined substantially (Table 28.1). A recent national,
multicenter study audited current autologous blood
predonation activity and transfusion outcomes for
patients undergoing total joint replacement surgery
[9]. Forty-seven to 65% of patients predonate, on
average, 1.6–2.1 autologous blood units before pro-
cedures ranging from unilateral knee to bilateral
knee arthroplasty or hip revision. Twenty-nine to
55% of these autologous units collected are wasted.
Allogeneic transfusion outcomes are detailed in Ta-
ble 28.2. The benefit of autologous blood predona-

tion can be seen to reduce the likelihood of allo-
geneic blood exposure by approximately two-thirds
for patients who are nonanemic and by approxi-
mately one-third in patients with baseline anemia
(Hct � 39%), when compared to patients who do
not predonate autologous blood before total joint
arthroplasty.

Clinical trials of EPO therapy

Patients donating autologous blood under stan-
dard conditions (i.e., one blood unit weekly [4, 5]
have an inadequate response of endogenous EPO
to blood loss anemia, suggesting a role for EPO
therapy in facilitating ABD. This was confirmed
[6, 7] in a study comparing aggressive ABD (up
to six units over a 3-week preoperative interval)
with EPO therapy in patients undergoing orthope-
dic surgery. However, a subsequent clinical trial [8]
in orthopedic patients demonstrated that for autol-
ogous blood donors who were not anemic (hema-
tocrit � 39%) at first donation, no clinical bene-
fit (defined as reduced allogeneic blood exposure)
was seen with EPO therapy when compared to ag-
gressive autologous phlebotomy alone. Thus, for
nonanemic patients, ABD remains an option if they
can tolerate aggressive blood phlebotomy (i.e., up
to six units over for 3 weeks) and thereby achieve
stimulation of erythropoiesis via their endogenous
EPO response [9].

For anemic (hematocrit ≤ 39%) autologous
blood donors, a European clinical trial demon-
strated that EPO therapy (300 or 600 U/kg i.v. in six
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Table 28.1 Approval of status of recombinant human erythropoietin therapy in surgical anemia.

United States Canada European Union* Australia Japan

Autologous blood donation 1996 1994 1996 1993
Surgery 1996† 1996 1998‡ 1996 Under review

*Approval dates for France, Germany, Italy, and the United Kingdom are the same as for other countries of the European
Union.
†Non-cardiac, non-vascular surgery.
‡Orthopedic surgery.

doses) reduced exposure to allogeneic blood dur-
ing orthopedic surgery when compared to placebo-
treated patients [10]. However, this result was only
achieved with concurrent administration of both
intravenous and oral supplemental iron. A sub-
sequent US trial with supplemental oral iron and
EPO therapy (600 U/kg i.v. in six doses) could not
demonstrate reduced allogeneic blood transfusions
when compared to placebo-treated patients [11]
largely because a substantial percentage of the pa-
tients were either severely anemic (hematocrit �

33%) or were iron deficient upon entry into the
clinical trial.

Several studies have evaluated perisurgical EPO
therapy in nonanemic orthopedic surgical patients
without autologous blood procurement. Both a
Canadian [12] and two US studies [13, 14] were
able to show that EPO-treated (300 U/kg s.q. × 14
days, beginning nine days preoperatively) patients
had one half the rate of exposure (approximately
25%) to allogeneic blood as the placebo-treated pa-
tients (approximately 50%), despite mean initial
hemoglobin levels that exceeded 130 g/L for pa-
tients in both studies. On the basis of these clinical

trials, EPO therapy was approved for perisurgical
use in Canada and the United States in 1996.

EPO therapy and erythropoietic
response

An analysis of the relationship between EPO dose
and the response in red blood cell production [15]
has demonstrated a good correlation [Figure 28.1].
EPO-stimulated erythropoiesis is independent of
age and gender [16], and the variability in response
among patients is partly due to iron-restricted ery-
thropoiesis [17]. There is no evidence that surgery
or EPO therapy affects the endogenous EPO re-
sponse to anemia or the erythropoietic response to
EPO [18].

Red blood cell expansion is seen with an in-
crease in reticulocyte count by day 3 of treatment
in nonanemic patients treated with EPO who are
iron-replete [4]. As illustrated in [Figure 28.2], the
equivalent of one blood unit is produced by day
7 and the equivalent of five blood units produced
over 28 days [5]. If three to five blood units are

Table 28.2 Collection and transfusion of autologous blood in the United States.

Source 1980 1986 1989 1992 1994 1997

Transfused antologous, 1000s (% of total) n/a n/a 369 (3.1) 566 (5.0) 482 (4.3) 421 (3.7)
Total 9,934 12,159 12,059 11,307 11,107 11,476

Collected antologous, 1000s (% of total) 28 (0.25) 206 (1.5) 655 (4.8) 1,117 (8.5) 1,013 (7.8) 611 (4.9)
Total 11,174 13,807 13,554 13,169 12,908 12,550

*Modified from Goodnough et al. NEJM 1999;340:439 with permission.
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Figure 28.1 The dose and response relationship
between total (cumulative) amount of erythropoietin
(EPO) administered (units per kg body weight for six
treatments over 3 weeks) and the red blood cell volume
increase (ml per kg body weight) during the preoperative
interval for patients treated intravenously with placebo,
150 U/kg, 300 U/kg, and 600 U/kg. Doses of
erythropoietin are given in total (cumulative) units per
kilogram of body weight for all six treatments combined
over a period of 3 weeks; increases in red cell volume are
given in milliliters per kilogram of body weight. The
dotted lines indicate the 95 percent confidence interval.
Reproduced from Goodnough et al. J Amer Coll Surg
1994;179:171–176 [15] with permission from Elsevier.

necessary to minimize allogeneic blood exposure
in patients undergoing complex procedures such as
orthopedic joint replacement surgery, the preop-
erative interval necessary for EPO-stimulated ery-
thropoiesis can be estimated to be 3–4 weeks.

Normal individuals have been shown to have
difficulty providing sufficient iron to support rates
of erythropoiesis that are greater than three times
basal [19]. A recent study confirmed that the max-
imum erythropoietic response in the acute setting,
seen in EPO-treated patients with measurable stor-
age iron, is approximately four times basal marrow
RBC production [17]. Previous investigators have
shown that conditions associated with enhanced
plasma iron and transferrin saturation are neces-
sary to produce a greater marrow response, such
as in patients with hemochromatosis [20], or in

patients supplemented with intravenous iron ad-
ministration [21]. In hemochromatosis, marrow re-
sponse has been estimated to increase by six to
eightfold over baseline RBC production with ag-
gressive phlebotomy [20]. The term “relative iron
deficiency” has thus been termed by Finch [22] to
occur in individuals when the iron stores are nor-
mal but the increased erythron iron requirements
exceed the available supply of iron.

A previous study demonstrated with ferrokinetic
studies that iron supplementation with at least 100
mg elemental iron per day taken with food, can
cover the increased iron needs from exogenous
EPO in autologous blood donors [23]. For all pa-
tients, initial storage iron status was not a clini-
cally important limitation for red blood cell produc-
tion in the presence of oral iron supplementation
[17]. For iron-replete patients, however, there was
a significant relationship between storage iron and
marrow response in patients receiving EPO ther-
apy [Figure 28.3]. These results suggest that storage
iron is important for maintaining sufficient plasma
transferrin saturation for optimal erythropoiesis.

Iron therapy

In circumstances with significant ongoing iron
losses, oral iron does not provide enough iron to
correct the iron-deficient erythropoiesis, and intra-
venous iron therapy should be considered. Renal
dialysis patients have such blood losses, and the
role of intravenous iron therapy has been best de-
fined in clinical trials achieving target hematocrit
levels in this setting. Addressing iron deficiency
with intravenous iron therapy allows correction of
anemia along with utilization of lower EPO dosage
[24]. Another role for intravenous iron therapy is
in the arena of bloodless medicine and bloodless
surgery programs for patients who refuse blood
transfusions on the basis of religious beliefs [25].
Common clinical settings here include pregnancy
[26] and patients with dysfunctional uterine bleed-
ing who are scheduled for hysterectomy [27].

Currently there are four commercially available
preparations. Intravenous iron therapy has been
closely scrutinized for risks and adverse events.
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Figure 28.2 Red cell (RBC) production during autologous blood donation, in 23 placebo treated (white circles) and 21
erythropoietin-treated (black circles) patients. Data points represent calculated RBC production (mL) at donation visit 1
through 6, the post study visit, and hospital admission. RBC production is indicated by polynomial regression curve for
each treatment group (n = 44 at each point). The rate of RBC production can be derived for any preoperative interval.
The mean cumulative interval since donation visit 1 was 3.5 days to visit 2, 7.2 days to visit 3, 10.6 days to visit 4, 14.2
days to visit 5, 17.6 days to visit 6, 20.9 days to visit 7 (poststudy visit) and 26.3 days to visit 8 (hospital admission).
Reproduced from Goodnough LT et al. Transfusion 1992; 32:441–445 [6] with permission from Blackwell Publishing
Ltd.

Imferon (Iron Dextran BP) is an iron preparation
previously associated with a 0.6% risk of life threat-
ening anaphylactoid reactions and 1.7% risk of se-
vere, delayed reactions that were serum sickness-
like and characterized by fever, arthragias, and
myalgias [28]. An increased incidence of delayed
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Figure 28.3 The relationship between initial storage
iron (mg) and red blood cell volume expansion (ml/kg)
in patients who received erythropoietin therapy. Linear
regression analysis demonstrated a significant correlation
(r = 0.6, p = 0.02). Reproduced from Goodnough et al.
[17] with permission from Blackwell Publishing Ltd.

reactions of up to 30% and severe reactions of
5.3% was subsequently described [29]; this prod-
uct was eventually withdrawn from use.

InFed (Iron Dextran USP, Schein Pharm Corp.,
Florham Park, NJ) is currently approved for par-
enteral (intramuscular or intravenous) use, with
widespread experience in intravenous adminis-
tration in renal dialysis patients. Clinical studies
have shown that InFed administered intravenously
during the dialysis procedure was associated with
clinically significant adverse reactions in 4.7% of
patients, of which 0.7% were serious or life-
threatening, and another 1.75% were character-
ized as anaphylactyoid reactions [30]. The preva-
lence of these reactions does not appear to differ
among patients receiving low-dose (100 mg) or
higher-dose (250–500 mg) infusions [31]. A recent
review reported 196 allergic/anaphylaxis cases with
the use of iron dextran in the United States be-
tween 1976 and 1996, of which 31 (15.8%) were
fatal [32].

Safety aspects of parenteral iron in patients with
end-stage renal disease for iron dextran, ferric glu-
conate, and iron saccharate have been scrutinized
[33]. Iron saccharate is a preparation available in
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Europe but not in the United States, in which aller-
gic reactions are very rare. Possible adverse effects
include a metallic taste, arthralgia, chest pain, or
brochospasm [33–35]. Ferric gluconate (Ferrlecit,
Schein Pharm Corp., Florham Park, NJ) was ap-
proved for use in the United States in February
1999 as an intravenous iron preparation in renal
dialysis patients. Dosage of Ferrlecit is limited to
125 mg over a 1-hour infusion at each administra-
tion [36]. The rate of allergic reactions (3.3 episodes
per million doses) appears lower than iron dextran
(8.7 episodes per million doses) and the safety pro-
file of iron gluconate is substantially better; among
74 adverse events reported as severe reported with
its use from 1976 to 1996, there were no deaths
[32].

Adverse events that have been reported asso-
ciated with ferric gluconate include hypotension,
rash, chest, or abdominal pain, with an incidence of
less than 5% [37]. Another potential adverse effect
of intravenous iron therapy is a clinical syndrome
of acute iron toxicity (nausea, facial reddening, and
hypotension), which has been attributed to over-
saturation (�100%) of transferrin. This has been
described with rapid infusion of ferric gluconate
(62.5–125 mg within 30 minutes) in a study of 20
dialysis patients [38]. However, a recent report dis-
puted the existence of this effect (i.e., oversatura-
tion of transferrin) by demonstrating that two lab-
oratory assays for measurement of serum iron yield
misleading results for transferrin saturation if per-
formed within 24 hours after infusion [39]. Serious
reactions (including one hypotensive event) were
reported in only three (1.3%) of 226 patients un-
dergoing renal dialysis while treated with ferric glu-
conate in one European study [40].

The clinical setting for which intravenous iron
is to be used should determine which prepara-
tion is chosen [41]. For total dose infusion, iron
dextran is required because the iron salts cause
dose-dependent gastrointestinal or vasoactive reac-
tions at doses above 200–400 mg [42]. The pre-
ferred dextran is the LMW preparation as the HMW
preparation is associated with a significantly higher
incidence of serious acute events [43, 44]. For pa-
tients receiving cyclical therapies, such as cancer
chemotherapy or dialysis, the iron salts, or LMW

ID, can be used as short 100- to 400-mg infusions
[42, 45, 46]. However, settings such as the preop-
erative period, pregnancy, menometrorrhagia, gas-
tric bypass, and uncomplicated iron deficiency in
those intolerant to oral iron, a total dose infusion
of LMW iron dextran is more convenient, equally
efficacious, and far less expensive. Three studies
comparing LMW ID with the two salts show no
difference in efficacy or toxicity among the three
products, but demonstrate considerable savings and
increased convenience with LMLW ID [47–49].

Previous studies [50] have shown that the in-
creased erythropoietic effect (4.5–5.5 times basal)
of intravenous iron dextran (with an estimated
half-life of 60 hours) is transient and lasts
7–10 days, after which the iron is sequestered
in the reticuloendothelial system, and erythro-
poiesis returns to 2.5–3.5 times normal [51]. A
dose–response relationship of EPO and erythro-
poiesis that is affected favorably by intravenous
iron, even in iron replete individuals, has impor-
tant implications for EPO dosage [52], especially if
the cost of therapy is taken into account. Current
recommended EPO dosage to be administered in
patients scheduled for elective surgery range from
1800 U/kg [53] to 4200 U/kg total dosage [13, 54],
which for a 70-kg patient would cost $1300–3000
[55]. However, an economic analysis of EPO ther-
apy in patients undergoing orthopedic surgery con-
cluded that even with the lower currently recom-
mended (1800 U/kg) total dosage, EPO therapy is
not cost-effective [56]. Intravenous iron may po-
tentiate the erythropoietic response in the setting
of EPO therapy by improving iron-restricted ery-
thropoiesis induced by EPO therapy.

Economic considerations

The costs associated with EPO therapy and the po-
tential impact of reimbursement policies are im-
portant issues in the setting of surgical anemia, as
has been the case in medical anemia [55]. Costs
associated with EPO therapy may be lowered by
strategies that improve the dose and response re-
lationship. One study [54] demonstrated that four
weekly injections of subcutaneous EPO (600 U/kg)
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Table 28.3 Allogeneic blood transfusion outcomes in patients undergoing total joint replacement: USA 1996–1997.

Autologous blood predonated Yes (n = 5741)
Procedure No (n = 3741) Non-anemic Anemic (Hct < 39%)

Knee
Unilateral 18 6 11
Revision 30 11 18
Bilateral 57 16 21
Hip
Unilateral 32 9 14
Bilateral 59 21 33

*Modified, from Bierbaum et al. J bone J Surgery 1999;81A:2–10.
†Data shown represent (%) of patients receiving allogenic blood.

was less costly but was just as effective as a daily
dose of EPO (300 units per kilogram for 14 doses).
A similar regimen (300 U/kg × 6 for over 3 weeks)
was recently recommended for administration of
EPO in surgery [57]. However, an economic anal-
ysis of EPO therapy in orthopedic surgery con-
cluded that with these doses, EPO therapy was not
cost-effective [56]. One report demonstrated ery-
thropoietic responses with EPO dosage as low as
100 U/kg s.q. administered weekly, although not
clinical outcomes were studied [56]. These regi-
mens [12–14] remain expensive, and when unac-
companied by autologous blood procurement, are
still associated with an allogeneic exposure rate
of 16–25%. The costs of EPO therapy ($0.01/unit
[51]) for a 70-kg patient in selected clinical trials is
summarized in Table 28.3.

A review of randomized trials concluded that the
optimal dose of perioperative EPO therapy remains
to be established [59]. Nevertheless, the superior-
ity of EPO therapy when compared to ABD in re-
ducing allogeneic blood exposure during total joint
replacement procedures was reaffirmed in a recent
multicenter study [60].

Safety considerations

A randomized, controlled study (SPINE) evaluated
681 patients undergoing spinal surgery who re-
ceived either epoetin alfa and standard of care
(SOC) or SOC alone. These patients did not receive

prophylactic anticoagulation. Preliminary analysis
showed a higher incidence of deep vein thrombo-
sis in the epoetin alfa group than the SOC cohort
(4.7% vs 2.1%) [61]. Twelve patients in the epo-
etin alfa group and 7 in the SOC had additional
thrombotic vascular events. These findings have re-
sulted in a black box warning for perisurgical use
of epoetin alfa in the United States, in which, “An-
tithrombotic prophylaxis should be strongly consid-
ered when Procrit is used to reduce allogeneic red
blood cell transfusions.”

Conclusion

The use of EPO therapy in the perisurgical setting,
as well as in oncology, is undergoing re-evaluation
in light of recent safety concerns. Supplementa-
tion with intravenous iron therapy may improve
the dose–response relationship between EPO ther-
apy and erythropoiesis therapy addressing some of
the safety concerns. Clinical studies are needed to
address these issues.
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CHAPTER 29

Erythropoietin and Iron Therapy in
Patients with Renal Failure
Lucia Del Vecchio & Francesco Locatelli
Department of Nephrology, Dialysis, and Renal Transplantation, Alessandro Manzoni Hospital, Lecco, Italy

Introduction

Anemia is a common complication of chronic kid-
ney disease (CKD). It is characterized by a reduced
ability of the damaged kidney to produce erythro-
poietin (EPO), the hormone involved in prolifera-
tion and maturation of red blood cells in the bone
marrow. Left untreated, anemia may significantly
impair quality of life, increase cardiovascular risk,
and reduce long-term survival.

Previously, treatment options were essentially
limited to blood transfusions; however, since the
late 1980s, the availability of recombinant hu-
man erythropoietin (rHuEPO) has revolutionized
the management of anemia in CKD patients. To-
day, erythropoiesis-stimulating agents (ESAs) are
the main tool for anemia correction in CKD pa-
tients.

Treatment indications

Anemia develops early in the course of CKD and it
affects nearly all patients with CKD stage 5; treat-
ment with ESAs is a well-established practice that is
able to reduce symptoms and complications of ane-
mia. ESA therapy should be given to treat anemia
to all CKD patients with a hemoglobin (Hb) level
persistently below 11 g/dL after having ruled out
all other causes of anemia. This applies to all CKD

stages, from the early phases to patients receiving
renal replacement therapy [1, 2]. Letting Hb levels
fall too much before starting treatment exposes pa-
tients to reduced quality of life and increased mor-
bidity. Moreover, patients starting ESA with very
low Hb levels need higher ESA doses than those
with milder anemia. In order to anticipate Hb de-
creases, anemia workup should be started before
Hb levels are below 11 g/dL (�13.5 g/dL in adult
males, �12.0 g/dL in adult females [2].

Aim of treatment: hemoglobin
target

A number of observational studies have described
a clear relationship between anemia and mortal-
ity in CKD patients [3–5]. This is probably due to
the impact of chronic anemia on cardiac function,
as it causes vasodilatation, cardiac dilation, and in-
creased cardiac output, leading to left ventricular
dilation and compensatory hypertrophy.

Starting from this clear association, the availabil-
ity of an effective therapy to treat renal anemia
raised the question whether correcting anemia may
improve patient outcome. Several intervention
studies have been performed to test this hypoth-
esis. Many of them were also aimed at verifying
whether complete rather than partial correction
of renal anemia through rHuEPO administration
would lead to the best results in terms of survival
or surrogate end points (left ventricular mass,
quality of life, and CKD progression). This is also
important in pharmacoeconomic terms: heading
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to higher Hb targets implies higher ESA doses.
Currently, randomized clinical trials [6–9] and
meta-analyses [10, 11] do not suggest any major
effect of complete anemia correction on hard,
intermediate, or surrogate end points, except for
quality of life. Considering these findings, there is
wide international agreement that today the most
reasonable Hb target should be of 11–12 g/dL [12].

The effect of Hb target on progression of kidney
disease in patients not on dialysis is unclear. Indi-
vidual trials showed either prolongation of kidney
survival, acceleration of progression to kidney fail-
ure, or no effect, but many of the trials were under-
powered to detect potentially relevant effects in ei-
ther direction. For this reason, this aspect is not cur-
rently taken into account by international guide-
lines for the definition of the optimal Hb target.

Types of ESAs

Erythropoietin is a hydrophobic protein of 165
amino acids stabilized by three N-glycans and one
O-linked sugar chain; the carbohydrate content is
essential to stability and plays some important roles
in the activity and biosynthesis of the molecule.
The sialic acid-containing carbohydrate content of
the molecule is directly related to its serum half-
life and in vivo biological activity but is inversely
related to its receptor binding affinity. Currently,
five different types of ESAs are available in the
market: epoetin alfa, epoetin beta, epoetin omega
(only in Central and Eastern Europe), darbepoetin
alfa, and continuous erythropoiesis receptor activa-

tor (CERA). Mean half-life of ESAs are summarized
in Table 29.1.

Epoetin alfa and epoetin beta are both synthe-
sized in Chinese hamster ovary cells and share the
same amino acid sequence as endogenous EPO; but
differences in the manufacturing process between
the two glycoproteins translate into slight differ-
ences in their carbohydrate moieties [13] as well
as their pharmacokinetic and pharmacodynamic
properties [14]. Epoetin omega is synthesized in
baby hamster kidney cells [15]. It differs from
epoetin alfa and epoetin beta in the proportion
of O-glycosylation [16]. Epoetin delta shares
the same amino acid sequence as endogenous
EPO but is synthesized in human cells [17, 18].
This process circumvents problems arising from
species-dependent differences in protein folding or
posttranslational modification. It has been retired
from the market recently.

Darbepoetin alfa is a hyperglycosylated EPO ana-
log designed for prolonged survival in the circula-
tion and thus greater biological activity. Like epo-
etin alfa and epoetin beta, darbepoetin alfa is pro-
duced in Chinese hamster ovary cells. Darbepoetin
alfa differs from EPO in the amino acid sequence
at five positions and contains five N-linked carbo-
hydrate chains instead of three [19]. As a result, it
has increased molecular weight (37,100 Da com-
pared to 30,400 Da), sialic acid content (22 com-
pared to 14 sialic acid residues) and negative charge
compared with EPO. In Sprague–Dawley rats, dar-
bepoetin alfa given intravenously had greater in
vivo efficacy than rHuEPO. This increased biologi-
cal activity was due to an increase in the circulating

Table 29.1 Mean half-life ± SD of
ESA expressed in hours according to
administration route.

Intravenous Subcutaneous

Epoetin alfa [14] 6.8 ± 2.7 19.4 ± 10.7
Epoetin beta [14] 8.8 ± 2.2 24.2 ± 11.2
Epoetin omega ND ND
Epoetin delta [68] 9.9 (SD not available) 33.1 (SD not available)
Darbepoetin alfa [69] 25.3 ± 7.3 48.8 ± 12.7
CERA [70] 134 ± 19* 139 ± 20†

*CERA dosage of 0.4 �g/kg.
†CERA dosage of 0.8 �g/kg.
CERA, continuous erythropoiesis receptor activator.
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half-life, which counterbalanced a lower relative
affinity for the EPO receptor than that of rHuEPO.
On the basis of the peptide mass, 200 IU of epoetin
alfa is equivalent to 1 �g of darbepoetin alfa.

CERA is a large molecule, approximately twice
the size of EPO that was created by integrating
a single polymer chain into the erythropoietin
molecule. In vitro, CERA dissociates faster from the
soluble erythropoietin receptor than epoetin beta.
It has been suggested that the binding of CERA to
the EPO receptor is too brief for internalization, re-
sulting in repeated cycles of receptor binding, stim-
ulation, and dissociation, and consequent increased
erythropoietic activity [20]. In 2007, the European
Commission approved its use to treat anemia asso-
ciated with CKD and its entering the market at the
beginning of 2009.

In addition to these molecules, new agents are
under clinical development. Hematide, a synthetic,
dimeric, pegylated peptide derived from original re-
search on the EPO mimetics, is undergoing Phase
II and III of its clinical trial program [21]. Its pri-
mary amino acid sequence is unrelated to that of
rHuEPO. In 28 healthy male volunteers, hematide
showed a dose-dependent increase in reticulocytes;
the 0.1 mg/kg dose seemed to be the most effec-
tive with sustained activity for longer than 1 month
[21].

Clinical use of ESAs

All ESAs are effective in correcting renal ane-
mia and increasing Hb levels. However, ESAs dif-
fer in amino acid sequence, carbohydrate content,
charge, and molecular weight. These characteris-
tics influence their half-life and biological activity
and thus their clinical use. Moreover, their phar-
macokinetic and pharmacodynamic properties vary
according to the route of administration. This is to
be chosen not only according to ESA characteristics
and economical considerations but also after tak-
ing into account CKD stage and the type of renal
replacement therapy. In general, the intravenous
route is more convenient for hemodialysis patients,
whereas the subcutaneous one is preferable in all
other CKD patients.

ESA dose requirements are rarely predictable in
the individual patient and thus need to be titrated
according to Hb increases. In general, predialysis
patients are likely to need smaller doses than pa-
tients with CKD Stage 5. As a rule, during the
correction phase, ESA requirements are 20–30%
higher than during the maintenance phase. In or-
der to avoid side effects and/or adverse events (hy-
pertension, seizures, vascular access thrombosis),
Hb should be increased slowly during the correc-
tion phase, by no more than 1–2 g/dL per month.
In general, dose adjustment should not be made in
the first month after the start of treatment, and not
more often than every 2 weeks thereafter, as time
is needed before significant Hb changes following
dose or schedule modifications will be observed.
These modifications should be determined by the
rate of increase in Hb levels during the correc-
tion phase, their stability during the maintenance
phase, and the frequency of Hb testing (at least
monthly) [2]. When Hb levels exceed the target,
it is warranted to decrease ESA dose, but preferably
not to interrupt treatment. Indeed, this may cause
Hb to decrease too much, requiring new ESA treat-
ment at higher doses, eventually leading to exces-
sive Hb cycling. Hb cycling has recently been cited
as a risk factor for increased mortality in hemodial-
ysis patients [22].

Epoetin alfa
Epoetin alfa is administered two or three times
weekly either intravenously or subcutaneously.
Frequency of administration can reasonably be set
at once per week in stable HD patients with low
dose requirements or in predialysis patients. How-
ever, this practice is not supported by clinical trials.
In 2002, following the upsurge of pure red cell apla-
sia (PRCA) cases, its administration by the subcuta-
neous route was no longer licensed for treatment
of CKD patients in many countries. Currently, the
subcutaneous use of Eprex R© has been readmit-
ted when the vascular access is not available in
conjunction with an extensive pharmacovigilance
plan.

Generic formulations of epoetin alfa have been
approved by European Medicines Agency and en-
tered the European Union market.
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Epoetin beta
Dose requirements to maintain target Hb levels are
significantly lower when epoetin beta is adminis-
tered subcutaneously compared with intravenously
[23]; current treatment guidelines recommend the
subcutaneous route of administration of epoetin
beta in order to minimize treatment costs [1, 2].
Like epoetin alfa, epoetin beta has been adminis-
tered two to three times weekly. However, studies
evaluating less frequent administration regimens
have demonstrated that once weekly subcutaneous
administration during the maintenance phase
has the same efficacy as the three-times-weekly
regimen [24,25].

Darbepoetin alfa
Given its longer half-life than rHuEPO, darbepoetin
alfa can be administered once a week [26–28] or
once every other week [29]. According to the label,
the drug can be administered also once a month.
In dialysis patients, this may require higher doses
to achieve a given Hb target compared with more
frequent administration. Data from secondary anal-
yses [27, 28] and from one prospective, random-
ized crossover, study [30] suggest that dose re-
quirements are independent of the administration
route. In other words, patients given the drug in-
travenously need the same dose as that given sub-
cutaneously.

Continuous erythropoietin receptor
activator
Phase II [31, 32] and III [33, 34] studies indicate
that CERA corrects anemia and maintains Hb lev-
els within guideline targets when administered up
to once monthly in predialysis and dialysis pa-
tients. The most suitable starting dose seems to be
0.60 �g/kg given twice monthly.

Dialysis adequacy and response
to ESAs

A clear relationship among Hb levels, ESA dose and
increase in dialysis dose has been pointed out by a
number of prospective or retrospective studies [35,
36]. This is particularly true in patients receiving in-

adequate dialysis [35]. Increasing attention has also
been paid to the relationship between dialysis, in-
creased inflammatory stimulus, and ESA response,
as dialysate contamination and low-compatible
treatments may increase cytokine production and
consequently inhibit erythropoiesis. The biocom-
patibility of dialysis membranes and flux are other
important factors. However, in highly selected, ad-
equately dialyzed patients without iron or vitamin
depletion, the effect of these treatment modalities
on anemia seems to be smaller than expected [37].
The role of online treatments is still controversial,
given that it is still difficult to discriminate between
the effect of online hemodiafiltration per se from
that of an increased dialysis dose [38].

Failure to respond to treatment

Dose requirements to achieve anemia correction
are quite variable and poorly predictable in the in-
dividual patient. However, a number of patients
need a greater than usual ESA dose and are de-
fined as hyporesponsives. According to the last re-
vision of the European Best Practice Guidelines
(EBPG) [1], resistance to ESA treatment is de-
fined as a continued need for �20,000 IU/week
(300 IU/kg/week) of rHuEPO administered subcu-
taneously or 1.5 �g/kg of darbepoetin alfa (greater
than 100 �g/week); this means that resistant pa-
tients require more than 2.5 times the average ESA
dose. The true incidence of ESA hyporesponsive-
ness is still a matter of study, and probably dif-
fers from country to country (in the United States
it is likely to be higher than in Europe). Accord-
ing to the definition above, the prevalence of resis-
tance to ESA was only of 2.4% in a recent cross-
sectional study of 550 Italian hemodialysis patients
[39]. Conversely, the prevalence of hyporespon-
siveness to ESA was much greater in a cohort from
a large dialysis organization (DaVita) in the United
States (43% of the patients received more than
18,000 IU/week of rHuEPO) [22]. In this popu-
lation of nearly 60,000 subjects, requiring higher
ESA doses was a marker of higher death risk. Hy-
poresponsiveness also occurs in predialysis patients
[40].
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Causes of incomplete response to ESAs are sum-
marized in Table 29.2. The most common one is
iron deficiency—absolute or functional. According
to an Italian cross-sectional study [39], 16% of
the patients had a transferrin saturation (TSAT) of
less than 15%, which is considerably below that
recommended in the EBPG and the National Kid-
ney Foundation-Kidney Disease Outcomes Qual-
ity Initiative (KDOQI) guidelines. Occult blood
loss, infection, inflammation, and inadequate dial-
ysis are also important causes. In recent years,
increasing attention has been paid to the rela-
tionship between dialysis, increased inflammatory
stimulus, malnutrition, and ESA response [39, 41].
Angiotensin-converting enzyme (ACE) inhibitors
and angiotensin II receptor antagonists may also
play a role. Compliance should be checked in pa-
tients self-administering an ESA.

Pure red cell aplasia

Antibody-mediated PRCA is a serious adverse event
related to ESA therapy. In this disease, epoetin-
induced antibodies neutralize all the exogenous

rHuEPO and cross-react with endogenous EPO.
As a result, serum EPO levels are undetectable
and erythropoiesis becomes ineffective. Despite the
widespread use of rHuEPO, PRCA remained a very
rare complication for many years. Since 1998, the
number of reported cases has increased dramati-
cally [42]; the majority of the cases were observed
in patients treated with subcutaneous Eprex R©
(Janssen-Cilag BV, Tilburg, the Netherlands), the
epoetin alfa produced outside the United States.
The upsurge coincided with the substitution of hu-
man serum albumin by polysorbate 80 in the Eprex
formulation. Polysorbate 80 may elicit the forma-
tion of epoetin-containing micelles that could be
immunogenic. Alternatively, leachates released by
uncoated rubber stoppers of prefilled syringes may
interact with polysorbate 80 and act as an adjuvant
of the immune reaction. After December 2002, the
subcutaneous use of Eprex in CKD patients was
contraindicated in Europe by regulatory authori-
ties and was strongly discouraged in Canada and
Australia. Starting from 2003, the number of re-
ported cases dramatically dropped. This may have
been caused by the shift in administration route,
reinforcement of product cold chain, or elimination
of uncoated rubber syringe stoppers. Interestingly,

Table 29.2 Main causes of resistance
to treatment with ESA. Chronic kidney disease

Related Unrelated

Iron deficiency
√ √

Chronic blood loss
√ √

Chronic infections and inflammation
√

Malnutrition
√ √

Hyperparathyroidism/osteitis fibrosa
√

Aluminum toxicity
√

Malignancies
√

Multiple myeloma, myelofibrosis
√

Hemoglobinopathies
√

Hemolysis
√ √

Vitamin deficiencies (e.g., folate or vitamin B12)
√ √

Dialysis-related carnitine deficiency
√

Inadequate dialysis
√

Cytotoxic and immunosuppressive agents
√

ACE inhibitors or ARBs
√

Pure red cell aplasia
√

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker.
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despite of the large use of rHuEPO in oncology,
cases were identified only in CKD patients.

The number of reported cases of PRCA has de-
creased sharply since 2003 and with no more cases
reported in 2007. This may be due to a change in
the route of administration, the reinforcement of
the product cold chain or the elimination of un-
coated rubber syringe stoppers.

Other complications of ESA
treatment

Despite their widespread use, ESAs are effective
and safe products. Nevertheless, a number of com-
plications are described (Table 29.3).

Hypertension
A number of pathophysiological mechanisms may
explain ESA-induced rise in blood pressure [43].
The increase in blood viscosity secondary to ane-
mia correction appears to be the most obvious
one. This is particularly true when anemia correc-
tion is achieved too rapidly or higher Hb targets
are reached [11]. However, blood pressure changes
are often not clearly related to achieved Hb levels.
Moreover, even single dose administrations of ESA
are capable of inducing hypertension in some pa-
tients. Enhanced vascular reactivity and vasocon-
strictor responses have been suggested to play a
role.

Seizure
Seizure was first reported in early clinical trials in
patients who developed severe hypertension in as-

Table 29.3 Most common side effects of ESA therapy.

Hypertension
Seizure
Diabetic retinopathy
Thrombotic complications
Vascular access thrombosis
Metabolic disturbances
Headache
Injection-site pain
Pure red cell aplasia

sociation with a rapid increase in hematocrit [44].
Nowadays, this side effect is quite rare.

Thrombotic complications
An association of ESA therapy with vascular
thrombotic events has been suggested. This compli-
cation is more likely when Hb is increased too fast
or when it largely exceeds the target, especially in
patients with diabetes or already established cardio-
vascular disease [6,7]. According to a recent meta-
analysis of 9 clinical trials [11], the risk of arteriove-
nous access thrombosis is significantly higher in pa-
tients randomized to near-to-normal Hb levels than
in patients randomized to a lower target.

Headache
Clinical trials have noted a 15–17% frequency of
headaches in patients receiving ESA [45]. However,
the role of ESA is unclear, as end-stage renal dis-
ease patients not receiving ESA have a similar rate
for headache [45]. Headache is generally mild and
usually does not preclude treatment.

Diabetic retinopathy
Erythropoietin increases proliferation of vascular
endothelial cells and is a potential retinal angio-
genic factor. Experimental data suggest that the
binding of EPO to its receptor leads to activation
of the mitogen-activated protein kinase pathway;
this pathway may elicit angiogenesis in diabetic
retinopathy [46]. Today, there is no clinical evi-
dence indicating that ESA is the cause of prolifer-
ative retinopathy.

Iron therapy

In CKD patients, iron therapy is not only aimed
at correcting iron deficiency, but is also an adju-
vant therapy in patients receiving ESA to achieve
and maintain the Hb target. In these patients, iron
stores may be nearly normal, but during ESA treat-
ment, there may be insufficient immediately avail-
able iron to optimize ESA therapy. In this con-
text, iron therapy significantly reduces ESA dose
requirements.
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Iron status
According to clinical needs, iron status testing
should be made every 1–3 months [1,2]. This infor-
mation should then be weighted together with Hb
level, ESA dose, and their trend over time to eluci-
date the status of both external iron balance (gain
or losses) and internal iron balance (distribution of
iron in stores and erythrocytes) [2].

Traditional and more widely used iron tests are
serum ferritin and TSAT levels. However, these are
not optimal tests, as they lack accuracy and sta-
bility. Indeed, they are influenced greatly by in-
flammation and malnutrition, two conditions of-
ten affecting CKD patients. For this reason, there
has been interest in developing other iron sta-
tus tests for use in patients with CKD. Two of
these, the percentage of hypochromic red blood
cells (%HRBC) and the reticulocyte hemoglobin
content (CHr), are the most reliable, providing di-
rect insight into bone marrow iron supply and uti-
lization. According to the data by Tessitore et al.
[47] a %HRBC level greater than 6% is the single
most accurate predictor of response to intravenous
iron treatment in hemodialysis patients. Unfortu-
nately, %HRBC is affected by inflammation and is
positively influenced by erythropoietic activity, as
reticulocytes are considered hypochromic by cell
counters. CHr has been found to be an early pre-
dictor of response to iron therapy in hemodialysis
patients [48]. However, the cutoff of this marker
to discriminate iron deficiency still needs to be
fully clarified [49]. Currently, neither test is as
easy to use, cost-effective, and widely available as
the traditional tests, such as serum ferritin and
TSAT.

The reticulocyte hemoglobin equivalent (RET-
He), recently introduced to determine the forward
scatter of fluorescence-labeled reticulocytes, seems
to be a sensitive indicator of iron-deficiency ane-
mia. Compared with CHr, the value of 30.5 pg for
RET-He appears to be the best cutoff point with a
very good sensitivity and specificity to determine
patients needing iron supplementation [50]. Com-
bined use of CHr and high-fluorescence reticulo-
cyte count is very accurate in predicting response to
intravenous iron therapy in hemodialysis patients
[51].

Soluble transferrin receptor is not affected by
acute inflammation; however, it reflects ongoing
erythropoiesis and not iron availability [52]. Zinc
protoporphyrin (ZPP) concentration has also been
suggested as an indicator of functional iron defi-
ciency. In cases of iron deficiency, zinc replaces iron
in newly formed protoporphyrin IX to form ZPP.
However, ZPP is an inferior measure of iron avail-
ability and ESA response compared with %HRBC
and CHr [1].

An ideal marker of functional iron deficiency
should be independent of erythropoietic activity.
New cell counters are able to determine cell vol-
ume and Hb concentration separately on reticulo-
cytes and mature erythrocytes. According to Bovy
et al. [53], overall RBC was not significantly differ-
ent from RBC assessed only in mature erythrocytes.

Targets of iron therapy
For patients on hemodialysis, the last available in-
ternational guideline on anemia [2] recommends
the following iron targets in hemodialysis patients:
� serum ferritin—200–500 ng/mL
� TSAT—�20% or CHr �29 pg/cell
Support for the guideline comes from several in-
terventional trials [54–57]. The upper limit of
serum ferritin of 500 ng/mL was chosen in or-
der minimize the risks of iron overload, without
denying iron therapy to inflamed patients who
may have high ferritin levels but functional iron
deficit.

Evidence for iron target in CKD patients not on
dialysis and in patients on peritoneal dialysis (PD)
is poorer. In these patients, lower serum ferritin
levels are probably adequate to ensure effective
erythropoiesis with ESA treatment, with a sug-
gested target of 100–500 ng/mL [2].

Iron administration
There is wide consensus that the preferred route of
iron administration is intravenous in hemodialysis
patients; in PD patients and CKD patients not on
dialysis, the route of iron administration can be ei-
ther intravenous or oral [1,2].

Oral iron is absorbed best when given without
food; constipation, diarrhea, nausea, or abdominal
pain limit compliance.
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Iron dextran, ferric gluconate, and iron sucrose
are available for intravenous administration. They
differ in pharmacokinetics, maximum dose size,
maximum rate of infusion [58], and in the rate
of adverse reactions [59, 60]. In particular, ana-
phylactic reactions have been mainly described fol-
lowing administration of iron dextran [61]. This
is particularly true for the high-molecular weight
formulation; ferric gluconate and iron sucrose are
associated with lower rates of serious adverse
events [62, 63]. The safety and the efficacy of
ferumoxytol, a semisynthetic carbohydrate-coated
iron oxide, is undergoing phase III clinical trials
[64].

There are two main approaches to i.v. iron ad-
ministration, both valuable and widely used. The
first is the episodic administration of a series of i.v.
doses when iron tests go below the target; the sec-
ond is the regular administration of smaller doses
to maintain stable iron levels [65]. No randomized
clinical trial so far has compared the efficacy and
safety of these two approaches.

Some worries persist on possible long-term com-
plications of i.v. iron therapy. An increased risk of
infection has been suggested to be associated with
iron overload and iron administration [66]. In ad-
dition, iron therapy may cause in vitro and in vivo
oxidation of lipids and proteins, leading to oxida-
tive damage [67]. Their clinical relevance is still to
be elucidated.
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study investigators. Intravenous methoxy polyethy-

lene glycol-epoetin beta for haemoglobin control in

patients with chronic kidney disease who are on dial-

ysis: a randomised non-inferiority trial (MAXIMA).

Lancet 2007;370(9596):1415–21.

34. Macdougall IC, Walker R, Provenzano R, et al. ARC-

TOS Study Investigators. C.E.R.A. corrects anemia in

patients with chronic kidney disease not on dialysis:

results of a randomized clinical trial. Clin J Am Soc

Nephrol 2008;3(2):337–47.

35. Ifudu O, Feldman J, Friedman EA. The intensity of

hemodialysis and the response to erythropoietin in

patients with end-stage renal disease. N Engl J Med

1996;334:420–25.

36. Coladonato JA, Frankenfield DL, Reddan DN, et al.

Trends in anemia management among US hemodial-

ysis patients. J Am Soc Nephrol 2002;13:1288–95.

37. Locatelli F, Andrulli S, Pecchini F, et al. Effect of

high-flux dialysis on the anaemia of haemodialy-

sis patients. Nephrol Dial Transplant 2000;15:1399–

409.

38. Bonforte G, Grillo P, Zerbi S, Surian M. Improve-

ment of anemia in hemodialysis patients treated



c29 BLBK256-Maniatis July 26, 2010 12:39 Trim: 246mm X 189mm Char Count=

366 Erythropoietin and Iron Therapy in Patients with Renal Failure

by hemodiafiltration with high-volume on-line-

prepared substitution fluid. Blood Purif 2002;20:

357–63.

39. Locatelli F, Andrulli S, Memoli B, et al. Nutritional-

inflammation status and resistance to erythropoi-

etin therapy in haemodialysis patients. Nephrol Dial

Transplant 2006;21:991–8.

40. Rossert J, Gassmann-Mayer C, Frei D, McClellan W.

Prevalence and predictors of epoetin hyporesponsive-

ness in chronic kidney disease patients. Nephrol Dial

Transplant 2007;22:794–800.

41. Kalantar-Zadeh K, McAllister CJ, Lehn RS, et al.

Effect of malnutrition-inflammation complex syn-

drome on EPO hyporesponsiveness in mainte-

nance hemodialysis patients. Am J Kidney Dis

2003;42:761–73.

42. Gershon SK, Luksenburg H, Cote TR, Braun MM.

Pure red-cell aplasia and recombinant erythropoietin.

N Engl J Med 2002;346:1584–6; author reply-6.

43. Zhu X, Perazella MA. Nonhematologic complica-

tions of erythropoietin therapy. Semin Dial 2006;19:

279–84.

44. Edmunds ME, Walls J, Tucker B, et al. Seizures

in haemodialysis patients treated with recombi-

nant human erythropoietin. Nephrol Dial Transplant

1989;4:1065–9.

45. Eschbach JW, Abdulhadi MH, Browne JK, et al. Re-

combinant human erythropoietin in anemic patients

with end-stage renal disease. Results of a phase III

multicenter clinical trial. Ann Intern Med 1989;111:

992–1000.

46. Watanabe D, Suzuma K, Matsui S, et al. Erythropoi-

etin as a retinal angiogenic factor in proliferative dia-

betic retinopathy. N Engl J Med 2005;353:782–92.

47. Tessitore N, Solero GP, Lippi G, et al. The role of

iron status markers in predicting response to in-

travenous iron in haemodialysis patients on main-

tenance erythropoietin. Nephrol Dial Transplant

2001;16:1416–23.

48. Fishbane S, Galgano C, Langley RC, Jr, et al. Retic-

ulocyte hemoglobin content in the evaluation of

iron status of hemodialysis patients. Kidney Int

1997;52:217–22.

49. Horl WH. Clinical aspects of iron use in the anemia of

kidney disease. J Am Soc Nephrol 2007;18:382–93.

50. Garzia M, Di Mario A, Ferraro E, et al. Reticulocyte

hemoglobin equivalent: an indicator of reduced iron

availability in chronic kidney diseases during erythro-

poietin therapy. Lab Hematol 2007;13:6–11.

51. Chuang CL, Liu RS, Wei YH, et al. Early predic-

tion of response to intravenous iron supplementa-

tion by reticulocyte haemoglobin content and high-

fluorescence reticulocyte count in haemodialysis pa-

tients. Nephrol Dial Transplant 2003;18:370–77.

52. Brugnara C. Iron deficiency and erythropoiesis: new

diagnostic approaches. Clin Chem 2003;49:1573–8.

53. Bovy C, Gothot A, Delanaye P, et al. Mature erythro-

cyte parameters as new markers of functional iron de-

ficiency in haemodialysis: sensitivity and specificity.

Nephrol Dial Transplant 2007;22:1156–62.

54. Besarab A, Amin N, Ahsan M, et al. Optimization

of epoetin therapy with intravenous iron therapy in

hemodialysis patients. J Am Soc Nephrol 2000;11:

530–38.

55. DeVita MV, Frumkin D, Mittal S, et al. Target-

ing higher ferritin concentrations with intravenous

iron dextran lowers erythropoietin requirement in

hemodialysis patients. Clin Nephrol 2003;60:335–40.

56. Fishbane S, Shapiro W, Dutka P, et al. A randomized

trial of iron deficiency testing strategies in hemodial-

ysis patients. Kidney Int 2001;60:2406–11.

57. Kaneko Y, Miyazaki S, Hirasawa Y, et al. Transfer-

rin saturation versus reticulocyte hemoglobin content

for iron deficiency in Japanese hemodialysis patients.

Kidney Int 2003;63:1086–93.

58. Danielson BG. Structure, chemistry, and pharmacoki-

netics of intravenous iron agents. J Am Soc Nephrol

2004;15(Suppl. 2):S93–8.

59. Charytan C, Levin N, Al-Saloum M, et al. Efficacy and

safety of iron sucrose for iron deficiency in patients

with dialysis-associated anemia: North American clin-

ical trial. Am J Kidney Dis 2001;37:300–307.

60. Michael B, Coyne DW, Fishbane S, et al. Sodium fer-

ric gluconate complex in hemodialysis patients: ad-

verse reactions compared to placebo and iron dextran.

Kidney Int 2002;61:1830–39.

61. Walters BA, Van Wyck DB. Benchmarking iron

dextran sensitivity: reactions requiring resuscitative

medication in incident and prevalent patients.

Nephrol Dial Transplant 2005;20:1438–42.

62. Chertow GM, Mason PD, Vaage-Nilsen O, Ahlmén

J. Update on adverse drug events associated

with parenteral iron. Nephrol Dial Transplant

2006;21(2):378–82.

63. Auerbach M, Rodgers GM. Intravenous iron. N Engl J

Med 2007;357(1):93–4.

64. Spinowitz BS, Kausz AT, Baptista J, et al. Ferumoxy-

tol for treating iron deficiency anemia in CKD. J Am

Soc Nephrol 2008;19(8):1599–605.

65. Schiesser D, Binet I, Tsinalis D, et al. Weekly low-

dose treatment with intravenous iron sucrose main-

tains iron status and decreases epoetin requirement



c29 BLBK256-Maniatis July 26, 2010 12:39 Trim: 246mm X 189mm Char Count=

Chapter 29 367

in iron-replete haemodialysis patients. Nephrol Dial

Transplant 2006;21:2841–5.

66. Brewster UC, Perazella MA. Intravenous iron and the

risk of infection in end-stage renal disease patients.

Semin Dial 2004;17:57–60.

67. Pai AB, Boyd AV, McQuade CR, et al. Comparison of

oxidative stress markers after intravenous administra-

tion of iron dextran, sodium ferric gluconate, and iron

sucrose in patients undergoing hemodialysis. Phar-

macotherapy 2007;27:343–50.

68. Smith WB, Dowell JA, Pratt RD. Pharmacokinet-

ics and pharmacodynamics of epoetin delta in two

studies in healthy volunteers and two studies in pa-

tients with chronic kidney disease. Clin Ther 2007;29:

1368–80.

69. Macdougall IC, Gray SJ, Elston O, et al. Pharma-

cokinetics of novel erythropoiesis stimulating protein

compared with epoetin alfa in dialysis patients. J Am

Soc Nephrol 1999;10:2392–5.

70. Macdougall IC, Robson R, Opatrna S, et al. Pharma-

cokinetics and pharmacodynamics of intravenous and

subcutaneous continuous erythropoietin receptor ac-

tivator (C.E.R.A.) in patients with chronic kidney dis-

ease. Clin J Am Soc Nephrol 2006;1:1211–15.



c30 BLBK256-Maniatis July 26, 2010 12:39 Trim: 246mm X 189mm Char Count=

CHAPTER 30

Hemoglobin-based Blood Substitutes
G. Deby-Dupont1, Bernadette Remy2 & Maurice Lamy2

1Centre of Oxygen Research and Development, University of Liege, Liege, Belgium
2Department of Anaesthesia and Intensive Care Medicine, University Hospital,
Domaine universitaire du Sart Tilman, Liège, Beligum

The risk of transmission of viral diseases and the
difficulty to perform correct donor screenings in
some countries created the mistrust in the hospi-
tal practice of allogeneic blood transfusion, what,
together with the increase in blood request and
military interest, boosted the development of blood
substitutes. Different solutions have been proposed
[1–4], but this review only deals with hemoglobin
(Hb)-based solutions of the first and second genera-
tions, which have reached the stage of large clinical
assays, are still under development or have entered
clinical trials [5,6].

First attempts to replace blood
with free Hb solutions

The first attempts to replace blood in human were
done in the nineteenth century with solutions of
lysed erythrocytes. Side effects were described such
as fever, chills, headache, and nausea [7, 8]. Fur-
ther studies reported toxic effects, which were at-
tributed to the presence of residual fragments of
erythrocyte membranes and lipids. But, despite
careful purification to obtain stroma-free Hb (SFH),
the administration of a free Hb solution remained
an “at risk” intervention, mainly for its hyperten-
sive effect and rapid catabolism leading to renal
toxicity [7–10].

Hb toxicity is linked to the structure of the
molecule, the presence of the ferrous (Fe2+) iron,

and the binding of oxygen (O2). Hb is a tetrameric
molecule, with 2� and 2� hemic (Fe2+) monomers,
linked by a weak bound between the identical
monomers and a tight bound between the � and �

monomers. Free Hb is rapidly broken into dimers,
which are taken up by plasma proteins and dis-
carded from the circulation. When the binding
capacity of plasma proteins is overwhelmed, the
tetramers and dimers reach the kidney causing
hemoglobinuria and nephrotoxicity. The tetramers
also cross the endothelium and extravasate into the
interstitial spaces (“jaundice-like” syndrome).

Hb in erythrocytes is under the form of oxy-
hemoglobin (high affinity for O2) and deoxyhe-
moglobin (low affinity for O2) [11]. The affinity
for O2 depends on the partial pressure of O2 (pO2)
and the pH (Bohr effect) of the blood. The arte-
rial pO2 corresponding to 50% saturation of the Hb
molecule (P50) is 26–27 mmHg. The transition from
oxy- to deoxyhemoglobin is regulated by allosteric
effectors like 2,3 diphosphoglycerate (2,3-DPG). In
the deoxygenated Hb molecule, a slight modifica-
tion of the monomer structure renders the Fe2+

atom more sensitive to oxidation into Fe3+ gener-
ating methemoglobin (metHb) and producing reac-
tive oxygen species.

Definition of the ideal Hb-based
blood substitute

Solutions of free Hb cannot replace the red
blood cells in all their functions, since Hb is ob-
tained by the lysis of the erythrocytes and further
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Table 30.1 Sources and techniques used to obtain the free Hb molecule, and short description of advantages and
problems for each type of Hb.

Source of Hb Technical way of obtention Advantages Problems

Human blood Hb extraction from
outdated donor blood and
modification of Hb molecule

Cheap source Number of blood donors is
decreasing, improvement of blood
storage diminishes waste blood

Cow blood Hb extraction from
slaughterhoused cow blood

Cheap and abundant. No
need of Hb modification

Possible effects on immune system.
Transmission of disease

Micro-organisms
(genetic engineering)

Genetic modification of
bacteria, fungi, or plants to
produce Hb

Unlimited source of pure
Hb. No ethical or culture
objection

Difficulty and cost of large-scale
production

Transgenic animals Introduction of human
genes producing Hb in
animal fetus and production
by mature individuals

Unlimited source and large
volumes

Ethical objections. Need of complex
Hb extraction.

purified: the numerous components included in the
red blood cell are lost. The term blood substitute is
thus misleading: these solutions are developed pri-
marily with the function of carrying O2 to tissues,
and it is thus more accurate to design them by the
terms “cell-free oxygen carriers,” “Hb-based oxy-
gen carriers (HBOCs)” or “oxygen therapeutics.”
Together with the property of carrying O2, a red
blood substitute must be free of the problems pre-
sented by donated human blood and must have all
the following properties [4,6,7]:
� Free of toxicity and side effects (no chemical reac-
tion, physiological values of pH, viscosity, and on-
cotic pressure);
� Adequate O2 uptake in the lungs and adequate
delivery to tissues;
� Sufficient half-life time in the circulation to avoid
repeated administrations
� Harmful and rapid excretion;
� Stable at room temperature, easy to store, and
easy to use;
� Easy to sterilize (to assure the absence of
pathogens and viruses transmission);
� Cheap to manufacture;
� Widely applicable by no need of crossmatching or
compatibility tests.

First generation of HBOCs

The HBOCs of the first generation are prepared
with free Hb of different sources, after a careful pu-
rification [12]. Two problems to overcome are the
Hb dissociation and the excessive affinity of free
Hb for O2 due to the absence of 2,3-DPG: chemical
modifications of the Hb molecule and its encapsu-
lation try to solve these problems.

Sources of free Hb
The sources of Hb molecules used in the first-
generation HBOCs are summarized in Table 30.1.

Free human Hb is obtained from lysis of the ery-
throcytes from outdated banked blood and care-
fully purified to eliminate stromal remnants, con-
sidered as responsible for undesirable effects, like
vasomotor effects, activation of the complement,
kinin and coagulation systems, nephrotoxicity, in-
terference with macrophage function, antigenic ef-
fects, histamine release, and iron deposits. Free hu-
man Hb has an increased affinity for O2 (P50: 12–14
mmHg) compared with intracellular Hb, because it
lacks the allosteric inhibitor 2,3-DPG [13], and thus
delivers less O2 to the tissues. Human Hb solutions
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have a high colloid oncotic pressure, which limits
Hb concentration to 7 g/dL, and must be stored in
an anaerobic environment to avoid the oxidation
into metHb.

The bovine source is particularly interesting for
easy and cheap access. Bovine free Hb is obtained
by procedures similar to those applied for human
Hb, but does not require 2,3-DPG to control its
affinity for O2. It has a P50 of approximately 30
mmHg, favoring O2 delivery to the tissues. But its
use is limited by the risk of transmission of bovine
spongiform encephalopathy, difficulties with pu-
rification causing persistence of membrane frag-
ments, and the possible production of antibodies
due to infusion of large quantities of bovine pro-
teins.

Recombinant technology has produced a hybrid
Hb product, a synthetic heme bound to recom-
binant human albumin, with a P50 value similar
to that of human erythrocytes and an intravascu-
lar life greater than 36 hours in rats [14]. A re-
combinant human Hb has been produced in Es-

cherichia coli, of which the genome is designed to
produce the native human Hb [15], a di-�-globin
molecule in which the 2 � chains are fused and
cannot dissociate in plasma [16] or the Presby-
terian Hb with a mutation on � chains result-
ing in changes in the allosteric control mechanism
and a lower affinity for O2 [17]. This Hb vari-
ant (Optro R©, Somatogen) has a P50 higher (30–33
mmHg) than the natural Hb with an improved O2

delivery, a plasma half-life 4 times greater than
free Hb, and an indefinite storage life when frozen.
Recombinant Hb is also developed in yeast and
transgenic plants [3, 18], but for large scale pro-
duction, the recombinant molecule has to be pro-
duced at a high yield, with a high level of gene ex-
pression, correct protein folding and assembly, and
purification from the other products of microor-
ganism or the plant while maintaining reasonable
cost.

Attempts are made to produce recombinant Hb
in transgenic animal (pigs, mice), but the red cells
of the transgenic animals contain human Hb, ani-
mal Hb, and a hybrid: techniques of isolation and
purification of the human Hb and to scale up the
production are still to improve.

Chemical modifications of Hb
molecule
The following modifications have been tried: in-
ternal stabilization of the tetrameric molecule by
cross-linking of dimers, pyridoxylation, surface
modification by conjugation with large molecules,
polymerization, and encapsulation in synthetic li-
posomes [7,19].

The intramolecular cross-linking is obtained with
polyanionic molecules (often diacids) reacting at
specific cationic binding loci. A chemical bond be-
tween the � monomers is obtained by acetyla-
tion of Hb at physiologic pH by acetylsalicylic acid
(aspirin), or by bis (3,5 dibromosalicyl) fumarate
(DBBF), the diester of dibromo actelylsalicylic acid
[20]. Diaspirin Cross-Linked Hb (DCLHb) is a typ-
ical example of an �–� cross-linked Hb prepared
by reaction with DBBF. A �–� cross-linking is ob-
tained by reaction with bis-pyridoxal-5-phosphate,
an analog of 2,3-DPG. Intramolecular cross-linking
is also obtained with dialdehydes derived from
the oxidation of the cyclic structure of sugar (o-
raffinose) or open ring-adenosine triphosphate (o-
ATP) [21]. These cross-linked Hb have a circulation
half-time varying from a few to 30 hours (depend-
ing on the dose administered) and are characterized
by a P50 of 30–35 mmHg.

The intermolecular cross-linking of intramolec-
ularly cross-linked Hb is obtained by reac-
tion with macromolecules [hydroxyethyl starch,
polyethyleneglycol (PEG), Dextran 20] or artifi-
cial support (“nanocrystalline” beads). It aims at
increasing the stability and modifying the surface
electric charges of Hb, what will reduce the ex-
travasation of Hb, and increase its plasma half-
life. Polymerization is obtained with cross-linkers
(cyanate or glutaraldehyde reagents) that react on
surface amino groups and link adjacent molecules.
External cross-linked and polymerized Hbs have
molecular weight ranging from 64,000 to 400,000
Da, what increases the risk of immunogenicity but
decreases the renal toxicity, increases the lifetime
in blood, and allows the administration of impor-
tant concentrations without increase of the on-
cotic pressure. They correctly deliver O2 to tissues
even when infused at low doses. Pyridoxalated Hb
polyoxyethylene (PHP) is an example of human Hb
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internally cross-linked with pyridoxal phosphate
to lower its affinity for O2, and conjugated with
polyoxyethylene. PolyHeme R© is a glutaraldehyde
polymerized human Hb, and HemoLink R© a cross-
linked human Hb further polymerized with ring-
opened raffinose (o-raffinose). Hemopure R© is pre-
pared from bovine hemoglobin polymerized with
glutaraldehyde [8].

Encapsulation of Hb
In red blood cells, Hb is “encapsulated” into the
cell membrane with many other compounds, espe-
cially antioxidant systems and enzymes to prevent
the oxidation into MetHb. Polymerized Hb can be
cross-linked to catalase and superoxide dismutase
(Poly-Hb-SOD-CAT) to avoid the oxidation by reac-
tive oxygen species in pathological conditions such
as ischemia reperfusion [22,23]. Modified Hb is also
encapsulated into synthetic, nonantigenic vesicles
prepared from synthetic lipids, which do not acti-
vate the platelets (the “Hb-vesicles”) [24]. A coen-
capsulation of protective and regulatory molecules
is possible to mimic the erythrocytes and form
“artificial red blood cells” [23]. The encapsulation

and coencapsulation techniques attenuate the va-
soactive effects, and yield a P50 of 30 mmHg, with
a convenient kinetics of O2 binding and delivery.
But artificial red blood cells have a short circula-
tion time due to a rapid phagocytosis and uptake by
reticuloendothelium system, with hepatic overload
in relation with the infused volume. Modifications
of the surface properties by addition of polysac-
charides modestly change the circulation time, but
increase the size of the microcapsules (1–5 �m).
Another possibility is the encapsulation in lipid
membrane liposomes and PEG-lipid vesicles, what
increases the circulation lifetime [23].

Current status of first-generation
HBOCs

The benefits of the HBOCs include universal com-
patibility, immediate availability, and long-term
storage. Their main functions are to carry O2 and to
restore adequate volume in a large range of clinical
situations with important blood loss such as cardiac
surgery [4, 25] and trauma [26]. Several HBOCs
reached phase II and III clinical trials (Table 30.2).

Table 30.2 Hemoglobin-based blood substitutes (or Hb-based oxygen carriers) in clinical trials.

Product name Company Characteristics Clinical trial

HemAssistTM Baxter Healthcare Corp.
(Boulder, CO, USA)

Cross-linked (�–�)Hb Discontinued; safety
(increased mortality)

Optro R© Somatogen, Inc. And Baxter
Healthcare Corp.
(Boulder, CO, USA)

Human recombinant Hb (rHb 1–1 and
rHb 2–0) (�-−� bond; amino acid
substitution)

Discontinued; safety
(hypertension)

PolyHeme R© Northfield Laboratories Inc.
(Evanston, IL, USA)

Polymerized human Hb
(glutaraldehyde, pyridoxal)

Phase III (trauma, surgery)

Hemopure R©
(HBOC-201)

Biopure Corp.
(Cambridge, MA, USA)

Polymerized bovine Hb
(glutaraldehyde)

Phase II (USA) on hold

HemoLink R© Hemosol Inc.
(Mississauga, Canada)

Polymerized cross-linked human Hb
(o-raffinose)

Discontinued; safety
(myocardial infarction)

PHP Apex Bioscience Conjugated human Hb (PEG, pyridoxal) Phase III septic shock

PEG-Hemoglobin Enzon Conjugated bovine Hb (PEG) Discontinued

Hemospan R© Sangart Inc.
(San Diego, CA, USA)

Conjugated human Hb (PEG) Entering phase III

PHP: pyridoxalated Hb polyoxyethylene; PEG: polyethylene glycol.
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Table 30.3 Problems encountered with Hb-based blood substitutes in clinical trials [4,6].

Type of problem Possible cause of the problem

Vasoconstriction (increase in systemic and pulmonary
arterial pressure and vascular resistance)

NO scavenging, activation of endothelin production, direct
stimulation of alpha adrenergic receptors

“Jaundice-like” syndrome Hb extravasation (endothelial cells, tissues)

Nephrotoxicity (oliguria, hematuria) Direct toxicity leading to kidney dysfunction (tubular
obstruction and necrosis)*

Increase in blood levels of metHb (production of reactive
oxygen species)

Hb autoxidation (during storage or in vivo?)

Bilirubinemia Hb destruction (short lifetime in circulation) and overload
of Hb elimination capacity of plasma

Cardiovascular events (myocardial infarction) NO scavenging? Direct toxicity on organ?

Neurotoxicity Direct toxicity on organ?

Gastrointestinal symptoms (abdominal discomfort, pain,
nausea, vomiting)

Binding of NO? direct toxicity on intestine?

Elevation of blood levels of liver enzymes Direct toxicity leading to organ dysfunction?

Elevation of blood levels of pancreatic enzymes Direct toxicity leading to organ dysfunction?

Increased bacterial virulence (in septic patients) Iron supply

Interference with macrophage function Blocking of macrophage functions by binding of
Hb-haptoglobin complexes to receptors?

Activation of complement, kinin, and coagulation cascades NO scavenging leading to platelet aggregation?

Immunogenicity Xenogeneic Hb, important chemical modification of Hb
(polymerization)

Interference with laboratory tests “Hemolysis-like” effect

*Cross-linked Hb passes across renal peritubular capillaries and is found in renal hilar lymph [27].

But they have a short intravascular life-time, thus
unlikely to use in the treatment of chronic anemia,
and carry many side effects, with variable conse-
quences (Table 30.3) [4, 6, 27]. Therefore, several
manufacturers stopped the clinical trials and the
production of HBOCs.

HBOCs for which clinical assays are
stopped or on hold
HemAssistTM (DCLHb; Baxter Healthcare Corp.)
reached phase II and III clinical trials in ortho-
pedic surgery, abdominal aortic repair surgery,
major abdominal surgery, and cardiac surgery.
In surgery patients, modest results in allogeneic
blood cell transfusion avoidance, increased ad-

verse events (including hypertension, yellowing
of the skin, hemoglobinuria, and pancreatic suf-
fering) and short plasma persistence of DCLHb
(±24 hours) did not support the routine use for
transfusion avoidance [25, 28]. A phase III clinical
study in noncardiac surgery was stopped early for
safety concerns [29]. In the European “on-scene”
multicenter study in trauma patients with severe
hemorrhagic shock, the mortality was not signifi-
cantly different in the treated group (44%) versus
the standard treatment group (37%). But adverse
events were increased (not significantly: 90% ver-
sus 76%), and 10% of the patients in the treated
group developed pancreatitis. The study was pre-
maturely arrested for lack of efficacy [30]. In a
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similar phase III study in the USA in patients with
severe traumatic hemorrhagic shock, an increased
mortality was observed [31]. Subsequently, ongo-
ing clinical trials were arrested and Baxter stopped
the development of DCLHb.

After successful safety trial in volunteers [32],
the phase II clinical study with the recombinant Hb
(Optro R©, Somatogen Inc.) was also stopped for hy-
pertension, pyrogenicity, and other adverse events
[33,34]. A recombinant Hb molecule designed with
a reengineered heme pocket to reduce the affin-
ity for nitric oxide (reducing so vasopressor effect)
seems not to have reached human trial despite en-
couraging results in animal trauma model [35].

Hemolink R© (Hemosol Inc.) was in phase II and
III clinical trials in high-blood-loss surgery a few
years ago and the results were soon expected, but
the trials were discontinued for safety problems [5],
and the production of Hemolink has been termi-
nated [36].

Hb lipid vesicles were tried with success in pre-
clinical animal studies, but it seems that there are
no ongoing clinical trials with these products.

HBOCs still in clinical assays
Two Hb-based blood substitutes of the first gen-
eration are still in advanced clinical development:
Hemopure R© (Biopure Corp.) and PolyHeme R©
(Northfields Laboratories). Hemopure R© (HBOC-
201) was used in cardiac surgery with a reduction
of allogeneic blood transfusion in the intraoperative
period, but not during the entire hospitalization
period [37]. In a phase III orthopedic surgery study,
Hemopure R© was used with doses ranging from 65
g (±1 RBC unit) to 325 g (±10 RBC units). The
results indicate that HBOC-201 reduced the need
for allogeneic transfusion, but with more adverse
and serious adverse effects: gastrointestinal events,
elevated plasma levels of amylase and lipase, and
clearly hypertensive properties mainly in elderly
patients [38, 39]. The company announced that
a phase III study in Europe and South Africa
demonstrated that Hemopure R© reduced the need
of red blood cells transfusion in general surgery
patients, and that a phase II study is ongoing in
Europe to reduce myocardial necrosis during car-
diopulmonary bypass [4]. Hemopure R© is approved

for sale in South Africa to treat acutely anemic
surgical patients: more than 250 postclinical trial
applications would have been performed. Biopure
has applied in the United Kingdom for regulatory
approval of a proposed indication of Hemopure R©
in orthopedic surgical anemia. The company is
participating to the US Navy’s efforts to conduct
a phase II clinical trial in trauma patients (the
“Restore Effective SUrvival in Shock” or RESUS),
which is under consideration by the FDA since
2005 [4]. A veterinary product, Oxyglobin R©
(HBOC-301) is approved in United States and
Europe for the treatment of anemia in dogs, and
around 100,000 animals have already been treated.
On October 2007 [40], the company announced
that new phase II trials are proposed and being
designed for 2008: Hemopure R© will be used as
“potential cardioprotector” in myocardial infarction
or major heart attack patients, for its erythropoietic
effect in chemotherapy patients, and for palliative
treatment in terminally ill patients. The company
is also interested in trauma trials, but they are
actually on clinical hold. At the end of 2006,
Hemopure R© was still not approved by the FDA.

PolyHeme R© was used with success in several an-
imal studies, but a trial of resuscitation after blood
bleeding in rats did not prove a better survival
with PolyHeme R© and failed to improve metabolic
acidosis [41].

In clinical trials, PolyHeme R© was administered
without safety problems in phase I and II studies.
It was administered with success to trauma and
emergency surgery (aneurysm rupture) patients in
a phase III clinical trials with up to 1000 g in 10
L: the results demonstrated a conservation of total
Hb concentration, 50% reduction of blood transfu-
sion, and did not report major concerns [42, 43].
The study was halted on late 2001, before com-
pletion, and Northfield Laboratories filed for FDA
approval in August 2001 [44]. In the beginning of
2006, an online article of the Wall Street Journal
revealed that adverse events were observed in this
phase III study, which were not disclosed: 10 out
of 81 patients receiving PolyHeme R© had heart at-
tack within 7 days after administration (compared
to 0/71 patients who received red blood cells). The
heart attacks were attributed by the company to an
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excess of total fluids given to PolyHeme R© patients,
and not to the product itself [44–46].

A multicenter phase III nonconsent trial with
PolyHeme R© in trauma patients with severe blood
loss started in January 2004 with the approval of
the FDA and enrolled 714 patients (350 patients
with PolyHeme R© in the ambulance and until 12
hours of hospital stay, versus 364 patients receiv-
ing saline in the ambulance and allogeneic blood
at hospital). The enrolment was completed in July
2006, and criticisms were rapidly formulated on
the ethical aspect of the study and in relation with
the Wall Street Journal revelation on the previ-
ous phase III study in aneurysm surgery patients
[46]. The results were published in the beginning of
2009: a blood transfusion avoidance was observed
in the PolyHeme group with no difference in sur-
vival at 30 days, but adverse events (coagulopathy,
hypertension, myocardial infarction) were higher
compared to control group (p � 0.05), and se-
vere adverse events were more frequent although
not statistically different between the two groups
[47,48].

Second-generation HBOCs

The second generation of HBOCs is developed on
the basis of the observations collected from the nu-
merous animal and human studies performed with
the first-generation HBOCs, which pointed out
vasoconstriction, and the gastrointestinal symp-
toms.

Oxygen therapeutics
A hypothesis suggests that hypertension observed
with HBOCs is the consequence not only of NO
trapping, but also of an arteriolar vasoconstriction
in response to O2 delivery [49, 50]. To counteract
this autoregulatory response, the group of Winslow
[8, 49, 51] has modified the surface of human Hb
with polyethylene glycol to increase the molecu-
lar volume, the affinity for O2, the viscosity, and
the oncotic pressure: the main properties of this
new Hb molecule (MP4) are compared to HBOCS
of the first generation in Table 30.4. Animal stud-
ies performed with MP4 do not show hypertension
by avoiding autoregulatory vasoconstriction [52];
MP4 supports life in rats with no detectable ery-
throcytes [53]. It is safe and without hemodynam-
ics effects when administered as an exchange trans-
fusion of 30% of blood volume in monkeys, but
a transient elevation of hepatic enzymes and the
presence of foamy macrophages in the bone mar-
row and spleen are reported [54].

For clinical use, MP4 (Hemospan R©, Sangart Inc.)
is designed as an O2-carrying plasma expander for
administration in patients with elective surgery, to
deliver O2 to hypoxic tissues. It is an “oxygen ther-
apeutics” more than a blood substitute and is ad-
ministered in solution at low concentration [50].
When administered to human volunteers (phase
I single blind clinical study) at the doses of 50
or 100 mg/kg, Hemospan R© does not increase the
blood pressure, reduce the heart rate, or cause
any detectable organ dysfunction [55]. The results

Table 30.4 Comparison of main properties of Hb-based blood substitutes of the first and second generation.

Property
First-generation Hb-based
blood substitutes

Second-generation Hb-based blood substitutes-do these
characteristics correspond to Hemospan?

O2 binding: P50 28–50 mmHg 6 ± 2 mmHg
Viscosity ±1 cP 2.5 ± 1.0 cP
Oncotic pressure ±15 mmHg 55 ± 20 mmHg
Hb concentration ±15 g/dL 4.2 ± 0.2 g/dL
Plasma half-life 12 to 24 hours ± 24 hours
Proposed clinical use Red blood cell substitute O2 transport agent: is the term “plasma expander with

O2 carrying properties” not more adequate?

P50: oxygen partial pressure producing 50% saturation of Hb molecule with O2, reflecting the affinity of the modified Hb
for O2.
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of a phase Ib/II study with dose escalation (from
200 mL up to 1000 mL Hemospan) in patients
receiving spinal anesthesia for elective orthopedic
surgery suggested that the highest dose may have
been slightly less well-tolerated, but did not pre-
vent from continuing clinical trials [56]. A phase
II clinical study is achieved with 250 mL or 500
mL of Hemospan R© in elderly patients undergo-
ing elective hip arthroplasty under spinal anesthe-
sia [8, 57]. No serious event can be attributed to
the blood substitute, and no significant hyperten-
sion is observed, but the hypotension linked to the
type of anesthesia is reduced in the patients treated
with the highest dose. The heart rate is significantly
lower in the treatment groups starting with infu-
sion and during the surgery period. Increases of
blood levels of hepatic enzymes, amylase, and li-
pase are observed, but only significant for lipase.
The half-life of Hemospan R© is around 20 hours,
with a metHb concentration of 1 g/dL at the same
moment. A phase II study in elective prostatec-
tomy patients has been completed, but the results
are not yet published. From these phase II stud-
ies, Hemospan R© appears safe, but the doses are low
(around 42 g for the highest one), and despite these
low doses, bradycardia and elevation of hepatic and
pancreatic enzymes are observed (this was also ob-
served with the first-generation blood substitutes).
Questions remain concerning the half-time life of
Hemospan R© in plasma and the metHb production.
Studies with larger doses are expected before the
innocuity (and the utility) of this new generation
blood substitute can be firmly assured. Two phase
III studies have been recently completed in Europe
on the efficacy and safety of Hemospan for pre-
vention or treatment of perioperative hypotension
in patients undergoing primary hip arthroplasty
with spinal anesthesia. The efficacy endpoints seem
to have been reached and no statistically signifi-
cant imbalances in the incidence of serious adverse
events were identified as reported in May 2009
[58], but the publications of the detailed results are
expected.

Biodegradable nanocapsules
A new approach is to encapsulate Hb in biodegrad-
able nanocapsules (less than 0.2 �m) of polylactide,

a polymer of lactic acid, which is degraded in vivo
into water and carbon dioxide [23,59]. A nanocap-
sule solution containing around 11 g bovine Hb/dL
has O2 carrying and delivery properties similar to
that of free bovine Hb, and the degradation of the
nanocapsules does not accumulate polylactic acid
in the reticuloendothelial system or overload the
daily lactic acid elimination capacity of the body
[23]. The enzyme of the red blood cells can be
coencapsulated: carbonic anhydrase and enzymes
(superoxide dismutase, catalase, metHb reductase),
which protect Hb from oxidation into MetHb. The
nanocapsules are permeable (owing to their mem-
brane thickness of 5–15 nm) which allows the dif-
fusion of glucose and small hydrophilic molecules
(reducing agents) needed for a “metabolic
activity” and a correct function of the encap-
sulated enzymes. The circulation lifetime of the
nanocapsules can be increased when they are
made with PEG-polyactide copolymers. Infusions
of nanocapsule solutions in rats (one-third of their
blood volume) showed no vasopressor effect and a
lifetime around 40 hours [60,61].

A meta-analysis: the deathblow
for Hb-based blood substitutes?

In almost all the clinical trials with HBOC, a com-
mon observation is an increase in adverse effects
(reaching statistical significance) and severe ad-
verse effects in the HBOC group, mainly hyper-
tension and myocardial infarction. The RBC trans-
fusion avoidance when HBOCs are used is also a
common point, but there is no benefit in patient
survival. A recent meta-analysis uses as outcome
variables the data on deaths and myocardial infarc-
tions of 16 randomized controlled trials involving
3711 surgical, stroke, and trauma patients, with
5 Hb-based blood substitutes (HemAssist, Hemop-
ure, Hemolink, Polyheme, and Hemospan) [62]. A
statistically significant increase in the risk of death
and the risk of myocardial infarction is observed in
the HBOC-treated group. The authors also under-
line that the results of the clinical trials with HBOC
are generally made public with an important de-
lay, and that a prompt meta-analyses of the trials
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would have demonstrated the risks as soon as the
year 2000.

From this meta-analysis and taking into account
the well-demonstrated toxicity of Hb out of the
erythrocyte (particularly its ability to cross the en-
dothelial barrier, to produce oxidant species, and to
induce renal toxicity) [21,63–66], the use of HBOC
cannot be recommended especially in fragile (el-
derly and severe hemorrhagic) patients. Some hope
remains for Hemospan, but this HBOC is an oxygen
therapeutics and not a substitute of RBC [50].

Conclusion

In clinical trials, the HBOCs of the first generation
have encountered an increase of severe side effects
(hypertension, renal toxicity) compared with clas-
sical treatment, together with a limited success in
avoiding red blood cell transfusion, no significant
results in improving survival, a short intravascu-
lar lifetime, and some risk of antibody formation
with repeated administrations. Only two HBOCs,
Hemopure R© and PolyHeme R©, remain in phase III
clinical trials, but there is a questionable lack of
published results, even partial ones. Hemospan R©, a
new generation modified Hb solutions has reached
the step of clinical trial, but is more an oxygen ther-
apeutics than an universal blood substitute.

Projects are on the way to obtain human Hb from
microorganisms (E. coli and Aspergillus niger) or
from worms, which have a polymeric Hb molecule
(around 50 times the human Hb), thus not need-
ing chemical modification for sufficient stability in
bloodstream, with no breakdown and no kidney
damage. It seems that successful preclinical assays
were made in mice with a correct O2 transport and
no allergy. But technical problems of extraction re-
main to solve, and there is no knowledge on the
effects of worm Hb on blood pressure and on its
sensibility to oxidation [3].

An universal use-blood substitute remains nec-
essary for urgent transfusion at the site of severe
traumatic injuries, where typing and crossmatching
of donated blood is not possible, and in conditions
where there is severe shortage of blood donors or
high potential for contaminated donor blood. It is

important to carry out more basic research for solv-
ing the problem of free Hb toxicity by oxidation
and metHb formation, either by engineering the
Hb molecule to obtain a more stable and less va-
soactive compound, or by using antioxidants or an-
tioxidant enzymes to control the Hb oxidative side
reactions. The technique of biodegradable nanopar-
ticles carrying natural Hb or a synthetic Hb in an
environment mimicking that inside the erythrocyte
is a promising step in this way.

But a more promising way is the in vitro ery-
throid cell generation. Important progress has been
made in the last decade in the field of stem cell
cultures: starting from human hematopoietic stem
cells, conditions have been established for produc-
ing mature red blood cells after around 18 days of
culture [67, 68]. Two important problems remain
to be solved now: the technical conditions for large
scale cultures in bioreactors [69] and the control of
the membrane expression of blood group systems
ABO and Rh [70]. A delay of 5–10 years appears
reasonable to reach these targets, taking into ac-
count that clinical interest persists and economical
conditions are good.
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CHAPTER 31

Perfluorocarbon Emulsions
Pedro Cabrales
La Jolla Bioengineering Institute, La Jolla, CA, USA

An oxygen-carrying fluid that sustains life in the
absence of blood would have many benefits. Pos-
sible applications include emergency resuscitation,
angioplasty, tumor therapy, and organ preserva-
tion. Although an oxygen carrier is not available
yet, recent progress in biotechnology, however,
could make development of these solutions an un-
precedented medical achievement of the twenti-
eth century. Perfluorocarbons are derived from hy-
drocarbons by replacing all the hydrogen atoms
by fluorine atoms. A loose but common definition
includes highly fluorinated molecules containing
occasional hydrogen, oxygen, or nitrogen atoms
and halogens other than fluorine [1,2].

Perfluorocarbons offer unique combinations of
high oxygen and the capacity to dissolve other
gases, low water, and lipid solubility, and has ex-
ceptional chemical and biological inertness. Gas sol-
ubility reflects the very low intermolecular inter-
actions (fluorine’s low polarizability translates into
low van der Waals forces) within the perfluorocar-
bon. The basic difference in how oxygen is trans-
ported between perfluorocarbons and hemoglobin
(Hb) is that perfluorocarbons dissolve whereas Hb
binds oxygen. In the case of Hb, a strong bond is
established between the oxygen and the heme. In
the case of perfluorocarbons, there is only physical
solubility of oxygen because of their loose nondi-
rectional van der Waals interactions. The difference
in the nature of how Hb and perfluorocarbon inter-
act is clearly reflected by the differences in profiles
of the oxygen content curves as a function of pO2,

i.e., sigmoidal for Hb versus linear for PFC emul-
sions (Figure 31.1). With perfluorocarbons, there is
no saturation and no possibility for chemical bind-
ing and as the oxygen is released, carbon dioxide
(CO2) comes in. Oxygen dissolved in PFC is im-
mediately available to tissues; furthermore, oxygen
dissolution and release to tissues can increase when
temperature decreases.

Perfluorocarbons are hydrophobic, and are
therefore not miscible with water, and thus, have
to be emulsified for intravenous use. With sophis-
ticated technology, it is possible to generate a sta-
ble perfluorocarbon emulsion with exceptionally
small particles (median diameter �0.2 �m) [3].
Perfluorocarbons, as opposed to Hb, are among the
most inert organic materials chemists have ever
invented. Their initial industrial development was
for handling the extremely corrosive uranium fluo-
rides. They are not subject to oxidation, and there is
no indication that any sort of chemical modification
occurs under the conditions of processing, storage,
and use. PFCs can typically be heated to 300◦C and
higher for several days without detectable changes
[2]. Appropriately formulated PFC emulsions can
be terminally heat-sterilized at the standard tem-
perature of 121◦C [4].

The risks and side effects of allogenic blood
transfusions include transfusion reactions, alloim-
munization, transmission of infectious agents,
and immunosuppression resulting in an increased
incidence of postoperative infections with pro-
longed hospitalization, higher costs, and probably
a shorter period of recurrence-free survival after
surgery [5–7]. The development of a safe and ef-
fective erythrocyte substitute for oxygen delivery
has been the focus of considerable effort. Hb-based
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Figure 31.1 Oxygen content for whole blood,
OxycyteTM (Synthetic Blood International, Inc. Costa
Mesa, CA) and plasma as a function of oxygen partial
pressure.

oxygen carriers (HBOCs) and PFCs are two types
of products that have been extensively evaluated
and are currently in clinical trials [8]. The inter-
est in use of temporary oxygen carriers as “blood
substitutes” is expected to increase as a means to
reduce requirements for allogeneic blood [9, 10].
Preliminary results of clinical trials with HBOC and
PFC based blood substitute have been reported and
Phase I and II trials of two oxygen carriers are on-
going [11, 12]. One is a polyethylene glycol conju-
gated Hb from Sangart Inc. (San Diego, CA) [12],
the other, a PFC-based oxygen carrier, Perflubron
emulsion from Alliance Pharmaceutical Corp. (San
Diego, CA) [11].

PFCs are based on an oxygen carrier that is syn-
thetic, and in principle available in very large quan-
tities at modest costs. This has been tempting to in-
vestigators and business enterprises, since it could
in principle lead to a convenient, largely available,
economic, pathogen-free, and storable oxygen car-
rier. However, fluorocarbons only became water
soluble when emulsified in phospholipids (derived
from egg yolk), which make them, not truly, syn-
thetic. Furthermore, while Hb-based products carry
oxygen via a reversible chemical reaction, PFCs
carry oxygen as a function of the solubility of oxy-
gen in these compounds. PFC emulsion’s oxygen
carrying capacity is about twice that of plasma, and
about 10 times less than that of Hb. The low oxy-

gen carrying capacity of PFCs can be significantly
increased by exposing them to higher fractions of
inspired oxygen (FiO2). The effects due to super-
position of hyperoxia on the changes of circulating
fluid composition, present an additional variable in
the analysis of the effectiveness of PFCs.

Fluorocarbon emulsions

Perfluorocarbon are insoluble in water, thus, PFCs
are formulated into emulsions for parenteral ad-
ministration. The PFC droplets size is less than 0.5
�m and is coated with a surfactant that serves as
emulsifier and stabilizes the suspension. PFC emul-
sion are produced at different concentrations from
20 to 120% weight/volume, because perfluorocar-
bons specific gravity is ∼2. Currently, PFC emul-
sions use egg yolk phospholipids as the emulsifier.
Therefore, these emulsions have a definite simi-
larity to the lipid emulsions used for parenteral
nutrition. Osmolarity of the suspension media is
independent of PFC concentration and is adjusted
by the addition of tonicity agents. The principal
challenges in the development of an injectable
PFC include the following: selecting the appropri-
ate perfluorocarbon (easily eliminable, highly pure,
and easy to emulsify); preparing stable emulsions
(small-sized, heat-sterilizable, and well-tolerated
surfactant); and counteracting molecular diffusion,
which is responsible for particle size growth over
time.

Few perfluorocarbons are acceptable for par-
enteral use, because of their slow excretion and sta-
bility of the final emulsions. It has been determined
that in vivo perfluorocarbons excretion is mostly
determined by their molecular weight, and lower
rapid excretion. On the other hand, emulsion sta-
bility requires perfluorocarbons with higher molec-
ular weights. These two conditions are clearly diffi-
cult to satisfy, simultaneously. Additionally, vapor
pressure, which also depends on molecular weight,
is an important parameter, which can favor re-
tention of air in the alveoli, resulting in increased
pulmonary residual volume (also known as pul-
monary gas trapping). In order to avoid this phe-
nomenon, the vapor pressure of the final PFC phase
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at body temperature should probably not exceed
about 10 mmHg [2,13,14].

Biologic interactions of PFC with macrophages,
which might impair microvascular perfusion,
have been discarded because observed activation
of intravascular leukocytes during perioperative
hemodilution has been related to the interaction of
PFC with the colloids clinically applied as plasma
expanders. Incompatible interactions of PFC with
only Dextran 60 kDa were established by Nolte D.
et al. [15], and other studies have been performed
with hydroxyl ethyl starch (HES) [3,16,17].

Gas solubility by PFC

Fluorocarbons are passive gas carriers; they physi-
cally dissolve the gases following Henry’s law, and
are directly proportional to the partial pressure of
the gas, or the concentration gradient. No chemi-
cal bonding is involved and there is no saturation.
Oxygen solubility in a given PFC depends on the
solubility coefficient of the PFC for that gas. Oxygen
content can be adjusted by simply controlling oxy-
gen tension. The principles that underlie gas trans-
port by PFC emulsions are basically the same as
those that operate for plasma. In both cases, disso-
lution is proportional to a concentration gradient;
simply, the solubility of inert gases in PFCs is typi-
cally 10–20 times larger than that for the plasma.
Gas solubility of the pure perfluorocarbon is re-
duced during the emulsification process, although
the effective area for the gas exchange with the PFC
is increased.

Off-loading of gases from PFCs to tissues is not
subordinated to any change in conformation and
does not require the assistance of an allosteric ef-
fector. In the case of oxygen, the van der Waals in-
teractions between oxygen and PFC molecules are
an order of magnitude lower than Hb and oxygen
reactions, resulting in higher extraction rates and
ratios [18]. Oxygen in normal condition, central
arterial pO2 of 100 mmHg and venous pO2 of 35
mmHg, PFC emulsion can release 65% of the oxy-
gen, as compared with about 30% for Hb in the
RBCs. Oxygen release from PFCs is effective at any
physiologically relevant partial pressure, rendering

a cooperativity-like effect unnecessary. Likewise,
oxygen release by PFCs is not dependent on pH and
is not adversely affected by temperature [19]. Since
PFCs undergo no oxidation or other modification
over time, their oxygen uptake and release charac-
teristics are not affected by storage or during circu-
lation. Introducing a PFC emulsion into the circu-
lation is akin to increasing the oxygen solubility of
the plasma compartment of blood. When Hb and a
PFC are present in the circulation simultaneously,
the PFC will always release its oxygen load first,
thus conserving the oxygen bound to the Hb un-
til it is released to the hypoxic tissues [17]. A valu-
able consequence of PFC’s following Henry’s law
is that the oxygen content of a PFC emulsion can
be increased severalfold by just increasing the FiO2,
which is a simple thing to do in a rescue vehicle
critical care or surgical setting.

Facilitated oxygen diffusion by PFC

Diffusion of oxygen from the RBCs into the tis-
sues is driven by the pO2 gradient that exists be-
tween the blood and these tissues [20]. Thus, the
rates of both oxygenation and deoxygenation of an
Hb solution are limited by diffusion and governed
by the oxygen gradient between internal and ex-
ternal spaces [21]. Diffusion should be facilitated
when the RBC membrane is absent and when nu-
merous small size (as compared with RBCs), highly
mobile oxygen reservoirs are present in the circu-
lation. Cell free plasma layers between RBC col-
umn and the endothelium are particularly large
during anemic or is hemodiluted states. Cell free Hb
molecules, Hb-loaded liposomes, and PFC droplets,
fill these gaps in large numbers, increase oxygen
content and potentially facilitate oxygen diffusion
by providing “stepping stones” or dynamic chains
of particles over which oxygen can travel. As cir-
culating PFC droplets are more than RBCs by sev-
eral orders of magnitude, the area for gas exchange
provided by PFC is also significantly larger. In the
larger vessels, a near-wall excess of the smaller par-
ticles is likely to develop, as RBCs would tend to
migrate nearer the lower shear central axis of the
vessel.



c31 BLBK256-Maniatis July 26, 2010 12:39 Trim: 246mm X 189mm Char Count=

Chapter 31 383

Likewise, the large pO2 gradients set in place at
the high FiO2 at which PFC emulsions are utilized
provide a strong driving force for oxygen diffusion
from the PFC droplets to the tissues. The movement
of emulsion microdroplets in the blood stream was
proposed to create dynamic chains of particles and
hence, channels which would help transfer oxy-
gen from the RBCs to tissues. Numerous studies in
the literature indicated erroneously that PFC emul-
sions can facilitate oxygen diffusion. The postulated
theory of augmented oxygen delivery through very
narrow microvascular channels that are more read-
ily perfused with the tiny PFC particles (�0.2 �m
in diameter) than relatively large red blood cells
(7–8 �m in diameter) [3, 16, 22, 23], is completely
discarded. Concurrent study of systemic and mi-
crovascular oxygen exchange presented that the in-
crease on FiO2 with PFC increases DO2 to the tissue,
although most of the oxygen was transported by
the Hb. The logical explanation may be PFC allows
RBC to remain partially oxygenated when they ar-
rive to the tissue [17].

PFC oxygen transport capacity was investigated
in the hamster window chamber model microcir-
culation during extreme hemodilution [17]. Pen-
taspan, (10%, B. Brown, Medical, Irvine, CA, HES,
200 kDa MW) was used as a plasma expander to
reduce Hct to 18% by two isovolemic hemodilu-
tion steps. A third step reducing the Hct to 11%
and was completed with either HES or OxycyteTM

(Synthetic Blood International, Inc. Costa Mesa,
CA). Comparisons of HES only hemodiluted ani-
mals versus animals that received 4.2 g/kg of emul-
sion were made at normoxia (FiO2 = 0.21) and
hyperoxia (FiO2 = 1.0). Systemic and microvascu-
lar oxygen delivery for PFC was 25% (normoxia)
and 400% (hyperoxia) higher than for HES. The
combination of PFCs and hyperoxic ventilation
delivered oxygen to the tissue without causing
vasoconstriction or impairing microvascular per-
fusion. Positive acid base balance, restoration of
mean arterial pressure, and cardiac output sug-
gested correspondence between microvascular and
systemic events. PFC and increased FiO2 increased
systemic oxygen delivery and extraction, when
compared to a plasma expander, because of higher
plasma oxygen content when PFC is present. In the

microcirculation, oxygen delivery was also in-
creased by PFC, again the oxygen was mostly re-
leased from the Hb in the RBCs [17].

Transport of carbon dioxide

Intravascular CO2 transport relies on several mech-
anisms including physical dissolution in plasma,
carbonic anhydrase induced transformation into bi-
carbonate, and chemical binding consequent to re-
action with the Hb. About 25% of total CO2 trans-
port uses Hb, this transport is also affected by the
Bohr effects since hydration of CO2 and the forma-
tion of bicarbonate depend on pH, acid base balance
equation. As for any gas, PFCs transports CO2 in the
dissolved form. PFC CO2 solubilities are typically in
the 3–5 times higher than for oxygen [24]. There
is no indication that transport of CO2 by PFCs in-
terferes with CO2 transport mechanisms by Hb and
plasma. However, clinical and experimental result
had shown a tendency to faster recovery of acid
balance when PFCs are in circulation [3,17,22,25].

Transport of other gases

The capacity for PFCs to dissolve nitrogen (and air)
may find applications in the treatment of decom-
pression sickness and for protection from neuro-
logic damage caused by air microemboli during car-
diopulmonary bypass (CPB) surgery [26, 27]. The
solubility of xenon in PFCs can be exploited for
magnetic resonance imaging (MRI). Both Hb and
PFCs transport Nitric oxide (NO) but by different
mechanisms, which changes the availability of the
gas [28,29].

During CPB, volatile anaesthetics can be added
to the oxygenator to provide anesthesia, regu-
late systemic vascular resistance and reduce hor-
monal responses to CPB. The rate of washin and
washout of volatile anesthetics via oxygenators de-
pends on their solubility in blood. Two impor-
tant factors affect the solubility of volatile anesthet-
ics: hypothermia increases solubility and crystalloid
hemodilution decreases it. PFC unique physico-
chemical characteristics, chemically inert with high
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solubility, provide the ideal media to dissolve larger
quantities of gases. Volatile anesthetics also have
a higher solubility in perfluorodecalin, the main
component of FluosolTM (Alpha Therapeutic Corp.,
Los Angeles, CA), a first-generation emulsion
[30].

The question therefore arises whether clinically
relevant volumes of PFC might significantly in-
crease the blood solubility of volatile anesthetics.
More recently, studies on the solubility of desflu-
rane, sevoflurane, and isoflurane were performed
using human blood in vitro mixed with clinical
concentrations of perflubron emulsion OxygentTM

(Alliance Pharmaceutical Corp., San Diego [3],
which has three times greater concentration than
Fluosol (30% vs 10% by volume) [31]. This study
showed that perflubron concentrations equivalent
to in vivo doses of 1.8–5.4 g/kg, increased the
amount of gas carried by blood ranging from 0.9
(desflurane) to 2.6 (sevoflurane) times the normal
value. However it was concluded that this finding
lacked apparent clinical implications.

NO is enzymatically produced by various types
of cells and represents a central mediator within
the cardiovascular system. As a free radical, NO is
highly unstable in vivo. Its primary targets include
heme proteins such as guanylyl cyclase and free
radical species. NO is readily oxidized by oxygen
in an aqueous media and mainly converted into
nitrite anion. The partition coefficient of NO for
PFC emulsion is defined as the ratio of the equilib-
rium concentrations between the aqueous and PFC
phases. Partition coefficient of NO for Perftoran was
found to be ∼200 [32]. The sequestration of NO
by PFC emulsion without the presence of oxygen
to account for oxidation was very significant. Thus,
the partition coefficient indicates that PFC micelle
can increase micellar concentrations of NO to a
higher level than an aqueous solution, and readily
collect NO from regions with overproduction.

The use of PFC emulsions as oxygen carriers has
been suggested to have several advantageous prop-
erties in the microcirculation [17, 33, 34]. How-
ever, these studies mostly deal with conditions
of extreme hemodilution, hemorrhagic shock, and
100% oxygen inhalation. Therefore, more subtle
effects due to loading and unloading of other cir-

culatory gases are often masked. The NO pref-
erential partition coefficient of PFC emulsion al-
lows the droplets to absorb NO from the aque-
ous phase, greatly accelerating NO oxidation and
S-nitrosothiols formation under aerobic conditions.
The reaction of NO and O2 with thiols results in
thiol nitrosalation through the intermediary dini-
trogen trioxide (N2O3) formed from the combi-
nation of NO with NO2 [32]. In the presence of
PFC (hydrophobic compartments), NO should be
quickly sequestrated by PFC micelles. The high lo-
cal concentration of NO within the hydrophobic
compartment leads to the acceleration of NO oxi-
dation and the formation of nitrosative N2O3 from
the combination of NO with NO2 [32]. According
to the theory of micellar catalysis [35], the rate
of NO oxidation and S-nitrosothiols formation de-
pends on the volume of the hydrophobic phase.
Larger or smaller amounts of PFC could be pro-
gressively less effective as a tool for modulating
plasma NO bioavailability [32]. Consistently, thiols
are in excess relative to NO, and a large fraction
of NO2 should react with thiols rather than NO it-
self. However, it remains unclear whether intrin-
sic plasma NO or S-nitrosothiols play a significant
role in cardiovascular processes. Notably, the ad-
ministration of a large dose of PFC caused vasocon-
striction, reduction of erythrocyte velocity in post-
capillary venules, and increased venular leukocyte
sticking, which is probably due to rapid sequestra-
tion of NO [32,35].

PFC emulsions have been extensively evaluated
as substitute oxygen carriers to reduce allogeneic
blood transfusion and improve circulatory oxygen
carrying capacity and tissue oxygenation in acute
hemodilution after trauma or surgery and in is-
chemia [36]. Although PFCs are tolerated in ani-
mals and humans, pulmonary and systemic hemo-
dynamic effects have limited their clinical use [37].
Higher doses of PFC have been associated with
progressive hypertension and decreased heart rate
[38], and also with beneficial anti-inflammatory
and antithrombotic effects [34,39] that could not be
explained solely by the ability of PFCs to transport
oxygen. They could be explained by the findings of
the present study, which indicates that PFC are NO
scavengers, but different from heme molecules. In
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the case of PFC, the NO scavenged remains partially
available in the form of S-nitrosothiols.

Developments of PFC

First commercial development efforts were Fluosol-
DA in Japan, Perftoran R© in the Soviet Union,
Emulsion No. II in China. They had in common
the use of F-decafin as principal perfluorocarbon
and of a poloxamer (Pluronic, F68) as the primary
emulsifier. The main limitations of these emulsions
was the presence of large amounts, �30%, of a
heavy perfluorocarbons which reduced molecular
diffusion increasing organ retention half-life to sev-
eral months, as well a poor stability [2,4]. Pluronic
F68 also caused complement activation-type side
effects.

Fluosol-DA came as a frozen emulsion concen-
trate that needed to be thawed and mixed with two
annex solutions before administration; it then had
to be used within few hours. These constraints cer-
tainly had a part in Fluosol’s commercial failure.
Oxypherol-ET was 25% weight/volume emulsion
of perfluorotributylamine, was stable but not in-
tended for human use due to excessively long re-
tention time. A ready-to-use Perfloran has been
licensed for use in Russia; recent experimental
work with Perftoran includes microvascular gas
embolism clearance studies following emulsion ad-
ministration [40].

OxygentTM AF0144 (Alliance Pharmaceutical
Corp., San Diego, CA) overcame the retentions and
stability limitations. It was a 60% weight/volume
emulsion, primarily of perfluorooctyl bromide. It
was an average micelle size of 0.16 �m after heat
sterilization, and a viscosity around 5 cp. It was sta-
ble for over 2 years at 5–10◦C, without excessive
organ retention. These properties were obtained by
adding perfluorodecyl bromide.

A randomized, multicenter, European Phase III
clinical evaluation of Oxygent in general surgery
patients established its ability to significantly re-
duce and avoid red blood cell transfusion. The trial
was conducted using an augmented acute normo-
volemic hemodilution with PFC emulsion proto-
col. In the protocol-defined target population (330

subjects with blood loss �20 mL/kg body weight),
significantly greater avoidance of any blood cell
transfusion, as compared to controls, was main-
tained through day 21 or day of hospital discharge.
There was also a significant reduction in the num-
ber of units of blood transfused [41]. However, the
voluntary suspension of a CPB surgery trial with
Oxygent, because of side effects assigned to an in-
adequate clinical protocol that resulted in overly
aggressive autologous blood harvesting in the treat-
ment group prior to bypass, was a setback in the
development of this emulsion.

Clinical development is now being resumed by
Double-Crane Pharmaceutical, China. The clinical
supplies are used in the Phase 2 Proof of Con-
cept trial that will be conducted in Europe and
by Alliance’s partner in China, Beijing Double-
Crane Pharmaceutical Co. Ltd. (Double-Crane), for
its Investigational New Drug application to the
State Food and Drug Administration, China. On
December 18, 2006, Alliance announced that the
French Competent Authority (regulatory agency)
approved the start of the Phase 2 clinical trial for
Oxygent to prevent post-op ileus resulting from hy-
poxia during major surgery trial. Double-Crane will
initiate the clinical development program for Oxy-
gent in China, starting with its Phase 1 safety study.
Double-Crane will be pursuing transfusion avoid-
ance with a new protocol design based on knowl-
edge gained by Alliance from previous clinical trials
conducted in the United States and in Europe.

Recent experimental work with Oxygent has
demonstrated significant improvement of cerebral
oxygenation and mitochondrial function after trau-
matic brain injury [42]. Resuscitation with Oxygent
was superior to stored blood or a plasma expander
with respect to restoration of hepatocellular en-
ergy metabolism [33]. Proper oxygenation of the
gastrointestinal system was preserved in cardiac
surgical patients administered with the emulsion,
demonstrating the potential for Oxygent to prevent
perioperative tissue hypoxia [43]. Postdive intra-
venous treatment with the emulsion decreased the
incidence of decompression sickness [44].

Oxyfluor, HemaGen, St. Louis, MO, selected per-
fluorodichlorooctane at 40% volume/volume, us-
ing egg yoke phospholipid (EYP) as emulsifier.
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Oxyfluor was halted after having reached Phase
II clinical trials. Several other egg yolk phospho-
lipid based perfluorocarbon emulsions have been
reported. Therox, a concentrated emulsion 48% v/v
with a particle size of 0.25 m, was developed by
DuPont for research purposes [45]. Adamantech,
Inc. (Marcus Hook, PA) locked onto a mixture of
cyclic perfluorocarbons obtained to produce Ad-

dox, a 40% w/v PFC [46]. Both Therox and Addox
were had a shelf life of 1 year at 4◦C [2], the tis-
sue residence half-life of more than 50 days was
deemed unacceptable, and these PFC projects were
halted. Oxycyte, (Synthetic Blood International;
Costa Mesa, CA) consisted of a perfluoronated C-
10, cyclohexane compound, 60% w/v emulsion,
has completed Phase I clinical trials. In general, the
properties of PFCs appear to be progressively im-
proving, their applicability in conjunction with hy-
peroxia is better understood, and the origin and na-
ture of their side effects are presently well docu-
mented [17].

PFC microbubbles

Stable PFC microbubbles developed by Lundgren et
al. [47, 48] are reported to dissolve clinically rel-
evant amounts of oxygen when administered in
dosages that are about 1/500 of the usual quan-
tities in which PFCs are administered to provide
oxygen-carrying capacity [47, 48]. The presence of
gas bubbles in the circulation is generally consid-
ered medical anathema; however, based on the-
oretical calculations, it has been proposed that
these intravascular bubbles will remain subcapillary
in size and transport significant amounts of oxy-
gen. Intravascular microbubbles volume-stabilized
by dodecafluoropentane gas are formed when a
dodecafluoropentane-emulsion is injected into the
circulation at normothermic conditions. The dode-
cafluoropentane has a boiling point of 29◦C at at-
mospheric pressure and the particles in this emul-
sion undergo phase shift and form bubbles when
warmed in the bloodstream. Initial bubble size de-
pends on the size of the emulsion particles and
theoretically, the bubbles undergo size variations
as they exchange oxygen, nitrogen, and carbon

dioxide by diffusion in the lungs and the tissues
[47–49].

Further research objective is to prolong the
intravascular persistence, reduce phagocytosis
by macrophages, increase stability, and surface-
modified PFCs. Substantial efforts are currently
being devoted to investigating targeted PFCs for
the purpose of molecular imaging, i.e., detection
of molecular markers, such as proteins and other
cell-surface receptors, characteristic of a given
pathology [50]. Such emulsions also have potential
for site-directed drug delivery and monitoring of
therapy. Important potential target pathologies in-
clude inflammation, atherosclerosis, tumor-related
angiogenesis, and thrombi. PFC remains very
interesting as a gas carrier because its large gas
solubility is not restricted to oxygen.
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Minimally Invasive Cardiac Surgery:
Impact on Blood Loss and Transfusion
He Tao & Fraser Rubens
Division of Cardiac Surgery, University of Ottawa Heart Institute, Ottawa, Ontario, Canada

Introduction

To a degree greater than any other surgical spe-
cialty, the evolution of cardiac surgery has been in-
timately dependent upon blood banking resources
and transfusion practice. Cardiac surgery has al-
ways been, and likely always will be a major
consumer of blood products [1, 2]. With standard
surgical techniques, this dependence appears to be
increasing as surgeons are exposed to older, sicker
patients with a greater incidence of comorbidities.
Although many patients receive no transfusions,
these sicker patients are obviously at higher risk,
comprising the 10–20% of the patients who con-
sume about 80% of the total transfusions in car-
diac surgery [3]. During the next 30 years, it is pre-
dicted that the proportion of the population over
the age of 65 will increase. This trend is expected
to increase the number of patients needing a trans-
fusion despite the fact that there is a concomitant
decreasing pool of eligible donors [4].

Transfusion incidence is now becoming a marker
of quality of care released on the public domain
(http//:www.ccn.on.ca). This Canadian data like
other studies [5] emphasizes the significant vari-
ability in practice with transfusion risks of 22–55%,
despite little variability in other patient demograph-
ics between institutions.

Surgeons are also now recognizing that transfu-
sion after cardiac surgery is a double-edged sword

that may harm more patients than previously an-
ticipated. Most surgeons in practice today were not
exposed at the level of undergraduate medicine
to the myriad of complications that are now be-
ing taught with regards to transfusion of allogeneic
blood, other than the obvious risks related to blood
incompatibility errors and viral transmission. As a
consequence many surgeons continue to be influ-
enced by a philosophy of transfusion practice in-
volving critical hemoglobin thresholds as targets.

Numerous robust observational studies have
strongly demonstrated that transfusion after car-
diac surgery is associated with an increased inci-
dence of wound and other infections even when
adjusted for case severity [6–8]. Such wound prob-
lems are particularly devastating in the presence
of a median sternotomy with potential devascu-
larization with one or both internal thoracic ar-
teries utilized for bypass conduits. Transfusion has
also been associated with an increased incidence of
postoperative AF after cardiac surgery [9], periop-
erative myocardial infarction [10], and low-output
heart failure as compared to patients treated with a
conservative transfusion strategy [11]. Other doc-
umented end-organ injury seen commonly in car-
diac surgery patients that may be related to transfu-
sions includes pulmonary insufficiency in the form
of transfusion related lung injury and acute renal
insufficiency [12].

In an effort to address these concerns, car-
diac surgeons and anesthetists have embraced the
concept of blood conservation and have worked
together to establish the feasibility of the vari-
ous technologies available to minimize transfusion,
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such as retrograde autologous priming, antifibri-
nolytics, and cell salvage [13]. However, it has
fallen into the surgeon’s purview alone to con-
sider what could be done in the operative field on
our “side” of the ether screen, with novel strate-
gies and modifications in approach that may min-
imize bleeding and thus transfusion. Though not
originally intended to impact transfusion, the broad
field of minimally invasive surgery and its expand-
ing applications has accomplished many of these
goals.

What is minimally invasive
cardiac surgery?

As a general principle, this concept refers to opera-
tions that cause minimal injury to the patient, yet
achieve all their surgical goals. There are several po-
tential technical “targets” that may be modified to
accomplish these needs. These include the length
of the incision, the extent of retraction during ex-
posure, the use of electrocautery, but most signif-
icantly the elimination of the traditional median
sternotomy in some form, and/or the avoidance of
cardiopulmonary bypass (CPB) or minimization of
its effect. Many innovative techniques and tech-
nologies have been developed that allow cardiac
procedures to be performed through small inci-
sions with or without CPB. Collectively this group
of techniques and technologies has been termed
minimally invasive; its development fueled by in-
dustry’s recognition of the strong consumer sup-
port for smaller incisions and patients’ perception
that these approaches are associated with improved
outcomes. Most patient concerns and demands
for less-invasive surgery are focused on comfort,
cosmesis, and rehabilitation that are all related to
the degree of invasiveness. In this chapter, we try
to distinguish between “fashionable” strategies and
those that are truly revolutionary as investments
in the future [14].

In terms of blood conservation, minimally inva-
sive cardiac surgery may have an impact through
two primary mechanisms [4]; by avoiding the in-
flammatory and hemostatic defects associated with
CPB and/or minimizing surgical trauma by mod-

ification of the approach and the incision. We
have categorized these approaches into three ma-
jor groups of minimally invasive cardiac surgery.
1 Minimally invasive coronary surgery

1.1 Sternotomy—off-pump
1.2 MIDCAB
1.3 Videoscopic and robotic-assisted nonster-
notomy approaches

2 Minimally invasive valve surgery
2.1 Partial sternotomy and parasternal ap-
proaches
2.2 Right mini-thoracotomy
2.3 Total port-access—robotic

3 Minimized extra-corporeal circulation (MECC)

What are the mechanisms by
which smaller incisions would
decrease bleeding and
transfusion?

It is intuitive for surgeons to understand that the
systemic effects of surgery are proportional to the
size and invasiveness of the incision. The median
sternotomy itself, though superb for cardiac expo-
sure, results in an extensive raw bone surface, con-
tributing to bleeding and sometimes necessitating
additional hemostatic maneuvers such as the use of
bone wax. The impact of the length of an incision to
the magnitude of the systemic changes has been in-
frequently characterized experimentally; however,
in one clinical trial, Gu et al. [15] compared the
magnitude of inflammation activation with lat-
eral minithoracotomy and median sternotomy dur-
ing off-pump surgery. Postoperatively, interleukin-
6 production was greater in the median sternotomy
group than the lateral group (p � 0.05), support-
ing a more pronounced inflammatory response to
a larger chest incision.

What are the mechanisms by
which avoiding bypass would
decrease bleeding?

CPB is well-known to cause numerous de-
rangements in platelet function and coagulation.
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Through a series of interacting cascades, blood re-
acts to minimize the unnatural threat resulting
from the exposure to the synthetic surface of the
bypass device. The most immediate event within
nanoseconds of contact of the blood involves pro-
tein adsorption [16]. These contact proteins (Fac-
tors XI and XII, prekallikrein, and high molecu-
lar weight kininogen) may become activated with
the generation of thrombin, kallikrein which con-
tributes to fibrinolysis [17] and bradykinin, a
potent pro-inflammatory agent which also leads to
tissue plasminogen activator release from endothe-
lial cells [18]. Fibrinogen is also adsorbed and this
may serve as a nidus for adhesion and accumula-
tion of platelets [19].

Platelets also become activated during CPB [20]
by various agonists including thrombin, adeno-
sine diphosphate (ADP), and plasmin. Plasmin
also significantly modifies surface platelet recep-
tors [21].Once activated, platelet microparticles are
generated which are highly thrombogenic [22].
These changes are reflected by a drop in the
platelet count by up to 50%, not just due to
adhesion/accumulation, but also from hemodilu-
tion and platelet aggregate formation. The resulting
platelet dysfunction with CPB is quite predictable
[23] and the subsequent increased bleeding time is
proportional to the blood loss [24].

The mandatory use of heparin, though decreas-
ing thrombin generation, magnifies the impact on
coagulation and this drug may affect platelet func-
tion directly [25] also acting as a profibrinolytic
agent [26]. Further, despite heparin, one sees sub-
clinical ongoing thrombin generation [27] result-
ing in coagulation factor consumption, which com-
pounds the effect of hemodilution of these factors
[28].

Another significant factor that contributes to de-
rangements in hemostasis includes the use of the
cardiotomy suction to scavenge blood that wells in
the mediastinum during CPB. This has been iden-
tified as the greatest contributor to blood activa-
tion and thrombin generation during CPB likely
secondary to the extensive contact of blood to the
nonendothelialized surfaces rich in tissue factor
and the rapid sequestration of heparin from this
blood [29,30].

In summary, multiple surface-contact related
mechanisms for coagulation and platelet dysfunc-
tion exist which when coupled with activation of
fibrinolysis, compound the bleeding diathesis asso-
ciated with CPB.

What is “off-pump surgery”?

Off-pump coronary bypass (OPCAB) is perhaps the
most frequently performed and most accepted vari-
ant of minimally invasive cardiac surgery. This pro-
cedure utilizes a standard median sternotomy (a
vertical incision through the sternum) for cardiac
exposure. However, coronary bypass is accom-
plished without the use of CPB. The avoidance
of CPB not only eliminates the systemic pro-
inflammatory and thrombotic derangements but
it also removes the need for arterial cannulation
(normally through the ascending aorta) thus min-
imizing the risk of embolization of atherosclerotic
debris.

Traditional on-pump techniques provide techni-
cal comfort as the heart is still and the operative
target is bloodless affording ideal accuracy. The cur-
rent technology for off-pump surgery uses novel
means to provide these goals in a facile manner.
The target epicardial vessels can be isolated with
“feet” that stabilize either with direct compression
or with suction devices (Figure 32.1). The heart
can also be remarkably manipulated to bring the
target region into view using either complex peri-
cardial retraction sutures or, more commonly, with
large suction devices which can be attached to the
cardiac apex (Figure 32.1). Though difficult, with
these techniques even obtuse marginal vessels may
be approached off-pump and with experience, the
degree of revascularization with this technique ap-
proaches that of standard on-pump strategies.

This option is particularly useful in patients with
ascending aortic atherosclerosis and cerebral vascu-
lar disease, and many authors have recommended
its use in patients with other comorbidities such
as renal insufficiency and chronic obstructive lung
disease [31]. However, there are limitations to this
approach. Notably, the procedure is contraindi-
cated in patients with moderate or greater mitral
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Figure 32.1 OctopusTM and StarfishTM (Medtronics
Inc., Minneapolis, MN) suction devices used to stabilize
the target epicardial regions and rotate the apex of the
heart respectively. The distraction and rotation of the
heart allows for full exposure to the target regions and
the epicardial vessels may be controlled with atraumatic
snares of intraluminal shunts (picture courtesy of
Medtronics Inc., Minneapolis, MN).

insfufficiency, diffuse coronary disease, intramy-
ocardial vessels, and coronary calcification, and
thus many patients who would benefit best from
this technique cannot be candidates for off-pump
procedures.

As off-pump surgery obviates the pathophysi-
ologic brunt of CPB, it is not entirely surprising
that it would have an impact on the incidence
of bleeding, transfusion, and reopening. Decreased
transfusion may, in fact, be one of the mecha-
nisms by which this technique may be associated
with improved outcomes as excessive postopera-
tive bleeding plays a key role as an important cause
of morbidity and mortality after CPB. Surgical re-
exploration of the mediastinum (reopening or re-
thoracotomy) resulting from postoperative hem-
orrhage occurs in 3–5% of patients in traditional
surgery, and thus any intervention that could min-
imize this rate should improve outcomes and ex-
pense.

A critical evaluation of current
options of minimally invasive
cardiac surgery to impact
blood loss

Minimally invasive coronary surgery

OPCAB—median sternotomy approach
We have identified a limited number of RCTs and
observational trials since 2000, in which we were
able to compare blood loss, reexploration rate, and
homologous transfusion after OPCAB as compared
to conventional CABG (Table 32.1). The majority
of clinical trials have supported the concept that
off-pump coronary artery bypass grafting (CABG)
through a median sternotomy is associated with de-
creased bleeding, and thus a decrease in the risk of
transfusion as compared to conventional surgery.

Other reviewers in this area have also concluded
that an off-pump approach is associated with a de-
creased risk of transfusion as compared to con-
ventional surgery [32]. This question has been ad-
dressed using meta-analyses in two publications.
Cheng et al. [33], in a review of 37 clinical tri-
als, demonstrated a significant benefit of off-pump
surgery to decrease the incidence of transfusion
(OR 0.43; 95% CI, 0.29–0.65). On the contrary,
there was no significant difference in the need for
re-thoracotomy for bleeding. The transfusion ef-
fect of off-pump surgery in clinical surgery was
also shown to be decreased in a random effects
model analyzed by Guru et al. (OR 0.47; 95% CI,
0.32–0.59) [34].

Other factors showing benefit of this approach
over conventional surgery include lower myocar-
dial enzyme release, decreased stroke rate, lesser
renal insufficiency, and perhaps a decreased inci-
dence in atrial fibrillation [35, 36]. As there ap-
pears to be consensus on this outcome of improved
hemostasis as well, why has this procedure not
achieved universal appeal and acceptance? [35,37]
Many surgical teams still recognize the limitations
of off-pump surgery and recent reports suggest-
ing that this procedure may be associated with
a compromise in long-term patency [38] incom-
plete revascularization and an increased risk of late
repeat revascularization [36] have tempered their
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Table 32.1 RCT trials comparing off-pump and on-pump for bleeding and transfusion.

Number of
patients Blood loss

Reexploration
rate Homologous transfusion

OPCAB/CCABG

OPCAB/ OPCAB/CCABG
Amount
transfused

Author OPCAB CCABG CCABG OPCAB/CCABG Number (%) (mL)*

Sajja et al. [65] 56 60 360/542† NP NP 193/470.1†

Kobayashi et al. [66] 81 86 503/560 NP 16(20%)/39(45%)† NP
Gerola et al. [67] 80 80 678.6/680.5 NP 36(45%)/35(43.7%) NP
Wan et al. [68] 18 19 701/748 0/0 NA 110/278‡

Wehlin et al. [69] 21 16 720/610 NP 7(33.3%)/2(12.5%) NP
Straka et al. [70] 204 184 560/680† 4/2 49(24%)/51(28%) NP
Khan et al. [38] 54 49 1031/898 0/2(4%) 20(37%)/32(65%)†,§ NP
Puskas et al. [71] 98 99 NA 1(1%)/2(2%) 25(26%)/44(44%)† NP
Muneretto et al. [72] 88 88 385/514† NP 29(32.9%)/50(56.9%)† NP
Lee et al. [73] 30 30 789/1389† NP NP 300/975†

Angelini et al. [74] 200 201 41/62†, || 6(3%)/10(5%) 35(17.5%)/97(48%)† NP
Ascione et al. [75] 100 100 687/943.19† 2(2%)/8(8%) 23(23%)/52(52%)† NP
van Dijk et al. [76] 142 139 500/400†(12 h) 7(4%)/3(2%) 40(28%)/40(29%) NP

Observational cohort trials comparing off-pump and on-pump for bleeding and transfusion
Potger et al. [77] 610 433 NP NP NP NP
Frankel et al. [78] 3646 5197 NP 75(2.1%)/146(2.8%)† NP 656/874†

Scott et al. [79] 865 881 NP 15(1.7%)/29(3.3%)† 49%/74%† 375/825†

Mack et al. [31] 7283 10118 NP 79(1.7%)/169(3.2%)† 1503(33%)/3156(41%)† NP
Berson et al. [80] 360 1080 NP NP NP 90/260†

Nuttall et al. [81] 100 100 (24 h)950/808 NP 89%/94% 0/250†,¶

Scott et al. [82] 554 681 NP 1.9%/3.6% 253(46%)/491(73%)† 400/850†,#

Ishida et al. [83] 95 63 480/720† NP NP 300/1230†

Zamvar et al. [84] 120 247 NP NP 40%/90%† NP
Kirk et al. [85] 86 117 NP NP 30(35%)/67(57%)† 275/600†,**

Petro et al. [86] 840 5528 NP 1.3%/2.2% 40%/59%† NP
Yokoyama et al. [87] 242 483 NP 3(1.2%)/17(3.5%) 46(19%)/218(45%)† NP

Abbreviations: OPCAB, off-pump coronary artery bypass; CCABG, conventional on-pump coronary artery bypass; NS,
nonsignificant; NP, not provided; RBC, red blood cells; FFP, fresh frozen plasma; RCT, randomized controlled trial.
*Determined using conversion of one unit = 250 mL.
†p < 0.05.
‡OPCAB/CABG blood(units) 0.4 ± 0.9 vs 1.1 ± 1.4, NS; FFP 0.2 ± 0.5 vs 1.7 ± 0.7, NS; Platelets 0.3 ± 0.8 vs 2.3 ± 1.6, p < 0.01.
§RBC transfusion OPCAB/CCABG (20(37%)/32(65%), p = 0.004) or FFP (2(4%)/14(29%), p = 0.002).
||Number of patients with blood loss >1000 mL.
¶OPCAB/CCABG intraop: Median RBC 0 mL vs 250 mL, p = 0.001; FFP 2% vs 6%, NS; platelets: 1%/9%, p = 0.018;
cryoprecipitate: 0%/1%, NS Postop: RBC 575 mL/600 mL, NS.
#OPCAB/CCABG. RBC/patient (units) 1.6 ± 0.2 vs 3.4 ± 0.3, p < 0.001; FFP/patient (units) 0.4 ± 0.1 vs 1.2 ± 0.2, p < 0.001;
Platelets/patient (units) 0.3 ± 0.1 vs 0.5 ± 0.1, p < 0.001.
**OPCAB/CABG PRBC:(units) 1.1 ± 1.8 vs 2.4 ± 3.2, p < 0.05; FFP 0.3 ± 0.9 vs 0.2 ± 0.9, NS; Platelets 0.1 ± 0.3 vs 0.1 ± 0.3,
NS.
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confidence in this strategy. Further, despite its the-
oretical advantages, the procedure has never been
able to conclusively demonstrate a benefit in terms
of the incidence of postoperative neurocognitive
dysfunction [39, 40]. Therefore, larger randomized
clinical trials are still necessary to clearly elucidate
the specific indications for this approach in the car-
diac surgery population. Recognizing its limitations
in terms of the degree of successful revasculariza-
tion, it may still be an option in patients in whom
transfusion is particularly an issue and we believe it
is an essential tool in a surgical team’s armamentar-
ium to provide cardiovascular services particularly
for high-risk patients.

Minimally invasive direct coronary
artery bypass
Minimally invasive direct coronary artery bypass
(MIDCAB) was introduced as an attempt to com-
bine the beneficial approach of coronary revas-
cularization without the use of CPB, with an al-
ternative nonsternotomy incision. Although most
authors equate the term MIDCAB to reflect a left
anterior mini-thoracotomy (Figure 32.2) used for
revascularization of the left anterior descending
with the left internal thoracic artery, this latter ap-
proach is sometimes referred to as a left anterior
small thoracotomy (i.e., a type of MIDCAB) with
a lower-end sternal splitting as the second type of
MIDCAB. These approaches have shown improved
recovery rates, reduced morbidity, costs, and length
of hospital stay without compromising the quality
of the surgical procedure as compared to conven-
tional CABG completed through a sternotomy [41].
Of note, this section refers to surgery of this nature
done without additional technical support such as
videoscopic assistance (described below).

There are several observational trials describing
results with these approaches and most studies
have shown quite good outcomes with essentially
no risk of mortality, stroke or myocardial infarction
and in two series including our own, no transfusion
required in 68 patients [42, 43]. Good results have
also been achieved with this incision for multiple
grafts (multi-vessel small thoracotomy (MVST) but
as yet there is little clinical data on the effect of this
technique to decrease bleeding.

3

4

5

2

1

Figure 32.2 Common thoracic incisions used for
minimally invasive cardiac surgery: (1) right parasternal;
(2) right anterior mini-thoracotomy; (3) upper “J”
mini-sternotomy; (4) left anterior mini-thoractomy; (5)
lower end sternal splitting.

With the MIDCAB approach, there is a risk of
conversion to sternotomy and the need for CPB,
but if this is done expeditiously and liberally, there
is minimal incremental risk and no patients were
transfused who crossed over [42]. These outcomes
are not, however, generalizable and poor outcomes
have been reported in some trials [41] as in some
cases re-operation for bleeding has been required
[44]. As the procedure is technically challenging, it
is an option not in isolation employed as a strategy
primarily to decrease transfusions.

Videoscopic and robotic-assisted
nonsternotomy approaches
There has been a progressive evolution in coro-
nary revascularization through nonsternotomy ap-
proaches with the utilization of advanced tech-
nology with videoscopic equipment, and recently
through the introduction of robotic assistance.
Scopes introduced through thoracic ports can be
utilized to harvest the internal thoracic arteries and
the anastomosis can be performed on the beating
heart either through a small anterior thoracotomy



c32 BLBK256-Maniatis July 26, 2010 12:40 Trim: 246mm X 189mm Char Count=

Chapter 32 397

Figure 32.3 Totally endoscopic CABG
setup. Data from Boyd et al. [89].

with limited rib spreading [45] or using robotic
arms that can be introduced through separate ports
to stabilize the target region and perform the anas-
tomoses on the beating heart in a completely en-
doscopic manner (Figure 32.3). Meticulous plan-
ning is required in terms of the choice of conduits,
the type of anastomoses, and the order of revas-
cularization in cases of multiple grafts [46]. These
strategies embody the fundamental premise of min-
imally invasive cardiac surgery by both the com-
plete avoidance of CPB and the sternotomy with
the added benefit of limited rib spreading [47].
Most case series (Table 32.2) support that these
techniques are associated with minimal blood loss
[48] infrequent re-operations for bleeding (2.8%
[46] and infrequent transfusions as compared to
conventional approaches (10% [46]).

Some centers have proposed a similar approach
for completely endoscopic bypass with robotic assis-
tance but with CPB support [49]. Bonatti et al. re-
ported 40 patients who received robotically assisted

totally endoscopic left internal thoracic artery grafts
to the left anterior descending coronary artery sys-
tem with the da Vinci telemanipulation device (In-
tuitive Surgical Inc.). All patients underwent re-
mote access CPB perfusion through groin access,
and all anastomoses were performed on the ar-
rested heart. There were bleeding complications
which included bleeding from a port hole in 3 (8%)
and bleeding from the anastomosis in 4 (10%) ne-
cessitating transfusion and revision. Further, the
bypass and cross-clamp times were not insignifi-
cant, thus rendering this a less-supported goal of
minimally invasive surgery in terms of its capacity
to minimize transfusion.

Finally, these minimally invasive approaches
which capitalize on the importance of the per-
formance of the left internal thoracic artery—left
anterior descending artery bypass, can be used in
collaboration with the interventionalist by revascu-
larization of other vessels with percutaneous coro-
nary intervention. To date, there are limited re-
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Table 32.2 Video/robotic-assisted CABG; effect on reoperation and transfusion.

Author Number Reoperations for bleeding Transfusion

Nesher et al. [48] 146
Turner et al. [47] 70 2(2.8%) 7(10%)
Srivastava et al. [88] 150 5(3.3%) 19(13%)
Bonatti et al. [49] 40(20/20)* 1(5%)/6(30%), p = 0.037* 0/5 U, p = 0.001
Subramanian et al. [45] 30 2
Boyd et al. [89] 84† 2
Torracca et al. [44] 12 1
Damiano et al. [90] 32 3
Boyd et al. [91] 15 0
Falk et al. [92] 66 1

*Comparison of patients with (20) and without (20) technical difficulties during performance of totally endoscopic CABG.
†Report included case series from multicenter review of 215 patients with incidence of transfusion 6%.

ports and certainly none comparing this approach
to conventional surgery in terms of transfusion risk.
In fact, these procedures may compound bleed-
ing as current stent placement mandates the use
of potent antiplatelet and antithrombotic medica-
tions that have been shown to increase periopera-
tive bleeding and reopening [50].

Valve surgery

General overview
Valvular surgery, by its very nature, mandates
opening the cardiac chambers, thus the circula-
tory and respiratory functions of the heart and
lungs must be circumvented with CPB. Although
this particular goal of minimally invasive surgery
(i.e., avoidance of CPB) cannot be achieved, groups
have explored alternative nonsternotomy incisions
for cardiac exposure for valve surgery (Table 32.3).
Many teams have been successful in using these
approaches and patient outcomes have been excel-
lent, with documented decreases in bleeding and
transfusion as compared to historical cohorts [51].
The approaches have been further supported by
cosmetic benefits and lessened pain, which has
translated into shorter hospital stays and, thus, de-
creased cost [51].

Mini-sternotomy and parasternal approaches
The aortic valve in particular can be approached
successfully with a mini-sternotomy (Figure 32.2)

through the upper, middle, or inferior portions. As
opposed to an anterior thoracotomy, access to the
great vessels is relatively easy through a minister-
notomy, which renders central cannulation pos-
sible. Ministernotomy in mitral valve surgery has
been progressively abandoned owing to facility of
right anterior small thoracotomy with video assis-
tance for the latter pathology (see below). Mini-
sternotomy is also used in congenital heart surgery
and in selective cases of coronary bypass, particu-
larly in the presence of patent bypass grafts in re-
operative surgery [52,53].

Aside from pain and cosmesis, the partial na-
ture of the mini-sternotomy may contribute to
enhanced sternal stability, which may also de-
crease the incidence of wound infection. In terms
of hemostasis, eliminating a full sternotomy de-
creases sternal bleeding. Bakir et al. [54] com-
pared a ministernotomy group to a historical cohort
and they demonstrated reduced CPB times com-
pared with conventional surgery. Mean blood loss
was also lower with a ministernotomy (p � 0.05)
[54]. They described the use of this approach for
minimally invasive aortic root replacement in 35
patients (mean age 51 ± 15 years) through a
partial upper J-sternotomy. Revision for bleeding
was necessary in 1 (2.9%) patient. [54]. Byrne
et al. also reported a series of 137 aortic root re-
placements in which 37 (27%) were accomplished
through a 5- to 8-cm minimally invasive upper
hemi-sternotomy incision. There was one (3%)
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Table 32.3 Robotic and video-assisted valve surgery—impact on bleeding and transfusion.

Patient number Blood transfusion Blood loss (mL)

Number(%) Units
Author Robotic Conv. Operation Robotic/Conv. Robotic/Conv. Reexploration Robotic/Conv.

Woo, [93] 25 39 RAMV repair 2.8 ± 0.6 U/5.0
± 1.0 U*

Folliguet et al. [94] 25 25 RAMV repair 2(8%)/4(16%) 1(4%)/2(8%) 477 ± 213/566
± 201

Bolotin [58] 38 33 Re-do MV
surgery

2.9 ± 0.6 U/5.5
± 0.7 U*

Mishra et al. [95] 221 220 MV surgery 0 332 ± 104/440
± 92

Chitwood [96] 31 100 MV surgery 2.1 ± 0.2 U/3.6
± 0.4 U*

0/4(4%)* 623 ± 99/716 ±
86

Observational studies about video/robotic-assisted valve surgery for bleeding and transfusion
Nifong [97] 112 RAMV repair 19(17%)† 3
Tatooles et al. [98] 25 RAMV repair 11(44%) 0
Sobieski et al. [99] 25 RAMV repair 6(24%) 0
Nifong [100] 38* RAMV repair 6(16%) 1

Abbreviations: RAMV, robotic-assisted mitral valve; Conv., conventional; AVR, aortic valve replacement; MV, mitral valve.
*p < 0.05.
†Of 19 patients transfused, required average of 2.5 ± 0.9 U, 5 patients received 2.6 ± 1.1 U FFP, 6 patients with 4.0 ± 2.6 U
platelets.

re-operation for bleeding and 13 patients (35%)
required blood transfusions. They emphasized that
minimally invasive aortic root replacement is fea-
sible for a broad range of aortic valve pathology
with acceptable morbidity and mortality. However,
the operation takes longer through the smaller inci-
sion and therefore requires more careful attention
to myocardial protection [55].

Other groups, particularly the surgeons at the
Brigham Hospital [51] have advocated the use of
parasternal incisions (Figure 32.2). This latter ap-
proach does require femoral cannulation and thus
a separate groin incision. With experience, these
techniques have been associated with a low inci-
dence of reopening for bleeding [56] but not con-
sistently any difference in transfusion rates.Most of
these trials have been observational in nature with
historical cohorts used, thus the lack of appropriate
controls and surgeon-specific outcomes may not be
generalizable.

Therefore in summary, observational trials have
demonstrated the potential of the mini-sternotomy
and the parasternal incision to decrease bleeding

and thus transfusion; however, this premise has not
be confirmed with appropriate randomized con-
trolled trials with strict transfusion guidelines, and
thus these approaches cannot be recommended
definitively as blood-conserving strategies.

Right mini-thoracotomy
The primary alternative nonsternotomy minimally
invasive approach for mitral surgery involves a
right anterior thoracotomy in the fourth intercostal
space (Figure 32.2). Central cannulation is possi-
ble; however, the cannula placement can be diffi-
cult and they may also compromise surgical expo-
sure. Thus groin cannulation is currently preferred.
This approach may also be beneficial for the re-
pair of an atrial septal defect as for this problem,
minimal rib spreading is necessary. Further, it is
of particular value in cases of re-operative mitral
valve surgery in which it is anticipated that there
are dense pericardial adhesions which may jeopar-
dize patient safety. In series comparing standard ap-
proaches to right anterior thoractomy, there was a
significant reduction in blood loss (277 ± 152 mL
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thoracotomy vs 651 ± 504 mL sternotomy, p �

0.05) and blood transfused (2.0 ± 1.7 units tho-
racotomy vs 6.5 ± 3.3 units sternotomy, p �

0.01) [57]. Similar findings were demonstrated by
Bolotin et al. who recorded that blood transfusion
requirements were also reduced (2.9 ± 0.6 vs 5.5 ±
0.7 units; p = 0.001) [58].

Port-access—robotics in valve surgery
Port-access cardiac surgery was developed by
Heartport Incorporated (Redwood City, CA) in an
effort to combine the safety and support of CPB
with cardioplegic arrest with limited incisions in
situations in which a median sternotomy is not
used. To date, well over a hundred centers in the
United States and Europe are using the technology,
with the indications extending to multivessel by-
pass, multivalve surgery, and surgery for congen-
ital heart disease (Figure 32.4). The procedure re-
mains technically challenging and the endoclamp
(a trans-femoral intraluminal balloon used to oc-
clude the aorta) has been associated with some
complications in series with MV surgery with as
many as 30% needing conversion to trans-thoracic
clamping [59]. The literature supports that this ap-
proach is certainly more complicated thus it may

ENDOCLAMP
occlusion balloon

ENDOVENT
pulmonary vent

ENDOPLEGE
coronary sinus
catheter

•Trademark
©ETHICCN, INC. 2007

QUICKDRAW
venous cannula

ENDO arterial
return cannula

Figure 32.4 CardioVations. The arterial and venous cannulae are inserted through the groins and the aorta is
occluded with an intra-aortic occlusion balloon. The jugular access is used to insert a pulmonary artery vent and a
cannula to reside in the coronary sinus to administer cardioplegia (picture courtesy of CardioVations).

be associated with an increased risk of bleeding and
vascular damage [60].

The introduction of videoscopic and robotic as-
sistance expanded the indications of right minitho-
racotomy approaches to primary surgery of mitral
valve repair and replacement [61]. Excellent ex-
posure of the mitral valve can be achieved. Ini-
tially this approach was dependent upon Heart-
Port technology; however, a feasible alternative to
the transthoracic aortic clamp was introduced by
Chitwood et al. [62, 63]. This has provided a tech-
nical improvement related to facilitated control of
the aorta for cross-clampling and cardioplegia ad-
ministration. This strategy still requires groin can-
nulation for vascular access.

There are numerous international reports com-
prising large case series with this approach for mi-
tral valve surgery. However, a convincing decrease
in blood loss as compared to historical conventional
controls has not been seen. This is likely related
to the relatively long procedure times as compared
to conventional approaches. The benefit of this ap-
proach has been mostly cosmetic but patients also
experience less pain and they are able to mobi-
lize more rapidly. In experienced hands, this ap-
proach is not associated with an increased rate of
reopening.
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In summary, videoscopic and robotic assistance
can be successfully used to safely accomplish many
types of mitral valve surgery, however, as yet the
data does not support that these approaches can
consistently minimize blood loss and transfusion.

Minimized extracorporeal circulation
In an effort to minimize the systemic effects of
CPB, biomedical teams have remodeled bypass cir-
cuits to address the key components thought to
contribute to the pathophysiology of CPB. These
novel CPB systems, referred to as MECC aim to
limit the disturbance of the patient’s homeosta-
sis by designs with low-prime, closed volume, and
hemocompatible extracorporeal circuits. In partic-
ular, these modified circuits have been designed
with minimized surface area in the oxygenator
with integrated heat exchangers, all coated tip-to-
tip with biocompatible surfaces, to lessen the blood-
biomaterial impact. Tubing and related cannulae
are minimized in length and diameter to markedly
lessen the prime volume, thus impacting signifi-
cantly on the degree of hemodilution. Steps have
been taken as well to remove all possible areas of
blood–air interface by using a closed reservoir and
eliminating the cardiotomy reservoir with routine
cell salvage of all collected blood from the mediasti-
nal field as well as all vent blood from the left heart,
necessary for most procedures but particularly for
valve operations. The smaller cannulae necessitate
the use of vacuum-assisted venous drainage to en-
sure adequate flows. But with these modifications,
total priming volume of 500 mL can be expected
as compared to conventional volumes of 1.4–1.8 L.
Owing to markedly decreased hemodilution, less
intraop anemia results, and consistently trials have
shown a decrease in the need for intraoperative
transfusion [64].

To date, these trials have had limited impact in
current practice patterns as they have been small
sample sizes of mediocre design. Further, it is virtu-
ally impossible to blind the participants due to the
technical nature of the intervention. Finally, as in
many cardiac surgery trials, the transfusion guide-
lines are often poorly established and compliance
to the guidelines is not often achievable.

On contrary, the magnitude of the difference in
hemodilution between conventional circuits and
MECC is so profound in most trials that it is not un-
reasonable to assume that this will translate into a
significant improvement in transfusion outcomes.
Several recent clinical studies have been listed in
Table 32.4 that have demonstrated the value of this
procedure in both valve and coronary surgery. Sev-
eral authors have shown a marked decrease in the
amount of shed mediastinal blood postoperatively,
but most importantly, the majority of trials have
demonstrated a decrease in the percentage of pa-
tients who require transfusion.

Conclusions

Minimally invasive strategies are likely here to stay
in the cardiac surgical repertoire and it is prob-
able that new technologies will continue to be
implemented at a rapid pace. Few of the tech-
nologies described above were designed with blood
conservation as a primary goal as this target had
not yet reached critical recognition on the radar
maps of cardiac surgeons. Luckily however, as a
secondary outcome, many approaches such as off-
pump bypass clearly have shown a benefit in terms
of transfusion risk and one can recommend their
implementation in high-risk patients for this rea-
son alone.

We currently recognize that for most of these
technologies, surgical teams must balance the cos-
metic benefits of a smaller incision with the detri-
mental systemic effects of the longer bypass time
that is often necessary to achieve the same sur-
gical goals, such as seen with robotic mitral valve
surgery. However, promising work with minimiza-
tion of bypass circuits may provide an ideal means
to overcome these limitations such that both goals
can be aligned. We in fact believe that these
smaller circuits will revolutionize the field of car-
diac surgery such that hemodilution will be avoided
in many cases, and by extension, patient outcomes
will be improved dramatically. The clinical ground-
work has been set to support well-designed clin-
ical trials in this area and as accountability for
transfusion rates between institutions grows, the
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Table 32.4 Minimized extra-corporeal circulation (MECC); effect on bleeding, reopening, and transfusion.

Author Number of patients Blood loss (mL) Reopening Transfusion

Units
Percent
transfused

CABG MECC Conventional MECC/Conventional
MECC/
Conventional

MECC/
Conventional

MECC/
Conventional

Perthel [101]
RCT

30 30 302 ± 532/786 ±1000* NP 0.5 ± 0.9/1.3
± 1.9*,†

27%/43%*

Huybregts [102]
RCT

25 24 727 ± 77/954 ± 113* NP 0.9 ± 0.4/1.4
± 0.3*

NP

Gerritsen [103] 93 97 679 ± 290/819 ± 557* NP 0.5 ± 0.9/0.9
± 1.6‡

28%/34%*

Remadi [104] 200 200 NP NP NP 6%/13%*

Beghi [105] RCT 30 30 NP 0/1 NP 10%/26%
Beholz [106] 40 40 373 ± 119/501 ± 272* NP 0.2/1.3* 10%/35%*

Wiesenack [107] 485 485 765 ± 606/817 ± 619 1/15* NP 39%/79%*,§

van Boven [108] 60 60 780/NA NP 0.3/0.8* 13%/37%*

Vaislic [109] 40 40 312 ± 141/721 ± 619* 1/1 NP 0/5%*

Folliguet [110] 40 40 530/575(24 h) NP NP 34%/30%

AVR
Castiglioni [64]
RCT

17 23 217 ± 62/420 ± 219*, || 0/1 NP 5%/43%*

Abbreviations: CABG, coronary artery bypass grafting; MECC, minimal extracorporeal circulation; AVR, aortic valve
replacement; RCT, randomized controlled trial; PRBC, red blood cells; NP, not provided.
*p < 0.05.
†MECC:Conventional: RBC 0.5 ± 0.9 U/1.3 ± 1.9 U, p < 0.05; FFP 0/3 U; p < 0.001.
‡MECC:Conventional: RBC 0.5± 0.9 U/0.9 ± 1.6 U, p < 0.05; FFP 0.3 ± 0.9 U/0.5 ± 1.0 U; p > 0.05; platelets : 0.01 ± 0.01
U/0.13 ± 0.40 U, p > 0.05.
§RBC: 42(8.6%)/150(31%), p < 0.05; total: 190(39%)/383(79%), p < 0.05; FFP 86(17%)/80(16%).
||Platelet count was significantly higher in MECC (140 ± 29 × 10(9)/L vs 119 ± 37 × 10(9)/L, p < 0.05).

implementation of these technology will become
commonplace.
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CHAPTER 33

Adjunctive Strategies to Impact Blood
Transfusion in Cardiac Surgery
L. Ressler & Fraser Rubens
University of Ottawa Heart Institute, Ottawa, Ontario, Canada

Adjunctive strategies—
introduction

Blood conservation in cardiac surgery encompasses
a broad spectrum of technologies and strategies.
Though few of these have undergone extensive
clinical testing to the degree seen with antifibri-
nolytics, many, such as postoperative cell salvage,
have made it into the mainstream in terms of incor-
poration into a broader accepted therapy for blood
conservation.

In this chapter, we wish to recognize the poten-
tial for alternative ideas that have not previously
been considered to impact transfusion. These con-
cepts are not necessarily new. Many have been
developed as tried and true procedures or pa-
tient management decisions, practiced by surgeons
based on intuition with little support from clinical
trials. Some, such as liberal reopening, have the po-
tential to be expanded in the therapeutic algorithm
as broader concepts to limit blood exposure. All
have evolved to address surgical bleeding directly
or indirectly, through steps primarily carried out on
“our” side of the ether screen.

We are not publicly endorsing all of these strate-
gies; however, our perception coupled with our
clinical experience, suggests that now is the time to
consider that these ideas are worthy of exploration
and reconsideration. We anticipate that the read-
ers may find these topics unconventional in terms

of this field, but we believe that they are the ideas
that provide “food for thought” for further clinical
research.

A strategy of liberal reopening
As reviewed briefly in chapter 32, the physiologic
insult of cardiac surgery coupled with the necessary
anticoagulation and the relatively toxic effect of the
blood-biomaterial interaction of cardiopulmonary
bypass (CPB), results moderately frequently in
postoperative bleeding. Excessive bleeding may be
on the basis of a coagulopathy, or not infrequently,
the surgeon may also miss surgical sites of bleed-
ing at the time of closure of the median sternotomy
wound, or small branches and vessels that were
previously hemostatic due to spasm, may start to
bleed shortly after the patient is returned to the
ICU.

The impact of bleeding can be further compli-
cated by the limited mediastinal space and the
potential for cardiac compression with resulting
hemodynamic compromise (cardiac tamponade).
Pericardial effusions are relatively common after
cardiac surgery, seen in up to 50–64% of cases,
but luckily cardiac compromise is still relatively rare
[1]. Regardless, surgical teams often must resort to
reexploration of the wound (reopening) when ex-
cessive bleeding is detected or when there is evi-
dence of tamponade and in most institutions, this
requires a return to the operating room (OR) from
the ICU. In virtually every case, during the time de-
lay before reopening, the excessive bleeding often
leads to a state of low output, accentuating the co-
agulopathy to which treating physicians respond by
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ordering more blood products. As discussed below,
it is possible that a more rapid response to these
crises with a more liberal, earlier reopening strategy
may avoid this spiral and thus decrease the overall
blood exposure.

The incidence of reopening after adult cardiac
surgery generally ranges between 3 and 6% [2–4].
In a study by Choong et al., the most common in-
dication for reexploration was persistent bleeding
(82%) while the remaining cases underwent reex-
ploration for tamponade [3]. The median duration
from arrival in ICU to reexploration was 4.7 hours
(IQR 2.9–9.7 hours) with the majority reexplored
within 12 hours (82%) [3] (Figure 33.1). Patients
can loose a great deal of blood before they ulti-
mately get reopened with the median blood loss
from chest tubes up to 1050 mL (IQR: 750–1575
mL, mean 1236 mL, range 100–10661 mL) [3]. If
reopening occurs greater than 12 hours after ICU
arrival, tamponade appears to be a more frequent
indication for this intervention (44%) [3].

Patient factors associated with an increased risk
for reopening include increased age [2–5], smaller
body surface area or body mass index [3–5], and
preoperative renal insufficiency [2]. Propensity-
matched analysis also showed a relationship to
preoperative unfractionated heparin (UFH) use (p
= 0.001) [4], aspirin (ASA) use (p = 0.004) [3, 4],
usage of the potent antiplatelet drug clopidogrel,
and nonusage of antifibrinolytic agents (both p �

0.035) [3].
Operative factors shown to be associated with an

increased risk of reopening have included nonelec-
tive cases [4], multiple distal anastomoses (greater
than four) [4,5] prolonged bypass times [2,3,5,6],
and the need for the use of an intra-aortic balloon
pump (IABP) [5]. The type of procedure is also a
factor as there is an increased risk with combined
procedures, reoperations [6] and with procedures
other than coronary artery bypass grafting (CABG)
alone [2]. Unsworth-White et al. [7] followed 2221
patients; resternotomy for bleeding after CABG was
seen in 2.3% but it was threefold more likely with
valve cases (OR 3.4; 95% CI 2.1–5.4).

Trends suggest that the reopening rate is decreas-
ing despite the increasing burden of age and comor-
bidity seen by most cardiac surgical teams. Work

from the Northern New England Cardiovascular
Disease Study Group (NNECVDSG) confirmed that
the rate declined 46% from 3.6% to 2% of all
cases from 1992 to 1994 as compared to the period
1995–1997 (p � 0.001) [8]. This is probably related
to a myriad of processes of care and the increased
popularity of use of antifibrinolytics. Interestingly,
this decrease was seen despite the increased use of
preoperative UFH and ASA [8].

Surgical causes (e.g., bleeding anastomoses,
missed side branch) still appear to be the most
common etiologic contributor to bleeding requir-
ing reopening. In a clinical study by Unsworth-
White et al., identifiable surgical causes of bleeding
were found in 67% at reexploration, but concur-
rent coagulopathy was still common [7]. Similarly,
in a clinical review of 82 patients who were re-
opened, 66% had surgical sites identified and 34%
were coagulopathic [6]. Finally Charalambous et al.
showed that of 240 patients reopened due to bleed-
ing or tamponade, 55% had focal bleeding, 33%
had diffuse bleeding and 11% had both [9].

The clinical relevance of reopening
and tamponade
There is strong evidence that patients who require
reopening for bleeding have worse outcomes than
those who do not. Reopened patients have an in-
creased inotrope need and an increased incidence
of pulmonary/renal/abdominal complications,
particularly if the bleeding has a medical cause
(coagulopathy) as opposed to a surgical source
[6]. Unsworth-White et al. used multiple forward
stepwise logistic regression analysis to confirm
that resternotomy for excess bleeding after cardiac
surgery is a significant independent predictor of
prolonged stay in the ICU (p � 0.0001), of the
need for IABP (p � 0.0001) and of death (p �

0.0001) [7]. Dacey et al. also showed that mortality
is threefold increased (9.5% versus 3.3%, p �

0.001) and the average length of stay is increased
(14.5 days versus 8.6 days, p � 0.001) in patients
requiring reopening [5]. Finally, Moulton et al.
demonstrated that reoperation for bleeding was
a strong independent predictor for operative
mortality (p � 0.005), renal failure (p = 0.0001),
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Figure 33.1 (a) Amount of bleeding
in mL until reexploration for bleeding
after coronary artery bypass surgery;
(b) time in hours after coronary artery
bypass surgery until reexploration.
Data from Choong et al. [3], with
permission from Elsevier.

prolonged mechanical ventilation (p � 0.0001),
and atrial arrhythmias (p = 0.006) [2].

It is not clear that some of these complications
could have been averted by earlier and more ag-
gressive reopening to prevent the frequent massive

transfusion and tamponade in bleeding patients;
however, it appears that the amount of bleeding is
proportional to the length of time the team waits
prior to agreeing to reopen a patient [4]. Making a
decision to not reopen due to procrastination is not
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Table 33.1 Impact of late reopening on outcome [3].

Reexplored <12 hours Reexplored >12 hours p value

Median total blood loss in liters (range) 2.1 (0.4–12.5 ) 2.6 (0.6–12.7) 0.22
Median ICU stay in days (range) 3 (0–97) 8.5 (2–37) <0.001
IABP support (%) 22.3 44.1 0.01
Median RBC transfusion in units (range) 8 (1–59) 9.5 (3–32) 0.2
Hospital death (%) 7.0 29.4 <0.001

Abbreviations: ICU, intensive care unit; IABP, intra-aortic balloon pump; RBC, red blood cells.

a means to eliminate these problems and risks. In
other words, just because there is an increased mor-
tality with reopening, doesn’t mean you can avoid
the inevitable; longer delay may in fact lead to
greater problems. Karthik et al. demonstrated that
adverse outcomes were significantly higher when
reopening was delayed greater than 12 hours af-
ter ICU arrival [4]. In this group, reopening was
associated with increased inotrope use, increased
need for prolonged mechanical ventilation, and
prolonged hospital and ICU stay (all p � 0.001)
as compared with a propensity-matched cohort not
undergoing reopening [4]. In the delayed reopen-
ing group, there was a significantly increased rate
of major complications (stroke, renal failure, and
increased ICU stay) as compared to the small co-
hort who underwent reexploration in less than 12
hours (Table 33.1).

Reopening imposes a resource limitation in terms
of OR time and staffing and some units have ap-
proached this problem by a critical analysis of
the risk-benefit ratio of reopening without patient
transfer immediately in the ICU. We recognize that
there are many limitations to this approach in
terms of the sterility of the environment such as
lack of the negative pressure air flow; however, it is
entirely possible that the delays imposed by waiting
for transfer to a free operating theatre result in un-
toward hemodynamic compromise and increasing
transfusion burden which by themselves likely in-
crease the risk of infection to a greater degree than
the theoretical lack of perfect sterility if reopening
is done more rapidly in the ICU.

In fact, there does not appear to be strong evi-
dence that reopening in the ICU is associated with
an increased risk of infection. In a series reviewed

by Charalambous et al. [9] of patients reopened
in the ICU, there was a mortality rate of 6.7%,
which varied little from the overall population and
a 2.9% sternal wound infection rate, compatible to
the rate seen in the group not undergoing reopen-
ing [9]. The authors concluded that returning to the
operating theater delays reoperation thus carries
high economic costs and imposes demands on OR
times with frequent cancellations [9]. Similar find-
ings were documented by Kaiser et al. [10] report-
ing on 49 cases reopened in ICU with no wound
infections, and McKowen et al. [11] with 64 reex-
plorations in the ICU with a 3.1% incidence of in-
fection. A study by Talamonti et al. [12] provides
data supporting a more rapid reopening policy. In
this retrospective review, patients who had under-
gone reopening were divided into those with and
without subsequent sternal wound problems. The
average time to reexploration in the group without
problems was 7.6 hours, whereas it was 13.8 hours
in those with wound problems. Thus delay in re-
turn was a significant risk factor for wound compli-
cations (p � 0.001) [12].

Conclusions—liberal reopening
It is possible that liberal early reopening may have
a broader impact on patient outcome by minimiz-
ing overall bleeding and preventing the associated
massive transfusions often seen as teams try to de-
lay the inevitable. The indications for reopening
must be flexible as we are faced with older, sicker
patients, and potent antiplatelet agents. Currently
there is no evidence that a strategy employing rou-
tine reopening in the ICU impacts wound infec-
tion rates. This unexpected finding may be due to
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Figure 33.2 Amount of blood loss
from experimental wound surface to
which moist sponges at 30 and 65◦C
were alternately applied. Reproduced
from Willman and Hanlon [19], with
permission.

the minimization of transfusions before the coagu-
lopathic spiral ensues. Unfortunately a culture has
been created which discourages reopening as it is
taken as a measure of quality without appropriately
linking it to transfusion rates. We propose that fur-
ther consideration of this controversial topic may
indeed identify outcome measures that could test
this hypothesis in the clinical setting. In fact, it is
possible that when more clinical data is collected,
it may become evident that early, liberal reopen-
ing to prevent transfusion may be a very important
strategy to minimize patient complications.

Warm mediastinal irrigation
Hot water irrigation (HWI) for hemostasis has
limited but accepted use in neurosurgery, and oto-
laryngology [13] but its historical roots derive from
obstetrical surgery. The idea was first introduced
by Milne-Murray at a meeting of the Edinburgh
Obstetrical Society in 1886 [14]. The experiment
that was presented involved a rabbit uterine vas-
cular network. HWI caused vascular constriction
which was sustained longer and ordinary tone was
regained more slowly with no reactionary vascular
congestion, as compared to cold irrigation which
caused reactionary congestion associated with
vessel dilation and increased hemorrhage. Based
on these findings, HWI was subsequently success-
fully used to obtain hemostasis in postdelivery
bleeding [15].

Potential mechanisms that have been proposed
for the effect of HWI have included the activation
of platelet aggregation, enhanced coagulation, and
the induction of interstitial edema [16] with the lat-
ter causing perhaps external vascular compression.
It has been known for many years that the ideal
temperature for coagulation appears to be in the
range of 36.5–40◦C [17] (Figure 33.2). The ideal
temperature of 40◦C has been further supported
based on histological analysis of the effect of HWI
on nasal mucosa [18]. In this latter experiment,
temperatures above this level had little additional
benefit, and severe changes with epithelial necro-
sis were seen with temperatures greater than 52◦C
[18]. In a unique dog model, Willman et al. created
split thickness skin graft wounds upon which gauze
sponges soaked in saline at either 30◦C or 65◦C
were applied for 6 minutes [19]. The sponges were
rinsed to remove the blood, which was quantitated
colorimetrically. As seen from Figure 33.3, bleeding
reproducibly increased as soon as the higher tem-
perature sponges were added to the wound. This
supports that higher temperatures may cause more
damage and increase bleeding, but it does not es-
tablish the optimum temperature in the range less
than 52◦C.

There is very little in the clinical literature on
the use of HWI in any surgical subspecialty other
than a single randomized clinical trial reported in
the field of otolaryngology. In this study, Stangerup
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Figure 33.3 Coagulation times of
human blood incubated in a
controlled temperature bath. Data
from Addis [17].

et al. [13] randomized 122 patients with posterior
epistaxis to HWI or tamponade therapy with a foley
balloon. Those treated with the HWI had decreased
pain scores, more rapid cessation of bleeding and
no evidence of mucosal necrosis clinically [13].

Conclusions: mediastinal warm
irrigation
There are surgeons who routinely irrigate the sur-
gical wound with copious amounts of warm saline
solution. In the majority of cases, the primary goal
is to wash out any contaminants and bacteria. In
fact, this technique is widely used in the develop-
ing world as an alternative to antibiotic therapy. As
an added benefit, there is evidence from other spe-
cialties and from animal models that this strategy
may decrease overall bleeding. Therefore, we feel
this procedure warrants further evaluation in our
specialty as it is simple, cheap, and relatively easily
tested in a clinical model.

Skeletonization of the internal
thoracic artery
Other than the usual precautions involving steps
to ensure hemostasis (accuracy of suturing, gentle
handling of tissue, minimized tissue destruction,
etc.) surgeons have been taught few technical skills
that could influence bleeding in the mediastinum
after CABG. Alternative means of tissue incision
such as with the harmonic scalpel have received
varied support, but there as yet has been little

evidence that this technology may impact on trans-
fusion [20]. On the other hand, options for the
preparation of conduits used during bypass grafting
should be considered as to their effect on postoper-
ative bleeding. A critical step in the performance of
coronary surgery is the harvest of the left internal
thoracic artery (ITA) for its use for bypass of the
left anterior descending artery. Traditionally this
has been accomplished by the preparation with the
electrocautery of the artery as a pedicle dissected
from the chest wall with the accompanying fascia
and the internal thoracic vein with a strip of tissue
from 1 to 2 cm in width. This latter approach
is fast and reproducible and most surgeons are
comfortable with the distance provided between
the artery and the dissection plane.

Recently, many groups of surgeons have pro-
moted the use of skeletonization of the ITA as a
means to minimize chest wall damage [21, 22].
This modified approach involves the isolated
dissection of the artery with careful clipping of
individual branches and preservation of chest wall
structures including arterial collaterals, venous
channels, and nerves. We have demonstrated
that this approach results in preserved chest wall
sensation and decreased chest wall pain, without
compromise in conduit flow [23]. Skeletonization
has been accepted by many groups due to its effect
to minimize chest wall trauma, thus improving its
acceptance in high-risk patient groups such as in
the elderly [24,25].



c33 BLBK256-Maniatis July 26, 2010 12:42 Trim: 246mm X 189mm Char Count=

414 Adjunctive Strategies to Impact Blood Transfusion in Cardiac Surgery

The minimized chest trauma associated with this
technique appears to correlate with a decrease in
blood loss as confirmed by Calafiori et al. [26] and
Bonacchi et al. [27] and a decrease in transfusion
requirements [26]. Sahar et al. [28] were also able
to demonstrate that skeletonized bilateral ITA in
the elderly was associated with less transfusion as
compared to single ITA taken in a nonskeletonized
fashion (1.9 ± 1.9 vs 4.3 ± 2.8 packed cells/patient,
p � 0.001). Finally, Cartier et al. [29] have shown
that the routine use of skeletonized ITA in off-
pump surgery resulted in significantly decreased
total blood loss as compared to a nonskeletonized
cohort (325 ± 215 mL, vs 410 ± 230 mL) [29],
however no difference in the incidence of reopera-
tion for bleeding was observed between the groups
(skeletonized 4.1% vs nonskeletonized 3.8%).

Skeletonization has not received universal accep-
tance in the cardiac surgery community for sev-
eral reasons. It is technically demanding although
we have shown that the procedure, with experi-
ence, can be completed successfully in almost the
same time as with the nonskeletonized approach
[23]. There are also concerns that the procedure
may jeopardize the integral blood supply of the me-
dia and adventitia due to interruption of the vasa
vasorum. However, there is little evidence to sup-
port this claim as previous research has confirmed
that endoluminal nutrient support is more than ad-
equate for arteries of this caliber [30]

Conclusions—skeletonization of the
ITA
Skeletonization has proven to be a useful harvest
technique for the ITA which is well-tolerated by
patients, with data thus far supporting excellent
short- and mid-term patency [20, 26]. Clinical ob-
servational studies have pointed to a benefit in
terms of decreasing blood loss after bypass surgery.
We believe the evidence is strong enough that the
question of its value in decreasing transfusion ex-
posure should be addressed in a large randomized
controlled trial.

Mediastinal packing
Every cardiac surgeon has experienced cases of
persistent bleeding related to fragile suture lines,

diffuse coagulopathy, and the raw surfaces occa-
sionally found after reoperative surgery. Invari-
ably, these situations conclude long and laborious
surgery where patience is weak and fatigue may
render judgment more difficult. Not all surgeons
are comfortable with the liberal use of powerful
hemostatic adjuncts such as activated recombinant
factor VII, particularly where unwanted thrombo-
sis could jeopardize the principle target of surgery.
Early in our training, therefore, we are taught tech-
niques to pack with gauze to temporarily control
bleeding while blood products are administered and
heparin is reversed. As an extension of this ap-
proach in desperate situations of persistent bleed-
ing, if the packing controls the bleeding and there is
no cardiac compromise with the packs left in place,
prolonged packing to achieve permanent hemosta-
sis has been advised by some groups [31]

Packing of the chest with or without closure is
utilized as a last-ditch resort in between 1.5 and
2.8% of cardiac cases [32]. Although the approach
of delayed sternal closure may be used for se-
vere myocardial edema, persistent bleeding was the
cause listed for this management step in 32% of
cases [32]. The cases are usually quite complex,
such as after aortic dissection or endocarditis repair
[31] but if used in coronary cases, graft compromise
must be considered during the packing.

There are several alternative means by which
packing can be accomplished. Berger et al. sug-
gested the use of 4 × 24 inch sponges followed by
complete closure of the chest [31] with removal of
the packing 20–24 hours later. Bouboulis et al. used
30 × 30 cm and 10 × 10 cm 32 ply gauze (1 large, 3
small) with skin closure (leaving the sternum open)
[33] with removal of the gauzes the next day (33
± 19 hours). Interestingly, no difference has been
seen in the incidence of late infection if the packs
were removed in the ICU or the operating theatre
[33]. Del Campo [34] recommended packing with
a 2.5-cm gauze strip placed over the aorta in layers,
brought through a left parasternal stab wound. The
packing may be removed later once coagulation
is corrected, without reopening the sternum. In
an innovative step, as an alternative to gauze,
Economopoulos et al. [35] used a pericardial fat
pat dissected from the phrenic nerve, thus avoiding
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Figure 33.4 Pericardial fat pad utilized to pack around
the aortic root. Data from Economopoulos et al. [35].

reopening to remove the pack as the “pack” is
autologous. In this small series, all nine patients
survived (Figure 33.4).

These techniques may be surprisingly successful
in these desperate situations. In the largest series
reported by Bouboulis et al., bleeding was con-
trolled in 65/100 patients who were packed once
and 29/100 more after reexploration and multiple
packs (success 94%) but in 6 patients they were
unsuccessful to control bleeding [33]. Despite the
success in stopping the bleeding, this is a high-risk
group with an overall mortality rate of 42%. Up to
24% had complications attributable to the packing
technique and 16 patients out of these died [33].
In a series of 20 patients reported by Charalamous
et al., packing for intractable bleeding with skin
closure only was associated with an 85% survival
rate [36]. Finally, Johnson et al. [37] reported on
13 patients who were packed after reexploration,
reporting only 1 death and no infections.

Conclusions—mediastinal packing
Though infrequently collated in the literature, the
overall successful experience of mediastinal gauze
packing in situations of desperate bleeding that
we have collected, supports that this technique
should be formally taught and recognized in train-
ing programs. Further, we believe that this ap-
proach should not be quickly discarded as a feasible

alternative to the use of activated recombinant fac-
tor VII.

Conclusions

We have introduced these ideas to stimulate
discussion with regards to the impact of surgical
decision-making on perioperative bleeding and
its management. Some of these topics have not
been considered in this context in the past, and
most receive little attention in standard surgical
textbooks, but rather are passed down through
generations of surgeons without the benefit of sci-
entific validation. The renewed recognition of the
importance of transfusion as a contributor to pa-
tient morbidity should encourage us to reexamine
these issues more closely with simple clinical trials.
We hope this chapter will also encourage surgical
teams to communicate other personally validated
techniques to control bleeding and transfusion
among the rest of our cardiovascular community.
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CHAPTER 34

Anesthetic Techniques to Reduce
Blood Loss
Dafydd Thomas
Intensive Therapy Unit, Morriston Hospital, Abertawe Bro Morgannwg University NHS Trust and Welsh
Blood Service, Swansea, Wales, UK

Anesthetic techniques have an influence on peri-
operative blood loss, even if the main control of
hemostasis belongs to the surgeon.

Essential factors that may influence blood loss in
anesthetized patients include
1 Control of temperature;
2 Patient’s positioning;
3 Anesthetic technique;
4 Induced hypotension which warrants special
consideration (addressed in chapter 35).

Introduction

The anesthesiologist is regarded by many as some-
one who renders the patient unconscious to facili-
tate surgery and also tries to ensure that adequate
pain relief is administered during the perioperative
period. In addition the role extends to acting as a
guardian of the unconscious or vulnerable patient.
It incorporates a wide spectrum of duties ranging
from the avoidance of undue and unguarded pres-
sure on areas which may result in nerve damage
damaged corneas or dislodged teeth to the longer
term damage caused by unnecessary administra-
tion of drugs or blood components. This may lead to
end-organ damage long after the successful surgery
has been completed.

As our knowledge about the effect of allogeneic
blood transfusion on recipient patients develops it
has become apparent that not all patients need or
indeed gain a net benefit from receiving blood com-
ponents during the otherwise successful operative
treatment. It is important that the use of allogeneic
blood components is carefully evaluated on the
physiological need of the patient and probably only
administered when hemorrhage is life threatening
or when withholding them would lead to a worse
patient outcome. In the context of allogeneic blood
transfusion there are a number of anesthetic in-
terventions that can influence operative blood loss.
It is unlikely that anesthetic techniques can elimi-
nate the need for transfusion when there is mas-
sive blood loss but in other situations there may
be a significant reduction in the amount of blood
transfusion required or the techniques may help
avoid transfusion altogether. The anesthetist can
help limit the need for allogeneic transfusion by
becoming involved in preoperative assessment as
early as possible and by applying physiological and
pharmacological understanding to the patient’s pe-
rioperative care.

Preoperative assessment

Although there are chapters elsewhere in this text-
book about various preoperative measures (Chap-
ters 27–29), the anesthetist can by a number
of small preoperative checks ensure that the pa-
tient’s reserve to operative blood loss is maximized.
The preoperative examination needs to occur far
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enough in advance so that the patient can be op-
timized for the anticipated physiological stress of
surgery and anesthesia. It is important that preop-
erative hemoglobin values are as normal as can be
achieved depending upon the underlying pathol-
ogy. The goal is to ensure that patients present for
elective surgery with a level of hemoglobin above
12 g/dL. This may be achieved with preoperative
use of hemotinics such as oral or IV iron and in cer-
tain instances recombinant erythropoietin. Equal
attention needs to be paid to concurrent drug ther-
apy, e.g., acetyl salicylic acid, platelet inhibitors,
and other anticoagulants such as coumarin therapy
that may need to be stopped or substituted before
surgery. In particular, patients presenting for ortho-
pedic procedures may be taking nonsteroidal anti-
inflammatory drugs which increase the risk of pre-
and postoperative bleeding.

Application of physiological
principles

Temperature control: maintenance of
normothermia
All general anesthesia leads to an inability to
control body temperature both because it pre-
vents behavioral responses and it will impair auto-
nomic thermoregulation. Anesthetized individuals
become poiklothermic and loose heat to their en-
vironment. There is a three-phase response caus-
ing hypothermia, phase one occurring within 30
minutes and is mainly due to core peripheral heat
distribution secondary to the induced vasodilation.
The second phase is more gradual and is due to the
decreased heat production due to a 20–40% reduc-
tion in basal metabolic rate. There is convective and
radiation heat loss which is dependent on the dif-
ference between peripheral temperature and ambi-
ent temperature The loss is made worse by other
environmental factors such as low humidity and
the heat consumed when liquids evaporate from
the body surface, such as wet drapes in contact
with the patient’s skin. The third phase is a plateau
phase where heat loss is matched by metabolic heat
production. At this temperature the patient is suffi-
ciently cold to reach the lower threshold for vaso-

constriction, which results in a restriction of further
core to peripheral heat transfer.

The loss of heat if not minimized will lead to
a drop in the patient’s body temperature leading
to hypothermia and less a efficient clotting ability,
an increase in cardiac morbidity, and an increased
chance of infection. Numerous studies have in fact
shown how maintenance of normothermia in pa-
tients receiving general anesthesia for surgical op-
erations can lead to a decrease in operative losses,
a decrease in morbidity from cardiac events, and a
decrease in the incidence of wound infection.

Patient heat loss can be minimized in a number
of relatively simple ways:
1 The ambient temperature and humidity within
the operating theater needs to be as high as possible
although due consideration needs to be made to the
comfort of the health care workers performing the
surgery and anesthesia.
2 Humidification and perhaps warming of the dry
inhaled gases. As the anesthetic cases are pressur-
ized gases or volatile liquids they will be cold and
dry. A simple heat and moisture filter, which can
also have a bacterial filtration function, is routinely
placed between the inspiratory and expiratory cir-
cuit and the patient to minimize heat loss from the
patient and to warm and humidify inspired gases.
3 Warming under blankets can be used and warm
air over blankets have also become commonplace
to prevent or decrease the development of hy-
pothermia in the patient.
4 All fluids administered need to be warmed dur-
ing infusion. There are various devices that are able
to adequately heat administered fluids even when
the infusion rate is rapid and of large volume. The
administration of 1 L of fluid at ambient room
temperature can reduce core body temperature
by −0.26◦C (Table 34.1).

The routine use of a variety of warming tech-
niques has become commonplace over the past
decade as a result of a number of clinical re-
ports highlighting the importance of such measures
[1–5].

When considering all aspects of perioperative
morbidity it is worth remembering that tolerance
of anemia can also be affected by temperature.
Consider the case of a patient who awakens from
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Table 34.1 Prevention of perioperative temperature loss.

Maintain body heat preoperatively as this will prevent
heat loss while waiting for anesthesia and aid venous
cannulation

Preoperative forced air warmer

Active peripheral warming continued during anesthesia Forced air warmer
Radiant heat

Passive peripheral warming during anesthesia Space blanket (less effective but cheaper and better than no
attempt and conservation of heat at all)

Ensure all administered fluids and gases are warmed Fluid warmers including level 1 type warmers for massive
hemorrhage situations

Heat and moisture airway filters
Active humidification
Cardioplulmonary bypass
Amino acid infusion—thermogenesis

anesthesia feeling cold and who then starts to
shiver. The increase in oxygen demand induced by
shivering may alter the supply–demand balance of
delivered oxygen. If the anesthetist has decided to
allow permissive anemia in an attempt to reduce
allogeneic transfusion then a shivering patient by
increasing oxygen demand by 500% may compro-
mise oxygen delivery and in particular myocardial
oxygen demand resulting in myocardial ischemia.
This adds another reason for the anesthetist to pre-
vent hypothermia and therefore assist a safer peri-
operative course.

Prevention of excessive arterial
and venous pressure at the
operative site

One of the most basic physical principles learnt by
the trainee anesthetist is the importance of pressure
gradients. The understanding of gas and liquid flow
through a tube is described by Poiseuille’s Law for
laminar flow through a cylinder.

�V

�t
= [(Pa − Pb)�r4]

8�l

where V is the volume of gas or liquid, Pa and Pb are
the pressures at each end, l is the length of the tube,
r is the radius, and � is the viscosity coefficient.

A relatively simplistic interpretation of this law
when applied to a bleeding blood vessel means that
the blood loss will be determined by the size of the

hole in the blood vessel, the pressure difference be-
tween inside and the outside of the vessel, and the
viscosity of the blood. If we accept this working
principle then anything that the anesthetist does to
minimize the pressure gradient between the inside
the vessel and the atmospheric pressure outside the
vessel in an open surgical wound will also minimize
blood loss.

The aim therefore would be to try and decrease
arterial blood pressure and venous pressure using a
combination of pharmacological agents and a vari-
ety of anesthetic techniques.

Control of intrathoracic and
abdominal pressure
Another major and common perioperative physio-
logical disturbance that can occur during anesthesia
and surgery is the alteration in normal thoracic and
abdominal pressures. The use of mechanical venti-
lation and the use of positive end expiratory pres-
sure (PEEP) can significantly reduce venous return
and result in an increase in peripheral venous pres-
sures [6].

Mechanical ventilation
This method of ventilation by definition is mechan-
ical and not physiological. Also called positive pres-
sure ventilation it increases intrathoracic pressure
and removes the natural negative pressure caused
by diaphragmatic movement which usually sucks
air into the lungs. The change in airway pressure
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related to positive pressure ventilation leads to an
increase in mean intrathoracic pressure which in
turn results in a decrease in venous return of blood
to the heart. The resultant obstruction to venous
flow increases peripheral venous pressure and leads
to an increase in the blood loss. It is possible to min-
imize this effect on peripheral venous pressure us-
ing the postural adjustments described below under
patient positioning. The net effect of reversing the
pressures within the thorax means that the posi-
tive pressure leads to a decrease in venous return,
an increase in venous pressure and the potential for
greater venous oozing and overall blood loss.

Venous return can be further inhibited by the ap-
plication of PEEP further increasing thoracic pres-
sure. While this can also decrease cardiac output
the effect is not a desirable one in terms of a blood
saving as the negative effect on cardiac function
is brought about by a minor tamponade effect on
heart.

A more positive effect, however, is the avoidance
of sympathetic nervous system stimulation result-
ing from hypercapnea and hypoxia, which can re-
sult in increased bleeding. However providing hy-
percapnea and hypoxia are avoided by using high
gas flows spontaneous ventilation has been shown
by some investigators to decrease bleeding (Figure
34.1a and b).

A study by Modig on 38 patients undergoing a
total hip replacement showed a significant reduc-
tion on bleeding when spontaneous ventilation was
used compared to mechanical ventilation 1145 mL
versus 1541 mL [7].

Abdominal laparoscopy
Likewise the increase in intra-abdominal pressure
secondary to pneumoperitoneum, a prerequisite
for laparoscopic techniques, may lead to decreased
venous return and an increase in peripheral venous
pressures. Carbon dioxide is used as the insufflation
gas as it is very soluble and minimizes air embolism
but will lead to hypercapnea, which in turn will
lead to venous congestion. The mitigation against
the excessive abdominal pressure and hypercapnea
is a need for mechanical ventilation and muscle re-
laxation [8, 9].
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Figure 34.1 (a) Waveform produced by a
volume-controlled ventilator. (b) Waveform produced by
a pressure-generated ventilator.

Each intervention in itself may only result in a
minor increase in blood loss but when taken as a
whole may significantly alter the overall loss. The
poor positioning of a patient may easily reverse any
potential benefit that may occur as a result of anes-
thetic technique on blood loss. The use of position
to alter both venous congestion and contribute to
blood pressure control can transform the operative
field, as with operations on the middle ear, making
the surgery possible or quicker because of better vi-
sion for the surgical intervention.

Positioning
The correct positioning of the anesthetized patient
or of a patient receiving regional anesthesia is de-
pendent upon the attentive anesthetist. If a patient
is unconscious as with general anesthesia or un-
aware of a part of their body because of regional
or spinal anesthesia there is an inability to appre-
ciate the normal afferent neural signals warning
about abnormal or damaging pressure or position.
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There are a number of nerves that need protection
but in addition there are cardiovascular considera-
tions. Excessive pressure for prolonged periods can
lead to the development of localized pressure ar-
eas, venous occlusion with associated decrease in
venous return and edema distal to the obstruc-
tion or even worse an arterial or arteriolar ob-
struction leading to hypoxic ischemic damage. In
addition the decreased venous flow can lead to ex-
cessive venous pressure and resultant bleeding. The
prone position leads to the greatest embarrassment
of venous return as the abdominal compression
leads to a significant obstruction of the venous sys-
tem. It can be avoided by correct support to mini-
mize pressure and allowing unrestricted abdominal
movement. This is of particular importance during
spinal surgery, which is usually performed in the
prone position. The avoidance of pressure on the
abdomen results in less vena caval pressure and less
diversion of blood through collateral vertebral ves-
sels (Baston’s plexus) [10–12].

A second factor that can reduce venous pressure
is the maintenance of paralysis and avoidance of
coughing or straining, which may increase venous
pressure. This is easily achieved with the monitor-
ing of neuromuscular blockade while under general
anesthesia. Third, the raising of the operative site
above the level of the heart results in better venous
return and reduces venous pooling at the surgical
site. Caution is required to prevent air embolism
with this latter technique [13,14]. The surgeon and
anesthetist need to take steps to minimize its occur-
rence and to monitor for and be able to treat such
a complication, which can prove fatal.

The regional versus general
anesthesia debate

There may be reasons apart from blood loss why a
particular anesthetic technique is chosen over an-
other, e.g., the use of regional anesthesia because
of the poor respiratory reserve of someone with
obstructive airways disease or the patient request
to remain awake for the operative birth of a child.
There is a generally held belief that regional anes-
thesia such as neuroaxial blockade, e.g., epidural or

subarachnoid spinal anesthesia is associated with a
reduced perioperative blood loss [15–19]. The ev-
idence is conflicting and of course direct compari-
son between studies is not possible because of in-
herent variables between the patients and surgical
techniques studied. In addition many of the stud-
ies lack proper randomization and suitable control
groups and arterial blood pressure was not con-
trolled for studies monitoring intraoperative blood
loss. The use of regional techniques is persuasive
when looking at the thrombo-embolic events and
of course the other benefits of regional techniques
such as less interference with the respiratory sys-
tem and a better quality of postoperative pain relief
without central sedation ensures continued popu-
larity of this method of anesthesia.

In line with the basic principles outlined earlier
epidural anesthesia has been associated with lower
mean arterial pressures, right atrial pressures, mean
pulmonary pressures, and mean peripheral venous
pressures compared with patients undergoing gen-
eral anesthetic techniques [8] and may therefore
offer a theoretical advantage over general anesthe-
sia. Sharrock showed that in 30 patients undergo-
ing total hip arthroplasty under epidural anesthesia
with similar mean arterial pressures differences in
cardiac output induced by low dose epinephrine did
not alter blood loss [20].

Hip replacement surgery

Two meta-analyses conducted by Pitner et al. and
by Bradway JAP published in 1993 showed a ben-
efit in terms of decreased blood loss in Hip re-
placement surgery (THR) when epidural anesthe-
sia was used [21, 22]. A more recent meta-analysis
in elective hip replacement patients showed that
blood loss was reduced when using neuroaxial
block when compared with general anesthesia and
other operative outcomes were better for those
patients who received neuroaxial block, confirm-
ing the findings of the two earlier meta-analyses
[23]. All these analyses assessed studies which used
either epidural or intrathecal techniques. Niemi
showed a decrease in blood loss when general
anesthesia was combined with epidural when
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compared with general anesthesia alone [24]. The
reduction of blood loss with epidural anesthesia has
even allowed total knee replacement to be under-
taken without tourniquet or excessive blood loss
[25]. Another recent publication considering a sim-
ilar operative group of patients showed that spinal
anesthesia resulted in a 12% decrease in opera-
tive time and a reduction in estimated intraoper-
ative blood loss (25%), rate of operative blood loss
(38%), and a 50% decrease in intraoperative trans-
fusion requirements. Patients receiving spinal anes-
thesia had higher postoperative hemoglobins at day
1 and 2 and 20% lower transfusion requirements.
[26]. This benefit does not seem to be apparent in
operations for femoral neck fractures when epidu-
ral anesthesia is used [27], but when subarachnoid
anesthesia is used in elderly patients for a similar
surgical intervention blood loss was lower when
compared with general anesthesia [28,29].

Spinal procedures
Epidural block reduces intraoperative blood loss,
even under normotensive conditions. It appears to
be caused mainly by venous hypotension in the
lumbar spine, created by sympathetic block with
arteriolar vasodilation, venous pooling in lower
limbs, and reactive vasoconstriction in the lumbar
vertebra [14, 30]. The same decrease in blood loss
does not seem to occur in operations on the cervi-
cal and thoracic spine.

Pelvic procedures
A study in patients undergoing abdominal prosta-
tectomy showed that when compared with gen-
eral anesthesia there was a reduction of between 30
and 40% in blood loss when a regional technique
was used [31]. The etiology of this decreased blood
loss is difficult to explain. The reduction in blood
loss has been demonstrated even when there are
similar blood pressures in the regional and general
anesthesia groups [32] while other workers have
found a synergistic effect on blood loss when GA
and epidural techniques are used together resulting
in lower diastolic and systolic blood pressures peri-
operatively [33]. Thorud et al. showed a 69% re-
duction on blood loss between epidural anesthesia

versus neurolept technique during abdominal
prostatectomies [34]. Abrahms also showed a re-
duction in blood loss when transurethral prosta-
tectomy was performed under epidural or spinal
anesthesia [35]. The majority of other studies con-
firm a decrease in blood loss with regional tech-
nique [36–39] although Nielsen et al. [40] pre-
viously failed to confirm this benefit and, in a
later study, Wong did not find any benefit in us-
ing spinal anesthesia for radical retropubic prosta-
tectomy [41]. Other pelvic operations for cystec-
tomy and cesarean section seem to experience less
blood loss when performed under epidural anes-
thesia [42–47].

Local anesthetic infiltration
As the name suggests there are few systemic ef-
fects when this type of anesthesia is used. The lo-
cal anesthetic only affects the nerves which come
into contact and there is minimal systemic effect. In
addition the use of epinephrine will both prolong
the action of the anesthetic and minimize blood
loss by vasoconstriction within the surgical field.
Patient selection is of great importance; however,
an uncooperative or nervous patient can make sur-
gical intervention difficult despite adequate anal-
gesia and anesthesia. Local anesthetics have also
been shown to exert and effect on hemostasis by
inhibiting platelet aggregation and the effect was
dose dependent. However there is no clinical rel-
evance with regard to surgical blood loss as a result
of this platelet inhibition.

Plexus blocks
These are more elaborate techniques where the de-
posit of local anesthetic is within a closed area or
within a fascial plane allowing block of a plexus of
nerves as the description suggests. An example is
the deep cervical plexus block, which can be used
very successfully to perform major vascular surgery
such as carotid endarterectomy.

Again there is very little systemic effect from
these types of block. The surgical field can be im-
proved by altering posture despite a lack of systemic
block as venous pressures can be altered by Tren-
delenburg or reverse Trendelenburg depending on
which part of the body is being operated upon [48].
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Hypotensive anesthesia
As with all anesthetic techniques employed to re-
duce blood loss, hypotensive anesthesia can aid the
operative success by improving visibility in the sur-
gical field. There are instances where this can have
a major impact on the operative success such as
eye, ear, and neurosurgery. In many other areas,
however, caution needs to be exercised as hypoten-
sion while reducing vascular pressure and thereby
reducing bleeding only lasts until the reversal of
anesthesia. There is need to ensure that blood pres-
sure is restored to normal values before surgical clo-
sure to ensure all bleeding points have been ad-
equately dealt with. Another concern in dropping
mean arterial pressure is the need to maintain ade-
quate cerebral perfusion pressure. This is discussed
further in the following chapter.

Conclusion

The anesthesiologist can play an integral role in
many aspects of blood conservation. In addition
to the techniques described above, by coordinating
the many aspects of perioperative care, including
preoperative optimization, operative blood salvage,
and the withholding of allogeneic transfusion un-
til there is physiological need, the anesthetist can
help eliminate the need for allogeneic blood com-
ponent transfusion in a large proportion of surgical
patients.
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CHAPTER 35

Controlled Hypotension Decreases
Blood Transfusion Requirement:
Fact or Fallacy?
Richard P. Dutton
University of Maryland School of Medicine; R Adams Cowley Shock Trauma Center, University of Maryland Medical System,
Baltimore, MD, USA

Introduction

Controlled hypotension has long been advocated
as a means of reducing blood loss during long
elective surgeries. “Controlled” or “deliberate” hy-
potension refers to intraoperative maintenance at a
systolic blood pressure (SBP) of 65–90 mmHg, or
a mean arterial pressure (MAP) of 50–70, lower
than normal but within the autoregulatory range
for the brain and other organ systems. Controlled
hypotension is used during head and neck, spine,
and pelvic operations, but may be part of the anes-
thetic plan in other large elective surgeries. More
recently, controlled hypotension has been advo-
cated as a means of reducing blood loss during
emergency surgery for trauma. This chapter will
explain the techniques used for achieving and sus-
taining intraoperative hypotension, discuss the pos-
tulated physiology of this technique, and examine
the scientific evidence that supports its use.

Techniques and physiology

Intraoperative blood pressure is governed by a
number of factors (Figure 35.1). Intraoperative hy-
potension can be achieved through four distinct ap-

proaches. Each approach has particular technical
and physiologic implications.

In the presence of ongoing hemorrhage, as with
a trauma case or large elective surgery, the sim-
plest means of achieving hypotension is to under-
resuscitate the patient, such that intravascular vol-
ume is reduced relative to intravascular capacity.
Reduced filling of the right heart will lead to a
reduction in cardiac output by way of Starling
forces, accompanied by a state of systemic vaso-
constriction driven by sympathetic activation and
increased levels of circulating catecholamines [1].
Trauma patients presenting to the Emergency De-
partment (ED) who are hypotensive and in hemor-
rhagic shock are profoundly vasoconstricted. When
anesthetized there may be a profound drop in SBP,
due both to the direct negative inotropic and va-
sodilatory effects of the anesthetic and to the indi-
rect effect of reduced catecholamine outflow. In ad-
dition, animal studies have demonstrated increased
sensitivity of the brain to both sodium thiopental
and propofol in the setting of hemorrhagic shock,
which may contribute to relative overdosing of
these agents [2]. Blood pressure will be labile when
hypotension is achieved by fluid restriction, with
exaggerated swings both up and down in response
to episodes of increased bleeding or to bolus fluid
administration (Figure 35.2). Patients who are hy-
potensive due to fluid restriction are in shock by
definition and are suffering from decreased pe-
ripheral perfusion. While vital organs will tolerate
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Figure 35.1 Factors influencing intraoperative blood
pressure.

shock well for short periods, there exists the po-
tential for inducing subsequent organ system fail-
ure as a consequence of hypoperfusion. This may
be appropriate for short periods when management
of uncontrolled hemorrhage is the overwhelming
priority (see discussion of trauma cases below),
but is not a rational approach for elective cases or
when alternatives exist. In general, controlled hy-
potension in elective cases depends on simultane-
ous restoration and preservation of normal circu-
lating fluid volume, and the largest potential pitfall
of delayed hypotensive management is the failure
to recognize and treat developing hypovolemia.

More commonly hypotension is induced and
maintained with the addition of a systemic va-
sodilator to an otherwise stable anesthetic. Ni-
troglycerin and nitroprusside are the most com-
monly advocated agents, but prostaglandin E1,
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Figure 35.2 Deliberate hypotensive
management of a trauma case. This
patient was undergoing operative
debridement and packing of a Grade V
liver injury. Hypotension was achieved
through deliberate restriction of fluids
with a target systolic blood pressure of
80 mmHg. Note the typical oscillations
of pressure caused by fluid boluses in
the presence of ongoing hemorrhage,
and the normalization of pressure once
hemorrhage was operatively
controlled, even without further fluid
administration (about the 10th
interval).

beta-receptor antagonists, calcium channel antag-
onists, angiotensin-converting enzyme inhibitors,
and clonidine have all been used for this purpose
[3]. The potent short-acting intravenous agents are
typically administered by continuous infusion, of-
fering flexibility in titration and more rapid resolu-
tion of hypotension at the end of the case. Induced
hypotension with vasodilating medication follows
induction of a stable anesthetic and fluid balance
first, making subsequent determinations of anes-
thetic depth and fluid volume requirement easier:
once a stable level of anesthesia and hypotension
is achieved, any subsequent fall in SBP is likely to
be the result of surgical blood loss or a change in
stimulation level. Hypotension maintained in this
way is characterized by dilation of peripheral vas-
cular beds with increased blood flow (low pressure,
high flow), which sustains peripheral tissue perfu-
sion better than the low pressure, low flow state
created by fluid restriction. Whether this condition
can predispose to “steal” of perfusion from sensitive
cardiac or cerebral vascular beds is unknown but
has been postulated as a risk of this technique [4].

A third approach to controlled intraoperative
hypotension, and the easiest for the anesthe-
siologist to achieve, is deliberate overdosing of
conventional anesthetic agents. Increasing the ad-
ministered concentration of isoflurane, for exam-
ple, requires no additional equipment or supplies.
This technique acts through the mechanisms of
vasodilatation and negative inotropy common to
most sedative/hypnotic medications. In the hands
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of an experienced anesthesia provider the result-
ing hypotension is easy to titrate. With the modern
generation of ultra short-acting volatile and intra-
venous medications, hypotension is also easy to re-
verse when no longer indicated. As with the use of
nonanesthetic vasodilators, the resulting hypoten-
sion is in the low-pressure, high-flow category, pre-
senting a similar picture of preserved peripheral
perfusion with the potential for central steal. This
approach works better in younger, euvolemic pa-
tients, in whom the vasodilatory effects of the anes-
thetic can be used to advantage, and the nega-
tive inotropic effects tolerated. In older or more
debilitated patients the cardiac depressant effects
of high dose anesthetic agents may lead to a low-
pressure, low-flow state that is not as beneficial
as induction of hypotension with nitroglycerin or
nitroprusside.

A final mechanism for achieving deliberate hy-
potension is the use of a central neuraxial block.
Spinal or epidural anesthesia reliably produces hy-
potension through the mechanism of lower body
sympatholysis and subsequent reduction in vascu-
lar tone. This technique is more difficult to titrate
and harder to reverse when no longer desired,
but central neuraxial blocks have demonstrated a
proven benefit over general anesthesia in major
hip and lower abdominal surgery [5], and reduced
blood loss due to controlled hypotension may be
one reason. Fluid loading to compensate for in-
creased intravascular space runs the risk of fluid
overload when the sympathectomy resolves, espe-
cially in older patients with limited cardiac and re-
nal reserve. The physiology of controlled hypoten-
sion from regional anesthesia, while fitting into the
same low-pressure, high-flow model already de-
scribed, may be different from hypotension induced
by systemic vasodilators because only a portion of
the body is involved, with preserved vasoconstric-
tive mechanisms above the level of the block. Fur-
ther, the venous dilation observed, with very low
central pressure, may have its own direct effects
on surgical site hemorrhage [6, 7]. Hypotension by
way of a regional anesthetic is typically reserved for
those patients who are receiving this sort of anes-
thetic for other reasons, or those who will benefit
postoperatively from epidural analgesia.

Benefits of controlled
hypotension

The principal benefit of controlled hypotension is
reduction in intraoperative blood loss, which has
been well documented in a number of different sur-
gical procedures [3,6–18]. Summary data from the
orthopedic literature cites a 50% reduction in blood
loss during total hip replacement with deliberate
hypotension [8]. It should be remembered, how-
ever, that reduced blood loss may or may not trans-
late to a tangible improvement in outcome for the
patient.

Reduced blood loss is most beneficial when it
results in a reduced transfusion requirement. The
benefits of reducing transfused volume, or avoiding
transfusion altogether, have been well enumerated
elsewhere in this volume. Briefly, they include re-
duced immune suppression, reduced incidence of
postoperative pulmonary complications (including
transfusion associated lung injury), reduced risk of
an allergic or febrile reaction, reduced risk of bacte-
rial transmission, and reduced risk of infection with
CMV, hepatitis, or HIV.

In many surgical cases reduced intraoperative
blood loss does not equate with a reduction in
transfusion, because the surgery is limited enough
that transfusion is unlikely. Defining a benefit of
deliberate hypotension in these cases is harder. It
is impossible to demonstrate a difference in clinical
outcome between a laparoscopic cholecystectomy
patient who loses 100 mL and one who loses 200
mL, but the difference between losing 500 mL vs
1000 mL in a total hip replacement might be more
apparent, even if neither patient is transfused. The
patient with the greater blood loss is thought to be
at greater risk for postoperative complications such
as myocardial infarction, wound break down, or
prolonged ileus [19], but studies to document this
difference are hard to perform, and largely lack-
ing in the literature. Reduction in blood loss per se
thus becomes a benefit of deliberate intraoperative
hypotension only when considering cases that will
approach or cross the transfusion threshold.

A secondary benefit of reduced surgical bleed-
ing is improved visualization of the surgical field,
leading to more rapid and technically improved
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operations. This is a common subjective moti-
vator for the use of controlled hypotension in
surgeries such as cranial aneurysm clipping [20],
endoscopic sinus surgery [21], microscopic ear or
facial surgery [22, 23], and spine surgery in the
prone position [8–10]. Many studies of controlled
hypotension have documented reductions in sur-
gical time in parallel with reductions in blood
loss. Although difficult to prove, reduced sur-
gical time should also reduce the incidence of
wound or deep tissue infection. Hypotension dur-
ing aneurysm surgery may also benefit the patient
by reducing the risk of rupture during surgical dis-
section and temporary occlusion [21], although the
clinical evidence supporting this approach is sparse
and conflicting. Recent literature on this topic has
focused on the risks of hypotension in patients
with injured brain tissue and disrupted autoreg-
ulatory mechanisms, especially if exposure of the
aneurysm will require significant retraction (and
thus compression) of brain tissue [24,25].

Risks of controlled hypotension

The principal risk of controlled hypotension is hy-
poperfusion and organ system injury. A MAP of 50
mmHg is usually taken as the lowest acceptable tar-
get for controlled hypotension, specifically because
this is the lower limit of cerebral autoregulation in
normal patients. Below this level cerebral perfusion
becomes a direct function of blood flow, making
tissue ischemia more probable. The autoregulatory
threshold for other organs is similar, although the
brain’s dependence on aerobic metabolism makes it
the organ at greatest risk in most patients. Cerebral
effects of controlled hypotension have been stud-
ied using transcranial Doppler [26], demonstrating
preserved blood flow at low pressures and near-
infrared cerebral oximetry [27], and demonstrating
reduced tissue oxygen tension. In neither study did
any patient have a demonstrable neurologic defect,
indicating that the changes in physiology observed
were within the range of normal tolerance.

Mortality and morbidity following deliberate
intraoperative hypotension is rare, and attributing
negative outcomes to the technique is difficult

because of numerous confounding factors such
as the patient’s underlying health and the organ-
specific risks of the surgery itself. For example, very
few patients emerge from anesthesia with a new
central neurologic deficit, and the ones that do
have almost all had brain or spinal surgery. On the
contrary, subtle diffuse cognitive deficits following
anesthesia are common [28], especially in older
patients, and the impact of deliberate hypotension
on this outcome has not been rigorously studied.
Improved intraoperative monitoring, development
of sophisticated and validated tests of cognition,
and growing interest in postoperative cognitive
deficits will likely shed more light on this risk over
the coming decade.

The risks of controlled hypotension are strongly
affected by the patient’s premorbid condition.
Chronic hypertension, especially when poorly
controlled, leads to changes in the autoregulatory
thresholds of the brain and other organ systems,
making the patient effectively hypotensive at a
much higher blood pressure. If normal end points
are used to manage this patient, significant hypop-
erfusion may result. Similarly, many specific organ
system pathologies can cause an increased sensi-
tivity to hypoperfusion, including brain trauma,
coronary artery disease, chronic liver disease, and
renal insufficiency. The use of controlled hypoten-
sion is therefore contraindicated in patients with
uncontrolled hypertension, end-organ pathology,
or pregnancy [3].

The risk of myocardial hypoperfusion from
deliberate hypotension is likely real, but very
small. In theory, reduced blood flow across fixed
coronary lesions creates an ischemic risk through
the mechanism of steal [4], but in practice deliber-
ate intraoperative hypotension is seldom associated
with S-T segment changes on ECG, enzyme leak,
or other evidence of myocardial injury, and studies
have shown improvement in coronary perfusion
[29]. This may be a feature of patient selection
or it may be a function of the beneficial effects
of afterload reduction and decreased metabolic
demand under general anesthesia.

Renal dysfunction following controlled hy-
potension is unlikely. Glomerular filtration rate
and urine production fall when blood pressure is
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low, a manifestation of renal cell “hibernation” in
response to hypotension [30]. Renal cells do not
become ischemic, however, unless hypotension
is severe, prolonged, and accompanied by vaso-
constriction. Urine output returns when blood
pressure is allowed to normalize. Hepatic dysfunc-
tion is similarly unlikely, with blood flow in the
liver preserved over wide variations in systemic
pressure [31,32].

Newly identified risks of controlled hypotension
include focal ischemia of the spine or optic nerve.
While controlled hypotension is highly effective
at reducing blood loss during long spinal surgery
cases, distraction of the spinal cord during manipu-
lation, and hardware placement puts it at risk for is-
chemic injury [10, 33]. Neurophysiologic monitor-
ing, including somato-sensory evoked potentials,
motor-evoked potentials, and even the traditional
wake-up test have become the standard of care for
spinal surgery specifically because of their ability
to indicate spinal ischemia [10], and the first re-
sponse to an observed change in neurologic func-
tion is typically an effort to raise the blood pressure
and increase perfusion.

Posterior ischemic optic neuropathy (PION) is
the most common cause of blindness following
anesthesia and is strongly associated with long
spine cases in the prone position [34]. Once
thought to be due to direct pressure on the eye,
PION is now understood to be the result of intra-
operative hypoperfusion. While length of surgery
and increased intraoperative blood loss are cited
as independent risk factors in the latest review of
the American Society of Anesthesiologists (ASA)
visual loss registry [35], and hypotension is not,
it seems clear that hypoperfusion is at the root of
this disease, and is likely the result of many factors
including position, anemia, vasoconstriction, and
hypotension. While still very rare, the devastating
nature of this complication has moderated enthu-
siasm for controlled hypotension in major spine
cases.

Controlled hypotension in
elective surgery

Controlled hypotension has been shown to signif-
icantly reduce blood loss in clinical trials in to-

tal hip arthroplasty [5–8, 17], total knee arthro-
plasty (without a tourniquet) [16], spinal fusion
[10], major orthognathic surgery [14,15], and rad-
ical prostate surgery [18]. Based on this data, con-
trolled hypotension has also been recommended as
a technique for reducing blood loss in major cran-
iofacial surgery, neurologic tumor resection, radi-
cal pelvic or abdominal surgery [11–13], and radical
mastectomy, although these more uncommon con-
ditions have not been studied prospectively. Delib-
erate hypotension is also an important considera-
tion when the patient undergoing a large operation
will not accept blood products (i.e., in Jehovah’s
Witness patients [9]) or is a difficult crossmatch due
to multiple anti-RBC antibodies.

Deliberate hypotension to facilitate the surgi-
cal view of the operative field has been recom-
mended in sinus surgery [21, 23], microsurgery of
the ear [22], and intracranial aneurysm surgery
[20]. The use of deliberate hypotension to improve
surgical visibility in sinus surgery has been chal-
lenged [21], but this technique remains the stan-
dard in most practices. In aneurysm surgery, as was
noted previously, the immediate benefits of hy-
potension to visualization, manipulation and con-
trol of the aneurysm must be carefully weighed
against the potential for ischemia in retracted brain
tissue [24,25]. Prudent practice at present includes
the use of continuous arterial pressure monitoring,
neurophysiologic monitoring of affected brain seg-
ments, maintenance of normovolemia, and the ca-
pability on hand to immediately raise or lower the
patient’s blood pressure in response to changing
surgical requirements [20]. Deliberate hypotension
can then be employed selectively only at the time
of aneurysm manipulation and only for as long as
electrophysiologic monitoring indicates the contin-
ued adequacy of cerebral perfusion.

Studies comparing different techniques for con-
trolled hypotension have largely failed to demon-
strate any difference in overall blood loss between
hypotension achieved with specific vasodilators,
hypotension achieved with anesthetic agents, and
hypotension due to epidural anesthesia. As noted
previously, all three of these techniques result in
a low-pressure, high-flow state that should pre-
serve tissue perfusion as long as vascular volume is
maintained. The choice of technique for controlled



c35 BLBK256-Maniatis July 26, 2010 12:43 Trim: 246mm X 189mm Char Count=

Chapter 35 435

hypotension should therefore be made on the basis
of other factors, such as the patient’s benefit from
epidural analgesia postoperatively, the patient’s tol-
erance of anesthetic versus vasodilating medica-
tions, the logistics of the anesthetic delivered, and
the experience of the provider. Because most of
the benefits of controlled hypotension accrue from
avoidance of transfusion, the likelihood that RBCs
will be needed should always be a consideration.
Deliberate hypotension should be reserved for cases
with significant blood loss and the potential for
transfusion or the specific surgical need for a blood-
less field (i.e., microsurgery of the head and neck).

Controlled hypotension in
resuscitation from
hemorrhagic shock

Fluid administration is the cornerstone of resusci-
tation, and aggressive administration of fluid to the
trauma patient has been strongly recommended in
basic texts for at least five decades [36]. This ther-
apy was supported by early studies of shock which
demonstrated the intracellular migration of fluid in
response to ischemia, producing an intravascular
fluid deficit in excess of the actual volume of bleed-
ing [37]. Further, the aggressive use of fluids has
a strong visceral appeal to providers: by Starling’s
law an increase in intravascular volume will result
in an immediate increase in cardiac output and
blood pressure in most hemorrhaging patients,
often making their blood pressure “normal” within
a matter of minutes. This effect may even be
exaggerated in young, previously healthy patients
who are profoundly vasoconstricted as the result
of blood loss.

It was not until the development of sophisticated
mammalian models of uncontrolled hemorrhage in
the late 1980s that this approach was challenged. It
is now recognized that fluid administration to a pa-
tient with active hemorrhage is like pouring water
into a bucket with a hole in the bottom; increasing
SBP and venous pressure only results in more rapid
hemorrhage. Both hypotension and regional vaso-
constriction are essential functional components of
the systemic response to bleeding. Returning blood
pressure to normal is problematic because rebleed-

ing is likely to occur when fragile early clots are
washed away. Further damage occurs because most
resuscitation in the field and ED is carried out with
isotonic crystalloid solutions, which neither clot
nor carry oxygen. Significant dilution of both RBC
mass and clotting factors is likely.

Animal trials using a swine model of un-
controlled aortic hemorrhage have consistently
demonstrated a reduction in rebleeding, improve-
ment in tissue oxygen delivery, and improved sur-
vival when fluid resuscitation is targeted to a lower
than normal blood pressure [38, 39]. This observa-
tion has been confirmed in an elegant rat model
of hemorrhagic shock incorporating a variety of re-
suscitation strategies [40]. The absence of resusci-
tation leads to a high mortality, as does resusci-
tation targeted to normal vital signs. It is only in
animals resuscitated to a lower than normal target
pressure (MAP 50–60) that survival is improved.
A consensus panel organized in 1993 to summa-
rize this area of research concluded that deliberate
hypotension was consistently beneficial in mam-
malian models of uncontrolled hemorrhagic shock,
and urged the translation of this research to clinical
practice [41].

The most important human trial of deliberate
under-resuscitation was conducted in Houston in
the early 1990s [42]. Hypotensive victims of pen-
etrating torso trauma were randomized based on
the day of the month to receive conventional in-
travenous fluid therapy or no fluid at all during
prehospital and ED care. At the time of reaching
the operating room (OR) there was a 2-L difference
between groups in the amount of fluids received,
but no difference in SBP (the effect of spontaneous
hemostasis and auto-resuscitation, as seen in Fig-
ure 35.2, above). The fluid restricted group had sig-
nificantly better survival. This landmark study was
published in 1994, and subsequently criticized for
its enrollment mechanism, its restriction to pene-
trating trauma victims, its “all or none” resuscita-
tion strategy, and its failure to continue fluid re-
striction beyond the start of surgery (i.e., until the
definitive control of ongoing hemorrhage) [43].

A similar study performed in Baltimore in the
late 1990s corrected many of these faults [44]. This
trial enrolled both blunt and penetrating trauma
victims, used titration of fluids based on high or
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low blood pressure targets, and continued ther-
apy until hemostasis had been achieved. This study
did not show improved survival, due both to a
smaller number of patients enrolled and to im-
proved overall outcomes in trauma care, but the
results suggested that deliberate hypotension was
at least as safe as the traditional approach. Despite
the inconclusive outcome of this study increas-
ing experience with deliberate hypotension has led
most large trauma centers to adopt this approach,
and “hypotensive resuscitation” is now a common
practice.

Two important caveats apply to the use of de-
liberate hypotension in resuscitation from trau-
matic shock. First is the underlying physiology. Un-
like patients presenting for elective surgery, these
patients are already hypotensive and often pro-
foundly vasoconstricted when they arrive in the
OR. Administration of anesthetic agents and con-
version from spontaneous to positive pressure ven-
tilation may produce profound hypotension and
even loss of a palpable pulse. For this reason, delib-
erate hypotension is often achieved by significant
underdosing of anesthesia and analgesia. This cre-
ates the potential for intraoperative recall and sub-
sequent psychological complications. In addition, it
makes these patients physiologically different from
the animal models of uncontrolled hemorrhage de-
scribed above, which are necessarily conducted un-
der general anesthesia. To date there have been no
clinical trials in trauma comparing vasoconstricted
hypotension sustained through fluid restriction and
the more physiologically sound approach of keep-
ing the patient hypotensive through the use of
anesthetics, while providing enough fluid to tol-
erate the vasodilatation that results. In theory it
is blood pressure that is most important to ongo-
ing hemorrhage, while tissue perfusion is the key
to avoiding long-term sequelae from shock. Va-
sodilatation at a low pressure should produce the
best overall outcomes. There is tantalizing labora-
tory data that supports this view [45], but as yet no
confirmation in humans.

The second caveat to the use of deliberate hy-
potension in trauma patients concerns the com-
position of administered fluids. Most of the labo-
ratory data cited, as well as the clinical trials per-

formed to date, initiated resuscitation with isotonic
crystalloid solutions. Dilution of coagulation factors
and oxygen-carrying capacity is part of the patho-
physiology of aggressive resuscitation, and certainly
contributes to the poor outcomes observed. This
problem can be mitigated, however, by the use of
RBC and plasma as initial resuscitation fluids, and
it is possible that the blood pressure achieved is
less important when normal blood composition is
preserved. Experienced traumatologists have long
advocated the early use of uncrossmatched type-
O RBC [46], while preliminary data from the US
Army experience in Iraq suggests that early use of
plasma is associated with improved outcomes in pa-
tients requiring massive transfusion [47]. Beyond
even these concerns is the observation that lac-
tated Ringers solution—the most commonly used
isotonic crystalloid—may be proinflammatory in
trauma patients, and may contribute directly to the
development of organ system failure [48].

All in all, controlled hypotension during early
resuscitation and hemostatic surgery for actively
bleeding trauma patients is the recommended ap-
proach. Hypotension will facilitate early clot forma-
tion, may improve surgical visibility, and will likely
reduce the overall transfusion requirement. This
technique, however, should not be applied in a vac-
uum. Enough fluid should be administered to allow
a deep level of anesthesia, and RBC and plasma
should be administered early enough to preserve
functional blood composition.

Conclusion

Controlled intraoperative hypotension is a valu-
able anesthetic technique that can reduce or elim-
inate transfusions in both major elective surgeries
and emergency surgery for traumatic hemorrhage.
Like most techniques, controlled hypotension car-
ries both risks and benefits. Knowledge of the phys-
iology of blood pressure control, and the manner in
which anesthetic agents can influence the surgical
procedure, is essential for the skilled anesthesiol-
ogist, and will allow the application of controlled
hypotension in the patients and at the times that it
is most likely to be beneficial.
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CHAPTER 36

Acute Normovolemic Hemodilution
Javad Bidgoli & Philippe Van der Linden
Department of Anesthesiology,CHU Brugmann-HUDERF,Université Libre de Bruxelles, Brussels, Belgium

Increasing awareness of the potential adverse ef-
fects of allogeneic blood transfusion, but also the
occurrence of intermittent blood shortages have
prompted both physicians and patients to search al-
ternatives to the use of donor blood. Acute normo-
volemic hemodilution (ANH) was introduced into
clinical practice in the 1970s to reduce require-
ments for allogeneic blood products [1,2]. ANH en-
tails the removal of blood from a patient either im-
mediately before or shortly after the induction of
anesthesia and its simultaneous replacement by an
appropriate volume of crystalloids and/or colloids
to maintain “normovolemia” [3, 4]. As a result,
blood subsequently lost during surgery will con-
tain proportionally less red blood cells (RBCs) per
milliliter, thus reducing the loss of autologous ery-
throcytes. Potential benefits of ANH therefore in-
clude all the advantages associated with a reduction
in allogeneic blood exposure, including a reduction
of transfusion reactions from exposure to donor’s
blood antigens and a decreased exposure to blood-
borne pathogens. When compared to other blood
conservation techniques, ANH offers several inher-
ent advantages: it is quite inexpensive and easily
available, it improves tissue oxygenation because of
decreased blood viscosity and it provides fresh au-
tologous blood units for later transfusion after the
achievement of surgical hemostasis. However, the
real efficacy of ANH in reducing allogeneic blood
transfusion remains controversial. This review aims
to describe the physiology, limits and clinical use of
ANH.

Physiological compensatory
mechanisms

The acute reduction in RBCs concentration in-
duced by hemodilution elicits intrinsic compen-
satory mechanisms, which allow the maintenance
of adequate oxygenation at the tissue level [5, 6].
The development of these mechanisms is closely
related to the improvement of whole blood fluid-
ity achieved by hemodilution providing the main-
tenance of “normovolemic” conditions. The basic
determinants of blood fluidity are the red cell con-
centration, the plasma viscosity, the cell-to-cell in-
teractions and the prevailing shear rate (i.e., the
mean linear flow velocity). The lower the shear
rate, the more pronounced is the improvement in
blood fluidity based on changes in hematocrit [3].
Elicited compensatory mechanisms mainly involve
an increase in cardiac output and an increase in tis-
sue oxygen extraction.

Increase in cardiac output
At the systemic level, improvement in blood flu-
idity results in an increase of venous return and
a reduction of left ventricular afterload. Enhance-
ment of shear rate with subsequent release of nitric
oxide also contributes to systemic vasodilation [7],
while hemodilution-induced stimulation of aortic
chemoreceptors increase the sympathetic activity of
the heart, resulting in improved myocardial perfor-
mance [8]. All of these phenomena are responsible
for the increase in cardiac output, mainly through
a rise in stroke volume, but also to some extent
through an increase in heart rate. Indeed, in awake
subjects undergoing ANH, an increase in stroke vol-
ume and heart rate has been observed, whereas in
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anesthetized patients, the increase in cardiac out-
put is essentially related to the rise in stroke vol-
ume, but also to some extent to an increase in heart
rate [4,9]. The physiologic response of cardiac out-
put to ANH appears to be dependent on the pres-
ence of an intact autonomic nervous system. In an-
imals deprived of their autonomic nervous system,
the heart rate did not increase during isovolemic
anemia and the increase in cardiac output was sig-
nificantly lower than in intact animals [10]. Alpha-
adrenergic tone to capacitance vessels also appears
essential for an adequate cardiac output response to
anemia [11]; it is possible that this enhanced ven-
omotor tone results from hemodilution-induced
stimulation of aortic chemoreceptors [12].

Increase in tissue oxygen extraction
The second compensatory mechanism aims at a
better matching of oxygen delivery to oxygen de-
mand at the tissue level. This mechanism, which
allows for increased blood oxygen extraction en-
tails physiologic alterations at both the systemic
and microcirculatory level. At the systemic level, a
better matching of oxygen delivery to tissue oxy-
gen demand requires a redistribution of blood flow
to areas of high metabolic demand from areas
of low one. Several experimental studies demon-
strated cerebral and coronary vasodilation during
isovolemic hemodilution, blood flow in these ar-
eas increasing out of the proportion of the rise
in cardiac output [13]. Vasoconstriction develops
in the hepatic, renal, mesenteric, and splanchnic
areas, with the results that blood flow to these
organs contributes less to the overall increase in
blood flow. This regional redistribution of blood
flow during isovolemic hemodilution is partly due
to alpha-adrenergic stimulation, but seems unal-
tered in the presence of beta-adrenergic blockade
[14]. At the microcirculatory level, several physio-
logic alterations develop to provide a more efficient
utilization of the remaining blood oxygen content.
The most important effect is an increase in RBC ve-
locity resulting from increased arteriolar pressure,
which, alone, stimulates arterial vasomotion [15].
Increased flow velocity and enhanced vasomotion
provide a better spatial and temporal distribution
of RBCs within the capillary network. This will re-

sult in improved tissue oxygen extraction capabil-
ities [16]. Lastly, a right shift of the oxygen disso-
ciation curve related to a rise in the RBC 2–3 di-
phosphoglycerate level may reduce the affinity of
hemoglobin for oxygen and therefore improve oxy-
gen availability. This mechanism, however, takes
some time to occur and has been demonstrated
only in chronic anemia [17].

Effects of anesthesia

Anesthesia can alter the physiologic adjustments to
isovolemic hemodilution at different levels (Table
36.1). Most anesthetic agents depress the cardio-
vascular and the autonomic nervous system in a
dose-dependent manner. Therefore, the most strik-
ing effect of anesthesia would be a decreased car-
diac output response to isovolemic hemodilution.
The effects of anesthesia on the cardiac output re-
sponse were assessed in patients undergoing major
abdominal surgery in whom moderate intentional
hemodilution (target hemoglobin of 8.0 g/dL) was
part of the blood conservation program [9]. In the
awake patients, intentional hemodilution was as-
sociated with a significant increase in the cardiac
index, which was related to an increase in both
the heart rate and the stoke index. This increase
in cardiac index compensated for the decrease in

Table 36.1 Effects of anesthesia on the physiologic
response to hemodilution.

1. Effects on the cardiac output response
a. Alteration in cardiac loading conditions
b. Negative inotropic effect
c. Depressed autonomic nervous system activity

2. Effects on the O2 extraction response
a. Vasodilation
b. Depressed sympathetic nervous system activity

3. Effects on gas exchange
a. Decreased functional residual capacity

4. Effects on tissue oxygen demand
a. Relief of pain, stress, anxiety
b. Decreased muscular activity
c. Decreased myocardial O2 demand (negative

chronotropic and inotropic effect)
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hemoglobin concentration, so that oxygen delivery
remained unaltered. However oxygen consump-
tion increased, resulting in an increase in the oxy-
gen extraction ratio. In the anesthetized patients,
intentional hemodilution resulted in a significantly
smaller increase in cardiac index, which was solely
related to a raise in the stroke index. Therefore,
oxygen delivery decreased, but oxygen consump-
tion remained unchanged as the oxygen extraction
ratio increased. The increase in oxygen consump-
tion observed in awake patients has been attributed
at least in part to an increased in myocardial oxygen
demand associated with the increased heart rate.
Similar observations have been reported in awake
volunteers undergoing severe isovolemic hemodi-
lution [18]. In the Ickx et al. study [9], when the
awake patients were anesthetized, all the measured
parameters returned to values similar to those
obtained in patients undergoing hemodilution
while anesthetized. Therefore, performing hemod-
ilution before or after induction of anesthesia did
not result in a significant different physiologic re-
sponse at the time of surgery.

Limits of hemodilution

As described above, maintenance of tissue oxy-
genation during ANH results from an increase in
cardiac output and oxygen extraction. Several ex-
perimental and clinical studies have demonstrated
the involvement of both mechanisms even in the
early stage of ANH [19]. The relative contribu-
tion of these mechanisms will depend on the abil-
ity of the organism to recruit them [20]. They
allow the maintenance of tissue oxygen balance
until the hemoglobin concentration falls to about
3 to 4 g/dL (hematocrit 10–12%). Below this “crit-
ical” value, oxygen delivery can no longer match
tissue oxygen demand and cellular hypoxia will de-
velop. Several experimental studies reported this
“critical hemoglobin value [21–23]. Van Woerkens
et al. [24] studied a Jehovah’s Witness patient
who died from extreme hemodilution, and they
observed a critical hemoglobin concentration of
4 g/dL.

The efficacy of the mechanisms preserving tissue
oxygen delivery when the oxygen carrying capac-

ity of the blood is reduced depends primarily on the
maintenance of an adequate circulating blood vol-
ume. Indeed, hypovolemia blunts the effects of de-
creased blood viscosity on venous return [25]. Al-
though “normovolemic” conditions are difficult to
define, replacement of the blood and fluid losses
with at least a volume of substitute having the same
expanding effect on the intravascular volume is
required.

Tolerance to acute isovolemic hemodilution not
only depends on the integrity of the compensatory
mechanisms described above, but also on the level
of tissue oxygen demand. For a given cardiac out-
put and oxygen extraction response, any increase
in tissue oxygen demand will require a higher
hemoglobin concentration.

ANH and the cardiac patient
Maintenance of myocardial oxygen delivery dur-
ing ANH depends essentially on the increase in
the coronary blood flow as oxygen extraction is
already nearly maximal at the level of the heart
under resting conditions [13]. This is achieved by
a reduction in coronary vascular resistance related
to the decreased blood viscosity but also to spe-
cific coronary vasodilation. Heart rate and possi-
bly myocardial contractility have been shown to
increase during hemodilution [26, 27], which re-
sults in an augmentation of myocardial oxygen
demand. When hematocrit is reduced to about
10%, myocardial oxygen consumption more than
double, as it has been demonstrated in dogs [28].
In these conditions, coronary vasodilation is nearly
maximal. Below such a hematocrit, coronary blood
flow can no longer match the increased myocardial
oxygen demand and ischemia develops, ultimately
resulting in cardiac failure.

As myocardial O2 supply essentially depends on
an increased coronary blood flow, during ANH, the
coronary reserve, i.e., the ratio between maximal
and resting coronary blood flow is significantly re-
duced in these conditions [29]. This indicates the
vulnerability of the heart during ANH, especially if
higher work demands on the myocardium should
coexist. Among healthy conscious subjects under-
going acute isovolemic reduction of hemoglobin to
5 g/dL, Leung et al. [30] observed that those who
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developed reversible ST-segment depression on the
Holter ECG monitoring were also those who ex-
hibited the higher maximal heart rate. This higher
heart rate may have contributed to the develop-
ment of an imbalance between myocardial supply
and demand, resulting in ECG evidence of myocar-
dial ischemia. In patients with coronary artery dis-
ease (CAD), coronary blood flow is limited by the
atherosclerotic lesions. Experimental data in ani-
mals with extrinsically applied coronary stenosis
have demonstrated a complete exhaustion of the
coronary reserve. In these animals, cardiac failure
developed at a significantly higher hematocrit than
in controls [31]. The lowest tolerable hemoglobin
concentration in CAD patients remains unknown
and probably depends on several factors, includ-
ing the severity of the disease [32]. Observational
studies have shown an association between ane-
mia, defined as a hematocrit �30%, and increased
mortality in patients with cardiovascular disease
[33, 34]. In these circumstances, however, there
are no definitive data showing that blood trans-
fusion either mitigates myocardial ischemia or im-
proves survival [35–37]. There is increasing evi-
dence that tolerance of CAD patients to isovolemic
anemia closely depends on the level of myocardial
oxygen demand. In anesthetized patients sched-
uled for CABG surgery, several studies demon-
strated that moderate ANH (target hematocrit value
27–33%) is well tolerated [38–40], and might even
have some cardioprotective effects when associ-
ated with a reduction of the myocardial metabolic
demand [41].

However, any increase in myocardial oxygen de-
mand in these conditions could be associated with
the development of myocardial ischemia and car-
diac dysfunction. Tonkovic et al. [42] assessed be-
fore surgery the hemodynamic response to mod-
erate dose of dobutamine in hemodiluted CAD
patients scheduled for off-pump surgery. Patients
were hemodiluted to a target hemoglobin concen-
tration of either 9.5–10.5/dL (moderate ANH) or
7.5–8.5 g/dL (severe ANH). Dobutamine infusion
at a rate of 5 �g/kg/minute was associated with a
significant increase in cardiac index in patients un-
dergoing moderate ANH, but not in patients under-
going severe ANH. The dobutamine infusion was

associated with an increase in heart rate and blood
pressure in both groups, but resulted in the more
severe hemodiluted patients in the development of
myocardial oxygen supply–demand imbalance as
evidenced by a decrease in stroke volume index
and left ventricular stroke work index [43]. Recent
clinical data confirm that tolerance of CAD patients
to moderate anemia is closely related to the level
of heart rate [44]. The anesthetic technique also
may play a role. The early postoperative period is
certainly critical in hemodiluted CAD patients, be-
cause they have to face with an increased tissue
metabolic demand.

ANH and hemostasis
Hemodilution could affect hemostasis in different
ways. First, it will dilute not only plasmatic factors,
but also cellular coagulation factors, like platelets
and of course RBCs. RBCs have been shown to in-
terfere with hemostasis through a mechanical ef-
fect (they push away the platelets to the periph-
ery of the vessels) but also through biological ef-
fects related to the release of intracellular adeno-
sine diphosphate and to the generation of thrombin
[45]. The clinical consequences (i.e., importance
of perioperative bleeding) of these interactions be-
tween RBCs and hemostasis remain to be deter-
mined. Singbartl et al. suggested that, during ad-
vanced hemodilution, the decrease in coagulation
factors and platelets may be more limiting than low
hemoglobin values [46].

Hemodilution could also affect hemostasis
through the direct effects of plasma substitution
fluids on the platelets and the coagulation mech-
anisms [47]. These effects are more marked with
dextrans than with gelatins and albumin. For
hydroxyethyl starches, these effects appear closely
related to the intrinsic properties of the different
solutions, such as a high in vitro molecular weight
and a high degree of hydroxyethyl substitution
[48].

Despite the evidence that ANH may directly in-
terfere with normal hemostasis, there is no evi-
dence from the literature that ANH is associated
with increased perioperative bleeding. In a first
meta-analysis evaluating the efficacy of ANH in re-
ducing perioperative allogeneic blood transfusion,
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Bryson et al. [49] reported that ANH had a small
and insignificant effect on the volume of blood lost
in the intra- and postoperative period. In a sec-
ond meta-analysis, Segal et al. [50] reported that
the volume of intraoperative blood loss was simi-
lar in the ANH and the usual care groups, but to-
tal (intra- and postoperative) blood loss was sig-
nificantly less in the ANH groups. The authors
also noted that ANH was more effective in re-
ducing perioperative blood loss in orthopedic and
cardiac surgery than in other surgical specialties
[50].

Practical aspects

Intentional hemodilution can be performed just be-
fore or shortly after the induction of anesthesia.
Performing hemodilution after induction of anes-
thesia has gained wider acceptance, because it is
more comfortable for the patient without increas-
ing the period of anesthesia before the onset of
surgery [3].

Calculating blood volume collection
Different formulas and nomograms have been de-
veloped to determine the volume of blood that
should be withdrawn to reach the target hematocrit
or hemoglobin concentration [51, 52]. The simpli-
fied formula proposed by Gross et al. [52] is one
of the most often used (Table 36.2). Whatever the
formula used isovolemia as a starting point is es-

Table 36.2 Technique of intentional hemodilution.

ABV = EBV × H0 − HT
(H0 + HT)/2

ABV: autologous blood to be collected
EBV: estimated blood volume
H0: initial hematocrit or hemoglobin concentration
HT: target hematorit or hemoglobin concentration
Substitution fluids:

Crystalloids: ratio 3:1
Colloids: ratio 1:1 (except gelatins: 1.5:1)

Blood is withdrawn from a venous or an arterial line,
collected in labeled citrate phosphate dextrose (CPD)
bags (450 mL/bag) stored at room temperature for up to
6 hours

sential to adequate calculation for the allowable
collected blood volume. Clinical experience indi-
cates that it is not easy to achieve precisely the
desired target hematocrit or hemoglobin level, by
blinded adherence to the hemodilution nomogram.
It has been therefore recommended to measure on-
site hematocrit or hemoglobin concentration inter-
mittently by means of a portable measuring sys-
tem [53]. More recently, Meier et al. [54] have
proposed a new mathematical model that seems
to predict more accurately the exchangeable blood
volume. This algorithm, which can be easily ob-
tained from the authors, might therefore enhance
patient safety.

Technique
Depending on the patient characteristics, up
to 2–2.5 L of blood are withdrawn from a
venous or an arterial line in standard collec-
tion bags containing anticoagulant, usually
citrate–phosphate–dextrose (CPD). In cardiac
surgery the technique has to be adapted taking
into account the underlying cardiac disease that
reduces the tolerance of the patient to severe
hemodilution and the importance of the priming
volume used in the cardiopulmonary bypass (CPB)
[55, 56]. The bags containing the autologous blood
are numbered sequentially, labeled and stored
at room temperature in the operating theatre
to preserve platelet function. Aseptic technique
is of utmost importance during the procedure.
The blood bags usually contain anticoagulant for
450–500 mL of blood. From time to time, collected
units should be gently agitated to ensure adequate
mixing. In case significantly less blood is collected
into the bags, hemostasis of the patient may be
altered during transfusion due to the high con-
centration of the anticoagulant in the stored unit
[3]. On the other hand, collecting more than 450–
500 mL per bag could result in massive blood clot-
ting in the bag due to insufficient anticoagulant.
Colloids and/or crystalloids can be used to maintain
normovolemia, the volume to be administered
depending on the physiochemical characteristics of
the substitute that is used (Table 36.2). Normoth-
ermia must be maintained throughout the surgical
procedure (with the possible exception of the CPB
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time in cardiac surgery), as it is crucial to insure
adequate hemostasis.

Autologous blood will be transfused once the
transfusion trigger (hematocrit or hemoglobin con-
centration) has been reached. Depending on the
patient characteristics, the clinical situation and the
ongoing blood loss and/or the likelihood of achiev-
ing surgical hemostasis, this trigger may vary some-
what between 20 and 30% hematocrit or 7 and
10 g/dL hemoglobin. Transfusion of the autologous
blood will be performed in the inverse order of col-
lection, the first unit collected, which is the rich-
est in RBCs, platelets and coagulation factors, being
transfused preferably at the end of the procedure,
or when surgical bleeding has been controlled. For
cardiac surgery patients, blood collected just before
going on bypass contains heparin and will be ide-
ally transfused during protamine administration.
For safety reasons (i.e., bacterial contamination)
any autologous blood unit kept at room tempera-
ture must be transfused within 6 hours from har-
vesting [4].

Monitoring
During intentional hemodilution, physiologic com-
pensatory mechanisms play an essential role in
maintaining tissue oxygenation [5]. Adequate
monitoring of cardiorespiratory parameters is
therefore of major importance in patients under-
going hemodilution [3, 57]. The extent of this
monitoring will vary, depending on the patient’s
clinical status (preexisting disease, preoperative
treatment, etc.), the type and the duration of the
surgical procedure, and the degree of hemodilution
(Table 36.3).

Efficacy

Theoretical aspects
The basic concept behind ANH is that patients un-
dergoing such procedure will lose less erythrocytes
per milliliter of lost blood during surgery and af-
ter transfusion of the collected autologous blood
in the immediate postoperative period [3]. Conse-
quently, ANH is most efficacious when a high blood
volume can be collected before a surgical proce-

Table 36.3 Hemodynamic monitoring in the
perioperative period.

1. Hemodilution to a hematocrit of 25%
a. Continuous monitoring

i. ECG monitor (lead II and V5)
ii. Online ST-segment analysis
iii. Invasive arterial pressure
iv. Pulse oximetry
v. Urine output

b. Intermittent monitoring
i. Central venous pressure
ii. Arterial blood gas analysis
iii. Hemoglobin or hematocrit measurements

2. Hemodilution to a hematocrit of 20%
a. Additional monitoring

i. Central venous blood gas analysis
ii. Arterial lactate

b. Facultative
i. Non invasive cardiac output measurements
ii. Pulmonary artery catheter
iii. Continuous cardiac output measurement

(pulmonary or arterial catheter)
iv. Continuous mixed venous O2 saturation (SvO2)

measurement
v. Transesophageal echocardiography

Adapted from Kreimeier and Messmer [3] and
Trouwborst et al. [57].

dure associated significant blood loss [4]. Several
authors have developed equations to calculate the
efficacy of ANH as a function of surgical blood loss,
initial hematocrit, target post-ANH hematocrit, and
hematocrit used as the transfusion trigger [58–60].
Presuming a “usual” surgical patient without pre-
operative anemia, and a transfusion decision based
exclusively on a trigger hemoglobin concentration
of 6–7 g/dL, Weiskopf [61] calculated a minimal
fractional blood loss of 50% to enable any saving
of allogeneic RBCs with ANH. Expressed as a frac-
tion of the patient’s blood volume, 55–77% of total
blood volume must be lost during surgery in or-
der to achieve savings of about 180 mL of RBCs,
which represents one standard blood unit. In this
mathematical model, however, fractional blood loss
is overestimated because blood loss subsumes both
the volume of blood removed during ANH and the
volume of blood lost during the surgical proce-
dure. The calculation of fractional blood loss should
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Segal et al.: ANH vs other alternative

Segal et al.: ANH vs usual care

Carless et al.: with transfusion protocols

Carless et al.: no transfusion protocols

Bryson et al.: with transfusion protocols

Bryson et al.: no transfusion protocols

0.01 0.1 1
Likelihood of exposure to allogeneic blood (OR—95% Cl)

Figure 36.1 Difference in exposure to
allogeneic blood reported in the three
meta-analyses. For the Bryson et al.
[49] and the Carless et al. [62] analyses,
data are presented according to the
presence or not of a protocol to guide
allogeneic blood transfusion. For the
report by Segal et al. [50], comparisons
between ANH vs usual care and ANH vs
another blood conservation method are
presented. Data are presented as odd
ratio (OR) with 95% confidence
intervals (solid lines).

be exclusively based on intraoperative blood loss.
In this case, the “effective” fractional blood loss
will be found at about 25% [4]. The usefulness
of the different published models in clinical prac-
tice is also limited by the fact that some of them
do not take into account postoperative blood loss
and/or the use of a higher hemoglobin concen-
tration as postoperative transfusion trigger. More-
over, some authors assume that once the trans-
fusion trigger has been reached, available autolo-
gous blood will be transfused continuously, on a
milliliter-for-milliliter basis, which does not correct
for the effective RBC mass substituted.

Results from the literature
Efficacy of ANH as a blood conservation technique
remains controversial. Three meta-analyses have
systematically reviewed the literature to determine
whether ANH was effective in reducing the likeli-
hood of patient’s exposure to allogeneic blood in
the perioperative period [49, 50, 62]. Most of the
studies reviewed were performed in the setting of
cardiac or orthopedic surgery. Efficacy of ANH was
found to be relatively modest in terms of likelihood
of exposure to allogeneic blood and units trans-
fused. It closely depends on the use or not of proto-
cols to guide transfusion practice (Figures 36.1 and
36.2). However, the authors of these three meta-
analyses emphasized the fact that proper evaluation
of the published results was hampered by the rel-
ative poor quality of the studies and the marked
heterogeneity observed between trials, partly ex-
plained by study factors (patient populations, target
hematocrit values, transfusion triggers, ANH tech-

nique, etc.). There was no obvious increase in ad-
verse events with ANH, but the incidence of com-
plications was poorly reported.

As reported in the different published mathe-
matical models [58–61], the efficacy of ANH de-
pends on the amount of blood collected, the hema-
tocrit (or hemoglobin concentration) used as the
transfusion trigger, and the volume of surgical
blood loss. Two prospective randomized studies
confirmed these observations. They have evaluated
the efficacy of ANH in patients undergoing major
hepatic resection [63, 64]. Most enrolled patients
were ASA I or II. Mean or median volume of blood
collected was about 2000 mL in both studies. The
transfusion threshold was clearly defined in both
studies, a hematocrit of 20% in the first one [63],
and a hemoglobin of 7 g/dL during the procedure
and 8 g/dL thereafter in the second one [64]. In
the Matot et al. study [63], median estimated intra-
operative blood loss was 800 mL (100–7500), and
ANH reduced significantly the likelihood of expo-
sure to allogeneic RBCs units. The authors observed
that ANH was especially efficacious in patients hav-
ing lost 71–90% of their calculated blood volume.
In the study by Jarnagin et al. [64], median esti-
mated blood loss was also 800 mL (100–4000), and
ANH reduced the likelihood of exposure to allo-
geneic RBCs units only in patients with intraoper-
ative blood loss equal or superior to 800 mL. Fur-
ther confirmation of the different factors that in-
fluence the efficacy of ANH was brought by Spahn
et al. study [65], in which a perfluorocarbon-based
O2 carrier was used to enhance ANH in patients
undergoing major abdominal surgery. All these
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Segal et al.: ANH vs usual care

Carless et al.: with transfusion protocols

Carless et al.: no transfusion protocols

Bryson et al.: with transfusion protocols

Bryson et al.: no transfusion protocols
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Units of allogeneic blood transfused (WMD—95% Cl)

Figure 36.2 Difference in allogeneic
blood units transfused. For the Bryson
et al. [49] and the Carless et al. [62]
analyses, data are presented according
to the presence or absence of a protocol
guiding blood transfusion. For the
report by Segal et al. [50], comparison
between ANH vs usual care is
presented. There was insufficient data
to compare ANH to another blood
conservation method. Data are
presented as weight mean differences
(WMD) with 95% confidence intervals
(solid lines).

observations, however, indicate that efficient ANH
requires quite significant expertise in the field from
the care given team.

Developing a blood conservation
strategy

Acute normovolemic hemodilution should be con-
sidered as one of the components of an overall
strategy aiming at reducing patient’s exposure to
allogeneic blood products, the so-called “blood con-
servation” approach. This approach implies that the
developed strategy should focus on the individual
patient, as opposed to a strategy linked to a surgi-
cal or a medical procedure [66]. As a rule, com-
bining techniques decreases allogeneic blood ex-
posure. However, the effects of merging different
methods are not as predictable as it may seem
at first glance. The efficacy of combining differ-
ent techniques should also take into account the
relative costs of these alternatives [67]. Last but not
least, to be really effective, a blood conservation
approach also requires the adoption of a standard-
ized multidisciplinary blood transfusion policy [68].
Any clinician who decides to transfuse a patient at a
higher transfusion trigger than the others will ruin
the efforts of the whole team.

Developing a blood conservation strategy starts
with the establishment of a reliable system of data
collection, both at the surgical team and the hos-
pital levels. The choice of the techniques being ap-
plied will primarily depend on the type of clinical
situation one faces. Identifying patients’ risks for

transfusion should alter patient management peri-
operatively to decrease their transfusion rate and
make more efficient use of blood resources [69].
Any addition to a set of existing blood conservation
methods needs careful assessment to avoid useless
or even counter-productive efforts. As a good ex-
ample, Casati et al. [70] evaluated the effects of
moderate ANH added to a comprehensive blood-
sparing protocol in patients undergoing off-pump
coronary surgery. They reported a significant re-
duction in the likelihood of allogeneic blood expo-
sure and a decrease in the total number of RBCs
units transfused in the group of patients undergo-
ing ANH.

Because the interests of patients and clinicians
may change over time, the developed blood con-
servation strategy must be continuously monitored
and adapted to the need of specific surgical popula-
tions [66].

Conclusions

Acute normovolemic hemodilution entails the re-
moval of blood from a patient shortly after the be-
ginning of the surgical procedure, and its replace-
ment with crystalloids or colloids to maintain the
circulating blood volume. It is a relatively simple,
cheap, and effective tool to avoid or reduce allo-
geneic blood transfusion. Factors that influence the
efficacy of the technique have been clearly identi-
fied. This reduces the field of application of ANH
to patients undergoing high bleeding risk surgery
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in whom a great volume of blood can be collected.
Knowledge of the physiologic compensatory mech-
anisms that occur during normovolemic hemodilu-
tion and their limits are essential for the safe use
of the technique. In addition, the anesthesiologist
must be familiar with its practical aspects. Although
ANH has a place in different types of surgery, it
must be regarded as an integral part of a blood
conservation strategy tailored to the individual pa-
tient’s needs and adapted to specific surgical proce-
dures.

References
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Introduction

Intraoperative surgical blood loss is initially re-
placed by infusion of red cell-free crystalloidal
or colloidal solutions. Although the resulting
hemodilution reduces the red cell mass and the
hemoglobin (Hb) concentration [1], it is known for
long that adequate tissue oxygenation does not de-
pend on “normal” Hb concentrations [2–4]. As long
as normovolemia is maintained tissue oxygena-
tion is preserved by an increase of cardiac output
(CO) and arterial oxygen extraction (O2-ER) during
acute dilutional anemia until a so-called “critical”
hemoglobin concentration (Hbcrit) is reached [1].

In this situation, beside red blood cell trans-
fusion, arterial oxygen content can be rapidly
increased by ventilating the patient with pure oxy-
gen (hyperoxic ventilation or HV), thus enhanc-
ing the amount of physically dissolved oxygen in
plasma (hyperoxia). As a consequence the imme-
diate transfusion of red blood cells can be avoided
in this situation, and the resulting gain in time may
at least enable the surgeon to achieve definite con-
trol of bleeding or to complete the surgical inter-
vention before red blood cell transfusion becomes
necessary. In the best case HV can delay or even
avoid the transfusion of allogeneic blood this way.
It can be assumed that this approach might reduce
the overall amount of blood transfused. The tech-

nique of bridging acute blood losses by a combi-
nation of HV and acellular volume substitution is
called “hyperoxic hemodilution,” and has been in-
troduced to the literature in 1998 (Figure 37.1) [5].

In experimental and clinical studies, HV has
emerged as a simple, safe, and effective interven-
tion to enlarge the margin of safety for hemo-
dynamic compensation and tissue oxygenation in
hemodiluted subjects experiencing major blood loss
allowing the avoidance of immediate blood transfu-
sion at a preset transfusion trigger. The hyperoxia-
associated microcirculatory dysregulation and im-
paired tissue oxygenation that are known to take
place in the presence of a physiologic Hb concentra-
tion are not encountered in hemodiluted subjects.
“Hyperoxic hemodilution” may therefore be con-
sidered a cost-effective, safe, and efficient supple-
ment to reduce allogeneic transfusion during surgi-
cal interventions associated with high blood losses.

Fluid replacement of surgical
blood loss

The transfusion of allogeneic blood is expensive
and—although safer than ever before—is still
associated with potential complications (acute
transfusion reaction due to “clerical error,” transfu-
sion related bacterial and viral infection, immuno-
suppression, transfusion associated lung injury or
TRALI). To reduce both costs and immanent risks,
allogeneic transfusion should be either completely
avoided or at least minimized during surgical
procedures. This can be achieved by (1) in-
traoperative transfusion of autologous blood
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Figure 37.1 Flow chart of the blood sparing technique
“hyperoxic hemodilution.” Usually intraoperative blood
losses are substituted with acellular solutions until a
preset transfusion trigger is met. In this case arterial
oxygen content can be increased either by the
transfusion of blood (left side, “standard care”), or by the
ventilation with pure oxygen (right side, “hyperoxic
hemodilution”). This approach allows to delay blood
transfusion until surgical hemostasis can be achieved.

collected preoperatively (autologous blood do-
nation, acute normovolemic hemodilution) or
intraoperatively (blood salvage); (2) reduction of
the amount of blood loss (skillful surgical tech-
nique, deliberate hypotension, administration of
antifibrinolytic drugs); and (3) acceptance of low
intraoperative Hb concentrations.

Since it is known for a long time that survival
does not depend on a “normal” Hb concentration
[6] an intraoperative blood loss is initially replaced
by erythrocyte-free crystalloidal or colloidal solu-
tions (e.g., Ringer’s lactate, dextran, hydroxyethyl
starch, gelatine). As long as normovolemia is main-
tained the resulting dilutional anemia is compen-
sated for without risk of tissue hypoxia by an in-
crease of CO (through an increase of ventricular
stroke volume) and enhanced O2-ER [1, 2]. In the
ideal case, a surgical blood loss can be “bridged”

without allogeneic blood transfusion by intraoper-
ative normovolemic hemodilution. However, once
the Hb concentration has dropped to values rec-
ommended as the lower intraoperative limit (Hb
6 g/dL in healthy subjects or Hb 8–10 g/dL in pa-
tients with preexisting cardiovascular disease [7,8])
or so-called “transfusion-trigger” parameters (e.g.,
oxygen consumption, mixed-venous oxygen par-
tial pressure, ST-segment-depression in ECG) indi-
cate the exhaustion of the compensatory mecha-
nisms for dilutional anemia usually transfusion of
red blood cells is initiated to increase arterial oxy-
gen content and to preserve a margin of safety
for tissue oxygenation and organ function. When
transfusion has to be started before definite surgi-
cal control of bleeding, the overall need for trans-
fusion increases due to the partial loss of the red
blood cells transfused.

As an alternative to the immediate transfusion of
red blood cells, ventilation with pure oxygen (HV)
can be performed to rapidly raise arterial oxygen
content by increasing the amount of physically dis-
solved oxygen in plasma [5].

Effects of HV on arterial oxygen
content and oxygen delivery

The quantity of oxygen (mLO2) transported to all
organs, the so-called oxygen delivery DO2 can be
calculated as:

DO2 = CO × CaO2

where CO is the cardiac output in mL/min and
CaO2 is the arterial oxygen content.

The artertial oxygen content CaO2 is defined as
the sum of Hb bound oxygen and physically dis-
solved oxygen:

CaO2 = SaO2

100
× Hb × 1.34 + 0.0031 × paO2

where SaO2 is the arterial saturation of oxygen,
Hb is the hemoglobin concentration in g/dL, and
paO2 is the arterial oxygen partial pressure. Since
SaO2 is a function of paO2 the amount of oxygen
transported to organs solely depends on three vari-
ables: CO, Hb, and paO2.
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As stated above, as an alternative to the im-
mediate transfusion of red blood cells ventilation
with pure oxygen (HV) can be employed to rapidly
raise CaO2 by increasing paO2 and SaO2. How-
ever, since during normoxic ventilation (FiO2 0.21)
nearly all erythrocytes are saturated with oxy-
gen (i.e., SaO2 � 98%), increasing FiO2 to 100%
will usually mainly result in an increase of physi-
cally dissolved oxygen. As a consequence the total
amount of oxygen additionally transported in this
situation (� CaO2) only slightly increases as com-
pared to normoxic ventilation [5]. Furthermore, it
has been demonstrated by a number of investiga-
tors for many different situations that HV fails to
increase DO2 despite a small but significant increase
of CaO2 [5,9–11], a phenomenon clearly challeng-
ing the efficacy of HV to improve oxygen trans-
port and, thereby, tissue oxygenation. The underly-
ing mechanism seems to be a significant reduction
of CO during HV, independent of the amount of
oxygen transported to the organs [12]. This decline
of CO induced by general vasoconstriction (“hyper-

oxic vasoconstriction”) is believed not to be a com-
pensatory mechanism owing to an increase of arte-
rial oxygen content, but to be a typical, undesirable
side effect of HV jeopardizing nutritive organ blood
flow [12,13].

Hyperoxic vasoconstriction

Molecular oxygen causes vasoconstriction. This ef-
fect of hyperoxia on large vessels as well as on
microvessels (arterioles, venules) has been exten-
sively demonstrated in vitro (isolated vessel seg-
ments [14]) and in vivo (intravital microscopy [15],
laser doppler flowmetry [16], etc.). It seems to be
locally mediated [17] by products of the arachi-
donic acid metabolic pathway (e.g., 20-hydroxy-
eicosa-tetraenoic acid, briefly 20-HETE [18]) and
can be completely blocked by indomethacin [19]
and cytochrome P-450 inhibitors [18]. It has been
demonstrated by Lindbom and Arfors that this hy-
peroxic vasoconstriction reduces the density of per-
fused capillaries in proportion to the increase of the
ambient pO2 or partial pressure of oxygen [20].
As a consequence hyperoxia has been shown to

increase systemic vascular resistance and to de-
crease CO and oxygen consumption in dogs with
normal Hb concentration [21]. The simultaneously
observed deterioration of tissue oxygenation has
been interpreted as to reflect impaired local oxy-
gen delivery due to hyperoxic vasoconstriction and
abnormal spatial and temporal distribution of mi-
crovascular blood flow [20, 22, 23]. As a conse-
quence hyperoxia at normal Hb concentrations is
considered harmful concerning tissue integrity and
function.

In experiments carried out in hemodiluted dogs
(Hb 7 g/dL) hyperoxia completely reversed the
hemodilution-induced increase of cardiac index
(CI) and partially reversed the decrease of systemic
vascular resistance (Figure 37.2) [24]. Neverthe-
less, the normal Gaussian distribution of single tis-
sue pO2 values measured by means of an oxygen
sensitive multiwire surface electrode was preserved
during hyperoxia (Figure 37.3). A higher number
of hypoxic tissue pO2 values (0–15 mmHg) was not
detected and the shifting of the histograms to the
right (increase of tpO2 median) may even indicate
improved tissue oxygenation. Moreover nonlinear
analysis of blood flow distribution did not reveal
any increase in heterogeneity of microcirculatory
blood flow during hyperoxia in hemodiluted ani-
mals [25,26]. Furthermore, in a more recent study,
Cabrales et al. demonstrated that ventilation with
pure oxygen at very low Hb levels (Hb 3.5 g/dL)
did not result in a significant reduction of arteriolar
diameter, arteriolar red blood cell velocity, or func-
tional capillary density [27], changes of microvas-
cular perfusion that have previously been observed
by Tsai et al. during HV at normal Hb concentra-
tions [22]. These findings demonstrate the pivotal
role of the actual Hb concentration on the microcir-
culatory effects of hyperoxia. The increase of organ
blood flow induced by hemodilution (i.e., normov-
olemic anemia) increases shear stress at the vessel
wall which in turn induces the release of endothe-
lium derived relaxing factor (i.e., nitric oxide or
NO) and hence vasodilation [28, 29]. It can there-
fore be speculated that in dilutional anemia the
microcirculatory dysregulation due to hyperoxia is
counteracted by NO-release and might therefore
play a minor role during HV.
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Figure 37.2 Changes in arterial oxygen content (CaO2), cardiac index (CI), and systemic vascular resistance index
(SVRI) upon normovolemic hemodilution on room-air ventilation (21% oxygen) to a Hb concentration of 7 g/dL and
after subsequent onset of hyperoxic ventilation or HV (100% oxygen). Adapted from Habler et al. [24]. *p � 0.05; “Hb
12.7 g/dL, room air” vs “Hb 7 g/dL, room air”; #p � 0.05; “Hb 7 g/dL, room air” vs “Hb 7 g/dL, HV”; §p �0.05; “Hb 12.7
g/dL, room air” vs “Hb 7 g/dL, HV.”

Oxygen toxicity

It has been known for long that ventilation with
pure oxygen for hours or days results in deleteri-
ous effects on lung function in humans and, ulti-
mately, in death from hyperoxic lung injury in lab-
oratory animals [30,31]. The changes of pulmonary
morphology during HV are very similar to changes

induced by other kinds of acute lung injury (initial
exudative phase defined by inflammation, atelec-
tasis, and edema formation, which is followed by
a fibroproliferative phase with irreversible loss of
respiratory function) [32]. However, these effects
are only important for prolonged phases of HV.
It has been demonstrated by Davis et al. that HV
for nearly 17 hours indeed lowers the structural or

Figure 37.3 Frequency distribution of tissue pO2 values measured on the surface of the liver and a skeletal muscle by
use of an oxygen sensitive surface electrode (MDO electrode) in anesthetized dogs hemodiluted to Hb 7 g/dL under
room-air ventilation (21% oxygen) and after onset of HV (100% oxygen). Adapted from Habler et al. [24]. p � 0.05;
“Hb 7 g/dL, FiO2 0.21” vs “Hb 7 g/dL, FiO2 1.0.”
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functional barriers that normally prevent alveolar-
capillary “leak” and induces processes that can cul-
minate in fibrosis of the alveolar wall, but eventu-
ally does not result in a change of the total number
or type of lung inflammatory and immune effector
cells recovered by lavage [33]. Therefore, HV might
be considered a safe short-term measure, but it has
been demonstrated recently that HV induces signif-
icant endothelial activation by ROS signaling with
subsequent expression of adhesion molecules [34]
within 90 minutes. However, these early endothe-
lial effects themselves do not constitute an injury
because endothelial responses were fully reversible
after 90 minutes of hyperoxia [34].

Hyperoxia as an alternative to red
blood cell transfusion in surgical
blood loss

Despite the relatively small effects of HV on arte-
rial oxygen content and the absence of its effects
on oxygen delivery, HV has proven an effective and
simple measure to stabilize tissue oxygenation dur-
ing moderate and extreme anemia. Furthermore,
there is a noteworthy multitude of experimental
and some clinical data supporting the hypothesis
that HV might be an effective and safe method to
bridge periods of acute anemia in order to delay
blood transfusion despite its prima facie minor ef-
fect on oxygen transport.

Experimental data
Under the “protection” of hyperoxia, intraoperative
hemodilution may be extended to Hb concentra-
tions lower than those usually accepted as trigger
for red blood cell transfusion as demonstrated in
experimental and clinical studies [35, 36]. In dogs
initially hemodiluted on room-air ventilation to Hb
7 g/dL, subsequent HV allowed for further hemod-
ilution to the extreme value of Hb 3 g/dL without
encountering significant changes in tissue oxygena-
tion [24] and cardiac performance [37]. Moreover,
in pigs ventilated with room air and diluted un-
til the occurrence of manifest tissue hypoxia (Hb
2.6 g/dL), subsequent ventilation with pure oxy-
gen was not only able to effectively reverse tissue
hypoxia [11], but allowed to extend the dilution to

Hb 1.2 g/dL, i.e., almost complete blood exchange
before the signs of tissue hypoxia reoccurred [10].
Beyond that it has been demonstrated that HV low-
ers the individual Hbcrit as compared to normoxic
ventilation (FiO2 0.21: Hbcrit = 2.4 g/dL vs FiO2

0.6: Hbcrit = 1.5 g/dL, p � 0.05) [38]. Furthermore,
in the presence of hemodilution-induced tissue hy-
poxia, effective tissue utilization of physically dis-
solved plasma-oxygen has been demonstrated by
a significantly higher survival rate of pigs venti-
lated with pure oxygen as compared to pigs remain-
ing under room-air ventilation [39]. Therefore, it
can be speculated that HV ensures tissue oxygena-
tion during extreme anemia despite its negative ef-
fects at the microcirculatory level at physiological
Hb concentrations. However, some organs benefit
more than others from HV during moderate and
extreme anemia. Especially intestinal, hepatic, and
renal blood flow are less suspicious for a distinct
decrease of nutritive organ blood flow during ven-
tilation with pure oxygen [40].

Recently it has been demonstrated that HV also
ensures survival during hypovolemic anemia, and
as a consequence it can be stated that HV also might
be an effective therapeutic option during shock [9].
However, once more it has to be pointed out, that
these positive effects are drastically diminished if
HV is initiated and maintained at normal Hb lev-
els. This has been demonstrated in a model of se-
vere methemoglobinemia, where HV during nor-
mocytemic tissue hypoxia (i.e., reduction of oxygen
transporting red cell mass without changing rheo-
logical properties of blood) failed to improve oxy-
gen transport and tissue oxygenation noticeably,
and as a consequence, resulted only in a negligible
increase of survival time [41].

At normal Hb concentrations hyperoxic vaso-
constriction might not only endanger tissue oxy-
genation at the microcirculatory level, but might
have the ability to improve macrohemodynamics,
since extreme anemia not only threatens myocar-
dial oxygen supply by a decline of arterial oxy-
gen content, but also by a decline of mean aortic
pressure and thus coronary perfusion pressure. It
can therefore be speculated that the stabilization
of MAP and CPP by HV-induced vasoconstriction
may increase tolerance to extreme anemia and thus
improve outcome. This view is substantiated by a
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recent study, where it has been demonstrated that
application of norepinephrine during extreme ane-
mia improves oxygen transport, tissue oxygena-
tion, and survival via stabilization of MAP and CPP
[42, 43]. Summing up, it appears that HV might be
advantageous during moderate and extreme ane-
mia at the macrocirculatory level, whereas its po-
tentially negative effects on the microcirculation
are negligible at low Hb levels.

Clinical data
So far only a few studies exist investigating the
effects of HV on oxygen transport, tissue oxygena-
tion, and transfusion needs in the perioperative pe-
riod; however, there are some clinical investiga-
tions describing advantageous effects accompany-
ing perioperative hyperoxia like the reduction of
postoperative nausea and vomiting [44] as well as
a reduced incidence of perioperative wound infec-
tions [45,46].

Weiskopf et al. investigated the effects of HV on
cognitive function and memory during profound
anemia (Hb 5.7 ± 0.3 g/dL) in awake, healthy vol-
unteers [47]. The findings of the authors support
the hypothesis that increasing paO2 to 350 mmHg
or greater by breathing oxygen reverses all of the
negative effects of acute anemia. This can be con-
firmed as significant improvement of cerebral tissue
oxygenation by HV during profound anemia.

In a recent clinical study, Suttner et al. demon-
strated that HV is similar to the transfusion of al-
logeneic blood in improving several parameters of
oxygen transport but is clearly superior in improv-
ing tissue oxygenation in volume-resuscitated pa-
tients with a Hb concentration in the range from
7.5 g/dL to 8.5 g/dL [48]. It can therefore be stated
that HV is an effective method to ameliorate tissue
oxygenation in the perioperative period in anemic
patients; however, the influence of HV on trans-
fusion needs was not analyzed in this study. The
same authors investigated the effects of HV on
skeletal muscle tissue oxygenation during sodium
nitroprusside-induced hypotension [49]. The ob-
served improvement of local tissue oxygenation in
this study seems to be most likely due to an increase
in convective oxygen transport and the attenuation
of hyperoxemia-induced arteriolar vasoconstriction
by sodium nitroprusside. This finding supports the

hypothesis that HV is void of negative effects on
the microcirculation, if hyperoxic vasoconstriction
is diminished by peripheral vasodilation.

The only clinical study investigating the effects
of HV on the possibility to delay blood transfu-
sions at a preset transfusion trigger was performed
by Spahn et al. in patients experiencing major in-
traoperative bleeding during orthopedic surgery.
In the patients the indication for red cell transfu-
sion (based on the appearance of physiologic trig-
ger parameters) could be reversed in two-thirds of
the patients by the simple switch from ventilation
with 40% oxygen to ventilation with pure oxygen
[36]. This maneuver enabled continuation of acel-
lular volume substitution and thereby intraopera-
tive hemodilution, and as a consequence the def-
inite need for red blood cell transfusion could be
postponed for 27–60 minutes (median 30 minutes)
[36]. This gain in time at least enables the sur-
geon to achieve definite control of bleeding or to
complete the surgical intervention before red blood
cell transfusion becomes necessary. The augmenta-
tion of blood oxygen transport capacity to reduce
inspiratory oxygen fraction to values allowing ex-
tubation of the patient may then be achieved by
exclusive transfusion of autologous red blood cells
collected in the perioperative period.

However, up to now no controlled clinical trial
exists that clearly demonstrates a reduction of
transfusion needs by a blood sparing protocol based
on HV. Admittedly it has to be pointed out that
there is good evidence that the onset of HV ensures
sufficient oxygen transport and tissue oxygenation
during extreme anemia and many other pathologi-
cal conditions, and as a consequence should always
be considered as a first line measure whenever a
transfusion trigger is reached and blood is not avail-
able immediately.

Conclusion

Achievement of the goal to reduce the overall
amount of blood transfused during the periopera-
tive period requires a multimodal approach. One
cornerstone of this concept is to delay the transfu-
sion of allogeneic blood as long as possible in or-
der to avoid unnecessary premature blood transfu-
sion. However, this requires acceptance of rather
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low Hb levels. It has been demonstrated that in this
situation ventilation with pure oxygen ensures tis-
sue oxygenation and survival, and can therefore
be used to bridge intraoperative periods of acute,
significant anemia without the transfusion of red
blood cells. The deliberate acceptance of distinct
intraoperative anemia in combination with hyper-
oxia with the aim to avoid unnecessary premature
blood transfusion has been introduced to the lit-
erature as “hyperoxic hemodilution,” a procedure
where a preset transfusion trigger can be under-
cut, and impending tissue hypoxia can be avoided
by the ventilation with pure oxygen. Further stud-
ies are required to demonstrate the efficacy of
this method to reduce the perioperative transfusion
needs.
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Cell salvage is defined as the reinfusion of wound
blood salvaged during or after surgery. As a method
of autologous transfusion it plays an important role
in the context of perioperative blood saving strate-
gies, having assumed standard of care status for
many surgical procedures [1–12]. While the use
of normovolemic hemodilution and predonation of
autologous blood has diminished in recent years,
the impact of cell salvage is consolidated and even
still increasing.

The principle of cell salvage is to continuously
collect intra- or postoperatively shed blood from
the surgical field into a dedicated reservoir. It is
then processed by cell separation and washing with
saline, and concentrated before retransfusion or re-
infused unwashed after filtration. In contrast to
both allogeneic or autologous banked blood, these
fresh, unstored red blood cells (RBC) have full
functional capacities like oxygen delivery to tissues
and unchanged survival rate, indicating that cell
salvage has no significant detrimental effects on
erythrocytes [13]. In addition, as autologous, un-
stored cells they do neither cause allosensitization
nor immunomodulation.

Blood salvage is probably the most effective part
of a multimodal blood saving strategy including
a restrictive transfusion trigger, predonation of
autologous blood, intra- and postoperative cell
salvage, and other adjuvant drug therapies. These

blood conservation methods can be combined
according to the surgical procedure, the patients’
individual needs and the skills of the responsible
physicians [4,14].

Retransfusion of unwashed
wound blood

Simple devices for the retransfusion of unwashed,
filtered whole blood are on the market [15–18].
However, these devices have primarily been de-
signed for the salvage of slowly oozing blood rather
than rapid hemorrhage [18]. With the develop-
ment of new generations of safe, fully automated,
and easy-to-use cell separators, the importance
of simple autotransfusion of unwashed blood has
largely shifted from the intraoperative toward the
postoperative phase [4, 19, 20]. Main fields of ap-
plication are knee and hip replacement surgery
[5,7,8,11,20,21], and pericardial drainage follow-
ing heart surgery [5,7,12,22].

Using these devices shed blood is usually col-
lected without adding an anticoagulant and filtered
through a microaggregate filter to remove tissue
debris and other unwanted materials. Collection
time must be limited to 6 hours to prevent bacte-
rial growth [23].

Arguments against retransfusion of
unwashed wound blood
Retransfusion of whole wound blood was at the
very beginning of transfusion medicine. Nowadays
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however, there are many concerns about the trans-
fusion of unwashed blood [24]:
1 The risks of allogeneic transfusion that once
stimulated all the transfusion alternatives have
been decreased significantly. Large scientific and
financial efforts have been made to cope with
even small risks of allogeneic transfusion like prion
transmission, but the same high standards need
to be applied to autologous transfusion. From our
growing knowledge about contamination in wound
blood and its pathophysiological consequences, it
is evident that autologous blood transfusion may
not necessarily be superior when compared to
allogeneic transfusions in all circumstances [25].
Wound blood contains products and mediators of
humoral and cellular activation as well as cell ly-
sis. The transfusion of such bioactive contaminants
raises concern and does not meet the high stan-
dards of modern transfusion medicine, as, for in-
stance, in some countries the allowed extend of
hemolysis in blood products is regulated.
2 Quality management (QM) and quality assur-
ance as recommended for intra- and postoperative
autotransfusion [23, 26] cannot be applied to un-
washed shed blood, as no valid parameters for qual-
ity control are available. In addition, the quality of
this product can hardly be improved: Neither an-
ticoagulation [27] nor the use of heparin-coated
lines [28], nor the use of leukocyte depletion filters
[29, 30], which may even aggravate cell activation
and mediator release, shows any improvement.
During bleeding and collection the blood contacts
damaged tissue and artificial surfaces, while hu-
moral and cellular blood components of coagu-
lation, inflammation, and immune response are
activated or damaged (Table 38.1). After retrans-
fusion these cells and mediators express their nor-
mal local pathophysiological function systemically.
Most of these mediators act in cascade systems, so
once generated they tend to induce and amplify
further reactions resulting in even more activation
products [31]. These bioactive substances are ele-
vated 10- to 10,000-fold in the shed blood [32],
and after retransfusion levels, exceed the concen-
trations induced by surgery [24, 31]. Some have
been identified as the main mediators of coagulopa-
thy, disseminated intravascular coagulation (DIC),

adult respiratory distress syndrome, systemic in-
flammatory response, and multiorgan failure. The
individual load of a specific wound blood with
multiple bioactive contaminants is unknown. In
addition, the capacity of an individual patient to
cope with that burden is not predictable. The usual
recommendation to limit the amount of wound
blood to be retransfused to small volumes, namely
� 500 mL or 1000 mL for risk reduction has
no sound evidence base. [5, 11, 33–36]. No dose-
relationship to severity and rate of side effects has
been observed. In addition, with increasing age and
morbidity patients will show limitations in their
compensatory capabilities more frequently.
3 Severe complications have been reported after
retransfusion of unwashed shed blood. A num-
ber of case reports demonstrate organ dysfunction
or even organ failure. The clinical side effects can
aggravate coagulation [37], airway [38], and pul-
monary, renal, cardiac, circulatory, and central ner-
vous functions [39–41]. Also lethal complications
have been documented [17, 42–44]. The observa-
tion of increased interferon and natural killer cell
precursors in patients after retransfusion of un-
washed wound blood [45] has been taken as ev-
idence for general immunostimulation. But this
rather reflects the experimental finding that after
addition of a mixture of all kinds of potent media-
tors all kind of effects are to be expected including
immunostimulatory effects, depending on the test
system used to look at immune functions. A clini-
cal study in more than 4000 orthopedic patients at
least showed the highest overall wound infection
rate after postoperative retransfusion of unwashed
blood in comparison to cell salvage and predo-
nation of autologous blood [8]. Also, in cardiac
patients postoperative retransfusion of unwashed
shed blood was associated with increased sternal or
systemic infections [46,47].
4 Due to the low hematocrit in wound blood, the
blood saving effect can be considered small or even
absent. Little blood saving has been demonstrated
in a recent meta-analysis for the retransfusion of
mediastinal drainage blood in cardiac surgery [5],
and in several studies on postoperative autotrans-
fusion in orthopedic surgery [48, 49], respectively.
The causes found were the low hematocrit of the
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Table 38.1 Bioactive contaminants demonstrated in unwashed wound blood.

Coagulation activation
Thrombin generation: TATIII↑, F1/F2SP↑, ATIII↓
Fibrin generation: FG↓, FGDP↑, FM↑
Activation/loss of factors: FXIIa↑, FXIIIa↑, PTT↓, FVc↓, FXIII↓

Platelet activation/degradation
Serotonin↑, histamine↑, PAI-1↑, PDEGF↑, �TG↑, TxA2↑, TxB2↑↑, PF4↑

Fibrinolysis activation
FDP↑, AP↓, PAP↑, PG↓, D-dimers↑, tPA↑

Leucocyte activation/degradation
IL1↑, IL4↑, IL6↑↑, IL8↑, IL10↑, TNF, sTNFR↑, IL-1Ra↑, Ieukotrienes↑, elastase↑, EPX↑, MPX↑, PGE2, ECP↑, PGI2↑

Complement activation
C′I↓, C′3↓, C′5↓, C′3a↑, C′5a↑, terminal C′-complex (sC′5a-9)↑

Hemolysis/cytolysis
fHb↑, LDH↑, CK↑, CK-MB↑, K+↑, lipids, microaggregates

Inflammation activation
free radicals, endothlins, NO, phospholipaseA2, kallikrein

Levels 10- to 100-fold decreased or increased.

AP, antiplasmin; �TG, �-thromoglobulin; C′3a, activated complement factor 3; CK, creatinine kinase; ECP, eosinophilic
cationic protein; EXP, eosinophilic protein X; FDP, fibrin degradation products; FG, fibrinogen; FGDP, fibrinogen
degradation products; fHb, free plasma hemoglobin; FM, fibrin monomers; FSP, fibrin split products; FXIII, coagulation
factor XIII; FXIIa, activated coagulation factor XII; IL, interleukin; MPX, myeloperoxidase; PAI, plasminogen activator
inhibitor; PAP, plasmin–antiplasmin complex; PF4, platelet factor 4; PG, plasminogen; PGE2, prostaglandin E2; PTT,
prothrombin time; sC′5a-9, terminal complement complex; sTNFR, soluble receptor for tumor necrosis factor; TAT,
thrombin–antithrombin.

drained blood, the small or restricted volumes col-
lected (representing only a small proportion of the
total blood loss), and an increase in blood loss
[32, 38, 50, 51]. Therefore this method cannot be
assumed cost-effective, especially as these systems
create the same costs also in cases without retrans-
fusion [52].

Although several clinical studies demonstrate
equivalent safety and efficacy for systems without
cell washing [11, 15–17, 21, 22], caution is war-
ranted because
� Patient numbers are generally too small for risk
evaluation especially when compared to other
transfusion risks
� Side effects are not consequently reported (for
example the common observation of fever or infec-
tion signs was not attributed to the retransfusion of
drained blood)
� Also inconsistencies, like the report of saving 2
units of blood after retransfusion of 300 mL of shed
blood of low hematocrit [5].

Nevertheless, there may still be an indication for
these simple devices in developing countries. How-
ever, it has to be taken into consideration, that
retransfusion of unwashed wound blood, of this
mixture of cellular debris, enzymes, and potent cy-
tokines released by cell activation or lysis, and hu-
moral factors like fibrin split products, D-dimers,
activated complement [19, 19, 33, 34, 38, 41], and
of many more (see Table 38.1), may trigger se-
vere hemostatic disturbances like DIC [41, 44] or
systemic inflammatory reactions [30, 53]. Retrans-
fusion of this “activated cytolytic soup” is not an
appropriate part of modern transfusion medicine
[24,54].

Cell separation and washing

All the detrimental side effects can be avoided by
using cell separation and washing. This procedure
does not only highly improve the quality of the
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blood to be retransfused but also enables the imple-
mentation of QM and assurance [19,21,34,41,55–
57]. Under standard conditions almost all of these
mediators are removed by the cell salvage proce-
dure. As only RBCs are saved and retransfused, si-
multaneous volume and plasma replacement has to
be provided, especially after processing large quan-
tities of shed blood [3].

Methods
Several devices are available for processing wound
blood by cell separation and cell washing. They all
are based on the principle of centrifugation, where
RBCs are separated from plasma and other fluids,
including the wash solution, continuously or inter-
mittently [58–61].

Elimination of soluble contaminants
The elimination of the soluble contaminants is
achieved in two steps:
1 With the increasing sediment of RBCs filling the
centrifuge bowl most of the hemolytic plasma is dis-
carded
2 The remaining supernatant is diluted by the
wash solution rinsing the RBCs.

Therefore, the elimination of contaminants is in-
sufficiently reflected by the decreased concentra-
tions of the substances (not changing during cell
separation), but is better defined as the reduc-
tion of their total amounts [elimination rate =
(volume of product supernatant × concentra-
tion of marker, e.g., protein, in product super-
natant)/(volume of shed blood supernatant × con-
centration of marker in shed blood supernatant) ×
100%]. Usually an elimination of 95–99% is
achieved, equivalent to a reduction of all solu-
ble contaminants to 1/20–1/100. Thereby heparin,
procoagulants, cytokines, enzymes, and other po-
tentially harmful substances are removed together
with the plasma [49,59,60]. In the case of heparin
this relates to less than 5 IU retransfused with ev-
ery unit of processed autologous blood. However,
it is important to know that washout is never com-
plete, but sufficient to avoid any clinical side effects
[62]. In addition, the volume load for the patient
is reduced by concentrating the RBCs through the

elimination of wound secretions, irrigation fluids,
and anticoagulant solution.

Elimination of larger particles
Larger particles and cell aggregates are removed by
the microaggregate filter in the collection reservoir.
Separation of the remaining particles is dependent
on their density and size, according to the sedimen-
tation equation. Leukocytes are removed with the
buffy coat to varying degrees [60]. Despite their
activation in the wound, at the artificial surfaces
and at the filter of the reservoir, their retransfu-
sion is obviously without any clinical consequences
[63, 64]. Thus, additional leukodepletion is unnec-
essary and might even stimulate cytokine release
from the activated white blood cells [65]. Only un-
der experimental conditions with artificially low
bowl filling and excessive wash volumes, can signif-
icant leukocyte and platelet activation be observed
in the centrifugation bowl. This can lead to the so-
called “cell salvage syndrome” [66, 67]. The elimi-
nation of platelets together with the plasma and the
buffy coat is variable und usually misinterpreted by
standard measurements in cell counters due to size
shift and membrane vesicles generated from lysed
cells [68]. In addition, most of them are dysfunc-
tional and do not cause any clinical side effects.

Practical recommendations
For the initial collection of wound blood only a
sterile reservoir, a double-lumen suction catheter,
and a solution for anticoagulation are necessary.
The washing device may be set up once suffi-
cient wound blood has accumulated. Using this
“standby-collection” procedure time and expenses
can be saved. Only for expected massive bleed-
ing, e.g., in vascular surgery or polytrauma pa-
tients the complete cell salvage system should be
ready from the beginning of surgery. Anticoagu-
lation of the shed blood is usually achieved with
heparin (30,000 IU in 1000 mL saline). Citrate
(0.24%) or acid citrate dextrose might be used
as well, especially in patients with HIT II [23].
After “priming” the collection system with 100–
200 mL of anticoagulant solution [8], the flow is
adjusted to an anticoagulant/blood ratio of 1:5–1:7.
Shed blood is aspirated from the surgical field,
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anticoagulated at the suction tip, and stored in
a plastic (cardiotomy) reservoir equipped with
a microaggregate filter (40–150 �m). A limita-
tion of suction to −150 or −200 mmHg (=
−0.3 mbar) is recommended [23] to prevent
hemolysis. Actually, these recommendations are
based on older studies using outdated banked
blood [69]. However, studies using freshly do-
nated or fresh wound blood showed only a min-
imal hemolysis rate (� 0.4%) without limita-
tion of negative suction pressure (−0.6 mbar)
[70]. Thus faster control of the bleeding can be
obtained.

After setup of the washing disposal, the anti-
coagulated and filtered wound blood is pumped
into a rotating separation chamber in the cen-
trifuge. Then the RBC sediment to the wall of
the centrifuge bowl, while the hemolytic plasma
is discarded to the waste bag. The RBC sedi-
ment is rinsed with wash solution (saline), and
then the washed, packed RBCs are suspended in
saline (Hct 50–70%) and pumped into a transfusion
bag [71].

Using a Latham bowl (e.g., Cell Saver, Electa) the
washing procedure is a discontinuous process con-
sisting of a filling, washing, and emptying phase
(Figure 38.1). Centrifugation bowls of different
sizes are available (125–225 mL for adults and
55–70 mL for children). Whenever the amount
or type of surgical debris requires more extensive
washing, processing cycles can be repeated manu-
ally. On the contrary, washing can be skipped in
emergency cases. After completion of each cycle,
the bowl can be refilled as many times as required
[4, 58–61]. Modern sensor technology monitoring
input and output blood Hct as well as washout
(Electa) allows quality control and optimization of
programs according to different requirements.

The OrthoPAT system, a small autotransfusion
device designed for automatic postoperative pro-
cessing of drainage blood, has a centrifugation
chamber which is a flexible disk (Figure 38.2). The
blood and wash solution is moved by extension
and contraction of a silicone membrane instead of
a roller pump [72]. The discontinuous process uses
wash volumes limited by the maximal chamber
volume of 100 mL and results in a product with

Figure 38.1 Principle of the Latham bowl (Cell Saver,
Electa). Left side showing wash solution flowing through
the RBC sediment, right side showing wash solution
bypassing the RBC sediment in a partially filled bowl.

a hematocrit of 70%. Although this system is spe-
cially constructed for postoperative autotransfusion
in orthopedics and heart surgery (cardioPAT), all
available cell salvage machines can also be used for
this purpose after connection of the drains to the
reservoir used during surgery.

In contrast to these discontinuous systems op-
erating in batches or units the CATS (Continuous
AutoTransfusion System) allows continuous blood
processing [71–74]. The separation chamber rep-
resents a blood channel in the shape of a dou-
ble spiral, where separation and washing steps are
performed simultaneously (Figure 38.3). Once the
system is filled (approx. 30 mL RBC), all addi-
tional blood pumped into the loop leads to an
overflow of washed RBC (hematocrit 60–70%)
from the continuously rotating separation chamber
[71–74].
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Vacuum

Air channel

Diaphragm

Blood flow in

Figure 38.2 Principle of the dynamic
disc (OrthoPAT). Blood flow into the
centrifugation chamber by
vacuum-driven expansion of a silicone
membrane.

Cost-effectiveness
In contrast to increasing costs for laboratory tests
(e.g., cross match) as well as for allogeneic blood,
cost efficacy of cell salvage is easily achieved
with proper indication and standby-collection. For-
mer calculations of cost-effectiveness that recom-
mended only application of cell salvage in proce-
dures with anticipated or collected blood loss of
≥ 1000 mL [3,75,76] did not account for the sharp
rise in the cost of allogeneic blood and the enor-
mous additional costs that arise from its ineffec-

tive use and serious adverse effects [77–79]. Be-
sides, such volumes of the collected blood, e.g.,
1000 mL, are not reliable measures for the effec-
tiveness of cell salvage, since the hemoglobin con-
tent of wound blood shows high variation.

Adverse effects
In general processed blood should be retransfused
without delay. To avoid transfusion errors an ABO-
bedside test should be performed for identity con-
trol, whenever the transfusion bag is disconnected

Figure 38.3 Principle of the
continuous autotransfusion system
(CATS).
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or distanced from the patient. Air embolism is
avoided by air detectors incorporated in the de-
vices. In case of pressure transfusion any air in the
transfusion bag has to be removed by transferring
the processed blood to another transfusion bag. The
recommendation to limit the collection time to 6
hours is based on the observation of increasing bac-
terial growth in drained blood after that time, and
applies only partially to intraoperative blood sal-
vage with a reservoir emptied and blood processed
several times during the procedure. In 20–80% of
cases skin- and air-borne bacteria can be detected in
salvaged and processed blood in low numbers with-
out any clinical consequences [80–82].

Dilutional coagulopathy is not a side effect of
blood salvage, but a side effect of blood loss and
its exclusive substitution with washed RBCs. Thus,
extensive loss of plasma and platelets may require
substitution of appropriate allogeneic components
in addition to the autologous RBC saved and pro-
cessed [19,55]. Incomplete filling of Latham-bowls
should be avoided, since this may lead to insuffi-
cient plasma washout [83].

Indications and contraindications

Intra- and postoperative cell salvage must be part
of a total blood conservation program and should
be considered—if there is no contraindication—for
all surgical procedures with major blood loss [3,84,
85]. Unfortunately, estimates of surgical blood loss
by preoperatively available data are very difficult
to obtain and unreliable, even for planned and un-
complicated surgery [86, 87]. Therefore, the anes-
thesiologist’s individual experience and knowledge
of institutional circumstances (based on retrospec-
tive analyses), the type of procedure, and the pa-
tient’s red cell reserve, body mass and gender are
the most helpful parameters in predicting intraop-
erative blood loss [87]. An answer to this dilemma
is the use of standby-collection, where anticoag-
ulated shed blood is collected into an inexpen-
sive reservoir. Only if the amount of blood is large
enough to justify the use of cell salvage, should it be
processed [4]. This less expensive and simple strat-
egy allows use of intraoperative autotransfusion in

cases of unexpected blood loss, thereby expanding
application of cell salvage.

Cardiac surgery
One of the major indications for cell salvage is
cardiac surgery. According to recent guidelines of
the Society of Thoracic Surgeons and the Society
of Cardiovascular Anesthesiologists there is a
level A evidence for the use of red cell salvage in
cardiac operations using cardiopulmonary bypass
(CPB) [12], whereas preoperative platelet- or
plasmapheresis is not recommended. Besides the
reduction of blood loss and transfusion require-
ments [88,89], several reports document the safety
of cell salvage. Neither adverse CNS effects [53]
nor increased infectious complications occur and
there is an overall reduced complication rate [90]
and reduced systemic inflammation. Salvage from
the pump during CPB may cause adverse side
effects. Low volumes of blood processed to remove
contaminants from prolonged uncontrolled car-
diotomy suction with excessive aspiration of air
and lipids may impair cerebral microcirculation
[91]. On the contrary, excessive blood volumes
washed may cause loss of plasma and coagulation
factors [92]. There exists only level C evidence,
for the use of salvaged pump blood shortly after
completion of cardiopulmonary bypass as a means
of blood conservation. Postoperatively retrans-
fusion of shed mediastinal blood is considered
reasonable (level B evidence) when cell washing
is used. Direct retransfusion of shed mediastinal
blood from postoperative chest tube drainage is
not recommended and may cause adverse side
effects [12]. Also in off-pump cardiac surgery is cell
salvage recommended [93].

Orthopedics
Cell salvage has been shown to work efficiently
in major orthopedic surgery [5, 8, 11, 14, 21, 87],
namely in studies using washed and processed shed
blood [6]. In a meta-analysis cell washing was as-
sociated with greater blood-sparing effect than re-
transfusion of unwashed cells [7, 19]. Therefore,
even in procedures with low intraoperative blood
loss like primary knee or hip replacement post-
operatively drained and collected blood should be
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washed [24]. Higher blood loss and, as a conse-
quence, a higher benefit of cell salvage is docu-
mented in revision hip surgery, spondylodesis, or
scoliosis surgery [94]. The impact of orthopedic fat
found in processed blood is unclear, as a fat em-
bolism has never been demonstrated after retrans-
fusion. If a lipid layer is observed in the transfusion
bag, it should simply not be transfused.

Vascular surgery
Several studies have shown a reduction of rate and
the amount of allogeneic transfusions by using cell
salvage in abdominal aortic aneurysm repair [10,
17, 18, 33, 95]. This was not the case in one study
with liberal transfusion trigger [96]. In addition, a
reduced risk of infectious complications and SIRS
was observed compared to allogeneic transfusion
[95]. In smaller vascular surgery like aortofemoral
bypass operations [10] there is no sufficient evi-
dence for a clear advantage of cell salvage [95].

Polytrauma
Nowadays cell salvage is an essential part of mod-
ern emergency medicine [97]. In acute emergency
cases of severely traumatized patients with in-
tense hemorrhage, the use of intraoperative au-
totransfusion enables optimal repair, and may lit-
erally be life-saving due to its fast availability
and due to a possibly limited supply of allogeneic
blood. Thus supplemental autologous RBC supply
provided by the comparably simple cell salvage
procedure may be extremely helpful. For these
reasons, it is recommended that a cell saving de-
vice should be available in emergency rooms or
emergency operating units. Also, the attending
staff should be well-trained and competent in its
use [4]. The same applies to other procedures in
general surgery with high blood loss, like liver
transplantation [98].

Pediatric surgery
While cell salvage is established for adolescents and
older children, as in scoliosis surgery [94], new
technical developments—as for example a small
Latham-bowl (BT55, Sorin), a CATS (Fresenius) or
a smaller device with a dynamic disc designed for
postoperative autotransfusion (OrthoPAT, Haemo-

netics) give hope for application of blood salvage
even in smaller children and infants. According to a
recent study all three devices allowed processing of
small volumes with comparable results under clin-
ically relevant conditions [99]. However, these sys-
tems are limited at a body weight of about 10 kg,
where a loss of 30–40% of the estimated total
blood volume has to be tolerated by the infant
before enough autologous blood for a relevant
transfusion (10% of its blood volume) is available.
Similar limitations have been observed in clinical
application in infants with craniosynostosis [100].
This may not be the absolute limit in the future,
since none of these devices have actually been op-
timized for this indication.

Cancer surgery
The demand for blood and blood products in can-
cer surgery is high and continuously increasing. In
general about 30% of all banked blood is used in
tumor surgery [101], and in hospitals routinely us-
ing cell salvage in tumor surgery this amounts to
50–60% of the cell saver applications [102–104].
Transfusion related immunomodulation induced
by both the allogeneic barrier and by storage le-
sions of banked blood with subsequent increased
risk of postoperative infections and tumor recur-
rence [105] is especially relevant to these patients.
Thus, intraoperative cell salvage seems favorable.
However it is considered contraindicated, as malig-
nant tumor cells contaminating the wound blood
from the operative field would get access to the cir-
culation with its subsequent potential of generat-
ing metastases after retransfusion [1,23,106]. Clin-
ical studies that have not found adverse effects on
tumor recurrence or survival rate [106, 107] are
unable for statistical reasons to demonstrate or to
exclude the risk of tumor cell dissemination after
retransfusion of salvaged wound blood [108]. In-
stead, demonstration of viable, proliferating, inva-
sive, and tumorigenic tumor cells in the shed blood
in high incidence (�90%) and with high cell counts
(up to 107 cells) underlines the contraindication for
retransfusion of untreated shed blood of cancer pa-
tients [109,110].

To overcome this contraindication a method is
required to effectively eliminate the contaminating
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cancer cells. Several authors have claimed elimi-
nation of tumor cells by leukocyte depletion filters
[111–114], but in these studies the basic principles
of leukocyte depletion filter testing have not been
appreciated, i.e., characterization by reduction rate
(calculated from cell numbers before and after (!)
filtration, improvement of detection sensitivity of
the test system, declaration of the achieved detec-
tion sensitivity. Actually, when tested with native
tumor cells instead of cell lines and with sensitive
detection techniques, leukocyte depletion filters
show only limited capacity to reduce the number
of tumor cells in blood [9, 115]. Residual tumor
cells after filtration, as have been demonstrated
[116–118], are not acceptable, since the capa-
bility of single cells to cause metastasis has been
shown [119].

On the contrary, because of the well-known ra-
diosensitivity of tumor cells at least a 12-log reduc-
tion in proliferating cells is to be expected from
a 50 Gy gamma irradiation. The effectiveness of
such wound blood irradiation has been tested and
confirmed by eradication of any cell proliferation
or DNA metabolism [120, 121]. Radiation failure,
well known in radiotherapy of cancer, is excluded
because with well oxygenated cell suspension and
with unfractionated irradiation dose radioresistant
cells in hypoxic areas or chances for DNA re-
pair are lacking. The safety of blood irradiation
with regard to RBC quality has been tested and
was demonstrated by minimal hemolysis, minimal
potassium release, normal levels of 2,3 DPG and
ATP, and by an unimpaired 24-hour survival rate
[122]. Thus, blood irradiation with 50 Gy can be
regarded as safe by eliminating the risk of tumor
cell dissemination without impairing RBC quality.
It represents the only method described to guar-
antee elimination of tumor cells and to overcome
the contraindication of blood salvage in tumor
surgery.

Meanwhile, more than 1000 cancer patients
have been successfully treated with this combina-
tion of two well-established methods: intraoper-
ative blood salvage and blood irradiation. Effec-
tive reduction in allogeneic blood transfusions and
saving of blood resources have been documented
[103, 104, 121, 123]. The method proved feasible

as irradiation facilities are usually available at tu-
mor centers. In addition, for Jehovah’s Witness pa-
tients the method described may be the only way
to receive more extensive oncologic surgery at all
[124]. Preliminary data of a study on surgery of
spinal metastasis suggest improved outcome of the
patients with cell salvage [123].

Bacterial contamination
Contamination of the surgical field by bacteria is
a major clinical concern, since neither cell wash-
ing, nor filtration, nor antibiotics can sufficiently
remove bacteria from the processed blood (only
1–2 log reduction) [106, 125, 126]. Therefore, the
use of cell salvage in all kinds of septic surgery
as well as urologic surgery in contact with urine
(if bacterial infection cannot be excluded), enoral
or endonasal procedures in contact with mucosa,
and blunt abdominal injuries is unsafe and not rec-
ommended, except as an ultimate life-saving pro-
cedure [1, 2, 23]. Bacterial contamination of the
surgical field should not be confused with the fre-
quent detection of air- or skin-borne bacteria in
small numbers in salvaged wound blood, which
has no clinical impact [80–82, 127]. In contrast,
a high incidence of bacteremia with high num-
bers of highly pathogenic germs and clinical signs
of postoperative infection (fever, shivering) have
been reported after cell salvage in transurethral
procedures, maxillofacial surgery, or penetrating
abdominal trauma [128, 129]. Some reports show
that most patients who had received contaminated
wound blood from abdominal trauma as part of
resuscitation in life-threatening hemorrhage sur-
vived, probably due to concomitant administration
of antibiotics [130, 131], but with modern blood
banking allogeneic blood would seem the better
choice and these indications should be rare. Ac-
cording to modern transfusion medicine, inten-
tional induction of bacteremia should not be part
of medical therapy, and cell salvage from a site
with expected or known bacterial contamination is
strictly contraindicated [23].

Obstetrics
Under normal circumstances blood loss is low
and blood transfusion is a rare event in obstetrics.
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Although cell salvage has been considered con-
traindicated because of the risk of amniotic fluid
embolism, induction of DIC, and transmission of
fetal cells, recently the general use of cell saving has
been proposed [132]. Safe applications have been
reported [133] in a number of patients too small for
risk evaluation, but one fatal case as well [134]. Ex-
perimental data show insufficient removal (1–2 log
reduction) of fetal squamous cells, or insufficient
removal of tissue factor [135–137] by cell washing
and leukocyte depletion filters. Thus, cell salvage
should be limited only to life-threatening obstetric
hemorrhage [138].

Quality management

Medical societies and hospital administrations call
for QM of medical treatment, especially in trans-
fusion medicine including blood salvage. Most of
all, a system of QM is necessary to guarantee the
high quality of this autologous blood and the ben-
efits of autologous transfusion, and to support fur-
ther improvement. Since QM should not just de-
scribe all available methods [36], but rather is a
matter of decisions and commitments, it should
be definite, clear, and written down in a QM-
handbook. Such QM of blood salvage has been pro-
posed [26] and established, and first experiences
have been reported [83, 139]. Structure quality of
blood salvage can be improved by defining respon-
sibilities, documenting procedures and (hospital-
specific) indications and contraindications. Process
quality should be supported by a clear descrip-
tion of the techniques used, by the definition of
parameters and procedures for quality assurance,
and by a profound understanding of the meth-
ods of blood salvage [70, 99]. For respective eval-
uations of autotransfusion devices, disposals, pro-
grams, and process variables, testing with freshly
donated blood with defined hemolysis is recom-
mended [83] instead of using outdated banked
blood. Data on the effects of various process vari-
ables on product quality support improvements
in performance and reactions to specific clinical
challenges [140].

Quality controls

Quality controls should test
� Product quality by measuring volume and hema-
tocrit of the washed RBC, with a threshold value of
hematocrit �50% (once per each application)
� Process quality by determining of RBC recovery
and plasma elimination, with a threshold value of
RBC recovery �80% and of protein elimination
�90% (quarterly for each autotransfusion device
in use) [26].
Clear actions should be defined if these criteria are
not met.

RBC recovery is calculated from the produced
amount of RBC divided by the amount of RBC
taken from the reservoir. Similarly, for determi-
nation of plasma elimination the total amount and
not only the concentration of a soluble substance
in the supernatant should be compared before and
after processing. Although several parameters can
be used to determine plasma elimination rate, total
protein concentration is preferable. In contrast to
free plasma hemoglobin its correct determination
is simple and fast in routine laboratories. Microbi-
ological testing is unnecessary since it has neither
consequence nor clinical relevance.

Advantages of blood salvage

Blood salvage using processing of the wound blood
carries many advantages including high and fast
availability, high cost efficacy, high effectiveness,
reduction of transfusion risks, high quality of the
salvaged blood, and possibly an improvement in
outcome [123].

Efficacy
Cell savers are available in most hospitals perform-
ing major surgical procedures. In Germany, for ex-
ample, there are 160,000 procedures of intraoper-
ative cell salvage per year. With a mean rate of
80% leading to retransfusion and a mean of 2.9
units processed per procedure this corresponds to
about 371,000 units of autologous blood per year,
equivalent to 9% of all transfusions (a rate never



c38 BLBK256-Maniatis July 26, 2010 12:44 Trim: 246mm X 189mm Char Count=

468 Intraoperative and Postoperative Cell Salvage

reached by predonation). These devices are set up
for use within a few minutes. Cell salvage is also
accepted by Jehovah’s Witnesses and makes con-
trol of blood loss and the surgery available to these
patients. Within a few minutes washed RBC are
produced out of the collected wound blood and
thus available for retransfusion. In emergency cases
this may represent the fastest source of compatible
hemotherapy.

In the light of increasing costs of banked blood
and with proper indication and standby-collection
cell salvage is cost-effective. Cost efficacy is usu-
ally already reached with 1 unit of processed blood,
and increases with every further unit prepared. It
becomes even greater if performed by the anaesthe-
siologist or the nurse with no additional staff nec-
essary Cost efficacy is further increased, if the bet-
ter function and viability of fresh autologous RBC
are taken into account instead of just comparing
hemoglobin content.

Cell salvage is highly efficient in blood saving
by retransfusion 50–60% of the RBC lost, and is
accompanied by an equivalent reduction in allo-
geneic transfusions. This supports blood supply in
cases of high blood loss and saves blood resources
for patients with rare blood groups or irregular
antibodies.

Quality
High safety and an extremely low rate of side effects
are reported for cell salvage using processing, even
though elimination of contaminants from cell lysis
and activation in wound blood can never be com-
plete (95–99%). This autologous blood is neither
immunogenic, nor antigenic and without transfu-
sion reactions or alloimmunization. In contrast to
banked allogeneic or predonated autologous blood
it is not immunosuppressive. The allogeneic bar-
rier and storage lesions may lead to an increased
postoperative infection rate and tumor recurrence.
There is no risk of overtransfusion as it is blood-
loss-dependent. A major advantage is that the in-
dication for fresh autologous blood transfusion is
more liberal, and thus the known disadvantages of
anemia, a major determinant for bad outcome, can
be avoided. In addition, with a lower risk of un-

dertransfusion efficacy of chemotherapy and radio-
therapy in cancer patients is not impaired.

Fresh, unstored, unrefrigerated, washed RBC are
of excellent quality, having normal morphology
and membrane characteristics, normal function of
oxygen transport and release (2,3 DPG, p50), nor-
mal viability (ATP, 24 hours survival), but no load
of potassium or free hemoglobin. This strikingly
contrasts with banked allogeneic or autologous
blood, where function is recovered within hours to
days only, where in addition, at the end of the al-
lowed storage time 25–30% of RBCs are lost and
hemolyzed 1 day after transfusion and also micro-
circulation is impaired.

Outcome
The impact of cell salvage on outcome is rather un-
clear, but retrospective data in surgery of spinal
metastasis suggest a highly significantly improved
outcome (survival) of tumor patients [123]. Both
anemia and allogeneic transfusions are associated
with worse outcome. So, for instance, in cardiac pa-
tients during cardiopulmonary bypass, anemia and
hemodilution lead to increased mortality, periop-
erative stroke, myocardial infarction, low-output
failure, and renal or multiorgan failure. Allogeneic
transfusions do not reverse this risk, but may even
increase it further [12]. Thus, both aspects of cell
salvage, namely reduction of blood loss and autol-
ogous transfusion, should be beneficial. Actually,
only few outcome studies are available and most
are of low quality [7]. Therefore, well-performed
large-scale prospective studies are needed. In or-
thopedic surgery with intermediate blood loss and
with multifactorial outcome parameters like hospi-
tal stay, mobilization, or postoperative infections a
study like this has to involve hundreds of patients.
The higher the blood loss and transfusion rates,
and with hard outcome parameters like survival
time in cancer patients a smaller group size is suffi-
cient. In contrast to the studies on colorectal cancer
surgery with low transfusion rates and with pre-
donated blood carrying storage lesions, that failed
to show a difference between autologous and allo-
geneic transfusion [141, 142], chances to see a dif-
ference between allogeneic and autologous blood
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transfusion therefore are much higher with cell sal-
vage. If the better outcome of cancer patients ob-
served after intraoperative autotransfusion [123]
could be confirmed in prospective studies, this
method would become state-of-the-art treatment.
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2006;47(Suppl.):118–22.

71. Dai B, Wang L, Djaiani G, Mazer CD. Continuous

and discontinuous cell-washing autotransfusion sys-

tems. J Cardiothorac Vasc Anesth 2004;18:210–17.

72. Geiger P, Platow K, Bartl A, et al. New develop-

ments in autologous transfusion systems. Anaesthe-

sia 1998;53(Suppl. 2):32–5.

73. Florio G, Valbonesi M, Lercari G, et al. The Fre-

senius continuous autotransfusion, system (CATS):

preliminary studies and application. Int J Artif Or-

gans 1996;19:431–4.

74. Bengtsson A, Avall A, Tylman M, et al. Effects on

complement activation of a new continuous auto-

transfusion, system. Transfus Med 1997;7:107–13.

75. Solomon MD, Rutledge ML, Kane LE, Yawn

DH. Cost comparison of intraoperative autolo-

gous versus homologous transfusion. Transfusion

1988;28:379–82.

76. Goodnough LT, Monk TG, Sicard G, et al. Intraoper-

ative salvage in patients undergoing elective abdom-

inal aortic aneurysm repair: an analysis of cost and

benefit. J Vasc Surg 1996;24:213–18.

77. Goodnough LT, Brecher ME, Kanter MH, Aubuchon

JP. Transfusion, medicine. First of two parts—blood

transfusion. N Engl J Med 1999;340:438–47.

78. Waters JR, Meier HH, Waters JH. An economic anal-

ysis of costs associated with development of a cell

salvage program. Anesth Analg 2007;104:869–75.

79. Shander A, Hofmann A, Gombotz H, et al. Estimat-

ing the costs of blood: past, present, and future direc-

tions. Best Pract Res Clin Anaesthesiol 2007;21(2):

271–89.

80. Ezzedine H, Baele P, Robert A. Bacteriologic

quality of intraoperative autotransfusion. Surgery

1991;109:259–64.

81. Bland LA, Villarino ME, Arduino MJ, et al. Bacte-

riologic and endotoxin analysis of salvaged blood

used in autologous transfusions during cardiac

operations. J Thorac Cardiovasc Surg 1992;103:

582–8.

82. Sugai Y, Sugai K, Fuse A. Current status of bacterial

contamination of autologous blood for transfusion.

Transfus Apher Sci 2001;24:255–9.



c38 BLBK256-Maniatis July 26, 2010 12:44 Trim: 246mm X 189mm Char Count=

472 Intraoperative and Postoperative Cell Salvage

83. Hansen E, Bechmann V, Altmeppen J, et al. Qual-

ity management in blood salvage: implementa-

tion of quality assurance and variables affecting

product quality. Transfus Med Hemother 2004;31:

221–7.

84. Hayes SL, Torella F, McCollum CN. Cell

salvage—state of the art and cost-effectiveness.

Transfus Altern Transfus Med 2003;5:446–52.

85. Waters JH. Indications and contraindications of cell

salvage. Transfusion 2004;44(Suppl. 12):40–44.

86. Nuttall GA, Santrach PJ, Oliver WC, et al. The pre-

dictors of red cell transfusions in total hip arthroplas-

ties. Transfusion 1996;36:144–9.

87. Lisander B, Ivarsson I, Jacobsson SA. Intraoperative

autotransfusion is associated with modest reduction

of allogeneic transfusion in prosthetic hip surgery.

Acta Anaesthesiol Scand 1998;42:707–12.

88. Hall RI, Schweiger IM, Finlayson DC. The benefit of

the Hemonetics cell saver apparatus during cardiac

surgery. Can J Anaesth 1990;37:618–23.

89. Laub GW, Dharan M, Riebman JB, et al. The im-

pact of intraoperative autotransfusion, on cardiac

surgery. A prospective randomized double-blind

study. Chest 1993;104:686–9.

90. Deleuze P, Intrator L, Liou A, et al. Complement ac-

tivation and use of a cell saver in cardiopulmonary

bypass. ASAIO Trans 1990;36:179–81.

91. Brooker RF, Brown WR, Moody DM, et al. Car-

diotomy suction: a major source of brain lipid emboli

during cardiopulmonary bypass. Ann Thorac Surg

1998;65:1651–5.

92. Despotis GJ, Filos KS, Zoys TN, et al. Factors asso-

ciated with excessive postoperative blood loss and

hemostatic transfusion requirements: a multivariate

analysis in cardiac surgical patients. Anesth Analg

1996;82:13–21.

93. Niranjan G, Asimakopoulos G, Karagounis A, et al.

Effects of cell saver autologous blood transfu-

sion on blood loss and homologous blood trans-

fusion requirements in patients undergoing car-

diac surgery on- versus off-cardiopulmonary by-

pass: a randomised trial. Eur J Cardiothorac Surg

2006;30:271–7.

94. Verma RR, Williamson JB, Dashti H, et al. Homol-

ogous blood transfusion is not required in surgery

for adolescent idiopathic scoliosis. J Bone Joint Surg

2006;88:1187–91.

95. Mercer KG, Spark JI, Berridge DC, et al. Random-

ized clinical trial of intraoperative autotransfusion in

surgery for abdominal aortic aneurysm. Br J Surg

2004;91:1443–8.

96. Clagett GP, Valentine RJ, Jackson MR, et al. A ran-

domized trial of intraoperative autotransfusion dur-

ing aortic surgery. J Vasc Surg 1999;29:22–30.

97. Cavallieri S, Riou B, Roche S, et al. Intraopera-

tive autologous transfusion in emergency surgery for

spine trauma. J Trauma 1994;36:639–43.

98. Phillips SD, Maguire D, Deshpande R, et al. A

prospective study investigating the cost effectiveness

of intraoperative blood salvage during liver trans-

plantation. Transplantation 2006;81:536–40.

99. Hansen E, Kling J, Roth G. Processing small

volumes in blood salvage: characterization of

ELECTA, CATS and OrthoPAT. Anästh Intensivmed
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CHAPTER 39

Anemia and Red Blood Transfusion in
Critical Care
Tim Walsh
Anaesthetics, Critical Care and Pain Medicine, New Edinburgh Royal Infirmary, Edinburgh, Scotland, UK

Introduction

Anemia occurs frequently during critical illness.
Recent studies have increased our understanding of
the causes of anemia and how well it is tolerated by
critically ill patients. Red blood cell (RBC) transfu-
sion remains the standard treatment of anemia, but
new methods of treatment using erythropoiesis-
stimulating agents have also been recently
evaluated.

Definition of anemia

Anemia is a hemoglobin concentration in blood
that is below the expected value, when age, gen-
der, pregnancy, and certain environmental factors,
such as altitude, are taken into account. It results
in a reduction in red cell mass and a decrease
in the oxygen-carrying capacity of the blood. The
World Health Organization (WHO) defines anemia
as a hemoglobin �13 g/dL (hematocrit �39%) for
adult males and �12 g/dL (hematocrit �36%) for
adult nonpregnant females. The WHO has further
classified anemia as mild (9.5–10.9 g/dL), moder-
ate (8.0–9.4 g/dL), severe (6.5–7.9 g/dL), and life-
threatening (�6.5 g/dL).

Prevalence of anemia during
critical illness

The prevalence of anemia among critically ill pa-
tients is influenced by factors that include patient
case mix, illness severity, preexisting comorbidity,
and the blood transfusion practice employed. The
Transfusion Requirements In Critical Care (TRICC)
study (described later) has resulted in a more con-
sistent use of restrictive triggers [1]. Typical median
pretransfusion hemoglobin values in recent studies
have been 7.8–8.5 g/dL [2–6].

Anemia at ICU admission
Several large studies have documented the preva-
lence of anemia at ICU admission. A cohort study
of 3534 patients admitted to 146 western European
ICUs with varying case-mix (the ABC study) found
that the mean hemoglobin concentration at ICU
admission was 11.3 g/dL [5]. Sixty-three percent
of patients had a hemoglobin concentration �12
g/dL at ICU admission and 29% of patients had
an admission hemoglobin concentration �10 g/dL.
In this study, 13% of patients had a recent his-
tory of anemia. Fifty percent of patients admitted
to ICUs with a hemoglobin concentration �10 g/dL
had no history of either acute bleeding or other
documented causes of anemia. Anemia was more
frequent and more severe in older patients. A sim-
ilarly designed study evaluated 4892 admissions to
ICUs in the United States (the CRIT study) [2]. This
study found a similar mean hemoglobin concentra-
tion at ICU admission (11.0 g/dL), and almost two-
thirds of patients had a hemoglobin concentration
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Table 39.1 Estimates of the prevalence of anemia at admission to intensive care.

Variable Estimate of value or prevalence

Mean hemoglobin concentration at ICU admission 10.5–11.3 g/dL
Proportion of patients with

Hemoglobin concentration <12 g/dL 60–70%
Hemoglobin concentration <9 g/dL 20–30%

Prevalence of preexisting anemia at ICU admission 13%

�12 g/dL at ICU admission. As in the ABC study,
13% of patients had anemia as a comorbidity on
admission. A cohort study of 1023 sequential ad-
missions to 10 Scottish ICUs found that the median
hemoglobin concentration at ICU admission was
10.5 g/dL [7]. At ICU admission, 25% of patients
had a hemoglobin concentration �9 g/dL. Based
on these studies, 20–30% of patients have mod-
erate to severe anemia (hemoglobin concentration
�9 g/dL) at ICU admission, but only 10–15% have
documented preexisting anemia (Table 39.1).

Anemia during ICU stay
The evolution of anemia among nontransfused
nonbleeding critically ill patients is difficult to
study both ethically and in practice. Nguyen and
colleagues found that among nonbleeding ICU
patients who did not receive RBC transfusions,
hemoglobin concentrations decreased by a mean
0.52 g/dL/day [8]. On average, hemoglobin con-
centrations decreased by 0.66 g/dL/day for the first
3 days and by 0.12 g/dL/day thereafter. This early
rapid decrease in hemoglobin values was also found
in a prospective observational single center cohort
study of patients receiving �24 hours of inten-
sive care [9]. Several studies show that the pe-
riod of most rapid decrease in hemoglobin con-
centration is the first 3–4 days in the ICU, follow-
ing which a plateau is reached, which is strongly
influenced by the RBC transfusion practice used.
Typically 40–50% of all ICU patients receive RBC
transfusions, depending on the individual case mix
of populations and the transfusion trigger used
(Table 39.2)

Epidemiological studies indicate that the mean
hemoglobin concentration of ICU populations, ir-

respective of admission hemoglobin concentration,
converges toward 9.5–10 g/dL over the first 4–
5 days in the ICU when transfusion triggers of
8–9 g/dL are used. This phenomenon is strongly
influenced by transfusion practice, particularly for
longer term ICU patients who have an incidence
of moderate–severe anemia of 70–80%. A conse-
quence is a high prevalence of anemia at ICU dis-
charge. A study of 766 ICU survivors found that
�80% of patients were anemic at ICU discharge,
and 25% had a hemoglobin of �9 g/dL.

These data show that the “hit” of critical illness
frequently results in acute anemia, which is present
at ICU admission or develops within the first 24–
48 hours. Once present, anemia persists in most pa-
tients until ICU discharge unless modified by blood
transfusion practice.

Anemia after ICU discharge
During the period between ICU and hospital dis-
charge and in the period after discharge home,
many patients suffer fatigue, breathlessness, and
other morbidity frequently associated with ane-
mia. A single center study found that 77.4% of all
ICU survivors were anemic when discharged home
from hospital and 32.5% had a hemoglobin con-
centration �10.0 g/dL [10]. Fifty percent of pa-
tients who spent �7 days in ICU had a hemoglobin
concentration �10 g/dL when discharged home.
Cohort studies indicate that only 11–13% of pa-
tients are transfused after ICU discharge, typically
at hemoglobin values of 8–9 g/dL or less [2, 5].
These data suggest that anemia persists after ICU
discharge, and many patients remain anemic when
discharged from hospital. The importance of ane-
mia to functional recovery is unknown.
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Table 39.2 Hemoglobin transfusion triggers and transfusion rates in intensive care for recent large epidemiological
studies of anemia and/or blood transfusion in intensive care units.

Study
(reference)

Study
acronym Study size Case mix

Mean (SD)
population APACHE
II score Transfusion trigger

Proportion of
admissions
transfused (%)

Vincent et al. [5] ABC study 3534 Mixed
multicenter ICUs

14.8 (7.9) Mean 8.4 (SD 1.3) 37

Rao et al. [4] None 1247 Mixed
multicenter
general ICUs

Transfused patients
19.0 (8.8)

“Hemorrhage” 8.5
(IQR: 7.8–9.3)

53

Non-transfused
patients 16.3 (9.3)

“Low hemoglobin”
8.5 (IQR: 7.8–8.9)

Corwin et al. [2] CRIT study 4892 Mixed
multicenter ICUs

19.7 (8.2) Mean 8.6 (SD1.7) 44

French et al. [3] None 1808 Mixed general
ICU

Not given Mean 8.2 (range:
4.4–18.7)

19.8

Walsh et al. [6] ATICS study 1023 Mixed adult
general ICUs
(excluding
cardiac)

19.8 (7.7) Median 7.8 (IQR:
7.3–8.5)

39.5

Etiology of anemia during critical
illness

The etiology of anemia during critical illness is mul-
tifactorial in most patients. Contributing factors are
considered below and listed in Table 39.3.

Hemodilution
Critically ill patients frequently develop intravascu-
lar hypovolemia requiring fluid resuscitation. Cur-
rent practice is to administer crystalloid or col-

Table 39.3 Causes of anemia during critical illness.

Preexisting chronic anemia
Acquired anemia

Hemodilution
Blood loss

Blood sampling
Hemorrhage

Reduced red cell survival
Reduced red cell production

Abnormal iron metabolism
Nutritional deficiencies
Inappropriate erythropoietin production

Abnormal red cell production

loid solutions during resuscitation and withhold
red cell transfusion unless patients have severe
hemorrhage. Relatively modest hemodilution can
cause anemia without decreasing red cell mass.
Hemodilution contributes to the rapid decrease in
hemoglobin described during early ICU treatment.

Blood loss
Blood loss is a significant cause of anemia in inten-
sive care patients. Potential sources of blood loss are
diagnostic blood sampling and hemorrhage from
body sites.

Blood sampling
Early studies found that, on average, a critically ill
patient lost 1–2 units of blood through blood sam-
pling during their hospital stay [11, 12], or up to
30% of the total blood transfused in the ICU [13,
14]. More recent data indicate that 30–40 mL per
24 hours are removed in blood samples [5], with
more blood sampled in sicker patients and those re-
ceiving renal replacement therapy [5,15,16].

Hemorrhage
There are many potential sources of bleeding
in critically ill patients. The contribution from
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gastrointestinal bleeding is probably overstated
with modern resuscitation and management [17,
18], but may be relevant in high-risk patients in-
cluding those receiving mechanical ventilation, or
with coagulopathy and renal failure [19]. Recent
ICU-based transfusion studies suggest that between
20 and 55% of all transfusion events are associated
with bleeding [3–6], and about 20% of ICU patients
experience at least one episode of significant bleed-
ing during ICU stay [6].

Reduced red cell survival
It is likely that critical illness, and sepsis in partic-
ular, reduces red cell lifespan but direct evidence
for this is lacking. Experimental data show that in-
flammatory mediators, such as TNF-� and IL-1, can
decrease erythrocyte survival time in other settings
[20], and oxidative stress has been shown to induce
premature apoptosis among red cells [21].

Reduced red cell production
Anemic critically ill patients have inappropriately
low reticulocyte counts compared with the healthy
response to anemia [16,22,23]. Bone marrow sup-
pression appears to be associated with the presence
or persistence of an inflammatory state. Several
mechanisms may be involved, many of which are
implicated in the anemia of chronic disease. Cor-
win coined the term “acute anemia of chronic dis-
ease” to describe the abnormal erythropoiesis that

occurs during critical illness [24]. This term is use-
ful because there appear to be many similarities be-
tween erythropoiesis during acute and chronic in-
flammatory conditions, including cancer. A num-
ber of factors, which normally regulate or limit red
cell production, could contribute to reduced red cell
production during critical illness. Typical biochem-
ical parameters for anemic patients during critical
illness are shown in Table 39.4.

Iron metabolism
Acute inflammation decreases the iron available for
erythropoiesis. The interpretation of iron indices in
inflammatory states is difficult because serum fer-
ritin is increased and serum transferrin is decreased
as part of the acute phase response [25]. ICU pa-
tients typically have a low serum iron, total iron
binding capacity, and serum iron/total iron bind-
ing capacity ratio, but the serum ferritin concen-
tration is normal or more usually elevated [16, 23,
26]. During inflammation, iron is transferred into
macrophages, where it is incorporated into ferritin,
reducing serum iron but increasing storage iron
[27]. This is associated with low transferrin satu-
ration reflecting reduced available iron for erythro-
poeisis [20, 28]. Circulating soluble transferrin re-
ceptor concentrations (sTFR) are normal in anemic
critically ill patients [23, 29]. These shed receptors
are increased in iron deficiency and during active
erythropoeisis further supporting a lack of absolute

Table 39.4 Biochemical characteristics of anemia in critically ill patients.

Change Comment

Serum iron ↓ Similar to anemia of chronic disease
Total iron binding capacity ↓
Serum iron/total iron binding capacity ratio ↓
Ferritin ↑ “Positive” acute phase protein
Transferrin ↓ “Negative” acute phase protein
Transferrin saturation ↓
Soluble transferring receptor concentration N Increase thought to indicate iron deficiency or

new erythropoeisis

Percent hypochromic red cells N/↑ Indicative of functional iron deficiency
Vitamin B12 and folate N
Erythropoietin concentration N/slight increase Inappropriately low for degree of anemia

May be transiently increased in acute renal
failure



c39 BLBK256-Maniatis July 26, 2010 12:45 Trim: 246mm X 189mm Char Count=

Chapter 39 481

iron deficiency in most cases. No large studies have
examined the effect of iron therapy alone on ane-
mia during critical illness, but in one small study,
daily intravenous iron disaccharide therapy alone
for 14 days did not increase reticulocyte counts or
have any beneficial effect compared to the control
group [23]. Based on these data, there is little to
support routine iron supplementation as part of in-
tensive care treatment, unless erythropoietin is be-
ing used (see later).

Functional iron deficiency is a term used to describe
the inability to incorporate iron into hemoglobin
for normal red cell production, often despite ad-
equate body stores of iron [30]. It is associated
with reduced reticulocyte hemoglobin concentra-
tion (CHR) and increased percent hypochromic red
cells in peripheral blood both of which have been
demonstrated in the critically ill [31,32].

B12 and folate metabolism
There are few studies evaluating the prevalence of
vitamin B12 or folate deficiency in intensive care
patients either on admission or during prolonged
illness. Rodriguez and colleagues found evidence
of deficiency in only 2% of ICU patients [26]. The
relation between these and other nutritional defi-
ciencies and anemia are unknown. Based on avail-
able evidence, these vitamins do not limit red cell
production in most anemic critically ill patients.

Pluripotential stem cells

Erythroid burst forming
unit

Proerythroblasts

Erythroblasts

Reticulocytes

Erythrocytes

Erythropoietin an
essential growth
factor

Erythroid colony forming
unit

IF-γ inhibits
and induces
apoptosis

TNF-α, IL-1,
and other
cytokines may
also inhibit
maturation

Figure 39.1 Schematic diagram
showing stages in red blood cell
maturation from pluripotential stem
cells and the sites of action of potential
inhibitors during critical illness.

Inappropriately low circulating
erythropoietin concentrations
The normal response to anemia is to increase ery-
thropoietin release from the kidneys. Appropriate
values for circulating erythropoietin concentration
have been established in otherwise healthy pa-
tients with various degrees of anemia [33]. Us-
ing these data as reference for a healthy response
to anemia, many studies consistently show that
critically ill patients have inappropriately low ery-
thropoietin concentrations for their degree of ane-
mia [16,23,34–36]. The blunted erythropoietin re-
sponse during critical illness probably results from
inhibition of the erythropoietin gene by inflamma-
tory cytokines (Figure 39.1) [24,37].

Abnormal RBC maturation
Inflammatory cytokines such as tumor necrosis fac-
tor �, interleukin-1, and interleukin-6 have been
shown to directly inhibit red cell formation [20,
38, 39]. Elevated concentrations of these cytokines
are frequently present in the circulation of critically
ill patients, particularly those with inflammation
and/or sepsis. In addition, other circulating factors
such as interferon � have been shown to induce
apoptosis of erythroid precursors in experimental
studies and could be important during critical ill-
ness. These factors, together with a relative defi-
ciency of circulating erythropoietin and decreased
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iron availability may explain the poor erythroid
response that occurs in response to anemia (Fig-
ure 39.1). Reticulocyte counts are usually not in-
creased in anemic critically ill patients unless stim-
ulated by pharmacological doses of erythropoietin,
which also suggests a bone marrow hyporeactivity
[23,26].

Summary of factors contributing to
anemia during critical illness
Blood loss contributes to anemia but is rarely the
only explanation for anemia. During resuscitation
with colloid and crystalloid solutions hemodilution
contributes to a decreased hemoglobin concentra-
tion, but potentially without altering red cell mass.
A major factor resulting in the development and
persistence of anemia is reduced new RBC produc-
tion. This appears to result from a combination of
inappropriately low circulating erythropoietin and
a hyporeactive bone marrow.

Management of anemia

Reduction of red cell loss
Simple interventions to decrease sampling volumes
are likely to decrease the prevalence of anemia and
transfusion requirements, especially for sicker and
longer term ICU patients [12,40].

RBC transfusion
The established method for managing anemia in
the ICU is allogeneic red cell transfusion. The key
question in deciding how to use red cell transfu-
sion in the ICU is identifying the most appropriate

transfusion trigger and the target hemoglobin range for
each patient. Several concepts are useful in decid-
ing when to treat anemia using allogeneic red cell
transfusion.

Critical hemoglobin concentration
The “critical hemoglobin concentration” is usually
defined as the hemoglobin below which oxygen
consumption (VO2) is supply-dependent assuming
normovolemia is maintained [41, 42]. This is un-
likely to be a fixed value, but varies between organs
and is dependent on the metabolic activity of the
tissue and oxygen extraction capabilities. Studies in

dogs, pigs, and baboons [43,44] have demonstrated
this critical Hb concentration in animal models to
be around 4 g/dL.

A classic series of studies of acute normovolemic
hemodilution in healthy volunteers and surgical
patients suggest that the critical hemoglobin con-
centration in humans is �5 g/dL [45–47]. At
these levels, there was no evidence of anaerobic
metabolism based on lactate concentrations and
whole body oxygen consumption. These studies are
supported by case reports from Jehovah’s Witness
patients [48]. It is unclear how applicable these data
are to critically ill patients, in whom cellular oxygen
demand may be high, alterations to microcircula-
tory flow occur, and comorbidity is common [49].

Acceptable hemoglobin concentration during
critical illness
An acceptable hemoglobin concentration is the de-
gree of anemia that is the best balance between
the risks of red cell transfusion and the risks of
low hemoglobin concentration. There are three
broad groups of evidence concerning the acceptable
hemoglobin concentration for critically ill patients.
The first is the TRICC trial [1], the second is co-
hort studies that have examined transfusion prac-
tice in critically ill groups of patients, and the third
is pathophysiological studies that examined the ef-
fect of transfusions on indices of tissue hypoxia in
critically ill patients.

The TRICC trial
This study showed that a restrictive transfusion
strategy is at least as effective as and possibly
superior to a liberal transfusion strategy in critically
ill patients and provides compelling evidence
that a hemoglobin concentration in the 7–9 g/dL
range, using a trigger of 7 g/dL, is well tolerated
by most critically ill patients and has no overall
adverse effect on mortality [1]. Among patients
aged �55 years and among the subgroup with
admission APACHE II score �20, there was a
statistically significantly better 30 days mortality
among patients in the restrictive group. The study
was not powered for subgroup analyses, but when
these were carried out, there was no statistically or
clinically important difference in ventilation times
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[50] or in mortality for patients with cardiovascular
disease [51]. The survival curves were reversed
for the sub group of patients classified as having
ischemic heart disease at study entry, although the
severity and relation to the primary ICU diagnosis
were unclear and the subgroup was small. This
finding suggests uncertainty regarding the safety
of restrictive transfusion triggers for patients with
ischemic heart disease. Outcomes were also similar
for the 203 patients admitted with trauma and
a small cohort with brain injury [52]. Data from
the TRICC trial indicate possible harm from RBC
transfusions (or a benefit from anemia) during
critical illness. Possible contributing factors include
transfused leucocytes (the TRICC trial was carried
out before universal leucodepletion), an adverse
effect related to red cell storage (RBC storage age
was typically �15 days), or an effect related to
blood rheology. The difference in red cell exposure
was 33% (100% liberal group vs 67% restrictive
group) and mean difference in red cell use was
2.8 units (5.3 RBCs/patient vs 2.5 RBCs/patient).
These data suggest that relatively small differences
in RBC exposure could impact significantly on
patient outcome. The mechanism for the difference
in outcomes observed is unclear. There was an
excess of cardiac complications in the liberal group
and these patients also developed greater organ
failures. Although increased infection is often
associated with blood transfusions, infectious
complications were similar between the groups.

The TRICC trial strongly supports the use of re-
strictive transfusion triggers and target hemoglobin
of 7–9 g/dL in younger less severely ill patients.
The trial findings are less certain for older sicker
patients, especially those with cardiac comorbidity,
but still support a restrictive use of blood transfu-
sions in ICU patients.

Cohort studies examining the association
between blood transfusions and
outcomes during critical illness
There are many cohort trials investigating the
association between patients’ outcomes including
mortality, infections, and hospital stay, and blood
transfusions [53]. These observational studies are
all potentially affected by confounding by other

variables. Despite this, there is a strong signal
associating adverse outcomes with receiving blood
transfusions in most studies. Several studies have
used propensity matching to evaluate the contri-
bution of blood transfusions to outcome, although
this is difficult for complex patient populations
such as the critically ill. Early propensity matched
studies found greater mortality in transfused
versus nontransfused patients [2, 5], but this was
not confirmed in a more recent study [54]. The
introduction of leucodepletion could explain this
difference over time. Systematic review and meta-
analysis of leucodepletion trials show inconsistent
effects on infections and mortality in critically ill
and high-risk surgical populations [55, 56]. The
largest study, undertaken around the introduc-
tion of universal leucodepletion to the Canadian
blood service, showed a small (1%) reduction in
mortality [57].

Overall, cohort studies strongly support the
avoidance of blood transfusions in the critically ill
whenever possible, and further support the TRICC
trial findings.

Effect of blood transfusions on indices of
tissue hypoxia during critical illness
When blood transfusions are administered to in-
crease hemoglobin concentration in the absence of
bleeding, the terms used in published studies to de-
scribe the indication include “diminished/reduced
physiological reserve,” “altered tissue perfusion,”
“tissue hypoxia,” and “coronary disease” [5, 9].
These indicate a clinical concern that the patient
either has or is at risk for tissue hypoxia or organ
specific ischemia. These indications usually account
for 40–80% of transfusion episodes in the ICU
[2–5,9].

Many studies have assessed the effect of blood
transfusions on indices of tissue hypoxia during
critical illness. These have used measures of is-
chemia at a “whole body” level such as VO2, plasma
or whole blood lactate concentration, mixed ve-
nous oxygen saturation (SvO2), or mixed venous
oxygen partial pressure (PvO2). Regional indices in-
clude gastric tonometry derived indices (pHi and
“PCO2 gap”). The methodological quality, the base-
line hemoglobin concentration, and the red cell
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product used varied widely between these stud-
ies. Despite this the majority of studies fail to
demonstrate a clinically important improvement in
measures of oxygenation, despite increasing cal-
culated oxygen delivery [41, 58]. Even transfu-
sion with very fresh red cells (storage age ≤5
days) did not improve clinical indices of tissue
hypoxia in euvolemic critically ill patients [59].
These data show that although clinicians frequently
transfuse because they are concerned about inad-
equate oxygen delivery to tissues, this does not
usually result in measurable improvements using
currently available indices of tissue hypoxia. These
data also support the TRICC study findings that
hemoglobin of 7–9 g/dL is safe for most critically ill
patients.

Possible exceptions to the restrictive strategy
used in the TRICC trial
The patient with chronic ischemic heart
disease
The only published subgroup analysis for the
TRICC trial in which the survival lines were
reversed in favor of a liberal strategy, but with
nonsignificant outcome difference, was for patients
with ischemic heart disease at study entry [51].
The evidence for the safest transfusion trigger for
patients with ischemic heart disease is inadequate
and of particular concern to many clinicians [60].
This subject has been recently reviewed in detail
[61]. Retrospective cohort studies have found
associations between anemia and excess mortality
among patients with nonacute coronary disease
compared with patients without coronary disease
at hemoglobin concentrations �9–10 g/dL [62,63].
However, in the TRICC trial the numbers of
adverse cardiac events was actually fewer in the
restrictive group [1]. Specifically, the number of
myocardial infarctions was smaller among the
patients managed with restrictive transfusion trig-
gers, who were more anemic during their critical
illness.

Most experts agree that critically ill patients with
chronic ischemic heart disease can be managed
with a transfusion trigger of 7–8 g/dL, and a target
hemoglobin of 7–9 g/dL, unless there is evidence of
myocardial ischemia.

The patient with an acute coronary
syndrome
The evidence for patients with acute coronary syn-
dromes in the ICU is reviewed in Chapter 20.

Early severe sepsis
Goal directed therapy during early severe sepsis im-
proved mortality in a single center randomized trial
[64]. The intervention algorithm used central ve-
nous oxygen saturation �70% as a trigger for in-
terventions to increase global oxygen delivery. Part
of this algorithm was blood transfusion to maintain
a hematocrit ≥30% (hemoglobin ≥10g/dL), but it
is unclear how important this component was to
improving mortality. The patients in the goal di-
rected therapy group received significantly more
blood transfusions and had a higher hemoglobin
concentration. Several large multicenter studies are
currently ongoing to evaluate the benefits of early
goal-directed sepsis therapy. Until further studies
are done, higher target hemoglobin concentrations
of 9–10 g/dL (hematocrit 30%) should be consid-
ered for patients during the early phase of severe
sepsis, but only if the central venous oxygen sat-
uration is �70%. Current evidence only supports
this higher target during the first 6 hours of resus-
citation. After this, current evidence supports the
restrictive approach used in the TRICC trial.

The patient with traumatic brain injury
There are clear associations between hypoxia, hy-
potension, inadequate resuscitation, and adverse
outcomes from traumatic brain injury (TBI). The
relationship between anemia during neurointen-
sive care, following initial stabilization, and adverse
outcomes is unclear. Expert opinion frequently
suggests higher hemoglobin concentrations for
these patients with the rationale of reducing cere-
bral ischemia. A subgroup analysis of the TRICC
trial in 67 patients with TBI found no difference in
30-day mortality, but did not compare longer term
neurological outcomes [52]. Several small studies
found associations between blood transfusion and
improvement in direct measures of cerebral oxy-
genation, but it was unclear whether these related
to improved cerebral perfusion or were directly



c39 BLBK256-Maniatis July 26, 2010 12:45 Trim: 246mm X 189mm Char Count=

Chapter 39 485

attributable to improvement in hemoglobin con-
centration [65,66].

The current evidence base regarding safe
hemoglobin concentration for patients with TBI (or
other acute neurological injuries) is unclear.

Erythropoietin therapy
The inappropriate endogenous erythropoietin re-
sponse to anemia found in critically ill patients
makes exogenous administration a potential treat-
ment. Studies have shown that exogenous ery-
thropoietin concentration can increase reticulocyte
counts in critically ill patients [23]. The optimum
dose of erythropoietin, including the frequency
of dosing, is unclear. Supplemental iron therapy
is important, but the optimum dose and method
of administration are also uncertain. Three large
industry sponsored randomized placebo-controlled
trials have evaluated the clinical effectiveness of
erythropoietin in critically ill patients [22, 67, 68].
These are summarized in Table 39.5. These tri-

als indicate that rHuEPO can increase hemoglobin
compared to placebo treatment, but the effect on
RBC use is small. Higher overall doses of rHuEPO
with more frequent dosing were more effective
that once weekly regimens. Inadequate iron sup-
plementation, especially using the enteral route,
may decrease the effectiveness of rHuEPO. A fea-
ture of these trials was the relatively low transfu-
sion rate in the control group (50–60%) and the
use of transfusion triggers significantly �7 g/dL.
The most recent trial, in which transfusion practice
was most restrictive, found no blood sparing effect.
The clinical effectiveness of rHuEPO in patients at
higher risk of transfusion is uncertain, particularly
if more restrictive transfusion triggers are used. In
the EPO-3 trial an increase in thrombotic events
was found in rHuEPO treated patients, which is
consistent with findings in other patient groups in
whom concerns regarding the risk-benefit profile
of rHuEPO have been raised. A decrease in mor-
tality among trauma patients was also observed

Table 39.5 Summary of the three largest (industry sponsored) trials of erythropoietin in critical care.

Trial Patients numbers
Erythropoietin regimen in
intervention group Outcome

EPO-1 study [67] 160 300 units/kg subcutaneously
day 3 for 5 days, then
alternate days for minimum
2 weeks or ICU discharge

Lower mean red cell use in rHuEPO group
(2.1 vs 3.8 units per patient)

Higher HCT in rHuEPO group at end of
trial (35.1 vs 31.6)
Lower transfusion exposure during study
in rHuEPO group (45% vs 55%)

EPO-2 study [22] 1302 (medical, surgical, and
trauma patients)

40,000 rHuEPO weekly from
day 3 for 3 doses (fourth
dose for patients in ICU on
day 21)

10% reduction in transfusion exposure
(60.4% vs 50.5%)

19% reduction in red cell use per ICU day
(0.6 red cell units per admission)
No difference in mortality or reported
adverse events (mortality rates 14–15%)

EPO-3 study [68] 1460 (stratified as trauma;
non-trauma surgical;
medical)

40 000 rHuEPO weekly up to
3 doses

No difference in red cell use overall or in
subgroups

Lower mortality in trauma patients
receiving rHuEPO (3.5% vs 6.7%)
Increase in thrombotic events in rHuEPO
group
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raising the possibility of nonerythrogenesis related
benefits. A meta-analysis of all trials of rHuEPO
in critically ill patients found that no overall ef-
fect on mortality. rHuEPO was associated with a
decreased chance of receiving any blood transfu-
sions (OR 0.73 (95% CI: 0.64–0.84)) and a mean
decrease in RBC use of 0.41 units (0.10–0.74). It
was noted that many of these studies were carried
out before the widespread use of restrictive trans-
fusion triggers, which would tend to decrease the
treatment effect [69].

Two health economic evaluations of rHuEPO in
the critically ill have been published, which come
to opposite conclusions. Central to economic eval-
uation is the balance between the value of avoid-
ing transfusion and the possible risks of receiving
erythropoietin, neither of which are fully under-
stood. In order to assess this balance high quality
data concerning the attributable risks of both blood
transfusions and erythropoietin therapy are needed
in critically ill patients. Other than viral infection
and transfusion errors, most data concerning trans-
fusion risks, such as pneumonia or other infection,
were generated from cohort studies of patients re-
ceiving nonleucodepleted blood and could be mis-
leading. MacLaren and Sullivan [70] concluded
that rHuEPO was cost effective against accepted pa-
rameters, but only if assumptions that allogeneic
blood transfusions cause bacterial infections (com-
mon events in this population) were true. In con-
trast, Shermock and colleagues mainly considered
viral infection, transfusion errors, and Transfusion
Associated Lung Injury (rare events in this popu-
lation) and found no evidence of cost effectiveness
[71].

Conclusions and
recommendations

Recommendations for the management of anemia
during critical illness based on available evidence
are summarized in Box 39.1. Further trials are re-
quired to define optimum use of blood during crit-
ical illness. Priority research questions include the
management of elderly patients and those with
chronic ischemic heart disease, the management of

anemic patients with acute coronary syndromes,
and the importance of the age of RBCs. The opti-
mum management of anemia during recovery from
critical illness requires investigation, because re-
strictive transfusion practice during ICU care results
in a high prevalence of anemia following ICU dis-
charge.

Summary
� Anemia is prevalent in critically ill patients

� The onset of anemia is rapid during the first 2–3 days
of critical illness

� 40–50% of all critically ill patients receive RBC
transfusions during ICU care

� Anemia persists into the post-ICU recovery period

� The etiology of the anemia of critical illness is
multifactorial, and includes hemodilution, blood
sampling, hemorrhage, and reduced RBC production

� Critically ill patients tolerate anemia levels of 7–9 g/dL
without adversely effecting mortality and
cardiorespiratory complications

� Younger (age �55 years) and less severely ill (APACHE
II �20) patients benefit for transfusion avoidance
using transfusion triggers of 7 g/dL

� There is less certainty regarding older patients and
those with ischemic heart disease. In these cases
decisions should be based on clinical judgment, but a
target hemoglobin range of 7–9 g/dL is still
appropriate in most cases

� Erythropoietin does not result in major reductions in
RBC use, but the optimum dose and patient group,
and a full understanding of the risk-benefit profile in
the critically ill, are still uncertain. At present,
erythropoietin is not licensed for use in critically ill
patients as a blood-sparing agent
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CHAPTER 40

Red Blood Cell Transfusions and
Alternatives to Treat the Anemia
of Prematurity
Ronald G. Strauss
University of Iowa College of Medicine, DeGowin Blood Center, University of Iowa Hospitals, Iowa City, IA, USA

Introduction

Several aspects of erythropoiesis that occur during
the third trimester of gestation in term neonates
(e.g., placental iron transport from the mother and
high rates of erythropoiesis) are abbreviated in
extremely preterm neonates. In addition, prema-
ture birth often is complicated by serious medi-
cal problems that are accompanied by phlebotomy,
blood losses for laboratory testing, bleeding, and/or
hemolysis which, in the setting of immature
hematopoiesis, mandate red blood cell (RBC) trans-
fusions. Extremely preterm neonates—particularly,
those with birth weight �1.0 kg—nearly always re-
ceive allogeneic RBC transfusions [1]. Transfusion
practices for neonates are controversial, vary from
center to center, and often are based, largely, on
logical assumptions. Although well-designed con-
trolled clinical trials are being reported, they are not
always mutually supportive and questions remain
[2, 3]. Because firm indications for neonatal RBC
transfusions do not exist, it is important to consider
the underlying pathophysiology of anemia during
infancy, the goals of transfusion and alternative
therapies, and all aspects of the benefit to risk ratio,
when making therapeutic decisions—particularly,
whether or not and when to transfuse RBCs.

Although alternatives to allogeneic RBC transfu-
sions exist for preterm infants (e.g., recombinant
human erythropoietin [rHuEPO] and the transfu-
sion of “autologous” placental blood), they are con-
troversial because of unproven or incomplete effi-
cacy and potential toxicities that are incompletely
defined [1,4]. Accordingly, allogeneic RBC transfu-
sions remain as the foundation of treatment for the
anemia of prematurity. The mechanisms responsi-
ble for the anemia of prematurity and the possible
therapeutic approaches will be critically analyzed in
this chapter.

Pathophysiology of the anemia
of prematurity

All infants experience a decline in circulating RBCs
during the first weeks of life. This decline re-
sults both from physiological factors and, in sick
preterm infants, from phlebotomy blood losses for
laboratory testing. In healthy term infants, the
nadir hemoglobin value rarely falls below 10 g/dL
at an age of 10–12 weeks. This decline is more
rapid (i.e., nadir at 4–6 weeks of age) and the
blood hemoglobin concentration falls to lower lev-
els in infants born prematurely—to approximately
8 g/dL in infants with birth weights of 1.0–1.5 kg
and to approximately 7 g/dL in infants with birth
weights �1 kg [1]. Because this postnatal drop
in hemoglobin level in term infants is well tol-
erated and requires no therapy, it is commonly
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referred to as the “physiological anemia of in-
fancy.” However, because the pronounced decline
in hemoglobin concentration that occurs in many
extremely preterm infants is associated with ab-
normal clinical signs and need for allogeneic RBC
transfusions, the “anemia of prematurity” is not ac-
cepted as a normal, benign event [5].

Physiological factors play a role in the patho-
genesis of the anemia of prematurity. Growth is
extremely rapid during the first months of life,
and RBC production by neonatal marrow must in-
crease commensurately. It is widely accepted that
the circulating life span of neonatal RBCs in the
bloodstream is shorter than that of adult RBCs.
However, this may be an artifact, in part, be-
cause studies of transfused autologous RBCs labeled
with biotin or radioactive chromium may under-
estimate RBC survival in the infant’s bloodstream
for technical reasons [6]. In healthy adults—where
body size is stable so that blood and RBC vol-
umes are constant (i.e., not increasing with grow-
ing body size and commensurate increase in ery-
thropoiesis), when no transfusions are given, and
when large volumes of blood are not being taken
for laboratory studies—the gradual disappearance
of transfused labeled RBCs, caused by dilution with
RBCs produced by the bone marrow, accurately
reflects RBC survival in the bloodstream. In con-
trast, one or more of these confounding factors (i.e.,
growth, RBC transfusions, phlebotomy) exists in
infants—particularly, sick preterms—to introduce
error into the calculations performed when deter-
mining RBC survival, on the basis of disappearance
of labeled RBCs.

A key reason that the hemoglobin nadir is lower
in preterm than in term infants is the former
group’s diminished plasma erythropoietin (EPO)
level in response to anemia [7]. Although anemia
provokes EPO production in premature infants, the
plasma levels achieved in anemic infants, at any
given hematocrit (HCT), are lower than those ob-
served in comparably anemic older persons [8].
Erythroid progenitor cells of preterm infants are
quite responsive to EPO in vitro—a finding suggest-
ing that inadequate production EPO is the major
cause of physiological anemia, not marrow unre-
sponsiveness [9].

The mechanisms responsible for the diminished
EPO output by preterm neonates are only partially
defined and, likely, are multiple. One mechanism is
that the primary site of EPO production in preterm
infants is in the liver, rather than kidney [10].
This dependency on hepatic EPO is important be-
cause the liver is less sensitive to anemia and tissue
hypoxia—hence, a relatively sluggish EPO response
to the falling HCT. The timing of the switch from
liver to kidney is set at conception and is not accel-
erated by preterm birth. Viewed from a teleological
perspective, decreased hepatic production of EPO
under in utero conditions of tissue hypoxia may be
an advantage for the fetus. If this were not the case,
normal levels of fetal hypoxia in utero could trigger
high levels of EPO and produce erythrocytosis and
consequent hyperviscosity. Following birth, how-
ever, diminished EPO responsiveness to tissue hy-
poxia is disadvantageous and leads to anemia be-
cause it impairs compensation for low HCT levels
caused by rapid growth, RBC losses due to phle-
botomy, clinical bleeding, hemolysis, etc.

Diminished EPO production cannot entirely ex-
plain low plasma EPO levels in preterm infants be-
cause extraordinarily high plasma levels of EPO
have been reported in some fetuses and infants
[11,12]. Moreover, macrophages from human cord
blood produce normal quantities of EPO messen-
ger RNA and protein [13]. Thus, additional mecha-
nisms contribute to diminished EPO plasma levels.
For example, plasma levels of EPO are influenced
by metabolism (clearance) as well as by production.
Data in human infants [14] have demonstrated low
plasma EPO levels due to increased plasma clear-
ance, increased volume of distribution, more rapid
fractional elimination, and shorter mean plasma
residence times than comparative values in adults.
Thus, accelerated catabolism accentuates the prob-
lem of diminished EPO production, so that the low
plasma EPO levels are a combined effect of de-
creased synthesis plus increased metabolism.

Phlebotomy blood losses play a key role in the
anemia of prematurity, particularly in the first few
weeks. The modern practice of neonatology re-
quires critically ill neonates to be monitored closely
with serial laboratory studies such as blood gases,
electrolytes, blood counts, and cultures. Small
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preterm infants are the most critically ill, require
the most frequent blood sampling, and suffer the
greatest proportional loss of RBCs because their cir-
culating RBC volumes are smallest. In the past, the
mean volume of blood removed for sampling has
been reported to range from 0.8 to 3.1 mL/kg per
day during the first few weeks of life for preterm
infants requiring intensive care [15]. Promising
“in-line” devices that withdraw blood, measure
multiple analytes, and then reinfuse the sampled
blood have been reported [16, 17]. They have
decreased the need for RBC transfusions. However,
until these devices are proven more extensively to
be effective and safe, replacement of blood losses
due to phlebotomy will remain a critical factor
responsible for RBC transfusions given to critically
ill neonates, particularly transfusions given during
the first 4 weeks of life.

RBC transfusions for the anemia
of prematurity

Guidelines for transfusing RBCs to preterm
neonates are controversial, and practices vary [1,
18–20]. This lack of a consistent approach stems
from limited knowledge of the cellular and molec-
ular biology of erythropoiesis during the perina-
tal period, an incomplete understanding of infant
responses to anemia, and lack of definitive trans-
fusion practice guidelines based on well-designed
clinical trials. Generally, RBC transfusions are given
to maintain a level of blood hemoglobin or HCT
believed to be optimal for each neonate’s clinical
condition. Guidelines for RBC transfusions, judged
to be reasonable by most neonatologists to treat
the anemia of prematurity, are listed by Table 40.1.
These guidelines are very general, and it is impor-
tant that terms such as “severe” and “symptomatic”
be defined to fit local transfusion practices/
policies.

An important controversy that is still unresolved
is the wisdom or lack, thereof of prescribing RBC
transfusions to neonates using restrictive guidelines
(i.e., low pretransfusion HCT values) versus lib-
eral guidelines (i.e., conventional, relatively-high
pretransfusion HCT values). Two randomized, con-

Table 40.1 Allogeneic RBC transfusions for the anemia
of prematurity.

Maintain infant blood HCT per clinical status
>40% (35–45%*) for severe cardiopulmonary disease
>30% for moderate cardiopulmonary disease
>30% for major surgery
>25% (20–25%*) for symptomatic anemia
> 20% (not at all*) for asymptomatic anemia

*Reflects practices that vary among neonatologists.

trolled trials have been published and, although
many of their results agree, they disagree in one
extremely important way—specifically, whether
preterm infants are at increased risk of brain in-
jury when given RBC transfusions per restric-
tive guidelines [2, 3]. In both trials, preterm in-
fants were randomly allocated to receive all small-
volume RBC transfusions per either restrictive or
liberal guidelines—with guidelines based on a com-
bination of the pretransfusion HCT or hemoglobin
level, age of the neonate, and clinical condition at
the time each transfusion was given. Both stud-
ies found that neonates in the restrictive transfu-
sions group received fewer RBC transfusions, with-
out an increase in mortality or in morbidity based
on several clinical outcomes. However, one criti-
cal discrepancy was present. Bell et al. [2] found
increases in apnea, intraventricular bleeding, and
brain leukomalacia in infants transfused per re-
strictive guidelines, whereas, Kirpalani et al. [3]
found no differences between infants in the restric-
tive versus liberal groups. Moreover, rates of seri-
ous outcomes were fairly high in both groups of
the Kirpalani study, perhaps, due to the extreme
prematurity of the infants [3]. However, because
neonates in the liberal RBC transfusion group of
Bell et al. [2] likely had substantially higher blood
HCT/hemoglobin levels than neonates in either of
the groups of Kirpalani et al. [3], it is reasonable
to speculate that the higher blood HCT levels, in
some way, protected liberally transfused infants.
Until more information is available, it seems wise
to transfuse preterm neonates using conventional,
relatively liberal guidelines (i.e., do not place in-
fants at possible risks of undertransfusion).
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Most RBC transfusions given to preterm
neonates are small in volume (10–15 mL/kg)
and are repeated frequently to maintain a HCT
level deemed appropriate for each infant’s clinical
condition at the time of transfusion (Table 40.1).
In neonates with severe respiratory disease, such
as those requiring high volumes of oxygen with
ventilator support, it is customary to maintain
the HCT above 40% (hemoglobin concentration
above 13 g/dL)—particularly when blood is being
drawn frequently for testing. Some believe the
HCT should be kept even higher [2]. This practice
is based on the belief that transfused donor RBCs,
containing adult hemoglobin, will provide optimal
oxygen delivery throughout the period of dimin-
ished pulmonary function. Consistent with this
rationale for ensuring optimal oxygen delivery in
neonates with pulmonary failure, it seems logical
to maintain the HCT above 40% in infants with
congenital heart disease that is severe enough to
cause either cyanosis or congestive heart failure.

Definitive studies are not available to establish
the optimal HCT for neonates facing major surgery.
However, it seems reasonable to maintain the HCT
�30% because of limited ability of the neonate’s
heart, lungs, and vasculature to compensate for
anemia. Additional factors include the inferior off-
loading of oxygen to tissues by the infant’s own
RBCs due to the diminished interaction between fe-
tal hemoglobin and 2,3-DPG plus the developmen-
tal impairment of neonatal pulmonary, renal, hep-
atic, and neurological function. Because this trans-
fusion guideline is simply a recommendation—not
a firm indication—it should be applied with flexibil-
ity to individual infants facing surgical procedures
of varying complexity (i.e., minor surgery may be
judged not to require an HCT �30%).

The clinical indications for RBC transfusions
in preterm infants who are not critically ill
but, nonetheless, develop moderate anemia (HCT
�24% or blood hemoglobin level �8 g/dL) are ex-
tremely variable. In general, infants who are clini-
cally stable with modest anemia do not require RBC
transfusions, unless they exhibit significant clinical
problems that are ascribed to the presence of ane-
mia or are predicted to be corrected by donor RBCs.
As an example of such a clinical problem (reviewed

in references 20, 21), proponents of RBC trans-
fusions to treat disturbances of cardiopulmonary
rhythms believe that a low blood level of RBCs con-
tributes to tachypnea, dyspnea, apnea, and tachy-
cardia, or bradycardia because of decreased oxy-
gen delivery to the respiratory center of the brain.
Transfusions of RBCs might decrease the number of
apneic spells by improving oxygen delivery to the
central nervous system. However, results of clinical
studies have been contradictory [2,20,21].

Another controversial clinical indication for RBC
transfusions is to maintain a reasonable HCT level
as treatment for unexplained growth failure. Some
neonatologists consider poor weight gain to be an
indication for RBC transfusion, particularly if the
HCT is �25% and if other signs of distress are evi-
dent (e.g., tachycardia, respiratory difficulty, weak
suck, and cry, diminished activity). In this setting,
growth failure has been ascribed to the increase
in metabolic expenditure required to support the
work of labored breathing. In the past, a HCT be-
low 30% was of concern and often led to transfu-
sion. However, results of clinical studies have not
supported this practice [20, 21], and no apparent
rationale exists to justify maintaining any prede-
termined HCT level by prophylactic, small-volume
RBC transfusions in stable, growing infants who
seem to be otherwise healthy.

In practice, the decision of whether or not to
transfuse RBCs is based on the desire to main-
tain the HCT concentration at a level judged to be
most beneficial for the infant’s clinical condition.
Investigators who believe this “clinical” approach
is too imprecise have suggested the use of “phys-
iological” criteria such as red cell mass [22], avail-
able oxygen [23], mixed venous oxygen saturation,
and measurements of oxygen delivery and utiliza-
tion [24] to develop guidelines for transfusion de-
cisions. In one study of 10 human infants with se-
vere (oxygen-dependent) bronchopulmonary dys-
plasia, improvement of physiological end points
was shown (increased systemic oxygen transport
and decreased oxygen use) as a consequence of
small-volume RBC transfusions [24]. However,
these promising but technically demanding meth-
ods are, at present, difficult to apply in the day-
to-day practice of neonatology. The application,
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in infants, of data obtained from studies of animals
and adult humans that correlate tissue oxygenation
with the clinical effects of anemia and the need for
RBC transfusions is confounded by the differences
between infants and adults in hemoglobin oxygen
affinity, ability to increase cardiac output, and re-
gional patterns of blood flow. Another physiologi-
cal factor, considered in transfusion decisions, is use
of the circulating RBC volume/mass rather than the
blood HCT or hemoglobin level. Although circulat-
ing RBC/mass is a potentially useful index of the
blood’s oxygen-carrying capacity, it cannot be pre-
dicted accurately from blood HCT or hemoglobin
concentration levels; hence, it must be measured
directly [25, 26]. Unfortunately, circulating RBC
volume/mass measurements and other “physiolog-
ically” criteria for RBC transfusions are not widely
available for clinical use.

Alternatives to neonatal
RBC transfusions

Recognition of low plasma EPO levels and adequate
erythropoietic activity in preterm infants provides a
rational basis to consider rHuEPO as treatment for
the anemia of prematurity. Because the inadequate
quantity of EPO is the major cause of anemia, not
a subnormal response of erythroid progenitors to
EPO, it is logical to assume that rHuEPO will correct
EPO deficiency and will effectively treat the ane-
mia of prematurity. Unfortunately, rHuEPO has not
been widely accepted in clinical neonatology prac-
tice because its efficacy is incomplete. On one hand,
clonogenic erythroid progenitors from neonates re-
spond well to rHuEPO in vitro and rHuEPO and
iron effectively stimulate erythropoiesis in vivo as
evidenced by increased blood reticulocyte and RBC
counts in recipient infants (i.e., efficacy successful
at the marrow level). On the other hand, when
the primary goal of rHuEPO therapy is to eliminate
RBC transfusions, rHuEPO often fails (i.e., efficacy
at the clinical level has not been consistently suc-
cessful) [4,27].

By the end of 1999, over 20 controlled clini-
cal trials assessing the efficacy of rHuEPO to elimi-
nate RBC transfusions in the anemia of prematu-
rity were published with inconsistent results. To

investigate the extent and reasons for the incon-
sistencies, a meta-analysis was conducted of the
controlled clinical studies published between 1990
and 1999 [27]. To be included, a reported study
had to prospectively enroll a treatment group of
preterm infants under 4 months of age treated with
rHuEPO and a concurrent control group not given
rHuEPO. Twenty-one reports were eligible for in-
clusion in the meta-analysis. However, because
the experimental design and conduct of the stud-
ies was extremely variable, only four reports were
judged to fulfill all of the highly desired character-
istics of being effectively blinded, having high qual-
ity experimental design (i.e., randomized, placebo-
controlled, all dropouts well-explained, etc.), us-
ing conservative RBC transfusion practices (rather
than liberal transfusions which suppress endoge-
nous erythropoiesis), and enrolling a majority of
very preterm infants with birth weight �1.0 kg.

Two major conclusions emerged from the meta-
analysis [27]. First, the controlled trials of rHuEPO
to treat the anemia of prematurity differed from
one another in multiple ways and, consequently,
produced markedly variable results that could not
be adequately explained. Hence, it was judged pre-
mature to make firm recommendations regarding
use of rHuEPO in clinical practice to treat the ane-
mia of prematurity. Second, when the four studies
with highly desired characteristics were analyzed
separately, rHuEPO was found to be efficacious in
significantly reducing RBC transfusion needs. How-
ever, the magnitude of the effect of rHuEPO on
reducing the total RBC transfusions given to in-
fants throughout their initial hospitalization was,
in fact, relatively modest and of questionable clin-
ical importance. For example, in one trail, signif-
icantly fewer RBC transfusions were given during
the study period to rHuEPO-treated infants than to
placebo-treated controls (mean of 1.1 transfusions
per infant vs 1.6, respectively), but rHuEPO ex-
erted only a modest effect on overall RBC transfu-
sion needs during the entire hospitalization (mean
of 4.4 transfusions per infant for rHuEPO-treated
infants vs 5.3 for placebo-treated infants) [27]. Al-
though the meta-analysis was unable to recom-
mend how to use rHuEPO in clinical practices,
it was apparent that, 1) relatively large or stable
preterm infants, shown to respond best to rHuEPO
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plus iron at the marrow level, are given relatively
few RBC transfusions with today’s conservative
transfusion practices and, accordingly, have little
need for rHuEPO when the goal is to avoid RBC
transfusions; and 2) extremely small preterm in-
fants, who are critically ill and unstable, have not
consistently responded to rHuEPO plus iron when
the outcome measure is to reduce need for RBC
transfusions.

Because meta-analysis has not given firm guide-
lines for the use of rHuEPO, neonatologists must
determine if more recent publications will facili-
tate evidence-based decision making for this issue.
Several reports published after 2000 have provided
useful information. Donato et al. [28] randomized
114 neonates with birth weight �1.25 kg to re-
ceive either rHuEPO or placebo during the first
2 weeks of life, followed by a 6 week treatment pe-
riod during which all infants were given rHuEPO,
iron, and folic acid. During the first 3 weeks of life,
rHuEPO increased reticulocytes and HCT values,
but there was no difference in RBC transfusions.
However, at the end of all treatment (8 weeks),
a subgroup of infants with birth weight �0.8 kg
and phlebotomy losses �30 mL/kg, given rHuEPO
shortly after birth, received fewer total RBC trans-
fusions than infants initially given placebo (3.4 ±
1.1 vs 5.4 ± 3.7, p � 0.05). Similarly, Yeo et al.
[29] found a modest advantage for a subgroup of
very low birth weight infants given rHuEPO. In-
fants with birth weight 0.8–0.99 kg were given
fewer RBC transfusions with rHuEPO than control
infants not given rHuEPO (2.1 ± 1.9 vs 3.5 ± 1.6,
p � 0.04). A randomized, blinded trial by Meyer
et al. [30] found an advantage for very low birth
weight infants given rHuEPO. Neonates with birth
weight �1.7 kg plus criteria that predicted a likely
need for RBC transfusions were randomized either
to receive rHuEPO beginning shortly after birth or
to experience a sham treatment to simulate placebo
injections. Iron was given to all infants, but at a
much lower dose (unfortunately) to control infants
not given rHuEPO than to infants given rHuEPO,
thus creating two variables/differences (rHuEPO
and iron dose, rather than just rHuEPO) being as-
sessed in treated versus control infants. There was
no overall difference in RBC transfusions, but in a
subset of infants with birth weight �1.0 kg, RBC

transfusions given late (i.e., after 30 days of age)
were reduced by rHuEPO versus controls (0.5 ± 0.7
vs 1.6 ± 1.1, p = 0.01).

Two reports defined rHuEPO “success” as main-
taining an HCT of ≥30% without need for any
RBC transfusions. Maier et al. [31] randomized 219
neonates with birth weights 0.5–0.99 kg to receive
either early rHuEPO (from the first week of life for
9 weeks), late rHuEPO (from the fourth week of life
for 6 weeks), or no rHuEPO. “Success” was modest
(13% with early rHuEPO, 11% with late rHuEPO,
4% with no rHuEPO). Only early rHuEPO infants
were significantly superior to no rHuEPO (p =
0.026). Avent et al. [32] randomized 93 neonates
with birth weight 0.9–1.5 kg to receive either low
dose rHuEPO (250 units/kg) high dose rHuEPO
(400 units/kg), or no rHuEPO. Treatment began
within 7 days of life and continued until discharge
(median 32 days and maximum 74 days). “Suc-
cess” was met by 75% of low dose rHuEPO infants,
71% of high dose rHuEPO, and 40% of no rHuEPO
infants (p � 0.001). Interestingly, the number of
RBC transfusions given to all infants treated with
rHuEPO versus those with no rHuEPO was not
significantly different. The authors concluded that
rHuEPO does not significantly decrease RBC trans-
fusions in infants, birth weight 0.9–1.5 kg, when
phlebotomy losses are small and RBC transfusions
are given per stringent transfusion guidelines.

The observation by Avent et al. [32] that the
benefits of rHuEPO in reducing the number of
RBC transfusions given can be equalled by strin-
gent/conservative transfusion guidelines has been
made by others. Franz and Pohlandt [33] assessed
both the number of RBC transfusions given and
RBC transfusion guidelines in four prospective,
randomized trials of rHuEPO given to preterm
neonates. To be selected for analysis, the clini-
cal trials had to include ventilated infants (i.e.,
sick infants likely to receive RBC transfusions).
The authors found that, when restrictive transfu-
sion guidelines were followed, the number of RBC
transfusions and the volume of RBCs transfused
were similarly low in infants either given or not
given rHuEPO [33]. Similarly, Amin and Alzahrani
[34] found no difference in the number of RBC
transfusions, whether or not rHuEPO was given to
preterm infants with birth weight ≤1.0 kg, when
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RBC transfusions were given per strict transfusion
guidelines.

Another alternative to allogeneic RBC transfu-
sions is use of placental blood as a source of au-
tologous RBCs [35, 36]. Although collection, stor-
age, and transfusion of placental blood postdelivery
deserves careful consideration, at least three obsta-
cles must be overcome before autologous transfu-
sions of stored placental RBCs can be adopted for
clinical use. One concern is that a sufficient quan-
tity of RBCs will not be obtained consistently from
placentas of preterm infants to avoid later allo-
geneic transfusions. The second issue is the steril-
ity of placental blood. Since bacterial contamina-
tion of placental blood is a distinct possibility [35],
extensive testing will be needed to ensure absolute
safety. Finally, acceptable quality of stored placen-
tal blood must be maintained [36]. Because of these
concerns collection and storage of placental blood
has not been encouraged [37]. Instead, interest has
been renewed in delayed clamping of the umbilical
cord immediately postdelivery to expand neona-
tal blood volume and RBC volume/mass to, pos-
sibly, improve circulatory hemodynamics and in-
crease tissue perfusion/oxygenation [26,38,39].
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Introduction

Preoperative anemia may be present in up to 75%
of surgical patients, depending on the underlying
pathology for which they require surgery [1]. Iron
deficiency (ID) and chronic inflammation, with or
without ID, are the most common causes of preop-
erative anemia, although deficiencies of iron, folic
acid, and/or vitamin B12 without anemia are also
frequent, especially among elder population [2]. In
this regard, in a recent series of 345 patients under-
going major elective orthopedic surgery, the preva-
lence of preoperative anemia was 18% because of
hematinic deficiency (30%), chronic inflammation
with or without ID (40%), and mixed or unknown
cause (30%). Interestingly, ID was present in 18%
of nonanemic patients, vitamin B12 deficiency in
21%, and folate deficiency in 7% [3]. These defi-
ciencies might blunt the response to erythropoiesis-
stimulating agents or delay the recovery from post-
operative anemia.

In addition, 30% of patients in this series had
a Hb level �13 g/dL [3], and it is well known
that a low preoperative hemoglobin level is one of
the major predictive factors for perioperative blood
transfusion in orthopedic surgery with moderate
to high perioperative blood loss [4, 5]. A Euro-
pean study including almost 4000 patients showed

an inverse relationship between preoperative Hb
values and the probability of receiving allogeneic
blood transfusion (ABT) (e.g., 10–18% for Hb 150
g/L, 20–30% for Hb 130 g/L, 50–60% for Hb 100
g/L; 70–75% for Hb 80 g/L) [6]. Similarly, 30–70%
of patients undergoing hip fracture repair received
ABT perioperatively [7, 8], and the logistic regres-
sion analysis identified preoperative Hb value as an
independent predictor of the need for ABT [8]. The
limited physiologic reserve and the higher preva-
lence of unrecognized cardiovascular disease may
still render the elderly population vulnerable to
milder degrees of anemia when undergoing the
stress of surgery. In this regard, Wu et al. [9] an-
alyzed a retrospective cohort of 310,311 veterans
aged 65 years or older who underwent major non-
cardiac surgery and found that the adjusted risk of
30-day postoperative mortality and cardiac morbid-
ity begins to rise when preoperative hematocrit lev-
els decrease to less than 39%.

On the other hand, major orthopedic procedures
are associated with a significant perioperative blood
loss. As a consequence, up to 90% of these pa-
tients develop postoperative anemia, which may
be aggravated by inflammation-induced blunted
erythropoiesis, especially through decreased iron
availability (i.e., hepcidin-dependent downregula-
tion of intestinal absorption and impaired mobiliza-
tion from body stores) [10]. Correction of severe
postoperative anemia often required ABT.

However, overall concerns about adverse ef-
fects of ABT (e.g., increased risk of postoperative
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Table 41.1 Some blood conservation strategies in orthopedic surgery, with evidence-based grades of recommendation
in regard to their blood-saving effect.

Strategy Level of evidence Grade of recommendation*

Restrictive transfusion
protocol

I B

Correction of anemia
Iron III D
Recombinant Erythropoietin I A
Reduction of blood loss
Antifibrinolytic agents I Not available†

Fibrin sealants II C
Avoid postoperative drain I B
Usage of autologous blood
Preoperative donation I B
Perioperative cell salvage I B
Acute hemodilution I Not recommended

*Grade of recommendation: A, supported by at least 2 studies of level 1 (RTCs with large sample populations, clear
objectives, and low or a very low risk of bias, or well-conducted meta-analyses or systematic reviews); B, supported by 1
study of level I; C, supported by studies of level II (RTCs with small sample populations, clear objectives, and moderate risk
of bias); D, supported by studies of level III (Observational studies with contemporary controls); E, supported by studies of
level IV (Observational studies with historical controls), or V (Non-analytic studies, e.g., case reports, case series, expert’s
opinion).
†Further evaluation of safety is required before recommending the use of antifibrinolytics in orthopedic surgery.

infection, fluid overload, transfusion-related acute
lung injury) have prompted the review of trans-
fusion practice and the search for alternatives to
allogeneic transfusion (AAT), such as preopera-
tive autologous blood donation, hemodilution, pe-
rioperative cell salvage, recombinant erythropoi-
etin (rHuEPO), or administration of antifibrinolitics
[11].

The main objective of this chapter is to provide
updated evidence-based recommendations on the
use of AAT in orthopedic surgical patients that en-
able physicians to improve the patient’s clinical
management (Table 41.1). The grade of recommen-
dation was categorized from A (highest) to E (low-
est) according to Delphi’s methodology used in the
Spanish Consensus Statement on Alternatives to
Allogeneic Blood Transfusion [12].

Review of transfusion practice

As stated above, ABT is used as part of perioperative
anemia treatment, but there is a large intercenter
variability in the percentage of patients who receive

ABT when undergoing a particular orthopedic sur-
gical procedure. Very recently, in the Austrian
benchmark study, Gombotz et al. [13] found a
considerable variability in ABT rates, as 16–85% of
patients undergoing primary total hip replacement
(THR) and 12–87% of patients undergoing primary
total knee replacement (TKR) received transfu-
sions. They also found a considerable variability
in blood loss (25–60% of total RBC mass for THR,
24–47% for TKR) that mainly reflects differences in
surgical techniques, rather than patients’ character-
istics [13]. In the Orthopedic Surgery Transfusion
Hemoglobin European Overview (OSTHEO) study
a significant variability in transfusion triggers for
TKR and THR patients was also observed [6]. In
order to reduce variability in transfusion practice
and ABT-related risks, scientific societies have de-
veloped evidence-based guidelines and recommen-
dations on the indications of ABT. Although the
final objective of these guidelines is a more rational
and restrictive approach to its use, many clinicians
are uncomfortable with low transfusion thresh-
olds and as a result we are still overusing blood
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transfusing after elective and nonelective orthope-
dic surgery.

On the other hand, the randomized controlled
trials conducted so far have offered contradictory
results regarding the safety of restrictive transfu-
sion triggers [14–16]. While two of them reported
that a restrictive transfusion protocol resulted in
the transfusion of appreciably fewer units of RBC,
with no differences between groups regarding post-
operative morbidity or mortality [14, 15], the third
one found that a restrictive transfusion threshold
(Hb �8 g/dL) may results in higher incidence of
postoperative cardiovascular complications (10%
vs 2%, p = 0.05) and 30-day mortality (8% vs 0%,
p = 0.02) when compared with a liberal transfu-
sion threshold (Hb �10 g/dL) [16]. The Transfu-
sion Trigger Trial for Functional Outcome in Car-
diovascular Patients Undergoing Surgical Hip Frac-
ture Repair (FOCUS), which has been planned to
be a 2600-patient, multicenter clinical trial, will
most probably address the question of whether pa-
tients with cardiovascular disease or cardiovascu-
lar risk factors undergoing surgical repair of hip
fracture benefit from a higher or lower transfu-
sion trigger [17]. Meanwhile, the transfusion trig-
ger used in these studies (Hb �8 g/dL) is likely to
be representative of mainstream practice [18] and
seems appropriate for older surgical patients with
no risk factors for ischemia. In addition, attention
must be paid to signs and symptoms of anemia, be-
cause they are variable depending on the patient’s
age, body temperature, medications, rate of vol-
ume loss, and comorbidities. Thus, the Hb transfu-
sion trigger might be lowered for younger patients
(7 g/dL) and should be increased (9 g/dL) for pa-
tients with organ dysfunction. Therefore, the use of
restrictive transfusion criteria should be the first measure

to implement in a blood conservation program (Grade of
recommendation B), although it is not the only strat-
egy to reduce both the frequency and volume of
ABT.

Stimulation of erythropoiesis

Orthopedic surgical patients at risk of receiving pe-
rioperative ABT should be identified on the basis of

patient’s RBC mass (reflected by hemoglobin con-
centration on the day before surgery), the lowest
hemoglobin concentration that the patient can tol-
erate (transfusion trigger), and the expected blood
loss (e.g., using Mercuriali’s algorithm) [19]. There-
fore, whenever clinically feasible, patients under-
going elective surgery with a high risk of devel-
oping severe postoperative anemia should have Hb
level [20] and iron status (serum iron, ferritin, and
transferrin saturation index) tested preferably 30
days before the scheduled surgical procedure. For
patients older than 60 years, vitamin B12 and folic
acid should also be measured [2]. Any deficiency
should be corrected prior to surgery, and unex-
plained anemia should always be considered as sec-
ondary to some other process and, therefore, elec-
tive surgery should be deferred until an appropriate
diagnosis has been made [20].

Iron
Preoperative oral iron reduces transfusion require-
ments in patients scheduled for knee arthroplasty
[21, 22] (Grade of recommendation D). Similarly,
perioperative administration of IV iron, with or
without single doses of rHuEPO, plus the imple-
mentation of a restrictive transfusion protocol, in
patients undergoing surgery for knee replacement
or hip fracture repair resulted in a reduction of both
the requirements for ABT and the postoperative
morbidity (postoperative infection rate) [23, 27]
(Grade of recommendation D).

Regarding postoperative anemia, the administra-
tion of oral iron after orthopedic surgery does not
appear to be worthwhile [28,29] (Level of evidence
II). However, iron sucrose has also been shown to
be more effective in restoring postoperative Hb lev-
els after spinal surgery in children (3 mg/kg/day)
with respect to an historical control receiving oral
iron [30], and postoperative iron sucrose reduced
the requirements for ABT in hip arthroplasty [31],
whereas others have found no effect [32] (Grade of
recommendation E). In addition, perioperative IV
iron administration may hasten the recovery from
postoperative anemia and preserves iron stores in
TKR patients, especially in patients with preopera-
tive ferritin �100 ng/mL [33].
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Safety
Although no serious life-threatening adverse
events or increment in postoperative infection rate
have been reported in the different studies re-
viewed above, the numbers of patients included in
these studies are not large enough to draw defini-
tive conclusions regarding the safety of IV iron
agents. However, according to data from the United
States Food and Drug Administration, the total
number of reported adverse drugs events (ADEs)
related to parenteral iron use was 1141 among
approximately 30 million doses administered (ap-
proximately 38 ADEs per million), with 11 deaths
(7 iron dextran, 3 iron gluconate, and 1 iron su-
crose) [34]. In addition, several studies suggested
that previously observed associations between iron
administration and higher infection and mortality
rates may have been due to confounding variables
[35,36]. Nevertheless, the administration of IV iron
should be avoided in patients with pretreatment
ferritin values �500 ng/mL or with ongoing bac-
teremia.

Recombinant human erythropoietin
(rHuEPO)
In orthopedic surgical patients, rHuEPO is indicated
before surgery to increase the procurement of au-
tologous blood as well as in the perioperative pe-
riod to increase Hb levels according to three main
recommendations: 1) rHuEPO should only be given
to patients scheduled for elective surgery where
moderate–high blood loss is expected when their
Hb is �10 g/dL and �13 g/dL; 2) the therapeutic
goal is the increase of Hb level of at least 1 g/dL;
and 3) rHuEPO should be discontinued when a Hb
level of 15 g/dL is attained. The magnitude of this
response is not depending on patient’s age or gen-
der, but on the administered rHuEPO dose and the
availability of essential nutrients, such as iron (the
use of IV iron may allow for a reduction of total
rHuEPO dose), folate, or vitamin B12.

In a meta-analysis of three randomized trials, in-
cluding 684 patients with moderate anemia and
scheduled for elective knee or hip arthroplasty, pre-
operative rHuEPO administration significantly re-
duced ABT rate (RR = 0.36, 95% CI 0.28–0.62)
[37]. More recently, 2 prospective randomized con-

trolled trials (896 patients) and a case-control study
(770 patients) found a similar reduction in ABT
rate (AOR = 0.63; 95% CI 0.21–0.49) [38–40].
The presence of inflammation does not seem to
be a limiting factor, as patients with and without
rheumatoid arthritis benefit equally from preoper-
ative rHuEPO treatment [41] (Grade of recommen-
dation A). In addition, perioperative rHuEPO treat-
ment is also an alternative to PABD for patients
deferred from the PABD program. However, the
minimal effective rHuEPO dosage to reduce ABT
rate in surgical patients is largely unknown, es-
pecially when administered together with IV iron
[25,38,42].

Safety
Perioperative administration of rHuEPO to surgi-
cal patients is thought to have few adverse side
effects (e.g., exaggerated increase in hematocrit,
thrombocytosis, aggravation of hypertensive states,
or thromboembolic complications), because it is
a short-term treatment and its use is contraindi-
cated for patients with comorbidities which may
predispose to adverse side effects (e.g., uncon-
trolled arterial hypertension, previous acute my-
ocardial infarction or stroke, unstable angina, se-
vere carotid stenosis). However, the FDA alerted
that the preliminary results of a 681 patient, mul-
ticenter, randomized, open-label study of rHuEPO
(4 × 40,000 IU) compared to the standard of
care orthopedic surgery showed that frequency
of deep venous thrombosis in patients treated
with rHuEPO was more than twice that of pa-
tients who received usual blood conservation
care (4.7% vs 2.1%, respectively) (FDA Alert
[11/16/2006, updated 2/16/2007 and 3/9/2007]).
In addition, the latest findings on the negative im-
pact of rHuEPO in survival in patients with cancer
and kidney disease (http://www.emea.europa.eu/
pdfs/human/press/pus/49618807en.pdf) have cast
doubts regarding the recommendation of this drug
as a first line treatment for anemia. This should
be taken into account, carefully balancing risks
and benefits, when prescribing and calculating the
dosage of rHuEPO for orthopedic patients with any
of these comorbidities.
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Reduction of blood loss

There is a number of well known general periop-
erative strategies to reduce blood loss during major
orthopedic procedures, including identification and
correction of inherited or acquired coagulation ab-
normalities, patient’s position to avoid blood pool-
ing, choice of anesthesia and surgical technique,
maintenance of normothermia, or deliberate hy-
potension [43]. In this section, we will focus on
the utility of using antifibrinolytic drugs (aprotinin;
tranexamic acid, TXA; epsilon-amino caproic acid,
EACA), and fibrin glues, as well as in the possible
advantage of avoiding postoperative drainage in the
orthopedic surgical patient.

Antifibrinolytic agents
In major orthopedic surgery, the results of a re-
cent meta-analysis including 43 clinical studies (23
with aprotinin, 20 with TXA, and 4 with EACA; 4
trials studied 2 different antifibrinolytics compared
with placebo) suggests that the total perioperative
blood loss was significantly reduced with the use
of aprotinin and TXA resulting in a reduction of
the proportion of patients requiring ABT (OR: 0.43,
95% CI 0.28–0.64, for aprotinin; OR: 0.17, 95% CI
0.11–0.24, for TXA) (Level of evidence I). In con-
trast, EACA did not lead to any significant differ-
ence in total blood loss or ABT requirements (OR:
0.71, 95%CI 0.29–1.73) (Level of evidence I) [44].

Safety
There remains a concern that these agents may pro-
mote a hypercoagulable state in settings of surgery
at high risk of venous thromboembolism, such as
orthopedic surgery. In addition, major concerns for
aprotinin therapy also relate to hypersensitivity re-
action and renal insufficiency, as well as its off-label
use in orthopedic surgery. Although no increased
risk of thromboembolism was found in this meta-
analysis, unfortunately data were too limited for
any conclusion regarding safety [44]. In this regard,
a recent retrospective analysis found that, with re-
spect to a control group (n = 209), routine admin-
istration of TXA during total knee arthroplasty to
patients without history of thromboembolic disease

(n = 199) was associated with a 67% reduction in
RBC transfusions and, in those transfused, with a
reduction in the number of units administered, but
not with an increase in thromboembolic complica-
tions (2.9% vs 1.5%, respectively) [45].

In contrast, aprotinin has been recently with-
drawn from the market due to the increased rate of
postoperative severe renal dysfunction, cardiovas-
cular and cerebrovascular thrombotic events, and
death observed in cardiac surgical patients receiving
this drug when compared to those observed with
TXA or EACA. Under a limited use agreement, ac-
cess to aprotinin is restricted to investigational use
of the drug according to the procedures described
in a special treatment protocol (FDA Safety Alert
for Human Medical Products 2008).

Therefore, despite their efficacy in reducing ABT
exposure, further evaluation of safety is required
before recommending the use of antifibrinolytics in
orthopedic surgery.

Fibrin sealants and glues
Fibrin sealants mimic the final phase of the coag-
ulation pathway through the activation of fibrino-
gen by thrombin, which leads to the formation of
a semirigid clot. Initially “home-made” in the oper-
ating room, fibrin glue preparations are now com-
mercially available. Recognition of their potential
as hemostatic agents has seen their use expanded
across a range of surgical settings, although few
randomized controlled trials have been published.
In addition, they have been used as an adjunct to
wound healing, tissue adhesion, and drug delivery
[46].

In orthopedic surgery, two clinical trials includ-
ing 111 patients undergoing TKR have demon-
strated the benefits of fibrin sealants in reducing
total blood loss, ABT rate (53% vs 26%, for control
and fibrin glue, respectively) and ABT volume (0.9
U/patient vs 0.4 U/patient, respectively) [47,48]. In
contrast, in a clinical trial including 69 patients un-
dergoing THR, the use of autologous fibrin glue was
not associated with a significant reduction in blood
loss or ABT requirements [49]. Therefore, large,
methodologically rigorous, randomized controlled
trials of fibrin sealants are needed before issuing a
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definitive recommendation on their use (Level of
evidence II).

Safety
Transmission of infection by fibrin sealant prepara-
tions has long been a source of concern and debate.
However, there are no cases of serious viral trans-
mission after the reported use of commercial fib-
rin sealant, although the theoretical possibility of
nvCJD transmission when using bovine thrombin
must be borne in mind. On the other hand, bovine
thrombin can be immunogenic, and patients of-
ten develop antibodies to plasma proteins in bovine
thrombin preparations. Commercial fibrin sealant
use in patients who have previously been exposed
to aprotinin should be done with caution [46]. Au-
tologous fibrin products lack these side effects.

Postoperative drainage
The use of closed-suction drainage systems after
total joint replacement is a common practice. The
theoretical advantage for the use of drains is a re-
duction in the occurrence of wound hematomas
and infection. The pooled results of a meta-analysis
of randomized trials that compared patients man-
aged with closed-suction drainage systems and
those managed without a drain following elective
hip and knee arthroplasty (18 studies, 3495 pa-
tients) indicated that a drained wound was asso-
ciated with a significantly greater need for ABT
(RR: 1.43; 95% CI 1.19–1.72) (Level of evidence
I). In addition, there were no significant differ-
ences between the groups regarding the occurrence
of wound infection (RR: 0.73; 95% CI 0.47–1.14),
wound hematoma (RR: 1.73; 95% CI 0.74–4.07),
reoperations for wound complications (RR: 0.52;
95% CI 0.13–1.99), limb-swelling, venous throm-
bosis, or hospital stay [50]. In addition, in hip
surgery patients, no statistically significant differ-
ences were detected between the low vacuum
and high vacuum systems with regards to blood
loss, blood transfusion, and postoperative adverse
events [51]. More recent studies indicated that
closed suction drainage increases the transfusion
requirements after elective hip (n = 552) and
femoral fractures (n = 200) [52,53], whereas drain
clamping with intra-articular injection of saline

with adrenaline is more effective than postopera-
tive autologous blood transfusion after knee arthro-
plasty (n = 212) [54]. However, further random-
ized trials with use of larger numbers of patients
with full reporting of outcomes are indicated before
the absence of any benefit of drains, particularly for
the outcome of wound infection, can be proven.

Usage of autologous blood

Preoperative autologous blood
donation (PABD)
PABD consists of obtaining and storing patient’s
own blood previously to surgery in order to ad-
ministrate it if necessary afterwards. This is the
only autotransfusion modality under regulation
in Europe, can be performed as standard blood
donation or erythropheresis, and can be used safely
in children and elderly populations.

In a meta-analysis of 3 randomized trials (169 pa-
tients), PABD significantly reduced ABT rate (RR =
0.16, 95% CI 0.07–0.36) [55]. This reduction in
ABT rate was also observed in 18 observational
controlled studies (19,239 patients) (RR = 0.29;
95% CI 0.25–0.34) [55]. Similar results were re-
ported by the OSTHEO study (3996 patients) [6]
(Grade of recommendation B)

In addition, a meta-analysis of 11 randomized tri-
als (825 patients) showed that the administration of
rHuEPO as adjuvant of PABD significantly reduced
the exposure to ABT in orthopedic surgery patients
(OR = 0.42, 95% CI 0.28–0.62) (Grade of recom-
mendation B) [37]. A prospective randomized trial
found PABD with rHuEPO to be more effective in
reducing ABT rate than any of these alternatives
alone [56]. The administration of rHuEPO to chil-
dren and adolescents undergoing scoliosis surgery
improved the effectiveness of PABD [57]. The ef-
fectiveness of different rHuEPO doses (50 IU/kg,
25 IU/kg, or placebo) in facilitating PABD and
reducing ABT rate in children undergoing spinal
surgery was evaluated in a double-blind, placebo-
controlled, randomized trial. Only those patients
receiving 50 IU/kg donated the requested PABD
units and avoided ABT [58].
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The efficacy of PABD in avoiding ABT exposure is
lower when a transfusion protocol is implemented
(RR = 0.49; 95% CI 0.37–0.63) than when it is
not (RR = 0.15; 95% CI 0.06–0.37) [55]. More-
over, to avoid PABD disadvantages (overcollection,
overtransfusion, breakthrough transfusion, outdat-
ing, wasting, etc.) it should only be performed in
patients undergoing an elective surgical procedure
in which the estimated risk of transfusion is higher
than 20–30% [11], as well as in patients with anti-
bodies against public RBC antigens, for whom it is
difficult to get compatible donor blood.

Safety
PABD is not associated with an increase in either
the morbidity or mortality rates or the length of
hospital stay, but it must be taken into account
that the risk of side effects during PADB is higher
than during conventional blood donation, and that
PABD increases the risk of exposure to any kind
of transfusion [55]. However, PABD is contraindi-
cated in patients with positive results for human
immunodeficiency virus (HIV), hepatitis B virus
(HBV), or hepatitis C virus (HCV), active bacterial
infection, uncontrolled arterial hypertension, au-
toimmune disease, severe aortic stenosis, unstable
angina, disseminated malignancy, severe occlusive
cerebrovascular disease, or history of epilepsy or
seizures. PABD should be avoided during the first
and third trimester of pregnancy, and in patients
with Hb �11 g/dL. As for children, the volume of
each donation must be lower than 13% of their
theoretical circulating blood volume, unless simul-
taneous volume replacement is performed.

Perioperative red cell salvage (PRCS)
PRCS is defined as the collection of patient’s blood
in surgical procedures in which blood loss is sig-
nificant. Intraoperative cell salvage (ICS) should be
indicated for patients undergoing surgical proce-
dures with an estimated blood loss �1500 mL in
which the recovery of 1.2–2 packed red cell units
may be anticipated. Postoperative cell salvage (PCS)
must be restricted to elective orthopedic procedures
with an anticipated postoperative blood loss be-
tween 750–1500 mL, allowing for the recovery of

at least the equivalent of one unit of packed red
cells.

In a meta-analysis of 11 randomized trials (900
patients), PCS with unwashed filtered blood sig-
nificantly reduced ABT rate (RR = 0.33, 95% CI
0.25–0.43) [55]. Similarly, the results of 8 ran-
domized trials (655 patients) using ICS and/or PCS
with washed blood showed a significant reduc-
tion in ABT rate (RR = 0.42, 95% CI 0.33–0.53)
[55, 59] (Grade of recommendation B). In four
observational studies in patients undergoing TKR
(1746 patients, �100 patients per study arm,
2004–2007) postoperative salvage and return of
unwashed filtered shed blood significantly de-
creased the requirements for ABT with respect to
controls (13% vs 43%, respectively; RR = 0.30,
95% CI 0.29–0.38) [60,61]. In addition, a prospec-
tive randomized study showed that for knee re-
placement surgery, PCS with filtered blood is as
efficacious in reducing ABT as the preoperative do-
nation of one autologous blood unit [62], whereas
others found no benefit from the use PCS [63, 64].
Finally, it is worth noting that PRCS contribution
to ABT reduction was decreased when a transfu-
sion protocol was adopted [55].

Safety
The results of two meta-analyses of randomized
trials and observational studies indicate that PCRS
(ICS/PCS) is not associated with an increase in ei-
ther the morbidity or mortality rates or the length
of hospital stay, although isolated cases of serious
adverse effects have been reported [55,65].

Acute normovolemic hemodilution
(ANH)
ANH consists of the extraction and anticoagulation
of a predicted blood volume from the patient and
its simultaneous exchange for a cell free crystalloid
and/or colloid solution to maintain normovolemia
[66]. A meta-analysis of randomized trials on the
use of ANH in orthopedic surgery showed no sig-
nificant reduction in ABT rate (RR = 0.77, 95%
CI 0.51–1.04) [55]. The results of 7 observational
controlled studies in different types of surgery
(2 cardiac, 2 hepatic, 2 urologic, and 1 orthopedic),
the use of ANH reduced by 55% the probability of
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receiving ABT (RR = 0.45, 95% CI 0.29–0.70), with
a reduction in ABT volume of 2.8 units per patient
(IC 95% 1.7–4.0) [55]. However, ANH contribution
to ABT reduction is virtually eliminated when as-
sociated to a transfusion protocol (RR = 0.81, 95%
CI 0.65–1.00) [55,67]. Therefore, ANH should only
be used in combination with other blood sparing
measures, for selected patients undergoing surgery,
and at institutions where the logistics of blood re-
moval and replacement can be undertaken without
detracting from patient care [11, 66] (Level of evi-
dence I).

Safety
Although in three meta-analysis ANH was not asso-
ciated to either an increased rate of morbidity (my-
ocardial infraction, myocardial ischemia, alteration
of left ventricular function, deep venous thrombo-
sis, stroke, hypotension, or transfusion reaction),
postoperative infection or mortality or to prolonged
length of hospital stay, the analyzed studies had
low evidence level and did no allow to discriminate
the effects of ANH from confounder factors [55,67].
A meta-analysis showed ANH to reduce the rate
of postoperative thrombosis (RR = 0.44, 95% CI
0.21–0.93) suggesting a possible beneficial rheolog-
ical effect of ANH. However, the author disclosed
that the available data were insufficient to draw a
definitive conclusion [55].

Summary

Several major orthopedic surgical procedures in-
cluding hip and knee arthroplasty, hip fracture re-
pair, and spinal fusion may result in significant
blood loss and the need for ABT. However, over-
all concerns about adverse effects of ABT have
prompted the review of transfusion practice (i.e.,
the promotion of restrictive transfusion protocols)
and the search for transfusion alternatives, to de-
crease or avoid the use of ABT. These strategies
include the following: general considerations (e.g.,
bleeding tendency or relevant drug therapy), cor-
rection of perioperative anemia, pharmacologic and
nonpharmacologic measures to reduce blood loss,
preoperative autologous donation, and periopera-

tive blood salvage. We reviewed the efficacy and
safety of these strategies and, where appropriate,
gave evidence-based recommendation on their use
in orthopedic surgery (Table 41.1). It is worth not-
ing that some of the recommendations given in
this chapter are not supported by a high level of
evidence, and this must be borne in mind when
making decisions regarding their application to a
particular patient. Finally, although many of these
techniques are effective alone, the goal of perform-
ing major orthopedic surgical procedures without
the use of ABT and without placing the patient at
risk for anemia-related complications may be better
accomplished by combining several of these tech-
niques into a defined algorithm, as the one pro-
posed by Wong et al. [68].
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31. Muñoz M, Naveira E, Seara J, Palmer JH, Cuenca

J, Garcı́a-Erce JA. Role of parenteralron on tranfu-

sion requirements after total hip replacement. A pilot

study. Transfus Med 2006;16:137–42.

32. Karkouti K, McCluskey SA, Ghannam M, Salpeter

MJ, Quirt I, Yau TM. Intravenous iron and recombi-

nant erythropoietin for the treatment of postoperative

anemia. Can J Anesth 2006;53:11–19. Level III.

33. Garcı́a-Erce JA, Cuenca J, Martı́nez F, Cardona
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Samana CM. Two injections of erythropoietin correct

moderate anemia in most patients awaiting orthope-

dic surgery. Can J Anesth 2005;52:160–65. Level II.

43. Habler O. Indications for perioperative blood trans-

fusion in orthopedic surgery [Review]. TATM

2006;8:17–28.

44. Zufferey P, Merquiol F, Laporte S, et al. Do antifib-

rinolytics reduce allogeneic blood transfusion in or-

thopedic surgery? Anesthesiology 2006;105:1034–46.

Level I.

45. Lozano M, Basora M, Peidro L, et al. Effectiveness and

safety of tranexamic acid administration during total

knee arthroplasty. Vox Sang 2008;95; 39–44. Level

IV.

46. MacGillivray TE. Fibrin sealants and glues [Review].

J Card Surg 2003;18:480–85.

47. Levy O, Martinowitz U, Oran A, Tauber C, Horos-

zowski H. The use of fibrin tissue adhesive to re-

duce blood loss and the need for blood transfu-

sion after total knee arthroplasty. A prospective, ran-

domized, multicenter study. J Bone Joint Surg Am

1999;81A:1580–88. Level II.

48. Wang GJ, Hungerford DS, Savory CG, et al. Use of fib-

rin sealant to reduce bloody drainage and hemoglobin

loss after total knee arthroplasty: a brief note on a

randomized prospective trial. J Bone Joint Surg Am

2001;83A:1503–5. Level II.

49. Lassen MR, Solgaard S, Kjersgaard AG, et al. A pilot

study of the effects of Vivostat patient-derived fibrin

sealant in reducing blood loss in primary hip arthro-

plasty. Clin Appl Thromb Hemost 2006;12:352–7.

Level II.

50. Parker MJ, Roberts CP, Hay D. Closed suction drain

for hip and knee arthroplasty. A meta-analysis.

J Bone Joint Surg Am 2004; 86-A: 1146–52. Level I.
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Transfusion Alternatives in Obstetrics
Christian Breymann
Obsterics, Gynecology and Feto Maternal Medicine, Feto Maternal Haematology Research Group, Obstetric Research,
University Hospital Zurich, Zurich, Switzerland

Introduction

Safe and effective treatment of anemia avoiding
blood transfusion is one of the major challenges in
most medical and surgical fields.

It is well known that both chronic and acute ane-
mia have an important impact on the patients mor-
bidity and mortality outcome, therefore it is clear
that if ever possible any anemia should be treated
as soon as it has been diagnosed.

In this review, an important alternative to het-
erologous blood or oral iron only will be pre-
sented, namely the parenteral iron sucrose complex
(Venofer R©), which has become the mainstay of to-
day’s parenteral iron therapy in various fields be-
cause of its safety profile and effectivity. Vast and
increasing experience has been published lately in
the fields such as obstetrics, nephrology, inflam-
matory bowel disease, cardiac disease, surgery, and
others and it is the aim of this review to sum-
marize data and implications for the use of iron
sucrose as an alternative to blood transfusion in
obstetrics.

Anemia—general aspects

Anemia, simply called “lack of blood,” is a con-
sequence of reduced red cell production which
leads to reduced hemoglobin concentration. The
hemoglobin level is then too low for age and gen-
der and depends on defined cutoffs in various pop-

ulations or conditions (e.g., pregnancy with re-
lated cutoffs during gestational age). Anemia re-
sults in a decrease of oxygen transport capacity
in the blood, the risk of tissue hypoxia increases
with the severity of anemia. The body’s principal
compensatory mechanism involves circulatory and
ventilatory adaptations and the initiation of com-
pensatory erythrocyte synthesis after the release of
erythropoietin.

Clinically, the most important consequences are
disturbances in oxygen-dependent metabolic pro-
cesses and organ functions. Typical signs in chronic
anemia include pallor of the skin, reduced physical
and mental performance, fatigue, and listlessness,
dyspnoea at rest, tachycardia, and cardiac symp-
toms. Acute, severe, and uncontrolled anemia re-
sults in circulatory collapse, metabolic lactacidosis,
and finally organ failure, and shock with high mor-
tality risk.

The common forms of anemia can be divided
into at least three main groups: (1) anemia sec-
ondary to blood loss (acute and chronic) which
secondarily leads to iron deficient erythropoiesis
and hypochromic and microcytic erythrocytes
(in chronic bleeding); (2) anemia resulting from
reduced or ineffective erythropoiesis (e.g., iron
deficiency anemia, infection, renal disorders,
erythropoietin deficiency, B12, and folic acid
deficiency and others); and (3) anemia due to
excessive erythrocyte breakdown and hemolysis
(e.g., hemoglobinopathies, congenital erythrocyte
membrane defects, drug induced hemolysis, and
others). It is clear that adequate therapy requires
adequate understanding of the underlying cause
of anemia, i.e., using correct differential diagnosis
by clinical assessment and laboratory evaluations
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for which the author refers to respective textbooks
and guidelines.

Clinical features of the most
common forms of anemia of
pregnancy and the postpartum
period

Anemia due to blood loss

During pregnancy
Anemia as a result of blood loss can occur during
pregnancy, but is more common postpartum. Typ-
ical reasons for hemorrhage during pregnancy in-
clude placenta previa or gastrointestinal bleeding
due to an inflammatory intestinal disorder (Crohn’s
disease, ulcerative colitis).

Blood losses during pregnancy can result in se-
vere anemia, leading to a higher rate of prematu-
rity and maternal symptoms [1]. In addition, the
peripartum blood reserves are reduced, increasing
the risk of postpartum anemia, and thus of blood
transfusions for the mother [2].

During the puerperium

According to WHO criteria, postpartum anemia is defined
as a hemoglobin level of less than 10.0 g/dL. In spite of
preventative measures, particularly the treatment of ane-
mia during pregnancy, postpartum anemia also has a high
prevalence in Switzerland: 10–15% for moderate anemia
(8.5–9.9 g/dL) and 1–2% for severe anemia (�8.5 g/dL).

Hemoglobin values fall below this level following
blood loss of approximately 500 mL or more,
provided that the prepartum hemoglobin levels
are normal (�11.0 g/dL). In general, blood losses
of up to 30% of the total blood volume (approx-
imately 15 mL/kg of body weight) are readily
compensated. It has been shown, that postpartum
anemia prolongs hospital stay [3]. Blood losses of
1000 mL or more lead to greatly elevated maternal
morbidity and mortality. Postpartum anemia is
one of the most important causes of maternal
mortality, particularly in developing countries.
Where medical care is good, maternal deaths due
to hemorrhage are rare, provided that uterotonic

agents are administered promptly, together with
volume substitution (infusions), surgical inter-
vention, and the ready availability of blood for
transfusion. Table 42.1 summarizes main causes of
postpartum anemia and possible interventions and
preventive actions.

Main causes of postpartum anemia

Atonic bleedings at birth
This is a consequence of protracted, uncontrol-
lable bleeding due to so-called atony (failure of
the uterus to contract after delivery). Blood losses
of between 1000 and 3000 mL are possible and
can be limited by the prompt use of uterotonic
agents (prostaglandins, oxytocin, misoprostol). Se-
vere, uncontrollable cases require surgical inter-
vention (suturing the uterus to arrest the hem-
orrhage, including use of the B-Lynch technique,
hysterectomy, etc.). Virtually all women with
atonic hemorrhage have severe postpartum anemia
(Hb � 8.5 g/dL). In this context it should be pointed
out that there are still wide variations in policies of
management of the third stage of labor and the im-
mediate management of postpartum hemorrhage
in Europe [2,4,5].

Coagulopathies
Coagulopathies associated with pre-eclampsia,
HELLP syndrome (hemolysis, elevated liver en-
zymes, and low platelet count syndrome), or DIC
(disseminated intravascular coagulation) lead to
high blood losses, especially when treatment is
delayed (late delivery, no coagulation factors, or
plasma administered). In emergency cases, there is
often no time for prompt substitution with coagu-
lation factors; where this is the case, caesarean sec-
tions in particular are associated with high blood
losses. Other typical situations include hemorrhage
due to placenta previa or placenta accreta/increta
(an abnormally adherent placenta), or premature
separation of the placenta. Ninety percent of pa-
tients with placenta accreta or increta have blood
losses of �2000 mL, increasing the risk of receiving
donor blood transfusions [6].
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Table 42.1 Main causes and risk factors for PPH
and blood transfusion and possible preventive
interventions.

Cause Possible intervention

Placental abnormality (e.g.,
placenta previa)

Surgical at birth, anemia therapy

Multiparity Anemia therapy (if present)
History of PPH Anemia therapy (if present)
Prolonged 3D stage of labor Uterotonics, operative delivery
Pre-eclampsia Delivery at proper gestational age
Anemia at 24–29 WOG Anemia therapy
Anemia before birth Anemia therapy
Coagulation disorders Coagulation factors, platelets, etc.
Type of anesthesia Prefer spinal/epidural
Instrumental vaginal delivery Surgical (if tissue lacerations)

Birth injuries
Injuries during labor and delivery can also lead to
high blood losses. These include tears in the per-
ineum, vagina, and cervix.

Iron deficiency as the major cause
of preexisting anemia

Maternal risks
It is known that iron deficiency influences a whole
series of body functions, such as physical and men-
tal performance, enzymatic functions (e.g., those
of the respiratory chain), thermoregulation, mus-
cular functions, the immune response, and neu-
rological functions. Only a few of these potential
effects have been specifically investigated in iron-
deficiency anemia.

In general, iron-deficiency anemia leads to nu-
merous symptoms such as fatigue, a reduction
in physical performance and fitness for work, in-
creased cardiovascular stress (tachycardia, fall in
blood pressure), reduced thermoregulation, and an
increased predisposition to infections.

In the gravida, the tolerance for peripartum
blood loss is greatly reduced [1,2,4].

Maternal mortality increases depending on the
severity of the iron-deficiency anemia. Causes in-
clude an increased rate of cardiovascular failure,
a high risk of hemorrhagic shock, higher rates
of infection during the puerperium and impaired
wound healing.

Maternal morbidity may also be associated with
additional factors such as socioeconomic status, the
level of medical care, nutritional status, etc.

A general problem in interpreting the available
studies is that maternal and fetal outcome have
been investigated in relation to the severity of the
anemia, but not in relation to the duration or initial
onset of the anemia, or indeed the severity, dura-
tion, or onset of iron deficiency.

Taking these limitations into account, several au-
thors have postulated an association between ma-
ternal mortality and the degree of anemia; how-
ever, there are no prospective studies investigating
this and it is not clear what level of hemoglobin
is critical with respect to maternal mortality. It ap-
pears to lay at levels of less than 8–9 g/dL, but the
association between moderate anemia and mater-
nal morbidity is not clear. To date, there have been
no studies investigating the association between
iron-deficiency anemia before pregnancy and the
course of pregnancy, and there are also no prospec-
tive studies on large populations demonstrating the
effect of early intervention and treatment of ane-
mia on maternal, fetal, and neonatal outcome [7].

Fetal risks
Maternal hemoglobin levels below 9.0 g/dL in-
crease the risk of premature births (PMB), in-
trauterine growth retardation (IUGR), and in-
trauterine fetal death (IUFD).

The association between maternal hemoglobin
and birthweight follows a U-shaped curve.
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Hemoglobin levels of more than 11.0 g/dL and
less than 9.0 g/dL are associated with a 2–
3 times greater risk of a light-for-dates neonate.
Hemoglobin levels of more than 12.0 g/dL at the
end of the second trimester are associated with an
increased risk of pre-eclampsia and intrauterine
growth retardation, probably due to a lack of
plasma volume expansion.

The “ideal” hemoglobin range with respect to the
prevention of prematurity and IUGR babies appears
to lie between 9.5 and 11.5 g/dL.

There is increasing evidence of an association be-
tween the timing and duration of iron deficiency
and anemia, and of pathological feto-placental
changes. The risk of a premature birth is increased
if there is iron deficiency during early pregnancy.
However, it is not clear whether this is primar-
ily the result of a lack of oxygen supply, or more
the consequence of iron not being released or uti-
lized. Various studies have investigated the effect
of the iron stores themselves on infant outcome.
It was shown that ferritin levels correlate more
closely with intrauterine growth retardation than
do hemoglobin levels, and that even high ferritin
levels, possibly as a result of infections, correlate
with a high rate of intrauterine growth retardation.
Ferritin levels that are too low, indicating depleted
iron stores, appear to have a symmetrical associa-
tion with growth retardation; with excessively high
ferritin levels, this effect is asymmetrical [1,8–11]

Treatment of iron-deficiency
anemia in pregnancy

From the preceding chapters, it is clear that iron-
deficiency states and anemia should be treated.
Even in milder forms of anemia, it is often im-
possible to predict the course of the condition, or
whether the situation is likely to worsen, and ma-
ternal and fetal risks increase as anemia becomes
more severe.

Factors to be taken into account when deciding
on the treatment approach to use include the time
remaining until delivery, the severity of the ane-
mia, additional risks (e.g., premature labor), mater-
nal comorbidity and the patient’s own wishes (e.g.,

refusal to receive donor blood to treat severe ane-
mia). Thus, for example, a Jehovah’s Witness with
severe anemia 2 weeks before term needs differ-
ent treatment than a woman with moderate ane-
mia and no additional risk factors during the second
trimester.

At present, the main treatment options for ane-
mia include oral iron, parenteral iron, the stimula-
tion of hemopoiesis with growth factors (e.g., re-
combinant human erythropoietin), and the admin-
istration of heterologous blood.

Iron for therapy of anemia
It is clear that iron therapy is the first choice for
anemias, which are linked to iron deficient condi-
tions. The iron therapy can be performed either as
oral iron therapy or parenteral iron therapy.

Depending on the severity of anemia or other
factors such as limited time for therapy (e.g., be-
fore surgery) also allogeneic blood is often used to
rise hemoglobin values quickly, however there is
increasing evidence and awareness that the use of
allogeneic blood should be restricted as far as possi-
ble due to its inevitable risks and patients concerns.

The role of oral iron
Iron salts, especially iron sulphate, remain the
mainstay for iron therapy in many conditions. Al-
though the bioavailability of Fe (II) (ferrous) salts
is generally acceptable, many patients suffer from
side effects, resulting in poor compliance. Metal
ions tend to induce an emetic effect, which can be
ameliorated by chelation. An additional potential
hazard with relatively high doses of Fe (II) salts is
the generation of damaging hydroxyl radicals in the
presence of vitamin C and oxygen.

The bioavailability of Fe (III) salts is lower com-
pared with Fe (II) compounds and ferric (III) salts
are not widely used, but new formulas are coming
up such as iron polymaltose with equal bioavail-
ability and better tolerance [4].

For oral iron, an increase in the hemoglobin
concentration of at least 20 g/L after 3 weeks of
treatment is considered an adequate response to
therapy. Three to five days after start of therapy,
reticolocytosis begins, and this reaches a peak af-
ter 8–10 days and then declines. The hemoglobin
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Table 42.2 Recent studies with intravenous iron sucrose
during pregnancy and postpartum for the treatment of
anemia.

Reference Period
Total dose
(mg)

Effectiveness
(Hb increase)

Breymann et al. PP 800 2.1–3.5 (14 days)
Gravier PP 400–600 3.8 (14 days)
Broche PP 200–600 1.9 (7 days)
Bhandall PP 400 2.6 (5 days)
Breymann et al. PR ∼800–1600 2.0 (25 days)
Bayoumeu PR 1.6 (30 days)

PP, postpartum; PR, pregnancy.

increase should start after the reticulocyte peak.
The response has to be evaluated with regard to
confounding factors, such as poor compliance, mal-
absorption of iron, continuing blood loss and in-
fection, and inflammatory or malignant disease. In
various settings, parenteral iron therapy will be
more effective than oral iron therapy (Table 42.2).

Focus on parenteral iron sucrose
complex (Venofer R©)

Iron sucrose as alternative to
allogeneic blood transfusion
Severe anemia in surgery, obstetrics, and various
medical fields can necessitate the use of blood
transfusions, plasma products, and volume ex-
panders. It is important to have strict criteria for
or against the administration of blood replacement
products and to be aware of the potentials and pos-
sible risks of these substances [2,12].

The administration of donor blood is indicated if
it is proven that the product has been safely manu-
factured and tested, and if the use can avert a life-
threatening situation for the patient.

Furthermore, there needs to be a sufficiently
high likelihood that patient’s mortality and morbid-
ity cannot be averted through the use of equivalent
alternatives (e.g., hematinics and volume replace-
ment alone). There is increasing accordance in the
scientific community that the indiscriminate use of
blood products must be avoided at all times. While

blood products can be life-saving, they also involve
a variety of inherent risks and complications. In
many cases, blood transfusion is not necessary
as it is often possible to avert bleeding situations
that necessitate transfusion by anticipating prob-
lems and taking preventive action. Circumstances
in which blood transfusions are given include,
among others, immediately before surgery to raise
hemoglobin or postsurgery to speed up recovery.
Alternative methods, such as volume expanders
and over all the prompt treatment and prevention
of anemia, are safer, cheaper, and in most cases,
equally effective. In respect to anemia therapy,
there is increasing evidence that intravenous iron
sucrose is a first line option for both prevention
and therapy of various types of anemia and it is
obvious that effective treatment of anemia leads to
a reduction of the use of allogeneic blood.

Anemia in pregnancy and the
postpartum period

Iron deficiency anemia is one the most common
problems in pregnancy. Traditional treatment, i.e.,
oral iron therapy, or blood transfusion, both in-
volve significant drawbacks. High doses of oral
iron frequently cause side effects and noncompli-
ance is common. As far as blood transfusions are
concerned, because of the risk associated with al-
logeneic blood products, especially in this young
and otherwise healthy population, transfusions are
used only in the most severe cases and particularly
in life-threatening situations.

Therefore, intravenous iron alone or in associa-
tion with rHuEPO has been considered as an alter-
native in the management of iron deficiency in this
setting [13–24].

Since the early 1990s, iron saccharate
(Venofer R©) has been the only parenteral iron
product used during pregnancy and the puer-
perium at the Zurich University Hospital Obstetrics
Clinic. Data on the safety of the iron saccharate
complex were first collected in a multicenter study
in 1998. The side effect rate following the adminis-
tration of 2000 ampoules, with a maximum single
dose of 200 mg i.v., was found to be less than 0.5%
[4].
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In accordance with Obstetrics Clinic guidelines,
an incremental treatment plan is used in anemia.
Prerequisites for the use of parenteral iron include
extensive diagnostic investigations and fulfillment
of the following inclusion criteria (Table 42.2).

The first hemoglobin test is normally carried out
during the first trimester, with oral iron prescribed
in the first instance only if the value is less than
10.0 g/dL. If the hemoglobin level on oral iron falls
below 10.0 g/dL within 2–4 weeks, or if the Hb level
on the first test is already less than 10.0 g/dL, we
use the iron saccharate complex as the treatment
of first choice.

Practical use of the iron saccharate
complex at Zurich Clinic of Obstetrics
The substance is administered through a venous
butterfly cannula, once correct positioning in the
vein has been tested with NaCl. Iron saccharate
can be administered undiluted as a bolus or diluted
(e.g., to 100–200 mL with NaC1) as a short infu-
sion. Administration of a test dose (1 mL) is re-
quired in different countries. The subsequent bo-
lus injection is given over 5–10 minutes, the short
infusion over approximately 20 minutes. The max-
imum single dose is 200 mg. We generally give two
doses a week to achieve a target Hb value of 11.0
g/dL. The treatment can be given on an outpatient
basis without any problems; in our experience, a
long period of monitoring is not usually necessary
following administration [25].

Between 1992 and 2005, over 500 pregnant
women with anemia were treated at the Zurich Ob-
stetrics Clinic. Tab. gives an overview of hemato-
logical data during treatment. The mean treatment
duration was 25 (8–29) days, with a mean total
dose of 1000 mg (400–1600 mg) Venofer R©, corre-
sponding to five doses of 200 mg. There are sev-
eral studies on, and clinical experience with, the
use of iron saccharate during pregnancy and post-
partum. Overall, a high level of efficacy and safety
was demonstrated in all studies [13,16,19,26–28].

Postpartum
The treatment of postpartum anemia depends on the
severity of the anemia and/or additional mater-
nal risk factors or comorbidity. A young, healthy

woman can compensate for heavy blood losses
far better than a puerperal with a heart defect,
who can decompensate even following less severe
losses.

In addition, blood losses need to be viewed in
relation to the body mass and the estimated total
blood volume. Another consideration is that signif-
icant errors can be made particularly when estimat-
ing blood loss, since the blood loss is often underes-
timated, something that can readily be verified by
comparing prepartum and postpartum hemoglobin
levels.

In addition to volume replacement, treatment
options include the administration of oral iron, par-
enteral iron, and heterologous (donor) blood. An-
other option to be considered is the administration
of recombinant erythropoietin [17,20,22,29–32].

Oral iron should be prescribed at hemoglobin
levels of over 9.5 g/dL; 80–100 mg/day is sufficient
in such cases. The iron supplementation should be
continued for a period of several months, to pro-
vide iron not just for hemoglobin normalization,
but also to normalize the iron stores. In one study,
we were able to show that puerperal with iron defi-
ciency but no anemia can replenish their iron stores
through iron supplementation alone.

Thus, puerperal who have iron deficiency and
anemia are particularly likely to have a high iron
requirement. We therefore continue giving iron for
at least 6 months. In most cases, giving oral iron
is not enough when treating severe anemia, since
the endogenous iron stores are usually depleted
and not enough iron is provided to ensure suffi-
cient erythropoiesis. As mentioned earlier, reasons
for this include limited absorption, poor compli-
ance at high doses due to adverse effects, and low
plasma levels, which lead to functional iron defi-
ciency. In addition, an inflammatory reaction can
occur particularly following surgically assisted de-
liveries and caesarean section, leading to iron se-
questration, so that the administered iron is not
available for hemopoiesis.

One alternative is the parenteral administration
of iron sucrose. The high plasma iron concentra-
tions that occur shortly after i.v. administration by-
pass, the limited release of iron from the reticuloen-
dothelial system and inhibited absorption through
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the intestinal mucosa, thus delivering sufficient
quantities of iron for erythropoiesis. As in preg-
nancy, we follow an incremental treatment plan,
using parenteral iron saccharate at hemogbobin
levels of less than 9.5 g/dL.

More recently Broche et al. retrospectively an-
alyzed data from 4292 patients who gave birth in
their institution between April 2001 and March
2003. All patients who presented with postpartum
anemia (Hb � 8 g/dL) within 48 hours of delivery
(n = 217, i.e., 5% of all parturients), were included
in the study. Two groups were distinguished on the
basis of availability of i.v. iron sucrose (Venofer R©)
in the institution at the time of delivery. The anal-
ysis comprised clinical and laboratory outcomes.

Between April 2001 and March 2002, 103 pa-
tients received either blood transfusions (n = 15
[14.6%]) or oral iron (n = 88), while between April
2002 and March 2003, 114 patients received blood
transfusion (n = 5 [4.4%]), oral iron (n = 66), or
intravenous iron sucrose (n = 43). The mean to-
tal amount of Venofer R© dose was 359 mg (range,
200–600). The mean increase in Hb concentration
over 7 days in patients who received iron sucrose
was significantly higher compared to those who
received oral iron exclusively. The authors con-
cluded that since the availability of i.v. iron su-
crose (Venofer R©) in their institution, the number
of transfused patients has been divided by three;
the increase in Hb concentrations has been signifi-
cantly higher with iron sucrose than with oral iron
in patients with postpartum anemia. Iron sucrose
was well tolerated in this study. Recently Bhandal
et al. have shown in a randomized study that a to-
tal dose of 400 mg intravenous iron sucrose was
superior to oral iron treatment beginning from day
5 until 14 postpartum [14] (Table 42.2).

Stimulation of erythropoiesis with
recombinant erythropoietin (rhEPO)
The growth factor recombinant human erythro-
poietin (rhEPO), a glycoprotein (molecular weight
30,400 Da), is identical to endogenous erythropoi-
etin and acts as a selective growth and survival
factor for erythroid cells. It has been used clini-
cally since 1986, primarily in patients with renal
anemia who have endogenous erythropoietin de-

ficiency. Other indications have been added dur-
ing recent years, including anemia in premature
neonates, following autologous blood donation, in
oncological patients, in HIV patients and for the pe-
rioperative treatment of anemia, e.g., in Jehovah’s
Witnesses [17,20,22,29–32].

Since then, increasing experience has also been
gained in the field of obstetrics, in the form of
randomized studies of the treatment of postpar-
tum anemia, primarily in the form of case reports
in patients with renal failure and in Jehovah’s
Witnesses, and also in the treatment of severe iron-
deficiency anemia during pregnancy. The results
of the studies and observations are highly promis-
ing. The administration of recombinant erythropoi-
etin reduces the time taken for the hemoglobin
concentration to normalize, provided that enough
iron is administered. The most effective way of
achieving this is with parenteral iron. If the con-
comitant availability of iron is insufficient, the pa-
tient develops so-called functional iron deficiency,
which prevents the synthesis of adequate amounts
of hemoglobin.

According to available results, the combination
of rhEPO and parenteral iron is superior to iron
treatment alone with regard to bringing about an
increase in the hemoglobin concentration, and can
be considered as an option when treating severe
anemia or if the patient refuses donor blood. The
effect of rhEPO is dose-dependent; according to
our own experience, single intravenous doses of
150–300 U/kg are sufficient, though a repeat dose
may be needed in some cases. At our clinic, we try
to ensure an optimum cost-benefit ratio by aiming
to treat anemia during pregnancy and the puer-
perium according to an incremental plan, according
to which we treat anemia either with iron alone or
in combination with rhEPO, depending on severity.
This plan can be individually tailored to the patient,
taking into account any additional risks.

Thus, for example, if treating a Jehovah’s
Witness patient with placenta previa, we would
use recombinant erythropoietin even in moderate
anemia.

In addition to modern anesthetic and surgical
techniques, our incremental anemia treatment
plan has an important role in the prevention
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of anemia requiring transfusion following high
peripartum blood losses. Thus, less than 1% of
our obstetric patients now require donor blood
transfusions.

At this point, it should be stressed that, to date, rhEPO
has only been used in pregnancy and postpartum within
the context of study protocols as off label use.

Donor blood transfusions
Severe anemia during pregnancy and in the post-
partum period can necessitate the use of blood
transfusions, plasma products, and volume ex-
panders.

It is important to have strict criteria for or against
the administration of blood replacement products,
and to be aware of the potentials and risks of these
substances.

The administration of donor blood and/or plasma
products is indicated if it is proven that the products
in question have been safely manufactured and
tested, and if their use can avert a life-threatening
situation for the patient. Furthermore, there needs
to be a sufficiently high likelihood that maternal
death and morbidity cannot be averted through the
use of equivalent alternatives (e.g., through vol-
ume replacement alone). Also, it has been shown
recently, that transfusion of RBC has no impact on
length of hospital stay in moderately anemic pa-
tients [2,3].

The nonselective and indiscriminate administra-
tion of blood products must be avoided at all times.
According to the literature, the rate of donor blood
transfusions at specialist treatment centers is 1–2%
(relative to the number of births). At the Zurich
University Hospital’s Obstetrics Clinic, the current
rate is 0.5–1%.

Obstetric clinics and specialists should be pre-
pared for emergency blood transfusions. The avail-
ability of refrigerated blood (especially blood group
0 Rhesus negative) and plasma products (e.g., fresh
frozen plasma) is essential.

Risks of blood donor transfusion
While blood transfusions can be life-saving, they
also involve a variety of inherent risks and compli-

cations. In many cases, blood transfusions are not
necessary, as it is often possible to avert obstet-
ric situations that necessitate transfusions by an-
ticipating problems and taking preventative action
[2,3,12].

Circumstances in which blood transfusions are
given include, among others, immediately before
surgery to raise hemoglobin, or postpartum to
speed up recovery. Alternative methods, such as
volume expanders and the prompt treatment and
prevention of anemia, are safer, cheaper and, in
most cases, equally effective.

Prescribing donor blood
Donor blood should be prescribed according to na-
tional criteria (or hospital-specific in-house criteria
based on national guidelines). In addition, the pa-
tient’s wishes and her individual situation must be
taken into account.

The following points need to be considered:
� Expected benefit/risk for the patient’s individual
situation;
� The use of alternatives;
� Procedure to minimize any further blood loss;
� Specific clinical and/or laboratory test-related in-
dications;
� The risk of a possible infection (differs according
to country); and
� Facilities for monitoring and intervention if
transfusion-related complications occur.

Other obstetric measures
The most important principle in deciding for or
against a blood transfusion or the use of blood
products is that they represent only one of many
options in the management of the patient.

The primary principle in managing an acute, se-
vere hemorrhage is the replacement of fluids (vol-
ume replacement) to maintain organ perfusion.
Other measures include keeping to a minimum,
the number of blood samples taken for testing, and
use of the best surgical and anesthesiological tech-
niques to minimize blood loss.

Maintaining fluid balance
Once stable conditions are achieved, i.e., follow-
ing the replacement of high fluid losses and the
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cessation of the hemorrhage, the patient can be
switched to fluid maintenance with crystalloids
(dextrose/electrolyte mixture). These replace fluid
losses through the skin, lungs, feces, and urine.
In general, volume expanders of this sort are
needed for up to about 48 hours in obstetric cases;
the amounts given vary according to the initial
hemoglobin level, fever, any additional intake of
fluids by mouth, etc. Human plasma (e.g., FFP)
should not be used for volume replacement.

Summary of the key principles for the use
of blood transfusions in obstetrics
� Any anemia (including mild forms) should be treated

promptly to avoid the need for later donor blood
transfusions;

� In general, blood losses should be minimized;

� The hemoglobin level (hematocrit) alone can never be
the sole criterion for a donor blood transfusion. Key
factors include clinical findings, the hemorrhage
situation, and the probability of averting significant
morbidity or even death. In our experience, the
critical hemoglobin level, provided that the
circulation is stable, is approximately 6.0 g/dL
(hematocrit approximately 18–20%);

� In case of acute blood loss, start giving oxygen and
volume expanders immediately;

� Blood transfusions represent only one of many
options;

� The decision to give a blood transfusion should be
made according to the relevant guidelines;

� Transfusion risks should be weighed up when making
the decision;

� The patient’s wishes must be taken into account if at
all possible;

� Trained staff should carry out and monitor the
transfusion;

� The indications for, and circumstances of, a blood
transfusion must be recorded, as must any
complication; and

� In modern obstetrics, blood transfusions should be
the exception rather than the rule.

Conclusion

Regarding the fact that prepartum hemoglobin is a
strong predictor for the need of blood transfusion,

it is a very clear conclusion that everything should
be done to normalize low hemoglobin values dur-
ing pregnancy and prior to delivery. In other terms,
the better the peripartum hemoglobin, the lesser
the chance to receive blood.

While there is no alternative to blood trans-
fusion during acute and life threatening events,
there are many options as alternatives to blood
transfusion under cardiovascular stable conditions
such as volume replacement and use of various
pharmaceutical agents such as uterotonics, coag-
ulation factors, and red cell stimulating agents,
and heamatinics, especially parenteral iron prepa-
rations. The same is true for the postpartum pe-
riod, where a women with severe anemia can
be treated efficiently avoiding blood transfusion
at the same time, also here especially by us-
ing effective and safe iron preparations. In a re-
cent publication by Silverman et al., it was es-
timated that up to 32% of allogeneic blood was
given inappropriately in the peripartum period be-
cause it was not given according to transfusion
guidelines.

The same authors state that up to 11% of the
women with transfusion could have avoided trans-
fusion if they had aggressive iron treatment before
birth.

Concerning the use of iron sucrose in obstet-
rics there is increasing evidence that iron sucrose
is safe for the mother and the fetus using the rec-
ommended dosages and therapy regimens.

Iron sucrose is effective in pregnancy and
postpartum in patients who do not respond to
oral iron, who are non compliant to oral iron
and in combination with rhEPO. In both periods,
according to the present data, the expected Hb-
increase and time for therapy are predictable in
responding patients therefore it is questionable
whether it is reasonable to wait for an oral iron
response anyway in moderate to severe anemia.
Indications for the use of iron sucrose complex are:
preexisting (moderate–severe) anemia, no effect
of oral iron, side effects of oral iron, refusing blood
transfusion (e.g., Jehovah’s Witness), limited time
until delivery, coexisting risks (e.g., bowel disease,
renal disease), pre- and postoperative period, and
postpartum anemia.
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Future fields of research are the evaluation of
patient’s satisfaction and quality of life, impact on
costs and hospital stay, impact on blood transfusion
frequency and mortality rate, and finally impact on
other factors such as breast feeding behavior and
neonatal outcome such as birth weight, prematu-
rity and neonatal iron stores.
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CHAPTER 43

Ethical Aspects of Informed Consent:
American Models
Ronald E. Domen
Department of Pathology, Division of Clinical Pathology, Penn State College of Medicine, Milton S. Hershey Medical Center,
Hershey, Pennsylvania, USA

Historical background of informed
consent

Ethical reflection on the physician–patient relation-
ship has been a part of medicine since ancient
times. The Code of Hammurabi (1727 BC) and the
Hippocratic Oath (421 BC), for example, sought to
define proper conduct for physicians toward their
patients, and to protect patients from harm and
injustice [1]. In the United States, the first Code
of Medical Ethics came from the American Med-
ical Association (AMA) in 1847 and over the en-
suing years it became widely accepted [2]. Despite
the growth and acceptance of the AMA’s code, as
well as ethical codes from other medical organiza-
tions that subsequently were developed, the high
ideals of patient autonomy and informed consent
remained elusive concepts until well into the twen-
tieth century [2]. The concept that patients should
be “participants” in medical decision-making, and
that physicians should view patients as “partners,”
ran counter to the prevailing attitude of paternal-
ism by physicians. Fragments of a growing concern
for the issues of patient autonomy, of obtaining
patient consent before performing medical treat-
ment, and of truthfulness in the physician–patient
relationship are scattered about in various medi-
cal writings in the early part of the twentieth cen-

tury, but prior to the 1950s the issue of consent, or
patient-centered healthcare was not given serious
consideration by the medical profession.

The legal requirement for physicians to obtain
the consent of their patients prior to surgery dates
back to at least as early as the 1767 British case
of Slater v. Baker & Stapleton [3]. The physician in
this case had embarked on an orthopedic proce-
dure without first obtaining the patient’s consent.
The judge concluded that obtaining a patient’s con-
sent was the usual practice of physicians, as well as
a professional duty, and that the physician should
have first obtained the patient’s consent before the
medical intervention [3].

A number of legal precedents throughout the
twentieth century were instrumental in helping
to establish support for the informed consent
process in the United States. The 1914 case of
Schloendorff v. Society of New York Hospital was one
of the first and most influential cases in the early
history of informed consent [4]. Mary Schloendorff
consented to undergo a pelvic examination under
anesthesia but stipulated that no surgery was to
be performed. Despite her expressed wishes, the
surgeon proceeded to remove a tumor. The patient
suffered complications and sued. Justice Cardozo
wrote in 1914 that “Every human being of adult
years and sound mind has a right to determine
what shall be done with his own body; and a
surgeon who performs an operation without his
patient’s consent, commits an assault, for which he
is liable in damages. This is true except in cases of
emergency where the patient is unconscious and
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where it is necessary to operate before consent can
be obtained [4].”

The 1957 case of Salgo v. Leland Stanford, Jr. Uni-
versity Board of Trustees added the term “informed”
to consent [5]. Mr. Salgo suffered injury following
a medical intervention and he argued that he was
not properly informed of the potential risks. The
Salgo court highlighted the duty to disclose risks
and alternatives as part of the process of obtaining
consent for medical interventions and that a “full
disclosure of facts [is] necessary to an informed
consent [5].”

Additional court decisions related to informed
consent followed in the 1960s and 1970s but three
landmark decisions in 1972 are generally recog-
nized as being significant to underpinning the con-
cepts of the informed consent process. Canterbury

v. Spence, Cobbs v. Grant, and Wilkinson v. Vesey all
upheld the duty of physicians to disclose risks and
alternatives to patients, a patient’s right of self-
decision and the exercise of choice, and the obli-
gation to inform the patient in language and terms
that the patient can understand [6–8].

To this day, legal cases continue to define and up-
hold the informed consent process to include non-
invasive medical therapies, the duty of the physi-
cian to inform the patient of medically reasonable
alternative treatments, and the physician’s ethical
and professional responsibility to provide relevant
information that will allow the patient to make an
informed decision.

The ethical basis for informed
consent

As noted above, legal precedent has heavily
impacted the development and promotion of in-
formed consent. However, the ethical justification
for informed consent is also well established and
recognized. The Nuremberg Code, formulated in
1947, articulated the concept of informed consent
as it applied to research subjects and was one of
the first documents to provide an ethical basis for
the protection of human subjects. The Nuremberg
Code states that, “The voluntary consent of the hu-
man subject is absolutely essential [9].” It further

stipulates that it is the “personal duty and respon-
sibility” of knowledgeable individuals to obtain the
subjects’ consent, and to ensure that they under-
stand and comprehend what is being presented to
them [9]. The World Medical Association’s Decla-
ration of Helsinki (1964) and The Belmont Report
(1979) also uphold the ethical principle of informed
consent [10, 11]. Several important, fundamental
principles of bioethics have applicability to the
specific issue of informed consent [12–14]. For
example,
� Autonomy (respect for persons): respect for in-
dividual decision-making, privacy, freedom of will,
and self-determination; as well as the protection of
those with diminished autonomy. Respect for per-
sons through the process of informed consent.
� Beneficence: action(s) intended to benefit others;
promoting the welfare of the patient, blood donor,
or research subject; minimizing harm; acts of kind-
ness, altruism, etc., that go beyond strict obligation.
� Confidentiality and Privacy: protection from un-
wanted intrusions into one’s personal, physical, or
psychological space; the right to be free from un-
wanted bodily contact.
� Justice: fair, equitable, and appropriate treatment
that is due, owed, or deserved.

Autonomy is often considered to be the most
important ethical principle that supports the obliga-
tion and duty for the informed consent process but,
in this context, many bioethicists caution against
placing too much weight on one moral principle
and would prefer to place equal value on all of the
applicable ethical principles [14]. In addition to the
recognized principles of autonomy, beneficence,
confidentiality, and justice, other areas of medical
ethics also support the need for informed consent.
Virtue ethics, for example, would argue that the
virtues of integrity, fidelity, justice, compassion,
etc., should become a part of the medical character
and are fundamental to the virtuous practice of
medicine [15]. The virtuous person—the person of
integrity—would be a person who not only recog-
nizes and accepts respect for autonomy but who
interprets its application (e.g., informed consent)
in the most morally sensitive way, and who can
be trusted to respect the subtleties of the moral
claim to autonomy. According to virtue ethics,
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the ethics of character and virtue—of personal
responsibility and conscience—remain the final
determinants to safeguard patients, blood donors,
and research subjects [15]. Thus, obtaining valid
informed consent is a moral obligation and duty
that is firmly grounded in bioethics.

In the bioethics literature, as well as in most le-
gal definitions, the informed consent process usu-
ally contains the following major elements or con-
cepts [15,16].
� Disclosure: sharing of material information by the
healthcare professional.
� Comprehension: ability to understand informa-
tion by the patient, blood donor, or research
subject.
� Voluntariness: freedom in making decisions by
the patient, blood donor, or research subject.
� Competence: ability of the individual to under-
stand and make decisions.
� Consent: decision and authorization.

Some ethicists would add specific treatment
plans or “recommendation(s)” to the above list, but
at a minimum, it is generally felt that the above el-
ements must be met in order to satisfy the require-
ment for informed consent [15]. In the typical clin-
ical setting, recommendations are often a part of
the information presented to the patient. It should
also be appreciated that the above elements imply
more than the idea of “shared decision-making” be-
tween the physician and the patient. While shared
decision-making is an important component of the
physician–patient relationship the final step in the
process (i.e., consent) requires that the decision
and authorization for treatment and intervention
be made by the patient, and that it be made in
an environment of voluntariness. Just as a patient
may decide for the recommended treatment plan
(informed consent), the patient may also decide
against what is being presented (informed refusal)
[15,16].

The concept of “voluntariness”—while an ethical
ideal—has the potential to be one of the weakest
links in the consent process. How information and
data are presented to the patient, research subject,
or blood donor can influence the person’s ability
to make an informed, voluntary decision [15, 16].
Persuasive use of language, manipulation of data

and information, and other types of coercion
(knowingly or unknowingly) can undermine the
informed consent process. Although not always
possible or feasible, an advocate for the patient,
research subject, or blood donor can be helpful in
situations where there may be conflict of interest
concerns with the individual(s) seeking the sub-
jects’ informed consent [17, 18]. An advocate is
focused on the welfare of the person who is being
asked for consent and can be a family member
or other surrogate decision-maker or, in cases in-
volving blood donation or transfusion, it might be
the transfusion medicine physician or professional
who, theoretically, has no direct involvement with
the patient or donor [17,18]. Transfusion medicine
professionals are able to put transfusion- and
donor-related technology, concepts, and therapeu-
tic interventions into proper perspective; as long as
they are not placed in situations where there may
be potential conflict of interest concerns.

Informed consent in transfusion
medicine

Informed consent thus has both legal and ethical
justification and in recent decades, it has achieved a
firm foundation in the practice of clinical medicine
and in medical research. In this section, I will focus
my discussion on the place of informed consent in
blood banking and transfusion medicine [19].

The AABB (American Association of Blood
Banks) first published a Code of Ethics for its
membership in 1957 and it was last revised in
1997 [18, 19]. While the AABB’s Code does not
specifically address the issue of informed consent,
there are references to behavior that could imply
upholding it in the context of blood donors and
transfusion recipients. The AABB Code states that
individual and institutional members pledge to
“provide and promote the highest quality of service
and care to patients in accordance with current
scientific knowledge and established standards for
practice. . .Develop and/or support policies that
prevent or eliminate the exploitation of donors
and patients and oppose those measures that may
adversely affect their health. . .[and] to abide by
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the principles of fair, just, equitable and legal
standards of behavior in all relations with the
patients and donors they serve. . .” Providing high
quality care, under established legal and medical
practice standards, and abiding in fair and just
principles of behavior can be interpreted as includ-
ing and promoting the tenets of informed consent.
In 1986, the AABB issued a memorandum that
recommended obtaining informed consent from
patients prior to blood transfusion [18, 19]. This
recommendation became codified in its Standards

for Blood Banks and Transfusion Services [20]. The
AABB Standards defines the minimum elements
of consent for transfusion recipients, including the
“right to accept or refuse transfusion [20].” For the
blood donor, the AABB Standards also stipulates
that “The consent of all donors shall be obtained
before the donation” and delineates elements that
should be included in the consent process [20].

The International Society of Blood Transfusion
(ISBT) first addressed the issue of informed con-
sent in their Code of Ethics for Blood Donation
and Transfusion in 1980, and again in 2000 when
the Code was revised [21]. The ISBT Code specif-
ically states that “The donor should provide in-
formed consent to the donation of blood or blood
components and . . .be advised of the risks con-
nected with the procedure. . .” and that “Patients
should be informed of the known risks and ben-
efits of blood transfusion and/or alternative ther-
apies and have the right to accept or refuse the
procedure [21].” Today, many jurisdictions in the
United States, as well as other regulatory and policy
setting agencies (e.g., Joint Commission on Accred-
itation of Health Care Organizations, and the World
Health Organization), require or recommend that
patients undergo informed consent prior to blood
transfusion.

Donor informed consent
At the time the American Red Cross Blood Donor
Service was inaugurated in 1941 every blood donor
was required to sign a “release” before donating
blood [22]. This blood donor release was not in
place to signify that the donor was making an in-
formed decision and had decided to proceed with
donation, but the release was more of a record that

the donor was embarking upon blood donation “at
his or her own risk,” and basically provided abso-
lution for everyone associated with the donation
process in the event that harm was suffered by the
donor [22].

The informed consent process for blood dona-
tion has undergone some changes since the early
1940s but there are virtually no data examining
whether or not donors today comprehend the risks
of donation any better than they did 60 years ago
[18, 19, 23]. The usual donation process in current
use involves giving the donor several information
sheets to read that may or may not contain compre-
hensible information on the potential or real risks
associated with donation. It is not uncommon that
donors may be given only a few minutes to read
the information presented to them. In addition, the
collection facility staff does not generally sit down
with the donor and go over the written information
to ensure comprehension. In the author’s experi-
ence, even “seasoned” donors who have donated
many times without any adverse incidents may
be surprised to learn that they are still at risk for
fainting, or that they could develop a false-positive
infectious disease test, or that they are person-
ally responsible for any follow-up medical exami-
nations or testing (including associated costs) that
might be incurred or recommended. As compared
to the whole blood donor, however, it is more likely
that the apheresis or hematopoietic stem cell (HSC)
donor will undergo a truly informed consent pro-
cess because of the level of complexity involved in
the collection process and/or because medications
may be administered to the donor as part of the
donation process [23].

While there have been a number of studies ex-
amining the adequacy of informed consent in var-
ious areas of medicine, there are virtually no stud-
ies of the informed consent process as it applies to
blood donation. A recent study on informed con-
sent for umbilical cord blood donation found a
concerning lack of comprehension by the women
consenting to the donation [24]. One other study
on donor comprehension suggested that a donor’s
level of understanding may be related to how in-
formation is presented to him/her [25]. Additional
studies on the informed consent process in blood
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and blood component donation are needed, par-
ticularly as blood component collection procedures
become more complicated and may involve the ad-
ministration of drugs to donors, and as new infec-
tious disease screening tests are added (often under
research protocols).

The donation of blood and blood components has
a long history of being viewed as a safe procedure
and this perception may have contributed to a cer-
tain “sense of security” for transfusion medicine
personnel. In fact, whole blood donation has of-
ten been promoted as a possible health benefit for
the donor. However, it is only in recent years that
scientifically based studies have been performed to
examine the risks associated with donating blood.
Several studies in recent years have demonstrated
that between 7 and 21% of blood donors suffer
some sort of reaction or injury [26]. Common re-
actions include vasovagal symptoms, bruising, fa-
tigue, and arm soreness [26, 27]. Less common re-
actions are nausea and vomiting, hematoma, or
sensory changes [26, 27]. Rarely, arterial punc-
ture, nerve damage, thrombophlebitis, and infec-
tion may occur [28, 29]. However, these are real
and significant risks that are often not disclosed or
explained to the donor prior to donation. Donors
undergoing apheresis or HSC procedures have an-
other set of risks, in addition to those common to
whole blood donation, which may include expo-
sure to certain medications or “donor enhancement
drugs” (e.g., corticosteroids, granulocyte colony-
stimulating factor [G-CSF], and/or hydroxyethyl
starch) [17,18,23].

Transfusion medicine professionals have an obli-
gation to protect donors from harm. This is a moral
duty that is central to our profession and that is up-
held by The Codes of Ethics of the AABB and the
ISBT. A donor “bill of rights” has been advocated by
some transfusion medicine professionals to ensure
that the protection of donors is kept in the forefront
[18,23].

Informed consent for transfusion
Blood transfusion is a medical intervention
that is potentially associated with adverse out-
comes. As such, obtaining and documenting
the patient’s informed consent prior to trans-

fusion therapy is legally and ethically upheld
[16, 19]. Transfusion therapy has become em-
bedded as a component of many medical and
surgical interventions—sometimes as a life-saving
intervention—and it has the potential to be taken
for granted by the treating physician, or viewed as
just another part of a normal, routine therapeutic
plan. But, what might be considered “routine”
or intuitive therapy by the physician may not be
viewed as such by the patient. The competent,
adult Jehovah’s Witness patient immediately
comes to mind where the principle of individual
autonomy is a critical consideration in assessing
the alternatives to transfusion before almost any
medical or surgical intervention [30]. However,
any competent adult has the right to refuse
therapy—including potentially life-saving blood
transfusion—and physicians have a moral duty to
respect the patient’s right to self-determination.
A significant body of case law and other legal
decisions in the United States, Canada, Europe,
and other countries uphold the right of compe-
tent adults to refuse medical therapy and other
life-saving measures including blood transfusion
[30–32]. Physicians who do not obtain proper
informed consent and adhere to the patient’s
wishes regarding blood transfusion or other med-
ical interventions can potentially be found liable
in civil suits for battery or negligence [33]. In
the case of a minor or incompetent Jehovah’s
Witness patient the courts have generally allowed
blood transfusions at the discretion of the treating
physician. The pregnant Jehovah’s Witness patient
and the Jehovah’s Witness patient that presents in
an emergent situation have their unique aspects
[34, 35]. Such ethical and legal dilemmas can be
very difficult and disconcerting for the physician
whose goal is to preserve their patient’s life and,
thus, some physicians will refuse to enter into a
physician–patient relationship where refusal of
care (e.g., a blood transfusion) could potentially
result in an adverse outcome. A patient’s right to
refuse even life-saving therapy—such as a blood
transfusion—underscores the fact that informed
consent, when properly performed, is a shared
decision-making process that involves meaningful
discussion between the patient and the physician
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so that both are in agreement as to the treatment
plan and any associated risks [30,33,36].

Documentation of informed consent for transfu-
sion in the patient’s medical record can take dif-
ferent formats [16]. A written progress note in the
medical record by the physician that includes the
elements of the informed consent process as it re-
lates to transfusion is sufficient documentation. A
separate form for documenting the informed con-
sent process for transfusion is also acceptable, as
is incorporating the consent for transfusion into a
preoperative informed consent document. It should
be understood, however, that simply having a
signed note or form in the medical record does not
document that the consent was “informed.” Sim-
ply handing the patient a consent form and ask-
ing him to read and sign it is not informed con-
sent. Informed consent is a process—and a process
of education—that occurs over time between the
physician and the patient or the patient’s surro-
gate decision-maker. Thus, as it relates to transfu-
sion, it is crucial that the person obtaining the pa-
tient’s informed consent have sufficient knowledge
in transfusion medicine in order to provide accu-
rate and timely information as well as the ability to
answer potential questions. An important role for
the transfusion medicine professional is to provide
transfusion medicine education for those health
care professionals who participate in the informed
consent process [19].

There have been few studies examining the in-
formed consent process for transfusion. A 1993
study performed by Eisenstaedt et al. found that
although 62% of the U.S. hospitals surveyed re-
quired written informed consent for transfusion
there was little indication that true informed choice
had been achieved [37]. A 2007 study from Canada
showed that in 75% of the cases there was no doc-
umentation in the patient’s medical record that any
discussion about the risks, benefits, and alterna-
tives to blood transfusion had occurred [38]. Al-
though written informed consent for transfusion is
not required in Canada this study points to a sig-
nificant breakdown in the physician–patient rela-
tionship. Unpublished data from the author’s insti-
tution shows that documentation in the patient’s
medical record of informed consent for transfu-

sion occurs approximately 67–71% of the time;
but as noted in other studies, the quality of the
informed consent process is unknown. The min-
imal data available to date is concerning for the
lack of documentation for informed consent before
transfusion. Just as concerning is the lack of stud-
ies examining the adequacy of the informed con-
sent process when it has been documented to have
occurred. The difficulties associated with obtaining
true informed consent are not limited to transfu-
sion medicine but are evident in all of medicine.
This is an important area for further study and
research.

Conclusion

The ethical principles underlying autonomy, the
individual as having decision-making capacity in
health care, and the right for informed consent are
relatively recent concepts in medicine and research.
This is also true as it relates to informed consent in
transfusion medicine. Central to the ethics of in-
formed consent is that it be viewed as a process of
education over time and in the context of respect,
participation, collaboration, and negotiation.

The transfusion medicine professional is not un-
commonly placed in the difficult position of try-
ing to balance the needs of patients, donors, hos-
pital administrators, and physicians. However, the
transfusion medicine professional must continue to
work and advocate for the ethical treatment of both
donors and recipients. This is even more critical
as “donor enhancing drugs” are developed to pro-
mote cellular collections from otherwise healthy
donors, new technologies are developed to har-
vest blood cells and components, as donors increas-
ingly serve as research subjects for infectious dis-
ease testing undergoing development, and adverse
risks to transfusion continue to be associated with
significant morbidity and mortality. Central to fu-
ture debates on informed consent in transfusion
medicine will be objective studies of its adequacy
and efficacy, and how best to realize the ethical
principles it reflects. This is an important and de-
sirable ideal for our profession to strive for and to
achieve.
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CHAPTER 44

Blood Transfusions, Jehovah’s
Witnesses, and the American Patients’
Rights Movement1

Charles H. Baron
Boston College Law School, Newton Centre, MA, USA

As de Tocqueville observed in the mid-nineteenth
century, the United States has been a fertile ground
for the growth of an “innumerable multitude” of
religious sects.2 America was founded and settled
in great part by persons who were seeking religious
freedom in the new world, which had been de-
nied to them in the old world. The constitutions of
the 50 states generally protect such religious free-
dom. And the first article of the Bill of Rights of
the Constitution of the United States provides that
“Congress shall make no law respecting an estab-
lishment of religion, or prohibiting the free exercise
thereof. . ..” This language has been interpreted,
among other things, to protect all religious beliefs

1 This paper is an updated English version of two articles
that have previously been published in French: Baron,
C., Sang Pechè et Mort: les Tèmoins de Jèhovah et le
mouvement des droits des malades, in Revue Trimestrielle
du ressort de la Cour d’Appel de Versailles, Octobre-
Dècembre 1993, p. 93, and Baron, C., Aspects relatifs au
mouvement des droits des malades aux Ètats-Unis in S.
Gromb & A. Garay (eds.), CONSENTEMENT ÈCLAIRÈ ET
TRANSFUSION SANGUINE (1996), p. 30.
2 De Tocqueville, A., “Democracy in America 290” (Mayer,
ed., Perennial Library, 1988).

from discriminatory governmental interference.3

Thus, in theory at least, American law—as well as
American history and tradition—encourages indi-
viduals and groups to seek after their spiritual well-
being in accordance with the creed of their choice.

One of America’s most flourishing religious
groups is the Watchtower Bible and Tract
Society—commonly known as “Jehovah’s Wit-
nesses.” Born in the early 1870s as a Christian Bible
study group in western Pennsylvania, it has grown
into a worldwide organization comprising over four
million adherents in over 200 countries. A central
tenet of the group is a commitment to the Bible
as the word of God (Jehovah) representing literal
truth. Members of the group devote a great deal of
effort to bringing the word of the Bible to nonmem-
bers. In the United States, they distribute literature
from house to house and in public places. Because
of these proselytizing activities and because their
beliefs and practices they are sometimes perceived
as disturbingly different from those of the majority
(if not harmful); governmental agencies have often
tried to regulate them in ways that were contrary
to their beliefs. As a result, Witnesses have been in-
volved in a great deal of constitutional litigation in
the United States—much of it before the Supreme

3 See, for example, Church of the Lukumi Babalu Aye v. City
of Hialeah, 508 U.S. 520 (1997) (holding unconstitutional
a city’s ban on “ritual slaughter” of animals that was in-
tended to discriminate against the Santeria religion which
engaged in such practices).

531

Alternatives to Blood Transfusion in Transfusion Medicine, Second Edition
Edited by Alice Maniatis, Philippe Van der Linden and Jean-François Hardy
© 2011 Blackwell Publishing Ltd.  ISBN: 978-1-405-16321-7



c44 BLBK256-Maniatis July 26, 2010 12:47 Trim: 246mm X 189mm Char Count=

532 Jehovah’s Witnesses, and Rights Movement

Court of the United States. Indeed, more American
constitutional law may have been made by Jeho-
vah’s Witnesses than by any other group.4

Among the beliefs that set Witnesses apart
from most other Americans is their conviction
that the Bible forbids them to accept blood
transfusions—even to save their lives—because it
would constitute the sin of “eating blood.” The line
of thought that results in this conviction comprises
two steps. First, Witnesses read the Bible as pro-
hibiting Christians, as well as Jews, from eating
blood. Second, they believe “eating blood” includes
not only ingestion by mouth but also ingestion by
other means—including blood transfusions.

There are, of course, scriptural provisions regard-
ing the eating of blood that apply only to Jews.
At Leviticus 17:10–12, for example, God says to
Moses:

As for any man of the house of Israel or some alien

resident who is residing as an alien in their midst who

eats any sort of blood, I shall certainly set my face

against the soul that is eating the blood, and I shall in-

deed cut him off from among his people. For the soul

of the flesh is in its blood, and I myself have put upon

the altar for you to make atonement for your souls,

because it is the blood that makes atonement by the

soul in it. That is why I have said to the sons of Israel:

“No soul of you must eat blood and no alien resident

who is residing as an alien in your midst should eat

blood.”

This provision is part of God’s special covenant
with Israel, and therefore, applies only to Jews. But
the ban on eating blood, the Witnesses point out,
antedates Mosaic Law. At Genesis 9:1–4, God says
to Noah after the flood:

Be fruitful and become many and fill the earth. And a

fear of you and a terror of you will continue upon ev-

ery living creature of the earth and upon every flying

creature of the heavens, upon everything that goes

moving on the ground, and upon all the fishes of the

sea. Into your hand they are now given. Every mov-

4 Between 1919 and 1988, the Supreme Court of the
United States heard 71 cases in which the sect’s practices
raised important questions of federal substantive or con-
stitutional law. In 47 of them, the Court ruled in favor of
the Jehovah’s Witnesses.

ing animal that is alive may serve as food for you. As

in the case of green vegetation, I do give it all to you.

Only the flesh with its soul—its blood—you must

not eat.

This ban predates the covenant with Israel and is
universal. God’s ban on eating blood is thus binding
on everyone who worships him. It is not contingent
upon acceptance of the covenant with Israel, and it
applies to Christians as well as Jews.

Further scriptural authority for this is provided
by Acts 15:28–29. There the first council of the
new Christian church, in response to a question as
to whether converts to Christianity were to be cir-
cumcised according to Mosaic Law, replies:

[T]he Holy Spirit and we ourselves have favored

adding no further burden to you, except these nec-

essary things, to keep abstaining from things sacri-

ficed to idols and from blood and from things stran-

gled and from fornication. If you carefully keep your-

selves from these things, you will prosper.5

For the Witnesses, it is clear that God has com-
manded all his people to abstain from eating blood.
And if eating blood is wrong because it is wrong to
nourish one’s self with the soul of another living
being, they contend, how can it matter if the nour-
ishment comes by way of one’s mouth or by way
of a transfusion directly into one’s veins? Of course
the Bible does not speak of blood transfusions be-
cause there was no thought of them at the time.
But the principle is the same. “[T]he decree that
Christians must ‘abstain from blood’ . . . covers the
taking of blood into the body, whether through the
mouth or directly into the bloodstream.”6

After World War II, this part of the belief struc-
ture of Jehovah’s Witnesses began increasingly to
come into direct conflict with the belief struc-
ture of modern medicine. Until then, doctors and
surgeons had not regularly availed themselves of
blood transfusions. A Frenchman—Jean Baptiste
Denis—is credited with having performed the first

5 For other authority to the same effect, see Watchtower
Bible and Tract Society, Jehovah’s Witnesses and the Question
of Blood. 1977, pp. 10–17.
6 Watchtower Bible and Tract Society. Jehovah’s Witnesses
and the Question of Blood. 1977, p.18.
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successful blood transfusion in 1667.7 (It was “suc-
cessful” in that the 15-year-old boy whom he trans-
fused with a half pint of lamb’s blood did not die.)
But the foundations of modern transfusion science
were not laid until the early 1900s when the four
basic blood type groupings were identified.8 And
it was not until several decades later, after other
scientific advances had been made and “the con-
cept of blood banks was introduced and the exi-
gencies of World War II stimulated the investiga-
tion of methods for blood preservation, that blood
became readily available and blood transfusion be-
came popular.”9 Not until that point did modern
medicine begin to believe that blood transfusions
were essentially benign and that refusal of blood,
when “medically necessary,” was an irrational act.

The best-known early American court case act-
ing out the conflict between the beliefs of modern
medicine and those of Jehovah’s Witnesses is Appli-

cation of the President and Directors of Georgetown Col-
lege, Inc.10 Mrs. Jesse Jones, a 25-year-old mother
of a 7-year-old child, had been brought by her hus-
band to the emergency room of the Georgetown
Hospital in the District of Columbia. She had lost
two-thirds of her body’s blood supply from a rup-
tured ulcer. The doctors who took charge of her
case believed that she had a very good chance of
survival with a blood transfusion but that she
would die without one. Mr. and Mrs. Jones
were Jehovah’s Witnesses. They were eager to have
the doctors treat Mrs. Jones, but they would not
consent to a blood transfusion. The doctors con-
sidered this behavior to be medically irrational and
wanted to override the Jones’ refusal in order to
save Mrs. Jones’ life. They sought a court order al-
lowing them to do so.

Judge J. Skelly Wright, a highly respected fed-
eral appeals court judge, gave them the order they
wanted. A lower court judge had refused their re-

7 Hagen P. Blood: Gift or Merchandise? 1982, p.12.
8 Solomon, A history of transfusion medicine, In: Ross A
(ed.) III American Association of Blood Banks, Administrative
Manual 2. 1990.
9 Wintrobe M. Clinical Hematology, 8th edn., 1981.
10 331 F. 2d 1000 (D.C. Cir. 1964) (hereinafter “George-
town I.”).

quest, and counsel for the hospital, a very famous
and able attorney by the name of Edward Ben-
nett Williams, had immediately appealed to Judge
Wright, asking him for an emergency order to
keep the patient alive—at least until the case could
be fully heard on its merits. Several months after
granting this order, Judge Wright filed an opinion
in which he attempted to justify the emergency ac-
tion he had taken. In it he cites two nineteenth
century US Supreme Court decisions which state,
in dictum, that First Amendment “free exercise” of
religion guarantees do not prevent the government
from making religiously-inspired suicide attempts
illegal.11 However, as Judge Wright himself notes,
District of Columbia law did not make attempted
suicide illegal and Mrs. Jones did not want to kill
herself. He also argues that, because she had a 7-
year-old child, Mrs. Jones could be forced to stay
alive since “[t]he state as parens patriae will not al-
low a parent to abandon a child.”12 However, no
statutes or legal precedents could be pointed to sug-
gesting that a parent’s medical treatment decisions
could be overruled on the ground that they placed a
child at risk of abandonment. As a “third set of con-
siderations,” Judge Wright pointed to “the position
of the doctors and the hospital. Mrs. Jones was their
responsibility to treat. The hospital doctors had the
choice of administering the proper treatment or let-
ting Mrs. Jones die in the hospital bed, thus ex-
posing themselves, and the hospital, to the risk of
civil and criminal liability in either case.”13 How-
ever, as is pointed out in a later opinion by one of
Judge Wright’s fellow judges, Mr. and Mrs. Jones
had both “volunteered to sign a waiver to relieve
the hospital of any liability for the consequences of
failure to effect the transfusion.”14

11 Late Corporation of the Church of Later Day Saints v. United
States (Romney v. United States), 136 U.S. 1, 49–50 (1890);
Reynolds v. United States, 98 U.S. (8 Otto) 145, 166 (1878).
The facts of the cases did not involve suicide. They in-
volved state laws prohibiting the practice of religiously in-
spired polygamy.
12 Georgetown I, p.1008.
13 Georgetown I, p. 1009.
14 Application of the President and Directors of George-
town College, Inc., 331 F. 2d 1010, 1015–16 (D.C. Cir.
1964) (hereinafter “Georgetown II.”).
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The real basis for Justice Wright’s opinion
seems to be that, like the doctors involved, he
found the Jones’ position hard to understand and
irrational—Mrs. Jones’ life was being thrown away
for no good reason. At one point, he suggests that
“Mrs. Jones was in extremis and hardly compos mentis
at the time in question: she was as little able com-
petently to decide for herself as any child would
be.”15 At other points, he raises the possibility that
the Jones really wanted someone else to make the
decision for them—thus relieving them of their
religious obligation.16 Finally, he describes a con-
frontation between Mr. Jones and representatives
of the hospital in terms that suggest that he felt the
latter were being forced to deal with some naive
person who simply did not understand the modern
world:

The President of Georgetown University, Father

Bunn, appeared and pleaded with Mr. Jones to au-

thorize the hospital to save his wife’s life with a blood

transfusion. Mr. Jones replied that the Scriptures say

that we should not drink blood, and consequently

his religion prohibited transfusions. The doctors ex-

plained to Mr. Jones that a blood transfusion is totally

different from drinking blood in that the blood physi-

cally goes into a different part and through a different

process in the body. Mr. Jones was unmoved.17

Despite all its problems, the Georgetown decision
came to wield an extraordinary influence in Amer-
ican law. The flaws are evident. No counsel was
present to argue the Jones’ side of the case. (Al-
though Judge Wright had advised Mr. Jones to seek
counsel, he had declined to do so.) Judge Wright
himself admitted that the case’s emergency circum-
stances required that he decide it in great haste.
And several of Judge Wright’s colleagues, when a
petition for rehearing was filed a month later, took
the opportunity to write opinions critical of what
he had done and the reasons he gave for doing it.18

That the case has been so influential despite all this
may have something to do with the eminence of

15 Georgetown I, p. 1008.
16 Georgetown I, pp. 1007, 1009.
17 Georgetown I, p. 1007.
18 Georgetown II, pp. 1010–1018.

the judge and the lawyer involved in it. But it prob-
ably has more to do with the fact that the decision
seemed to provide legal endorsement to the grow-
ing hegemony of the medical profession in Amer-
ican society. Counsel for the Joneses on their pe-
tition for a rehearing had argued: “The precedent
created here is a threat to so many other persons
that judicial substitution of medical discretion for
individual discretion should be examined in prin-
ciple to see where it is leading.”19 When the court
denied the petition for rehearing, its decision could
be read as saying for all intents and purposes: “Doc-
tors know best, and doctor’s orders (at least when
life may be at risk) are to be followed.”20

In the wake of the decision, other courts made
themselves available to order Jehovah’s Witnesses
to submit to blood transfusions.21 And even where
courts refused to grant requested orders to force
transfusions, they tended to accept Judge Wright’s
analytical framework. Often the decisions turned
on whether or not the patient had minor children
who would be “abandoned” by the death of a par-
ent.22 One court, in 1972, refused to order a trans-
fusion for a Witness who was a father of minor chil-
dren, but it felt compelled to justify its decision on
the ground that “a close family relationship existed
which went beyond the immediate members, that
the children would be well cared for, and that the
family business would continue to supply material
needs.”23

19 Georgetown II, p. 1013.
20 In fact, as the court points out, its denial of the peti-
tion for rehearing was not meant to suggest any position
on the merits of Judge Wright’s decision. Georgetown II,
p. 1010.
21 See, for example, Hamilton v. McAuliffe, 277 Md. 336,
353 A. 2d 634 (1976); United States v. George, 239 F. Supp.
752 (D.C. Conn. 1965); Raleigh Fitkin-Paul Morgan Memo-
rial Hospital v. Anderson, 42 N.J. 421, 201 A. 2d 537 (1964).
22 Compare In Re Brooks’ Estate, 32 Ill. 2d 361, 205
N.E. 2d 435 (1965) with Hamilton v. McAuliffe, 277 Md.
336, 353 A. 2d 634 (1976) and Raleigh Fitkin-Paul Morgan
Memorial Hospital v. Anderson, 42 N.J. 421, 201 A. 2d 537
(1964).
23 In Re Osborne, 294 A. 2d 372, 374 (D.C. Ct. App.
1972).
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In 1976, with the celebrated decision of In Re
Quinlan24 it might have appeared that the plight
of Witness patients who refused blood transfusions
had been ameliorated. In that case, the Supreme
Court of New Jersey recognized the right of Karen
Quinlan, a young woman in a persistent vegetative
state, to “die with dignity.” The court allowed her
family to have her removed from life support de-
spite the unwillingness of her physician to agree
to such a measure. The court based its decision
upon the unwritten constitutional “right to pri-
vacy” which the US Supreme Court had developed
in a series of cases—most prominently, the then re-
cent abortion rights case, Roe v. Wade.25 “Presum-
ably,” said the court, “this right is broad enough
to encompass a patient’s decision to decline medi-
cal treatment under certain circumstances, in much
the same way as it is broad enough to encompass
a woman’s decision to terminate pregnancy under
certain conditions.”26 On the surface, the Quinlan
decision seemed a great victory for patient’s rights.
But a close reading of the opinion revealed that the
decision was not as great a victory for patients as it
had seemed—and that it was not victory at all for
Jehovah’s Witnesses refusing blood transfusions.

In its opinion, the Quinlan court made clear that
the right to refuse treatment was not absolute. Two
important state interests could outweigh it in ap-
propriate cases. The first was the state’s interest in
preserving human life. This interest was not strong
enough to outweigh the right to choose death in
the case before the court because Karen Quinlan’s
life prospects were so poor and because the med-
ical treatment being forced upon her was so inva-
sive. But where such prospects were better or the
treatment being recommended was less intrusive,
treatment might still be forced on a patient. The
second important interest of the state was that of
protecting the professional ethics and discretion of
the medical profession. That interest was not strong
enough to outweigh the right to choose death in

24 70 N.J. 10, 355 A. 2d 647 (1976).
25 410 U.S. 113 (1973).
26 In Re Quinlan, 70 N.J. 10, 40, 355 A. 2d 647, 663
(1976).

Karen’s case because it was not clear that the med-
ical profession as a whole opposed allowing people
in Karen’s condition to refuse treatment. Karen’s
physician had said that he was opposed, but many
doctors, if not all, were in favor of having patients
in a persistent vegetative state removed from life
support. And what made some doctors refuse, as
Karen’s physician had, was fear of legal liability. By
its decision in Quinlan, the court was removing that
fear as a factor. If a particular patient’s doctor still
refused, the court would not force him or her to
comply with the patient’s wishes, but it would al-
low the patient’s family to find another doctor who
would comply.

Thus, Quinlan was less a recognition of patient’s
rights than of physicians’ rights. Treatment could be
refused for Karen Quinlan because such a refusal
was not “medically irrational.” However, patients
refusing treatment which the medical profession
believed to be life-saving and noninvasive could
have treatment forced upon them. That this meant
no change in the law for Jehovah’s Witnesses who
refused blood transfusions was made explicit. A
scant 5 years before Quinlan, the Supreme Court of
New Jersey had decided in John F. Kennedy Memo-

rial Hospital v. Heston27 that blood transfusions could
be forced upon a Jehovah’s Witness patient even
in a case where the patient had no minor children
who might be abandoned by her death. The Quinlan
court took pains to make clear that Heston was still
good law. The Witness cases in general were ap-
proved because the medical procedure involved in
them (a blood transfusion) “constituted a minimal
bodily invasion and the chances of recovery and
return to functioning life were very good.”28 And
Heston in particular was reaffirmed because it in-
volved “most importantly a patient apparently salv-
able to long life and vibrant health—a situation not
at all like the present case.”29

But if Quinlan did not wreak a revolution
for patient’s rights—including those of Jehovah’s
Witnesses—it did provide a foundation upon which

27 58 N.J. 576, 279 A. 2d 670 (1971).
28 70 N.J. at 41, 279 A. 2d at 664.
29 70 N.J. at 39, 279 A. 2d at 663.
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such a revolution could be wrought. Quinlan had
at least recognized patient autonomy as an impor-
tant right. And its reasoning offered a guide as to
how the scope of that right might be expanded.
The medical profession and the courts needed to
be shown that patient refusal of treatment was not
as irrational as it seemed. Even if refusal seemed
irrational from the point of view of the medical
profession, it was very often, if not always, per-
fectly rational in terms of the values of the patients
involved. And more often than the medical profes-
sion and the courts suspected, refusal of treatment
was rational from a medical point of view as well.

Since Quinlan, the Witnesses have earnestly and
persistently worked at establishing their right to
refuse blood transfusions by educating the medi-
cal profession, the courts, and the public as to the
rationality of their views. Education regarding the
scriptural basis for their position has, of course,
been fundamental—as has education regarding the
perceived “invasiveness” of blood transfusions from
the point of view of their religious beliefs and the
poor spiritual “prognosis” they suffer from having
their earthly lives prolonged at the cost of their sal-
vation. (In the words of the family of the patient in
one case: “He wants to live in the Bible’s promised
new world where life will never end. A few hours
here would never compare to everlasting life.”30)
However, they have also done a brilliant job of
making the case for the medical rationality of their
position.

First, they have worked at demonstrating that
blood transfusions, from a purely scientific point
of view, are not the completely benign treatment
modalities they have been thought to be. In this
effort, they have been helped, of course, by the ad-
vent of the blood-borne scourges of AIDS and Hep-
atitis B. But as the Witnesses have shown, blood
transfusions have always been much riskier than
the run-of-the-mill medical practitioner was aware
of or was willing to admit. The evidence for this
comes entirely from scientific literature—literature
which had been largely ignored by the medical pro-

30 In Re Osborne, 294 A. 2d 372, 373 (D.C. Ct. App.
1972).

fession as a whole. In 1960, an article in one medi-
cal journal had warned: “Blood is a dynamite! It can
do a great deal of good or a great deal of harm. The
mortality from blood transfusion equals that from
ether anesthesia or appendectomy. In the London
area, there has been reported one death for every
13,000 bottles of blood transfused.”31 In addition to
the risk of death from hemolytic reactions (due to
improper matching of blood types), there are the
risks that result from the suppression of the body’s
natural immune system caused by a transfusion.
And there are the risks of a long list of diseases, in
addition to AIDS and hepatitis B that can be carried
by transfused blood.

Second, Jehovah’s Witnesses have worked with
surgeons and physicians to develop and popular-
ize methods of operating upon and treating patients
without using blood transfusions. Not only had the
run-of-the-mill physician downplayed the risks of
blood transfusions, he had also exaggerated their
necessity. For decades, anesthesiologists had, for
example, routinely transfused patients preopera-
tively on the grounds of “medical necessity” when-
ever the patient’s hemoglobin had gone below 10
g/dL. They believed this practice had a basis in sci-
entific fact. In reality, it had been based upon myth.
“The etiology of the requirement that a patient
have 10 grams of hemoglobin (Hgb) prior to receiv-
ing an anesthetic,” one scientist reported in 1988,
“is cloaked in tradition, shrouded in obscurity, and
unsubstantiated by clinical or experimental evi-
dence.”32 Members of Jehovah’s Witness hospital
Liaison Committees, which have been established
across the United States (as well as in many other
countries, including France), have met with physi-
cians and surgeons, providing them with informa-
tion that disabuses them of mistaken notions re-
garding the necessity of transfusions and makes
them aware of neglected techniques for treating pa-
tients without blood.

31 Unger. Medical-legal aspects of blood transfusion. NY
State J Med 1960;60(2):237.
32 Zauder, “How did we get a “magic number” for pre-
operative hematocrit, hemoglobin level?” In: Perioperative
Red Cell Transfusion: Program and Abstracts (June 27–29,
1988).
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Through the work of their Hospital Liaison Com-
mittees, the Witnesses claim to have secured the
cooperation of over 13,000 American doctors in
treating Witness patients without blood transfu-
sions. Cooperating surgeons have discovered that
even heart surgery can be performed without im-
posing blood transfusions on the grounds of “med-
ical necessity.” The distinguished cardiac surgeon,
Michael DeBakey, for example, has reported his ex-
perience that “in the great majority of situations
[involving Witnesses] the risk of operation with-
out the use of blood transfusions is no greater than
in those patients on whom we use blood transfu-
sions.”33 And the techniques learned with Witness
patients are often, then, employed with patients
generally. One orthopedic surgeon reports: “What
we have learned from those (Witness) patients,
we now apply to all our patients that we do total
hips on.”34

These gains for the Witnesses within the med-
ical community have helped to produce gains for
them within the legal system as well. After Quin-

lan, the development of “right to die” doctrine by
American courts began to accelerate. In 1977, the
Supreme Judicial Court of Massachusetts, in Super-

intendent of Belchertown Hospital v. Salkewicz,35 held
that a patient had a constitutional right to refuse
chemotherapy for cancer—even if the patient was
likely to die significantly sooner without treatment
than with it. Like Quinlan, the case involved a situa-
tion where the medical community might not have
thought that refusal of treatment was “medically
irrational.” And like Quinlan, the opinion talked
of state interests that could outweigh the patient’s
right to refuse treatment, adding to the interests in
preserving human life and in protecting the med-
ical profession the additional interests mentioned
in Georgetown—preventing suicide and protecting
third parties such as minor children. But the tone of
the opinion was much more aggressive in asserting
the right of patients to exercise their autonomy in

33 Dixon, Smalley. Jehovah’s Witnesses: the surgi-
cal/ethical challenge. JAMA;246:2471.
34 Watchtower Bible and Tract Society. How Can Blood Save
Your Life? 1990, p. 16.
35 373 Mass. 728, 370 N.E. 2d 417 (1977).

medical decision-making. “The constitutional right
to privacy, as we conceive it,” said the court at one
point, “is an expression of the sanctity of individual
free choice and self-determination as fundamental
constituents of life. The value of life as so perceived
is lessened not by a decision to refuse treatment,
but by the failure to allow a competent human be-
ing the right of choice.”36

Cases after Salkewicz increasingly emphasized the
autonomy of patients and allowed them to refuse a
wider range of treatments. Courts gradually moved
from allowing refusal only of “extraordinary” or
“unnatural” or objectively “intrusive” treatment
modalities, to allowing refusal of any sort of
treatment the patients felt to be intrusive in their
particular case.37 Courts enforced the rights of pa-
tients, not only when they wanted mechanical
respiration stopped, but also when they wanted
hydration and nutrition stopped.38 But in one re-
spect, nonetheless, the fact patterns of these cases
threw into question the extent to which they were
truly endorsing patient autonomy. The cases typi-
cally involved patients with a grim prognosis. Most
of the patients were terminally ill, living with ir-
reversible and degenerative physical conditions,
or in a persistent vegetative state. In contrast to
most of the Jehovah’s Witness patients who refuse
blood, they were not likely to be, in the words of
Quinlan, “a patient apparently salvable to long life
and vibrant health.”

It is only recently that courts have begun clearly
to demonstrate their commitment to patient auton-
omy by gradually giving full protection to the right
of Witness patients to refuse blood transfusions.
Although the courts of most jurisdictions have
continued to recognize the possibility that state
interests—particularly the state’s interest in pro-
tecting minors from abandonment by parents—can
outweigh the right of Witnesses to refuse blood

36 373 Mass. 728, 370 N.E. 2d 417 (1977) at 742, 370 N.E.
2d at 426.
37 See Brophy v. New England Sinai Hospital, 398 Mass. 417,
497 N.E. 2d 626 (1986).
38 Brophy v. New England Sinai Hospital, 398 Mass. 417, 497
N.E. 2d 626 (1986) and see Bouvia v. Superior Ct. 179 Cal.
App. 3d 1127 (1986).
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transfusions, it is becoming very rare for courts to
find the right actually outweighed in any given
case. The highest courts of both Massachusetts39

and Florida40 have made clear that they will force
the state to carry a very heavy burden when it at-
tempts to show that a Witness’ right to refuse a
blood transfusion should be outweighed by his or
her duty to parent minor children. And in 1990,
the highest court of one state—New York—rejected
wholesale the Georgetown device of employing an
obligation to support one’s children to restrict pa-
tient autonomy. “[W]e know of no law in this state
prohibiting individuals from participating in inher-
ently dangerous activities or requiring them to take
special safety precautions simply because they have
minor children,” said the court. “There is no indi-
cation that the State would take a more intrusive
role when the risk the parent has assumed involves
a very personal choice regarding medical care. On
the contrary, the policy of New York, as reflected in
the existing law, is to permit all competent adults
to make their own personal health care decisions
without interference from the State.”41

Even in New Jersey, the Witnesses’ efforts at
educating the courts and medical profession seem
to have turned the law around. In 1992, the Ap-
pellate Division of the Superior Court of New
Jersey handed down In Re Hughes,42 a case in-
volving a Witness patient whose surgeon, despite
the patient’s earlier instructions to the contrary,
had transfused her when complications arose in
surgery. When the patient recovered competency,
she sought reversal of a judge’s order authoriz-
ing the transfusions during the time when she had
been incompetent. The Appellate Division affirmed
the order, but only on the narrow ground that the
record before the judge had left doubt as to what
the patient would have wanted under the circum-
stances. And, in very strong language, the court ev-
idenced an attitude toward the rights of Jehovah’s

39 Norwood Hospital v. Munoz, 409 Mass. 116, 4564 N.E. 2d
1017 (1991).
40 Public Health Trust v. Wons, 541 So. 2d 96 (Fla. 1989).
41 Fosmire v. Nicoleau, 74 N.Y. 2d 607, 551 N.E. 2d 77, 84
(1990).
42 259 N.J. Super. 193, 611 A. 2d 1148 (1992).

Witnesses very different from that of Heston and
Quinlan. “[A] competent Jehovah’s Witness or per-
son holding like views,” said the court, “has every
right to refuse some or all medical treatment, even
to the point of sacrificing life. . . Should a patient de-
cide, with full knowledge of the potential situation,
to refuse life-sustaining medical treatment and the
patient communicates this decision via clear and
convincing oral directives, actions or writings, the
patient’s desires should be carried out.”43 Unlike
the opinions in Heston and Quinlan, the opinion in
Hughes is full of language sympathetic to the “ra-
tionality” of the Witnesses’ position. This is likely
to have been because of the excellent amicus brief
filed in the case by the Watchtower Bible and Tract
Society. Much of the court’s language was drawn
from material contained in that brief.

Since 1993, further progress has been made
by the Watchtower Bible and Tract Society in its
struggle with American medicine over the issue
of whether blood transfusions will be forced upon
Jehovah’s Witnesses.

In the Hughes case, the New Jersey court had ulti-
mately decided in favor of the physician-defendant
on the ground that, despite Mrs. Hughes’ signing
of the hospital’s standard written form for refusal
of blood and her oral instructions, the physician
had had a reasonable basis for doubting that Mrs.
Hughes would have continued to refuse blood if she
could have been made aware of the life-threatening
emergency that followed her surgery. In an ear-
lier case, Werth v. Taylor,44 the Court of Appeals
of Michigan had also found in favor of a physi-
cian who had been sued under the Hughes circum-
stances. In that case, the Michigan court had set
up what seemed an insurmountable legal hurdle
for unconscious Witness patients. “[I]n a situation
like the present,” the court said, “where there is an
emergency calling for an immediate decision, noth-
ing less than a fully conscious contemporaneous
decision by the patient will be sufficient to override

43 259 N.J. Super. 193, 611 A. 2d 1148 (1992) at 202–203,
611 A. 2d at 1153.
44 190 Mich. App. 141, 475 N.W.2d 426 (1991).
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evidence of medical necessity.”45 But in Hughes, the
New Jersey court had said “Should a patient de-
cide, with full knowledge of the potential situation,
to refuse life-sustaining medical treatment and the
patient communicates this decision via clear and
convincing oral directives, actions, or writings, the
patient’s desires should be carried out.”46

Counsel for the Watchtower Society responded
to the challenge of Hughes by drafting and dissemi-
nating advance-directive “writings” which attempt
to communicate in “clear and convincing” fashion a
refusal of blood transfusions “with full knowledge”
of the types of medical emergencies that might arise
in the future. Written forms, tailored to conform to
the laws of the each of the 51 American jurisdic-
tions, have been made available through the So-
ciety’s Hospital Liaison Committees in every state
and in the District of Columbia. By means of ex-
plicit language in such advance directives, the per-
son executing the document informs all health care
personnel

I am one of Jehovah’s Witnesses. On the basis of

my firmly held religious convictions, see Acts 15:28,

29, and on the basis of my desire to avoid the nu-

merous hazards and complications of blood, I ab-

solutely, unequivocally and resolutely refuse

homologous blood (another person’s blood) and

stored autologous blood (my own stored blood) un-

der any and all circumstances, no matter what my

medical condition. This means no whole blood, no

red cells, no white cells, no platelets, and no blood

plasma no matter what the consequences. Even if

health-care providers (doctors, nurses, etc.) believe

that only blood transfusion therapy will preserve my

life or health, I do not want it. Family, relatives or

friends may disagree with my religious beliefs and

with my wishes as expressed herein. However, their

disagreement is legally and ethically irrelevant be-

cause it is my subjective choice that controls. Any

such disagreement should in no way be construed

45 190 Mich. App. 141, 475 N.W.2d 426 (1991) at 147,
475 N.W.2d at 429 [emphasis in the original].
46 259 N.J. Super. 193, 202–203, 611 A.2d 1148, 1153
(1992).

as creating ambiguity or doubt about the strength or

substance of my wishes.47

The person executing this directive also informs
all health care personnel that “I accept and re-
quest alternative nonblood management to
build up or conserve my own blood, to avoid or
minimize blood loss, to replace lost circulatory vol-
ume, or to stop bleeding. For example, volume ex-
panders such as dextran, saline or Ringer’s solu-
tion, or hetastarch would be acceptable to me.”48

The person executing the form may also, (by choos-
ing among options offered on the form), make clear
to health care personnel whether or not he con-
sents to the use of products containing minor blood
fractions or non-stored autologous blood—blood
therapies upon which the Society has taken no
position and which it has designated “conscience
matters.”

A four-page document explaining the use of the
advance directive has also been prepared for distri-
bution in each jurisdiction. The informative leaflet
which accompanies the combined advance direc-
tive/health care proxy designed for use in Mas-
sachusetts (whose law authorizes the appointment
of a health-care agent or “proxy” to make health-
care decisions for an incompetent patient) urges
prospective patients to discuss the details of their
desires and their advance directives with the person
they appoint as their health care agent. It also urges
the prospective patient to “discuss with your doctor
the same information you discuss with your agent.
. . . Be sure to discuss in depth the many medical
alternatives for bloodless surgery that are available
and acceptable to you . . .. Let your doctor know
that you have thoroughly discussed these matters
with your agent. (You may even want to introduce
your agent to your doctor.) The better your doctor
understands you, the less likely it is that problems

47 “Health Care Proxy” prepared by the Watchtower Bible
and Tract Society for use in the Commonwealth of Mas-
sachusetts (October, 1994) at p. l. The full four-page form
is attached hereto as Appendix A.
48 “Health Care Proxy” prepared by the Watchtower Bible
and Tract Society for use in the Commonwealth of Mas-
sachusetts (October, 1994) at p. l. The full four-page form
is attached hereto as Appendix A.
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will arise.”49 To further avoid problems stemming
from misunderstanding, prospective patients are
urged to carry on their person at all times an “Ad-
vance Medical Directive/Release” card. “Thus, in
the event of an emergency in which you are un-
conscious, the Advance Medical Directive/Release
will identify you as one of Jehovah’s Witnesses,
will make known your refusal of blood, and will
identify your emergency contacts.”50 It is also sug-
gested that the emergency contacts be the same
people who have been granted health-care agency
by means of the health-care proxy.

To the extent that such documents are employed
by Jehovah’s Witness patients, one would expect
to see continuation of the existing trend toward
increasing physician compliance with refusals of
blood transfusions. Those physicians who do not
comply certainly risk running afoul of another de-
veloping trend—the increasing tendency of courts
to entertain suits for damages against physicians
who force transfusions upon unwilling patients.
For example, in the 1994 Ohio case of Perkins v.

Lavin,51 a Witness patient brought an action for
damages against her physician for having admin-
istered a blood transfusion while she was uncon-
scious. At the time that she had entered the hos-
pital for treatment of postpartum hemorrhaging,
she had given the physician oral notice that she
was not to be provided any blood or blood deriva-
tives and had signed a form stating: “I REQUEST
THAT NO BLOOD OR BLOOD DERIVATIVES BE
ADMINISTERED TO [ME] DURING THIS HOSPI-
TALIZATION, NOTWITHSTANDING THAT SUCH
TREATMENT MAY BE DEEMED NECESSARY IN
THE OPINION OF THE ATTENDING PHYSICIAN
OR HIS ASSISTANTS TO PRESERVE LIFE OR
PROMOTE RECOVERY. I RELEASE THE ATTEND-
ING PHYSICIAN, HIS ASSISTANTS, THE HOSPI-

49 “Questions & Answers about the Health Care Proxy
(‘Combined Form’),” prepared by the Watchtower Bible
and Tract Society to accompany the health care proxy
form for Massachusetts at p. 2. The full four-page doc-
ument is attached hereto as Appendix B.
50 “Questions & Answers about the Health Care Proxy
(‘Combined Form’),” at l.
51 648 N.E.2d 839 (Ohio App. 9 Dist. 1994).

TAL AND ITS PERSONNEL FROM ANY RESPON-
SIBILITY WHATEVER FOR ANY UNTOWARD RE-
SULTS DUE TO MY REFUSAL TO PERMIT THE
USE OF BLOOD OR ITS DERIVATIVES.” Nonethe-
less, the doctor had transfused her to save her life
when her blood count dropped dramatically as a
result of surgical complications. When the patient
brought suit for money damages based upon the-
ories of assault and battery and intentional inflic-
tion of emotional distress, the physician defended
himself on the ground that he had not intended to
inflict personal injury on the plaintiff. Rather, he
claimed, he had intended merely to preserve plain-
tiff’s health and life and had, in fact, done so. The
court held for the defendant as to the claim for
intentional infliction of emotional distress on the
ground that defendant’s behavior did not rise to the
level of “outrageousness” required to make out a
claim under that theory. However, as to the assault
and battery claim, the court reversed a lower court
finding for defendant, stating:

In arguing that it cannot be held liable for assault and

battery if it did not intend to “inflict personal injury,”

defendant has misapprehended the gist of the tort of

battery. Battery not only protects individuals from

harmful contact, but protects them from any offen-

sive contact.

“a harmful or offensive contact with a person result-

ing from an act intended to cause the plaintiff or a

third person to suffer such a contact, *** is a battery.”

“Battery” includes innocent intentional contact and

even intentional contact meant to assist the com-

plainant, if that contact is unauthorized ***.52

And, in the 1994 case of Clark v. Perry,53 the
North Carolina Court of Appeals entertained a suit
for damages against a physician on grounds of mal-
practice and failure to obtain informed consent
where the allegations of plaintiff were not that
he had deliberately transfused a Witness patient
against the latter’s will, but that he had negligently
failed to discover that the patient was a Witness

52 648 N.E.2d 839 (Ohio App. 9 Dist. 1994) at 841 [cita-
tions to authority omitted].
53 114 N.C. App. 297, 442 S.E.2d 57 (1994).



c44 BLBK256-Maniatis July 26, 2010 12:47 Trim: 246mm X 189mm Char Count=

Chapter 44 541

who had refused all blood and blood products. The
patient’s principal physician had been made well
aware of the patient’s religious beliefs, and the pa-
tient had taken steps to make sure that his views re-
garding blood transfusions were made manifest to
hospital staff and had been entered in his hospital
record. Nonetheless, a staff specialist who claimed
to have been unaware of the patient’s religious ob-
jections ordered a blood transfusion administered
at a point when the patient was unconscious or
asleep. Ultimately, the court affirmed a dismissal
of plaintiff’s claim. But it was solely on the ground
that insufficient evidence had been introduced to
prove that the defendant had been negligent in not
knowing of the patient’s objection to blood trans-
fusions.

Perkins v. Lavin also highlights another aspect of
progress in this field since 1993. The Witness pa-
tient in that case refused a life-saving blood trans-
fusion just after having given birth to a child. The
child was clearly dependent upon the patient for
her care. Nonetheless, the court made no men-
tion of the state’s interest in preventing “abandon-
ment of minor children” in discussing whether the
plaintiff had a cause of action against her physi-
cian. Indeed, no such defense was raised by the
physician. Likewise, no mention of such a defense
was made in Werth v. Taylor, where the Witness pa-
tient had two young children at home and had just
given birth to twins. This trend against giving criti-
cal weight to such an interest of the state is perhaps
most manifest in some of the recent cases dealing
with attempts to force cesarean births upon women
who are experiencing troubled pregnancies. In the
1994 Illinois case of In Re Baby Boy Doe,54 doctors
urged a c-section or an induced birth upon a patient
on the ground that her 35-week, viable fetus would
otherwise die or be born mentally retarded. The pa-
tient refused because of her personal religious be-
liefs and chose instead to await natural childbirth.
Her physicians then applied to a court for an or-
der compelling the patient to consent to a c-section.
The court refused to grant such an order, and the

54 198 Ill. Dec. 267, 260 Ill. App.3d 392, 632 N.E.2d 326
(Ill. app., 1st Dist. 1994).

Appellate Court of Illinois affirmed. “[A] woman’s
right to refuse invasive medical treatment,” said the
court, “is not diminished during pregnancy. The
woman retains the same right to refuse invasive
treatment, even of lifesaving or other beneficial na-
ture, that she can exercise when she is not preg-
nant. The potential impact upon the fetus is not
legally relevant. . ..”55 However, whether this de-
gree of rejection of the state interest in protect-
ing innocent third parties would extend to cases
of refusal of blood was left open. In distinguish-
ing a 1964 New Jersey case56 which had held that
a transfusion could be forced upon a Witness pa-
tient so as to protect the fetus she was carrying, the
court said: “This and other similar blood transfusion
cases are inapposite, because they involve a rela-
tively non-invasive and risk-free procedure, as op-
posed to the massively invasive, risky, and painful
cesarean section. Whether such non-invasive pro-
cedures are permissible in Illinois, we leave for an-
other case.”57

In the past 5 years, the right of adult, compe-
tent Jehovah’s Witnesses to refuse blood transfu-
sions has become even more clearly established in
American law. Case law issuing from state courts
has continued the trend toward supporting pa-
tient interests in personal autonomy and religious
freedom over state interests advanced in favor of
forced transfusions. Thus, in 1997, in its opinion
in In re Fetus Brown,58 the Appellate Court of Illi-
nois moved beyond its 1994 decision in In re Baby

Boy Doe59 to hold that a blood transfusion could not
be forced upon a pregnant Witness patient in or-
der to save the life of her fetus. In doing so, the
court explicitly rejected the language in the Baby
Boy Doe opinion that had suggested that a blood
transfusion, unlike the caesarean section proposed

55 198 Ill. Dec. 267, 260 Ill. App.3d 392, 632 N.E.2d 326
(Ill. app., 1st Dist. 1994) at 273, 260 Ill. App.3d at 401,
632 N.E.2d at 332.
56 Raleigh Fitkin-Paul Memorial Hospital v. Anderson, 42 N.J.
421, 201 A.2d 537 (1964).
57 198 Ill. Dec. at 273, 260 Ill. App.3d at 402, 632 N.E.2d
at 333.
58 294 Ill. App.3d 159, 689 N.E.2d 397 (1997).
59 260 Ill. App.3d 392, 632 N.E.2d 326 (1994).
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in Baby Boy Doe, was a “relatively noninvasive and
risk free procedure.”60 The court held in Brown that
“a blood transfusion is an invasive medical pro-
cedure that interrupts a competent adult’s bodily
integrity” and concluded that “[u]nder the law of
this State. . . we cannot impose a legal obligation
upon a pregnant woman to consent to an inva-
sive medical procedure for the benefit of her viable
fetus.”61

The right of competent Jehovah’s Witness to
refuse transfusions has become so well established
in the law that courts show increasing willingness
to entertain actions for money damages against
physicians who force transfusions upon uncon-
senting patients. Despite the difficulties such cases
present for convincing juries that substantial dam-
ages have been suffered (the physician claims that
he is being punished for having saved the life of
a patient), large money damage awards are be-
ing recovered in a significant number of cases. In
the 1994 case of Sargeant v. New York Infirmary-
Beekman Downtown Hospital,62 a New York State jury
awarded $500,000 to a Witness adult who was
transfused against his will.63 In the 1997 case of
Jones v Wrona,64 an Illinois jury awarded the plain-
tiff $150,000. Between 1991 and 1998, at least 11
similar cases were settled out-of-court for amounts
totaling in excess of $480,000.65 This trend is likely
to be helped along by the 1999 decision of the high-
est court of Massachusetts in Shine v. Vega.66 In that
case, the family of a young woman with asthma
brought an action for money damages against a
physician who claimed to have saved her life by
forcibly intubating her when she presented her-

60 260 Ill. App.3d 392, 632 N.E.2d 326 (1994) at 402, 632
N.E.2d at 333.
61 In re Fetus Brown at 171, 689 N.E.2d at 405.
62 No. 16068/91 (Sup. Ct. N.Y. County, July 25, 1994).
63 A new trial was ordered in this case on the ground that
the judge believed the verdict to be excessive, and it was
later settled out-of-court for $75,000.
64 No. 94 L 2935 (Cir. Ct. Will County [Ill.], November 12,
1997).
65 Letter dated August 12, 1999, from Donald T. Ridley,
Esq., Associate General, Watchtower Bible and Tract So-
ciety of Pennsylvania.
66 709 N.E.2d 58 (Ma. 1999).

self at an emergency room suffering from an acute
asthma episode. Two years after the forced intuba-
tion incident, the patient died as a result of another
acute episode because her intense fear of hospi-
tals caused by the earlier experience kept her from
again seeking emergency room assistance. The trial
court dismissed the family’s wrongful death action
on the ground that the doctor had acted properly in
light of the emergency situation. However, on ap-
peal, the Supreme Judicial Court of Massachusetts
reversed the lower court and reinstated the damage
suit on the ground that the patient had made very
clear to the physician that she would not consent
to the intubation, even if, in the physician’s opin-
ion, refusal might lead to her death. “In the often
chaotic setting of an emergency room,” the court
observed, “physicians and medical staff frequently
must make split-second life-saving decisions. Emer-
gency medical personnel may not have the time
necessary to obtain the consent of a family mem-
ber when a patient is incapable of consenting with-
out jeopardizing the well-being of the patient. But

a competent patient’s refusal to consent to medical treat-
ment cannot be overridden whenever the patient faces a
life-threatening situation.”67

Even in cases involving minor patients, Amer-
ican courts are demonstrating increased respect
for Witnesses’ religious objections. In the United
States, the statutory age of majority at which chil-
dren are generally judged to be competent to make
decisions for themselves is 18. However, by statute
and by case law, children below the age of ma-
jority are under certain circumstances considered
to be “mature minors” and empowered to make
some medical decisions for themselves. The “ma-
ture minor” doctrine has begun to be extended by
court decision to situations where minor Witness
patients refuse blood transfusions for themselves.
Thus, in the 1999 case of In re Rena,68 the Appeals
Court of Massachusetts reversed a lower court de-
cision ordering the administration of a blood trans-
fusion upon a 17-year-old Witness patient because
the lower court had failed to consider the level of

67 709 N.E.2d 58 (Ma. 1999) at 65 [emphasis supplied].
68 46 Mass. App. Ct. 335, 705 N.E.2d 1155 (1999).
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maturity of the patient in issuing its order. The
patient’s level of maturity was relevant for deter-
mining whether or not she was competent to make
the decision for herself. It was also relevant for de-
ciding what was truly in her “best interest” even if
she was not yet fully competent to make the deci-
sion for herself. “Although the judge did consider
Rena’s wishes and her religious convictions in this
matter, he made no determination as to her matu-
rity to make an informed choice,” the court said.
Pointing to earlier decisions of the Illinois Supreme
Court69 and the Maine Supreme Judicial Court70 in
which the rights of mature minors had been pro-
tected under similar circumstances, the court con-
cluded “we think [the trial judge’s action] was er-
ror particularly in the circumstances of this case
where Rena will soon attain the age of 18. In addi-
tion, in assessing Rena’s preferences and religious
convictions, he should not have relied solely on
the representations made by her attorney and her
parents but should have heard Rena’s own testi-
mony on these issues where she apparently had
the testimonial capacity to answer questions. Only
after evaluating this evidence in light of her ma-
turity could the judge properly determine her best
interests.”71

Where Witness parents wish to refuse blood
transfusions for their minor children, American law
generally does not permit them to do so if there is
no alternative course of acceptable medical treat-
ment. As the US Supreme Court observed in the
1944 case of Prince v. Massachusetts,72 “Parents may
be free to become martyrs themselves. But it does
not follow that they are free, in identical circum-
stances, to make martyrs of their children before
they have reached the age of full and legal discre-
tion when they can make that choice for them-
selves.” In 1968, the US Supreme Court affirmed,
on the authority of Prince, a lower court decision
that a minor could be transfused over the protest

69 In re E.G., 133 Ill.2d 98, 549 N.E.2d 322 (1989).
70 In re Swan, 569 A.2d 1202 (Me. 1990).
71 In re Rena, 46 Mass. App. Ct. at 337–38, 705 N.E.2d
at 1157. For a similar holding, see also, In re W.M., 823
S.W.2d 128 (Mo. Ct. App. 1992).
72 321 U.S. 158, 170 (1944).

of his Witness parents.73 However, where alterna-
tive acceptable courses of medical treatment are
available, cases have recognized the right of parents
to make reasonable medical choices for their chil-
dren different from those which attending physi-
cians believe to be best.74 In a recent South Car-
olina decision, Banks v. Medical University of South
Carolina,75 that right was explicitly held to apply
to situations where Witness parents refuse blood
transfusions for their children. In that case, the
child died while being provided emergency treat-
ment that included an unconsented-to blood trans-
fusion. The parents sued the hospital and physi-
cians involved for wrongful death and battery and
introduced expert evidence that there had been no
emergency requiring transfusion of blood plasma.
The lower court found for the hospital, but the
Supreme Court of South Carolina reversed on ap-
peal. “Banks concedes that she had no author-
ity to withhold necessary medical treatment from
her child even if such treatment was contrary to
her religious views,” the court said. “However, she
contends that the transfusions were not necessary
and, therefore, her consent was required. She pre-
sented testimony of an expert witness. . . to estab-
lish that there was no emergency justifying the
transfusion of blood to Phaedra. . .. We find that
Banks has presented an issue of material fact as
to whether Phaedra was in a life threatening sit-
uation which would have justified the administra-
tion of the transfusions without parental consent.
Therefore, summary judgment was improperly
granted.”76

The willingness of the Banks court to consider
the question of the reasonableness of a physi-
cian’s decision to transfuse in an emergency sit-
uation evidences another aspect of the progress
being made in the United States by The Watch-
tower Society. As a result of the extraordinary

73 Jehovah’s Witnesses v. King County Hospital, 278 F. Supp.
488 (W.D. Wash. 1967), aff’d. per curiam, 390 U.S. 598
(1968).
74 See, for example, In re Hofbauer, 47 N.Y.2d 648, 393
N.E.2d 1009 (1979).
75 444 S.E.2d 519 (S.C. 1994).
76 444 S.E.2d 519 (S.C. 1994) at 521–22.
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work of the Society’s Hospital Liaison Committees,
bloodless medical treatment (including bloodless
surgery) is gradually becoming the “gold stan-
dard” of practice among top physicians and sur-
geons in the United States. Whereas, 5 years ago,
bloodless medicine and surgery programs were es-
tablished at only about 14 centers in the United
States, there are about 100 such centers in the
United States today.77 These centers are liber-
ally distributed across the country. Sites include
some of the most prestigious medical institutions in
America, such as Ohio’s Cleveland Clinic, which
has been rated as the top center in the United
States for heart surgery. With help from the Hos-
pital Liaison Committees, the American medical
community is learning that bloodless medicine and
surgery tend to produce better results for patients
and significantly reduce medical costs as well. Pa-
tients who are treated without transfusions not
only avoid the risk of contracting blood-borne dis-
eases such as AIDS and hepatitis, they also recover
more quickly from surgical procedures (transfu-
sions tend to depress the body’s natural immune
system) and spend fewer days in the hospital.78

A study recently conducted by members of the
Cleveland Clinic’s anesthesiology department con-
cluded that using a bloodless surgery protocol 50%
of the time “could save the healthcare industry up
to $3.7 billion dollars a year. That includes sav-
ings of about $400 to $1400 for every unit of
transfused blood from outside donors, factoring in
the extra costs of treating postoperative fevers and
infections.”79

Clearly, it is not only Witness patients who ben-
efit from the work of the Hospital Liaison Commit-
tees. “No one wants to get blood,” one heart sur-
geon was recently quoted as saying. “As patients

77 Mary McGrath. Bloodless surgery answer to some pa-
tients’ prayers, Omaha World-Herald, August 10, 1999, at
pp.. 1, 8.
78 Article in February 1998 issue of Archives of Patholog-
ical Laboratory Medicine and article in February 11, 1999
issue of the New England Journal of Medicine.
79 Ron Shinkman. More going bloodless, Modern Health-
care, November 9, 1998, at p. 57.

become more informed, they’re going to specify
they don’t want blood products. Maybe not to the
extent of dying for it (as do Witnesses), but to re-
duce risks.”80 One California bloodless surgery cen-
ter reported this year that “one fifth of the patients
requesting bloodless surgery are non-Witnesses.”81

Another California center, Alvarado Hospital, re-
ported that only 35% of its patients in 1998 (com-
pared to 97% in 1997) received blood or other
blood products such as plasma. “[T]he heart-lung
surgery department at [Alvarado] has cut expenses
by 40 percent by reducing transfusions, which cost
up to $300 per unit for the blood and its stor-
age and shortening hospital stays for patients,” a
nurse-specialist stated.82 Widespread use of blood-
less medicine and surgery has been helped along by
the development of new procedures for recycling
the patient’s own blood, for increasing the oxygen-
carrying capacity of red blood cells, and for stim-
ulating the body to produce additional red blood
cells. “But the most important technique,” say prac-
titioners, “is simply good housekeeping—cutting
cleanly and stopping the bleeding as it occurs.”83

For this purpose, surgeons will frequently use elec-
tro cautery to stop bleeding as they cut or em-
ploy new harmonic scalpels, which use ultrasonic
vibrations to cut and seal the wound at the same
time.

Ironically, through their success in improving
surgical and medical techniques for all patients,
Witness patients seem to have caused a slight medi-
cal backlash against themselves. Now that the med-
ical reasons for refusing blood transfusions have be-
come so well known, attention has been distracted
somewhat from the Witnesses’ religious objections.
Even the Witnesses’ “blood refusal card” (carried by
members to prevent blood from being administered

80 Eric Niiler, Bloodless surgery, San Diego Union-
Tribune, February 18, 1999, at pp. E-1 and E-7.
81 Eric Niiler, Bloodless surgery, San Diego Union-
Tribune, February 18, 1999, at p. E-7.
82 Eric Niiler, Bloodless surgery, San Diego Union-
Tribune, February 18, 1999.
83 Andrew Pollack, “Bloodless” surgery gains new accep-
tance, The New York Times, April 21, 1998, at p. F8-F9.
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to them while unconscious during an emergency)
gives among the reasons for refusal “the numer-
ous risks and complications resulting from the use
of blood.” For this reason, some doctors have sug-
gested that they will not honor the blood refusal
card in cases where they believe that the medical
benefits of a blood transfusion outweigh its med-
ical “risks and complications.” In an article pub-
lished in 1998,84 two American physicians alleged
that Witness patients who execute the cards do
so after having heard only The Watchtower Soci-
ety’s one-sided views of the medical risks of blood
transfusions. They urge emergency physicians, as
a result, not to comply with wishes expressed in
a blood refusal card unless a Witness patient reaf-
firms them after having had medical choices fully
explained to him or her at the time of the emer-
gency. As Donald Ridley, Associate General Coun-
sel for The Watchtower Society points out in an
answering article,85 this line of reasoning, were it
to be taken seriously, would put in jeopardy all of
the progress in patients’ rights made in the United
States in the last 25 years. Doctors in the United
States do not have legal power to require patients
to prove that a decision to refuse treatment is “med-
ically rational” in order to have the refusal re-
spected. And, ultimately, the Witness blood refusal
card does not justify refusal on grounds of medi-
cal rationality. It relies upon the Witnesses’ reading
of the Bible’s proscription against eating blood and
states that the patient is willing to accept death over
violation of that proscription.

In the end, assiduous protection of the rights of
Witness patients depends at least as much upon the
work of lawyers as it does upon the work of doc-
tors. In this respect, The Watchtower Society has
come a long way since 1964 when, in the George-

town Hospital Case, Mr. Jones, who had been advised
by Judge Wright that he should obtain a lawyer,

84 Migden DR, Braen GR, The Jehovah’s Witness blood
refusal card: ethical and medicolegal considerations for
emergency physicians. Acad Emerg Med 1998;5:815.
85 Donald Ridley. Honoring Jehovah’s Witnesses’ advance
directives in emergencies: a response to Drs. Migden and
Braen. Acad Emerg Med 1998;5:824.

“went to the telephone and returned in 10 or 15
minutes to advise that he had taken the matter
up with his church and that he had decided that
he did not want counsel.”86 A growing number of
attorneys in the United States now represent Wit-
ness patients in blood refusal cases with assistance
from the Society. Associate General Counsel Ri-
dley has recently published a very helpful hand-
book for “Legally Defending Jehovah’s Witnesses’
Choice of Alternative Nonblood Management” that
is made available to such attorneys. Ridley also
has appeared as counsel for either Witness patients
or The Watchtower Society as amicus curiae in the
most significant refusal cases heard in the American
courts in the last 10 years. And he contributes to
journals of law,87 medicine,88 and hospital admin-
istration89 scholarly articles that effectively make
the case for respecting refusal of blood transfu-
sions on grounds of religious freedom and patient
autonomy.

For the moment at least, the efforts of support-
ive medical and legal personnel have combined
to produce a situation in the United States where
nonconsensual transfusion of adult Witness pa-
tients has become extremely rare. “This is a dra-
matic change from just five or ten years ago,” Ri-
dley reports, “when there was still a great deal of

86 Application of the President and Directors of George-
town College, Inc., 331 F.2d 1000, 1007 (D.C. Cir. 1964).
87 See, for example, Donald Ridley. In practice: health
care law: whose life is it anyway? NJ Law J 1999;156:121,
and Donald Ridley. Health care decision making in the
family. Family Law Update1997, 237.
88 See, for example, Donald Ridley. Guest Editorial: Re-
specting pregnant women’s treatment choices, Obstet Gy-
necol Surv 1999;54:215 and Donald Ridley. Judicial di-
agnosis: treating children of Jehovah’s Witnessses. Med
Health RI 1998;81:418.
89 See, for example, Donald Ridley. Treatment refusals
by pregnant women, 15 Hosp. Law Newsletter # 9 (July
1998); Donald Ridley. Accepting patients’ refusals of
treatment, 13 Hosp. Law Newsletter # 12 (October 1996);
Donald Ridley. Working with Jehovah’s Witnesses on
treatment issues, 12 Hosp. Law Newsletter # 4 (Febru-
ary 1995); and Donald Ridley. Accommodating Jehovah’s
Witnesses’ choice of nonblood management. J Healthc
Risk Manag 1990;Winter:17.
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uncertainty about the law. Since then, as a result of
the law’s repeated defense and protection of patient
choice, I can only conclude that providers either are
rarely going to court to obtain such orders or that
courts, when so importuned, are not granting such
orders.”90 However, it would be mistaken to con-
clude that the need for vigilance has ended. Among
other things, recent court decisions seem to open
the door to greater participation by legislatures and
executive agencies in defining rights in this area.
Judges have lately shown a preference for avoiding
constitutional questions, if possible, by protecting
the right to refuse treatment under the common
law of informed consent rather than by means of
constitutional law.91 And they have shown as well
a propensity to avoid weighing state interests fa-
voring treatment against a patient’s right to refuse
treatment where the state itself has not entered
the case to press such interests.92 Thus these recent
cases leave open the possibility that courts could
rule differently if legislation were passed remov-
ing some of the protection provided by the com-
mon law or if the executive branch were to inter-
vene in a case to press the importance of coun-
tervailing state interests. Were legislatures or ex-
ecutive agencies to consider taking such steps, ef-
forts would have to be mounted to oppose them
politically and legally. Happily, executive agencies
have thus far shown no interest in intervening in
such cases. And, to the extent that state legislatures
have shown interest in passing legislation in this
field, it has been more to add protections to the

90 Letter dated August 12, 1999, from Donald T. Ridley,
Esq., Associate General, Watchtower Bible and Tract So-
ciety of Pennsylvania.
91 See, for example, Stamford Hospital v. Vega, 236 Conn.
646, 674 A.2d 821 (1996) and see generally James Hank-
ins, The Common Law Right of bodily self-determination
in Connecticut: life and death after Stamford Hospital v.
Vega. Conn L Rev 1997;29:945.
92 Stamford Hospital v. Vega, 236 Conn. 646, 674 A.2d 821
(1996) and Harrell v. St. Mary’s Hospital, 678 So.2d 455 (D.
Ct. App. FL 1996).

right to refuse blood transfusions than to take them
away.93

The Witnesses seem to be successfully recover-
ing from the blow dealt them in Georgetown. The
days when blood transfusions could be forced upon
Witness patients on the ground that refusal was
“medically irrational” are, hopefully, over. By dint
of cases like Georgetown, the American medical pro-
fession had achieved something of the status of
an established state church. Its dogma regarding
the low risk and high benefits of blood transfu-
sions had been forced upon unbelievers by the
state. Through education and advocacy, the Wit-
nesses have convinced the state to reconsider its
position and to take a more neutral stance between
the beliefs of their religion and those of American
medicine. They have even managed to get Amer-
ican medicine to reconsider some of its beliefs in
the light of further evidence. In the process, all of
American society has benefited. Not only Jehovah’s
Witnesses, but patients in general, are today less
likely to be given unnecessary blood transfusions
because of the work of the Witnesses’ Hospital Li-
aison Committees. Patients in general enjoy greater
autonomy over a whole range of health care deci-
sions because of the work done by the Witnesses
as part of an overall patients’ rights movement.
And the causes of freedom in general and religious
freedom in particular have been advanced by the
Witnesses’ dedicated resistance to efforts to force
them to take action inconsistent with their religious
beliefs.

93 See, for example, New York Public Health Law, sec.
2803-c (a): “Every patient’s civil and religious liberties,
including the right to independent personal decisions and
knowledge of available choices, shall not be infringed and
the facility shall encourage and assist in the fullest possi-
ble exercise of these rights.” and (c) “Every patient shall
have the right to receive adequate and appropriate medi-
cal care, to be fully informed of his or her medical condi-
tion and proposed treatment unless medically contraindi-
cated, and to refuse medication and treatment after being
fully informed of and understanding the consequences.”
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Appendix A

Durable Power of Attorney for Health Care
(Pennsylvania Statutes Annotated title 20, §§5601 to 5607)

(1) I, ,
Print your full name

am of sound mind and I voluntarily make this Durable Power of Attorney for Health Care. There are two
parts to this document: Part 1 sets forth my health-care instructions; Part 2 appoints a person to make
health-care decisions for me on matters not covered in my instructions. This document shall take effect
upon my incapacity.

PART 1–Health-Care Instructions
(2) I am one of Jehovah’s Witnesses. On the basis of my firmly held religious convictions, see Acts 15:28,
29, and on the basis of my desire to avoid the numerous hazards and complications of blood, I absolutely,
unequivocally and resolutely refuse homologous blood (another person’s blood) and stored autolo-
gous blood (my own stored blood) under any and all circumstances, no matter what my medical condition.
This means no whole blood, no red cells, no white cells, no platelets, and no blood plasma no matter what
the consequences. Even if health-care providers (doctors, nurses etc.) believe that only blood transfusion
therapy will preserve my life or health, I do not want it. Family, relatives or friends may disagree with my
religious beliefs and with my wishes expressed herein. However, their disagreement is legally and ethically
irrelevant because it is my subjective choice that controls. Any such disagreement should in no way be
construed as creating ambiguity or doubt about the strength or substance of my wishes.

Also, because many health-care providers view Jehovah’s Witnesses refusal of blood with disapproval
and even hostility, I am concerned that someone may claim that I orally consented to a blood transfusion.
Thus, I hereby state that it is my conscious decision that my absolute refusal of blood transfusion shall
not be revocable by me orally. If anyone claims that I have orally consented to a blood transfusion, I
demand that such claim be ignored unless confirmed in writing signed by me and subscribed by at least two
disinterested witnesses.
(3) With respect to minor blood fractions* or products containing minor blood fractions, according to
my conscience I ACCEPT: [initial one of the three choices below]

(a) NONE.
(b) ALL.
(c) SOME. That is, I ACCEPT: [initial choice(s) below]
Products that may have been processed with or contain small amounts of albumin (e.g., streptoki-

nase, and some recombinant products [such as erythropoietin (EPO) and synthesised clotting factors], and
some radionuclide scan preparations may contain albumin).

Immunoglobulins (e.g., Rh immune globulin, gammaglobulin, horse serum, snake bite antivenins).
Clotting factors (e.g., fibrinogen, Factors VII, VIII, IX, XII).
Other:

(4) I accept and request alternative nonblood medical management to build up or conserve my
own blood, to avoid or minimize blood loss, to replace lost circulatory volume, or to stop bleeding. For
example, volume expanders such as dextran, saline or Ringer’s solution, or hetastarch would be acceptable
to me.

(5) With respect to non-stored autologous blood* (my own non-stored blood), according to my con-
science I ACCEPT: [initial choice(s) below]
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(a) DIALYSIS OR HEART-LUNG EQUIPMENT (diversion of my blood within an extracorporeal circuit
that does not involve storage or more than brief interruption of blood flow and that is constantly linked to my
circulatory system, provided any equipment used is not primed with stored blood).

(b) HEMODILUTION (dilution of my blood within an extracorporeal circuit that does not involve storage or
more than brief interruption of blood flow and that is constantly linked to my circulatory system, provided
any equipment used is not primed with stored blood).

(c) INTRAOPERATIVE OR POSTOPERATIVE BLOOD SALVAGE (contemporaneous recovery and rein-
fusion of blood lost during or after surgery that does not involve storage or more than brief interruption of
blood flow, provided any equipment used is not primed with stored blood).

(d) NONE.

* Warning: Consult your doctor regarding potential health risks.

(6) With respect to providing, withholding, or withdrawing life-sustaining treatment at the end of life,
and consistent with Pennsylvania Statutes Annotated title 20, § 5404, my declaration, which in no way
alters my absolute refusal of blood as directed above, is: [initial one of three choices below]

(a) NOT TO PROLONG LIFE*. That is, if to a reasonable degree of medical certainty my condition is hopeless

(for example, if to a reasonable degree of medical certainty I have an incurable and irreversible condition
that will result in my death within a relatively short time, or if am unconscious and to a reasonable de-
gree of medical certainty will not regain consciousness, or if I have brain damage or a brain disease that
makes me unable to recognize people or communicate and to a reasonable degree of medical certainty my
condition will not improve), I do not want my life to be prolonged. Thus in such situations, I do not want
mechanical respiration (ventilation), cardiopulmonary resuscitation (CPR), tube feeding (artificial nutrition
or hydration), etc. However, I do want palliative care – treatment for comfort.

(b) TO PROLONG LIFE. That is, I want my life to be prolonged as long as possible within the limits
of generally accepted health-care standards, although I realize this means that I might be kept alive on
machines for years in a hopeless condition.

(c) OTHER. [If you do not completely agree with either (a) or (b) above, you can initial here and
write your own end-of-life instructions in the space provided. NOTE: Unless your agent knows your wishes
about artificial nutrition and hydration, your agent may not be able to make decisions about these matters.]

(7) Other health-care instructions (e.g., your wishes regarding organ donation, current medication, aller-
gies, other medical problems, etc.):

(8) I am primarily concerned that my refusal of blood and choice of alternative nonblood management be
respected regardless of my medical condition. My rights under the federal and state constitutions and state
common law require health-care providers to respect and comply with my treatment decisions. My rights
are not dependant on, and do not vary with, my medical condition. Thus my decision to refuse blood and
choose nonblood management must be respected even if my life or health is deemed to be threatened by
my refusal. Stamford Hosp. v. Vega, 674 A.2d 821 (Conn. 1996) (Witness patient’s refusal of blood protected
by state common law right of bodily self-determination); In re Dubreuil, 629 So. 2d 819 (Fla. (1993) (Witness
patient’s refusal of blood protected by state constitutional rights of personal privacy and religious freedom);
Norwood Hosp. v. Munoz, 564 N.E.2d 1017 (Mass. 1991) (Witness patient’s refusal of blood protected by state
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common law right of bodily self-determination and federal constitutional right of personal privacy); Fosmire
v. Nicoleau, 551 N.E.2d 77 (N.Y. 1990) (Witness patient’s refusal of blood protected by state common law
right of bodily self-determination); In re E.G., 549 N.E.2d 322 (Ill. 1989) (Witness patient’s refusal of blood
protected by state common law right of bodily self-determination); Public Health Trust v. Wons, 541 So. 2d
96 (Fla. 1989) (Witness patient’s refusal of blood protected by state constitutional rights of personal privacy
and religious freedom); In re Milton, 505 N.E.2d 255 (Ohio 1987) (non-Witness patient’s religion-based
refusal of treatment protected by 1st Amendment guarantee of free exercise of religion; In re Brown, 478 So.
2d 1033 (Miss. 1985) (Witness patient’s refusal of blood protected by state constitutional rights of personal
privacy and religious freedom; In re Osborne, 294 A.2d 372 (D.C. 1972) (Witness patient’s refusal of blood
protected by 1st Amendment guarantee of free exercise of religion); In re Estate of Brooks, 205 N.E.2d 435
(Ill. 1965) (Witness patient’s refusal of blood protected by 1st Amendment guarantee of free exercise of
religion).

* [This footnote applies only to pregnant women.] If I am pregnant and there is a reasonable chance my
fetus could survice, I want my life to be prolonged for the sake of my fetus, notwithstanding my instructions
in Paragraph (6)(a). However, in no way does this change my wishes about nonblood treatment for both
myself and my fetus. After any efforts to save my fetus, my instructions in Paragraph (6)(a) shall again
control.

The United States Supreme Court has said that “[i]t is settled now . . . that the Constitution places limits
on a State’s right to interfere with a person’s most basic decisions about . . . bodily integrity.” Planned Parent-
hood v. Casey, 505 U.S. 833, 849 (1992). In Cruzan v. Missouri Department of Health, 497 U.S. 261 (1990), the
Supreme Court stated: “It cannot be disputed that the Due Process Clause [of the Fourteenth Amendment
to the United States Constitution] protects an interest in life as well as an interest in refusing life-sustaining
medical treatment.” Id. at 281. The Court also said: “The principle that a competent person has a constitu-
tionally protected liberty interest in refusing unwanted medical treatment may be inferred from our prior
decisions.” Id. at 278. In addition, in Washington v. Harper, 494 U.S. 210 (1990), the Supreme Court said
that prison inmates suffering from mental disorders possess “a significant liberty interest in avoiding the
unwanted administration of antipsychotic drugs under the Due Process Clause of the Fourteenth Amend-
ment.” Id. at 221-22. The Court also observed that “[t]he forcible injection of medical into a nonconsenting
person’s body represents a substantial interference with that person’s liberty.” Id. at 229.

There is no indication in these Supreme Court cases that a person must be in a terminal, irreversible,
incurable or untreatable condition, or in a permanently unconscious or vegetative state in order to exer-
cise his fundamental Fourth Amendment right to refuse treatment or otherwise control what is done to
his body. Indeed, Nancy Cruzan herself was not terminally ill. See 497 U.S. at 266, n.1. Moreover, implicit
throughout the majority opinion in Cruzan and expressly stated in Justice O’Connor’s concurrence and all
the dissents (except Justice Scalia’s) is the acceptance of advance written directives as clear and convincing
evidence of a formerly competent person’s wishes. Therefore, because I have prepared this advance direc-
tive while competent, if I become incompetent, my wishes as expressed herein must be respected as if I
were competent.

(9) [This paragraph applies only to pregnant women.] In Planned Parenthood v. Casey, 505 U.S. 833, 860
(1992), the Supreme Court confirmed that “viability marks the earliest point at which the State’s interest
in fetal life is constitutionally adequate to justify a legislative ban on therapeutic abortions.” Thus, since
I have the right to abort my pregnancy before viability I necessarily have the lesser right to refuse blood
transfusions before viability. In addition, even if my fetus is viable, the Supreme Court has said that mothers
cannot be exposed to increased medical risks for the sake of their fetuses and that the state’s interest in the
potential life of the fetus is insufficient to override the mother’s interest in preserving her own health.
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Thornburgh v. American College of Obstetricians & Gynecologists, 476 U.S. 747, 768 –71 (1986); see Planned
Parenthood v. Casey, 505 U.S. 833, 846 (1992). Also, in the cases of In re A.C., 573 A.2d 1235 (D.C. 1990),
and In re Doe, 632 N.E.2d 326 (Ill. App. Ct.), cert. denied, 114 S. Ct. 1198 (1994), refusals of treatment by
women with viable fetuses were upheld. Although both of these cases involved Caesarean sections, as a
matter of principle and logic they show that it is the pregnant woman who should decide what is to be done
to herself and her fetus. Therefore, I demand that my refusal of blood and choice of alternative nonblood
management be followed and that my doctors manage my care and the care of my fetus without transfused
blood.
(10) In sum, based on federal and state constitutional law and state common law, I demand that the
instructions set forth in this document be followed regardless of my medical condition. Any attempt to
administer blood to me contrary to my instructions will be a violation of my Fourteenth Amendment
liberty interest in bodily self-determination, my First Amendment right of religious free exercise, my state
constitutional rights of personal liberty or privacy and religious freedom, and my state common law rights
of bodily self-determination and personal autonomy.

PART 2–Appointment of Health-Care Agent
(11) I hereby appoint the following person as my health-care agent: [Notice: You may choose any adult to
be your agent, but it is recommended that you not choose your doctor, any of your doctor’s employees, or
any employee of a hospital or nursing home where you might be a patient, unless the individual is related
to you by blood, marriage, or adoption.]
Agent’s full name:
Agent’s address:
Work Telephone: ( ) Home Telephone: ( ) Other: ( )
(12) If the agent appointed above is unavailable, unable, or unwilling to serve or continue to serve, then
I appoint the following alternative agent to serve with the same powers: [See “Notice” in Paragraph 11
above.]
Alternate agent’s full name:
Alternate agent’s address:
Work Telephone: ( ) Home Telephone: ( ) Other: ( )
(13) To the extent this document sets forth my health-care instructions, there is no need or reason to look
to my agent for a decision. However, I grant my agent full power and authority to ensure that the wishes
expressed in this document are followed by health-care providers. Further, I grant my agent full power
and authority to make health-care decisions for me on matters not covered by this document. My agent’s
authority is effective as long as I am incapable of make my own health-care decisions.
(14) In harmony with the limitations in the preceding paragraph, my agent’s authority shall include but
not be limited to the following:

(a) To consent to, refuse, or withdraw consent to any or all types of medical care treatment, surgical
procedures, diagnostic procedures, medication, and the use of other mechanical or other procedures
related to health care. This authorization includes the power to consent to pain-relieving medication for
relief of severe and intractable pain.

(b) To request, review, and received any information, oral or written, regarding my physical or mental
health, including, but not limited to, medical and hospital records, and to consent to the disclosure of
this information.

(c) To employ or discharge my health-care providers; to authorize my admission or discharge from any
hospital, nursing home, mental health or other medical care facility; and the take any lawful actions that
may be necessary to carry out my wishes, including the granting of releases from liability to health-care
providers.
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(15) A copy of this document shall be as valid as the original. I ask that a copy of this document be made
part of my permanent medical record. I have provided copies of this document to my health-care agent and
alternate agent. It is my intention that this document be honored in any jurisdiction in which it is presented
and that it be construed liberally to give my agent the fullest discretion in making health-care decisions in
my behalf consistent with my instructions.
(16) If my health-care providers cannot respect my wishes as expressed in this document or as otherwise
known to my agent and a transfer of care is necessary to effectuate my wishes, I direct my health-care
providers to cooperate with and assist my agent in promptly transferring me to another health-care provider
that will respect my wishes. In such circumstances, I direct my health-care providers to transfer promptly
all my medical records, including a copy of this document, to the other health-care provider.
(17) This document revokes any prior health-care power of attorney or health-care proxy executed by me.
(18) The provisions of this entire document are separable, so that the invalidity of one or more provisions
shall not affect any others.
(19) I understand the full import of this document and I am emotionally and mentally competent to
execute it.
(20) SIGNED:

Your signature Date

Address
(21) STATEMENT BY WITNESSES

I declare that the person who signed this document (the principal) or the person who signed on behalf
and at the direction of the principal knowingly and voluntarily signed this writing by signature or mark in
my presence. Also, I am not the person appointed as agent or alternate agent by this document.

Signature of witness 1 Signature of witness 2

Print name Print name

Address Address



c44 BLBK256-Maniatis July 26, 2010 12:47 Trim: 246mm X 189mm Char Count=

552 Jehovah’s Witnesses, and Rights Movement



c44 BLBK256-Maniatis July 26, 2010 12:47 Trim: 246mm X 189mm Char Count=

Chapter 44 553



c44 BLBK256-Maniatis July 26, 2010 12:47 Trim: 246mm X 189mm Char Count=

554 Jehovah’s Witnesses, and Rights Movement



c44 BLBK256-Maniatis July 26, 2010 12:47 Trim: 246mm X 189mm Char Count=

Chapter 44 555

Checklist for Filling out Durable Power of Attorney for Health Care 

(check off each box below as section is completed) 

What To Do )s(ecnerefeR 

 Paragraph (1) •Print your full name……………………………………………………………. self-explanatory 

  snoitcurtsnI eraC-htlaeH–1 TRAP 

 Paragraph (3) •Initial one of the three choices regarding minor blood fractions.*………….... w94 10/1 p.31, 

w90 6/1 pp. 30-

1

 Paragraph (5) •Initial choices(s) regard autologous blood.*…………………………………… w89 3/1 pp. 30-1 

 Paragraph (6) •Initial one of the three choices regarding end-of-life decisions……………….. q&a #18-20, 

g91 10/22 pp. 

3-9, g86 9/8 pp. 

20-1

PART 2–Appointment of Health-Care Agent 

 Paragraph (11) •Name a health-care agent, list address, and telephone numbers……………… q&a #3, 21-26 

 Paragraph (12) •Name an alternate health-care agent, etc. …………………………………….. self-explanatory

 Paragraph (20) •Sign your name in the presence of two witnesses, etc. ………………………. self-explanatory

 Paragraph (21) •Your two witnesses sign, etc. ………………………………………………….. self-explanatory

___________________

Abbreviations: w = The Watchtower; g = Awake!; q&a = Refers to this 4-page guide with its questions and answers. 

*This is a conscience matter and may not be acceptable to some of Jehovah’s Witnesses.   PA 1/97 

 (You may wish to type or write in the language indicated below on your Advance Medical Directive/Release to 

indicate that you have executed a health-care power of attorney. –See question and answer #9 on first page of this 

guide.)

 Allergies:___________________________ 

Current medication:___________________ 

Medical problems:____________________ 

___________________________________

– – – – – – – – – – – – – – – – – – – – – – – – 

MEDICAL DIRECTIVE 
(Signed document inside) 
I have also executed a 
health-care power of 
attorney (or proxy). 

NO BLOOD 

IN CASE OF EMERGENCY, 

PLEASE CONTACT: 

Name:_______________________________
(health-care agent)

Telephone:___________________________ 

Address:_____________________________

____________________________________

ALTERNATE CONTACT: 

Name:_______________________________
(alternate health-care 

agent)
Telephone:___________________________

Address:_____________________________

____________________________________

 Open to signed document
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CHAPTER 45

The Cost and Cost-Effectiveness of
Allogeneic and Autologous Blood
Brian Custer
Blood Systems Research Institute, San Francisco, USA

Introduction

The previous edition of this chapter in Alternatives
to Blood Transfusion in Transfusion Medicine raised im-
portant issues [1]. Unfortunately, in the interven-
ing years relatively little additional research has
been conducted on the economics of allogeneic ver-
sus autologous blood. Some of the hypotheses dis-
cussed in the previous edition are yet to be veri-
fied. The cost and cost-effectiveness of allogeneic
and autologous blood remain important questions
without overwhelming evidence in support of one
option over the other, although a deeper under-
standing of the contributors to the cost of each type
of blood is emerging. The risks and costs of allo-
geneic transfusion that broadly range over several
different types of adverse outcomes from transfu-
sion of the wrong blood type through transfusion-
related immunomodulation (TRIM) to transfusion-
transmitted infection remain the most important
hazards of allogeneic transfusion. For autologous
blood, the primary benefits remain the elimina-
tion of many, but not all, such adverse events. The
cost-effectiveness of each of these approaches to
blood transfusion varies on the basis of the trans-
fusion indication and patient population. Also, be-
cause autologous blood is not always a viable sub-
stitute for allogeneic blood even within the same
surgical category, such as orthopedic arthroplasty,
studies that compare these transfusion approaches

can be severely limited by confounding by indica-
tion based on the underlying patient characteristics.
Therefore, while this chapter will focus on general
economic evidence related to allogeneic and autol-
ogous blood, it is important to recognize that avail-
able evidence may not always be applicable to spe-
cific settings or patients.

Part I—cost of blood

In developing countries, economic factors seem in-
surmountable, for example, in countries such as
Haiti, Guatemala, and Honduras [and many other
developing countries], the cost of processing a unit
of donated blood exceeds the annual per capita
budget allocation for health care [2]. In most de-
veloped countries, the cost of blood and transfusion
represents approximately 1% of the entire health
care budget. In the United States in 2003, blood and
blood components comprised less than 1% of hos-
pital expenses equaling about $3 billion out of $500
billion in total hospital expenses [3] and in a typical
hospital laboratory, the largest single budget item is
blood products for transfusion [4]. While the per-
centage of total health care expenditures that blood
and transfusion comprises in developed countries
is relatively small, blood transfusion costs remain a
relevant consideration and target for resource allo-
cation scrutiny due to recent increases in the per-
unit cost of blood procurement and testing and be-
cause overutilization of blood and the associated
costs incurred are preventable. Moreover, there is
potential for substantial resource saving of not only
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Figure 45.1 Average per unit red cell blood charge to hospitals by America’s Blood Centers members in the last 20
years with the date of implementation of additional safety measures indicated and adjusted to 2006 USD. The dark line
represents nonleukoreduced red blood cells and the gray line represents leukoreduced red blood cells. Reproduced with
permission from America’s Blood Centers.

money but also blood itself. Each of these potential
savings is increasingly relevant because the eligible
donor pool may not be as large as previously esti-
mated [5] and as the blood donor population ages
without replacement by younger donors, the po-
tential for reduced blood availability places a new
emphasis on improved utilization. Potential for fur-
ther increases in the cost of blood also contributes
to the need to reconsider the trade-offs between al-
logeneic and autologous blood.

For allogeneic blood, the societal perspective at-
tempts to capture all costs that are incurred from
the donor to the recipient, including the cost of
adverse events. A blood bank’s cost of procuring
and supplying blood is the first component of the
overall cost of blood from the societal perspective.
These costs are the easiest to measure because they
are reflected in the blood center charges that hos-
pitals pay for obtaining blood. Based on a survey
of over 1400 hospitals and blood centers in 2001
in the United States, the mean cost of 1 unit of
leukoreduced (nonirradiated, non-CMV-negative)
packed RBC was $154 representing a 26% increase
over the 1999 cost [6]. Similarly, the mean cost of a
unit of aphaeresis platelets was $475 representing a
4.6% decrease from 1999, and for FFP, the mean

cost of unit was $52 representing a 4% increase
over the same time period [6]. Unfortunately, the
lag time for the publication of this type of data is
years, and so the reported results may not be re-
flective of the current procurement cost of blood
from a hospital perspective. The costs of additional
safety measures for allogeneic blood over the last
20 years are reflected in the steady increase in
blood charges at US hospitals (Figure 45.1), as ev-
ident by the transition to near-universal leukore-
duction and expanding infectious disease testing
(NAT for HIV, HCV, and WNV, and now serologi-
cal screening for Chagas disease in 2007). Each new
safety measure can be linked to an increase in the
fees charged to hospitals by blood centers. Interna-
tionally blood cost publications over the last decade
have shown a steady increase in the cost of blood,
with substantial increases ranging between 26 and
170% over the period from the middle 1990s to
middle 2000s evident in Canada, the United States,
and the United Kingdom [7].

Consensus cost elements
Reports on the cost of blood are limited by the
cost categories used in each analysis. The seemingly
simple question of “What is the cost of blood?”
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Societal costs (Steps 1–4):
• Donor opportunity
• Productivity losses/labor
• Blood center volunteers

Societal costs (Steps 7–9):
• Transfusion recipient opportunity
• Productivity losses/labor
• Transfusion service volunteers

Blood center/collection facility Transfusion service

1. Donor recruitment
and qualification

2. Blood collection

3a. Blood processing

3b. Lab testing

4. Blood
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notification, and

tracking
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center inventory,
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transport
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preparation
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and follow-up
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outcomes
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Figure 45.2 Cost elements or cost centers that contribute to the overall societal cost of allogeneic blood, solid arrows
show direct cost dependencies and dashed arrows show indirect dependencies and feedback influences. Reprinted from
Transfusion Medicine Reviews, 19(1), The Cost of Blood: Multidisciplinary Consensus Conference for a Standard
Methodology, 66–78, Copyright 2005, with permission from Elsevier.

turns out to be not so simple. A new approach has
begun, which works by defining the cost contribu-
tors to be included in an assessment of the overall
cost of blood (Figure 45.2). Two research projects
have sought to define the cost elements that should
be included by convening experts and developing
consensus recommendations, followed by work to
develop activity based cost accounting methods to
capture the costs of transfusion more rigorously
[8,9].

Blood cost literature
Detailing the elements that should be included and
actually measuring these elements are separate ac-

tivities. A small number of studies have assessed the
cost of blood from the societal perspective in dif-
ferent developed countries. In a systematic review
done in 1999, the cost of blood (adjusted to con-
stant 1990 USD) was $155 for allogeneic transfu-
sion in the United Kingdom, $187 in Canada, and
$341 in the United States [7].

At least two studies in the United States have
sought to estimate the societal cost of procuring
blood in the nation [10, 11]. Each of these studies
focused on whole blood and red cell procurement
and only the costs of obtaining blood for transfu-
sion, not the cost of transfusion or adverse events.
The societal cost of procuring whole blood was
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between $154 and $218, depending on the region
of the country. Blood costs in the United States
have been estimated as part of other economic
evaluation studies, but infrequently from a soci-
etal perspective. The reported cost of a unit of red
cells ranges from as low as $67 to as high as $398
[12–16]. Each of these studies assessed cost from
the hospital perspective (purchasing and transfus-
ing blood). Some of these cost estimates include the
cost of unintended consequences of transfusion-
transmitted infections.

A comprehensive societal cost perspective should
include the following broad categories: donors’
opportunity cost (the value of forgone benefits
because a resource is not available for its best alter-
native use [17] in the case of blood donation, this is
the cost of the donor’s time spent donating because
the donor could have chosen to do something else
with his or her time.), cost of collecting blood,
blood center processing and testing, distribution,
delivery (hospital transfusion service processing
and patient administration), transfusion reaction
and adverse events management, and blood
wastage. Wastage of autologous (and allogeneic)
blood should be included because resources are
consumed in collecting, processing, and storage
of every unit of autologous blood regardless of
whether it is transfused and each of these repre-
sents an opportunity cost for the healthcare sector
in any setting or country. The unit cost estimate
from Canada for allogeneic red cell transfusion was
$265 in 2002 USD [18]. Increases in costs compared
with previous studies were attributed to additional
safety measures such as the adoption of nucleic
acid testing and leukoreduction, closely paralleling
the cost increases seen in the United States. A study
from Sweden estimated the cost of transfusion
of 2 units of leukoreduced allogeneic red cells,
which was €702 (€373 for the first unit and €329
for the second unit); similarly, the societal cost
for 2 units of autologous blood was €598 (€304
for the first unit and €294 for the second unit)
[19].

Limitations of blood cost studies
In most settings, a unit of donated allogeneic whole
blood is processed into red cell, platelet, and plasma

components. The issue of component production
requires consideration of joint costs, which are
costs incurred in a single process that results in 2
or more distinct outputs. The relevance of this is-
sue for allogeneic blood has been noted for years
[20, 21]. However, although the need to account
for joint costs has been clearly established and dis-
cussed in the blood procurement literature [10] and
blood cost literature [22], few studies have actu-
ally used joint cost methodologies to appropriately
estimate the cost of procurement of allogeneic red
cells and other components. From a societal per-
spective, the donors’ opportunity cost to donate,
the cost of collection, processing, and testing, all
should be distributed across all products that are
produced from a unit of donated whole blood. Dis-
tributing these costs across the relevant component
produced in a given setting would lower the pro-
curement cost for a unit of packed allogeneic red
cells.

Other elements that contribute to the overall
cost of blood have received little consideration. The
costs of insurance premiums and litigation resulting
from adverse transfusion outcomes, and the cost
of organizing and maintaining national or multi-
national hemovigilance systems have not been in-
cluded in previous estimates of the societal cost of
blood [9]. Incorporating these additional elements
will result in increased cost estimates for both allo-
geneic and autologous blood. Although the relative
increase is likely to be larger for allogeneic blood,
ethical, legal, and liability issues are present for au-
tologous blood especially because in most settings,
autologous blood is not tested for infectious mark-
ers before transfusion [23–25].

The most important cost for autologous blood
is wastage. The cost of autologous blood increases
substantially when wastage is included. In a study
that modeled the use of autologous blood in surgi-
cal procedures, up to 66% of the preoperative col-
lected autologous blood was wasted resulting in an
increased cost of up to $4783 from $68 per unit, at
the time when autologous blood was used instead
of allogeneic blood depending on the surgery and
amount of blood wasted [26]. In the United States,
autologous unit wastage continues to be approxi-
mately 50% [27].
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When costs of allogeneic and autologous blood
are compared, an implicit assumption is that they
are complete substitutes for one another. Clearly
this is not true and clinicians recognize that autol-
ogous blood is only appropriate for the subset of
patients having elective or planned procedures in
which there is appropriate time to store blood and
for which the patient is in sufficient health to be
able to provide preoperative blood [28].

Part II—cost effectiveness of
allogeneic and autologous blood

Although trends indicate a decline in preoperative
autologous donation, overall, autologous blood re-
mains the standard of care in the United States for
patients undergoing total joint replacement surgery
[29] with autologous transfusion accounting for
2.6% of all transfused units in 2001 [6]. However,
recent efforts to establish more consistent blood uti-
lization and transfusion practices across hospitals in
the United States have focused on many changes
including reducing autologous transfusion because
of the costs and potential health implications of this
procedure. The use of autologous predonation is
being discouraged in favor of intraoperative blood
donation (acute normovolemic hemodilution) and
the use of algorithms that employ selective preop-
erative epoetin alfa and the use of evidence-based
transfusion guidelines [30]. In other countries, au-
tologous blood is not as available as an alterna-
tive to allogeneic transfusion. For example, in Swe-
den, autologous donations accounted for 0.13% of
transfused units in 2002 [19] and in the United
Kingdom, the standard practice is allogeneic blood
[31].

Overview of methods
In health and medicine, cost-effectiveness analysis
(CEA) is a methodology that assesses both the costs
and medical outcomes of health care interventions.
CEA studies provide results as a ratio of costs and
effects in terms of natural units such as deaths
prevented or infections avoided and are explicitly
incremental analyses comparing one intervention
with another. In some analyses, the comparator in-

tervention is a “do nothing” or “no intervention”
strategy. However, in analyses of preoperative au-
tologous donation, the comparator intervention is
most often the allogeneic blood and sometimes in-
traoperative cell salvage. Cost utility analysis (CUA)
is the same methodology as CEA but includes either
disability-adjusted life years (DALYs) or quality-
adjusted life years (QALYs). In developed coun-
tries, QALYs is the preferred measure of outcome
because the QALY includes not only mortality but
also morbidity and decreased quality of life that oc-
cur in the health states before and after the use
of each intervention. The major advantage of CUA
studies is that cost/QALY results allow for the com-
parison of interventions within and across differ-
ent health care disciplines. Because of the variable
types and severity of adverse outcomes that are
possible from transfusion, it is almost always appro-
priate to use CUA methods to compare alternatives.
Overall economic evidence and the limitations of
these analyses in blood safety and transfusion
medicine have been discussed in the literature [32,
33]. Discussion of economic evaluation methods for
blood transfusion from a hospital perspective fo-
cuses on cost-minimization [30,34] which is not as
useful for assessing the overall health achieved by
the use of different transfusion alternatives.

CUA of autologous compared with
allogeneic blood
Assessments of the cost utility of autologous blood
compared with allogeneic blood mainly come from
studies conducted and published in the 1990s.
The publication dates are important because with
the adoption of leukoreduction and screening tests
such as nucleic acid testing for HIV and HCV in al-
logeneic blood, the current viral marker risk profile
of allogeneic blood is much lower than what it was
at the time of these studies and on the other hand,
the current cost of allogeneic blood is significantly
higher as a result of such safety measures.

Within the available published studies, there is
wide variability in the cost utility profile of autolo-
gous blood because of the assumptions made by the
researchers, the infectious risks included, the esti-
mated risk of infection acquisition from allogeneic
blood, and disease penetrance with consequent
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Table 45.1 Cost utility of autologous compared to allogeneic blood. Each results provides the cost utility of autologous
blood compared to allogeneic blood in terms of $USD/QALY.

Surgical procedure

Analysis
year Perspective

Total joint
replacement
(hip or knee)

Coronary
artery
bypass
graft

Gynecologic
surgery
(hysterectomy or
tumor removal Prostatectomy

Author and
reference(s)

1992 Hospital 235,000 508,000 Birkmeyer [35,36]
1992 Societal 235,000 494,000 1,358,000 23,643,000 Etchason [37]
1992 Societal 725 net saving Healy [38]
1997
(2000)

Third-party payer 2470
(2750) (532)

Sonnenerg [14,39]

1994 Hospital 1043 net saving 1470 Blumberg [40]
1998 Healthcare payer 1,785,000 Marchetti [41]
1998 Not stated 2,208,000 Horowitz [42]
1992 Societal 1,813,000 Goodnough [43]

costs of care and reduced life expectancy. The re-
sults of these analyses vary from autologous blood
being a dominant strategy (costs less and is more
effective) to having very poor cost utility (Table
45.1). The fact that the economic evidence remains
conflicted is somewhat surprising. A brief review
of these studies will help place the results in con-
text. First studies have not examined the same
surgical procedures. Etchason and colleagues eval-
uated four surgical procedures: hip replacement,
coronary artery bypass grafting (CABG), hysterec-
tomy, and prostatectomy [37]. Birkmeyer and col-
leagues, Etchason and colleagues, Sonnenberg and
colleagues, Healy and colleagues, and Blumberg
and colleagues included hip or knee replacement
surgery as a surgical intervention, thus allowing for
the most direct comparison of results between these
studies with base case results of $557,000/QALY,
$235,000/QALY, $2470/QALY, and cost savings
in two studies, respectively. Each of the stud-
ies that found autologous blood to be cost sav-
ings used a CEA as opposed to CUA methodol-
ogy. In addition, Sonnenberg, Etchason, and an-
other Birkmeyer study report results for CABG
with results of $1470/QALY, $494,000/QALY, and
$508,000/QALY, respectively. In a study from
Italy, Marchetti reported results for CABG of
$1,785,000/QALY.

Limitations of cost-effectiveness and
cost utility studies
An effort to examine the reason for the variability
in results highlights the importance of the analyt-
ical approach [32]. For hip or knee replacement,
three studies have similar increased incremental
costs [14,35,37] and two other studies suggest that
autologous blood is cost saving [38,40]. In compari-
son, three studies have similar increased incremen-
tal effectiveness [35, 37, 38], with the other study
having a much larger incremental effectiveness re-
sult [14]. The results for the two CABG studies that
provide incremental cost and effectiveness results
are similar to each other [36,37].

Several factors contribute to the variability of
hip or knee replacement results. First, the analysis
perspective is not consistent—two studies were
conducted from a hospital perspective [35, 44],
two studies conducted from a third party payer
perspective [14, 38], and the other from a societal
perspective [37]. Each perspective leads to the
inclusion of different cost categories. Second,
the assumptions in each analysis are different.
For hip or knee replacement, the most critical
difference between the studies was whether bac-
terial infection risk resulting from TRIM effects of
allogeneic blood is included in the analysis. TRIM
encompasses the laboratory immune aberrations
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that occur after allogeneic transfusion and the
established or purported clinical effects that could
be beneficial or deleterious [45]. The purported
postoperative bacterial infections caused by TRIM
are related to immune modulatory or suppressive
effects allowing recipient sepsis to develop from
endogenous sources. However, evidence of the
role and consequences of TRIM resulting from
allogeneic transfusion remains controversial. The
three economic analyses that included bacterial
infection risk suggest that preoperative autologous
blood donation is either a dominant strategy [38],
cost saving strategy [40], or a highly cost-effective
strategy [14] compared with allogeneic blood.
Meta-analysis of multiple studies indicates that
the risk of postoperative infection is over 2 times
greater in persons who receive allogeneic blood
compared with autologous blood [46]. Neither of
the two studies that reported relatively poor cost
utility of autologous blood for CABG included
bacterial infection risk. However, the risk of bac-
terial contamination is most critical for platelets as
opposed to red cells, and bacterial contamination is
not reserved only for allogeneic blood; autologous
blood can also have bacterial contamination [47].

More recently published studies have sought to
assess current cost utility profiles of allogeneic and
autologous blood in different patient populations
and different countries, including countries with
different developmental status. One of the previous
cost-effectiveness studies of autologous blood was
updated with new risk estimates [39]. In the up-
dated analysis, the cost utility of autologous blood
for hip replacement was $2750/QALY in year 2000
USD, a result only slightly less cost-effective than
from the original study conducted 3 years earlier.
On the other hand, a study of the use of autologous
blood in gynecologic patients undergoing hysterec-
tomy or related surgical procedures found the
cost-effectiveness of autologous blood exceeded
$1,000,000/QALY for the procedures considered
[42]. In developing countries where the risk of
transfusion-transmitted infection remains high,
autologous blood, although logistically complex,
may be a highly cost-effective intervention [48].
However while conceptually attractive from the
standpoint of reducing the risk of viral infection

acquisition, the operational feasibility of preopera-
tive autologous collection and storage until needed
in developing countries has not been carefully
evaluated.

The most extensive systematic reviews and meta-
analyses of preoperative autologous blood have
been conducted under the sponsorship of the
Cochrane Collaboration for the National Health
Service by the Health Technology Assessment pro-
gram in the United Kingdom [31, 49]. The evi-
dence from randomized trials comparing autolo-
gous blood with allogeneic blood consistently show
that autologous blood significantly reduces the risk
of exposure to allogeneic, with meta-analysis of
studies with sufficient quality further demonstrat-
ing this relationship [31, 49]. However, while au-
tologous blood reduces the likelihood of exposure
to allogeneic blood, preoperative autologous blood
donation increases the risk of exposure to any type
of blood (autologous or allogeneic) [31, 49]. Ev-
idence from some randomized clinical trials sug-
gests that autologous blood is better than allogeneic
blood [50], whereas other studies have not found a
benefit. Nonetheless, these are effectiveness ques-
tions and are addressed elsewhere in Alternatives to

Blood Transfusion in Transfusion Medicine (see Chap-
ter 7 The Benefits of Allogeneic Erythrocyte Trans-
fusion: What Evidence Do We Have?). Very few
randomized trials have measured costs as part of
the trial. The lack of cost estimates makes it difficult
to determine whether autologous blood provides a
measurable economic benefit. Long-term studies of
accumulated health care costs between allogeneic
and autologous blood are not available. In at least
one randomized study with a short-term time hori-
zon where costs were collected at the time of the
trial, costs were higher by $758 per patient in the
autologous blood arm because of the wastage of au-
tologous units [51].

Summary

Closely related to preoperative autologous dona-
tion is the use of intraoperative cell savage. The
use of this procedure is increasingly common and
may have more favorable cost-effectiveness than
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preoperative autologous donation [34]. Unfortu-
nately, there are too few published studies of the
health economics of this topic from which to draw
conclusions. The next chapters of Alternatives to
Blood Transfusion in Transfusion Medicine address. The
economic data on preoperative autologous blood
compared with allogeneic blood remain limited and
conflicting. The cost of collecting and processing al-
logeneic blood exceeds the cost of collecting au-
tologous blood, and the cost of adverse events are
higher for allogeneic blood. However, autologous
blood donation results in significant blood wastage
and increases the chances of receiving any type of
blood. Each of these factors increases the cost of
each unit of autologous blood. The relative cost-
effectiveness of autologous blood compared with
allogeneic blood continues to hinge on the exis-
tence and sequelae of TRIM. If TRIM is a true phe-
nomena associated with allogeneic blood that leads
to increased risk of clinical complications such as
bacterial sepsis and cancer recurrence and other
perturbations of a blood recipient’s immune sys-
tem, beyond those associated with the effects of
blood storage alone which occur for both allogeneic
and autologous blood, the cost utility of autolo-
gous blood is likely favorable. As stated in 1999
and reiterated in 2006, until more definitive data
are available on the magnitude and costs of the
risk of TRIM-induced bacterial infection, the cost-
effectiveness of preoperative autologous blood do-
nation remains debatable [14,31].
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CHAPTER 46

Autologous Blood Predonation in
Cardiac Surgery
Wulf Dietrich
Institute for Research in Cardiac Anesthesia and Working Group of Perioperative Hemostasis, Departments of Anesthesiology
and Transfusion Medicine, University of Munich, Munich, Germany

Autologous blood donation is one of the oldest
methods of avoiding allogeneic blood transfusion.
It gained high popularity during the AIDS crisis
in the 1980s. A contemporary editorial in New
England Journal of Medicine was entitled “The pa-
tient’s blood is the safest blood” [1]. It is commonly
practiced in a variety of noncardiac procedures;
but it was demonstrated repeatedly also prior to
elective cardiac surgery to be an effective practice
to reduce the exposure of patients to allogeneic
blood [2–4]. Other studies did not completely
confirm these results [5].

Perioperative bleeding presents still a problem
in cardiac surgery [6]. Transfusion medicine
has changed considerably over the past years.
However, transfusion of allogeneic blood still is
associated with inherent risks. Recently, the risk of
transfusion of allogeneic blood products on short-
[7, 8] and long-term [9] outcome was emphasized
[10,11].

An extended guideline evaluated the effective-
ness of autologous predonation [6] and concluded
that predonation of as much as two units autol-
ogous blood is reasonable for blood conservation
in carefully selected patients before routine cardiac
operation. This was a class I recommendation with
a level A evidence.

A systematic review from the Cochrane Library
published in the year 2001 found an overall

reduction of the risk receiving allogeneic blood
transfusion by a relative 63%. The absolute re-
duction was 44%. But the risk of receiving any
transfusion (autologous and/or allogeneic) was
even increased in patients who predonated. The
authors concluded that, since allogeneic blood is
safe nowadays, the true benefit of predonation
is questionable [12]. The overall quality of the
investigated studies in this review was poor. This
review was not updated until now.

In the early days there were concerns about the
safety of this method, especially about an increase
in the risk of myocardial infarction due to the loss
of hemoglobin. But today there is an increasing
body of publications documenting the safety of
this technique. However, the cost-effectiveness has
been questioned. Recent investigations examined
the cost-effectiveness of autologous blood donation
and presumed a low cost-effectiveness of this
practice [13, 14]. In these studies effectiveness
was defined as quality-adjusted years of life
saved (QALY) by the avoidance of transfusion-
transmitted viral infections like HIV, hepatitis or
HTLV. The extremely low per-unit probability of
these infections [15] resulted in cost-effectiveness
values ranging from 235,000 USD up to 1,190,000
USD per QALY for autologous blood donation in
elective cardiac surgery [14]. From these results
it has been concluded that autologous blood
donation is not cost-effective [16].

The high costs of autologous predonation are
mainly the result of high personnel costs and
unnecessary predonation resulting in discarding
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predonated blood units. The personnel costs can be
reduced by optimal organization of the predona-
tion unit, while tailoring the predonation program
to the specific needs of a specific hospital and/or
a defined patient population, can lower the dis-
carding rate. A prerequisite for this is the thorough
information about the transfusion practice within
the hospital.

The cost-effectiveness model of autologous
blood donation based solely on the avoidance
of viral infections excludes several aspects from
consideration: potential risks associated with allo-
geneic transfusion like posttransfusion infections
[17–21] or long-term mortality [22] could change
the estimates of cost-effectiveness substantially.
Other studies also reported an unfavorable effect
of allogeneic blood-product transfusion [7, 23, 24].
Further, the emergence of new diseases is likely
to place considerable additional cost to allogeneic
transfusion by the implementation of new test-
ing or inactivation strategies [25, 26]. Neither
patient’s preferences nor quality of life related to
transfusion practices are weighted against the cost
of autologous blood donation. Finally, there are
repeated serious shortages of blood supply, placing
increasing attention to the development of blood
conservation strategies.

Experiences and results of a
center with organized autologous
predonation program

We analyzed the practice and results of the autol-
ogous predonation program at our hospital [27].
The aim of that study was to assess transfusion
practice and costs in cardiac surgery with and
without autologous blood donation and to develop
a diagnosis- and gender-based decision model for
the optimization of autologous blood donation. The
costs of autologous predonation and transfusion
were calculated. We studied 4878 patients under-
going elective open-heart surgery with and with-
out autologous blood donation. Out of these, 868
patients (18%) underwent autologous blood dona-
tion while 4010 (82%) did not. Allogeneic blood
transfusion was recorded as primary end point.

Autologous blood donation was carried out on an
outpatient basis in the German Heart Center Mu-
nich by an anesthesiologist experienced in blood
donation and the respective surgical intervention.
There was at least one session and a maximum of
three sessions depending on diagnosis, gender, and
available time before the operation. To utilize the
capacity of the staff effectively, as far as possible, at
least four patients donated blood in parallel. Within
each session 6 to 8 mL/kg of whole blood were
taken and processed to one unit of packed red cells
(PRC) and one unit of fresh frozen plasma (FFP).
Since 2003 the majority of donated units was
stored as whole blood. The removed blood volume
was simultaneously substituted by crystalloids.
The last session of autologous blood donation was
carried out no later than 5 days before admission
to the hospital for surgery. All patients were
routinely substituted with oral iron. This technique
of autotransfusion and the incidence was not
changed after the withdrawal of aprotinin, which
was routinely used in almost all patients, in 2006.

Demographic and clinical data of patients were
documented prospectively according to a standard-
ized database. The preoperative cardiovascular state
of patients was assessed according to the NYHA
classification and the Cleveland Clinic risk stratifi-
cation [28]. Perioperative transfusion was indicated
if the hematocrit was less than 21% in female and
less than 24% in male patients or less than 18%
during ECC or if clinical signs of insufficient oxy-
gen supply were apparent. Intravenous anesthesia
with sufentanil, midazolam, and pancuronium was
used in all patients. A high dose aprotinin regime
(approximately 6 million KIU per patient) was part
of the routine protocol.

To estimate the number of autologous blood
donations necessary to avoid the transfusion of
one unit of allogeneic blood a decision-model
was developed. Calculation basis was a decision
tree. Decision tree analysis was conducted for the
whole population and for coronary artery bypass
grafting (CABG) and aortic valve replacement
(AVR) patients, separately for male and female pa-
tients. Patients who were classified NYHA IV were
excluded, since most of them were not eligible for
autologous blood donation (Figure 46.1).
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Figure 46.1 Decision tree analysis of
all patients. While 48% of patients
without predonation received
allogeneic blood transfusion, only 24,
14, or 10%, respectively, of patients
with predonation received allogeneic
blood. This figure shows that the
predonation of two units autologous
blood caused the best blood saving
effect (U = units of allogeneic blood).
In total, the donation of three units
was no more effective. However, in
the subgroup of female patients the
predonation of three units was more
effective compared to two units. The
autologous program must be tailored
to the specific needs of patients and
operation.

Costs were calculated from the hospital perspec-
tive, which differs from the patients or the national
economic perspective. Only expenses arising for
the hospital were calculated and included. Acquisi-
tion costs for allogeneic blood units and laboratory
material were obtained from the hospitals price
lists, staff costs, and the controlling department
provided costs for investments and maintenance.
Since the discarding of autologous units donated,
but not transfused, has been suggested to be a
main cost driver in autologous blood donation in
recent studies, the costs of predonated autologous
units were taken into consideration regardless of
whether transfused or not. Further, the costs for
the predonation of one autologous unit include one
autologous FFP. Since for every patient, not un-
dergoing autologous blood donation, two units of
allogeneic blood were procured before surgery, the
resulting costs of procurement were taken into con-
sideration, even if the units were not transfused,
because the costs of allocation incurred regardless
whether the unit was used in another patient.

Results

In the whole study population, 20% (849 of 4325),
in the CABG group 16% (437 of 2742) and in
the AVR group 26% (184 of 717) underwent

autologous blood donation. No adverse events due
to donation were observed. Of all patients under-
going autologous blood donation 13% received
allogeneic blood during their hospital stay, while
48% of the patients without predonation received
transfusion (CABG: 15% vs 46%; AVR: 12% vs
50%, p � 0.05 each). Patients without predonation
received 1.68 ± 3.35 (mean ± SD) allogeneic
units, patients in the autologous group 0.42 ± 1.76
units (p � 0.05) (CABG patients 1.53 ± 2.88 vs
0.50 ± 1.88 and AVR patients 1.45 ± 2.32 vs
0.25 ± 0.80 units, respectively; all p � 0.05).
Patients with predonation received a higher total
number of any transfusion (autologous and allo-
geneic) compared to patients without predonation
(2.38 vs 1.68 units, p � 0.05). The discarding rate
of unused autologous blood units was 32% in male
and 19% in female patients. This appears fairly
high at first sight. However, the respective control
group without predonation had a transfusion
rate of roughly 50%, i.e., 50% of the procured
allogeneic units were not utilized.

In the group with atrial septum defect (ASD) clo-
sure 57% of patients underwent autologous blood
donation, none of them receiving allogeneic blood.
Female patients, regardless of whether undergoing
autologous blood donation or not, were more
frequently and to a higher extent transfused than
male patients. Accordingly, the residual probability
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to receive allogeneic blood could not be reduced
to the same degree as in male patients. Due to
the lower discarding rate, costs for female patients
predonating two units were equal or even lower
than for female patients without predonation.

Is autologous predonation
efficacious and cost-effective?

This study demonstrates that the predonation of
autologous blood is an effective practice to reduce
allogeneic blood transfusion with an acceptable
cost load. The decision model shows that the
predonation of two autologous units keeps the best
balance between the reduction of the risk probabil-
ity to receive allogeneic transfusion and associated
costs, whereas the predonation of three units
increases costs substantially. The reduction of
transfusion risk to 11% in the whole study popula-
tion was similar or even superior compared to other
blood conservation strategies. This technique was
neither effective nor cost-effective in operations
with a relatively low transfusion rate like closure of
an ASD.

The costs for one autologous unit (80 USD) in
this study amounted to 77% of those for one allo-
geneic unit (103 USD). These costs were calculated
on the basis of the costs in year 2000. The lower
costs for one autologous unit are the result of low
collection costs resulting from predonation at the
same institution, where surgery takes place. In a
department specialized on autologous predonation
personnel costs can be cut dramatically by simulta-
neous donation of several patients.

In accordance with previous studies, autologous
predonation patients received a higher number of
any transfusion (autologous and allogeneic) than
patients without predonation, supporting previous
findings that autologous blood donors are more
likely than nondonors to receive any transfusion
[2, 29]. Despite a lower preoperative hematocrit
a higher hematocrit at discharge was found in
patients with predonation. This fact must be
interpreted as “over-transfusion” or a more liberal
transfusion indication for autologous compared
to allogeneic units. However, a more restrictive

transfusion regimen alone would not alter cost
estimates in this model, since costs of predonated
autologous units were taken into consideration
regardless of whether transfused or not.

The numbers of predonated autologous units
necessary to avoid one allogeneic unit were chosen
as end point to express the potential of autologous
predonation to save allogeneic blood. Overall,
the donation of 1.5 autologous units saved one
allogeneic unit for additional cost of 19 USD. At the
same time the residual risk to receive allogeneic
blood is reduced from almost 50–11%. This sug-
gests a good relationship between costs and clinical
benefit.

Conclusion

The higher the probability of transfusion the bet-
ter is efficacy and cost-effectiveness of autologous
predonation. In view of latest results about the
detrimental effects of allogeneic blood transfusion
[10, 11], efforts to reduce transfusion incidence
must be undertaken. Autologous predonation is
one tool to reduce allogeneic transfusion. Admit-
tedly, in times of short or even no waiting lists this
technique is only applicable in a limited number of
patients. But since cardiac surgery still remains a
high-transfusion area [30,31], it offers ideal condi-
tions for autologous blood donation. The fact that,
compared to other blood conservation strategies,
lower costs are generated to save one allogeneic
unit demonstrates, that autologous blood donation
today still remains a promising and cost-effective
alternative in the attempt to reduce allogeneic
blood transfusion in elective cardiac surgery, even
in times with no or only short waiting lists [32].
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CHAPTER 47

Cost-Effectiveness of Pharmacological
Alternatives
Dean Fergusson & Brian Hutton
Ottawa Health Research Institute, University of Ottawa Faculty of Medicine, Ottawa, Ontario, Canada

Introduction to economic
evaluation in healthcare

Economic evaluations in healthcare are an impor-
tant element of decision making and patient man-
agement, particularly as new technologies emerge.
The purpose of an economic evaluation is to en-
sure that the benefits from a given treatment are
greater than their opportunity costs, which aids de-
cision makers in determining the optimal way to
allocate funds to different healthcare programs.
Economic evaluations in healthcare can take on
varying forms; comprehensive economic analyses
can be categorized as (1) cost-effectiveness anal-
yses,) cost-utility analyses, (3) cost-benefit analy-
ses, or (4) cost-minimization analyses, while partial
economic analyses may consist of (1) cost descrip-
tions, (2) cost of illness studies, or (3) cost com-
parison studies. Cost-effectiveness studies evaluate
the ratio of the cost of the intervention to a rel-
evant measure of its effect. Conversely, cost-utility
analyses combine the consideration of quantity and
quality of life, using quality adjusted life years
(QALYs) as the outcome measure of interest in the
analysis. Cost-benefit analyses measure both the
costs and consequences of treatment alternatives
in terms of dollars, while cost-minimization analy-
ses seek to determine the least expensive treatment
alternative.

Given that there are demonstrated effective
pharmacological alternatives each with their own
risk profile, we require full economic evaluations in
the form of cost-effectiveness studies to best guide
clinical use. Cost-effectiveness analyses are a partic-
ular type of epidemiologic study that compare two
or more interventions (be it drugs, care programs,
or other such therapies) by comparing the ratio
of costs (measured in monetary value) to benefits
(measured by outcomes such as number of patients
not transfused, years of life saved, transfusion-
related infections avoided, or reoperations avoided)
achieved with each of the treatments under consid-
eration. The commonly employed measure used for
comparing two treatments, denoted here as A and
B, is referred to as the incremental cost-effectiveness

ratio (ICER), which is of the form:

ICER = (Cost of A − Cost of B)

(Effectiveness summary A−
Effectiveness summary B)

Costs of the interventions are often and prefer-
ably gathered in the context of a randomized trial
or a large, representative cohort study. Estimates
of effectiveness used in economic evaluations are
typically gathered from published meta-analyses
of previously performed groups of appropriately
chosen randomized controlled trials (RCTs). While
there is no consensus, if a technology costs (or
saves) less than $20,000 per QALY, it is considered
to be cost-effective whereas if it costs more than
$100,000 per QALY it is considered cost-prohibitive
[1]. Technologies with costs per QALY between
$20,000 and $100,000 fall within a gray zone
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and require consideration on a case-by-case basis.
As an example, the costs per QALY of dalteparin
versus warfarin prophylaxis for venous thrombolic
events in major orthopedic surgery is less than CDN
10,000 for hip and knee replacement surgeries as
well as hip fractures [2].

Pharmacologic treatment
alternatives in cardiac and
orthopedic surgery

A number of pharmacologic alternatives are avail-
able to minimize blood loss and transfusion
requirements during cardiac surgery. Antifibri-
nolytic agents (aprotinin, tranexamic acid, epsilon-
aminocaproic acid) have all been proven effective
in reducing allogeneic exposure in cardiac surgery
when compared to placebo or no active control.
Meta-analyses of RCTs concluded that antifibri-
nolytic drugs decrease allogeneic red blood cell
(RBC) exposure, with aprotinin also decreasing
the rates of reoperation for major bleeding [3–5].
Desmopressin has also been used in cardiac surgery
yet its effectiveness has not been demonstrated and
its use is not common [3]. Erythropoietin has also
been evaluated in clinical trials in cardiac surgery.
While demonstrating a reduction in blood loss
and transfusion requirements, concerns regarding
serious adverse events have not led to its use
[6,7].

In orthopedic surgery, erythropoietin has been
shown to be effective at reducing blood loss and
transfusion requirements when used alone or in
combination with preoperative autologous dona-
tion (PAD) [7]. The antifibrinolytics, aprotinin, and
tranexamic acid, have also proven effective in re-
ducing blood loss and transfusion requirements in
orthopedic surgery [4].

The majority of clinical trials assessing the phar-
macological alternatives in orthopedic and cardiac
surgery have focused on allogeneic red blood cell
transfusion avoidance and blood loss as the pri-
mary measures of effectiveness. While these mea-
sures are important, more clinically meaningful
outcomes include prevention of massive bleed-
ing or transfusion, the need for rethoracotomy,
and death due to hemorrhage. Given the safety

of the blood supply in developed countries, it is
important that we demonstrate that the effective-
ness of pharmacological alternatives extends be-
yond a reduction of one unit of red blood cells or a
blood loss of 100 mL. To date, only one trial in car-
diac surgery has evaluated such measures [8]. Be-
cause cost-effectiveness analyses incorporate risks
as well as benefits of treatments, we also need to
consider possible serious adverse events such as
thromboses, renal dysfunction, stroke, myocardial
infarction, and mortality.

Systematic review of published
economic evaluations

To identify economic evaluations, we performed a
systematic review of all published economic evalu-
ations that compared the costs of two or more pe-
rioperative strategies published between 1966 and
2006 and indexed in Medline, EMBASE, or identi-
fied in a personal electronic library of �8500 trans-
fusion medicine articles. Specific eligibility criteria
for inclusion in the review required the use of al-
logeneic blood alone in one of the study arms,
and that the performance of an economic eval-
uation was a primary aim of the study. Results
of this literature search revealed that until 1998,
no comprehensive economic evaluation and only
one partial economic evaluation [7] had been pub-
lished, even though the clinical effectiveness of a
number of treatments (e.g., aprotinin, tranexamic
acid, erythropoietin) had been well established for
several years. Since 1998, an additional 11 eval-
uations have been published [8–18]. Thus a to-
tal of 12 economic evaluations including 10 in
cardiac surgery (6 aprotinin versus usual care, 2
erythropoietin plus PAD, 1 aprotinin versus tranex-
amic acid versus epsilon-aminocaproic acid, 1 apro-
tinin vs epsilon-aminocaproic acid), and two in
orthopedic surgery (1 erythropoietin plus PAD,
1 erythropoietin plus PAD versus erythropoietin
alone) (Table 47.1). Among the set of 12 economic
evaluations, only 4 were considered full evalua-
tions (all of which involved assessment of erythro-
poietin), and all were set in developed countries
(Table 47.1).
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Table 47.1 Characteristics of economic evaluations.

Primary author and
year of publication

Surgery
population

Interventions
compared Country Journal

Type of economic
analysis

Coyle (1999) [10] Orthopedic EPO + PAD and
EPO

Canada Transfusion Medicine Full

Woronoff-Lemsi
(1999) [11]

Orthopedic EPO + PAD France Transfusion Full

Lazzara (1997) [9] Cardiac Aprotinin vs no
treatment

United States Archives of Surgery Partial

Able (1998) [12] Cardiac Aprotinin vs no
treatment

United States Clinical Therapeutics Partial

Ray (1999) [13] Cardiac Aprotinin vs no
treatment

Australia Annals of Thoracic
Surgery

Partial

Dignan (2001) [14] Cardiac Aprotinin vs no
treatment

Australia Annals of Thoracic
Surgery

Partial

Robinson (2002) [15] Cardiac Aprotinin vs no
treatment

United
Kingdom

Clinical Therapeutics Partial

Smith (2004) [16] Cardiac Aprotinin vs no
treatment

United States Annals of Thoracic
Surgery

Partial

Marchetti (2000) [17] Cardiac EPO + PAD Italy Transfusion Full

Coyle (2000) [18] Cardiac EPO + PAD Canada Pharmacoeconomics Full

Casati (1999) [19] Cardiac Aprotinin vs TXA
vs EACA

Italy Annals of Thoracic
Surgery

Partial

Bennett-Guerrero
(1997) [20]

Cardiac Aprotinin vs
EACA

United
States/Argentina

Anesthesiology Partial

Abbreviations: EPO, erythropoietin; PAD, preoperative autologous donation; TXA, tranexamic acid;
EACA, epsilon-aminocaproic acid.

Economic evaluations in orthopedic
surgery
Only two studies in the field of orthopedic surgery
met eligibility criteria [10, 11]. In a 1999 economic
evaluation performed by Coyle et al., combination
of erythropoietin with PAD of red blood cells was
compared to no intervention. Investigators identi-
fied a cost of CDN $329 million per life year gained
with the use of erythropoietin and PAD, and the in-
tervention was found to add only 0.000006 of years
of life compared to no treatment; costs of the in-
terventions were estimated as $2904 for erythro-
poietin versus $968 for no intervention, respec-
tively [10]. Findings from the study led the inves-
tigators to conclude that use of erythropoietin was
not cost-effective for minimization of blood loss and
transfusions in orthopedic surgery. In a 1999 study

of erythropoietin with PAD, Woronoff-Lemsi et al.
estimated that the incremental cost of one pre-
vented hepatitis C infection was $US 888 million,
with 0.31 cases per 100,000 being prevented [11].
With regard to use of erythropoietin alone in com-
parison to no intervention, Coyle et al. estimated
an incremental cost per life year gained of $CDN
66 million, found that only 0.000024 life years
were gained with the intervention, and estimated
costs of $1857 versus $269 for the two modalities.
Again erythropoietin alone was not considered to
be cost-effective.

While erythropoietin was found to be clinically
effective in randomized trials in terms of reduc-
ing the need for transfusion, it was cost-ineffective
in rigorously conducted economic evaluations. This
was a result of multiple issues, namely (1) the
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significantly increased safety of the blood supply;
(2) the significant cost of erythropoietin; (3) the ad-
verse event profile of erythropoietin compared to
blood transfusion; and (4) while the number of pa-
tients transfused is decreased, the savings in terms
of mean number of units transfused is marginal
(approximately 3/4 of a unit).

Economic evaluations in cardiac
surgery
Ten studies in the field of cardiac surgery met el-
igibility criteria for inclusion in this systematic re-
view of cost-effectiveness studies. A total of six
studies comparing aprotinin with no intervention
were identified (Table 47.1). All were cost compar-
ison studies that made use of institutional (hospital)
charges and considered only perioperative costs.
Most studies were single center evaluations, with
four employing data from clinical trials and two in-
corporating data from institutional cohorts.

Smith et al. carried out a lifetime cost comparison
of aprotinin versus no intervention that accounted
for costs of stroke, myocardial infarction, reopera-
tion and in-hospital death [16]. Findings in patients
undergoing primary CABG and receiving a typical
full dose of aprotinin reduced total lifetime costs
by $US186 per patient as compared to only $US51
for those receiving half-dose; in patients undergo-
ing repeat CABG, full dosing reduced total lifetime
costs by $US6044 as compared to $US4483 with a
half dose.

In 1999, Casati et al. randomized a total of
210 patients undergoing elective cardiac surgery
to receive aprotinin, tranexamic acid, or epsilon-
aminocaproic acid (EACA). Investigators examined
the costing of both drugs and blood used in the
trial, and noted the lower costs with tranexamic
acid ($58 ± $105) and EACA ($101 ± 159) com-
pared to aprotinin ($433 ± 119) [19]. The costs of
adverse events were not incorporated into the cost
comparison.

In 1997, Bennett-Guerrero et al. performed a
multicenter, randomized trial enrolling 204 pa-
tients to either aprotinin or EACA, and considered
elements of both effectiveness and costs related to
bleeding (including RBCs, platelets, frozen plasma,

and cryoprecipitate) in a repeat surgery population
[20]. Aprotinin was shown to be associated with
lesser postoperative thoracic drainage and fewer
platelet transfusions, while no differences between
groups were observed for red blood cell trans-
fusions or closure time. In regard to aspects of
cost, EACA was associated with median hospital
costs of $1088 (range $511–2057), while aprotinin
was associated with median costs of $1813 (range
$1476–2605).

Two studies evaluating the use of erythropoietin
in cardiac surgery were identified, both in combi-
nation with PAD of red cells. In 2000, Coyle et al.
reported a cost-effectiveness analysis of the use of
erythropoietin with PAD of blood before elective
cardiac surgery [18]. While its use led to a 60%
decline in the requirement of allogeneic transfu-
sions (31.6% down to 12.7%), this change was as-
sociated with a gain of only 0.000035 life years,
as well as an incremental cost per life year gained
of $CDN 44.6 million. This result was largely a
consequence of the high costs of erythropoietin
($CDN2579) compared with PAD ($CDN1019). In
2000, a US-based cost-effectiveness study reported
by Marchetti et al. indicated an incremental cost
per QALY gained of $US 5 million [17]. The use of
erythropoietin to augment PAD was found to save
only an additional 0.000146 years of life compared
to PAD alone. The authors claimed that neither
strategy was cost-effective for reducing the health
effects associated with RBC transfusions, but con-
cluded that incorporation of bacterial complications
associated with transfusion into the model would
make both modalities cost-effective. In an assess-
ment of erythropoietin alone, Marchetti et al. iden-
tified a cost per QALY of $US 7 million, again an ex-
cessively large cost, but further indicated that this
amount was reduced to $6288 per QALY if bac-
terial complications were considered [17]. As was
the case for its use in orthopedic surgery, erythro-
poietin is not a cost-effective treatment alternative
either alone or to augment PAD. This is a conse-
quence of the high cost of the drug, its minimal re-
duction of the mean number of units given to those
still requiring transfusion (1.35 vs 0.61 units), and
the safety of the blood supply.
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Summary of findings

For the antifibrinolytic therapies, no economic
evaluations have been published in orthopedic
surgery despite evidence from clinical trials demon-
strating effectiveness at reducing blood loss and
transfusion requirements. As for antifibrinolytic
therapies in cardiac surgery, the increase in mortal-
ity associated with aprotinin compared to the lysine
analogs would suggest that the use of the lysine
analogs over aprotinin is warranted [8]. However,
rigorous economic evaluations of lysine analogs
are warranted given the cost discrepancy between
these two agents. The use of erythropoietin with
or without PAD has not been shown to be cost-
effective in both cardiac and orthopedic surgery
[10,18].

The majority of economic evaluations reported
in our review suffer from serious limitations. Of
the 12 economic evaluations we identified, only 4
(33%) were full economic evaluations where both
costs and benefits of treatment and alternatives
were assessed [10,11,17,18]. While the clinical ef-
fectiveness of each of the pharmacological thera-
pies has been well documented in the context of
randomized trials and systematic reviews, the ac-
quisition of true costs (not charges) of both transfu-
sion and adverse events associated with both trans-
fusion and therapies have rarely been performed.
Furthermore, economic evaluations require a
variety of clinical and geographic settings to en-
sure their robustness and generalizability. Future
economic evaluations in this area must move be-
yond considering transfusion avoidance as the sin-
gle clinical outcome of interest, as this outcome is
may be no longer considered as clinically impor-
tant to patients, caregivers, institutions, or payers
alike; this is a consequence of the greatly improved
safety of blood systems since the 1980s, as well
as improved approaches to surgery and anesthe-
sia that serve to minimize blood loss such as the
adoption of restrictive transfusion triggers. For ex-
ample, the latter decrease the use of RBC more
effectively than PAD, erythropoietin, or antifibri-
nolytics at no cost, assuming that morbidity and
mortality remain the same [21]. Thus, given the

safety of the blood supply in developed countries
and the costs associated with blood sparing phar-
maceutical agents, moving beyond blood loss and
transfusion requirements as outcomes to include
serious morbidity and mortality must be consid-
ered. To be clear, demonstrating differences in the
need for massive transfusion and massive bleeding
are clinically and economically important whereas
minimal blood loss and the saving of 1/2 a unit to
1 unit of RBCs are not. Efforts to incorporate ad-
ditional relevant risks, including those associated
with anesthesia, the surgical procedure itself, post-
surgical care and the combination of multiple inter-
ventions during care (and potentially harmful ef-
fects resulting from their interaction) is a clinically
important next step that must be pursued. Many
pharmacologic technologies of past years have been
adopted into clinical practice based largely on be-
liefs and often minimal and weak published evi-
dence that they reduce major adverse events be-
yond blood loss. However, in many cases, such
drugs have not been definitively demonstrated to
reduce clinically important outcomes such as need
for reoperation, length of hospital stay, quality
of life or even death. The BART trial demon-
strates the importance of measuring clinically im-
portant benefits and potential harms instead, rather
than blood loss and the proportion of patients
transfused. Moreover, in the presence of estab-
lished efficacy among several agents, we need large
head-to-head RCTs to evaluate the most benefi-
cial, less harmful, and cost-effective blood-sparing
agents [8].

Finally, all potential serious adverse events as-
sociated with blood sparing interventions (includ-
ing hypersensitivity, renal dysfunction, myocar-
dial infarction, and thromboses) as well as those
associated with blood products used (including
febrile reactions, hemolytic reactions, bacterial con-
taminations, transfusion related acute lung injury,
viral contamination, and the impact of blood short-
ages) merit consideration. Inclusion of these ad-
ditional factors in economic models will provide
more accurate and informative evidence on the
cost-effectiveness of pharmacologic alternatives in
cardiac and orthopedic surgery.
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mechanisms of, 231–3
prevalence and prognostic

implications, 231
pathophysiologic mechanisms, 230f
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Cell-free oxygen carriers, 369
Cell salvage syndrome, 461

definition of, 458
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advantages of, 467–9
bacterial contamination, 466
cancer surgery, 465–6
cardiac surgery, 464
cell separation and washing, 460–64
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orthopedic surgery, 464–5
pediatric surgery, 465
polytrauma, 465
quality management, 467
vascular surgery, 465
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Cerebral effects of controlled hypotension,

study of, 433
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with, 484
Chronic kidney dysfunction (CKD), 231

anemia and, 238, 357
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Chronic renal disease and anemia, 236
Chronic renal insufficiency, 231
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Clopidogrel, 235
Clot firmness defect, detection of, 258–9
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factors, in coagulopathy, 316
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260–61
Coagulation disorders, FFP for, 92–3
Coagulation factor VIII and vWF-lowering
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mechanism for, 139–40
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coagulation factors, 316
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platelets, 314–16
red cells, 316–18
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treatment of, 321–4
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Cohn alcohol extraction method, 97
Colloid osmotic pressure (COP), 96, 159,
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Colloids, 113–14
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Intensive care patients, choice of
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dextrans, 115
gelatins, 114
monodisperse system, 113
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calculation of, 113

weight-averaged molecular weight,
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estimation, 309
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Congestive heart failure, 236
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(CATS), 462
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Continuous blood processing, 461
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activator (CERA), 358
clinical use of, 360
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risks of, 433–4
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advantage of, 563
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563–4
Coumadin, 92
C-reactive protein (CRP), 237
CREATE study, 239
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Critical Hb level, 219–21
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See also Red blood cells (RBC)
Critical ill patients
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blood loss, 479–80
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reduced red cell production, 480–82
reduced red cell survival, 480
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biochemical characteristics of anemia in,

480
erythropoietin therapy in, 485–6
hemoglobin concentration in, 482–4

Critical oxygen delivery, 219–21, 299
Cross-linked gelatin, 160
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Cryoprecipitate-depleted plasma (CDP), 16
Cryosupernatant plasma, 90
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and colloids, in coagulopathy, 318–19
disadvantages of, 124–6
excessive use of, 113
normal saline, 111–12
vs. colloid controversy. See Fluid

resuscitation
Cutaneous allergic transfusion reactions,

39
Cytochrome aa3, 214
Cytokines, 38

Darbepoetin alfa, 358
clinical use of, 360

da Vinci telemanipulation device, 397
DDAVP, use of, 92–3
Deep cervical plexus block, 426
Deep vein thrombosis, incidence of, 353
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shock, 435–6
risks of, 433–4
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Dextrans, 114–15, 138, 144

adverse effects of, 115
antihemostatic effect of, 142
effect on fibrinolysis, 142
preparations of, 115
use of, 115

in ICU patients, 170–71
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and FFP therapy, 94
treatment of, 36
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Dobutamine infusion, 213–14, 214f, 225,
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Donnan effect, 96
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Dried plasma, 4
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352–3
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Endogenous pyrogens, 37–8
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Enhanced atherosclerosis, in CKD, 237
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Eprex R©, 359, 361
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in hemostasis modulation, mechanism

of, 317
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renal impairment, 75
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complications of, 362
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360
iron therapy, 362–4
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side effects of, 362t
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361t
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Erythropoiesis, stimulation of, 500
Erythropoietin (EPO), 7, 491
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Erythropoietin (EPO) therapy, 230–31,

336
in anemia correction, 233
clinical trials of, 348–9
economic analysis of, 352–3
effects of, 238
and erythropoietic response, 349–50
iron supplementation, 350
iron therapy, 350–52
safety considerations of, 353
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Erythropoiesis-stimulating agents
(ESAs) therapy

Escherichia coli, 370
European Best Practice Guidelines (EBPG),

360
European BIOMED program, 102
European Sanguis Study

on human albumin solutions, 102
on use of FFP, 95–6

Evidence-based medicine (EBM), 8
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prevention of, 423
Excessive bleeding
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prevention of, rFVIIa for

efficacy of, 279, 285–6
recommendations for, 288–9
safety of, 286

Exchange transfusion, 76
EXTEM test, 259
Extracellular fluid (ECF), 111, 113
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resuscitation and, 124–5
Extrinsic coagulation cascade, 257

Facilitated oxygen diffusion, by PFCs,
382–3
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Febrile non-HTR (FNHTR), 35, 37

antibody-mediated reactions and,
37–8

and component storage, 38
definition of, 37
differential diagnosis of, 37
prevention of, 38–9
proinflammatory cytokines, role of, 38

Ferinject, usage of, 343
Ferric carboxymaltose (FCM), 342
Ferric gluconate, 352, 364
Ferritin levels and anemia, 512
Ferroportin 1 (Ireg1), 334
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Fetal risks and iron deficiency, 511–12
Fibrinogen concentration test, 257
Fibrinogen, role of, 257, 314
Fibrin sealants, 7

in orthopedic surgery, 502–3
Fick method, 211
Fluid administration, in trauma patients,
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Fluid replacement of surgical blood loss,

450–51
Fluid resuscitation. See also Intravenous

fluids, pharmacology of
advantages/disadvantages of colloid-

and crystalloid-based regimes, 121f
best strategy for, in major surgery, 129f
clinical goals of, 127–8
colloid-based fluid resuscitation, 121f,

126
disadvantages of, 127
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plasma volume supporting capacity

of, 126
crystalloid resuscitation fluids, 121f,

122–3
disadvantages of, 124–6
distribution between fluid spaces, 123
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saline, 122
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in surgery, 128–30

fluid spaces of body, 120–21, 121f
importance of, 119
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120
practice in ICU, 131
trauma induced fluid fluxes, 121–2

Fluid resuscitation and administration of
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Fresh-frozen plasma (FFP), 12, 279, 570

administration of, 322
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transfusion of, indications for

coagulation disorders, 92–3
immunotherapy, 94
massive hemorrhage and dilution

coagulopathy, 93–4
other coagulopathies, 94
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Functional iron deficiency (FID), 333, 481,
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Gas solubility by perfluorocarbons, 382
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Gelatins, 114, 119, 138, 144

adverse effects of, 114
effect on coagulation, 114
polydispersity of, effects of, 114
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Global hemodynamic effects, 208
Global oxygen consumption, 298
Global oxygen delivery, 211, 298
Glomelural filtration rate (GFR), 236,

433–4
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Glues, in orthopedic surgery, 502–3

safety, 503
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carriers (HBOCs)
Headache, ESAs causing, 362
Health care

DPA for, 547–55
economic evaluations in, 575–6

Heart disorders in CKD, mechanisms of,
236–8

Heart failure (HF)
and anemia, 238

correction treatment, 233–4
mechanisms of, 231–3
prevalence and prognostic

implications, 231
characteristics of, 229
and chronic anemia, 229
and chronic kidney dysfunction, 236

Heart rate, increase of, 441–2
Heat loss in patients, minimization of, 422
Hefastin, 334
HemAssistTM, 372
Hematide, 359
Hematinic deficiency, 232
Hematocrit (HCT), 491
Hematocrit level, in transfusion trigger

determination
alternative to, 297–8
clinical conditions, 299–300
10/30 rule, 296
tolerable hemoglobin, 297
validation of, 300–301

Hematopoietic stem cell (HSC), 526
Hem iron, absorption of, 334
Hemochromatosis, marrow response in,

350
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affecting hemostasis, ways of, 442–3
and anemia, 479
with crystalloid, 318
effects of anesthesia, 440
in heart failure, 232
hypertonic fluids and, 186–7
induced tissue hypoxia, 454
limits of, 441

Hemodynamic monitoring, in
perioperative period, 444t
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first generation of, 369–71
current status of, 371–4

meta-analysis, 375–6
and PFCs, 381
second generation of, 374–5

Hemoglobin (Hb)
based blood substitutes, 371t, 375–6
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properties of, 374t

problems with, 372t
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10/30 rule, 296
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validation of, 300–301

effect of, 357–8
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sources of, 369–70
techniques to obtain, 369t

hyperoxic vasoconstriction in normal,
454

iron, 336
level, ESA dose and dialysis dose

increase, relationship of, 360
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and perfluorocarbons, 380
toxicity, 368

Hemoglobin transfusion rates, in intensive
care, 479t

Hemoglobinuria, 33
HemoLink R©, 371, 373
Hemolytic transfusion reactions (HTR),

32–3
clinical signs and symptoms of, 35
delayed HTR (DHTR), 33
differential diagnosis of, 36t
investigation of, on AABB standards,

35–6
from non-red cell blood components, 33
pathophysiology

extravascular HTR, 34–5
intravascular HTR, 33–4
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Hemolytic uremic syndrome, 94
Hemopoietic growth factors, 7
Hemopure R©, 371, 373
Hemorrhage, 206

and anemia, 479–80
treatment of, 287

Hemospan R©, 374–5
Hemostasis

activation, in CPB, 268
and acute normovolemic hemodilution,

442–3
characteristics of primary, 315
effects of HES solutions, 318–19
erythrocytes modulation, 287
hemoglobin/hematocrit concentration

role, 317–18
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intraoperative monitoring, 256, 261f
near-patient coagulation monitoring

devices, 258–62
platelet function tests, 262–3
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routine coagulation testing, 256–8

preoperative monitoring of, 256f
Hemostatic agents, 7
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of, 321
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hemodilution, 317
Hemostatic system

changes to monitor, 319
pathways of, 268

Hemovigilance system, 7, 28
Hem receptor, 334
Heparin, 268, 393
Hepatic EPO, dependency on, 491
Hepatic platelet sequestration, 319
Hepatitis B virus (HBV), 21
Hepatitis C virus (HCV), 21
Hepcidin model, 336
HES-induced pruritus, 151
Hextend R©, 116
High blood pressure, ESAs causing, 362
Hip replacement surgery (THR), 425–6
Hot water irrigation (HWI) for hemostasis,

412
Human albumin (HA), use of, 159–60
Human free Hb, 369–70
Human immunodeficiency virus (HIV), 21,

241
Human Prothrombin Complex, 92
Hydroxyethyl starch (HES), 114–16,

137–8, 144, 318, 382
adverse effects of, 116
classification of, 115–16, 171
effect of, on hemostasis, 139f

coagulation factor VIII and vWF,
decrease in, 138

effect on fibrinolysis, 142
hypocoagulability, 141–4
and limitations of study designs,

144–5
platelet inhibiting effect, 140–41
and reversing strategies, 144
suspension medium, effect of, 142
thrombin–fibrinogen interactions and

fibrin clot formation, decrease
in, 142
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153–5

induced nephrotoxicity, 150–51
and kidney transplantation, 151–2
and perioperative renal function,

152–3
potato-derived starches, 116
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Hydroxyurea, 76
Hyperchloremic acidosis, 111–12, 122,

142, 162, 187, 201
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194
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clinical studies, 200–201
in vitro studies, 199
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technique, 451f
Hyperoxic vasoconstriction, 452
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induced vasoconstriction, 454–5
in red blood cell transfusion, 454–5
role of, 452

Hyperphosphatemia, 237
Hypertension, ESAs causing, 362
Hypertonic saline dextran (HSD), 180
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injuries. See Hypertonic saline (HS)
solutions, use of

Hypertonic saline (HS) solutions, use of
animal studies on, 180
and bleeding, 182
clinical trials on, 182–3
and expansion of blood volume, 180
immune function, modulation of,

180–82
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184–5
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183–4t

safety issues in, 186
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187–8
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uncontrolled bleeding, 186–7
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immunomodulatory effects,

185–6
Hypoalbuminemia, 97
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363
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Hyporesponsiveness to ESA, prevalence of,

360
Hypotensive

anesthesia, 427
resuscitation, 436

Hypothermia
causes of, 422
induced hemostatic defect, 322
role of, 319

Hypovolemia, 158–9, 168
correction of, 206
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hyperchloremic

acidosis, 198
Iatrogenic tissue edema, 125
Ideal Hb-based blood substitute, definition
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IgA-deficient donors, 40
IL-6, 38
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Immunity-driven mechanisms, in
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Immunological complications, of blood
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allergic and anaphylactic reactions,

39–40
FNHTR, 37–9
HTR, 32–7
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PTP, 43–4
TA-GVHD, 41–3
TRALI, 40–41

Impaired clot stability defect, detection of,
259
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Incisions bleeding and transfusion

decrease, mechanism of, 392
Incremental cost-effectiveness ratio

(ICER), 575
Induced hypotension, 431
Infection, intravenous iron and, 343



ind BLBK256-Maniatis August 11, 2010 13:2 Trim: 246mm X 189mm Char Count=

588 Index

Infectious risks, of allogeneic transfusion,
21–2

approaches for reducing of, 29
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new or emerging infectious “threats,”

23–4
residual risk, 25–6

data on, 26–7, 27t
estimates of, 26

screening, to reduce risk, 24. See also
Screening program

donor selection process, 24
laboratory screening, 24–5

transfusion-transmissible infectious
agents, 22–3, 22t

InFed, administration of, 351
Inflammation effects, on iron homeostasis,

336–7
Inflammatory bowel disease (IBD), 340
Inflammatory diseases and anemia, 337
Informed consent

donor, 526–7
ethical basis for, 524–5
historical background of, 523–4
for transfusion, 527–8
in transfusion medicine, 525–6

Injury Severity Score, 315
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for, 168
advantages of colloids, 169t
adverse effects of colloid use, 171t

acute fetal distress, 174
anaphylactic or anaphylactoid

reactions, 171–2
coagulopathy, 174
disturbances in renal function, 173–4
pulmonary edema, 173
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172–3
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in ALI/ARDS, 175
dextrans, 170–71
gelatin, 170
HES solutions, 171
ideal colloid, 168
semisynthetic colloids, 170–71

properties of, 170t
in severe sepsis and septic shock, 174–5
in trauma and hemorrhagic shock,

175–6
use of colloids in European countries,

169f
Intensive care unit (ICU), anemic patients

in
blood loss in, 479–80
prevalence of, 478t
red cell transfusion in, 482–5

Intensive insulin therapy, effect of, 237

Intentional hemodilution, 440–41, 443,
443t

Intent-to-treat principle, 287–8
Interdonor incompatibility, 33
Interleukin-6 production, 392
Internal thoracic artery (ITA), 413
International normalized ratio (INR), 257
International Society of Blood Transfusion

(ISBT), 526
Intra and postoperative cell salvage

advantages of, 467–9
bacterial contamination, 466
cancer surgery, 465–6
cardiac surgery, 464
cell separation and washing, 460

adverse effects, 462–4
cost-effectiveness, 462
indications and contraindications,

464
methodologies of, 461

obstetrics, 466–7
orthopedic surgery, 464–5
pediatric surgery, 465
polytrauma, 465
quality management, 467
vascular surgery, 465
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Intracellular fluid (ICF), 113
Intracerebral hemorrhage (ICH), 285
Intracranial aneurysm surgery, 434
Intraluminal carbon dioxide,

measurement, 222–3
Intramolecular cross-linking, of Hb, 370
Intraoperative blood loss, reduction of

controlled hypotension in, 432–3
epidural block in, 426
prediction of, 464
spinal anesthesia, 426

Intraoperative cell salvage (ICS), 504
Intraoperative hypotension

factors influencing, 430–31, 431f
technical and physiologic implications,

430–32
Intraoperative monitoring, of hemostasis,

261f
Intraoperative normovolemic

hemodilution, 451
Intrathoracic and abdominal pressure,

control of, 423
Intrauterine fetal death (IUFD), 511
Intrauterine growth retardation (IUGR),

511
Intrauterine transfusions (IUTs), 15
Intravascular CO2 transport, 383
Intravascular microbubbles, 386
Intravenous agents, administration of, 431
Intravenous fluids, pharmacology of, 111

categories of, 111
colloids, 113–14

dextrans, 115
gelatins, 114
hydroxyethyl starches, 115–17

crystalloids, 111
balanced salt solutions, 112–13
normal saline, 111–12

hypertonic solutions, 113
Intravenous immunoglobulin (IVIg), use

of, 36
Intravenous iron

agents, 340–42
and cancer development, 344
formulations, characteristics of, 341t
and infection, 343
and oxidant damage, 343–4
therapy

adverse effects of, 352
role for, 350–51

Intrinsic compensatory mechanisms, 439
Iron absorption, 334

regulation, 336
Iron administration, approaches of, 363–4
Iron deficiency, 333, 498

diagnosis of
anemia, 338
without anemia, 337–8

and preexisting anemia
fetal risks, 511–12
maternal risks, 511

Iron deficiency anemia (IDA), 338
Iron dextran, 352, 364
Iron distribution, 334–6
Iron gluconate

for iron deficiency, 341
usage of, 340–41

IRON-HF study, 234
Iron homeostasis, 333–4

inflammation effects on, 336–7
mean pathways of, 335f

Iron metabolism, in intensive care
patients, 480–81. See also Anemia

Iron-refractory, iron-deficiency anemia
(IRIDA), 337

Iron-responding elements (IRE), 336
Iron-responding proteins (IRP), 336
Iron saccharate, 351–2
Iron saccharate complex

usage of, 513–14
Iron storage, 336
Iron sucrose, usage of, 341–2, 364
Iron supplementation, in EPO therapy, 350
Iron therapy, 339–40

for anemia, 512
in EPO therapy, 350
in patients with renal failure, 362–4
for perioperative anemia, 340, 344
and rHuEPO, 342–3

Irradiation, of blood components, 18, 42,
61

Isoflurane administered concentration,
increase, 431

Isoflurane, solubility of, 384
Isovolemia, usage of, 443
Isovolemic hemodilution, blood flow in,

440
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Kidney transplantation, and HES

solutions, 151–2
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Labeling, Plasma, 91
Lactate, production of, 212
Lambert–Beer law, 214
Laparoscopic cholecystectomy, 432
Laser doppler flowmetry, 452
Latham bowl, principle of, 462f
LD filters failure, donor-related causes of,
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396
Left ventricular hypertrophy (LVH),
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Lethal complications, of unwashed blood

retransfusion, 459
Leuconostoc mesenteroides, dextrans from,

170–71
Leukocyte antibodies, and FNHTR, 37–8,
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components, 12–13

risk estimation of, 13, 13t
specification for, 13t

Liberal reopening, strategy of, 408–9,
411–12

Lipid-enveloped viruses, 6, 60, 64, 89
“Liquid plasma”, 11
Liver hepcidin, 336
LMW iron dextran, 352
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Low hemoglobin concentration, correction

of, 322
Low molecular weight iron dextran

(LMWID), 342
LV ejection fraction (LVEF), 231
Lysine analogs, in cardiac surgery,

269–70

Magnetic resonance imaging (MRI), 383
Malaria, exchange transfusion in, 77
Massive bleeding

management of, 255
in trauma, 322–3

Massive transfusion (MT), 313
Maternal mortality, causes of, 510
Maternal risks and iron deficiency, 511
“Mature minor” doctrine, 542
Maximum surgical blood ordering

schedule (MSBOS), 303
Mean arterial pressure (MAP), 430
Mean corpuscular volume (MCV), 338
Mechanical ventilation, 423–4
Median sternotomy, 392
Mediastinal packing, 414–15
MEDLINE search, 320
Meta-analysis, of HBOCs, 375–6
Metabolic abnormalities, of heart, 237
Metformin, 240
Methemoglobin (metHb), 368
Methylene blue, 6

use of, 88
Methylene blue-treated plasma, 63
Michaelis–Menten model, 341
Microcirculation

assessment of, 212
blood flow in, 210–11
on blood transfusions, 207–8
definition, 219
effects of red blood cells, 208
factors for, 219f

Microcirculatory flow and tissue
oxygenation, measurement of,
221–4, 222t

Microvascular bleeding (MVB), 314
treatment, 321

Microvessel disease, 237–8
Mild anemia, features of, 235
Minimally invasive coronary surgery, 392

MIDCAB, 396
OPCAB, 394, 396
thoracic incisions for, 396f

videoscopic and robotic-assisted
nonsternotomy approaches, 396–8

Minimally invasive direct coronary artery
bypass (MIDCAB), 396

Minimally invasive valve surgery, 392
Minimally tolerated hematocrit and

allowable blood loss, relationship of,
306

Minimized extra-corporeal circulation
(MECC), 392, 401, 402t

Mini-sternotomy and parasternal
approaches, 398–9

Mitral valve surgery
ministernotomy in, 398
nonsternotomy minimally invasive

approach for, 399
Mixed venous oxygen saturation,

measurement, 221–2
Moderate isovolemic hemodilution, effect

of, 213
Modified whole blood (MWB), 313
Molar substitution (MS), 115
Mosaic Law, 532
Mosquito-borne infections, 23
MP4, designing of, 374
Multiparous women, antibodies in

donations of, 40
Multiple concurrent coagulation factor,

effect of, 316
Multiple organ failure (MOF), 323
Multi-vessel small thoracotomy (MVST),

396
Myelodisplastic syndrome (MDS), 339
Myocardial hypoperfusion, risk of, 433
Myocardial ischemia

and anemia, 230
development of, 442

Myocardial oxygen delivery maintenance,
in ANH, 441–2

N-acetyl- tryptophane, 97
Nanocapsules, circulation lifetime of, 375
National Blood Transfusion Centers, 5
National Kidney Foundation-Kidney

Disease Outcomes Quality Initiative
(KDOQI) guidelines, 361

National Serious Hazards of Transfusion
system, UK, 28

Near-infrared cerebral oximetry, 433
Near-infrared spectroscopy (NIRS), 214,

223
Near-patient coagulation monitoring

devices, 258–62
Neoantigen formation, 64
Neonatal RBC transfusions, 492–4

alternatives to, 494–6
Neonates

IUT and exchange transfusion to,
19–20

platelets and FFP to, 20
top-up red-cell transfusions, 20

Neuroaxial block, usage of, 425



ind BLBK256-Maniatis August 11, 2010 13:2 Trim: 246mm X 189mm Char Count=

590 Index

Nitric acid
oxidation and S-nitrosothiols formation,

384
sequestration, by PFC emulsion, 384

Nitrogen transport, PFCs in, 383
Nonanemic orthopedic patients,

perisurgical EPO therapy in, 349
Nonanesthetic vasodilators, use, 432
Nonhemophiliac patients, rFVIIa in

bleeding control, 278, 286–8
efficacy of, 279, 285–6
recommendations for, 288–9
safety of, 286

Noniron deficiency anemia, 339
Nonsurgical bleeding, cause of, 255
Nontransferrin-bound iron (NTBI), 336
Nontransferrin bound labile iron, 341
Norepinephrine, application of, 455
Normothermia

in anesthetized individuals, 422
maintenance of, 443–4

Normothermic conditions, surgery under,
322

Normovolemia, maintenance of, 443
Normovolemic anemia, 206
Normovolemic hemodilution, hemostatic

effects, 317
North-American multicentric survey, on

use of FFP, 95
Northern New England Cardiovascular

Disease Study Group (NNECVDSG),
409

NovoSeven R©, 278
Nucleic acid testing, 64–5
Nuremberg Code, 524

Obstetrics, blood transfusions in
donor blood transfusions, 516

risks of, 516
maintaining fluid balance, 516–17
prescribing donor blood, considerations

in, 516
Obstetrics, cell salvage in, 466–7
OctopusTM, 394f
Off-pump and on-pump for bleeding and

transfusion, comparison of, 395t
Off-pump coronary bypass (OPCAB),

393–4, 396
Open-heart surgery, antifibrinolytic

therapy in
aprotinin, 271–3
clinical outcomes, 270–71
hemostasis activation in CPB, 268
lysine analogs, 269–70
mode of action of aprotinin, 268–9
prophylactic administration of, 267

Operative mortality, for patients, 297
Optical and impedance platelet

aggregometry, 262
Optimal hemoglobin

definition of, 296
as tolerable hemoglobin, 297

Oral iron
administration of, 339
role of, 512–13. See also Anemia

Organ function and tissue oxygenation,
monitoring of, 221

Organ system injury, 433
Orthogonal polarization spectral (OPS)

imaging technique, 208, 212–13,
223–4

OrthoPAT system, 462, 463f
Orthopedic surgery

blood conservation strategies in, 499t
cell salvage in, 464–5
economic evaluations in, 577–8
EPO therapy in, 353
pharmacologic treatment alternatives

in, 576
transfusion alternatives in, 498–9

antifibrinolytic agents, 502
autologous blood, usage of, 503–5
blood loss, reduction of, 502
erythropoiesis, stimulation of, 500
fibrin sealants and glues, 502–3
iron, 500–501
postoperative drainage, 503
rHuEPO, 501
transfusion practice, 499–500

Orthopedic Surgery Transfusion
Hemoglobin European Overview
(OSTHEO), 499

Osmolarity of suspension media, 381
Osmotic-nephrosis lesions, 150–51
Oxidant damage and intravenous iron,

343–4
Oxidative stress, role of, 237
OxycyteTM, 381f, 386
Oxyfluor, 386
Oxygen carriers, PFC emulsions as, 384
Oxygen-carrying fluid, 380
Oxygen consumption (VO2), 205

measurement of, 211
and oxygen delivery, relationship of,

206f, 211, 298–9
and systemic oxygen delivery,

relationship, 220f
Oxygen delivery (DO2), 205

approximation, 299
consumption and extraction, 211
effects of transfusions, 207f
hyperoxic ventilation, 451–2
and oxygen consumption, relationship,

206f, 211, 221, 298–9
physiology of, 298–9

Oxygen extraction (EO2)
and cardiac index, 211

Oxygen extraction ratio (O2ER), 205, 298
calculation of, 207
and cardiac index relationship,

transfusion effects, 207f
effects of transfusions, 207

Oxygen partial pressure in tissues,
measurement, 223

OxygentTM, 384–5
Oxygen toxicity, 453–4
Oxygen transport

capacity, of PFCs, 383
physiology of, 210–11, 219

Oxyglobin R©, 373
Oxypherol-ET, 385
Oxypolygelatin, 138

PABD. See Preoperative autologous blood
donation (PABD)

Packed red blood cells (PRBCs), 218, 306,
313

Packed red cells (PRC), 570
Paid blood donors, 5
Palliative care, and anemia, 75
Paracetamol, use of, 37, 39
Parenteral iron agents

efficacy of, 342–3
safety of, 343–4

Parenteral iron, safety aspects of, 351–2
Parenteral iron sucrose complex, 513
Partial pressure of carbon dioxide

(PslCO2), 213
Pasteurization, 97
Pathogen inactivation of blood

components, 60
assessment of, 64–5
and clinical trials

plasma, 63
platelets, 63
red cells, 63

cost-effectiveness analysis of, 65
and effects on potency and quality of

product, 64
techniques for, 60–62, 61t

chemicals, use of, 62f
leukodepletion, 62
photo-inactivation methods, 61–2
solvent-detergent treatment of whole

plasma, 60
UV or gamma irradiation, use of, 61,

61f
toxicology and neoantigens formation,

64
Pathogen inactivation technology, 29
Patient autonomy, courts on, 537
Patients right, to refuse blood transfusions.

See Jehovah’s Witnesses
P-CaptTM Prion Capture filter, 19
Pediatric open-heart operations,

ultrafiltration in, 317
Pediatric surgery, cell salvage in, 465
Pelvic procedures, 426
Pentaspan, 383
Perfluorocarbons (PFCs), 380

based O2 carrier, 445–6
developments of, 385–6
emulsions, 381–2
facilitated oxygen diffusion, 382–3
gas solubility by, 382
microbubbles, 386
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other gas transport, 383–5
transport of carbon dioxide, 383

Perftoran, 384–5
Pericardial effusions, 408
Pericardial fat pad, 415f
Perioperative allogeneic blood transfusion

reduction, 442–3
Perioperative red cell salvage (PRCS), 504

safety, 504
Perioperative temperature loss, prevention

of, 422–3, 423t
Peripheral blood stem cell collection, 5
Peripheral perfusion, 159
Peripheral tissue edema, crystalloid

resuscitation and, 125–6
Perisurgical EPO therapy, in nonanemic

orthopedic patients, 349
PFA-100, application of, 320
Pharmacological alternatives,

cost-effectiveness of, 575
cardiac surgery

economic evaluations in, 578
pharmacologic treatment alternatives

in, 576
healthcare, economic evaluations in,

575–6
orthopedic surgery

economic evaluations in, 577–8
pharmacologic treatment alternatives

in, 576
published economic evaluations,

systematic review of, 576–7
Phlebotomy blood losses, 491
Physiological and pathophysiological

conditions, VO2/DO2 relationship in,
206

Placental blood, usage of, 496
Plasma. See also Fresh frozen plasma (FFP)

ABO transfusion rules for, 91f
and compatibility tests, 91–2
composition of, 87
conservation of, 89–90
cryosupernatant, 90
documentation of transfusion, 91
epidemiological surveys on, 95
eutectic point of, 89
fractions, 89, 89t
labeling, 91
misuses of, 94
pretransfusion check and traceability, 91
product specifications, 90, 90t
quarantine period, 89
and solvent detergent treatment, 6
sources of, 87
testing of, 87
thawing before transfusion, 91
transfusion, 91

consensus conferences and guidelines
for, 94–5

indications of, 95t
viro-inactivation methods, 87–8

pooled-unit viro-inactivation, 89

single-unit viro-inactivation, 88–9
Plasma elimination, determination of, 467
Plasmalyte-A, use of, 113
Plasmapheresis, 5
Plasmatic hemostatic system, activation of,

268
Plasmodium spp. (malaria), 23
Platelet apheresis, 5
Platelet components, from whole-blood

donations
bacterial contamination of, 27–8
production of

buffy-coat method, 15–16
PRP method, 15

specifications for, 15t
storage of, 16

Platelet dysfunction, 268
Platelet Function Analyzer PFA-100, 140,

262
Platelet function, effect of HES on, 140–41
Platelet function tests, 262–3
Platelet-rich plasma (PRP), 15–16
Platelets, 257

administration of, 322
in coagulopathy, 314–16
decrease of, 320

Platelet transfusions, immunological
refractoriness to, 44–5

Point-of-care algorithms, limitations of,
261–2

Poiseuille’s Law for laminar flow, 423
Polarized light, usage of, 223
Polyethylene glycol conjugated Hb, 381
PolyHeme R©, 371, 373–4
Polymorphonuclear neutrophils (PMNs),

181–2
Polysorbate 80, 361
Polytrauma, cell salvage in, 465
Port-access cardiac surgery, 400–401
Positive end expiratory pressure (PEEP),

423
Positive pressure ventilation, 423–4
Posterior ischemic optic neuropathy

(PION), 434
Postoperative cell salvage (PCS), 504
Postoperative hemorrhage, 267
Postoperative nausea and vomiting

(PONV), 200
Postpartum anemia

causes of, 510–11
atonic bleedings at birth, 510
birth injuries, 511
coagulopathies, 510

treatment of, 514
Posttransfusion hepatitis (PTH), 6
Post-transfusion purpura (PTP), 32, 43

clinical presentation, 43
differential diagnosis of, 43
mechanism in, 43–4
mortality rate, 43
prognosis of, 44
treatments for, 44

Potato starch, 116
Predicted blood loss, 305. See also Blood

loss
Pregnancy

anemia in, 510–11, 513–14
treatment of iron-deficiency anemia in,

512
Premature births (PMB), 511
Preoperative anemia, causes of, 498
Preoperative autologous blood donation

(PABD), 503–4
safety, 504

Preoperative autologous donation (PAD),
307, 576

Preoperative hemoglobin values,
estimation of, 422

Preoperative oral iron, for knee
arthroplasty, 500–501

safety, 501
Primary cardiac surgery, HES in, 318
Principles of volume therapy in surgical

patient, 159
Prion removal filter, 19
Proinflammatory cytokines, 233
Prolonged clot generation defect, 259
Propensity matched analysis, 409
Prophylactic platelet administration,

efficacy of, 314
Prophylactic use, of rFVIIa, 279–84,

280–81t
Prothrombin time (PT) test, 256–7, 313

and activated partial thromboplastin
time

assessment, 257–8
monitoring of, 320
treatment of, 322

Psoralenes, use of, 88–9
Pulmonary artery occlusion pressure

(PAOP), 173
Pulmonary edema, 173
Pure red cell aplasia (PRCA), 359, 361–2
Pyridoxalated Hb polyoxyethylene (PHP),

370–71

Quality-adjusted life years (QALYs), 563,
569, 575

Quality management (QM)
of autotransfusion, 459
of cell salvage, 467

Quality of screening program, 25

Randomized controlled trials (RCTs), 8,
279, 340, 575

Recombinant activated factor VII (rFVIIa)
evaluation of therapeutic use, 282–4t
for excessive bleeding prevention and

transfusions reduction, 278, 286–8
efficacy of, 279, 285–6
recommendations for, 288–9
safety of, 286

prophylactic use evaluation of, 280–81t
in trauma, 323–4
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Recombinant human erythropoietin
(rHuEPO), 499

goal of, 494
hemoglobin increase, 485
meta-analysis of, 486
in orthopedic surgical patients, 501
in RBC transfusions, 495
stimulation of erythropoiesis with,

515–16
Recombinant human erythropoietin

(rHuEPO) therapy, 348
clinical trials of, 348–9
economic analysis of, 352–3
and erythropoietic response, 349–50
iron supplementation, 350
safety considerations of, 353
in surgical anemia, 349t

Recombinant human Hb, production of,
370

Recombinant technology, for hemoglobin,
370

Red blood cells (RBC), 477
in anemia of prematurity treatment

neonatal, 494–6
pathophysiology of, 490–92
transfusions, 492–4

enzyme, coencapsulation of, 375
function of, 219
maturation, abnormal, 481–2
mean hematocrit of, 208
orthogonal polarization spectroscopy,

212–13
production in autologous blood

donation, 351f
recovery, calculation, 467
transfusion, 210. See also Anemia

acceptable hemoglobin
concentration, 482–4

acute coronary syndrome, 484
American Society of Anesthesiology

guidelines for, 219
chronic ischemic heart disease

patient, 484
in coagulopathy, 316–18
critical hemoglobin concentration,

482
early severe sepsis, 484
effect on tissue oxygenation, 224–6
hyperoxia in, 454–5
TBI, patient with, 484–5

Red cell alloantibodies, 33
IgG antibodies, 33
IgM antibodies, 33
specificities associated with hemolysis,

34t
Red cell apheresis, 5–6
Red-cell components

irradiation of, 18
for IUT/exchange transfusion, 19–20
leukocyte-depleted, volume and

hemoglobin content of, 14t
preparation of, 13, 14f

storage of, 15
Red cell-free crystalloidal solution,

infusion of, 450
Red cell loss, reduction of, 482. See also

Anemia
Red cell salvage, in cardiac operations, 464
Red cell substitutes, 7
Red Cross, 5
Reduced red cell production and anemia

abnormal RBC maturation, 481–2
B12 and folate metabolism, 481
erythropoietin concentrations, 481
iron metabolism, 480–81

Reduced red cell survival and anemia,
480

Reduced surgical time, 433
Regional anesthesia, 425
Relative iron deficiency, 350
Renal anemia

ESAs therapy for, 357
clinical use of, 359–60
complications of, 362
dialysis adequacy and response to,

360
failure in response, 360–61
types of, 358–9

iron therapy for, 362–4
Renal dialysis patients, iron therapy in,

350
Renal dysfunction, in aprotinin treated

patients, 271–2
Renal failure, 33, 35–6
Renal impairment, and anemia, 75
Renin–angiotensin–aldosteron system

(RAAS), 159
Reopening for bleeding, clinical relevance,

409–11
Replacement donors, 5
Residual risk, 25–6

calculation of, 26
data on, 26–7

other countries, 27t
UK data, 27t

definition of, 26
Resuscitation

controlled hypotension use in, 436
of patients, use of HES solutions for, 318

Resuscitation fluid
efficacy of, evaluation of, 179
hypertonic fluids as. See Hypertonic

saline (HS) solutions, use of
ideal resuscitation fluid, 179–80
use of, 179–80

The Resuscitation Outcomes Consortium
(ROC), 188

Reticulocyte hemoglobin concentration
(CHR), 481

Reticulocyte hemoglobin content (CHr),
339, 363

Reticulocyte hemoglobin equivalent
(RET-He), 339, 363

Reticuloendothelial system (RES), 334

Retransfusion, of unwashed wound blood,
458–60

Rheological effect of red cells, 317
Rickettsia rickettsii (Rocky Mountain spotted

fever), 23
Right mini-thoracotomy, 399–400
Rights movement and Jehovah’s

Witnesses. See Jehovah’s Witnesses
“Right to die” doctrine, 535, 537
Ringer’s lactate, use of, 112–13, 122–3
Robotic and video-assisted valve surgery,

effect of, 399t
Rotational thromboelastometry (ROTEM),

256, 258–9
Routine coagulation testing, 256–7

limitations of, 257–8
10/30 rule, for transfusion, 296

SAFE (Saline vs Albumin Fluid
Evaluation) study, 123, 168, 174

Saline, 122
hypertonic, 113
normal, use of, 111–12

Schedule of optimal preoperative
collection of autologous blood
(SOP-CAB), 304

Screening program
effectiveness of, factors for, 24

incidence and prevalence of
infectious diseases, 24–5

quality system, effectiveness of, 25
screening algorithm, role of, 25
screening assays, performance of, 25

stages of, 24
Second-level coagulation tests, 257
Seizure, ESAs causing, 362
Serious Hazards of Transfusion (SHOT)

report, 31, 42
Serum ferritin, 235, 363
Serum lactate increase, effect of, 299
Severe anemia, oxygen transport in, 205
Sevoflurane, solubility of, 384
Sickle cell disease

indications for transfusion in, 75–6, 76t
and pregnancy, 76

Sickle pain, preventive therapy of, 76
Sigmoid mucosal tonometry. See Gastric

mucosal tonometry
Skeletal muscle tissue oxygenation, HV

role in, 455
Skeletonization of internal thoracic artery,

413–14
S-303 method, 62–3
Society’s Hospital Liaison Committees, 544
Sodium caprylate, 97
Sodium citrate, 4
Soluble contaminants, elimination of, 461
Soluble form of transferrin receptor (sTfR),

335
Soluble transferrin receptor, 363
Soluble transferrin receptor concentrations

(sTFR), 480
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Solvent detergent-treated plasma, 60, 63
Spinal anesthesia, 426
Spinal procedures, 426
Spinal surgery patients, rFVIIa in, 285
Splanchnic perfusion, evaluation, 212
Spongiform Encephalopathy Advisory

Committee (SEAC), 19
Stable plasma proteins solutions (SPPS), 97
Standard of care (SOC), 353
StarfishTM, 394f
Starling forces, 430
Starling’s law, 435
Stewart’s physicochemical theory, of

acid–base balance
concepts in, 195
definitions in, 195–6
equations and derivations

application to human plasma and
intracellular fluid, 197–8

pure water, 196
strong ions and CO2, 197
strong ions in water, 196
weak electrolytes in aqueous

solution, 196–7
Stockwell study, 99
Storage temperature of whole blood, 11,

12f
Stroma-free Hb (SFH), 368
Subarachnoid anesthesia, 426
Sublingual PslCO2 and gastric tonometry,

213–14
Succinylated gelatins, 114, 160, 170
Surgical blood ordering equation (SBOE),

304t
Surviving Sepsis Campaign guidelines,

174–5
Sympathetic nervous system (SNS), 158–9

overactivity of, 237
Symptomatic transfusion strategy, 300
Synthetic colloids, 113, 130, 137–8, 160.

See also Dextrans; Gelatins
effects of, on hemostasis. See

Hydroxyethyl starch (HES)
Syphilis, 21
Syringe technique, 4
Sysmex XE-2100 hematology analyzer,

339
Systemic inflammatory response syndrome

(SIRS), 54, 122
Systemic oxygen delivery and oxygen

consumption, relationship of, 220f
Systolic blood pressure (SBP), 430

T-cell lymphotropic virus, 23
Tetrastarch HES, 116, 137–8, 143–4
Therapeutic plasmapheresis, 5
Therox, 386
Thiazolidinendiones, 240
Third space fluid losses, 119, 122
Thoracic incisions, for minimally invasive

cardiac surgery, 396f
Thrombelastography, 140–41, 145

Thrombin, 267–8
Thrombocytopenia, 259, 313–14

FFP transfusion and, 92
platelet transfusions, role of, 44
PTP and, 43–4
thrombopoietin for treatment of, 7

Thromboelastography (TEG), 199, 256,
258–9

application of, 320
parameters of, 259f

Thromboelastometry, parameters of, 259f
Thrombolysis in Myocardial Infarction

(TIMI) trials, 234
Thrombopoietin, use of, 7
Thrombotic complications, ESAs causing,

362
Thrombotic thrombocytopenic purpura

(TTP), 16, 94
Tissue

oxygen transport to, 210
perfusion and oxygen delivery, 298

Tissue dysoxia and oxygen debt,
methodologies to detect, 221

Tissue factor (TF)-FVIIa complex, 278
Tissue hypoxia, 240

risk of, 509. See also Anemia
Tissue oxygenation

blood transfusion effect on, 224t
deterioration of, 452
effect of RBC transfusion, 224–6
HV role in, 455
and microcirculatory flow,

measurement of, 221–4, 222t
Tissue oxygen extraction, increase in, 440
Tissue oxygen tensions, monitoring of,

223
Tolerable hemoglobin level, 297
Total hip arthroplasty, hemoglobin loss,

304
Total hip replacement (THR), 499
Total iron deficit (TID), calculation of, 340
Total knee replacement (TKR), 499
Transcapillary escape rate, 168
Transcranial Doppler, 433
Transferrin-bound iron (TBI), 334
Transferrin–receptor complex, 335
Transferrin saturation (TSAT), 338, 361,

363
Transfused red blood cells, 208
Transfusion-associated graft-versus-host

disease (TA-GVHD), 18, 32, 41
development of, requirements for, 41
diagnosis of, 42, 42t
patient groups at risk of, 42t
prevention of, 42–3
treatment of, 42

Transfusion associated lung injury
(TRALI), 450

Transfusion medicine, 7–8
informed consent in, 525–6

Transfusion of the incorrect blood
component (IBCT), 31

Transfusion-related acute lung injury
(TRALI), 6, 16, 20, 32, 40, 92

development of, mechanisms in, 40
diagnosis and treatment of, 40–41
prevention of, 41

Transfusion related immunomodulation
(TRIM), 465, 559

immune response and, 48–9
and multiorgan failure and mortality

clinical studies, 54, 55f
meta-analyses, 54
in vitro studies, 54

and postoperative infections, 53
meta-analyses, 53–4
observational studies, 53

role of, on cancer surveillance, 53
transplantation tolerance and, 49–53

Transfusion Requirements In Critical Care
(TRICC), 210, 477

Transfusion risks, 6
Transfusions

after cardiac surgery, 391–2
on cellular oxygenation, 206
hemoglobin concentration and

hematocrit level in trigger
determination

alternative to, 297–8
clinical conditions, 299–300
10/30 rule, 296
tolerable hemoglobin, 297
validation of, 300–301

minimized extra-corporeal circulation
effect, 402t

of packed red blood cells, 218
reduction, rFVIIa for

efficacy of, 279, 285–6
recommendations for, 288–9
safety of, 286

robotic and video-assisted valve surgery
impact, 399t

strategy optimization, models for, 304
trigger, 218–19

definition, 300–301
of unwashed blood, risks of, 459–60

Transfusion therapy, 527
Transfusion–transfusion trigger,

indications, 218–19
Transurethral prostatectomy, 426
Trauma, 179

associated coagulopathy, 315–16
blood loss due to hemorrhage, 179

treatment of. See Hypertonic saline
(HS) solutions, use of

massive bleeding management in,
322–3

patients
massive transfusion study in, 313
mechanisms for DIC occurrence,

315
patients, use of deliberate hypotension

in, 436
rFVIIa in, 323–4



ind BLBK256-Maniatis August 11, 2010 13:2 Trim: 246mm X 189mm Char Count=

594 Index

Traumatic blood loss, causing anemia,
337

Traumatic brain injury (TBI), 484
patient with, 484–5
use of hypertonic fluids for, 184

TRICC trial, in RBC transfusion,
482–3

Tri(n-butyl)-phosphate, 89
Trivariant analysis, of blood loss,

305–6
True iron deficiency, ACD with, 339
Trypanosoma cruzi (Chagas disease),

23
Tumor necrosis factor-� (TNF-�), 233
Tween 80, 89

Ultrafiltration, in pediatric open-heart
operations, 317

Unbalanced colloids, 162
Uncontrolled aortic hemorrhage, model

for, 435
Unfractionated heparin (UFH), 409
Unique dog model, 412
United Kingdom

data on residual risk of
transfusion-transmitted viral
infections, 27t

national Serious Hazards of Transfusion
system, 28

United States National Institutes of Health,
76

Univariant analysis, of blood usage,
303–4

Unwashed wound blood, retransfusion of,
458–60

Urea-linked gelatin, 114, 138, 160, 171

Uremia per se, 237
Uremic patients, heart in, 237

Vacuum-assisted venous drainage, use of,
401–2

Valve surgery, anemia risk in, 240–41
Valvular surgery, 398–401
Variant Creutzfeldt-Jakob disease (vCJD),

12, 19, 29
Vascular constriction, 412
Vascular surgery, cell salvage in, 465
Vasoconstriction

development of, 440
hyperoxic ventilation induced, 454–5

Venofer R©, 513, 515
Venous oxygen saturation (SvO2), 206,

211–12
Videoscopic and robotic-assisted

nonsternotomy approaches, 396–8
Viscoelastic whole blood test, 258
VISEP (Efficacy of Volume Substitution

and Insulin Therapy in Severe Sepsis)
study, 154

Volatile anaesthetics, usage of, 383
Volume replacement strategies, in surgical

patient, 159, 164
balanced volume replacement strategy,

161–2
colloids, use of, 159

dextrans, 160
gelatins, 160–61
human albumin, 159–60
hydroxyethyl starch, 161
synthetic colloids, 160

crystalloids, use of, 159
goal of, 159

literature analysis on, 162–4
surgery and hypovolemia, 158–9

Volunteer donors, 5
Von Willebrand factor (VWF), 16, 63, 93,

138, 139f
von Willebrand’s disease, diagnosis, 321

Warfarin, 92
Warm mediastinal irrigation, 412–13
West Nile virus, 6, 23
Whole-blood collection, storage, and

processing, 11, 12f
Whole-blood donations

platelet components production from,
14f

processing of, 11
production of components from, 12f

Whole-blood filters, 12
Whole blood flow cytometry, 140
Whole-blood, from allogenic donor

collection of, 11
storage of, 11

Whole fresh blood, 68
Window period, 26
World Health Organization (WHO)

anemia definition by, 477
World War II, 4–5

Xenon solubility, in PFCs, 383

Yeast and transgenic plants, recombinant
Hb production, 370

Zika virus, 23–4
Zinc protoporphyrin (ZPP), 363


