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Preface

It is a pleasure and an honor to prepare this third edition of Transfusion
Medicine. It is a pleasure because of exciting developments that have
occurred since the last edition and an honor because the previous editions
have been sufficiently popular to warrant this new one. A wonderful
benefit of writing another edition is the perspective it provides on changes
in our field. For instance, there is little new discussion on leukodepletion
and not as much new on hematologic growth factors in transfusion
medicine as I expected. The biologic mechanism of transfusion-related
immune modulation (TRIM) is still not understood, nor is the clinical
effect, if any, of long stored red cells. Transfusion-related acute lung injury
(TRALI) is still a problem, although apparently decreased by the use of
plasma from male donors. The platelet transfusion trigger has been settled
at 10,000 and the red cell transfusion trigger is lower than in the past, but
there is still no physiologic key to red cell transfusion decisions. Quality
has not fallen out of vogue but is less visible because it has taken its rightful
place in operations. Apheresis technology continues to improve, enabling
the collection of multiple combinations of components directly from the
donor, and thus progressing toward elimination of the component
laboratory. The technology is widely available to detect the genes for many
red cell antigens, and it will be interesting to see how this is incorporated
into practice when the next edition of this book is prepared. Production of
novel cellular products is increasing, and these are used to treat conditions
such as hematologic malignancies, immune diseases, myocardial damage,
peripheral vascular disease, and to facilitate engraftment of stem cells or
solid organs. The first novel cellular therapy product is now commercially
available. While we have been extremely successful in reducing the
transfusion-related risks of traditional agents such as HIV, HBV, HCV, and
syphilis, this raises visibility of remaining risks such as Chagas’ disease,
babesiosis, dengue, and bacterial contamination along with short-lived
concern about the XMRV agent that did not prove to be a clinical problem.
However, these infectious agents illustrate that the approach to blood
safety that has been so effective for the last 30 years may not cope with the
future. The logical approach going forward is pathogen inactivation, which
is being widely adopted for plasma and platelets outside the United States.
If methods to treat red cells prove successful, this will allow comprehensive
changes in testing and irradiation practices, and if the process can be done
at low cost, there are exciting possibilities for the developing world where
transmissible disease remains a major problem.
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Preface

The book is intended to be comprehensive and extensively referenced yet
easy to read. It should be helpful to those with a first exposure to
transfusion medicine, such as residents and fellows, but also valuable for
those doing transfusion medicine full-time or supervising hospital blood
bank laboratories on a part-time basis. I hope it is especially valuable for
physicians such as hematologists, surgeons, and anesthesiologists who use
blood in their practice.

While this is a single-author book, it cannot be prepared alone.
Physicians at the University of Minnesota, North Central Region of the
American Red Cross, and Memorial Blood Centers of Minnesota have
contributed more than they know by my involvement in that wonderful
group and of what I have learned from those interactions. My friend and
former fellow, S. Yoon Choo, prepared the exceptional chapter on human
lymphocyte antigens (HLA). Colleagues from throughout the United
States and the world have enriched my understanding that thus contributes
to this book. Then there is the hard work of organizing, word processing,
and reference searching that has been provided by my long-time assistant,
Penny Milne, and, more recently, Erinn Riley and Ashley Delisle.

This book would not be possible without all of these people, and I am
indebted to them for their friendship, support, and assistance.

I hope you enjoy this edition.

Jeffrey McCullough
2012



History

| 1.1 Ancient times

For centuries, blood has been considered to have mystical properties and
has been associated with vitality. In ancient times, bathing in or drinking
the blood of the strong was thought to invigorate the weak. For instance,
among Ancient Romans it was customary to rush into the arena to drink
the blood of dying gladiators [1]; among others, to drink or bathe in blood
was thought to cure a variety of ailments [2]. Bleeding was practiced to let
out bad blood and restore the balance of humors, thus hopefully returning
the patient to health.

It is not known when and by whom the idea of transfusing blood was
developed. Tt is said that the first transfusion was given to Pope Innocent
VIII in 1492. According to this legend, the Pope was given the blood of
three boys, whose lives were thus sacrificed in vain [1, 3] because the
attempts did not save the Pope. In another version of the story, the blood
was intended to be used in a tonic for the Pope, which he refused, thus
sparing the boys’ lives [2].

| 1.2 The period 1500-1700

Others to whom the idea for blood transfusion is attributed include
Hieronymus Cardanus (1505-1576) and Magnus Pegelius. Little is known
about Cardanus, but Pegelius was a professor at Rostock, Germany, who
supposedly published a book describing the idea and theory of transfusion
[1]. It can be substantiated that Andreas Libavius (1546—1616) proposed
blood transfusion when in 1615 he wrote:

Let there be a young man, robust, full of spirituous blood, and also

an old man, thin, emaciated, his strength exhausted, hardly able to

retain his soul. Let the performer of the operation have two silver

tubes fitting into each other. Let him enter the artery of the young

man, and put into it one of the tubes, fastening it in. Let him

immediately open the artery of the old man and put the female

tube into it, and then the two tubes being joined together, the hot

and spirituous blood of the young man will pour into the old one

as it were from a fountain of life, and all of this weakness will be

dispelled [1].

Transfusion Medicine, Third Edition. Jeffrey McCullough.
© 2012 Jeffrey McCullough. Published 2012 by Blackwell Publishing Ltd.



Transfusion Medicine

Despite these possibilities, it also seems unlikely that the concept of
transfusing blood could have developed before William Harvey’s
description of the circulation in 1616. Despite Harvey’s description of the
circulatory system, there is no evidence that he considered blood
transfusion. However, the concept of the “circulation” may have preceded
Harvey’s publication. For instance, Andrea Cesalpino (1519-1603), an
Italian, used the expression “circulation” and proposed that fine vessels
(capillaries) connected the arterial and venous systems [1,4].

A number of the major developments that led to the beginning of blood
transfusion occurred during the mid-1600s [1]. In 1656, Christopher
Wren, assisted by Robert Boyle, developed techniques to isolate veins in
dogs and carried out many studies of the effects of injecting substances into
the dogs. It is not clear whether Wren ever carried out blood transfusion
between animals. The first successful transfusion from one animal to
another probably was done by Richard Lower [1,5,6]. Lower demonstrated
at Oxford the bleeding of a dog until its strength was nearly gone but
revitalized the previously moribund dog by exchange transfusion using
blood from two other dogs, resulting in the death of the donor animals [6].

Subsequently, a controversy developed over who had first done a
transfusion. In 1669, Lower contended that he had published the results of
transfusion in the Philosophical Transactions of the Royal Society in
December 1666. In 1667, Jean Denis of France described his experiments
in animals and applied the technique to man, which Lower had
accomplished only in animals. Others mentioned as possibly having
carried out animal-to-animal transfusions about this time are
Johann-Daniel Major of Cologne, Johann-Sigmund Elsholtz of Berlin, don
Robert de Gabets (a monk) in France, Claude Tardy of Paris, and Cassini
and Griffone in Italy [1].

Denis apparently was a brilliant young professor of philosophy and
mathematics at Montpellier and physician to Louis XIV. In 1667, Denis
carried out what is believed to be the first transfusion of animal (lamb’s)
blood to a human. A 15-year-old boy with a long-standing fever, who had
been bled multiple times, received about 9 ounces of blood from the
carotid artery of a lamb connected to the boy’s arm vein. Following the
transfusion, the boy changed from a stuporous condition to a clear and
smiling countenance. During the next several months, Denis may have
given transfusions to three other individuals [1]. The second patient,
Antoine Mauroy, was an active 34-year-old who spent some of his time
carousing in Paris. It was thought that blood from a gentle calf might
dampen Mauroy’s spirits. On December 19, 1667, he received with no
untoward effects 5 or 6 ounces of blood from the femoral artery of a calf.
Several days later, the procedure was repeated. During the second
transfusion, Mauroy experienced pain in the arm receiving the blood,
vomiting, increased pulse, a nosebleed, pressure in the chest, and pain over
the kidneys; the next day he passed black urine. This is probably the first
reported hemolytic transfusion reaction. Mauroy died about 2 months
later without further transfusions. Reportedly, members of the Faculty of
Medicine who were opposed to transfusion and hated Denis bribed
Mauroy’s wife to state that he had died during the transfusion [1]. Denis
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was tried for manslaughter but was exonerated. It was later revealed that
Mauroy’s wife had been poisoning him with arsenic and that was the actual
cause of his death [7]. Also in late 1667, Lower performed a human
transfusion before the Royal Society in England. The man received 9-10
ounces of blood from the artery of a sheep and was said to have “found
himself very well” afterward [1]. However, the death of Mauroy was used
by Denis’ enemies as an excuse to issue an edict in 1668 that banned the
practice of transfusion unless the approval of the Faculty of Medicine in
Paris was obtained. This series of events led to the discontinuation of
transfusion experiments, but more importantly to the abandonment of the
study of the physiology of circulation for approximately 150 years [1].

| 1.3 The 1800s |

Interest in transfusion was revived during the early 1800s, primarily by
James Blundell, a British obstetrician who believed it would be helpful in
treating postpartum hemorrhage [8]. Blundell carried out animal
experiments and avoided the error of using animal blood because of the
advice of a colleague, Dr. John Leacock. Blundell reported to the
Medico-Chirurgical Society of London on December 22, 1818, the first
human-to-human transfusion. It is not clear whether the transfusions
given by Blundell were ever successful clinically [1]. However, Blundell’s
contributions were very substantial. Unfortunately, his warnings about the
dangers of transfusing animal blood into humans were not generally
heeded.

Dr. Andrei Wolff carried out a human-to-human transfusion in St.
Petersburgh, Russia, in 1832 having learned of blood transfusion from Dr.
Blundell on a previous visit to London [9]. There is no evidence of
additional transfusion in Russia until the 1920s when a transfusion
institute was established in Moscow.

Key work in understanding the problems of using animal blood for
human transfusions was provided by Ponfick and Landois [1]. They
observed residues of lysed erythrocytes in the autopsy serum of a patient
who died following transfusion of animal blood. They also noted
pulmonary and serosal hemorrhages, enlarged kidneys, congested
hemorrhagic livers, and bloody urine due to hemoglobinuria and not
hematuria when sheep’s blood was transfused to dogs, cats, or rabbits.
Landois observed that human red cells would lyse when mixed in vitro
with the sera of other animals. Thus, evidence mounted that interspecies
transfusion was likely to cause severe problems in the recipient.

1.4 First transfusions in the United States

In the United States, transfusions were first used in the mid-1800s, but it is
not clear where they were first performed. They may have been done in
New Orleans in about 1854 [2]. During the Civil War, the major cause of
death was hemorrhage [10]. However, at that time blood transfusion was
not developed, and it appears to have been used in only two to four
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patients [2]. Two cases are described by Kuhns [10]. One was transfused at
Louisville and one at Alexandria within about 10 days of each other. There
is no evidence that the procedures were jointly planned or that the
physicians involved communicated about them. In both cases, the patients
improved following the transfusions [10].

\ 1.5 The discovery of blood groups

The accumulating experiences began to make it clear that transfusions
should be performed only between members of the same species. However,
even within species transfusions could sometimes be associated with severe
complications. Because of this, and despite the experiences during the Civil
War, few transfusions were carried out during the last half of the 1800s.
The discovery of blood groups by Landsteiner opened a new wave of
transfusion activity. It had been known that the blood of some individuals
caused agglutination of the red cells of others, but the significance of this
was not appreciated until Landsteiner in 1900 reported his studies of 22
individuals in his laboratory. He showed that the reactions of different
combinations of cells and sera formed patterns and these patterns indicated
three blood groups [11]. He named these blood groups A, B, and C (which
later became group O). Apparently none of the staff of Landsteiner’s
laboratory had the less common group AB, but soon this blood group was
reported by the Austrian investigators Decastello and Sturli [1]. Soon
thereafter, several other nomenclature systems were proposed, and the
American Medical Association convened a committee of experts, who
recommended a numerical nomenclature system [12] that never gained
widespread use [11]. Others later demonstrated that the blood groups were
inherited as independent Mendelian dominants and that the phenotypes
were determined by three allelic genes. Hektoen of Chicago first advocated
the use of blood grouping to select donors and recipients and to carry out
transfusion [13], but it was Ottenberg who put the theory into practice
[14]. These activities are the basis for the widely held belief that blood
banking in the United States had its origins in Chicago.

' 1.6 Anticoagulation

Another factor that inhibited the use of transfusions during the late 1800s
was blood clotting. Because of the inability to prevent clotting, most
transfusions were given by direct methods. There were many devices for
direct donor-to-recipient transfusion that incorporated valves, syringes,
and tubing to connect the veins of donor and recipient [15].

Although there were many attempts to find a suitable anticoagulant, the
following remarks must be prefaced by Greenwalt’s statement that “none of
them could have been satisfactory or else the history of blood transfusion
would have had a fast course” [1]. Two French chemists, Prevost and
Dumas, found a method to defibrinate blood and observed that such blood
was effective in animal transfusions [1]. Substances tested for
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anticoagulation of human blood include ammonium sulfate, sodium
phosphate, sodium bicarbonate, ammonium oxalate and arsphenamine,
sodium iodide, and sodium sulfate [16,17]. The delays in developing
methods to anticoagulate blood for transfusion are interesting because it
was known in the late 1800s that calcium was involved in blood clotting
and that blood could be anticoagulated by the addition of oxalic acid.
Citrates were used for laboratory experiments by physiologists and by 1915
several papers had been published describing the use of sodium citrate for
anticoagulation for transfusions [1]. It is not clear who first used citrated
blood for transfusion [1]. It could have been Lewisohn [18], Hustin, or
Weil [19]. In 1955, Lewisohn received the Landsteiner award from the
American Association of Blood Banks for his work in the anticoagulation
of blood for transfusion.

1.7 Modern blood banking and blood banks

Major stimuli for developments in blood transfusion have come from wars.
During World War I, sodium citrate was the only substance used as an
anticoagulant. Dr. Oswald Robertson of the U.S. Army Medical Corps
devised a blood collection bottle and administration set similar to those
used several decades later [1] and transfused several patients with
preserved blood [20].

Between World Wars I and II, there was increasing interest in developing
methods to store blood in anticipation of rather than response to need. It
has been suggested that the first “bank” where a stock of blood was
maintained may have been in Leningrad in 1932 [1,2]. A blood bank was
established in Barcelona in 1936 because of the need for blood during the
Spanish Civil War [21]. In the United States, credit for the establishment of
the first blood bank for the storage of refrigerated blood for transfusion is
usually given to Bernard Fantus at the Cook County Hospital in Chicago
[22]. The blood was collected in sodium citrate and so it could be stored
for only a few days.

| 1.8 Cadaver blood

Cadavers served as another source of blood during the 1930s and later.
Most of this work was done by Yudin [23] in the USSR. Following death,
the blood was allowed to clot, but the clots lysed by normally appearing
fibrinolytic enzymes, leaving liquid defibrinated blood.

The use of cadaver blood in the Soviet Union received much publicity
and was believed by many to be the major source of transfusion blood
there. Actually, not many more than 40,000 200-mL units were used, and
most of them at Yudin’s Institute [1]. In 1967, the procedure was quite
complicated, involving the use of an operating room, a well-trained staff,
and extensive laboratory studies. This was never a practical or extensive
source of blood.
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1.9 The Rh blood group system and prevention of
Rh immunization

In 1939, Levine, Newark, and Stetson published in less than two pages in
the Journal of the American Medical Association [24] their landmark article,
a case report, describing hemolytic disease of the newborn (HDN) and the
discovery of the blood group that later became known as the Rh system. A
woman who delivered a stillborn infant received a transfusion of red cells
from her husband because of intrapartum and postpartum hemorrhage.
Following the transfusion, she had a severe reaction but did not react to
subsequent transfusions from other donors. The woman’s serum reacted
against her husband’s red cells but not against the cells of the other donors.
Levine, Newark, and Stetson postulated that the mother had become
immunized by the fetus, who had inherited a trait from the father that the
mother lacked. In a later report they postulated that the antibody found in
the mother and subsequently in many other patients was the same as the
antibody Landsteiner and Wiener prepared by immunizing Rhesus
monkeys [25]. This also began a long debate over credit for discovery of
the Rh system.

During the early 1900s, immunologic studies had established that active
immunization could be prevented by the presence of passive antibody. This
strategy was applied to the prevention of Rh immunization in the early
1960s in New York and England at about the same time [26,27]. Subjects
were protected from Rh immunization if they were given either Rh-positive
red cells coated with anti-Rh or anti-Rh followed by Rh-positive red cells.
Subsequent studies established that administration of anti-Rh in the form
of Rh immune globulin could prevent Rh immunization and thus almost
eliminate HDN. Currently, control of HDN is a public health measure
similar to ensuring proper immunization programs for susceptible persons.

' 1.10 Coombs and antiglobulin serum \

In 1908, Moreschi [28] is said to have described the antiglobulin reaction.
The potential applicability of this in the detection of human blood groups
was not appreciated until 1945 when Coombs, Mourant, and Race [29]
published their work on studies of the use of rabbit antibodies against
human IgG to detect IgG-coated red cells. Red cells were incubated with
human sera containing antibodies against red cell antigens, washed, and
the rabbit antihuman sera used to demonstrate the presence of bound IgG
by causing agglutination of the red cells. The availability of antihuman
globulin serum made it possible to detect IgG red cell antibodies when the
antibody did not cause direct agglutination of the cells. Thus, red cells
coated with anti-IgG red cell antibodies could be easily detected, and the
era of antibody screening and crossmatching was born. This greatly
improved the safety of blood transfusion and also led to the discovery of
many red cell antigens and blood groups.
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1.11 Plasma and the blood program during
World War II

Techniques for collection, storage, and transfusion of whole blood were
not well developed during the 1930s. The outbreak of World War II added
further impetus to the development of methods to store blood for periods
longer than a few days. Although the method of blood anticoagulation was
known by the mid-1920s, red blood cells hemolyzed after storage in
sodium citrate for 1 week. This limitation also slowed the development of
blood transfusion. Although it was also known that the hemolysis could be
prevented by the addition of dextrose, the practical value of this important
observation was not recognized for over a quarter of a century.
Anticoagulant preservative solutions were developed by Mollison in Great
Britain [30]. However, when the glucose—citrate mixtures were autoclaved,
the glucose caramelized, changing the color of the solution to various
shades of brown. The addition of citric acid eliminated this problem and
also extended the storage time of blood to 21 days. The advance of World
War II also brought an understanding of the value of plasma in patients
with shock [31,32]. In the early 1940s, Edwin J. Cohn, PhD, a Harvard
biochemist, developed methods for the continuous flow separation of large
volumes of plasma proteins [33,34]. This made possible during World
War II the introduction of liquid and lyophilized plasma and human
albumin as the first-line management of shock. Initial work using plasma
for transfusion was carried out by John Elliott [31,32]. This combination
of technological and medical developments made it possible for Charles R.
Drew to develop the “Plasma for Britain” program [35].

| 1.12 Plastic bags and blood components

One of the next major developments in blood banking was the discovery
and patenting of the plastic blood container by Carl Walter in 1950. This
made possible the separation of whole blood and the creation of blood
component therapy. Dr. Walter’s invention was commercialized by the
Baxter Corporation. Fenwal division that later became a freestanding
company. The “-wal” of Fenwal represents Dr. Walter’s name. The impact
of the introduction of multiple connected plastic containers and the
separation of whole blood into its components also began to generate
enormous amounts of recovered plasma, which made possible the
development of large-scale use of coagulation factor VIII concentrates.

| 1.13 Cryoprecipitate and factor VIiI |

In 1965, Dr. Judith Pool reported that if fresh frozen plasma (FFP) was
allowed to thaw at refrigerator temperatures, precipitate remained that
contained most of the coagulation factor VIII from the original FFP [36].
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This made it possible for the first time to administer large doses of factor
VIII in a concentrated form to hemophiliacs and opened an era in which
the bleeding diathesis could be effectively managed. A few years later,
reports began to appear describing the use of a concentrated factor VIII
prepared using the plasma fractionation technique developed by Edwin
Cohn [33]. This further simplified the management of hemophilia because
the ability to store the factor VIII concentrates in home refrigerators
enabled the development of home treatment programs involving
prophylactic or immediate self-administration of factor VIIL

1.14 Red cell preservation

The role of 2,3-diphosphoglycerate in oxygen transport by red cells was
discovered in the mid 1960s [37,38]. It had been known previously that
this compound was better maintained at higher pH, while adenosine
triphosphate (ATP), which appeared to be involved in red cell survival, was
maintained better at a lower pH. The addition of adenine was shown to
improve ATP maintenance and prolong red cell survival and storage for
transfusion [39]. The next major advance in red cell preservation was the
development of preservative solutions designed to be added after removal
of most of the original anticoagulated plasma, thus further extending the
storage period of red cells [4,40].

1.15 Leukocyte antigens and antibodies

In 1926, Doan described the sera of some individuals that caused
agglutination of the leukocytes from others [41]. Subsequent studies
established the presence of leukocyte antibodies, the presence of these
antibodies in the sera of polytransfused patients, the occurrence of white
cell agglutinins in response to fetomaternal immunization, and the
alloimmune and autoimmune specificities associated with these antibodies.
These studies, along with studies of the murine histocompatibility system,
led to the description of the major histocompatibility system (human
lymphocyte antigens (HLA)) [42] in humans and the understanding that
there are separate antigenic specificities limited to neutrophils as well [43].
These studies also defined the causative role of leukocytes in febrile
nonhemolytic transfusion reactions [44]. Strategies were sought to prevent
these reactions by removing the leukocytes from blood [45,46], one of the
first methods being reported by Fleming [46], the discoverer of penicillin.

1.16 Platelet collection, storage, and transfusion

The relationship between bleeding and thrombocytopenia had been
known for some time, but the development of the plastic bag system for
blood collection made platelets available for transfusion. Several years of
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work by many investigators—predominantly at the National Cancer
Institute during the 1960s—developed the methods for preparing platelets
and established that platelet transfusion to thrombocytopenic patients
reduced mortality from hemorrhage [47]. Initially, platelets had to be
transfused within a few hours after the whole blood was collected, and thus
large-scale application in the general medical care setting was impractical.
The seminal report by Murphy and Garner [48] showing that room
temperature allowed platelets to be stored for several days revolutionized
platelet transfusion therapy.

1.17 Apheresis |

Plastic bags were used to remove whole blood, separate the plasma from
the red cells, retain the plasma, and return the red cells, thus making it
possible to obtain substantial amounts of plasma from one donor [49].
This initiated the concept of attempting to obtain only selected portions of
whole blood in order to collect larger amounts of plasma or cells. The
centrifuge developed by Cohn for plasma fractionation was modified by
Jack Latham and became a semiautomated system for plasmapheresis [50]
and subsequently was used for platelet collection as well [51,52]. At the
National Institutes of Health Clinical Center, an IBM engineer worked with
hematologists to develop a centrifuge that enabled collection of platelets or
granulocytes from a continuous flow of blood through the instrument
[53,54]. Later versions of these instruments have become widely used for
plateletpheresis and leukopheresis.

| 1.18 Granulocyte transfusions

As the benefits of platelet transfusion for thrombocytopenic patients were
recognized, interest developed in using the same strategy to provide
granulocyte transfusion to treat infection in neutropenic patients. Initial
attempts involved obtaining granulocytes from patients with chronic
myelogenous leukemia (CML) [55,56]. Transfusion of these cells had
clinical benefits [57], and this led to a decade of effort to develop methods
to obtain granulocytes from normal donors [58]. At best, these methods
produced only modest doses of granulocytes; improvements in antibiotics
and general patient care have supplanted the need for granulocyte
transfusions except in very limited circumstances (see Chapter 12).

| 1.19 Summary |

Blood banking and transfusion medicine developed slowly during the
1950s but much more rapidly between the 1960s and the 1980s. Some of
the important advances mentioned here were understanding blood groups
and the identification of hundreds of specific red cell antigens; the
development of the plastic bag system for blood collection and separation;
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plasma fractionation for the production of blood derivatives, especially
factor VIIL; improved red cell preservation; platelet preservation and
transfusion; understanding hemolytic and febrile transfusion reactions;
expanded testing for transmissible diseases; and the recognition of
leukocyte and platelet antigen systems. Blood collection and storage is now
a complex process operated much like the manufacture of a
pharmaceutical. Transfusion medicine is now the complex, sophisticated
medical-technical discipline that makes possible many modern medical
therapies.
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The Blood Supply

2.1 Worldwide blood supply

Blood transfusion occurs in all parts of the world, but the availability,
quality, and safety of the blood depends on the general status of medical
care in that area. Approximately, 75-90 million units of blood are collected
annually worldwide [1]. The amount of blood collected in relation to the
population ranges from 40 donations per 1,000 population in
industrialized countries to 10 donations per 1,000 in developing countries
and 3 donations per 1,000 in the least developed countries [2]. Thus, there
is a concentration of blood transfusion in industrialized countries, with
20% of the world’s population receiving approximately 55% of the world
blood supply [1]. Lack of blood is a major problem in many parts of the
world. For instance, about 34% of maternal and 15% of childhood
mortality in Sub-Saharan Africa are due to malaria, when appropriate
transfusion therapy is not available [3]. It is generally thought that blood
services are best provided if there is a national, or at least regional,
organization [4-6]. It is important that the government make a
commitment to the nation’s blood supply (Table 2.1). The blood supply
may be provided by individual hospitals, private blood banks, the Red
Cross, Ministries of Health, or some other part of the national
government. The number of units of blood collected at individual centers
can range from a few hundreds to thousands per year and there may be
extensive or very little coordination and standardization. The adoption of a
national blood policy is recommended along with establishing a national
organization [6—8]. This has been achieved in the developed world where
virtually all countries operate a national blood supply system as part of
their public health structure as recommended by World Health
Organization (WHO) [6,9]. Centralization of blood supply systems has
also begun in Latin America [4] and Sub-Saharan Africa [10-15]. The
United States is essentially the only developed country without a single
unified national blood supply organization.

Although great progress has been made in establishing national or
centralized blood transfusion services, some blood is still collected without
national control or organization. In many parts of the world, there is little
or no organized donor recruitment system and so the blood supply
fluctuates. In 38 countries, more than 75% of blood is donated by friends
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Table 2.1 Key elements of a nationally coordinated blood transfusion service?.

Government commitment

A national blood policy

Formation or designation with responsibility to operate the program

Appointment of a suitable director

Appointment of qualified staff

Development of partnerships with appropriate NGOs

National guidelines for the clinical use of blood

Identification of low risk donor populations and development of strategies to promote blood
Donation

Education programs for physicians, nurses, and other appropriate staff regarding transfusion
Therapy

Systems for donor notification and counseling

?Blood transfusion safety: voluntary blood donation, national blood transfusion services, and safe and

appropriate use; WHO web site programs and projects.

or relatives of patients who are transfusion recipients [Table 2.2) [17-19].
Although these donors are considered to be volunteers, they may be
donating under family pressure or they may be individuals unknown to the
family who have been paid to donate blood. This is unfortunate because
the risk of transfusion-transmitted infection from first-time [2,20] and
paid [21] donors is much higher than from volunteers, although not all
agree [22] (Chapter 3). These risks are further accentuated by the lack of
testing of donor blood for transfusion-transmissible diseases that
sometimes occurs in developing and least developed countries (Table 2.2).
This, combined with the use of replacement or paid donors and the low
rates of repeat blood donors with their lower rate of positive tests for
transfusion-transmissible diseases, leads to a major concern about blood
safety in developing and least developed countries [16,23,24]. As many as
13 million of the 75-90 million units collected annually are not tested for
at least one of human immunodeficiency virus (HIV), hepatitis C virus
(HCV), hepatitis B virus (HBV), or syphilis [19]. This is because of a
shortage of trained staff, unavailability or poor quality of test kits, or
infrastructure breakdowns. Sometimes transmissible disease testing is not
done because the need is so urgent that the blood must be transfused
immediately after it is collected. The cost of transmissible disease testing is
also problematic because it may approach the annual per capita
expenditure for all of health care in some countries [25]. While there is a
worldwide blood shortage and testing for transmissible diseases is not
done on a substantial portion of the world’s blood supply, impressive
progress has been made in establishing testing systems, increasing blood
collections, standardizing operations, and increasing the availability of safe
blood [7,9-20,22-25].

In contrast, the US blood supply is provided by many different
organizations with different organizational structures and philosophies.
These organizations function rather effectively to meet the nation’s blood
needs and thus are referred to here as the US blood supply system,
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Donor testing for

All volunteer  Some replacement Some paid % Repeat
HIV. HBV  Syphilis  donors donors donors donors
Developed 100 100 94 85 20 5 88
Developing 66 72 71 15 80 25 47
Least developed 46 35 48 7 93 25 20

2Data summarized from Gibbs WN, Corcoran P. Blood safety in developing countries. Vox Sang 1994;

67:377-381.

although they are not really a unified system. A comprehensive report on
the nation’s blood collection system was prepared several years ago by the
Office of Technology Assessment [26]. Although time has passed and some
details are different today, the general description of the blood collection
and supply system in that report is still valid.

Blood can be collected in two ways and this has resulted in the
development of two different kinds of systems in the United States. One
involves the cellular elements and plasma obtained from whole blood or by
cytapheresis. Most of that supply of blood and components is provided by
nonprofit community blood centers; almost half is from the American Red
Cross. Hospitals collect about 10% of the nation’s blood supply [27]. These
cellular products and unprocessed plasma are collected by blood banks and
used directly for transfusion prepared by blood centers.

The other blood collection system involves large-scale collection of
plasma by plasmapheresis for the subsequent manufacture of plasma
derivatives. This is done by a separate set of for-profit organizations and
almost all of this plasma comes from paid donors. This plasma is
manufactured into plasma derivatives such as albumin, coagulation-factor
concentrates, or intravenous immunoglobulin (IVIG) and these are sold in
the national and international market.

| 2.2 The blood collection system

Whole blood is collected by venipuncture from healthy adults into plastic
bags containing a liquid anticoagulant preservative solution. The whole
blood is separated into red blood cells, platelet concentrate, and fresh
frozen plasma (see Chapter 5). The fresh frozen plasma can be (a) used for
transfusion, (b) further processed into cryoprecipitate (to be used for
transfusion) and cryoprecipitate-poor plasma (which serves as a raw
material for further manufacture of plasma derivatives), or (c) provided as
a source of raw material for subsequent manufacture of plasma derivatives
as described below. Blood banks make many modifications to these
components to obtain blood products that will be effective for specific
purposes. Descriptions of these various blood components and their
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medical uses are provided throughout this book. A complete list of
components that can be produced from whole blood and are licensed by
the US Food and Drug Administration (FDA) is provided in Chapter 5. In
addition, blood banks distribute many of the plasma derivative products as
part of their total supply program for transfusion medicine therapy, but
most of these other plasma products are manufactured by plasma
derivative companies and distributed to hospital pharmacies. Blood
centers also produce platelets and granulocytes by apheresis (see Chapter
7) in which the cells of interest are removed in a blood cell separator and
the remaining blood is returned to the donor.

The US blood collection system is heterogeneous because blood centers
developed for a variety of reasons mostly during the 1940s and 1950s.
Some were continuations of blood collection activities initiated during
World War II; others were civic or philanthropic activities, and some were
formed by groups of hospitals to collect blood for their own needs.
However, in the last 30 years, blood center activity has increased and most
hospitals have stopped collecting blood so that currently about 90% of the
US blood supply is collected by blood centers [27].

In most areas of the United States, there is only one local organization
that collects blood. Blood centers are freestanding organizations, almost all
of which are nonprofit. These centers are governed by a board of local
volunteers; their sole or major function is to provide the community’s
blood supply. Each blood center collects blood in a reasonably contiguous
area. The blood center may or may not supply the total needs of the
hospitals in its area and may supply hospitals in other areas as well. The
area covered by each center is determined by historical factors and is not
developed according to any overall plan. Rather, local interests dictate
whether, how, and what kind of community blood program is developed.
There are a total of approximately 144 blood centers in the United States
[27]. Approximately, 35 of these are operated by the American Red Cross
(ARC) and the remainder are community blood centers.

Traditionally, blood centers had an organizational culture resembling
the practice of medicine and operated somewhat like a clinical hospital
laboratory [28,29]. As a result of the HIV epidemic, concern about blood
safety increased and blood supply organizations were subjected to political
and media scrutiny. About this time, the regulatory environment also
changed [30,31]. As a result, the blood collection system in the United
States underwent substantial change [28,29,31].

Major changes have been made in the medical criteria for selection of
donors and in the laboratory testing of donated blood (see Chapters 4 and
8). In addition, more fundamental changes have been implemented in the
nature of the organizations that make up the blood supply system. The
organizations have adopted philosophies and organizational structures
resembling those found in the pharmaceutical industry rather than the
previous hospital laboratory and medical model. Modern quality
assurance systems and good manufacturing practices [31] like those used
in the pharmaceutical industry have been introduced. New computer
systems now provide greater control over the manufacturing process [32]
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and changed management structures deal with the new kinds of activities
and philosophy. Blood centers and supply organizations are now operated
using a very structured business and manufacturing philosophy,
organization, and culture.

The ARC is the organization that collects about 6,000,000 units of whole
blood annually or slightly less than half of the nation’s blood supply. The
ARC is a nonprofit, congressionally chartered (but not government
sponsored or operated) organization that conducts programs supported by
donated funds and/or cost recovery. The Red Cross operates through a
network of regional centers. The blood is provided to hospitals and
transfusion services, and the Red Cross charges a fee to cover the cost of
collecting, testing, processing, storing, and shipping the blood. All
non-ARC blood centers are community-based, nonprofit organizations
that are members of America’s Blood Centers, which accounts for slightly
less than half of the nation’s blood supply.

Blood banks that are part of hospitals usually collect blood only for use
in that hospital and do not supply other hospitals. However, few, if any,
hospitals collect enough blood to meet all their needs. They purchase some
blood from a local or distant community blood center. Most hospitals in
the United States do not collect any blood but acquire all of the blood they
use from a community center. Of those that do collect blood, there are no
good data available to define the proportion of their needs that they collect.
This can be presumed to be quite variable.

| 2.3 Amount of blood collected |

In 2006, 14,151,000 units of allogeneic whole blood, 335,000 (2.1%) units
of autologous blood, and 70,000 (0.4%) units of directed donor blood were
collected [27]. Thus, the total amount of blood collected in the United
States was approximately 14,560,000 units. An additional 1,619,000 units
of red cells (10%) were collected by apheresis giving a total of 16,174,000
units. Laboratory testing led to discard of 151,000 (0.9%) leaving a total of
16,023,000 units available for transfusion.

There have been several trends in the nation’s blood supply since the
1970s, undoubtedly influenced by the AIDS epidemic. From 1988 to 1997,
there was a 9.6% decrease in the amount of allogeneic blood collected [27].
The collection of autologous blood increased rapidly (23% annually)
during the period 1988-1992; however, between 1992 and 1997, there was
a large decrease (42%) in autologous blood collections [27]. Thus, the
growth rate of blood collections experienced during the 1970s and early
1980s has slowed during the past few years. The total number of units
collected in 2006 was 5.8% greater than in 2004 [27]. Autologous and
directed donations continued a multi-year decline, decreasing by 26.9%
and 40.1%, respectively, between 2004 and 2006. Collection of red cells by
apheresis increased by 96.4% from 2004.

The excess of blood collected compared with that transfused is another
indication of the adequacy of the blood supply. This excess was 10-12% from
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1989 to 1994 [27] and remained substantial at 7.8% in 2006 [27]. It seems
as if this excess should be adequate, although 6.9% of hospitals reported
canceling elective surgery during 2006 due to shortage of blood [27].

About one-third of red cell units are used for surgery, one-third for
hematology—oncology, and one-third for other medical indications. Most
transfusions are done with considerable clinical urgency and only about
10% for nonurgent medical conditions or elective surgery [32a].
Approximately 8% of a national blood supply is used for patients in
intensive care units. About 40% of those patients receive transfusions
[32b]. In times of inventory shortage, conserving or postponing elective
transfusions to medical patients conserves a larger proportion of the red
cell supply than canceling major elective surgery [32c].

Blood component production
In 2006, 13,335,000 units of platelets (equivalent to one unit of whole
blood) were produced [27]. This represents a 5.2% increase in the
production of platelets between 2004 and 2006. Of these, 2,396,000 were
produced from whole blood and 10,939,000 were produced by apheresis.
Between 2004 and 2006, production of platelets by apheresis increased
19.4%, while whole blood-derived platelets decreased 43%. The shift to
apheresis platelets continued with apheresis now accounting for about
82% of the platelet supply.

In 2006, 5,624,000 units of fresh frozen plasma [23% increase) and
1,197,000 units of cryoprecipitate (2.8% increase) were produced (27].

Nonutilization of donated blood [24]

During 2006, approximately 401,000 units of red blood cells or 2.4% of the
total collected were lost, not used, or unaccounted for [27]. The
nontransfusion rate for autologous blood was 32% and for directed-donor
red cells about 1.2% because about 44% of directed donor units were
placed in the general inventory. Of the nonred cell components, whole
blood-derived platelets had a 22% outdate rate, apheresis platelets 15%,
frozen plasma 20%, and cryoprecipitate 2.8% [27].

' 2.4 Blood inventory sharing systems

Certain areas of the United States are chronically unable to collect enough
blood to meet their local transfusion needs. Some areas of the United
States have been able to collect more blood than is needed locally and have
provided these extra units to communities in need. The misalignment of
blood use and blood collection is a long-standing phenomenon. Blood
banks in metropolitan areas that serve large trauma, tertiary, and
transplantation centers most frequently experience shortages of whole
blood, components, and type-specific blood units. Blood supply to
metropolitan areas is especially difficult if the local community blood
center does not include a large rural population in their blood service area.
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To protect themselves against constant shortages, these blood banks
could no longer rely on the random availability of surplus units from their
neighboring blood banks. Many blood banks participate in systems to
exchange blood among themselves to alleviate shortages. Blood may be
“exported” from areas of oversupply and “imported” into areas of
shortage—a practice called “blood resource sharing.” The lack of an
adequate local blood supply and the need to import blood causes several
difficulties, including possible unavailability of blood or components when
needed, complex inventory management, technical disparities, emergency
appeal-type donor recruitment, higher costs, decreased independence, and
higher risk management costs. Blood resource sharing may also be used for
financial reasons. Some blood centers import blood because they can
obtain this blood less expensively than their own costs of production.
Other blood centers export blood because the increased volume of
collection helps to reduce their own average costs.

In the early 1960s, the American Association of Blood Banks (AABB)
established a national clearinghouse so that blood could be moved
nationally in response to need.

The concept of blood as a national resource has slowly gained favor.
Despite the fact that there is not a unified blood banking system or a single
national inventory or blood resource sharing system in the United States,
blood banks have made major efforts to utilize blood from areas where it is
available in excess. Today, a considerable amount of blood resource sharing
occurs in the United States. A substantial proportion of blood collected by
the American Red Cross is actually distributed to hospitals by a regional
center different from the region where the blood was collected and the
AABB operates the National Blood Exchange that coordinates the
distribution of about 240,000 units of blood and components annually.

One of the major issues in blood resource sharing is the attitude of
blood donors. In the only study focused on donors’ attitudes about being
asked to donate more blood than is needed by their local community [33],
donors to several ARC blood centers indicated a willingness to donate for
patients in other areas of the United States as long as their local blood
needs were being met.

Exporting and importing blood centers

Some blood centers collect more than they need because besides assisting
blood banks that experience shortages, collecting additional blood units
may improve economies of scale and may help to reduce local fees for
blood. In addition to establishing long-term agreements, some exporting
centers have surplus blood units available to ship on an ad hoc basis.
Depending on the point of shipment and the level of supply, blood
purchased on an ad hoc basis may be more costly to the importing than
blood acquired through long-term contractual agreements. While
exporting centers assist immeasurably in helping to meet shortages in
certain areas, the normal fluctuations that occur on both the supply and
demand sides make a perfect balance very difficult to achieve. The
exporting center may be able to provide blood units at a fee below that of
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the local blood provider for a number of reasons. Hospitals may use the
imported units first, holding the local supplier’s units in inventory in the
event of shortage and then returning the unused units to the local supplier
for credit prior to outdate. The exporting center usually provides only
routine units in the shipment but not special units such as rare blood
types, cytomegalovirus-negative (CMV-negative) units, or irradiated units.
The exporting center does not provide any ancillary services such as
medical consultation, special testing, or reference laboratory services. The
exporting center most frequently drop-ships in times of excess supply,
which may create wide variations in the number of units that the local
blood bank must supply. Finally, the exporting center may contract only
with large hospitals in the community, where savings are realized as a result
of high-volume shipments. While the availability of lower-cost blood may
be appealing to the hospital, it increases the complexity and thus the costs
of operating the local community blood center and overall may not be
cost-effective. Some urban hospitals with specialty and emergency centers
require blood units of an ABO type mix that differ from the normal
distribution of ABO blood types collected at a routine blood drive. To
obtain these units, type-specific recruitment campaigns are necessary,
which are labor intensive and therefore more costly to conduct regardless
of the region of the country.

The majority of blood centers that seek contractual agreements to
import blood are either unable to meet the community’s need on a routine
basis or experience frequent shortages, often of type-specific units.
However, some importing centers may make a deliberate decision to
acquire blood units outside the community for financial reasons. In certain
metropolitan areas, high labor costs for recruitment and production
personnel and/or inefficient blood collection operations drive up the cost
of blood. To control costs, these centers enter agreements to obtain a
certain percentage of blood units from lower-cost areas. Despite the
existence of contractual agreements, importing centers must often
purchase blood on an ad hoc basis as well to meet blood needs. One reason
for this is that there may be wide fluctuations in demand; another is that
the supplying center may not always meet the terms of the agreement.
Blood purchased through ad hoc exchanges may be offered at a higher fee
and may not include as favorable a blood type mix as blood units obtained
through contractual agreements.

Thus, in some areas of the country where the local blood center is not
able to supply all of the needs of the area’s hospitals and transfusion
facilities, the hospitals may establish an in-hospital collection facility,
contract with another blood center for blood units, or develop an
agreement with one of the national blood inventory management systems.

' 2.5 Other activities of community blood centers

Traditionally, blood centers carried out a variety of activities that provided
services in addition to the blood components. Examples of these other
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services include continuing education for physicians, technologists and/or
nurses, human leukocyte antigen (HLA) typing, therapeutic apheresis, red
cell reference laboratory testing, outpatient transfusions, and medical
consultation for transfusion medicine. These services were often provided
to hospitals and the medical technical nursing community at little or no
extra charge because the activities were subsidized by the income generated
from the charges for the blood components. However, as blood centers
have attempted to stabilize or reduce their prices to hospitals, it has
become necessary for these additional services to become self-supporting
financially. In many situations, hospitals have been unwilling to spend
money for the services and, as a result, blood centers have reduced or
eliminated these activities and are now more narrowly focused on
collecting and distributing blood rather than the broader activities they
provided in the 1980s.

\ 2.6 The plasma collection system

A method was developed at the beginning of World War II to process large
volumes of plasma so that some of the proteins could be isolated,
concentrated, and used for medical purposes [34]. This plasma
“fractionation” process is the basis for a large industry that provides many
medically valuable products generally referred to as plasma “derivatives”
[35-38]. There are 22 FDA-licensable plasma derivatives (see Chapter 5).
The production of these plasma derivatives is a complex manufacturing
process usually involving batches up to 10,000 liters of plasma or plasma
from as many as 50,000 donors.

Plasma definitions

The FDA uses two terms for plasma that may serve as the starting material
for the manufacture of derivatives: plasma and source plasma. Plasma is
“the fluid portion of one unit of human blood intended for intravenous
use [39].” This plasma, which is a byproduct of whole blood collected by
community blood banks or hospitals, is sold to commercial companies in
the plasma fractionation industry, who in turn manufacture the plasma
derivatives and sell them in the pharmaceutical market. The blood banks’
sale of their plasma to the commercial fractionator (manufacturer) may,
but usually does not, involve an agreement to provide some of the
manufactured derivatives back to the blood bank.

The amount of plasma obtained from whole blood, estimated to be
about two million liters annually [37], is not adequate to meet the needs
for raw material to produce plasma derivatives. An additional 12 million
liters are collected annually by plasmapheresis [37]. This is called source
plasma, which is “the fluid portion of human blood collected by
plasmapheresis and intended as the source material for further
manufacturing use [39].” Automated instruments are usually used to
obtain 650-750 mL of plasma up to twice weekly from healthy adult
donors. An individual can donate up to about 100 L of plasma annually in
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the United States, if the plasma protein levels and other laboratory tests
and physical findings remain normal.

Federally licensed plasma collection and manufacturing
organizations

Organizations and facilities may need licenses for either plasma collection
or the manufacture of derivatives from plasma, or both, depending on the
activities they conduct. As the plasma system developed, it was rather
chaotic with blood banks selling their excess recovered plasma, some
freestanding centers collecting only plasma, other plasma centers operated
by fractionation companies, and some fractionation companies acquiring
most of their plasma raw material by contract with plasma centers and
blood banks. In the last decade, this system has undergone considerable
change, consolidating from ten to four companies operating 443 centers in
40 states [37].

Countries other than the United States have nonrenumerated plasma
donor programs; however, few, if any, of these provide all the plasma
needs. The United States’ system of paid plasma donors produces about
70% of the world plasma supply [37]. Since only about 40% is used
domestically, the United States is a major exporter of plasma or finished
product derivatives.

Plasma collection activity

Data regarding the plasma derivative industry is proprietary and thus is
not readily available. It is estimated that the US plasma and plasma
products industry employs over 10,000 people nationwide and produces
approximately 14 million liters of plasma annually in the United States
[37]. Individuals who donate plasma to support the plasma derivative
industry receive between $15 and $20 per donation and it is estimated that
donors receive compensation of more than $244 million from plasma
collection facilities annually. This is in contrast to whole blood donors,
who donate voluntarily and do not receive compensation. Much of the
plasma obtained from whole blood collected by blood banks is also used
for derivative production. The volume of this plasma can be very roughly
estimated as follows: approximately 12 million units of whole blood,
suitable for use, are collected annually. If approximately 2 million units are
used for fresh frozen plasma and cryoprecipitate, the remaining 10 million
units could produce about 2-2.5 million liters of plasma. This combined
with the source plasma estimates provide approximately 14 million liters of
plasma annually for the production of derivatives.

It is estimated [35] that the worldwide sales of plasma derivatives exceed
$4 billion annually, with US firms providing more than 60% of the plasma
products or $2.4 billion in domestic and export sales. Of the $2.4 billion in
domestic and export sales, $645 million is the estimated export revenue
from sales in Europe [35]. It is not known how much of the remaining
$1.755 billion sales is domestic and what proportion is from
other exports.
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2.7 Nongovernmental blood bank organizations

Some organizations such as the American Medical Association, the College
of American Pathologists, the American College of Surgeons, or the
American Society of Anesthesiologists may from time to time take
positions on blood bank and transfusion medicine related issues and
maintain blood bank or transfusion medicine committees. The American
Society of Hematology includes transfusion medicine in its scientific
programs and a section of its journal Blood. Several nongovernmental or
professional organizations are devoted exclusively to blood banking and
transfusion medicine.

American Association of Blood Banks

The AABB is a professional, nonprofit, scientific, and administrative
association for individuals and institutions engaged in the many facets of
blood and tissue banking and transfusion and transplantation medicine.
AABB member facilities collect virtually all of the nation’s blood supply
and transfuse more than 80%. Approximately 2,000 institutions
(community, regional, and American Red Cross blood centers, hospital
blood banks, and hospital transfusion services) and approximately 8,000
individuals are members of the AABB. Members include physicians,
scientists, medical technologists, administrators, blood donor recruiters,
nurses, and public-spirited citizens. The services and programs of the
AABB include inspection and accreditation, standard setting, certification
of reference laboratories, operation of a rare donor file, establishment of
group purchasing programs, operation of a liability insurance program for
blood banks, certification of specialists (technologists) in blood banking,
collection of data about the activities of the membership, conduct of
regional and teleconference educational programs, provision of
professional self-assessment examinations, and conduct of donor
recruitment—public education seminars. In addition, the AABB sponsors
the world’s largest annual meeting where results of new research in blood
banking and transfusion medicine are presented; publishes Transfusion,
the nation’s leading journal reporting scientific, technical, and medical
advances in blood banking and transfusion medicine; provides legislative
and regulatory assistance to members; develops a wide variety of
educational materials for blood bank professionals; and participates in the
National Blood Foundation, which provides funds for research in
transfusion medicine and blood banking.

Institutional members of the AABB are classified either as a community
blood center, a hospital blood bank, or a hospital transfusion service. The
community blood center collects blood and distributes it to several
hospitals but does not transfuse blood. A hospital blood bank both collects
and transfuses blood, and a hospital transfusion service transfuses but does
not collect blood. Another way of classifying members of the AABB is the
corporate structure of the organization. Of the approximately 2,000
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institutional members, 74% are not for profit, 10% are for profit, and a few
are government or other types of institutions.

America’s Blood Centers

America’s Blood Centers (ABC) is an association of independent
(non-American Red Cross) not-for-profit community blood centers
established in 1962. Efforts to meet the goals of safety, quality, and
efficiency in blood services are met through programs such as group
purchasing of supplies, services, and liability insurance; efforts to increase
volunteer blood donation; effective sharing of blood resources;
strengthening of blood center management skills; training programs to
ensure compliance with federal regulations; and efforts to ensure fair and
balanced resolution of disputes between blood centers and the public they
serve. ABC works nationally by helping to shape and influence federal and
state regulations, policies, and standards of care that its membership
believes are in the best interest of the donors and patients they serve. The
association also works to identify and promote needed research and
development in blood services; promotes information exchange between
members of operational practices; and promotes new programs, policies,
and ideas by conducting surveys and meetings of small working groups
and by developing workable models. In 2010, the ABC had 77 institutional
members with about 600 donor centers in 45 states and Canada that
collected about 8 million units of blood, which represented about half of
the nation’s volunteer donor blood supply.

Plasma Protein Therapeutics Association

The Plasma Protein Therapeutics Association (PPTA) is a trade association
that advocates for the world’s source plasma collectors and producers of
plasma-based therapeutics. Members of PPTA represent nearly every
company in the world that collects source plasma for further manufacture.
These members operate about 390 plasma collection facilities worldwide
and collect about 14 million liters of plasma annually. The role of PPTA is
to develop standards and training programs, represent industry to the
public and governments, and to provide forums for discussion of new
issues or technology.

World Health Organization

The WHO operates a program in Blood Safety and Clinical Technology
[2,17]. The program involves developing guidelines for nationally
coordinated blood programs, national blood policies, technical support, a
Global Collaboration for Blood Safety program, country-level activities to
improve access to safe blood, a Quality Management Project, Guidelines
on the Clinical Use of Blood, maintaining the chain of reagents and
materials needed for blood operation, laboratory personnel safety, and the
safe use of injectables and injection materials. It also sponsors a wide
variety of educational symposia worldwide.
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Table 2.3 Red Cross and Red Crescent Societies involvement in blood services.

Middle
Europe & Western & East &
Asia Central  Central Southern Eastern North
Total Americas Pacific Asia Africa Africa Africa  Africa
In charge at national level 22 7 6 6 0 0 1 2
Large-scale involvement at 26 5 5 4 4 0 2 6
branch or district level
Focus on donor recruitment 112 15 20 32 19 8 9 9
No involvement 8 2 11 1 2 2 1 27
Total 187 35 33 53 24 10 14 18

Source: Global mapping of Red Cross / Red Crescent involvement in blood services. Based on 2008 data
kindly provided by Rachel Howden.

Federation of Red Cross and Red Crescent Societies

The Federation, located in Geneva, Switzerland, is the central coordinating
organization for all individual country Red Cross or Red Crescent
Societies. While most of the Federation’s activities involve assistance in
times of war or disaster, there is a small blood program office. The latest
estimates (Table 2.3) are that approximately 180 National Red Cross or Red
Crescent Societies are involved in blood programs. Because of the wide
variety of Red Cross involvement and the diverse nature of these Red Cross
blood programs, the focus of the blood program at the Federation is on
blood donor recruitment. When appropriate, the Federation collaborates
with the Global Blood Safety unit at WHO, which is made all the more
convenient by their close proximity.

International Society for Blood Transfusion

The International Society for Blood Transfusion (ISBT), founded in 1935,
is composed of almost 1,400 medical, scientific, technical, or managerial
individuals involved with blood transfusion. Members represent more
than 100 countries. The mission of the ISBT is to establish close and
mutually beneficial working relationships with international and national
professional societies, together with inter-governmental and
nongovernmental organizations. By this means, it is possible to
disseminate knowledge of how blood transfusion medicine and science
may best serve the patient; to create global and regional opportunities for
the presentation of research, new developments, and changing concepts in
blood transfusion medicine and science and related disciplines; to make
provision for the exchange of views and information between members; to
promote and to maintain a high level of ethical, medical, and scientific
standards in blood transfusion medicine and science throughout the
world; and to encourage the development of collaborative programs of
good manufacturing, laboratory and user practices in all countries,
particularly those with less well-developed blood transfusion services. The
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Society publishes Vox Sanguinis, a scientific journal on blood transfusion,
transfusion medicine, and blood banking, and a newsletter, Transfusion
Today. It also sponsors world and regional congresses, which provide an
excellent forum for discussion of not only highly technical subjects and
innovations but also issues important to less developed blood transfusion
situations.

\ 2.8 Regulation of the blood supply system

United States Federal Regulation

Blood is considered a drug and is regulated by the Food and Drug
Administration. The legal basis for this regulation of blood, blood
components, and plasma derivatives is provided by two separate but
overlapping statutes, one governing “biologics” and one governing “drugs.”
The biologics law requires that any “virus, therapeutic serum, toxin,
anti-toxin, or analogous product” be prepared in a facility holding an FDA
license [39]. A separate law, the Pure Food and Drugs Act, covers drugs
intended for the “cure, mitigation, or prevention of disease” and thus
includes biologics such as blood and blood components or plasma
derivatives. Thus, blood banks are subject to the biologics and the drug
regulatory process. The federal requirements for blood banks are specified
in the Code of Federal Regulations. In addition, the FDA publishes
“guidelines” that specify the agency’s recommendations of specific policies,
procedures, or actions regarding any aspect of the acquisition of blood.

FDA law requires that all organizations involved in “collection,
preparation, processing, or compatibility testing . . . of any blood product”
[39] register with the FDA. This registration allows the organization to
collect blood and prepare blood components for its own use. If the
organization wishes to ship the components across state lines or engage in
commerce by selling the products to other organizations, the organization
must obtain an FDA license for this purpose. Thus, for practical purposes,
most hospitals that collect blood or prepare blood components for their
own use are registered, but not licensed, since they do not ship blood in
interstate commerce. Most blood centers are licensed, since they supply
multiple hospitals, some of which may be in other states. In addition,
blood centers may wish to participate in blood resource sharing with blood
centers in other states and thus need to be licensed for interstate shipment
of blood.

Federal licensure is intended to ensure that the facility in which the
biologic is produced will provide products with high purity and quality. In
addition to licensing the facility or establishment, this law requires that
each biologic product itself be licensed by the FDA. Thus, to produce a
licensed biologic, an organization must have an establishment license
describing the facility in which the product is produced and a product
license describing the specific product being produced. Over the years, this
law has been specifically amended to include the terms blood and blood
component or derivative to make it clear that blood is subject to the
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biologics regulation. Blood banks and plasma derivative manufacturers are
inspected annually by the FDA, and they must submit a report annually to
the FDA indicating which products are collected, tested, prepared, and
distributed.

When an organization applies for an FDA license to produce blood
components or plasma derivatives, it must provide the credentials of the
person in charge (responsible head) and of those responsible for
determining donor suitability, blood collection, and laboratory processing
and testing. In addition, it must provide blueprints and floor plans of the
facility; descriptions of all equipment; indications of any other activities
occurring in the facility; provisions for housekeeping, pest control,
ventilation, lighting, and water systems; other occupants of the building;
activity in adjacent buildings; record maintenance systems; validation of all
systems; quality control/assurance programs; procedures for receipt and
handling of raw materials; source of starting materials; methods and
facilities for any chemical purification; inactivation or transfer steps;
formulation and final product preparation; computer systems; and other
miscellaneous information.

Along with the establishment license, the organization must file a
product license application for each product it plans to produce in the
facility. For whole blood and components, the product application involves
basic information about the manufacturer (organization), facility, product,
standard operating procedures, blood donor screening tests, frequency of
donation, donor medical history, presence of a physician, phlebotomy
supplies, venipuncture technique, collection technique, allowable storage
period, storage conditions, disposal of contaminated units, supplies and
reagents, label control processes, procedures for reissue of blood, and a
brief summary of experience testing 500 samples. For the manufacture of
plasma derivatives, the product license application involves the
manufacturer’s (organization’s) name; the establishment name; procedures
for determining donor suitability including medical history, examination
by physician, laboratory testing, and methods of preparing the
venipuncture site and collecting the plasma; methods to prevent
circulatory embolism and to ensure return of red cells to the proper donor;
minimum intervals between donation and maximum frequency of
donation; techniques for immunizing donors; laboratory tests of collected
plasma; techniques of preparing source plasma and storing it; methods to
ensure proper storage conditions and identification of units; and label
control systems and shipping conditions and procedures.

Other required licensure

Blood banks are subject to a number of other requirements or licensure
systems in addition to the FDA. The Clinical Laboratories Improvement
Act (CLIA) of 1988 established a new section of the Public Health Service
Act that requires the Department of Health and Human Services (HHS) to
establish certification requirements for any laboratory that performs tests
on human specimens and to certify that those laboratories meet the
requirements established by HHS. Laboratories participating in the
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Medicare and Medicaid programs or engaged in testing in interstate
commerce must comply with these CLIA requirements. The law makes it
possible for HHS to approve certain accreditation bodies and state licensure
bodies. Because blood banks carry out testing on human material that is in
interstate commerce, and because they provide services to Medicare and
Medicaid patients, they must comply with CLIA. Several states also require
that blood banks have a license to operate or provide blood in that state.
These licenses usually involve a specific application and inspection.

Voluntary accreditation of blood banks

The AABB operates a voluntary accreditation system. This Inspection and
Accreditation (I&A) program, initiated in 1958, involves a biannual
inspection by AABB volunteers. The major intent of the I&A program is to
increase the safety in obtaining and transfusing human blood and
components. The program is also designed to assist directors of blood
banks and transfusion services to determine that knowledge, equipment,
and the physical plant meet established requirements to detect deficiencies
in practice and to provide consultation for their correction. The I&A
program can be used to eliminate duplicate inspections by state
governments. Many states accept AABB inspection of blood banks and
transfusion services to satisfy their licensing requirements. The US Armed
Services and Humana, Inc., also maintain an equivalency program with the
AABB. The AABB has established a coordinated inspection program with
the College of American Pathologists (CAP) in which the CAP and AABB
inspections are usually done simultaneously.

CAP Accreditation Program

The CAP, through its Hospital Laboratory Accreditation Program (HLAP),
also certifies hospital blood banks but not community blood centers. The
HLAP was initiated in 1961 with the primary objective of improving the
quality of clinical laboratory services throughout the United States. The
HLAP has grown considerably in size, complexity, and effectiveness since
its inception, but the primary goal remains that of laboratory
improvement through voluntary participation, professional peer review,
education, and compliance with established performance standards. The
CAP accredits approximately 4,300 laboratories throughout the United
States, as well as several foreign countries.

The HLAP examines all aspects of quality control and quality assurance
in the laboratory, including test methodologies, reagents, control media,
equipment, specimen handling, procedure manuals, test reporting, and
internal and external proficiency testing and monitoring, as well as
personnel safety and overall management practices that distinguish a
quality laboratory.
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Recruitment of Blood Donors

In the last 25 years, the requirements for suitability for blood donation have
been greatly expanded (see Chapter 4). This combined with more extensive
laboratory testing (see Chapter 8) excludes an increasing proportion of the
population as potential donors [1-3]. Thus, it is important to understand
the motivations of donors and the psychosocial factors that lead to blood
donation as a basis for formulating strategies to maintain or increase the
number of available donors. To recruit more donors, blood centers have
target appeals to specific ethnic groups, streamlined the donor history,
begun to collect blood from patients with hemochromatosis, extended
upper age limits, and begun to collect blood from 16- and 17-year-olds [4].

3.1 Demographic characteristics of blood donors \

Although most Americans will require a blood transfusion at some time in
their lives, it is said that less than 5% of the total population or less than
10% of those eligible to donate have ever done so although there are no
data to directly support this. Many donors give once or infrequently, and
much of the nation’s blood supply comes from a small number of
dedicated and frequent donors. Blood donors differ from the general
population. A variety of demographic characteristics or other factors have
been related to the likelihood of an individual being a blood donor. Some
of these characteristics include age, marital status, gender, educational
experience, occupation, peer pressure, humanitarianism, fear of the
unknown, apathy, self-esteem, race, social pressure, altruism,
volunteerism, convenience, and community service [5-11]. These
characteristics are described in more detail below.

Gender

There is a preponderance of females among first-time donors [5], but with
subsequent donations the ratio shifts to a male preponderance of 60-80%
[7,10] with an overall average of 52% of donors males [12]. Deferral has a
more pronounced effect on first time compared to repeat blood donors,
and since women are more likely to have a reaction during donation and
reactions reduce the likelihood of a donor returning, the gender
distribution shifts with advancing age to an increasing percentage of men
compared to women. The greatest loss of female donors apparently occurs
at about the fourth to eighth donation. In general, the larger the number
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of lifetime donations the greater the male preponderance [10]. It seems
likely that the shift from female to male donors with increasing numbers of
donations is a result of deferral of women in the childbearing age who
become iron deficient from menstrual blood loss.

Age

Most donors are 30-50 years old, with an average age between 33 and 38
[5,10, 12]. The age range of donors shifted during the 1980s and 1990s
from only about 2—3% of donors over age 60 in the 1970s to 10% of donors
over age 60 and 4% over age 65 in the 1990s [10]. This apparent “aging” of
the donor population could reflect a shift in the population age in general;
however, during the past few years blood bank professionals have
recognized that blood donation is safe for older individuals, and donor age
limits have therefore been extended to attract older donors (see Chapter 4).
During the last few years, recruitment of college and high school students
has been emphasized and they now account for about 8% of donations [4].
Younger donors are more likely than repeat donors to experience a reaction
[4,13], since donors who experience a reaction are less likely to return
[4,13-15]. Strategies to minimize reactions in young and first-time donors
are being developed (see Chapter 4). Donors most likely to return are those
ages 16 and 17 and older than 50, males, blood group O donors, and those
without any initial adverse reaction [16].

Race/ethnicity

There are differences in the rate of donation by different ethnic groups. In
1975, whites were 48% more likely to have donated blood during the
previous year than nonwhites [5]. By 1989, this figure had increased to
56%. Minority and Latin America born donors are younger and more
likely first-time compared with white US born donors, but the annual
donation frequency of these minority donors is only slightly lower than
white US born donors [17].

Education and socioeconomic characteristics

Blood donors tend to have more education and higher incomes than the
general population with incomes as much as 30% higher than those of
nondonors [5]. Donors with some college education are the most
over-represented group compared with nondonors [3]. Lightman [18]
found that 60% of blood donors in Toronto, Canada, had some
post-high-school education, compared with 20% for the entire city.
Bowman et al. [12] found that 77% of their donors had some
post-high-school education, with a range of 60-80% in the different blood
centers participating in the study. In a separate study, 69% of all donors and
79% of multi-gallon donors had more than a high-school education [9].

Employment

In Bowman’s study [12], 80% of donors were employed full time and
another 9% part time. Seven percent were retired, which is consistent with
the 10% of donors who were 60 years old or older.
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Other social characteristics

It is important to understand donors’ behavior that might increase their
likelihood of transmitting disease. It appears that donors have fewer sex
partners, less frequent sexual experiences, fewer homosexual experiences
in males, and are less likely to engage in behavior that puts them at risk for
transfusion-transmissible diseases, although about 1.5% report some kind
of risk behavior [19]. In one study, 8% of young “potential” donors tested
positive for drugs of abuse [20], but since these were not actual donors, it is
not clear whether this experience would apply to blood donors.

| 3.2 Motivation of whole blood donors |

Psychosocial theories applicable to blood donation
Piliavin [5] discusses five psychosocial theories that might apply to blood
donor motivation. These are (a) Becker’s model of commitment, (b) the
opponent process theory, (c) the attribution/self-perception framework,
(d) the identity theory, and (e) the theory of reasoned action. These can be
described briefly as summarized from Piliavin [5].

In Becker’s theory of commitment, the action or decision is based on
background factors or preconceptions. These factors influence whether the
person takes the initial action and then the person is subsequently
influenced by the first few experiences. In the opponent process theory, the
stronger the negative feelings before the action, the stronger the positive
feelings after successfully completing the action. Thus, despite initial fears
or negative feelings, a good experience with donation could lead to a
strongly positive attitude about continued donation. This theory attempts
to account for the continuation of activities that were initially associated
with negative feelings. The attribution theory postulates that if an
individual believes that there is an external reason for the action, the action
is attributed to that external force. In the identity theory, the sense of self is
developed from the variety of social roles in which the individual engages.
In the theory of reasoned action, the critical factor leading to an act is the
development of an intention to carry out the act.

Integrated model

Piliavin [5] believes that all five of the theories outlined above have some
relevance to blood donation. The identity theory is thought to be
“overarching” and that the “sense of self as donor is clearly the central
factor among the personal determinants of donation.” Becker’s model
applies to making the commitment to donate, the opponent-process and
attribution theories relate to the development of a sense of the individual
as a blood donor, and the theory of reasoned action is involved in
translating the person’s idea of himself or herself as a blood donor into
action to donate. In integrating these theories, Piliavin [5] believes that the
decision to donate is based on “childhood experience factors” negatively
influenced by “pain and inconvenience” and positively influenced by
“social pressures.”
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Theory of planned behavior

This model is based on attitude, subjective norm, and perceived behavioral
control [21]. These influence the intention to carry out behaviors. While
this model has a different name than those of Piliavin [5], theory of
planned behavior (TPB) really involves attitudes about the behavior, social
pressure about the behavior, and control over performing the behavior.
Thus, it is not surprising that several studies (reviewed in 21) indicate that
TPB predicts a substantial portion of blood donation intention and
behavior [21].

Giving and not giving

The reasons for donating are summarized generally [5] as (a) extrinsic
rewards and incentives, (b) intrinsic rewards and incentives, (c) perceived
community needs, (d) perceived community support, (e) social pressure,
and (f) addiction to donation. The reasons for not donating include (a)
medical ineligibility, (b) fear, (c) reactions and deferral (poor experiences),
and (d) inconvenience and time requirements. Oswalt [7], in reviewing 60
English-language reports regarding motivation for blood donation,
concluded that the following factors were motivations to donate: (a)
altruism and humanitarianism, (b) personal or family credit, (c) social
pressure, (d) replacement, and (e) reward. Reasons for not donating
included (a) fear, (b) medical excuses, (c) reactions, (d) apathy, and (e)
inconvenience. Rados [22] also found that fear, inconvenience, and never
being asked were the most common reasons given for not donating. In
general, the issues described above have seemed to appear rather
consistently in these and other studies [23] of donor motivation or
nondonation. Because they have been consistent over time, most
recruitment strategies attempt to take these factors into consideration.
Most blood donors have a rationale way of thinking about blood donation
but some think and make decisions about blood donation based on
emotional, personal, or stereotype manner and are interested in
continuing to donate blood but the convenience of donation is a stronger
factor than helping others [24]. In general, donors give blood out of
altruism and in response to a general appeal or a specific request.

3.3 The donation experience and factors
influencing continued donation

About 28% of blood is collected from first-time donors, about half of
whom return within the first year [25]. Those who return tend to be white,
United States born, and college educated [25]. Experience with the first
donation has a major effect on their willingness to return for subsequent
donations [5, 14, 16]. Although the first blood donation is anxiety
producing, it is usually accompanied by good interactions with the donor
staff and good feelings about the donation and oneself [26]. Thus, most
donors realize that they are reasonably able to give and plan to do so again.
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With continued donation, the experience becomes easier and the reasons
for continuing to donate become more “internal” [5].

About 80% of donors are repeat donors, although this percentage is
decreasing [16,27], and repeat donors tend to be 16 and 17 or older than
50, male, Rh negative, type O, without a reaction during donation and
have a college degree [16,28]. A shorter interval between the first two
donations also predicts more continued donations [28]. Over time a
“blood donor role” develops in repeat donors, and this strengthens
self-commitment to blood donation, including “friendships contingent on
donating, a self-description as a regular donor, an increase in the ranking
of the blood donor role, greater expectations from others, and even more
donations” [5].

Donors who are deferred are less likely to return to donate after the
reason for the temporary deferral has passed [5, 16]. This is not surprising
since deferral breaks the good feelings that might have developed about
donation and makes future donation more difficult. Experiencing a
reaction also reduces the likelihood of a donor returning [5, 14,15]. This is
because the donor begins to see himself or herself as someone who has
trouble donating, and the reaction experience modifies any previous
positive feelings about donation. Surprisingly, most multi-gallon donors
report that they do not receive recognition for their donation, and the
knowledge that a friend or relative was a blood donor did not make them
more likely to donate [10]. These observations are consistent with the
general view that the initial donation is motivated primarily by external
factors and continued donation primarily by internal factors [29].

Social influences on blood donation

Because blood donation is not done in private, it is by definition a “social”
act [5]. It is not surprising that social factors and issues have a strong
influence on blood donation. Social norms of the community affect
donation behavior. For example, general publicity about blood donation in
the community creates the perception that blood donation is an active part
of the community, thus setting the stage for positive decisions by
individuals to donate. This, along with “intrinsic” motivational appeals,
builds a community norm for blood donation.

Volunteerism plays a major role in blood donation. A sense of social
connection is gained, a feeling of helping others, and a history of
volunteerism in the family or during their school years characterize blood
donors [11].

Family history of donation or blood use

Blood donors are more likely to have had family members who were blood
donors [5]. It is not clear whether blood use by a relative or close friend
influences the likelihood that one will be a blood donor [7].

The donation situation
Blood is collected in both fixed and mobile sites. Fixed sites are facilities
that are permanently outfitted to serve as a blood donation center. These
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sites are usually within the blood center or hospital but may be in
freestanding locations such as office buildings or shopping malls. The
proportion of blood that is collected in fixed sites is not known. A very large
portion of the US blood supply is collected in mobile sites. A mobile site is
a location that usually serves a purpose other than blood donation. At the
mobile site, or “bloodmobile,” all of the equipment and supplies necessary
for blood collection are portable and are brought in for a few hours or days
for the blood collection activity. These mobile sites are in many other kinds
of settings such as offices, high schools, social clubs, churches, colleges,
manufacturing companies, public buildings, or shopping malls. Donors at
mobile sites are more likely to be first-time donors, giving under social
pressure, and thus with less internal motivation to donate, and they are
more likely to experience a reaction or less-than-optimal experience [5].
However, the influence that these settings have on the likelihood that an
individual will donate or will have a good experience and be willing to
donate again is not well understood. There are differences between those
who donate at fixed sites and those who donate at mobile locations [5].
Donors at fixed sites report more internal motivation, whereas those at
mobile sites report more external motivation. This would be consistent
with the structure of mobile sites, which are usually arranged around a
blood “drive” of some sort involving a community group or a particular
need, thus providing the “external” motivation. At fixed sites, the donor is
usually called by blood center staff and the donation scheduled as part of
the general ongoing blood collection activity, but there is no relation to a
particular community or social group or patient.

Organizational influences

There are different types of organizations involved in collecting blood and
providing the nation’s blood supply (see Chapter 2) and these may
influence people’s willingness to donate. Such preferences could be due to
the nature of the organization or the individual donor’s motivation. One
major difference among organizations is hospital-based donor programs
versus community-based freestanding blood centers. Because the
community-based blood center serves multiple hospitals, the organization
(and, by extension, a donation made to it) carries an image of service to the
general medical community along with a feeling of community pride and
allegiance. The nature of the community organization may also influence
the individual’s willingness to donate. About half of the blood collection in
community centers is carried out by the American Red Cross. The other
half of blood collection is performed by freestanding organizations whose
mission is the provision of blood services. In contrast, a hospital-based
program is associated with a specific medical center and can take
advantage of the image of that center and its physicians, programs, and
patients. Although there are no definitive studies, it seems likely that these
factors influence the types of donors and their motivation for donating to
different organizations. The differences between organizations involved
may also affect the setting in which the blood is collected and thus may
indirectly influence the donors or their motivation. For instance,
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hospital-based donor programs are more likely to use fixed sites for blood
collection. While community-based blood centers use some fixed sites,
they use mobile sites more extensively than hospital programs.

Role of incentives

A variety of incentives, ranging from small trinkets such as key chains,
coffee mugs, or T-shirts to tickets to events to cash, have been offered to
donors in hopes of motivating them to continue to donate. In almost every
study worldwide, paying donors results in donors with a higher likelihood
of transmitting disease [30,31]. Thus, organizations such as the American
Association of Blood Banks, the American Red Cross, the International
Society for Blood Transfusion, the World Health Organization, and most
countries that have a national blood policy stipulate that blood for
transfusion be obtained from volunteer donors. The definition of
volunteerism in blood donation is whether the incentive is transferable,
refundable, or redeemable or whether a market for it exists [32]. If none of
these applies, it is presumed that the incentive could not be converted into
cash.

In some very specific situations, it is possible to pay donors without
increasing the risks of transmissible disease [33,34], although this is not
recommended. Blood testing for cholesterol or prostate specific antigen or
blood “credits” may be an incentive for many donors [35,36], and
incentives help to attract first-time and younger donors [31]. Some blood
banks have used a blood “credit” system in which nondonors are charged a
higher fee for the blood as an incentive to replace blood used. This practice
is no longer used in the United States, but in many countries with an
inadequate blood supply, versions of this practice are used [37].

| 3.4 Whole blood donor recruitment strategies

It is generally believed that the most effective way to get someone to donate
blood is to ask directly and personally [5, 8, 38]. For instance, in one study
comparing two recruitment techniques, the direct “foot in the door”
approach was found to be superior to a general request to participate in a
donor program [39]. When people were asked their reasons for not
donating, the most common response was “no one ever asked” [8]. The
wide variety of settings in which blood is collected may also affect an
individual’s willingness to donate. Different motivations may apply to
donation in different settings, or the setting may influence an individual’s
willingness to donate. However, for either the fixed or mobile site,
substantial efforts are made to specifically ask the individual to donate and,
if possible, schedule the donation. This request may be made by paid staff
of the donor organization or by volunteers. It is not clear whether either
type of individual is more effective. Many blood centers with large donor
programs have implemented computerized calling systems that integrate
the donor files with the donor’s history along with automated dialing
systems to maximize the efficiency of the telephoning process.
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Usually blood donors are asked to give to the general community blood
supply. Sometimes donors are asked to donate blood for one or more
specific patients. Newman et al. [40] found that these patient-related blood
drives were easier to organize, produced more blood, and left the donors
and staff with a stronger sense of satisfaction because of the more personal
nature of the experience.

Very little structured social science research has been directed to the
issue of minority involvement in the blood donation process. Some success
in increasing blood donation by minorities has been achieved by involving
more minority staff in the recruitment and blood donation process
(Wingard M, quoted in reference 2]. Compared with Hispanic nondonors,
Hispanic donors were found to be better educated, to be more likely to
speak English, to have higher job status, and to be more likely to have
parents who were donors [41]. The study concluded that there is a need for
improved education for Hispanic donors about the safety of blood
donation. With the general aging of the population and the extending of
age limits for blood donation, donation has been found to be safe for older
persons. However, there are no unique recruitment strategies targeted to
older donors. As more blood is collected at colleges and high schools, the
materials and publicity are designed to appeal to that age group and so
could be considered to be targeted to this population segment.

Another issue in donor recruitment is whether to devote more effort to
recruitment of new donors or to maintaining existing donors. New donors
add to the overall files and replace donors inevitably lost due to attrition or
disqualification. Thus, it is essential to replenish the donor pool. However,
once people are in the donation habit, strategies to encourage them to
continue result in the collection of substantial amounts of blood for less
effort than is required to recruit new donors. Therefore, the dilemma is not
in choosing only one of these strategies, but in balancing the effort between
them to maintain an adequate donor file and also to produce new donors
with a reasonable amount of effort.

\ 3.5 Apheresis donor recruitment

During early phases of the development of cytapheresis, donors were
usually friends or relatives of the patients or else they were staff members
of the hospital or blood bank. For instance, in one of the first platelet
donor programs (established at M.D. Anderson Hospital in 1963), there
was no organized donor recruitment program [42]. Instead, the donors
themselves, as well as blood bank staff, served as informal recruiters. As it
became clear that cytapheresis would become a more widely used method
of producing blood components and the procedures began to take a place
in the more routine operation of blood centers and hospitals, attention was
directed to more formal and structured donor recruitment programs. This
raised considerations in addition to those for whole blood donors. The
cytapheresis procedure is longer and thus requires more of a time
commitment. In addition, the side effects, the nature of adverse reactions
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to donation and the donor medical assessment might be different from
whole blood donation. Thus, the types of people to be approached about
donation, the information they would be given, and the strategy to be used
to obtain the best decision from the donor and potentially the highest
acceptance rate became topics of great interest.

A key step in the development of cytapheresis donor programs was a
conference that was held to address the scientific, legal, and ethical issues
[43]. Issues such as the cost-effectiveness of platelet transfusion, individual
rights, informed consent, donor decision-making mechanisms, and
personal autonomy were discussed in the context of plateletpheresis
donation. The results of this conference formed a sound basis for the
development of cytapheresis donor programs. Because of the additional
burden of cytapheresis donation, frequent whole blood donors were
selected as possible cytapheresis donors. The provision of informational
materials was often sufficient to attract them into cytapheresis donation
[44]. Platelet donation was not only an altruistic act of giving, but it also
filled some personal needs of the individual.

Apheresis now is the major platelet production method (see Chapter 2)
occurring thousands of times each day. Recruitment continues to focus on
successful whole blood donors who are provided information about
apheresis donation. Some blood centers position the apheresis collection
area within site of whole blood donors as a recruitment technique. Since
apheresis donation can be done more frequently than whole blood, this is
another incentive for some donors.

3.6 Bone marrow donors

With increasing use of bone marrow transplantation to treat a wider
variety of diseases and with the success of the treatment improving, the
lack of a suitable family donor for most patients became a major limitation
in the availability of this treatment. The first successful transplant using
marrow donated by a volunteer not related to the patient [45] opened the
urgent need for large numbers of HLA-typed individuals who would be
willing to donate marrow. A remarkable story unfolded, resulting in the
establishment of the National Marrow Donor Program [46].

Initially it was believed that it might be improper or even unethical to
ask volunteers unrelated to the patient to donate marrow. The risks of
donation, the discomfort, the nature of the patient’s preparation for the
transplant, and lethal consequences of withdrawal by the donor all
contributed to an atmosphere in which this kind of donation seemed
unlikely. However, the possibility was pursued in a small number of centers
[46]. One of the major first steps was a conference sponsored by the
University of Minnesota at which the legal, ethical, social, financial, and
practical issues in unrelated volunteer marrow donation were discussed
[47]. The involvement of two community blood centers added strength at
this early stage because they were separate from the transplant centers and
also because of the involvement of representatives of the general
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community as part of their governing boards. As these organizations began
to consider establishing a marrow donor program, the results of the
conference strengthened the belief that there were proper ways to inform
people of the opportunity and the consequences of donation and to
provide the opportunity to become a donor if desired [47]. The initial
ethical principles involved respect for life, promotion of good, prevention
of harm, justice, fairness, truth-telling, and individual freedom [47].

Because of the extensive commitment required of donors, it was decided
to approach multi-gallon blood donors and apheresis donors [48,49]. This
had the added benefit that most were already apheresis donors who had
been HLA-typed, and this avoided the cost of additional HLA typing. The
“recruitment” involved providing an extensive description of marrow
transplantation, the situations in which it was used, the results of
transplantation including actual survival statistics, the marrow donation
process, and the steps that would lead up to marrow donation. The
recruitment process drew heavily on the considerable experience of
sociological studies of families making the decision to donate an organ
either to a relative or for cadaver transplantation [50,51]. The informed
consent process was given very heavy weight in the recruitment process
[48]. Remarkably, about three-fourths of the donors who were provided an
extensive description of the marrow donor program elected to participate
[48,49]. Important factors in the donor’s decision whether or not to
participate in the program were religion, experience with the medical
system, and the spouse’s attitude regarding marrow donation [49].

Donor recruitment efforts were expanded to the general public.
Although there was concern that people who had never donated blood
would not be sufficiently well informed or willing to make the necessary
commitment, general community appeals for donors resulted in the
recruitment of donors who became as committed to the program as the
cytapheresis donors [45]. The national marrow donor file has now grown
to more than 8 million volunteers in the United States and many more
worldwide. The extensive experience with marrow donation establishes the
effectiveness of the recruitment process and the lifesaving impact of the
therapy on patients.
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4 Blood Donor Medical
Assessment and Blood
Collection

Because blood is considered to be a drug and is regulated under US Food
and Drug Administration (FDA) law, most aspects of the selection of
potential donors and the collection of blood are carried out under
requirements established by the FDA. This chapter attempts to provide
concepts and rationale for blood donor assessment and blood collection
but does not refer to every specific FDA requirement. However, it should
be understood that all of these activities must conform to FDA
requirements, which can be found in the Code of Federal Regulations and
various FDA guidelines. For blood banks that desire accreditation by the
American Association of Blood Banks, the standards of that organization
must also be followed. The Technical Manual of the American Association
of Blood Banks [1] is an excellent reference that provides details for much
of the content of this chapter.

4.1 Medical assessment of whole blood donors

The approach to the selection of blood donors is designed around two
themes: to ensure the safety of the donor and to obtain a high-quality
blood component that is as safe as possible for the recipient. In general,
10-15% of presenting donors are either deferred or provide an
unsatisfactory unit of blood [2]. This is due to short-term deferrals (e.g.,
hemoglobin), long-term deferral (malaria), permanent deferral (hepatitis),
disease marker reactive donations, or an unsatisfactory collection process
[2] (Table 4.1). An additional 1.2% of units are rejected due to positive
transmissible disease tests [3]. The loss of this many potential donors has a
huge impact on the blood supply [4].

Registration

A major factor that influences whether blood donors will make subsequent
donations is the experience donors have at each donation. Thus, it is
important that the blood collection staff provide a warm, friendly,
professional, and efficient environment in which the medical assessment
and blood donation can take place.

Transfusion Medicine, Third Edition. Jeffrey McCullough.
© 2012 Jeffrey McCullough. Published 2012 by Blackwell Publishing Ltd.
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Table 4.1 Strategies for safe blood.

Using only volunteer blood donors

Questioning donors about their general health before their donation is scheduled
Obtaining a medical history before donation

Carrying out a physical examination before donation

Carrying out laboratory testing of donated blood

Checking the donor’s identity against a registry of previously deferred donors

Providing a method by which after donation the donor can confidentially designate the
unit as unsuitable for transfusion

When the donor initially presents at the donation site, identifying
information is obtained for the permanent record. This includes name,
address, telephone number, birth date, social security number (if allowed
in that state), and previous donation history including any names under
which previous donations might have been made. In order to prevent iron
depletion, individuals may donate no more often than every 56 days. At the
time of registration, the prospective donor is given information about
blood donation, transmissible disease testing, and factors or behavior that
would preclude blood donation. Information may also describe the
agencies that are notified in the event of a positive test result for a
transmissible disease. While obtaining the medical history, a staff member
asks the donor questions about these factors and describes the risk behavior
for human immunodeficiency virus (HIV) infection. It is required that the
identity of each donor be checked against a registry of individuals known
to be unacceptable as blood donors [5]. It is assumed that people have no
reason to donate blood under false names, and so this questioning is done
primarily to identify women whose name may have changed due to
marriage. Some blood banks do this “donor deferral registry” check at the
time of registration to avoid collecting blood from anyone on the registry,
and other blood banks carry out this check at the blood center later before
the unit of collected blood is made available for distribution. Although this
process is required by the FDA and is widely used throughout the United
States, there has never been a thorough study to establish its value and
some registries in close proximity do not share the information.

For many years people were deferred from donating blood after 65 years
of age. However, as the population has aged, with many more people living
active, healthy lives well beyond their 65th year, the arbitrary use of an age
limit for blood donation has been eliminated. Elderly donors have more
medical conditions and medications than younger donors but do not
experience more adverse reactions to donation [6,7]. Elderly donors have
slightly decreased iron stores [8], but these donors can safely contribute to
the nation’s blood supply. Schmidt [9] points out that “blood donation by
the healthy adult is remarkably safe and data show that this is true well into
old age” Thus, most blood centers do not have a specific upper age limit
for blood donors but evaluate donors on an individual basis. The lower age
limit for blood donation is usually 17 years, but some states have passed
laws that allow donation at the age of 16 even though these are below the
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age of 18 at which individuals can take legal responsibility for their actions.
These special laws dealing with blood donation are intended to enable high
school students to donate without obtaining parental consent. However,
younger donors may have a higher risk profile [10] and so the importance
of an accurate history must be especially stressed with these donors.

Medical history

The medical history is an extremely important part of the selection of
donors because it can reveal reasons why donation might not be wise for
the donor or reasons why the donor’s blood might constitute an increased
risk for the patient. The interview usually takes about 10 minutes. In
addition to specific questions (Table 4.2), the interviewer attempts to
establish some rapport with the potential donor and to make an
assessment of the donor’s general condition. This is important to establish
that the donor is in good general health, is not under the influence of
drugs, and is able to give informed consent for the donation. The interview
must be conducted in a setting that provides privacy for the donor. While
complete visual privacy is not always possible, visual distractions should be
minimized and the donor’s answers must not be audible to others. The
interview consists of some questions that the donor answers in writing and
some verbal responses to questions asked by the interviewer. Several
different ways of seeking information from the donor have been used.
These include different kinds of brochures, videos, and direct questioning.
In studies comparing these approaches, direct questioning elicits the most
accurate information [11,12]. Computer-assisted donor screening seems to
be acceptable to donors and may decrease errors [13]. The nature of these
sex-related questions is very specific, and the act of directly questioning the
donor about these behaviors has certainly changed the interaction and
relationship between the donor and the blood bank [14].

An interagency task force developed a standard donor history
questionnaire that is approved by the FDA and now used by most blood
banks. The questions designed to protect the safety of the donor include
those regarding age and medications and whether the donor is under the
care of a physician or has a history of cardiovascular or lung disease,
seizures, present or recent pregnancy, recent donation of blood or plasma,
recent major illness or surgery, unexplained weight loss, or unusual
bleeding. Questions designed to protect the safety of the recipient include
those related to the donor’s general health; the presence of a bleeding
disorder; receipt of growth hormone; exposure to or history of jaundice,
liver disease, hepatitis, AIDS (or symptoms of AIDS), Chagas’ disease, or
babesiosis; the injection of drugs; receipt of coagulation factor
concentrates, blood transfusion, a tattoo, acupuncture, ear piercing, or an
organ or tissue transplant; travel to areas endemic for malaria; recent
immunizations; contact with persons with hepatitis or other transmissible
diseases; ingestion of medications, especially aspirin; presence of a major
illness or surgery; or previous notice of a positive test for a transmissible
disease. Donors with a history of hepatitis before age 11 are not deferred
because that hepatitis was likely type A, which does not have a carrier state.
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Table 4.2 Complete list of medical history questions for blood donors.

Are you

Feeling healthy today?

Currently taking an antibiotic?

Currently taking any other medication for an infection?

Please read the medication deferral list
Are you now taking or have you ever taken any medications on the Medication Deferral List?
Have you read the educational materials?

In the past 48 hours, have you
Have you taken aspirin or anything that has aspirin in it?

In the past 6 weeks, have you
Female donors: Have you been pregnant or are you pregnant now? (Males: check “I am male”)

In the past 8 weeks, have you

Donated blood, platelets or plasma?

Had any vaccinations or other shots?

Had contact with someone who had a smallpox vaccination?

In the past 16 weeks, have you
Have you donated a double unit of red cells using an apheresis machine?

In the past 12 months, have you

Had a blood transfusion?

Had a transplant such as organ, tissue or bone marrow?

Had a graft such as bone or skin?

Come into contact with someone else’s blood?

Had an accidental needle-stick?

Had sexual contact with anyone who has HIV/AIDS or has had a positive test for the HIV/AIDS virus?

Had sexual contact with a prostitute or anyone else who takes money or drugs or other payment for sex?
Had sexual contact with anyone who has ever used needles to take drugs or steroids, or anything not
prescribed by their doctor?

Had sexual contact with anyone who has hemophilia or has used clotting factor concentrates?

Female donors: Had sexual contact with a male who has ever had sexual contact with another male? (Males:
check “I am male”)

Had sexual contact with a person who has hepatitis?

Lived with a person who has hepatitis?

Had a tattoo?

Had ear or body piercing?

Had or been treated for syphilis or gonorrhea?

Been in juvenile detention, lockup, jail, or prison for more than 72 hours?

In the past 3 years, have you
Been outside the United States or Canada?

From 1980 through 1996

Did you spend time that adds up to three (3) months or more in the United Kingdom? (Review list

of countries in the UK.)

Were you a member of the US military, a civilian military employee, or a dependent of a member of the US
military?

From 1980 to the present, did you

Spend time that adds up to five (5) years or more in Europe? (Review list of countries in Europe.)

Receive a blood transfusion in the United Kingdom or France? (Review list of countries in the UK.)

From 1977 to the present, have you
Received money, drugs, or other payment for sex?
Male donors: had sexual contact with another male, even once? (Females: check “I am female”)
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Table 4.2 (Continued).
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Have you ever

Had a positive test for the HIV/AIDS virus?

Used needles to take drugs, steroids, or anything not prescribed by your doctor?
Used clotting factor concentrates?

Had hepatitis?

Had malaria?

Had Chagas' disease?

Had babesiosis?

Received a dura mater graft?

Had any type of cancer, including leukemia?

Had any problems with your heart or lungs?

Had a bleeding condition or a blood disease?

Had sexual contact with anyone who was born or lived in Africa?
Been in Africa?

Had any relatives who had Creutzfeldt-Jakob disease?

Source: Food and Drug Administration. Guidance for industry: implementation of acceptable full-length
donor history questionnaire and accompanying materials for use in screening donors of blood and blood

components. Rockville, MD: CBER Office of Communication, Training, and Manufacturers Assistance
(October 2006).

Many believe that the question about hepatitis should be eliminated, but
the FDA has not done so.

Individuals who have spent more than three months in the United
Kingdom are deferred because of possible exposure to the causative agent
of variant Creutzfeld—Jakob disease (CJD) [15]. FDA recommended travel
referrals to reduce the potential transmission of variant CJD projected
donor losses ranging from 1% to 13%, but experience has shown a rate of
approximately 1.6% [16].

Potential donors who have resided in or traveled to malaria endemic
areas are deferred for 12 months. However, most transfusion-transmitted
malaria is associated with lengthy residence in malaria endemic areas rather
than routine or short-term travel. Travel to Africa results in a malaria
infection rate 1,000 times that of travel to malaria endemic areas of Mexico,
yet Mexico accounts for more than ten times as many deferred donors.
Shortening the deferral period from 12 to 3 months for travelers to Mexico
increases the risk of a contaminated unit by only one unit per 57 years in
the United States yet an annual gain of more than 56,000 donations [17].

Several questions related to AIDS risk behavior include whether the
potential donor has had sex with anyone with AIDS, given or received
money or drugs for sex, had sex with another male (for males), or had sex
with a male who has had sex with another male (for females).

One area of inconsistency is that males who have had sex with a male at
any time since 1977 (when the HIV virus is thought to have entered
humans) are deferred while males who have had sex with a female
prostitute or used IV drugs are deferred for only one year. In one study of
21,168 male donors, 24% reported having male-to-male sex and most of
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this was since 1977. In those donors who reported male-to-male sex in the
last five years, the prevalence of reactive screening test results was higher. In
addition, the prevalence of other unreported risks was higher in donors
who reported male-to-male sex at any time. Thus, this study did not
provide evidence to support changing the current policy of donor

deferral [18].

Previous transfusion recipients could harbor unknown infectious agents
and perpetrate the cycle of transmissible disease and so deferral of previous
transfusion recipients has been considered. In one very large study, a
previous transfusion history was found in 4.2% of donors. However,
transfused and nontransfused donors had a similar incidence of positive
viral screening tests and other deferrable risks [19].

The medical history is an extremely effective part of ensuring the safety
of the blood supply. For instance, the implementation of questions about
behavior that would put potential donors at risk for HIV infection
decreased the HIV infectivity of blood in the San Francisco Bay area by
90% even before the use of the HIV screening test [20]. Blood donors are
less likely than the general public to have engaged in risk behaviors,
although 1.5% have done so [21]. One concern has been that people who
have engaged in high-risk behavior might seek to donate blood to obtain a
test for HIV. In some situations this seems to be true. Of 30 HIV-positive
blood donors in Paris, 47% had known risk behaviors and 50% admitted
to having donated to obtain a test for HIV [22]. In a larger study of
HIV-seropositive blood donors, the reasons for donation in spite of having
participated in behavior that placed them at risk of HIV infection were
failure to read carefully or comprehend the deferral information, group
pressure, a desire to be tested, and belief that the testing would identify any
infected blood [23].

Occasionally, situations arise in which the donor’s physician believes
that donation would be safe, but the blood bank does not accept the donor.
For instance, because the genesis of malignant disease is not known,
donors with a history of cancer (other than minor skin cancer or
carcinoma in situ of the cervix) are usually deferred, although it is not
expected that transfusion of blood from these donors would transmit
cancer. Some medications may make the individual unsuitable as a blood
donor because of the condition requiring the medication, while other
medications may be potentially harmful to the recipient. Many other
conditions must be evaluated individually by the blood bank physician,
whose assessment of conformance with FDA regulations—which consider
blood a pharmaceutical—may not always coincide with another physician’s
view of the health of the potential donor.

Hemochromatosis patients as blood donors

Hereditary hemochromatosis is due to alterations of the HFE gene. The use
of phlebotomy to reduce iron stores and prevent progression of the disease
continues to be the therapy of choice. Blood obtained by therapeutic
phlebotomy of hemochromatosis patients has not been acceptable for
transfusion when the pathogenesis of the disease was not understood.
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Approximately two-thirds of hemochromatosis patients are probably
eligible as blood donors, and it is estimated that about 65% of the units
drawn during iron depletion therapy would be suitable for transfusion
providing 200,000 to 3 million units [24] of blood annually in the United
States. The risk of transfusion-transmitted infections is not greater from
hemochromatosis than regular blood donors [25]. Canada has accepted
patients with hemochromatosis as donors, and potential use of blood from
hemochromatosis patients has been proposed for the United States [26,27].

Physical examination of the blood donor

The physical examination of a potential donor includes determination of
the potential donor’s temperature, which can be falsely increased or
decreased by hot or cold beverages or gum chewing [28], pulse, blood
pressure, weight, and hemoglobin. Each of these has FDA-mandated limits.
In addition, the donor’s general appearance and behavior are assessed for
any signs of illness or the influence of drugs or alcohol. The skin at the
venipuncture site is examined for signs of intravenous drug abuse, lesions
suggestive of underlying disease, and local lesions that might make it
difficult to cleanse the skin and thus lead to contamination of the blood
unit during venipuncture.

There are weight requirements for donors because it is necessary to
balance the amount of blood collected in relation to the donor’s estimated
blood volume and also the amount of blood in relation to the volume of
anticoagulant in the collection container. To integrate the volumes of
blood collected, which can range from about 505 to 575 mL, with the
weight ranges of donors, an arbitrary lower weight limit of 110 1b has been
established. There is no upper weight limit, although extremely obese
potential donors may have other health problems or inadequate venous
access-precluding donation. The pulse should be regular and between 50
and 100 per minute, although potential donors who have a slower pulse
due to involvement in an active exercise program may donate with
approval of the transfusion medicine physician.

The hemoglobin may be tested by a screening method in which a drop
of blood is placed in a copper sulfate solution of a known specific gravity so
that the falling of the blood drop within the solution indicates an adequate
hemoglobin content. A microhematocrit is now often used, but in less
well-developed countries, a hemoglobin color scale can be used [29]. The
blood drop should be obtained from the finger. Blood from an earlobe
puncture can have a falsely elevated hemoglobin [30,31]. Noninvasive
methods for hemoglobin are now available but have not yet become widely
used. If the hemoglobin screening test indicates a hemoglobin level below
than required for donation, usually a microhematocrit is performed. The
minimum acceptable hemoglobin is 12.5 g/dL for men and women.
Factors that affect the rate of deferrals due to hematocrit are the
proportion of female donors, smokers, African Americans in the donor
population, altitude of the donation location, and source of blood sample
(finger versus ear lobe). Because the hemoglobin fluctuates with
temperature, being lower in hot weather, there may be an increase in
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deferrals due to low hemoglobin during the summer months [32]. The use
of the same hemoglobin criterion for men and women is inconsistent. The
FDA minimum of 12.5 grams/dL is within the normal range for Caucasian
women [11.6 to 15.7 grams/dL) but below the normal range for Caucasian
men (13.3 to 17.2 grams/dL). Most hemoglobin deferrals occur in women
and a large percentage of women who have hematocrits of 36% or 37%
that are within their normal limits [33% to 45%]. Thus, many women with
essentially normal hemoglobins are being deferred. In contrast, a
hemoglobin of 12.5 g/dL may indicate mild anemia in a man. Changing
the hemoglobin requirement from 12.5 to 12.0 g/dL for women could
increase the US blood supply by approximately 5% [33,34].

Special blood donations

There are several situations involving blood donation in which the blood
may be collected by the donor center but will not be used as part of the
community’s general blood supply. Examples of these include autologous
donation, directed donation, patient-specific donation, and therapeutic
bleeding (see Chapter 6). In some of these situations, the FDA
requirements for blood donation may not apply.

' 4.2 Collection of whole blood

The time during blood collection provides another opportunity for the
blood center staff to interact with the donor to reinforce the
professionalism and set the stage for the donor’s willingness to return for
subsequent donations. In a way this becomes the first step in the
recruitment of the donor for the next donation (see Chapter 3).

Labeling

The first step in the collection process is labeling of all containers, tubes,
and related materials. This is an extremely important step because it relates
all tubes, specimens, documents, and components to the identity of the
donor. Virtually all blood banks use bar-coded labels, and much of the
subsequent tracking of specimens, test results, and individual components
is done by computers using these labels. Computer systems are generally
used to accumulate all data relevant to the individual donation to
determine whether the components are suitable for transfusion and can be
released into usable inventory. Thus, there are detailed and specific steps in
the process at the donor bedside to ensure the accuracy of all materials.

Blood containers

Blood must be collected into FDA-licensed containers, each of which is
sterile and can be used only once. The containers are made of plasticized
material that is biocompatible with blood cells and allows diffusion of
gases to provide optimal cell preservation (see Chapter 5). These blood
containers are combinations of multiple bags connected by tubing so that
components can be transferred between bags without being exposed to air.
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This is referred to as a “closed system.” This system of separation of the
whole blood into its components in a closed system thus minimizes the
chance of bacterial contamination while making it possible to store each
component under the conditions and length of time that are optimum for
that component. Since some bacteria can enter the blood bag from skin at
the venipunture, most blood collection sites now contain a small pouch for
diversion of the first few mL of blood. Diversion of the first few mL of
blood collected can reduce the bacterial contamination rate from 46-71%
[35,36]. In 2006, 37% of whole blood and 50% of apheresis products were
collected using a diversion pouch [3].

Anticoagulant preservative solutions

Several anticoagulant preservative solutions are available. The
anticoagulants are various formulas of citrate solutions. The blood may be
stored in these solutions and used for transfusion, or most of the
supernatant may be removed and the cells stored in other “additive”
solutions. The composition and effects of these anticoagulant and
preservative solutions are discussed more completely in Chapter 5.

Selection of the vein and preparation of the
venipuncture site

Blood is drawn from a vein in the antecubital fossa. The vein selected
should be large enough to accommodate a 16-gauge needle. Careful
selection of the vein makes the venipuncture quick and easy, thus
providing good blood flow and a quality component but also minimizing
the discomfort to the donor and making the donation experience as
pleasant as possible. The choice of the vein will also minimize the
likelihood of inadvertently damaging a nerve or puncturing an artery (see
section on Adverse Reactions to Donation). A blood pressure cuff is usually
used to impede venous return and distend the vein.

To minimize the chance of bacterial contamination, the blood must be
drawn from an area free of skin lesions, and the phlebotomy site must be
properly cleansed (Table 4.3). It is not possible to sterilize the skin, but
steps are taken to greatly reduce the level of skin flora. This essentially
involves scrubbing with a soap solution, followed by tincture of iodine or
iodophor complex solution [37,38]. The selection of the venipuncture site
and its sterilization are very important steps, since bacterial contamination
of blood can be a serious, even fatal complication of transfusion (see
Chapter 14).

Venipuncture

Most blood collection equipment uses 16-gauge needles, and the entire set
is closed and connected so that the needle is integral. The venipuncture is
done with a needle that can be used only once so as to avoid
contamination. Most phlebotomists use a two-step process in which the
needle first penetrates the skin, then after a brief pause the needle is
inserted into the vein. The pause is so brief that it may not be noticeable to
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Table 4.3 General procedure: donor arm preparation for blood collection.

¢ Apply tourniquet or blood pressure cuff. Identify venipuncture site; then release
tourniquet or cuff.

e Scrub area at least 4 cm in all directions from intended venipuncture site for a minimum
of 30 seconds with 0.75% or 10% disposable povidone-iodine scrub solution stick.

o Apply preparation solution of 10% povidone-iodine starting at intended venipuncture
site and moving outward in a concentric spiral. Let stand for 30 seconds or as directed
by manufacturer.

e Cover area with sterile gauze until the time of venipuncture. After the skin has been
prepared, it must not be touched again. Do not repalpate the vein at the intended
venipuncture site.

Sources: Goldman M, Roy G, Fréchette M, et al. Evaluation of donor skin disinfection
methods. Transfusion 1997; 37:309-312 in Roback J ed. Technical Manual, 16th ed.
Bethesda, MD. American Association of Blood Banks 2008:942-943

the donor. The phlebotomist must be aware of the needle placement to
minimize the likelihood of puncturing a nerve or artery.

Blood collection
Usually the blood container is placed on a scale, which may have a device
to cut off the flow when the container reaches a set weight indicating that
the desired volume of blood has been collected. The blood must flow freely
and be mixed with anticoagulant frequently as it fills the container to avoid
the development of small clots. Some blood banks use mechanical devices
that continuously mix the blood and anticoagulant during phlebotomy. No
more than 15% of the donor’s estimated blood volume should be collected
and the limit of 10.5 mL/kg body weight [1] is intended to meet this limit.
In addition, the volume of blood in the container should be between 405
and 550 mL (that is, 450 or 500 mL % 10%). Thus, including specimens for
testing, the amount of blood drawn could total 575 mL. Units containing
300—404 mL can be used for transfusion but must be labeled as low-volume
units. The amount of blood withdrawn must be within prescribed limits to
be in the proper ratio with the anticoagulant, otherwise the blood cells may
be damaged or anticoagulation may not be satisfactory (see Chapter 5).
The actual time for phlebotomy and bleeding is usually about 7 minutes
and almost always less than 10 minutes. If the blood flow is slow, clots may
form in the tubing before the blood mixes with the anticoagulant in the
container. Although there is no FDA-defined maximum allowable time for
the collection of a unit of blood, most blood banks establish a maximum;
usually no more than about 15 minutes. There is no difference in factor
VIII or platelet recovery between units collected in less than 8 minutes
versus those collected in 8—12 minutes [39]. Extremely rapid blood flow or
the appearance of bright red blood may indicate an arterial puncture. This
can be confirmed by feeling the pressure building in the blood container.
An arterial puncture is nearly unmistakable because of the very rapid
filling and pressure that develops in the blood container.
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During blood donation, there is a slight decrease in systolic and a rise in
diastolic blood pressure and peripheral resistance along with a slight fall in
cardiac output but little change in heart rate [40]. During blood donation,
the regional cerebral oxygen saturation decreases significantly but still
remains within the range of individual physiologic variation while the
cerebral tissue hemoglobin concentration increases significantly, probably
due to an increase in cerebral blood volume which appears to be the major
compensation mechanism during acute blood loss to maintain cerebral
oxygenation [41].

At the conclusion of blood collection, the needle is removed and the
donor is asked to apply pressure to the vein in the antecubital fossa for at
least 1 or 2 minutes. Many blood centers have a policy of asking the donor
to raise his or her arm to minimize the venous pressure while pressure is
applied to the vein. When there is no bleeding, discoloration, or evidence
of a hematoma at the venipuncture site, the donor should be evaluated for
other symptoms of a reaction to donation. If none is present, the donor
can move off the donor table to the refreshment area. The donor should be
observed during this time, as the movement into an upright posture may
bring on lightheadedness or even fainting.

4.3 Postdonation care and adverse reactions to
blood donation

Postdonation care

Many donor reactions, especially lightheadedness or syncope, may occur
when the donor is having refreshments. Donors are advised to drink extra
fluids to replace lost blood volume. The nature of the fluid is not as
important as consuming some fluid, except that alcoholic beverages are
not recommended. The consumption of fluids helps to restore blood
volume and minimize the postural hypotension that may occur for several
hours after donation. Alcohol is a vasodilator and may cause a shift of
blood flow to the periphery, resulting in reduced cerebral blood flow and
hypotension or fainting. Even after the loss of a few hundred milliliters of
blood, some donors are subject to lightheadedness or even fainting if they
change position quickly. Therefore, donors are also advised not to return to
work for the remainder of the day in an occupation where fainting would
be hazardous to themselves or others. Donors are also advised to avoid
strenuous exercise for the remainder of the day of donation [42]. This
minimizes the chance of development of a hematoma at the venipuncture
site and the chance of fainting due to diversion of blood from the central
nervous system into peripheral vasculature.

Adverse reactions

A reaction occurs following approximately 4% of blood donations, but
fortunately most reactions are not serious [43,44]. Minimizing donor
reactions begins with the selection of the site for blood collection, the staff
training, the general treatment the donor receives from the staff, and the
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Table 4.4 Adverse reactions to whole blood donation.

Hypovolemia Syncope
Lightheadedness
Diaphoresis
Nausea
Vomiting

Vasovagal effects Syncope
Bradycardia
Diaphoresis
Pallor

Venipuncture Hematoma
Nerve injury
Local infection
Thrombophlebitis

ambience of the blood collection situation. These factors are important
because reactions increase when the blood collection situation is crowded,
noisy, or hot or when the donor endures a long wait. Donors who have
reactions are more likely to be younger [45-47], to be unmarried, to have a
higher predonation heart rate and lower diastolic blood pressure, and to be
first-time donors or to have donated fewer times than donors who do not
experience reactions [48].

Adverse reactions to blood donation can be categorized generally as
those due to (a) hypovolemia, (b) vasovagal effects, and (c) complications
of the venipuncture (Table 4.4). The most common symptoms of reaction
to blood donation are weakness, cool skin, diaphoresis, and pallor. A more
extensive but still moderate reaction may involve dizziness, pallor,
hypertension, hypotension, and/or bradycardia. Bradycardia is usually
taken as a sign of a vasovagal reaction rather than hypotensive or
cardiovascular shock, in which tachycardia would be expected. In a more
severe form, the reaction may progress to loss of consciousness,
convulsions, and involuntary passage of urine or stool. The vasovagal
syndrome can have important effects on blood donors and the blood
supply [49]. The most common cause of these symptoms is probably due
to the psychological stress of the situation or to neurologic factors rather
than hypovolemia due to loss of blood volume. In the past, a common
response to a donor reaction was to have the donor rebreathe into a paper
bag. This is effective only if the lightheadedness is due to hyperventilation
and reduced bicarbonate levels. Actually, most reactions do not have this
basis and the paper bag may only add to the tension of the situation. This is
not recommended as routine practice, but should be reserved for
situations in which it seems clear that hyperventilation is a major part of
the reaction. Other systemic reactions may include nausea, vomiting, and
hyperventilation, sometimes leading to twitching or muscle spasms,
convulsions, or serious cardiac difficulties. These kinds of serious reactions
are very rare (see below). Several strategies that are being evaluated to
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reduce donor reactions include predonation education, distraction, and
additional water intake [50-52] which can reduce the rate of vasovagal
reactions [52]. Minimizing donor reactions is very important because
donors who experience adverse reactions are less likely to return [53].

No clinically significant effects have been reported for long-term
multi-gallon donations of whole blood. However, some studies have
reported immunologic abnormalities, including decreases in natural killer
cells, total lymphocyte levels, and proliferative response to mitogens [54],
although there were no differences between donors and nondonors in
lymphocyte levels or function [54]. At present it is not considered that
long-term blood donation adversely affects immunologic function.

Severe reactions to blood donation

Although most reactions are mild, severe reactions defined as those
requiring hospitalization can occur. These include seizures, myocardial
infarction, tetany, and death. Popovsky [44] reviewed 4,100,000 blood
donations and found very severe reactions in 0.0005% or one per 198,110
allogeneic blood donations. The kinds of reactions included severe
vasovagal reaction, angina, tetany, and problems related to the
venipuncture site. Most reactions occurred during donation while the
donor was at the donor site, although 6% occurred more than 3 days later.
Reactions were more likely in first-time donors. If this incidence is
generalized to the national blood collection activity of 12—14 million
donations per year, approximately 60—70 such reactions may occur
annually.

Seizures

Because seizures may occur following blood donation, a history of seizures
has disqualified donors in the past. However, donors with a history of
seizures well controlled at the time of donation have no greater likelihood
of experiencing a reaction to donation than donors who had never had
seizures [55]. Thus, blood banks may begin to modify their requirements
regarding a history of seizures.

Nerve injuries
During venipuncture, the needle may accidentally strike a nerve. Injuries
causing numbness or tingling, pain, and/or loss of arm or hand strength
occur in approximately 1/21,000 to 26,700 donations [56,57] and implies
that approximately 500 to 600 such injuries may occur annually from the
12 to 14 million blood donations in the United States. Some of the donors
developed a hematoma following donation, but it could not be determined
whether the nerve damage was related to the hematoma or direct injury by
the needle. One-third of the injuries resolved in less than 3 days, but 2%
lasted longer than 6 months and 6% resulted in residual mild localized
numbness [56].

In a detailed anatomic study of 11 patients with injury to upper
extremity cutaneous nerves after routine venipuncture, Horowitz [58]
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observed that nerve injury appeared secondary to direct trauma via
“inappropriate” needle or bolused material near the nerves beneath the
veins, or to nerves overlying the veins. However, in 3 of 13 additional
patients, the venipunctures were properly performed and atraumatic. He
explored the anatomic relationships of superficial veins and cutaneous
nerves at three common venipuncture sites in the 14 upper extremities of
seven randomly chosen cadavers. Major branches of cutaneous nerves were
superficial to and overlay veins in 6 of the 14 extremities studied. In
multiple instances, nerves and veins were intertwined. He concluded that
anatomic relationships between upper extremity superficial veins and
cutaneous nerves are so intimate that needle—nerve contact during
venipuncture is common. Because venipuncture-induced nerve injuries
are rare, factors other than direct nerve contact appear necessary for the
chronic pain syndrome to occur.

Hematoma, arterial puncture, and thrombosis

A hematoma occurs commonly after blood donation even though the arm
is inspected, and donors are advised to apply pressure to the area. Usually,
these hematomas are not serious but they cause some local discoloration of
the antecubital fossa. There may be some leakage of blood, which may soil
the donor’s clothes, resulting in the donor asking the blood center to pay
for cleaning of the garment. A more serious but rare complication is the
development of a large hematoma due to venous leakage from an arterial
puncture. This can cause pressure on vessels or nerves in the antecubital
fossa, and serious injury may result. Reports of symptoms suggesting this
type of complication should be dealt with urgently by the blood center so
that the donor can receive rapid attention and drainage of the fossa if
necessary to prevent more serious injury. Although rare, deep vein
thrombosis of the upper extremities has been reported as a complication of
whole blood donation [59].

' 4.4 Therapeutic bleeding

Blood may be collected as part of the therapy of diseases such as
polycythemia vera or hemochromatosis. Because the procedure is being
performed as a therapy, these individuals are patients, not donors. Their
medical assessment then is focused on determining that the phlebotomy is
safe for the patient. The patients may meet all of the criteria for whole
blood donation except for the presence of the disease for which they are
undergoing phlebotomy. Often the patient or his or her physician asks that
the blood be used for transfusion as a way of comforting the patient.
However, usually blood collected as therapeutic bleeding is not used for
transfusion, since the cause of the disease may not be known, and because
of this the donors do not meet the FDA requirements. Possible blood
donation by hemochromatosis patients was described previously in this
chapter.
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4.5 Medical assessment of apheresis donors

General assessment

The medical assessment and physical examination of potential
cytapheresis donors is based on the effects of the procedure and potential
complications. Donor selection and monitoring requirements for apheresis
are designed to prevent the development of reactions or complications due
to excess removal of blood cells or plasma.

The selection of donors for plateletpheresis, leukapheresis, and
plasmapheresis uses the same general criteria used for whole blood donors
[1]. Because of the unique nature of apheresis, there are some additional
donor requirements that are based on the unique complications that may
occur from apheresis, the nature of the procedures, and the fact that
because few red cells are removed, donors can undergo cytapheresis more
often than whole blood donation. The amount of blood components
removed from apheresis donors must be monitored. To be consistent with
whole blood donation, not more than 200 mL of red cells may be removed
in 2 months [1]. If for some reason, such as instrument failure, it is not
possible to return the red cells to the donor, then the donation is treated as
if it were a whole blood donation, and the donor cannot donate again for
8 weeks. For consistency with plasma donation, not more than 1,000-1,200
mL of plasma per week may be retained [1]. When donors undergo
apheresis more often than every 8 weeks, this is referred to as “serial”
donation, and cumulative records must be maintained of the details of
these donations and the records must be reviewed periodically by a
physician. The laboratory testing of donors and apheresis components is
the same as for whole blood donation. Thus, the likelihood of disease
transmission from apheresis components is the same as for a component
from whole blood.

Plateletpheresis donors

Plateletpheresis donors must meet the same medical requirements as
whole blood donors. The platelet count decreases less than expected based
on the number of platelets collected [60,61] because platelets are
mobilized during the apheresis procedure [62].

In one study [63] of 2069 plateletphereses in 352 donors, or an average
of six procedures per donor, the following important observations were
made that formed the basis of subsequent FDA regulations for the
selection and monitoring of cytapheresis donors: (a) among women,
platelet counts averaged 12% higher than those of males; (b) about 3% of
all donors had platelet counts less than 150,000/mL before their first
platelet donation; (c) the preapheresis platelet count was the best predictor
of the postapheresis platelet count; (d) if donors with a preapheresis count
of less than 150,000 were excluded, only 13% of donations resulted in a
postapheresis count of less than 100,000; (e) the platelet count decreased
about 30% immediately following apheresis; (f) the platelet count returned
to normal about 4-6 days after apheresis; and (g) there was a slight
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rebound in platelet count above the initial count about 8—11 days after
apheresis. Although the decrease in platelet count varies somewhat with
the procedure used, a decrease of 20-35% generally occurs and the platelet
count returns to baseline levels about 4 days after donation [63].

Red cell loss

Collection of platelets, granulocytes, lymphocytes, or stem cells by
cytapheresis results in very little red cell loss. Thus, red cell depletion is not
considered a possible complication unless there is an instrument
malfunction.

Blood volume shifts

Since no more than 15% of the donor’s blood is extracorporeal at any time,
there is no greater risk of blood volume shift than with whole blood
donation. In addition, during apheresis, citrate and saline solutions are
infused, replacing some of the lost blood volume. Thus, shifts in blood
volume leading to hypotension are not a problem. Because of the
administration of hydroxyethyl starch (HES) during leukapheresis, there
was concern that a net increase in blood volume might occur because HES
is used as a blood volume expander. This could lead to hypertension or
acute heart failure. The volume of HES administered ranges from 200 to
400 mL and, combined with the removal of approximately 50-200 mL of
granulocyte concentrate, does not result in complications due to excess
blood volume.

Potential complications of serial donations

Because cytapheresis donors can donate more often than whole blood
donors, there are some complications that could result from multiple
frequent donations. These involve depletion of cells or plasma proteins.

Platelet depletion

Platelet depletion is a concern if donors undergo frequent plateletpheresis
during a short period, although this was not observed in 352 donors who
donated an average of six times [63].

A platelet count is not necessary before the initial donation because the
decrease in platelet count following donation is not so extensive as to create
a risk for the donor. At least 48 hours must elapse between platelet
donations. If donors are to donate more frequently than every 4 weeks, a
platelet count must be done to ensure that it is at least 150,000 per
microliter before a subsequent donation [1]. The platelet count can be
obtained before the donation, or a count obtained at the end of the
previous donation can be used. Platelet donors should not have taken
aspirin or drugs that interfere with platelet function within 3 days of
donation.

Leukapheresis donors
Because the HES used in granulocyte collection is a blood volume
expander, some blood banks use lower blood pressure levels than those
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used for whole blood donors when selecting granulocyte donors. This is
not a requirement, however. Granulocyte donors usually receive
corticosteroids and many also receive granulocyte colony stimulating
factor (G-CSF) to increase their granulocyte count and the granulocyte
yield (see Chapter 7). Thus, donors should be questioned about conditions
that might be exacerbated by corticosteroids. These include hypertension,
peptic ulcers, and diabetes. Because corticosteroids are given to
granulocyte donors, these donors usually do not donate frequently at short
intervals. If this were to be done, it would need to be under the close
supervision of a physician with written plans for monitoring the donor for
side effects of accumulation of HES.

Plasmapheresis donors

If plasma is donated no more than every 8 weeks, the donor assessment
procedures are the same as for whole blood. The FDA limitations for
plasma removal are no more than 1,000-1,200 mL of plasma at one
donation depending on the donor’s weight [1]. These volumes may be
slightly different when semiautomated instruments are used. Donors may
give plasma more often than every 8 weeks, and this is called “serial”
plasmapheresis. Donors may give again in 48 hours as for platelets but not
more than twice within a 7-day period. For donors undergoing
plasmapheresis more often than once every 4 weeks, the serum protein
must be monitored and found to be within normal limits [1].

Donors for hematopoietic cell transplantation
Hematopoietic cell transplantation now uses a variety of donors such as
unrelated marrow, peripheral blood stem cells (PBSC), or cord blood.
Transfusion medicine physicians are involved in this donor selection
process. The criteria for whole blood and apheresis donation serve as the
basis for donor selection, but these criteria may be modified because the
advantage of a particular donor may outweigh a very small or theoretical
increased risk of the cellular product. Criteria intended to protect the
donor are less likely to be modified but, as new donation situations such an
unrelated marrow or cord blood have arisen, donor selection criteria for
each situation were developed.

Physical examination of apheresis donors
The physical examination of cytapheresis donors is the same as for whole
blood donation.

| 4.6 Adverse reactions in apheresis donors

General

Adverse reactions in apheresis donors (Table 4.5) are similar in character to
those encountered in whole blood donation. Virtually all of the
cytapheresis procedures carried out in normal donors are plateletpheresis.
Normal donors undergoing plateletpheresis may report an adverse reaction
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Table 4.5 Potential complications and adverse reactions to
cytapheresis donation.

Reactions similar to whole blood donation
Citrate toxicity

Hematoma

Mechanical hemolysis

Air embolus

Platelet depletion

Lymphocyte depletion

Plasma protein depletion

following up to 50% of procedures when asked; however, such reactions
cause the procedure to be discontinued in only 0.1-1.0% of the time [64].
These reactions are almost entirely due to citrate toxicity and can be
alleviated by slowing the rate of blood return and thus the rate of citrate
infusion.

Some potential complications of apheresis apply to all types of
procedures because they have to do with the instrument or activities that
are common to all types of procedures, while others are unique to certain
apheresis procedures [65].

Vasovagal reactions

These reactions are similar to those associated with whole blood donation.
The symptoms include weakness, pallor, diaphoresis, bradycardia, cold
clammy skin, lightheadedness or fainting, and, if severe, convulsions. The
treatment is as described for whole blood donors. Since the donors are
usually experienced whole blood donors, they rarely experience vasovagal
reactions.

Anticoagulation

The anticoagulant used for plateletpheresis is citrate. Cardiac toxicity due
to calcium binding is a much more sensitive problem than in vivo
anticoagulation (see below). Thus, bleeding due to citrate anticoagulation
is not an issue.

Citrate toxicity

Elevations of blood citrate can cause paresthesias, muscle cramping, tetany,
cardiac arrhythmia, and other symptoms. The plateletpheresis procedure
involves the administration of citrate solutions to donors, almost as a form
of massive autologous transfusion because 4—6 L of their blood is
withdrawn, passed through the instrument, citrated, and returned to them
during the procedure. During the development of apheresis techniques,
there was a considerable interest in determining the particular citrate
solution that would be optimal, the acceptable dose of citrate, and the
nature and incidence of side effects. In a careful study relating the dose of
citrate, symptoms, electrocardiographic changes, and ionized calcium,
Olson et al. [66] showed that when citrate infusion rates were maintained
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below 65 mg/kg/hr, donors did not experience symptoms nor demonstrate
electrocardiographic abnormalities. This has been confirmed in later
studies [67,68]. Donors with similar levels of hypocalcemia may
demonstrate wide variability in symptoms [69]. Using anticoagulant
citrate dextrose (ACD) formula A at a ratio of 1 : 8 with whole blood, many
abnormalities were observed including bradycardia, sometimes severe (less
than 42); supraventricular and ventricular premature contractions; right
bundle-branch block; ST segment elevation or depression; and tall,
flattened, or inverted T waves. Some of the donors experienced nausea,
vomiting, hypotension, fainting, or convulsions [70]. Even when less
citrate is infused, the QT interval is almost always prolonged [71,72].
Citrate reactions are managed by slowing the flow rate of the instrument
and thus slowing the rate of citrate infusion. This is quite effective in
eliminating these reactions, and most apheresis personnel are very aware of
this process. Citrate toxicity can also occur if tubing is not properly placed
in the pumps and the citrate solution is allowed to flow freely into the
donor [73].

Circulatory effects

Because the extracorporeal volume of the cytapheresis instruments is small
(usually less than 200 mL), hypovolemia is rare and these donors do not
experience circulatory problems.

Air embolus

Because the blood is actively pumped into the donor’s veins, there is the
theoretical possibility that air could be pumped into the donor if air
entered the system. Some of the early models of apheresis instruments
contained bubble chambers connected to a device that stopped the pumps
if the chamber became filled with air. Air emboli have occurred but no
serious consequences have been reported. Contemporary instruments do
not contain safety devices to prevent air embolus and so this complication
remains a remote possibility. Staff members must be aware of this
possibility and ensure that containers and tubing sets do not develop leaks
that would allow air to enter the system.

Hematoma

Hematomas may develop after removal of the needles used for apheresis
just as after whole blood donation. There is no reason that this should be a
more or less frequent complication than following whole blood donation.
However, because blood is returned to the donor by active pumping, if the
needle becomes dislodged, the blood will continue to be injected into the
antecubital fossa under pressure, and a substantial hematoma may develop
quickly. The signs of this are pain, discoloration, or oozing at the
venipuncture site. If this occurs, the blood flow is discontinued
immediately, pressure is applied, and the hematoma is managed as
described for whole blood donation.

Mechanical hemolysis
Because blood is pumped through tubing and centrifuges of various
configurations, hemolysis is a theoretical complication due to constricted
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tubing or the geometry of the flow pathways. Although these
complications are rare, they have been reported to occur about 0.07% or
once per about 1,500 procedures [74]. This means that a busy apheresis
program would experience one or two incidents each year. This is a bit
more frequently than these problems seem to occur in practice.

Platelet depletion or damage

Plateletpheresis does not damage the donor’s remaining platelets, and the
donor’s platelet function is normal following donation [75]. Removal of
platelets equivalent to several units of the donor’s blood does not result in
thrombocytopenia. In a rather dramatic example, a female donor
underwent 101 donations during a 33-month period, with donation
frequencies ranging from once to three times weekly [76]. Her platelet
count remained in the range of 135,000-430,000 during this time. In
donors who undergo repeated plateletpheresis, the platelet count decreases
somewhat more but then stabilizes [63,77]. Thus, it appears that platelets
can be donated safely approximately every 2—4 days.

Lymphocyte depletion
Because a relatively large number of lymphocytes are removed during
plateletpheresis using early models of apheresis instruments, concern
developed about the possibility of lymphocyte depletion and altered
immunologic status in normal donors undergoing frequent
plateletpheresis. Senhauser et al. [78] found a 23% decrease in total
lymphocyte count, a 25% decrease in T cells, and a 47% decrease in B cells
in donors who underwent 9 plateletphereses in 1 year compared with those
who gave 1—4 units of whole blood in the same time. Koepke et al. [79] also
found a 20% decrease in total lymphocyte count and a substantial decrease
in B cells in frequent cytapheresis donors. In another study of 25
volunteers who underwent an average of 72 platelet donations during
about 8 years, there was a decrease in total lymphocytes, T4 cells, T4/T8
ratio, and response to mitogen stimulation [80]. Wright et al. [81] studied
patients (not normal donors) who underwent a 4-hour lymphapheresis
two to three times per week for 5-7 weeks (for a total of 13 to 18
procedures). Each procedure involved removal of approximately 3.5 x 107
lymphocytes, or up to 2.5 x 10'° lymphocytes per week. A fall in
lymphocyte count of about 25% occurred after the first three procedures,
and the count remained stable after the second week. The study established
that at least 10° lymphocytes must be removed daily for several days for a
measurable decline in lymphocyte count to occur. At least 10!}
lymphocytes must be removed over a short time and/or the individual’s
lymphocyte count must be less than 500 per microliter for clinical
immunosuppression to occur [82]. Although lymphocyte depletion can
occur with repeated lymphapheresis, the number of lymphocytes removed
during ordinary plateletpheresis, even on multiple occasions during a
relatively short period of time, is not a clinical risk for normal donors.
During the past few years, instruments and procedures have been
adjusted to minimize the leukocyte content. As a result, most
plateletpheresis procedures today remove about 1 x 10° to 5 x 107
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leukocytes. Loss of this number of leukocytes is very unlikely to lead to
leukocyte depletion or any clinical effects on the donor’s immune function.

Complications unique to leukapheresis

The complications related to leukapheresis are usually not different from
those in plateletpheresis except that donors receive HES, corticosteroids,
and possibly G-CSE. There are only a few studies of frequent granulocyte
donors. Strauss et al. [83] reported 13 donors who gave between 12 and 29
times on consecutive days. Platelet and hemoglobin levels remained
unchanged, but leukocyte levels decreased. Some donors had skin rashes,
probably due to the HES. Hypertension and peripheral edema are potential
complications from fluid accumulation caused by the HES. Side effects of
corticosteroids are well known and those related to G-CSF are discussed in
Chapter 17. It has been suggested that frequent administration of
corticosteroids to granulocyte donors may lead to cataract formation [84],
but this was not confirmed in a subsequent study [85].

Complications unique to plasmapheresis

When plasmapheresis was done with plastic bags, there was a risk of
returning the red cells to the wrong donor. The use of semiautomated
instruments has eliminated this risk. Depletion of plasma proteins is
avoided by monitoring these levels in the donor. One unexpected risk is the
development of anemia, probably due to the blood samples used for
laboratory testing [86].

Complications unique to mononuclear cell apheresis for
collection of peripheral blood stem cells

Because of the low level of circulating PBSCs in normal donors, donors
receive the hematopoietic growth factor G-CSF to mobilize PBSCs and
increase the yield (see Chapter 17). G-CSF is associated with a rather high
frequency of side effects. Thus, virtually all of the complications and side
effects of the donation of mononuclear cells as a source of PBSCs are
related to the administration of the G-CSF [87].
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5 Preparation, Storage, and

Characteristics of Blood
Components and Plasma
Derivatives

In the United States and developed countries, whole blood is rarely used.
Within a few hours or days, some coagulation factors, especially V and
VIIL, and platelets decrease in quantity or lose viability in stored whole
blood. Therefore, virtually all whole blood collected is separated into its
components, and each component is stored under conditions optimal for
that component. This makes it possible to retain all of the activities of the
original unit of whole blood and results in a large number of different
components being available for transfusion therapy (Tables 5.1 and 5.2). A
few physicians continue to use whole blood for selected indications such as
cardiovascular surgery and exchange transfusion of the neonate; however,
it is usually not possible to provide whole blood of less than 48-hour
storage due to the time necessary to complete testing. In contrast, it is
possible to provide, through a combination of blood components,
everything that can be provided in fresh whole blood. It is difficult to
resolve the value of fresh whole blood by clinical trials because the blood
banking system in the United States is so structured to produce
components. In less developed parts of the world, whole blood is usually
used because equipment to produce components may not be available.
However, in these situations, given the kinds of patients being transfused,
whole blood may be the best use of limited blood transfusion resources. In
addition, the use of rapid tests for HIV, HCV, HBV, and syphilis make fresh
whole blood available.

This chapter describes the characteristics of blood products, their
preparation, and storage. Clinical uses are described in Chapters 11 and 12.

5.1 Preparation of blood components from
whole blood

Anticoagulant-preservative solutions
The beginning of red cell preservation can be traced to Peyton Rous, who
later was awarded the Nobel prize for his work with viruses. Rous and

Transfusion Medicine, Third Edition. Jeffrey McCullough.
© 2012 Jeffrey McCullough. Published 2012 by Blackwell Publishing Ltd.



Preparation, Storage, and Characteristics of Blood Components and Plasma Derivatives

Table 5.1 Components produced by blood banks and the medical use of these

components.

Component

Medical use

Red blood cells

Platelets

Fresh frozen plasma
Cryoprecipitate
Cryoprecipitate-poor plasma
Granulocytes

Frozen red blood cells
Leukocyte-depleted red cells

Oxygenation of tissues

Prevention or cessation of bleeding
Cessation of bleeding

Cessation of bleeding

Plasma exchange

Treatment of infection

Storage of rare blood

Prevention of reactions and certain diseases

Table 5.2 Products produced from whole blood subject to licensure by the FDA.

Red cell components

Plasma components

Platelets

Red blood cells

Red blood cells deglycerolized

Red blood cells deglycerolized irradiated

Red blood cells frozen

Red blood cells frozen irradiated

Red blood cells frozen rejuvenated

Red blood cells frozen rejuvenated irradiated
Red blood cells irradiated

Red blood cells leukocytes removed

Red blood cells leukocytes removed irradiated
Red blood cells rejuvenated

Red blood cells rejuvenated deglycerolized
Red blood cells rejuvenated deglycerolized irradiated
Red blood cells rejuvenated irradiated

Red blood cells washed

Whole blood CPD irradiated

Whole blood cryoprecipitate removed

Whole blood leukocytes removed

Whole blood modified—platelets removed
Whole blood platelets removed irradiated

Cryoprecipitate AHF
Cryoprecipitate AHF irradiated
Cryoprecipitate AHF pooled
Fresh frozen plasma

Fresh frozen plasma irradiated
Liquid plasma

Plasma

Plasma irradiated

Platelet-rich plasma
Platelets

Platelets irradiated
Platelets pheresis

Platelets pheresis irradiated

AHF, antihemophilic factor;

CPD, citrate—phosphate—dextrose; FDA, Food and Drug Administration.

69



70 Transfusion Medicine

Table 5.3 Content of anticoagulant-preservative solutions (mg in 63 mL).

CPD CP2D CPDA-1 ACD-A ACD-B
Sodium citrate 1660 1660 1660 1386 832
Citric acid 206 206 206 504 504
Dextrose 1610 3220 2010 1599 956
Monobasic sodium 140 140 140 - -
phosphate
Adenine 0 0 17.3 - =

Source: Roback J ed. Technical Manual, 16th ed. Bethesda, MD. American Association
of Blood Banks, 2008, p. 190.
CACD, acid—citrate—dextrose; PD, citrate—phosphate—dextrose.

Turner [1] showed that glucose delayed in vitro hemolysis. During the
period between World Wars I and II, Mollison [2] in England developed an
acidified citrate and glucose solution for red cell preservation, variants of
which are the mainstay of present-day preservatives. These solutions are
composed of citrate for anticoagulation, dextrose for cell maintenance, and
phosphate buffers (Table 5.3). Whole blood or red blood cells can be stored
in these solutions for periods ranging from 21 to 35 days.

During red cell preservation, adenosine triphosphate (ATP) loss
correlates with poor red cell viability, and addition of adenine at the
beginning of preservation increases ATP and improves red cell viability [3].
2,3-Diphosphoglycerate (2,3-DPG) also declines in stored red cells and this
is associated with increased affinity of hemoglobin for oxygen [4-6]. Thus,
there was considerable interest in developing solutions that would
maintain both ATP and 2,3-DPG while allowing removal of the maximum
volume of plasma for production of derivatives (Table 5.4). During the
past few years, it has been possible to extend the duration of red cell storage
by placing the red cells in special “additive” solutions containing various
combinations of saline, adenine, phosphate, bicarbonate, glucose, and
mannitol [7-10]. These solutions provide better nutrients that maintain
red cell viability, red cell enzymes, and red cell function, allowing red cell
preservation for 42 days.

Blood processing for the preparation of components
Because most blood is separated into its components, the whole blood is
collected into sets involving multiple connected bags. The blood first enters
the primary bag, where it is mixed with anticoagulant—preservative
solution. After collection, the whole blood is kept at a temperature either
between 1°C and 6°C or between 20°C and 24°C depending on the
intended use of the unit (Figure 5.1). If red blood cells and plasma are to be
produced, the blood is kept between 1°C and 6°C. When the blood is
collected in a fixed site, the blood can be placed in a regular blood storage
refrigerator. If the collection is at a mobile site, special insulated containers
are used that contain ice and maintain that temperature. If platelets are to
be prepared from the whole blood, the blood must be maintained at room
temperature (20-24°C) because exposure to cold damages the platelets.
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Table 5.4 Plasma-derivative products.

Albumin

Alphat proteinase
inhibitor

Antihemophilic factor

Anti-inhibitor coagulant

Antithrombin Il

Cytomegalovirus immune

Factor IX complex

Factor XIII

Fibrinogen

Fibrinolysin
Haptoglobin

Hepatitis B immune
globulin

IgM-enriched immune
globulin

Immune globulin
(intravenous and
intramuscular)

Plasma proteinfraction

Rabies immune globulin

RhO(D) immune globulin

Rubella immune globulin

Serum cholinesterase

Tetanus immune globulin
Vaccinia immune globulin

Varicella-zoster immune

von Willebrand
factor/factor VIl
concentrate

Restoration of plasma volume subsequent to shock, trauma,
surgery, and burns

Used in the treatment of emphysema caused by a genetic
deficiency

Treatment or prevention of bleeding in patients with
hemophilia A

Treatment of bleeding episodes in the presence of complex
factor VIl inhibitor

Treatment of bleeding episodes associated with liver disease,
Antithrombin Il deficiency, and thromboembolism

Passive immunization subsequent to exposure to globulin
cytomegalovirus

Prophylaxis and treatment of hemophilia B bleeding
episodes and other bleeding disorders

Treatment of bleeding and disorders of wound healing due
to factor Xill deficiency

Treatment of hemorrhagic diathesis in hypofibrinogenemia,
dysfibrinogenemia, and afibrinogenemia

Dissolution of intravascular clots
Supportive therapy in viral hepatitis and pernicious anemia

Passive immunization subsequent to exposure to hepatitis B

Treatment and prevention of septicemia and septic shock
due to toxin liberation in the course of antibiotic treatment

Treatment of agammaglobulinemia and
hypogammaglobulinemia; passive immunization for
hepatitis A and measles

Restoration of plasma volume subsequent to shock, trauma,
surgery, and burns

Passive immunization subsequent to exposure to rabies

Treatment and prevention of hemolytic disease of fetus and
newborn resulting from Rh incompatibility and incompatible
blood transfusions

Passive immunization subsequent to exposure to German
measles

Treatment of prolonged apnea after administration of
succinyl choline chloride

Passive immunization subsequent to exposure to tetanus
Passive immunization subsequent to exposure to smallpox

Passive immunization subsequent to exposure to globulin
chicken pox

Treatment or prevention of bleeding in von Willebrand’s
patients

Source: From information provided by the American Blood Resources Association.
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Table 5.5 Content of additive solutions.

AS-1 (Adsol) AS-3 (Nutricel)
Dextrose 2200 1100
Adenine 27 30
Monobasic sodium phosphate 0 276
Mannitol 750 0
Sodium chloride 900 410
Sodium citrate 0 588
Citric acid 0 42

Source: Roback J, ed. Technical Manual, 16th ed. Bethesda, MD: American Association
of Blood Banks, 2008, p. 191.

Maintenance of the blood at room temperature is done by placing the units
in containers specially designed to maintain that temperature. It is
recognized that the blood will not attain the temperatures of the storage
containers (1-6°C or 20-24°C) for several hours, but the blood must be
placed in the environment that will begin to bring the temperature of the
blood to the desired storage temperature.

To prepare the components, large high-speed centrifuges that
accommodate four or six units of whole blood are used. Important factors
in the centrifuge techniques include the rotor size, centrifuge speed, time at
maximum speed, and braking mechanism or deceleration phase. The
whole blood is manipulated differently depending upon the components
desired (see below). After removal of the platelet-rich plasma, the additive
solution is added to the concentrated red cells for optimum red cell
preservation (Figure 5.2).

To donor
phlebotomy - %
site
HiR .
Container with
Primary container  additive solution ~ Transfer pack
Original Anticoagulant Additive solution Empty
contents: solution
Final Red blood cells Plasma Platelet
contents: concentrate

Figure 5.1 Diagram showing unit of whole blood and integral plastic bag system used for
preparing blood components.
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Figure 5.2 Diagrammatic illustration of the separation of whole blood into red cells,
plasma, and platelet concentrate.

Red blood cells
Description of component
Red blood cells are the cells remaining after most of the plasma has been
removed from whole blood. They must have a final hematocrit less than
80% [11]. This blood component is often called “packed red cells” or
“packed cells.” Usually the red cells and plasma are separated within 8
hours of collection because for the plasma to be used as a source of factor
VIII it must be placed in the freezer before 8 hours after collection.
Centrifugation is used when the red cells are being prepared within a few
hours after collection, because usually this is done as part of a large-scale
operation, and speed is important. Usually the unit of whole blood is
centrifuged to produce a platelet concentrate and/or to recover plasma.
Therefore, the centrifugation conditions (time and speed) are determined
by the method being used to prepare the platelets or plasma. If platelets or
fresh frozen plasma (FFP) are not being produced from the original unit of
whole blood, the red cells can be separated from the plasma at any time
during the storage period of the blood. If the unit of whole blood is
allowed to remain undisturbed for several hours, the red cells sediment
and the plasma can be removed. When sedimentation is used, the red
cells are not as concentrated; as a result, the red cell unit has a lower
hematocrit and less plasma is recovered. Because the plasma is valuable as a
source for production of plasma derivatives, it is desirable to recover the
maximum amount of plasma, and therefore, sedimentation currently is
not usually used to separate whole blood into its components. However,
sedimentation can be used quite effectively when equipment for
centrifugation is not available such as in developing countries.

The unit of red cells has a volume of about 300 mL and will contain a
minimum of 154 mL of red cells (405 mL x 38% hematocrit). Usually the
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Table 5.6 Characteristics of red cells in AS-1 (Adsol) for 42 days of storage®.

Days of storage

Indices 0 7 14 21 28 35 42

pH (at 37°C) 7.00 6.86 6.69 6.55 - 643 334
RBC ATP (mmol/g Hgb) 469 497 483 450 375 347 324
RBC DPG (mmol/g Hgb) 10.88 8.16 196 087 065 054 0.65
Supernatant sodium (mEg/L) 152 135 131 124 - 126 123
Supernatant potassium (mEg/L) 1.6 17 27 34 - 44 46
Supernatant glucose (mg/dL) 909 780 724 697 660 617 604
Hemolysis (%) 002 006 0.11 014 020 016 024

Source: Reproduced with permission from Fenwal with permission McCullough J.
Transfusion medicine. In: Handin RI, Lux SE, Stossel TP, eds. Blood: Principles and Practice
of Hematology. Philadelphia: Lippincott, Williams and Wilkins, 2003, p. 2018.

aAS-1 cells: N = 13; volume = 325 + 29 mL; hematocrit = 58% + 4%; mean red cell
mass = 188 mL; mean supernatant volume = 136 mL; mean total hemoglobin =

19.3 g%.

red cell unit contains about 190 mL of red cells (450 mL x 42%
hematocrit) and has a hematocrit of about 60%. The fluid portion of the
unit (approximately 130 mL) is primarily the additive preservative
solution, although about 20 mL of plasma remains from the original unit of
whole blood. The characteristics of a unit of red cells stored in an additive
are illustrated in Table 5.6 and the general changes in Table 5.7. One unit of
red cells will increase the hemoglobin concentration and hematocrit in an
average-sized adult (70 kg) by about 1 g/dL and 3%, respectively.

Storage conditions and duration

Red cells are stored at 1-6°C for 21-42 days depending on the
anticoagulant—preservative solution used. For optimum inventory
management, most blood centers use preservatives that allow 42-day
storage. The end of the storage period is referred to as the expiration date
or the “outdate.” The cells must be stored in refrigerators with good air
circulation and that are designed for blood storage. Household

Table 5.7 Changes occurring during red cell storage: the
storage lesion.

Increase Decrease

Lactate ATP

Pyruvate 2,3-DPG

Ammonia Intracellular potassium
Intracellular sodium PH

Membrane vesicles
Plasma hemoglobin
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refrigerators are not suitable. The temperature in the refrigerator must be
monitored and should be recorded periodically (continuously, if possible),
at least every 4 hours. There should be an alarm system to warn staff if the
temperature moves outside the acceptable limits. When blood is
transported to the patient care area for transfusion, it may be allowed to
warm to 10°C and still be suitable for return to the blood bank and reissue
to other patients [11].

Blood components must be maintained under proper storage conditions
during transportation from the blood center to the hospital transfusion
service. Various containers are available for this purpose, and these
processes are standard and work well in developed countries. However, in
developing or undeveloped parts of the world usually these kinds of
containers are not available and red cells may not be refrigerated or stored
properly during this transportation. This is also an issue in military
settings where it also important that these containers be lightweight. At
least one container has been reported that will maintain red cells at 1-10°C
for up to 78 hours [12].

Frozen or deglycerolized red blood cells

Description of component

Red blood cells, frozen or deglycerolized, are the cells that have been stored
in the frozen state at optimal temperatures in the presence of a
cryoprotective agent, which is removed by washing before transfusion
[11,13]. The red cells must be frozen within 6 days after collection, and
they can be stored for up to 10 years, although the AABB Standards [11] do
not include a standard for storage duration and acceptable post-thaw
results have been found after storage at —80°C for 37 years [14-17]. The
cryoprotectant commonly used is glycerol, which must be removed before
transfusion in order to avoid osmotic hemolysis when the cells are
transfused. The method of freezing and storage must preserve at least 80%
of the original red cells, and at least 70% of those cells must survive 24
hours after transfusion.

Freezing of red cells is based on work from almost 50 years ago showing
that glycerol protected human red cells from freezing injury [18] and that
red cells preserved with glycerol were clinically effective [19-21]. From this
work, “high-" and “low-” concentration glycerol methods were developed
[22,23]. These methods actually relate to the rate of freezing, which
determines the nature of the freezing injury to the cells. When freezing is
slow, extracellular ice forms, which increases the extracellular osmolarity,
causing intracellular water to diffuse out of the cell and resulting in
intracellular dehydration and damage [22]. This type of injury is prevented
by solutes such as glycerol that penetrate the cell and minimize the
dehydration [22]. Because the freezing process is slow, high concentrations
of cryoprotectant, usually 40% glycerol, are required. Red cells preserved
with this high concentration of glycerol can be stored at about —85°C, a
temperature that is achievable by mechanical freezers.

Rapid freezing causes intracellular ice crystals and resulting cell damage
[22]. However, because the freezing is faster, lower concentrations of
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cryoprotectant, usually about 20% glycerol, are effective [24]. This lower
concentration of glycerol necessitates storage of red cells at a temperature
of about —196°C, achievable only by using liquid nitrogen.

These two methods—with different freezing rates, concentrations of
glycerol, storage conditions, and processes for removing the
glycerol—involve different technologies [22,24]. Technology development
played a major role in making red cell freezing clinically available. During
the 1970s, a disposable plastic bowl and semiautomated washing system
were developed that greatly facilitated glycerol removal from high glycerol
concentration red cells [25-27]. A separate system using sugars to
agglomerate red cells and allow washing to remove glycerol was used for a
time [28], but it was replaced by more simple semiautomated techniques.
In the rapid-freeze method, the concentration of glycerol is low enough
that glycerol removal can be done by washing in ordinary blood bags;
complex instruments are not required. To summarize, the
high-concentration glycerol method involves more simple freezing and
storage but complex deglycerolizing procedures. The low-concentration
glycerol method involves complex freezing and storage but simple
deglycerolizing procedures. Frozen deglycerolized red cells are composed
of essentially pure red cells suspended in an electrolyte solution (Table 5.8).
Most of the plasma, platelets, and leukocytes have been removed either by
the freezing, thawing, or washing step necessary to remove the glycerol
cryoprotectant. Thus, the deglycerolized red cells have a 24-hour storage
period, which is a major factor in the logistics of their use.

Red cells must be frozen within 6 days of collection to provide
acceptable post-transfusion survival. Red cells that have been stored longer
than 6 days can be frozen if they are “rejuvenated” [29]. Rejuvenation

Table 5.8 General comparison of methods of preparing leukocyte-depleted red cells for transfusion.

Approximate

number of Original
White cells WBCs red cells
Method removed (%)  remaining remaining (%) Comment
Centrifugation 85 1 x 10° 80 Product may contain dextran or
hydroxyethyl starch; 24-h
storage
Sedimentation (dextran) 95 0.9 x 10° 90 24-h storage; product may
contain dextran or hydroxyethyl
starch
Freezing deglycerolizing 98 0.1 x 10° 90 24-h storage
Washing 85 0.1 x 10° 85 24-h storage
Spin cool filter 90 0.3 x 10° 90 24-h storage
Nylon filter 65 1.5 x 10° 88 Heparin required; 24-h storage
New-generation filters? 99 5 x 10° 95 Bedside use

Source: Reproduced with permission from McCullough J. Transfusion medicine. In: Handin RI, Lux SE, Stossel
TP, eds. Blood: Principles and Practice of Hematology. Philadelphia: J.B. Lippincott, 2003, pp. 2011-2068.
?Refers to general results from several different manufacturers’ filters that have become available during the
late 1980s.
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restores metabolic functions after the red cells are incubated with solutions
containing pyruvate, inosine, glucose, phosphate, and adenine followed by
freezing [29]. This is a helpful strategy to freeze red cells in situations such
as (a) red cells found after 6 days of storage to have a very rare phenotype,
(b) red cells donated for autologous transfusion but the surgery is
postponed, and (c) rare phenotype red cells thawed but not used. The
rejuvenation and subsequent freezing process is complex and expensive
and is not widely used.

Washed red cells

The definition of washed red cells is rather vague. These are the red cells
remaining after washing with a solution that will remove almost all of the
plasma [11]. Thus, the requirements for this component do not specify the
nature of the washing solution or the exact composition of the final
component. Red cells can be washed by adding saline to the red cells in an
ordinary bag, centrifuging them and removing the supernatant, or by
using semiautomated washing devices such as those used for
deglycerolization [30-32]. Depending on the solution and technique used,
the washed red cells may have a variable content of leukocytes and
platelets. There is usually some red cell loss during the washing step, and
the resulting red cell unit may contain a smaller dose of red cells than a
standard unit. In general, the characteristics of washed red cells are the
removal of approximately 85% of the leukocytes, loss of about 15% of the
red cells, and loss of more than 99% of the original plasma [30-32].
Because the washing usually involves entering the storage container, the
washed red cells have a storage period of 24 hours.

Leukocyte-reduced red blood cells

Definition of component

Leukocyte-reduced red cells are cells prepared by a method known to
retain at least 80% of the original red cells and reduce the leukocyte
content to less than 5 x 10° [11].

History of leukodepletion

The blood filters routinely used for routine transfusions have a pore size of
170-260 mm. They filter out clots and fibrin strands but do not effectively
remove leukocytes. During the 1960s and 1970s, it was recognized that
leukocytes were important in the pathogenesis of febrile nonhemolytic
transfusion reactions and could cause alloimmunization, which would
later interfere with organ transplantation or platelet transfusion (see
Chapter 14). Thus, considerable interest developed in removing leukocytes
before transfusion. Early methods involved centrifuging the red cells
(either upright or inverted); sedimenting red cells with dextran or
hydroxyethyl starch; filtration with nylon or cotton wool, which removed
only granulocytes [33]; or washing, freezing, and deglycerolizing [32].
These methods removed from 65% to 99% of the original leukocytes and
from 5% to 20% of the original red cells. A huge body of literature
developed describing the advantages and disadvantages of the different
methods and some of the clinical effects of their use. Although they are of
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Table 5.9 Established or potential adverse effects of leukocytes in blood components.

Immunologic effects Alloimmunization
Febrile nonhemolytic transfusion reactions
Refractoriness to platelet transfusion
Rejection of transplanted organs
Graft-versus-host disease
Transfusion-related acute lung injury
Immunomodulation Increased bacterial infections
Increased recurrence of malignancy

Infectious disease transmission Cytomegalovirus infection
HTLV-I infection
Epstein—Barr virus infection

historical interest, these studies are not described extensively here because
the methods are not used today. Leukodepletion continues to be a very
major issue in transfusion medicine because even more adverse effects of
leukocytes contained in blood components have been identified (Table
5.9). The consequences of these effects are described in more detail
in Chapter 14. As these adverse effects of leukocytes have been more
extensively described, the technology for producing leukodepleted red cells
has evolved to provide more extensive leukocyte depletion than was
possible using earlier methods [34].

Clinical and animal studies suggested that red cells intended to prevent
febrile nonhemolytic transfusion reactions must contain fewer than
5 x 108 leukocytes, and those intended to prevent alloimmunization
contain fewer than 5 x 10° leukocytes [11]. The latter requires removal of
about 99.9% of the leukocytes. Sophisticated filters have been developed to
accomplish this.

Leukocyte depletion filters

The filter material may be modified to alter the surface charge and improve
the effectiveness. The mechanism of leukocyte removal by the filters
currently in use is probably a combination of physical or barrier retention
and also biological processes involving cell adhesion to the filter material.
These are sometimes referred to as 3 log 10, 3 log, or third-generation
filters because they remove more than 99.9% of the leukocytes. With the
development of these new, very effective filters, several procedural issues
have surfaced.

Because leukocytes are contained in red cell and platelet components,
filters have been developed for both of these components. Filters are
available as part of multiple-bag systems including additive solutions so
that leukocytes can be removed soon after collection and the unit of whole
blood converted into the usual components. Filtration removes 99.9% of
the leukocytes along with a loss of 15-23% of the red cells [35]. Filters fail
to achieve the desired leukodepletion from 0.3% to 2.7% of units. Red cell
components from donors with sickle cell trait often occlude white cell
reduction filters.
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It appears that febrile nonhemolytic transfusion reactions are caused not
only by leukocyte antigen—antibody reactions but also by the cytokines
produced by leukocytes in the transfused blood component (see Chapter
14). This would be more effectively prevented if the leukocytes were
removed immediately after the blood is collected, avoiding the formation
of cytokines. This is referred to as “prestorage” leukodepletion. Filtering
the red cells at the bedside at the time of transfusion has the advantage of
not requiring a separate blood bank inventory, but the disadvantage of
allowing cytokines to accumulate during blood storage, thus being less
effective in preventing febrile transfusion reactions (see Chapter 14). Also,
bedside filtration is not as effective in removing leukocytes as filtration in
the laboratory under standardized conditions and with a good quality
control program [35]. Because the leukocyte content of the depleted units
is very low, the usual methods for leukocyte counting are not accurate
[35-37]. The Nageotte chamber and flow cytometry are used for this
quality control testing [35,37].

Fresh frozen plasma

Description of component

FFP is plasma separated from whole blood and placed at —18°C or lower
within 8 hours of collection [11]. Fresh plasma may be frozen by placing it
in a liquid freezing bath composed of ethanol and dry ice, or between
blocks of dry ice, or in a mechanical or a blast freezer. The unit of FFP has a
volume of about 200-250 mL and contains all of the coagulation factors
present in fresh blood. FFP can also be produced as a byproduct of
plateletpheresis, and this may result in a unit of FFP with a volume of
about 500 mL, often called “jumbo” units of FFP. These can be stored or
separated into two separate products. The electrolyte composition of FFP
is that of freshly collected blood and the anticoagulant solution. FFP is not
considered to contain red cells, and so is usually administered without
regard to Rh type. However, there have been occasional rare reports
suggesting that units of FFP contain a small amount of red cell stroma that
can cause immunization to red cells [38]. Because it contains ABO
antibodies, the plasma must be compatible with the recipient’s red cells.
The number of leukocytes in FFP depends on the centrifugation
procedures used for preparation.

Storage conditions and duration

FFP is stored at —18°C or below and can be stored for up to 1 year after the
unit of blood was collected. Although there is no defined lower
temperature for FFP storage, freezers capable of maintaining very low
temperatures such as —65°C are not usually used for storage of FFP
because these freezers are expensive to operate and there is no reason to
keep the FFP that cold.

24-Hour frozen plasma (FP24)
This is plasma frozen more than 8 and less than 24 hours after collection. It
contains normal amounts of factor V but only an average amount of about
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55-75% of factor VIII [13]. FP24 is often used interchangeably with FFP
(see Chapter 11).

Thawing

FFP or FP24 are usually thawed in a 37°C water bath in an overwrap.
However, it takes about 1520 minutes to thaw one or two units, and
someone must occasionally manipulate the unit to speed thawing by
breaking up the pieces of ice. This time requirement is a substantial
difficulty when FFP is needed for actively bleeding patients. Several
approaches have been used, including larger water baths and water baths
with agitating trays so that staff members do not need to manipulate the
units. Another more promising approach is the use of microwave ovens for
thawing FFP [39,40]. The concern with microwave thawing has been the
uneven energy distribution within the unit of FFP and resulting “hot
spots” and damage to proteins. As microwave devices have improved, it
appears that these problems have been overcome. After thawing, FFP or
FP24 can be stored for 4 days at 1-6°C. Upon thawing, factor VIII and
protein C levels are lower in FP24 than FFP, but there are adequate
coagulation factor activities to maintain hemostatic effectiveness [41]. By
day 5, factor V levels are about 60% and factor VIII levels 40-70%. Thus, as
a source of coagulation factor replacement, it is best to use the thawed
plasma within 24-48 hours. This does, however, make it possible to
maintain a stock supply of thawed plasma for emergency use in massive
transfusion or urgent correction of warfarin therapy.

Plasma

Description of component

Plasma from a unit of whole blood can be removed at any time during the
storage period of the whole blood unit or up to 5 days after the unit
outdates. This plasma can be stored for up to 5 years at —18°C or lower.
Because it was not frozen within 8 hours after the whole blood was
collected, plasma is not a satisfactory source of coagulation factors V and
VIII. Although other coagulation factors are present because the plasma is
removed from the whole blood after several days of storage, the electrolyte
concentrations of the plasma will reflect those of stored whole blood. Thus,
plasma is not usually used for transfusion.

Cryoprecipitate

Description of component

Coagulation factor VIII is a cold insoluble protein [42]. Pool and Shannon
[43] took advantage of this to develop a method to recover most of the
factor VIII from a unit of whole blood in a concentrated form.
Cryoprecipitate is the cold insoluble portion of FFP that has been thawed
between 1°C and 6°C. The cold insoluble material is separated from the
thawed plasma immediately and refrozen within 1 hour. Although there
are no specific requirements for the volume of a unit of cryoprecipitate, it
is usually 5 mL or more, but less than 10 mL. The cryoprecipitate units
must contain at least 80 units of factor VIII and 150 mg of fibrinogen [11].
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Cryoprecipitate is not a suitable source of coagulation factors II, V, VII, IX,
X, XI, and XII [44]. Several factors influence the content of factor VIII in
cryoprecipitate, including the blood group of the donor (group A higher
than group O), the anticoagulant (citrate—phosphate—dextrose (CPD)
higher than acid—citrate—dextrose (ACD)), the age of the plasma when
frozen, and the speed of thawing the FFP [45]. Cryoprecipitate also
contains fibrinogen and von Willebrand factor. Each bag of cryoprecipitate
contains about 250 mg of fibrinogen [44].

Cryoprecipitate is stored at —18°C or below and can be kept for up to
1 year.

Thawing

Cryoprecipitate is thawed at 37°C, usually in a water bath. Care must be
taken to ensure that the water bath is not contaminated and that the bags
of cryoprecipitate are placed inside another bag (overwrap) to minimize
the chance of contamination. When using cryoprecipitate, it is customary
to pool several bags so that only one container is sent to the patient care
area for transfusion. Some blood centers pool several bags of
cryoprecipitate before freezing them; this is more convenient for the
transfusion service because it eliminates the need to pool individual bags
of cryoprecipitate after they are thawed. After thawing, the cryoprecipitate
must be maintained at room temperature to avoid reprecipitation of the
factor VIIIL.

Platelet concentrates—whole blood

Description of component

The official term for this component is platelets. These are platelets
suspended in plasma or platelet additive solution (Table 5.10) prepared by
centrifugation of whole blood. They are also often referred to as
“random-donor” platelet concentrates. Platelets may also be produced by
cytapheresis (see Chapter 7). A unit of whole-blood-derived platelets must
contain at least 5.5 x 10! platelets [11]. Although there is no required

Table 5.10 Content of platelet additive solutions.

InterSol®  Composol ~ Plasma Lyte A SSP+

(Fenwal) (Fresenius)  (Baxter) (MacoPharma)
Sodium chloride 77 90 90 69
Potassium chloride 0 5 5 5
Magnesium chloride 0 1.5 3 1.5
Sodium citrate 10 1 0 10
Sodium phosphate buffer 26 0 0 26
Sodium acetate 30 27 27 30
Sodium gluconate 0 23 23 0

Source: Modified from Gulliksson H. Platelet additive solutions: Current status.
Immunohematology 2007;23(1):14-17.
2Currently, the only platelet additive solution FDA approved for use in the United States.
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Figure 5.3 Comparison of platelet-rich plasma (PRP) and buffy coat (BC) methods of
platelet preparation.

volume of the whole-blood-derived platelet concentrate, these units
usually have a volume of about 50 mL to maintain viability and function
during storage.

There are two methods for preparing platelets: the platelet-rich plasma
(PRP) method and the buffy coat method (Figure 5.3) [46]. In the United
States, platelets are prepared using the PRP method; in Europe and
Canada, the buffy coat method is used [46,47]. The PRP method uses low
g-forces (“soft” spin), and the PRP easily separates from the red cells [48].
The PRP is transferred into a satellite bag to separate it from the red cells
(Figures 5.2 and 5.3). This must be done within 8 hours after the blood is
collected. The PRP is then centrifuged at higher g-forces (“hard” spin) and
the platelet-poor plasma is removed, leaving a platelet concentrate and
about 50 mL of plasma (Figure 5.3). After the plasma is removed, the
platelet concentrate is left undisturbed or, preferably, placed on the platelet
storage rotating device for 1 hour to minimize platelet damage and allow
for spontaneous resuspension [49]. In the PRP method, the first step is a
soft spin and the second step a hard spin (Figure 5.3); because of the soft
spin, about 20% of the plasma and 20-30% of the platelets remain with the
red cells [46]. Another 5-10% of platelets are lost during the second
centrifugation step when the PRP is converted to a platelet concentrate.
Thus, the PRP method yields about 60-75% of the original platelets, a red
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cell unit containing about 40 mL of plasma, and about 50% or more of the
leukocytes in the original unit of whole blood. The disadvantages of this
method are the loss of some plasma that could be used for fractionation
and the high leukocyte content of the platelets.

When platelets are produced by the buffy coat method, the whole blood
is centrifuged at a higher g-force (hard spin) to create a buffy coat that also
contains most of the platelets (85%) and leukocytes [46,50]. Because the
whole blood centrifugation step involves higher g-forces, the red cells are
more tightly packed and more plasma is obtained along with the buffy
coat. However, to obtain most of the buffy coat, it is necessary to remove
some of the red cells, and so there is a loss of about 20-25 mL of red cells
[46]. To obtain a platelet concentrate, the buffy coat is centrifuged using
low g-forces, and the platelets are separated from the leukocytes and red
cells. Thus, in this method, the first step is a hard spin and the second step
a soft spin—the opposite of the PRP method. It is thought that the use of
the soft spin in the second centrifugation may result in platelets that
function better than those obtained by the PRP method, in which the
second centrifugation is a hard spin when there is less whole blood to
“cushion” the platelets [50,51]. The effectiveness of the second
centrifugation step is improved if several units of buffy coat are pooled,
usually in groups of six [50]. When units of buffy coat are pooled for the
second centrifugation, they may be suspended in an artificial platelet
preservation (platelet additive) solution that improves the separation and
the quality of platelets during storage [52]. Also during the second
centrifugation step, the platelets are passed through a filter as they are
separated, thus removing most of the leukocytes and producing a
leukocyte-depleted platelet component.

Storage conditions and duration

Platelets stored at 20—24°C maintain functional effectiveness for several
days [53-57]. Subsequent studies have established that many variables
affect the quality of platelets during storage. In addition to temperature,
these other variables include the anticoagulant—preservative solution,
storage container, type of agitation, anticoagulant, and volume of plasma
[58-61]. Gentle horizontal agitation is preferable to end-over-end
agitation [61]. If continuous agitation is interrupted, platelets stored for up
to 5 days maintain appropriate in vitro characteristics for up to 24 hours of
interruption of agitation [62]. The composition, surface area, and size of
the storage container influence the ability for carbon dioxide to diffuse out
and oxygen to enter the platelet concentrate, and storage containers
specifically designed to optimize platelet quality are now used routinely
(63, 64].

Maintenance of the pH above 6.0 is the crucial factor indicating
satisfactory platelet preservation. This combination of storage container,
agitation, preservative solution, temperature, and the use of about 50 mL
of plasma provide satisfactory preservation of platelets for up to 7 days
[63,64]. However, several instances of bacterial contamination of platelet
concentrates stored for this period were reported [65,66], and the storage
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time was reduced to the 5 days currently used [11]. The problem of
bacterial contamination still exists (see Chapter 14). Several platelet
concentrates are usually pooled to provide an adequate dose for most
patients (see Chapter 11). For some patients, the volume of plasma in the
final pooled component is too large, and plasma must be removed prior to
transfusion. This involves another centrifugation step after the platelets
have been pooled that causes a loss of 15% to as much as 55% of the
platelets [67,68].

The leukocyte content of the platelet concentrates is an important issue
(see Chapters 11, 12, and 14). The conditions used to centrifuge whole
blood influence the leukocyte content of the platelet concentrate, but most
platelet concentrates contain 108 or more leukocytes. Filters are available
that remove most of the leukocytes in the platelet concentrate. The filters
can be used at the bedside, or preferably before the platelets are stored.
Presently most platelets are leukodepleted.

Leukodepletion of platelets

Filters are available for leukodepletion of platelets as well as red cells. This
is necessary if it is hoped to prevent alloimmunization or disease
transmission in patients receiving platelet transfusion [35]. The platelet
filters result in a loss of about 20-25% of the platelets and have a rate of
failure in achieving fewer than 5 x 10° leukocytes of about 5-7% [35].

Granulocytes

Granulocytes for transfusion are prepared by cytapheresis (see Chapter 7).
Some investigators have prepared granulocytes from fresh whole blood by
sedimentation with hydroxyethyl starch. Doses of 0.25 x 10° are reported
from units sedimented with hydroxyethyl starch, and this is below the

1-3 x 10° desired for transfusion even to a neonate [69]. The possibility of
obtaining granulocytes from units of whole blood is usually raised in a
crisis; the blood bank often does not have procedures to prepare the cells,
and it is not possible logistically to test the blood for transmissible disease.
Thus, preparation of granulocytes from units of fresh whole blood is not a
recommended approach.

5.2 Irradiation of blood components

The techniques and clinical indications for irradiating blood components
are described in Chapter 11.

5.3 Hematopoietic stem and progenitor cells

Hematopoietic stem cells are being obtained from bone marrow,
peripheral blood, and cord blood. Collection of marrow and umbilical
cord blood is described in Chapter 18 and peripheral blood stem cells in
Chapter 7. Stem cells from these different sources are undergoing an
increasing variety of cellular engineering methods that produce new blood
components with exciting therapeutic potential.
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| 5.4 Plasma derivatives

General

Procedures for the fractionation of plasma were developed during the
1940s in response to World War II (see Chapter 1). A large pool of plasma,
often up to 10,000 L or 50,000 donor units, is processed using cold ethanol
fractionation. In cold ethanol, different plasma proteins have different
solubilities, which allows their separation. This large-scale separation and
manufacturing process results in the isolation of several proteins from
plasma that are prepared for therapeutic use. These are called plasma
derivatives (Table 5.4). The major derivatives have been albumin, immune
serum, immune globulin, and coagulation factor VIII concentrate. Until
the late 1980s, techniques were not available to sterilize some blood
derivatives after manufacture. Thus, because of the large number of units
of donor plasma in each pool, the chance of contamination of the pool
with viruses (i.e., hepatitis and HIV) was high and the risk of disease
transmission from these nonsterilized blood derivatives was high (see
Chapter 15). This risk was accentuated because much of the plasma that
serves as the raw material for the manufacture of blood derivatives was
obtained from paid donors, a group known to provide blood with an
increased likelihood of transmitting disease [70,71]. Initially, only albumin
and immune globulin carried no risk of disease transmission; albumin
because it was sterilized by heating and immune globulin because none of
the known infectious agents was contained in that fraction prepared

from the plasma. Because of the recognition of the high risk of disease
transmission by coagulation factor concentrates, methods were developed
to sterilize them [72,73].

New concerns have arisen about the possible transfusion transmission
of the agent responsible for variant Creutzfeldt—Jakob disease (vCJD)
because this infectivity is not inactivated by most conventional methods.
Fortunately, it appears that the prions associated with vCJD do not partition
with the therapeutic proteins during plasma fractionation [74,75].

Coagulation factor concentrates

Although these concentrates were known to transmit hepatitis since they
first became available, the risk has been reduced over the years by
improvements to the donor history, the addition of laboratory tests for
transmissible agents, and the introduction in the mid-1980s of methods to
treat the concentrates to separate and inactivate viruses [72,73,76]. The
major methods of viral inactivation for plasma-derived concentrates are
(a) dry heating, in which the sealed final vial is heated between 80°C and
100°C, (b) pasteurization, in which the concentrate is heated to 60°C while
still in solution before lyophilization, (c) vapor heating, in which the
lyophilized powder is exposed to steam before bottling, and (d)
solvent—detergent (SD) treatment, in which the organic solvent
tri-n-butyl-phosphate (TNBP) and the detergent Tween 80 or Triton X100
are added at intermediate processing steps. At present, the SD method is
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most commonly used. The pasteurization and vapor heating methods
result in substantial loss of factor VIII activity [76,77].

Each of these methods uses a different strategy of viral inactivation.
There are differing amounts of data about the effectiveness of these viral
inactivation methods, since not all of their products have been subjected to
randomized controlled trials. In general, it appears that the methods are
effective in inactivating virus with a lipid envelope, but infections with
nonlipid envelope viruses such as parvovirus B19 [78] and hepatitis A [79]
have been reported.

The first recombinant-produced coagulation factor VIII concentrates
became available in late 1992 and 1993 80, 81]. It appears that these
products transmit no diseases. The factor VIII is produced in murine cell
lines, and both fetal calf serum and murine monoclonal antibodies are
used in the production process. The products are subjected to viral
inactivation steps, even though there should be no way that human viruses
should contaminate the products.

Experience with these recombinant products is very encouraging.
Although factor VIII is a very antigenic protein, it does not appear that
recombinant factor VIII is more likely than plasma-derived factor VIII to
cause development of factor VIII inhibitors.

Coagulation factor VIII concentrates produced by recombinant DNA
techniques are more expensive than those produced from plasma [82].
Despite this, the high-purity (high-cost) plasma-derived and the
recombinant products are the most widely used.

Factor IX concentrates are also free of transmission of most viruses since
1991. Factor IX concentrates vary in purity and most contain additional
coagulation factor (Table 5.11) [83]. The less pure concentrates contain
other coagulation factors and cause some degree of hypercoagulability

Table 5.11 Coagulation factor IX products currently available.

Other ingredients units per IU of

factor IX
Category Product Manufacturer Factor IX IU Factor Il Factor VIl Factor X Heparin
Purified factor IX ~ Bebulin VH Baxter 500-700 IU X Minimal  x <0.15
concentrates Profilnine  Grifols 400, 1000, 1500 <1.5 <0.035 <1.0 -
Alphanine  Grifols 150 <0.05 <0.04 <0.05 <0.04
Berinin P Behring 300, 600, 1200  x X X -
Mononine Behring 500, 1000 <0.0025 <0.0025 <0.0025 -
Octanine  Octapharma 250, 500, 1000  x X X X
Recombinant Benefix Wyeth 200 - - - -
factor IX
concentrates
Prothrombin Beriplex Behring 250, 500 0.8-1.92 04-1.0 0.88-2.4 x
complex Cofact Sanquin 250, 500 0.56-1.4 0.28-0.8 0.56-1.4 -
concentrates Octaplex ~ Octapharma 500 0.44-1.5 0.36-0.96 0.72-1.2 0.2-0.5

Note: 11U = amount of factor IX activity present in 1 mL pooled normal human plasma.
x indicates amount of not specified substance present.
— indicates element is absent.
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[84]. Activated factor VI, fibrinogen, prothrombin complex concentrates,
von Willebrand factor concentrate, and fibrin sealant are discussed in
Chapter 11.

Fibrinogen

A virally inactivated fibrinogen concentrate prepared from human plasma
is now available commercially and is approved by the Food and Drug
Administration (FDA) for the treatment of acute bleeding episodes in
patients with congenital fibrinogen deficiency [85-87]. The concentrate is
recommended for use in situations when the fibrinogen level is less than
100 mg/dL. While fibrinogen concentrate is approved only for use in
congenital fibrin deficiency [86], small studies of its use in patients with
low fibrinogen levels and massive bleeding from obstetric complications,
cardiovascular surgery, intra abdominal surgery, trauma [85], and an
aortic ascending aorta replacement [87] have demonstrated substantially
reduced bleeding.

Immune serum globulins

Immune serum globulin (Ig or gamma globulin) prepared by the
traditional plasma fractionation technique has been very effective in
preventing bacterial infections in patients with agammaglobulinemia and
in preventing certain viral infections in immunologically normal persons.
This immune globulin is administered intramuscularly because it contains
aggregated or oligomeric molecules of Ig, which, when injected
intravenously, activate complement, resulting in severe reactions [88]. The
limitations of IM-IG are dose limitations, painful injections because of the
volume required, and difficulty maintaining plasma levels of IgG. Immune
globulin suitable for intravenous administration is also available. This is
prepared from the plasma of normal donors and thus can be expected to
have an antibody content reflective of normal healthy individuals in a large
population. There are some differences among different products in the
IgA content, the relative proportions of IgG subclasses, and in vitro activity
against some viruses. The differences in IgA content are clinically
important, as brands that contain much IgA may cause a reaction if given
to an IgA-deficient patient with anti-IgA. The importance of the other
differences among the brands has not been established. The intravenous
half-life of the intravenous immunoglobulin is 21-25 days, which is similar
to native IgG.

Intravenous immune globulin (IVIG) is approved for use by the US FDA
for treatment of individuals with impaired humoral immunity, specifically
for primary (congenital) immune deficiency and for (idiopathic)
autoimmune thrombocytopenia [89]. The availability of intravenous
immunoglobulin makes it possible to maintain the serum IgG level near
normal in immunodeficient patients. The amount required varies
with the size of the patient and the indication. Usually 100-200 mg/kg per
month is used as a starting dose for patients with primary
immunodeficiencies.

87



Transfusion Medicine

Administration of IVIG in autoimmune situations may seem odd. The
mechanism of action is thought to be macrophage Fc receptor blockage by
immune complexes formed between the IVIG and native antibodies. IVIG
is effective for patients with autoimmune thrombocytopenia. Specific IV
anti-Rh(D) is used in Rh-positive patients with autoimmune
thrombocytopenia [89,90]. This is thought to cause immune complexes
with anti-Rh and the patient’s Rh-positive red cells, resulting in Fc receptor
blockade. Larger doses are usually used for patients with autoimmune
thrombocytopenic purpura compared with immune deficiency.
Intravenous immunoglobulin is now used in other immune deficiency or
autoimmune states (see Chapter 11)

Adverse reactions to intravenous immunoglobulin occur with 2-10% of
injections [89]. These are local, such as erythremia, pain, phlebitis, or
eczema. Systemic symptoms include fever, chills, myalgias, back pain,
nausea, and vomiting. Some reactions in some patients are dose related
and can be reduced or eliminated by slowing the rate of infusion. The
nature and frequency of adverse reactions may differ among the different
products, but this is not clear and is beyond the scope of this chapter.

Since intravenous immunoglobulin is made from large pools of human
plasma, it contains a variety of antibodies, including those against blood
groups and possibly anti-HBs, anti-HBc, anti-cytomegalovirus, etc. [89].
Donor screening should eliminate some of these (i.e., anti-HIV), but
patients may have transiently positive tests for certain antibodies, especially
ABO, that are passively acquired from the intravenous immunoglobulin
[91] and some patients may develop a positive direct antiglobulin test.
Transient hemolysis has been reported in patients with autoimmune
thrombocytopenic purpura and others being treated with IVIG (see
Chapter 14). Thus, although hemolysis is unusual, a large proportion of
patients receiving IVIG will develop circulating or cell-bound blood group
antibodies. This should be considered if unexplained hemolysis occurs in
patients being treated with IVIG.

5.5 Pathogen-inactivated blood components

The approach to blood safety during the last 40 years has been very
effective but is nearing the end of its effectiveness [92-95]. Addition of new
tests and/or screening measures erodes the donor base unnecessarily and is
reactive, allowing patients to be harmed before preventive steps are
implement. Several pathogen-inactivated plasma products and two
pathogen inactivated platelet products are widely used outside the United
States but are not FDA licensed for domestic use. This has led to
considerable frustration with lack of availability of these products in the
United Sates, since it does not appear that the paradigm of increasing
donor question and testing can be effective and efficient in the future. Thus,
treatment of blood products to inactivate contaminating infectious agents
is a new paradigm for the future. Several technologies are now in use.
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Solvent-detergent plasma

Treatment of fresh plasma with a combination of solvent TNBP and the
detergent Triton X100 inactivates lipid envelope viruses while retaining
most coagulation factor activity. The process must be done on a large scale,
and plasma from about 2500 donors is pooled for the SD process. The
product has little, if any, risk of transmitting lipid envelope viruses such as
HIV, HCV, and HBV but can transmit nonlipid envelope viruses such as
parvovirus [96]. Reports of thrombosis in thrombotic thrombocytopenic
purpura (TTP) patients undergoing plasma exchange with SD plasma [97]
and deaths in patients receiving SD plasma while undergoing liver
transplantation led to withdrawal of that product from the market, and it
is no longer available. It is postulated that these thrombotic complications
were due to decreased protein S and plasmin inhibitor activity in SD
plasma [97]. A different SD plasma, Octaplas (Octapharma; Vienna,
Austria) (Table 5.12), has higher, although not normal, levels of protein S
and plasmin inhibitor [98] and has not been associated with thrombotic
events. This form of SD-treated plasma is in rather wide use in Europe
[99,100] but not yet in the United States.

Fresh frozen plasma

Three pathogen-inactivated FFP products are in use in Europe. Methylene
blue can be added to plasma and subsequent exposure to visible light
inactivates most viruses and bacteria [101, 102]. The plasma can then be
frozen as an FFP product. Two other pathogen inactivation methods are
used for both plasma and platelets [92-95]. One uses a psoralen
compound and ultraviolet (UV)-B light [103], while the other uses
riboflavin and UV-B light [104]. A psoralen compound followed by UV

Table 5.12 Coagulation factor and inhibitor levels in 12 lots of Octaplas.

Measure Reference range Octaplas (n = 12)?
PT (s) 12.5-16.1 133(129 13.8)
aPTT (s) 28-40 5 (34-37)
Fibrinogen (g/L) 1.45-3.85 5(2.4-2.6)
Prothrombin 65-154 3 (79-86)

FV (U/100 mL) 54-145 8 (75-84)
FVII (U/100 mL) 62-165 108 (90-117)
FX (U/100 mL) 68-148 8 (75-80)
FVila (mU/mL) 25-170 166(134 209)
Protein C activity (U/100 mL) 58-164 5 (81-87)
Protein S activity (U/100 mL) 56-168 4 (55-71)

PI (U/100 mL) 72-132 3(20-27)
Plasminogen (U/100 mL) 68-144 6 (92-101)
Citrate (mM) 175(142 20.9)

Source: Adapted from Solheim BG, Hellstern P. Composition, efficacy, and safety of
S/D-treated plasma. Transfusion 2003; 43:1176-1178.

Note: PT, prothrombin time; aPTT, activated partial thromboplastin time.

?Data are reported as mean (range).
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light results in intercalation into DNA or RNA with cross-links. Riboflavin
damages DNA upon exposure to UV light. Both methods prevent nucleic
acid replication. Thus, contaminating pathogens are inactivated, but
platelets are not damaged. Extensive toxicity, mutagenicity, and
pharmacologic studies have given satisfactory results. The psoralen
product has satisfactory coagulation factor levels and provides
post-transfusion increases in coagulation factors similar to ordinary FFP
[103]. The riboflavin-treated FFP also has satisfactory levels of coagulation
factors [104]. Because these products are relatively new, there is little
clinical experience reported, but the psoralen product is effective in
patients with bleeding due to liver disease [105] and for replacement in
patients with thrombotic thrombocytopenic purpura [106].

Platelets
Two of the methods used for pathogen inactivation of FFP are also being
used to treat platelets [92-95, 107]. Initial studies in healthy research
subjects and studies in thrombocytopenic patients indicate satisfactory
platelet function for both the psoralin and riboflavin methods [108-110].
Successful clinical trials in Europe using psoralin-treated platelets prepared
by the buffy coat method [111] and in the United States using apheresis
platelets [112] have been reported [113] and those platelets are widely used
[114]. Riboflavin-treated platelets also appear to be clinically effective
[113,115].

UV-C light is also being developed as for pathogen inactivation of
platelet concentrates [116-118].

Red cells
Two different approaches are under development for inactivation of
transfusion transmissible pathogens in red blood cell components. These
involve riboflavin [119] and an alkylating agent [120]. The methods
involve selective damage to nucleic acid strands, thus inactivating
contaminating pathogens while sparing red cells. The methods are effective
against most common bacteria, viruses, and protozoa that would be of
concern in blood transfusion. The methods are at early stages of
development, but early in vivo studies in humans are said to show
satisfactory results, although data were not published as of this writing.
Inactivation of viruses and bacteria in cellular components, a strategy
almost unthinkable a decade ago, is also showing exciting promise. If
pathogen inactivation is broadly effective, there will certainly be a major
impact on the blood supply system and the nature of blood centers
producing these components.

' 5.6 Universal red cells

Two approaches have been attempted to convert A or B red cells to type O.
If such a process became practical and widely adopted, it could have a huge
impact on blood banking by eliminating most inventory management

issues and making more blood available by eliminating outdating of type A
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and B units [121]. Development of these technologies has been difficult
and neither are near clinical use.

Enzymatic cleavage of ABO and Rh antigen

Cleavage of ABO and Rh antigen

Strategies have been devised for the enzymatic cleavage of the sugars that
confer A and B specificities [121-123]. The enzymes for this cleavage have
been cloned and are available on a scale sufficient to allow for the
production of clinical doses of red cells from which the A and B antigens
have been removed. Thus far, most of the experience involves successful
conversion of group B to group O [122]. It is not clear whether A to O
conversion will be possible, and no clinical data have been reported despite
completion of a phase clinical trial in 2007 [123].

Masking ABO antigens

A different approach to altering the red blood cell membrane to convert
group A or B red cells into group O red cells is to mask the antigens to
produce “stealth” red cells. Polyethylene glycol has been used to covalently
bond to red cells to mask blood group antigens such as ABO, Rh, Kell, and
Kidd [124]. Small studies in animals suggest that there is little in vitro
damage to the red cells and that they have a normal survival, although such
studies have not yet been carried out in humans. It is not clear that
development of this process will continue.

| 5.7 Blood substitutes

The functions of blood can be grouped generally as maintenance of
intravascular volume, delivery of oxygen to tissues, provision of
coagulation factors, provision of some defense mechanisms, and
transportation of metabolic waste products. Considerable effort has been
made to develop blood substitutes or artificial blood, but these products
deal only with the oxygen-delivery function. Thus, more appropriate terms
are hemoglobin or red cell substitutes [125].

The ideal acellular red cell substitute would not require crossmatching
or blood typing, could be stored preferably at room temperature for a long
period, have a reasonable intravascular life span and thereafter be excreted
promptly, and be free of toxicity or disease transmission. Two approaches
have been used: perfluorocarbons, compounds in which oxygen is highly
soluble, and free hemoglobin solutions using either human or animal
hemoglobin [126]. Hemoglobin chemically binds oxygen, whereas
perfluorocarbons have a carbon backbone with fluorine substitutions that
have solubility for oxygen 20 times greater than water. The physiologic
benefit of this high solubility for oxygen has been demonstrated
dramatically by the survival of mice completely immersed in a solution of
well-oxygenated perfluorocarbons.

Hemoglobin can be prepared in solution by lysis of red cells. If the
remaining cell stroma is removed, the stroma-free hemoglobin is
nonantigenic. However, stroma-free hemoglobin in solution has a short
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intravascular life span and has a low P, (the point at which 50% is
saturated). Thus, research has focused on modifying the structure of the
hemoglobin molecule (cross-linking or polymerization) or binding
hemoglobin to other molecules to overcome these two problems [126].
Outdated human red cells, bovine hemoglobulin, and recombinant
DNA-produced hemoglobin have been used as sources of hemoglobin. The
potential difficulties with hemoglobin-based oxygen carriers are rapid
clearance of the hemoglobin, hypertensive effects, change in the oxygen
dissociation curve, hemoglobin metabolites, immunogenicity, and
bacterial sepsis [126].

Four products are or have undergone clinical trials: Polyheme
(Northfield Laboratories, Evanstone, IL), HemAssist (Baxter Healthcare
Corporation, Round Lake, IL), Hemopure (Biopure Corporation,
Cambridge, MA), and Hemolink (Hemosol, Mississauga, Ontario).
Development of HemAssist has been discontinued after randomized trials
demonstrated safety problems [127,128]. Hemopure was used successfully
in a patient with severe autoimmune hemolytic anemia [129] and in a
sickle cell disease patient with acute chest syndrome who refused blood
transfusion [130]. However, clinical trials of these products seem to have
come to a stop [131, 132] and the long-awaited “blood substitute” is not
close to reality.

In a careful study, 8 severely anemic patients (hemoglobin levels of
1.2-4.5 g/dL) who refused a blood transfusion received the
perfluorocarbon product were compared with 15 who did not [133]. The
amount of oxygen delivered by the perfluorocarbon was not clinically
significant, and the patients did not benefit. The major observation in this
study was the ability of all the patients to tolerate remarkably low
hemoglobin levels and the lack of the need for increased arterial oxygen
content in the 15 control patients who had hemoglobin levels of
approximately 7 g/dL. Fluosol products are neither available nor
undergoing clinical trial.

Potential clinical uses and impact of hemoglobin
substitutes

If a hemoglobin-based oxygen carrier was developed, it is not likely that it
will supplement most red cell transfusions. The substitutes might be used
for immediate restoration of oxygen delivery such as in trauma, or in other
urgent situations involving massive blood loss where red cells are not
available quickly, but the short intravascular half-life of these substitutes
makes them impractical for long-term red cell replacement (for instance,
in chronically anemic patients). Since blood typing and crossmatching
would not be necessary, the substitutes might be carried in emergency
vehicles, stocked in emergency departments, or used by the military or
civilians in situations where access to blood is limited. Other potential uses
of hemoglobin substitutes include organ perfusion and preservation prior
to transplantation, and improving oxygen delivery to tissues that have an
impaired blood supply. Unfortunately, it does not appear that a
hemoglobin-based blood substitute will be available soon.
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Autologous Blood Donation
and Transfusion

Autologous blood is widely believed to be the safest blood [1] and, as a
result, interest in and the use of autologous blood increased dramatically
with the onset of the HIV epidemic. The most common form of
autologous blood is that deposited in anticipation of elective surgery, also
called preoperative autologous blood donation (PABD). Other forms of
autologous blood are perioperative or acute normovolemic hemodilution
(ANH), intraoperative salvage of shed blood, and postoperative salvage of
shed blood.

6.1 Strategies to reduce or avoid allogeneic
transfusion

Concerns about blood safety have also increased interest in other methods
to avoid the need for transfusion or the development of “limited” donor
programs. Several strategies can be used in a combined approach to
minimize the use of allogeneic blood (Table 6.1) [2—4]. A wonderful,
comprehensive program for minimizing the necessity of transfusion of
allogeneic blood is provided by one of the pioneers of cardiovascular
surgery, Dr. Denton Cooley [3]. This program involves preoperative
considerations such as review of the medical history to identify factors that
may predispose patients to excessive blood loss, review of medications that
might increase blood loss, use of erythropoietin (EPO), and PABD, as well
as intraoperative considerations such as the use of ANH, close attention to
heparin levels, use of antifibrinolytic agents, use of hypothermia, attention
to hemostasis, and intraoperative and postoperative salvage of shed blood
(Table 6.2).

The indications for transfusion are a major factor in determining blood
utilization. During the past decade, patients’ hemoglobin levels or platelet
counts have been allowed to fall much lower before transfusion, and the
use of plasma has been curtailed (see Chapters 11 and 12). These changes
in the indications for transfusion have resulted in fewer transfusions and
thus fewer donor exposures. Pharmacologic agents may be used to reduce
blood loss [2], and are more careful use of anticoagulants and use of
protease inhibitors such as epsilon aminocaproic acid in fibrinolytic
situations is helpful. A different approach using pharmacologic agents
involves stimulation of hematopoiesis. This can be done for red cells using

Transfusion Medicine, Third Edition. Jeffrey McCullough.
© 2012 Jeffrey McCullough. Published 2012 by Blackwell Publishing Ltd.
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Table 6.1 Strategies to reduce or avoid allogeneic transfusion.

Change indications for transfusion
Use special surgical and anesthetic techniques
Use pharmacologic agents to:

Reduce blood loss

Stimulate marrow

Increase capability for autologous donations
Use limited-donor programs
Use single-donor components

EPO either to enhance red cell production in the patient in anticipation of
blood loss or to increase the number of autologous units that can be
donated. Another strategy that can reduce but not eliminate allogeneic
donor exposure is the use of single-donor components when possible. The
most common example of this is the use of single-donor platelets obtained
by apheresis instead of pooling several units obtained from whole blood to
provide one therapeutic dose. Some blood centers make available fresh
frozen plasma in large-volume units, thus reducing by about half the
number of donor exposures from plasma transfusions. Finally,
limited-donor programs are operated by some centers. This is usually
practical only for pediatric patients. While all of these strategies are
available, it would be unusual to find them all used extensively in one
center. Each hospital has its own unique mix of activities designed around
these specific steps, but the central theme that pervades transfusion
practice today is the more conservative use of blood transfusion and
structuring the provision of blood components to take into account the
public’s concern about transfusion-transmitted diseases.

6.2 Trends in the collection and transfusion
of autologous blood

Between 1989 and 1992, there was a 70% increase in autologous blood
collections, reaching a maximum of 1,117,000 units in 1992 [5]. However,
by 2006, autologous blood collections were only 335,000 or 2.1% of the
national blood supply, which was a 27% decline between 2005 and 2007
[6]. This is far short of predictions that autologous blood could provide
20% of all blood used and is unlikely that such extensive use of autologous
blood will ever occur.

6.3 Preoperative autologous blood donation

Autologous donor blood

An individual may donate blood for his or her own use if the need for
blood can be anticipated and a donation plan developed. Most commonly,
this occurs with elective surgery. Surprisingly, the major motivation for
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Table 6.2 Blood management considerations for cardiovascular surgery patients.

Consideration

Comments

Preoperative

Intraoperative

Postoperative

Antithrombolytic drugs

Epoetin alfa

Iron supplementation

Preoperative autologous
donation of blood

Hemodilution

Heparinization

Aprotinin

Aminocaproic acid

Desmopressin

Hypothermia

Topical hemostatic

agents

Blood salvage and
autotransfusion

Shed mediastinal blood
salvage

Allogeneic transfusion
RBC transfusion

Platelet therapy

Fresh frozen plasma

Hypertension

Whenever possible, discontinue several days
before surgery

Appropriate for patients at high risk of
bleeding complications

Appropriate for patients with low Hb levels or
clinical or laboratory signs of anemia

Limited by cost, logistics, and time;
recommended only for patients at high risk of
bleeding

Extreme hemodilution (HCT < 20%) may
adversely affect platelet function

Adequate anticoagulation can usually be
achieved with a loading dose of 3 mg/kg

Reduces blood loss and transfusion
requirements; most useful in patients at high
risk of bleeding

Antiplasminogenic effects

Useful in some patients with coagulopathies
such as uremic thrombopathy, platelet defects,
von Willebrand's disease

Moderate levels (22-28°C) should be used;
expeditious rewarming reverses adverse effects

Used to create drier operative field and reduce
blood loss

Although considered fairly standard practice
unwashed blood collected without systemic
anticoagulation could increase clotting
products and activated clotting factor proteins
Can reduce the need for allogeneic RBC

transfusion by 50%; generally ineffective if the
volume to be reinfused is < 400 mL or 4 h

Should be used only when absolutely necessary
May be needed when Hb < 8 g/dL

Consider when platelet level < 50,000
cells/mm?

May be needed when PT > 155, PTT > 40 s,
or postoperative chest tube output
> 300 mL/h for 2 h or > 900 mL total in 3 h

Must be controlled to avoid potential for
increased bleeding; plasma expanders can
cause or exacerbate hypertension

Source: Cooley DA. Conservation of blood during cardiovascular surgery. Am J Surg 1995; 170:53S-59S.
Hb, hemoglobin; HCT, hematocrit; PT, prothrombin time; PTT, partial thromboplastin time; RBC, red blood

cell.
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Table 6.3 Autologous blood collection techniques in selected surgical procedures.

Autologous blood collection technique?®

Surgical Procedure PABD IBS PBS ANH
Coronary artery bypass graft + e 4k +
Major vascular surgery + b = +
Primary hip replacement + + + +
Revision hip replacement + + + +
Total knee replacement + = + _
Major spine surgery with + + + +
instrumentation

Selected neurologic procedures(e.g., + S8 = +
resection of arteriovenous formation)

Hepatic resections + S8 = +
Radical prostatectomy + 4 = +

Cervical spine fusion — - — _
Intervertebral discectomy = = _ _
Mastectomy - — - _
Hysterectomy — — — _
Reduction mammoplasty = = — _
Cholecystectomy = = - _
Tonsillectomy = = — _
Vaginal and cesarean deliveries — — — _
Transurethral resection of the prostate - = = =

Source: National Heart, Lung, and Blood Institute Expert Panel on the Use of Autologous Blood. Transfusion
alert: use of autologous blood. Transfusion 1995; 35:703-711.

ANH, acute normovolemic hemodilution; IBS, intraoperative blood salvage; PABD, preoperative autologous
blood donation; PBS, postoperative blood salvage.

2+Indicates use of the technique is considered appropriate; — indicates use of the technique is considered
inappropriate.

autologous blood donation is the physician’s recommendation rather than
the patient’s fear of transfusion-transmitted infection [7]. It is important
to thoughtfully plan the autologous blood donation schedule so that blood
is collected only for procedures for which there is substantial likelihood
that the blood will be used (Table 6.3) [8]. Without this type of planning,
there is a very high rate of wastage of autologous blood, and the costs
become quite high. In general, autologous blood is recommended only for
procedures for which blood would be crossmatched and that involve at
least a 10% chance of blood use. Examples are major orthopedic
procedures, radical prostatectomy, vascular surgery, and open-heart
surgery [9-11]. Examples of situations in which autologous donation is
not recommended include cholecystectomy, herniorrhaphy, and normal
delivery. It is essential to define the specific situations in which autologous
blood is indicated and then define the amount of blood desired for each of
those situations. The hospital’s standard surgical blood order system can be
used to estimate the amount of blood likely to be used, and a plan for
autologous donation can be developed based on that schedule [12,13]. An
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excellent review of autologous blood utilization shows relationships among
estimated blood loss, hematocrit changes during hospitalization,
cost-effectiveness of autologous blood, and programs for collecting the
blood [14]. An example of strategies combining all of the different
autologous blood collection and transfusion methods is illustrated in
Table 6.2.

If patient candidates for autologous blood donation meet the usual Food
and Drug Administration (FDA) criteria for blood donation, their blood
may be “crossed over”—that is, used for other patients—if the original
autologous donor has no need for the blood. If the autologous donor does
not meet the FDA criteria for blood donation, the blood must be specially
labeled, segregated during storage, and discarded if not used by that
specific patient. There is no general agreement about the desirability of the
practice of crossing over autologous units. One study showed similar rates
of transmissible disease markers in autologous and allogeneic donors [15],
while another reported increased rates among autologous donors [16].
Definitive data are not available. Because the blood bank medical director
must approve “crossing over” each unit on a case-by-case basis, most blood
banks do not cross over autologous blood to patients other than the
donor-patient. Since most autologous (PABD) donors do not meet FDA
criteria for allogeneic donation, their blood cannot be crossed over to
others and as a result there is a high wastage rate. This poor utilization rate
was attributed to donation for procedures with a low probability of use,
donation beyond the expected need, lack of clear criteria for transfusing
autologous blood, and hesitancy to use suitable autologous blood as part of
the general community blood supply [5, 6]. Thus, although use of
autologous blood is popular and is seen by many patients as a valuable way
to reduce the possibility of disease transmission, its use in an operationally
efficient and cost-effective way are not well developed.

Occasionally a healthy person wishes to donate blood for long-term
storage for himself or herself in the event of a future unforeseen need. This
is not recommended because of the low possibility that the blood will be
available where and when needed and the high cost of the long-term
storage. If the individual has a very rare blood type, it may be desirable to
collect blood and freeze it for later use by the donor or for others with
similar rare red cell phenotypes.

In summary, experience with PABD has shown that (a) donor-patients
often begin surgery with a lower hematocrit (hemodiluted) and thus
require more transfusions or are discharged from the hospital with a lower
hematocrit, (b) it is suitable for a limited number of patients, (c) nationally
it replaces only about 2% of all red cells at best, and (d) it is not
cost-effective. Despite this experience, PABD should be an option patients
can choose in consultation with their physician.

Medical requirements and evaluation for autologous
blood donation

The medical history for autologous donation is the same as for allogeneic
donation except that, since the donor is actually a patient, additional
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Table 6.4 Cardiovascular conditions proposed as contraindications to autologous blood
donation.

Idiopathic subaortic stenosis

Aortic stenosis

Left main coronary artery disease

Unstable angina

Cardiac failure

Recent myocardial infarction

Ventricular arrhythmia

Atrioventricular block

Symptoms of disease on the day of donation

Source: Yomtovian R. Practical aspects of preoperative autologous transfusion. Am J Clin
Pathol 1997; 107(Suppl 1):528-S35.

emphasis should be placed on questions about medications and medical
conditions or illnesses. There are no age or weight restrictions for
autologous donation. PABD is generally safe for older donors [17,18]. One
of the types of severe reactions in allogeneic donors who are in good health
is cardiovascular events [18], and deaths have occurred following blood
donation by individuals who met all the FDA criteria for blood donation
[19]. Therefore, there is some difference of opinion regarding the safety of
donation by patients with cardiovascular risk factors. Several specific
cardiovascular conditions have been proposed as contraindications for
autologous blood donation [13] (Table 6.4).

Pregnant women may donate, although this is not recommended
routinely, since these patients rarely require transfusion and often are iron
deficient [8, 20]. Donors with known or suspected bacteremia should not
donate autologous blood because of the possibility of transfusion of
contaminated blood (see Chapter 15). Examples of such situations are
patients with ulcers that might be associated with bacteremia or patients
with recent gastroenteritis that might be due to Yersinia enterocolitica. The
autologous donor’s hemoglobin may be lower (11 g/dL) than that required
for allogeneic donors (12.5 g/dL), and autologous donors may donate as
often as every 72 hours up to 72 hours prior to the planned surgery. Usually
it is only possible to obtain 2—4 units of blood before the hemoglobin falls
below 11 g/dL. The planned donations ideally should begin 4—6 weeks
before the anticipated blood use. Patients with a lower initial hematocrit
who experience recovery to the baseline hematocrit or above by the
time of surgery and who with a longer time between the first autologous
blood donation and surgery benefit from PABD. However, patients
who do not meet these criteria obtain more benefit from the use of
intraoperative blood salvage [21]. Donations closer to surgery than 15 days
are not effective because the patient’s hemoglobin does not have time to
recover [22—24]. Thus, the patient may receive the blood back due to the
iatrogenic anemia induced by the blood donations or leave the hospital
more anemic than necessary [25]. Oral iron therapy is usually
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recommended to facilitate erythropoiesis in response to blood donation.
However, many patients experience gastrointestinal side effects that limit
the iron therapy.

The final decision on whether to withdraw blood from an autologous
donor rests with the medical director of the blood bank. Often
consultation between the donor’s (patient’s) physician and the blood bank
physician is necessary to arrive at a wise course of action.

Collection processing and storage of autologous blood
Procedures for the selection of veins for phlebotomy, cleaning the
venipuncture site, use of containers and other equipment for blood
collection, and the actual collection are the same as procedures used for
collection of allogeneic blood (see Chapter 4). If desired, the amount of
anticoagulant in the primary container can be reduced by transferring
some anticoagulant to a satellite bag. This makes it possible for autologous
blood to be collected from children or small adults [26]. All autologous
units must be labeled “for autologous use only.” Components can be made
from autologous units, but if so, each component must be labeled as
autologous, and recording systems must ensure that these components are
used only for the donor-patient. Usually autologous blood is collected
within a few weeks of its intended use and is stored in the liquid state as is
done for the ordinary blood supply. The red cells can be frozen for longer
term storage if it is desired to allow the donor’s red cell mass to replenish
itself. However, this adds substantially to the cost of the blood and is rarely
done. Another reason to consider freezing the red cells is if the planned use
is delayed. Alternatively, the red cells can be returned to the donor-patient,
but this is not recommended because transfusion will suppress the donor’s
red cell production.

Adverse reactions to autologous blood donation

There is some disagreement regarding whether adverse reactions are more
common in autologous than allogeneic donors. This comparison is
complicated by the fact that autologous donors tend to be older than
allogeneic donors and to have medical conditions that would preclude
many of them from allogeneic donation. Two reports show no increase in
adverse reactions in autologous donors [18, 27]. Autologous donors most
likely to experience a reaction with donation are first-time female donors,
younger age group, and lower weight and those taking cardiac glycosides,
all of which are independent predictors of donor reactions [18, 28, 29].
Elderly autologous donors are least likely to have reactions [18]. Donors
who react at their first donation are very likely to react at subsequent
donations. In one study, very severe reactions resulting in hospitalization
were found to occur 12 times more often in autologous donors than in
allogeneic donors and may occur as often as once in 17,000 donations [22].
Thus, although it is not clear whether the overall incidence of adverse
reactions is greater in autologous than allogeneic donors, this form of
blood donation is not without risk. Autologous donation should be used
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only after careful consideration of the particular patient’s medical
condition and potential transfusion needs.

Laboratory testing of autologous blood

Autologous blood must be typed for ABO and Rh antigens, just as with
allogeneic blood. If the blood is to be kept in the institution where it is
collected and used only for the autologous donor, no red cell antibody
detection or infectious disease testing is required. If the blood is to be
shipped to another institution for transfusion, at least the first unit must be
tested for transmissible diseases [30]. Subsequent units donated within 30
days need not be tested [30]. If any of the transmissible disease tests are
positive, the unit must be labeled with a biohazard label. This is sometimes
confusing or disconcerting to physicians and patients. The biohazard label
implies to them that the blood is unsafe, but it is an FDA requirement
intended to alert health care personnel to the potential hazard presented by
the blood, which has a positive test for a transmissible disease.

At the time of admission to the hospital for the planned blood use, a
blood specimen should be obtained from the patient and compatibility
testing carried out with the autologous unit in order to check for labeling
errors. The nature of the compatibility can be established by the hospital
but should consist of at least confirming the ABO compatibility between
the patient’s sample and the unit of blood. It is preferable to use the
hospital’s routine compatibility testing system for autologous units as well
as allogeneic units to minimize the chance of error caused by special
handling of the autologous units.

Donation of autologous blood by patients known

to be infectious

Patients known to be infectious may still wish for the benefits of autologous
transfusion. This issue raises two concerns that medical personnel might
accidentally become infected with the blood (via needle puncture, etc.) and
that the blood might be inadvertently transfused to someone other than
the patient-donor. Ethical principles that have been applied to this
situation include the principle of autonomy, whereby the patient has a
right to decide what should and should not be done to him or her, and the
principle of justice, whereby equity is ensured to all involved or potentially
affected by the decision [31-33]. The denial of treatment to any specific
group of patients is considered unethical [31], which seems to indicate that
it would be unethical to deny the opportunity to donate autologous blood
to a patient solely on the basis of HIV or other infectious disease status. A
detailed analysis of the risks and benefits indicated that these are in balance
only when donation is by a patient with hepatitis C [34]. Any other kinds
of infections carry greater risks of harm to others than benefits to the
patient. While policy decisions depend on the “interplay of the medical
utility of such blood and the public health implications of an accident or
error resulting in the inadvertent transmission of virus to an innocent
party,” [31] each institution must establish its own local policy on this issue
and each patient situation assessed.
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Use of erythropoietin to increase autologous

blood donation

Administration of EPO might be of benefit to potential donors of
autologous blood in at least three ways: (1) make it possible to donate more
blood; (2) make it possible to donate when the patient might not have been
able to do so at all because of anemia; and (3) provide faster recovery of
hemoglobin after autologous donation, resulting in a higher hemoglobin at
the time of surgery. Administration of EPO to autologous blood donors
increases the number of units of blood they can donate [35,36]; however,
EPO administration usually has not been shown to reduce the need for
allogeneic donor blood [36,37]. In one study of orthopedic surgery in
rheumatoid arthritis patients, the use of EPO did increase the amount of
blood donated preoperatively but also the amount of allogeneic blood the
patients received [36]. Another example of a specific situation in which
EPO administration was helpful is a patient with anemia of chronic disease
who had multiple red cell antibodies and in whom EPO made possible
autologous donation for elective surgery [38]. In general, the main
advantage of EPO administration may be in patients who are anemic prior
to considering autologous donation or who are not candidates for PABD
[39]. These studies also established that the increased red cell production
that is under way at the time of surgery can reduce the need for allogeneic
blood use even in the absence of autologous blood [35, 40].

Utilization of preoperative autologous donated blood
Opverall, only about half of PABD blood is used [5,6]. This wastage
contributes to the high cost of autologous blood, but another major issue is
whether the donation of autologous blood causes changes in the patient on
admission to the hospital that would alter the transfusion therapy. That is,
if the patient is admitted with a lower hemoglobin level, he or she may
ultimately receive more blood than comparable patients who have not
donated autologous blood. This was substantiated in one study in patients
who donated autologous blood prior to elective hysterectomy had lower
hematocrits upon admission and received more transfusions during their
hospitalization [41]. In general, it seems quite likely that patients who have
donated autologous blood will have lower hemoglobins at the time of
elective surgery. This raises the question of whether the indications for
transfusion of autologous units should be the same as for allogeneic units.
Because there are risks associated with autologous units, many transfusion
medicine physicians have suggested that indications should be the same.
Others contend that since the risk—benefit relationship for autologous
transfusion is different than for allogeneic transfusion, the indications
should be different. There are some data suggesting that those who donate
autologous blood have a different transfusion experience from patients
who do not. For instance, orthopedic surgery patients who had donated
autologous blood received fewer transfusions than nondonors [42,43].
Thus, although the availability of autologous blood might lead physicians
to transfuse it more liberally, some data, such as the previous examples,
suggest that physicians might be more conservative when autologous
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blood is available. Each hospital must establish its own guidelines
regarding the indications for autologous blood. Suggested transfusion
audit criteria have been published [44,45].

Cost-effectiveness

The cost of autologous blood is greater than that of allogeneic blood.
Additional time is required for scheduling, for the donor interview, for
labeling and making decisions regarding transmissible disease testing, and
for record keeping. Other costs of autologous blood are for special
shipping if the unit is not collected in the hospital where it will be used and
for additional handling and quarantine within the hospital blood bank.
Most blood banks apply a surcharge or extra handling fee to cover these
additional costs. Ironically, although autologous blood is considered the
safest blood for the patient, governmental agencies and health care
providers may refuse to pay the extra costs of autologous blood, thus
placing a financial disincentive on its use. Because approximately 50% of
autologous blood donated preoperatively is not used [5, 6], this results in
other additional costs. A study of the cost-effectiveness of preoperative
autologous blood [46] demonstrated that the expected health benefit was
only approximately 2—4 hours of additional life span at a cost of $235,000
to $23 million per quality-adjusted life year. Separate studies have
estimated that the cost per life year saved ranged from $40,000 to more
than $1 million when autologous blood was used, depending on the
likelihood of transfusion during the surgical procedures [47,48]. Thus,
autologous blood is considerably more costly than allogeneic blood for the
benefits received and does not fit within the usual range of medical
procedures thought to be cost-effective [25]. However, the widespread use
of autologous blood is another example of the lack of impact of
cost-effectiveness on the specific practices used within transfusion
medicine as illustrated by the cost of $1.5-4.3 million per quality adjusted
life year from introduction of nucleic acid testing for HIV and HCV [49].

Complications of transfusion of autologous blood
Although it is widely accepted that autologous blood is the safest blood for
a particular patient, complications of autologous transfusion can occur
(Table 6.5). These include problems in handling the autologous blood, such

Table 6.5 Complications of autologous transfusion.
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Donor-related Bacterial contamination of unit

Clerical

Allogeneic units used out of sequence when autologous units available
Autologous units not available when needed

Autologous unit transfused to wrong patient; hemolysis disease transmission

Autologous unit allowed to outdate

Mechanical Hemolysis due to improper collection, handling, or storage of unit

Hemolysis due to improper transfusion technique
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as allowing units to outdate, units being misplaced by the blood bank, or
transfusing allogeneic units out of sequence instead of available autologous
units. If the donor has bacteremia, the unit may be contaminated and the
patient then receives contaminated blood. If the donor has unapparent
hemolytic syndrome, hemolysis can occur at the time of transfusion [50].
Rarely blood is improperly handled or the transfusion techniques are not
satisfactory (see Chapters 13—15), resulting in the transfusion of
hemolyzed blood. These same problems can occur with autologous blood.
The most serious problem is transfusing the unit to the wrong patient. In
one study of 251,228 autologous units, it was determined that transfusion
errors occurred once for every 15,600 units or once in 14,800 patients [51]
and the NTH Expert Panel concluded that the likelihood that a unit of
autologous blood will be given to the wrong patient is 1 in 30,000-50,000
units [8]. In a questionnaire to American Association of Blood Banks
institutions, 1.2% reported erroneously transfusing a unit to the wrong
patient [13]. The overall estimate of the risks of autologous transfusion
then can be estimated as 1 per 15,000-50,000 units.

| 6.4 Acute normovolemic hemodilution

As experience has been gained with the successful use of colloid and
crystalloid to manage acute blood loss, this approach has been applied in a
controlled setting to collect blood from patients for autologous
transfusion. This has been called ANH [52,53]. In acute ANH, whole
blood is withdrawn immediately before or after induction of anesthesia. As
the blood is removed, blood volume is maintained with infusion of large
volumes of crystalloid (3:1 ratio with volume of blood removed) or colloid
(1:1 ratio with volume of blood removed), although colloid may be
preferable [54]. The amount of blood removed is that projected to reduce
the hematocrit level to approximately 28%, although more extreme
reductions of hematocrit are sometimes attempted. There are several
theoretical advantages of ANH [55] (Table 6.6).

During hemodilution, compensatory mechanisms that maintain oxygen
delivery include increased cardiac output [56,57] and decreased blood
viscosity with resulting decreased peripheral vascular resistance, thus
enhancing cardiac output decreased peripheral vascular resistance, which
is maximal at a hematocrit level of approximately 30% [58], and maximum

Table 6.6 Theoretical advantages of acute normovolemic hemodilution.

¢ Production of autologous blood

¢ Availability of fresh blood containing platelets and coagulation factors

e Reduction in the amount of red cell loss during surgery because intraoperative
bleeding occurs at a lower hematocrit after blood donation

¢ |mproved hemodynamics and oxygen availability due to the lower hematocrit

o Decreased operating time

e Possibly postoperative improvements in pulmonary, renal, and myocardial function
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Table 6.7 Criteria for acute normovolemic hemodilution.

Expected blood loss >1 liter or 20% blood volume
Hemoglobin >12 g/dL

Absence of coronary heart disease

Absence of coagulopathy

Absence of liver disease

Absence of severe hypertension

Absence of severe pulmonary disease

Absence of severe renal disease

Source: Adapted from Stehling L, Zauder HL. Acute normovolemic hemodilution.
Transfusion 1991; 31:857-868.

oxygen transport capacity at the hematocrit level of approximately 30%
[59]. Thus, it is thought that the patient may have better hemodynamics at
the lower hematocrit that results from the blood donation just prior to
surgery.

In ANH, the blood is collected from large-bore catheters placed into the
central vein or even an artery (usually the radial artery). The blood is
collected into standard plastic blood bank containers containing CPD
anticoagulant and stored at room temperature, usually right in the
operating room [59-61]. It is essential that the personnel collecting the
blood be familiar with important steps such as mixing the blood during
collection, proper labeling, and storage conditions. Specific procedures
should be available, and the staff should be familiar with them. Formulas
are available to calculate the volume of blood that can be removed from
patients with different starting hematocrits and different weights to achieve
a final hematocrit of 30% [61]. Criteria for patient selection should be
determined in advance by written protocol (Table 6.7). Usually ANH is
reserved for patients in whom the expected blood loss is 1 liter or more or
20% or more of the patient’s estimated blood volume.

ANH has been used to provide autologous red cells in orthopedic
surgery, major general surgery, liver resection, and cardiovascular surgery
[59,60, 62-72]. There are reports of a 15-90% decrease in the use of
allogeneic red cells (multiple studies reviewed) [61]. For total knee
arthroplasty, ANH is as effective as preoperative autologous donation
reducing allogeneic blood use [73]. This would seem to indicate that ANH
is very effective, and from this one would expect that it is widely used.
However, there is not universal agreement about the value, safety, and
cost-effectiveness of ANH [53]. Despite the references listed above, there
are only a few structured studies of ANH and most involve small numbers
of patients and few or no controls [53].

Analysis of 42 trials comparing acute normal volemic hemodilution to
usual care or another blood conservation method revealed that patients
undergoing hemodilution received 1-2 fewer units of allogeneic blood and
also they had less bleeding than patients receiving usual care [74]. This
large meta analysis supports only modest benefits from the use of ANH
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and the authors point out that the safety of the procedure is unproven;
therefore, widespread adoption cannot be encouraged without more
structured, controlled clinical trials including documentation of adverse
events that was done in only one-third of the trials analyzed in this study
[74]. Unfortunately, it seems unlikely that large, properly structured,
controlled studies will be done. Thus, the data on safety and the
effectiveness of ANH in avoiding allogeneic red cell transfusion are not as
compelling as it might seem from the references cited. A mathematical
model suggests that cell salvage has the potential to offer greater red cell
transfusion avoidance than does acute normal volemic

dilution [75].

| 6.5 Intraoperative blood salvage

Development of blood salvage

There are a number of situations in which blood can be collected from the
operative site or extracorporeal circuits and returned to the patient. This
process is known as intraoperative salvage. With the development of
cardiovascular surgery, it became apparent that the blood lost during
surgery and in the pump oxygenator could be recovered and returned to
the patient. Pump devices were improved, extracorporeal anticoagulation
techniques refined, and safety systems such as bubble traps introduced to
minimize the likelihood of complications when blood was salvaged from
the operative site. This practice became more routine, and it also became
apparent that the approach could be used to salvage blood in other types of
surgical procedures [76]. At about the same time, it was recognized
clinically that blood shed from sources such as the chest was defibrinated
and could be returned to the patient after being washed. Further
stimulating interest in blood salvage was the dramatic growth in coronary
artery bypass surgery during the 1970s and 1980s. Thus, gradually, an
incentive developed for manufacturers to develop devices specifically
designed for salvage of blood shed during surgery (Table 6.8).

Devices used for intraoperative blood salvage

There are three types of blood salvage devices: [1] canisters, [2] cell
processing units, and [3] single-use reservoirs [77,78]. The canisters use a
sterile plastic liner in a rigid container attached to a suction device.
Anticoagulant is added as the shed blood is aspirated into the canister.
When the container is full, it can be connected to a cell-washing device or
removed and taken to the laboratory for washing and concentration of the
red cells. These units are less expensive than the other devices and are used
when the amount of blood loss is expected to be small. Cell-processing
devices are similar to instruments used for apheresis. They are
semicontinuous-flow systems in which the blood is aspirated,
anticoagulated with heparin or citrate [77], and washed to remove the
anticoagulants as well as platelets, plasma, and most debris if present.
These devices are more complex and use more expensive software than the
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Table 6.8 Intraoperative salvage devices.

Manufacturer Device Category
Boehringer Autovac Single-use reservoir
Fresenius Continuous Auto Transfusion System (CATS.) Cell processing unit
Global blood resources Hemobag Ultrafiltration device®
Haemonetics Cell Saver Cell processing unit
Haemonetics OrthoPAT Canister
Haemonetics CardioPAT Canister

Medtronic Autolog Canister

Sorin Electra Cell processing unit
Sorin BRAT 2 Cell processing unit
Stryker Constavac Blood Conservation System Single-use reservoir

@Ultrafiltration devices filter anticoagulated whole blood and return it to the patient.

canisters, and so the semicontinuous devices are used when blood loss is
expected to be substantial, usually greater than 1 liter. The single-use
reservoir is a simple device that allows salvage of blood with immediate
return to the patient with no washing or cell concentration steps. Because
of the lack of a washing step, this approach is used only for procedures that
are expected to generate minimal debris.

In the operation of a blood salvage program, collaboration among
surgeons, anesthesiologists, and transfusion medicine professionals is
important because of the technical considerations as well as the selection of
patients and equipment [76,78,79]. For instance, when blood is salvaged
from noncardiovascular surgery in which the patients are not
anticoagulated, the washing is particularly important, since the shed blood
will usually contain activated coagulation factor proteins [80,81]. The
transfusion of these activated coagulation factor proteins can cause severe
reactions. It is also essential to avoid hemolysis that can occur from
improper use of the device such as high suction pressure and to avoid air
embolus. Since the recovered shed blood will be primarily red cells when
transfused, patients who receive large amounts of salvaged blood may
develop a “depletion” coagulopathy even though they will have received
little allogeneic blood. Blood replacement strategies should account for this
possibility. Intraoperative salvage is contraindicated in patients with
bacteremia or for salvaging blood from a surgical field thought to be
contaminated. Tumor cells have been found in the cell salvage devices [82].
Intraoperative salvage is not used for surgeries involving malignancies
because of the theoretical possibility of dissemination of tumor cells,
although it has been suggested that intraoperative blood salvage could be
done safely in many cancer patients [83,84].

The potential complications of intraoperative blood salvage can be
summarized as [76] coagulopathy, air embolus, infection, fat embolus,
drug effects due to aspiration of drugs into salvage devices, and
microaggregate effects. Because of the complexities of blood collection,
storage, and transfusion and the patient selection necessary to operate a
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safe and effective program, thorough procedures and documentation are
important. Often blood bank personnel can work in collaboration with
surgery personnel to develop and monitor the program and carry out
ongoing quality control.

Intraoperative blood salvage has been used in cardiovascular, vascular,
orthopedic, gynecologic, urologic [85], transplant (especially liver], and
occasionally trauma patients [76]. In one study of cardiovascular surgery
patients, blood salvage resulted in an overall reduction of 62% of the mean
number of red cells transfused [86]. There are fewer studies of
intraoperative blood salvage than for ANH, and those that are available are
small and not well controlled. However, blood salvage is used more
extensively than ANH, but the optimum conditions, the expected blood
loss, and the devices used for each situation are not well defined.

| 6.6 Postoperative blood salvage

Following surgery, it may be possible to collect shed blood and return it to
the patient in some circumstances. The most extensive experience with this
is in cardiovascular surgery, although in the past few years interest has
developed in salvaging blood from joints following joint replacement
surgery. For total knee and total hip arthroplasty, collection of
postoperative wound drainage with subsequent transfusion was shown to
reduce the requirement for allogeneic red cells from 35% in a group of
historical controls to 22% in 135 study patients [87].

Several devices are available for collection of blood, and these usually
involve a chest tube drainage system with integral blood bag and filter.
Blood salvaged from postoperative drainage is usually not anticoagulated.
The obvious advantage is to obtain the patient’s own shed blood for
autologous transfusion. However, there are several concerns with
postoperative salvage: (a) the wound drainage is usually dilute, and so the
volume of red cells actually obtained may not be large; (b) the red cells in
the drainage are usually partially hemolyzed; (c) there is activation of the
coagulation system and the drainage contains activated coagulation
proteins; (d) the drainage may contain cytokines; and (e) drainage may
occur over a prolonged time, resulting in red cells that are damaged by
exposure to room temperature. Because the postoperative salvaged blood is
not washed before transfusion, the quality of the red cells being transfused
may be poor or even dangerous for the patient. Thus, as for ANH, it is
valuable for these procedures to be developed in collaboration with the
blood bank and for personnel to be knowledgeable and to follow
procedures so as to ensure the transfusion of a safe and effective red cell
component.

' 6.7 Directed-donor blood

Directed donors are friends or relatives who wish to give blood for a
specific patient. It is estimated that in 2006, a total of 70,000 units of blood
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were donated as directed-donor units [6]. This represented 0.4% of the
total available blood supply, which was a huge decrease from 1989. The
appeal of directed-donor blood is that the patient hopes those donors will
be safer than the regular blood supply. However, this blood might be less
safe than the general community supply because the donors would be
under considerable pressure to donate and might not be candid about their
medical and risk-behavior history. In general, the data do not indicate that
directed donors are either more or less safe than regular donors. Directed
donors do not have a lower incidence of transmissible disease markers
[88-90], and directed-donor blood is no safer than allogeneic blood
donated for the general blood supply. Conversely, there is no evidence that
the incidence of positive transmissible disease tests is increased in directed
donors, which would cause directed-donor blood to be less safe. Thus, the
transmissible disease testing data do not provide a factual rationale for
directed donations. Despite this, directed-donor blood has considerable
appeal to many patients, and it continues to be part of the blood supply for
some hospitals. A few blood banks refuse directed donations, but most
accept these donors as a service to the patients. Each hospital must also
decide whether to sequester the blood and use it only for the intended
patient or to allow the directed-donor blood to become part of the
community’s general blood supply if it is not used for the originally
intended patient. If directed-donor units are to be “crossed over” into the
general supply, the donors must meet all the usual FDA requirements for
routine blood donation. In either situation, directed-donor blood requires
additional attention and record systems for the blood center and hospital,
thus increasing the cost and creating the possibility for errors to occur and
the blood to be unavailable when desired for the particular patient.

| 6.8 Patient-specific donation

There are a few situations in which appropriate transfusion therapy
involves collecting blood from a particular donor for a particular patient
[91]. Examples are donor-specific transfusions prior to kidney
transplantation, maternal platelets for a fetus projected to have neonatal
thrombocytopenia, or family members of a patient with a rare blood type.
In these situations, the donors must meet all the usual FDA requirements,
except that they may donate as often as every 3 days so long as their
hemoglobin remains above the normal donor minimum of 12.5 g/dL [26].
The units donated must undergo all routine laboratory testing.

\ 6.9 Minimal donor exposure programs

Programs that attempt to limit the number of donors to which a patient is
exposed usually involve pediatric patients because their size makes their
blood requirements smaller than for most adults. Limiting the donor

115



Transfusion Medicine

exposures can be accomplished by some laboratory techniques, by
selected-donor programs, and by the use of single-donor components.

Sterile connector devices can be used to allow multiple entries into a
unit of red cells so that a patient can receive multiple transfusions of cells
from the same donor [91-93]. The advantage of reducing donor exposures
must be balanced against the use of blood that ages while being stored.
Many pediatricians and neonatologists prefer to use blood less than 7-10
days old, especially for seriously ill neonates. This may limit the number of
transfusions that can be provided from one unit of red cells even though
the technology is available to enter the container under sterile conditions
multiple times.

A mathematical model can be used to predict whether one unit of blood
can be designated for a specific patient or one unit used to supply several
patients [91]. This approach improves the efficiency of blood use but does
not necessarily reduce the number of donor exposures. The Mayo Clinic
physicians reported a unique program for children undergoing
cardiovascular surgery, in which the parents donated platelets by apheresis
before surgery; during surgery, blood salvage was used along with blood
from one dedicated donor [92]. This reduced donor exposures by 80%.
Strauss et al. [93] were able to obtain all of the blood needed by pediatric
patients undergoing elective surgery from an individual donor dedicated to
each patient by lowering the hematocrit necessary for donation. Thus,
programs like these can result in reduction of donor exposures for some
pediatric patients. The cost is probably higher than those of allogeneic
donor programs, and the usual FDA donor requirements cannot be
applied to donor selection. Very few such programs are in operation.
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Production of Components
by Apheresis

Blood component therapy developed because of the use of plastic bag
systems to allow separation of whole blood into some of its parts (see
Chapters 1, 5, and 11). This led to important advances in hemotherapy and
made possible many of the medical and surgical therapies used today.
Techniques are also available to remove only the desired component and
return the remainder to the donor, thus making it possible to process large
volumes of donor blood and obtain a larger dose of the desired component
from one donor. As early as 1914, Abel [1] removed whole blood, retained
the plasma, and returned the red cells to the donor. During the 1950s and
1960s, apheresis procedures were developed using combinations of the
plastic bags and tubing sets used for whole blood collection. A standard
unit of blood was removed, the desired component (either plasma or
platelets) separated, and the remainder of the blood returned to the donor;
the process was repeated several times, thus producing a larger amount of
the desired component than would have been obtained from one unit of
whole blood [2]. The method was time consuming, cuambersome, and
expensive; therefore, more automated methods were sought. The general
establishment of the clinical effectiveness of transfusions in which all of the
platelets were obtained from one donor (see Chapter 11) added
momentum to the development of plateletpheresis procedures.

Semiautomated apheresis methods were developed generally by two
separate research groups [3]. In Boston, the centrifuge apparatus developed
for plasma fractionation by Edwin Cohen was modified to process whole
blood from normal donors [4], and at the National Institutes of Health a
blood cell separator was developed to aid in the treatment of leukemia [5].
Both of these approaches ultimately led to the sophisticated blood cell
separators available today for the processing of large volumes of donor
blood and the selective removal of the desired blood component. Thus, a
major advance in the production of blood components and component
therapy was the development and large-scale implementation of apheresis.

Apheresis, meaning to take away, refers to the process of selectively
removing one component of whole blood and returning the remainder to
the donor. The term plasmapheresis was used by Abel in 1914 to describe
his initial work [1]. Today most apheresis is done using semiautomated
instruments, sometimes called blood cell separators. In apheresis, the
donor’s whole blood is anticoagulated as it is passed through the

Transfusion Medicine, Third Edition. Jeffrey McCullough.
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Table 7.1 Instruments available in the United States for collection of blood components by apheresis.

Combinations of
Individual components produced components possible

Red Collected Collected

Instrument Manufacturer Platelets Granulocytes MNCs PBSCs Plasma cells with plasma with RBCs
Spectra Caridian X X X X X Platelets,
MNCs
Trima Accel Caridian X X X RBCs, Platelets,
platelets plasma
Alyx Fenwal x  RBCs Plasma
Amicus Fenwal X X X X X Platelets
Autopheresis C  Fenwal X
Com.Tec Fresenius X X X X X Platelets
Cymbal Haemonetics X
PCS2 Haemonetics X
MCS 8151 Haemonetics X X RBCs Plasma
MCS+ LN 9000 Haemonetics x X X x  Platelets

Sources: From information provided by the manufacturers, and Burgstaler E. Blood component collection by
apheresis. J Clin Apheresis 2006; 21:142-151.
MNCs, mononuclear cells; PBSCs, peripheral blood stem cells.

instrument where it is centrifuged and the blood is separated into red cells,
plasma, and a leukocyte—platelet fraction. Then the desired fraction or
component is removed, and the remainder of the blood is recombined and
returned to the donor. Several liters of donor blood can be processed
through the instrument, and therefore a larger amount of the desired
component can be obtained than from one unit (450 mL) of whole blood.

There are several different instruments available for the collection of
platelets, granulocytes, lymphocytes, red cells, peripheral blood stem cells
(PBSCs), or plasma by apheresis (Table 7.1). All of the instruments used
for normal-donor apheresis of cellular products use centrifugation to
separate the blood components. Some operate in a continuous flow and
others with intermittent flow; some require two venipunctures (an outflow
and return) and others only one venipuncture. The instrument is operated
by a microprocessor that controls the blood flow rate, the anticoagulant
added to the whole blood entering the system, the centrifuge conditions,
the component separation, and the recombination of the remaining
components and returning them to the donor. For many years, blood cell
separators were designed to collect one component (usually platelets) at a
time. Recently, the approach has changed so that instruments can collect
several different components either one at a time or in various
combinations (Table 7.1). This is creating marvelous opportunities for
more creative and efficient use of blood donations.

Pertinent comments about collection of each component are given
below. For details of the operation of the instrument and collection
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procedure, the manufacturer’s instructions and references should be
consulted.

' 7.1 Apheresis instruments

Development of centrifugation instruments

for cytapheresis

Intermittent-flow centrifugation

With the development of plasma fractionation during the 1940s, it was
necessary to carry out continuous-flow washing of blood inside a
bacteriologically closed centrifuge with no limitation of the volumes that
could be processed. The special centrifuge system developed by Edwin
Cohn (a professor of biochemistry at Harvard who originated the plasma
fractionation procedure) was modified for use as a blood processor in
collaboration with the Arthur D. Little Corporation (ADL) and one of its
engineers, Allan Latham, and later James Tullis, MD, a Harvard
hematologist [6]. The original motivation to modify the Cohn ADL bowl
was for washing and deglycerolizing previously frozen red cells. However,
because of the difficulty in obtaining an adequate supply of platelets, it
soon became apparent that the Latham bowl could be used to separate
whole blood and collect platelets [7,8]. Soon a free-standing device, the
Model 10, containing the centrifuge bowl was produced by Abbott
Laboratories, but they did not choose to go into the business of
manufacturing medical devices. The procedure was cumbersome because
the bowl was made of stainless steel and had many parts, all of which had
to be cleaned and sterilized between uses, and although it was a major
innovation, it was not practical for routine or large-scale use. A new
company called Haemonetics was formed and soon produced a more
sophisticated instrument, the Model 30. The centrifuge bowl system was
later made from Lucite and adapted to a special centrifuge [9] that became
the Haemonetics system. This system was sterile, more self-contained, and
included anticoagulant solutions, storage bags, and ancillary materials.
Experience with this disposable plateletpheresis system was gained rapidly
in many centers, and it became clear that a large number of platelets could
be collected safely from volunteer donors [10-12].

Continuous-flow centrifugation

In the early 1960s, investigators at the National Cancer Institute (NCI)
entered into collaboration with IBM Corporation to develop a device that
could separate the cellular elements of blood on a continuous flow in vivo
and return the plasma and red cells to the donor [13, 14]. This relationship
developed because of the personal involvement of Mr. George Judson, an
IBM engineer whose child was being treated at the NCI. The child was
being treated by leukodepletion rather than chemotherapy, and
collaborative efforts were made to develop an instrument for more efficient
leukocyte removal. Supposedly, the first blood cell separator was
constructed primarily of material obtained at a Bethesda, Maryland,
hardware store [15]. Because the instrument was developed at the NCI, the



Production of Components by Apheresis 125

plans were in the public domain. The American Instrument Company
obtained these plans and developed their version of the device, which they
called the Aminco Celltrifuge.

During leukapheresis with these instruments, the donor would undergo
venipuncture in each arm. Blood was pumped out of one vein and through
the blood cell separator, where the granulocytes were removed, and the
remaining blood was returned to the other arm. Blood flowed to the
bottom of the centrifuge bowl by a central channel, flowed outward along
the bottom, and up the sides where the red cells were packed against the
walls. Blood separation occurred in a polycarbonate bowl with a clear
plastic cover through which the operator could view the separation of
plasma, bufty coat, and platelets. Each of these components was drawn off
by a separate peristaltic flow pump adjusted by the operator to maintain
optimum cell separation. Although the instrument was designed for
granulocyte collection, it was also suitable for platelet collection [16]. The
key to these instruments was the rotating seal, one section of which was
attached to the rotating centrifuge bowl and the other fixed to the blood
inflow and outflow lines [17]. The NCI-IBM Blood Cell Separator
contained a blood reservoir so that the donor could be bled intermittently
but blood flow into the centrifuge was continuous. The Aminco Celltrifuge
was a more simple instrument without the reservoir system, but this
necessitated continuous bleeding of the donor. These systems, like the
original Latham bowl for plateletpheresis, were very cumbersome because
they were made of multiple reusable parts that had to be cleaned, sterilized,
and reassembled between procedures. To simplify the procedure and to use
more disposable equipment, IBM developed the Model 2997 blood cell
separator. In this instrument, the centrifuge bowl was replaced with a
disposable hollow plastic blood separation channel attached at both ends
to the input and output blood flow ports to form a closed loop [18]. This
instrument then formed the basis for the development of the IBM, and
later COBE (now Caridian), plateletpheresis instruments.

As the Latham bowl and the Haemonetics system were being developed
for plateletpheresis, attempts were made to use this also for granulocyte
collection. The intermittent-flow centrifuge was operated in much the
same way as for plateletpheresis, but the operator then adjusted the blood
flow rates and time of component collection to remove the buffy coat
rather than the platelet layer [19-21].

Subsequently a new generation of apheresis instrument technology was
developed [22,23], including a microprocessor to control the operation of
the instrument combined with a system that lacked the rotating seal
present on the IBM, Celltrifuge, and Haemonetics devices. This system, the
Baxter CS-3000, made possible different types of blood separation because
different unique separation chambers were developed for the particular
component desired [22,23]. This system had the additional advantage of
being completely closed and enabling sterile collection and thus storage of
products for longer than the 24-hour limitation.

These three basic instruments—the Haemonetics models, the Gambro
(COBE/Caridian) blood cell separator models, and the Baxter
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Figure 7.1 Flow pathway and blood separation of the Baxter Amicus Separator. (Courtesy
of Fenwal, Inc.)

CS-3000—were the mainstay of apheresis for blood component production
in the United States. Each instrument has certain strengths that make it
advantageous based on the needs of the particular blood center [24, 25].
Recently, newer apheresis instruments have been developed that allow
more convenient collection of different combinations of red cells, plasma,
or platelets. The principle of each instrument will be described briefly.

The Fenwal CS-3000 and Caridian Spectra™ are being phased out and
will not be discussed here.

Fenwal Amicus

The Amicus operates using a collection chamber and a separate
component separation chamber (Figure 7.1). The centrifuge chamber
design contributes to the fluid dynamics and component separation
efficiency. Platelet-rich plasma from the collection chamber is
continuously recirculated along with the whole blood entering the
separation chamber to provide optimum blood component production.
The Amicus can be used to collect platelets [26-28], PBSCs [29], or a
combination of red cells, platelets, and plasma [30]. In plateletpheresis, the
Amicus produces about 3.5 x 10! platelets in 43 minutes [31]. For
collection of PBSCs from patients—donors stimulated by chemotherapy
and G-CSE approximately 1.3 x 10'® mononuclear cells (MNCs) and

1.4 x 108 CD34+ cells can be obtained from an 8-liter blood processing
procedure [32]. When concurrent red cells, platelets, and plasma are
collected, the procedure produces 198 mL of red cells, 3.9 x 10'! platelets,
and 198 mL of plasma in 74 minutes [30]. The red cells can be stored the
usual 42 days when they are resuspended in an additive solution.

Fenwal Alyx
This multiple component collection system is continuous separation with
fluid flows controlled by a pneumatic pump system using internal sensors
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to monitor the weight of blood, fluids, and collection components [31, 33,
34]. The plastic disposable rigid-wall separation chamber and cassette
interfaces with the pneumatic pump to control fluid flows. A
leukodepletion filter is part of the system and the instrument automatically
adds the red cell preservative. Although separation is continuous, blood
flow from the donor is intermittent, with plasma being returned after
withdrawal of about 300 mL of whole blood. The Alyx can produce two
units of red cells in about 35 minutes [31]. The Alyx can also produce
combinations of components.

Caridian Trima Accel™

The Trima Accel, which operates on the basis of centrifugation, can be used
for collection of platelets, plasma, or red cells in various combinations [27,
35-39] with a single-needle technique. The Trima Accel in about 56
minutes, compared with 80 minutes for the Spectra, to produce 3.5 x 10!
platelets [27]. Platelets pass through a leukoreduction filter before entering
the storage bag. Red cells, platelets, and plasma collected using the Trima
Accel have satisfactory in vitro characteristics, in vivo survivals, and in vivo
clinical effectiveness [35—40].

Haemonetics instruments

The Haemonetics system uses a disposable, transparent Lucite centrifuge
bowl for blood separation [9]. After venipuncture is performed and the
donor is connected to the instrument, the operator activates the instrument
and blood is pumped from the donor into the centrifuge bowl (Figure 7.2).
Anticoagulant—citrate—dextrose (ACD) anticoagulant is added to the blood
as it leaves the donor. The centrifuge bowl spins at approximately 4800
rpm and continuously separates the blood as it enters the bowl. When the
volume of blood removed from the donor exceeds the capacity of the bowl,
plasma begins to exit the bowl and is collected in a bag. The platelet/buffy
coat layer accumulates at the top of the red cells, and as the bowl continues
to fill, this layer moves toward the exit port. When the platelets—visible as
a white band between the red cells and plasma—reach the exit port, a valve
is activated, diverting the flow pathway into a separate bag, where the
platelets are collected. When the platelets have been collected, the blood
flow is stopped, the pumps reversed, and the plasma and red cells
recombined and returned to the donor. This cycle of filling the centrifuge
bowl is repeated several times to obtain the desired platelet

yield.

The Haemonetics Multiple Component System (MCS and MCS+) have
the flexibility to collect various combinations of platelets, plasma, and red
cells [41,42] (Table 7.1). The MCS and MCS+- can collect approximately 4
x 10™ platelets in 90 minutes [41,42]. A combination of platelets and
plasma can also be collected [43]. This exciting approach was finally the
first step to provide flexibility to the donor center to determine on a daily
basis or for individual donors the particular mix of components
to collect.
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Figure 7.2 Flow pathway and blood separation in the Haemonetics Latham bowl system.
(Courtesy of Haemonetics Corporation.)

Fresenius AS104

This instrument uses a separation chamber shaped like continuous spirals
in which the flow path is interrupted by an integral barrier. There is a
camera system that monitors the interface at every revolution of the
separation chamber, and the plasma flow rate is automatically adjusted to
maintain a constant hematocrit level in the separation chamber. Platelets
are removed from the centrifuge as they are collected, and a target platelet
yield can be set in the electronics of the system. This system conveniently
produces a single-dose apheresis concentrate containing approximately
3.1 x 10" platelets or double dose concentrate containing 5.29 x 10!
platelets [43]. The Fresenius instrument can also be used for blood stem
cell collection [44].

The official Food and Drug Administration (FDA) name of this
component is platelets, pheresis. In daily practice, this component is
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usually called single-donor platelets or plateletpheresis concentrates. They
are a suspension of platelets in plasma prepared by cytapheresis. A unit or
bag of plateletpheresis concentrate must contain at least 3 x 10'! platelets
in at least 90% of the units tested [45].

The use of apheresis, particularly for platelet production, is increasing
substantially. In 1982, about 80,000 plateletpheresis procedures were
performed [46] in the United States, and by 2006 this had increased to
1,167,000 yielding 1,823,000 apheresis products [47]. This accounted for
82% of all platelets produced [47]. The 2,396,000 platelets from units of
whole blood and represents a 43% decrease of whole-blood platelets since
2004 [47].

Plateletpheresis usually requires about 1 1/2 hours and involves
processing 4000-5000 mL of the donor’s blood through the instrument.
Platelets obtained by plateletpheresis are processed, tested, and labeled
similar to whole blood (see Chapter 8). This includes ABO and Rh typing
and testing for all required transfusion-transmitted diseases. The
plateletpheresis concentrate may be stored for 5 days at 20-24°C if it is
collected in a closed system. The number of platelets contained in each
concentrate is determined, although this information may not necessarily
be recorded on the label. Each platelet concentrate has a volume of
approximately 200 mL and contains very few red cells (<0.5 mL), and so
red cell crossmatching is not necessary. Quality control tests must show
that at least 90% of the apheresis platelet concentrates produced by each
facility contain 3 x 10!! platelets or more. The white blood cell content
varies depending on the instrument and technique used for collection, but
presently all plateletpheresis procedures produce leukodepleted platelets
(<1 x 10° WBQC).

The effects of plateletpheresis on donors are discussed in Chapter 4.

Function and storage of platelets obtained by apheresis
Platelets collected using these plateletpheresis systems have in vitro
function and in vivo survival characteristics equal to platelets prepared
from whole blood [10, 23, 36, 39, 48-52]. The platelets survived normally
when autologous transfusions of radiolabeled platelets were given to
normal research donors, and platelets collected by apheresis caused the
expected increase in platelet count in thrombocytopenic patients [36, 39,
53]. The preservation medium and the size and composition of the storage
container make it possible to store platelet concentrates produced by
apheresis in a volume of about 200 mL for up to 5 days [54].

7.3 Collection of red cells by apheresis

Chronic shortages of group O red cells stimulated interest in the use of
apheresis to collect the equivalent of two units of red cells from some
donors, especially group O. Several instruments are now available for red
cell apheresis [30, 31, 36, 38, 39, 55-60] (Table 7.1). The collection
procedure is similar to other apheresis procedures except that red cells are
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Table 7.2 Comparison of red cell units prepared from whole blood with red cell units
prepared by double unit red cell apheresis.

Whole blood Alyx? Trima MCS?
Product volume (mL) 310 301 347 312
RBC volume (mL) 190 177 NA 182
Total hemoglobin (g) 55 57.8 60.7 —
Hematocrit (%) 60 58 55 58
Collection time (min) 8 28 NA 50

NA, not available.

Louie J et al. Quality and characteristics of red cells collected on a new automated
portable component collection system. Transfusion 2003; 43(Suppl): 135A.

bsmith JW, Gilcher RO. Red blood cells, plasma, and other new apheresis-derived blood
products: improving product quality and donor utilization. Transfus Med Rev 1999;
13:118-123.

retained rather than being returned to the donor. Additional saline may be
infused to the donor to maintain blood volume. The red cells usually have
a very high hematocrit as they are removed from the instrument, but the
red cells can be stored in an additive solution for the usual 42 days [30, 36,
39, 59]. The red cell products obtained by apheresis are much more
standardized than red cells prepared from whole blood, but otherwise red
cells obtained by apheresis have the same characteristics as those produced
from whole blood (Table 7.2). The advantages provided by red cell
apheresis are to obtain two units of red cells from one donation to allow for
fewer donor visits, possible increases in red cell availability, and potentially
fewer donor exposures if both units of red cells from one donor are
transfused to one patient. Donors for two-unit red cell apheresis must meet
weight and hemoglobin standards specified for each instrument. Since two
units of red cells are removed, they may donate only every 4 months. This
is adequate for red cell recovery but may not allow complete regeneration
of iron stores [61]. Apheresis for two-unit red cell collection is taking its
place in the mixture of blood component production activities (Table 7.2).
Although reactions following RBC collection are more common than
whole blood donation, almost all reactions were minor and for donors less
than 20 years, reactions are equally common after two RBC or whole
blood. Thus, two RBC collections are as safe as whole blood [62].

7.4 Leukapheresis for the production
of granulocyte concentrates

Leukapheresis produced only a marginally adequate dose of granulocytes
for therapeutic benefit and never gained wide use (see Chapter 11). There
is a resurgence in leukapheresis now that G-CSF can be used to elevate the
donor’s granulocyte count and increase the yield of granulocytes (Chapters
11 and 17).
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This blood component is called granulocytes, pheresis. The component
is a suspension of granulocytes in plasma prepared by cytapheresis. A
granulocyte concentrate must contain at least 1 x 10'° granulocytes in at
least 75% of the units tested [45]. Neither the American Association of
Blood Banks Standards nor FDA regulations specify the number of units
that must be tested for quality control purposes. However, since only a few
granulocyte concentrates are prepared by most blood banks, it is
customary to test all concentrates.

Leukapheresis procedures are usually more complex and lengthy than
plateletpheresis. The leukapheresis procedure takes 2—3 hours, compared
with about 1 1/2 hours for plateletpheresis, to process more blood and
improve the granulocyte yield. Usually 6500-8000 mL of the donor’s blood
is processed through the instrument, with removal of about 50% of the
granulocyte, resulting in a granulocyte concentrate with a volume of about
200 mL. Because granulocytes do not completely separate from the red
cells, granulocyte concentrates usually contain a substantial amount of red
cells (hematocrit 10% or about 20 mL of red cells), and therefore red cell
crossmatching is necessary. The granulocyte content of each concentrate is
determined, but not necessarily indicated, on the label.

Because of the relatively low level of circulating granulocytes in normal
donors, it was necessary to process a large volume of blood to obtain a
usable dose of granulocytes. Initial development of the instruments and
experience with granulocyte transfusions involved collecting cells from
patients with chronic myelogenous leukemia (CML). However, there were
the obvious problems of the use of abnormal or malignant cells and the
limited number of CML patients available to donate. The two additional
strategies used to increase the granulocyte yield are the addition of the
blood sedimenting agent hydroxyethyl starch (HES) to improve
granulocyte separation within the centrifuge and the treatment of donors
with corticosteroids, and more recently with G-CSF, to increase the level of
circulating granulocytes (see Chapter 17).

Hydroxyethyl starch in leukapheresis

The separation between granulocytes from the upper layer of red cells is
poor because the density of granulocytes is similar to that of some red cells.
Although several agents can be used to sediment red cells in vitro, HES is
used because it is licensed in the United States for in vivo use and is not
associated with unacceptable reactions or alteration of coagulation tests.
The granulocyte yield is doubled when HES is added to the leukapheresis
system by constant infusion [63—65]. Several studies of the effects of HES
established that the nature and incidence of reactions are acceptable for use
on normal donors, the potential for blood volume overload when
administered to normal donors can be easily managed during the
procedure, there is no adverse affect on laboratory values or platelet or
granulocyte function, and there are no adverse long-term effects.
Pentastarch has a shorter in vivo half-life than HES and can also be used in
leukapheresis [66,67].
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Stimulation of donors with corticosteroid or G-CSF prior
to leukapheresis

The second approach to increase the granulocyte yield is to increase the
donor’s circulating granulocyte count. Corticosteroids seemed to be the
drug of choice, and dexamethasone was selected because it could be given
either orally several hours before leukapheresis or parenterally at the
beginning of the procedure. Dexamethasone 60 mg can be given orally the
evening before, or hydrocortisone 4 mg/m? can be given intravenously
6—12 hours before leukapheresis. This is a very effective method to increase
the granulocyte yield even further than is accomplished by adding HES to
the separation system [64]. It has been suggested that corticosteroids may
cause cataracts in granulocyte donors [68], although this was not
substantiated in a larger study [69]. Granulocyte colony stimulating factor
(G-CSF) has also been given to normal donors to increase the peripheral
granulocyte count to improve the yield of granulocytes for transfusion.
Depending on the dose schedule, the granulocyte count increases to
between 20,000 and 40,000 per microliter after several days of G-CSF
treatment [70-74]. Using G-CSF-stimulated normal donors, it is possible
to obtain granulocyte concentrates containing about 4 x 10'° granulocytes
or more [72-75]. More recently, use of dexamethasone has been combined
with G-CSF to provide even higher granulocyte levels in the donor,
resulting in granulocyte concentrates containing up to 6 x 10'°
granulocytes [72]. A large multi-center randomized trial is now underway
to evaluate these high-dose granulocyte concentrates.

Filtration leukapheresis (FL)

This method of granulocyte collection is described because of historical
interest, but it is not used today. A nylon fiber filter system was developed
to collect granulocytes [76]. Although this system yielded a larger number
of cells than the centrifuge procedures, granulocytes obtained by FL had a
mild to moderate functional impairment and decreased intravascular
recovery and survival [77,78]. Also, a severe transient neutropenia
occurred a few minutes after the donor’s blood came in contact with the
nylon fibers [78-81] due to activation of the complement system [81, 82].
Reports of donor complications [83] led to the discontinuation

of FL.

Function of granulocytes obtained by leukapheresis
Granulocytes collected by centrifuge leukapheresis techniques demonstrate
normal bacterial killing, phagocytosis, granulocyte metabolism),
chemiluminescence, superoxide production, and chemotaxis [77, 84-86].
In vivo studies using isotope-labeled cells showed that granulocytes a
normal intravascular recovery and survival and migrated to sites of
inflammation [77, 87-89]. The use of corticosteroids or G-CSF in donors
to improve the granulocyte yield does not adversely affect the function of
the cells in vitro or in vivo 75, 82, 84, 87].
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Storage of granulocytes for transfusion

Granulocytes have a life span in the circulation of only a few hours, and so
storage of granulocytes as part of a routine blood bank operation is
difficult. Granulocytes retain bactericidal capacity and metabolic activity
related to phagocytosis and bacterial killing for 1-3 days of storage at
refrigerator temperatures, although chemotactic response declines by
30-50% after 24 hours [88-91]. Studies using '!'In-labeled granulocytes
showed that storage of granulocytes between 1°C and 6°C for 24 hours was
associated with a reduction in the percentage of transfused cells that
circulated and about a 75% reduction in migration into a skin window
[88], but storage at room temperature for 8 hours did not reduce the
intravascular recovery, survival, or migration into a skin chamber [88]. In
vivo recovery, survival, or migration was reduced further when
granulocytes were stored longer than 8 hours at room temperature or for
even 8 hours between 1°C and 6°C. Thus, it appears that granulocytes can
be stored for up to 8 hours at room temperature before transfusion.
Granulocyte concentrates from G-CSF contain large numbers of
granulocytes with increases in IL-1B, IL-8, and decreases in pH during
storage [75]. Thus, storage of granulocyte concentrates obtained from
G-CSF stimulated donors is probably even less effective than the above
data indicated. It is reccommended that granulocytes be transfused within a
very few hours. AABB standards allow storage for up to 24 hours at
20-24°C [45].

Donor-recipient matching for granulocyte transfusion
ABO antigens are probably not present on granulocytes (see Chapter 9),
but granulocyte concentrates must be ABO-compatible with the recipient
because of the substantial volume of red cells in the concentrates. The
clinical impact of ABO incompatibility on granulocyte transfusion was
evaluated in one study [92]. A small number of !!!In-labeled granulocytes
free of red blood cells were injected into ABO-incompatible recipients. The
intravascular recovery, survival, and tissue localization of the cells were not
different from those seen when similar injections were given to
ABO-compatible subjects [92]. This study was not intended to encourage
the use of ABO-incompatible granulocyte transfusions, but this could be
considered if granulocyte concentrates that are depleted of red blood cells
could be prepared.

Incompatibility by leukoagglutination or lymphocytotoxicity was
associated with the failure of transfused CML cells to circulate or localize at
sites of inflammation [93-95]. Studies using ' In-labeled granulocytes in
humans established that granulocyte-agglutinating antibodies were
associated with decreased intravascular recovery and survival, failure of the
cells to localize at known sites of inflammation [95], and excess
sequestration of transfused granulocytes in the pulmonary vasculature
[95,96]. However, applying these research data to the practical operation of
a blood bank and granulocyte transfusion service is difficult. Granulocytes
can be stored for only a few hours, and cells are not usually available for
crossmatching to allow advance selection of compatible donors. The only
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practical approach has been to screen the patients’ serum against a panel of
cells periodically to determine whether the patient is alloimmunized. If so,
HLA-matched unrelated donors or family members can be selected for
leukapheresis. However, the problem of donor-recipient matching and
compatibility testing for granulocyte transfusion has never been solved.

7.5 Lymphocytapheresis for the collection
of mononuclear cells

Lymphocytes or monocytes are being used increasingly as starting material
for the production of cells for adoptive immunotherapy or as a concentrate
enriched in PBSCs (see Chapter 18). Lymphocytapheresis also may be
done as a therapeutic procedure to treat immune diseases by the physical
removal of lymphocytes (see Chapter 19).

Because of the reasons lymphocytes are being collected,
lymphocytapheresis is almost always done on patients. Thus there are no
established criteria for normal donor selection and management.
Lymphocytes can be collected using the Caridian Spectra, Baxter or
Amicus, or Haemonetics instruments. Each system has a mononuclear cell
collection procedure that very efficiently yields 1-3 x 10'® MNCs.

7.6 Cytapheresis for the collection of peripheral
blood stem cells

Hematopoietic stem cells are present not only in the marrow but also in the
peripheral circulation and can be collected by cytapheresis. Normally the
number of circulating PBSCs is small—much less than in the marrow.
However, after the marrow suppression of chemotherapy, there is a
rebound and the number of PBSCs increases substantially. This makes it
possible to collect PBSCs from patients undergoing chemotherapy,
especially for malignancies in which there was suspected marrow
involvement, thus making the marrow unsuitable for autologous
transplant. The PBSCs—expected to contain few, if any, malignant
cells—can be used as marrow rescue following the chemotherapy. These
autologous transplants of PBSCs made new chemotherapy regimens
possible and also established that PBSCs could be used successfully for
autologous marrow transplantation [97-102].

For several years, use of PBSCs was limited to autologous transplants. It
was feared that the large number of T-lymphocytes contained in the PBSC
concentrates would cause severe graft versus host disease and that
T-depletion would result in an unacceptably large loss of PBSCs. However,
this did not occur [102-107]. PBSCs result in more rapid engraftment
[108], give results equivalent to marrow [107, 109] and may provide faster
lymphocyte return, resulting in fewer infections [110]. Thus, considerable
interest has developed in the methods to obtain PBSCs from both patients
and normal donors.
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PBSCs can be obtained from the peripheral blood by apheresis, but due
to the small number of circulating PBSCs, multiple procedures would be
necessary to obtain enough cells for transplantation. To further increase
the level of circulating PBSCs, donors are given the growth factor G-CSE.
In studies of normal subjects, the administration of G-CSF causes an
increase in the percentage of CD34+ cells from 0.05% before treatment to
about 1.5% after 5 days [111-113]. This results in a yield of about 4.5 x
108 CD34+ cells from a single apheresis [112]. The usual dose of CD34+
cells considered suitable for transplantation is about 2.5-5 x 10/kg or
about 2 x 108 for a 70-kg person. Thus, one such apheresis concentrate is
usually adequate for a transplant. Another approach to reducing the
number of apheresis procedures necessary is large-volume leukapheresis,
in which 15 or more liters of donor blood are processed to increase the
number of PBSCs obtained [114]. Thus, PBSCs are a new hematopoietic
progenitor component for allogeneic stem cell transplantation, and
collection of PBSCs from normal donors now exceeds marrow in many
transplant centers [73, 112, 115, 116], thus eliminating marrow collection
in the operating suite, along with the attendant risks of anesthesia and the
marrow collection process.

Collection procedures

PBSCs can be collected using the Caridian Spectra, the Baxter CS-3000, or
the Baxter Amicus instruments (Table 7.1). The procedures are the same or
similar to those used for mononuclear cell collection. The CS-3000
procedure uses the TNX upgrade and unique program settings and
modified interface detection settings and centrifuge speeds [114, 117]. The
granulocyte separation chamber and the small-volume collection chamber
are used. In the Gambro Spectra, the mononuclear cell procedure is used
for PBSC collection. The operator enters the donor’s hematocrit, height,
weight, and gender, and a microprocessor controls the addition of
anticoagulant and the separation process. Because the cell separation
depends on centrifugal force and dwell time in the gravitational field, the
microprocessor varies the centrifuge speed if the blood flow rate varies.
The operator can customize the procedure if desired, and the separation
and actual collection of the PBSC component are determined by the
operator observing the interface between red cells and buffy coat. During
collection, the operator monitors the collection interface and the color of
the collection material to optimize the resulting PBSC concentrate. PBSCs
can be collected from small children [118], but adjustments are necessary
in priming the system and managing the donors. PBSC collection with the
Amicus involves cycles of filling the separation and collection chambers
using computer software designed for PBSC collection. The operator
determines the number of cycles, cycle volume, flow rate, RBC offset valve
and interface set point. In a direct comparison of PBSC collection using the
Spectra, CS-3000, and MCS 3P, Hitzler et al. [119] found no difference in
the number of CD34+- cells in the products, although the Spectra more
efficiently removed CD34+- cells from the donor and thus provided cells in
the shortest time. Ikeda et al. [32] found no differences in cell collection
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between the Amicus and Spectra, and yields were similar to historical
yields from the CS-3000. Morton et al. [120] found the Caridian Spectra to
be superior to the Haemonetics MCS-3P. Thus, it appears that all three of
these instruments can be used for PBSC collection and the choice will be
based on local factors.

For normal donors, the usual skin preparation, venous access, needles or
catheters, solutions, and software are used. Blood flow rates of 40—-80
mL/minute are used depending on the donor’s venous access and blood
flow tolerance. The mononuclear cell collection procedures involve
processing 10-15 L of blood over 2 or 3 hours, although usually a larger
volume of blood is processed in order to increase the PBSC yield [114].
There may be recruitment of CD34+ cells during extended apheresis up to
40 L over 5 hours. However, it is not clear that the CD34+ cell levels
remain stable or increase (recruitment) during apheresis of normal
donors, and so most centers process 15-18 L of blood, and this usually
provides a suitable dose in one or two procedures.

Effects of PBSC collection on normal donors

The major clinical effects of PBSC collection on donors are caused by the
G-CSF the donors receive to mobilize the PBSCs. Almost all donors
experience some side effect [73]. The most common of these is bone pain,
but headache, fatigue, and flu-like symptoms also occur. The donor’s
leukocyte count increases to 30,000—40,000 per microliter and the platelet
count decreases by about 40% [120, 121]. The leukocyte and platelet
counts return to normal by about day 16, or about 10 days after the
apheresis donation and discontinuing the G-CSE. There is an increase in
alkaline phosphatase, alanine aminotransferase, lactate dehydrogenase,
and sodium and a decrease in glucose, potassium, bilirubin, and blood
urea nitrogen. In donors who receive G-CSF the spleen size increases [122]
and splenic rupture has been reported [123]. Although most donors
experience some side effects, these are mild and should interfere with
PBSC donation only rarely.

Characteristics of the PBSC concentrates

Large quantities of CD34+ cells can be collected from normal donors
given G-CSF for 5 days. G-CSF doses of 7.5 or 10 mg per day provide a
greater yield than 5 mg per day [115], but it is not clear whether there are
statistically significant differences in the CD34+ cell yield between 7.5 and
10 mg per day. Because the donor side effects increase with increasing
doses of G-CSE, we recommend that donors be given 7.5 mg of G-CSF per
kilogram per day to mobilize peripheral blood CD34+ cells [115]. The
composition of the PBSC component is shown in Tables 7.3 and 7.4. Most
PBSC components contain only a small volume of red cells (mean, 7 mL)
but a rather large total number of neutrophils and platelets [115]. This
number of platelets is similar to the number of platelets ordinarily
provided in a platelet transfusion, and this may provide an additional
benefit from the PBSC transfusion. The PBSC concentrate usually has a
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Table 7.3 Effects of 10 pug/kg G-CSF dose on the quantity of cells collected by one
apheresis procedure from healthy people treated with G-CSF for 5 days (number of cells
collected).

All components (n = 150)

Cell type Mean =+ SD Median Range
WBCs (x 10°) 39.8 +£21.8 36.0 15.6-163.3
MNCs (x 10°) 38.1+£194 34.5 15.6-139.7
CD34+ cells (x 108) 452 + 294 383 78-1380
CD34+ cells (x 10° per L processed) 53.2 £ 33.1 46.5 9.3-146.3
RBC (mL) 7.2+35 7.6 0-15.5
Neutrophils (x 10°) 1.77 £ 3.37 1.05 0-23.68
Platelets (x 10'") 490 + 100 490 250-740

Source: Stroncek DF, Clay ME, Smith J, et al. Composition of peripheral blood progenitor
cell components collected from healthy donors. Transfusion 1997; 37:411-417.

volume of about 200 mL and contains approximately 3 x 10 MNCs and
4 x 10® CD34+ cells.

The total number of CD34+ cells collected is similar for the Caridian
Spectra and the Fenwal CS-3000, but the composition of the components
is slightly different (Table 7.5). PBSCs collected using the CS-3000
contained more MNCs, and those collected using the Spectra contained
more granulocytes. The PBSC concentrates collected with both
instruments contained a similar number of CD34+ cells and platelets. The
instruments seem to perform similarly, and local operator or institutional
preferences may make one or the other more desirable.

Quality control of PBSC concentrates

Since there is no definitive test for the primordial hematopoietic stem cell,
quality control of these PBSC concentrates is not standardized. Cell culture
techniques can be used to determine CFU-GM, BFU-E, and CFU-MIX
colonies, and the number of CD34+4- cells can be determined by flow

Table 7.4 Quantity of cells in the PBSC components.

Cell type CS-3000 (n = 15) Spectra (n = 14) P
WBC (x 10°) 409 £+ 21.7 33.1 £ 10.7 0.24
Neutrophils (x 10°) 1.38 +1.88 5.53+8.71 0.001
Mononuclear cells (x 10°) 39.6+21.9 269+56 0.02
Platelets (x 10°) 507 + 98 531+ 116 0.54
CD34+ cells (x 10°) 470 + 353 419 +351 0.69

Source: Stroncek DF, Clay ME, Smith J, Jaszcz WB, Herr G, McCullough J. Comparison of
two blood cell separators in collecting peripheral blood stem cell components. Transfus
Med 1997; 7:95-99.
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Table 7.5 Quantity of cells in the PBSC components.

Cell type CS-3000 (n = 15) Spectra (n = 14) P

WBCs (x 10°) 409 +21.7 33.1+£10.7 0.24
Neutrophils (x 10°) 1.38 +£1.88 5.53 +£8.71 0.001
Mononuclear cells (x 109) 39.6 £21.9 269+56 0.02
Platelets (x 10°) 507 + 98 531+ 116 0.54
CD34+ cells (x 10°) 470 + 353 419 + 351 0.69

Source: Stroncek DF, Clay ME, Smith J, Jaszcz WB, Herr G, McCullough J. Comparison of
two blood cell separators in collecting peripheral blood stem cell components. Transfus
Med 1997; 7:95-99.

cytometry. In practice, the dose for transplantation is usually based on cell
counting to obtain at least 3 x 10® mononuclear or 5 x 10° CD34+ cells
per kilogram of the recipient’s body weight. The results of progenitor
assays are not available for about 2 weeks and thus can be used only in
retrospect for research purposes. Many centers do not even determine
progenitor content as they do not believe there is a correlation with
engraftment, although we believe this can be a valuable quality control test.

There is considerable variation in the number of CD34+- cells collected
(Figure 7.3). In our early experience [115], a single-cytapheresis procedure
yielded a median dose of 780-1658 x 10° CD34+ cells. In approximately
42% of the procedures, this would be an adequate cell dose to transplant 5
x 10% CD34+ cells per kilogram to a 75-kg recipient. In 86% of donors,
two cytapheresis procedures would yield an adequate cell dose for
transplanting the 75-kg recipient. These numbers were obtained by
processing approximately 10 L of whole blood, and most centers now
process 15-20 L. Other reports involving processing of 15-20 L of blood
for each cytapheresis procedure suggest that larger numbers of CD34+
cells are obtained [114]. Thus, presently for most donors, one or two
procedures result in a dose of cells suitable for transplantation.

Storage of PBSCs

Because of the variability in the number of cells that may be obtained, the
strategy for using the cells for transplantation cannot always be the same. If
the dose needed for transplantation can be obtained with one procedure,
the cells can be transfused immediately. However, if two or three apheresis
procedures are necessary, it may be desirable to freeze the concentrates and
transfuse them all at once. However, the freezing and thawing may alter the
composition of the PBSC concentrates, and so some transplant physicians
give the cells fresh each day until the desired dose is obtained. Alternatively,
the concentrate collected on the first day is stored in the liquid state and
transfused with the concentrate collected on the second day. It appears that
PBSCs can be preserved satisfactorily in Plasmolyte A, Normosol or
STM-Sav for 24 hours at room temperature [124]. A more extensive
discussion of hematopoietic stem cell preservation is in Chapter 18.
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Figure 7.3 CD34+ cell yield in peripheral blood concentrates collected from normal
donors. (Reproduced with permission from Stroncek DF, Clay ME, Smith J, et al. Composition
of peripheral blood progenitor cell components collected from healthy donors. Transfusion
1997; 37:414.)

7.7 Donor selection and complications of
cytapheresis in normal donors

Because donation of blood components by apheresis is fundamentally
different than whole blood donation, there are some donor eligibility
requirements and complications that are unique to apheresis donors. This
chapter focuses on the donation procedures and the products. Donor
selection and complications are discussed in Chapter 4.

\ 7.8 Plasmapheresis and source plasma

The plasma collection and fractionation industry in the United States
developed during the 1960s using manual plastic bag methods for plasma
collection by plasmapheresis. Today, virtually all source plasma collected in
the United States for fractionation into derivatives (Chapters 2 and 5) is
obtained by semiautomated instrument plasmapheresis. It has been
estimated [47, 125] that about 28 million liters of plasma are fractionated
annually in the world (see Chapter 2). Most plasma used as fresh frozen
plasma (FFP) is obtained from whole blood, but the increasing flexibility
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of some apheresis instruments makes it possible to obtain plasma for FFP
as a byproduct of platelet or red cell apheresis. There are no data on the
number of plasma products produced in this manner. Apheresis plasma
contains greater activities of factor V, factor VIII, factor IX, and factor XI,
prothrombin fragments 1 and 2 and platelet factor IV compared with
recovered plasma (see Chapter 4 and references [125,126]). Thus,
apheresis appears to produce plasma with a higher quality although the
clinical significance of this is not established.

Source plasma is the starting material for the further manufacture of
some diagnostics and plasma “derivatives.” Derivatives are described in
more detail in Chapter 2, and the selection and medical evaluation of
plasma donors is described in Chapter 4. Plasmapheresis was done using
sets of multiple plastic bags and involved separation of the blood from the
donor such that there was a chance for return of red cells to the incorrect
donor. Source plasma is now collected by semiautomated instruments that
require less operator involvement, while producing larger amounts of
plasma at a reasonable cost. The instruments in use in the United States are
the Fenwal Autopheresis C and the Haemonetics PCS. The Haemonetics
PCS can be used to collect platelet-poor or platelet-rich plasma. Usually
one venipuncture is used and the system can be set up in about 5 minutes.
This includes loading the disposable plastic set into the instrument,
connecting the anticoagulant and solution bags, recording appropriate
data, and placing the collection bags. The venipuncture area is prepared as
for whole blood collection (see Chapter 4), and the venipuncture is done
using the needle integral with the disposable plastic set used for the
procedure. The operator then activates the instrument, and blood flow is
initiated by the pumps in the instrument. Anticoagulant is metered into the
blood flowing into the instrument in the proper ratio, and the centrifuge
bowl is filled until the optical sensor detects the red cell interface and stops
the inflow of blood. During this filling phase of the cycle, the plasma has
been diverted into the collection bag. After the plasma—cell interface has
reached the detector, the blood flow is reversed and the red cells are
pumped from the bowl back to the donor. The cycle is then repeated until
the desired amount of plasma is obtained. Usually about 500 mL of plasma
can be obtained in about 30 minutes [127]. These instruments might be
used to produce FFP but are not used extensively to produce source plasma.

The Baxter Autopheresis C plasmapheresis instrument operates on a
different principle from the Haemonetics devices. The Autopheresis C
combines filtration and centrifugation to separate blood in a smaller
chamber (and possibly more efficiently). The instrument setup and donor
preparation are the same as described for the Haemonetics systems and for
whole blood collection. For the Autopheresis C, blood is withdrawn from
the donor into a closed, disposable plastic set with a total extracorporeal
volume of about 165 mL. Blood separation occurs in a small (7-mL)
cylinder that is part of the system. A magnet causes rotation of the cylinder
inside a larger compartment. The cylinder is composed of a membrane,
and as the cylinder rotates, plasma moves peripherally through the
membrane, thus providing the filtration part of the separation system.
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The system does not operate in a continuous-flow manner; blood is
returned intermittently to the donor through the single venipuncture and
the process is repeated. This system also collects about 500 mL of plasma in
about 30 minutes [128,129]. The Autopheresis C is used extensively for the
production of source plasma for further manufacture of plasma derivatives.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Abel JJ, Rowntree LC, Turner BB. Plasma removal with return of
corpuscles. ] Pharmacol Exp Ther 1914; 5:625-641.

. Kliman A, Gaydos LA, Schroeder LR, Freireich EJ. Repeated plasmapheresis

of blood donors as a source of platelets. Blood 1961; 18:303-309.

. McCullough J. Introduction to apheresis donations including history and

general principles. In: McLeod B, Price T, Weinstein R, eds. Apheresis:
Principles and Practice, 2nd ed. Bethesda, MD: AABB Press, 2003, pp.
29-48.

. Tullis JL, Tinch RJ, Baudanza P, et al. Plateletpheresis in a disposable

system. Transfusion 1971; 11:368-377.

. Graw RG, Herzig GP, Eisel RJ, Perry S. Leukocyte and platelet collection

from normal donors with the continuous flow blood cell separator.
Transfusion 1971; 11:94-101.

. Tullis JL, Tinch RJ, Gibson JG, Baudanza P. A simplified centrifuge for the

separation and processing of blood cells. Transfusion 1967; 7:232-242.

. Tullis JL, Eberle WG, Baudanza P, Tinch R. Platelet-pheresis description of

a new technique. Transfusion 1968; 8:154—164.

. Miller WV, Gillem HG, Yankee RA, Schmidt PJ. Pooled platelet

concentrates prepared in a new blood bank centrifuge. Transfusion 1969;
9:251-254.

. Szymanski IO, Patti K, Kliman A. Efficacy of the Latham blood processor to

perform plateletpheresis. Transfusion 1973; 13:405-411.

Nusbacher J, Scher ML, MacPherson JL. Plateletpheresis using the
Haemonetics Model 30 cell separator. Vox Sang 1977; 33:9-15.

Glowitz R, Slichter SJ. Frequent multiunit plateletpheresis from single
donors: effects on donors’ blood and the platelet yield. Transfusion 1980;
20:199-205.

Lasky LC, Lin A, Kahn RA, McCullough J. Donor platelet response and
product quality assurance in plateletpheresis. Transfusion 1981; 21:247-260.
Freireich EJ, Judson G, Levin RH. Separation and collection of leukocytes.
Cancer Res 1965; 25:1517-1520.

Buckner D, Eisel R, Perry S. Blood cell separation in the dog by continuous
flow centrifugation. Blood 1968; 31:653—672.

Millward BL, Hoeltge GA. The historical development of automated
hemapheresis. ] Clin Apheresis 1982; 1:25-32.

Graw RG, Herzig GP, Bisel RJ, Perry S. Leukocyte and platelet collection
from normal donors with the continuous flow blood cell separator.
Transfusion 1971; 11:94-101.

Jones AL. Continuous-flow blood cell separation. Transfusion 1968;
8:94-103.

Hester JP, Kellogg RM, Mulzet AP, et al. Principles of blood separation and
component extraction in a disposable continuous-flow single-stage channel.
Blood 1979; 54:254-268.

141



142

Transfusion Medicine

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Huestis DW, White RF, Price MJ, Inman M. Use of hydroxyethyl starch to
improve granulocyte collection in the Latham blood processor. Transfusion
1975; 15:559-564.

Sussman LN, Coli W, Pichetshote C. Harvesting of granulocytes using a
hydroxyethyl starch solution. Transfusion 1975; 15:461-465.

Aisner J, Schiffer CA, Wiernik PH. Granulocyte transfusions: evaluation of
factors influencing results and a comparison of filtration and intermittent
centrifugation leukapheresis. Br ] Haematol 1978; 38:121.

Ito Y, Suaudeau J, Bowman RL. New flow-through centrifuge without
rotating seals applied to plasmapheresis. Science 1975; 189:999-1000.

Katz AJ, Genco PV, Blumberg N, et al. Platelet collection and transfusion
using the Fenwal CS-3000 cell separator. Transfusion 1981; 21:560-563.
Mintz PD, Coletta U. Prospective comparison of plateletpheresis with three
cell separators using identical donors. Lab Med 1987; 18:537-539.

Kalmin ND, Grindon AJ. Comparison of two continuous-flow cell
separators. Transfusion 1983; 23:197-200.

Benjamin RJ, Rojas P, Christmas S, et al. Plateletpheresis efficiency: a
comparison of the Spectra LRS and AMICUS separators. Transfusion 1999;
39:895-899.

Bueno JL, Barea L, Garcia F, Castro E. A comparison of PLT collections
from two apheresis devices. Transfusion 2004; 44:119-124.

Snyder EL, Mechanic S, Cable R, et al. A comparison of the in vivo recovery
and survival of platelets collected using the Amicus, CS-3000 and Spectra
blood cell separators. American Society for Apheresis, March 1996, abstract
#74.

Snyder EL, Baril L, Min K, et al. In vitro collection and posttransfusion
engraftment characteristics of MNCs obtained using a new separator for
autologous PBPC transplantation. Transfusion 2000; 40:961-967.

Moog R, Franck V, Pierce JA, Muller N. Evaluation of a concurrent
multicomponent collection system for the collection and storage of
WBC-reduced RBC apheresis concentrates. Transfusion 2001;
41:1159-1164.

Snyder EL, Elfath MD, Taylor H. Collection of two units of leukoreduced
RBCs from a single donation with a portable multiple-component
collection system. Transfusion 2003; 43:1695-1705.

Ikeda K, Ohto H, Nemoto K, et al. Collection of MNCs and progenitor cells
by two separators for PBPC transplantation: a randomized crossover trial.
Transfusion 2003; 43:814-819.

Aronson CA, Kakaiya RM, Keene J, Khan N, Mickles K. Consistency of
quality control values for automated double red blood cell collections.
Transfusion 2006 47:42A.

Picker SM, Rradojska SM, Gathof BS. In vitro quality of red blood

cells (RBCs) collected by multicomponent apheresis compared to

manually collected RBCs during 49 days of storage. Transfusion 2007;
47:687-696.

Simon TL, Sierra ER, Ferdinando B, Moore R. Collection of platelets with a
new cell separator and their storage in a citrate-plasticized container.
Transfusion 1991; 31:335-339.

Elfath MD, Whitley P, Jacobson MS. Evaluation of an automated system for
the collection of packed RBCs, platelets, and plasma. Transfusion 2000;
40:1214-1222.



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Production of Components by Apheresis

Burnouf T, Kappelsberger C, Frank K, Burkhardt T. Protein composition
and activation markers in plasma collected by three apheresis procedures.
Transfusion 2003; 43:1223—-1230.

Snyder EL, Elfath MD, Taylor H, et al. Collection of two units of
leukoreduced RBCs from a single donation with a portable
multiple-component collection system. Transfusion 2003; 43:1695-1705.
Rugg N, Pitman C, Menitove JE, Greenwalt TJ, McAteer MJ. A feasibility
evaluation of an automated blood component collection system platelets
and red cells. Transfusion 1999; 39:460—464.

Dumont LJ, Beddard R, Whitley P, et al. Autologous transfusion recovery of
WBC-reduced high-concentration platelet concentrates. Transfusion 2002;
42:10; 1333-1339.

Burgstaler EA. Blood component collection by apheresis. ] Clin Apheresis
2006; 21:142-151.

Valbonesi M, Frisoni R, Florio G, et al. Single-donor platelet concentrates
produced along with packed red blood cells with the Haemonetics MCS 3p:
preliminary results. J Clin Apheresis 1994; 9:195-199.

Moog R, Zeiler T, Geuft HG, et al. Collection of WBC-reduced single-donor
PLT concentrates with a new blood cell separator: results for a multicenter
study. Transfusion 2003; 43:1107-1114.

Menichella G, Lai M, Pierelli L, et al. Evaluation of two different protocols
for peripheral blood stem cell collection with the Fresenius AS 104 blood
cell separator. Vox Sang 1997; 73:230-236.

Gorlin JB, ed. Standards for Blood Banks and Transfusion Services, 26th ed.
Bethesda, MD: American Association of Blood Banks, 2009.

Surgenor DM, Wallace EL, Hao HS, Chapman RH. Collection and
transfusion of blood in the United States, 1982—88. N Engl ] Med 1990;
322:1646-1652.

Department of Health and Human Services 2007 National Blood Collection
and Utilization Survey Report. Conducted under contract
(HHSP23320062209TC) with the American Association of Blood Banks.
Slichter SJ. Efficacy of platelets collected by semi-continuous flow
centrifugation (Haemonetics Model 30). Br ] Haematol 1978; 38:131-140.
Katz A, Houx J, Ewald L. Storage of platelets prepared by discontinuous
flow centrifugation. Transfusion 1978; 18:220-223.

Patel IP, Ambinder E, Holland JF, Aledort LM. In vitro and in vivo
comparison of single-donor platelets and multiple-donor pooled platelets
transfusions in leukemic patients. Transfusion 1978; 18:116-119.

Turner VS, Hawker RJ, Mitchell SG, Seymour Mead AM. Paired in vivo and
in vitro comparison of apheresis and “recovered” platelet concentrates
stored for five days. J Clin Apheresis 1994; 9:189-194.

Maguire LC, Henriksen RA, Strauss RG. Function and morphology of
platelets produced for transfusion by intermittent-flow centrifugation
plateletpheresis or combined platelet-leukapheresis. Transfusion 1981;
21:118-123.

Daly PA, Schiffer CA, Aisner J, Wiernik PH. A comparison of platelets
prepared by the Haemonetics Model 30 and multiunit bag plateletpheresis.
Transfusion 1979; 19:778-781.

Rock GA, Blanchette VS, Wong SC. Storage of platelets collected by
apheresis. Transfusion 1983; 23:99-105.

Meyer D, Bolgiano DC, Sayers M, et al. Red cell collection by apheresis
technology. Transfusion 1993; 33:819-824.

143



144

Transfusion Medicine

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Shi PA, Ness PM. Two-unit red cell apheresis and its potential advantages
over traditional whole-blood donation. Transfusion 1999; 39:219-225.
Gilcher RO. It’s time to end RBC shortages. Transfusion 2003; 43:1658—1660.
Smith JW, Gilcher RO. Red blood cells, plasma, and other new
apheresis-derived blood products: improving product quality and donor
utilization. Transfus Med Rev 1999; 13:118—123.

Holme S, Elfath MD, Whitley P. Evaluation of in vivo and in vitro

quality of apheresis-collected RBC stored for 42 days. Vox Sang 1998;
75:212-217.

Bandarenko N, Rose M, Kowalsky J, et al. In vivo and in vitro characteristics
of double units of RBCs collected by apheresis with a single in-line
WBC-reduction filter. Transfusion 2001; 41:1373—-1377.

Hogler W, Mayer W, Messmer C, et al. Prolonged iron depletion after
allogeneic 2-unit RBC apheresis. Transfusion 2001; 41:602—605.

Benjamin RJ, Ky BA, Kennedy JM, Notari EP, Eder NF. The relative safety
of automated two-unit red blood cell procedures and manual whole-blood
collection in young donors. Transfusion, 2009; 49:1874-1883.

Mishler JM, Hadlock DC, Fortuny IE, et al. Increased efficiency of leukocyte
collection by the addition of hydroxyethyl starch to the continuous flow
centrifuge. Blood 1974; 44:571-581.

Mishler JM, Higby DJ, Rhomberg W. Hydroxyethyl starch and
dexamethasone as an adjunct to leukocyte separation with the IBM blood
cell separator. Transfusion 1974; 14:352-356.

Mishler JM, Hester JP, Heustis DW, et al. Dosage and scheduling regimens
for erythrocyte-sedimenting macromolecules. J Clin Apheresis 1983;
1:130-143.

Lee JH, Cullis H, Leitman SF, Klein HG. Efficacy of pentastarch in
granulocyte collection by centrifugal leukapheresis. ] Clin Apheresis 1995;
10:198-202.

Strauss RG. In vitro comparison of the erythrocyte sedimenting properties
of dextran, hydroxyethyl starch and a new low-molecular-weight
hydroxyethyl starch. Vox Sang 1979; 37:268-271.

Ghodsi Z, Strauss RG. Cataracts in neutrophil donors stimulated with
adrenal corticosteroids. Transfusion 2001; 41:1464—1468.

Burch JW, Mair DC, Meny GM, et al. The risk of posterior subcapsular
cataracts in granulocyte donors. Transfusion 2005; 45:1701-1708.
Bensinger WI, Price TH, Dale DC, et al. The effects of daily recombinant
human granulocyte colony stimulating factor administration on normal
granulocyte donors undergoing leukapheresis. Blood 1993; 81:1883-1888.
Caspar CB, Seger RA, Burger J, Gmur J. Effective stimulation of donors for
granulocyte transfusions with recombinant methionyl granulocyte
colony-stimulating factor. Blood 1993; 81:2866—2871.

Liles WC, Huang JE, Llewellyn C, et al. A comparative trial of
granulocyte-colony-stimulating factor and dexamethasone, separately and
in combination, for the mobilization of neutrophils in the peripheral blood
of normal volunteers. Transfusion 1997; 37:182-187.

Stroncek DF, Clay ME, Petzoldt ML, et al. Treatment of normal individuals
with granulocyte-colony-stimulating factor: donor experiences and the
effects on peripheral blood CD34+- cell counts and on the collection of
peripheral blood stem cells. Transfusion 1996; 36:601-610.

Stroncek DF, Clay ME, Herr G, et al. The kinetics of G-CSF mobilization of
CD34+ cells in healthy people. Transfus Med 1997; 7:19-24.



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Production of Components by Apheresis

Lightfoot T, Leitman SF, Stroncek DF. Storage of G-CSF-mobilized
granulocyte concentrates. Transfusion 2000; 40:1104-1110.

Djerassi I, Kim JS, Suvansri U, Mitrakul C, Ciesielka W. Continuous flow
filtration—Ileukopheresis. Transfusion 1972; 12:75-83.

McCullough J, Weiblen BJ, Deinard AR, et al. In vitro function and
post-transfusion survival of granulocytes collected by continuous-flow
centrifugation and by filtration leukapheresis. Blood 1976; 48:315-326.
Wright DG, Kauffmann JC, Chusid MJ, Herzig GP, Gallin JI. Functional
abnormalities of human neutrophils collected by continuous flow filtration
leukopheresis. Blood 1975; 46:901-911.

Schiffer CA, Aisner J, Wiernik PH. Transient neutropenia induced by
transfusion of blood exposed to nylon fiber filters. Blood 1975; 45:141-146.
Rubins JL, MacPherson JL, Nusbacher ], Wiltbank T. Granulocyte kinetics
in donors undergoing filtration leukapheresis. Transfusion 1976; 16:56—62.
Hammerschmidt DE, Craddock PR, McCullough J, et al. Complement
activation and pulmonary leukostasis during nylon fiber filtration
leukapheresis. Blood 1978; 51:721-730.

Nusbacher J, Rosenfeld SI, MacPherson JL, Thiem PA, Leddy JP. Nylon
fiber leukapheresis: associated complement component changes and
granulocytopenia. Blood 1978; 51:359-365.

Wiltbank TB, Nusbacher J, Higby DJ, MacPherson JL. Abdominal pain in
donors during filtration leukapheresis. Transfusion 1977; 17:159-162.
Glasser L, Huestis DW, Jones JF. Functional capabilities of steroid-recruited
neutrophils harvested for clinical transfusion. N Engl ] Med 1977; 297:1033.
Glasser L. Functional considerations of granulocyte concentrates used for
clinical transfusions. Transfusion 1979; 19:1.

Strauss RG, Maguire LC, Koepke JA, Thompson JS. Properties of
neutrophils collected by discontinuous-flow centrifugation leukapheresis
employing hydroxyethyl starch. Transfusion 1979; 19:192.

Price TH, Dale DC. Blood kinetics and in vivo chemotaxis of transfused
neutrophils: effect of collection method, donor corticosteroid treatment,
and short term storage. Blood 1979; 54:977.

McCullough J, Weiblen BJ, Fine D. Effects of storage of granulocytes on
their fate in vivo. Transfusion 1983; 23:20.

Dutcher JP, Schiller CA, Johston GS, et al. The effect of histocompatibility
factors on the migration of transfused '!!'indium-labeled granulocytes
(abstract). Blood 1984; 58:181.

Glasser L. Effect of storage on normal neutrophils collected by
discontinuous-flow centrifugation leukapheresis. Blood 1977; 50:1145.
McCullough J. Liquid preservation of granulocytes. Transfusion 1980;
20:129.

McCullough J, Clay ME, Loken MK, Hurd JJ. Effect of ABO incompatibility
on fate in vivo of ''!indium granulocytes. Transfusion 1988; 28:358.

Eyre HJ, Goldstein IM, Perry S, Graw RG Jr. Leukocyte transfusions:
function of transfused granulocytes from donors with chronic myelocytic
leukemia. Blood 1970; 36:432.

Applebaum FR, Trapani R], Graw RG. Consequences of prior
alloimmunization during granulocyte transfusion. Transfusion 1977;
17:460.

McCullough J, Clay M, Hurd D, et al. Effect of leukocyte antibodies and
HLA matching on the intravascular recovery, survival, and tissue
localization of ''indium granulocytes. Blood 1986; 67:522.

145



146

Transfusion Medicine

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Dutcher JP, Fox JJ, Riggs C, et al. Pulmonary retention of
indium-111-labeled granulocytes in alloimmunized patients (abstract).
Blood 1982; 58:171.

Pettengell R, Morgenstern GR, Woll PJ, et al. Peripheral blood progenitor
cell transplantation in lymphoma and leukemia using a single apheresis.
Blood 1993; 82:3770-3777.

Welte K, Gabrilove J, Bronchud MH, Platzer E, Morstyn G. Filgrastim
(r-metHuG-CSF): the first 10 years. Blood 1996; 88:1907-1929.

Brandt SJ, Peters WP, Atwater SK, et al. Effect of recombinant human
granulocyte-macrophage colony-stimulating factor on hematopoietic
reconstitution after high-dose chemotherapy and autologous bone marrow
transplantation. N Engl ] Med 1988; 318:869-876.

Bishop MR, Anderson JR, Jackson JD, et al. High-dose therapy and
peripheral blood progenitor cell transplantation: effects of recombinant
human granulocyte-macrophage colony-stimulating factor on the
autograft. Blood 1994; 83:610-616.

Nemunaitis J, Rabinowe SN, Singer JW, et al. Recombinant
granulocyte-macrophage colony-stimulating factor after autologous bone
marrow transplantation for lymphoid cancer. N Engl ] Med 1991;
324:1773-1778.

Bensinger W, Singer J, Appelbaum F, et al. Autologous transplantation with
peripheral blood mononuclear cells collected after administration of
recombinant granulocyte stimulating factor. Blood 1993; 81:3158-3163.
Korbling M, Huh YO, Durett A, et al. Allogeneic blood stem cell
transplantation: peripheralization and yield of donor-derived primitive
hematopoietic progenitor cells (CD34+ Th-1dim) and lymphoid subsets,
and possible predictors of engraftment and graft-versus-host disease. Blood
1995; 86:2842-2848.

Bensinger WI, Clift RA, Anasetti C, et al. Transplantation of allogeneic
peripheral blood stem cells mobilized by recombinant human granulocyte
colony stimulating factor. Stem Cells 1996; 14:90-105.

Bensinger WI, Buckner CD, Shannon-Dorcy K, et al. Transplantation of
allogeneic CD34+ peripheral blood stem cells in patients with advanced
hematologic malignancy. Blood 1996; 88:4132—4138.

Nemunaitis J, Anasetti C, Storb R, et al. Phase II trial of recombinant
human granulocyte-macrophage colony-stimulating factor in patients
undergoing allogeneic bone marrow transplantation from unrelated
donors. Blood 1992; 79:2572-2577.

Korbling M, Przepiorka D, Huh YO. Allogeneic blood stem cell
transplantation for refractory leukemia and lymphoma: potential advantage
of blood over marrow allografts. Blood 1995; 85:1659-1665.

Lickliter JD, McGlave PB, DeFor TE, et al. Matched-pair analysis of
peripheral blood stem cells compared to marrow for allogeneic
transplantation. Bone Marrow Transplant 2000; 26:723-728.

Schmitz N, Beksac M, Hasenclever D, et al. Transplantation of mobilized
peripheral blood cells to HLA-identical siblings with standard-risk
leukemia. Blood 2002; 100:761-767.

Storek J, Dawson MA, Storer B, et al. Immune reconstitution after
allogeneic marrow transplantation compared with blood stem cell
transplantation. Blood 2001; 97:3380-3389.

Weaver CH, Buckner CD, Longin K. Syngeneic transplantation with
peripheral blood mononuclear cells collected after the administration of



112.

113.

114.

115.

11e.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Production of Components by Apheresis

recombinant human granulocyte colony-stimulating factor. Blood 1993;
82:1981-1984.

Goldman J. Peripheral blood stem cells for allografting. Blood 1995;
85:1413-1415.

Schmitz N, Dreger P, Suttorp M, et al. Primary transplantation of allogeneic
peripheral blood progenitor cells mobilized by filgrastim (granulocyte
colony-stimulating factor). Blood 1995; 86:1666—1672.

Hillyer CE, Lackey DA, Hart KK, Stempora LL, Bray RA, Bender JG,
Donnenberg AD. CD34+ progenitors and colony-forming
units—granulocyte macrophage are recruited during large-volume
leukapheresis and concentrated by counterflow centrifugal elutriation.
Transfusion 1993; 33:316-321.

Stroncek DF, Clay ME, Smith J, et al. Composition of peripheral blood
progenitor cell components collected from healthy donors. Transfusion
1997; 37:411-417.

Korbling M, Przepiorka D, Gajewski J, et al. With first successful allogeneic
transplantations of apheresis-derived hematopoietic progenitor cells
reported, can the recruitment of volunteer matched, unrelated stem cell
donors be expanded substantially? Blood 1995; 86:1235-1239.

Rosenfeld CS, Cullis H, Tarosky T, Nemunaitis J. Peripheral blood stem cell
collection using the small volume collection chamber in the Fenwal CS-3000
Plus blood cell separator. Bone Marrow Transplant 1994; 13; 131-134.
Bambi F, Faulkner LB, Azzari C, et al. Pediatric peripheral blood progenitor
cell collection: Haemonetics MCS 3P versus COBE Spectra versus Fresenius
AS104. Transfusion 1998; 38:70—74.

Hitzler WE, Wolf S, Runkel S, Kunz-Kostomanolakis M. Comparison of
intermittent- and continuous-flow cell separators for the collection of
autologous peripheral blood progenitor cells in patients with hematologic
malignancies. Transfusion 2001; 41:1562-1566.

Morton JA, Baker DP, Hutchins CJ, Durrant ST. The COBE Spectra cell
separator is more effective than the Haemonetics MCS-3P cell separator for
peripheral blood progenitor cell harvest after mobilization with
cyclophosphamide and filgrastim. Transfusion 1997; 37:631-633.

Stroncek DF, Clay ME, Smith J, et al. Changes in blood counts after the
administration of granulocyte-colony-stimulating factor and the collection
of peripheral blood stem cells from healthy donors. Transfusion 1996;
36:596—600.

Platzbecker U, Prange-Krex G, Bornhauser M, et al. Spleen enlargement in
healthy donors during G-CSF mobilization of PBPCs. Transfusion 2001;
41:184-189.

Stroncek D, Shawker T, Follman D, et al. G-CSF-induced spleen size
changes in peripheral blood progenitor cell donors. Transfusion 2003;
43:609-613.

Burger SR, Hubel AH, McCullough J. Development of an infusible-grade
solution for non-cryopreserved hematopoietic cell storage. Cytotherapy
1999; 1:123-133.

Burnouf T. Modern plasma fractionation. Transfus Med Rev 2007;
21:101-117.

Runkel S, Hauabelt H, Hitzler W, Hellstern P. The quality of plasma
collected by automated apheresis and of recovered plasma from
leukodepleted whole blood. Transfusion 2005; 45:427-4323

147



148

Transfusion Medicine

127.

128.

129.

Gilcher RO, Gardner JC. Haemonetics V50 and plasma collection system:
common concerns and troubleshooting. J Clin Apheresis 1990; 5:106—109.
McCombie N, Rock G. Logistics of automated plasma collection. J Clin
Apheresis 1988; 4:104-107.

Rock G, Tittley P, McCombie N. Plasma collection using an automated
membrane device. Transfusion 1986; 26:269-271.



Laboratory Testing
of Donated Blood

Each unit of whole blood or each apheresis component undergoes a
standard battery of tests (Table 8.1) to determine the red cell phenotype,
the presence of red cell antibodies, and test for transmissible diseases.
Additional tests such as those for cytomegalovirus, HLA antibodies, IgA
levels, or rare red cell phenotypes may be performed as an option. The
total number of test results for each unit of donated blood has increased
substantially since the late 1980s. Since each unit of whole blood is
separated into several components and there is a donor history record and
two or three tubes of blood for tests, each donation generates many
different data elements. Each of these must be properly identified and all
data amalgamated to ensure that all testing and donor-related information
is complete and the results are satisfactory before the blood or components
can be released into the transfusion inventory. Since busy blood collection
centers deal with hundreds of donors each day, sophisticated computer
systems are used and, where possible, automated laboratory testing
equipment is integrated into these systems.

ISBT 128 is a new global standard for the identification, labeling, and
information processing of human blood, tissue, and organ products across
international borders and disparate health care systems. It involves a
unique, highly flexible and comprehensive coding method for every
collected product and provides international consistency to support the
transfer, transfusion, or transplantation of blood and tissue products.
Thus, the modern blood center uses pharmaceutical-type manufacturing
processes to ensure accuracy [1-3] (see Chapter 20) and cost-effectiveness.

\ 8.1 Red cell blood group testing

Testing of donated blood is carried out on blood specimens obtained for
this purpose at the time of donation. The blood is collected in separate
tubes or a pouch in the tubing through which the blood passes. The
maximum volume of blood that can be retained for testing is about 30 mL.

ABO typing
The most common cause of a fatal transfusion reaction is the
administration of ABO-incompatible red cells (see Chapter 14). Therefore,
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Table 8.1 Tests of donor blood.

Blood grouping tests
ABO typing
Rh typing
Red cell antibody detection
Transmissible disease testing
Treponemal antigen
Hepatitis Bs antigen
Hepatitis Bc antibody
Hepatitis C antibody
HCV antigen
HIV 1 and 2 antibody
HIV antigen
HTLV-l and -Il antibody
WNV?
Bacteria (platelets)?
Optional tests
Cytomegalovirus?
Platelet antigen typing?
Rare red cell antigens?
IgA levels?
Trypanosomia cruzi®

HCV, hepatitis C virus; HTLV-I, human T-cell lymphotrophic virus type I; HTLV-IIl, human
T-cell lymphotrophic virus type I; WVN, West Nile virus.
?Not required by FDA.

the ABO and Rh typing of the donor units is of critical importance.
Usually ABO and Rh typing are carried out together, along with red cell
antibody detection testing, since all of these tests involve red cell
antibody—antigen interaction. The ABO and Rh typing can be done in a
variety of systems, including slides, tubes, solid-phase microplates, gel
systems, or affinity columns. Complex semiautomated instruments are
available for typing large numbers of blood samples (Table 8.2). These
instruments handle the specimen from start to finish, adding reagents,
carrying out the incubation, reading the reaction, and providing the result,
which can be interpreted by the computer in the instrument or provided
for manual interpretation. The choice of the particular method and
instrument will depend on the specific circumstances at the donor center
testing laboratory. There are some similarities in methodology among all
of the test system configurations. Antisera or reagent red cells are added,
and tests of both red cells and serum are carried out at room temperature.
The cell suspension is usually centrifuged or manipulated in some way to
foster agglutination. An effort is made to disperse the cell suspension, and
the resulting mixture is observed either visually or by an instrument.

For ABO typing, both the red cells and the serum are always tested. The
red cells are tested with anti-A, anti-B, and anti-A, B (group O) sera. The
A, B (group O) serum is used to detect weak subgroups of A (see
Chapter 9), because the anti-A or anti-B in serum from type O individuals



Laboratory Testing of Donated Blood

Table 8.2 Automated systems for red cell typing and antibody testing of donated blood?.

Company Product Type of Assay

Immucor Gallileo Solid-phase test

Immucor Neo Solid-phase test

Immucor Echo Solid-phase test

Bio-Rad Tango Solid-phase test

Ortho Provue Gel-phase test

Ortho ID-MTS Gel Workstation Gel-phase test

Ortho AutoVue Innova Column-agglutination test (glass beads)

aAll of these systems can also be used for crossmatching.

reacts more strongly with some weak subgroups than anti-A or anti-B sera.
Some of the weak subgroups of A require incubation before a reaction can
be seen, and they may be missed in routine testing. Many blood typing
reagents are monoclonal antibodies. These reagents have much greater
specificity and strength of reactivity than older reagents that were human
allosera. In addition to testing the red cells with antisera, the serum of each
donor is tested against A and B red cells to determine which, if any, ABO
antibodies are present. The group A test red cells should be A1 to provide
the strongest reactions. Commercial reagent A and B cells are almost, if not
always, Rh negative. This is to avoid apparent false-positive reactions in the
ABO typing tests if anti-Rh antibodies are present in the donor and react
with the A or B Rh-positive reagent red cells. The ABO typing is done
using both red cells and serum to take advantage of the known relationship
of ABO antigens and antibodies to strengthen the validity of the test result.
Any discrepant test result must be resolved before the donor unit can be
labeled and released from quarantine into the usable inventory. The
common causes of ABO typing problems are listed in Table 8.3.

Rh typing

There are many antigen specificities in the Rh system, but the D antigen is
highly immunogenic, and alloantibodies to the D antigen can cause severe
or fatal hemolytic disease of the newborn or transfusion reactions (see
Chapter 9). Because of the clinical importance of alloantibodies to the
Rh(D) antigen, all donated blood is typed for this antigen but not others
within the Rh system. This makes it possible to select Rh-negative red cell
components for patients who are Rh negative. Most Rh-negative
individuals do not have circulating anti-D, and so the combination of cell
and serum typing done for ABO is not done for Rh. Rh typing reagents
have been more complex than ABO reagents. Because ABO antibodies are
usually a combination of IgG and IgM and cause direct agglutination at
room temperature, it is possible to carry out ABO typing tests without
extensive incubation or the need for agents to potentiate the
antigen—antibody reaction. However, anti-D is usually an IgG-type
antibody that does not cause direct agglutination at room temperature.
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Table 8.3 Common causes of ABO typing discrepancies.

Technical causes Incorrect matching of red cell and serum test results
Incorrect recording of results
Failure to add serum or red cells to test
Failure to recognize hemolysis as a positive test result
Improper warming of test system
Incorrect ratio of red cells to serum
Improper centrifugation
Bacteriologic contamination of reagents
Weak antigen on test red cells
Fibrin clots

Patient and donor-related causes Cold agglutinins
Abnormal serum protein values
Infusion of rouleaux-inducing agent
Antibody against dye in test serum
Antibody against ingredient in medium
Antibody active at room temperature
Weak or absent antibody due to age or disease
Non-ABO antibodies
Recent transfusion
Previous stem cell transplant
Polyagglutinable state
Neonatal patient
Immunodeficient patient

Thus, potentiating agents such as antihuman globulin (AHG) were
necessary to demonstrate the reaction. However, this requires incubation
at 37°C, washing, and addition of the AHG. To simplify the typing
procedure and to make it similar to ABO typing, reagents called high
protein or rapid tube have been used for Rh typing because they promoted
rapid agglutination of red cells coated with anti-D without incubation and
the use of AHG. The production of an ideal high-protein or rapid tube
reagent for Rh typing was unique to different companies, and sera from
different companies sometimes gave different reactions with a few
individuals’ red cells. Red cells from some individuals would react with
some antisera but not others. These individuals were said to have a Du or
weak D antigen (see Chapter 9). Since their red cells contain some D
antigen, it is important to detect these individuals. In the past, this is done
by testing all donors for the weak D if they were initially found to be Rh
negative. Present antisera that are polyclonal high protein, chemically
modified low protein, or a combination of polyclonal-monoclonal
low-protein reagents, detect weak D red cells and so additional testing of
Rh-negative red cells is no longer necessary. The presence of the weak D
antigen makes the red cells possibly immunogenic and they must be
considered Rh positive (see Chapter 9).

It is not customary to type donor blood for other antigens of the Rh
system. Because they are less antigenic than D, the phenotype frequencies
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are such that incompatibility between donor and recipient are less
common and/or the antibodies are less clinically dangerous.

Red blood cell antibody detection

Blood donors who have been previously pregnant or transfused may have
red cell alloantibodies in their plasma. These antibodies can cause a
positive direct antiglobulin test (DAT), shortened red cell survival, or
hemolysis in the recipient [4-5]. Thus, transfusion of antibody in
components containing donor plasma should be avoided. Production of
red cells using present methods leaves only a small amount of residual
plasma (see Chapter 5). Thus, with present methods there is probably little
chance that an amount of antibody large enough to cause a clinical
problem would be transfused with a unit of red cells. However, plasma or
platelets may also be prepared from the donor unit, and these
plasma-containing components can provide passive antibody. Other
reasons to search for red cell antibodies in donor plasma are (a) the
presence of an antibody means that the donor’s red cells are negative for
the corresponding antigen, and this is a convenient way to identify
antigen-negative donors, (b) the donor’s plasma may be a useful source of
antibody reagent, and (c) the antibody may lead to better understanding of
a blood group system. Thus, units of donated blood are screened for red
cell antibodies. Plasma-containing components from units found to
contain antibodies are not used for transfusion. Approximately 0.5% of
donor units will test positive in the antibody detection test.

Since the red cell antibodies of concern are formed in response to
pregnancy or transfusion, American Association of Blood Banks (AABB)
standards require antibody detection testing only of those donors [6].
However, from a practical standpoint it is more convenient for the blood
bank to screen all donor units. This avoids the possibility that a unit that
should be screened will be missed or that clerical errors will result in
release of a unit that contains an antibody. Because the donor antibody is
diluted when it is transfused, the donor antibody detection procedure may
be different from that used to detect antibodies in patients. In donor
antibody detection tests, serum from several donors or several reagent red
cell suspensions may be pooled. This reduces the sensitivity of the test but
also reduces costs and appears not to reduce safety. Pooling of both donor
sera and reagent red cells is not recommended. The antibody detection
method must demonstrate clinically significant antibodies, but one of
several different techniques can be used to accomplish this. The techniques
include incubation at 37°C with reagent red cells in one of the following
media: saline, albumin, low ionic strength solution, polyethylene glycol, or
polybrene. The sensitivity of these methods and the particular antibodies
they detect varies (see Chapter 10), as does their desirability for donor
antibody detection. Tests are not carried out at room temperature because
of the large number of nonspecific or nonclinically significant cold reactive
antibodies that are detected. Currently the most common donor antibody
detection method uses two or occasionally three different reagent red cell
suspensions and 37°C incubation of donor serum suspended in albumin
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for 30 minutes followed by AHG. This is a reasonable compromise
providing a high likelihood of detecting red cell antibodies and yet
minimizing the likelihood of obtaining false-positive reactions. Currently
gel, solid-phase systems, and affinity columns can be used for red cell
antibody detection. When solid-phase tests are used [7, 8], the microtiter
plates are covered with either ghosts of the reagent red cells or AHG. For
plates covered with red cell ghosts, the donor’s serum is added and the
antibody—antigen reaction occurs on the plate surface. Antibody binding is
detected by adding anti-IgG-coated red cells. For plates covered with AHG,
the antibody—antigen reaction can occur in the fluid phase and the mixture
added to the wells where IgG-coated red cells adhere to the AHG-coated
plates. In the affinity column system, the antibody—antigen reaction can
also occur in the fluid phase. AHG is added, and the reagent red cells are
then added to the microwell plates. If antibody is present, the IgG—anti-IgG
complex on the red cell binds to the plate coated with staphylococcal
protein A. These solid-phase tests are similar in their ability to detect
donor antibodies, although the titers of the antibodies differ in the
different methods [8].

Automated devices designed for large-scale screening in donor centers
have been developed for the solid-phase system or based on agglutination,
which is read either by photometers. The instruments incorporate
automated sample and reagent dispensing have bar code readers for sample
identification, and use anticoagulated blood so that both red cells and
plasma can be sampled from the same tube and centrifugation with sample
separation is not necessary. Each blood center will establish the method
that provides the most satisfactory results for their donor population and
technical staff.

Positive direct antiglobulin tests in normal donors

A positive DAT occurs in about 1 per 7000-14,000 donors [9,10].
Occasionally the positive DAT result is caused by a viral infection or
immune disease, but usually there is no explanation for this positive test
result when the donors are observed for long periods [9]. At normal ionic
strength, about 2 x 10 molecules of IgG are bound to the red cell. The
amount of IgG binding can be increased by lowering the ionic strength of
the medium or treating the cells with enzymes. The positive DATS in
normal donors are due to unknown factors causing increased binding of
IgG to the red cells. Some reports of higher incidence of positive DATS in
normal donors are probably the result of inclusion of patients with disease.
For instance, three donors have been described in whom a positive DAT
was due to antiphospholipid antibodies [9]. The authors speculate that the
positive DAT was caused by nonspecific binding of the antibody onto
phospholipids of the red cell membrane. These antiphospholipid
antibodies are associated with several autoimmune disorders (including
systemic lupus erythematosus, infections, or malignancy), and the
antibodies may occur in apparently healthy people. These three donors
also had false-positive serologic tests for syphilis, although most donors
with a positive DAT do not. Antiphospholipid antibodies probably do not
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account for most of the cases of positive DATs in normal donors because
the three reported donors accounted for only 10% of the donors found to
have a positive DAT in that study.

8.2 Testing for transmissible diseases

General concepts of testing for transmissible diseases
The use of laboratory tests to eliminate potentially infectious blood from
the blood supply has been in place since the 1950s, when syphilis testing
became routine. The use of testing to improve the safety of transfusion
therapy is discussed more fully in Chapter 15. The decision to implement a
test and the strategy used in dealing with the test results are complex issues
[11]. The quality of the test, the prevalence of the disease in the donor
population, and the likelihood of transmission of the disease to blood
recipients are some of the important factors to consider. The impact of a
test done on millions of individuals must also be considered. Tests that
perform very well in a patient population have different ramifications in a
normal donor population. For instance, a test with a specificity of 99.9%
might be considered excellent, but still 0.1% of positive tests will be false.
For instance, if this test is done on 12 million blood donors, 12,000
individuals will have a false positive test result. However, if the disease
being tested for has a very low incidence, such as 1 per 500,000 in a blood
donor population, only 24 people would truly have the disease in the

12 million tested. This means that even with this excellent test that would
detect the 24 infected donors, 11,976 people could be falsely labeled as
having the disease. Thus, the implementation of tests in the blood donor
population where the true incidence of disease is very low presents some
unusual and complex issues. If such a test is an important step in
improving the safety of the blood supply, it should be implemented, but
along with the implementation, plans must be in place to deal with the
donors who will have a false-positive test result. Confirmatory testing
should be available to distinguish those who are truly positive from those
who are not, and effective systems must be in place to carry out the
confirmatory testing and provide this information. For donors who have a
true positive test, complete and accurate information must be available
describing the significance of the test result.

The process of notifying donors of abnormal infectious disease testing
results is sensitive and may lead to confusion or emotional distress. In
general, the process appears to work effectively but some donors may not
understand that they are ineligible for future donation and many others are
confused or upset [12].

Testing in resource limited settings

In highly endemic and resource limited parts of the world, it may be more
cost-effective to screen donors with rapid tests before collecting their blood
[13]. This could be followed with various testing strategies such as
beginning with hepatitis B because this is the most prevalent disease, then
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Table 8.4 Present transfusion-transmitted disease screening.

Agent Disease
Treponema Syphilis
Hepatitis Bs antigen Hepatitis B
Hepatitis Bc antibody Hepatitis B
Hepatitis non-A, non-B?
HIva
Hepatitis C antibody Hepatitis C
Hepatitis C nucleic acids Hepatitis C
HIV 1 and 2 antibody AIDS
HIV antigen AIDS
HIV nucleic acids AIDS
HTLV-I antibody Leukemia
Lymphoma

Tropical paresis
HTLV-Il antibody Disease unknown
CMVP CMV disease

HTLV-I, human T-cell lymphotrophic virus type I; HTLV-II, human T-cell
lymphotrophic virus type Il.

aSurrogate marker for these diseases.

bFor immunodeficient patients only.

testing nonreactives for HIV, and then nonreactives further for syphilis and
hepatitis C virus (HCV) [14]. Rapid test are often used [14a—14c].

Viral testing

The tests for specific transmissible diseases are shown in Table 8.4 and the
equipment and systems in Table 8.5. The viral serology tests are
immunoassay and are considered a screening test. For most of the assays, if
the initial test result is positive, it is repeated in duplicate. If both of the
subsequent results are negative, the test is considered to be negative and the
unit of blood is suitable for use. If one or both of the subsequent results are
positive, the result is considered to be “repeat reactive” and the unit of
blood cannot be used.

The hepatitis B core antibody test has been used as a surrogate test for
non-A, non-B hepatitis and until recently was not expected to be of value
in detecting hepatitis B [15], but more recent studies suggest that it may
detect early hepatitis B virus (HBV) infection [16]. Alanine
aminotransferase (ALT) was used as another surrogate test for non-A,
non-B hepatitis, but with the discovery of the HCV and implementation of
hepatitis C testing, the ALT is no longer of value and is no longer required
[15]. Donor blood is not tested for hepatitis A because this form of
hepatitis is rarely transmitted by transfusion (see Chapter 15).

An important aspect of the conduct of testing for transmissible diseases
is the method of handling the resulting data. Transcription errors are
known to occur in medical laboratories, and they certainly occur in the
management of transmissible disease test results. For instance, in New
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York, during a period when eight patients were exposed to HIV-positive
blood, four were due to transcription errors [17] and four were due to
seronegative donation. Thus, the risk from transcription error was as great
as that from a window-period donation.

The window phase

A major issue in testing for transmissible diseases, especially HIV, is that
several of the assays detect antibodies, and there is an interval between
infection and antibody formation. During this interval, known as the
“window phase,” the individual is infectious but has a negative test. Test kit
manufacturers devote considerable effort to designing their test kits to
provide maximum sensitivity and shorten this window phase as much as
possible. The introduction of methods to test for viral nucleic acids has
overcome this problem (see later).

Human immunodeficiency virus testing

For the HIV antibody test, the antigens may be prepared from materials
produced by recombinant DNA or from viral extracts, depending on the
manufacturer. The composition of the antigenic material used in the assays
is mixed to reflect the antigen regions of HIV strains from around the
world in an effort to maximize the sensitivity of the assay. The HIV assays
include antigens from both HIV-1 and HIV-2. Because there is greater than
50% homology between HIV-1 and HIV-2 DNA, the HIV-1 test detects
about 90% of HIV-2 strains [18]. However, as HIV-2 began to appear in the
United States [19], the US Food and Drug Administration (FDA) requested
that HIV test kits include antigens specific for HIV-2. This strategy has
been very effective because although HIV-2 is not common in the United
States, there have been no cases of transfusion-transmitted HIV-2.

The specificity of a test is the probability that the test will be negative
when the infection is not present. For anti-HIV, this ranges from 99.82% to
99.9994%. In widespread clinical use the HIV antibody test has generally
been shown to detect HIV antibody in 98-100% of AIDS patients
(sensitivity).

| 8.3 Confirmatory tests

When a blood donor is found to be anti-HIV positive on initial testing, the
test is repeated in duplicate. If at least one of the subsequent tests is also
positive, the donor unit is said to be repeatably reactive, and that unit is
discarded. Units that are not positive on the repeat test (and thus not
repeatably reactive) are suitable for transfusion.

For all blood samples that test repeat reactive, supplemental or
confirmatory testing is done (Table 8.5). The Western blot or
immunofluorescence are used for HIV and radioimmunoblot assay (RIBA)
for HCV. FDA-approved confirmatory test kits are available for anti-HIV
and anti-hepatitis C but not for anti-HTLV. The Western blot confirmatory
test for anti-HIV tests for antibody against the following HIV proteins:
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Table 8.5 Automated testing systems for infectious disease.

Company Device Assay  HBc HCV HAV HIV-1 HIV-2 HTLF-I/HTLV-Il Chagas WNV CMV
Abbott Abbott Prism  ChLIA X X X X X X

Novartis Procleix Tigris ~ NAT X X X X
Tecan Genesis NAT/EIA

Roche Cobas s 202 NAT X X X X X

Roche Cobas amplicor NAT X X X

Biomerieux Vidia EIA X X X X X
Biomerieux Vidas EIA X X X X X
Beckman Coulter Access2 CLIA X X X X X
Grifols Triturus EIA

EIA, Enzyme Immunosorbent Assay; HBc, hepatitis B core antibody; HBV, hepatitis B virus; HCV, hepatitis C
virus; NAT, Nucleic acid amplification testing.

p24, the major core (gag) protein; gp41, a transmembrane (env) protein;
and gp120/160 external (env) protein and an external (env) precursor
protein. The results of the Western blot can be positive, indeterminate, or
negative. The criteria for positivity on the Western blot are the presence of
antibody against any two of these proteins. Sera that react with only one
protein are considered indeterminate. These individuals must be deferred
from blood donation, although it appears that they are not infected with
HIV [20,21], and it has been proposed that they be reinstated as blood
donors [22,23]. A few individuals with an indeterminate pattern of
reactivity on the Western blot may show conversion to a clearly positive
pattern in blood samples obtained a few weeks later, but most do not show
any change in the pattern of reactivity of their serum. False-positive
screening test results for anti-HIV and anti-HTLV (not confirmed by
Western blot) have been related to receipt of an influenza vaccine [24,25].
False negative tests are mostly due to borderline reactivity, although
technical and clerical errors occur [26].

' 8.4 Shortening the window phase

The approach to shortening the window phase is to add the test
methodology to detect the infectious agent.

HIV antigen test

In an effort to detect HIV-infected donors earlier, the FDA required

the addition of a test for the HIV antigen. Initial testing used an
immunoassay. Two studies of several hundred thousand donors failed to
identify any donor who tested positive by the HIV antigen test but negative
by the anti-HIV test [27,28]. Thus, it was considered unlikely that HIV
antigen screening would be valuable. However, a few cases of transmission
of HIV from antigen-positive, antibody-negative donors occurred [29,30],
and so more sensitive approaches to detect the infectious agents were
sought.
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Table 8.6 Sequence of testing of donated blood.

Pathogen  Test Confirmatory Test
HIV-1, -2 HIV-1/2EIA HIV-1 Western blot or immunofluorescence assay
HIV-2 Western blot or immunofluorescence assay
HIV-2 EIA
HIV-1 NAT Confirmatory NAT, demonstration of seroconversion
on follow-up
HCV EIA/ChLIA RIBA or RNA test
HCV NAT Confirmatory NAT, demonstration of seroconversion
on follow-up
HBV HBsAg EIA/ChLIA Neutralization test

Anti-HBc EIA/ChLIA  No licensed test

Source: Adapted from Roback J. Technical Manual, 16th ed. Bethesda, MD: American
Association of Blood Banks, 2009, p. 261.

EIA, Enzyme Immunosorbent Assay; HBc, hepatitis B core antibody; HBV, hepatitis B
virus; HCV, hepatitis C virus; NAT, Nucleic acid amplification testing.

Nucleic acid amplification testing

At an FDA-sponsored conference in 1995, the Commissioner asked
industry and the blood bank community to develop methods using nucleic
acid amplification to detect the viral genome [31]. The manufacturers were
skeptical but under pressure estimated that such assays could be available
by late 1998-2000. The methodology was developed with unprecedented
speed, and the FDA developed policies that allowed nearly all blood to be
tested while the methods were still in clinical trial [32,33]. Donor blood is
tested in pools of about 8, which makes the nucleic acid amplification
testing (NAT) technology somewhat practical. The pool testing detects
about 5 viral copies per milliliter that equals about 80-7200 copies per
milliliter of donated blood [32,33]. Although NAT testing, at least in
Europe, has identified fewer donors than expected [34], infected
seronegative donors have been found and transfusion of their infectious
blood has been avoided [34-38]. All donated blood and components are
now tested by NAT for HIV and HCV.

| 8.5 Human T-cell lymphotrophic virus |

Donors are tested for antibodies to human T-cell lymphotrophic virus type
I (HTLV-I) and human T-cell lymphotrophic virus type II (HTLV-II) using
an Enzyme Immunosorbent Assay (EIA) method [39]. The assays from
different manufacturers have varying capability to detect HTLV-II. The
testing algorithm is the same as that described for HIV. Supplemental
confirmatory testing is also done using a Western blot with recombinant
DNA-produced and viral lysate antigens.
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' 8.6 Hepatitis tests

Hepatitis B surface antigen

Testing for hepatitis B was introduced in 1971 shortly after the discovery of
the hepatitis-associated antigen. Test methodology evolved over the years,
and at present an immunoassay system is used. Antibody to hepatitis B
surface antigen (HBsAg) is coated onto particles, the donor’s serum is
added, and any HBsAg binds to the particle and is detected by a second
anti-HBs that is linked to an enzyme. The HBsAg test is confirmed using a
neutralization step. This is done by adding known anti-HBs and repeating
the assay. A substantial reduction in activity signifies a true positive or
confirmed positive test.

Hepatitis B core antibody

The hepatitis B core antibody (anti-HBc) test was originally introduced in
hopes of identifying cases of hepatitis B in a phase with no detectable
HBsAg [40]. It appears that anti-HBc does detect a few donors infectious
for hepatitis B but with a negative HBsAg test [15, 16,40-43]. The
anti-HBc test is different than the others in that it is an inhibition-type
assay. HBc is bound to the solid phase, and the indicator (enzyme-linked)
probe is anti-HBc. The anti-HBc in the probe competes with the donor’s
serum sample, and if anti-HBc is present in the donor’s serum there is less
binding of the labeled probe and a reduced assay activity, indicating a
positive test. Unfortunately, this type of assay is subject to greater
variability than the direct-type assay used for other tests, and this has
resulted in a considerable false-positive rate for the anti-HBc test.

NAT for hepatitis B

NAT has not been introduced for hepatitis B because the slow doubling
time of that virus causes low levels of viremia during the window phase
[33]. HBV DNA levels in HbsAg-positive and anti-HBc-positive blood
donors can be extremely low. Current mini pool HBV-NAT methods
would miss about 6% of these donations and about 3% would not be
detected even by single donor NAT. Therefore, the widespread adoption of
NAT testing for HBV has not occurred [44]. It is still hoped that improved
immunoassays will avoid the need for NAT for hepatitis B [33].

Hepatitis C antibody
The hepatitis C antibody (anti-HCV) test is also an immunoassay. Peptides
of the HCV are bound to the solid phase, and an enzyme-linked
antiglobulin is the detection system. The mix of peptides in the assay
system has been modified over the years improving the test performance
and reducing the proportion of false-positive reactions [45]. A
confirmatory test is available using an immunoblot system [46].

Blood donors who have confirmed NAT positive results for HCV in the
absence of anti-HCV are likely to have been recently infected. The most
common reason for this is injection drug use [47]. However, even
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immunocompetent individuals may not have a persistent HCV antibody
response [48].

Surrogate testing for hepatitis using ALT

Studies during the 1970s and 1980s indicated that blood from donors with
an elevated ALT was associated with transmission of non-A, non-B
hepatitis [40,43] (see Chapter 15). In response to these data, many blood
banks initiated testing for both anti-HBc and ALT. Several difficulties were
found in using ALT as a donor screening test. The values are influenced by
age, gender, race, and weight, and the results are a continuous distribution,
making determination of a “cutoff” difficult. Nevertheless, the use of ALT
prior to introduction of HCV testing seems to have been helpful in
reducing posttransfusion non-A, non-B hepatitis (see Chapter 15).
However, with the availability of the specific test for anti-HCV, the ALT no
longer contributes to blood safety, and it has been discontinued [15].

8.7 Managing the results of transmissible disease

testing of donors

Donors must be notified of the results if a screening test is positive. A
repeated reactive (positive) screening test result may or may not
subsequently be confirmed. Thus, the information provided must be
tailored to the specific disease and the nature of the test result. For instance,
even a nonconfirmed but positive initial screening test for HIV may create
serious anxiety in the donor. The information provided should describe
the disease, the significance of the test result, and any recommendations or
implications this has for the donor’s health and future blood donations.
The extent to which blood bank personnel should take responsibility for
providing this information is an interesting issue. Blood bank personnel
usually take primary responsibility for at least the initial consultation. This
is particularly important in notifying people of a positive HIV test. Since
the ramifications of this result are so serious, it is important to do this
personally and to have information and referral systems to knowledgeable
AIDS-treating physicians readily available. Another complicating matter is
that the significance of the test result may not be known. For instance, the
long-term clinical effect of hepatitis C has only become clear during the
last few years. During the early stages of hepatitis C screening of donors,
there was no licensed confirmatory test, and as a result a large portion of
the donors who had a positive screening test were probably not infected.
Thus, the donors had to be told they had a positive screening test for
hepatitis C, but it was not known whether they were infected. Needless to
say, this created considerable anxiety. Another example is the lack of
definitive information on the long-term health impact of an indeterminate
Western blot for HIV. While it appears that these donors may not be
infected (see above), they are deferred from donating blood and cannot be
told definitively that despite a positive screening test they are not infected.
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8.8 Lookback

When a donor is found to have a positive test for HIV, HTLV, hepatitis C,
or hepatitis B, records are reviewed to determine whether the individual
has donated previously. If so, the hospital to which the blood was provided
is notified. They in turn notify the physician of the blood recipient, who is
expected to determine whether and how to inform the patient. This
process is called lookback. The objectives of lookback are to alert the
patient so that he or she can obtain treatment for the disease if indicated
and take steps to avoid transmitting the disease to others. Lookback for
hepatitis C has been complicated by the multiple versions of the screening
immunoassay and confirmatory immunoblot with different sensitivities
and specificities that have been used at different times. The FDA guidance
on lookback was designed to minimize the number of notifications of
recipients of potentially false positive donor blood while identifying
recipients who might have received infectious blood [49, 50]. Hepatitis C
lookback was successful in identifying some HCV-infected patients who
were unaware of their status [51-54], but in the United States only 1-2% of
transfusion recipients were unaware of this [51]. The overall value of
hepatitis C lookback as a public health strategy has been questioned [51].

\ 8.9 Syphilis testing of donated blood \

Syphilis testing has been carried out on donated blood for more than 50
years because of the recognized risk of transfusion-transmitted syphilis
[55] (see also Chapter 15). However, very few cases have been reported for
years, and in the mid-1980s a move was initiated to discontinue testing.
This was because the spirochete is viable in stored blood for only about 96
hours [15], and the serologic test for syphilis is rarely positive at a time
when spirochetes are in the donor’s circulation. A recent study [56] using
nucleic acid amplification technology did not find treponema pallidum
DNA or RNA in any of 169 confirmed STS-positive samples from blood
donors. Thus, the current testing probably does not identify infectious
units [55-57]. However, as the AIDS epidemic began to unfold, the syphilis
test was retained as a surrogate marker of risk for sexually transmitted
diseases, including HIV. This has not proved to be an effective way to
identify HIV-infected donors [15], and syphilis testing need not be
retained for this purpose. Despite the fact that many blood components,
especially platelets, are stored at room temperature conditions that will not
inactivate the spirochete, Schmidt pointed out that there are many reasons
to discontinue syphilis testing in the United States [57], but Greenwalt did
not completely concur [58]. Syphilis is a more common disease in many
parts of the world and testing makes more sense there, but the problem still
remains that most screening methods are not positive when there are
circulating spirochetes. The issue of syphilis testing seems to have little
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scientific basis but is caught up in the FDA’s need to be aggressive in blood
safety policies.

\ 8.10 West Nile virus \

West Nile virus (WNV) infection can be transmitted by transfusion (see
Chapter 15). A nucleic acid amplification test was developed with
unprecedented speed partly due to existing NAT technology for HIV and
HCV testing. Test of blood donated from epidemic areas began in early
summer 2003 [59-62]. While a few infectious units may not be detected
due to low levels of viremia [63], NAT testing has been quite effective in
reducing the likelihood of transfusion-transmitted WNV infection
[59-62]. Routine testing is done in pools similar to HIV and HCV, but due
to low-level viremia, WNV is switched to individual testing during
epidemic season. WNV testing is a nice example of the public health aspects
of blood banking in that test results in the donor population can provide
valuable information about community-wide disease prevalence [64].

| 8.11 Chagas’ disease |

Trypanosoma cruzi, a parasite, can also be transmitted by transfusion
(Chapter 15). Many patients with chronic T. cruzi infection may be
asymptomatic and thus could pass the blood donor medical questions
[65]. The organisms can survive in refrigerated blood and can be
transmitted by transfusion [66], although cases of transfusion-transmitted
Chagas’ disease are extremely rate in the United States [67, 68]. Antibody
tests are currently being evaluated [69].

| 8.12 Bacterial detection

It has been known for years that a small percentage of units of whole blood
contain viable bacteria [70]. There are two general types of concerns:
bacterial contamination of platelet concentrates stored at room
temperature and transmission of bacteria, especially Yersinia enterocolitica,
from red cells stored at refrigerator temperatures. For either of these
situations, the sources of potential contamination are usually blood or the
skin at the venipuncture site, and rarely the environment such as air,
equipment, water, and the phlebotomist and rarely the blood collection
pack. Steps taken to minimize the possibility of transfusion-associated
sepsis include effective skin decontamination, diversion of the first 20-30
mL of blood (see Chapter 4), proper storage and handling conditions, and
detection of bacteria before transfusion [70,71] (see Table 14.10).

The method widely used at this writing is the culture systems that are
used for patient blood cultures [72]. The BacT/ALERT system can be used
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for the detection of bacteria in platelet products with the ability to detect
levels of 10 and 100 CFUs per milliliter [73].

Drawbacks to this approach are that the sample is taken after several
hours to provide time for bacteria to proliferate and reach a detectable level
and then the culture requires about 18 hours. Thus, the testing usually
involves a 1-day delay in product release. In addition, culturing individual
units of whole-blood-derived platelets is expensive and this has led to
further decline in their use. Another system tests platelets at the release for
transfusion when the level of organisms is higher and thus more easily
detected [74]. Current bacterial detection systems do not detect all
contaminated units and they have not eliminated transfusion-related
septic fatalities [75-77].

8.13 Optional tests of donor blood

Cytomegalovirus

Cytomegalovirus (CMV) infection can be transmitted by blood
transfusion, resulting in serious, even fatal, disease (see Chapters 11, 12,
and 15). The primary CMV infection can be mild or asymptomatic, and
the CMV then remains latent in healthy individuals, whose blood can
transmit the disease to susceptible patients [78,79]. It is thought that the
virus remains latent in the donor’s leukocytes, but efforts to develop a test
to detect the virus and thus define true infectivity have not been successful.
As a result, the testing strategy has had to identify potentially infectious
donors by detecting previous exposure to the virus. This is done using a
test for CMV antibody. Alternatively, CMV transmission can be prevented
by removing the leukocytes from the blood components (see Chapter 11).
This section deals with screening donated blood for anti-CMV to prevent
CMV transmission.

CMYV testing is not done routinely on all donated blood. Several types of
CMYV antibody detection methods are available, including enzyme-linked
assays (EIA), latex agglutination, solid-phase immunofluorescence,
complement fixation, and indirect hemagglutination. These methods can
be used to detect IgG or IgM antibodies with a specificity of 85-98% and a
sensitivity of 95-99% [80]. The two assay methods used most commonly
are the EIA and the latex agglutination test. The EIA is done as described
above for other transfusion-transmitted diseases. The microtiter plates are
coated with CMV antigen; the patient’s serum is added, incubated, and
washed away; and any antibody in the patient’s serum bound to the plate is
detected with the enzyme-linked antibody. The latex agglutination test uses
latex particles coated with CMV antigen. Antibodies, if present in the
patient’s serum, bind to the latex particles and the particles form
macroscopically visible agglutinates. The latex test is more convenient to
carry out if only a few samples are to be tested, and this test tends to be
used in hospitals to screen units of blood in their inventory. The ETIA
method lends itself better to large-scale testing. Also, since the EIA test is
similar to other infectious disease tests, it tends to be the test method of
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choice in blood centers for screening large numbers of donors. Both tests
are done on serum or plasma.

CMYV infection is rather common in the general population, with
30-80% of blood donors testing positive with the EIA or latex tests; but
probably only about 1-3% of donors are actually infectious [80].
Unfortunately, these antibody tests do not distinguish those donors who
are truly infectious. IgM antibodies may indicate recent infection and
suggest that a donor is more likely to be infectious, but this has not proved
to be very effective in identifying truly infectious donors. Although
polymerase chain reaction is a very sensitive assay to detect viral DNA, this
has not yet been developed into a practical screening test for CMV in blood
donors. Thus, the donor-screening approach to prevention of transmission
of CMV is screening of donors for antibody to CMV and use of only CMV
antibody-negative blood components for susceptible patients.

Parvovirus and hepatitis A virus

These viruses can be transmitted by transfusion (see Chapter 15) but the
main concern with these viruses is transmission via plasma derivatives,
since the viruses are not inactivated during manufacture. NAT techniques
are available and effective for detection of parvovirus and hepatitis A virus
(HAV) and are often discussed together because of regulatory issues, not
biological similarity. NAT for these viruses is now done for source plasma
(intended for the manufacture of derivatives). NAT for parvovirus and
HAV is presently considered an “in-process control” by FDA and, thus,
donor notification is not required. If NAT for parvovirus and HAV is used
for whole blood donors, the regulatory framework of in-process control
versus donor screening test with its attendant ramifications will need to be
determined.

Other red cell antigens

Donors are not routinely typed for other red cell antigens. Occasionally a
blood bank or donor center may wish to screen donors for particular
antigens to increase the blood center’s rare donor file. The particular
antigens being sought depend on local circumstances and the availability
of good reagents.

HLA or granulocyte antibody detection in donors

Because of the possibility that HLA or granulocyte antibodies in donors
may be involved in transfusion-related acute lung injury (TRALI) (see
Chapter 14), it has been suggested that blood from multiparous donors not
be used as whole blood or plasma components unless it has been screened
for these antibodies [81]. This practice has not been implemented, possibly
because newer information suggests that cytokines or other inciting factors
may play an important role in TRALI and screening of donors for these
antibodies may not be especially helpful. This remains an important issue,
however, and such screening may be implemented in the future so that
transfusion of plasma containing these antibodies can be avoided. An
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alternative to laboratory testing is to avoid using plasma from multiparous
or previously transfused donors.

Platelet-specific antibodies and antigens

Donors’ blood is not routinely tested for platelet-specific antibodies.
Occasionally some blood centers may screen donors for a limited time to
identify donors negative for the HPA1 (PIA1) platelet-specific antigen. This
is the antigen most commonly involved in alloimmune neonatal
thrombocytopenia or posttransfusion purpura (see Chapters 10 and 12),
and many blood centers like to maintain a file of donors known to lack this
antigen. The donors can be called upon to donate platelets if needed for
patients with anti-HPA1 antibodies.

Screening donors for IgA deficiency

IgA levels are not routinely determined in donated blood. Some blood
centers occasionally screen donors for a limited time to establish a file of
donors known to be IgA deficient. The donor record can be annotated so
that when the individual donates, the plasma from the unit can be frozen
and saved for future use for IgA-deficient patients. Also, those donors can
be called upon to donate platelets if needed for IgA-deficient patients.

' 8.14 Summary

Laboratory testing of donated blood is composed of both red cell typing
and transmissible disease testing. Each of these kinds of tests is under
increasing stringency. As electronic systems are used increasingly for data
management, repeated red cell laboratory tests are being eliminated,
placing increased importance on the accuracy of the original donor type
result (see Chapter 10). Transmissible disease tests are an essential part of
the strategy to minimize the risks of blood transfusion. The increasing
complexity of these tests has led to consolidation of the testing into larger
laboratories and the use of computer control systems, making the entire
donor testing process much more extensive and intricate than just a
decade ago.
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\ 9.1 Red blood cell antigens and groups \

RBC cell surface antigens are classified by the International Society of
Blood Transfusion. A total of 308 red cell antigens are classified as systems,
collections, low-frequency antigens, and high-frequency antigens [1,2]. Of
these, 270 are categorized in 30 major discrete systems (Table 9.1). This
chapter describes the red cell antigens and systems and the platelet and
neutrophil antigens and antibodies that are most commonly involved in
the clinical practice of transfusion medicine.

The biochemical composition, molecular weight, and number of
antigens per red cell have been established for many antigens (Table 9.2).
The nature of the molecules and the genes responsible have been identified
for all of the 30 blood group systems and the function of many of these
molecules is known [3,4]. Reference texts [4,5] provide a more
comprehensive description of the hundreds of known red cell antigens. An
outstanding review of the red cell membrane was published in 2008 [6]

There are two basic kinds of blood group antigens. Carbohydrates
attached to either proteins or lipids determine one group of antigens.

The specificity of these blood group antigens is determined by sugars, and
thus the genes responsible for these antigens code for an intermediate
molecule, usually an enzyme that creates the antigenic specificity by
transferring sugar molecules onto the protein or lipid. Thus, certain
proteins exposed on the outer surface of the red cell will express the
carbohydrate-determined antigens (Figure 9.1). The carbohydrate-defined
antigens are ABO, Lewis, Hh, and P. The second type of antigen is
determined by amino acid sequences of proteins that are directly
determined by genes. It is believed that proteins carrying blood group
antigens are inserted into the red cell membrane in one of three ways:
single pass, multiple pass, and linked to phosphatidylinositol (Figure 9.2).
The size of the molecule containing the blood group antigens ranges from
25 to 100 kD, and the number of antigen sites from just 1500 to more than
1,000,000 per red cell (Table 9.2). The following discussion provides a brief
synopsis of the major blood group systems.

Transfusion Medicine, Third Edition. Jeffrey McCullough.
© 2012 Jeffrey McCullough. Published 2012 by Blackwell Publishing Ltd.
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Table 9.1 Major red blood cell group systems containing 230 antigen specificities.

Number of
Number Name Symbol antigens
001 ABO ABO 4
002 MNS MNS 46
003 P P1 1
004 Rh RH 50
005 Lutheran LU 19
006 Kell KEL 31
007 Lewis LE 6
008 Duffy FY 6
009 Kidd JK 3
010 Diego DI 21
011 Yt YT 2
012 Xg XG 2
013 Scianna Sc 7
014 Dombrock DO 6
015 Colton Cco 3
016 Landsteiner-Wiener LW 3
017 Chido/Rogers CH/RG 9
018 H H 1
019 Kx XK 1
020 Gerbich GE 8
021 Cromer CROM 15
022 Knops KN 9
023 Indian 4 4
024 Ok OK 1
025 Raph RAPH 1
026 John Milton Hagen JMH 5
027 | | 1
028 Globoside GLOB 1
029 Gill GIL 1
030 RHAG RHAG 3

Source: Garratty G. Advances in red blood cell immunology 1960 to 2009. Transfusion
2010; 50:526-535. Daniels G, Castilho L, Flegel WA, et al. International Society of Blood
Transfusion Committee on Terminology for Red Cell Surface Antigens: Macao Report. 3.
Vox Sang 2009; 96:153-156. Daniels G. Functions of red cell surface proteins. Vox Sang
2007; 93:331-340. Daniels G. Human blood Groups, 2nd ed. Cambridge, MA: Blackwell
Science, 2002. Reid ME, Lomas-Francis C. The Blood Group Antigen Facts Book, 2nd ed.
London: Academic Press, 2004. Daniels GL, Fletcher A, Garratty G, et al. Blood group
terminology 2004. From the ISBT Committee on Terminology for Red Cell Surface
Antigens. Vox Sang 2004; 87:304-316.

| 9.2 ABO system

The ABO system was the first red cell blood group system to be identified,
and its discovery led to the Nobel prize for Landsteiner (see Chapter 1) [7].
Landsteiner observed agglutination reactions by mixing various
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Table 9.2 Molecular and biochemical characteristics of the ISBT designated systems.

Chromo-  Number Molecular
some of  of antigen weight of RBC membrane

gene sites x 10°  antigen components associated Antigen
Number  System name location red cell (kD) with antigen expression composition
001 AB 9 1000 90-100 Anion transport protein Glycoprotein
(band 3)
018 H 19 CD 173 Glycoprotein
007 Lewis 19 Not Not Not applicable Carbohydrate
applicable  applicable
003 P 22 Unknown  Unknown  Globoside | Carbohydrate
004 Rh 1 100-200  30-32 Polypeptides Lipoprotein
100-200  45-100 Polypeptides Lipoprotein
016 LW 19 3-5 40 CD 242, ICAM, IgSF Glycoprotein
002 MNSs 4 200-1000 432 Glycophorin A and B
006 Kell 7 3-6 937 CD 239 Endopeptidase Glycoprotein
019 Kx X Unknown 32 Unknown Protein
008 Duffy 1 12 40-66 CD 234 Receptor Glycoprotein
005 Lutheran 19 1-4 78-85 Cd 239 IgSF Glycoprotein
020 Gerbich 2 60-120 39¢ Glycophorin C Glycoprotein
15-20 30? Glycophorin D Glycoprotein
009 Kidd 18 14 43 Urea transporter Glycoprotein
012 Xg X Unknown  22-29 CD 99 Glycoprotein
015 Colton 7 120-160  40-60 Aquaporin Glycoprotein
017 ChidoRogers 6 Unknown 96 C4A, C4B Glycoprotein
026 John Multon 15 Unknown  Unknown  CDW108 semiphorin
Hagen
025 Raph 11 Unknown  Unknown  Unknown Glycoprotein
024 Ok 19 Unknown  Unknown CD147 Glycoprotein
010 Diego 17 15 Unknown  Band 3, lon exchanger Glycoprotein
011 Yt 7 Unknown  72-160 Acetylcholinesterase Glycoprotein
021 Cromer 1 Unknown 70 Decay accelerating factor ~ Glycoprotein
014 Dombrock 12 Unknown  46-57 Rebosyl transferase Glycoprotein
013 Scianna 1 Unknown  60-68 Unknown Glycoprotein
022 Knops 1 Unknown 200 CD35; CR1 Glycoprotein
023 Indian 11 6-10 80 CD44 Glycoprotein
li Unknown 120 55 Glucose transport protein  Glycoprotein

(band 4.5) Poly-N-acetyl
lactosaminyl glycolips
Glycolipid

Source: Adapted from Garratty G. Advances in red blood cell immunology 1960 to 2009. Transfusion 2010;
50:526-535. Daniels G, Castilho L, Flegel WA, et al. International Society of Blood Transfusion Committee on
Terminology for Red Cell Surface Antigens: Macao Report. 3. Vox Sang 2009; 96:153-156. Daniels G.
Functions of red cell surface proteins. Vox Sang 2007; 93:331-340. Daniels G. Human blood Groups, 2nd
ed. Cambridge, MA: Blackwell Science, 2002. Reid ME, Lomas-Francis C. The Blood Group Antigen Facts
Book, 2nd ed. London: Academic Press, 2004.

2These molecules give anomalous apparent molecular weight on SDS PAGE. Fy antigen activity is observed
over a broad range of molecular weights (38-90 kD); the value given corresponds to the region of greatest
activity.
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Figure 9.1 Schematic diagram of the site of action of ABH genes. Gal, galactose; Fuc,
fucose; GIcNAc, N-acetyl glucosamine; GalNAC, N-acetyl galactosamine.

combinations of cells and sera from himself, four doctoral students
working in his laboratory, and another subject. This simple set of
experiments was the beginning of red cell serology and blood groups.
Landsteiner had identified the clinically most important red cell antigen
system (Table 9.3), because most individuals have circulating A and B
antibodies that are usually complement-fixing antibodies and cause
intravascular hemolysis. The antigenic determinants for A, B, and H are
found widely throughout our environment on bacteria, plants, food, and
dust. Exposure to these antigens causes the normal development of
antibodies against whichever ABH antigens are absent in the individual
(Table 9.4).

Genes and composition

ABH antigen activity is determined by sugars that are linked either to
polypeptides (forming a glycoprotein) or to lipids (forming a glycolipid).
Because the antigenic activity is determined by sugars in a carbohydrate
structure, the antigens are not directly determined by genes. Instead, the
ABH genes determine proteins that are sugar-transferring enzymes
collectively called glycosyltransferases. Genes for three different blood
group systems (ABO, Hh, and Sese) control the expression of ABO
antigens. Each A, B, and H gene codes for a different enzyme (glycosyl
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Figure 9.2 Models for insertion of RBC membrane proteins. The blood group systems that
are associated with different RBC membrane components are shown in the boxes. An
asterisk represents a blood group collection or unassigned high-prevalence antigen. CHO
represents carbohydrate moieties. The multipass membrane proteins carrying Rh, Kidd,
Diego, Colton, and Kx antigens are oriented with their amino (NH,) and carboxyl (COOH)
termini to the inside of the membrane. The number of membrane passes differs for each
protein, as does the glycosylation. (Reproduced with permission from Reid ME. Molecular
basis for blood groups and function of carrier proteins. In: Silbertsein LE, ed. Molecular and
Functional Aspects of Blood Group Antigens. Bethesda, MD: American Association of Blood
Banks, 1995:75-126.)

Table 9.3 A, A,BO phenotype, gene and genotype frequencies in southern England in 1939.

Calculated Calculated

Phenotype Frequency Gene frequency Genotype frequency
(0] 0.43 6] 0.6602 0/0 0.43
Al 0.35 Al 0.2090 Al/A! 0.04
A'/0 0.28
Al/A? 0.03
A? 0.10 A2 0.0696 A2/A? 0.00
A%/0 0.09
B 0.09 B 0.0612 B/B 0.00
B/O 0.08
AB 0.03 A'/B 0.03
A,B 0.01 A’/B 0.01
1.00 1.0000 1.00

Source: Adapted from Daniels G. Functions of red cell surface proteins. Vox Sang 2007; 93:331-340.
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Table 9.4 Genes and antigens of the ABH system and ABO type of donor red cells suitable for patients of
different ABO types.
Antigen- Other
determining  ABN ABO  Antibody Preferable acceptable
Gene  Glycosyl transferase sugar antigen  type  present donor donors?
A N-Acetyl galactosamine ~ N-Acetyl A A B A (]
transferase galac-
tosamine
B D-Galactosyl transferase  D-Galactose B B A B 0]
H L-Fucosyl transferase L-Fucose H O A&B 0} None
A &B All above All above A&B AB None AB A or B or Q°

2If blood is used as red blood cells.
bGroup A is preferable.

transferase), which places a different sugar on the polypeptide or lipid to
produce the unique antigen (Table 9.4, Figure 9.1). The genes for the ABO
system are on chromosome 9 [8,9]. The O gene is similar to the A gene
except for one base deletion that causes a frame shift and premature stop in
transcription [10-12]. The result is lack of production of a functional
protein (enzyme), and so there is no product of the O gene and O is a null
phenotype of A and B. The B gene differs from the A gene by four amino
acid substitutions [13] Some of the differences have more impact on the
resulting protein, but in general, the substitutions result in the two
different enzymes and different sugar attachments, giving different antigen
specificities [12-15].

At least 40 different alleles of the O gene have been characterized but in
studies of individuals from four continents (Africa, Europe, South
America, and Asia), it could be determined that most O alleles are derived
by point mutations from the two worldwide distributed alleles 001 and
002. Phylogenetic analysis suggests that at the evolutionary rate, the alleles
of the three human ABO lineages probably developed 4.5 to 6 million years
ago [16].

| 9.3 A and B subgroups

Before the structure and number of A and B antigens was known, it was
observed that red cells from some group A individuals react weakly or not
at all with anti-A sera. These were called A subgroups and were named A2,
intermediate (A int), A3, Ax, Am, Ay, Ael, and Aend. It was thought that
different forms of the A antigen might exist and that sera contained
mixtures of antibodies to these different A subgroup antigens. Now it
appears that these differences in reactivity are caused by variability in the
ABO genes, resulting in variations in the A antigen structure or the number
of antigen sites [3, 13]. For instance, the number of A sites ranges from
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approximately 800,000/red cell for Al to 250,000 for A2 to as few as 700 for
Am. In addition, the A2 gene differs from the Al gene by one base pair,
resulting in a different protein product but also differences in the number
of antigen sites [3,13]. Some individuals with these weak A subgroups
form anti-A antibodies, probably indicating a qualitative difference in their
A antigens. However, A2 red cells will absorb anti-Al, suggesting that the
differences may be more quantitative. Thus, it appears that A subgroups
may result from either qualitative or quantitative differences.

ABO variants such as A,, A, etc. may be due to single nucleotide
mutations [13]. Genes for the Hh system are on chromosome 19. The H
gene enables the attachment of L-fucose to the polypeptide or lipid chain.
If no A or B gene is present, the H specificity remains and the individual is
a type O, since the O gene is nonfunctional. These group O red cells do not
react with anti-A or anti-B. If an A or B gene or both are present, additional
sugars are attached to the L-fucose, giving A, B, or AB specificity. Thus,
ABO specificity depends on both the ABO and the Hh genes (Figure 9.1).

Bombay type

The very rare Bombay phenotype, first recognized in India, lacks the H gene
and is homozygous for its allele h (they are hh). The notation Oh is used
for the Bombay type. The lack of an H gene does not allow the attachment
of L-fucose to the protein or lipid, and thus the individuals express very
little H antigen (Figure 9.1). They type as group O, since their red cells do
not react with anti-A or anti-B and their serum contains anti-A and anti-B.
However, their serum also contains anti-H, which reacts with group O red
cells and can cause hemolysis in vivo. It is fortunate that such individuals
are rare, because finding compatible red cells is extremely difficult.

The only suitable red cells are those from another Bombay individual.

Antigen distribution and subgroups

ABH antigens are widely distributed throughout the body. The ABH
antigens present on red cells may be in either the glycoprotein or the
glycolipid form. ABH glycolipids are also part of most endothelial and
epithelial membranes. In addition, the ABH glycolipids are present in a
soluble form in plasma. Most other body fluids and secretions contain
soluble ABH antigens, but those are in the glycoprotein form. The ability
to secrete soluble ABH antigens is controlled by a secretor (Se) gene, which
is separate from the ABH system.

In a normal adult, the number of A antigen sites ranges from 1,600,000
(A1l individual) to 800,000 (A2 individual), to 700 (Am individual). The
number of B antigen sites is 600,000-800,000, and the number of A, B
antigen sites about 800,000 [3,4]. Normal newborns have approximately
one-third the adult numbers of antigen sites.

Antibodies of the ABH system

These antibodies begin to appear during the first few months of life,
probably from exposure to ABH antigen-like substances in the
environment. Thus, these antibodies are called “naturally occurring,” but
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the implication that they form without antigenic stimulation is incorrect.
Anti-A or anti-B antibodies are usually combinations of IgM and IgG.
Because of the IgM content, these sera almost always cause
agglutination—even at room temperature—of red cells containing the
corresponding antigen. The IgM composition makes these antibodies
effective in fixing complement, and so they can be very dangerous clinically.

Immunization to A or B antigens can also occur by transfusion of
incompatible red cells, inoculation with vaccines containing A or B
antigens, transfusion of plasma containing soluble A or B antigens, or
pregnancy with an ABO-incompatible fetus. Following these kinds of
immunization, the A or B antibody may become more active at 37°C, have
a higher IgG component, increase in titer and/or avidity, and become more
strongly hemolytic and thus even more clinically dangerous.

The A subgroups are not of major clinical importance but may cause
difficulties in the serology laboratory. Approximately 1-8% of an A
individual’s and 20-35% of an AB subgroup individual’s sera may contain
A antibodies. However, these usually do not react at 37°C and are not
considered clinically significant. In rare situations where the anti-A reacts
at 37°C, donors whose red cells are A2 can be easily identified, and red cells
from a compatible donor can be provided. Subgroups of B exist but are
rare [3]. These individuals may also have anti-B in their serum. Since
donors with B subgroup red cells are also rare, group O red cells can be
used for transfusion.

Anti-H antibodies can occur in persons with little or no H antigen on
their red cells. Thus, Bombay type individuals (who lack the H gene and do
not make H antigens) have a very active anti-H, which binds complement
and causes hemolysis. A few persons of type A or AB make anti-H,
probably because almost all their H antigen has been converted to A or B.
These anti-H antibodies usually do not react at body temperatures and do
not cause hemolysis.

| 9.4 The Rh system

The second most important red cell antigen system is the Rh system. This
is because a substantial proportion of the Caucasian population lacks the
major Rh antigen known as D; the likelihood of becoming immunized to
the D antigen is very high and anti-D has serious clinical effects, causing
hemolytic disease of the newborn (HDN) and/or transfusion reactions.

Discovery

In 1939, Levine and Stetson [17] reported the case of a woman who
delivered a fetus affected by HDN and upon receiving a transfusion of her
husband’s blood experienced a severe transfusion reaction. They
hypothesized correctly that the woman had become immunized to a factor
that her child had inherited from the husband (father) but that she lacked.
In 1940, Landsteiner and Wiener [18] obtained an antibody from guinea
pigs and rabbits immunized with rhesus monkey red cells. This serum had



180

Transfusion Medicine

a pattern of reactivity similar to that of Levine and Stetson’s patient, and so
the blood group system was named Rh for rhesus monkey. Later work
established that the animal anti-rhesus sera and the human antibody did
not detect the same antigen, but by that time the nomenclature was
established. The pattern of reactivity and the antigen identified by the
monkey serum has been named LW in honor of Landsteiner and Wiener.
LW is assigned to a different red cell antigen system.

Nomenclature and genetics
The Rh system contains at least 50 different antigens and thus is the most
complex blood group system. The antigen detected in the original Levine
and Stetson patient’s serum is the D antigen. This is present in about 85% of
North American Caucasians and is the basis for determining Rh positivity
or negativity, that is, persons whose red cells contain the D antigen are
Rh positive and those whose red cells lack the D antigen are Rh negative.
Four other antigens (C, ¢, E, and e) were identified that seemed to be
inherited in various combinations along with D and became part of the Rh
system (Table 9.5). These four antigens, along with D, account for almost all
of the Rh-related transfusion problems encountered in practice. Different
nomenclature systems have been used to describe the Rh system (Table 9.5).
The Wiener system supposed that the gene product was a single entity with
multiple serologic specificities [19]. The Fisher—Race system postulated
three closely linked loci, each with its own gene and gene product [20].
The terms that each of these nomenclature systems applied to the different
patterns of serologic reactivity are shown in Table 9.5. The Fisher—Race
notations are most commonly used because they fit most easily with
the serologic reactions obtained in practice. There are two Rh genes—RHD
and RHCE [21]. RHD accounts for the many epitopes of D. There
may be one or two copies of the RHD gene. Rh-negative individuals lack
the RHD gene and thus that polypeptide. This explains why the d antigen
was never found. The RHCE gene codes both the Cc and Ee polypeptides.
There are four alleles at this locus: RHCE, RHCe, RHcE, and RHce.
The full-length transcript of each gene encodes a polypeptide of 416 amino
acids [21]. Thus, it appears that there are two Rh genes, not either one
or three. Based on present understanding of the biochemical composition
of the Rh antigens and their genetic control, the longstanding debate
between Wiener and Race probably ends in a draw—a fitting conclusion.

Structure and composition of the D antigen

The D antigen is a 30-kD polypeptide that is associated with the red cell
membrane skeleton [22,23]. The protein has an external and
intramembranous domain but no cytoplasmic domain (Figure 9.2). There
is considerable similarity among the Rh proteins. The C and c antigens
differ in only four amino acids, and E and e in only one amino acid. In
contrast, the membrane protein in D-positive individuals possess 36 amino
acids lacking in D-negative individuals. There are approximately 30,000 D
antigen sites per cell [24]. These antigens cannot move laterally within the
membrane but instead are fixed about 70 nm apart [25]. This distance
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Table 9.5 Serologic reactions and the Weiner and Fisher—Race nomenclature for the Rh system.
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Reaction with anti- Weiner Fisher-Race

Most likely Most likely

D C E C e genotype Phenotype  Antigens  genotype Phenotype  Antigens

+ + O + + Ry R,r Rh, rh’ CDe/cde CcDee CDce

hr'
hr

+ 4+ O O + RMR! R.R, Rh, rh’ CDe/Cde CCDee CDe

hr

+ O + + + R¥ R, Rh, rh’ cDE/cde ccDEe cDEe

rh’
hr"

+ 0O + + O RR? R,R, Rh, rh’ cDE/cDE ccDEE cDE

hr"

+ 4+ + + + RR? R,R, Rh, rh’ CDe/cDE CcDEe CcDEe

rh”’
hr'
hr”

+ @ 0 + + RO R-r Rhohrhr cDe/cde ccDee cDe

0
O 0O O + + s hr’ cde/cde ccee ce

hr"

O + O + + s rh’ Cde/cde Ccee Cce

hr'
hr”

O O + + + rr rh” cdE/cde ccEE cEe

hr'
hr

O + + 4+ + rr rr rh’ Cde/cdE CcEe CcEe

rh”’
hr'
hr"

Source: Adapted with permission from McCullough J. Transfusion medicine. In Handin RI, Lux SE, Stossel TP,

eds. Blood: Principles and practice of hematology. Philadelphia: J.B. Lippincott Company, 1995:1961.

between the D antigen sites probably accounts in part for the lack of
complement fixation in D antigen—antibody reactions.

Weak D, D variant, Du, and partial D

Many red cell antigens show different degrees of reactivity, but this is more
of a problem with the D antigen because all donors and patients are typed
for D and it is important to choose D-negative red cells for D-negative
patients. There are many phenotypes of D, and in some of these a portion
of the D molecule may be missing. Some individuals who inherit the D
antigen have red cells that react weakly or not at all with certain anti-D
reagents. Thus, these individuals may appear to be Rh negative. This
situation has been called D variant or Du, but the contemporary term is
weak D. The weak D or partial D phenomenon can be caused by single
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nucleotide mutations that change amino acids resulting in different
insertions of the D protein in the red cell membrane or difference in
exposure the protein or the number of available D antigen sites. Portions of
the RHD gene can be replaced with portions of RHCE resulting in a hybrid
D protein with fewer D antigen sites also called partial D. Very low levels of
D (D-el) can be found in some apparently D negative individuals due to
RHD mutations that reduce D expression. Alternatively, the presence of the
Ce antigens in the trans position can reduce the expression of D. Thus,
there are several different mechanisms leading to weak D expression [3].
These three forms of weak D occur in about 1% of all Rh-positive
individuals. The gene interaction and weak D are more common than the
D mosaic.

These observations are of intellectual interest and also have clinical
impact. Persons who are weak D have the D antigen, although some may
lack a part of it. Thus, the rare recipient who is weak D because of a partial
absence of D and receives D-positive red cells could make anti-D.
Recipients who are weak D because of D—Ce interaction have all the D
antigens and can receive D-positive blood. However, it is not necessary to
determine whether recipients who appear to be Rh negative are in fact
weak D, because they will receive Rh-negative red cells since they type as
Rh (D) negative. Weak D donors are of greater concern. They may type as
Rh negative but contain some D antigen that could immunize an
Rh-negative recipient. Thus, donor red cells must be tested for Rh (D)
using methods that will detect the weak D antigens (see Chapter 7).

Rh null type

Rare individuals lack all the Rh antigens and the Rh protein. This may be
due to the absence of the RHAG gene that regulates the expression of Rh
antigens or to the presence of an amorphic gene at the RHD locus on
chromosome 1 [3]. Rh-null individuals have abnormal red cell
morphology and hemolytic anemia that is usually sufficiently compensated
to result in only mild anemia. If exposed to Rh-positive red cells, these
persons make an antibody that reacts with all red cells other than Rh null
and is considered to be reactive against the entire Rh molecule.

Rh antibodies

The most common Rh antibody is anti-D. This is almost always an IgG, is
reactive at 37°C, and does not bind complement effectively. The antibody
causes HDN or serious transfusion reactions and red cell destruction by
accelerated clearance of cells through the mononuclear phagocyte system
(Table 9.6 and Chapters 12 and 14).

' 9.5 Other red cell blood groups

Kell system
The Kell blood group system was the first system to be identified using the
antiglobulin test. Currently it includes 31 alloantigens, which includes five
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Table 9.6 General laboratory reactions of some blood group antibodies.
Optimum Reaction
RBC antigen Protein type temperature medium Binds complement Causes HDN
ABO IgM 20°C Saline Yes Yes
Lewis IgM 20-37° C Variable Yes No
| IgM 4°C Saline Some No
P IgM 4-20°C Saline Only anti-TJA No
MN IgM 4-20°C Saline Some anti-Ss
Lutheran IgM, IgA Variable Saline Some or AHG Occasionally
Rh 19G 37°C AHG No Yes
Kell 19G 37°C AHG No Yes
Duffy 19G 37°C AHG No Rare
Kidd 19G 37°C AHG All Yes

sets of antithetical antigens. The Kell antigens are numbered. The primary
antigens of this system are Kell (K or KEL1) and its antithetical antigen
Cellano (k or KEL2). Other antigens of the Kell system are Kp (a, b, and ¢),
and Js (a and b). The antithetical sets are Kk, Kp(a)(b), and Js(a)(b). The K
gene is an autosomal dominant whose frequency differs considerably in
different populations.

The Kell gene is located on chromosome 7, has 2500 base pairs, and
encodes for a 732-amino acid protein [26]. Polymorphism in the Kell
system is due to single amino acid substitutions [3]. The Kell molecule is a
93-kD glycoprotein [26-28] that spans the membrane and has a large
extracellular portion. The antigen reactivity probably depends on
maintenance of the tertiary structure of the surface of the molecule. Kell is
one of the first red cell antigens to appear on erythroid progenitors. Thus,
in HDN due to anti-K, there may be less hemolysis but more suppression
of erythropoiesis compared to anti-D [13].

The Kell system is important clinically because the K antigen is next in
immunogenicity after D and because antibodies to Kell system antigens (or
anti-K) are usually IgG, react at 37°C, and do not bind complement, but
can cause severe hemolytic transfusion reactions and HDN (Table 9.6). It is
not customary to type donors or recipients for Kell unless the recipient has
a Kell antibody. The KK phentoype (k-) is very rare but anti-k, when it
occurs, causes hemolytic transfusion reactions and HDN. A search for KK
donor red cells can be difficult. Transient weak expression of Kell antigens
occurs sometimes associated with bacterial infections. Often
autoantibodies with Kell specificity are found in these patients [3].

The Kell glycoprotein is located very close to the integral membrane Xk
protein that contains the Xk blood group antigen. Chronic granulomatous
disease (CGD) is a congenital absence of a superoxide-producing
cytochrome that interferes with the normal oxidative response of
neutrophils so that their bactericidal activity is diminished and patients
suffer severe, life-threatening infections. The genetic defect associated with
CGD is on the X chromosome near the Kell-related locus, Kx. Rare
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individuals who lack Kx are said to have the McLeod phenotype [29]. In
the McLeod phenotype, the red cells express Kell system antigens weakly
and have bizarre shapes, and patients have a chronic compensated
hemolytic anemia. The occurrence of the McLeod phenotype in some
patients with CGD led to the discovery that the McLeod syndrome involves
a spectrum of abnormalities in addition to those involving the Kell system.
Other associated abnormalities occur in red cells (acanthocytosis,
compensated hemolysis, increased red cell phosphorylation) the nervous
system (areflexia, choreiform movements, mild dysarthria, neurogenic
myopathy, and muscle wasting), the cardiovascular system
(cardiomyopathy), and granulocytes (CGD). Other changes such as
reduced haptoglobin, elevated creatinine phosphokinase, lactic
dehydrogenase, and carbonic anhydrase may be found.

Duffy system

Duffy was the first blood group locus to be identified on an
autosome—chromosome 1. The system was first identified by finding
anti-Fy? in the serum of a transfused hemophiliac. The Duffy system is
composed of six antigens: Fy?, Fy®, Fy>, Fy*, Fy’, and Fy°. The Duffy
antigen molecule is a glycoprotein with a molecular weight of about a
36,000 kD. The molecule containing the Duffy antigens is called the Duffy
antigen receptor for chemokines (DARC) (see section on Function). There
are approximately 13,000 Fy® or Fy® antigen sites on each red cell in
persons homozygous for the Fya or Fyb gene [30,31]. Red cells from
individuals heterozygous for Fy* or Fy® contain about 6000 antigen sites
per red cell. These red cells often show a weaker agglutination than
homozygous cells in serologic tests—a phenomenon called dosage effect.
This can have a practical clinical effect. A patient with a weak anti-Fy*
might have a compatible crossmatch when serum is tested against
Fy(a+b+) donor red cells. If an effective antibody screening procedure
(see Chapter 7) was not carried out, the patient could receive Fya+ red
cells that appeared to be compatible.

The Duffy system is unusual because the antigen frequency varies
substantially in different racial groups. In general, the Fya gene has a high
incidence in Asians and moderate incidence in Caucasians. A third allele Fy
does not produce a Duffy molecule and such individuals are Fy(a—b—).
This gene has a high incidence in Africans. Both Fya and Fyb antigens are
detectable during fetal development and present in normal strength at
birth.

Fy* antibodies are rather frequently encountered in immunohematology
laboratories and may cause hemolytic transfusion reactions or HDN.
Although they may be severe, transfusion reactions to Fy* are not frequent
and the HDN is usually mild (Table 9.6). Anti-Fy® is an infrequent cause of
transfusion reactions and HDN. Other Duffy system antibodies have not
been implicated in clinical problems.

One of the most interesting features of the Duffy system is its association
with malaria. Fya(a—b—) red cells are resistant to infection by Plasmodium
knowlesi [32] and Plasmodium vivax. The malaria parasites are unable to
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penetrate red cells lacking the Fy* and Fy® antigens because they do not
establish a junction site [33]. In West Africa most blacks have the Fy gene
and are Fy(a—b—) and resistant to P. vivax malaria; thus, a natural
selection process might have been in effect.

Kidd system

The three antigens of the Kidd system (Jk?, Jk®, and Jk?) were discovered
during the 1950s; no new antigens in this system have been reported since
then. There is a rare null phenotype, Jk(a—b—), and Jk? is a high-incidence
antigen. The Kidd glycoprotein is on the red cell urea transporter and is
also found on neutrophils and renal medullary cells [34].

Red cells from individuals homozygous for Jk* contain about 11,000
antigen sites [31]; Kidd antigens are well developed at birth. Kidd antigens
may be altered by products of bacteria in infected patients. For instance,
Proteus mirabilis and Streptococcus faecalis can cause Jk(b+) cells to
become reactive with anti-Jk?, and autohemolysis can occur.

Kidd antibodies are usually IgG but can also be a mixture of IgG and
IgM. They often bind complement and can cause severe hemolytic
transfusion reactions but usually cause only mild HDN (Table 9.6). In
vitro Kidd antibodies may react weakly and yet cause severe hemolysis
despite being IgG. The relatively low number of Kidd antigen sites [11,000]
should mean that the distance between antigen sites is too great for
complement activation by an IgG molecule; however, the antigens
probably are clustered, thus accounting for weak serologic reactivity,
complement activation by IgG, and severe clinical effects.

A unique characteristic of Kidd antibodies is that they often disappear.
Thus, they may cause delayed hemolytic transfusion reactions (see Chapter
14). This occurs when the patient has been immunized previously by
pregnancy or transfusion but no longer has circulating antibody, so all the
pretransfusion tests are compatible; yet if the patient receives Kidd-positive
red cells, the antibody may be resynthesized rapidly, causing hemolysis of
the transfused red cells a few hours to days later. Another feature of Kidd
blood group serology is the phenomenon of “dosage.” That is, anti-Jk* may
react more strongly with red cells homozygous for Jk* than heterozygous
Jk(a+b+) cells. Thus, the antibody can be missed in laboratory tests if
homozygous antibody detection cells are not used (see Chapter 8).

Lutheran system

The Lutheran system has 19 antigens including four anti-thetical pairs and
others of high prevalence. The four pairs are Lua/Lub; Lu6/Lu9, Lu8/Lul4,
and are a Aub. The Lutheran system was known to be linked to the third
component of complement, and the location of the C3 gene to
chromosome 19 led to the localization of the Lutheran gene to that same
chromosome [35]. Lutheran antigens are part of a glycoprotein molecule
of 78-85 kD that traverses the red cell membrane. The number of antigen
sites has been reported to be 1000-4000 per cell, depending on the
zygosity. The Lutheran glycoprotein is part of the immunoglobulin
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superfamily of molecules that function as receptors or adhesion molecules.
Lutheran antigen strength (number of sites) varies among families and
among red cells of an individual. Thus, Lutheran typing may show a mixed
field pattern of reactivity.

The antigens are not well developed at birth, and so antigens and
antibodies of the Lutheran system cause only mild hemolytic disease of the
newborn. Lutheran antibodies may be IgG or IgM or mixtures of these
with IgA (Table 9.6). The most common Lutheran antibodies are anti-Lu®
and anti-Lu®. Anti-Lu® is usually not active at body temperatures and thus
is not a problem clinically. These antibodies have not been implicated in
immediate hemolytic transfusion reactions or in HDN requiring exchange
transfusion. Anti-Lu® is rarely found because the incidence of Lu(a+) red
cells is low; thus, although most patients are Lu(a—), they are rarely
exposed to the antigen. Laboratory test cells often are not Lu(a+), so the
antibody is not detected. Fortunately, even if the antibody is missed in the
antibody detection test, patients with the antibody would rarely receive a
transfusion of Lu(a+) red cells. Anti-Lu® may cause accelerated
destruction of incompatible red cells. However, this antibody is also rarely
found because almost all individuals are Lu(b+).

MNSs system

The M and N blood group was the second system discovered. This was
done by immunizing rabbits with human red cells. The system has five
major antigens: M and N, which are antithetical; S and s, which are
antithetical; and U, which is present in all individuals who possess M or N
and S or s antigens and in some S-s- individuals. They are considered part
of the same blood group system because they result from closely linked loci
[3]. In addition to these five antigens, this system has many variants and
includes 46 different antigens. The composition of antigens of this system
is well understood. The antigens of the MNSs system are located on the red
cell membrane terminal portion of the sialic acid-rich glycoprotein called
glycophorin A, of which there are from 200,000 to 1,000,000 copies per red
cell. Glycophorin A has a molecular weight of 43,000 and is composed of
131 amino acids. The MN activity is located in approximately 70 external
amino acids, the remaining amino acids being intramembranous or
intracytoplasmic. The Ss and probably the U antigens are located on the
terminal portion of glycophorin B, of which there are 50,000-250,000
copies per red cell.

Antibodies to the MN antigens are usually not clinically active. Although
anti-M is often IgG, most MN antibodies have a large IgM component, are
usually not active at body temperatures, and only rarely cause hemolysis,
transfusion reactions, or HDN (Table 9.6). Anti-M may be found in
persons who have not been previously transfused. Unusual examples of
anti-M or N may be active at 37°C and clinically significant. Anti-N is
almost always IgM, not reactive at body temperature, and not clinically
significant. Anti-S, anti-s, and anti-U are usually IgG warm active
antibodies that may have clinical effects by causing transfusion reactions,
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hemolysis, or HDN. Anti-S occurs infrequently, anti-s is rare, and anti-U is
extremely rare.

P system

Like the MN system, P-system antigens were discovered before the Rh
system by injecting animals with human red cells. The P system contains
only the P, antigen. Other antigens, P, Pk, and LKE, have serologic
relationships to P, but are not controlled by genes at the same locus as P,
and are called a “collection” [1-3]. All but 1 in 100,000 persons have the P
antigen. The two most common phenotypes are P1 (P1P) and P2 (PP);
each of these phenotypes has trace amounts of Pk. The amount of P1
antigen varies greatly among individuals, is not well developed at birth,
and does not reach adult levels until the individual is about 7 years of age.
P-negative (pp) individuals lack P1, P, and Pk and are very rare.

The P-system antigenic determinants are carbohydrates that are linked
to glycosphingolipids in the red cell membrane. P-system antigens, like the
ABO and I antigens, seem to be formed by the sequential addition of
monosaccharides to a precursor instead of being antithetical and
controlled by allelic genes. The biochemistry of P-system antigens is better
understood than the genetics. Genetic control of the P system has been
proposed to involve two or three genetic loci that code for enzymes that
add the carbohydrates to the lipids.

Antigen structures similar to those of the P system are found in animal
tissue, pigeons, doves, worms, and Echinococcus cyst fluid. Thus, many
antibodies of the P system are called “naturally occurring,” although as
with ABO antibodies this is not technically correct. Because some bacteria,
viruses, or parasites have antigen structures similar to P-system antigens,
the P system may play a role in certain diseases (see section on Function),
and anti-P1 is sometimes found in patients with parasitic infections.

Antibodies of the P system are rather common and can range from cold
active and clinically insignificant to those that cause severe hemolysis
(Table 9.6). Anti-P1 is common, usually cold active, and not clinically
significant unless it reacts at body temperatures. Anti-P14+-P+Pk made by
people with the rare pp phenotype and anti-P made by people with the
rare pk phenotype will cause hemolysis in vitro and in vivo. There is a high
incidence of miscarriage in women with the pp phenotype, and it has been
suggested that anti-P+P1+Pk may have a pathologic role. Auto anti-P is
the specificity of the Donath—Landsteiner antibody found in paroxysmal
cold hemoglobinuria. The antibody is often called biphasic because it
binds to the red cell at cool temperatures, then causes hemolysis at warmer
(body) temperature.

Lewis system

The gene for the Lewis system is linked to the third component

of complement and is located on chromosome 19. The Lewis system

is not a blood group system. Lewis antigens are probably synthesized

in the intestinal epithelium, are soluble in body fluids, and the antigens
present in plasma are adsorbed onto red cells. There are two antigens in the
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Lewis system: Le® and Le. The Lewis antigenic specificity is determined
by the carbohydrate fucose. The Le gene produces a glycosyltransferase
that adds the fucose to a precursor substance [type 1 chain] to produce the
Lewis antigen, which is a glycosphingolipid.The Lewis system also differs
from most other blood group systems in that the Lewis genes must interact
with Hh and secretor genes in order for Lewis antigens to be produced.
However, the exact Lewis antigen produced is determined by the presence
or absence of the secretor gene (Se). Se determines the location on the
precursor substance (type 1 chain) to which the fucose is added by the Le
gene’s enzyme. If both the Lewis and Se genes are present, both Le® and Le®
are added and the individual is Le(a-+b+). However, if only the Lewis gene
is present (the individual is sese and lacks the Se gene), Le® is not produced
and the individual is Le(a+b—). Thus, two different antigen specificities are
produced depending on whether the secretor gene is present. In addition, the
ABH makeup of the individual determines the position and linkage of the
fucose being added by the Lewis gene, and this creates several variations of
the Lewis phenotype. Because of the involvement of the secretor gene, Lewis
substance is also released into the plasma and saliva, which are of primary
practical interest in transfusion medicine, but also into milk, gastrointestinal
fluids, urine, seminal fluid, ovarian cyst fluid, and amniotic fluid [3].

Newborns’ red cells lack Lewis antigens and there is no Lewis substance
in their plasma, although Lewis substance is present in their saliva. The
adult Le® antigen phenotype is attained by about 1 year of age but not until
about 7 years for Le®. Lewis antigens are decreased during pregnancy
because there is an increased lipoprotein to red cell mass, which results in a
shift of glycolipids from red cells to plasma, reducing the Lewis antigen
content on the red cells. Also, the Lewis type of transfused red cells may
change. After transfusion, the transfused donor red cells convert to the
Lewis type of the recipient. Thus, Lewis antigen may be acquired or lost
through the exchange of glycolipids between the plasma and red cell.

Lewis antibodies are common, usually react below body temperature,
are mainly or entirely IgM, and are not clinically significant (Table 9.6).
These antibodies are usually found in patients who have not been
transfused and are thus sometimes called “natural”—a technically
incorrect term, since they are probably stimulated by environmental
agents. Anti-Le® is often found in pregnant women, but it is not clear that
the antibody is formed after immunization by fetal red cells. Lewis
antibodies do not cause HDN because they are usually IgM and also Lewis
antigens are not present on fetal red cells. A few examples of anti-Le* have
caused hemolytic transfusion reactions. In these situations, usually the
antibody reacts at body temperatures, and this can be used as an indication
of clinical significance. Other reasons that Lewis antibodies usually do not
cause hemolysis are that the patient’s antibodies are partially neutralized by
the small amount of soluble Lewis substance in the plasma of the donor,
and the Lewis antigens on the transfused red cells elute into the plasma of
the recipient. Lewis antibodies have been implicated in the rejection of
transplanted Lewis-positive kidneys [36], but Lewis matching of donated
kidneys is not done in most transplant programs.
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LW system

Although LW is a genetically distinct system, this was not recognized for
years. Because the expression of LW and Rh is related, LW was thought to
be part of the Rh system. LW antigen is named for Landsteiner and Wiener
because it was the antigen defined on red cells by the original antibody
prepared in rhesus monkeys [18]. Adult D-positive red cells exhibit
stronger LW activity than D-negative red cells. Thus, weak examples of
anti-LW appear similar to anti-D because they react with D-positive but
not with D-negative red cells. This was the situation with the original
anti-LW serum, and therefore it reacted similarly to the serum found by
Levine and Stetson in their original report of HDN [17]. Thus, the name of
the Rh system was from the LW antibody produced in rhesus monkeys but
that was in fact an antibody to a different antigen in a different system
(LW). The original serum reacted with what is now known as the LW*
antigen. LW has been identified and four phenotypes have been observed:
IW(a+b—), IW(a+b+), LIW(a—b+), and LW(a—b—). The molecule is a
42 kD glycoprotein and is a member of the intracellular adhesion molecule
(ICAM).

LW antibodies are very rare. Only very rare individuals lack LW® antigen
and can make anti-LW?. LW antibodies are usually not clinically significant
but may rarely cause accelerated destruction of LW-positive red cells [3].
Anti-LW may also occur as a transient autoantibody in persons who
temporarily lose LW antigen activity. This loss may occur during
pregnancy or in association with malignancy [3].

Diego (Di)

The Diego system includes two pairs of antithetical antigens: Di* and Di®
and (Wright) Wr* and Wr plus 17 other low-frequency antigens. Di® was
the first of these to be discovered and is common in South American
Indians but rare in European Caucasians. The Diego antigens are part of
band 3 of the red cell membrane. Anti-Di® is not a common antibody
because of the rarity of the antigen in the United States; however, the
antibody is clinically significant and can cause HDN but usually not red
cell destruction. Anti-Wr* is common but is often not detected because
most red cells used for antibody detection lack the antigen. Although
anti-Wr® can cause HDN and transfusion reactions, because of its rarity,
special efforts are not made to include Wr? positive cells on antibody
screening panels.

Cartwright (Yt)

The Cartwright system consists of two antigens, one of high incidence and
one of low incidence. The antigens are located on red cell
acetylcholinesterase. Many examples of anti-Yt* have been reported but
anti-Yt° is very rare. Anti-Yt* has not caused HDN and usually does not
cause hemolysis or transfusion reactions, but occasional examples do cause
accelerated red cell destruction [3].
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Xg system

An antibody that reacted more frequently with red cells from females than
those from males identified the antigen named Xg*. The Xg* gene is carried
on the X chromosome, and about 65% of males and 89% of females are
Xg® positive. The antithetical antigen has not been found. Anti-Xg* does
not cause HDN or hemolysis and thus is not considered to be clinically
significant.

Dombrock (Do)

The Dombrock system includes the Do* and Do® and three other
high-frequency antigens. The antigen is located on a glycoprotein of the
ADP-ribosyltransferase family. Dombrock antibodies are not common,
although anti-Do® and Do® have caused mild HDN or red cell destruction

[3].

Scianna (Sc)

The Scianna system has seven antigens; Scl is a high-incidence antigen,
and the antithetical antigen of low incidence is Sc2. An additional antigen,
Sc3, is present on the cells of anyone who inherits either Scl or Sc2. The
low-incidence antigen Radin also belongs to the Sc system. Sc antibodies
are rare and have not been reported to cause HDN or accelerated red cell
destruction.

Colton (Co)

The Colton system includes a high-incidence antigen (Co®) and a
low-incidence antigen (CoP). The system also resembles Scianna and
Duffy, in that there is a third antigen (Co3) that is present whenever there
is a functional Co gene. Colton antigens are part of the water transport
protein Aquaporin 1, also known as the channel-forming integral protein
(CHIP). Colton antibodies are rare, but anti Co® has been implicated in
HDN and red cell destruction.

Rogers (Rg) and chido (Ch)

The fourth component of complement (C4) is polymorphic. The Ch and
Rg antigens are present on the C4A plasma components that remain
attached to the red cell membrane. Thus, these antigens are not integral to
the red cell membrane. There are nine antigens in the Ch/Rg group.
Therefore, individuals who lack all Ch and Rg antigens also lack C4 and
have a high incidence of systemic lupus erythematosus. Antibodies to Ch
and Rg antigens are not clinically significant because they have not been
involved in HDN or red cell destruction. They can create problems in
laboratory testing (see Chapter 10).

Gerbich (Ge)

The Gerbich system contains three antigens of high incidence and five of
low incidence. The antigens are located on glycophorin molecules. Gerbich
system antibodies are of variable clinical significance. Some have caused
mild HDN or slightly accelerated red cell clearance. Very rarely, the
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autoantibody in patients with autoimmune hemolytic anemia may have
Gerbich specificity [3].

Cromer (Cr)

Fifteen different antigens have been assigned to the Cromer system. The
antigens are located on the decay-accelerating factor (DAF), which is a
complement regulatory protein that is attached to the red cell membrane
by a glycosylphosphatidylinosotal linkage. The antibodies have varying
clinical significance. None has caused a transfusion reaction or been
implicated in HDN, although some Cromer antibodies have caused
accelerated red cell destruction [3].

Knops (Kn)

There are nine antigens of the Knops system. These include the Helgeson
and McCoy phenotypes. The Knops antigens are located on the CR1
complement receptor, which is the primary complement receptor on red
cells. Knops system antigens have different strengths of reactivity, and this
is based more on the amount of red cell CR1 than on antigen dosage.
Antibodies of the Kn system, like those of Chido and Rogers, have serologic
reactivity referred to in the past as “high titer, low avidity.” The sera caused
weak reactivity, but the reactivity remained even after the serum was
extensively diluted. Clinically, the antibodies are not significant because
they do not cause transfusion reactions, increased red cell destruction, or
HDN. However, they may be clinically significant in the broad sense that
they make it difficult to carry out serologic investigations and their
reactivity may mask other clinically dangerous antibodies. The CR1
receptor is involved with Plasmodium folciparum attachment to red cells.

Indian (In)

There are four antigens of the Indian system: one of low incidence (In?)
and one of high incidence (In®). The antigens were discovered in people
from the Indian subcontinent, and thus the source name. The antigens are
located on a glycoprotein that is a cellular adhesion molecule and
lymphocyte homing receptor. A high-frequency antigen AnWj is not part
of the Indian group but is located on the same glycoprotein. The In
glycoprotein is present on many tissues, including red cells. Neither
anti-In® nor anti-In® has been implicated in HDN, but both have caused a
transfusion reaction and decreased red cell survival. Thus, they should be
considered clinically significant.

OK system

There is only one antigen (OK?*) in this system, which is located on the
immunoglobulin superfamily molecule [3]. OK® negative red cells have
been found only in eight Japanese families. The antibody caused a
shortened red cell intravascular survival but did not seem to be clinically
significant in these families [3].
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RAPH system

Although this system is named after the individual with the first antibody;,
the only antigen in this system is called MER2 [3]. The antigen was the first
to be identified using monoclonal antibodies. Anti-MER?2 is not clinically
significant.

JMH system

This system now has five antigens—John Milton Hagen (JMH) was the
original antibody and the JMH negative state is inherited in only one
family. Most of the other JMH negative individuals are elderly and all seem
to have lost the JMH antigen to acquire the negative state. The antibody is
not clinically significant, although red cell survival has been shortened in
some studies [3].

GIL

The GIL antigen is located on the aquaporin-3 molecule, which is a
channel for red cell membrane permeability. GIL antibodies are reactive in
the antiglobulin test and detect the very high frequency antigen. There
have not been any reports of hemolytic transfusion reactions or HDN due
to anti-GIL.

li blood group antigens

The I and i antigens are part of the interior of the oligosaccharide chain that
contains the ABH and Lewis antigens. One of the unique things about this
system is that the presence of the I and i antigens changes with age. At birth,
the oligosaccharides have the i structure and the action of the I gene causes
branching of the linear i oligosaccharide chain to create the I phenotype. In
most adults, very little i is detectable, except for rare individuals who
remain i positive and I negative. I specificity is conferred by the addition of
a p-galactose- N-acetyl-p-galactosamine to the i oligosaccharide chain.
Thus, it appears that I and i are not alleles but are part of a sequence of
steps. The antigen structure is a complex branched chain, and it has been
suggested [3,4] that the variety of antibodies that occurs in the I system is
due to the formation of antibodies against domains within the antigen
molecule. Other I system antigens are rare forms, transitional forms, or a
complex with other antigens. The amount of Ii antigen on red cells varies
in different individuals, and this also leads to the appearance of different
forms of I antigens. I and i antigens are present in a soluble form in serum,
saliva, breast milk, urine, amniotic fluid, ovarian cyst fluid, and hydatid
cyst fluid. Patients with dyserythropoietic conditions or undergoing repeat
phlebotomy may have elevated expression of i.

The major antibodies of this group are anti-I and anti-i. These are
usually autoantibodies that are optimally reactive at cold temperatures and
not clinically significant. They do not cause HDN, and there is only one
report of an anti-I that caused accelerated destruction of I red cells [37].
Almost all normal adults’ serum contains anti-I; however, it is also found
in cold agglutinin disease and transiently in Mycoplasma pneumoniae
infection. In cold agglutinin disease, the antibody changes characteristics
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and is an auto-anti-I, which reacts at body temperature, fixes complement,
and causes hemolysis. Anti-i is rare but has been associated with infectious
mononucleosis.

HLA
The HLA system is described in more detail in Chapter 16.

9.6 Antibodies to red cell antigens

Antibodies to red blood cell antigens vary widely in their characteristics
and in vivo significance [38]. Red blood cell antibodies can be categorized
based on their immunoglobulin class, the antigen to which they are
directed, their optimum temperature of reaction in vitro, whether they fix
complement, their action on red cells in vitro, and their in vivo effect. A
summary of the general characteristics of antibodies of the major red
blood cell antigen systems is provided in Table 9.6; however, specific
antibodies within each system may exhibit different characteristics, so an
appropriate reference text should be consulted before decisions are made
regarding the identity or potential clinical effect of a particular antibody.
Almost all red cell antibodies are either IgG or IgM. There are rare
examples of IgA red cell antibodies. There are some clinical and laboratory
differences between IgM and IgG red cell antibodies (Tables 9.6 and
9.7). The mechanism of action of these antibodies is that the Fab portion
of the Ig molecule binds to the antigen-combining site on the red cell
surface. The avidity and binding constants for this antibody—antigen
reaction vary widely for different red cell antibodies. After binding, the heavy
chain region of the antibody molecule determines the biologic effect of the
antibody by activating complement or reacting with receptors in the fixed
macrophages of the liver and spleen to cause accelerated red cell clearance.
The specificities of the most common red cell antibodies found in
hospitalized patients, pregnant women, and normal blood donors differ
slightly because of the nature of these populations. The incidence of
different antibodies depends on the prevalence of the antigen in the
population and the immunogenicity of the antigen. Factors that determine

Table 9.7 Methods of characterizing red cell antibodies.

Physiochemical 19G, IgM, IgA
Antigen Iso, auto, hetero
In vitro action Agglutinating (complete)

Coating (incomplete, blocking)
Complement fixing (hemolysin)

Temperature of optimum reaction Warm, 37°C
Cold, 20-4°C
Optimum method of detection Saline medium

High-protein medium
Antiglobulin serum required
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immunogenicity are not fully understood. The clinical importance of an
antibody depends on whether it is likely to cause red cell destruction and
also on the incidence of the antigen. For instance, the combination of the
15% incidence of Rh-negative individuals, the 65% likelihood of becoming
immunized after exposure to one unit of Rh-positive blood, and the
serious clinical effect of anti-D makes the Rh(D) antigen the single most
important non-ABO antigen.

9.7 Function of molecules containing red cell
antigens (see reference 13 for summary)

The clinical effects of most red cell antigens arise because they serve as
targets for antibodies, and thus the effects are due to their corresponding
antibodies. These effects have been described above with each blood group
system. The laboratory detection of these blood group antigens and
antibodies has been incorporated into a working system to provide safe
and effective red cell transfusions.

Red cell blood group antigens have also been of interest to geneticists
because of their ability to serve as a genetic marker. The chromosomal
location of all blood groups has been established (Table 9.2), and linkages
between some blood groups and diseases are now known. Studies of the
red cell membrane have also yielded information about the molecules that
contain the red cell (blood group) antigens and they are recognized
increasingly as parts of important structural or functional components of
the cell membrane. Thus, it is not surprising that certain rare red cell
antigens or alterations in red cell antigens may be associated with altered
membrane constituents, red cell morphology, or diseases (Table 9.8).

Red cell structure

Many red cell antigens are located on molecules that are essential for
normal red cell structure. Alterations of these molecules may cause
membrane abnormalities leading to shortened red cell survival (hemolytic
anemia) or unusual morphology. Some clinical conditions such as
malignancies, stress, and pregnancy may alter the expression of blood
groups (Table 9.9). Glycophorins are major structural proteins on the red
cell surface, accounting for most of the negative surface charge that may
function to prevent undesirable cell-to-cell interactions. The MN antigens
are part of glycophorin A, the Ss antigens are part of glycophorin B, and
the Gerbich antigens are part of glycophorins C and D [39]. Rare variants
of these blood group antigens are helpful in elucidating the role of
glycophorins in red cell structure and function. Red cells that lack
glycophorin A (the En(a—) phenotype) or glycophorins A and B (the
MkMk phenotype) are apparently normal. However, those that lack
glycophorins C and D (Leach phenotype) lead to elliptocytes and
decreased deformability. These glycophorins may also be part of a
membrane complex that includes band 3, the glucose transporter, and the
Rh, Kell, Duffy, and, Xr molecules [13]. The Diego antigen also has a
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Table 9.8 Rare blood types associated with abnormal morphology or disease.

Antigen or

phenotype Biochemical modification Abnormality

Rh- No Rh or LW antigens Stomatocytes, spherocytes, partially
compensated hemolytic anemia

McLeod Weak expression of normal Acanthocytes; partially
compensated hemolytic anemia

Kell antigens; Kx absent

Ko No normal Kell antigens; Kx present None observed

P No normal P antigens; decreased globoside None observed

and ceramide trihexoside

Pk Normal P1 antigen; CTH increased; globoside None observed

decreased

p1Pk Increased GL3 (NAc galactose transferase None observed

deficiency)

Lu(a—b—) Not studied Abnormal scanning electron
microscopy: wrinkled, furrowed
appearance

En(a—) Glycophorin A absent; depressed None observed

MN antigens; enhanced Rh(D) antigen
S-s- Glycophorin B absent or abnormal None observed
MEMK Both glycophorin A and glycophorin B absent None observed

Source: Adapted with permission from McCullough J. Transfusion Medicine. In: Handin RI, Lux SE, Stossel TP,
eds. Blood: Principles and Practice of Hematology. Philadelphia: Lippincott, Williams, and Wilkins, 2003:2028.

structural function [13]. The Lutheran and X4 proteins interact with

spectrin and red cells with reduced Lutheran have abnormal morphology.
The RAPH antigens are on a molecule that is important in the integrity of
basement membranes. The role of band 3 and the Gerbich blood group has
already been mentioned.

Red cell function

Many red cell blood groups are part of molecules that have important red
cell functions. These functional molecules involve serving as receptors,
transport proteins, complement proteins, adhesion molecules, enzymes, or
microbial receptors (Table 9.10). Usually the red cell antigen is not directly
involved in the function but happens to be located on the same molecule.

Receptors and adhesion molecules

Red cells bind chemokines such as interleukins, and it has been noted that
Duffy (a—b—) red cells failed to bind the chemokine IL-8. Thus, the Duffy
blood group serves as a chemokine receptor [40]. It appears that the role of
the red cell chemokine receptors is to bind and thus inactivate chemokines
in the blood. The Indian blood group antigens are located on the adhesion
molecule CD44 [41]. CD44 is involved in the adhesion of lymphocytes

to endothelium and thus is involved in lymphocyte homing to lymphoid
tissues. Also of interest is the possibility that CD44 may be involved in the
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Table 9.9 Clinical conditions with red cell antigen alteration.

Red cell antigen

Clinical condition Depressed  Increased  Red cell antibody
Autoimmune hemolytic anemia Rh-LW Autoanti-D, LW
Anti-Kp®

Leukemia with monosomy 7 ABH liH

Co?
Myelofibrosis LW

Rh

ABH
Hodgkin’s disease Anti-LW
Paroxysmal nocturnal hemoglobinuria i
Paroxysmal cold hemoglobinuria Autoanti-P
Ovalocytosis Rh, LW H

Ss, U

Kidd

Yt2, Xg?
Chronic granulomatous disease Kell Anti-KL + Kx
Hereditary hemolytic anemia Rh

Kell

Colton
Sickle cell anemia—stress i
Pregnancy LW Anti-LW

Lewis Anti-Lewis

Sd?
Bacterial infections Acquired B antigen

T activation

Chromosomal defects Rh

MN

Duffy

Source: Adapted with permission from McCullough J. Transfusion Medicine. In: Handin
RI, Lux SE, Stossel TP, eds. Blood: Principles and Practice of Hematology. Philadelphia:
Lippincott, Williams, and Wilkins, 2003:2028.

homing of hematopoietic progenitor cells to marrow extracellular matrix.
The LW blood group antigen is located on a membrane protein with

a structure similar to ICAM 2, which is part of a group of molecules that
bind leukocytes to endothelium. It is not known whether the LW antigen

is actually involved in adhesion. The Lutheran antigen is also part of a
membrane-spanning protein and may be active in adhesion, but this has not
been established. The Lutheran, LW, and OK glycoproteins are in molecules
that are part of the immunoglobular superfamily, which is a large family of
receptors and adhesion molecules whose primary function is not known.

Transport protein
Specific (transport) molecules are responsible for transporting nutrients
into the cell and waste products out of the cell. Several blood groups are
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Table 9.10 Functions of molecules containing red cell blood group antigens.

Function Blood group

Receptor Duffy, Knops, Indian, LW, Lutheran, OK
Transport protein Diego, Wright, Colton, Kidd, Gil

Complement pathway Chido, Rogers, Cromer, Knops

Adhesion molecule Indian, LW, Lutheran

Structural integrity MN, Ss, Gerbich, Kell, Duffy, Lutheran, Xr, RAPH
Enzymatic activity Cartwright, Kell, Dombrock?

Microbial receptor Duffy, P, Cromer, Le(b), Knopps, AnWg

located on these molecules. One major transport molecule is band 3, a
transmembrane protein that traverses the membrane multiple times, and is
the major anion exchanger. The Diego and Wright blood groups are
located on band 3. Because the Wright antigens require expression of
glycophorin A, the transport function of band 3 is reduced when red cells
are glycophorin deficient. The major water channel protein is the CHIP.
The gene coding for this protein is located on chromosome 7 near the gene
for the Colton blood group and Colton antigens are located on the CHIP
molecule [42]. The Kidd antigens are probably part of a molecule that acts
as a urea transporter, because Jk(a—b—) cells are resistant to urea lysis. Rh
and Kx and Rh may also be involved with membrane transport because
portions of the molecules on which they are located span membranes.

Complement regulatory molecules

Three blood group systems are part of molecules involved in the
complement pathway. The Chido/Rogers antigens are part of the C4
molecule [43]. The C4 molecule and these antigens are absorbed onto red
cells from the circulation. The Cromer antigens are located on the DAF red
cell membrane molecule [44], and the Knops antigens are part of the C3b
complement receptor [45]. The Cromer antigens were helpful in
elucidating the cause of paroxysmal nocturnal hemoglobinuria (PNH).
The role of DAF is to protect red cells from complement damage, and it
was hoped that the rare Cromer-negative individual would establish the
key role of the absence of DAF as the cause of PNH. However,
Cromer-negative individuals have only a mildly increased sensitivity of
complement. This finding led to the discovery that another molecule
(CD59) was the key in PNH.

Enzymatic activity

The Cartwright blood group antigens are located on the
acetylcholinesterase molecule [46]. The role of this enzyme molecule on
the surface of red cells is not known. The Kell glycoprotein is an
endopeptidase that produces the vasoconstrictor, endothelin. The
Dombrock glycoprotein may be an ADP-ribosyltransferase.
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Microbial receptor

As a first step in infection, an invading organism must bind to tissues.
Molecules are not only chemokine receptors but are also involved in
malaria. Duffy (a—b—) red cells are resistant to infection by P. vivax
because the parasites cannot establish a junction site on the red cell surface
in the absence of the Duffy structure [30, 32, 47]. Escherichia coli have
several adhesion molecules. One group of these binds to the DAF
glycoprotein, which contains the Cromer blood group. It appears that the
Cromer antigen is the receptor for this binding and thus facilitates
infection with E. coli [48]. The DAF molecule containing Cromer is
located on cells other than red cells, and there is a suggestion that binding
of E. coli to Cromer in the urinary tract facilitates urinary tract infection.
This mechanism is more clear with the P blood group system. Some E. coli
adhesion molecules bind to the glycosphingolipids of the P system, thus
increasing the likelihood of urinary tract infection [49]. There are
associations between le(b) and Helic diacter pylori, Knopps, and
Mycobacterium leprae, AnWy with hemophilis influenza, and antigens of
the glycophorins A, B, C, D with Plasmodium falciparum [13]. Some
viruses also adhere to molecules containing blood group antigens. The
parvovirus B19 adheres to globoside of the P blood group system [50].
Enteroviruses such as coxsackievirus or echovirus use DAF containing the
Cromer antigens as receptors. Poliovirus may use the CD44 molecule
containing the Indian blood group antigens in its adhesive process.

| 9.8 Platelets

Platelets contain antigens from several red cell blood group systems,
including ABH, Lewis, Ii, and P. Platelets do not contain Rh, Dulfty, Kell,
Kidd, and Lutheran antigens. It appears that some ABH antigens are
intrinsic to the platelet membrane and some are adsorbed onto the cell
surface from the plasma, which contains soluble A and B substance [51].
The density of A antigen sites on platelets is only about 5% of that on red
cells [51]. ABO antigens have some importance in platelet transfusion in
that it appears that ABO incompatibility reduces the response to platelet
transfusion (see Chapter 11).

In contrast to ABH antigens, HLA antigens are integral to the platelet
membrane. However, only HLA class I (A, B, and C locus) [52] and not
class IT (DR) antigens are present. The HLA system is discussed more
extensively in Chapter 16, and the clinical impact of the HLA antigens on
platelets is discussed in Chapter 12.

In addition to red cell and HLA system antigens, there are several
antigen systems that are platelet specific because they are polymorphisms
on platelet glycoproteins [53,54] (Table 9.11). The antigens were
discovered by studies of sera from mothers who delivered
thrombocytopenic infants. The mother’s sera reacted against platelets of
the infant and the infant’s father in a manner similar to red cell hemolytic
disease of the newborn. Much like red cell antigens, the initial names given
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Amino
Alternative Nucleotide  acid Molecular  Phenotype
System Antigen names Glycoprotein  change change name prevalence
HPA-1 HPA-1a Zw?, PIAT GPllla T Leu®3 GPllla 97.9
Leu33
HPA-1b ZwP, PIA? cieE Pro GPllla 28.6
Pro33
HPA-2 HPA-2a KoP GPIb? = Thr!4® GPIb? 99.9
Thr145
HPA-2b Ko?, Sib? c Met'4>  GPIb? 13.2
Met145
HPA-3 HPA-3a Bak?, Lek® GPllb 22 [le843 GPllb 80.9
11e843
HPA-3b Bak® Gaeez Ser’  GPllb 69.8
Ser843
HPA-4 HPA-4a Yuk®, Pen? GPllla A>26 Arg'$  GPllla 99.9
Arg143
HPA-4b Yuk?, Pen® G GIn'  GPllla 0.0
GIn143
HPA-5 HPA-5a Br°, ZavP GPla Gl Glu*®>  GPla 99.0
Glu505
HPA-5b Br2, Zav?, Hc? Al648 Lys>0> GPla 19.7
Lys505
HPA-6W  HPA-6bW  Ca?, Tu? GPllla C1564 Arg*®®  GPllla 0.7
Arg489
Glety GIn“8  GPllla
GIn489
HPA-7W  HPA-7bW  Mo? GPllla G= Pro*’  GPllla Unknown
Pro407
el Ala*®”  GPllla
Ala407
HPA-8W  HPA-8bW  Sr? GPllla o Arg®®  GPlla Unknown
Arg636
s Cys®3®  GPllla
Cys636
HPA-9W HPA-9bW  Max?® GPllb APED Val837 GPllb Unknown
Val837
E=RE Met®”  GPIlb
Met837
HPA-10W  — La? GPllla — Arg — <1
LabP GIn®? — >99
— — Gro? GPllla AEER Arg®®  Arg633 Unknown
GPllla
GFEE His®3  GPllla
His633
— — Va? GPllla — — — —
— — Ly? GPIb/IX — — — —
— — Pe? GPlba — — — —
— — Oe? GPllla — — — —

Sources: von dem Borne AEGKT, de Haas M, Simcek S, Porcelijn L, van der Schoot CE. Platelet and neutrophil
alloantigens in clinical medicine. Vox Sang 1996;70(Suppl 3):34-40 and Technical Manual, American

Association of Blood Banks, 14th ed. Bethesda, MD, 2003.
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Table 9.12 Clinical situations involving platelet-specific antigens and antibodies.

Autoantibodies Autoimmune thrombocytopenia
Drug-induced immune thrombocytopenia
Alloantibodies Neonatal alloimmune thrombocytopenia

Posttransfusion purpura
Refractoriness to platelet transfusion

to platelet-specific antigens often were related to the patients in whom the
antibody was found. In 1990, a new nomenclature system was developed
that used the prefix HPA for human platelet antigen and assigned a
number to each locus followed by a letter to designate each antigen [55]
and this is now updated [54]. Thus, HPA 1a is the first antigen at the first
locus. This antigen corresponds to the original antigen PIA1 (Table 9.11).
At present there are six pairs of alloantigens for a total of twelve antigens.
These antigens are located on four different glycoproteins (Table 9.11).
Other individual antigens that appear to be platelet specific have been
classified into 11 additional systems with a single low frequency antigen for
a total of 23 antigens (Table 9.11). The platelet polymorphisms are located
on GPIIb/IITa, GPIa/Ila, GPIb/IX/v, and CD19 glycoproteins.

These platelet-specific antigens have clinical importance (see Chapter 12
and Table 9.12). They are targets for autoantibodies, alloantibodies, and
drug-dependent antibodies. These platelet-specific antibodies may cause
autoimmune thrombocytopenia or several different clinical problems or
diseases due to alloimmunization. Rather surprisingly, it appears that
platelet-specific antigens and antibodies are not of major importance in
alloimmunization to platelets and refractoriness to platelet transfusion or
in hematopoietic stem cell transplantation [56] (see Chapter 11). Because
platelet glycoproteins function as receptors in the hemostatic process,
future studies may demonstrate that abnormalities of these molecules
cause alterations in platelet antigens or that altered platelet antigen
strength or specificity may affect the structure or function of the cell.

' 9.9 Granulocytes

Alloantigen systems of interest that might be found on granulocytes
include red cell antigens, HLA antigens, and granulocyte-specific antigens.
It appears that granulocytes do not contain ABH antigens on their surface
[57,58]. In vivo, ABO incompatible granulocytes demonstrate intravascular
recoveries and survivals and normally migration into skin chambers
[59]. Thus, the accumulated data indicate that ABO antigens are not
present on granulocytes. Red cell antigens of the I and P, blood groups are
on granulocytes. Rh system antigens are also not present on granulocytes.
HLA-A, B, and C (class I) antigens are on the surface of granulocytes,
but the antigens are fewer in number than on lymphocytes [60]. It is
possible that these HLA antigens are adsorbed onto the surface of



Blood Groups 201
Table 9.13 Granuloctye alloantigens.
Frequency? (%)

Antigen
System Antigen Location Acronym Caucasians Alleles
HNA-1 HNA-1a FcgRlllb NA1 58 FCGR3B?1

HNA-1b FcgRIllb NA2 88 FCGR3B?2

HNA-1c FcgRlllb SH 5 FCGR3B?3
HNA-2 HNA-2a gp50-64 NB1 97 Not defined
HNA-3 HNA-3a gp70-95 Sb 97 Not defined
HNA-4 HNA-4a CD11b MART 99 CD11B?1
HNA-5 HNA-5a CD11a OND 96 CD11A %1
Source: ISBT working party. Nomenclature of granulocyte alloantigens. Vox Sang 1999; 77:251.

2Calculated from data in the literature.

granulocytes [61] rather than being an integral part of the membrane, but
this is not established. It appears that HLA-D/DR (Class II) antigens are
not on granulocytes.

Granulocytes also contain several alloantigen systems whose tissue
distribution is limited to granulocytes (Table 9.13). This was first
recognized by Lalezari in studies of sera obtained from patients with
unexplained neutropenia [62,63]. From his early work, Lalezari proposed
the nomenclature system used for many years. The letter N stood for
neutrophil, a second letter stood for the gene locus (A, B, C, etc.), and a
number stood for the antigen at that locus. Thus, the antigens were named
NA1, NA2, NBI, etc. The clinical significance of these antigens is described
in Chapters 12 and 14. This discussion will focus on the antigens and
antibodies.

The N1 antigen was the first to be discovered [62]. The antibody
defining this antigen was present in the serum of a woman who delivered
an infant with transient neutropenia. Her serum reacted with the
neutrophils of the infant and her husband in a situation similar to red cell
HDN [62,63]. A new nomenclature has been established [64] based on the
glycoproteins and using nomenclature consistent with gene mapping and
similar to that used for platelets. Antigens are designated HNA for human
neutrophil antigen; the membrane glycoprotein is coded by a number and
different antigens on that protein designated alphabetically. The HNA
system is composed of five systems with seven antigens assigned to five
glycoproteins.

NA-system antigens are present on the FCRIIIb portion of the Fc or
gamma receptor of neutrophils [65]. The FcR molecule is a glycoprotein
whose molecular weight varies with the NA phenotype because of the
difference in the amount of carbohydrate side chains. The FcRIIIb is a
phosphatidyl-inositol-glycan (PIG) anchored glycosylated protein. The
FcRIIIb molecule has 233 amino acids and is expressed only on
neutrophils, but also can be found in plasma and body fluids in a soluble
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Table 9.14 Clinical situations involving granulocyte-specific antigens and antibodies.

Autoantibodies Autoimmune neutropenia
Drug-induced immune neutropenia
Alloantibodies Alloimmune neonatal neutropenia

Febrile transfusion reactions
Transfusion-related acute lung injury
Poor response to granulocyte transfusion

form [66]. The difference between NHA-1a and HNA-1b is four amino
acids, apparently caused by one nucleotide difference in the gene. The gene
is located on chromosome 1. Rare individuals lack both NA antigens and
are thus NA null. These individuals lack the FcRIII molecule. The last of
the HNA molecules to be characterized, HNA-3 is part of the choline
transporter-like protein-2 [67,68]. Several HNA antigens are shared with
other tissues.

These granulocyte-specific antibody—antigen systems are involved in the
pathophysiology of several clinical situations (Table 9.14), which will be
discussed in more detail in Chapters 12 and 14. Both autoantibodies and
alloantibodies have been identified, and each may cause clinical problems.
These situations include autoimmune neutropenia, alloimmune neonatal
neutropenia (see Chapter 12), transfusion reactions (see Chapter 14), and
granulocyte transfusions (see Chapter 11). One situation in which
neutrophil-specific antibodies are not important is bone marrow
transplantation. We have demonstrated successful marrow engraftment of
NA1-positive marrow in a patient with circulating anti-NA1 [69]. This is
consistent with evidence that these antigens are not present on
promyelocytes, myeloblasts, and earlier uncommitted stem cells but
become expressed during myeloid maturation [70]. Thus, the
granulocyte-specific antigens can be thought of as differentiation antigens
specific for this cell line and that become expressed during maturation of
the cell.
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10 Laboratory Detection of

Blood Groups and Provision
of Red Cells

10.1 Immunologic mechanisms
of red cell destruction

Almost all red cell antibodies are either IgM or IgG (see Chapter 9). Thus,

these are the immunoglobulins of importance in considering red cell
destruction. Complement may or may not be involved. Red cells

containing bound IgG undergo accelerated clearance through the spleen,
where Fc receptors of the phagocyte bind to the IgG molecules, leading to
phagocytosis of the red cell. This process does not require complement. If
the IgG-coated red cell also contains bound complement components, the
binding and phagocytosis are accelerated. In contrast, immune destruction
of red cells coated with IgM depends on complement. IgM-coated red cells

either are hemolyzed in the intravascular space or are cleared rapidly,
predominantly in the liver.

Complement can cause immune destruction of red cells in either of two
ways: by accelerated clearance from the intravascular space by interacting
with complement receptors in the fixed macrophage system primarily of

the liver, or by direct intravascular lysis due to rupture of the cell

membrane by complement components. Complement can be activated by
either IgG or IgM. However, the exact mechanisms that determine the

ability of different red cell antibodies to activate complement are not

known. IgM is much more effective than IgG in activating complement,
probably because the nature of the IgM molecule places several Fc receptor

sites in close proximity. However, the situation is more complex than

merely the number of Fc sites in close enough proximity to activate C1. For

instance, in general, anti-D (an IgG) is not effective in activating

complement compared with anti-K or Jk?* (also IgG), which react with
antigens that actually have fewer antigen sites than D sites on the red cell.
Of IgG molecules, the subclasses of IgG1 and IgG3 are more effective in

binding complement than IgG4.

The complement system involves several different proteins (complement

components), the activation of which is influenced by a variety of

inhibitors or proteases. Activation of C1 begins the complement cascade
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sequence leading to formation of the membrane attack complex (C5-C9),
which causes lysis of the red cell. Often the process does not proceed to
completion of the membrane attack complex and cell lysis. However, red
cells may be coated with certain complement components, which cause
accelerated clearance of the red cells by interaction with complement
receptors on cells of the fixed macrophage system. The first of these key
steps is the activation of C3. After several activation and enzyme cleavage
steps, the C3d fragment of C3 remains bound to the red cell membrane
antigen—antibody complex. Red cells containing bound C3d undergo
accelerated clearance in the liver by interaction with complement receptors
in the fixed macrophage system. Intravascular hemolysis is the term
applied to the destruction of red cells by the complement membrane attack
complex. The red cell membrane is damaged, hemoglobin is released into
the circulation, and the classic signs and symptoms of a hemolytic
transfusion reaction occur (see Chapter 14). ABO incompatibility is the
best example of red cell antibody—antigen reactions that cause this kind of
hemolysis. Extravascular hemolysis is the term applied to red cell
destruction caused by phagocytic cells of the fixed macrophage site. This
occurs primarily in the spleen and is associated with an increase in
bilirubin and its metabolites. Actually, these are arbitrary distinctions since
complement may be involved in both intravascular and extravascular
hemolysis and the degree or severity of hemolysis may be a factor in the
symptoms and laboratory findings. For instance, red cells undergoing
phagocytosis in the fixed macrophage system may be only partially
engulfed and release some hemoglobin into the intravascular space, thus
simulating intravascular hemolysis.

In practice, the red cell serologic tests for antibody identification and red
cell compatibility are designed to enhance and speed the cell’s reaction
with IgM or IgG antibodies and to detect the reaction by looking for cell
agglutination.

10.2 Methods of detecting red cell
antibody-antigen reactions

Factors that affect agglutination

Red cell agglutination occurs in two stages: first, the antibody binds to the
red cell surface; then, the antibodies interact to bring the cells in
approximation, and agglutination occurs. The first stage of agglutination is
affected by temperature, pH of the medium, the affinity constant of the
antibody, duration of incubation, ionic strength of the medium, and
antigen—antibody ratio. The second stage of agglutination is influenced by
the distance between cells, the charge of molecules in the suspension,
membrane deformability, membrane surface molecules, and molecular
structure. Many of the practical procedures used in the daily operation of a
blood bank take advantage of these factors.
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Techniques to enhance red cell antibody detection

Several techniques used to enhance the antigen—antibody reaction are
based on the factors known to influence antibody—antigen reactions. The
techniques are (a) use of high-protein medium, usually accomplished by
adding albumin, (b) use of antihuman globulin (AHG) (see Section
“Antihuman globulin serum”), (c) enzyme treatment of the test red cells,
(d) use of low-ionic strength solution (LISS), (e) use of polyethylene glycol
(PEG), and (f) use of polybrene. Some of these techniques, such as use of
AHG and LISS, can be combined.

Antihuman globulin serum

The cornerstone of red cell antibody detection is the use of AHG. AHG is
prepared from the serum of rabbits immunized with human IgG or human
complement, usually the C3 component. Some antiglobulin sera are a
blend of monoclinal antibodies. Antiglobulin reagents have reactivity only
against IgG or C3 and are called monospecific. AHG can also be prepared
as a blend of these sera. This antiglobulin serum is called polyspecific.
Depending on the kind of AHG used, IgG and/or C3 can be detected on
the surface of red cells. The original reports and use of AHG serum
involved anti-IgG [1]. During the mid-1960s, several investigators began to
describe the role of complement in red cell destruction [2—4]. It was
established that some red cell antibodies caused red cell destruction by
activating complement and that anticomplement activity in antiglobulin
reagents could predict accelerated red cell destruction [5-10]. This led to
several years of research and debate as to the value of anticomplement
activity in antiglobulin reagents. The rationale was that the ability to detect
not only IgG but also C3 on the red cell would enhance the likelihood of
finding clinically significant antibodies. However, many clinically
insignificant antibodies active at cold temperatures bind complement.
Since these cold antibodies are present normally in many individuals, the
addition of anti-C3 to antiglobulin serum led to many clinically
false-positive tests. Ultimately, a consensus developed that when
anticomplement reagents are used for patient or donor antibody screening,
there is a very high rate of detection of cold antibodies that are not
clinically significant [11]. Thus, the practice of using anti-C3 for antibody
detection for compatibility testing has been abandoned.

Although detection of C3d bound to red cells is not helpful for
compatibility testing, it is helpful in the evaluation of possible immune
hemolytic anemia. For instance, some patients with warm antibody-type
autoimmune hemolytic anemia, cold agglutinin syndrome, and
drug-induced immune hemolytic anemia may have red cells that react only
with reagents containing anti-C3d activity and not with anti-IgG reagents.
Thus, anti-C3 may be used in the direct antiglobulin test (DAT) to
determine whether anemia or accelerated red cell destruction may be due
to complement activation and/or complement-binding antibodies.

AHG serum can be used to demonstrate binding of IgG antibodies in
several different techniques, including saline, high-protein, LISS, and PEG.
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AHG is not used in the polybrene test because of the nature of the
agglutination reactions.

Low-ionic-strength solution

At low ionic strength, the ionized groups on red cell antigen and antibody
molecules become more highly charged, and the attraction between them
increases. This is used as a method to enhance red cell antibody detection
[12—14]. The solution used is phosphate-buffered saline with glycine added
to reduce the ionic strength. Serum and red cells are incubated in the LISS
at 37°C for only about 10 to 15 minutes, then the mixture is centrifuged
and observed for agglutination. The LISS system is very effective in
identifying red cell antibodies [15-17]. Advantages of the LISS system are
increased sensitivity in detecting antibodies and the shortened incubation
time, which reduces the overall time required for the compatibility test.
The shortened time is an advantage when used in conjunction with the
type and screen system, because on the rare occasions when blood is
needed, it can be made available faster.

Polybrene

Hexadimethrine bromide or polybrene is thought to facilitate red cell
agglutination by neutralizing the net negative charge between red cells and
thus forming ionic bonds between the red cell and the polybrene. In the
polybrene test, red cells and serum are incubated very briefly (about 1
minute) in a low-ionic-strength solution to allow antibody binding, and
then polybrene is added to promote aggregation. The red cells are
resuspended and, if antibody binding has occurred, the cells fail to
resuspend [18]. The polybrene method is sensitive and provides results
more rapidly than other methods [19,20] but has not gained wide use. The
system does not use anti-human globulin.

Polyethylene glycol

Polyethylene glycol (PEG) is a polymer that is used to displace diluent
molecules in solution, effectively increasing the antibody—antigen
concentration and enhancing the reaction [21,22]. The PEG system uses a
20% solution of PEG in phosphate-buffered saline. Serum and red cells are
incubated for about 15 minutes and, after washing, antiglobulin serum is
added. Originally PEG was proposed only as a supplementary test to the
identification of antibodies because there was a rather high false-positive
rate with PEG [21]. Subsequent studies showed that PEG is more sensitive
than LISS in detecting clinically significant antibodies but also had a higher
false-positive rate (1.3% versus 0.1%) [22-25].

Enzymes

The antigens on test red cells can be modified by treating the cells with
enzymes. The most popular enzymes are ficin, papain, and bromelin. The
activity of some antigens is enhanced and others decreased (see Chapter 9).
This can be especially helpful if multiple antibodies are suspected and one
of the antigens is inactivated by enzymes.



Laboratory Detection of Blood Groups and Provision of Red Cells

Techniques for detecting red cell

antigen-antibody reactions

Slide/tile typing

ABO typing can be done on slides or tiles and while this is no longer done
in the United States, it is very suitable for use in resource limited situations
or developing countries. Slide testing for ABO blood type is performed
using either whole blood or suspended red cells, depending on
manufacturer instructions. A single drop of anti-A is placed on a clean
slide; the same is done with a single drop of anti-B and anti-A, B. A drop of
well-mixed red cell suspension is added to each slide. The reagents and red
cells are mixed thoroughly using a clean applicator stick. The slide is kept
away from heat and gently tilted, and after 2 minutes, strong agglutination
of red cells in the presence of any reagent indicates a positive result, while a
smooth suspension indicates a negative result.

Tube tests

Traditionally, red cell testing was being carried out in tubes. The red cell
serum mixture is observed macroscopically under strong light, usually by
tipping the tube over a mirror. If agglutination is not observed using this
macroscopic method, some technologists prefer to pour the cell
suspension onto a slide and observe the mixture under a microscope to
find very weak reactions. The largest study [26] of this issue involved more
than 200,000 antibody detection tests in patients. Antibodies that
necessitated antigen-typed red cells were found in only seven patients
(0.02%). Therefore, microscopic observation of antibody detection tests is
not necessary.

Solid-phase tests

Solid-phase assays [27-30] are usually done in microtiter plates. The target
antigen is fixed to the wells of the plate and the test serum or plasma is
added. Often low-ionic-strength solution is also used to enhance the
antibody—antigen reaction. After incubation, the plates are washed.
Reagent red cells coated with AHG are added, and if antibody was present
in the test serum, the reagent red cells will adhere to the plate. The reaction
can be read by a technologist or an automated plate reader. This system can
be used for ABO and Rh typing and for antibody detection or
identification, depending on the reagent red cells used to coat the plates.

Gel test

The gel test [31,32] is based on the principle of size exclusion. The gel is
dextran-acrylamide particles. The tubes come prefilled with gel and the
test serum and/or reagent red cells are combined at the top of the tube. The
reaction mixture is incubated and then centrifuged. The centrifugation
drives the red cells into the gel. If antibody is present, large red cell
agglutinates form and the red cells are trapped at the top of the gel column.
The gel system can be used for ABO and Rh typing, red cell antibody
detection, identification, and crossmatching.
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Affinity column

Affinity columns [33] take advantage of the immunologic binding of IgG to
staphylococcal protein G. The columns are composed of protein G bound
to agarose. Test plasma or serum is combined with reagent red cells at the
top of the tube but prevented from entering the agarose. The reaction
mixture is incubated and then centrifuged. If antibody binding to the red
cells has occurred, the IgG-coated red cells are trapped by the G protein at
the top of the column. If agglutination has not occurred, the red cells not
coated with IgG travel through the column and are found at the bottom.

10.3 Direct antiglobulin (coombs) test

The DAT demonstrates antibody coating of red cells. Washed red cells from
a patient or donor are incubated with AHG, washed, centrifuged, and
observed for agglutination. Antibody—antigen enhancement strategies are
not used because the test is intended to determine whether antibody has
been bound to the red cells in vivo. Monospecific or polyspecific reagents
can be used. Monospecific IgG is most commonly used, although if a
polyspecific reagent is used, cells that react positively are then tested with
monospecific reagents to determine whether IgG or C3 is bound.
Traditionally, the DAT was done in a test tube but as new red cell antibody
detection systems have been developed, they are sometimes used for the
DAT. The gel microcolumn has been reported to be more [34,35] or less
[36] sensitive than the tube technique. It seems wisest, as advised by
Dittmar et al. [34], to use a second method if a patient with suspected
immune hemolytic anemia has a negative DAT initially. The DAT is
positive in a wide variety of situations (Table 10.1). The role of the DAT in
autoimmune hemolytic anemia is discussed in Chapter 12, hemolytic
disease of the newborn (HDN) later in this chapter, normal individuals in
Chapter 8, and hematopoietic stem cell transplants in Chapter 12.

10.4 Red cell compatibility testing

The term compatibility or pretransfusion testing refers to all procedures
involved in providing for the patient blood products that “will have

Table 10.1 Situations in which the direct antiglobulin test may be positive.

Autoimmune hemolytic anemia

Drug-induced immune hemolytic anemia

Hemolytic disease of the newborn

Recently transfused patients who have made alloantibodies to donor red cells
Patients who have undergone hematopoietic stem cell transplantation
Patients with various autoimmune diseases

Patients with some hematologic malignancies

Patients who have received an ABO-incompatible organ transplant

Some normal individuals
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Table 10.2 Key steps in compatibility testing.

ABO and Rh typing of donor red cells

Testing of donor serum for red cell antibodies

Identifying the patient, acquiring, and labeling patient blood sample
Reviewing patient and donor records

ABO and Rh testing of the recipient

Testing the recipient’s serum for red cell antibodies

Identifying recipient red cell antibody if present

Selecting the proper blood component

Carrying out the major crossmatch

Labeling the blood component and completing all records

Source: Adapted from Shulman IA, Petz LD. Red cell compatibility
testing: clinical significance and laboratory methods. In: Petz L,
Swisher S, Kleinman S, Spence R, Strauss R, eds. Clinical Practice of
Transfusion Medicine. New York: Churchill Livingstone, 1996.

acceptable survival and will not cause clinically significant destruction of
the recipient’s own red cells” [37]. The crossmatch is only one part of the
compatibility or pretransfusion test (Table 10.2). All steps from the
collection of the blood sample from the patient to the release of the blood
component from the blood bank are important in providing a safe and
effective transfusion.

For ABO typing, the methods involve incubation of red cells and antisera
at room temperature for about 5 minutes, centrifugation, and observation
of the cell suspension for agglutination. This can be done because the ABO
antibodies react almost immediately at room temperature. For antibody
detection, more complex testing is necessary. Because antibodies in
patients are more dangerous clinically, the antibody detection techniques
used in testing patients’ serum are usually different from those used for
screening donor sera. For donor antibody detection (screening), reagent
red cells are usually pooled, and no additives or enhancement reagents are
used except for AHG (see Chapter 8). For patient testing, one of the
enhancing methods is often used. For instance, testing might be done using
enzyme-treated reagent red cells, or the media might be enhanced using
albumin, LISS, or PEG or polybrene [38]. The increments improve the
likelihood of detecting weak antibodies in the patient.

The results of the antibody detection test on the patient determine the
crossmatching strategy to be used. If no antibody is detected, the
crossmatch need involve only a method that will detect ABO
incompatibility between the donor and recipient in an effort to avoid an
ABO-incompatible transfusion. The results of the antibody detection test
are considered valid for 3 months unless the patient has an experience,
such as pregnancy or transfusion, that could stimulate red cell antibody
formation. If an antibody is detected, the antibody should be identified
(see below). Once the antibody is identified, the donor units can be typed
for the corresponding antigen, and those units crossmatched to ensure
compatibility between donor and recipient. The antibody identification
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Table 10.3 Indications for repeat identification of red cell antibodies.

Clinical evidence of a hemolytic transfusion reaction

Change in reactivity in antibody screening test

Incompatibility with donor unit antigen negative for patient’s antibody
Change in reactivity of DAT or auto control

Increased need for red cell transfusion

Icteric serum

Source: Adapted from Harris, T. Repeating antibody identification,
AABB News 2000; Oct:4, 26.

need not be repeated on subsequent samples unless there is clinical or
serological evidence of new antibody formation [37]. Situations that
suggest the need to reidentify the antibody are listed in Table 10.3.

Positive identification of recipient and blood sample
The most common cause of a fatal hemolytic transfusion reaction is the
administration of an ABO-incompatible unit of red cells. This often
happens because of errors in collecting the original blood specimen from
the patient or in administering the unit of blood to the wrong patient (see
Chapters 13 and 14). Because of this, the acquisition of the blood sample
for compatibility testing is extremely important. The procedures and
techniques for obtaining the blood sample are described in Chapter 13.
Labeling of the tubes to be used for the blood sample should occur at the
patient’s bedside, and great care should be taken to ensure that the blood
sample is being obtained from the patient whose identity is being placed
on the tube. This is done by asking patients to confirm their identity; for
patients who are unable to communicate, each hospital should have a
procedure to ensure the proper identity of the patient from whom the
sample is being obtained.

Review of transfusion service records for results of
previous testing of samples from the recipient

When the request for transfusion and blood sample is received in the blood
bank laboratory, the first step is a review of blood bank records to
determine whether any blood samples have been received previously and
any laboratory work carried out. If so, the patient’s ABO and Rh blood
types should be available in the records as well as the results of the
antibody screening test. If the antibody screening test was positive, the
identification of the antibody will also be available. These results do not
substitute for proper laboratory testing of the new blood specimen but are
used for comparison with the new results. If there are discrepancies in the
ABO or Rh type, this must be resolved before blood can be released for
transfusion. These discrepancies suggest a mix-up or misidentification of
either the earlier or the present blood specimen. In one French study, ABO
discrepancies were found at a rate of one in 3400 blood samples. Most of
these discrepancies were due to collection of blood from the wrong patient
[39]. Some hospitals now require that if there is no record of a previous red
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cell type, a second blood sample be obtained from the patient to confirm
the ABO and Rh type before blood is released for transfusion.

Antibodies present in previous blood samples may no longer be found
because of natural changes in the strength of antibody activity. However,
knowledge of antibodies previously present is important, because those
antibodies could be expected to reappear quickly after transfusion of
antigen-positive red cells. Thus, even though the antibody may no longer
be present, the patient should receive red cells that lack the corresponding
antigen to avoid a delayed hemolytic transfusion reaction (see Chapter 14).

ABO and Rh typing

Many clinical conditions and diseases may make interpretation of the
results of ABO and Rh typing difficult. Careful attention to detail and the
proper use and interpretation of controls is essential. The ABO and Rh
type of the patient is confirmed on each blood sample used for
pretransfusion testing to increase the safety of the transfusion by ensuring
that the sample is from the correct patient. The ABO and Rh type of the
donor blood will have been confirmed when the hospital received the
blood from its regional blood supplier, or by duplicate typing if the
hospital collects its own blood supply.

Selection of blood components of appropriate

ABO and Rh types

For routine transfusions, red cells are selected that are identical with those
of the patient for the ABO and Rh(D) antigens. In some situations, such as
massive bleeding or an emergent need for transfusion, red cells that are not
ABO and Rh(D) identical may be used (see Chapter 12). When
Rh-negative patients experience massive bleeding, it may be necessary to
use Rh(D)-positive blood because of unavailability of Rh-negative red
cells. This decision should be made by consultation between the blood
bank physician and the attending physician. If necessary, Rh-negative red
cells can be given to Rh-positive patients, although this is not usually done
due to the need to conserve Rh-negative red cells for Rh-negative patients.
Since Rh-negative red cells lack the D antigen, there will be no unusual
adverse effect on the Rh-positive patient.

It may also be necessary to switch ABO types. When blood of a different
ABO type is used, it is used as red cells, not whole blood, to avoid problems
due to transfusion of antibodies contained in the plasma. Table 10.4
indicates the different ABO types of donor blood that can be used. Despite
the small amount of plasma in the red cell unit, hemolysis due to passive
transfusion of antibody in these units can occur. However, this is extremely
rare, and the remote likelihood of such a problem should not interfere with
making red cells available rapidly in urgent situations.

Antibody detection (screening) test (indirect
antiglobulin or indirect coombs test)

The antibody detection or screening process for testing donor blood is
described in Chapter 8. Detection of antibodies in the recipient is even
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Table 10.4 ABO antigens, antibodies, and donors suitable for transfusion to patients of

different ABO types.
Antibody Preferable Other acceptable
Gene ABH antigen ABO type present donor donors?
A A A B A (0}
B B B A B 0}
H H 6] A&B (0] None
A&B A &B AB None AB AorBor ob

4If blood is used as red blood cells.
bGroup A is preferable.

more important, because antibodies in the patient are generally more
dangerous than those in the donor. The antibody to cell or antigen ratio is
higher when the antibody is in the patient because the donor antibody, if
present, is diluted in the patient’s entire blood volume. In the antibody
screening test, the patient’s serum is reacted with red cells from usually
three (some laboratories use only two) normal individuals selected to
provide cells that contain antigens reactive with all of the common,
clinically significant antibodies. The cells are usually purchased
commercially and are subject to US Food and Drug Administration (FDA)
requirements for the antigens they contain and their strength of reactivity.
The test is usually done in tubes, although an increasing number of
transfusion service laboratories use the gel technique using automation.
The conditions of this test usually involve incubation of the patient’s serum
with test red cells suspended in LISS, saline or albumin followed by
washing the red cells, adding AHG, centrifuging, and looking for
agglutination. There is extensive literature describing the optimum
technique for detecting different antibodies. The development of cardiac
surgery involving hypothermia occurred during the years when new blood
group antigens and antibodies were frequently being discovered. Some of
these antibodies were optimally active at temperatures below normal body
temperature (see Chapter 9). Thus, techniques were added to routine
pretransfusion and compatibility testing to detect antibodies reactive in the
cold. However, as more experience was gained, it became clear that it is not
necessary to avoid cold-reacting antibodies for patients undergoing
hypothermia during routine surgery [40]. In addition, almost all of the
cold antibodies detected on routine testing were not clinically significant,
and this test procedure was gradually eliminated [41]. Some of the other
methods that may be used include treating the red cells with enzymes,
extending the length of incubation, changing the serum to cell ratio,
altering the incubation temperature, or suspending the red cells in
low-ionic-strength solution and using chemicals such as polybrene to
enhance agglutination. Some of these techniques are used routinely by
some blood banks; others are suitable for use only in reference laboratories
for investigation of certain antibodies. The tests can be carried out in any
of the tube, gel, solid-phase, or affinity systems described above. If the
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Figure 10.1 Schematic illustration of crossmatch using antihuman globulin. (Adapted from
Harmening D. Modern blood banking and transfusion practices. Philadelphia, FA Davis,
1989.)

patient’s serum contains an IgG antibody that reacts with an antigen on the
red cells used in antibody screening tests, this will be detected using the
antihuman IgG (Figure 10.1). This is an extremely important test, since
most clinically significant red cell antibodies are IgGs.

If an antibody is detected in the patient’s serum, the antibody should be
identified and red cells selected that lack the corresponding antigen if the
antibody is clinically significant (see Chapter 9). This approach is
preferable to selecting units of red cells that are compatible in a crossmatch
without identifying the antibody. The antibody in the patient’s serum may
be too weak to react with red cells heterozygous for the antigen (the
so-called dosage phenomenon) and thus the crossmatch will appear to be
compatible. However, transfusion of the red cells heterozygous for the
antigen may result in accelerated destruction of the cells. Rarely, reactivity
may occur when serum but not when plasma is used. This does not appear
to represent true red cell antibody reactivity and is not clinically significant
[42]. Rarely, hemolysis may occur when the antibody screening test is
negative (Table 10.5).

The crossmatch

If the antibody screening/detection test is negative, the crossmatch
technique can be limited to one that will detect ABO incompatibility. If the
antibody screening test is positive, a full or more extensive technique must
be used.

Full crossmatch

The crossmatch involves testing the donor’s red cells against the patient’s
serum. In the past, this was done in several different “phases” such as room
temperature, after incubation at 37°C, and after the addition of
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Table 10.5 Situations in which hemolysis can occur when
the antibody screening test is negative.

Antibody to low-frequency antigen not on screening cells
Passive transfer of donor antibody

Incorrect blood administered

Infusion using hypotonic solutions

Improperly stored unit

Improperly thawed frozen red cells

Bacterial contamination of unit

Underlying sepsis of patient

Antibody undetectable by existing laboratory methods

antiglobulin serum. This group of methods was very effective in detecting
all clinically significant antibodies. Albumin was preferable to a saline
suspension because using saline and antiglobulin weak antibodies, poorly
reactive red cells, or the prozone phenomenon resulted in false-negative
tests. Experience then gradually established that the room temperature
phase identified many antibodies (reactivity) that were not clinically
significant. Over a period of several years, the room temperature phase of
testing was eliminated and the saline suspension test, along with an
antiglobulin phase, was used to detect all clinically significant antibodies.

In the full major crossmatch, the recipient’s serum is reacted with the
intended donor’s red cells, usually using a technique similar to that used in
the antibody detection test. This involves incubation at 37°C and the use of
AHG. Both antiglobulin reagents (polyspecific containing anti-IgG and
anti-C3, or monospecific containing anti-IgG, only) are in routine use, but
the detection of cell-bound C3d may lead to false-positive results, and
some workers prefer to use the anti-IgG reagent. Various agents or
procedural modifications described previously may be used to attempt to
enhance or speed antibody—antigen reactions.

Abbreviated (ABO) crossmatch

At about the same time as these methods were evolving, interest developed
in using the antibody screening test more extensively instead of the
crossmatch between patient’s serum and donor cells [43-46]. Experience
established that antibody screening could replace the antiglobulin phase of
the crossmatch for patients in whom no antibody is detected in the
antibody screening procedure [47,48] and a complete crossmatch is not
necessary [49]. Thus, it is increasingly common to carry out a simplified
crossmatch that confirms ABO compatibility if the patient has a negative
antibody detection test and has not been pregnant or transfused within the
preceding 3 months [37]. Thus, for patients with no antibodies detected in
the antibody screening test, the “crossmatch” is used to detect ABO
incompatibility. This can be done with a simplified method involving a
saline suspension medium and a short incubation of about 5 minutes
[47,48]. It is important to allow this incubation period so that antibodies
have time to react and to avoid false-negative tests due to the prozone
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phenomenon. This test is usually done with the tube or gel method but can
be done as a slide or a simple rapid slide polybrene method for
pretransfusion compatibility testing can be done without a centrifuge and
may be an acceptable method for compatibility testing in developing
countries [38].

The abbreviated crossmatch will not completely prevent the rare
transfusion of an incompatible unit, since some blood group antigens of
low frequency will not be present on the red cells used for antibody
screening tests. However, this occurs infrequently [50,51] and many of
these incompatibilities can be detected in the abbreviated (ABO)
crossmatch [51]. When incompatibility frequencies are considered, 99.99%
of patients who have a negative antibody screening test would receive
compatible red cells [50]. Several other studies report relevant data.
Alexander and Henry [52] found seven hemolytic transfusion reactions in
1.5 million red cell transfusions (1/214,000) due to antibodies missed in
the screening test. Cordle et al. [53] found that one positive crossmatch in
3380 serum samples with a negative antibody screening test. The antibody
was anti Kp®. This was thought to potentially cause a transfusion reaction,
but not one of “serious consequence to an adult patient.” Shulman et al.
[49] reported no acute hemolytic transfusion reactions in 19,818 patients
with a negative antibody screening test when they were transfused using an
abbreviated crossmatch, and Heisto [54] found one antibody in 73,407
crossmatches of screening negative sera. Therefore, the standard approach
has become to focus on the antibody screening procedure and, when it is
negative, carry out an abbreviated crossmatch designed to detect ABO
incompatibility. For this approach to be optimally effective in reducing
costs, the patient’s blood sample should be sent to the blood bank the day
(or more) before surgery because the collection time of the sample is
related to the likelihood of delayed surgery [55].

Minor crossmatch

In the minor crossmatch, the donor’s serum is reacted with the patient’s
red cells. This test was intended to detect antibodies in the donor that
might cause hemolysis of the patient’s red cells. Although a few such cases
have been reported, this is very rare. The situation is now approached by
carrying out an antibody detection test on the donor’s serum at the time of
donor blood processing. If donor antibodies are present, the unit is either
not used or the plasma is removed. Thus, the minor crossmatch is not
necessary and is no longer used.

Computer crossmatch

The next phase in the evolution of compatibility testing was the
recognition that confirmation of ABO compatibility could be
accomplished by methods other than laboratory tests. This led to the
proposal for a “computer crossmatch” [56]. In the “computer crossmatch”
the laboratory test for ABO compatibility is replaced by a computer check
of the records of the donor and patient [57,58]. The ABO type of the
patient must have been done at least twice, once on the present sample,
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and the computer must contain all pertinent data about the donor unit
and the patient. Safwenberg et al. [59] reported on 12 years of experience
with computer crossmatches. The antibody screening methods evolved
during the 12 years of data gathering. Initially, the test used enzyme
(bromelin)-treated reagent red cells, then an antiglobulin-phase tube test
but no enzyme, and then an antiglobulin test carried out in a gel system.
This represented a shift in emphasis of the screening procedure over the
years from maximum sensitivity (with many false-positive reactions) to
more specificity. Four different red cell suspensions were used as screening
cells. The rate of alloantibody detection was about 1%. Combining all
three of these antibody screening methods, the computer crossmatch
system with antibody screening allowed 90% of the units to be released
without a further laboratory crossmatch. There were no cases of hemolytic
transfusion reactions due to failure of the system. The authors believe that
the value of this approach is that it allows antibody screening to be carried
out under more optimum conditions than in the crossmatch. The
drawback is that the screening cells must be selected to contain the proper
spectrum of antigens so that clinically significant antibodies will be
detected. As the authors point out, this system will not detect a mislabeled
unit, as happened once in their experience. Thus, the failure rate of the
computer crossmatch in this study was 1/257,400 units [59].

Labeling and issue of the appropriate blood products
Records of all laboratory tests should be made at the time the laboratory
work is being done. At the completion of all laboratory testing, the records
should be complete and the unit of red cells found to be compatible can be
labeled and prepared for release for transfusion. Most blood banks today
use bar code labeling systems, but whatever the nature of the label, a tag of
some sort is attached to the unit. This “crossmatch tag” contains the
patient’s name, identification number, blood type, and the blood type and
identification of the unit of red cells found to be compatible. Also, the tag
contains the statement that this unit is compatible and suitable for
transfusion to the specified recipient. Thus, the transfusionist can review
the patient’s identification, the identity of the unit of red cells, and the
information on the crossmatch tag to ensure that the proper unit of red
cells is being administered to the patient (see Chapter 13).

10.5 Red cell antibody identification

If the antibody screening test is positive, the antibody should be identified
so that antigen-negative red cells can be selected for the crossmatch.
Antibody identification is done using reagent red cells from several
individuals (usually eight) selected to contain antigens corresponding to
the clinically significant antibodies (Figure 10.2). This group of reagent red
cells is called a “panel.” The technique used for identifying the antibody
may be the same as that used for the antibody screening, or an alternative
technique may be used. An alternative technique might be used because
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experience has established that method to be most effective locally, or
because the screening test suggested a particular antibody specificity that is
best demonstrated by a particular technique. It may be necessary to test the
patient’s serum against more than one panel or against sets of red cells
especially selected to possess or lack certain antigens. In addition, since
certain specific antibody—antigen reactions are known to be enhanced or
inactivated by different conditions, these special tests may use techniques
different from those used for antibody detection or the initial panel test.
Examples of some of these special techniques are given below.

Chemical modification of test red cells

Chloroquine can be used to elute IgG from red cells [60]. This is of value in
patients with a positive DAT. The IgG can be removed, making it possible
to type the patient’s red cells, which provides information about which
antibodies the patient could produce. Test red cells can also be treated with
dithiothreitol (DTT) to inactivate some antigens [61]. DTT acts by
disrupting sulthydryl bonds, thus altering the tertiary structure of some
antigens and rendering them less reactive. A third method of chemically
treating red cells involves a reagent referred to as ZZAP [62]. This
combines the enzyme papain with DTT to inactivate Kell, MNSs, Dulffy,
Gerbich, and most LW, Cartwright, Dombrock, and Knops antigens. This
is probably a more effective way to inactivate red cell antigens than DTT
alone. These strategies to inactivate certain known red cell antigens and
then repeat the testing of the serum containing the unknown antibody can
be a very helpful strategy for identifying red cell antibodies.

Enzymes and enhancement media

The use of enzymes to increase or decrease the reactivity of certain antigens
and the use of enhancement media such as LISS, PEG, and polybrene have
been described previously.

Neutralizing or inhibitor substances

Substances can be obtained commercially that inhibit certain
antibody—antigen reactions. In trying to solve complex antibody problems,
it may be easier to neutralize the antibody than to find a group of red cell
suspensions that lack the suspected antigen. Examples of antigens for
which this strategy can be used are P1, Lewis, and Chido/Rogers.

Sulfhydryl reagents for distinguishing

IgG from IgM antibodies

Sulthydryl reagents can be used to distinguish IgG from IgM antibodies
[63]. DTT is most commonly used. The DTT cleaves the disulfide bonds
between the subunit chains of IgM but does not affect the bonds between
the monomers of IgG. This treatment of a serum containing a red cell
antibody with DTT will inactivate an IgM but not an IgG antibody. This
can be used conveniently in antibody identification.
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Absorption

Absorption is of value primarily to remove cold-reactive antibodies that
interfere with antibody identification. Absorption can be done using
autologous red cells to remove cold-reactive antibody and the serum then
tested at 37°C to detect warm-active alloantibodies. In patients suspected
of having multiple alloantibodies, absorption can be done using allogeneic
red cells selected to contain or lack specific combinations of antigens.

Elution

Elution is the process of removing bound antibody (usually IgG) from the
red cell surface. This is done on red cells of patients who have a positive
DAT. The recovered antibody in the eluate can then be identified using the
same techniques that are used to test serum. Removing (eluting) bound
antibody also makes it possible to type the patient’s red cells to determine
which antibodies the patient could form. There are several elution
techniques including heat, cold acid, glycine HCI, Lui freeze/thaw, acid,
digitonin, and gentle heat.

10.6 Strategies for making red cells available
for transfusion

Blood availability

Red cell transfusions are used for replacement in chronic anemia and
either controlled or uncontrolled blood loss. Transfusions for chronic
anemia and controlled blood loss can be planned, and all of the steps
described above can be carried out in an efficient, well-organized manner
(Table 10.6). Most red cell transfusions are provided to patients who are
relatively stable; the process is uneventful and is performed at a reasonable

Table 10.6 Strategy for providing blood.

Little blood loss, no expected transfusion
Type and screen
No antibody
No crossmatch
No blood set aside
Antibody present
Complete crossmatch
Blood set aside
Large blood loss, transfusion expected
Type and screen
No antibody
Crossmatch—ABO compatibility
Blood set aside
Antibody present
Crossmatch—complete
Blood set aside
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Table 10.7 Approximate time required to provide compatible
RBCs in different situations.

Emergency method Minutes

Complete compatibility test 607
ABO, Rh type, and antibody screen
Crossmatch

Emergency crossmatch—previous sample 10
ABO crossmatch

Emergency crossmatch—no previous sample 15

No crossmatch 10
ABO type specific

No crossmatch 5

Universal donor

2If antibody screen negative; if antibody screen is positive, time
may be 120 minutes or much longer.

pace. The ABO and Rh typing, red cell antibody detection, and subsequent
crossmatching, if the patient does not have any unexpected red cell
antibodies, can be expected to take approximately 1 hour if other more
urgent laboratory work does not interfere (Table 10.7). Thus, at best, red
cells could be expected to be available within about an hour after receipt of
the specimen and request forms in the blood bank. When patients
experience acute blood loss, initial management is with intravenous fluids
to maintain the blood volume (see Chapter 12), but there may be an urgent
need for red cell replacement. For these situations, it is essential that the
blood bank have policies, procedures, and systems in place to make red
cells available quickly and safely. There are several strategies that can be
used to provide blood quickly. Each different strategy that shortens the
time required to make red cells available involves eliminating some of the
standard testing procedures. Because there is some possibility for increased
risk of error or failure to detect red cell incompatibility, effective
communication between the patient care team and the blood bank staff is
essential. In this way, sound judgments can be made to balance the
patient’s clinical needs for urgent transfusion against the drawbacks of
abbreviating the pretransfusion testing. The following sections describe the
approaches to providing red cells under different conditions ranging from
planned elective transfusion to the most urgent, life-threatening situations.
These different situations, the time required and the trade-offs in patient
safety are discussed below. Many hospitals are establishing “massive
transfusion” protocols that make large amounts of red cells, plasma, and
platelets available quickly (Chapter 12).

Standard or maximum surgical blood ordering

The amount of blood a hospital must maintain in its inventory is based on
the amount ordered to be set aside (crossmatched), not the amount used.
Thus, it is important to avoid ordering and sequestering excessive amounts
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of blood. To reduce this possibility, a structured approach to providing
blood for elective surgery is used. Analysis of each hospital’s blood usage
for particular procedures is done to develop baseline data for that hospital.
Alternatively, data is available from the literature describing the amount of
expected blood use for different procedures. Based on these data, a
standard or maximum amount of blood to be requested is defined for each
type of surgical procedure [64—67]. This becomes the routine amount of
blood that is crossmatched and set aside for a particular patient
undergoing that procedure. This minimizes blood wastage by avoiding
over-ordering blood and is referred to as the maximum or standard
surgical blood order program. For procedures in which blood is rarely
used, blood is not crossmatched and set aside in advance. Instead the “type
and screen” procedure is used.

Type and screen

For surgical procedures or other situations in which blood is used rarely, if
at all, blood is not crossmatched and sequestered for a particular patient,
but instead the “type and screen” procedure is used [43]. In the type and
screen, the patient’s ABO and Rh blood types are determined and an
antibody detection (screening) test is done. If no unexpected red cell
antibodies are present and the patient is scheduled for a procedure in
which blood is rarely used, no blood is set aside and no crossmatching is
carried out. If the rare situation arises in which the patient requires a red
cell transfusion, red cells are provided either using the ABO crossmatch
(which requires approximately 15 minutes) or, in an emergency, red cells
ABO identical with the patient can be released without a crossmatch
(Table 10.6). If an antibody is found in the antibody detection test, then
the antibody is identified and the crossmatch technique to be used for that
patient is defined. Often blood will be crossmatched and held for patients
with complex antibodies in circumstances where the standard surgical
blood request would not warrant this. Even though preparing blood for
these patients involves additional work, it avoids the potential difficulties
in making blood available quickly for patients who have red cell antibodies
and for whom it may be difficult to locate red cells lacking the antigen in
question and compatible in a crossmatch.

Emergency “crossmatch”

This is the same as the abbreviated or ABO crossmatch. When blood is
needed urgently and a blood sample from the patient has been obtained
earlier and is in the blood bank, the blood type and antibody screening
result may already be known from testing of that sample. If no red cell
antibody was found in the screening procedure, a unit of red cells that is
ABO identical with the patient can be selected and the abbreviated or ABO
compatibility crossmatch can be performed in about 10 minutes.

If a blood specimen had not been obtained previously and the blood
bank must determine the blood type on a new sample, this can be done
within about 5 minutes and the proper ABO type unit selected and
crossmatched as described above. This adds about 5 minutes to the time
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required, or a total of about 15 minutes for release of blood on an
emergency basis. However, in this situation an antibody screening test is
not performed, and so it is possible that a red cell antibody other than
ABO will be present and incompatible red cells could be transfused. When
the ABO crossmatch is being set up in the laboratory, the antibody
screening test will also be set. Often the antibody screening test result is
known by the time the blood is released from the blood bank and
transported to the patient’s bedside. If an antibody is present, the blood
bank technologist can telephone the patient care unit, and this information
can be taken into consideration by the physician in deciding whether to
continue the transfusion. Even when the antibody screening test is positive,
it may be appropriate to continue the transfusion because of the patient’s
critical condition.

Uncrossmatched red cells

Rarely in patients with trauma, unexpected massive intraoperative
hemorrhage, or ruptured aortic aneurysm, red cells are needed urgently
and it is not thought to be acceptable to wait approximately 10—15 minutes
to obtain red cells that are ABO identical with the patient and have
undergone an ABO crossmatch. In these situations, uncrossmatched red
cells can be given. Whenever a crossmatch is not done, group O red cells
are used. Usually Rh-negative red cells are selected, because the
combination of O-negative red cells should avoid a hemolytic transfusion
reaction to the most common clinically important red cell antibodies:
anti-A or anti-B and anti-D. In the past, many hospitals attempted to
maintain a small stock of O-negative red cells in the emergency
department so that a transfusion could be started immediately. This
practice is not advised. The techniques for managing acute blood loss are
very effective, the wastage of these red cells is very high, and it is not
practical to obtain an adequate supply of O-negative red cells for storage in
emergency departments. Uncrossmatched red cells can be made available
quickly and their use does not seem to be associated with increased risk,
although the need for uncrossmatched red cells is often overstated [68,69].

Factors that influence blood availability

In addition to the time necessary in the laboratory, there are practical
operational factors that influence the speed with which red cells can be
made available. These are: (a) the distance of the blood bank from the site
where the red cells are needed (usually the operating rooms), (b) the
transportation system to be used, and (c) the time of day that the need
arises. Obviously the time to provide red cells should be much shorter if
the blood bank is nearby, but this can be influenced by the transportation
system. If human “runners” are used, they may not be immediately
available and it is not usually advisable for the blood bank staff to leave the
laboratory to take blood to the patient care area. A mechanical transport
system should be immediately available but it must be dependable. If the
emergency occurs at night or on a weekend, there may not be adequate
staff to respond, thus delaying red cell availability. In one study [70] of
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466 hospitals, the average time from urgent request to arrival of red cells in
the operating room was 34 minutes with most of the time taken from
request to release of blood from the blood bank. Factors associated with
more rapid release were having lists of patients and procedures in the
blood bank, adequate blood specimens in the blood bank, and completed
type and screen procedures.

10.7 Approach to the patient with
an incompatible crossmatch

In compatibility testing when there is reactivity in the antibody detection
test, serologic studies should be carried out to determine whether a red cell
antibody is present [71]. If a clinically significant antibody is identified,
donor red cells typed and found to be negative for the corresponding
antigen should be compatible when crossmatched. The blood bank staff
will carry out these procedures and provide compatible blood, although
additional time and blood samples may be necessary. For several reasons,
this approach of identifying the antibody and selecting known
antigen-negative red cells is preferable to merely crossmatching until
compatible red cells are found. The panels used for red cell antibody
identification do not represent random donors, and thus the antibody may
react with a higher proportion of donors than the portion of reactive panel
cells, making it difficult to obtain compatible red cells. Some antibodies
react in vitro only with red cells homozygous for the antigen but cause in
vivo destruction of heterozygous red cells; and many sera that react in vitro
do not signify potential in vivo red cell destruction. Thus, knowledge of the
specificity of the red cell antibody and the character of anti-red cell
reactivity improves the safety of the transfusion.

Some patients’ serum reacts with many or even all of the donors tested.
In this situation it is necessary to determine whether the patient has
autoimmune hemolytic anemia. This is usually indicated by a positive
DAT. The patient may or may not be anemic. The selection of blood for
patients with autoimmune hemolytic anemia is discussed later. If the
patient has a negative DAT and does not have autoimmune hemolytic
anemia but the serum reacts with all donors’ red cells tested, it must be
determined whether an alloantibody is present against a high-frequency
antigen or whether the reactivity is due to other nonred cell blood group
factors. Examples of nonred cell blood group factors are abnormal proteins
in the patient’s plasma, high titers of normal cold agglutinins, and
reactivity with test materials such as preservatives or antibiotics used in the
test red cell suspension. If it is determined that the patient does have a
high-frequency alloantibody, the clinical significance of the antibody
determines whether it is preferable to obtain antigen-negative red cells. For
instance, this is unnecessary for many antibodies that do not cause
transfusion reactions, hemolysis, or accelerated clearance of red cells. If the
alloantibody is expected to be clinically significant, most blood banks have
local files of rare donors and, if necessary, national rare donor registries of
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the American Red Cross or American Association of Blood Banks can be
contacted. In patients with a clinically significant high-frequency
alloantibody, the decision as to whether to delay transfusion to obtain
compatible antigen-negative red cells will depend on the patient’s
condition. If the patient’s condition does not allow delay, an in vivo
crossmatch can be done (see below). In situations where no specific
antibody has been identified, considerable emphasis has been placed on
selecting the least incompatible donor units for transfusion. While it is
unlikely that this is detrimental, there is no evidence that in these
situations, red cells less reactive in vitro will have better survival

in vivo.

In vivo red cell compatibility testing

Occasionally, compatible donor red cells cannot be found either because
the patient’s serum contains an autoantibody that reacts with all donors’
red cells or the serum contains an alloantibody against an extremely
high-frequency antigen and cells lacking the antigen are not available. In
the past, occasionally an “in vivo crossmatch” was done. This involved
labeling with 3! Cr a small volume (usually 5 mL or less) of the red cells to
be transfused, injecting them, and determining the percentage that survive
24 hours later. In general, patients do not experience an acute hemolytic
reaction if at least 85% of the donor red cells survive for 24 hours [72].
However, the 85% value should not be used as an arbitrary indication of a
safe transfusion. Transfused red cells with lower 24-hour survivals in the in
vivo crossmatch may have a better survival when the larger-volume
transfusion is given, and occasionally patients may experience severe
hemolysis despite in vivo crossmatch results greater than 85% [72]. Thus,
while an in vivo crossmatch may provide helpful information, it usually
does not change the actual management of the patient. In vivo
compatibility testing is rarely done.

Phagocytosis related assays
An in vitro approach to evaluating the potential clinical impact of a red cell
antibody is the monocyte monolayer assay (MMA) [73] that has been used
to predict the clinical significance of red cell alloantibodies. Mononuclear
cells from normal donors are isolated from whole blood using a density
gradient, washed, then suspended in tissue culture medium and incubated
at 37°C on slides after which the nonadherent cells (lymphocytes) are
removed. A monolayer of 95-100% monocytes is left. In a separate
procedure, normal RBCs are sensitized with serum from donors having
clinically significant antibodies for 1 hour at 37°C. The sensitized RBCs are
then suspended in culture medium and incubated with monolayer. At the
end of the incubation, unreacted RBCs are removed by washing with PBS.
The monolayer is stained and the number of mononuclear cells with
internalized or adhered RBCs is quantified.

A wonderful summary of 20 years of data from the developers and
primary users of this technique established that a MMA of less than 5%
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indicates that incompatible blood can be given without risk of a hemolytic
transfusion reaction, although the long-term survival of those red cells
may be somewhat shortened. The MMA is an excellent alternative for a
1-hour chromium 51 red cell survival to aid in the decision to transfuse
RBCs incompatible with alloantibodies [74].

10.8 Hemolytic disease of the newborn

Laboratory investigation

HDN is one of the classic immunohematology diseases and in the 1940s
accounted for as much as 10% of the deaths in fetuses and newborns. The
pathophysiology was described by Levine and Stetson in the late 1930s [75].
The mother becomes immunized to a red cell antigen that she lacks but
that the infant has inherited from the father. Immunization occurs when
minute amounts of fetal red cells cross the placenta during pregnancy.
Since immunization occurs during the first pregnancy, usually the disease
is not manifest until subsequent pregnancies. The most common cause of
clinically important HDN was anti Rh(D). Anti-D continues to be the most
common antibody (46% in one study) followed by anti-Kell (15%), and
also a combination of antibodies occurs in about one-fourth of patients.
The anti-D titer closely parallels the clinical importance of the antibody
and it appears that combinations of antibodies were more harmful than
single antibody specificities [75a]. HDN due to ABO incompatibility is
more common but clinically less severe due to the incomplete development
of ABO antigens at birth and the fact that most anti-A or B is IgM that
does not cross the placenta. The severe intrauterine hemolysis of HDN
causes anemia resulting in congestive heart failure or even death in utero.
During gestation, the mother can metabolize the hemoglobin breakdown
products but, after birth, hyperbilirubinemia develops and may cause
brain damage (kernicterus). As the pathophysiology of HDN was
understood, techniques to diagnose it and predict the severity were
developed and treatment with exchange transfusion was introduced.
Subsequently, intrauterine transfusion was developed to sustain the fetus
until it could be delivered and given an exchange transfusion. Modern
medicine has added a new twist to the genesis of HDN. In in vitro
fertilization, if the egg is obtained from a surrogate donor who is Rh
positive, HDN may develop unexpectedly or more severely than expected
[76]. HDN is now a preventable disease (see below).

Prior to approximately 1961, the red cell antibody titer and the history
of the severity of affected infants in previous pregnancies were the only
methods of predicting the severity of HDN in a present pregnancy. This
situation was greatly improved by the development of a method for
spectrophotometric analysis of amniotic fluid by Liley in 1961 [77,78]. In
this method, the amount of deviation in adsorbance of light at 450
nanometers from a line connecting the adsorbance at 350—700 nm is
measured. This difference in adsorbance (AOD) measurement is then
plotted on a chart based on the gestation stage of the pregnancy, and the
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position on the chart is used to predict the severity of HDN. This proved to
be an extremely accurate predictor of the severity of the disease.

Monitoring the at-risk fetus

Doppler measurement of peak systolic velocity in the middle cerebral
artery (MCA) is increasingly common [79-81]. Peak systolic velocity
increases when the anemic fetus must direct more blood to the brain to
maintain oxygen levels. This test has been shown to be the most useful for
determining HDN. However, after 35 weeks, amniocentesis may be
indicated because of a high false-positive rate [79, 81].

Percutaneous umbilical cord blood sampling (PUBS) may also be used
as an adjunct to Doppler measurement of MCA peak systolic velocity. In
PUBS, a needle, guided by sonography, is used to puncture the umbilical
vein near the placenta. The fetal blood is analyzed for hemoglobin levels,
hematocrit, blood gases, pH, and bilirubin levels [82]. Some sources
recommend that PUBS be used in conjunction with Doppler measurement
before physicians are comfortable interpreting Doppler results; however,
other sources recommend that PUBS be used sparingly because of
increased likelihood of fetal-to-maternal hemorrhage [79].

About 2 years after Liley introduced the technique for measuring
amniotic fluid spectrophotometrically and predicting the severity of HDN,
he reported a technique to transfuse severely affected infants [83]. The
ultrasound visualization is used to guide a needle into the fetal peritoneal
cavity, where the blood is transfused. This intraperitoneal transfusion
procedure carried a general mortality of about 7% but greatly improved
the prognosis for the most severely affected fetuses. More recently, with the
introduction of fetal blood sampling techniques, it has become possible to
provide direct intravascular transfusions to the fetus [84].

The recommended approach to the diagnosis of HDN is briefly outlined
in Table 10.8. After determining that the mother is Rh negative, the next
step is paternal genotyping. If the father is homozygous for the D-positive
trait, no fetal genotyping is indicated because the fetus must necessarily
be D-positive. If the father is heterozygous or if paternal genotyping is
not possible, fetal genotyping is pursued. In most centers, fetal genotyping
is carried out by PCR amplification of cells attained from amniocentesis.
Increasingly noninvasive techniques for detection of Rh status
in the fetus, such as testing of free fetal DNA in maternal serum, are being

Table 10.8 Steps in the evaluation of potential HDN.

Type mother to be sure she is Rh negative

Type father to determine if he is Rh positive

Carry out antibody screening

If the antibody screening test is positive, identify the antibody

Titer the antibody

Repeat the titer at 16-18 weeks' gestation

If the titer rises or reaches a level beyond the acceptable limit, amniocentesis is indicated
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used [85]. If the mother is already immunized, the titer is determined

as a baseline for comparison of future samples. Another titer is obtained at
about 16-18 weeks, because no treatment will be initiated before then. The
subsequent titer is compared with the initial titer. Each laboratory establishes
its own guidelines for significance of change in titers. Often, an increase

of two dilutions or a value of 1 : 16 are used, but these must be determined
locally. If the titer changes more than that locally acceptable, then MCA
systolic velocity, amniocentesis, or fetal blood sampling are performed.

Prevention of HDN—Rh immune globulin

From general immunology it has been known that if antibody is given
passively along with antigen, immunization can be prevented. Thus in the
mid 1960s, experiments began in New York and Liverpool, England, giving
Rh-negative male volunteers Rh-positive red cells along with plasma
containing anti Rh(D). Immunization was prevented [86,87]. Immune
globulin prepared from plasma containing anti-Rh was then used
successfully to prevent immunization in pregnant women who delivered
Rh-positive infants [86—88]. The immunoglobulin product is known as Rh
immune globulin (RhIG). Although these landmark studies were done
about 50 years ago, the mechanism of action of RhIG is still not established.

RhIG must be given within 72 hours of delivery, not for
scientific/immunologic reasons but because the clinical trials used that
time limit. The present dose of RhIG is 300 micrograms. This will prevent
immunization from about 30 mL of whole blood [87, 88]. This
dose—response relationship can be used to determine the dose of RhIG to
be used in situations of massive fetal maternal hemorrhage or transfusion
of Rh positive red cells to an Rh-negative female [89]. If a woman has
mistakenly missed receiving RhIG, it should be given as soon as possible
but can be attempted up to 28 days after delivery [90].

In a small percentage of women, there was evidence of immunization
during pregnancy and so RhIG is now given during pregnancy as well as at
delivery [91-93], although the dose is smaller than at delivery. Some
failures of RhIG prophylaxis occur because of failure to give RhIG or give
the proper dose, or give it at the proper time after abortion, amniocentesis,
or massive fetal maternal hemorrhage.

Reactions to RhIG are minor, since it is the same as ordinary immune
globulin except that it is produced from plasma with high titer anti-Rh(D).

| 10.9 Platelet compatibility |

Selection of ABO and Rh type for platelet transfusion
ABO antigens are adsorbed onto the surface of the platelet, and the
recovery of A, platelets transfused into group O patients is decreased [94].
Thus, it is advisable to transfuse ABO-compatible platelets [95] (see
Chapter 11). If ABO-compatible platelets are not available,
ABO-incompatible platelets should be used rather than withholding
platelet transfusion.
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Incompatibility between the platelet donor plasma and recipient red
cells usually may also be clinically important. If large numbers of platelet
concentrates are being transfused to an adult, or if the patient is a small
child, incompatible donor plasma may cause a positive DAT and red cell
hemolysis (e.g., type O plasma contains anti-A and may react with a type A
recipient’s red cells). When ABO-compatible platelets are unavailable,
consideration may be given to removing some plasma from the platelet
concentrate before transfusion. Red cell crossmatching is not necessary
prior to platelet transfusion because the platelet concentrate usually
contains about 0.5 mL of red cells.

Rh antigens are not found on platelets. However, patients may become
immunized to Rh antigens from the red cells contaminating the platelet
concentrate. The risk of forming anti-Rh(D) is low and discussed in more
detail in Chapter 11). Because of the life-threatening nature of most cases
of thrombocytopenia, platelets from Rh-positive donors can be
administered to Rh-negative recipients. However, Rh-negative women of
childbearing age with a nonmalignant disease should not receive platelet
concentrates from Rh-positive donors because of the effect of possible
anti-Rh on future pregnancy. If Rh-positive platelets are given to such a
patient, Rh immunization can be prevented by the administration of RhIG.

Rh-positive platelets have a normal survival in recipients with
anti-Rh(D) [96]; thus, the only concern is a possible transfusion reaction
to Rh-positive red cells contained in the platelet concentrate. However, the
red blood cell content of platelet products is so small that a significant red
cell hemolytic reaction would not be expected, even in a recipient with a
preformed anti-Rh(D) antibody.

If an Rh-negative patient receives Rh-positive platelets, it may be
desirable to attempt to prevent immunization. This can be done by giving
the patient RhIG. Since one standard dose (1 mL) of RhIG will prevent
immunization from up to 15 mL of Rh-positive red cells [89,90], this should
cover about 25 units of platelets (25 units x 0.5 mL = 12.5 mL red cells).

Red cell compatibility testing for platelet transfusion
Compatibility testing is not usually done for platelet transfusions because
of the small red cell content of the platelet concentrate. However, platelets
also contain human leukocyte antigen (HLA) antigens and platelet-specific
antigens. Some patients may develop antibodies to these antigens following
transfusion, pregnancy, or organ transplantation. When this occurs,
transfused platelets have a decreased recovery and a shortened intravascular
survival. Therefore, these transfused platelets are less effective in controlling
hemorrhage. The management of these patients is discussed in Chapter 11.

10.10 Granulocyte compatibility \

Compatibility testing for granulocyte transfusion
Each granulocyte concentrate contains approximately 20 mL of red cells,
and thus red cell compatibility testing must be done (see also Chapter 11).
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HLA and granulocyte antibodies can interfere with the ability of transfused
granulocytes to circulate and localize at sites of inflammation [97]. This
problem could be overcome by carrying out leukocyte compatibility
testing. However, technical problems make it impractical to do a leukocyte
crossmatch of the patient’s serum and donor’s cells on the day of
transfusion. Donors are usually selected by periodically screening the
patient’s serum against multiple granulocyte donors. Lack of an effective
method of ensuring granulocyte compatibility is a major factor in the
limited effectiveness of granulocyte transfusion.
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