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Preface

The precursor of this book was Hemoglobin-
based Red Cell Substitutes, published by the
Johns Hopkins Press in 1992 (Winslow, 1992).
The initial idea for the current book was to pro-
duce an updated edition, but somewhat less
austere and more accessible to a wider reader-
ship. As we worked on this idea it became less
and less appealing, partly because the field has
advanced so rapidly and so far since 1992.
Furthermore, | became less and less confident
that | would be able to do justice to the vast
amount of new research that has been done
since that time.Therefore it was decided that this
book would be multi-authored.

The book has several aims. First, it is intended
to be comprehensive. Invitations to contribute
were accepted by all but a few potential authors,
and, except for a few hard cases, the authors have
been extraordinarily prompt in accomplishing
their contributions. Second, the book aims not
to be a collection of disconnected essays, as so
often happens in symposium proceedings;
rather authors were asked to cover their field of

specialization with background for the non-
specialized reader before delving into the details
of their own research. Third, the book aims for a
degree of cohesiveness not usually found in
multi-authored books. We have tried hard to
ensure uniformity of usage and standardization of
abbreviations. During the writing and editing
stages, | frequently asked authors to resolve con-
flicts with other chapters and to document state-
ments that seemed to me to be matters of opinion.
Fourth, we have tried to make the book accessible
to the general reader. To do this, | have written a
short abstract of each chapter; these abstracts are
clearly identified as editor’s comments.
Robert M. Winslow, MD
San Diego
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Partial pressure of oxygen
Postoperative day
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Pulmonary vascular resistance
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Quasi-elastic light scattering

Acetated Ringer’s solution USP
Red blood cell
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Recombinant human serum
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TNF
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VEGF
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Selective aortic perfusion
Severe adverse event
Subarachnoid hemorrhage
Arterial hemoglobin saturation
Systolic blood pressure
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when deoxygenated
PEG-succinimidyl carbonate
Stroma-free hemoglobin
Systemic inflammatory
response syndrome

Superior mesenteric artery
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Hemoglobin saturation
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saturation

Systemic vascular resistance

Transfusion-related graft-
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Traumatic brain injury
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Transmission electron
micrograph

Tangential flow filtration
Tumor necrosis factor, an
inflammatory cytokine
Tissue plasminogen activator
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Transfusion-associated
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Ultraviolet

Variant CJD, a form of CJD that
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Vascular endothelial growth
factor

Oxygen consumption: cardiac
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difference

Vesicular stomatitis virus

‘Zero linked” bovine hemoglobin



Introduction

In his 1937 review on blood substitutes, Amberson
wrote:

The blood of vertebrates is the most compli-
cated fluid to be found in the world of living
organisms. Compounded of a dozen essen-
tial ingredients, sustaining a multiplicity of
activities, the fluid pathway for a variety of
chemical and hormonal integrations of func-
tion, the source of food and oxygen for every
tissue, it defies laboratory synthesis. At the
very beginning we must recognize that there
is no complete substitute for blood. Yet biol-
ogists and physiologists, no less than clini-
cians, are so frequently confronted with
situations where normal blood cannot be
obtained, or where the problem at issue can
only be solved by a simplification of condi-
tions, that a substitute for blood has become
one of the most pressing needs of the exper-
imental laboratory.

(Amberson, 1937)

More than sixty years later there is still no sub-
stitute for blood to be used for transfusion, in
spite of substantial efforts to produce one. This
book will review some developments that relate
to red cell substitutes and will present some of
the forces that have driven research in the field.
At the outset, the obvious may be stated: if it were
a simple problem, it would have been solved
long ago.

The US Army, which contributed so much to the
blood-banking system and to the development
of human serum albumin as a therapeutic agent,
has long recognized the impact that a universal
oxygen-carrying resuscitation fluid would have
in the care of trauma victims. Wartime require-
ments placed the military at the center of research
and development efforts; the military is perceived
as a certain market for oxygen-carrying solutions.
Research has been carried out in both military
and civilian laboratories for more than thirty
years since it was discovered that hemoglobin

Blood Substitutes, edited by Robert M. Winslow.
ISBN-13: 978-0-12-759760-7 ISBN-10: 0-12-759760-3

could be modified chemically to improve its use-
fulness as a cell-free oxygen carrier.

Efforts to develop products for non-military
uses intensified in the 1980s for several reasons.
First, the supply of blood for transfusion in the
United States was diminishing, partly because of
more efficient usage of banked blood and partly
because of dropping rates of donation. The
acquired immune-deficiency syndrome (AIDS)
epidemic made both physicians and patients
aware that there is an inherent risk in receiving
banked blood. Efforts to control the human
immunodeficiency virus (HIV) have drawn atten-
tion to other pathogenic viruses that can poten-
tially contaminate blood. Finally, the perception
of huge profits stimulated many commercial pro-
grams to produce ‘artificial blood’ in the 1980s.

With all this interest, scientific focus and
invested capital, why has the promise of an arti-
ficial oxygen carrier not been fulfilled? Frequently
such failure can be attributed to the fact that
related fields are also relatively undeveloped,
and fundamental insights into basic biologic
mechanisms are lacking (Comroe, 1976). Such is
the nature of the red cell substitute problem.

Ever since William Harvey described blood cir-
culation in 1628, a red cell substitute has seemed
nearly at hand. Nevertheless, in 2005 only one
product is in Phase Il clinical trials. It is the
intention of this book to review the efforts that
have been made up to now, and to try to bring
forth conclusions from this massive amount of
work that might point the way to a successful
future. Although a commercial product is not in
hand, it is an exciting story of investigation into
fundamental mechanisms of oxygen transport
to tissue, of specific toxicities and of an explo-
ration of the huge potential for new products
that could supply oxygen to tissue at risk — such
as in heart attacks, stroke and trauma.

This book brings together in one source the
current research and state of the art develop-
ment of the leading workers in the field. It is a
testament to the enthusiasm and dedication of

Copyright © 2006, Elsevier (Inc.). All rights reserved.



these authors that with almost no exception, REFERENCES
each of them agreed to participate in this project
and to share their most recent findings, thoughts Amberson, W. (1937). Blood substitutes. Biological

and opinions. It is hoped that the book will pro- Reviews, 12, 48-86.

vide a ready source of information that can be Comroe, J. Jr (1976). Lags between initial discovery
accessed by new scientists, clinicians and related and clinical application to cardiovascular pul-
persons who might be interested in joining the monary medicine and surgery. Appendix B. Report

of the President’s Biomedical Research Panel.

search for new therapeutic agents that signifi- DHEW Publication No (0S)76-502, 30 April.

cantly impact so many patients.






Background

The background section reviews the long
history of the quest for ‘artificial blood” —
a goal that has still not been achieved.
Some of the reasons for this frustration are
reviewed and put into the context of
historical development of related fields of
science and medicine. While research
has been evolving, the safety of blood
transfusions has increased dramatically
over the past two decades, resulting in a
‘moving target’ for those working in the
field. Regulatory agencies, such as the US
FDA, have worked diligently, within legal
guidelines, to define requirements for
commercial approval. These guidelines
provide a ‘roadmap’ for development.

SECTION




Historical Background 1

Robert M. Winslow, MD
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INTRODUCTION

The histories of blood transfusion and red cell
substitutes are complementary: without a need
for transfusions, there would be no need for
alternatives. More than 300 years passed between
the first description of blood circulation in the
body and the implementation of routine transfu-
sion in medicine. It is not surprising that a little
more time is needed to develop safe, practical
red cell substitutes (see Table 1.1).

BLOOD CIRCULATION AND TRANSFUSION

The lore of blood transfusion is rooted in anti-
quity. Leviticus 7:26, which forbids the eating of
blood, is the basis today for the refusal by certain
religious groups to receive transfusions. How-
ever, the ancient Egyptians used ‘blood baths’
as a restorative, and Romans apparently rushed
into the arenas to drink the blood of dying gladi-
ators. However, no transfusion could occur until
the circulation of the blood was understood.
Although Ibn Nafis described the pulmonary
circulation in the thirteenth century (Comroe,
1976), William Harvey described his theory of the
circulation of the blood independently in 1616
and published his views in 1628 for the first time
in the Western literature (Harvey, 1653). Harvey
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ISBN-13: 978-0-12-759760-7 ISBN-10: 0-12-759760-3

Chapter

had been trained in Padua to acquire knowledge
by direct observation, a method he used to great
advantage in England (Dormandy, 1978). His
magnificent contribution to science was the key
that opened the door to modern studies of blood
transfusion, and almost immediately after its
publication, efforts in the quest for red cell sub-
stitutes began.

The first successful blood transfusion from
one animal to another was probably performed
in 1665 by Richard Lower and Edmund King
(Hollingsworth, 1928). Such early efforts used the
quills of bird feathers to puncture arteries or veins,
and blood was collected in animal bladders. Not
surprisingly, there were many failures! It is of
interest that Lower’s experiments were directed at
perfecting the technique of injection with various
solutions such as wines and beers. In the course of
his experiments he noted that these solutions
mixed freely with blood except when mixed
ex vivo. Therefore, to test their miscibility, he
injected them intravenously (Hollingsworth, 1928).

Lower’s success captured the imagination of
the Royal Society of London, and he received
widespread attention for it. There was rampant
speculation on the question of whether a dog
would grow wool, hoofs and horns after transfu-
sion with sheep’s blood. Samuel Pepys specu-
lated that the new practice of transfusion ‘did
give rise to many pretty wishes, as of the blood

Copyright © 2006, Elsevier (Inc.). All rights reserved.



Table 1.1 The history of oxygen therapeutics (blood
substitutes)

Year Event

1628 Circulation of the blood (Harvey)

1656 Wine, scammony, opium, blood (Wren)

1665 First animal transfusion (Lower)

1667 First human transfusion (Denis), death,
moratorium

1818 Renewed interest in transfusion (Blundell)

1835 Defibrination of blood (Bischoff)

1863 Gum-saline (Ludwig)

1867 Bacteria, fungi, asepsis (Pasteur; Lister)

1871 Plasma and serum

1878 Milk, cholera epidemic (Thomas;
Jennings; Hodder; Bovell)

1900 Red cell antigens (Landsteiner)

1916 Hemoglobin infusions in humans
(Sellards and Minot)

1937 Amberson’s review

1941-45 Albumin, hemoglobin solutions

1949 Amberson’s report of hemoglobin
infusions in humans

1957 Encapsulated hemoglobin (Chang)

1966 ‘Bloodless’ mouse (Clark and Gollan)

1967 Stroma-free hemoglobin (Rabiner et al.)

1968 Exchange transfusion with PFC (Geyer
et al.)

1968 Hemoglobin dimerization demonstrated
(Bunn and Jandl)

1972 Modification of hemoglobin to reduce
oxygen affinity (Benesch et al.)

1973 Glutaraldehyde polymerization of
hemoglobin (Payne)

1976 ‘Polyhemoglobin’ (Bonhard)

1978 Human safety trial, unmodified
hemoglobin (Savitsky)

1989 Human trials with modified hemoglobins
(Moss)

1992 US Army abandons aa-hemoglobin (Hess)

1998 Baxter abandons aa-hemoglobin

2004 Alliance Pharmaceutical abandons PFC

emulsion trials

of a Quaker to be let into an Archbishop and such
like’ (Nicolson, 1965). It was also proposed that
the phlegmatic personality could be corrected
by transfusion with blood from a choleric, and
even that marital discord could be settled by
reciprocal transfusion of husband and wife.

An important observation was also made by
Pepys:

Above all | was pleased to see the person who
had his blood taken out. He speaks well, and
did this day give the Society a relation thereof

in Latin, saying that he finds himself much
better since, and as a new man.

Apparently there was some concern that the act
of blood donation was not safe.

Although one romantic story describes the
collection of blood from three boys to transfuse
into Pope Innocent VIl in 1492 (Lindeboom, 1954),
the first human transfusions were actually per-
formed in France. Perhaps the first successful one
was the work of Jean Baptiste Denis, the physi-
cian to Louis XV, in June 1667. A young boy who
suffered from an obscure illness and had been
treated by venesection to the point of exhaustion
received a small amount of lamb’s blood and
made a remarkable recovery. In the wake of this
success, Denis transfused additional patients until
one, upon receipt of a third transfusion, died,
apparently because of an incompatibility reaction.
Denis was charged with murder but was even-
tually exonerated. This experience, and the pub-
licity it stirred, led to a moratorium on transfusion
practice in France, England and ltaly, and research
abated.

The search for a red cell substitute paralleled
the search for safe blood transfusion. In retro-
spect, both quests were doomed because of the
need for basic advances in related fields. Initially,
however, it was thought that transfusion of blood
was completely unsafe and that only alternatives
could be used. Therefore the eventual need for a
substitute decreased when safe transfusion prac-
tices became available.

Interest in transfusion was revived by the obste-
trician James Blundell in 1818. Blundell, faced with
uncontrolled fatal puerperal hemorrhage, directed
his scientific efforts to the totally neglected opera-
tion of blood transfusion. He found the field dom-
inated by antiquated ideas that the blood was
‘alive’. The famous surgeon John Hunter wrote in
1817:

One of the great proofs that the blood pos-
sesses life depends upon the circumstances
affecting its coagulation. If the blood had
not the living principle it would be in respect
to the body as an extraneous substance.

(Jones and Mackmul, 1928)

Blundell devoted himself to perfecting the tech-
niques and devices for the safe and efficient col-
lection of blood for transfusion. He transfused a
total of ten patients. Of these, two were already



dead, and a third was dying of cancer. His five
successes must have been very impressive at
the time, and he is properly credited with reviv-
ing the use of transfusion and with putting it on
a new scientific foundation. Among Blundell’s
contributions were the concepts that species
lines should not be crossed, that it was not nec-
essary to replace all the lost blood, and that
small amounts of air injected into the circulation
were not necessarily fatal. In addition, he
invented a water-jacketed collection funnel and
a donor chair similar to those used in modern
blood banks (Jones and Mackmul, 1928).

When Blundell began his work, the chief poten-
tial for blood transfusion was thought to be res-
urrection. He believed that ‘death from bleeding
(like that of hanging or submersion) may also for
a time be apparent ... it is not impossible that
transfusion may be of service within a given time
even after breathing has stopped’ (Blundell, 1824).
However, he injected 16 ounces of blood into a
woman who had been dead for about 6 minutes,
and must have convinced himself that resurrec-
tion was an unrealistic goal!

Blundell apparently feared that untoward
results might give what he believed to be the
erroneous impression that transfusion should be
abandoned, and he suggested that adverse cases
should not be reported until ‘a complete body of
evidence upon the subject be obtained’ (Jones
and Mackmul, 1928). Of course this proposition
was rejected, but his suggestion is very much
parallel to today’s trend toward not publishing
results of experiments with red cell substitutes
in the open literature for fear of discouraging
progress.

Blundell became embroiled in controversy over
his surgical techniques and his revival of the prac-
tice of transfusion. He left medical practice after
performing only ten transfusions, and enjoyed
a long retirement. Although there were many
attempts to continue Blundell’s work, results were
sporadic and difficult to understand. Progress
was hindered by the lack of understanding of
hemolysis, coagulation and infection. Isolated
successes were reported in the literature, but no
consistent results could be obtained until these
problems were understood.

Coagulation was the first problem to be solved.
Bischoff (1835) described the defibrination of
blood. By 1875 approximately 347 cases of trans-
fusion were reported in the literature, 129 of
which were with animal blood. Apparently only
about half of them were successful, and the

procedure was reserved for extreme cases, par-
ticularly severe hemorrhage (Landois, 1875). After
Louis Pasteur had demonstrated that fungi and
bacteria caused putrefaction, Joseph Lister intro-
duced aseptic techniques in 1867. Thus the two
major problems of coagulation and infection were
solved over a period of about 30 years.

The remaining problems were not to yield
for many more years, and these stimulated a
renewed search for a red cell substitute. A brief
flurry of interest in transfusion with lamb’s blood
followed, but a growing awareness of incompat-
ibility prevented its widespread use. In addition,
in the period around 1875 physiologic saline was
introduced, and its safety and efficacy in cases
of hemorrhage were demonstrated easily.

The greatest single advance in the use of blood
transfusions came in 1900 with the demonstra-
tion by Karl Landsteiner (1901) of the presence of
isoagglutinating and isoagglutinable substances
in the blood. Such substances were shown to be
responsible for incompatibility reactions and
hemolysis. Many blood groups were described
subsequently. The addition of anticoagulants
solved another major problem when Hustin (1914)
of Belgium reported his experiments using
sodium citrate and glucose in the prevention of
coagulation. By 1921 the three dangers of het-
erologous transfusion —incompatibility, infection
and coagulation — were largely controlled. Thus,
the need for a red cell substitute decreased again.

WORLD WAR I

The Cook County Hospital in Chicago is often
credited with establishing the first modern blood
bank in 1937 (Diamond, 1965), although the
Rowan Memorial Hospital in Salisbury, North
Carolina established a plasma storage facility in
1935 (Schmidt, 2000). At the time, efforts were
directed at the collection and storage of both
liquid and dried plasma in anticipation of wartime
use, after a plea from the British Red Cross in 1940
that the American National Red Cross should
send plasma for use there.

There was no organized system for the collec-
tion, processing and distribution of blood and
blood products at the time of the American entry
intoWorldWar Il. Thus the war had a tremendous
effect on the blood-banking system and on the
use of blood and blood products in the United
States. In England in 1943 Loutit and Mollison
developed a mixture of acid citrate and dextrose,
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Figure 1.1 Blood transfusion from animal to man in 1672 (from Kilduffe and DeBakey, 1943, with

permission).

which permitted the storage of blood for 21 days
with a 70 per cent viability of cells. This achieve-
ment led directly to the widespread use of blood
transfusion on the battlefield, and a remarkable
lowering of morbidity and mortality.

The American Red Cross collected 13 million
units of blood between 1941 and 1945, mainly
for processing into dried plasma and, later, albu-
min. The first Allied shipment of blood to the
European theater was in August 1944. These
units used acid citrate dextrose, and were stored
for up to 38 days. In all, 380 000 units were used
in Europe and 180 000 in the Pacific theater.

After the war, the many returning physicians
and surgeons who had come to rely on these
products on the battlefield found they required
blood banks and stored blood for their civilian
practices. This led to rapid expansion of the
blood bank system in the United States. In 1947
the American Red Cross blood banks were estab-
lished, and by 1963 there were 56 of them. In
1948 the American Association of Blood Banks
was formed, and the first Red Cross regional
blood center was opened in Rochester, New York.
By 1976, ten million units of blood were being
collected per year.

FIRST ‘BLOOD SUBSTITUTES’

The idea of red cell substitutes is not new. In
Ovid’'s Metamorphosis, the witch Medea restored
Jason’s aged father, Aeson, by slitting his throat

to let out old blood and replacing it with a magic
brew she had concocted (Diamond, 1980). Sir
Christopher Wren was one of the first to apply
the new knowledge about the circulation to
blood substitutes. In 1656 he infused ale, wine,
scammony (a gummy exudate of the plant
Convolvulus scammonia, a folk-medicine cathar-
tic) and opium into dogs to study their effects.
From these efforts he conceived the idea of trans-
fusing blood from one animal to another as, he
claimed, had been suggested to him by the story
of Medea and Jason. However, Wren apparently
did no more than suggest the possibility of
transfusions to Lower, who actually carried out
the experiments (Hollingsworth, 1928; Figure 1.1).
Wren spent the rest of his long life working in
the fields of astronomy and architecture rather
than medicine, and he never returned to transfu-
sions or red cell substitutes.

Milk

Milk was one of the first materials to be used as a
red cell substitute (Thomas, 1878; Jennings, 1885;
Ringer, 1885; Guthrie and Pike, 1907; Oberman,
1969). Edward Hodder used milk in cases of
Asiatic cholera in 1854, and with Thomas he sug-
gested that milk could regenerate white blood
cells (Thomas, 1878). Two patients were given
twelve ounces (or more) of cow’s milk and did
well, but two others died. In all, Thomas reported
twelve cases and concluded that the injection of
milk into the circulation in place of blood was a



perfectly feasible, safe and legitimate procedure.
These results must have been very exciting, for
according to John Brinton (1878): ‘this new oper-
ation will, in a few years, have entirely super-
seded the transfusion of blood, which latter
operation is even now being rejected as at once
dangerous and unavailing in many parts of the
country.

There were several subsequent reports, and
milk was shown to support function in isolated,
perfused hearts from a variety of mammals
(Guthrie and Pike, 1907); however, the transfu-
sion of milk never gained widespread favor and
soon disappeared from the literature.

Normal saline

In the laboratory, the search for a red cell substi-
tute was directed at understanding the physio-
logic role of blood and its many components
rather than at development of clinical applica-
tions. Salzfrosche were frogs whose blood was
completely washed out and replaced with a pure
sodium chloride solution.They survived for some
hours. ‘Urea-frogs’ and ‘sugar-frogs’ lived longer,
but if a small amount of red cells remained they
could survive indefinitely. However, frogs are
simple animals, and a frog’s nervous system can
be kept alive for some time without any circula-
tion at all.

Ringer’s solution

In 1883, Sydney Ringer discovered that the
excised ventricle of the frog would beat for some
hours if supplied with an aqueous solution of
sodium, potassium and calcium salts. He found
that the concentration of potassium and calcium
was critical, whereas the amounts of the anions
had little effect on the frog heart. The composi-
tion of ‘Ringer’s’ solution (Table 1.2) was shown
many years later to be very close to that of frog
plasma. Probably the most popular crystalloid
(salt) solution for intravenous use in humans is
Ringer’s lactate, in which lactate is added to
Ringer’s solution. The lactate is gradually con-
verted to sodium bicarbonate within the body so
that an uncompensated alkalosis is prevented
(Hartmann and Senn, 1932). However, these
‘crystalloid’ solutions cannot support life with-
out red cells; saline passes rather quickly into
the tissue spaces of various organs (Miller and
Poindexter, 1932), especially the liver (Lamson
et al., 1945).

Table 1.2 The composition of Ringer’s solution

Ringer’s solution Frog plasma

(g/100ml)  (mEqg/l) (mEg/l)
NacCl 0.6 102 104
KCI 0.0075 1.0 2.5
caCl, 0.01 1.8 1.0
NaHCO; 0.01 1.2 254
Gum saline

Gum is a galactosidogluconic acid whose molec-
ular mass is approximately 1500 Daltons. First
used by Karl Ludwig in kidney perfusion experi-
ments, gum-saline enjoyed great popularity as a
plasma expander from the end of World War |
onward. However, the aggregation state of gum
depends on concentration, pH, salts and temper-
ature; thus, its colloid osmotic pressure and vis-
cosity are quite variable. Conditions under which
the viscosity would be the same as that of whole
blood were identified by Bayliss (1920).

In early animal studies, gum was found to coat
the surfaces of all blood cells and to promote
coagulation.The use of gum-saline became pop-
ular in World War |, but it was soon proved not to
be efficacious in hemorrhagic shock if the hema-
tocrit was less than 25 per cent. In the postwar
period, Penfield (1919) showed that gum-saline
was less effective than saline alone in treating
hemorrhagic shock, but it was useful in stabiliz-
ing the blood volume temporarily (Henderson
and Haggard, 1922). Although throughout the
1920s many reports of anaphylaxis and other
untoward reactions appeared, Amberson (1937)
claimed that when properly purified, gum-saline
was safe for human use. Pharmacologic studies
in the 1930s (Amberson, 1937) showed that gum
was deposited in the liver and spleen and could
remain there for many years. Its half-life in the
circulation was about 30 hours, and anaphylaxis
occurred occasionally. Success with gum-saline
became common in the 1930s, but by that time
the availability of plasma was such that the need
for gum-saline decreased.

BLOOD PLASMA, SERUM AND ALBUMIN

The terms plasma and serum are frequently con-
fused. Plasma refers to the liquid that suspends the
red cells within the body. Serum is that liquid,



removed from the body, from which the coagu-
lum has been extracted. This is a very important
distinction, because serum contains no coagula-
tion factors and is severely depleted of platelets.

As early as 1871 it was noted that a frog’s heart
could be maintained by perfusion with sheep
and rabbit serum (Bowditch, 1871) and that this
solution was superior to 0.6% sodium chloride
(Kronecker and Stirling, 1875). Throughout ensuing
years it was recognized that serum exerts a colloid
osmotic pressure, contains bicarbonate, and may
ensure capillary integrity. Ringer (1885), after
dismissing a physiologic role for plasma lipids,
eventually agreed that albumin added to a
balanced salt solution was superior to the salt
solution alone in maintaining the frog's heart.

Claude Bernard recognized that colloids (mol-
ecules such as proteins that do not cross biological
membranes, or only slowly) were important in
maintaining water balance, but Ernest Starling
(1896) showed clearly that crystalloids (diffusing
molecules such as salts) pass through biological
membranes easily, whereas colloids do not.Thus,
solutions of colloid exert an ‘oncotic pressure’ as
water diffuses from the interstitium into vessels,
drawn by the imbalance in colloids. In a classic
paper, Gilbert Adair (1925) described in detail the
measurement of the colloid osmotic pressure.

In the first half of the present century, much
work was devoted to the study of plasma and
serum as blood substitutes. One of the problems
in this field was the recognition of toxic sub-
stances (Moldovan, 1910). Reports were published
of intravascular coagulation and ‘vasotonins’ that
appeared mysteriously after the infusion of serum
or plasma. Some workers suggested that this
activity could be reduced by heating the serum or
by filtering it before use, and some suggested that
platelets were to blame. Insulin was implicated
by some, and adenosine triphosphate (ATP) by
others. A major advance in understanding these
problems came when the red cell surface antigens
were elucidated because the use of serum from
donors of blood group AB reduced the vasocon-
strictor activity markedly.

The American pioneer in blood banking, John
Elliott, is credited with suggesting in 1936 that
plasma be used as a whole-blood substitute.
Elliott, along with the Baxter Corporation, devel-
oped the first sterile, enclosed glass vessel
(TRANSFUSO VAC), containing sodium citrate
anticoagulant, for the collection and storage of
blood and plasma. The US Army elected to use
human plasma for volume replacement in the

field, but chose dried plasma over the liquid
product because of ease of storage and ship-
ment. The use of plasma as a red cell substitute
was eclipsed by advances in collection and stor-
age of whole blood, however.

While plasma never achieved the status of a
‘red cell substitute, it was effective. By the time
Amberson reviewed the field in 1937, successful
exchange transfusions in dogs with either
plasma or serum were being demonstrated rou-
tinely. The use of plasma in treating massive
bleeding was an accepted procedure. Referring
to the studies of the toxic effects of plasma and
serum, Amberson stated:

We feel that plasma colloids, both protein and
fat, probably exercise their major effect by
maintaining the colloidal osmotic pressure of
blood ... the normal colloids may be almost
completely replaced by other colloids, with-
out injury to the mammalian body, if there be
no oxygen lack. Oxygen lack undoubtedly
occurred in many of the experiments cited
above, and the literature is in a state of con-
fusion because of failure to control this and
other factors.

As we shall see in the following chapters, some
of this confusion still exists.

World War Il ushered in the modern era of blood
fractionation. Owen Wangensteen, at Minnesota,
showed that plasma could be administered
directly to humans (Wangensteen et al., 1940;
Kremen et al., 1942). Although cases of ‘serum sick-
ness’ occurred frequently 5-7 days after the infu-
sion, the procedure could be lifesaving in cases
of hemorrhagic shock (Dunphy and Gibson, 1943).

In anticipation of wartime need, the National
Research Council asked Edwin J. Cohn, of Harvard
University, to investigate the question of whether
bovine plasma could be made safe for clinical use.
Cohn established an effective multidisciplinary
research unit at Harvard, and in 1947 he published
the results of their exhaustive studies (Cohn,
1947). Using modern protein chemistry methods,
including electrophoresis and ultracentrifugation,
Cohn showed that most of the adverse reactions
were caused by the globulin fraction and that
albumin was safe for parenteral use.

Perfluorocarbons

In 1966, Leland Clark and Frank Gollan demon-
strated dramatically that a laboratory mouse



Figure 1.2 Liquid-breathing mouse. The mouse is
totally immersed in perfluorocarbon (FC-80,
butyltetrahydrofuran) which has been saturated with
oxygen by bubbling at room temperature. Such a
mouse can survive liquid breathing for many hours
(From Clark, 1985).

could survive total immersion in a perfluorocar-
bon (PFC) solution (Figure 1.2). This material,
similar to the commercial Teflon, is almost com-
pletely inert, but it is also insoluble in water.
Henry Sloviter and Kamimoto prepared a water-
soluble emulsion that could be mixed with blood
(Sloviter and Kamimoto, 1967), and Robert Geyer
and his colleagues were the first to replace com-
pletely the blood volume in rats with an emul-
sion of perfluorotributylamine (Geyer et al.,
1968). The animals survived in an atmosphere
of 90-100% oxygen, and went on to long-term
recovery. However, the oxygen content of the
PFCs has a linear dependence on PO,, and a very
high oxygen tension is required to transport
physiologic amounts of oxygen (Figure 1.3). This
and a propensity to be taken up by the reticulo-
endothelial cells were considered to be severe
limitations to the development of clinically useful
PFC blood substitutes (Gould et al., 1986).

Until recently, these problems seemed to
present insurmountable hurdles to further devel-
opment. Now, newer emulsions have been
developed that allow higher concentrations of
dissolved oxygen, and efforts at developing PFC
products were renewed in the 1980s. One product,
Fluosol-DA, a 20 per cent (by weight) emulsion,
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Figure 1.3 Comparison of the oxygen capacity of
blood (15 g/dl) and a PFC emulsion (Oxygent™) as a
function of PO,. Note that the tetrameric structure
of hemoglobin and its cooperativity lead to nearly
complete saturation at the arterial oxygen partial
pressure of 100 mmHg.

was licensed for use in coronary angioplasty.
However, Fluosol-DA did not live up to its early
promise because of limited efficacy and a cum-
bersome packaging system, and it was eventually
withdrawn from the market. Newer products that
achieve a higher perfluorocarbon content (and
hence higher oxygen capacity) have been devel-
oped, and are extensively reviewed in this book.

CELL-FREE HEMOGLOBIN

Hemoglobin seems to be the logical choice for a
red cell substitute because of its high capacity to
carry oxygen (Figure 1.3) and its oncotic properties.
Furthermore, hemoglobin is the natural oxygen
carrier contained within the red blood cell, so its
isolation, purification and use as a substitute for
red cells seemed a good idea since it would be
free of the limitations of red cells — including the
need to cross-match donor with recipient, and
restrictions on storage. Von Stark (1898) was
probably was the first to treat anemic patients
with hemoglobin solution. Although his results
were encouraging, he was not able to prepare
stable solutions and did not pursue the studies
further. Better preparations were reported by
Sellards and Minot (1916). They administered
very small amounts of hemoglobin in an effort
to discover its renal threshold, and reported no
untoward reactions in 33 subjects.

Many attempts to administer hemoglobin solu-
tions to humans took place after the reports of



Sellards and Minot, but these are difficult to eval-
uate because the experience was mixed. Many
patients did well, but others demonstrated hyper-
tension, bradycardia, oliguria, and even anaphy-
laxis. These adverse effects were not correlated
with specific biochemical properties of the solu-
tions themselves.

Modified hemoglobin

The first experience with hemoglobin as a red cell
substitute made clear that the red cell serves
important functions; among them the prevention
of rapid elimination of hemoglobin via the kid-
neys, and rapid breakdown to methemoglobin
(the inactive form of the protein). Nevertheless,
interest in hemoglobin-based red cell substitutes
remained extremely high, particularly in wartime,
but the rapid clearance and toxicity in the kidneys
had to be overcome. This problem was solved
when H. Franklin Bunn, working in the US Army
Blood Laboratory at Fort Knox, discovered that
crosslinking with bis(N-maleimidomethyl) ether
(BME) prolonged its plasma retention (Bunn and
Jandl, 1968). Bunn and J. H. Jandl concluded that
this was because of a reduced tendency to form
dimers in the crosslinked hemoglobin, and there-
fore the hemoglobin was not filtered by the kid-
ney. Accordingly, they showed that most of the
hemoglobin could be found in various tissues
rather than in the urine.

Another property of cell-free hemoglobin is its
high affinity for oxygen relative to hemoglobin
contained within the red cell. The affinity is so
high, in fact, that it was feared that little of the
bound oxygen would be released in tissue capil-
lary beds. On the assumption that cell-free hemo-
globin and red cell hemoglobin should have the
same affinity for oxygen, Ruth and Reinhold
Benesch employed agents that could react at the
2,3-diphosphoglycerate (2,3-DPG) binding site
and reduce the affinity for oxygen (Benesch
and Benesch, 1967). This discovery led to other
modifications of hemoglobin that could not only
reduce its affinity but also stabilize the tetrameric
structure so that its vascular retention could be
prolonged.The most widely used of these agents
was pyridoxal b5'-phosphate (PLP) (Benesch
et al., 1972). Viewed in retrospect, it is now
astonishing that this assumption was so strong
and that it is so deeply ingrained. Tissue PO,
can fall to just a few mmHg without engaging
anaerobic metabolism, and virtually any oxygen

would be released, regardless of the affinity of
the carrier.

Finally, even exceedingly small amounts of
stromal (cell membrane) contaminants in hemo-
globin solutions appeared to be toxic. In the
1960s many workers believed that contradictory
toxicity reports could be explained by contamina-
tion of the solutions with foreign materials.
S. Frederick Rabiner studied novel ways to remove
stroma from red cell hemolysates (Rabiner et al.,
1967) and coined the phrase stroma-free hemo-
globin (SFH). His methods included filtration tech-
niques that could be applied to large volumes of
hemolysate and made possible physiologic stud-
ies in large animals. Rabiner’s results gave new
hope to the sagging field because they indicated
that the toxic effects of hemoglobin might be pre-
vented by rigorous purification.

After the work of Rabiner and colleagues,
several ‘pure’ hemoglobin solutions were pro-
duced on a large scale for experimental use.
Frank DeVenuto and his colleagues at the
Letterman Army Institute of Research described a
procedure for ‘crystallization” of hemoglobin, and
evaluated the product in a series of animal trials
(DeVenuto et al., 1979a, 1979b; DeVenuto, 1982;
DeVenuto and Zegna, 1981, 1982). The Biotest
Serum Institute, Federal Republic of Germany,
produced a 6-g/dl hemoglobin solution that had
a P50 (the PO, at which hemoglobin is half-
saturated with oxygen) of about 18-20 mmHg
and was used in studies of tissue distribution
(Bonhard, 1975a). The Warner-Lambert Research
Institute in the United States produced a similar
solution of SFH, which was used for many basic
studies of oxygen transport (Biro et al., 1978) and
for a clinical trial in humans.

Payne (1973) described protein polymerization
with the tissue fixative glutaraldehyde. Soon, a
process for polymerizing hemoglobin with the
agent was patented by Laver (Laver et al., 1975),
and this material demonstrated a markedly pro-
longed intravascular retention. Although the reac-
tion is extremely difficult to control, products for
infusion were developed (Bonhard, 1975b; Sehgal
et al., 1979; DeVenuto and Zegna, 1981). The most
successful of these (PLP-polyhemoglobin) is first
reacted with PLP and then polymerized with glu-
taraldehyde; it was the first modified hemoglobin
to be used in published human trials (Moss et al.,
1989).

Many preparations of modified hemoglobin
now have been tested in animals and humans. It
appears that most are efficacious in transporting



oxygen, but it has not always been easy to relate
toxic side effects to specific structural or func-
tional properties of the molecule. A variety of
modified hemoglobin solutions have been stud-
ied, including those stabilized with various types
of crosslinkers. Other products are derived from
hemoglobin conjugated to synthetic materials
such as dextran or polyethylene glycol. Sources
other than outdated human blood have also
been investigated, including cow and recombi-
nant hemoglobins produced in bacteria, yeast,
and even transgenic mammals.

Encapsulated hemoglobin

Since hemoglobin is normally packaged inside a
membrane, it seems intuitive that encapsulated
hemoglobin would be the ultimate solution for
the red cell substitute problem. In 1957 Thomas
Chang reported the use of microencapsulated
hemoglobin as artificial red blood cells (Chang,
1988). Since that time, dramatic results have been
reported in the complete exchange transfusion of
laboratory animals (Djordjevich et al., 1985; Hunt
et al., 1985; Rudolph et al., 1998), but progress
toward development of an artificial red cell for
human use has been slow because of problems
of reticuloendothelial and other macrophage
stimulation (Rabinovici et al., 1989). Other prob-
lems include: maintaining sterility, endotoxin
contamination, cumbersome production require-
ments, and high cost.

Synthetic heme

Synthetic compounds have been produced
which bind or chelate oxygen.These compounds
are commercially attractive because their manu-
facture and licensure may qualify them as drugs,
rather than as biologics. Thus, Tsuchida and his
colleagues have shown that synthetic heme can
be used to transfuse animals (Tsuchida et al.,
1988). Synthetic oxygen carriers would solve the
problem of a limited supply of hemoglobin for
modification; at present, however, the synthetic
procedures are very tedious, and the possibility
of scale-up seems remote.

CURRENT STATUS

Several of the products mentioned above are
now under intense development. A number of
perfluorocarbon- and hemoglobin-based products

have been approved by the FDA for clinical
testing, and several have reached Phase Ill. A
hemoglobin-based product, HemAssist™ (Baxter
Healthcare), held great promise, only to be dis-
continued after a disappointing trial in trauma
patients. A perfluorocarbon emulsion, Oxygent™
(Alliance Pharmaceutical), also seemed likely to
succeed, only to be discontinued after the unex-
pected finding of increased risk of stroke in cardio-
pulmonary bypass patients. Many of the
problems described by Amberson have been
solved, but others have emerged.This should per-
haps not be surprising, since replacement of the
red blood cells with massive amounts of protein
free in solution is an unprecedented therapeutic
adventure. Enthusiasm and despair seem to fol-
low an undulating pattern in this field: progress
always seems to reveal new difficulties, and the
resulting research always seems to lead to new
advances.

Recognizing the magnitude of the blood sub-
stitute problem, and in view of the many fail-
ures, many scientists have turned their attention
to fundamental questions of oxygen transport
and examined some of the early assumptions
regarding required properties of the solutions. In
particular, research has focused on understand-
ing how oxygen is regulated in the microcircula-
tion, and it seems likely that progress in this
area may provide the final needed information
in order to at last bring an “artificial’ oxygen car-
rier into clinical use.

SUMMARY

This brief review of the history of blood transfu-
sion serves to remind us of and underscore the
importance of timing and context in achieving
major milestones of scientific progress. Clearly,
without understanding coagulation, infection
and blood types, implementation of blood bank-
ing and transfusion would not be possible, no
matter how much energy, manpower and funds
were expended. At the time these discoveries
were being made, no one could predict what
additional hurdles waited just ahead. Therefore,
while presenting a concise history of any scien-
tific discovery imparts a sense of logic and
order on the process, in fact it is rather chaotic.
In the case of red cell substitute research, the
same is true. Each new solution is developed
by scientists who believe that all major prob-
lems are solved, and that the key discoveries



that led to each product are the last obstacles to
be overcome. It is only when unexpected exper-
imental results, whether in animals or humans,
are encountered that we realize that a new set
of problems needs solving. As the field of red

cell substitutes is described in the following
chapters, we will try to grasp whether or not
additional gaps in our scientific knowledge will
prevent products from clinical use in the fore-
seeable future.

EDITOR’S SUMMARY

No scientific or clinical breakthrough is inde-
pendent of developments in allied disciplines.
The quest for a substitute for blood started
when the circulation was discovered by
William Harvey in the seventeenth century, but
before the goal could be achieved countless
details about the function of the normal circu-
latory system and the function of blood and,
particularly, red blood cells remained to be
discovered. The history of blood transfusion is
long and colorful, marked with attempts to
infuse various materials, often with disastrous
results. The problem with these early attempts
at blood transfusion was that almost nothing
was known about the way blood works, only
that it circulates. Blood transfusion could not
be successful until blood groups were appreci-
ated, anticoagulants discovered and control of
infection achieved.

The development of a blood substitute is
far more complicated than blood transfusion

because it requires understanding of the many
mechanisms that come into play to ensure
tissue blood flow and perfusion. Some of
these are still in question, such as the role of
the endothelium-derived relaxing factor, nitric
oxide, other endothelium-derived cytokines,
neural regulation and oxygen autoregulation
in the maintenance of vascular tone. It is not
surprising that infusion of an oxygen carrier
whose supply of oxygen to tissue is not identi-
cal to that of the red blood cell will engage
responses that are unpredictable and even
detrimental.

The technology to produce oxygen carriers
with nearly any set of characteristics is now
available. The critical question is whether or
not we know enough about the circulatory sys-
tem to predict which properties are essential
and which ones are detrimental.
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HISTORY OF BLOOD TRANSFUSION

Since the seventeenth century and the first trans-
fusion of blood from sheep to man, the history
of blood transfusion has been marked by
high expectations, unexpected complications,
and impressive advances in lifesaving supportive
care.The first successful indirect human transfu-
sion, using a syringe to transfer blood from donor
to recipient, is attributed to the English obstetri-
cian James Blundell in1818. Blundell cautioned
that transfusion should be reserved for patients
in extremis. Mortality in his series approached
50 per cent, although the mortality related to trans-
fusion of incompatible blood remains unknown.

The era of modern transfusion medicine dates
to the early twentieth century, with the identifi-
cation of the blood groups A, B, and O by Land-
steiner in 1901. Subsequent use of this technique
for compatibility testing improved blood safety
dramatically, although recognition of the immuno-
logic diversity of red blood cells and sophisti-
cated crossmatching had to await the discovery
of the direct antiglobulin (Coombs) test almost
50 years later (Coombs, 1945). The development
of anticoagulant (1914) and preservative solu-
tions (1916) led to the establishment of World
War | blood depots in British Casualty Clearing
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Stations, precursors of the modern blood bank,
where blood could be stored after collection
for several days prior to use (Robertson, 1918).
The quality of these cells was not documented,
but by all reports these early transfusions saved
lives (Hess and Schmidt, 2000). Ironically, no
controlled studies of the effectiveness of whole
blood or red cell transfusions have ever been
conducted, and no trials are likely to be done.

The era of component therapy dates from the
development of the plastic blood bag in 1953 and
the development of interconnected systems of
bags in the 1960s, which not only permitted effi-
cient use of collections from a single donor, but
also decreased the risks of bacterial contamina-
tion and volume overload from transfusion
(Walter, 1984). At about the same time, transfu-
sion-transmitted hepatitis, recognized since
World War Il, was reported as an inordinately high
risk in recipients of blood from commercial
sources (Allen, 1959). As a result, developed
countries have almost universally instituted all-
volunteer blood donation systems. However, the
challenges of avoiding pathogen transmission
through blood have moved to the forefront of
blood safety, virtually dwarfing concerns about
other risks and about a dwindling supply of blood
and components.

Copyright © 2006, Elsevier (Inc.). All rights reserved.



ORGANIZATION OF BLOOD SERVICES

Most developed countries have a single national
blood provider, some organized within the govern-
mental framework (like the National Blood Service
in the United Kingdom) and others through a
single non-governmental provider (such as the
Red Cross Blood Program in Australia). Still other
countries have moved from a single non-
governmental provider to one that is overseen
by government ministers, such as the Canadian
Blood Service, which was reorganized in 1998 to
effect tighter governmental control and yet still
allow the Canadian Red Cross to recruit donations
of more than 800000 units a year. The US,
Germany, ltaly, and a number of countries in South
America rely on more pluralistic ‘competitive’ sys-
tems to collect and distribute blood components.
In the United States, the American National
Red Cross (ARC) initiated the first nationwide
civilian blood program after World War Il. Thirty-
five Red Cross centers now supply nearly
50 per cent of the blood and blood components
in the country. Most of the remaining blood for
transfusion is collected by independent not-for-
profit community blood centers. In 1962, seven
community-based blood centers established the
Council of Community Blood Centers, currently
known as America’s Blood Centers, a federation
of independent blood collectors that now stret-
ches from coast-to-coast and supplies more than
40 per cent of US collections. Approximately
8 per cent, or about 1.2 million units, is still col-
lected by hospitals, a figure that has not changed
substantially in 20 years (Surgenor et al., 1990;
Wallace et al., 1995; AABB, 2003). The rising
costs of blood have encouraged several hospital
systems to consider opening their own donor
collection networks, but increasing federal over-
sight of this highly regulated industry and the
costs of compliance are likely to dampen the
enthusiasm of the most ardent small collector.
The American Association of Blood Banks
(AABB), established in 1947, is an international,
not-for-profit professional association involved
in standard setting and the accreditation of facil-
ities that collect and transfuse blood. AABB
membership includes approximately 1800 insti-
tutions and 8000 individuals, including physi-
cians, medical technologists, nurses, blood donor
recruiters and administrators in all 50 states and
in 80 foreign countries. AABB collects no blood
but has established the National Blood Exchange,
a nationwide clearinghouse for AABB institutional

members that matches blood surplus with needs.
ARC and ABC have internal clearinghouse capa-
bility as well. AABB has also joined ARC to
establish a single national registry of rare donors
to help support patients with difficult transfusion
problems.

The US supports a dual system of blood col-
lection. While blood and its components are
collected from volunteers in accordance with
National Blood Policy (Department of Health and
Human Services, 1974), most plasma for frac-
tionation is collected from paid donors by com-
mercial firms. A trade association known as the
Plasma Protein Therapeutics Association (PPTA)
represents these collectors and the commercial
fractionators. Although several countries have
undertaken volunteer domestic plasma collection
programs, plasma collected in the US remains
the cornerstone of commercial protein concen-
trates around the world.

Most countries oversee quality and compli-
ance of blood collection through a governmen-
tal regulatory body. In Australia, the Therapeutic
Goods Administration regulates the not-for-profit
Red Cross. In Germany, the Paul Ehrlich Institute
regulates a pluralistic system of blood providers.
In the United States, collection and transfusion
practices are governed both by federal statute
and regulation as well as by voluntary accredita-
tion. AABB accreditation employs a peer-review
process that requires that members adhere to
Standards for Blood Banks and Transfusion
Services, a set of voluntary standards now in its
twenty-third printing (Fridey, 2003). The Joint
Commission on Accreditation of Healthcare
Organizations (JCAHO) and the College of
American Pathologists also enforce voluntary
standards for transfusion and laboratory prac-
tices (College of American Pathologists, 2004;
Joint Commission on Accreditation of Health-
care Organizations, 2004). The Food and Drug
Administration (FDA), a governmental agency
that derives its authority from the Food, Drug,
and Cosmetics Act and from the Public Health
Service Act, monitors blood collectors scrupu-
lously.The FDA has the responsibility of assuring
blood safety, purity, and potency — a daunting
task, since each of the 19 million or so compo-
nents collected each year represents a single
‘lot’ by regulatory definition. The FDA licenses
establishments and products, and inspects facil-
ities for adherence to Good Manufacturing
Practises (GMPs). Detailed regulations are pub-
lished under Title 21 of the Code of Federal



Regulations (FDA, 2004), and are updated regu-
larly. The FDA has the authority to close facilities,
revoke licensure, and invoke criminal proceed-
ings by the Department of Justice.

AVAILABILITY OF BLOOD

Blood availability has become a safety issue.
Mounting concern for blood safety has excluded
an increasing number of potential volunteer
donors just as the need for blood grows in aging
populations around the world.

The blood donor

Qualification of blood donors has become a
lengthy and detailed process — a virtual ‘donor
inquisition’. Blood collection depends on a sys-
tem of safeguards that include sensitive screen-
ing tests; detailed donor education programs
prior to recruitment; pre-donation informational
literature; stringent donor screening, selection,
and deferral procedures; post-donation product
quarantine; and donor tracing and notifica-
tion when instances of disease transmission are
detected. Each element plays a role in prevent-
ing ‘tainted’ units from entering the blood inven-
tory.The donor interview is conducted in a setting
sufficiently private to permit discussion of confi-
dential information. With current practices in the
US, approximately 2 per cent of volunteer donors
still conceal risks that would have led to deferral
at the time of donation (Glynn et al., 1998). Blood
collectors then perform a limited physical exam-
ination designed to protect donor and recipient.
Screeners assess the donor’s general appear-
ance, pulse and blood pressure, body weight and
temperature, and examine venipuncture sites for
evidence of illicit drug use.

Frequency of donors in the population

Although in many western countries some
60 per cent of the population are healthy adults
aged 18-65 years, and thus qualified to be blood
donors, Switzerland enjoys the highest annual
frequency of donation in the world at only
10 per cent of the eligible population (Linden et al.,
1988; Hassig, 1991). The frequency in most under-
developed countries is less than 1 per cent
(Leikola, 1992).

The number of units collected per thousand
US inhabitants of usual donor age (18-65 years)
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was 88.0in 2001, up from 80.8 in 1999. While this
number compares favorably with the rate of 72.2
per thousand in 1997, it pales in comparison with
the 100 units per 1000 population collected in
Switzerland. As treacherous as it may be to inter-
pret these figures, the numbers suggest that US
collecting facilities are progressively improving
efficiency. Data from the American National Red
Cross indicate that the average volunteer
donates about 1.7 times a year. Losses from out-
dated red cells accounted for 5.3 per cent of the
supply, but given the fact that red cells can be
transfused only to compatible recipients, the
number of usable units outdated appears to be
extremely small. More than 99 per cent of group
O units and 97 per cent of group A units were
transfused (AABB, 2002).

Blood utilization and shortages

Despite the constant rise in collections, blood
collectors report frequent shortages, and emer-
gency appeals for blood are disturbingly com-
mon. There is a declining margin between US
blood collections and transfusions (Schreiber
et al., 2003). Globally, approximately 75 million
units of blood are collected each year, of which
about 45 million units (or about 60 per cent) are
collected in developed countries (WHO, 2001).
Some 15 million units of red cells and 12 million
units of platelets were collected in the US in
2001 - an increase of more than 1 million units
from the number reported in 1999, the last previ-
ous year for which national blood data were
assembled. Autologous units accounted for only
2.6 per cent of units transfused, and fewer than
150 000 units were ‘directed’ to specific patients
(AABB, 2002). With the current shelf life of up to
42 days, the blood supply more closely resem-
bles a pipeline than a bank or reservoir. A few
days of under-collection can have a devastating
effect on supply. While most national supermar-
ket chains have developed efficient barcode-
based information systems to monitor perishable
inventory on a daily basis, few national blood
services have as accurate an accounting of blood
component location and availability by group
and type. Furthermore, there is little general
agreement about what constitutes a shortage.
Measures of postponed surgery and transfu-
sion, as well as increased rates of RhoD positive
transfusions to RhoD negative recipients pro-
vide some indication of shortage at the treatment
level. In a national survey in the United States in



2001, 138 of 1086 hospitals (12.6 per cent) report-
edly delayed elective surgery for 1 or more days,
and 18.9 per cent experienced at least 1 day in
which transfusion was postponed because blood
needs could not be met; a separate government-
sponsored study revealed seasonal fluctuations of
blood appeals and cancellations of surgery for
lack of platelet transfusion support (AABB, 2002;
Nightingale et al., 2003).

Individuals 65 years or older constitute
13 per cent of the US population, but receive
25 per cent of blood units transfused (Heinrich,
1999). The US decennial census 2000 projects
that by the year 2030, the population of Americans
over age 65 will increase from 12 per cent to 20
per cent; this figure will be even higher in most
countries in Western Europe (Kinsella and Velkoff,
2002). Given these projections, developed coun-
tries may expect blood shortages to become
a way of life unless substantial resources are
invested in donor recruitment and retention. In
developing countries, this is already the case.

The shrinking donor pool: the safety vs.
availability balance

Measures introduced to increase blood safety may
have the unintended consequence of decreasing
blood availability. Results from demographic stud-
ies indicate that certain donor groups or donor
sites present an unacceptable risk of disease trans-
mission. For example, blood collectors no longer
schedule mobile drives at prisons or institutions
for the mentally disadvantaged because of
the recognized high prevalence of transfusion-
transmissible viruses in their residents. Few would
argue the risk—benefit analysis of these exclusions.
More questionable are the temporary exclusions
of soldiers exposed to multiple tick bites at Fort
Chaffee, Arkansas. Donors who have received
human growth hormone injections have been
indefinitely deferred because of the possible risk
of transmitting Creutzfeldt-Jakob disease (CJD).
However relatives of patients with ‘sporadic’ CJD
are still deferred in the US (except for prepara-
tion of plasma fractions) despite evidence of
their safety (Center for Biologics Evaluation and
Research, 2004). There have now been five case
control studies of more than 600 CJD cases, two
lookback studies of recipients of CJD products,
two autopsy studies of patients with hemophilia,
and mortality surveillance of 4468 CJD deaths
over 16 years without any link to transmission by
transfusion (Center for Biologics Evaluation and

Research, 2004). While the impact of this deferral
on the US blood supply has been negligible, the
recent indefinite deferral of donors who resided in
the United Kingdom for a total of 3 months or
longer between 1980 and 1996 and the compli-
cated deferral policy for residents and visitors to
the European continent, designed to reduce the
theoretic risk of transmission of the human variant
of ‘mad cow disease’ (vCJD), has had a substantial
impact, particularly on apheresis donors. Esti-
mates of US FDA mandated geographic deferrals
based on European residency predict an overall
loss of 5-10 per cent of US blood donors, and
the impact is expected to vary by region (Center
for Biologics Evaluation and Research, 2004).
Additional donor exclusions appear to be on the
horizon.

A study of 116165 persons who presented to
a regional blood center during the year 2000
indicated that 13.6 per cent were deferred at
presentation. Short-term deferral accounted for
68.5 per cent, most commonly for low hematocrit.
Long-term deferral, for example for travel to a
malarial area, accounted for 21 per cent, and mul-
tiple-year or permanent deferral, such as that for
vCJD, accounted for 10.5 per cent (Custer et al.,
2004). Collection of overweight and underweight
units led to a loss of 3.8 per cent of 100141 collec-
tions. More troublesome, though not as large, are
donor deferrals resulting from false-positive infec-
tious disease screening tests. Disease-marker-
reactive donations represented 0.9 per cent of
donation deferrals in the study above (Custer et al.,
2004). This problem has been recognized since
the introduction of serologic tests for syphilis.
However, over the past 15 years the introduction
of new screening tests and testing technologies
has resulted in numerous deferrals for ‘question-
able’ test results, and either complex re-entry
algorithms or no approved method to requalify
such donors. Surrogate tests used for screening
have proved particularly troublesome (Linden
et al., 1988). However, even specific tests result in
inappropriate deferrals. Several million donors
now fall into this category. Selected donor deferral
criteria are listed inTable 2.1.

RED BLOOD CELL COMPONENTS

Whole blood and red blood cells

Whole blood (450-500 ml) is obtained from donors
who meet standard donor criteria established by
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Table 2.1 Selected donor deferral criteria

Category

Deferral details

Length of deferral

General health
Age
Examination

Medications

Pregnancy
CJD

vCJD

Transfusion/transplant
Immunizations

Cancer
Infectious disease

Diseases of heart, liver, lungs; blood disorders
Less than age of majority

Hemoglobin < 12.5; BP systolic > 180, diastolic > 100;
pulse <50> 100 or irregular; temp. > 37.5°C; any
lesions at venipuncture site

Finasteride, isotretinoin
Dutasteride

Acetretin

Etretinate

Antibiotics and other medications

Family history, dura mater transplant, human
pituitary growth hormone

Residence in UK > 3 months between 1980 and
1996; residence in Europe > 5 years since 1980;
> 6 months on European military base; received UK
bovine insulin; transfused in UK

Receipt of blood or other human tissue
Live attenuated viral/bacterial vaccine
Smallpox vaccine

Live attenuated rubella/zoster

Other vaccines/HBIG

Other than basal cell carcinoma
Residents of malaria endemic areas
Travelers to malaria endemic areas
History of hepatitis after age 11
Donated single unit associated with
hepatitis, HIV, HTLV
Tested positive on screening test
Babesiosis or Chagas hx
Stigmata or hx of parenteral drugs
Male sex with males since 1977
Exchanged sex for money since 1977
Residence in African countries
associated with HIV2
Persons transfused with blood
from such countries
Sexual contact with persons from
such countries
Treated for gonorrhea or syphilis
In jail for > 72 hours
Victim of rape or bloody needle stick

Indefinite
Applicable state law
Until within range

1 month after last dose
3 months after last dose
3 years after last dose
Indefinite

Physician’s discretion

6 weeks post partum
Indefinite

Indefinite

1 year
2 weeks
4 weeks
3 weeks
1 year

5 years to indefinite
3 years

1 year

Indefinite

Indefinite

Indefinite
Indefinite
Indefinite
Indefinite
Indefinite
Indefinite

Indefinite
Indefinite
1 year

1 year
1 year

the Food and Drug Administration’s Code of
Federal Regulations and the American Association
of Blood Banks Standards for Blood Banks and
Transfusion Services (Fridey, 2003; FDA, 2004).
Whole blood is separated by centrifugation into
components such as red blood cells, platelets and
plasma, and stored under differing conditions

designed to best maintain viability and efficacy
of the particular component. Red cells are also
collected by automated blood cell separators,
either as ‘double-unit’ red cells or as a single
unit along with a plasma or platelet component
(Bonomo et al., 2004). In the US, whole blood is
infrequently used and thus rarely available in



most institutions. The few settings in which whole
blood transfusion is indicated include hemor-
rhage with acute hypovolemia, massive transfu-
sion, and exchange transfusion if done by manual
phlebotomy rather than by apheresis. Whole
blood, as well as other components, is infused
routinely through a 170-260-micron infusion
filter to remove clots.

Red blood cells (RBC) are separated from
whole blood shortly after collection, and are
stored in a volume of 180-200 ml at refrigerated
temperatures for 21, 35 or 42 days, depending on
the country and the anticoagulant-preservative
used. RBC transfusion is indicated for the treat-
ment of symptomatic anemia that cannot be man-
aged by other means, for example by replenishing
such deficiencies as B12, iron, or folic acid. The
concept of the ‘transfusion trigger’ is a contro-
versial one, since RBC transfusion should be
based on careful assessment of a patient’s clini-
cal symptoms and coexisting or medical condi-
tions, as well as laboratory determination of
hematocrit and hemoglobin (Consensus Confer-
ence, 1988; American Society of Anesthesiologists,
1996). Normal subjects at rest can tolerate severe
anemia without cardiovascular compromise;
however, anemia appears to be a particular risk
factor for patients with cardiovascular disease
receiving intensive care and may require more
aggressive transfusion management (Weiskopf
et al., 1998; Hebert et al., 1999). The number of
patients who suffer cardiovascular events from
under-transfusion is not known, but studies of
such diverse patient groups as children with
malaria, patients who decline transfusion for
religious convictions, and elderly patients with
acute myocardial infarction suggest that the
number may be substantial (Nelson et al., 1993;
Carson et al., 1996; English et al., 2002; Wu et al.,
2003). In general, transfusion of 1 unit of
red blood cells will increase the hematocrit by
3 per cent or the hemoglobin by 1gm/dl in
an average-size adult. In the average pediatric
patient, transfusion of 8-10 ml/kg of red blood cells
is expected to increase hemoglobin by 3 gm/dl.

RED CELL COMPATIBILITY

Serologic compatibility testing has been used
for almost a century to prevent antibodies in the
patient’s plasma from destroying transfused RBC
(Ottenberg and Kaliski, 1913). While the earliest
tests involved mixing of donor and recipient

whole blood, incubation, and observation for
agglutination or hemolysis, this technique
detected only ABO blood group incompatibility.
A variety of additional methods, using albumin
as the cell suspension medium and an antiglob-
ulin (Coombs) reagent to detect non-agglutinating
antibodies such as those of the Rh, Kell, Kidd,
and Duffy systems, is now used in pre-transfusion
testing (Coombs et al., 1945; Fridey, 2003).
Compatibility testing now involves testing of
donor blood for ABO/Rh antigens, testing the
donor’s plasma for antibodies, testing the recip-
ient cells for ABO/Rh and the recipient plasma
for antibodies, ‘cross-matching’ donor cells with
patient plasma, and reviewing previous testing
records. The process takes about 1 hour. When
emergency transfusion is necessary, several abbr-
eviated strategies have been recommended.
Since most fatal reactions are caused by incom-
patibilities in the ABO system, ABO typing alone
(5 minutes) or with an ‘immediate spin cross-
match’ (total 20 minutes) shortens the procedure.
The complete compatibility protocol is per-
formed subsequent to transfusion. For the most
urgent cases, group O RhoD-negative or even
RhoD-positive blood is used and compatibility
testing is completed after the fact. Use of O-neg-
ative (‘universal donor’) blood has been advo-
cated for ambulance and field use for trauma, but
providing sufficient suitable refrigerated units
has posed a logistical challenge.

When the plasma screen for alloantibodies is
positive, antibody specificity must be deter-
mined and the corresponding antigen avoided
in red cell transfusions.The process of identifica-
tion can be lengthy or require referral to a spe-
cialized red cell reference laboratory. If a clinically
important alloantibody is directed against a very
high frequency antigen (present in greater than
90 per cent of individuals) or when multiple
alloantibodies are present, procurement of com-
patible blood may be difficult or impossible.
Rare donor registries are available to assist in
selected instances. In some cases, the presence of
red cell autoantibodies makes all units (includ-
ing those of the patient) appear incompatible
and masks the presence of alloantibodies. A
negative antibody screen does not necessarily
indicate absence of alloantibodies, since the titer
of antibody may fall below the level of detection
or the antibody might be directed against a low
incidence antigen (present in less than 10 per cent
of individuals) not present on reagent testing
cells, yet present on some patient cells. Weakly



reactive specimens do not predict that hemoly-
sis will be mild.

UNIVERSAL RED CELLS

Accidental transfusion of ABO-incompatible RBC is
a leading cause of fatal transfusion reactions.
Studies have estimated a 2.2 per cent error rate in
drawing phlebotomy specimens from hospital
patients (Renner et al., 1993). Between 1990 and
1998, the New York State Department of health
reported that 1 of 19000 RBC units of incorrect ABO
or Rh group was issued or administered to other
than the intended patient. Half of these events
occurred outside the blood bank (administration to
the wrong recipient, 38 per cent; phlebotomy
errors, 13 per cent). Isolated blood bank errors,
including testing of the wrong specimen, transcrip-
tion errors, and issuance of the wrong unit, were
responsible for 29 per cent of events. Many events
(15 per cent) involved multiple errors (Linden et al.,
2000).The risk of fatality related to acute hemolytic
transfusion reaction, most often caused by ABO
incompatibility and erroneous administration, is
estimated between 1 : 600000 and 1 : 1800000
(Linden et al., 1988; Renner et al., 1993).

Some hospitals have addressed the problem of
compatibility errors by restricting blood in the
emergency room and surgical suites to type O.
Unfortunately, type O represents only 45 per cent
of collections in the US and in most developed
countries. One strategy to reduce the risk of
incompatible transfusions and to create a univer-
sal blood supply involves converting blood group
A and B antigens to H, using specific exo-glycosi-
dases capable of removing the immunodominant
sugar residues (Olsson et al., 2004). Conversion
of group B red cells to O, initially carried out
with alpha-galactosidase extracted from coffee
beans, resulted in a successful phase Il trial utiliz-
ing recombinant enzyme (Kruskall et al., 2000).
Enzymatic conversion of group A red cells has
lagged behind due to lack of appropriate glycosi-
dases and the more complex nature of A antigens
(Olsson et al., 2004). A universal red cell might
eliminate many transfusion errors and simplify
inventory control and complex shipping practices.

RED CELL MODIFICATION

Blood components are often modified for special
purposes, and such modifications may result in
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changes in composition and storage characteris-
tics of the components as well as significant
increases in costs (Table 2.2). Some of the com-
monly used procedures include leukocyte reduc-
tion to remove excess white blood cells that may
cause alloimmunization and febrile reactions,
gamma irradiation to inactivate contaminant lym-
phocytes responsible for transfusion-associated
graft-versus-host disease, washing to remove
plasma and plasma proteins that may cause
allergic reactions, and cryopreservation for long-
term storage of rare blood types. Any modifica-
tion or manipulation that results in interruption
of the closed container of a blood component
(such as washing and some methods of degly-
cerolization or thawing) will affect the component’s
expiration date. Once the closed seal is broken,
refrigerated storage is limited to 24 hours.

Other considerations

Whole blood and red cells, unlike many drugs
and biologics, are particularly sensitive to med-
ications and solutions that may be infused con-
currently through the same intravenous line.
Red cells should be infused with isotonic solu-
tions, and not with hypertonic or hypotonic solu-
tions. Simultaneous infusion with solutions
containing glucose or calcium, such as D5W, and
lactated Ringer’s solution, may result in aggluti-
nation or hemolysis of the cells. Simultaneous
infusion of medications should be avoided unless
the medication has been demonstrated to be
compatible with red cells. Fine-gauge needle
and pump infusion may also result in hemoly-
sis. Transfusion of red cells should not exceed
4 hours. The quality of the cells and the risk
of bacterial growth increase with increasing
time at room temperature. If transfusion is antic-
ipated to take longer than the standard allotted
4 hours, the unit should be divided into smaller
aliquots.

Red cells must be stored in monitored refrig-
erators, and Good Manufacturing Practices require
recording of temperature and validation of stor-
age conditions. This requirement makes use of
satellite refrigerators in emergency rooms and
operating suites logistically difficult. If refrig-
erated blood is issued but infusion is not started
within 30minutes, the component should be
returned to the blood bank or discarded. If it is
necessary to warm chilled units, only approved
warming devices should be used. Unmonitored
water baths and microwave ovens have caused



Table 2.2 Indications for modifications of red cell components

Indication

Description

Purpose

Indications

Comments

Leukoreduction

Irradiation (red
blood cells,
platelets,
granulocytes)

Washing
(plasma
removal)

Filtration of component after
collection, at bedside,

or removal of WBC during
automated collection for a 3-log

reduction (99.9 per cent) of WBC;

final WBC content < 5 x 108

Gamma irradiation (cesium or
cobalt) of component with
2500 cGy (centigrays) to
inactivate viable lymphocyte
proliferation within the
component

Component washed with sterile
normal saline to remove

>98 per cent of plasma proteins,

electrolytes, and antibodies;
WBC content 5 X 108

Reduction of febrile
nonhemolytic transfusion
reactions (FNHTR);
reduction of CMV
transmission (CMV-safe);
reduction of HLA
alloimmunization

Prevention of transfusion-
associated graft-versus-host
disease

Prevention of allergic reactions;
decrease risk of hyperkalemia

Patients who have

experienced an episode of
FNHTR; alternative to CMV-
negative components (from
donor tested negative for CMV);
neonates; transplant patients

Recipients of allogeneic
hematopoietic or solid organ
transplants; recipients of
transfusion from blood
relatives; patients on immuno-
suppressive regimens; patients
with congenital
immunodeficiencies and
certain malignancies;
premature infants (especially
those undergoing
extracorporeal membrane
oxygenation)

Patients who experience
recurrent severe allergic
reactions (not responsive to
premedication with
antihistamines); IgA deficient
patients when IgA- deficient
component is not available;
recipients at risk from
hyperkalemia; newborns;
intrauterine transfusions; may
be effective when ABO identical
blood is not available for
patients with paroxysmal
nocturnal hemoglobinuria
(PNH)

Equivalent to CMV
seronegative components;
not effective and not
indicated for prevention of
transfusion-associated
graft-versus- host disease

Not indicated for
prevention of FNHTR and
unnecessary for aplastic
anemia patients (despite
ATG therapy) or HIV
patients in the absence of
other indications for
irradiation (above); RBC
shelf-life is decreased to
28 days (if greater than the
original expiration date)

Washing results in a 15-20
per cent loss of red cells;
not equivalent to
‘leukoreduced’; washed red
cells must be transfused
within 24 hours

(Continued)



Table 2.2 Indications for modifications of red cell components (Continued)

Volume
reduction

Freezing-
deglyceroli-
zation

Removal of plasma from cellular
components; most RBC
concentrates contain very

little plasma

Addition of glycerol and freezing
generally within 6 days of
collection depending on the
additive solution used at the time
of collection and glycerolization-
freezing method used

Reduction of circulatory
overload; removal of
antibodies

Long-term storage of
autologous or allogeneic rare
blood phenotypes

Not equivalent to washing for
prevention of allergic reactions in
patients who are plasma volume
expanded;

normovolemic chronic anemia;
thalassemia major; sickle cell
disease; congestive heart

failure; pediatric, elderly, and
other patients susceptible to
volume overload

Patients with rare blood May not be feasible for red
phenotypes or multiple blood cells with certain
alloantibodies abnormalities (such as Hgb

S, hereditary spherocytosis,
PNH); not equivalent to
‘leukoreduced’ (may
remove > 95 per cent of
WRBC), depending on the
method of glycerolization-
freezing used (open or
closed system), the post
deglycerolization shelf-life
may be 24 hours or

2 weeks (respectively);
thaw-wash process is
lengthy — this component is
not suited to emergent
supply of multiple units




hemolysis of red cells, which can prove lethal to
the recipient.

ADVERSE EVENTS ASSOCIATED WITH RED
CELL TRANSFUSION

Disease transmission

Detailed donor screening and specific testing of
blood for transfusion have improved blood safety
dramatically. The current multi-layered approach
relies on donor education, donor screening, test-
ing, registries of previously deferred donors,
post-donation tracking and, in several countries,
universal transfusion surveillance (hemovigi-
lance) (Busch et al., 1999). Even though the blood
supply has become remarkably safe by historical
standards, the tragic experience with HIV and
HCV transmission fuels ongoing public concern
with blood safety and intense scrutiny of the
organizations responsible for the provision of
blood and its components (Klein, 2000).

Currently in the US, blood safety relies upon a
system of voluntary donation, a detailed donor
history, and a variety of serologic and nucleic
acid-based (NAT) tests including assays for HIV
I/2, HTLV I/ll, hepatitis C, hepatitis B, West Nile
virus, and Treponema pallidum (the agent that
causes syphilis). This approach has proved effec-
tive. With improved screening, most new trans-
missions now occur as a result of the ‘window
period’ interval between the time the donor is
infected and the moment at which tests are
capable of detecting the agent. Increased sensi-
tivity of screening tests has gradually closed this
window (Table 2.3).

The residual risk from repeat donors approxi-
mates 1:144000 for HBV, 1:1935000 for HCV
and 1:2135000 for HIV, although rates for these
agents are some two-fold greater among first-
time donors (Dodd et al., 2000). The rates are
even lower in much of Europe, reflecting the lower
prevalence in the general population (Pillonel
and Laperche, 2004). No transfusion-transmitted
case of syphilis has been reported in the US in
more than 30 years (Schmidt, 2001). Nevertheless,
infectious risks remain. The rate of transfusion-
transmitted bacteremia is conservatively esti-
mated at 0.21 per million units of RBC transfused
(Kuehnert et al., 2001). Culture-based testing
remains cumbersome even for platelets, and has
not been applied to red cell components (Brecher
and Hay, 2004). A number of tick-borne diseases,

Table 2.3 Estimated risk of transfusion transmission
of viral agents

Virus Risk per unit

HIV 1 and 2 1:2000000-3000 000

Hepatitis B 1:100000-200000

Hepatitis C 1:1000000-2000000

HTLV I and Il 1:641000 (cellular
components)

Parvovirus B19 1:20000 (most recipients
immune)

West Nile Range 1:10000 to 1:150,
depending on region of
epidemic

Bacterial contamination 1:5000000

such as babesiosis and human granulocytic
ehrlichiosis, have been transmitted by blood, and
others such as Lyme disease have that potential
(Cable and Leiby, 2003). Some common infec-
tious agents, such as cytomegalovirus and par-
vovirus B19, are readily transmitted by blood,
and though often innocuous may be devastating
for particularly vulnerable patients such as preg-
nant women, premature infants and immuno-
suppressed patients. Most blood components are
not tested for these agents. Perhaps the greatest
worry in the developed world is the silent emer-
gence of some new agent, like HIV in the 1980s,
for which recognition (and therefore testing) may
be delayed for years while asymptomatic carri-
ers donating blood spread infection through the
blood supply. The most recent example involves
emergence of the West Nile virus, an agent that
infected thousands of blood donors, resulted in
transfusion-transmitted disease, and presented a
sudden, unexpected and significant threat to the
US blood supply (Pealer et al., 2003). Methods to
inactivate infectious agents have been success-
fully applied to plasma fractions, but no technique
has proved both safe and effective for red cells.
The situation is worse in the developing world.
More than two-thirds of the world’s nations do
not have adequate policies to insure a safe
blood supply. An estimated 13 million blood
donations globally are not tested for HIV, HBV
and HCV, primarily in developing countries where
the number of infected persons in the donor
population is high (Sarkodie et al., 2001; Dhingra
et al., 2004). Furthermore, areas in the world
in which HIV, HCV, and HBV are endemic would
have little blood available even if universal
blood testing were logistically and economically



feasible; 20 per cent or more of the population
might test positive. In Asia, Africa and parts of
Latin America, diseases such as malaria, try-
panosomiasis and leishmaniasis, almost forgot-
ten in the US and Europe, remain important
transfusion-transmitted diseases with substan-
tial morbidity and mortality.

Other adverse events

Although public concern about blood safety cen-
ters on the risk of transfusion-transmitted infec-
tion, red cell transfusion carries a number of
other potential risks, both immunologic and
non-immunologic. The risk of acute hemolysis,
primarily from erroneous transfusion of ABO
incompatible units, has been mentioned previ-
ously. Delayed hemolytic reactions caused by
alloantibodies directed at other blood group
antigens occur in approximately 1:4000 units of
red cells transfused (Moore et al., 1980). While
most of these reactions are clinically mild,
intravascular hemolysis with renal failure, dis-
seminated intravascular coagulation and death
have been reported. Non-immune hemolysis can
also result from units of red cells that are over-
heated, frozen, or mixed with hypotonic solutions.

Chills and fever resulting from red cell transfu-
sion are common. Of nearly 100000 units of
whole blood and red cells transfused from one
blood center in 1980, approximately 1 per cent
reportedly resulted in a febrile reaction, and
15 per cent of recipients who were subsequently
transfused experienced a second episode of
fever (Menitove et al., 1982). This oft-cited statis-
tic is undoubtedly too conservative because of
an underreporting bias in the study design. A
prospective study of 531 HIV-infected and AIDS
patients who received 3864 red cell units during
1745 transfusion episodes documented the fre-
quency of fever as 16.8 per cent (Lane et al.,
2002). Fever associated with transfusion was
recorded about four times as often as the hospi-
tal attending staff reported it using a voluntary
transfusion reaction form. Fever exceeding 2°C
occurred in 3.1 per cent of recipients.

The role of leukocytes in causing transfusion
reactions is well documented. Severe reactions
are characterized by flushing within 5 minutes of
the start of transfusion, and a sensation of
warmth followed by a temperature spike and
rigors about 60 minutes after the start of the
transfusion (Brittingham and Chaplin, 1957). While
these reactions are often classified as insignificant
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by attending staff, they are of great concern to
the patient and result in substantial delays in
transfusion and costs for evaluation of the fever.

A related, but far more severe, pulmonary
reaction has been associated with leukocyte
antibodies in donor blood.The typical reaction is
characterized by chills, fever, a non-productive
cough, dyspnoea, cyanosis, and hypotension or
hypertension occurring within an hour or two of
transfusion (Popovsky and Moore, 1985). Charac-
teristic chest radiographic findings include bilateral
pulmonary infiltrates and numerous, predomi-
nantly perihilar opacities; and infiltration of the
lower lung fields without cardiac enlargement
or engorgement of the vessels is described.
Unlike pulmonary edema associated with circu-
latory overload, central venous pressure and
pulmonary wedge pressure are not elevated
with transfusion-related acute lung injury (TRALI).
Some 15 per cent of cases present with mild to
moderate hypotension, typically unresponsive
to fluid challenge, while another 15 per cent
present with hypertension (Popovsky and Haley,
2001). In the United States, TRALI has been esti-
mated to occur after about 1:5000 blood com-
ponent transfusions (Moore et al., 1980). While
TRALI is more frequent with plasma transfusion
than with red cell components, it has been
described with all blood components, and as little
as 2ml plasma seems to be sufficient to cause
respiratory distress.

Transfusion-associated graft-versus-host-dis-
ease (TA-GvHD) occurs when immunocompetent
allogeneic lymphocytes in a blood component
engraft in the recipient, proliferate, and mount
an attack against the host tissues. TA-GvHD dis-
ease occurs between 4 and 30 days after trans-
fusion.When the full-blown syndrome is observed
and multiple organ systems are involved, mor-
tality is high, approaching 90 per cent (von
Fliedner et al., 1982). However, less severe dis-
ease, especially if transient, may not be recog-
nized, much less reported. TA-GvD has been
observed after transfusion of whole blood, packed
red cells, platelet concentrates, granulocyte con-
centrates and fresh plasma (Anderson and
Weinstein, 1990). In order to avoid the risk of
GvHD from blood transfusion, the transfused com-
ponents must be irradiated to inactivate donor
T lymphocytes. In Japan, a country in which there
is less genetic diversity than in the US, almost all
blood components are gamma irradiated.

Post-transfusion purpura (PTP) is a well-
recognized if uncommon syndrome, in which



patients with platelet-specific alloantibodies
develop profound thrombocytopenia between
2 days and 2 weeks after a transfusion (Pegels
et al., 1981). Purpura, epistaxis, gastrointestinal
bleeding and hematuria characterize the clinical
syndrome. If untreated, the course may be mild
and self-limited, or hemorrhage can be dramatic;
mortality is reported as 5-10 per cent.

The frequency of severe anaphylactic reac-
tions following transfusion is about one case per
20000 transfusions. Class-specific anti-lgA has
been detected in 76.3 per cent of 80 IgA-deficient
patients with a history of anaphylactic transfu-
sion reaction. Of these patients, 48 received 525
components drawn from IgA-deficient donors
without clinical reaction (Sandler et al., 1996). In
contrast to anaphylaxis, urticaria during transfu-
sion is relatively common. The incidence has
been approximated at 3 per cent (Stephen et al.,
1955). In a retrospective analysis of 1613 transfu-
sion reactions during a 9-year period at a single
institution, allergic reactions accounted for
17 per cent; however, of these only 7 per cent
were severe, accounting for 1.7 per cent of all
transfusion reactions. In a prospective study of
platelet transfusion, extensive urticaria occurred
during 0.4 per cent of transfusions and in 4.4 per
cent of patients (Enright et al., 2003). Allergic
reactions occurred with a frequency of 1:4124
blood components and 1:2338 transfusion
episodes (Domen and Hoeltge, 2003).

Hypotensive reactions, occasionally severe
enough to require circulatory support, have been
encountered when bradykinin components and
angiotensin are generated as plasma is exposed
to charged synthetic surfaces. After a series of
reports of hypotensive reactions in 1993, an
American Association of Blood Banks survey
reported 17 hypotensive reactions, the vast major-
ity of which began within an hour of transfusion
and were associated with blood administra-
tion through a filter used to remove leukocytes
(Dhume et al., 1996). Filtered whole blood and
RBC transfusions have been implicated. Sub-
sequent reports implicated filters from several
different manufacturers. All of the different
blood components passed through these filters
at the bedside may result in hypotension; the
mechanism appears to be generation of labile
vasoactive proteins such as bradykinin. In a study
of patients undergoing orthotopic heart trans-
plantation, 24 episodes of hypotension in were
observed in 30 patients (47 per cent of patients)
who received components filtered at the

bedside. Eleven of these patients (79 per cent)
were receiving ACE inhibitor medication (Lavee
and Paz, 2001).

IMMUNOMODULATORY EFFECTS

Numerous alterations in circulating blood
cells have been reported in patients transfused
with allogeneic blood. These changes include
decreased numbers of circulating lymphocytes,
modifications in the T-cell helper/suppressor
ratio, changes in B-cell function, down-regulation
of antigen-presenting cells, and activation of
immune cells as measured by a number of cell
surface markers (Klein, 1999). Some of these
changes persist for months or even longer after
transfusion. The lingering question has been
whether these observations represent no more
than laboratory curiosities, or whether they reflect
some clinically relevant alteration in the recipi-
ent’'s immune status.

The seminal publication by Opelz et al. in 1973
provided clinical evidence that, contrary to the
conventional wisdom, blood transfusion prior to
renal transplantation improved the survival of
cadaver-derived renal allografts (Opelz et al.,
1973). Furthermore, the effect appeared to be
dose-dependent. While this was one of the first
clinical observations suggesting that blood
transfusion might have an immunomodulatory or
tolerizing effect, the role of perioperative blood
transfusion in the recurrence of surgically excised
tumors and in the survival rates of cancer patients
has now been disputed for several decades
(Blajchman and Bordin, 1994). Similar controversy
surrounds the relationship between periopera-
tive transfusion and the risk of postoperative
infection. Several trials suggest that fewer post-
operative infections and several-fold reductions
in rates of morbidity and mortality occur if
leukocytes are removed by filtration from the
transfused red cells (Jensen, 1998). Based on the
sum of evidence, immunomodulation seems
likely to be added to the list of unintended effects
of allogeneic blood transfusion. The magnitude
and importance of these effects, the causative
agents, and the patients or patient groups that
are at particular risk have yet to be defined
(Klein, 1999).

Massive transfusion of red cells can result in
a variety of metabolic abnormalities, including
hypocalcemia from the citrate load, hyperkalemia,



and acidosis. Rapid infusion of cold blood has
also been associated with arrhythmias.

THE COST OF RED CELLS

The cost of a unit of red blood cells has been
notoriously difficult to calculate. Like most com-
modities, the cost of a unit of blood varies from
region to region depending on such variables as
the costs of labor, transportation, space, adver-
tising (donor recruitment) and consumables.
Costs are not charges (Wallace, 2001). Blood col-
lectors determine charges based on yet another
set of variables that include specific blood
group, whether the hospital is a favored ‘sole
source’ customer or a supplemental user, how
the particular center derives its charges (which
may depend on how it charges for derivative
components such as platelets and plasma), and
whether the particular region is under competi-
tive pressure for red cell pricing. Most collectors
also charge additional fees for such services as
gamma irradiation, filtration, washing and typing
for specific antigens. An example of a Directory
of Fees for red cells from a large regional blood
collector is provided in Table 2.4. The costs that
the transfusion service incurs for storage, han-
dling, compatibility testing, issuance and infu-
sion are added to the collector’s charges, and the
total is the charge that the hospitalized patient
receives.

In 1992, an audit at Duke University Medical
Center determined the base average direct and

Table 2.4 Fees for red cell preparations and special
services, Greater Chesapeake and Potomac Region
(July 2004—June 2005)

$
Charges for components:
Whole blood 373
Red blood cells 293
Leukoreduced red blood cells 308
Red blood cells, washed 460
Red blood cells, frozen, thawed, washed 619
Charges for special preparations:
CMV negative 40
Irradiation 60
Antigen type, per antigen, per unit 70
Sickle negative 22
IgA negative 81
Import fee — rare unit 289
Unit search fee for rare unit 77
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indirect hospital costs for providing a unit of
red blood cells (Lubarsky et al., 1994). The
Transfusion Service's base cost for providing an
allogeneic unit of red blood cells was $113.58.
That ‘cost’ to the hospital compares with the cur-
rent $293 ‘charge’ for red cells in Table 2.4. To
obtain the actual hospital cost of transfusing a
unit of red blood cells in the perioperative
period, the investigators calculated associated
costs, including compatibility tests on multiple
units per each unit transfused in the periopera-
tive period, performing ABO and Rh typing and
antibody screening on samples from patients
who were not subsequently transfused, compat-
ibility tests on units not issued, handling costs of
units issued but not used, physically adminis-
tering the blood, and the cost of the recipient
contracting an infectious disease or developing
a transfusion reaction. These associated costs
increased the cost of transfusing an allogeneic
unit of red blood cells in the perioperative
period by $37.62, or 33 per cent (Lubarsky et al.,
1994).

The implementation of (almost) universal
leukoreduction, NAT testing, look-back and donor
deferral policies, and increased donor screening
have undoubtedly increased the cost of pro-
ducing blood components since 1992 (Report
to Congress, 2001). Also contributing to these
increases are the rising costs of labor, regulatory
compliance, voluntary industry standards, admin-
istration and overheads. In the US, fees charged
to hospitals for each unit of red cells increased
by over 8 per cent from 1999 through 2000, and
the American Red Cross raised the price of
red cells by 10-35 per cent in 2001 (Report to
Congress, 2001).

The societal cost of an allogenic red cell trans-
fusion in Canada has been determined using a
cost-structure analysis and cost information from
2001 through 2002. Costs of blood collection,
production, distribution, delivery (hospital trans-
fusion service processing and patient adminis-
tration), transfusion reaction management, and
opportunity cost of donor’s time were included
in the analysis. Canadian Blood Services and
Hema-Quebec supplied the data for collection,
production and distribution stages. Eight hospi-
tals across six Canadian provinces provided
delivery and transfusion reaction costs. Inpatient
costs were assessed for the intensive care unit,
emergency, general medicine ward and operat-
ing room.The aggregate mean societal unit cost
of red cells transfused to an inpatient in 2002



was 264.81 US dollars. The mean cost of blood
collection, production, and distribution was 202.74
US dollars; the mean opportunity cost of donor
time was 18.21 US dollars; the mean cost of hos-
pital transfusion service processing was 16.65
US dollars, of red cell transfusion was 26.92 US
dollars, and of transfusion reaction manage-
ment was 0.29 US dollars. There were substan-
tial variations in hospital transfusion service
processing and RBC transfusion costs across
hospitals. The societal unit cost of red cell trans-
fusion was found to have doubled since 1995,
and increases in unit costs would be expected to
continue as additional safety measures are intro-
duced (Amin et al., 2004).

If the charge for a ‘unit’ of red cell substitute is
to be compared with that of a unit of red cells,
both collection and some transfusion service
charges will have to be used. Charges for the
uncomplicated postoperative red cell transfu-
sion may be several hundred dollars. However,
from Table 2.4 it is easy to see that for patients
with multiple antibodies or those who require
rare units, the charges may accrue rapidly until
the cost per unit approaches $800-1000.

THE ROLE OF RED CELL SUBSTITUTES

From the standpoint of the clinician and the
transfusion service, the ideal red cell substitute
should deliver oxygen, cause few undesirable
effects, require no compatibility testing, remain
stable during prolonged storage, persist in the
circulation, be easily reconstituted, and be avail-
able at a reasonable cost. From the standpoint of
the patient, or better of the general public, any
alternative to transfusion that would lower the
risk of transfusion-transmitted infection would
be worth a substantial cost increment. Most can-
didate red cell substitutes would undergo some
pathogen inactivation treatment and nanofiltra-
tion process that would address this important
issue. Candidate substitutes would also avoid
the compatibility issues, the logistic problems
with multiple blood types, and many of the
problems of storing, transporting, and transfus-
ing refrigerated cells that are at great risk for
immune, mechanical and thermal lysis. The
other risks of transfusion that might be avoided
(fever, urticaria, TRALI, hypotension, anaphylaxis,
immunomodulation) would have to be balanced
against the potential toxicities of the candidate

replacement. Although head-to-head comparisons
are difficult, the question of immediate delivery
and release of oxygen by stored red cells has long
been an issue, particularly for the pediatric sur-
geon, and small molecules that deliver oxygen
might address that concern.

Where might a red cell substitute be most
valuable? Probably where blood is not immedi-
ately available. Trauma outside of the hospital,
including in the military setting, comes to mind
immediately. Refrigerated group O cells cannot
be readily stored and transported on ambu-
lances across the country. A similar application
involves acute, unanticipated blood loss in sur-
gery, and moderate blood loss during and after
surgery, especially during periods of blood short-
age or for patients who are difficult to transfuse.
The product can be used as a bridge for patients
with multiple antibodies or rare blood types until
compatible blood can be located. An oxygen car-
rier can also bridge the period of potential
hypoxic coma and death in patients with severe
autoimmune hemolytic anemia until treatment
effects remission of the disease (Mullon et al.,
2000).

The largest potential use involves ‘blood spar-
ing’ or ‘blood avoidance’ during surgery — a pri-
mary study endpoint for some early clinical
trials. For elective surgery, the potential exists to
reduce an estimated 5 million units of periopera-
tive red cells transfused annually in the United
States. However, the short 12-48-hour half-life of
these small molecules limits their blood-sparing
utility. Mathematical modeling suggests that
benefits will be confined primarily to non-anemic
patients who undergo extreme hemodilution and
sustain large perioperative blood losses (Brecher
et al., 1999). The potential applications (in North
America) include an estimated 600000 cardiac
surgery patients, 625000 orthopedic surgery
patients, and 70000 men undergoing radical
prostatectomy. While the short half-life of current
candidate substitutes all but precludes their use
for managing chronic anemia, a ‘second genera-
tion’ product with a longer intravascular survival
might find substantial application for the esti-
mated 40 per cent of patients with lung or ovar-
ian cancers who develop chemotherapy-induced
anemia.

The largest potential market for oxygen carriers
as red cell substitutes is in those parts of the
world that can least afford to pay for it. In the
developing world, 25 per cent of maternal deaths
from pregnancy-related causes are associated



with loss of blood (WHO, 2001). Pediatric deaths
from malaria-induced anemia are entirely pre-
ventable (English et al., 2002). Operational prob-
lems, infrastructure costs and cultural issues
pose seemingly insurmountable hurdles to build-
ing modern blood delivery systems in the same
regions. Even if they could, a sizable fraction of
the donor population carries infectious agents
and donations would have to undergo a pathogen
inactivation process. Inexpensive blood substi-
tutes, even those that fail to meet the rigorous
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safety standards applied to blood in the devel-
oped world, would allow patients to receive
treatments ordinarily requiring blood transfusion,
and could improve health dramatically in many
developing countries. Whether such a practice,
or even clinical trials of such products, is ethi-
cally acceptable remains a subject of intense
debate. If the problems of their high cost and
short intravascular half-life can be solved, these
drugs will save countless lives in the developing
world.

EDITOR’S SUMMARY

Enormous strides have been made in assuring
the safety of the blood supply since HIV was
recognized, in the early 1980s, as being trans-
mitted by blood transfusion. Nevertheless, the
supply is tenuous, with the average age of the
population increasing in the developed world,
and older patients receiving a disproportionate
amount of the blood transfused. Furthermore,
costs of transfused blood continue to rise as
new tests are introduced and the complexity of
regulatory compliance and labor costs increase.

The impact of a blood substitute in the devel-
oped world would initially be in cases where
red blood cells are not immediately available,
such as in certain trauma cases and in patients
for whom alloimmunization precludes location

of adequately cross-matched blood. However,
blood substitutes could offer further advan-
tages in added safety in regard to infection risk
and more efficient delivery of oxygen to tissue.
The potential for benefit in the developing
countries is especially promising, as many of
these countries lack the sophisticated blood
banking systems of the developed world, not
to mention a reduced number of qualified
donors.

The full impact of a red blood substitute can-
not be fully assessed until one or more prod-
ucts are available for clinical use, because any
benefit will be balanced against any shortcom-
ings such as side effects and limited intravas-
cular persistence.
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GENERAL REGULATORY BACKGROUND
IN THE UNITED STATES

In the United States, new drugs are approved
under authority of section 505 of the Federal Food,
Drug, and Cosmetic Act (United States Code,
Title 21, Chapter 9; Guidance for Industry, 1998).
Section 505 of the Act (21 U.S.C. §355) describes
the legal framework for the evaluation, review,
and approval of new drugs for introduction into
interstate commerce. Under section 505(a), ‘no
person shall introduce or deliver into interstate
commerce any new drug, unless an approval of
an application filed ... is effective with respect to
such drug’. Following passage of the Food, Drug,
and Cosmetic Act in 1938, drug manufacturers
were required to show only that a candidate
drug was safe. In 1962, partly in response to the
thalidomide tragedy, the United States Congress
amended the Federal Food, Drug, and Cosmetic
Act to require that in addition to safety, effective-
ness had to be demonstrated in order to support
approval to market drug and biologic productsin
the United States. These amendments included
provisions that required manufacturers of drug
products to provide ‘substantial evidence’ of a
drug’s effectiveness. ‘Substantial evidence’ is
defined in section 505(d) of the Act as ‘evidence
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Chapter

consisting of adequate and well-controlled inves-
tigations, including clinical investigations, by
experts qualified by scientific training and expe-
rience to evaluate the effectiveness of the drug
involved, on the basis of which it could fairly and
responsibly be concluded by such experts that
the drug will have the effect it purports or is
represented to have under the conditions of use
prescribed, recommended, or suggested in the
labeling or proposed labeling thereof".

Since 1962, there have been many discussions
about the meaning of the term ‘substantial evi-
dence’ and the quantity and quality of the evi-
dence needed to demonstrate effectiveness. It had
been FDA's position that Congress intended to
require at least two adequate and well-controlled
studies, each convincing in its own right, to estab-
lish effectiveness. In section 115(a) of the 1997
Food and Drug Administration Modernization Act
(FDAMA) (the Modernization Act) for human drug
and biological products (Public Law 105-115),
Congress amended section 505(d) of the Act to
clarify that the Agency may consider ‘data from
one adequate and well-controlled clinical inves-
tigation and confirmatory evidence’ to constitute
substantial evidence if FDA determines that the
data and evidence are sufficient to establish
effectiveness (Guidance for Industry, 1998).

Copyright © 2006, Elsevier (Inc.). All rights reserved.
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Biological products are approved under author-
ity of section 351 of the Public Health Service Act
(PHS Act) (42 U.S.C. 8262).The requirements for
licensure include a showing that the products
are ‘safe, pure, and potent’. 21 CFR 600.3(s) states,
‘The word potency is interpreted to mean the
specific ability or capacity of the product, as indi-
cated by appropriate laboratory tests or by ade-
quately controlled clinical data obtained through
the administration of the product in the manner
intended, to effect a given result.’ Starting in 1972,
FDA began a process for reviewing the safety
and effectiveness of all previously licensed bio-
logics and stated that in this review process,
proof of effectiveness would consist of con-
trolled clinical investigations as defined in the
provision for ‘adequate and well-controlled clin-
ical studies’ for new drugs (21 CFR 314.126) unless
waived as not applicable to the biological product
or essential to the validity of the study and that an
alternative method is adequate to substantiate
effectiveness (21 CFR 601.25(d)(2)). Serological
response data have been identified as examples
of adequate alternatives ‘provided that a previ-
ously accepted correlation with clinical effective-
ness existed’ (Guidance for Industry, 1998).

In 1998, the United States Food and Drug
Administration (FDA) published Guidance for
Industry: Providing Clinical Evidence of Effec-
tiveness for Human Drug and Biological
Products.The document was intended ‘to provide
guidance to applicants planning to file new drug
applications (NDAs), biologics license applica-
tions (BLAs), or applications for supplemental
indications on the evidence to be provided to
demonstrate effectiveness’. In addition, the doc-
ument was intended to meet certain other
requirements of FDAMA. Although the evidentiary
standard for biological products was not changed
by the 1997 amendment to the law, Congress
directed the agency to take measures to ‘mini-
mize differences in the review and approval’ of
products required to have approved Biologics
License Applications (BLAs) under section 351
of the PHS Act and products required to have
approved NDAs under section 505(b)(1) of the
FDC Act.This guidance document, which may be
found on the FDA website at http://www.fda.gov/
cber/guidelines.htm, discusses in detail the sci-
entific reasoning underlying the legal standard
for demonstration of substantial evidence of
clinical effectiveness and describes the rationale
for both the quantity and quality of evidence
needed to support effectiveness.

In order to meet regulatory requirements in
the United States, any clinical trial in support of an
NDA designed to meet the standard of demon-
strating ‘substantial evidence of effectiveness’
must also meet the requirements for being
‘adequate and well controlled’ as defined in the
Code of Federal Regulations at 21 CFR 314.126.
In order for clinical trial results to meet the regu-
latory requirements, there should, among other
things, be a clear statement of the objectives of
the investigation, a summary of the actual meth-
ods of analysis in the study protocol and in the
report of the results of the study. Claims being
sought should be defined prospectively, i.e.,
before the study begins, and they should be
amenable to evaluation using outcomes that are
direct measures of clinical benefit. The design
should permit valid comparison with a control
so that a quantitative assessment of the treat-
ment effect can be made.

On occasion, an applicant can use a surrogate
marker of efficacy (surrogate-endpoint), as for
example under the provisions for accelerated
approval (21 CFR 601.41 or 21 CFR 314.510) which
state that ‘FDA may grant marketing approval
for a new drug on the basis of adequate and
well controlled clinical trials establishing that
the drug product has an effect on a surrogate
endpoint that is reasonably likely, based on
epidemiologic, therapeutic, pathophysiologic, or
other evidence, to predict clinical benefit. ..."” One
definition in the literature states that a surrogate
marker is a laboratory measurement or physical
sign used as a substitute for a clinically mean-
ingful endpoint that measures directly how a
patient feels, functions or survives (Meinert,
1986; Temple, 1995). Generally, an effect on a
valid surrogate marker would correlate with a
meaningful clinical outcome (Temple, 1995;
Friedman et al., 1996). If the pathophysiology of
a disease and/or the mechanism of action of a
therapeutic intervention are well understood, it
may be possible to link specific effects on the
surrogate marker to anticipated effects on a
clinical endpoint of interest. A valid surrogate
marker has biological plausibility; the effects of
an intervention on the surrogate should predict
the effects of the intervention on a clinical out-
come. It is important to note that a surrogate
endpoint might be valid for one clinical effect
but may have no relationship to another. It is also
important to keep in mind that the relationship
between a surrogate marker and the clinical event
of interest may not be causal; the relationship may



be coincidental or the surrogate and the clin-
ical event of interest may both be independ-
ently related to some third factor (Temple, 1995;
Friedman et al., 1996).

For safety purposes, clinical trials capture infor-
mation about new and/or novel adverse events,
as well as quantitative and/or qualitative increases
in expected adverse events above their underly-
ing background rate/intensity. Studies may also
be designed to capture interactions of study prod-
uct with a wide variety of co-morbid conditions.
As noted above, for any indication, a drug or bio-
logic must have a favorable benefit to risk profile.

CONSIDERATIONS FOR CLINICAL
TRIALS IN TRAUMA

Many papers have been written about the patho-
physiology of hemorrhagic shock and trauma, and
medical interventions that might improve the
clinical outcome following trauma (Moore et al.,
2004).There have been a number of randomized
clinical studies in this population to evaluate
whether a given intervention improves out-
come; a number of these trials have demonstrated
lack of effectiveness or resulted in negative
safety findings with regard to the specific inter-
vention(s) under investigation (Sloan et al., 1999;
Riou et al., 2001). Clearly, more research is needed
in order to elucidate the pathophysiology of
trauma and to discover what endpoints are most
appropriate for clinical trials.

In an attempt to identify safety and efficacy cri-
teria of oxygen therapeutics in the treatment
of hemorrhagic shock and trauma that would
address the regulatory requirements discussed
above, FDA's Center for Biologics Evaluation and
Research (CBER), the National Heart, Lung, and
Blood Institute, the Department of Defense, US
Army Medical and Material Command, and the
Armed Services Blood Program Office sponsored
a workshop in 1999 entitled ‘Criteria for Safety
and Efficacy Evaluation of Oxygen Therapeutics
as Red Cell Substitutes’, held on September 27-28,
1999.The transcript of this workshop is available
on the CBER web page at www.fda.gov/cber/
minutes/workshop-min.htm.

In trauma, mortality is an unambiguous end-
point that many consider to be the most mean-
ingful of clinical outcomes. Although short-term
(e.g. 24-48 hours) survival is helpful in assess-
ing the physiologic activity of a drug such as an

oxygen therapeutic, long-term survival is the
primary clinical benefit of interest to the patient
and the patient’s family. In other words, the ben-
efit of short-term survival is limited if it does not
lead to long-term survival. At present, there is
insufficient information to correlate these two
outcomes for, for example, oxygen therapeutics.

Recently, suggestions have been made about
the use of composite endpoints that include major
morbidities together with death, in an attempt to
reduce the sample size needed to evaluate new
therapeutic interventions in trauma (Moore et al.,
2004). Unfortunately, incomplete understanding
of the pathophysiology of trauma and its atten-
dant complications, and disagreement over the
relative weights to be assigned to each compo-
nent of the composite, have made this approach
difficult.

Historically, many researchers have consid-
ered field use as the most likely situation in
which oxygen therapeutics could improve sur-
vival. However, in major urban areas with rapid
transit to definitive care, there may only be a small
percentage of patients for whom use of an oxy-
gen therapeutic might provide a survival bene-
fit. Some of the most seriously injured patients
will die in spite of rapid availability of optimum
definitive care and other, less seriously injured,
patients will survive with current resuscitation
measures. ldentifying those patients most likely
to benefit from a therapeutic intervention, such
as an oxygen therapeutic in the pre-hospital set-
ting, has been very difficult because it requires
assessments that may not be possible in the field
or within the timeframe for making decisions
about the therapeutic intervention (Moore et al.,
2004). It is therefore difficult to select deliberately
and prospectively the small population of trauma
patients for whom use of an oxygen therapeu-
tic may provide a survival advantage. If a clin-
ical trial is not designed to select deliberately
and prospectively for this small subset of patients
who are likely to benefit from treatment, gener-
ally large numbers of patients may need to be
enrolled in order to test for a statistically signi-
ficant survival advantage (Moore et al, 2004).
Given these considerations, as noted above, many
more subjects could receive an oxygen therapeu-
tic agent than are likely to benefit from such use.
In addition, for trauma patients who have also
sustained head injuries, the heterogeneity in the
severity of head injury may lead to mortality out-
comes independent of the effect of blood loss or
the use of an oxygen therapeutic agent.
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In rural areas or other situations where there
may be prolonged delay to definitive care, there
may be greater potential for an oxygen therapeu-
tic to provide clinical benefit than in urban settings.
Such studies are difficult to control and may pose
complications of trial design and data analysis,
due, for example, to practical considerations such
as differences in the length of time required to
transport a patient to the hospital. Nevertheless,
in the rural setting, a temporary treatment that
sustains adequate tissue oxygenation and aero-
bic metabolism prior to control of bleeding and/or
prior to obtaining cross-matched blood may pro-
vide a clinical benefit.

In considering trials in the trauma setting, it is
necessary also to think about issues of consent.
On 2 October 1996, FDA published notice in the
Federal Register (61 FR 51497) modifications to
regulations governing informed consent under
21 CFR Parts 50, 56, 312, 314, 601, 812, and 814
(Federal Register documents are available through
http://www.fda.gov). This publication followed sig-
nificant public discussion of a draft rule published
in September 21, 1995 at 60 FR 49086.The intent of
the regulation was to provide ‘a narrow exception
to the requirement for obtaining and document-
ing informed consent from each human subject, or
his or her legally authorized representative, prior
to initiation of an experimental intervention’. The
exception was intended to apply to a limited class
of patients who were in need of emergency inter-
vention but who could not give informed consent
because of the life-threatening nature of their con-
dition, and for whom legally authorized represen-
tatives could not be rapidly located. The principles
discussed in the proposed rule were based on,
among other things, the Belmont Report (avail-
able at http://www.hhs.gov/ohrp/humansubjects/
guidance/belmont.htm), and encompassed the
ideas of respect for persons, beneficence, and jus-
tice. Briefly, the preamble to the proposed rule
stated that ‘In emergent situations, protection (of
the subject) is provided and the principle of respect
for persons is satisfied if, in circumstances of clin-
ical equipoise, either the test therapy or its his-
toric alternative is provided, even without consent.
When the relative benefits and risks of the pro-
posed intervention, as compared to standard ther-
apy, are unknown, or thought to be equivalent or
better, there is clinical equipoise between historic
intervention and the proposed intervention ...".

21 CFR 50.24(a) notes that the institutional
review board responsible for the review, approval,
and continuing review of the clinical investigation

must document certain features in order to allow
to proceed a trial under exception from informed
consent requirements. 21 CFR 50.24(a)(1) and
(a)(2) note that ‘the human subjects are in a life-
threatening situation, available treatments are
unproven or unsatisfactory...” and ‘The subjects
will not be able to give their informed consent
as a result of their medical condition”. Comments
on the proposed rule included discussions about
the ethics of performing experiments on patients
unable to provide consent, and whether the intent
of the rule was to permit the ‘study of potential
improvements in the treatment of life-threatening
conditions where current treatment is unproven
or unsatisfactory, in order to improve interven-
tions and patient outcomes’. 21 CFR Section
50.24(a)(3)(ii) requires that ‘Appropriate animal
and other preclinical studies have been conducted,
and the information derived from those studies
and related evidence support the potential for the
intervention to provide a direct benefit to the
individual subjects’. Section 50.24(a)(3)(iii) clarifies
that an IRB, in considering whether to approve the
conduct of the clinical study, must consider what
is known about the medical condition or disease,
what is known about current standard of care, and
what is known about the proposed new interven-
tion or treatment. In making its determination, the
IRB must consider the risks of the proposed inter-
vention and whether these risks are ‘reasonable’ in
relation to all available information about both the
standard of care, the disease/medical condition,
and potential efficacy of the new treatment. The
preamble to the rule notes that the ‘criteria con-
tained in the rule do not require the condition to
be immediately life-threatening or to immediately
result in death. Rather, the subjects must be in
a life-threatening situation requiring intervention
before consent from a legally authorized repre-
sentative is feasible. Life-threatening includes dis-
eases or conditions where the likelihood of death
is high unless the course of the disease or condi-
tion is interrupted. Thus, people who might sur-
vive for long periods might be included in such
studies even though the likelihood of survival
is not known during the therapeutic window of
treatment. In the preamble to the final rule (61
FR 51509), FDA noted examples of conditions
where this situation might pertain. ‘People with the
conditions cited in the examples provided in the
comments - e.g. long-term or permanent coma,
stroke, and head injury — may survive for long peri-
ods, but the likelihood of survival is not known dur-
ing the therapeutic window of treatment. People



with these conditions are clearly at increased risk
of death due to infection, pulmonary embolism ..."

Section 50.24(a)(4) states that exception from
informed consent requirements for emergency
research may be granted if ‘The clinical investi-
gation could not practicably be carried out with-
out the waiver’. This provision in the regulations
engendered significant discussion about the
meaning of the word ‘practicably’. One com-
ment on the proposed rule stated that ‘practica-
bility’ should not refer to convenience, cost, or
speed. FDA commented that the provision in the
regulation was intended to recognize that ‘within
the realm of ethically proper actions (there is) a
hierarchy of values and that (one) should seek
the highest level of those values feasible in this
situation’. FDA has understood that the ‘princi-
ple of respect for persons of diminished auton-
omy applies in such a way that the less autonomy
a subject possesses, the less suitable that subject
is for research even if the research shows prom-
ise’. Therefore, ‘if scientifically sound research can
be practicably carried out using only consenting
subjects (directly, or in most cases for the research
contemplated in the rule, with legally authorized
representatives), then the agency thinks it should
be carried out without involving non-consenting
subjects’. If results from a clinical trial performed
in subjects who are able to give consent can be
generalized to subjects who cannot give con-
sent, then the study would not meet the criteria
set out in the 21 CFR 50.24 (61 FR 51513).

Community consultation is one component of
additional protections of the ‘rights and welfare of
the subjects ...". Section 50.24(a)(7) requires ‘con-
sultation (including, where appropriate, consul-
tation carried out by the IRB) with representatives
of the communities in which the clinical investi-
gation will be conducted and from which the
subjects will be drawn’. Section 50.24(a)(7)(iii)
also requires public disclosure, ‘prior to initia-
tion of the clinical investigation, of plans for the
investigation and its risks and expected bene-
fits’, and ‘of sufficient information following com-
pletion of the clinical investigation to apprise
the community and researchers of the study,
including the demographic characteristics of the
research population, and its results ...".

Section 50.24(b) notes that the ‘IRB is responsi-
ble for ensuring that procedures are in place to
inform, at the earliest feasible opportunity, each
subject, or if the subject remains incapacitated, a
legally authorized representative of the subject, or
if such representative is not reasonably available,

a family member, of the subject’s inclusion in
the clinical investigation, the details of the inves-
tigation, and other information contained in the
informed consent document. The IRB is also
responsible for ensuring that the subject or legally
authorized representative knows that (s)he may
discontinue participation in the study at any time
without penalty.

It is clear from this discussion that studies to be
performed under the provisions of exception from
informed consent require careful thought and
consideration to accepted ethical precepts. As
discussed in the preamble to the proposed rule,
the Belmont Report anticipated that ‘these (ethi-
cal) principles cannot always be applied so as to
resolve beyond dispute particular ethical prob-
lems. The objective is to provide an analytical
framework that will guide the resolution of ethical
problems arising from research involving human
subjects ... The Belmont Report did not, therefore,
address resolution of conflicts among these (jus-
tice, autonomy, beneficence) ethical principles that
might be occasioned by a particular research pro-
tocol, but it did provide a framework within which
conflicts among the principles could be resolved.
Unless an IRB responsible for the review, approval,
and continuing review of the clinical investigation
finds that the therapeutic intervention holds out
the prospect of a direct benefit to subjects being
treated in the study (21 CFR 50.24(a)(3), it would
not be possible to conduct such a study under
exception from informed consent.

CONSIDERATIONS IN TRANSFUSION
AVOIDANCE

Red blood cells are given to prevent or treat
significant, symptomatic anemia. There has been
extensive clinical experience with red blood cell
transfusion resulting in a practical appreciation
of relevant indications, benefits, and risks. There
is also an extensive collection of data on red
blood cells, the anemic state, and their interac-
tion, resulting from years of basic and applied
research (Carson et al.,, 1996; Weiskopf et al.,
1998, 2000; Hebert et al., 1999; Malone et al.,
2003). However, views about the relative risks of
the anemic state and the benefits of transfusion
are varied and there is considerable concern
about transfusion-associated adverse events
associated with immunosuppressive and micro-
circulatory effects of allogeneic red blood cells.
Indeed, in critical care, some studies suggest



Regulatory Perspectives on Clinical Trials ”

that a restrictive transfusion practice may be
superior to a liberal transfusion strategy for
most patients. One retrospective analysis of reg-
istry data of 15, 534 patients admitted during a
three-year period to a single shock-trauma center
reported that transfusion of red blood cells was
a strong independent predictor of mortality when
patients were stratified by measures of shock at
presentation including serum lactate, base deficit,
anemia, and shock index (heart rate/systolic blood
pressure). Although transfusion was an inde-
pendent predictor of outcome, a causal rela-
tionship between transfusion and outcome was
not demonstrated conclusively; much additional
research is needed to elucidate the mechanism(s)
that account for the worsened outcome among
transfused patients and caution must be exer-
cised in interpreting these data to show that allo-
geneic red blood cell transfusion in and of itself
results in worsened outcome (Malone et al., 2003).

General guidelines for transfusion of red blood
cells do not contain sufficient information for
transfusion in specific clinical settings or in spe-
cific patient populations.The level of anemia that
can be tolerated by a given patient depends on
physiological status, age, and other co-morbid
conditions such that easily applied generalizations
for dosing of red blood cells cannot be made.
Further, conditions for red blood cell storage are
not perfect. During the storage period, red blood
cells leak potassium and lose surface area due to
budding of small microvesicles from the cell sur-
face. Loss of membrane changes the shape of
the stored red blood cell and increases cellular
rigidity. Acidic conditions during storage result
in depletion of 2, 3 DPG during the first 10 days
of storage. As storage continues, cellular metab-
olism slows and cells begin to lyse. Thus, when
to transfuse and under what conditions remain
difficult questions for the field of transfusion
medicine (Weiskopf et al., 1998).

Because both infectious and non-infectious
complications of transfusion occur infrequently,
a clinical trial to assess with statistical signifi-
cance the relative safety of oxygen therapeutics
compared to red blood cells could require a very
large sample size (Dzik, 2002). For therapeutic
interventions that facilitate transfusion avoid-
ance, reduction in the use of allogeneic blood
can be a surrogate endpoint for reducing the com-
plications associated with allogeneic blood. While
the goal of any such intervention is, of course,
complete avoidance of allogeneic transfusion,
total avoidance of allogeneic blood in all patients

is not likely to be possible. In a clinical trial, one
possible endpoint could be avoidance of allo-
geneic transfusion in a pre-specified proportion of
patients. Since all therapeutic interventions carry
risks, the risks of an oxygen therapeutic intended
to reduce or eliminate allogeneic red blood cell
usage need to be compared to the risks of trans-
fusing allogeneic blood to arrive at an overall risk/
benefit evaluation (Buehler and Alayash, 2004).
Safety is, therefore, a critical element in any eval-
uation of therapies or maneuvers used or per-
formed with the intent of reducing/eliminating
allogeneic blood usage. In this context, it is not
clear whether merely delaying the time at which
allogeneic red blood cells are administered with-
out reducing total allogeneic exposure, would pro-
vide a benefit to the patient.

SUMMARY

Under provisions of the United States Food, Drug,
and Cosmetic Act, FDA evaluates clinical trials
of drugs and biologics for ‘substantial evidence’
of effectiveness. This statement has been under-
stood to mean evidence consisting of adequate
and well-controlled investigations by experts
qualified by scientific training to evaluate the
effectiveness of the drug, on the basis of which it
could be concluded that the drug will have the
effect it purports to have under the conditions of
use in the labeling. The scientific underpinning for
this requirement is based on random variability
inherent in biologic systems that could result in
a finding of efficacy from chance alone and/or
from unanticipated/undetected systematic biases.
Because of these considerations, FDA has gener-
ally asked for two adequate and well-controlled
studies for approval purposes. On occasion, FDA
may accept data from one adequate and well-
controlled study if the results are statistically
robust and compelling and the endpoint(s)
includes mortality, irreversible morbidity, or pre-
vention of disease with a potentially serious
outcome.

For clinical trials in general, claims sought are
defined prospectively, i.e., before performance of
the study, and they are generally amenable to
study using outcomes that are direct measures of
clinical benefit. If a surrogate marker of efficacy is
used in a clinical trial, the effect on the surrogate
marker correlates with an equivalent effect on the
clinical endpoint of interest. For safety purposes,
clinical trials generally capture information about



new and/or novel adverse events, quantitative
and/or qualitative increases in expected adverse
events above their underlying background rate/
intensity. Studies may also be designed to capture
interactions of study product with a wide var-
iety of co-morbid conditions. For any indication, a
drug or biologic must have a favorable benefit-
to-risk profile.

For clinical trials in trauma, mortality is an
unambiguous endpoint and long-term survival is
the clinical benefit of interest to the patient and
the family. Surrogate markers that correlate with
mortality should be evaluated and validated
before being used in a clinical trial. For studies
conducted under the provisions of 21 CFR 50.24,
exception from informed consent requires the
possibility of direct benefit to subjects enrolled
in the clinical trial. The preamble to the rule sug-
gests, and has been interpreted by FDA to mean,
that the benefit be an improvement in survival.

With regard to transfusion and transfusion
avoidance, general guidelines for transfusion of

red blood cells do not currently provide sufficient
guidance for transfusion in specific clinical set-
tings. Research is ongoing to develop appropriate
perioperative measures of adequacy of tissue/
organ oxygenation. For products used as oxygen
therapeutics (‘blood substitutes’), investigators
might consider attempting to develop and validate
criteria for dosing individual products and to
develop guidelines for dosing that are routinely
available at the bedside. Because such criteria
and guidelines are not currently available, FDA
has accepted avoidance of allogeneic red blood
cell transfusion as a surrogate for avoidance of
adverse effects of transfusion. The surgical proce-
dure studied optimally reflects the characteristics
of the general surgical population, and the pop-
ulation enrolled in studies optimally reflects the
clinical characteristics of the population likely to
undergo the particular procedure. Because blind-
ing is extraordinarily difficult, clinical protocols
optimally incorporate strict transfusion/infusion
criteria in order to minimize bias.

EDITOR’S SUMMARY

The regulatory approval process for new thera-
peutic involves demonstration of both the
safety of the product and its efficacy. In the
United States, these requirements are clearly
specified in law. Blood transfusions are usually
given in conditions of temporary emergency,
such as after traumatic or surgical blood loss.
Any clinical trial that would compare a blood
substitute with no treatment in these circum-
stances would be unconscionable. Direct com-
parisons of the safety and efficacy of red blood
cells and blood substitutes are extremely diffi-
cult to design, involving complex ethical prob-
lems of end point definition and informed
consent.

Over the last decade it has seemed accept-
able to demonstrate that the use of a new blood
substitute product would reduce or eliminate
the use of transfused (allogeneic) blood. Fol-
lowing this strategy for regulatory approval
involves weighing the risks of red cell transfu-
sion against the risks of infusion of a blood

substitute. Since the US FDA first proposed
that reduction of allogeneic blood might be an
approvable endpoint, blood has become
extremely safe, owing to the introduction of
many new safeguards and tests used by modern
blood banks. Side effects of blood substitutes
such as mild hypertension, hematuria, minor
dysphagia, flu-like symptoms or skin discol-
oration may have been acceptable given the
risk of contracting AIDS from a blood transfu-
sion in 1983, but this is not the case today.
Furthermore, some of the Adverse Events
found in recent Phase lll clinical trials of both
hemoglobin- and perfluorocarbon-based prod-
ucts have been much more worrisome, includ-
ing stroke and death.

Assuming that industrial and academic
research can solve the problems posed in clini-
cal trials of current products, the pathway
through to regulatory approval will have to be
cleared.To date, no product has been approved
for use as a substitute for red blood cells.
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SECTION

Physiological Basis

The goal of a ‘blood substitute’ is to deliver
oxygen to tissues. Part 2 of this book
reviews the basic mechanisms of oxygen
transport in normal conditions, then con-
siders the impact of an artificial oxygen
carrier. It begins by considering the diffu-
sive transfer of oxygen from red blood cells
to tissue, including the effect of plasma
hemoglobin and other oxygen carriers
that are not confined to the red cell.
These physical principles can be tested
in artificial capillary systems, but in order
to understand their in vivo effects the reg-
ulatory mechanisms of the microcircula-
tion must be understood. Finally, all of
the mechanisms must fit into general reg-
ulatory systems, called ‘autoregulation’.
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INTRODUCTION

Without oxygen, there would be no animal life.
Without a system to transport oxygen from the
atmosphere to the sites of oxygen utilization,
there would be no life more complex than the
amoeba. If oxygen is not taken up from environ-
mental air and presented to every cell of the
body for more than a few minutes, metabolism
becomes anaerobic, lactic acid is produced, and
cell death will eventually follow. The oxygen
transport system in the human body must be
able rapidly to accommodate to increased oxy-
gen demand (exercise), restricted oxygen supply
(e.g. high altitudes) and a wide variety of disease
states that may affect any link in the chain from
lung to mitochondria.

Transfusions are given to restore disruptions
in the oxygen transport system when a clinician
believes that doing so will improve the supply of
oxygen to tissue. When oxygen supply drops
below a critical level, there is often relatively lit-
tle time to diagnose the problem and correct it.
Furthermore, very few interventions are avail-
able to the clinician: in some cases local blood
flow can be restored, such as in coronary angio-
plasty or bypass surgery, but more often the
only option is to transfuse red blood cells.
Unfortunately, there is no clear marker of the
imminent fall of oxygen delivery below a critical
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point, and the actual critical point may differ
between organs or individual areas within organs.
In the absence of such a marker, the clinician is
usually left with using a surrogate, like hemoglo-
bin concentration or hematocrit, as the basis for
giving a transfusion. A unique and peculiar aspect
of red cell transfusion is that the practice has
never been demonstrated to be safe or effective
in clinical trials, a stringent requirement for new
therapeutic agents. Thus any new product must
be compared against an undefined standard.

OXYGEN REQUIREMENTS

Oxygen is required for the efficient conversion
of substrate to ATP, whose high-energy phos-
phate bond is subsequently converted into the
power that drives all living processes (Figure 4.1).
Without oxygen, ATP can still be produced by
anaerobic metabolism, but the yield of ATP is
much less and the product of such metabolism is
lactic acid. When the supply of oxygen does not
meet demand, the so-called ‘anaerobic threshold’
is crossed, after which an oxygen debt is incurred,
lactic acid accumulates and, if oxygen is not
resupplied, cells die. The concentration of oxy-
gen within mitochondria that is required for aer-
obic metabolism is quite low, in the range of
2-3mmHg, and under normal conditions oxygen

Copyright © 2006, Elsevier (Inc.). All rights reserved.
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Figure 4.1 Metabolic oxygen consumption. With excess glucose and oxygen as substrates, mitochondria
produce ATP for use in energy-consuming reactions (left). When oxygen supply to mitochondria is interrupted
(right), PO, drops to critically low levels, the much less efficient anaerobic metabolism ensues, producing less
ATP and lactic acid. If the oxygen supply is not re-established, oxygen debt, acidosis and tissue death follow.
Mitochondria are able to utilize oxygen efficiently to very low levels, approximately 2—-3 mmHg.

is in substantial excess, with tissue PO, in the
range of 20-40 mmHg.

As these biochemical reactions evolved in an
agueous environment, oxygen is supplied to the
smallest living creatures by simple diffusion.The
rate of such diffusive oxygen transfer is described
by the following equation:

AO, APO,

dr 0% gy @1

In this equation, ko, is the diffusion constant for
oxygen, ag, is oxygen solubility, and APO, is
the difference in oxygen concentration from the
source to the point of utilization. A very impor-
tant point is that the solubilities of oxygen and
carbon dioxide in aqueous solution (including
plasma) are very low, approximately 0.02 ml/ml
per atmosphere (Figure 4.2) (Winslow et al., 1977),
and the diffusion constant for oxygen is about
1.96 cm?/s (Kreuzer, 1971). The constants for sol-
ubility and diffusion are slightly sensitive to tem-
perature, solution viscosity and composition, but
in general they are fixed within narrow limits.
Thus any oxygen transport system that evolves
beyond the single-cell stage must take these val-
ues into account.

In single-cell animals, the transport of oxygen
from air to mitochondria is a diffusive process, and
no circulation is needed. As organisms increase
in size and complexity, the distances for diffusion
are too great, and circulatory mechanisms are
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Figure 4.2 The solubility of the respiratory gases,
oxygen and carbon dioxide, in aqueous solution.
The values for plasma are shown, but the values for
saline or water are very similar. Solubility for both
gases is markedly temperature dependent.

needed to move oxygen from the lung to tissue
sites of respiration. Oxygen delivery (DO,) is the
product of arterial oxygen content (CaO,) and
cardiac output (Q):

D02 = C302 X Q (4.2)

Oxygen consumption (VO,) is the product of the
arterial-venous oxygen difference (Cla — v)O,)
and cardiac output:

V02 = QX C(a - V)02 (43)

However in addition to the circulatory system,
containment of an oxygen carrier (hemoglobin)
within the red cell is also critical, as demonstrated
by a simple calculation using Equation 4.3. If the



requirement for oxygen to support aerobic
metabolism in a resting human is 5 ml/min per kg,
and if the heart can pump 51/min, and if all of the
arterial oxygen is extracted, then the minimum
oxygen to be carried in arterial blood is (5 ml/min
per kg X 70kg)/(51/min) or 7 ml/dl of blood. The
relationship between PO, and the concentration
of oxygen in plasma is

a X PO,
760

0, = (4.4)

where « is the solubility coefficient in plasma
(2.34 ml/dl per atmosphere). Thus, in order for
plasma alone to present 7 ml/dl of blood to the
capillaries, the PO, would have to be at least
(7 ml/dl X 760)/2.34, or 2274mmHg, or about
3 atmospheres — a clear impossibility. Further-
more, mammals such as man are capable of
increasing their rate of oxygen utilization many-
fold, reaching as high as 75-90 ml/min per kg in
trained athletes. Support of oxygen transport in
larger animals therefore presents two evolution-
ary challenges: first to transport large amounts
of oxygen in blood such that it remains in the
blood until it reaches respiring tissue, and sec-
ond to provide mechanisms such that more
blood flows to critical tissues in times of need.
The capacity to transport large amounts of
oxygen is achieved by the presence of an oxy-
gen carrier. Invertebrates transport oxygen in a
circulating hemolymph that contains either hemo-
cyanin (van Holde and van Bruggen, 1971), a
copper-containing protein, or hemerythrin (Klotz,
1971), an iron-containing protein. In both of these,
the metal atom is coordinated directly to the pro-
tein. However as body size increases still more,
larger amounts of the oxygen carrier are required;
but if the heme protein were free in the plasma it
would turn over so fast that the larger organism
could not possibly keep up with production.This
problem is solved by the red blood cell, which
packages hemoglobin in such a way that the mol-
ecules have a lifespan of approximately 100 days.
Red blood cells are uniquely suited to the task
of oxygen transport for several important rea-
sons. First, they contain a high concentration
(about 35 g/dl) of hemoglobin, capable of carry-
ing about 47 mL of O2 per 100 mL of red cells.
Hemoglobin at this concentration could not cir-
culate, but a suspension of cells in plasma where
the cells occupy about 45 per cent of the volume
of blood circulates very well. Thus, the overall
oxygen capacity is about 18 ml/dl. Second, red
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Figure 4.3 The normal whole-blood and myoglobin
oxygen equilibrium curves. P50 is the PO, at which
hemoglobin is half-saturated with oxygen. The
principal effectors that alter the position and shape
of the curve are indicated. Note that while both the
hemoglobin and myoglobin curves allow saturation
of about 95 per cent at normal P,O, (A, C),
hemoglobin unloads 23 per cent of its oxygen (B)
and myoglobin only 7 per cent (D) at 40 mmHg. In
order for myoglobin to deliver 23 per cent of bound
oxygen, a venous PO, of about 16 mmHg would
result in this example (point E).

blood cells are deformable; they can squeeze
into capillaries that are smaller in width than the
dimension of the cells themselves. This ensures
a minimal distance for diffusion of oxygen from
the alveolar space of the lung to hemoglobin, or
from hemoglobin to sites of tissue respiration.
Third, hemoglobin binds oxygen cooperatively.
This means that very small changes in oxygen
tension result in large amounts of oxygen either
taken up in the lung or released in the tissues
(Figure 4.3). Finally, hemoglobin demonstrates a
Bohr effect: local conditions of pH and carbon
dioxide affect the oxygen-binding behavior of
hemoglobin in ways that are favorable for oxy-
gen transport. Since the supply of oxygen is crit-
ical to organ function and therefore survival, it is
expected that the physiologic mechanisms that
ensure this supply are complex and redundant.

LOCAL REGULATION OF OXYGEN SUPPLY:
THE MICROCIRCULATION

In order to ensure adequate oxygen supply to
tissues and to provide an oxygen reserve for
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sudden increased demand, compensatory mech-
anisms must engage. This process, generally
called ‘autoregulation’, is the process whereby
the delivery of oxygen to tissues is matched to
demand, and is discussed in depth in Chapter 9.
The general mechanisms that can be altered to
maintain tissue oxygenation are blood flow and
oxygen extraction, and both have central nerv-
ous and peripheral components. Central mecha-
nisms are comprised of the control of ventilation,
hypoxic ventilatory responses, and carotid body
reflexes and regulation of cardiac rate and stroke
volume. Peripheral mechanisms are the result of
local metabolic controls, and can be studied in
denervated animal models. In such preparations
when blood pressure is decreased, oxygen extrac-
tion increases.The oxygen extraction ratio (OER)
is the fraction of oxygen that is removed from
blood on a passage from the arterial to venous
circulation, and is defined as:

Cla —v)O, (4.5)

OER =
Ca0,

Arterial oxygen content (Ca0,), venous oxygen
content (CvO,) and their difference (C(a — v)O,)
are determined predominantly by the product of
the hemoglobin concentration and fractional satu-
ration, because normally approximately 97 per
cent of blood oxygen is carried bound to hemo-
globin, the remaining oxygen being physically
dissolved in plasma.

As an example of an autoregulation experi-
ment, Shephard et al. (1973) studied decapitated
dogs, in whom blood pressure was maintained
by infusion of epinephrine. When the blood
pressure was lowered by either decreasing the
epinephrine infusion or reducing the level of
venous blood return to the heart, cardiac output
fell precipitously to about 60 per cent of its con-
trol value. At the same time, the extraction of
oxygen in the circulation increased by a compa-
rable amount, so that tissue oxygen consump-
tion (VO,) was preserved. Thus the end result of
autoregulation was maintenance of tissue hom-
eostasis over a range of different conditions.This
is a very important concept for transfusion prac-
tice, because it suggests that need for a one-to-one
replacement of lost red cells is not necessary
because of the healthy body’s capacity to com-
pensate through a variety of mechanisms. The
problem comes in determining when the compen-
satory mechanisms are stretched to their limit in
a given patient.

OXYGEN UPTAKE IN THE LUNG

In order to fully saturate hemoglobin as blood
perfuses the lung, there must be adequate alve-
olar ventilation and perfusion. Because of the
relatively large volume of ‘dead’ space (i.e., the
trachea, bronchi and bronchioles) that is not
capable of gas exchange, the PO, in the alveolus
is significantly lower than the PO, in ambient
air. For example, at sea level, where ambient
PO, is about 150 mmHg, alveolar PO, is about
100 mmHg. The uptake of oxygen in pulmonary
capillaries is a function of the gradient of PO,
between mixed venous blood and alveolar PO,.
When flow (cardiac output) is normal, ample time
is available for red cells to oxygenate as they tran-
sit pulmonary capillaries.

The diffusive uptake of oxygen in the lung is
described by the diffusion equation:

dlO,] _ 100 % X (P40, — P0,) (4.6)

dt V,

c

where d[O,]/dtis the rate of oxygen diffusion into
the capillary, P40, is the alveolar PO,, P;0O, is pul-
monary end capillary PO,, and D; is the diffusion
coefficient for oxygen in the lung and is regarded
as a resistance to diffusion. V. is the volume of
capillary blood. Roughton and Forster (1957)
described the components of this resistance as
the in-series sum of a membrane component
and the ‘reactivity’ of hemoglobin with oxygen:

d_1,_1 (4.7)
D, D, 6g,XV,

In this equation, D,, is the diffusion coefficient
for the alveolar/capillary membrane interface
and is proportional to the thickness of the mem-
brane. . is the reaction rate constant of oxygen
with hemoglobin.

These relationships are conceptually simple, but
their exact quantitation is complex. For example,
fio, is dependent on hemoglobin saturation, which
in turn is dependent on the position of the oxy-
gen-hemoglobin saturation curve (Ps), itself
dependent on 2,3-DPG, pH, and PCO,. pH and
PCO, are further interdependent, and both are
affected by the buffering of hemoglobin. Each of
the terms in Equations 4.5 and 4.6 has a number of
determinants, which can vary in different physio-
logical conditions and in disease or pathological



states. While complex, all of these variables can
be accounted for using mathematical models
(Winslow, 1985). However, as a general conclusion,
it is apparent that the optimal combination of the
variables may be different between individuals, in
different disease states, in different environments
and in different settings of oxygen requirement.

THE ‘OPTIMAL" HEMATOCRIT

What is the ‘optimal” hematocrit? Obviously, there
is no simple answer to this question and certainly
none that would apply to all patients. Because it
is easily measured, hematocrit is frequently
taken as a surrogate for oxygen transport capa-
bility. The bulk viscosity of blood increases expo-
nentially with hematocrit, and increased viscosity
raises resistance to blood flow, limiting cardiac
output in the absence of compensatory mecha-
nisms. As the oxygen capacity of the blood
(hemoglobin or hematocrit) increases, cardiac
output decreases, and over a wide range of
hematocrit there exists an optimum, defined as
the point of maximal oxygen delivery.These prin-
ciples have been studied theoretically (Crowell
and Smith, 1967), in animals (Guyton et al., 1973)
and in humans with extensions to high altitude
polycythemia (Winslow and Monge, 1987), and
the general conclusion is that 35 per cent hema-
tocrit represents the best combination of cardiac
output and hematocrit in healthy animals and
humans. Therefore, if all patients were in perfect
health a transfusion trigger could be simply
defined as 35 per cent.

The problem, of course, is that patients, by
definition, are not in perfect health, and the ability
to compensate for loss of hemoglobin by raising
cardiac output, for example, may be quite vari-
able. In addition, it is not always simple to deter-
mine which patients can utilize compensatory
mechanisms and which cannot, or which ones
are in greater danger of localized tissue ischemia
because of restrictions such as coronary stenosis.

OXYGEN DELIVERY, OXYGEN UPTAKE AND
THE ‘CRITICAL OXYGEN’

A useful way to consider the limits of compensa-
tion was introduced by Cain and his co-workers
(Cain, 1977). They compared the delivery of
oxygen (DO,, cardiac output X arterial oxygen
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Figure 4.4 The critical DO,. As the hematocrit is
reduced in 5 per cent steps, VO, is maintained by a
combination of rising cardiac output and falling
PvO,, resulting in a larger fractional oxygen
extraction. When these compensations no longer
suffice to satisfy tissue oxygen requirements,
metabolic work cannot be maintained, and VO, falls
resulting in an oxygen debt, rising lactic acid and
deepening base deficit.

content) with oxygen utilization (VO,).This analy-
sis led to the demonstration that as hematocrit is
decreased (decreasing DO,), there is no change
in oxygen uptake until a ‘critical’ DO, is reached,
at which point oxygen delivery to tissue can no
longer be sustained (Figure 4.4).Thus, VO, is lim-
ited by oxygen demand above the critical DO,
and limited by supply below the critical DO.,.
Patients are in serious danger of organ failure if
DO, is allowed to drop below the critical value,
and the goal of transfusion therapy, is to main-
tain DO, well above that value so that an appro-
priate reserve of oxygen is maintained should
the patient require it because of blood loss or
elevated oxygen requirement.

In summary, the capacity to regulate the sup-
ply of oxygen at a given level of arterial blood
oxygen content is achieved by a combination of
the ability of the heart to increase its output in
response to increasing oxygen need, and the abil-
ity of the microcirculation to redirect blood flow
to capillary networks by a system of vasocon-
striction and vasodilation that operates at differ-
ent levels of the circulation.

Viewed in this context of the evolution of oxy-
gen transport systems, it is clear that the human
system is complex and based on several critical
elements including:

e low solubility of oxygen in plasma
e hemoglobin as the oxygen carrier
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e red blood cells as the package for hemoglobin
e microcirculatory regulation of blood flow
distribution.

The system of oxygen transport to tissues in
humans is structured around these basic ele-
ments. Furthermore, the mechanisms that are in
place to assure adequate delivery of oxygen to
tissues have evolved in response to this system.
Consequently, any physiologic strategy to satisfy
tissue oxygen demands must function within
the parameters of this system, and introduction
of any solution that delivers oxygen in any way
different from this system can be expected to
trigger reactions that may not be predictable.

BLOOD TRANSFUSION AND
OXYGEN SUPPLY

Acute blood loss (shock)

In considering the physiology of blood transfu-
sion, it is useful to contemplate the changes that
accompany blood loss. Acute blood loss can be
considered at three levels: mild (up to 20 per cent
blood volume), moderate (20-40 per cent blood
volume) and severe (over 40 per cent blood
volume). Most patients do not survive hemor-
rhage of greater than 50-60 per cent blood vol-
ume (Wisner and Holcroft, 1990). Compensatory
mechanisms come into play in all three, but the
degree of compensation varies with the severity
of blood loss.

Apparently, chemoreceptors play little or no
role in the acute response to blood loss at sea
level. In environmental hypoxia, arterial PO, falls
in spite of hyperventilation and alkalosis, and
oxygen uptake in the lung is diffusion-limited.
When cardiac output rises in this case, an increase
in pulmonary red cell transit time will limit full
oxygenation of red cells. Thus, the normal sea-level
response to blood loss is mediated by barorecep-
tor (pressure) reflexes, including increased heart
rate and ventilation. Both increase cardiac out-
put, the former by increasing heart rate and the
latter by increasing right heart filling. Hyper-
ventilation causes a fall in PaCO, and rise in
arterial pH, both of which increase arterial hemo-
globin saturation via the Bohr effect.

The second response to acute hemorrhage,
restoration of blood pressure, is mediated by the
almost immediate secretion of vasoactive hor-
mones, catecholamines and angiotensin Il. The

degree of hormone response is proportional to
the degree of blood loss (Meyers et al., 1991). Both
mechanisms, baroreflex and hormone secretion,
increase blood pressure and peripheral vascular
resistance selectively — that is, blood flow is
redistributed in a predictable way, decreasing
sharply to muscle, skin, gut and kidney, while
being preserved to heart and brain.

A third response to blood loss is a redistribu-
tion of water, from the extravascular to intravas-
cular space.This redistribution is responsible for
the falling hemoglobin concentration observed
after hemorrhage, and occurs with impressive
rapidity. Meyers et al. (1991) found in the fetal
lamb that hemoglobin concentration was signi-
ficantly lower after as little as 2 minutes following
a 40 per cent controlled hemorrhage.

Several mechanisms account for this rapid
refilling of the vascular space. First, falling hydro-
static pressure results in a net flux of water from
the interstitial to intravascular space. Second,
albumin is mobilized from the interstitial matrix
and increases the oncotic pressure of the plasma.
Third, albumin synthesis is increased in the liver,
as is production of glucose and amino acids which
further increase the plasma oncotic pressure.This
increase in oncotic pressure contributes to refill-
ing of the vascular space. Acute reduction of cir-
culating blood volume can impair liver function
(Ping Wang et al., 1994).

As the vascular volume refills, hematocrit falls
and, consequently, blood viscosity is lowered.
Lowered blood viscosity reduces resistance to
blood flow, increases venous return to the heart,
and maintains or increases cardiac output (Guyton
et al., 1973). Reduced viscosity also reduces shear
forces in the microcirculation and will lead to
reduced release of local vasodilators (Kuchan
and Frangos, 1993).

If these compensatory mechanisms are inade-
quate to preserve tissue oxygen requirements,
lactic acid may be produced in ischemic tissues,
dropping arterial pH. Acidosis presents a further
stimulus to hyperventilation and reduces hemo-
globin oxygen affinity via the Bohr effect. This may
actually augment tissue oxygen delivery, espe-
cially in regions of the circulation in which oxy-
gen requirements are high, such as in cardiac
muscle or brain (Wasserman et al., 1991).

Finally, erythropoiesis is stimulated. Although
arterial PO, is preserved or increased in hem-
orrhage, the renal sensors which signal
increased erythropoietin secretion must be
sensitive to oxygen flux rather than oxygen



concentration (PO,). In any case, erythropoietin
concentration can be seen to rise within 2-3
days of hemorrhage, a reticulocyte response is
present between 2-7 days, and, in humans, the
hemoglobin concentration rises at about 7 days
post-hemorrhage. Of course, in many surgical
patients, this sequence of events may be delayed
or prevented if there are other limitations to ery-
thropoiesis, such as chronic inflammation, iron
deficiency, renal failure or other concomitant
problems.

Although most healthy patients can tolerate
loss of up to 40 per cent of their blood volume,
many surgical patients who are not healthy may
be much less tolerant of blood loss. For example,
elderly patients with ischemic heart disease may
suffer tissue infarction as a result of decreased
organ blood flow. Patients with borderline or
inadequate pulmonary function may not be able
to maintain arterial oxygenation when red cell
capillary transit time decreases with increased
cardiac output. Patients with liver disease may
not be able to increase albumin synthesis to
increase plasma oncotic pressure — and so on.
These factors must be kept firmly in mind when
considering the clinical indications for transfu-
sion in an individual patient.

To some extent, restitution of blood volume
by crystalloid and/or colloid resuscitation can in
itself restore cardiac output. Thus, Mitzner et al.
(1976) found that administration of epinephrine
increased cardiac output by 55 per cent due
partly to lowered right atrial pressure (caused by
improved cardiac function) and increased pres-
sure (caused by the volume shift to the systemic
circulation). The choice of plasma expanders
in the treatment of shock is still debated, but
some workers believe that colloids such as urea-
linked succinylated gelatin (Gelofusine®) and
6 per cent hetastarch (Hespan®) or Pentaspan®
are more effective than crystalloid in restoring
myocardial blood flow and oxygen after acute
hemorrhage.

Chronic anemia

Transfusion practices in chronic anemia are not
well documented in the literature, but clinicians
tend to use the same hemoglobin and hemat-
ocrit ‘triggers’ as in acute anemia. This may not
be appropriate since chronically anemic patients
develop significant adaptation to their anemia,
including increased cardiac output, expanded
plasma volume and hyperventilation.

Transfusion in chronic anemia may be part of
a disturbing indifference in physicians’ attitudes
and practices. Saxena et al. (1993) studied trans-
fusions in 265 iron-deficient patients in a large
metropolitan medical center, and found that in
the majority of cases transfusions were given to
raise the hematocrit or hemoglobin to arbitrary
values, rather than using clinical signs or symp-
toms as a guide. Furthermore, iron was not pre-
scribed for almost one-third of the patients,
including those in whom blood was not given
when it was clearly indicated.

Hemodilution

Much of the literature concerned with the trans-
fusion trigger does not distinguish between
acute blood loss and the more controlled condi-
tion, surgical hemodilution.The important differ-
ence is that in the latter instance, blood volume
can be controlled in all but the most catastrophic
cases. Thus, strategies for conservation of allo-
geneic blood in the surgical setting involve
removal of blood prior to surgery and replace-
ment with crystalloid or colloid (or both) so that
during surgery loss of the patient’s red cells can
be minimized (Stehling and Zauder, 1991).These
techniques can be very effective in blood-sparing
and reducing a patient’s transfusion exposure.

A separate but similar situation is the patient
who presents with (relatively) longstanding and
well-compensated anemia. One example of such
patients is Jehovah’s Witnesses who refuse
transfusions on religious grounds (Marelli, 1994,
Viele and Weiskopf, 1994; Polley et al., 1998).
Hemoglobins as low as 5 g/dl have been reported
not to be associated with increased mortality.
Similarly, the recommendation has been made
that otherwise healthy African children with
hemoglobins of 5g/dl or higher not be trans-
fused unless congestive heart failure is detected
(Newton et al., 1992). Some of these children can
tolerate hemoglobin concentrations as low as
3 or 3.5g/dl.

These examples from clinical practice illustrate
the importance of understanding that if blood
volume is restored, either in the hospital (hemo-
dilution) or by physiologic refilling of the intravas-
cular space (longstanding anemia), rather low
hemoglobin concentrations can be managed
successfully in many patients. This concept is in
agreement with the argument that chemorecep-
tors are relatively less significant in adjusting to
hemorrhage than are baroreceptors.
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THE ‘TRANSFUSION TRIGGER’

The ‘transfusion trigger’ is that event or set of
events that results in a patient receiving a red
cell transfusion. Excellent discussions have been
published regarding the transfusion trigger
(Levine et al., 1990; Goodnough et al., 1992;
Stehling and Simon, 1994; Greenburg, 1995), and
numerous conferences have been held to specify
guidelines or algorithms whereby clinicians can
make objective decisions about the use of red
cells (Mollison, 1983; Consensus Conference,
1988; Robertie and Gravlee, 1990). For many years
an empirical transfusion trigger was a hemoglo-
bin concentration of 10 g/dl. If the value was less,
the patient received at least two units of packed
red cells or whole blood, in spite of the well-
known fact that many patients tolerate modest
anemia quite well (Mollison, 1983). The rationale
for such transfusions was that an oxygen reserve
needed to be maintained so that if unexpected (or
expected) blood loss occurred during surgery, the
patient would be in less danger of suffering defi-
cient oxygen delivery to tissue. Guidelines for the
transfusion of blood or packed red cells in the face
of severe blood loss have been less well defined.

Historically, the risks of red cell transfusion
were considered negligible. However, the HIV
epidemic served to focus for the public, as well
as for physicians, the risks of infectious disease
transmission. The goal of ‘zero risk’ blood is
now very close at hand (Schreiber et al., 1996),
but the HIV experience has demonstrated the
potential for further problems, and transfusion
practices have changed permanently, with the
implementation of effective measures for reduc-
ing patients’ exposure to allogeneic blood.

Now that potential risks of blood products are
focused more clearly, indications for all transfu-
sions are carefully examined and transfusions
must be justified in patients’ records. While tradi-
tional transfusion triggers were based on hemo-
globin concentration alone, the standard of care
now dictates a more thorough evaluation of the
need for transfusion, and the old ‘10 g/dl’ rule is
no longer adequate. Most physicians would agree
that transfusion of males and females, young
and old, and patients with ischemic coronary dis-
ease, for example, would not have the same trig-
gers, but standards have not been available to
sharply define individual differences. There
are, in general, two types of indication for trans-
fusion of red blood cells: inadequate oxygen
delivery (anemia), and acute blood loss (volume

depletion). They are different, and there is no
reason, a priori, to assume the triggers should
be the same in the two instances.

It is almost impossible to summarize the state
of current transfusion practice, because data are
very difficult to obtain. The European Sanguis
study (Baele et al., 1994) found large variation
from hospital to hospital in regard to the use
of blood and blood products. Current experience
suggests that otherwise healthy patients with
hemoglobin values of 10g/dl or greater rarely
require perioperative transfusion, whereas those
with hemoglobin values of less than 7 g/dl will
frequently require transfusion (Consensus Con-
ference, 1988). Further distinction between
the needs of individual patients is not sharp. In
the US, Goodnough et al. (1992) examined the
hematocrits in respect to blood loss in a group
of surgical patients and found 26 per cent of
women but 13 per cent of men were transfused
in excess of their estimated blood loss. In another
study, Friedman et al. (1980) questioned whether
the same ‘trigger’ should be used in both men
and women, while the normal hematocrit range
for the two sexes is well known to be different.

In our enthusiasm to spare patients the risks
of blood transfusions, there is a risk of under-
transfusion. While an NIH Consensus Conference
(1988) recommended that the lower safe limit of
hemoglobin concentration could be below 10 g/dl,
no definite lower limit guideline was provided.
Experimental studies by Wilkerson et al. (1988a)
in hemodiluted baboons suggested that a hema-
tocrit of 10 per cent could be reached before
the oxygen extraction ratio rose or mortality
increased. Cain (1977) showed that oxygen deliv-
ery was not critical until the hematocrit was less
than 10 per cent in dogs. Levine et al. (1990) found
adaptive physiologic changes during progres-
sive hemodilution down to 15 per cent hema-
tocrit, and a number of studies in Jehovah’s
Witness patients who refuse blood transfusion
show that extremely low hemoglobins and hema-
tocrits can be tolerated (Kitchens, 1993).

Animal studies underscore the risks of under-
tranfusion. Spahn et al. (1993) hemodiluted dogs
in whom experimental stenoses had been placed
on the left anterior descending coronary artery.
They then measured regional function of the
myocardium by sonomicrometry, and found that
the lowest hemoglobin concentration tolerated
without compromised function was 75g/dl and
an increase of as little as 1.9 g/dl by transfusion
restored function and oxygen consumption in



the affected region. Other investigators have
also found that coronary stenosis in dogs limits
coronary oxygen supply reserve in progressive
hemodilution (Levy et al., 1993). In patients, a
hematocrit lower than about 28 per cent is
associated with significant cardiac ischemia
(Christopherson et al., 1991; Johnson et al., 1992;
Nelson et al., 1993).These animal and clinical stud-
ies suggest that the current practice of tolerating
hemoglobin concentrations as low as 8g/dl or
hematocrits of 28 per cent is probably as liberal as
is reasonable, and that further lowering the hemo-
globin ‘transfusion trigger, especially in patients
at risk for coronary ischemia, could be very dan-
gerous. In patients in whom the hematocrit must
fall below 28 per cent, the astute clinician must
assess the patient’s ability to compensate for the
reduced oxygen capacity and, if there is evi-
dence of ischemia, careful monitoring of ECG,
blood pressure, oxygen saturation and ST seg-
ment analysis is indispensable (Dick et al., 1992).

Clinical transfusion triggers

Much has been written about the transfusion trig-
ger since the NIH clinical conference in 1988
(Consensus Conference, 1988). In some ways,
focusing attention on this issue has resulted in
physicians’ attitudes drifting away from using
‘clinical judgment’ toward the search for hard,
quantitative triggers which relieve the clinician
from the responsibility for making a decision
(Faust, 1993). In reality, a decision to transfuse (or
not to transfuse) is a clinical judgment, and the
careful clinician distills many different data, objec-
tive and subjective, in coming to a final decision.

Table 4.1 Clinical transfusion triggers

How then should the physician consider the
decision to transfuse? Table 4.1 provides a gen-
eral set of guidelines. Only in the rare instance
where a patient is symptomatic should transfu-
sion be considered when the hemoglobin is over
10 g/dl. The issue of the optimal hematocrit has
been explored extensively in the literature, and it
appears that there is little justification for main-
taining a hematocrit over 35 per cent either at
sea level or in high-altitude natives (Winslow
and Monge, 1987), in view of the many compen-
satory mechanisms that can maintain DO, at or
above this value (Guyton et al., 1973).

When the hemoglobin is between 8 and
10 g/dl, the risk to most patients is very low. Some
patients, especially elderly ones, will report sub-
jective improvement in symptoms of shortness of
breath or dyspnea on exertion when their hema-
globin is over 8 g/dl. Transfusion in these patients
would appear to be justified, but elevation to
values over 10 g/dl would seem unnecessary.

A hemoglobin concentration between 6 and
8 g/dl requires a thoughtful approach to the clin-
ical evaluation of the patient. One should try to
avoid transfusion, and alternatives are available
such as lowering oxygen (e.g. rest, pharmaco-
logic agents, hypothermia) or treatments to
modify the cause of anemia (e.g. stop bleeding,
treat underlying disease). However, if neither of
these can be done, then a number of specific fac-
tors should be evaluated.

When the hemoglobin is less than 6 g/dl, few
would argue with the decision to transfuse except
when the anemia is of very longstanding. Such
cases would include, for example, some patients
with pernicious anemia who are well-adapted to

Hemoglobin (g/dl) Risk Strategy

>10 Very low Avoid transfusion

8-10 Low Avoid transfusion if possible, but transfuse
if demonstrably better after trial

6-8 Moderate Try to avoid, decrease VO,

<6 High

Clinical evaluation:

volume status

pulmonary status

cardiac status (ischemia)
cerebrovascular status

duration of anemia

estimated blood loss during surgery
e extent of surgery and risk of rebleed

Usually requires transfusion
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a very low hematocrit. However, the adaptation
is due, in part, to chronically increased cardiac
output and expanded blood volume, and too
vigorous transfusion can push the patient into
overt congestive heart failure.

Physiological transfusion triggers

It should be possible to identify physiological
transfusion triggers which might be more useful
than hemoglobin or hematocrit. While no single
trigger provides a clear-cut transfusion indica-
tion, the thoughtful clinician observes all possi-
ble signs of tissue ischemia and, based on
experience, attempts to transfuse before the crit-
ical DO, is reached.

Hematocrit/hemoglobin concentration

The most commonly used parameter, the hema-
tocrit (or hemoglobin concentration), is useful in
some clinical situations but not in others, and it
is important to be aware of its limitations. For
example, in chronic anemia, an expanded plasma
volume gives the impression that the red cell
mass is smaller than it really is. In acute blood
loss, some time is required for the fluid spaces to
re-equilibrate and the hematocrit to once again
reflect the red cell mass.

In one study of surgical patients, Cordts et al.
(1992) found that while hematocrit significantly
correlated with red cell mass both intra- and
postoperatively, the ability of the hematocrit to
predict red cell mass in individual patients was
poor. In their study, hemodynamic parameters
did not contribute to prediction of the red cell
mass, plasma volume or total blood volume at
any time, and the authors believe that some
patients, particularly those at risk for coronary
ischemia, may be undertransfused if traditional
hematocrit ‘triggers’ are used. Similarly, Kim
et al. (1993) found that the number of inpatient
days did not correlate with the level of hemoglo-
bin at discharge, preoperative hemoglobin, or
drop in hemoglobin during hospitalization. They
concluded that the use of blood transfusion as a
means to shorten hospitalization is probably not
justified. However, in another study of patients
with postoperative myocardial ischemia (Nelson
et al., 1993), a postoperative hematocrit less than
28 per cent was found to be associated with sig-
nificantly more ischemic events than a hemat-
ocrit over 28 per cent.

The hemoglobin concentration in Jehovah's
Witness patients who undergo surgery with sev-
ere anemia is only a predictor of overall outcome
when less than 3 g/dl. Multiple independent fac-
tors influence outcome of these severely anemic
surgical patients, the strongest being sepsis and
active bleeding (Carson et al., 1988).

Mixed venous PO,

Mixed venous PO, (PvO,) would seem an obvi-
ously important parameter to assess adequacy
of tissue oxygenation since, in theory, the mixed
venous blood should be in equilibrium with tis-
sue and its fall should indicate an increased OER.
Some clinical studies have shown that PvO,
decreases when oxygen is supply-dependent (see
Figure 4.4) (Meyers et al., 1991). However, as is
now known, the tissue PO, is much lower than
mixed venous values (Tenney, 1974; Piiper et al.,
1984) and PvO, can be normal even in severe
anemia (Gould et al, 1983). Nevertheless, a
decreasing PvO, has been used as a classic indi-
cator of reduced tissue oxygenation, and perhaps
a dropping value should be more meaningful to
clinical evaluation of a given patient than an
absolute value. Traditional textbooks of critical
care medicine indicate that transfusions may be
helpful when the PvO, drops.

Mixed venous oxygen saturation (SvO,) may
be a more useful indicator of severe oxygen
extraction. Because of the steepness of the hemo-
globin—-oxygen dissociation curve, when mixed
venous PO, falls below approximately 30 mmHg,
the hemoglobin saturation falls rapidly. As the
hemoglobin reserve depletes, small drops in
PO, will depress the SO, more rapidly. SO, falls
dramatically at hematocrits less than approxi-
mately 20 per cent. In one clinical study, Spiess
et al. (1992) showed that SvO, is a sensitive indi-
cator of overall VO, in liver transplant patients.
In those patients, removal of the liver with atten-
dant reduction in VO, produced a measurable rise
in SO,. When the new liver became functional,
SvO, fell back to normal values.

Oxygen consumption (VO,)

Hemoglobin concentration may limit maximal
oxygen in some circumstances. However, the
potential advantages of ‘blood doping’ have not
been fully realized and, in general, the increased
oxygen associated with transfusion has been
marginal, and limited to well-trained athletes



performing maximal work (Turner et al., 1993).
Extending these observations to patients may be
of little value, since patients never consume oxy-
gen at or near their maximal rate.

Published literature suggests that reduced VO,
in postoperative and trauma patients is associ-
ated with a poor prognosis, and that increasing
DO, by intervention (fluid boluses, administra-
tion of blood products, the use of inotropic drugs)
reduces mortality (Yu et al., 1993). In contrast,
other evidence indicates that the way in which
DO, is increased is critical: volume resuscitation
more effectively raises oxygen than transfusion,
even though both raise DO,.

In septic shock, VO, may be pathologically
dependent on DO, (Cain, 1986; Biro et al., 1991;
Slanetz et al., 1994). Patients whose cardiac out-
put (and therefore DO,) can be increased with
dobutamine (Mink and Pollack, 1990; Lorente
et al.,, 1993) or adrenaline (Seear et al., 1993)
can increase VO,, possibly by improving specific
organ perfusion (Silverman and Tuma, 1992).
However, when DO, is raised by increasing hemo-
globin concentration by transfusion, no effect is
seen on VO, (Lucking et al., 1990; Silverman and
Tuma, 1992; Seear et al., 1993; Hanique et al.,
1994). In fact, when 23 critically ill patients with
sepsis were transfused with stored blood, not
only did the VO, (measured by calorimetry) fail
to rise, but there was also an inverse relation-
ship between gastric mucosal pH and the age
of the transfused blood (Marik and Sibbald,
1993), indicating poorer tissue oxygenation. In
other studies, VO, failed to correlate with lactate
levels in septic patients given fluid therapy, trans-
fusions, or dobutamine (Conrad et al., 1990;
Silverman, 1991; Steffes et al., 1991). These stud-
ies all indicate that pathological reduction of
oxygen in sepsis is due to reduced tissue perfu-
sion, not reduced oxygen content of the perfus-
ing blood.

Acute respiratory distress syndrome (ARDS)
patients may represent another case in which
oxygen uptake and utilization do not agree: they
may not increase VO, after increasing DO, (Ronco
et al., 1990, 1991). Hanique et al. (1994) studied
three groups of patients: those with sepsis, ARDS,
and hepatic failure. They increased cardiac out-
put by volume loading to increase DO,, meas-
ured VO, by calorimetry and calculated VO, by
Fick (Equation 4.3). They found that the calcu-
lated VO, (Fick) increased, while the measured
VO, (calorimetry) did not. By using an increase
in VO, as a criterion for successful transfusion,

as many as 58 per cent of transfusions may be of
questionable importance (Babineau et al., 1992).

Oxygen extraction ratio

The oxygen extraction ratio (OER) is the fraction
of arterial oxygen delivery extracted by tissue
(Equation 4.5). In dogs with experimental stenotic
lesions in the left anterior descending coronary
arteries, hearts did not raise their output in
response to bleeding, showed greater lactate
production, and failed at a higher hematocrit (17
per cent) than controls (10.6 per cent) (Levy et al.,
1992).The authors of this study concluded thatin
the normal heart lactate production occurs when
OER >50 per cent and hematocrit <10 per cent,
but in the stenotic animals OER >50 per cent
corresponded to a hematocrit <20 per cent.
Thus, an OER >50 per cent indicated a need for
transfusion, and the findings indicate that the
transfusion trigger, in terms of hematocrit or
hemoglobin concentration, is higher in hearts
with underlying coronary ischemia. Similar results
have been reported for primates (Wilkerson et al.,
1988b), and the observations are consistent with
experience with patients (Mathru et al., 1992).

Hemodynamic instability

In shock, reduced oxygen capacity and blood
volume contraction exist at the same time. Most
resuscitations are carried out first with volume
expanders, then with replacement of lost red
cells. However, it is not clear whether volume or
oxygen capacity reduction is more important.
Thus, Deitrich et al. (1990) studied patients with
a variety of diagnoses who had undergone vol-
ume resuscitation. They concluded that an increase
of DO, by transfused red blood cells did increase
oxygen capacity, but they could not demonstrate
any benefit measured as increased oxygen,
decreased lactate or myocardial work. These
observations lend support to the clinical dictum
that in hemodynamic shock, raising the hemo-
globin concentration must be accompanied or
preceded by volume expansion.

Blood loss

Blood loss itself, apart from the attendant hemo-
dynamic changes, is an important indicator of
the need for transfusion. Carson and co-workers
carried out a careful study of 125 surgical patients
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who declined to be transfused on religious
grounds and found that mortality was inversely
related to hemoglobin concentration (Carson
et al., 1988). Mortality rose from 7.1 per cent for
patients with hemoglobin concentrations over
10g/dl to 61.5 per cent for those with hemo-
globin concentrations below 6g/dl. Mortality
was 8 per cent for patients in whom 500 ml
or less blood was lost, but rose to 42.9 per cent
for those in whom loss was greater than
2000 ml.

Symptoms

Although a quantitative index of the need for a
red blood cell transfusion would be optimal, in
many instances, especially in cases of chronic
anemia, the decision to transfuse is based on
subjective symptom evaluation. None of the
subjective symptoms is uniquely indicative of
anemia per se, and so they must be evaluated in
the context of the patient’s total clinical presen-
tation. However, these symptoms are of most
benefit in patients in whom other more quantita-
tive ‘triggers’ do not provide the clinician with
a clear decision as to whether to transfuse.
Unfortunately, many patients who require trans-
fusions are unable to report symptoms because
of their state of consciousness, or the use of
sedatives or anesthetics.

Other signs of ischemia

It would seem that demonstration of hemoglobin-
dependent oxygenation of specific tissues should
be possible using modern sophisticated tech-
niques of measurement. In general, this has not
been the case. For example, when '®F magnetic
resonance spectroscopy was used to examine
the in vivo bioenergetics in forearm muscles, no
effect of increasing the hemoglobin concentration
from 8.9 to 12.9 g/dl could be shown (Thompson
et al., 1992). Although oxygen is needed for
wound healing, deposition of new collagen
requires very little of it. Jonsson et al. (1991)
were not able to demonstrate any correlation of
hematocrit and collagen deposition in 33 post-
operative surgical patients.

Individualized transfusion triggers

The oxygen transport system in higher organ-
isms, such as humans, is the product of millennia
of evolution. Since the supply of oxygen to tissue

is critical for life, it should not be surprising that
it is highly redundant and that there are many
pathways for compensation when any of its
components are compromised. The logical way
to determine when a transfusion should be given
is when clinical consequences of a reduced oxy-
gen transport are established to be due to a
deficit of red blood cells. This is not usually pos-
sible because of the many compensatory mech-
anisms that are engaged in anemia. Therefore,
there is a long tradition of attempts to provide cli-
nicians with guidelines in making a decision to
transfuse.These are called ‘transfusion triggers’.

The transfusion trigger may be not only
an elusive goal, but also an inappropriate one.
Physiologic studies cited in this chapter have
shown animals can survive with hemoglobin
concentrations lower than most clinicians would
permit in patients. The NIH Clinical Conference
(Consensus Conference, 1988) recommended
that a 10g/dl hemoglobin concentration might
be too high for a transfusion trigger. When
the hemoglobin is between 7 and 10 g/dl, many
physiological and clinical data have to be con-
sidered before an intelligent decision can be
made. Indeed, it might be time to abandon the
concept of a ‘transfusion trigger’ in favor of a
more sophisticated individual analysis of oxy-
gen transport.

What effect should age, sex, heart disease, sickle
cell anemia, or sepsis have on the decision to
transfuse? The decision in an individual patient
should be based on his or her need for aug-
mented oxygen delivery to tissue, and the risk of
not transfusing. Transfusion of blood or blood
products is done for several reasons, and these
should be carefully defined for each patient. The
most important distinction that needs to be
made is between the need for volume and the
need for increased oxygen content of the arterial
blood.The two do not necessarily go together: in
acute hemorrhage, volume replacement may be
more critical than it is in the chronically anemic
patient in which oxygen content may be of pri-
mary concern.

There is no alternative to the exercise of good
clinical judgment in the decision to transfuse a
patient, but this requires an understanding of
the fundamental determinants of oxygen trans-
port and the way these determinants interact and
compensate for anemia in individual patients. In
approaching the decision to transfuse an indi-
vidual patient, consideration must be given to
each point inTable 4.1.



EDITOR’S SUMMARY

Transport of oxygen from ambient air to respir-
ing tissue is critical to support life in all its vari-
ety, including health and disease, sea level and
altitude, rest and extreme exertion. A funda-
mental physical restriction in this process is
that the solubility of oxygen in plasma is so
low that simple diffusion cannot satisfy tissue
requirements. For this, a complex mechanism
has evolved over eons, to include an oxygen car-
rier (hemoglobin), a system to protect hemo-
globin from degradation and to protect tissue
from toxic effects of exposure to iron (red
blood cell), a pump (the heart), and a system
that controls the distribution of blood to tissues
according to some priority of need (the micro-
circulation). Each component of this system
has its own capacity to compensate for alter-
ations in other components, such that the entire
ensemble works together in a finely coordi-
nated manner. Most of the components of the
oxygen transport system are fairly well under-
stood; however, the last frontier is understand-
ing how the circulation acts at the microscopic
level to assure oxygenation of mitochondria.
Techniques for the study of the microcircula-
tion have only recently become available, and
there are still important open questions. It
should not be surprising that the introduction
of a foreign or artificial replacement part into
this picture (e.g., a ‘blood substitute’) would
trigger unexpected reactions.

Transfusion is the practice of replacing one
of the oxygen transport components: red blood

cells. This is done when a clinician believes that
the overall delivery of oxygen to tissue is (or is
about to become) inadequate, placing tissue at
risk. The factor(s) that lead to a transfusion
being given are known as ‘transfusion triggers’.
There are many potential physiological mark-
ers to indicate a transfusion is required, but the
essential problem with the transfusion trigger
is that the optimal transfusion is given before
it is needed, so the practical trigger remains a
subjective, clinical one. It is hoped that as fur-
ther research in the field of oxygen transport is
done, a more precise picture of the status of tis-
sue at risk of imminent death emerges. Only
then will accurate transfusion triggers be imple-
mented, allowing transfusions to be adminis-
tered in a rational way.

The introduction of ‘blood substitutes’ will
certainly impact any transfusion trigger, but
until such products come into clinical use, the
way their impact will be felt can only be a man-
ner of conjecture. For example, most products
under development have useful plasma effec-
tiveness in the range of 1-2 days.Thus, in order
to avoid a blood transfusion, they will either
have to be administered repeatedly or else the
marrow will have to regenerate itself in that
period of time. A further complication is that
the indications for ‘blood substitute’ use will
likely overlap, but not be identical to, the indi-
cations for blood transfusion.
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INTRODUCTION

Hemoglobin-based oxygen carriers have been
under development for several decades for use
in situations of blood loss and circulatory col-
lapse. The primary stumbling block in the last
few decades has been vasoconstriction, leading
to capillary shutdown. Hemoglobin solutions
with high oxygen-carrying capacity and an oxy-
gen affinity similar to or lower than that of blood
have long been reported to cause hypertension,
reduced cardiac output and increased vascular
resistance (Hess et al., 1993; Ulatowski et al., 1996;
Migita et al., 1997). In vivo microscopic effects of
cell-free hemoglobins are now under investiga-
tion by direct measurements of arteriolar and
venous diameters and PO, levels and functional
capillary density (FCD) in the microcirculation
of hamsters (Tsai et al., 2004a, 2004b). FCD has
been shown to be the primary correlating factor
in survival in a shock hamster model (Kerger et al.,
1996, 1997). The molecular design of an effec-
tive hemoglobin-based oxygen carrier should be
geared towards maintaining FCD, blood flow and
oxygen delivery (Winslow, 2004).

In the 1980s, design of hemoglobin-based oxy-
gen carriers was partly based on the assumption
that the chemical oxygen-binding properties of
the cell-free hemoglobin should mimic that of
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intraerythrocytic hemoglobin. It was believed that
oxygen delivery, and thus efficacy as an oxygen
carrier, could be maximized by lowering hemo-
globin’s oxygen affinity. For example, failed prod-
ucts such as diaspirin crosslinked hemoglobin
(DCLHb) and recombinant hemoglobin (rHb1.1)
were chemically or genetically modified, respec-
tively, to display oxygen equilibrium curves simi-
lar to that of intact red blood cells in both the
position (i.e., the P50) and shape (i.e., cooperativ-
ity) of the curves (Chatterjee et al., 1986; Doherty
et al., 1998). Both of these products turned out to
be highly vasoconstrictive and have been aban-
doned as clinical products. A polymerized hemo-
globin product (Hemolink™) with oxygen affinity
even lower than that of red blood cells has been
shown to induce hypertension and was pro-
foundly ineffective in prolonging survival in a rat
hemorrhage model (Winslow et al., 1998).

Strict compensatory mechanisms work to bal-
ance oxygen delivery to meet oxygen demand
(Richmond et al., 1999). These mechanisms alter
vascular tone through either constriction or dila-
tion to compensate for over or under delivery of
oxygen, respectively, to keep oxygen levels within
normal physiologic range (Guyton et al., 1973).
Observations in skeletal muscle microcirculation
have shown a correlation between ambient PO,
exposed to tissue, arteriolar diameter, and FCD;

Copyright © 2006, Elsevier (Inc.). All rights reserved.



as PO, increases, arterioles constrict and FCD
decreases (Lindbom et al., 1980). In awake ham-
sters breathing 100 per cent oxygen, arterial
blood PO, increased from 60 to 478 mmHg, which
caused vasoconstriction in A1 to A3 arterioles,
an increased systemic vascular resistance and a
decline in FCD (Tsai et al., 2003).

A fundamental flaw in the early design of cell-
free hemoglobins was that differences in dif-
fusive mechanisms of oxygen delivery by red
blood cells and cell-free hemoglobins were not
considered, even though it had been demon-
strated in 1960 that the rate of oxygen transport
was enhanced (i.e., ‘facilitated’) through cell-free
hemoglobin solutions (Scholander, 1960). Based
on the pioneering work on facilitated diffusion of
oxygen by biologic oxygen carriers (Scholander,
1960; Wittenberg, 1966; Kreuzer, 1970), a theory
was presented that cell-free hemoglobin-induced
hypertension arises, at least in part, from an
autoregulatory hemodynamic response to aug-
mented oxygen transport, similar to that seen
during hyperoxia (Vandegriff and Winslow, 1995;
Winslow and Vandegriff, 1997). This theory chal-
lenged the assumption that cell-free oxygen car-
riers should be designed to have oxygen affini-
ties similar to or lower than that of red blood
cells.The physics underlying molecular diffusion
had not yet been taken into consideration. The
overall rate of oxygen transport can now be
engineered to account for the diffusive prop-
erties of cell-free hemoglobin molecules and
the facilitated diffusion of oxygen carried as
oxyhemoglobin.

In 1927, Hartridge and Roughton showed that
the rate of oxygen uptake by sheep red blood
cells was lower by an order of magnitude than
the rate measured for a cell-free hemoglobin
solution at the same hemoglobin concentration.
After confirmation of these results over several
decades (see, for example, Roughton, 1959;
Weingarden et al., 1982), it was demonstrated
that the lower rates of oxygen uptake and oxy-
gen release by intact red cells compared to hemo-
globin solutions are due to diffusional barriers
surrounding red blood cells that are absent in
hemoglobin solutions in either a rapid-mixing
apparatus (Coin and Olson, 1979; Vandegriff and
Olson, 1984a, 1984b) or in an artificial capillary
with physiological relevant geometry (Lemon
et al., 1987). Later, enhanced rates of oxygen trans-
port in the artificial capillary were also observed
in mixtures of red blood cells and a cell-free hemo-
globin (Page et al., 1998).
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OXYGEN DIFFUSION AND ITS BARRIERS
IN THE CIRCULATION

The rate of oxygen transport by red blood cells is
limited by diffusion of oxygen exiting the red cell
through the intravascular layer of plasma between
the red cell and tissue cells to its site of consump-
tion at mitochondria (Hellums, 1977; Homer et al.,
1981; Federspiel and Popel, 1986). The intralumi-
nal resistance to oxygen diffusion is comprised of
several resistances acting in series:

1. The rate of oxygen diffusion inside the red
blood cell is low because of the high intracellu-
lar hemoglobin concentration (35 g/dl hemo-
globin) (DO, = 2 X10~®cm?/s in water versus
0.75 X 10 5cm?/s inside RBCs; Kreuzer, 1970)

2. The solubility of oxygen (a) in plasma is low
(¢ = 1.2074 pm/mmHg; Winslow et al., 1977)

3. The unstirred plasma layer surrounding red
blood cells provides a diffusion barrier
(Vandegriff and Olson, 1984b, 1984c)

4. The effective capillary surface area available
for oxygen diffusion in a discrete particle
model, depending on hematocrit, is about
50 per cent of the total capillary surface area
(Hellums, 1977).

None of these diffusion barriers is present when
hemoglobin is free in solution in plasma.

Physical chemistry of diffusion

According to the Second Law of Thermodynamics,
molecules diffuse spontaneously in the direction
of increasing entropy. When a molecular concen-
tration gradient exists, the molecules will move
until a new equilibrium is reached in which the
molecules are distributed uniformly throughout
the system. Diffusive flux is defined by Fick’s Law
of Diffusion to be proportional to the concentra-
tion gradient:

J = —D(aClox) 5.1

where J is diffusional flux, D is the proportional-
ity (i.e., diffusion) constant, C is molecular con-
centration and x is the diffusion distance, such
that 0C/0x gives the concentration gradient.
Molecules in flux move with a drift velocity of
D/kT, where D is the diffusion constant specific
to the molecule, k is the Boltzman constant,
and T is temperature in degrees Kelvin. As
the molecules diffuse through the solution, they
encounter a frictional resistance from the
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solvent flowing around them. This expends
energy, and the amount of energy expended is a
function of the size and shape of the molecule
and of the viscosity (1) of the solvent. According
to Stoke’s Law, for a sphere of radius r, the fric-
tional resistance (f;) is:

fo = 6mmr 5.2

Thus for a spherical molecule, its diffusion
mobility is related to its size and the solution vis-
cosity, according to the Stokes-Einstein equa-
tion (Atkins, 1978):

D = kT/6wmr 5.3

Oxygen diffusion in vivo

In vivo, oxygen moves by passive diffusion from
the alveolar gas space in the lungs at high oxygen
tension to the blood passing through the lungs
at relatively lower oxygen tension. The chemical
reaction binding oxygen to intracellular hemo-
globin acts as a sink to load large amounts of
oxygen onto hemoglobin carried as a new chem-
ical species, oxyhemoglobin (HbO,). Applying
Fick’s law to oxygenation in the lungs, the oxy-
gen gradient is equal to the difference between
the dissolved oxygen in the alveolar gas spaces
(POs(jung) ~ 100 mmHg) and the mean pulmonary
capillary oxygen concentration (a X POycapiliary))
in equilibrium with Hb-bound oxygen according
to the oxygen affinity of the hemoglobin.

-J= Doz[(aPOZ(Iung) - 0‘POZ(capillary))/AX] 5.4

Normal red blood cell hemoglobin is nearly fully
saturated in the lungs. At normal red blood
cell hemoglobin concentration of ~15g/dl with
1.34 ml of oxygen bound per gram of hemoglo-
bin, 20.1 ml of oxygen is bound to hemoglobin in
1dl of blood. However, this calculation becomes
invalid if hemoglobin oxygen affinity is too low to
become saturated in the lung or if the red blood
cell transit time is too rapid. In these cases, the
concentration of free oxygen in plasma will rise,
making the oxygen concentration gradient shal-
lower and slowing the flux of oxygen into the
lungs.

The diffusion gradient is in the opposite direc-
tion for oxygen release to tissues, as oxygen dif-
fuses down its concentration gradient to its site of
reduction at cytochrome oxidase. Since the oxy-
gen concentration is zero where it is consumed,

the gradient driving diffusion becomes directly
proportional to the PO, in equilibrium with intra-
vascular oxyhemoglobin, which again depends
on the oxygen affinity of hemoglobin. Thus for
deoxygenation, oxygen flux will be determined
primarily by the vascular PO,:

-J= Doz [(aPOZ(vascuIar) - 0L’DOZ(mitochondria))/AX]
~D02 X aPOZ(vascular)/AX 5.5

Experimental results are consistent with this
theory. The maximal rate of oxygen uptake
(VO,max) in muscle in situ is linearly related to
mean capillary PO, measured as muscle venous
oxygen tension (Hogan et al., 1989).

For normal blood flow and red blood cell
hemoglobin-oxygen affinity, the oxygen gradi-
ent in the lungs will be greater than in tissue —
i.e., ~ 100 mmHg - POZ(capiIIary) = POZ(vascuIar) — 0.
Thus, oxygen efflux will be more dependent on
the chemical reaction properties between hemo-
globin and oxygen in peripheral tissues.

According to this simple analysis, hemoglobin
solutions will enhance oxygen delivery to tis-
sues by decreasing the diffusion distance, Ax;
red cells flow down the center of vessels due to
the Fahraeus effect, while acellular hemoglobin
molecules will distribute evenly throughout the
vascular space by diffusion. In addition, the oxy-
gen affinity of the hemoglobins will determine
their degree of saturation in the lungs and their
facility to offload oxygen at any given PO, in the
peripheral vasculature.

FACILITATED DIFFUSION OF OXYGEN BY
OXYHEMOGLOBIN

The process of selective transport across mem-
branes facilitated by carriers is called facili-
tated transport (Way and Noble, 1992). In 1932,
Roughton suggested that hemoglobin diffusion
would add to the overall transport of oxygen
within the red blood cell (Roughton, 1932). In the
1960s, in vitro studies of gases moving through
hemoglobin solutions in membranes showed that
nitrogen diffused in proportion to its pressure dif-
ferential, whereas oxygen was transported by
two processes:

1. Passive diffusion through the solvent in pro-
portion to its pressure differential



2. An additive transport mediated by the hemo-
globin solution in which the oxygen saturation
was determined by the hemoglobin equilib-
rium curve (Scholander, 1960).

Hemoglobin-facilitated oxygen transport was
determined to occur by the diffusion of oxyhe-
moglobin, so that a gradient of oxyhemoglobin
is necessary for facilitated diffusion to occur
(Wittenberg, 1966).

Facilitated transport of oxygen bound as a pro-
tein ligand serves as an extra term in the Fick equa-
tion, as defined in Equation 5.6 (Kreuzer, 1970;
Wittenberg, 1970):

_ DO, AlG,] | Dypo, AYIHbI;
Ax Ax

—J 5.6

where Do, and Dypo, are the diffusion constants
for oxygen O, and oxyhemoglobin, respectively,
AO, is the change in oxygen concentration, such
that A[O,]/Ax gives the oxygen concentration
gradient, AY is the fractional change in hemo-
globin saturation, and [Hb]t is the total hemo-
globin concentration, such that ([Hb]; X AY)/Ax
gives the oxyhemoglobin concentration gradi-
ent. As long as oxygen is consumed outside the
vessel wall, the diffusion distance, Ax, is the
same for molecular oxygen and cell-free oxyhe-
moglobin - i.e., from the center of the vessel to
its site of consumption.The difference, however,
is that the flux for free oxygen is a linear function
of the oxygen concentration, while the flux for
oxyhemoglobin is a non-linear function of the oxy-
hemoglobin concentration gradient that is defined
by the shape and position of the oxygen equi-
librium curve (i.e., a property of the hemoglobin
molecule).

According to the Stokes-Einstein relation
(Equation 5.3), facilitated diffusion of oxygen is a
function of the size of the oxyhemoglobin mole-
cule and the viscosity of the hemoglobin solution.
Wittenberg showed that oxygen flux through
solutions of different sized hemoglobin molecules
varied inversely with hemoglobin size; e.g., the
hemoglobin-haptoglobin complex (117 kDa ver-
sus 64kDa for human hemoglobin tetramer)
decreased facilitated transport of oxygen by five-
fold (Wittenberg, 1966). Scholander demonstrated
the influence of viscosity by adding 10 per cent
gelatin to the hemoglobin solution and measured
the rates of transport of oxygen and nitrogen; the
gelatin had a small effect on the passive diffusion
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of nitrogen, but decreased the facilitated compo-
nent of oxygen diffusion by half (Scholander, 1960).
Nishide et al. (1997) measured facilitated oxygen
flux across a thin solution membrane as a function
of hemoglobin concentration and solution viscos-
ity, and found that flux was significantly decreased
at higher hemoglobin concentrations in propor-
tion with increasing viscosity of the solution.

For dual-mode transport across a membrane,
i.e., simple diffusion facilitated by a carrier pro-
tein, the oxygen permeability coefficient, P, is
defined as the product of its molecular diffusiv-
ity (DO,) and solubility («) plus a term for the
oxygen transport via reversible oxygen binding
to the carrier protein, e.g., hemoglobin:

[HBIK ., Dy

P = aDO, +
A 1+ K,,PO,

5.7

where K., is the equilibrium binding constant
for the hemoglobin oxygen-binding reaction:

Hb + O, = HbO, 5.8
Using Equation 5.7 when P is plotted against
([Hb]Keg)/( T + Keq X PO,), the hemoglobin diffu-
sion coefficient (Dy;) can be estimated from the
slope of the linear relationship; and a« DO, is deter-
mined by the y-axis intercept.

Facilitated diffusion of cell-free hemoglobin

Data from an artificial capillary apparatus show
the effect of facilitated diffusion on oxygen trans-
port from an arteriolar-sized (~50 wm) microves-
sel (McCarthy et al., 2001) (Figure 5.1).

Overall oxygen transport was measured by
calculating the decrease in fractional saturation
of the samples as they flowed down the artifi-
cial capillary against a flowing atmosphere of
nitrogen surrounding the capillary. Two tetrameric
hemoglobins were tested: unmodified HbAy with
relatively high oxygen affinity (15 mmHg), and
aa-Hb with oxygen affinity similar to that of red
blood cells (33 mmHg) (see Figure 5.1). However,
even though red blood cells and aa-Hb have
similar P50 values (29 versus 33 mmHg) and Hill
numbers (2.6 versus 2.4, respectively), the aa-Hb
solution desaturated to a much greater extent
compared to the red blood cell suspension, par-
ticularly at the longer residence times (see Figure
5.1, inset). Thus, the cell-free hemoglobin solution
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Figure 5.1 Oxygen equilibrium curves for red blood cells (circles), aa-Hb (diamonds), HbA (squares) and
PEG-Hb (BvHb-PEG5K 10) (triangles). The fractional saturation corresponding to each capillary exit PO,
value at different flow rates is shown by the filled symbols. The inset shows the fractional saturation
determined from the exit PO, as a function of capillary residence time. Reprinted from McCarthy et al.

(2001), with permission from Elsevier.

displayed accelerated oxygen transport out of the
capillary. Both tetrameric hemoglobins (aa-Hb and
HbA,) showed similar, highly desaturating pro-
files over time, even though their oxygen affini-
ties were different. PEG-Hb, a polyethylene-glycol
conjugated Hb (in this case, BvHb-PEG5K10,
Enzon) showed less desaturation over time, sim-
ilar to that of the red blood cells.

Reasons for the slowed rate of oxygen transport
by the PEG-Hb solution compared to the tetrameric
hemoglobin solutions are likely two-fold:

1. Calculations using the Stokes-Einstein equa-
tion (Equation 5.3) give a relative value for
Do, for BvHb-PEG5K10 that is ~16-fold lower;
the BvHb-PEG5K10 solution is more viscous
(3.2 versus 0.9cPs for the tetrameric hemo-
globins; McCarthy, 1997) and the radius of
the BvHbPEG5K10 molecule is larger (~14
versus 3 nm for the tetrameric hemoglobins;
Vandegriff et al., 1997)

. The oxygen equilibrium curves of the hemo-
globins determine the amount of HbO, in equi-
librium with the PO, of the solution (Figure
5.1). Based on the fractional saturation, the
HbO, concentration gradient is dependent on
how much oxygen will be offloaded from the

hemoglobin at any given change in PO,.The
residence time in the capillary would have had
to be increased to see the majority of the O,
offloaded from the PEG-Hb.

At some longer residence time in the capillary,
all hemoglobins would have become totally
deoxygenated. And at infinite flow rate, none of
the hemoglobins would have become desatu-
rated because oxygen would not have had time
to dissociate from the hemoglobin, and the rate
of oxygen dissociation would have become
limiting.

RATE LIMITING STEPS OF IN VIVO
GAS EXCHANGE

Resistance of gas transfer in the pulmonary
microcirculation was derived mathematically in
the 1950s, giving the well-known linearized equa-
tion of Roughton and Forster (1957):

A1 5.9
D, D, 6V,



D, is defined as the overall diffusing capacity of
the lung.The reciprocal of this value (1/D;) gives
the total resistance to gas movement in the lung
(Forster, 1964). Thus, based on Equation 5.9, the
overall resistance can be divided into two parts:
diffusion of the gas across the pulmonary mem-
brane into the plasma (1/Dy), and transfer of the
gas from the plasma to intracellular hemoglobin
(8V,), where 0 is the rate of gas uptake by red
cells and V, is the total volume of blood in the
lung capillaries.

Rapid mixing techniques can be used to
evaluate 0 (see, for example, Hartridge and
Roughton, 1927), and the data have shown
that the rate of oxygen uptake by red cell
suspensions (i.e., 6) is much lower than the rate
of oxygen reaction with extracellular hemoglo-
bin solutions. Further, it has been determined
that hemoglobin chemical reaction rates are
far too fast to be rate limiting in vivo, and equi-
librium between hemoglobin and PO, can be
assumed under normal conditions (Gibson
et al., 1955; Roughton and Forster, 1957). This
assumption of equilibrium between hemoglobin
and oxygen concentrations has been verified
theoretically by Hellums and co-workers in
the microcirculation (Baxley and Hellums, 1983;
Hellums et al., 1996). Therefore, it is the ratio
of the chemical reaction constants, Ky, = k'/k,
that is necessary to calculate oxygen transport
by facilitated diffusion using the oxygen equilib-
rium curve.

However, it should also be considered that if
either the association rate (k') or dissociation rate
(k) was decreased drastically through protein
mutation or modification, then the chemical reac-
tion constant could become limiting and attenu-
ate or eliminate the effect of facilitated HbO,
diffusion. As an example, hemoglobin H and
Ascaris hemoglobin have similar oxygen affini-
ties, but the oxygen dissociation rate constant
for Ascaris hemoglobin is one-thousandth that
of hemoglobin H; hemoglobin H facilitates oxy-
gen diffusion while Ascaris hemoglobin does
not (Wittenberg, 1966).

For crosslinked tetrameric (aa-Hb) and a
maleimide PEG-conjugated human hemoglobin
(MP4, Hb-PEG5K6), the R-state oxygen affini-
ties are dictated by the R-state dissociation rates
because the R-state association rates are unal-
tered compared to native human hemoglobin
(Vandegriff et al., 1991, 2004). With these two
modified hemoglobins, the R-state rates are
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faster compared to unmodified hemoglobin, even
though aa-crosslinked hemoglobin has a P50
double of that of unmodified hemoglobin (33
versus 15mmHg), while the PEG-conjugated
hemoglobin has a much lower P50 (5 mmHg)
and a primarily hyperbolic binding curve. Thus,
regardless of the oxygen affinities of these two
hemoglobins, their oxygen dissociation rates
would not be rate-limiting for oxygen transport.

FACILITATED OXYGEN TRANSPORT AND
VASOCONSTRICTION

The rates of oxygen transport in the artificial cap-
illary apparatus described above (see Figure 5.1)
showed a direct correlation with the mean
arterial blood pressure in rats in response to
exchange transfusion with the hemoglobins stud-
ied (McCarthy et al., 2001). Both aa-Hb and HbA,,
which gave higher calculated values for the dif-
fusion transport parameter compared to RBCs and
PEG-Hb, exhibited hypertension in the rat model,
while the PEG-Hb did not.

The autoregulatory theory of hemoglobin-
induced vasoconstriction predicts that the pres-
sor effect can be reduced or eliminated by
controlling the rate of oxygen transport by the
cell-free hemoglobin. If the rate of oxygen trans-
port is similar to that of red blood cells, then
compensatory mechanisms will respond nor-
mally to changes in oxygen delivery. From
Equation 5.6, the overall flux of oxygen can be
controlled by changing the oxyhemoglobin dif-
fusion constant (Dy0,) and/or the hemoglobin
saturation gradient, AY[Hb]/dx. As described by
the Stokes-Einstein equation (Equation 5.3), the
macromolecular diffusion constant (Dppo,) is
inversely proportional to the viscosity of the
macromolecular solution (n) and the radius of
the macromolecule (r). AY[Hb];/Ax is the critical
parameter in Equation 5.6 that determines the
amount of oxygen that will be offloaded over a
given APQO,, which is a function of the hemoglo-
bin-oxygen equilibrium curve.

From Equation 5.6, diffusive oxygen transport
also can be limited by the oxygen-carrying capacity
of the cell-free hemoglobin, i.e., [Hb]. However,
there must be a lower limit of [Hb] for survival.
To evaluate this, a total exchange transfusion
was performed in rats to compare a high-oxygen
affinity, non-vasoactive cell-free oxygen carrier,
maleimide-PEG-conjugated hemoglobin (MP4)
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(Vandegriff et al., 2003), with two non-oxygen
carrying solutions: PEG-modified albumin (MPA),
prepared using the same chemistry as for MP4,
and 10 per cent pentastarch (PS) to match the
PEG-modified proteins for oncotic activity and
viscosity but without PEG (Winslow et al., 2004).
Continuous exchange transfusions were carried
out such that the final hematocrit in all animals
was between 0 and 5 per cent. All animals in the
MP4 group survived (n = 5 for each group) over
the 60 minutes of exchange followed by a
70-minute observation period. None of the
animals that received either PS or MPA survived
for more than 90 minutes. Lactic acid began to rise
at ~15 per cent hematocrit in the PS and MPA
groups, but at lower hematocrit (~75 per cent) in
the MP4 group. At these points, the total [Hb] was
~bg/dl in all groups. This defines a lower limit of
oxygen-carrying capacity of 5g/dl with either red
blood cell hemoglobin alone or red blood cells
plus an acellular, non-vasoactive, high-oxygen
affinity hemoglobin. In the MP4 group, ~2.5 of the
5 g/dl were present as plasma hemoglobin, which
decreased the critical hematocrit in half and pro-
vided equivalent functional oxygen delivery as
red blood cells gram-for-gram of hemoglobin.

The mechanism behind hemoglobin-induced
vasoconstriction has been investigated in the
microcirculation during extreme hemodilution
in hamsters. In those experiments, high-oxygen
affinity MP4 (4.2 g/dl; P50 = 5 mmHg) (Vandegriff
et al., 2003) was compared with a low-oxygen
affinity polymerized bovine veterinary pro-
duct Oxyglobin™ (PolyBvHb) (13.1g/dl P50 =
54 mmHg). After hemodilution, plasma hemo-
globin concentrations were 1.1 and 3.7 g/dl for
MP4 and PolyBvHb, respectively. The PolyBvHb
solution and the red blood cells in circulation
with PolyBvHb offloaded more oxygen in the sys-
temic, arterial circulation so that by the time these
oxygen carriers reached the capillary circulation,
both the cellular and acellular hemoglobins were
significantly more desaturated compared to MP4,
or to red blood cells in circulation with MP4. MP4
preserved its oxygen saturation and that of the red
blood cells in the arteries and arterioles and pro-
vided greater oxygen delivery to the capillary beds
(Tsai et al., 2004b). This observation describes the
importance not just of oxygen-carrying capacity
but of regional oxygen delivery in the micro-
circulation where blood flow is regulated at pre-
capillary arterioles by innervated smooth muscle
that controls the diameter of the vessels (Ping and
Johnson, 1994).

FACILITATED DIFFUSION AND
HYPEROXYGENATION OF ARTERIOLES

The PO, distribution in the microcirculation
decreases from ~50 to 30 mmHg from A1 to A4
arterioles (Intaglietta et al., 1996). Using these
values for PO, and the parameters in the second
term of Equation 5.6: Dy0, (A Y[Hb]/AX), we can
calculate a theoretical amount of facilitated oxy-
gen transfer in arteriolar vessels in the absence of
biological compensatory mechanisms. For this
exercise, we will compare two well-characterized
hemoglobin solutions: aa-Hb (Vandegriff et al.,
1997; McCarthy et al., 2001) and MP4 (Vandegriff
et al., 2003). Since the hemoglobin solutions are
acellular, we assume that the diffusion distance,
Ax, is the same.

For studies of hemoglobin-induced hyperten-
sion in rats following 50 per cent exchange
transfusion, aa-Hb was formulated at ~8g/dl
(Rohlfs et al., 1998) and MP4 was formulated
at ~4g/dl (Vandegriff et al, 2003). Upon
exchange transfusion with aa-Hb, mean arterial
pressure (MAP) rose and was significantly
higher than baseline MAP or the MAP observed
with MP4 transfusion (Figure 5.2). The slight rise
in MAP for MP4 was not significantly different
from baseline.

170
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Figure 5.2 Mean arterial pressure during infusion of
aa-Hb (open circles, n = 6) or MP4 (Hb-PEG-5K6)
(closed circles, n = 7) in rats. The solutions were
infused into the femoral vein at 0.5 ml/min. The
increase in MAP upon transfusion of aa-Hb was
significantly different from baseline and from MP4
MAP (p < 0.005). The slight rise in MAP for MP4

is not significantly different from baseline.



Table 5.1 Theoretical comparison of oxygen transfer
to arterioles following a 50 per cent exchange
transfusion with aa-Hb or MP4

Arteriolar O, transfer

(50 — 30 mmHg)
ao-Hb MP4
[Hb] (g/dI) 4 2
Y at 50 mmHg (%) 73 95
Y at 30 mmHg (%) 43 92
AY (%) 30 3
A[O,] (ml/dl) 1.61 0.08
Diffusion constant (cm%s) 6 x 1077 0.8 x 1077
A[O,] flow transfer 9.7 x 1077 0.06 X 1077
(em?/s xml/dl)
APO, (mmHg)* 537 27

* Comparable amount of O, that would be transported as
dissolved O,.

If we assume a linear dilution during the 50
per cent exchange, the plasma hemoglobin con-
centrations would be 4 and 2 g/dl for aa-Hb and
MP4, respectively, at the end of the exchange.
(In fact, the MP4 plasma concentration is likely
to be lower due to its hyperoncotic activity, but
for the purpose of these calculations, we assume
linear dilutions.) For the tetrameric hemoglobin,
aa-Hb, we can use the literature value for the dif-
fusion constant of unmodified, tetrameric hemo-
globin (Dppo,) at 4g/dl (~6 X107 cm?s) (Kreuzer,
1970). Dypo, for MP4 can then be estimated from
the terms n and rin Equation 5.3 using a 2.8-fold
higher viscosity (2.5 versus 0.9 ¢Ps) and a ~3-fold
larger radius (~8 versus 3 nm) (Vandegriff et al.,
2003). This decreases the diffusion constant for
MP4 by ~8-fold to ~0.8 X 1077 cm?/s (see Table
5.1). (The decrease in the diffusion constant for
MP4 is less than that estimated for the PEG-Hb
that was described in the artificial capillary experi-
ment (i.e., 16-fold) because that PEG-Hb, obtained
as a gift from Enzon, contained more PEGs conju-
gated per hemoglobin tetramer, making it a larger
molecule and more viscous solution.)

Oxygen equilibrium curves for MP4 and aa-Hb
are presented in Figure 5.3, showing fractional
saturation (Y) as a function of PO, over the arte-
riolar drop in PO, from A1 to A4 arterioles. These
curves provide theoretical values for the total
amount of oxygen that would be offloaded
(A[O,]) by these cell-free hemoglobins, assum-
ing equal oxygen-carrying capacities of 1.34 ml of
oxygen per gram of hemoglobin, i.e., for aa-Hb,

O, and Hemoglobin Diffusion
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Figure 5.3 Oxygen equilibrium curves for MP4
(solid line) and aa-Hb (dotted line) at pH 7.4 and
37°C. The vertical dashed lines and arrow show
the PO, drop in arteriolar beds (Intaglietta et al.,
1996). The area under the triangulated lines give
the total oxygen transferred for these hemoglobins
at this drop in PO,.

A[O,] = 4g/dl X 0.3 X 1.34ml/g = 1.61 ml/dl;
for MP4, A[O,] =2g/dl X 0.03 X 1.34ml/g =
0.08 ml/dl (Table 5.1).

Based on these calculations, the total oxygen
that would be transferred by aa-Hb in A1 to A4
arteriolar beds in the absence of autoregulatory
compensatory mechanisms is at least two
orders of magnitude greater than that by MP4
(Table 5.1). When the A[O,] values are compared
to the oxygen that would be transported as
dissolved oxygen (APO,) (a =2.28ml/dl per
atmosphere; Severinghaus et al., 1972), aa-Hb
presents an amount of oxygen to the arteriolar
system which can be obtained physiologically
only under conditions of extreme hyperoxia (i.e.,
500 mmHg); in contrast, MP4 maintains a trans-
fer of oxygen in arteriolar beds that is compara-
ble to PO, levels within the normal physiological
range (27 mmHg) (see Table 5.1). This evaluation
is consistent with the vasoconstrictive effects of
aa-Hb in contrast to the vasoinactivity of MP4,
and would explain the hypertensive response
that is observed with aa-Hb but not MP4 (see
Figure 5.2).

Hemodynamic effects associated with the vaso-
constrictive response to small, cell-free hemo-
globins with low oxygen affinity are similar to
those provoked as a result of hyperoxia and
likely reflect a common modality of action as
the result of over-delivery of oxygen to vessel
walls, followed by compensatory mechanisms
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to match oxygen delivery to oxygen demand
(Tsai et al., 2003). Vasoconstriction due to
over-delivery of oxygen by hemoglobin-based
oxygen carriers may occur if facilitated oxygen
diffusion leads to excessive offloading of oxgen
in innervated vascular beds that control
vascular tone.

SUMMARY

Oxygen transport by hemoglobin, either pack-
aged inside red blood cells or in a cell-free solu-
tion, is ruled by physical laws of molecular
transport. Molecular diffusion provides a funda-
mental differentiation between how oxygen is
transported physically by cellular versus acellular
oxygen carriers or by different types of cell-free
oxygen carriers. Red blood cells and intracellular
hemoglobin have evolved to carry sufficient oxy-
gen from the lungs to offload to respiring tissue.
The system acts to balance oxygen delivery and
oxygen demand. Vascular diameters increase to
enhance oxygen delivery in hypoxic states, and
decrease in hyperoxic states to avoid the inher-
ent toxicity of oxygen. Because of oxygen'’s low
solubility in plasma and tissues, it must diffuse
some distance, which decreases down the micro-
circulatory network, to reach intracellular hemo-
globin during oxygen uptake in the lungs or
from intracellular hemoglobin to its site of con-
sumption in peripheral tissue. Hemoglobin pro-
vides a molecular mechanism to optimize oxygen
transport through the chemical reaction between
oxygen and heme to form oxyhemoglobin
(HbO,).

Oxygen diffuses down its concentration gradi-
ent until its concentration is in equilibrium
throughout the system, or to its site of oxygen
consumption. Intra- or acellular HbO, will also
diffuse down its concentration gradient, pro-
viding an additional mode of oxygen flux, i.e.,
facilitated diffusion. Hemoglobin encapsulated
within the membrane space of red blood cells
flowing down a vessel provides facilitated diffu-
sion of oxygen from the center of the red blood
cell to the intracellular side of the red blood cell
membrane. There it releases free oxygen to dif-
fuse through an unstirred plasma diffusion layer
surrounding the red blood cell to reach equilib-
rium with the mixed plasma PO,. When hemo-
globin is free in solution flowing down a vessel,
the diffusion barriers to HbO, within and

surrounding red blood cells disappear and both
oxygen and oxyhemoglobin diffuse freely in the
intravascular space to the endothelial tissue bar-
rier, accelerating movement of oxygen through
space.

In early designs of hemoglobin-based oxygen
carriers, it was considered to be effective that the
carrier would match the functionality of red blood
cells in equilibrium oxygen-binding properties
and maintain as high an oxygen-carrying capac-
ity as possible.The effects of facilitated diffusion
and autoregulatory compensatory mechanisms
were not considered. The theoretical basis of
facilitated diffusion now has been demonstrated
in artificial capillary systems (Page et al., 1998;
McCarthy et al., 2001), and a correlation has been
demonstrated between diffusional oxygen trans-
port and hemodynamic responses to the cell-free
hemoglobins, such that enhanced oxygen trans-
port by facilitated diffusion is related to hemo-
globin-induced hypertension (McCarthy et al.,
2001).The properties that affect facilitated flux in
hemoglobin solutions are hemoglobin size, oxy-
gen affinity, and solution viscosity (see Equations
5.6 and 5.3).

A new hemoglobin-based oxygen carrier in
clinical development was designed with proper-
ties to match oxygen transport by the cell-free
solution to that of a red blood cell suspension.
The new hemoglobin product, MP4, is conjugated
to polyethylene glycol to increase molecular
hydrodynamic volume, have high oxygen affinity
and high solution viscosity relative to tetrameric
hemoglobin solutions; and it does not induce
hypertension in rats (Vandegriff et al., 2003),
hamsters (Tsai et al., 2004b), swine (Drobin et al.,
2004), or humans (Bjorkholm et al., 2005). This
new oxygen carrier has been compared at the
microcirculatory level in hamsters with a poly-
merized oxygen carrier with lower oxygen affin-
ity. The low-affinity oxygen carrier decreases
arteriolar blood flow and FCD relative to MP4
and demonstrates that, in addition to oxygen-
carrying capacity, oxygen delivery must be
‘targeted’ to offload sufficient oxygen in appro-
priate vascular beds to maintain blood flow and
oxygen delivery to capillaries (Tsai et al., 2004b).
These results clearly show that different types of
cell-free oxygen carriers act by different mecha-
nisms of oxygen transport. These transport
properties involve diffusion of the oxygen car-
rier, which is determined by physical properties
of molecular size and oxygen binding.
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EDITOR’S SUMMARY

The movement of oxygen from red blood cells
to tissue cells and mitochondria follows well-
defined physical laws, which are described
in this chapter. What has not been well app-
reciated is that hemoglobin, free in solution, is
also free to diffuse, and this diffusion, some-
times called ‘facilitated’ oxygen diffusion, has
a profound effect on the regulation of vascular
tone.

It is well known that the microcirculation is
very sensitive to local oxygen supply; oxygen
is a vasoconstrictor. Thus, the presence of oxy-
hemoglobin in the plasma space can over

oxygenate tissue, which can lead to autoregu-
latory vasoconstriction.

While the concept of facilitated oxygen diffu-
sion has been in the scientific literature for
decades, its impact on the design of cell-free
oxygen carriers has only recently been appreci-
ated. This property can be regulated by control
of key properties, including molecular size, vis-
cosity and oxygen affinity (P50). Appreciation
of the physical laws of oxygen supply to tissue is
now leading to the design of new oxygen carri-
ers that have reduced vasoactivity and there-
fore, it is hoped, toxicity.
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INTRODUCTION

Delivery of oxygen to tissue in capillaries is very
different in suspensions of red blood cells mixed
with extracellular hemoglobin-based oxygen car-
riers (HBOCs) than in unaltered blood. Put simply,
HBOCs are not blood. One important way to inves-
tigate these differences is by the use of artificial
capillaries. Such materials are free of biological
regulatory mechanisms, and accurate determi-
nations can be made of all parameters affecting
flow and transport. A second way to investigate
these differences is by mathematical simulation.
Models based on fundamentals and verified by
comparison with experiment can be used to
interpret and extend the results of experimental
measurements and to improve understanding of
mechanisms of transport enhancement.

Both in vitro experimental methods and mathe-
matical methods for simulation of oxygen trans-
port to and from tissue have been of interest for
many years. The results of such simulations can
contribute to the understanding of processes of
basic physiological interest, as well as improve
our understanding of disorders related to oxy-
gen transport such as shock, anemia, and sickle
cell disease. Reliable simulation methods can be
of particular value in the development and eval-
uation of alternative oxygen carriers — such as
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Chapter

hemoglobin-based oxygen carriers (HBOCs),
which are the focus of this work.

IN VITRO SIMULATION OF OXYGEN
TRANSPORT

In vitro experimental simulation methods can
serve as a useful adjunct to direct in vivo mea-
surements. In vivo measurements of local oxygen
fluxes and local oxygen concentrations at the
microvascular level are subject to well-known
difficulties. These difficulties are associated in
part with uncontrollable variation in both space
and time of the measured quantities. The difficul-
ties have yielded several anomalies which have
been discussed elsewhere (Popel et al., 1989;
Pittman, 1995; Hellums et al., 1996; Page et al.,
1998a).The difficulties gave impetus to the devel-
opment of the well-defined, controlled, in vitro
systems, to be discussed later.

Mathematical simulation of oxygen transport

Mathematical simulation methods suffered for
many vyears after Krogh's pioneering work
(Krogh, 1919, 1922) from the lack of experimental
data of sufficient detail and precision to critically
test the proposed mathematical models. Thus,

Copyright © 2006, Elsevier (Inc.). All rights reserved.



for about a half-century the Krogh approach
to mathematical simulation was used almost
exclusively. Krogh and his colleagues treated the
diffusion problem in the tissue surrounding a
‘typical’ capillary under the tacit assumption that
the blood in the capillary was well mixed radi-
ally. This assumption is equivalent to assuming
that the resistance to oxygen transport in the tis-
sue is of dominant importance over that within
the lumen of the microvessel. In the last two
decades it has come to be understood that the
intraluminal resistance to oxygen transport is of
the same order as that in the surrounding tissue,
and thus cannot be neglected in an accurate
simulation (Hellums, 1977; Baxley and Hellums,
1983; Federspiel and Sarelius, 1984; Federspiel
and Popel, 1986; Groebe and Thews, 1986; Nair
et al., 1989). The focus of this chapter is on these
important intraluminal transport processes -
including the oxygen transport characteristics of

Artificial Capillary

suspensions of erythrocytes in solutions of hemo-
globin or hemoglobin polymer used in HBOCs.

Flow regimes

Significant oxygen transport occurs in micro-
vessels of a very large range of diameters in the
microvasculature. The character of the flow and,
hence, the transport processes in the microcir-
culation are highly dependent on the diameter
of the microvessel. As a result, very different
approaches are required for experimental or
mathematical simulation of oxygen transport in
the different regimes. We recognize three dis-
tinctly different flow regimes as outlined below
and illustrated in Figures 6.1 and 6.2.

Figure 6.1A is a schematic representation of
erythrocytes flowing in a 25-um diameter ves-
sel, and gives a visual indication of the relation-
ship between the erythrocyte dimensions and the

Flow regimes in microcirculation

RBC

—_—— e e e e e e -

RBC

RBC + Hb

Figure 6.1 Schematic illustration of two distinct flow regimes in the microcirculation. (A) Schematic
representation of the flow in 25-um diameter vessels corresponding to arterioles. The cell-free zone is
represented by 3. (B) Simplified schematic representation of flow in intermediate-sized capillaries in the range
of 8-15 wm diameter. The dark dots in the background of (A) and (B) are intended to represent the presence of
a hemoglobin-based oxygen carrier in the suspending medium.



Physiological Basis

Interstitial space

Vascular wall
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Figure 6.2 Schematic illustration of erythrocytes
in 4-pm diameter capillary vessels showing
computational domain with subregions RBC,
plasma, vascular wall, interstitium and tissue (from
Vadapalli et al. (2002), with permission).

conduit diameter. In vessels in this (arteriolar) size
range (approximately 20-100 um diameter) we
have shown that the idealization of a local hema-
tocrit that varies continuously with radial position
is useful. The variation in the hematocrit across
the vessel is taken into account. This approach
has been successful in mathematical simulation
of the results of oxygen transport experiments in
the vessel diameter range of 20-100 pum (Lemon
et al., 1987; Nair et al., 1989, 1990).

Figure 6.1B is a drawing (based on microscopic
observations) of erythrocytes flowing in a 10-um
diameter vessel in the artificial capillary system.
Here we see that the flow is of an entirely different
character: the cells consistently pass through the
vessel in single file and in clusters — as a func-
tion of hematocrit. Thus, the concept of a local
hematocrit that varies continuously with radial
position is not applicable. Later in this chapter
we will present the first in vitro experimental
measurements of oxygen transport in this flow
regime. Very little mathematical simulation work
has been done on vessels is this size range. One
mathematical study in this regime was per-
formed by Wang and Popel (1983), based on the
cell shapes calculated for an 8.24-um diameter
vessel by Zarda et al. (1977).

Figure 6.2 is a schematic representation of the
third regime: that of the true capillaries with
diameters in the 4-6-pm range (from Vadapalli
et al., 2002). In these small vessels the erythro-
cytes are strongly deformed to approximate a
cylindrical shape, and the layer of suspending
medium between the erythrocytes and the capil-
lary wall is comparatively small (Hellums, 1980;
Secomb et al, 1998). Additional discussion of
these flow regimes and the prior work on oxygen

transport by both experimental and theoretical
means has been reviewed by Hellums et al. (1996).

CURRENT STATE OF OXYGEN CARRIER
STUDIES IN ARTIFICIAL CAPILLARIES

Oxygen transport measurements have been per-
formed on an in vitro artificial capillary appara-
tus that has been extensively described (Page
et al., 1996, 1998a). Briefly, this apparatus is com-
prised of a microflow system, a dual-wavelength
microspectrophotometer, a data acquisition and
control system, and an environmental system.
The core of one of the two microflow systems is
a 120-pm thick silicone rubber film, which has
been cast around a 25-pum diameter tungsten
wire. A second microflow system has been
formed by casting a silicone rubber film around
a 10-pm diameter wire. In each case the wire is
removed to produce an arteriole-sized lumen
spaced equidistantly from the top and bottom of
the film. Silicone rubber is an ideal material for
this work because of its very high permeability to
oxygen. Test samples are held in a feed reservoir
at 37°C under controlled oxygen tension gas.
Samples are drawn from the feed reservoir
through the capillary lumen into a withdrawal
reservoir by a disc encoder-controlled syringe
pump. In this way stable, precisely controlled
and known flow rates are produced. In a typical
oxygen uptake experiment both surfaces of the
film are exposed to humidified air at 37°C, and a
fully deoxygenated feed sample is oxygenated
as it flows through the lumen of the capillary. In
a typical oxygen release experiment both sur-
faces of the film are exposed to humidified nitro-
gen at 37°C, and a fully oxygen-saturated feed
sample is deoxygenated as it flows through the
lumen of the capillary. An oxygen uptake experi-
ment is represented schematically in Figure 6.3.
Samples are prepared at known pH (generally
pH 7.4). Carbon dioxide transport is not measured
and carbon dioxide is not used. The flow system
is mounted on the stage of a Leitz UWM tool-
maker microscope, which has been modified to
function as a dual wavelength microspectropho-
tometer. A diaphragm located at the beginning of
the fiberoptic light splitter is adjusted such that
light from a small section of lumen is viewed
by the photomultipliers at each axial position.
The optical measurements are used to calculate
oxygen saturations at various positions along the
axis of the capillary. The environmental system
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Figure 6.3 Schematic of experimental apparatus for artificial capillary — the microflow system and

microspectrophotometric systems.

maintains the separate oxygen tensions in the
extracapillary suffusing gas and the feed reservaoir,
as well as maintaining the entire system at 37°C.

A second artificial capillary system has been
developed and applied by McCarthy et al. (2001).
A 57-um diameter silicone rubber capillary is
perfused with solutions of hemoglobin and vari-
ous hemoglobin-derived materials. Oxygen ten-
sion of the inlet flow and of the suffusing gas are
known and controlled. Oxygen tension of the
effluent material is measured, and used to deter-
mine hemoglobin oxygen saturation by use of
measured dissociation curves. A finite element
calculation based on a model of transport in the
system is used to calculate overall mass transfer
coefficients for each experiment.

CURRENT STATE OF MATHEMATICAL
SIMULATION STUDIES

Capillaries of 25 pm diameter

Nair et al. (1989, 1990) developed a mathemati-
cal model that predicts the oxygen transport
properties of red cell suspensions. Page et al.
(1998b, 1998c) extended and improved the
model to treat cases in which free hemoglobin or

hemoglobin polymers (HBOCs) are in solution in
the plasma phase. The improved model takes
into account existence of erythrocyte and extra-
cellular hemoglobin solution phases, radial
hematocrit variation, radial velocity gradients,
axial convection, radial diffusion of both oxygen
and oxyhemoglobin, and shear augmentation of
transport.

Results calculated by use of the model have
been compared to results of experiments using
the artificial capillary systems described above.
In these experiments, all physical, chemical,
flow and transport properties are known accu-
rately. Furthermore, detailed oxygen fluxes and
oxygen saturations are measured. Thus, com-
parisons with results from the experimental sys-
tem can serve to test and validate mathematical
models. Such validation has been difficult or
impossible in many earlier studies because of
the difficulty in accurate determination of all of
the parameters that influence results in vivo.

Capillaries of 4 pm diameter

Vadapalli et al. (2002) have presented results
from mathematical studies on oxygen transport
to tissue from red cells suspended in an HBOC
solution — as a model for capillary transport. The
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calculations employed a red cell shape based on
the calculations of Secomb et al. (1998). Each
erythrocyte was represented as being cylindrical
with a hemispherical leading end and an inverted
cap trailing end, as shown in Figure 6.2. The
computational domain covered five regions: the
erythrocytes, the plasma (containing dissolved
HBOCs), the vascular wall, the interstitium, and
the surrounding tissue. The equations of motion
and transport were written separately for each
region, matched with appropriate interfacial con-
ditions, and solved numerically for wide ranges
of the transport and equilibrium properties.

EXAMPLES OF EXPERIMENTS AND
SIMULATIONS

Capillaries of 25 pm diameter

Oxygen release and uptake results have been
obtained for PolyBvHb (an investigational HBOC
based on gluteraldehyde polymerized bovine
hemoglobin similar to Oxyglobin, provided by
Biopure, Inc., Cambridge, MA), BvHb (bovine
hemoglobin solution), and human erythrocyte
suspensions (red blood cells) in buffer. Additional
measurements were made on mixtures of red
blood cells with BvHb or PolyBvHb solutions.
Samples were prepared at pH 7.4. Oxygen satu-
rations were obtained for six axial positions
along the capillary at four different flow rates
ranging from 5.5 to 54 pl/h. The data were pre-
sented as hemoglobin oxygen saturation versus
apparent residence time in the capillary. The
apparent residence time is unique to each posi-
tion and flow rate, and is calculated as the axial
distance from the entrance multiplied by the
cross-sectional area divided by the volumetric
flow rate. By plotting the fractional saturation
versus apparent residence time instead of frac-
tional saturation versus position, the data for the
four different flow rates collapse to a single
curve. Thus, the use of residence time makes it
possible to present a very large amount of data
in a concise way. Additionally, plotting the data as
fractional saturation versus apparent residence
time allows comparison between different sam-
ple types over the complete saturation range
and serves as an internal consistency check.
The experimental apparatus was validated by
comparing oxygen uptake and release data for
BvHb flowing in the capillary with predicted
values obtained from a mathematical model

0.8

o
o

o
i

Fractional saturation

0.2

0 0.5
Apparent residence time (s)

Figure 6.4 Comparison of experimental and model
results for RBC/PolyBvHb 1: 1 mixtures. Experimental
data (10.2 g/dl total, pH 7.4) are plotted for uptake
(triangles) and 50% oxygen gas equilibration release
(diamonds). Humidified air was used to suffuse the
capillary in the uptake experiments. For the release
experiments, samples were equilibrated with
humidified gas containing 50% oxygen. The
corresponding theoretical simulations from the
mathematical model described in this work are
plotted as a dotted curve for uptake and as a solid
curve for 50 per cent oxygen equilibration release.
Shear augmentation is included in the simulations.

(Lemon et al., 1987).The mathematical model for
the homogeneous hemoglobin solution is rela-
tively simple in comparison to models including
red cells. These relatively straightforward calcula-
tions are on a firm theoretical basis, and therefore
can be used to validate the experimental system.

Extensive results of studies using a 25-pm
diameter vessel have been reported by Page et al.
(1998a, 1998b). One set of results from the work
is presented in Figure 6.4. Here we see oxygen
release results for a 1:1 (equal amount of hemo-
globin intracellular and extracellular) mixture of
red blood cells and PolyBvHb. Figure 6.4 also
gives a comparison of red blood cells/PolyBvHb
1:1 experimental data with mathematical simu-
lation. The polymerized hemoglobin exhibits
a hyperbolic (low cooperativity) oxygen dis-
sociation curve. As a result, it does not fully
oxygen saturate when equilibrated with room
air. To achieve full oxygen saturation, feed sam-
ples were equilibrated with a gas containing 50%
oxygen. The mathematical simulation can be



seen to agree with experiments except at large
residence times in uptake experiments. The sim-
ulation shows a somewhat higher uptake than
the experimental data at long exposure times.
This particular behavior of PolyBvHb has been
discussed previously (Page et al., 1998b).The poly-
mer structure may result in a slower oxygen satu-
ration of a percentage of the heme groups within
the structure. Note that the simulations reach an
asymptotic value at approximately 92 per cent
saturation rather than 100 per cent. This differ-
ence is a result of the incomplete saturation of
the PolyBvHb with air during typical exposure
periods.

A series of calculations was carried out to pre-
dict release and uptake for formulations that were
not studied experimentally. Figure 6.5 presents
the results of one of these simulations.The over-
all hemoglobin concentration was held constant
at 10 g/dl and the concentration of the extracellu-
lar hemoglobin solution was varied from 1 to
5 g/dl. Figure 6.5 shows the pronounced effects on
release of altering the intracellular/extracellular
ratio of hemoglobin. Addition of extracellular
hemoglobin solution up to 5g/dl is shown to
enhance oxygen delivery.The curve for a hemo-
globin solution of 10 g/dl overlies the curve for
5g/dl (plus 5g/dl red blood cell Hb) and is omit-
ted for clarity. Thus, we see that in this case
replacing half of the erythrocytes with HBOC
yields essentially as much augmentation of
release as replacing all of the erythrocytes.

Another series of experiments was performed
by Dou et al. (2002).They quantified the effect on
oxygen uptake and release rates of varying
heme protein oxygen affinity. A series of myo-
globin mutants with a wide range of oxygen
affinities (500 Xrange) was run through the
25-um capillary system.The resulting data show
a marked increase in the extent of oxygen
release with increasing P50 of the test myo-
globin. The myoglobin samples covered the
range from full oxygen saturation to nearly full
desaturation.

Capillaries of 10 pm diameter

Data for oxygen uptake and release by bovine
hemoglobin solutions (BvHb) solutions flowing
in a 10-um capillary are shown in Figure 6.6 in
comparison with results from a mathematical
simulation. As in the case of the larger vessel,
the calculated values for hemoglobin solutions
serve to validate the experimental system.

Artificial Capillary
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Figure 6.5 Dependence of oxygen release on
extracellular hemoglobin solution concentration.
Release simulations of oxygen transport by RBC/Hb
mixtures with the same overall hemoglobin
concentration are shown as curves. Results are for
an RBC P50 of 27 mmHg and an Hb P50 of

25 mmHg. The plot legend notation of 1 g/dl extra-
cellular hemoglobin solution, etc., refers to the
extracellular hemoglobin concentration. The 0 g/dl
extracellular hemoglobin solution curve refers to a
red blood cell suspension. The pure (10.2 g/dl) Hb
solution simulation is not shown because the results
are indistinguishable from the 5 g/dl Hb curve.

Similar results for red blood cell (RBC) sus-
pensions are shown in Figure 6.7. As expected,
oxygen uptake occurs more quickly than oxygen
release due to the larger oxygen tension gradi-
ent in the uptake experiments.

The results of dose-response experiments for
oxygen release by RBC/BvHb mixtures are sum-
marized in Figure 6.8. Four data series of the
same overall hemoglobin concentration (10 g/dl)
with the varying hemoglobin distribution are
plotted. The hemoglobin distribution varied from
100 per cent in solution (BvHb) to 100 per cent
within the red blood cells (RBC). There were two
intermediate solutions with RBC/BvHb mixtures.
The oxygen equilibrium curves for the erythro-
cyte and extracellular hemoglobin are approxi-
mately the same (same P50 and cooperativity).
The extracellular hemoglobin oxygen affinity
was purposely selected to be equal to the ery-
throcyte affinity so that effect of encapsulated
versus free hemoglobin on oxygen transport
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Figure 6.6 Hemoglobin solution oxygen uptake and
release experiments for a 10-pm diameter capillary.
Experimental determinations of hemoglobin oxygen
saturation are presented as a function of residence
time in the capillary. The data points represent
measurements at five axial positions at two different
flow rates. The error bars denote the standard
deviation for replicate experiments. The curves are
from predictive theoretical calculations. The good
agreement between the experimental and theoretical
values serves as a validation of the experimental
apparatus.

could be studied. The least efficient oxygen
transport was by the pure red blood cell suspen-
sion, and the most efficient was by the pure
BvHb solution and the RBC/BvHb 1:1 mixtures.
For the purposes of clarity, the data for pure
BvHb and pure RBC are shown as curves with-
out the corresponding data points. The omitted
data points may be seen in Figures 6.6 and 6.7.
The intermediate data series in Figure 6.8 are
for an RBC/BvHb 9:1 mixture. In this case, with
only 10 per cent of the hemoglobin in the extra-
cellular space, oxygen release was significantly
enhanced over red blood cell suspensions. The
RBC/BvHb 1:1 mixture was even more efficient.
The data for this equal part mixture are almost
indistinguishable from the 100 per cent BvHb data.

Capillaries of 57 pm diameter

McCarthy et al. (2001) used their artificial capillary
system to evaluate oxygen release performance
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Figure 6.7 Erythrocyte suspension oxygen uptake
and release experiments for a 10-um diameter
capillary. Fractional saturation is plotted as a
function of apparent residence time in the capillary.
Both uptake (diamonds) and release (squares) are
shown. The error bars denote standard deviation.
Error bars are larger for erythrocyte suspensions than
for hemoglobin solutions due to the sieving effect
where light may pass through variable
concentrations of hemoglobin, including passing
through plasma gaps. The sieving effect tends to
reduce the signal-to-noise ratio.

of erythrocytes, unmodified hemoglobin (Hb),
crosslinked hemoglobin (aa-Hb), and bovine
hemoglobin conjugated to polyethylene glycol
(PEG-PvHD). The Hb and aa-Hb released oxygen
at substantially higher rates than the erythro-
cytes and PEG-BvHb. The PEG-BvHb delivered
oxygen at approximately the same rates as the
erythrocyte suspension.

Capillaries of 4 pm diameter

Vadapalli et al. (2002) presented very extensive
results of calculations of oxygen transport to tissue
from a 4-pm diameter capillary for erythrocyte—
HBOC mixtures.They explored the effects of sev-
eral parameters, including inlet oxygen tension,
HBOC oxygen affinity, HBOC oxygen cooperativ-
ity, HBOC concentration, erythrocyte hematocrit,
and hemoglobin kinetic dissociation rates. They
also investigated aspects of their model, includ-
ing the importance of plasma convection, and
HBOC-facilitated diffusion. Results are obtained
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Figure 6.8 Dose response release plot for
RBC/BvHb mixtures. Release summary results for red
blood cell suspensions, BvHb solutions, and RBC/
BvHb mixtures show the effect on oxygen release

of varying the extracellular to intracellular hemoglobin
ratio. 1:1 mixtures have 50 per cent intracellular and
50 per cent extracellular hemoglobin; 9: 1 mixtures
are 90 per cent intracellular hemoglobin and 10 per
cent extracellular hemoglobin. The total hemoglobin
content is 10 g/dl in all cases. Intracellular hemoglobin
has a P50 of 27 mmHg and the extracellular BvHb
has a P50 of 25 mmHg. Data series for red blood
cell suspensions (dot—dash) and BvHDb solutions
(dash) are presented as best-fit curves for clarity.

in detail including hemoglobin oxygen satura-
tions and oxygen tension distributions. Most of
the results are expressed in the form of cell and
capillary mass transfer coefficients.These transfer
coefficients are directly related to average oxygen
delivery rates for a given oxygen tension. Thus
the coefficients can be used to predict oxygen
delivery and axial distributions of oxygen satu-
ration and oxygen tension under various cir-
cumstances. Typical results from this work show
dramatic increases in mass transfer coefficient
induced by increasing HBOC concentrations.

IMPLICATIONS FOR IN VIVO OXYGEN
TRANSPORT

The use of both in vitro experiments and com-
putational simulation for the study of oxygen

Artificial Capillary

transport to tissue can improve our understand-
ing of basic physiological and pathophysiologi-
cal processes. Furthermore, such studies are of
particular interest in cases involving HBOCs -
where the oxygen transport properties differ
from unaltered blood.

As shown in the section above entitled Flow
regimes, the methods of study needed are very
different in different parts of the microcirculation.
In the larger-diameter microcirculation, vessels
of 20 um diameter and larger, it is possible to
perform accurate simulations of oxygen trans-
port events by use of mathematical models which
invoke the simplifying idealization of a hemat-
ocrit that varies continuously with radial posi-
tion. Furthermore, in vessels of this size range it
is possible to create artificial capillaries of sili-
cone rubber. Silicone rubber has two key prop-
erties: extremely high oxygen permeability, and
low optical density. Thus, accurate measure-
ments of oxygen delivery processes can be
made by microspectrophotometric methods in
cases in which all flow and transport parameters
are controlled and known accurately.

For smaller diameters, in the range of 10 um,
the character of the flow is completely different.
The individual cells are significantly deformed,
and pass along in single file or in clusters as a
function of hematocrit. For experimental simula-
tion it is possible to use silicone rubber capillar-
ies in much the same way as in larger vessels.
However, the computational simulation is more
challenging. Few attempts have been made
in the mathematical approach, and there has
been no validation of computed results by com-
parison with detailed, accurate experimental
measurements.

For still smaller diameters, in the range of 4 um,
the computational situation is simpler because
the cells are highly deformed into an almost
cylindrical shape. The flow is regular, laminar,
and at a low Reynolds number, so accurate com-
putational simulation is possible. However, the in
vitro experimental possibilities are severely
limited. Such measurements would require a
different oxygen saturation detection system
than the one described here. Furthermore, the
mechanical properties of silicone rubber, cou-
pled with the inherent difficulty of maintaining
steady, measured flows and oxygen fluxes in
such small silicone rubber vessels, have pre-
vented accurate experimental measurements in
vitro. Though experimentally challenging, this
flow regime is obviously important. In red blood
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cell suspensions most oxygen transport in
these small vessels occurs through the vessel
wall in close proximity to the red cell. Thus, the
‘effective’ surface area for oxygen transport can
be less than half of the total capillary surface
area, and it decreases with decreasing hematocrit.
The addition of HBOC ‘recovers’ the unused sur-
face area.

Oxygen uptake and release rates for both BvHb
solutions and red blood cell suspensions were
much higher in 10-pum capillaries than in 25-um
vessels. This difference might be expected due
to the 2.5 times higher surface-to-volume ratio
in the smaller vessels. A comparison of oxygen
uptake data for 10-pum and 25-um vessels is pre-
sented in Figure 6.9.

In the 10-wm capillary, full saturation for BvHb
was approached at a residence time of approxi-
mately 0.3 seconds while full saturation required
0.7 or more seconds in the 25-um capillary. In
addition to the absolute increase in oxygen uptake
rates, there was an increase in the difference
between oxygen uptake rates for red blood cell
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Figure 6.9 Effect of vessel diameter on oxygen
uptake by BvHb and RBC suspension. Oxygen uptake
for BvHb (10 g/dl) and RBC suspension (30 per cent
Hct) are plotted versus apparent residence time for
10-pwm and 25-pwm capillaries. Data for the

10-pum capillary are shown as fitted curves for clarity.
The arrows show the difference between BvHb and
RBC for each diameter vessel. The arrows are drawn
where the fractional saturation of the BvHb is 0.80.
The difference is larger for the 10-wm capillary than
the 25-pm capillary.

suspensions and BvHb solutions in the smaller-
bore vessels. Note the lengths of the arrows des-
ignating the difference between the fractional
saturation of the BvHb solution and the red
blood cell suspension for the different sized ves-
sels. Both arrows are positioned where the frac-
tional oxygen saturation of the BvHb solution is
80 per cent. In the 10-um capillary at this resi-
dence time approximately 80 per cent more oxy-
gen is taken up by BvHb solutions than by red
blood cell suspension. In the 25-pum capillar-
ies, approximately 65 per cent more oxygen is
taken up by BvHb than by the red blood cell
suspension.

A comparison of oxygen release data for 10-pum
and 25-pum vessels is presented in Figure 6.10. In
the 10-um capillary 60 per cent fractional oxygen
saturation of red blood cell suspension was
approached at a residence time of approximately
0.3 seconds, while the same change required
about 0.8 seconds in the 25 um capillary. As in
the case of oxygen uptake, there was an increase
in the relative difference between oxygen uptake
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Figure 6.10 Effect of vessel diameter on oxygen
release by BvHb and RBC suspension. Oxygen
release for BvHb (10 g/dl) and RBC (30 per cent Hct)
are plotted versus apparent residence time for

10- and 25-pm capillaries. Data for 10-pm capillary
are shown as fitted curves for clarity. The arrows
show the difference between BvHb and RBC for
each diameter vessel. The arrows are drawn where
the fractional saturation of the BvHb is 0.70. The
difference is substantially larger for the 10-pm
capillary than for the 25-um capillary.



rates for red blood cell suspensions and BvHb
solutions in the smaller-bore vessels. Note the
lengths of the arrows designating the difference
between the fractional saturation of the BvHb
data and the red blood cell data for the different
sized vessels. Both arrows are positioned where
the fractional oxygen saturation of the BvHb
solution is 70 per cent. In the 10-um capillary at
this residence time approximately 100 per cent
more oxygen is released by BvHb solutions than
for the red blood cell suspensions. In the 25-um
capillaries approximately 70 per cent more oxy-
gen is released by BvHb than by the red blood
cell suspension despite equivalent hemoglobin
oxygen affinity.

For vessels in the true capillary range of diam-
eters, Vadapalli et al. (2002) presented extensive
results of calculations of oxygen release in the
presence of HBOCs. Typical results for several
cases of addition of HBOC to red blood cell sus-
pensions are shown in Figure 6.11.The ordinate is
the mass transfer coefficient, k,. This coefficient
is proportional to the oxygen release rate for a
given oxygen tension difference. It can be seen
that HBOC addition greatly increases the mass
transfer coefficient.

It has been shown that HBOCs can substantially
increase oxygen delivery when compared to nor-
mal blood in all regimes of the microcirculation.
However, there are some modified HBOCs that
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Figure 6.11 Effects of HBOCs on oxygen transport
in 4-um diameter capillaries by comparison of kg
(mass transfer coefficient) for different values of HBOC
concentrations. The P50 of hemoglobin was

29.3 mmHg both in the cells and in the HBOC
(adapted from Vadapalli et al. (2002), with
permission).
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do not deliver oxygen at higher rates than red
blood cells. In the experiments of McCarthy et al.
(2001), PEG-BvHb delivered oxygen at a rate
very similar to that of red blood cell suspensions
of the same overall hemoglobin content. The
PEG-BvHb used in the experiments had an oxy-
gen P50 of 10.2 mmHg, whereas the red blood
cell suspension had a P50 of 28.6 mmHg. Our
calculations of oxygen release for the conditions
of their experiments using the model discussed
above (Page et al., 1998b) are consistent with
their findings for PEG-BvHDb, red blood cells and
aa-Hb. Our calculations for the case of HbA,
indicate lower rates of release than the experi-
mental results. The agreement in calculated
release for red blood cell suspensions and PEG-
BvHb indicates that the relatively low rate of
oxygen release for PEG-BvHb is due to its high
oxygen affinity. Using a high oxygen affinity
HBOC offsets the tendency of HBOCs to deliver
oxygen rapidly. A lower rate of delivery of oxy-
gen by a HBOC is regarded as favorable by
McCarthy et al. (2001), and by others (e.g.
Intaglietta et al., 1996). None of the in vitro
experimental or computational methods dis-
cussed here account for changes due to in vivo
regulatory responses.

SUMMARY

Determination of the oxygen transport proper-
ties of HBOCs requires different approaches for
the three different regimes of flow in the microcir-
culation corresponding to three different ranges
of microvessel diameter. An outline of experi-
mental in vitro and computational methods for
determining these oxygen transport properties
is given, along with typical results from the vari-
ous approaches. These approaches make it
possible to estimate the effects of various param-
eters associated with oxygen transport, includ-
ing vessel diameter, flow rate, hematocrit;
and HBOC concentration, oxygen affinity, and
cooperativity.

The main features of the models and examples

1. Results are given from oxygen uptake and
release experiments on suspensions of red
blood cells in buffer containing various
amounts of extracellular HBOCs flowing in a
25-um diameter silicone rubber microvessel.
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In this case there is a well-developed mathe-
matical simulation method and results of the
simulations are given along with the experi-
mental results (Page et al., 1998a, 1998b)
Results are also discussed from experiments
performed using a 57-um diameter silicone
rubber vessel (McCarthy et al., 2001).

2. Similar results are given from oxygen uptake
and release experiments in a 10-um diameter
capillary system. Mathematical simulation
results are not available for flows in this
regime.

3. Results are presented for the third regime:
that of small capillaries — in the order of 4 um
diameter. In this case in vitro experimental
results are not available, but there is a well-
developed mathematical simulation method.

The experimental and mathematical models show
that both hemoglobin solutions and HBOC solu-
tions were substantially more efficient than ery-
throcyte suspensions in uptake and release of
oxygen for similar P50 over all three flow
regimes. Increased extracellular hemoglobin
concentration increased oxygen transport rates
for both uptake and release, even when total
hemoglobin concentration was held constant.
When only 10 per cent of the total hemoglobin
was extracellular, approximately half of the
increased efficiency of pure hemoglobin solutions

was reached. When 50 per cent of the total
hemoglobin was extracellular, the increased effi-
ciency was virtually equal to that of pure hemo-
globin solution.

As McCarthy et al. (2001) showed, manipula-
tion of the hemoglobin molecule to yield a high
oxygen affinity HBOC can yield oxygen trans-
port rates similar to that of unaltered blood in
arteriolar-sized vessels. Some evidence indicates
that the lower oxygen delivery in the arterioles
is desired.

There are two competing paradigms of oxy-
gen transport by HBOCs that can be summarized
as equilibrium versus dynamic. Design of first
generation HBOCs was guided by the effort to
reproduce the oxygen equilibrium curve for
intracellular erythrocyte hemoglobin so that at
oxygen tensions present in the lung and tissue
oxygen would be delivered in similar quantities
on a per-heme basis. Generally this can be called
the ’‘blood substitute’ or equilibrium model.
The experimental and mathematical modeling
efforts reviewed here show that the transport
characteristics of HBOC solutions differ signifi-
cantly from red blood cell suspensions. Thus,
the dynamic or ‘oxygen therapeutic’ model can
be used to target HBOC material properties
to yield oxygen delivery similar to that of red
blood cell suspensions in the various micro-
vessels, or to yield enhanced oxygen delivery
to tissue.

EDITOR’S SUMMARY

Early attempts to design artificial cell-free oxy-
gen carriers attempted to duplicate key proper-
ties of red blood cells, including their oxygen
affinity (P50) based on the assumption, taken
from red cell physiology, that lower affinity
might increase tissue oxygenation. Experiments
with artificial capillaries, as discussed in this
chapter, lead to the opposite conclusion.
Artificial capillaries can be constructed using
materials that simulate the oxygen transport
conditions in microvessels of various sizes,
independent of the mechanisms that control
vascular diameter (vasoconstriction). This is
critically important in understanding the prop-
erties of cell-free oxygen carriers, red blood
cells, and mixtures of the two.The experimental
methods, models and mathematical simulation

confirm that cell-free hemoglobin is much
more efficient in delivering its oxygen to vessel
walls than are red blood cells. Furthermore,
oxygen transfer from red blood cells to vessel
walls is more efficient as well when they are
combined with a cell-free oxygen carrier.

Taken together with the current understand-
ing of the in vivo regulation of vascular tone, it
is clear that the optimal design of a cell-free
oxygen carrier must take into account that if
oxygen is too readily available, the paradoxical
response of vasoconstriction would be
expected.Thus, the design of a cell-free oxygen
carrier that does not engage regulatory vaso-
constriction may include such unexpected
properties as increased, rather than decreased,
oxygen affinity.
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INTRODUCTION

Blood exerts its principal functions in the micro-
circulation, the locale of exchange of the materi-
als that it transports, and therefore introduction
of a blood surrogate must insure efficacy at this
level. Engineering uses the concept of ‘imped-
ance matching’ to describe the process that
insures that efficiency in the transmission of
energy and signals between systems is maximal.
We propose that the same concept is applicable
when considering how to devise a fluid to replace
blood, particularly if this fluid has different
hydraulic and transport properties. This ‘match-
ing’ is critical and a sort of moving target in the
microcirculation, because the system of con-
duits rapidly reacts and adapts to the changed
blood properties to maintain the supply of oxy-
gen at a constant level.

Since its discovery, the microcirculation has
been viewed as the system that allows atmos-
pheric oxygen to be brought within a short diffu-
sion distance of the cellular components of an
organism where direct diffusion is not sufficient.
This view has expanded considerably, since it is
presently apparent that many disease processes
originate in the microvascular endothelium.
Furthermore, while it was previously thought
that capillaries were the principal suppliers of
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Chapter

oxygen to the tissue, information on the distri-
bution of oxygen tension in the microcirculation
obtained using new techniques has shown that
arterial vessels are also major contributors to
this process because the vessel wall is not a barrier
to the exit of oxygen, and arterial blood provides
the largest oxygen concentration gradients — the
driving force behind oxygen delivery from blood
into the tissue.

The primary function of both the micro- and
the macro-circulation is undoubtedly the supply
of oxygen to the tissues, a process whose energy
requirement is assumed to be circumscribed
mainly by the energy expenditure of the heart
and lungs. The energy expenditure of a blood
vessel, as tissue that requires oxygen for its
metabolism and expends energy in regulating
blood flow, is assumed to be similar to that of
most tissues. In this conceptualization, the main-
tenance of vascular tone is aided by a ‘ratchet
mechanism’ in smooth muscle by which steady
constriction is sustained without the expenditure
of energy.

These widely held generalizations are chal-
lenged by data derived from in vivo experiments
in the microcirculation on the gradients of oxygen
tension in the perivascular tissue and their appli-
cation to the measurement of oxygen delivery
and consumption at the microscopic level.These

Copyright © 2006, Elsevier (Inc.). All rights reserved.



findings have implications in deciding how to
design an oxygen carrier that substitutes red
blood cells and are discussed in this chapter in
terms of oxygen transport, while the effects
resulting from altered blood viscosity are dis-
cussed in Chapter 8.

THE DISTRIBUTION OF OXYGEN
IN THE CIRCULATION

Data on longitudinal oxygen distribution along
the circulation and the microcirculation show
that arteriolar blood vessels of most tissues
release a significant amount of oxygen, with the
result that in general the oxygen supplied by
capillaries is secondary to that provided by the
arterioles.This arteriolar release of oxygen deter-
mines a longitudinal oxygen gradient in the cir-
culation, as shown by Tsai et al. (2003). It has
been well established, since the studies of
Duling and Berne (1970), that the circulation
strives to maintain this pattern of oxygen distri-
bution by adjusting flow via a change in caliber
of the resistance arterioles. Vasodilatation
increases blood availability while maintaining a
relatively constant rate of oxygen exit, and vice
versa. Although the specific nature of the
microvascular oxygen sensor is not yet fully
established, adrenergic enervation in the arteri-
olar wall is an important component of the
mechanism that controls arteriolar tone, modu-
lating flow in such a fashion that the pattern of
oxygen distribution remains approximately nor-
mal. It is notable that the steepest portion of the
oxygen dissociation curve corresponds to the
location of the highest adrenergic nerve endings
in the microcirculation (Saltzman et al., 1992).
Changes in the composition of blood, its vis-
cosity, and the oxygen dissociation curve for
hemoglobin generate signals that are important
in designing and using blood substitutes. A
decrease in the oxygen-carrying capacity due to
hemodilution induces vasodilatation, and the
restoration of the lost red blood cells with an
oxygen carrier can produce an additional set of
signals depending on whether the carrier has a
high or low affinity for oxygen. A high oxygen
affinity (low P50) results in oxygen being prefer-
entially unloaded in the capillaries, and vice
versa. An additional factor that regulates the
delivery of oxygen to the tissue is the consump-
tion of oxygen by the vessel wall. Such con-
sumption is usually assumed to be similar to

that of the parenchyma, but several studies
show that it may be extraordinarily high, and
that it increases with vasoconstriction (Ye et al.,
1990; Friesenecker et al., 2004).

Figure 7.1 shows the normal pattern of oxygen
distribution in the microcirculation of the tissue
in the chamber window preparation of the ham-
ster. It also shows, for comparison, the pattern of
oxygen distribution after treatment with arginine
vasopressin, a vasoconstrictor, and the same
distribution after treatment with a vasodilator
that reduces the vessel wall oxygen consump-
tion to the theoretical lower limit, being similar
to that of the surrounding tissue.The significance
of these configurations is that the tissue is not
supplied with oxygen by blood but by the blood
vessels, and therefore their oxygen consumption
is a factor.

OXYGEN DELIVERY AND CONSUMPTION

The amount of oxygen that arrives in the micro-
circulation and its release from it can presently
be calculated at the microscopic level. The ham-
ster window chamber provides a suitable model
for carrying out this analysis because the tissue
is isolated from the environment and is not sub-
jected to problems due to the suffusion necessary
in exposed preparations (Endrich et al., 1980).
These calculations rely on a series of measure-
ments of the transport properties of blood and
microvessels, including the flow velocity, vessel
diameter, local hematocrit level and hemoglobin
plasma concentration, and require information
describing the oxygen dissociation curve for
hemoglobin.

Two oxygen balances can be made, one
describing pre-microvascular oxygen delivery
and the other the actual oxygen released from
blood into the tissue. The oxygen-carrying
capacity of blood is determined from the level of
hematocrit, and a systemic measurement suf-
fices for the calculation pre-microvascular oxy-
gen delivery. Hematocrit in the microcirculation
decreases as a function of blood vessel size, and
the correction developed by Lipowsky and Firrell
(1986) must be used for comparing pre- and
microvascular oxygen delivery.

Equations 7.1 and 7.2 give the O, gelivery (defined
as the amount of oxygen per unit time delivered
by the arterioles to the microcirculation normal-
ized relative to control) and O gyiraction (defined as
the amount of oxygen released by blood in the
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Figure 7.1 Distribution of oxygen tension in the microcirculation as function of vessel order, starting with
large AO arterioles (diameter ~ 100 wm) and ending with large VO venules (diameter 200 pm) in the hamster
window model. Data presented are for normal control conditions, and after treatment with a vasodilator
(Verapamil) and with a vasoconstrictor (Vasopressin). The vessel wall gradient is the fall of PO, across the
vessel wall, which is a function of oxygen consumption by the tissue. The lower panel shows the oxygen
tension outside each blood vessel order, namely the intravascular PO, minus the vessel wall gradient, or the
oxygen tension ‘seen’ by the tissue, illustrating the concept that the tissue derives its oxygen supply from the

blood vessels, and indirectly from blood.

microcirculation per unit time normalized relative
to control):

= [(RBChp X vy X Sp %)
+ (PIasmaHb X Y X SA %) (71)
+ (1 — Het) X a X PO,y 4]l X Q

o2 delivery —

= [(RBCpp X ¥ X Sp-v%)
A
+ (Plasmay, X y X Sy_y %) (7.2)
+ (1 — Het) X a X P02A—V] X Q

02 extraction

where RBCp, is the hemoglobin in red blood
cells expressed in g/dl of blood; Plasmay, is the
cell-free hemoglobin in g/dl of blood; vy is the
oxygen-carrying capacity of hemoglobin at 100
per cent saturation or 1.34 ml O,/g Hb; S4% is the
ﬁneriolar oxygen saturation of red blood cells;
S, % is the arteriolar oxygen saturation of the
oxygen carrier where the subscript A —V indi-
cates the difference between arterioles and
venules; (7 — Hct) is the fractional plasma volume
and converts the equation from per dl of plasma



to per dl of blood; « is the solubility of oxygen
in plasma equal to 2.14 X1073ml Oy/dl plasma
mmHg; PO, 4 is the arteriolar partial pressure of
oxygen, PO, 4,_y is the arteriolar/venular differ-
ence in PO,; and Qs the microvascular flow for
each microvessel as a percentage of baseline.The
hemoglobin saturation is determined from the
PO, and using the oxygen dissociation curve for
hamster blood, which can be calculated according
to the algorithm of Winslow et al. (1983), or mea-
sured with the Hemox Analyzer (TCS Corp., PA),
provided that the curve is corrected for the Hb
saturation at 150 mmHg. This equation can also
account for the addition of oxygen carriers requir-
ing information on their oxygen dissociation
curve vs PO, and their concentration in blood.
Analysis of the oxygen transport efficacy of
blood substitutes at the level of the microcircu-
lation with the hamster window chamber model
may be considered to yield a somewhat restricted
perspective, considering that hamsters belong
to a fossorial species with unusual normal blood
gases (namely arterial PO, ~ 60 mmHg), and
that the window tissue is part of a skin fold.
Logistically a rat window chamber model would
be more suitable, and mice may be an alterna-
tive. However, rat window chamber models,
originally developed by Hutchins et al. (1988),
have so far not been effective in large-scale
studies, being prone to infection.The aggressive
behavior of this species also leads to deter-
mined attempts to removing their window con-
struct. Mice pose a surgical challenge due to their
small size. It is a general misconception that the
tissue in the hamster window chamber is skin; it
comprises subcutaneous connective tissue, mus-
cle and adipose tissue, and therefore is repre-
sentative of the major tissue masses in the body.
As an example, intravital microscopy of the small
intestinal microcirculation during hemorrhagic
hypotension shows vasoconstriction of inflow
(first-order) and premucosal (third-order) arteri-
oles, but compensatory dilation of seromuscular
arterioles (fourth order) (Gosche and Garrison,
1991). This is the same pattern of responses
found in the chamber window preparation in
response to hemorrhage (Colantuoni et al., 1985).

ANEMIA AND HYPEROXIA

In most instances blood substitutes would be
used to restore oxygen supply to tissue that
has presumably been reduced to hypoxia due to

eroEetater

limitation of the oxygen-carrying capacity owing
to decreased hemoglobin content. The microvas-
cular responses to this condition have been
repeatedly explored in studies of extreme
hemodilution with non-oxygen-carrying plasma
expanders. Decreased oxygen availability is a
condition that leads to vasodilatation, which is a
well-known response. As anemia increases owing
to further dilution of the red blood cell mass, the
usual finding is that blood pressure is reduced,
and a concomitant reflex wvasoconstriction
aimed at maintaining blood pressure decreases
functional capillary density (FCD) and microvas-
cular function. This effect was thought to be due
to reduced cardiac function owing to the low-
ered oxygen supply; however, recent studies
have shown that this phenomenon is due to the
significantly reduced blood viscosity, which
depressurizes the microvasculature, and which
is reversed by increasing plasma viscosity with-
out increasing oxygen-carrying capacity (Tsai
et al., 1998; Cabrales et al., 2004a).

Hyperoxia is equally important in the design
of blood substitutes, since this condition causes
vasoconstriction (Figure 7.2) and can arise locally
as a consequence of the altered changes of blood
oxygen transport properties, and in the absence
of excess oxygen inspiration by the lungs. In this
context hyperoxia should be viewed in terms of
the oxygen sensed by the arteriolar wall — a fac-
tor that is affected by the shape of the oxygen
dissociation curve of hemoglobin and the
presence of molecular hemoglobin in plasma.
Low affinity hemoglobin will unload significant
amounts of oxygen in the pre-capillary circulation,
while the presence of molecular hemoglobin in
plasma forms an additional flux of oxygen from
the blood column to the vessel wall by the process
of facilitated diffusion (McCarthy et al., 2001).

The physiological responses to anemia, and
the potential for causing vessel wall hyperoxia,
play a role in defining the properties of a blood
substitute. Furthermore, these effects are sel-
dom isolated, usually forming part of a multifac-
torial process — as shown by the example of the
relationship between anemia, cardiac function
and viscosity.

THE HEMOGLOBIN - OXYGEN
EQUILIBRIUM CURVE

Autoregulation of the oxygen supply insures
that the organism adapts to moderate changes
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Figure 7.2 Arteriolar diameter in conditions of hypoxia, normoxia and hyperoxia caused by changing the
composition of inspired gases or FiO,. Changes from normal air inspiration determine significant changes in
tissue perfusion as the microcirculation strives to regulate oxygen delivery.

in blood properties, and therefore the efficacy of a
blood substitute cannot be determined unequiv-
ocally unless it is tested in conditions that are
outside this compensatory process. Extreme
hemodilution is an experimental model used to
accomplish this. It consists of reducing systemic
hematocrit to the point where oxygen delivery
becomes dependent on the intrinsic oxygen-
carrying capacity of the circulation. This point
is reached by means of isovolemic, iso-oncotic
hemodilution, and yields an organism with stable
hemodynamic conditions at rest. In these condi-
tions, changes in oxygen-carrying capacity or
other blood properties in one direction sustain
or improve systemic conditions, and in the other
direction cause a rapid deterioration of systemic
and microvascular parameters.

This model is well suited to analyzing the
effects of changes in the hemoglobin — oxygen
equilibrium curve (OEC). Evaluation of the
relative merits of high vs low oxygen affinity
hemoglobin has been performed in compar-
ing the high affinity blood substitute MP4 4
per cent Mal-PEG-hemoglobin, P50 = 5.4 mmHg
(Hemospan, Sangart Inc., San Diego, CA) with

the low affinity bovine-derived material PolyBvHb
(10 g/dl hemoglobin, P50 = 54 mmHg, Biopure
Inc., Boston, MA).

Figure 7.3 shows the findings regarding oxy-
gen mass balance in the pre-microvascular and
microvascular circulation using both these mate-
rials. In animals hemodiluted with MP4, 62 per
cent of the total arterial oxygen content was found
to be released in capillaries; hemodilution to the
same degree with low affinity material was
found to cause 31 per cent of the arterial oxygen
content to be released in capillaries; while in ani-
mals hemodiluted with Dextran 70, 40 per cent
of the arterial oxygen was found to be released
in capillaries. Further analysis of these data
show that MP4 releases oxygen to the capillaries
per se, and causes more RBC-Hb bound oxygen to
be released in the capillaries, while the reverse
occurs in the pre-capillary circulation. Oxyglobin
is a vasoconstrictor while MP4 is probably a
vasodilator; therefore these findings support the
concept of the inefficiency inherent to over oxy-
genating arterioles (Tsai et al., 2004).

Changes in the oxygen equilibrium curve (OEC)
can also be introduced by changing cooperativity.
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Figure 7.3 Oxygen delivery in extreme
hemodilution (Hct 11 per cent) with dextran 70 kDa,
1.1 g MP4/dl and 3.7 g PolyBvHb/dI. Calculations
based on measurement of cardiac output, central
arterial PO,, arteriolar PO, at the beginning of the
microcirculation, and exit venular PO,. PolyBvHb
is a vasoconstrictor, and therefore the significantly
increased total oxygen delivery capacity over
extreme hemodilution with MP4 (6.7 vs 4.8 g Hb/dI
for MP4) is mostly used to deliver oxygen to the
arterial circulation. The relative efficacies of the
two hemoglobin formulations become evident in
presenting the data in terms of oxygen delivery
normalized to total hemoglobin content (lower
panel). Data from Tsai et al. (2003).

Figure 7.4 shows a similar experimental approach
applied to the analysis of PEG-Hb compounds
with different cooperativity obtained by modify-
ing human hemoglobin by a process that pre-
cisely controls the number of PEG molecules
reacting with hemoglobin as well as the site of
conjugation, leading to a biochemically homo-
geneous molecular preparation (P10K2-Hb) that
uses two 10-kDa PEG polymers attached to one
hemoglobin molecule.

The principal finding of this study is that P10K2-
Hb administered in the extreme hemodilution
protocol yields a tissue PO, of 7.0 £ 2.5 mmHg,
while MP4 with a greater number of PEG copies
attached to its surface results in tissue PO,
of 1.7 = 0.5mmHg. The principal differences
between P10K2-Hb and MP4 are as follows:

P10K2 MP4
Number of PEG 2 5-6
polymers
Molecular weight 10 5
of each PEG
polymer (kDA)
Viscosity and Atdg At4.2g
colloid osmotic Hb/dl Hb/dl, 2.2 cp
pressure (COP) concentration, and
2.7 cp and 49 mmHg
33 mmHg
P50 (mmHg) 8.3 5.4

The increased tissue PO, obtained with this
material appears to be due to a series of incre-
mental improvements in microvascular and
macrovascular hemodynamics, comprising an
increase in arteriolar and venular blood flow, an
increase in FCD, and an increase in the cardiac
index. Although none of the individual changes
is statistically significant in relation to the others,
the trend of improvement across all microvascu-
lar parameters is cumulative and causes a statisti-
cally increased FCD and tissue PO, (Cabrales et al.,
2004b). Notably, although tissue PO, has been
found to be higher with P10K2-Hb oxygen deliv-
ery, oxygen release and systemic base excess
are the same for both compounds.This increased
tissue PO, obtained in the condition of extreme
hemodilution may be due to hemoglobin coop-
erativity, which changes the oxygen saturation
of hemoglobin at very low PQO,; furthermore, in
the tissue at rest the lowest P50 in the circu-
lating blood appears to determine venular PO,
and therefore tissue PO, when the oxygen-
carrying capacity is at the verge of oxygen
supply limitation.

TISSUE RESPIRATION

Tissue PO, is generally assumed to be representa-
tive of the level of oxygen supply to the tissue, and
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capacity is the same.

this parameter is also used as a diagnostic
index. However, the precise meaning of the tis-
sue PO, is not clear when analyzed in terms of
oxygen supply and consumption by the tissue.
The results illustrated in Figure 7.4 indicate that
oxygen consumption can be near normal, while
tissue PO, can be quite different. A similar prob-
lem arises in comparing the results from the study
of Tsai (2001) and Standl et al. (1996). The former
used PolyBvHb to restore oxygen-carrying capac-
ity in extreme hemodilution with a total blood
hemoglobin concentration 6.7 g/dl (3.4 g Hb/dl in
RBCs and 3.3 g Hb/dl from PolyBvHb), and found
tissue PO, to be 0.3 mmHg in the hamster win-
dow chamber, with an increase in oxygen extrac-
tion. By contrast, the latter subjected dogs to
extreme hemodilution with 6 per cent hetastarch
(Hct 10 per cent), then augmented hemoglobin with
Poly BvHb, and found that the mean tissue PO,
measured with a needle electrode increased to
56 mmHg after transfusion (PO, in non-treated

animals = 27 mmHg), and systemic oxygen
extraction increased by 59 per cent.

To resolve these discrepancies Cabrales et al.
(2004c) measured oxygen delivery and extraction
in the microcirculation by red blood cells and
plasma hemoglobin separately after a one-step
hemodilution with PolyBvHb to a hematocrit of
19 per cent. This study showed that hemodilution
with PolyBvHb abnormally lowered tissue perfu-
sion during the initial hours of the experimental
procedure to the extent that oxygen released by
the microcirculation was less than half of base-
line while, paradoxically, tissue PO, was signifi-
cantly increased above normal (see Figure 7.5).
Mass balance analysis showed that oxygen
release into the tissue was reduced to 30 per cent
of baseline, indicating that PolyBvHb caused a
significant reduction of oxygen consumption.
These authors also found that the wall gradient
decreased significantly, indicating that vessel wall
oxygen consumption was significantly depressed.
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PO, and oxygen extraction in the hamster window
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PolyBvHb. The decrease in oxygen extraction is due
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indicating that PolyBvHb inhibits tissue oxygen
metabolism upon administration.

Therefore, if vessel wall oxygen consumption is a
significant oxygen sink, as previously discussed,
its decrease makes more oxygen available to the
tissue, resulting in a higher tissue PO,.

SUMMARY

The efficacy of blood substitutes as agents for
delivering oxygen to the tissue can currently be
evaluated owing to the convergence of tech-
nologies that yield a quantitative assessment of
oxygen transport and consumption in the micro-
circulation. This analysis shows that in normal
conditions the oxygen and fluid transport prop-
erties of blood are matched to provide signals to
the microcirculation that maintain a specific oxy-
gen pattern which leads to an optimal partition
of oxygen between the microvessels and tissue.
Changing the relative magnitude of these prop-
erties affects microvascular function, shifting the
localities where oxygen is unloaded, as well the
mechanical condition of the microcirculation -
particularly FCD. The outcome of this may be
positive, increasing the efficiency of microvas-
cular function and therefore the efficacy of blood
as a transporter of oxygen; however, the con-
verse may also occur. Present findings are that
in order to optimize the efficacy of blood substi-
tutes in maintaining microvascular function, the
required changes in blood transport properties
lead to unconventional sets of parameters, such
as high plasma viscosity and oxygen affinity.
The availability of modified hemoglobin that
has no apparent toxicities suggests that new
combinations of transport parameters can be
devised which, recognizing that not all decreases
in oxygen-carrying capacity have the same ori-
gin, may therefore be tailored for specific thera-
peutic interventions in diverse pathologies such
as trauma, exsaguination and sepsis.

EDITOR’S SUMMARY

The primary site of oxygen supply to tissues is
in capillary networks, although some oxygen
is released from blood in larger vessels.
Development of animal models in which PO,
and blood flow can be studied together in indi-
vidual capillaries and systems of cascading
vessels of diminishing size has been critical in
understanding the details of how oxygen sup-
ply to tissue is regulated. The hamster skinfold
has been extremely useful in this regard, and a
large number of studies have been performed
using sophisticated methods to measure local
PO,, blood flow and vessel diameter. Such

studies have demonstrated that while oxygen
may be released in vessels with PO, at
20 mmHg or lower, local regulation of perfu-
sion occurs in vessels with PO, in the range of
30-40 mmHg, which corresponds to the steep
part of the hemoglobin oxygen equilibrium
curve. Arteriolar diameter is set by the concen-
tration of oxygen in plasma, not by hemoglo-
bin saturation. As blood passes through
progressively smaller vessels, the PO, drops
while diameters narrow, until PO, reaches a
minimum in capillaries. Thereafter, PO, begins
to rise again until venous blood is mixed in the
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right heart. Thus, the meaning of mixed venous
PO, is only a crude indicator of global (total
body) oxygen release, not reflecting the status
of any particular organ. The oxygen concentra-
tion in actively metabolic tissue may be quite

low — only a few mmHg - but mitochondria can
function quite well in this environment. Thus,
the meaning of tissue PO, may be deceptively
simple, and the level may not correlate well
with tissue function or overall health.

ACKNOWLEDGMENTS

Support was received from USPHS grant BRP
R24-HL64395, grants R01-HL62354 and RO1-
HL62318 to Marcus Intaglietta, and grant HL76182
to Amy G.Tsai.

REFERENCES

Cabrales, P, Tsai, A. G. and Intaglietta, M. (2004a).
Microvascular pressure and functional capillary
density in extreme hemodilution with low and high
plasma viscosity expanders. Am. J. Physiol. Heart
Circ. Physiol., 287, H363-H373.

Cabrales, P, Kanika, N. D., Manjula, B. N. et al
(2004b). Microvascular PO, during extreme hemodi-
lution with hemoglobin site specifically pegylated
at cys-93(beta) in hamster window chamber. Am. J.
Physiol. Heart Circ. Physiol., 287, H1609-H1617.

Cabrales, P, Tsai, A. G. and Intaglietta, M. (2004c).
Increased tissue PO, and decreased O, delivery and
consumption after 80% exchange transfusion
with polymerized hemoglobin. Am. J. Physiol. Heart
Circ. Physiol., 287(6), H2825-2833.

Colantuoni, A., Bertuglia, S. and Intaglietta, M. (1985).
Microvessel diameter changes during hemorrhagic
shock in unanesthesized hamsters. Microvasc. Res.,
30, 133-142.

Duling, B. R. and Berne, R. M. (1970). Longitudinal
gradients in periarteriolar oxygen tension. A possi-
ble mechanism for the participation of oxygen in the
local regulation of blood flow. Circ. Res., 27, 669-678.

Endrich, B., Asaishi, K., Gotz, A. and Messmer, K.
(1980). Technical report: a new chamber technique
for microvascular studies in unanaesthetized ham-
sters. Res. Exp. Med., 177, 125-134.

Friesenecker, B.,Tsai, A. G., Dunser, M.W. et al. (2004).
Oxygen distribution in the microcirculation follow-
ing arginine-vasopressin induced arteriolar vaso-
constriction. Am. J. Physiol. Heart Circ. Physiol.,
287, H1792-H1800.

Gosche, J. R. and Garrison, R. N. (1991). Prostaglandins
mediate the compensatory responses to hemor-
rhage in the small intestine of the rat. J. Surg. Res.,
50, 584-589.

Hutchins, P. M., Marshburn, T. H., Maultsby, S. J. et al.
(1988). Long-term microvascular response to
hydralazine in spontaneously hypertensive rats.
Hypertension, 12, 74-79.

Lipowsky, H. H. and Firrell, J. C. (1986). Microvascular
hemodynamics during systemic hemodilution
and hemoconcentration. Am. J. Physiol., 250,
H908-H922.

McCarthy, M. R., Vandegriff, K. D. and Winslow, R. M.
(2001). The role of facilitated diffusion in oxygen
transport by cell-free hemoglobins: implications for
the design of hemoglobin-based oxygen carriers.
Biophys. Chem., 92, 103-117.

Saltzman, D., DelLano, E A. and Schmid-Schonbein,
G. W. (1992). The microvasculature in skeletal mus-
cle. VI. Adrenergic innervation of arterioles in nor-
motensive and spontaneously hypertensive rats.
Microvasc. Res., 44, 263-273.

Standl, T., Horn, P, Wilhelm, S. et al. (1996). Bovine
haemoglobin is more potent than autologous red
blood cells in restoring muscular tissue oxygena-
tion after profound isovolaemic haemodilution in
dogs. Can. J. Anaesth., 43, 714-723.

Tsai, A. G., Friesenecker, B., McCarthy, M. et al. (1998).
Plasma viscosity regulates capillary perfusion
during extreme hemodilution in hamster skin fold
model. Am. J. Physiol., 275, H2170-H2180.

Tsai, A. G., Johnson, P. C. and Intaglietta, M. (2003).
Oxygen gradients in the microcirculation. Physiol.
Rev., 83, 933-963.

Tsai, A. G., Sakai, H., Wettstein, R. et al. (2004). An
effective blood replacement fluid that targets oxy-
gen delivery, increases plasma viscosity and has
high oxygen affinity. Transfus. Alt. Transfus. Med,
5(6), 507-514.

Winslow, R. M., Samaja, M., Winslow, N. J. et al.
(1983). Simulation of continuous blood equilibrium
curve over physiological pH, DPG, and PCO, range.
J. Appl. Physiol. 54, 524-529.

Ye, J. M., Colquhoun, E. Q. and Clark, M. G. (1990). A
comparison of vasopressin and noradrenaline on
oxygen uptake by perfused rat hind limb, intestine,
and mesenteric arcade suggests that it is part due to
contractile work by blood vessels. Gen. Pharmacol.,
21, 805-810.



Shear Stress

Mechanotransduction and the
Flow Properties of Blood

Pedro Cabrales, PhD, Amy G. Tsai, PhD, Marcos
Intaglietta, PhD and John A. Frangos, PhD*

Department of Bioengineering, University of California, San Diego,

La Jolla, California, USA

*La Jolla Bioengineering Institute, La Jolla, California, USA

INTRODUCTION

The endothelium at the interface between solid
tissue and blood is continuously subjected to
mechanical stimuli/forces that arise from the
motion of blood.This force generates shear stress,
which is a frictional force that blood flow exerts
on the endothelial surface of the vessel wall.
There is also transmural flow within the inter-
stitial space between the endothelium and the
smooth muscle cells of the arterial wall. The fric-
tional resistance at the blood-endothelial inter-
face determines that flow velocity is greater in
midstream than at the lumen surface, and thus a
gradient of velocities exists from the center of the
vessel to the vessel wall. The magnitude of wall
shear stress depends on the magnitude of this
velocity gradient at the vessel wall. Wall shear
stress for a cylindrical tube is calculated as:

Wall shear stress = 8n V/d (8.1)

where 7 is the fluid viscosity (poise), V is the
centerline velocity (cm/s), and d is the tube
diameter (cm). Wall shear stress is expressed as
dynes/cm?.

Low mean positive shear stress and oscillatory
flow stimulate a cascade of cellular events that
lead to endothelial cell dysfunction and athero-
sclerotic plaque formation (Gibson et al., 1993).
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Conversely, high levels of mean positive shear
stress have been shown to stimulate cellular
responses that are essential for endothelial cell
function and are atheroprotective. Endothelial
cells are sensitive not only to the absolute magni-
tude of shear stress, but also to gradients in shear
stress generated within regions of recirculating
flow (White et al., 2001).

Variations in mean shear stress are a direct con-
sequence of changes in flow brought about by
systemic changes in cardiac performance, local
vasoactive reactions that modulate organ flow,
changes in blood volume, and changes in blood
viscosity arising from changes in composition
and, particularly, hematocrit (blood hemoglobin
content). These factors vary significantly in hemor-
rhagic shock, trauma and surgical interventions —
i.e., all situations pertaining to the practice of
transfusion medicine. The overall hypothesis of
mechanochemical signal transduction is that the
transfer of fluid flow forces to the cell occurs at
the luminal cell surface, where the plasma mem-
brane and associated membrane proteins such as
G proteins and eNOS transduce the membrane
signaling into intracellular biochemical signals.
These flow-induced responses are mediated by
G protein activation, as demonstrated by their
inhibition by GDPS (Kuchan et al., 1994), a non-
hydrolyzable analog of GDP. The most elemen-
tary components necessary for mechanochemical

Copyright © 2006, Elsevier (Inc.). All rights reserved.
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signal transduction are a phospholipid bilayer and
heterotrimeric G proteins. It was recently demon-
strated that the physical properties of the endothe-
lial plasma membrane itself are changed under
flow (Haidekker et al., 2000, 2001), leading to the
hypothesis that membrane associated proteins,
such as G proteins, are activated by increased
membrane fluidity.

SHEAR STRESS AND THE RELEASE OF
VASOACTIVE MEDIATORS

Furchgott and Zawadzki (1980) demonstrated
that relaxation of vascular smooth muscle follow-
ing acetylcholine administration was dependent
on the integrity of the endothelium, which
responded by upregulating the production of the
free radical gas nitric oxide (NO), which was sub-
sequently identified as the endothelium-derived
smooth muscle relaxing factor. In the endothe-
lium the isoform of nitric oxide synthase (eNOS)
converts the amino acid L-arginine to L-citrulline
and nitric oxide, shear stress being the most
potent and direct regulatory factor of eNOS
activity (Kuchan and Frangos, 1994) and gene
expression (Noris et al., 1995), while low levels of
shear stress and turbulent flow have the oppo-
site effect. The sudden onset of flow induces a
burst of nitric oxide production. This process is
both calcium- and G protein-dependent. In con-
trast, steady shear stress induces a sustained
release of nitric oxide that is calcium and G
protein-independent (Kuchan and Frangos, 1994).
Transient production of nitric oxide is directly
related to the rate of change in shear stress rather
than to its absolute magnitude, whereas the sus-
tained release of nitric oxide is directly related to
the level of mean positive shear stress (Kuchan
and Frangos, 1994).

Shear stress also induces the release of prosta-
cyclin (PGI2) from the endothelium. PGI2 is an
endothelium-derived vasodilator that relaxes
the underlying vascular smooth muscle through
the activation of adenylate cyclase and the sub-
sequent initiation of a cAMP signaling cascade.
The mechanotransduction mediated release of
PGI2 is particularly important in the develop-
ment of blood substitutes based on molecular
hemoglobin because while nitric oxide is scav-
enged by molecular hemoglobin, PGI2 is not.
Furthermore, PGI2 was the first inhibitor of
platelet aggregation shown to be released from
endothelial cells by exposure to shear stress

(Frangos et al., 1985; Grabowski et al., 1985). As in
the case of nitric oxide, the release of prostacyclin
from endothelial cell cultures is enhanced when
the flow pattern is pulsatile versus steady (Frangos
et al.,, 1985). Flow-induced release of PGI2 is
biphasic. After an initial rapid release, production
slowly declines over several hours before recover-
ing to maintain a steady release rate (Berthiaume
and Frangos, 1994). The first phase of rapid
release is tightly linked to calcium mobilization.
In vitro, production of flow-induced PGI2 is sig-
nificantly inhibited when cultured endothelium
cells are exposed to an inhibitor of intracellular
Ca®* mobilization (Bhagyalakshmi and Frangos,
1989).The second phase is directly related to the
magnitude of shear stress, and an exogenous
source of the arachidonic acid (a precursor to
PGI2 synthesis).

MECHANOTRANSDUCTION AND
MECHANOSENSORS

A number of endothelial mechanosensors have
been proposed, including caveolin/caveolae,
integrins, the cytoskeleton, PECAM-1 (CD31),
the phospholipid membrane and the glycocalyx.
However, the primary mechanosensor which
transduces this mechanical stimulus into a bio-
chemical signal remains unknown (Davies, 1995).
Caveolin has been implicated as the endothelial
mechanosensor for the activation of caveolin-
associated MAP kinase and eNOS in a rat lung
perfusion model (Oh and Schnitzer, 2001). These
studies, however, are inconclusive, since there
was no clear differentiation between stimuli due
to shear stress or stretch, or indication of whether
mechanotransduction in the pulmonary capillar-
ies is similar to that in arterial vessels. Several
studies support a1 and avB3 integrin-mediated
mechanotransduction in endothelial cells (Shyy
and Chien, 2002). Two methods have been used
to support this conclusion. The first involves the
use of passaged human umbilical vein endothelial
cells (HUVEC) plated for just 2 hours onto surfaces
coated with ECM, and immediately subjected to
step shear stress. When plated on fibronectin or
vitronectin the cells were mechanoresponsive,
while those on laminin or collagen were not
(Jalali et al., 2001). The second method involved
the treatment of endothelial cell with antibodies
against specific integrins (Liu et al, 2002). In
both cases it is likely that PECAM-1 homophilic
interactions at the cell-cell junctions in addition



to the integrin—-ECM interactions were disrupted.
Thus it is still unclear what role, if any, integrins
have in endothelial mechanotransduction. Dis-
ruption of the cytoskeleton has been proposed
to impair flow-induced responses; however,
Knudsen and Frangos (1997) showed that
cytoskeletal disruption enhanced shear-induced
nitric oxide release is mostly due to the enhanced
membrane fluidity caused by the uncoupling of
the cytoskeleton from the membrane. Further-
more, Gudi et al. (1998) demonstrated that
mechanochemical transduction can occur in
defined liposomes containing G proteins and
phospholipids, and in the absence of integrins
and cytoskeleton. While it is clear that the
cytoskeleton may modify the mechanochemical
transduction process, to date there has been no
evidence directly demonstrating its role as the
mechanosensor.

Fujiwara proposed that the platelet endothe-
lial cell adhesion molecule (PECAM-1) at the
cell-cell adhesion site is the mechanoresponsive
molecule (Fujiwara et al., 2001). PECAM-1 is a
130-kD glycoprotein member of the immunoglob-
ulin family of cell adhesion molecules. It is
constitutively expressed on all vessel types, and
is localized to cell-cell contacts and to apical,
lumen-facing cell areas. PECAM-1 mediates cell
adhesion and has signaling capabilities (Newman
and Newman, 2003). Fujiwara’s group demon-
strated that PECAM-1 is tyrosine phosphory-
lated at one of its two ITIM domains within 30s
by fluid shear stress, or hyper- and hypo-osmotic
shock. In a guinea pig model with surgical coarc-
tation in the aorta, PECAM-1 phosphorylation
was prominent in endothelial cells lining the
high shear region (Kano et al., 2000). Once phos-
phorylated the ITIM domain is the binding site
for SHP-2, which when activated leads to acti-
vation of ERK 1/2. The tyrosine kinase involved
appears to be independent of increases in
calcium, activation of protein kinase C, mem-
brane hyperpolarization, and stretch-activated
channels. These are all necessary attributes of
the mechanosensor molecule, which must lie
upstream of all other signaling.

THE ROLE OF THE GLYCOCALYX

The endothelial glycocalyx is an organized mesh
on the luminal endothelial cell surface, consist-
ing of proteoglycans, glycosaminoglycans and
associated plasma proteins such as albumin
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(Vink et al., 1995).This endothelial layer functions
as a protective barrier between endothelial cells
and flowing blood by contributing to the endo-
thelial permeability barrier (Vink et al., 2000) and
modulating leukocyte interactions with the
endothelium (Mulivor and Lipowsky, 2004), and
has been proposed to be a mechanosensor
(Mulivor and Lipowsky, 2002).

The glycocalyx has been implicated as a
mechanosensor structure (Pohl et al., 1991), and
a recent report appears to support that con-
cept. Mochizuki et al. (2003) have shown that
hyaluronidase-induced degradation of hyaluronic
acid glycosaminoglycans in canine excised ves-
sels inhibited flow-induced nitric oxide release.
The specific direction of this interaction is not
clear, since studies on canine coronary flow lead
to the conclusion that ‘weakening the integrity
of glycocalyx matrix (by hyaluronidase) allows an
enhanced transmission of shear forces of flow-
ing blood to the endothelial cells’ (Spaan et al.,
2001), that ‘hyaluronidase treatment of the
endothelial glycocalyx increases flow-dependent
dilatation” and that ‘this may be due to enhanced
shear-dependent endothelial NO release’ (Dekker
et al., 2001). Thus the role of the glycocalyx in
modifying the shear stress response in endothe-
lial cells is not clear; however, the glycocalyx
hypothesis of mechanotransduction is particu-
larly important in the analysis of the effects of
altered blood fluid properties because it is a sys-
tem of molecules that is located at the interface
between blood and the endothelial surface that
contains the mechanosensory transducers.

Tarbell and coworkers (Florian et al., 2003)
showed that enzymatic removal of heparan sul-
fate (the dominant glycosaminoglycan of the
endothelial glycocalyx) with heparinase com-
pletely inhibited shear-induced nitric oxide pro-
duction. There is a growing body of evidence
showing that the steady state glycocalyx dimen-
sion is the result of synthesis and degradation of
its constituents (Mori et al., 1999). It was recently
demonstrated that ischemia (Mori et al., 1999) and
oxidative stress (Vink and Duling, 2000) reduce
the endothelial glycocalyx by a mechanism involv-
ing increased shedding, resulting in increased
permeability and adhesiveness of blood cells to
the endothelial membrane. Most circumstances
where blood substitutes are administered involve
some degree of ischemia. Together with the evi-
dence that heme-containing blood substitutes
induce oxidative stress (Alayash, 2004), it is pos-
sible that treatment with such materials can
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induce a reduction in the thickness of the glyco-
calyx and the subsequent alteration of flow-
induced mechanotransduction.

CHANGES OF SHEAR STRESS IN THE
MICROCIRCULATION

The precise level of shear stress in the microcir-
culation can only be approximately determined
because of the disparity of vessel size and flow
velocities, and the uncertainty of the value of
local viscosity since hematocrit in the microcir-
culation decreases as a function of blood vessel
size, requiring the correction developed by
Lipowsky and Firrell (1986) for estimating local
blood viscosity on the basis of systemic samples.

One of the first well-defined differences in
microvascular function determined by wall shear
stress was obtained in the study by Tsai et al.
(1998), who performed hemodilution to the critical
level of oxygen supply limitation with plasma
viscosities of 2.2 cp and 1.4 cp.The central hemat-
ocrit in this study was 12 per cent, a condition
that was shown by Lipowsky and Firrell (1986) to
produce a similar microcirculatory hematocrit.
This study showed that under otherwise identi-
cal conditions of intrinsic blood oxygen-carrying
capacity, with plasma and therefore blood vis-
cosity as the only variable, microvascular func-
tion was fundamentally different between
groups. The high-viscosity group had near nor-
mal functional capillary density and increased
microvascular flow, while the opposite resulted
with low-viscosity perfusion.

Wall shear rate was estimated using the mean
diameter and velocity, and averaged 600s in
arterioles and 127s in venules, leading to a
wall shear stress of 22.8 and 4.5dynes/cm?
respectively. The extreme hemodilution protocol
reduced the shear stress in the high-viscosity
group to 13.7 and 4.8 dynes/cm?, while the low-
viscosity group had shear stress of 8.6 and
1.7 dynes/cm?. The results of this study showed
that there was a significant difference in shear
stress caused by the different plasma viscosi-
ties, and that a two-fold decrease for the change
in shear stress may be a threshold for causing
changes in microvascular function.

Increase in vessel wall shear stress by elevation
of plasma viscosity using high molecular weight
dextran 500 has been shown to induce sustained
NO-mediated dilation in the hamster cremaster

muscle in vivo (de Wit et al., 1997) where increas-
ing the plasma viscosity by 64.3 per centled to a
24.3 per cent dilation in large feeding arterioles.
Systemic vasodilatation, implying a reduction
in total peripheral resistance during moderate
hemodilution, has also been shown to be a result
of endogenous nitric oxide release (Doss et al.,
1995). Microvascular shear stress for oxygen-car-
rying and non-oxygen-carrying blood substitutes
are shown in Figure 8.1 for conditions in which
hematocrit was reduced to 11 per cent (extreme
hemodilution).

Increasing plasma viscosity may be beneficial
for tissue perfusion, provided that overall
viscosity-dependent vascular resistance does not
increase to pathological levels. The basis for this
phenomenon is that vascular resistance increases
linearly with blood viscosity, while small changes
in vascular diameter have a disproportionate
effect — as shown by Hagen-Poiseuille’s equation,
which defines the flow Q in tube as:

Q= wR*(8n) " AP/AL (8.2)

where R is the tube radius, 7 is the fluid viscosity
and AP/AL is the local longitudinal pressure gra-
dient. Previous findings support this concept.
Comparison of tissue oxygenation achieved dur-
ing moderate hemodilution with 3 per cent and 6
per cent dextran 60, a 33 per cent difference in
plasma viscosity, showed similar elevations in
PO, levels on the surface of liver and skeletal
muscle (Gustafsson et al, 1981). Investigators
found that a higher-viscosity replacement fluid
was able to achieve increased organ blood flow
not observed with lower-viscosity fluid. High-
molecular dextran 500 solutions have also been
proposed to lower mortality and limit the severity
of pancreatitis (Schmidt et al.,, 1993). Waschke
et al. (1994) found that cerebral perfusion was not
compromised when they increased plasma vis-
cosity while keeping the oxygen content of blood
constant. They achieved this by performing a
complete blood exchange with an exchange fluid
consisting of cell-free hemoglobin and 2 per cent
polyvinyl-pyrrolidone (400 000 MW). Chen et al.
(1989) exchanged whole blood with a 20 per cent
w/v solution of dextran 500 in blood, elevating
plasma viscosity four-fold (4cp), and observed
compensatory vasodilation reflected by a reduc-
tion of vascular hindrance in several vital organs.

The functional significance of the level of shear
stress is evidenced by the evaluation of functional
capillary density present in the tissue as a function
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Figure 8.1 Arteriolar and venular wall shear stress relative to control conditions (1.0) in the same microvessels
in the hamster window model. All tests consisted of first lowering hematocrit in two steps, to 20 per cent
hematocrit using 6 per cent dextran 70 kDa (Dx70), and then to 11-12 per cent using the different test

materials. The rationale for this experiment is that 11-12 per cent Hct is the point at which the circulation is
on the verge of oxygen supply limitation for this species. The materials tested were 6 per cent dextran

500 kDa (Dx 500), Pharmacia (now Pfizer Inc.); 10 per cent hydroxyethyl starch 200 kDa (HES); 5* human
serum albumin (Albumin); 4 per cent polyethylene glycol conjugated human albumin (PEG-Alb); 0.7 per cent
alginate (Algin), FMC Biopolymer, Brakrgya, Norway; 30 per cent perfluorocarbon (PFC), Oxycite, Synthetic
blood International, Costa Mesa, CA; 13.2 per cent polymerized bovine hemoglobin (PBH), Oxyglobin,
Biopure Inc., Boston, MA; 4 per cent conservatively pegylated hemoglobin, two polymers of either 5 kDa or
10kDa (P5K2 and P10K2) (Cabrales et al., 2004); 8 per cent aa-crosslinked hemoglobin (aaHb) prepared
according to LAIR (Letterman Army Institute of Research, San Francisco, CA); hemoglobin vesicles with P50

9 mmHg (HbV, pso) and 29 mmHg (HbVyyps0), ARISE, Waseda University, Tokyo, Japan; and MP4 (4 per cent

Mal-PEG-Hb, Sangart Inc., San Diego, CA).

of this parameter, shown in Figure 8.2. Functional
capillary density is the number of capillaries per
unit volume of tissue through which there is blood
flow, and has been shown to be a critical param-
eter in evaluating efficacy of blood replacement
fluids at the level of the microcirculation (see
Chapter 7).

EFFECTS IN THE PLASMA LAYER

The plasma layer comprises the compartment in
the vicinity of the blood vessel wall. In this region

the concentration of red blood cells changes
progressively from that in the core to virtually
zero at the vessel wall boundary during flow
conditions.This rarefaction of red blood cell con-
centration occurs because of geometric and
hydrodynamic effects. For red blood cells to be
evenly distributed across the cross-section of
blood vessels, the vessel wall surface would
have to coincide with the statistical average of
the geometrical center of red blood cells. Since
this is impossible, the concentration of red
blood cells decreases beyond a distance that is
approximately equal to the average geometrical
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Figure 8.2 Functional capillary density (FCD) as a function of blood viscosity measured systemically. Extreme
hemodilution (Hct 11-12 per cent). The materials tested were 6 per cent dextran 500 kDa (Dx 500),
Pharmacia (now Pfizer Inc.); 10 per cent hydroxyethyl starch 200 kDa (HES); 5* human serum albumin
(Albumin); 4 per cent polyethylene glycol conjugated human albumin (PEG-Alb); 0.7 per cent alginate
(Algin), FMC Biopolymer, Brakrgya, Norway; 30 per cent perfluorocarbon (PFC), Oxycite, Synthetic blood
International, Costa Mesa, CA; 13.2 per cent polymerized bovine hemoglobin (PBH), Oxyglobin, Biopure
Inc., Boston, MA; 4 per cent conservatively pegylated hemoglobin, two polymers of either 5 kDa or 10 kDa
(P5K2 and P10K2) (Cabrales et al., 2004); 8 per cent aa-crosslinked hemoglobin (aaHb) prepared according
to LAIR (Letterman Army Institute of Research, San Francisco, CA); hemoglobin vesicles with P50 9 mmHg
(HbV ps5o) and 29 mmHg (HbVyyps0), ARISE, Waseda University, Tokyo, Japan; and MP4 (4 per cent Mal-PEG-
Hb, Sangart Inc., San Diego, CA). High-viscosity blood attained with plasma expanders yields the same FCD
as low-viscosity blood with pegylated hemoglobin in plasma, suggesting that the PEG materials may increase

shear stress by interacting with the glycocalyx and lowering the extent of the plasma layer.

radius of the red blood cells. Considering the
discoid shape of red blood cells, this distance may
be assumed to be the average of the RBC radius
(~4.2 um) and half the thickness (or 1.2 um), or
about 2.7 um, giving rise to the so-called ‘wall
exclusion effect’ (Maude and Whitmore, 1956).
Experimental model studies that began with
Goldsmith and Mason in 1961 showed that sus-
pensions of particles flowing in tubes are sub-
jected to hydrodynamic effects that cause the
migration of particles towards the tube center-
line. The geometric constraint and hydrody-
namic phenomena are considered to be the
cause of the Fahraeus effect, by which the flow
of a suspension in branching networks, like
blood in the microcirculation, decreases particle
concentration in side branches.The plasma layer
is visually evident in intravital studies of blood
flow in the microcirculation; however, this space
could also be occupied in part by a low-density
molecular species whose optical properties are
not too different from those of plasma. /n vivo
measurements of capillary tube hematocrit versus

discharge hematocrit in the microcirculation were
found not to be in agreement, leading Klitzman
and Duling (1979) to postulate the existence of a
deformable protein layer that lines the microves-
sels, whose thickness may be as much as 1 um
(Secomb and Pries, 2001). This deformable pro-
tein layer is therefore an additional component
defining the extent of the plasma layer.

BLOOD SUBSTITUTES AND
MECHANOTRANSDUCTION

Mechanotransduction in the endothelium is a
fundamental mechanism that controls the pro-
duction of a vast repertoire of mediators. The
mechanical origin of this process is centered on
the shear stress developed at the surface of the
endothelium. A critical aspect of this process is the
extent of the plasma layer where vessel wall shear
stress develops, and the viscosity of the fluid in
this layer. This plasma layer has already been



identified to be critical for the process of facilitated
diffusion in the presence of molecular hemoglobin
(McCarthy et al., 2001). Considering that the trend
in the development of blood substitutes leads to
the formulation of large-volume molecular species
with unusual surface molecular properties, such
as PEG-hemoglobin, it is likely that their effects
may be also due to the interaction with parame-
ters that determine the extent of the plasma layer.

The introduction of blood substitutes into the
circulation may produce significant effects on
the development and maintenance of shear
stress in the microcirculation. Substitution of the
oxygen-carrying capacity of red blood cells by
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molecular hemoglobin lowers blood viscosity
and shear rate in the plasma layer because of
the dilution of the red blood cell mass and return
of the blunt velocity profile to the theoretical par-
abolic profile (Schmid-Schoenbein and Zweifach,
1975; Briceno et al., 2004). Conversely, vasocon-
striction due to nitric oxide scavenging may
increase shear stress due the effect of diameter.
Extrusion of the large molecular species or their
aggregates into the plasma layer may increase
viscosity and interaction with the glycocalyx.
Furthermore, consideration should be given to
whether the pathology being remedied may
have affected the glycocalyx per se.

EDITOR’S SUMMARY

Recent studies have established important links
between local shear forces in the microcircula-
tion and the release of vasoactive mediators
such as nitric oxide and prostaglandins. These
mechanisms provide a new understanding of
how plasma viscosity might be related to the
regulation of blood flow, particularly local
blood flow in the microcirculation. Thus when
blood is lost, as in hemorrhage, hemodilution
lowers plasma viscosity as well as the shear

forces exerted on endothelium. This in turn
reduces the release of nitric oxide, producing
local vasoconstriction. As a normal mechanism
this would conserve central blood volume in
shock, but would reduce local tissue perfusion.
With this new information in mind, cell-free oxy-
gen carriers must be designed with their effects
on plasma viscosity and the implications for
mechanotransduction kept in mind.
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INTRODUCTION

On a moment-by-moment basis, oxygen deliv-
ery to the tissue is the most important function
of the circulatory system. Oxygen stores in the
tissue are limited, and are quickly exhausted
when blood flow is interrupted. In the absence
of oxygen, organ function is dependent on
the ability of the tissue to obtain energy from
anaerobic metabolism. This ability varies from
organ to organ, but in most cases tissue can
sustain only limited function. This limitation
is especially pronounced for the brain and
myocardium, where oxygen consumption is high
and oxidative metabolism provides the only
effective means of sustaining normal function.
Therefore it is not surprising that robust local reg-
ulatory mechanisms provide increased blood flow
when energy requirements in an organ increase.

While recognizing the primacy of oxygen
delivery to the tissue, it is important to note that
the circulatory system also serves other impor-
tant functions without which a normal milieu
interne for the tissues could not be maintained
and the organism would not long survive.These
functions include removal of the waste products
of metabolism, maintenance of normal hydra-
tion of the tissues, transport of substances
between organs (such as from the intestine to the
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liver), provision of a first line of defense against
invading organisms, and maintenance of a com-
munication network for the endocrine system -
to list but a few. Given these diverse functions, it
should also not be surprising that the local mech-
anisms for regulation of blood flow include sev-
eral that are not directed primarily toward oxygen
delivery to the tissues.

The importance of local flow regulatory mecha-
nisms tied to oxygen delivery versus other func-
tions varies from organ to organ. Some
appreciation of this fact may be seen in the rela-
tion between blood flow and oxygen delivery
when the organism is in the rest state, as shown in
Figure 9.1. As shown in that figure, venous oxygen
content varies among organs, indicating that the
fraction of cardiac output delivered to a particu-
lar organ is not determined solely by the oxy-
gen requirements of the organ. In the case of the
kidney, the fraction of oxygen consumed is only
10 per cent of the oxygen delivered, as calculated
from the arterial-venous oxygen content differ-
ence and the arterial oxygen content. At the other
extreme, the myocardium extracts 65 per cent of
the oxygen delivered and is closer to the brink
of hypoxia. However, available evidence indicates
that the level of blood flow in myocardium when
the individual is in the resting condition is not
determined by metabolic demand alone.

Copyright © 2006, Elsevier (Inc.). All rights reserved.
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HEN N e

TISSUE OXYGEN SUPPLY AND DEMAND

Under normal circumstances oxygen delivery to
various organs is more than adequate to meet
the requirements for oxidative metabolism.
Measurements in microcirculatory preparations
(primarily muscle) from a number of laborato-
ries indicate that PO, in the interstitial fluid of
resting tissue is generally between 20 and
30 mmHg (Tsai et al., 2003). These measurements
include tissue regions at the venous end of the
capillary network, where the oxygen tension is
expected to be lowest. By contrast, the critical
PO, in interstitial fluid for a shift to anaerobic
metabolism is 3mmHg or less (Richmond et al.,
1999). Additional evidence that no tissue areas in
resting muscle are on the verge of hypoxia is
provided by studies in which complete stoppage
of blood flow leads to a shift to anaerobic metab-
olism in the tissues only after a delay of 10-45s in

rat and cat skeletal muscle respectively (Toth et al.,
1996; Richmond et al., 1999). While maintaining
tissue PO, well above the minimal requirements
for oxidative metabolism, blood flow regulatory
mechanisms also appear to provide an upper
limit on oxygen levels in the tissues. This may
have a protective effect on the tissues, since the
toxic effects of oxygen through formation of reac-
tive oxygen species (ROS) are well known.

In considering the mechanisms responsible
for blood flow regulation and oxygen delivery, a
clear distinction needs to be made between con-
ditions that apply when the organism is at rest
as described above and those that obtain under
circumstances of increased oxygen demand.The
dominant mechanisms of flow regulation are
different in the two circumstances. When meta-
bolic demand increases, specific feedback mech-
anisms come into play. A classical example of
how blood flow is determined by demand is the
increase in blood flow in working skeletal muscle,
or functional hyperemia. As shown in Figure 9.2,
the flow increase appears to be a linear function
of oxygen consumption of the muscle. However,
initially the increased oxygen requirement of the
tissue is met in part by extracting additional oxy-
gen from the blood, as is evident in the decrease
in PO, and oxygen saturation of the venous
blood. Observations such as this have led to the
supposition that a reduction in tissue PO, leads
to metabolic changes and production of vasodila-
tor metabolites. The evidence for mechanisms in
which tissue PO, is linked to vascular tone is
considered further below.

A second circumstance in which an organ
faces a possible shortfall in oxygen delivery
relative to consumption is during reduction of
arterial pressure. As shown in Figure 9.3, steady
state blood flow in the coronaries and skeletal
muscle is well regulated in the arterial pressure
range 60-160 mmHg. If the normal arterial pres-
sure is 100 mmHg, for example, reduction or
increase of arterial pressure as shown for skele-
tal muscle will lead to vasodilation or vasocon-
striction respectively, and a return of blood flow
to its initial value.This response pattern, autoreg-
ulation of blood flow, is seen in virtually all organs
of the body.

While the autoregulatory response in other
organs is similar that to Figure 9.3, the causal
mechanisms are not necessarily the same. One
causal mechanism is the myogenic response or
pressure sensitivity of the arterioles.This response
causes constriction when internal pressure is
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Figure 9.2 Relation between blood flow and oxygen consumption in contracting muscle, together with
oxygen content and PO, of venous blood (from Sparks, 1978, with permission).

elevated, and dilation when pressure is reduced.
It has been shown by means of a simple model
that this mechanism is capable of providing an
essentially constant flow over a considerable
range of arterial pressure (Oien and Aukland,
1983). This mechanism acts in such a manner
that capillary pressure is also held constant, and
the autoregulation of flow may be incidental
to that function (Johnson, 1986). In the brain this
mechanism may also be important in preventing

undue elevation of pressure in the capillary bed
with sudden increases in arterial pressure. Since
the myogenic response is a normal component
of arteriolar vascular tone, it may contribute to
autoregulation generally in the body. Mechanisms
directly linked to flow may also be important since
when arterial pressure is reduced, blood flow
would fall, as would PO, in the tissue and sec-
ondarily in the arterioles. If the fall in tissue PO,
is pronounced, it could induce a metabolic shift
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(Modified from Johnson, 1980, with permission.)

and production of vasodilator metabolites. In
organs such as the brain, reduction of arterial
pressure leads to a relaxation of myogenic tone,
increased levels of adenosine (a potent vasodila-
tor), neural mechanisms and activation of K*
channels (Faraci and Heistad, 1998). In the kid-
ney, tubulo-glomerular feedback is a specialized
mechanism involved in maintenance of glomeru-
lar filtration rate through a vasoconstrictor effect
on the pre-glomerular vessels (Inscho et al., 2004),
and contributes together with the myogenic mech-
anism to the very precise autoregulation of blood
flow seen in that organ.

A third condition in which oxygen supply may
not meet demand is reactive hyperemia. This is
somewhat related to autoregulation of blood
flow, in which blood flow is elevated after a
period of flow arrest. It has been shown that
with brief periods of occlusion, in which the oxy-
gen requirements of the tissue are met by oxy-
gen stores in the tissue and blood, the hyperemia
involves relaxation of the myogenic response
(Johnson et al., 1976). More recently, the initial
dilation has also been shown to be due to for-
mation of nitric oxide in the endothelium due to
deformation of the endothelial cells with collapse
of the arterial vessels (Koller and Bagi, 2002).
The hyperemic response to brief occlusions is
characterized by a fixed duration of hyperemia
and increased peak flow as the occlusion duration

increases. When the period of hyperemia is suf-
ficient to exhaust the oxygen stores a shift to
anaerobic metabolism in the parenchymal cells
occurs, leading to production of vasodilator
metabolites. In this case the hyperemia duration
increases in proportion to the magnitude and
duration of the rise in tissue NADH, which is an
indicator of the anaerobic state (unpublished
observations, A. Toth, M. Pal, M. Intaglietta and
P. C. Johnson).

A fourth condition in which oxygen delivery
to the tissue is reduced relative to consumption
is hypoxic hypoxia, in which the oxygen level of
the arterial blood is reduced - as happens, for
example, at high altitude. In this circumstance
both the arterial and venous oxygen levels
decrease. The ability of the organ to maintain
normal oxygen consumption depends impor-
tantly on the vascular response to hypoxia. An
example in which oxygen consumption is main-
tained is shown in Figure 9.4, from a study by
Ray et al. (2002) utilizing the rat hind limb. In this
study, inspired gas oxygen concentration was
reduced to 8 per cent for 5 minutes. Femoral vas-
cular conductance doubled while arterial pressure
decreased and blood flow (not shown) did not
change significantly due to the simultaneous drop
in arterial pressure. Blockade of prostaglandin syn-
thesis significantly reduced the increase in vas-
cular conductance, as did subsequent blockade of
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Figure 9.4 Change in peripheral vascular
conductance (PVC) in the rat hind limb and arterial
blood pressure (ABP) during 5-minute exposure to
8% oxygen in inspired gas. Effect of prostanoid
blockade is shown as dashed line and subsequent
adenosine blockade as dotted line. (Modified from
Ray et al., 2002, with permission.)

adenosine receptors — specifically A1 receptors.
Since oxygen consumption of the preparation did
not change, a shift to anaerobic metabolism of the
parenchyma is not involved in the increase in vas-
cular conductance.

Oxygen delivery to the tissue may also be
reduced by anemia, in which case the partial
pressure of oxygen in the arterial blood is normal
but the oxygen-carrying capacity is decreased
due to lower red cell content. In addition, whole
blood viscosity is reduced, which lowers resis-
tance to blood flow and would be expected to
increase flow and compensate to a degree for
the lower oxygen content. However, reducing
blood viscosity is not without its limitations,
since it would decrease wall shear stress in the
arterial vessels and decrease production of nitric
oxide by the endothelium, which would lead to
vasoconstriction.

CELLULAR METABOLIC FEEDBACK

A longstanding hypothesis to explain the coup-
ling of oxygen delivery to oxygen demand is
that tissue concentration of diffusible vasodila-
tor products of aerobic metabolism, such as car-
bon dioxide, is dependent on the ratio of blood
flow to oxygen consumption. The brain circula-
tion is very responsive to changes in carbon
dioxide (Faraci and Heistad, 1998), and there is
evidence that it may contribute to autoregula-
tion in the coronary circulation (Broton and
Fiegl, 1992). In other vascular beds such as
skeletal muscle, however, vascular tone is not
highly sensitive to carbon dioxide levels (Faraci
and Heistad, 1998). Another venerable hypothe-
sis is that a shift in the ratio of delivery to
demand causes PO, in some tissue areas, most
likely at the venous end of the capillary network,
to fall below critical values, causing a shift from
oxidative metabolism to anaerobic glycolysis
(Renkin, 1984). Further, it has been suggested by
some investigators that normally there are tis-
sue areas on the borderline of hypoxia, produc-
ing vasodilator metabolites in sufficient quantities
to maintain adequate tissue oxygenation over-
all. In the contracting myocardium a few tissue
areas with PO, < 5 mmHg were found using an
oxygen microelectrode (Schubert et al., 1978).
Whether such areas were below critical PO, was
not determined. As noted above, tissue PO, in
resting skeletal muscle is well above the critical
level and when blood is completely stopped,
10-45 seconds elapse before a shift to anaerobic
glycolysis begins (Toth et al., 1996; Richmond
et al., 1999). The circumstances under which a
shift to anaerobic metabolism serves to regulate
blood flow appear to be limited but, as noted
above, this mechanism appears to prolong reac-
tive hyperemia when the intra-organ oxygen
stores are exhausted. It could also be involved in
the vasodilation with hypoxia if the critical PO,
for the tissue is reached. Whether it is important
in functional hyperemia is less clear. A recent
study in the intact pig heart using a non-invasive
optical technique showed that increased work-
loads do not cause significant myoglobin
desaturation, and thus oxidative metabolism is
maintained. Earlier studies with more invasive
methods suggested that an anaerobic shift might
occur (Arai et al., 1999). In respect to skeletal
muscle, there is evidence that anaerobic metab-
olism and lactate production increase in exer-
cise. However, it has been suggested that the



increase is not due to a drop in PO, below critical
levels (Richardson et al., 1998). Another group
has reported that anaerobic ATP production
increases before maximal exercise is reached,
but this is not always accompanied by an
increase in H* concentration due to an increased
rate of removal (Roussel et al., 2003). Based on
these observations, it is not clear at present that
anaerobic metabolism contributes importantly
to functional hyperemia in the myocardium or
skeletal muscle.

OXYGEN-SENSITIVE MECHANISMS

In recent years much new information has
become available on intravascular mechanisms
that respond directly to changes in oxygen ten-
sion or blood oxygen content rather than indi-
rectly through changes in parenchymal cell
metabolism. A response of the microvasculature
to PO, changes in the immediate environment
has been shown in a variety of experiments.
Increasing the PO, in a suffusate bathing a sur-
gically exposed microvascular bed causes con-
striction of the arterioles (Duling, 1972; Prewitt
and Johnson, 1976). The role of prostaglandins
in mediating the microvascular response to oxy-
gen has been highlighted by studies showing
that lowering PO, levels increases the release of
prostaglandins from endothelial cells (Busse et al.,
1984) and blockade of prostanoid production
decreases the vasodilation during systemic
hypoxia as shown in Figure 9.4. Also, studies on
isolated arterioles from rat cremaster muscle
revealed that elevating oxygen above normal
levels causes vasoconstriction due to inhibition
of release of prostaglandins from the endothe-
lium (Messina et al., 1994).The effect is found over
a wide range of PO, values, from 15 to 660 mmHg,
which would provide a means by which eleva-
tion of oxygen above normal levels exerts a vaso-
constrictor effect on the arterioles. Nitric oxide
has also been implicated as a mediator of the
oxygen dependency of vascular tone by a wide
variety of studies showing that it is released
from endothelial cells at low oxygen tension
(Pohl and Busse, 1989), and that the vasodilation
of resistance vessels to lowered oxygen in cer-
tain vascular beds is abolished by blockade of
nitric oxide synthase (Blitzer et al., 1996). It has
also been shown that a P-450 metabolite of
arachidonic acid, 20-HETE, is involved in the
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vasoconstrictor response to elevated oxygen
tension (Roman, 2002).

Evidence that endothelial-derived adenosine
is in part responsible for the dilation of rat
femoral vessels during systemic hypoxia has
been described above (Figure 9.4). Recently, evi-
dence has been developed that the red cell itself
may participate in the vascular response to low-
ered oxygen. It has been shown that hemoglo-
bin deoxygenation in the passage of blood
through the microcirculation causes release of
ATP from the red blood cell (Sprague et al., 1996;
Ellsworth, 2004), which may act on the arteriole.
ATP could also act on the venular endothelium
to cause release of prostaglandins, which could
in turn diffuse to adjacent arterioles as reported
by Hester and Hammer (2002), providing a feed-
back mechanism linked to HbO, saturation in the
microcirculation. The vascular network also pos-
sesses the capability of transmitting hyper- or
depolarization, and it has been suggested that a
vasodilator response is conducted upstream
from the capillary network to the arterioles in
contracting muscle (Berg et al., 1997). During
extreme hypoxia an additional mechanism comes
into play. When PO, of the vascular smooth mus-
cle falls below the critical level for oxidative metab-
olism, cytochrome a,a3 in the smooth muscle
mitochondria may function as a sensor to cause
relaxation of the vessel (Katayama et al., 1994).

MECHANISMS OF FUNCTIONAL
HYPEREMIA

In the absence of an anaerobic shift, certain
mechanisms of vasodilation described above
may contribute to functional hyperemia - for
example, those related to deoxygenation of the
red cell. Those related to a drop in PO, of the
arterial vessels may not contribute greatly
unless increased flow does not offset the
increased PO, radial gradient. Lash and Bohlen
(1987) showed that periarteriolar levels were
only transiently reduced during muscle contrac-
tion. The fraction of functional hyperemia in
muscle that can be attributed to a drop in PO, is
not clear. When a resting muscle of the dog hind
limb was perfused with blood having the same
PO, as that of exercising muscle, the fall in vas-
cular resistance was about one-third that seen
during contraction (Ross et al., 1964). An impor-
tant difference, however, is that the intraluminal
PO, in the arterial vessels would be lower with
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perfusion of the muscle with hypoxic blood as
compared to muscle contraction. Considerable
effort has also been devoted to identifying the
vasodilator metabolites responsible for func-
tional hyperemia. Adenosine, being a break-
down product of ATP, has been a major focus,
especially in the myocardium, but the results
with blocking agents and estimates of changes
in interstitial fluid leave questions regarding its
importance in the absence of a shift to anaerobic
metabolism (Tune et al., 2000).

It has been recognized for many years that
increased oxidative metabolism will elevate the
levels of interstitial CO,, H" and inorganic phos-
phate, all of which have some vasodilator capa-
city, as does K™ released from the muscle fibers
with depolarization of the muscle fibers. The
resultant increased osmolarity of the interstitial
fluid also has a vasodilator effect (Sparks, 1978;
Johnson, 1986). More recently nitric oxide,
prostanoids, endothelium-derived hyperpolariz-
ing factor and ATP released from the red cell with
hemoglobin desaturation and mechanical defor-
mation have been proposed as mediators of
exercise hyperemia (Clifford and Hellsten, 2004;
Ellsworth, 2004). While the multiplicity of candi-
dates may be a reason for skepticism, it can be
argued that the importance to the organism of
maintaining an adequate oxygen delivery with
increased demand would justify development of
redundancy in flow regulation.

MECHANICAL STIMULI FOR FLOW
REGULATION

As noted above, when arterial pressure to the
myocardium, skeletal muscle and other vascu-
lar beds decreases, there is a compensatory
autoregulatory dilation of the resistance vessels
that returns blood flow toward its previous level.
Although this dilation tends to maintain con-
stant oxygen delivery to the tissue, it depends
importantly on the myogenic response, which is
in turn dependent on the intravascular pressure
in the resistance vessels. This mechanism appears
to react in such a way as to maintain a constant
circumferential wall tension or hoop stress in the
resistance vessels (Johnson, 1980). While stretch
of the entire cell would not provide a feedback
signal that allows the vessel to become nar-
rower with increased pressure, a sensor element
in series with the contractile machinery of the

cell would fill such a role. Recent studies
reviewed by Hill et al. (2001) have demonstrated
that receptors at the cell surface, such as inte-
grins, provide a mechanism for an increase in
wall tension to be communicated from the extra-
cellular matrix to the smooth muscle cell. There
is evidence that mechanically sensitive ion
channels, voltage operated Ca?" channels and
probably other mechanisms as well are involved
in transduction of the mechanical force to the
increased contractile activity seen in the myo-
genic response.

Another mechanism responsive to mechanical
stimuli, and better known, causes dilation of the
arterial vessels when flow is increased. This is
due to release of EDRF (endothelial-derived relax-
ing factor) when wall shear stress on the luminal
surface of the endothelium rises. It serves to
augment flow in collateral vessels when a large
supply vessel is occluded, and is responsible for
the dilation in the arterial vessels outside the
muscle itself during muscle contraction (Smiesko
and Johnson, 1993). Flow-induced dilation is
due to prostanoids in rat cremaster muscle
(Koller et al., 1989), but in other vascular beds
(such as the spinotrapezius muscle) nitric oxide
appears to be mainly responsible (Friebel et al.,
1995).

INTEGRATIVE ASPECTS OF FLOW
REGULATION

From the foregoing description of local regula-
tion of blood flow, which admittedly is far from
exhaustive, it is evident that a wide variety of
regulatory mechanisms responding to a number
of different stimuli are involved in determining
the flow of blood to the tissues. The individual
mechanisms of flow regulation operate in a
manner that is sometimes synergistic and other
times antagonistic. Present evidence suggests
that a wide variety of mediators act in con-
cert during functional hyperemia, providing a
high degree of redundancy for this important
function. Adenosine and prostanoids together
are responsible for most of the dilation in the
femoral resistance vessels in hypoxia (Ray et al.,
2002). In another intimate relationship, 20-HETE
enhances the myogenic response in the kidney
and other vascular beds (Roman, 2002). Con-
versely, mechanisms can be put into opposition



as when venous pressure is elevated, reducing
blood flow which would cause a reduction in
tissue and microcirculatory PO, to cause vasodi-
lation while at the same time increasing intravas-
cular pressure in the terminal arterioles to cause
vasoconstriction through the myogenic response
(Johnson, 1980). Studies of the interactions among
regulatory mechanisms have utilized data on the
responses of isolated vessels to specific stimuli.
Models have been developed in which the com-
bined effects of myogenic, metabolic and wall
shear stress-activated mechanisms to a specific
perturbation can be predicted (Liao and Kuo, 1997,
Cornelissen et al., 2002). Information on the gain
of these mechanisms at different levels of the vas-
cular bed has suggested, for example, that a bal-
ance is required between shear stress-induced
and metabolic mechanisms for effective myogenic
regulation of blood flow with alteration of arterial
pressure.

While local flow regulatory mechanisms are
very important determinants of blood flow to
individual organs, the central nervous system
also exerts an important influence through the
sympathetic nerve supply. In most organs, when
the sympathetic nerves are severed the blood
flow increases significantly but may subse-
quently return essentially to the previous level.
The interaction of central and local mechanism
is in some instances synergistic and in other
cases antagonistic. In resting skeletal muscle,
the myogenic mechanism is weak but can be
enhanced by stimulation of the sympathetic
nerve supply; as a consequence autoregulation
of blood flow with alteration of arterial pressure
becomes more pronounced and flow may in
some instances significantly increase when arte-
rial pressure is reduced (Ping and Johnson,
1994). At times, local and central mechanisms
may oppose each other. When sympathetic
nerves to muscle or intestine are stimulated,
flow decreases and then returns partially toward
the control level. The partial recovery has been
shown to be due to the fall in oxygen level in the
organ, since it can be prevented if local oxygen
levels in the microcirculation and tissue are
maintained with elevation of the suffusate oxy-
gen (as shown by Boegehold and Johnson,
1988). The physiological utility of this antago-
nism is most evident in exercising muscle. With
the onset of exercise there is a generalized
increase in sympathetic nerve activity, which
reduces blood flow to inactive muscle while

having little effect on the hyperemia of the con-
tracting muscle — a condition termed functional
sympatholysis.

These examples serve to illustrate the com-
plexity of what we term ‘“flow regulation’ in the
peripheral circulation. It is now well recognized
that not all the regulatory mechanisms are
specifically directed towards control of blood
flow. It is also apparent that none of the individ-
ual mechanisms can act in isolation. The impact
of a specific mechanism may be affected by
other mechanisms, either directly or indirectly,
through a change in wall shear stress, intravas-
cular pressure, volume flow or oxygen levels in
the blood stream or tissue. As we learn more
about the regulatory mechanisms, we cannot
help but be struck by the manner in which these
mechanisms complement each other and are
closely attuned to the specific physical and bio-
chemical characteristics of the peripheral vascu-
lature and the particulate suspension that flows
through it.

How can information on local regulation aid in
the development of blood substitutes? First, it is
evident that physical or biochemical properties
of the substitute that differ significantly from
whole blood could trigger responses of a num-
ber of regulatory mechanisms, some of which
may not be directed toward delivery of oxygen
to the tissues or could actually oppose it. Based
on this assumption, it seems likely that there
would be fewer potential problems with a sub-
stitute that mimics as closely as possible the
physical and biochemical characteristics of
whole blood. A second approach would be to
define as precisely as possible the characteris-
tics of a proposed blood substitute that differ
qualitatively or quantitatively from whole blood,
and use that information to evaluate the effect on
known regulatory mechanisms. Incorporating
those characteristics into models such as those
described above for the coronary circulation
could be a useful starting point. This could be
coupled with experimental studies in which
the effect of each of the unique characteristics of
the substitute on vascular function is studied
and verified separately. As described elsewhere
in this volume, certain aspects of what is being
suggested here are already being incorporated
into the development of blood substitutes in a
number of laboratories. It is hoped that this
review of local regulatory mechanisms will
encourage further efforts in this direction.
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EDITOR’S SUMMARY

The mechanisms of delivery of oxygen from the
atmosphere to sites of metabolism (mitochon-
dria) are the result of millions of years of evolu-
tion. Decades of research are now bringing into
focus a unified description of the multiple inter-
acting physiological and biochemical mecha-
nisms that result in a highly redundant system of
oxygen transport. As this chapter points out, a
blood substitute whose properties are different
from those of blood is likely to trigger responses

that might appear unexpected or contradictory.
In the past only the affinity of hemoglobin for
oxygen has been considered to be important in
this regard, but clearly this is only one of many
key features of the system. It is evident that a
completely satisfactory ‘blood substitute’ can-
not be designed until enough of the normal
system of regulation of oxygen transport to tis-
sues is understood to prevent adverse physio-
logical mechanisms from being engaged.
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SECTION

Clinical Applications

Since no blood substitute products are
currently approved for clinical use in the
US or Europe, the anticipated clinical
applications are limited to those for which
regulatory approval is sought. However,
it is certain that when products are read-
ily available to clinicians and researchers,
new applications, not currently antici-
pated, will emerge. This section begins
with a discussion of crystalloid use, which
is the most commonly used volume
expander today. It then delves into appli-
cations where large amounts of blood
are used, including trauma and surgery.
Finally, it considers hemodilution and
the treatment of ischemia — applications
in which blood is not currently used, but
for which cell-free oxygen carriers might
provide clinical benefit that no current
product is able to provide.
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INTRODUCTION

The clinical indications for which red cell substi-
tutes would be used are still not defined because
no product is approved; the nature and properties
of the products that will eventually be approved
are still therefore speculative, as are the clinical
indications for which they might be beneficial.
As work on blood substitutes has progressed
over the past two decades, the safety of allo-
geneic blood transfusions has improved dra-
matically (see Chapter 2), and the requirements

Table 10.1 Potential clinical applications for blood
substitutes

Trauma/resuscitation

Elective surgery — hemodilution or blood
replacement

Red cell incompatibility

Ischemic disease and angioplasty

Extracorporeal organ perfusion

Cell culture media

Hematopoietic stimulation

Cardioplegia

Sickle-cell anemia

Tumor therapy

Chronic anemia
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for regulatory approval have sharpened (see
Chapter 3). Since the risk of transfusion is now
quite low, the burden of proof will be on the devel-
oper of any new agent to show that it is as safe
and efficacious as current red cell transfusion.

In spite of the changing landscape of blood
substitute development and the lack of availabil-
ity of FDA-approved products, it is nevertheless
useful to consider the clinical applications for
which these solutions might be useful. This exer-
cise is useful in planning specific formulations.
This chapter will consider a few of the possible
applications for hemoglobin-based red cell substi-
tutes (Table 10.1).

TRAUMA/RESUSCITATION

One of the most obvious clinical applications
for hemoglobin-based red cell substitutes is in
emergencies such as trauma. Among the factors
that determine the long-term survival after resus-
citation from hypovolemic shock is the duration
of the shock state (Baker et al., 1985). Messmer
and his colleagues (Messmer, 1988) have con-
ducted extensive studies of the microcirculation
in shock, and have pointed out that under the
influence of the sympathetic nervous system
organ flow is redirected to protect vital organs.

Copyright © 2006, Elsevier (Inc.). All rights reserved.
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Traumatized tissue can be excluded from this
control, however, and blood actually may be
directed preferentially to sites of bleeding, with
consequent hematoma formation. This redistri-
bution of blood flow may protect systemic pres-
sure so that in some instances the degree of
shock may not be clinically apparent. Thus, the
survival after hemorrhage from severe trauma
declines dramatically after the first hour. This
critical period has become known as the ‘golden
hour’ (Belzberg, 1989; unpublished comments).
Experience during the Korean and Viethamese
conflicts has convinced military physicians that
this period is also critical on the battlefield
(Mosebar, 1989).

The objective of posthemorrhage fluid therapy
is to replace lost volume and electrolytes and to
re-establish the flow of oxygen to ischemic tis-
sue. This requires restoration of cardiac output
as well as tissue reperfusion. Treatment with both
colloid and crystalloid (electrolytes) is needed.
Available colloids include human serum albu-
min, dextran, and hydroxyethyl starch. Albumin
is not used routinely because of its high cost and
short supply. Dextran solutions have antithrom-
botic properties, but their half-life in the circula-
tion is from 2 to 6 hours, and they carry the risk
of anaphylaxis.

Recent studies in the microcirculation (Kerger
et al., 1996, 1997; see also Chapter 7) have shown
that a critical parameter in the hamster is the func-
tional capillary density (FCD), a measure of local
tissue perfusion. Maintenance or re-establishment
of the FCD may be more critical than restoration
of the mean arterial pressure, the usual index of
successful resuscitation. It appears that restora-
tion of normal aerobic metabolism in the shortest
possible time after the onset of shock is of the
highest priority, and the optimal resuscitation
solutions would be those that have this effect.

There can be little doubt that the ideal emer-
gency resuscitation fluid would be one that
carries oxygen in addition to providing blood
volume expansion. Whole blood or red cells are
not routinely used as a first-line resuscitation
fluid because of the requirement to cross-match,
delaying their availability by an hour or more.
Typically, trauma patients receive large volumes
of crystalloid (saline or Ringer’s lactate) prior to
blood. Thus, a blood substitute could be aimed
at those trauma victims with hypovolemic shock
who might otherwise die without immediate
restoration of their oxygen supply. Of course,
the determination of which patients fall into this
category is still problematic.

Since selection of patients for specific par-
enteral fluid treatment is controversial, it is
premature to speculate on which would be can-
didates to receive blood substitutes if they were
available. Trauma specialists have disagreed for
years on whether crystalloid or colloid is pre-
ferred in blood-loss shock (Messmer, 1988), but
it seems that most patients are eventually given
electrolytes, colloids, blood, red cells, and clot-
ting factors at some time during their therapy.

In routine clinical practice, Ringer’s lactate or
saline are the most widely used primary volume
expanders. In order to restore the cardiac output
with crystalloid, three to four times the volume of
lost blood must be given (see Chapter 12). Some
of this hypo-oncotic material is lost into the inter-
stitial space, and tissue edema can result. The
considerable amounts of oncotically active mole-
cules lost in blood-loss shock must be replaced
eventually. Prospective, randomized studies have
shown that in fact hemodynamics are restored
faster, with less tissue edema, when dextran 70
is the first fluid used instead of Ringer’s acetate
(Modig, 1983, 1986). Table 10. 2 summarizes some
differences between crystalloids and colloids,

Table 10.2 Comparison of some characteristics of crystalloids, colloids and HBOCs

Crystalloid Colloid HBOC
Intravascular volume effect Poor Better Better if increased COP
Restoration of FCD Poor Better Best
Interstitial volume effect Better Better if decreased COP
Pulmonary edema Equal Equal ?
Peripheral edema Common Rare ?
Immune reactions Uncommon Occasional Depends on formulation
Cost Inexpensive Expensive (albumin) Probably high

Moderate (starch)




and considers how hemoglobin-based oxygen
carriers (HBOCs) might compare with those two
traditional classes of plasma expanders.

Another solution intended for use in the
‘golden hour’ is hypertonic saline, sometimes
combined with dextran 70. These solutions may
contain up to 7.5 g/dl of sodium chloride. A num-
ber of investigators have shown that when small
volumes of such solutions are given to animals
after the induction of hypovolemic shock, the car-
diac output is restored almost immediately (Smith
et al., 1985; Kramer et al., 1986; Maningas et al.,
1986; Kreimeier and Messmer, 1987). In addition
to the volume expansion properties, lower molec-
ular weight dextran 40 also has antithrombotic
properties that make it attractive in vascular
obstructive disease, hyperviscosity syndromes,
and cerebral vascular insufficiency (Messmer,
1988). The Institute of Medicine of the Academy
of Science reviewed the practices of shock ther-
apy, concluding that hypertonic/hyperoncotic
solutions should be the first choice of therapy of
acute blood-loss shock (Pope et al., 1999).

Hemoglobin solutions have the potential to
combine the advantages of crystalloids and
colloids. It would seem that most of the desired
properties of hypertonic saline-dextran, albu-
min, and whole blood could be combined in a
single solution of hemoglobin and electrolytes.
However, specification of the properties of this
‘ideal’ solution might be controversial.

The use of type O (‘universal’) donor cells
became widespread during World War Il (Camp
and Dawson, 1974). In the Vietnam conflict,
between 1967 and 1970, 100419 transfusions
were given, with only nine reported deaths
caused by mismatched blood resulting from
clerical error (Camp and Dawson, 1974; Camp,
1975). By themselves, these figures would not
seem to support the development of blood sub-
stitutes on the grounds that cross-matching is
not necessary. However, if a hemoglobin-based
red cell substitute is as useful in the battlefield
setting as uncross-matched blood or type O cells,
then its use could have a tremendous impact
on the provision of transfusion services by the
military.

Recent military experience in Grenada, Panama
and the Middle East has suggested that the mili-
tary requirements for blood could be changing.
That is, conflicts now tend to be of high intensity
but short duration, placing a potential stress on
the blood supply. Furthermore, conflicts tend
not to be concentrated in any particular area, such
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as the front lines of World War I, and therefore
casualties need to be evacuated, sometimes over
long distances, to arrive at a medical care facil-
ity. Thus the importance of the ‘golden hour’
in the military setting. Hemoglobin-based red
cell substitutes could be stockpiled for long peri-
ods, presumably, and could be more readily
available than whole blood, which requires an
elaborate collection, processing and distribution
system.

In the civilian setting, the use of uncross-
matched blood or type O cells is much less fre-
quent. In one major center (Yale University) in
the years 1974-1976, 121 patients received type
O cells without further cross-matching (Blumberg
and Bove, 1978). No untoward effects as a result of
the transfusions were noted, and the procedure
seemed to have no effect on the overall clinical
outcomes. The authors of this study concluded
that many of the patients could have been man-
aged with conventional volume expanders and
could have waited for proper cross-matching for
transfusion. They also pointed out that when
uncross-matched blood or type O red cells are
available, they are used. Clearly, if red cell sub-
stitutes devoid of the risks of incompatibility and
disease transmission were available, they would
be used also.

ELECTIVE SURGERY

In the United States, it is during the periopera-
tive period that most blood and red cells are
used. Indications for transfusion have included
a hemoglobin concentration less than 10g/dl
(Mollison and Engelfriet, 1997), but this rule is
being re-evaluated at present in view of the
diminishing blood supply and the recognition
of the complications of transfusion (Consensus
Conference, 1988). However, surgical studies sug-
gest that the postoperative period can be short-
ened and, perhaps, made safer if hemoglobin
concentrations are not allowed to fall to less than
10 g/dl. Although animal studies suggest that
the hemoglobin concentration could be reduced
safely to about 25 per cent of its normal value
(Wright, 1975), clinical experience suggests that
the hemoglobin concentration should not be
allowed to drop below 8 g/dl (Carson et al., 1988).
In addition to the prevention of anemia, the out-
come of some surgical procedures is improved
if blood viscosity can be reduced (Mandel, 1986).
In these procedures, the combination of low
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viscosity and maintained oxygen-carrying capa-
city might optimize the transport of oxygen to
tissue.

The use of an oxygen-carrying red cell substi-
tute could be invaluable in managing elective
surgical procedures. Blood could be collected at
the start of the operation and replaced by the
oxygen carrier. The removed autologous blood
could then be used as needed, either during or
after surgery.

RED CELL INCOMPATIBILITY

Certain patients develop antibodies to many red
cell surface antigens either because they have
received multiple transfusions, sometimes over
an entire lifetime, or because the existence of
unusual antigens has led to minor incompatibil-
ities in the past, with resultant elaboration of
antibodies. Some patients simply cannot receive
red cell transfusions without undue risk of a fatal
reaction. Perhaps blood substitutes could play a
role in some of these instances. However, it
must be kept in mind that the products being
developed now are only oxygen-carrying solu-
tions; they cannot, at present, substitute for
other important functions of blood — namely,
hemostasis and immunity.

ISCHEMIC DISEASE AND ANGIOPLASTY

Tissues that are poorly perfused with blood and
therefore receive a marginal supply of oxygen
may benefit from increased perfusion with cell-
free oxygen carriers. Examples might include
ischemic ulcers seen in diabetic or sickle-cell
anemia patients, and cerebral ischemia. One
report (lwai et al., 1989) demonstrated improved
healing of ischemic ulcers when they were bathed
in oxygenated perfluorodecalin.

Morbidity during and after percutaneous trans-
luminal coronary angioplasty (PTCA) may be
reduced if the myocardium can be perfused with
an oxygen carrier. Perfusion with blood is limited
because of blood’s high viscosity, but perfluoro-
carbon emulsions were licensed for this applica-
tion. Solutions of modified hemoglobin with
even lower viscosity have been used experimen-
tally (Rossen et al., 1987). Although this appeared
to be a very important application for blood sub-
stitutes, since a large (and increasing) number of

coronary angioplasties is performed in the United
States each year, the product was discontinued
by its manufacturer shortly after its introduction
because it was not well-received by physicians.
This “first generation’ product had to be mixed at
the bedside prior to infusion, and efficacy was felt
to be marginal (Gould et al., 1986).

EXTRACORPOREAL ORGAN PERFUSION

The preservation of organs for transplantation
is an increasing requirement as graft success
improves. Hearts, livers and kidneys might sur-
vive better if they could be perfused with an oxy-
gen-carrying solution. Recent work with isolated
perfused rabbit hearts has indicated that much
more oxygen can be delivered to the myocardium
with a hemoglobin-based blood substitute
compared with Krebs—-Henseleit solution, even if
the latter is equilibrated with 100% oxygen
(MacDonald and Winslow, 1992).

Hemoglobin solutions may be useful in preserv-
ing severed limbs for reattachment. Bonhard
(1988) discussed the use of pyridoxylated hemo-
globin in this regard, and suggested that post-
ischemia syndrome can be prevented. Steinau
and Elert (1980) showed that adenosine triphos-
phate (ATP) levels were higher and lactate
concentrations lower in limbs perfused with
hemoglobin solutions rather than with Ringer’s
lactate.

CELL CULTURE MEDIA

The recent explosion in cell-cloning technology
has dramatically increased the use of cultured
mammalian cells for commercial as well as ther-
apeutic and research purposes. It is possible that
the quality of these cells and their yield of recom-
binant gene products can be increased by the
use of oxygen-carrying culture media.

HEMATOPOIETIC STIMULATION

Hawkins and Johnson (1939), Amberson et al.
(1949) and Gould and colleagues (Moss et al.,
1988) all noted stimulation of erythropoiesis after
administration of cell-free hemoglobin. It is likely
that this is a result of the ready availability of
heme iron when administered as hemoglobin.



Recombinant human erythropoietin also stim-
ulates red cell production in the preoperative
period. Goodnough et al. (1989) showed that 41
per cent more autologous blood could be col-
lected from surgical candidates when erythro-
poietin was administered. Their patients were
all given oral iron sulfate during the 21 days
before surgery.The combined use of erythropoi-
etin and cell-free hemoglobin solution could
provide a potent stimulus to endogenous red
cell production.

CARDIOPLEGIA

During certain surgical procedures, such as
cardiac valve replacement, repair of congenital
anomalies, or aneurysm resection, it is neces-
sary to slow or stop the normal heart action.
This is done by perfusing the myocardium with
various electrolyte solutions and lowering the
temperature. Obviously, solutions that transport
oxygen to tissues would be desirable since they
could both prolong the time allowed for the sur-
geons to operate and also speed recovery of
function after the procedure.

Elert and Otterman (1979) perfused dog hearts
with a solution of pyridoxylated hemoglobin and
electrolytes. They induced cardiac arrest with
this solution, and measured ATP and phospho-
creatine. They were able to show a 20-minute
gain in the length of time for which hearts could
be stopped, and they had no difficulty in restart-
ing them. On histologic examination, they found
less endothelial swelling than in those hearts
perfused without hemoglobin.

SICKLE-CELL ANEMIA

Therapy of sickle-cell anemia has a long and
controversial history. In this chronic hemolytic
anemia, patients ‘adapt’ to a low hemoglobin
concentration, and anemia per seis not the main
problem. Rather, the rheologic consequences of
deformed red blood cells cause morbidity and
mortality. The degree of pathologic damage in
sickle-cell anemia, moreover, is highly variable
from patient to patient, and the clinical course in
an individual is completely unpredictable. Some
patients may be almost asymptomatic through-
out their lives, while others can be severely
debilitated. This unpredictability makes the design
of clinical trials difficult.

Periodically, sickle-cell patients experience
painful ‘crises’ — episodes characterized by intense
pain that can be generalized or localized to spe-
cific organs or regions of the body. The patho-
logic events that underlie these crises involve
obstruction of the microvasculature by deoxy-
genated sickled red blood cells. This obstruction
prevents adequate oxygenation of the tissues
served by the obstructed capillary beds, and the
pain is therefore ischemic.

The red blood cells of patients with sickle-cell
anemia deform (‘sickle’) when they are deoxy-
genated, when the pH drops or when they are
dehydrated. When any of these condition occurs,
the viscosity rises dramatically and circulation
slows. Thus, at a given hematocrit, sickle-cell
blood has a higher viscosity than normal blood
(Charache and Conley, 1964). Oxygen transport
can be improved in sickle-cell anemia patients
by exchange transfusion with normal red cells
(Miller et al., 1980), because better microvascu-
lar blood flow can be achieved without reducing
the hemoglobin concentration.

Dilution with a hemoglobin solution may be
even more effective than exchange transfusion
with whole blood.The idea is especially attractive,
since one of the contraindications to exchange
with normal blood is the membrane antigen
sensitization that eventually occurs after multi-
ple transfusions. In addition, cell-free hemoglo-
bin might be effective in perfusing obstructed
capillary beds. In vitro observations suggest that
a hemoglobin-polyoxyethylene conjugate may
reverse capillary occlusion with sickled cells
(Yabuki et al., 1988). Limited clinical trials using
modified hemoglobins to treat sickle-cell crises
have been encouraging (Feola et al., 1992;
Gonzalez et al., 1997).

One difficulty with this application in the
United States and Europe is that the sickle-cell
patients who are in most need of therapy are
those with the poorest venous access, and thus
hemodilution with cell-free solutions might still
be difficult. An additional factor that potentially
limits this application is that although each indi-
vidual sickle-cell patient is very dependent on the
health-care system, the total number of patients
may not justify the development of commercial
products. In African countries, however, where
the incidence of sickle-cell anemia is much higher,
these products could have a major impact on
health care. In these countries, the risk of trans-
mission of HIV by blood transfusion is extremely
high.
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TUMOR THERAPY

Some treatments of soft tissue tumors involve
local destruction of malignant tissue by activated
oxygen. Thus, any method for increasing tissue
oxygen tension could be viewed as an adjunct.
The perfluorocarbons have been suggested for
this application but, if proven safe, hemoglobin
could also be useful for some types of therapy.
In this case, the optimal product would have the
highest P50 possible since the solution would be
oxygenated outside of the body and infused
directly into the circulation of the tumor.

An alternative approach has already been
shown to be effective in animals. Drugs (clofi-
brate, bezafibrate and gemfibrozil) that reduce
oxygen affinity dramatically (rise of 10-20 Torr
in the P50 value) were administered to tumor-
bearing mice. Marked sensitization to irradiation
was observed when these animals were given
supplemental oxygen to breathe (Hirst et al.,
1987).

If a high ‘arterial’ oxygen tension is achiev-
able, then perfluorocarbons might be the perfu-
sion medium of choice since photoactivation
of heme-containing drugs also could be used
(hemoglobin would absorb much of the deliv-
ered light energy). These applications could be
fairly widespread, eventually, and commercial-
ization might be attractive, since the volume of
agent would be much less than in high-volume
resuscitation or hemodilution applications.

CHRONIC ANEMIA

Chronic anemia would not seem to be a good
indication for blood substitutes. First, patients
usually adapt to chronic anemia just as high-
altitude natives seem to become acclimatized
to chronic hypoxia. The inability of the currently
developed blood substitutes to provide coagula-
tion factors, platelets or leukocytes would not
seem to be a major drawback, especially in
patients with chronic hemolysis, red cell aplasia,
cancer, or other types of chronic disease.

If a red cell substitute were developed for
chronic anemia, it would need to have the
longest possible plasma retention to eliminate
the need for excessively frequent infusions. The
products that might be candidates to fill this
need would be encapsulated or conjugated hemo-
globin or derivatives with a very high molecular
weight. Most efforts have been directed toward

development of perfluorocarbons with short
retention times, and of hemoglobin solutions with
intermediate times.

RESEARCH

Thirty years ago, Geyer (1975) reviewed the
potential uses of blood substitutes. The list of
anticipated clinical applications was much like
the one above, and was the driving force behind
commercialization and therefore the availability
of products. However, Geyer also listed promi-
nently a number of research areas that will
benefit from the availability of these products.
They will be extremely useful in basic studies of
hematopoiesis, protein metabolism, all aspects
of oxygen transport, including the microcircu-
lation, and utilization of oxygen by tissues, and
particularly the differences between specific
organs.This research will not only advance basic
knowledge of biochemistry and physiology but
will also doubtless give rise to new clinical uses
that are not appreciated now.

REQUIREMENTS FOR A BLOOD
SUBSTITUTE

Some of the required properties of red cell sub-
stitutes are obvious. They must be sterile, free
of endotoxin and viruses, non-toxic and effica-
cious, and it must be possible to store them
for reasonable periods. The methods used to
produce them must be tractable for industrial
scale-up, and not too expensive. Lot-to-lot varia-
tion and immunogenicity must be minimal.These
requirements can pose serious industrial prob-
lems, particularly when large batches must be pre-
pared in a routine fashion. Some of the other
properties would be tailored to the individual
products under development, and their specifi-
cations are more controversial.

It is clear that the properties of a hemoglobin
solution intended for parenteral use should be
matched to the clinical indication. For example,
administration in a case of chronic, refractory
anemia would require a long plasma retention
and normal colloid osmotic pressure. A solution
for resuscitation from acute blood loss should
have an increased colloid osmotic pressure but
may have short plasma retention because blood
would be available to the patient within several
hours of injury in most cases. The patient who is



unable to maintain a normal alveolar oxygen
tension might do better with a reduced P50. In
some applications (such as organ preservation
for transplantation) the properties are prob-
ably less critical, because greater control of
oxygenation and temperature, for example, is
possible.

Oxygen capacity

A red cell substitute must, of course, carry oxy-
gen, but it is difficult to specify how much.
Perhaps the oxygen-carrying capacity of blood
with a normal hemoglobin concentration is not
necessary, but there are no guidelines as to the
minimal hemoglobin concentration required for
health. For years surgeons and anesthesiolo-
gists have used the “10-gram rule’ in the belief
that a hemoglobin concentration of less than
10 g/dl will impair tissue healing. As pointed out
earlier, perhaps this figure can be safely dropped
to 7-8 g/dl.

Recent work, reviewed later, has suggested
that when the oxygen carrier is in the plasma
space, oxygen capacity may need to be limited
to prevent engaging local autoregulatory, vaso-
constrictive mechanisms (Intaglietta et al., 1996).
This raises a further question: how will the clini-
cian re-evaluate the ‘transfusion trigger’, given
that cell-free oxygen carriers transport oxygen in
ways fundamentally different from those of
native red blood cells?

Oxygen affinity

Another difficult specification is the oxygen
affinity of the prospective red cell substitute. As
a first approximation, it would seem logical that
the P50 should be that of normal human blood,
but it is known that even in natives of high alti-
tude, variation around the normal P50 of about
28 mmHg does not seem to affect oxygen trans-
port (Winslow and Monge, 1987).

Although the determination of the lowest and
highest values for P50 for blood is approximate
at best, some rough limits can be set. Abnormal
human hemoglobins with P50 values in the area
of 19 mmHg lead to polycythemia, showing that
oxygen delivery to the renal site of erythropoi-
etin production in these cases is compromised.
The upper boundary for the acceptable P50 is
much more controversial. Some workers believe

that there is no limit to the benefit of increased
P50, but this depends on the ability of the lung
to oxygenate blood. That is, if 100 per cent satu-
ration is reached in the lung, it is likely that the
higher the P50, the more easily oxygen can be
unloaded in the tissues. This would be the case
in a patient undergoing elective surgery in which
arterial oxygen tension is controlled. However, if
pulmonary oxygenation is compromised in any
way, the uptake in the lung becomes an issue
and a lower P50, rather than higher, is beneficial
(Winslow et al., 1984). A high P50 would also be
desired in tumor therapy to maximize tissue
oxygen tension.

Less obvious than these considerations for
blood is the optimal P50 for a cell-free oxygen
carrier. Theoretical approaches to the question
predict that lower, not higher, P50 would be
advantageous in limiting diffusive delivery of
oxygen to cell walls (Winslow and Vandegriff,
1997). Studies in the hamster microcirculation
have now confirmed this theory (Tsai et al., 2003).
Less obvious than these considerations is the
importance of the Bohr effect, cooperativity and
carbon dioxide transport. It should be noted that
only one relevant study of carbon dioxide trans-
port in a potential red cell substitute has been
reported (Vandegriff et al., 1991).

Viscosity

The viscosity of a blood substitute is a critical
issue, since the bulk viscosity of whole blood is
an exponential function of hematocrit. Some
workers have reported that oxygen delivery to
the brain may be compromised when the hema-
tocrit is elevated even to the high-normal range
(Goodnough et al., 1993). At equivalent hemo-
globin concentrations, crosslinked hemoglobin
has a lower viscosity than whole blood at the
low shear rates found in capillaries. When the
blood substitute is polymerized hemoglobin,
the viscosity increases with the degree of poly-
merization. Thus, there is some theoretical basis
for the notion that the viscosity of a red cell sub-
stitute should not be higher than that of blood,
particularly in the presence of red blood cells
in proportions likely to be found in clinical
practice.

Red cell suspensions are non-Newtonian in their
flow patterns; in vivo flow is turbulent, and red
cells stream. These two properties are depend-
ent on the diameter of the vessel. Turbulence is
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probably important to red cell oxygen transport
because of stirring in the area immediately sur-
rounding the cell. In contrast, cell-free hemoglo-
bin solutions will be homogeneous with respect
to flow.The effect on oxygen delivery in tissue cap-
illary beds is unpredictable.

Plasma retention

A red cell substitute must have a reasonable
intravascular persistence. Although the length
of time the oxygen carrier should remain in the
circulation is not defined clearly (Greenburg et al.,
1982), a period of 20-40 hours is often cited.
Vagueness in this specification is not surprising,
since the clinical indications for such solutions
have not been determined. Additional consider-
ations are the toxicity and route of removal from
the circulation. Modified hemoglobins are not
removed primarily by renal mechanisms (Keipert
et al., 1989); rather, these materials are taken up
by the macrophage-monocyte (reticuloendothe-
lial) system and other tissues. If the solutions are
toxic, then the least possible exposure would
seem desirable and they should be used only in
emergency situations — probably for resuscita-
tion. If the solutions are not toxic, then a longer
intravascular persistence would seem permissi-
ble, and a wider clinical application might be
established.

The polymerized hemoglobin products and
hemoglobin conjugated to dextran, PEG or other
polymers have the longest intravascular reten-
tion times. Hemoglobins crosslinked at intra-
molecular sites all seem to have retention times
three to five times longer than unmodified hemo-
globin, but the actual times are species- and
dose-dependent (Hess et al., 1989). The retention
in humans will not be known until appropriate
clinical trials are reported, and doses can be
administered which are higher than those used in
the limited safety trials carried out to date.

Colloid osmotic pressure

Itis important to emphasize the fundamental dif-
ferences between solutions that exert a colloid
osmotic pressure (colloids) and those that exert
only an osmotic pressure (crystalloids). Colloid
solutions are those that contain particles that are
osmotically active but which do not diffuse across

biologic membranes. Crystalloids are also osmot-
ically active, but the molecules can diffuse across
membranes. Thus, both solutions expand the
intravascular space immediately, but the effect
of colloid solutions persists longer.

One of the chief arguments for the polymeriza-
tion of hemoglobin has been that when the
molecular weight is increased the concentration
of molecules is less, even though the oxygen
carried is the same. Thus, pyridoxylated, poly-
merized hemoglobin can be infused into animals
to achieve a final concentration of about 10 g/dl
and a normal colloid osmotic pressure. In this
case, there are no major shifts of water between
the interstitial and intravascular spaces. In con-
trast, unpolymerized hemoglobin with a molec-
ular mass of 64000 Daltons has increased
colloid osmotic pressure; only about 7 g/dl can
be achieved because infusion requires a shift of
water from the interstitium into the intravascular
space to maintain oncotic equilibrium. Some
workers in the trauma field believe hyperoncotic
solutions are preferred for resuscitation because
volume expansion can be achieved more rapidly
than with the infusion of large quantities of iso-
tonic solutions. Menu et al. (1985) actually showed
improved survival in rats with cell-free hemoglo-
bin when the concentration was 12.5 g/dl rather
than 7.0 g/dl, despite (or maybe because of) a very
high colloid osmotic pressure.

Storage stability

Obviously, storage stability is an extremely impor-
tant property for any blood substitute.The longer
the product can be stored, the more cost effec-
tive it will be. Since there are no products yet
available for clinical use, it is not possible to
evaluate their stability. Lyophilization is feasible
(Greenburg et al., 1977; DeVenuto et al., 1979),
although the temperature of storage is important.

The main deterioration of stored hemoglobin
is its oxidation to methemoglobin. This reaction
is complex, and its rate depends on the specific
chemical modification, the ionic environment, the
formulation, and the environmental conditions.
Oxidation reactions in normal human hemoglo-
bin are still not understood completely, so such
studies are necessarily empirical. However, it is
possible that by the systematic study of oxida-
tion mechanisms in a variety of modified and
mutant hemoglobins, new insights into the reac-
tion will be achieved.



EDITOR’S SUMMARY

The extraordinary biological success of
humans is a consequence of extreme flexibility
with regard to basic mechanisms such as oxy-
gen transport. The entire system, from uptake
of oxygen from the atmosphere in the lung to
its delivery to mitochondria in the microcircula-
tion, must be able to cope with all conditions
from high altitudes to disease and extreme
exertion; if it were any other way, humans
would have been extinct millennia ago.

Flexibility has a price: any mechanism that
serves such an extreme variety of conditions
may not be optimal for any one particular set of
conditions. Hence it is not surprising that cell-
free oxygen carriers can be designed for spe-
cific applications where they may be more
effective than red blood cells, and in some
instances strikingly so.

This chapter reviews very briefly some of the
more obvious clinical applications for blood
substitutes, and presents speculation about
what the properties of the solutions for these

applications might be. The main properties of
hemoglobin solutions, for example, that can be
easily manipulated are the oxygen affinity,
oncotic pressure, viscosity, and molecular size
and surface chemistry, which determine intra-
vascular retention time. It should be possible to
combine the main beneficial features of crys-
talloids, colloids and oxygen carriers into one
product that would be optimal for the imme-
diate restitution of tissue oxygenation and
therefore aerobic metabolism after acute hem-
orrhagic shock.

Although no product is currently approved
for clinical use by any regulatory body in
Europe, the US or Japan, it is proposed that
these properties can be matched to any pro-
posed clinical application. It is predicted that
eventually an array of products might be avail-
able, each with unique properties. It is unlikely
that an artificial solution that is as universally
useful as red blood cells will be developed any-
time in the near future.

REFERENCES

Amberson, W., Jennings, J. and Rhode, C. (1949).
Clinical experience with hemoglobin-saline solu-
tions. J. Appl. Physiol., 1(7), 469-489.

Baker, C., DeSantis, J., Degutis, L. and Baue, A. (1985).
The impact of a trauma service on trauma care in a
university hospital. Am. J. Surg., 149, 453-548.

Blumberg, N. and Bove, J. (1978). Un-crossmatched
blood for emergency transfusion. One year’s expe-
rience in a civilian setting. J. Am. Med. Assoc.,
240(19), 2057-2059.

Bonhard, K. (1988). Hemoglobin preparations for per-
fusion and infusion problems of large-scale produc-
tion. Biomat. Artif. Cells Artif. Organs, 16(1-3), 85-91.

Camp, F (1975). Lessons learned applicable to civil
disaster: recipient identification and blood transfu-
sion. J. Trauma, 115, 743-744.

Camp, F and Dawson, R. (1974). Prevention of injury
to multiple casualties requiring resuscitation fol-
lowing blood loss. Military Med., 139, 893-898.

Carson, J., Spence, R., Poses, R. and Bonavita, G.
(1988). Severity of anaemia and operative mortality
and morbidity. Lancet, i, 727-729.

Charache, S. and Conley, C. (1964). Rate of sickling of
red cells during deoxygenation of blood from persons
with various sickling disorders. Blood, 24, 25-48.

Consensus Conference (1988). Consensus conference:
perioperative red cell transfusion. J. Am. Med.
Assoc., 260(18), 2700-2703.

DeVenuto, F, Zegna, A. and Busse, K. (1979).
Lyophilization of crystalline hemoglobin solution and
exchange transfusions with lyophilized, reconstituted
hemoglobin. Surg. Gynecol. Obstet., 148, 69-75.

Elert, O. and Otterman, U. (1979). Cardioplegic hemo-
globin perfusion: a method of providing optimal
myocardial protection. Thorac. Cardiovasc. Surg.,
27, 245-247.

Feola, M., Simoni, J., Angelillo, R. et al. (1992). Clinical
trial of a hemoglobin based blood substitute in
patients with sickle cell anemia. Surg. Gynecol.
Obstet., 174(5), 379-386.

Geyer, R. (1975). Potential uses of artificial blood sub-
stitutes. Fed. Proc., 34, 1525-1528.

Gonzalez, P, Hackney, A. C., Jones, S. et al. (1997). A
phase l/ll study of polymerized bovine hemoglobin
in adult patients with sickle cell disease not in crisis
at the time of study. J. Investig. Med., 45(5), 258-264.

Goodnough, T., Rudnick, S., Price, T. et al. (1989).
Increased preoperative collection of autologous
blood with recombinant human erythropoietin ther-
apy. N. Engl. J. Med., 321, 1163-1168.

Goodnough, L., Riddel, J., Kursh, E. and Resnick, M.
(1993). Utilization and efficacy of autologous blood



m Clinical Applications

predeposit in radical prostatectomy with lym-
phadenectomy: implications for blood conservation
and physician education programs. Urology, 40(3),
201-205.

Gould, S., Rosen, A., Sehgal, L. et al. (1986). Fluosol-
DA as a red-cell substitute in acute anemia. N. Engl.
J. Med., 314(26), 1653-1656.

Greenburg, A., Ginsburg, K. and Peskin, G. (1977).
Preservation of stroma-free hemoglobin solution.
Surg. Forum, 28, 5-7.

Greenburg, A., Peskin, G., Hoyt, D. and Moores, W.
(1982). Is it necessary to improve the intravascular
retention of hemoglobin solutions? Crit. Care Med.,
10, 266-269.

Hawkins, W. and Johnson, A. (1939). Bile pigment and
hemoglobin interrelation in anemic dogs. Am. J.
Physiol., 126, 326-336.

Hess, J., Fadare, S., Tolentino, L. et al. (1989). The
intravascular persistence of crosslinked human
hemoglobin. In: G. Brewer (ed.), The Red Cell:
Seventh Ann Arbor Conference, pp. 351-360. Alan R.
Liss, New York.

Hirst, D., Wood, P. and Schwartz, H. (1987). The modifi-
cation of hemoglobin affinity for oxygen and tumor
radiosensitivity by antilipidemic drugs. Radiation
Res., 112(1), 164-172.

Intaglietta, M., Johnson, P. and Winslow, R. (1996).
Microvascular and tissue oxygen distribution.
Cardiovasc. Res., 32, 632-643.

Iwai, T., Sato, S., Yamada, Y. et al. (1989). A new treat-
ment for ischemic ulcers: foot bath therapy using
high oxygen soluble fluid. J. Cardiovasc. Surg., 30,
490-493.

Keipert, P, Verosky, M. and Triner, L. (1989). Plasma
retention and metabolic fate of hemoglobin modi-
fied with an interdimeric covalent cross link. Trans.
Am. Soc. Artif. Intern. Organs, 35, 153-159.

Kerger, H., Saltzman, D. J., Menger, M. D. et al. (1996).
Systemic and subcutaneous microvascular PO, dis-
sociation during 4-h hemorrhagic shock in conscious
hamsters. Am. J. Physiol. Heart Circ. Physiol., 270,
H827-H836.

Kerger, H., Tsai, A. G., Saltzman, D. J. et al. (1997).
Fluid resuscitation with O, versus non-O, carriers
after 2h of hemorrhagic shock in conscious ham-
sters. Am. J. Physiol., 272(1, Part 2), H525-H537.

Kramer, G., Perron, P, Lindsey, D. et al. (1986). Small-
volume resuscitation with hypertonic saline dextran
solution. Surgery, 100, 239-247.

Kreimeier, U. and Messmer, K. (1987). New perspec-
tives in resuscitation and prevention of multiple
organ system failure. In: A. Baethmann and
K. Messmer (eds), Surgical Research: Recent
Concepts and Results, pp. 39-50. Springer Verlag,
Heidelberg.

MacDonald, V. and Winslow, R. (1992). Oxygen deliv-
ery and myocardial function in rabbit hearts per-
fused with cell-free hemoglobin. J. Appl. Physiol.,
72, 476-483.

Mandel, M. (1986). Autotransfusion in elective plastic
surgical operations. Plast. Reconstr. Surg., 77,
767-771.

Maningas, P, DeGuzman, L., Tillman, F et al. (1986).
Small-volume infusion of 7.5% NaCl in 6% dextran
70 for the treatment of severe hemorrhagic shock in
swine. Am. Emerg. Med., 15, 1131-1137.

Menu, P, Voisin, P, Labrude, P. and Vigneron, C. (1985).
Total exchange transfusion in rats with hemoglobin
solutions: influence of hemoglobin concentration.
Intl. J. Artif. Organs, 8(6), 341-345.

Messmer, K. (1988). Characteristics, effects and side-
effects of plasma substitutes. In: K. Lowe (ed.),
Blood Substitutes: Preparation, Physiology and
Medical Applications, pp. 51-70. Ellis Horwood,
Chichester.

Miller, D., Winslow, R., Klein, H. et al. (1980). Improved
exercise performance after exchange transfusion in
subjects with sickle cell anemia. Blood, 56(6),
1127-1131.

Modig, J. (1983). Advantages of dextran 70 over
Ringer acetate solution in shock treatment and in
prevention of adult respiratory distress syndrome.
A randomized study in man after traumatic haemor-
rhagic shock. Resuscitation, 10, 219-226.

Modig, J. (1986). Effectiveness of dextran 70 versus
Ringer's acetate in traumatic shock and adult respi-
ratory distress syndrome. Crit. Care Med., 14,
454-457.

Mollison, P. and Engelfriet, M. C. (1997). Blood Trans-
fusion in Clinical Medicine, 10th edn. Blackwell
Scientific Publications, Oxford.

Mosebar, R. (1989). Military uses of oxygen carrying
resuscitation fluids. Biomat. Artif. Cells, Artif.
Organs, 17(5), 6.

Moss, G., Gould, S., Sehgal, L. et al. (1988). Hemo-
globin solution — from tetramer to polymer. Biomat.
Artif. Cells Artif. Organs, 16(3), 57-69.

Pope, A., French, G. and Longnecker, D. E. (1999). Fluid
Resuscitation. State of the Science for Treating
Combat Casualties and Civilian Injuries. National
Academy Press, Washington, DC.

Rossen, J., Snyder, S., Kerber, R. et al. (1987). Coronary
perfusion with a modified hemoglobin prevents
myocardial dysfunction during coronary occlusion.
Midwest AFCR Cardiovasc., 4(121), 837A.

Smith, G., Kramer, G., Perron, P. et al. (1985). A com-
parison of several hypertonic solutions for resusci-
tation of bled sheep. J. Surg. Res., 39, 517-528.

Steinau, U. and Elert, O. (1980). Prolongation of
the ischemia tolerance of amputated extremities
by a stroma-free hemoglobin solution. Thorac.
Cardiovasc. Surg., 28, 35.

Tsai, A., Vandegriff, K., Intaglietta, M. and Winslow, R.
(2003). Targeted O, delivery by cell-free hemoglo-
bin: a new basis for oxygen therapeutics. Am. J.
Physiol., 285, H1411-H1419.

Vandegriff, K., Benazzi, L., Ripamonti, M. et al. (1991).
Carbon dioxide binding to human hemoglobin



crosslinked between the alpha chains. J. Biol. Chem.,
266, 2697-2700.

Winslow, R. M. and Monge, C. (1987). Circulation. In:
Hypoxia, Polycythemia and Chronic Mountain
Sickness, pp. 75-95. Johns Hopkins University Press,
Baltimore.

Winslow, R. M. and Vandegriff, K. D. (1997). Hemo-
globin oxygen affinity and the design of red cell
substitutes. In: R. M. Winslow, K. D. Vandegriff and
M. Intaglietta (eds), Advances in Blood Substitutes.
Industrial Opportunities and Medical Challenges,
pp. 167-188. Birkhauser, Boston.

Winslow, R. M., Samaja, M. and West, J. (1984). Red
cell function at extreme altitude on Mount Everest.
J. Appl. Physiol., 56(1), 109-116.

Wright, C. (1975). Blood flow and oxygen consump-
tion during severe progressive hemodilution. Surg.
Forum, 25, 198-199.

Yabuki, A., Matsushita, M., Malchesky, P. et al. (1988).
In vitro evaluation of a pyridoxalated hemoglobin
polyoxyethylene conjugate in reversing cell sick-
ling. Am. Soc. Artif. Int. Organs J., 34(3), 773-777.



Crystalloid Solutions

Donald S. Prough, MD, Joel Olsson, MD PhD and

Christer Svensén, MD PhD DEAA

Department of Anesthesiology, University of Texas Medical Branch,

Galveston, Texas, USA

INTRODUCTION

Crystalloid intravenous fluids, which include solu-
tions containing small molecular weight solutes
such as sodium, chloride and glucose, are the
most common type of fluid used to replace blood
in the United States. Colloid solutions, which
include solutions containing larger molecular
weight solutes such as albumin or hetastarch,
are used more commonly in Europe. In crystalloid
solutions, the colloid osmotic pressure (osmotic
pressure contributed by larger molecules) is by
definition zero. In most patients, substitution of
crystalloid fluid for blood proceeds without inci-
dent because the volume of blood lost is small and
the limitations of crystalloid as a blood replace-
ment are not important. However, in patients who
suffer extensive blood loss, the characteristics of
crystalloid fluids must be understood if impor-
tant complications are to be avoided.
Exhaustive research has failed to establish the
superiority of either colloid-containing or crys-
talloid fluids for blood replacement or for other
purposes. Systematic reviews of available com-
parisons (many of which were performed years
ago) of colloid versus crystalloid (Schierhout and
Roberts, 1998) and albumin versus crystalloid
(Cochrane Injuries Group Albumin Reviewers,
1998) suggest increased mortality associated with
colloid use, although other systematic reviews
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find no difference after adjusting for characteris-
tics of studies that were included (Wilkes and
Navickis, 2001). Other reviews suggest that crys-
talloid may be superior in multiply traumatized
patients (Velanovich, 1989; Choi et al., 1999).

The use of crystalloids for blood replacement
was first anticipated in the nineteenth century.
In the 1880s, Ringer (1880) observed that salts of
sodium, potassium, calcium and chloride in pre-
cise proportions and concentrations were neces-
sary for cellular function; these observations led
to the later development of balanced salt solu-
tions. In 1899, Crile (1947) resuscitated animals
subjected to hemorrhagic shock with warm intra-
venous infusions of saline and further refined the
concept of treatment of shock with crystalloids.
During World War |, battle casualties were treated
with combinations of colloid and salt solutions.
The effects of saline solutions alone were thought
to be transient. Blalock, who first categorized
shock as hemorrhagic, cardiogenic, neurogenic
or septic (Blalock, 1930), also demonstrated that
tissue trauma resulted in the loss of extracellular
fluid (Blalock, 1940). Hartmann, in the early 1930s,
added sodium lactate to saline to avoid hyper-
chloremic acidosis that he observed when treat-
ing children with saline for infantile diarrhea;
ultimately, this innovation resulted in lactated
Ringer’s (RL) or Hartmann’s solution (Hartmann
and Senna, 1932; Hartmann, 1934).

Copyright © 2006, Elsevier (Inc.). All rights reserved.



World War Il prompted renewed insights in
hypovolemic shock, which by then could be trea-
ted in the field with plasma and blood due to
improved logistics (Cournand et al., 1943). During
this interval, perioperative fluid management
was ‘salt restrictive, based on the observations
that most patients lost little fluid during elective
surgery and that the physiologic stress response
resulted in water and salt retention (Coller et al.,
1944; Moore and Ball, 1952; Hardaway, 1992). In
the 1960s, Shires et al. (1960, 1961, 1964) docu-
mented the necessity of adding substantial vol-
umes of crystalloids to whole blood and plasma
to achieve successful resuscitation from hemor-
rhagic shock. Shires et al. (1961) further extended
the concept that extracellular fluid volume
decreased also during major surgery. As a con-
sequence of these studies, infusion of large
amounts of crystalloids became the standard
of care in the Vietnam conflict and was associ-
ated with a reduction in the rate of renal failure.
However, as increased crystalloid volumes
became more prevalent, the ‘shock lung’ syn-
drome, now called the acute respiratory distress
syndrome (ARDS), was first recognized (Knight,
1973; Hirsch, 1987). Subsequently, aggressive
fluid resuscitation with crystalloids gained increas-
ing acceptance despite clear distinctions between
extensive trauma and elective surgical proce-
dures (Moore and Shires, 1967).

The purpose of this chapter is to review basic
physiology relating to fluid distribution as it
pertains to blood replacement with crystalloid
fluids.

PHYSIOLOGICAL PRINCIPLES

The activity (concentration) of particles in a solu-
tion is expressed as osmolarity or osmolality.
Osmolarity is expressed in osmoles per liter
of solvent (Osm/l); osmolality is expressed as
mOsm/kg. Sodium is the principal osmotically
active constituent of extracellular fluid. For exam-
ple, the osmotic activity of 0.9 per cent saline,
which contains 154 mEg of sodium ions and
154 mEq of chloride ions per liter, is 308 mOsm/g.
Intravenous fluids differ in osmolality and tonicity.

Osmotic activity can also be expressed in
terms of osmotic pressure, which is calculated
from osmolality through the following equation:

A Osmotic pressure (mmHg) =

19.3 X A osmolality (mOsm/kg) (11.1)
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Hyperosmolarity is present when the number of
osmotically active particles, such as urea, glucose
or sodium, is high. When the hyperosmolarity is
associated with redistribution of water from the
intracellular to the extracellular volume, as occurs
with hypernatremia, the resulting condition is
termed hypertonicity. Thus, the osmolalities of
various intravenous fluids in comparison to nor-
mal serum osmolality are referred to as isotonic,
hypotonic or hypertonic.

DISTRIBUTION VOLUMES OF WATER,
SODIUM AND PROTEIN

Water, which accounts for 60 per cent of total
body weight in thin, young humans, is contained
in three compartments: intracellular (40 per cent),
interstitial (16 per cent) and intravascular (4 per
cent).The latter two form the extracellular space.
Therefore, in a 70-kg adult, total body water = 421,
intracellular volume = 281 and extracellular
volume = 141, of which four-fifths (approximately
11.21) is interstitial and one-fifth (approximately
2.81) is plasma volume. Sodium is the dominant
extracellular cation, 140 mEq/l, whereas potassium
is the dominant intracellular cation, 150 mEq/I.
Colloid osmotic pressure (), though a small
component of total osmotic pressure, plays an
important role in maintaining the balance between
intravascular and interstitial volume.The Starling
equilibrium, which mathematically summarizes
t