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Introduction

Any review of modern transfusion therapy would be
incomplete without considerable discussion of hdoluig-
based oxygen carriers (HBOCs). This abbreviationths
preferred term for the class of transfusable fliatd® known as
‘oxygen therapeutics’. The biologic goal of trarstn therapy
IS to preserve tissue perfusion in order to minenttze damage —
both physiologic and structural — that results freralonged or
repeated episodes of ischemia. Oxygen-carryingtisak with
crystalloid and colloid elements may be effective many
clinical situations. For example, in a simple atadl model
designed to illustrate how HBOCs might be usedurgery, a
red blood cell (RBC) substitute of the first geriena, currently
in clinical testing, is projected to replace up 6% of the

current use of allogeneic RBCs (Chang, 2004).

The need for human blood for blood transfusions is
steadily increasing. However, donated human blsodddled
with many problems, such as, limited availabilgport storage
lifetime, possibility of transmission of infectioutiseases by
blood-borne pathogens, allergic reactions, and Iprob
associated with cross-matching different blood $ype
(Schumacher et al., 2004).



The ideal intravenous fluid for trauma resusanativould
have the following properties: provide volume exgan, carry
oxygen, possess a long shelf life at room temperahot affect
coagulation, and be universally compatible, nongamic, non-
infectious, and inexpensive. No fluid meets all tifese
requirements, however hemoglobin based oxygen etarri
(HBOCs) currently in the advanced stages of devetoq,
bring us closer to the ideal. FDA approval for salef these
carriers may occur within the next two to threerge®espite
the theoretical promise and attraction that thesmpounds
possess, their true utility remains largely unesxgydo(Strandl,
2004).



Aim of the work:

The aim of this work is to orient intensivests ablo@moglobin based oxygen
carriers as artificial blood transfusion substisutegarding current status and future

directions.



1. PHYSIOLOGICAL BASIS

1.1 Oxygen requirements

Oxygen is required for the efficient conversionsobstrate to ATP, whose
high-energy phosphate bond is subsequently corv@mte the power that drives all
living processes(figure 1.1). Without oxygen, ATP can still be produced by
anaerobic metabolism, but the yield of ATP is mle$s and the product of such
metabolism is lactic acid. When the supply of oxygees not meet demand, the so-
called ‘anaerobic threshold’ is crossed, after Whao oxygen debt is incurred, lactic
acid accumulates and, if oxygen is not resupplesdls die. The concentration of
oxygen within mitochondria that is required for @@c metabolism is quite low, in
the range of 2-3 mmHg, and under normal conditaxygen is in substantial excess,
with tissue PQin the range of 20-40mmHguyton et al., 2003)

In single-cell animals, the transport of oxygemirair to mitochondria is a
diffusive process, and no circulation is needed.ofganisms increase in size and

complexity, the distances for diffusion ateo great, and circulatory

mechanisms are needed to move oxygen from thettutigsue sites of respiration.
Oxygen delivery (DQ) is the product of arterial oxygen content (Qa@nd cardiac
output (Q)(equation 1.1)

DD= Ca02 X Q (1.1)
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Figure 1.1 Metabolic oxygen consumption. With excess glucord axygen a
substrates, mitochondria produce ATP for use inrggi-consuming reactions (left
When oxygen supply to maichondria is interrupted (rightPO2 drops to critically
low levels, the much less efficient anaerobic meliabn ensues, producing less A
and lactic acid. If the oxygen supply is nc-established, oxygen debt, acidosis
tissue death follow. Mitdwondria are able to utilize oxygen efficiently tery low

levels, approximately 2—-3 mmHuVinslow, 2006.

Oxygen consumption (V&) is the product of the arter— venous oxygen differenc
(C (a_v) Q) and cardiac outpyequation 1.2:

C(av) 2 (1.2)X VO2=Q

However in addition to the circulatory system, @ominent of an oxyge
carrier (hemoglobin) within the red cell is alsdtical, as demonstrated by a sim|
calculation usingequation 1.%. If the requirement for oxygen to support aera
metabolism in a resting human is 5 ml/min per kg d the heart can pump 5 I/mi
and if all of the arterial oxygen is extracted,rtliee minimum oxygen to be carried
arterial blood is (5 mli/min p kg X 70 kg)/(5 I/min) or 7 ml/dl of blood. TF
relationship between PO2 and the concentrationxgden in plasma

a X PO,

O —
2 760



whereq is the solubility coefficient in plasma (2.34 nilfter atmosphere). Thus, in

order for plasma alone to present 7 ml/dl of blemdhe capillaries, the PO2 would

have to be at

least (7 ml/dl X 760)/2.34, or 2274 mmHg, or ab&utatmospheres — a clear
impossibility. Furthermore, mammals such as marcapable of increasing their rate
of oxygen utilization many fold, reaching as high#-90 ml/min per kg in trained
athletes. Support of oxygen transport in largermats therefore presents two
evolutionary challenges: first to transport largecaints of oxygen in blood such that
it remains in the blood until it reaches respiritigsue, and second to provide
mechanisms such that more blood flows to criticsues in times of negould et
al, 1983)

The capacity to transport large amounts of oxygeachieved by the presence

of an oxygen carrier. Invertebrates transport orygea circulating hemolymph that
contains either hemocyanin, a copper-containingeprp or hemerythrin, an iron-
containing protein. In both of these, the metalmatis coordinated directly to the
protein. However as body size increases still mtamger amounts of the oxygen
carrier are required; but if the heme protein wege in the plasma it would turn over
so fast that the larger organism could not possikelgp up with production. This
problem is solved by the red blood cell, which @eggs hemoglobin in such a way

that the molecules have a lifespan of approxim&t8ly days.

Red blood cells are uniguely suited to the tas&xygen transport for several
important reasons. First, they contain a high cotreon (about 35 g/dl) of
hemoglobin, capable of carrying about 47 mL of @er 100 mL of red cells.
Hemoglobin at this concentration could not circeljabut a suspension of cells in
plasma where the cells occupy about 45 per cettheofvolume of blood circulates
very well. Thus, the overall oxygen capacity is athit8 ml/dl. Second, red blood cells
are deformable; they can squeeze into capillatias are smaller in width than the
dimension of the cells themselves. This ensuresnénral distance for diffusion of



oxygen from the alveolar space of the lung to hdpimg, or from hemoglobin t
sites of tissue respiratio

Third, hemoglobin binds oxygen cooperatively. Thisans that very sme
changes in oxygen tension result in large amouhtsxggen either taken up in t
lung or released in the tissues. Finally, hemogl@@monstrates a Bohrfect: local
conditions of pH and carbon dioxide affect the av-binding behavior o
hemoglobin in ways that are favorable for oxygesmsport. Since the supply
oxygen is critical to organ function and theref@u@vival, it is expected that tt
physblogic mechanisms that ensure this supply are cexmgohd redundan

1.2 Local regulation of oxygen suppl

In order to ensure adequate oxygen supply to tsand to provide an oxygt

reserve for sudden increased demand, compensatmigamisms must engage. T
process, generally called ‘autoregulation’, is fiv@cess whereby the delivery
oxygen to tissugis matched to demand. The general mechanismsdhabe altere
to maintain tissue oxygenation are blood flow amgigen extraction, and both ha
central nervous and peripheral components. Cemeghanisms are comprised of -
control of ventilationhypoxic ventilatory responses, and carotid bodjerefs anc
regulation of cardiac rate and stroke volume. Perigl mechanisms are the resul
local metabolic controls, and can be studied inedeated animal models. In su
preparations when blood essure is decreased, oxygen extraction increades
oxygen extraction ratio (OER) is the fraction olgg&n that is removed from blood

a passage from the arterial to venous circulation, is defined a(equation 1.4:

(1.4)

Arterial oxygen content (CaO2), venous oxygen content (CvQ@) their
difference (C(a _ v)O2) are determined predomiwyatty the product of th
hemoglobin concentration and fractional saturatlmetgause normally approximate

oeR - L2110,




97 per cent of blood oxygen is carried bound to églobin, the remaining oxygen
being physically dissolved in plasma.

As an example of an autoregulation experim@&tiephard et al. (1973)
studied decapitated dogs, in whom blood pressure waintained by infusion of
epinephrine. When the blood pressure was loweredeitlyer decreasing the
epinephrine infusion or reducing the level of vembiood return to the heart, cardiac
output fell precipitously to about 60 per centtsfdontrol value. At the same time, the
extraction of oxygen in the circulation increasedé& comparable amount, so that
tissue oxygen consumption (VD was preserved. Thus the end result of
autoregulation was maintenance of tissue homessw@asr a range of different
conditions. This is a very important concept faansfusion practice, because it
suggests that need for a one-to-one replacemetusofred cells is not necessary
because of the healthy body’'s capacity to compenghtough a variety of
mechanisms. The problem comes in determining wherompensatory mechanisms
are stretched to their limit in a given patient.

1.3 The optimal hematocrit

What is the ‘optimal’ hematocrit? Obviously, théseno simple answer to this
question and certainly none that would apply to patients. Because it is easily
measured, hematocrit is frequently taken as a gateo for oxygen transport
capability. The bulk viscosity of blood increasegp@nentially with hematocrit, and
increased viscosity raises resistance to blood ,fliimiting cardiac output in the
absence of compensatory mechanisms. As the oxyggacity of the blood
(hemoglobin or hematocrit) increases, cardiac dudpareases, and over a wide range
of hematocrit there exists an optimum, defined fes point of maximal oxygen
delivery. This principle have been studied theosdly, in animals(Guyton et al.,
2003) and in humans with extensions to high altitudeypghemia(Winslow and
Monge, 1987) and the general conclusion is that 35 per centabecrit represents
the best combination of cardiac output and hematochealthy animals and humans.
Therefore, if all patients were in perfect healttransfusion trigger could be simply

defined as 35 per cent.



The problem, of course, is that patients, by d&finj are not in perfect health,

and the ability to compensate for loss of hemogldty raising cardiac output, for

example, may be quite variable. In addition, itnst always simple to determine

which patients can utilize compensatory mechaniams which cannot, or which

ones are in greater danger of localized tissueeistd because of restrictions such as
coronary stenosis

1.4 Oxygen delivery, Oxygen uptake and the criticabxygen

The delivery of oxygen (DO2, cardiac output aném@at oxygen content) was
compared to oxygen utilization (VO2)Cain, 1986) This analysis led to the
demonstration that as hematocrit is decreasedddsitiy DO2), there is no change in
oxygen uptake until a ‘critical’ DO2 is reached,vettich point oxygen delivery to
tissue can no longer be sustain@igure 1.2) Thus, VO2 is limited by oxygen
demand above the critical DO2 and limited by sugy@iow the critical DO2. Patients
are in serious danger of organ failure if DO2 i®wéd to drop below the critical
value, and the goal of transfusion therapy, is tontain DO2 well above that value
so that an appropriate reserve of oxygen is maiathshould the patient require it
because of blood loss or elevated oxygen requiremen

In summary, the capacity to regulate the supplgxgfgen at a given level of
arterial blood oxygen content is achieved by a doation of the ability of the heart
to increase its output in response to increasinggex need, and the ability of the

microcirculation to redirect blood flow

to capillary networks by a system of vasoconstitténd vasodilation that operates at

different levels of the circulation.



