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Abstract

Characteristics of blood transfusion in surgery and emergency care include 10nature of emergency blood transfusion,
20dynamic situation associated with ongoing bleeding, 30coagulopathies on top of surgical bleeding, 40special situations
including cardiopulmonary bypass and deliberate hypothermia, and 50life-saving nature. Even though, blood transfusion under
those conditions should be performed in accordance with blood transfusion guidelines by the government. In critical bleeding,
life-saving strategies may override those guidelines. Guidelines for critical bleeding by the Japanese Society of Anesthesiologists
and Society of Blood Transfusion and Cell Therapy may be more suitable for treating the patients with critical bleeding. It is
important to maintain circulating blood volume by fluids and blood products in acute anemia due to bleeding. Blood products
should be transfused according to the amount and the rate of ongoing bleeding. It is very important not to delay blood
transfusion in the bleeding patients.

Keywords
Anemia, critical bleeding, coagulopathy, fresh frozen plasma, platelet concentrates

gobooboooobooobobooooboo

goooboboobobooboboobooobomuoooo
gdooooooooooboobbbmuoooooooooo
gobobooobooobboobbooboboobobooo
gobood@oooooboobooooboooboboooobog
godooooooooooooboobbobbobobbbobooboo
gogboboobobooobboobboobobooobooo
gobooboboobooo™oooobooobboobo
oooboooboo

goboooooooboooooooooooooooooon
gozeos0bbooooooooboooooommooom
coooooooooooooomuobooboooooooon
000 000000000000000000000000
0000o0oO0ooOoooooo*

oboobooooooooobooooboooooomooon
ooooooboooboo0oOonooobooobooooooDo
coooboooooooooobooooboboobooboooo
coboooobooobooooooobboOobooOoooOoooDn

00000000000ooooooo00000000001138421 000000211 Department of Anesthesiology and Pain Medicine

Juntendo University, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-8421, Japan
0000 2007000240 00000 2007000210

36

0000 Vol 15, No.2, 2007



gboboooboooooobobogzeorooooooooOoO
gobobooobboobboobboobobooobboo
goobooooooobooboobooboboboobooooobog
00000000 oooooooooo*®™oooooooo
gogboooboobooobbooboobbooboobo
goboboooobooobobooooboobg

obobobobooooooboooboobobobOobooon
goboboobobooobboobboobboooboon
O Table 1.T1

Table 1. Differences between chronic anemia and acute anemia

Chronic anemia Acute anemia

Blood volume normal decreased

Plasma volume increased decreased

Blood viscosity decreased decreased

Systemic vascular decreased increased

resistance [l due to increased tone of SNS[

Stroke volume increased decreased

[ due to decreased afterload [J due to decreased preload(]
Heart rate normal increased

[l due to increased tone of SNSO

2-3-Diphosphoglycerate | increased normall] decreased

Oxygen delivery normall] decreased decreased

SNS: sympathetic nervous system
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Bleeding _> Hypovolemia

A
Hypotension
4
Impaired organ perfusion
Worsened Heart: impaired pump function
bleeding Liver: decreased clearance of metabolites,
tendency decreased production of coagulation factors
Kidnney: decreased excretion of acids
—
)
Massive blood
transusion
Coagulopathy
Thrombocytopenia
Hypothermia
|

Fig. 1. Vicious cycle created by bleeding
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O From: Ministry of Health, Labour and Welfare: Blood transfusion
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Table 2. Characteristics and dynamics of coagulation factors
O From: Ministry of Health, Labour and Welfare: Blood transfusion
guidelines, 3" edition, Jiho-company, Tokyo, 2005, p.520]

Levels necessary
for hemostasis

Fibrinogen 75-100mg/dl
Prothrombin 40%

Stability
0 storage at 40 0

3-6 days 50% stable
2-5days 400 80% stable
15-36 hrs 80%

Factors Half-life Bioactivity

Factor O 150 25% unstable
50 10% 2-7 hrs
100 40% 8-12 hrs

100 40% 18-24 hrs

700 80% stable
600 80%

Factor [
Factor O unstable
Factor O 400 50% stable
100 20%

150 30%

Factor
Factor 00
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Factor 0O O O O stable
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Abstract

Blood component therapy has been indicated in various patients as supportive therapy, especially in perioperative period. As
blood transfusion have adverse effects, as like transmission of infectious agents, transfusion reaction, transfusion related acute
lung injury and bacterial contamination, and supply of blood component is limited, blood transfusion should be performed with
right evaluation, reasonable selection and proper amount of blood component. In perioperative patients without any
complications, the transfusion of red cell should be started, when hemoglobin was less than 7g/dL. If perioperative patient is
suffered from any heart, lung or cerebral vascular diseases, the trigger of red cell transfusion should be less than 10g/dL of
hemoglobin. The perioperative target of platelet count would be more than 50,000 cells/mm?® in usual surgery and more than
70,000-100,000 cells/mm?® in brain surgery. The fresh frozen plasma should be administrated, when 10PT-INR is more than 2.0,
20APTT is elevated as more than twice of upper normal limit, or 30fibrinogen is less than 100mg/dL. Perioperative blood
component therapy following to guidelines of proper blood transfusion revised in 2005 would be able to decrease the amount of
blood transfusion without any disadvantages.

Keywords
Blood component therapy, Perioperative, red cell, hemoglobin, platelet, fresh frozen plasma, transfusion
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Methods of Reducing Life-Threatening Events Caused by Critical
Intraoperative Hemorrhage: Lessons Learned from Annual
Surveys of Anesthesia-Related Critical Events
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Abstract

The Japanese Society of Anesthesiologists and the Japan Society of Transfusion Medicine and Cell Therapy published
"Guidelines for critical intraoperative hemorrhage" in 2007. In these guidelines, the following points are emphasizedd 100we
should recognize massive intraoperative hemorrhage as critical hemorrhage, because its influence on the patient depends on the
speed of hemorrhage as well as the amount of blood loss, the supply of blood products, and patient's preoperative conditios] 2[Jif
intraoperative hemorrhage seems to be critical, we should immediately declare a state of emergency to the operating room staff,
the blood transfusion service staff and blood bank staff in order to organize systematic approach to the ongoing problem and
keep all responsible staff working outside the operating room informed of events developing in the operating roomJ 30Jin such
an emergency, we should omit ABO cross-matching and transfuse ABO-compatible blood products instead of ABO-identical
blood products if such products are readily available. In this review, we outline the present state of life-threatening hemorrhage
in the operating room in Japan based on the data that we have emerged from annual surveys conducted by the Japanese
Society of Anesthesiologists. We also emphasize the necessity of practicing the guidelines and discuss the problems associated
with promoting compatible blood transfusion in such an emergency.

Keywords
massive hemorrhage, surgery, blood transfusion, compatible blood, blood supply
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Review

Hemoglobin Vesicles to Treat Critical Ischemia

Dominique Erni, Reto Wettstein, Claudio Contaldo, Jan A. Plock, Nassim Rafatmehr,
Hiromi Sakai* and Eishun Tsuchida*

Abstract

The initital purpose for developing artificial oxygen carriers was to replace blood transfusions in order to avoid their adverse
effects such as immunologic reactions, transmission of infectious diseases, limited availability and restricted storage conditions.
With the advent of new generations of artifical oxygen carriers, a shift of paradigm evolved that considers the artificial oxygen
carriers as oxygen therapeutics re-distributing oxygen delivery in the favor of tissues in need. This function may find a
particular application in tissues rendered hypoxic due to arterial occlusive diseases. This review, based on a large series of
intravital microscopy studies in a hamster skin flap model, outlines the optimal design of hemoglobin vesicles] HbVsCgiven for
the above intention. In summary, the HbV should be of a large diameter, and oxygen affinity, colloid osmotic pressure and

viscosity of the HbV solution should be high.

Keywords artificial oxygen carrier, intravital microscopy, skin flap, hypoxia, hemodilution

Introduction

The initital drive to develop artificial oxygen carriers was
to reduce the need of blood transfusions in order to
circumvent their drawbacks such as immunologic reactions,
blood-borne transmitted diseases, limited availability and
restricted storage time'® The first generation artificial blood
substitutes included modified hemoglobiri] HbOmolecules and
perfluorocarbons. The Hb-based oxygen carriers] HBOCs[
were designed to mimick the physiological function of red
blood cells in terms of oxygen uptake, transport and release.
Accordingly, their physicochemical properties were targeted
to that of human blood.

However, on a clinical level, the artificial blood substitutes
have failed to meet the expectations so far. Clinical trials
yielded serious adverse effects, which were mainly related to
an unwanted vasoconstrictor response to the Hb molecules™*’
There was an urge to invent new HBOCs, which was
achieved by introducing a variety of structural modifications
of the hemoglobins and the rheological properties of the
solvent'™®®" This evolution was paralleled by a shift of
paradigm regarding the function of artificial oxygen carriers:
they were no longer seen as mere oxygen transporters and
suppliers but rather as oxygen therapeutics in a sense that
they would influence the distribution of RBC-bound oxygen in
favor of the tissues in need”™"

This new paradigm went along with the idea of using
artificial oxygen-carrying solutions as drugs instead of blood
substitutes, thus revealing new therapeutic strategies. One of
them consists in the treatment of local tissue hypoxia caused
by arterial occlusion. Although occlusive vascular diseases
account for the highest causes of death and some of the
highest rates of morbidity and health care costs in the
industrialized countries, little emphasis has been put on
translational research focused on this indication for artificial
oxygen carriers. Symptomatically, this is not either the issue
in any of the ongoing clinical trials®. Some experimental
experience with this therapeutic strategy exists mostly for
first generation HBOCs and perfluorocarbons, both of which
yielded beneficial effects in acute ischemic hypoxia in
cerebral®*] myocardial**"and peripheral*”tissues. On the
other hand, a clinical study testing the effect of diaspirin
cross-linked Hb on acute ischemic stroke revealed that
treatment with this first generation HBOC was an
independent predictor of a worse outcome*’

In collaboration with Waseda University, we have
investigated the efficacy of hemoglobin vesicles] HbVs[ a
second generation HBOC, in critically ischemic skin flaps. Our
goal was to ameliorate hypoxia by improving oxygen delivery
with the infusion of HbV solutions. This treatment is
supposed to serve as an ancillary measure until adequate
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perfusion is re-established surgically or spontaneously by neo-
vascularization. We favored the use of an HBOC because
unlike perfluorocarbons, HBOCs do not require high pressure
oxygen ventilation, which may be toxic if applied over the
prolonged period of time that may be necessary to bridge the
ischemic condition'™ This article reviews our experimental
experience with HbVs used for this purpose. Our studies
were focused on investigating the effects of the various
physicochemical properties of the HbV solutions in order to
optimize their design.

Standardized model and HBOC preparation allow for
comparable and reproducible findings

In our experiments we used a hamster skin flap model that
was derived from the well-established dorsal skinfold
chamber, a model that allows for monitoring the
hemodynamics and tissue oxygenation on a microscopic level
O Fig. 1.00°*% The model simulates critical ischemia in
peripheral tissue after acute vascular obstruction of the
anatomical, axial blood supply, which renders this tissue
dependent on a collateral vascularization. In our model, the

critical
ischemia

anatomical
perfusion

Fig. 1. Schematic view of animal model abovel] A flap is dissected from
the epilated back skin of anesthetized hamsters and mounted on a
platform for intravital microscopy. Schematic view of preparation

O belowl The flap is nourished by one artery and vein, which
bifurcate into two branches. After transecting the right branch,
the corresponding tissue is perfused via collateral vessels
connecting the two vascular beds and becomes critically ischemic.
Redrawn from Erni et al**”

ARTIFICIAL BLOOD Vol. 15, No.2, 2007

critically ischemic tissue showed hypoxia®; hypoxia-related
inflammation®”and incresaed rates of cell death®

The HbVs were produced and provided by Waseda
University®™. They consisted of isolated, purified human Hb
originating from outdated RBC concentrates. The Hbs were
encapsulated with a double-layer phospholipid membrane
that was coated with polethylene-glycol in order to avoid
agglutination. The diameter of the HbVs was approximately
250 nm. The oxygen affinity] P500was regulated by adding

the co-encapsulated allosteric effector pyridoxal 5 -phosphate.

To improve microcirculation: a prerequisite

Because the reason for hypoxia in critical ischemia related
to arterial occlusive diseases is hypoperfusion, the effect of the
oxygen-carrying solution on the microcirculation is of utmost
importance. Any further reduction in microcirculatory blood
flow may be deleterious. Partly severe vasoconstriction was
observed after application of first generation HBOCs****",
which was mainly due to the NO-scavenging effect of plasma-
bound Hb*"but also due to NO-independent mechanisms®"
The vasoconstrictor effect of the Hb compounds were largely
dependent on their size®”; its increase was therefore one of
the first goals to be accomplished with the second generation
HBOCs”™ No vasoconstriction, neither in normally perfused
nor in ischemic tissues, and no arterial hypertension were
observed in any of the animals receiving HbVs*®***™**which
are considered the largest HBOCs.

More than trying to avoid vasoconstriction, the primary
goal should be to increase microcirculatory blood flow in the
ischemic tissue, since blood flow determines oxygen delivery.
In this context, homogenous distribution of blood flow, best
expressed by functional capillary density] FCD[] is crucial to
avoid hypoxic tissue areas in spite of adequate total
volumetric flow*®™" It has been postulated that the ischemic
tissue may benefit from the small size of the artificial oxygen
carrier that is still able to penetrate the vasculature through
stenoses that are no longer accessible by red blood cells.
Although this phenomenon is intellectually appealing and has
been described in vivo™, the scientific proof of its biological
efficacy is lacking. On the contrary, HbVs were completely
inefficient if they were given in a solution that failed to
improve microcirculatory blood flow in the ischemic tissue
0 Fig. 2.00% thus emphasizing the importance of the rheological
formula of the oxygen-carrying solution. Similar observations
have been made in other conditions of compromized
microcirculation, where re-establishing microcirculatory blood
flow and FCD rather than increasing oxygen-carrying capacity
were important in preventing hypoxia®®

In this context, high colloidal osmotic pressuré] COPOand
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Fig. 2. Mean arteriolar blood flow and partial oxygen tension in the
critically ischemic tissue before and after 500 isovolemic blood
exchange with HbV dissolved in 800 human serum albumiri] HbV-
HSAOor 60 dextran 7@ HbV-Dx700 *p < 0.05 vs. Baseline and
HbV-HSA. HbVs are not able to improve tissue oxygenation if
blood flow is not increased. Redrawnfrom Erni et al*"

high viscosity proved to be beneficial to both volumetric
blood flow and FCD?®*#®®®0 High COP leads to blood
volume expansion and subsequent increase in preload,
cardiac output and mean arterial blood pressure. Furthermore,
hyperoncotic solutions may attenuate fluid extravasation and
edema formation in the ischemic tissue, thus relieving edema-
related impairment of oxygen diffusion®**"

The effects of the viscosity of the HBOC solution appear to
be manifold. Whereas we and others have repeatedly
demonstrated that the reduction in total blood viscosity during
hemodilution is beneficial particularly in conditions of
compromized microcirculation ¥2°®#EEEH0 it seems to be
advantageous to enhance viscosity in the plasma phase ™ ®*"
“™0 To prevent from decreasing plasma viscosity below a
certain level is crucial in maintaining capillary perfusion
pressure, which is explained by the influence of plasma
viscosity on NO-mediated, shear stress-induced arteriolar
vasodilation*™*" However, raising plasma viscosity to
supraphysiological levels did not reveal any arteriolar
vasodilation in our model, whereas microcirculatory blood
flow and capillary perfusion were improved®*®>® Since this
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was accompanied by a decrease in capillary diameter, the
viscosity-related microcirculatory improvement may have
been achieved by a decrease in capillary intraluminal
pressure due to a reduction in post-capillary resistance, which
in turn is predominantly influenced by the leukocyte-
endothelium interaction*” It has been reported that
leukocyte adhesion, which is the first step in this cascade of
events, may be attenuated by increasing shear stress on the
endothelium*®, a scenario that is most conceivable
considering the increased plasma viscosity after HbV
infusion®®! The assumption that HbV solutions improve
capillary perfusion by reducing post-capillary leukocyte
adhesion and activation was further evidenced by a decrease
in inflammatory markers such as endothelial leakage, tumor
necrosis factofd TNFHalpha, interleukirid IL36 and tissue
leukocyte counts®™

The influence of the oxygen-carrying solution on such
inflammatory pathways may not be under-estimated, in
particular in view of the ischemia-reperfusion effect that
takes place after improving the oxygenation of this tissue.
Due to the reduced arterial perfusion pressure, the influence
of post-capillary resistance on capillary flow is more relevant
if the tissues are indirectly perfused via the collateralized
vasculature. Various authors have reported that artificial
oxygen carriers may have the potential to attenuate
ischemia-reperfusion injury®* in particular if they are
supplemented with antioxidants®"

The principle of improving oxygen delivery by augmenting
microcirculatory blood flow is based on the maintenance of
adequate tissue perfusion either by the remaining blood flow
an incompletely occluded arterial axis or by functional
collateral vessels. Collateral vascularization varies between
species, individuals, organs and even within organs®*" Most
of the existing experimental studies that report a beneficial
effect of artificial oxygen carriers on critical ischemia due to
arterial occlusion, including those cited in this review, relied
on the presence of a functional collateral vasculature. Its
importance was highlighted by Rebel et al who found that
hemodilution with an oxygen-carrying solution after cerebral
artery occlusion was able to increase oxygen delivery in the
collateralized cortex but not in the caudate nucleus, which is
an end artery territory®. The growth of the collateral
vasculature, a process termed arteriogenesis, is triggered by
a chronic impairment of axial, anatomical blood supply®? The
collateral vascularization acts as a lifebelt when it comes to a
complete shut down of the anatomical perfusion, and the
development of therapies that aim at enhancing collateral
vascularization has gained great scientific interest in the
recent years™ It is not unlikely that artficial oxygen carriers
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will be playing a pivotal role in the therapeutic concept of
oxygenating critically ischemic tissue via a collateralized
vasculature in the near future.
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Fig. 3. Mean arterial Hb concentration, and mean arteriolar blood flow
and partial oxygen tension in the critically ischemic tissue before
and after stepwise isovolemic hemodilution with 600 dextran 70
0 Dx700and HbV dissolved in Dx70. The P50 of HbVs was 30
mmHd] HbV30-Dx700or 15 mmHd] HbV15-HbV *p < 0.05 vs.
other groups. In spite of decreasing Hb concentrations, tissue
oxygen tension increases with every step of hemodilution with
HbV solutions but not with Dx70. Tissue oxygenation is better for
HbV with higher oxygen affinity. Redrawn from Contaldo et al*"

To make the HBOC increase oxygen delivery to the
tissue in need

If the vesicles did not contain Hb, oxygenation and tissue
survival in the critically ischemic tissue could not be
improved although rheological properties and

ARTIFICIAL BLOOD Vol. 15, No.2, 2007

microcirculatory improvements were similar to the oxygen-
carrying vesiclé] HbVOsolutions®. The oxygenation in the
critically ischemic tissue was correlated with the HbV
concentration in the circulating blood but not with the total
Hb concentratiorid RBC-bound Hb plus HbV-bound Hb"
Furthermore, the contribution of HbV-bound oxygen to the
total oxygen extracted by the ischemic tissue was estimated
to be less than 100 even at high HbV concentrations®"
These data suggest that the HbV solution acts rather by
promoting the release of RBC-bound oxygen to the ischemic
tissue in terms of an oxygen therapeutic than by enhancing
the oxygen-carrying capacity in terms of a RBC substitute.
The HbVs circulate in the plasma phase, thus interfering
with the oxygen delivery from the RBCs to the tissue®™"
According to the Stokes-Einstein equation, the diffusivity of
oxygen is inversely proportional to the size of the plasma-
bound oxygen-carrying compound and the viscosity of the
plasma suspension. Furthermore, oxygen diffusivity is
negatively affected by the oxygen affinity of the oxygen
carrier, and high oxygen affinity shifts oxygen release
towards the downstream direction®®*" In our studies, we
have repeatedly demonstrated that increasing the size and
oxygen affinity of the oxygen carrier as well as the plasma
viscosity exerts a positive effect on the oxygenation in the
critically ischemic tissue®™*®" This strongly suggests that
the benefit was obtained by the maintaining oxygen content
high in the blood entering the critically ischemic tissue, which
is achieved by impeding unnecessary oxygen loss to the
normoxic tissue in the upstream vasculature, whereas the
increased oxygen retention is over-ruled by the high oxygen
tension gradient between blood and tissue being present in a
hypoxic environment. The result is a net re-distribution of
oxygen in favor of the critically ischemic tissue, which is the
more efficient the more oxygen is kept intraluminaly
upstream. In our model, the upstream oxygen loss was
estimated at 40-500 “** It may be even higher in species
with higher arterial oxygen saturatioril SaO, is approximately
800 in our modell] or in tissues with a higher rate of oxygen
extraction.

Equipped with the above-mentioned physicochemical
requirements, the HbVs were able to improve
microcirculation, oxygenation and tissue survival, and to
attenuate hypoxia-related inflammation in the critically
ischemic tissue without necessitating the microcirculatory
benefit obtained by hemodilution and volume expansion
0 Fig. 4.0 This was accomplished in terms of a topload
infusion, which is a more appropriate mode of application in
the clinical setting because blood exchange and adverse
effects related to hypervolemia can be avoided.
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Fig. 4. Cranially based bilateral skin flaps were raised on the dorsum of
mice. In the untreated control animals, about the distal two thirds
of the flap surface necrotized due to critical ischemid] abovell] Flap
survival was markedly improved after topload infusion of HbV
dissolved in saliné] Hb concentration 10g/dl, 25% total blood
volumé] belowll

Summary

Based on a large set of experimental data, the optimal
profile of an HBOC solution determined to improve
oxygenation, functionality and integrity of critically ischemic
tissue can be outlined as follows:

10 The hemoglobin compound should be of a large
diameter in order to prevent vasoconstriction due to
extravasation.

20 The viscosity of the solution should be high in order to
promote shear stress-related vasodilation and to
diminish leukocyte- endothelium interactivity.

30 The oxygen affinity of the HBOC should be high in
order to improve oxygen distribution, which is also
positively influenced by increasing the size of the Hb
compounds and the viscosity of the Hb solutions.

Furthermore, the efficacy of HBOC solutions are greatly

dependent on a functional collateral vascularization of the
ischemic tissue.
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