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Mechanical, microvascular and cellular basis
for the design of artificial blood

Amy G. Tsai, Hiromi Sakai*, Eishun Tsuchida* and Marcos Intaglietta

Introduction
Several oxygen-carrying plasma expanders (OCPEs, “artificial

blood” or “blood substitute”) are under development, however, a safe,
efficacious and economic product is not yet available. This is in part
due by the fact that the effects of these blood substitutes on the micro-
circulation have not been appreciated, and the fluids developed have
not been designed to conform with biological requirements of the tis-
sue in the conditions in which OECPs will be used. Furthermore the
fluids developed do not conform with the mechanical conditions in the
microcirculation. It is well established that most of the products
developed so far cause vasoconstriction, reducing capillary perfusion
and tissue oxygenation?*, a negative outcome for tissue survival.

This result stems from the perception that the primary focus in
developing hemoglobin OCPEs is to create solutions that have identi-
cal oxygen carrying properties of blood (e.g., concentration, oxygen
affinity, Hb-oxygen dissociation curve). Unfortunately when academ-
ic physiologists and clinicians tested this products, it was in general
found that they did not yield satisfactory results. This was, and con-
tinues to be, due to the imperfect understanding of how the physical
properties of blood affect microvascular function.

To this date development of OCPE:s is focused on the concept that
this fluid should have the oxygen carrying capacity of the missing red
blood cells, and that it is beneficial for the resulting circulating mix-
ture to have a viscosity lower than natural blood. The idea that lower-
ing blood viscosity has a therapeutic value is firmly embedded in
medical thinking. These principles have guided and form the basis of
products now undergoing clinical trials. Unfortunately the leading
candidate for market entry, the Baxter Healthcare product
HemeAssist® (aa-hemoglobin) met with a predicted failure, while
similar products are presently in stage III clinical trails, although it is
generally found that they aggravate the tissue oxygenation deficiency
to be remedied.

A new impetus for the development of artificial blood has been
generated in Japan and the United States, once direct in vivo experi-
mentation made apparent that fluid resuscitation must prioritize
restoration of microvascular function. This paper highlights the prin-

cipal ideas and findings that form the basis of this renaissance in arti-
ficial blood.

Microvascular effects of plasma expanders

In order to understand the biological and physical phenomena that
underlay the substitution of blood with a non-cellular oxygen carrying
solution it is useful to separate the problem into two parts, namely
restoration of volume and restoration of oxygen carrying capacity.
This separation is justified since with the exception of liposomes and
fluorocarbons, the technology is focused on molecular hemoglobin
(Hb) solutions as OCPEs, whose physical difference with volume
restoration fluids is oxygen carrying capacity.

Replacement of blood with a colloidal or crystalloid solution, or
hemodilution, is a safe and routine procedure up to a 50% loss of the
red blood cell (RBC) mass, as repeatedly validated on a systemic
basis®. A 50% decrement in the concentration of RBCs brings the
concentration of Hb to the transfusion trigger which is generally
accepted to be in the neighborhood of 7 g Hb/dl. Up to this
hemoglobin concentration tissue pO,, blood pressure and functional
capillary density (FCD) remain normal in healthy organisms.
Microvascular conditions change when this threshold is passed®.

Dilution of blood to the transfusion trigger causes blood viscosity,
which is a function of hematocrit, to decrease to about 2 c¢P (from
about 4 cP). This change reduces hydraulic pressure losses in the sys-
temic circulation, elevates right atrial pressure, increases filling of the
heart, enhances heart contractility, increasing cardiac output and blood
flow velocity’®. Increased cardiac output compensates decreased
oxygen carrying capacity due to reduced RBCs and oxygen delivery to
the capillaries remains constant®!). Arteriolar/venular diffusional
shunting is diminished because of the increased velocity and the
decreased RBC residence time in these vessels!? and increased capil-
lary flow velocity causes oxygenated RBCs to travel further before
yielding their oxygen'®. As a result oxygen delivery and tissue oxy-
gen remain nearly constant up to a hematocrit reduction of 50%. Thus
OCPEs are not needed for RBC losses up to 50% and tissue oxygena-
tion is unchanged from baseline in hemodilution where systemic
hematocrit is reduced by 60%!%.
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Flow compensations for reduced RBCs does not continue when
hematocrit decreases beyond 50% of the normal value because cardiac
output cannot increase indefinitely’®. Furthermore the production of
EDRF by shear stress is limited, and when this stimulus is not main-

tained the microcirculation constricts and FCD decreases.

Microvascular physiology of oxygen delivery relevant to plasma
expanders

The physical properties of the circulating blood that results from
the mixture of the OCPE and blood affect gas delivery and microvas-
cular function. Gas exchange within the tissue has focused on how
gases are exchanged between blood flowing in a single capillary, and a
surrounding tissue cylinder and tissue oxygenation is extrapolated
from this model'®. A universal assumption is that oxygen is
exchanged at this level, implying the existence of large blood/tissue
pO, gradients in a substantial portion of tissue capillaries. Most capil-
laries, however, appear to have an oxygen concentration which is in
near equilibrium with the tissue, thus the large oxygen gradients are
not present, suggesting that capillaries may not be the primary mecha-
nism for tissue oxygenation!?.

Our findings in the hamster window chamber model show that
most of the oxygen is delivered by the arterioles!”. In this tissue,
comprised of subcutaneous tissue and skeletal muscle, the average
capillary pO, is about 25 mmHg and venular pO, is higher. This indi-
cates that about half of the oxygen in blood exits the vessels before it
arrives at the tissue and that little oxygen is contributed to the tissue
by the capillaries®. Although capillaries do not appear to be the prin-
cipal suppliers of oxygen in some tissues, our studies'®!» have shown
that maintenance of FCD in shock is a critical parameter in determin-
ing the outcome in terms survival vs. non-survival, independently of
tissue pO,, suggesting that extraction of products of metabolism may
be a more critical function of capillaries than oxygenation.

Current status of information on oxygen delivery to tissue

The design of an OCPE requires to understand how its properties
affect oxygen distribution in the microcirculation and tissue. Until
recently this was not possible because there were no methods to mea-
sure intra- and extravascular oxygen levels. We have developed a
phosphorescence decay technique for measuring oxygen partial pres-
sure optically in the microvessels and the surrounding tissue20-24 that
allows for in vivo analysis of the assumptions in the Krogh tissue oxy-
genation model'®. Results for skeletal muscle at rest and subcuta-
neous connective tissue of the hamster skin® show that:

1) Capillary blood pO, is only slightly higher (about 5 mmHg)
than tissue pO,.

2) Arterio/venous capillary pQO, differences are very small,
because tissue pO, is essentially uniform, and capillaries are
nearly in oxygen equilibrium with the tissue.

3) A major portion of blood oxygen is delivered to the tissue by

the arterioles.
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The finding that the capillaries are not the only source of O, in
the microcirculation have been reported by Duling and Berne, 197029,
who measured significant O, delivery from the arterioles. The polaro-
graphic microelectrode used, however did not allow for consistent
measurements of microvascular blood pO,. Itoh et al., 1994%), and
Yaegashi et al., 1996%” have developed methods for mapping pO, that
should provide quantitative insight into tissue oxygen levels.

Oxygen distribution in the arteriolar network by spectrophotomet-
ric measurement of blood pO, in the microvessels by Pittman and Dul-
ing, 19752, revealed that arterioles deliver oxygen to the tissue at a
rate that is an order of magnitude greater than could be accounted for
by the oxygen gradients measured by microelectrodes in the surround-
ing tissue??. This finding led to the hypothesis that the diffusion con-
stant for oxygen in the microvessel wall is an order of magnitude
greater than in water and tissue, however, there is no mechanism that
can account for this phenomenon in the tissue compartment.
Ellsworth er al., 19883, mapped oxygen saturation in arteriolar and
venular capillary networks of the cheek pouch retractor muscle and
showed that arteriolar capillary saturation was about 61% vs. 40% for
venular capillaries, thus the arteriolar network delivers about double of
the oxygen delivered by the capillaries. These results are similar to
ours. Their study found that 1/3 of the capillaries had negative longi-
tudinal saturation gradients due to interaction with other blood vessels.
Ellsworth et al., 19903", reported the interaction of capillary oxygen
with surrounding arterioles and venules and concluded that capillaries
have a passive role in terms of oxygen delivery, since their oxygena-
tion is a function of that of the tissue that surrounds them. Therefore
OCPEs must be designed to deliver oxygen to arterioles as well as
capillaries. Tsai et al. 19982, and Shibata and Kamiya, 19993,
report that there are significant oxygen gradients at the arteriolar ves-
sel wall, which may be related to a very high oxygen consumption in
this compartment.

Distribution of oxygen tension in the microcirculation

The microcirculation is adapted to a specific distribution of oxy-
gen tension that is in part determined by the shape of the oxygen dis-
sociation curve for hemoglobin. In this system blood with specific
oxygen tensions locates at specific microvascular sites as a result of
the control of active mechanisms that sense oxygen partial pressure in
both tissue and blood and partition oxygen delivery between the arteri-
olar and capillary circulation®®.

The partial pressure of oxygen in blood is distributed so that the
knee of the oxygen dissociation curve for hemoglobin is located in the
arterioles where the adrenergic sensor system in the arteriolar network
has the highest density and presumably sensitivity39. Arterioles prior
to the fulcrum deliver most of the oxygen in tissues at rest. Capillary
oxygen delivery may become the predominant mode of oxygen trans-
port in working tissue. The shift from arteriolar to capillary oxygena-
tion in exercising skeletal muscle would expose capillaries to very
high blood pO,, a process related to the increase of flow and wall
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shear stress, leading to a positive feedback process through the release
of shear stress dependant vasodilators¥6-37.

The relationship between partial pressure of oxygen and blood
oxygen saturation, defined by the value of p50 (partial pressure of
oxygen at which hemoglobin is 50% saturated) is important in deter-
mining how tissue is oxygenated. It is generally assumed that a high
value of p50 leads to better tissue oxygenation because oxygen is more
readily released. Considering our data on how oxygen is released in
the microcirculation it becomes apparent that a high value of p50
causes a disproportionate increase in the oxygen released in the arteri-
oles, which is a signal for vasoconstriction. Therefore, normal or
lower p50 is preferable to avoid the constrictive stimulus. Low p50
constitutes a form of targeted oxygen delivery, since it causes oxygen
to be delivered in tissue locations with low pO,.

Sakai et al., 19993, carried out a study with hemoglobin vesicles
with p50 of 9, 16 and 30 mmHg in the microcirculation of the hamster
window model subjected to a 80% isovolemic blood exchange. Opti-
mal p50 was at 16 mmHg, i.e., the p50 at which FCD and tissue pO,
were maximal. Microvascular flow and diameter were also higher in
arterioles and venules when the p50 of the hemoglobin vesicles was 16
mmHg. This result is supported by the study of Baines et al., 19983,
who compared oxygen delivery in isolated kidneys perfused with
hemoglobin solutions with p50s at 1 lmmHg and 35 mmHg and found
that the solution with the lower p50 delivered oxygen twice as effec-
tively.

NO and tissue oxygenation

NO inhibits mitochondrial respiration*®. Whole body experi-
ments show that NO synthesis inhibition by nitre-L-arginine (N.A., 30
mg/kg) increases oxygen consumption of resting conscious dogs by
37% indicating that basal NO release regulates tissue oxygenation*V.
NO acts as a brake on tissue metabolism, reducing oxygen consump-
tion, while the lack of NO increases metabolism and tissue oxygen
consumption*». Blood flow causes the production of NO from
endothelial cells via shear stress mediated processes*®. Therefore
flow, vascular tone, oxygen delivery, blood viscosity and NO produc-
tion are directly coupled, and changes in the viscosity and oxygen car-
rying capacity of blood have a direct effect on tissue oxygenation.
This is supported by the study of de Witt ez al., 1997*), who showed
that elevation of plasma viscosity induces sustained NO-mediated
dilation in the hamster cremaster microcirculation in vivo. See also
Dingwall and Kelly, 19984), and Crystal et al., 19994,

Change from distributed to uniform viscosity due to molecular
OCPEs

In the microcirculation larger arterioles are exposed to high blood
pressure and high pO,, while smaller vessels are progressively exposed
to lower pO, and pressure. The partition of hydraulic pressure and

oxygen is a function of blood viscosity. Blood viscosity is also dis-

tributed in the microcirculation, because hematocrit varies continuous-
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ly from the systemic value to less than 50% of the systemic value, as
blood transits from the larger arterioles to the capillaries as a conse-
quence of the Fahraeus-Lindqvist effect. This is a major effect
because of the non-linear relationship between blood viscosity and
hematocrit. In larger arterioles blood viscosity is 3.5 - 4.0 cP, while in
the smaller arterioles viscosity is lower. This affects shear stress and
shear stress dependant release of EDRF (NO and prostacyclin) since
shear stress is present in a prescribed way in the microcirculation
when the system is perfused by normal blood.

Molecular oxygen carrying and non carrying plasma expanders
are not subjected to the Fahracus-Lindqvist effect causing the whole
microcirculation to be exposed to a uniform viscosity, significantly
changing shear stress distribution. The same considerations apply to
oxygen carrying capacity distribution in substituting RBCs with a
molecular oxygen carrying material, since hematocrit decreases pro-
gressively as blood transits in the microcirculation, but oxygen carry-
ing capacity becomes uniform with molecular oxygen carrying plasma

expanders.

Effect of plasma viscosity

Although is generally believed that plasma viscosity should be
low and that high plasma viscosity is representative of pathological
conditions, there is evidence that high viscosity plasma is either bene-
ficial, or has no adverse effect in conditions of extreme hemodilution.
Waschke et al., 1994*7 found that cerebral perfusion is not changed
when blood is replaced with fluids of the same intrinsic oxygen carry-
ing capacity over a range of viscosities varying from 1.4 cP to 7.7 cP.
Krieter et al., 1995 varied the viscosity of plasma by adding dextran
500 kDa and found that medians in tissue pO, in skeletal muscle were
maximal at a plasma viscosity of 3 cP, while in the liver the maximum
occurred at 2 cP. In general they found that up to a 3-fold increase in
blood plasma viscosity had no effect on tissue oxygenation and organ
perfusion when blood was hemodiluted. de Witt et al., 1997* found
that elevated plasma viscosity causes sustained NO-mediated dilata-
tion in the hamster muscle microcirculation. The recent paper by Tsai
et al., 1998'% further supports these concepts, showing that extreme
hemodilution with high viscosity plasma expanders, leading to high
viscosity plasma maintains FCD and improves tissue survival.

Hemoglobin based plasma expanders molecular size and
vasoactivity

Oxygen carrying plasma expanders based on small molecular
dimension hemoglobins exhibit vasoconstriction as repeatedly found
with aio-hemoglobin. This is due to NO scavenging and the oversup-
ply of oxygen to the arteriolar vessel wall caused by facilitated diffu-
sion of oxygen transported by free molecular hemoglobin. Sakai et
al., 2000* have completed a study comparing the microvascular
effects of molecular hemoglobin solutions of different molecular radii
and found a direct correlation between increasing molecular dimen-
sion and decreasing pressor effect, as well as decreased vasoconstric-
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tion of small arteries and large arterioles. This study compared for the
first time crosslinked Hb (XLHb), PEG-conjugated Hb, hydroxyethyl-
starch-conjugated XLHb, polymerized XLHb, and PEG-modified Hb-
vesicles (PEG-HbV). Their molecular diameters were 7, 22, 47, 68
and 224 nm, respectively. The bolus infusion of 7 ml/kg of XLHb (5
g/dl) caused immediate hypertension (34% increase in mean arterial
blood pressure), the simultaneous decrease in diameter of AQ vessels
and the decrease of blood flow throughout the microvascular network.
Infusion of larger O, carriers resulted in lesser vasoconstriction and
hypertension, PEG-HbV showing the smallest changes.

Similar results were found by Nakai et al., 1996’9, who studied
the inhibition of endothelium dependent relaxation by acellular
hemoglobin derivatives and cellular hemoglobins in rabbit aortic
strips, concluding that the largest molecular configuration such as
polyethylene glycol (PEG) conjugated hemoglobin and liposome
encapsulated hemoglobin (HbV) had minimal effects.

Vasoconstriction has also been attributed to the possibility that
smaller molecules may more easily penetrate endothelial cells, or pass
through the endothelial barrier. The study of Nakai et al., 19985,
investigated the passage of hemoglobin through endothelial cell cul-
ture monolayers: It supports this concept, which is also substantiated
by the study of Faivre-Fiorina et al., 19992, in vivo. In this context
extravasation of hemoglobin is proposed to become a sink that diverts
NO as it diffuses to vascular smooth muscle, however, there is no
direct proof for this process at present. It should be noted that the
presence of molecular hemoglobin within the endothelial cell could
mediate the expression of vasoconstrictive stimuli that have not been
identified.

In general our results show that larger molecules provide for
improved microvascular conditions, with liposome encapsulated
hemoglobin yielding the optimal transport properties. It is notable
that neither PEG-hemoglobins nor HbV’s induced RBC aggregation,
where the later can be formulated to exhibit the required physical
properties particularly viscosity (3 - 4 cP), oncotic pressure dependent
on the suspending medium (20 mmHg in 5% albumin, 40 mmHg in
8% albumin) and controllable oxygen affinity over a wide range p50 =
9 - 60 Torr)s34,

Cellular effects of altered viscosity

The endothelium responds to changes in its mechanical and oxy-
gen environment according to programmed genetic schemes that may
be activated following changes in the mechanical environment of cells.
As a consequence tissue perfusion with reduced viscosity blood may
be deleterious at the cellular/endothelial level. One of these responses
is the mechanism for self destruction, apoptosis, which is activated
through a genetically controlled suicide process that eliminates cells
no longer needed or excessively damaged. In this context hemodilu-
tion with low viscosity plasma expanders may cause cellular damage
due to hypoxia and/or to the reduced vessel wall shear stress.

Hypoxia/ischemia may contribute to endothelial impairment due
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to inflammatory reactions®>. Activation of endothelium, platelets and
neutrophils, leading to additional damage through the liberation of
cytokines, can induce endothelial apoptosis®). The two mechanisms
of cellular death (necrosis and apoptosis) have been studied in cell cul-
ture, but there is little information on events that take place in vivo.
Irreversible damage to the microcirculation via necrosis may cause
cessation of capillary flow through endothelial swelling, due to
increased endothelial permeability following ischemic injury’?.
Endothelial swelling, a cause for the decrease of FCD, is in part
reversible through the induction of hyperosmotic transientss®.
Microvascular damage due to apoptosis is not immediately functional-
ly evident, since there is no mechanical change in the configuration of
the endothelium that leads to a correlated change in capillary perfu-
sion. However, this form of cell damage, once started, may not be
reversible.

Maintained blood viscosity or increased plasma viscosity in
reperfusion may be beneficial because basal levels of shear stress are
necessary for the upregulation of superoxide dismutase and NO which
act as a break to the apoptotic capacity of endothelial cells’®. Shear
stress mitigates apoptosis due to oxidative stresses caused by H,0,%.
Increased shear stress leads to increased or normalized NO produc-
tion. Shear stress dependant upregulation of Cu/Zn SOD and NO
synthease blocks activation of the caspase cascade in response to
TNF-a and oxygen radicals®”. Thus the production of CwZn SOD
and NOS by shear stress is a cellular mechanism for the preservation
of the integrity of the endothelium. Furthermore shear stress leads to
the suppression of endothelin-1 gene expressions?. Therefore normal
shear stress may be necessary for lowering peripheral vascular resis-
tance via gene expression mediated mechanisms.

Cell culture experiments show that interference with NO produc-
tion is an apoptotic stimulus®® which as been shown to be directly
mediated by shear stress upregulation of superoxide dismutase and
NO synthase®?). These findings directly link reperfusion with low vis-
cosity blood and the potential for apoptotic tissue and/or endothelial
impairment. Reperfusion with Ringer’s lactate causes an immediate 5-
fold increase in apoptotic index of the mucosa and smooth muscle of
the bowel wall and the liver relative to reperfusion with shed blood or
hypertonic saline®. Similarly, Sun et al., 1999%), report that the
expression of Bax protein, a potent inducer of apoptosis is significant-
ly increased in the lung after 75 min hemorrhagic shock when resusci-
tated with Ringer’s lactate when compared with albumin, blood, starch
and dextran.

Normalization of NO production lowers oxygen requirement of
the endothelium and parenchymal tissue®®. Thus normalized blood
viscosity or increased plasma viscosity is not only beneficial via the
transferral of pressure to the microcirculation and improvement of
microvascular flow and FCD, but also because of the mitigation or
prevention of long term (hours to days) endothelial damage triggered
by programmed gene expression, and lowered potential damage due to
hypoxia by lowering the tissue oxygen demand.

ANTLI# Vol. 8, No. 2, 2000




The use of plasma expanders for volume replacement beyond the
transfusion trigger reduces the need for blood transfusions, however
increase the risk of microvascular impairment due to lowered blood
oxygen delivery or lowered shear stress. Blood and plasma viscosity
are critical since lowered values increase oxygen delivery but decrease
shear stress. Consequently a blood substitute, beyond its effect in
maintaining FCD, should be effective in preventing ischemia and
apoptosis, presumably through the maintenance of adequate levels of
shear stress.

Shear stress changes in the circulation

The substitution of red blood cells in the circulation by plasma
expanders in the circulation lowers blood viscosity, i, and increases
blood flow Q. The equation for shear stress at the wall shows that
these are compensating effects since shear stress © is proportional to
both parameters, according to ¢ = 4uQ/nr’, where r is the radius of the
conduit. Valeri ef al., 199857, on the basis of a mathematical analysis
reported that shear stress is a minimum at the optimal hematocrit of
35%, and that it increases as hematocrit is decreased. By contrast, the
experimental data reported by Messmer et al., 1972%%, shows a linear
relationship between cardiac output and hematocrit, a result opposite
to that of Valeri et al., 19987,

These contradictions arises in comparing theoretical and experi-
mental studies. Shear stress must be evaluated in the microcirculation,
where it has the largest effect due surface area, high rates of shear, and
vessels regulate diameter in response to the release of shear stress
dependant vasoactive agents. Determination of shear stress in the
microcirculation is complicated because blood viscosity is lower than
systemic, and its value must be inferred from local hematocrit esti-
mates and plasma viscosity measurements. These problems are less
relevant in extreme hemodilution when blood viscosity is nearly New-
tonian, allowing for a better prediction of the shear rate € at the wall,
where shear stress can be estimated according to ¢ = pe. Tsai et al,,
19984, reported that in arterioles of 50 um diameter, wall shear rate
was 600 sec! at normal hematocrit, and at 12% hematocrit this was
reduced to 400 sec!. Assuming that blood viscosity was reduced from
the systemic value of 4.5 cP to 2.1 cP, then shear stress was reduced
from 26.4 dynes/cm? to 8.6 dynes/cm?, or four fold. Introducing high
viscosity dextran 500 kDa vessel wall shear rate at 12% hematocrit
was 490 sec!, blood viscosity was 2.8 cP and wall shear stress
increased to 13.7 dynes/cm?.

Facilitated diffusion

Winslow, 1999%, observed that when a relatively small amount of
Hb is dissolved in plasma relative to that present in RBCs, the amount
of oxygen present in plasma is significantly increased over that solely
due to its solubility in plasma, due to the chemical binding of Hb and
oxygen. This situation has a profound effect on the amount of oxygen
that is transported from the RBCs to the vessel wall, across the plasma
layer, since in the presence of dissolved Hb, oxygen is transported by
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both its concentration gradient in the plasma layer, and the concentra-
tion gradient of HbO,, according to the process of facilitated diffu-
sion”. The additional oxygen flux due to facilitated diffusion is sig-
nificant even though the diffusion constant for the Hb molecule is
much smaller than that of oxygen in plasma.

These effects were demonstrated by Page et al., 199879, who per-
formed experiments in 20 to 100 pm diameter silicon tubes and mea-
sured oxygen uptake and delivery from blood and mixtures of blood
and hemoglobin solutions. This study showed that as a consequence
of facilitated diffusion the mixtures were more effective in transport-
ing oxygen across the tubes, an effect that was also influenced by
shear augmentation of diffusion caused by the presence of RBCs".

Hemoglobin in solution that carry oxygen affect the rate of oxy-
gen transport from blood to the microvascular wall, a process that fol-
lows two different routes. One is the conventional diffusion of oxy-
gen. The second is the diffusion of the hemoglobin molecule itself,
which when carrying oxygen constitutes a second and additional pro-
cess for oxygen delivery to the tissue. These two mechanisms acting
in concert deliver too much oxygen to the vascular wall, causing the
blood vessels to shut down, which constitutes a third mechanism that
contributes to the deleterious vasoconstriction. Hemoglobin
molecules chemically configured to have large dimensions significant-
ly lower the additional flux of oxygen because of their intrinsic lower
diffusion.

Fluid shifts

The introduction of comparatively large amounts colloids in solu-
tion in the circulation increases blood colloid osmotic pressure (COP),
since this is determined by the concentration of active molecules. In
dealing with large molecules, their own molecular volume also
excludes solution volume. Thus large volume molecules affect COP
by their intrinsic number per unit volume, and by the fact that their
presences lowers the available volume in which they can be dissolved.
In general, the net effect is that molecular solutions of materials with
equivalent molecular weight > 300,000 Daltons in concentrations of
about 3 - 5 % have large COPs, in the range of 50 mmHg and higher,
which should be compared with the normal for plasma which is about
22 mmHg. Therefore the introduction in the circulation of these mate-
rials significantly affects fluid balance causing autotransfusion, and
increased intravascular fluid volume. Large fluid shifts affect blood
and tissue fluid pressure. Extraction of fluid from the tissue due to
high COP dehydrates the tissue, which may be a problem in some con-
ditions of fluid resuscitation. Fluid shifts due to these processes are
directly reflected by the changes of tissue pressure, which should
become increasingly negative™.

An interesting possibility it that the increased vascular volume
increases blood pressure, which in the absence of vasoconstrictor
effects would distend the systemic and microvasculature. In this sce-
nario capillary pressure is increased, which favors filtration of fluid
into the tissue, thus counteracting the absorptive effect of high COP.
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This effect is speculative, since the transmission of blood pressure into
the microcirculation could also elicit vasoconstriction through the
myogenic mechanism. This illustrates the necessity of monitoring
these effects at the level of the in vivo microcirculation, and the need
to combine direct monitoring of microvascular dimensions, as well as
capillary and tissue fluid COP and plasma volume.

Design concepts for artificial blood

The loss of blood, red blood cells, and oxygen carrying capacity
equates to the impairment of oxygenation and the potential demise of
the organism due to anoxia. This fatal outcome becomes increasingly
more probable as we approach the so called transfusion trigger, or the
point at which the loss of RBCs leads to a decrease in oxygen carrying
capacity that is no longer automatically compensated. Upon reaching
this point it is the universal practice to restore oxygen carrying capaci-
ty by the transfusion of blood.

The organism tolerates some loss of RBCs provided that this is
not paralleled by the loss of blood volume. The relative proportion of
tolerated losses is a 50% RBC deficit but only 10% of blood volume
losses. Thus volume losses must be rapidly corrected which can be
accomplished with a variety of plasma expanders whose capacity to
carry oxygen is not immediately relevant to the rescue process.

The transfusion trigger is a landmark that separates the form of
fluid resuscitation to be deployed, i.e., fluid vs. blood, and volume vs.
oxygen carrying capacity. It identifies the point at which fluid resus-
citation shifts from a systemic deficiency centered on circulatory vol-
ume, to the default of microscopic phenomena related to cellular,
microcirculatory and physical processes. Since artificial blood will be
used near this transition, it is necessary to understand the biological
and physical processes that occur in the microcirculation when we
introduce fluids into the circulation upon passing the transfusion trig-
ger.

The present understanding of the microcirculation crystallized at
the beginning of the 20th century when mathematical analysis estab-
lished that capillaries in the tissue had a mirror image function of cap-
illaries in the lung. In the lung they collected oxygen, and in the tissue
they delivered oxygen. This symmetrical scheme was appealing, and
intuitively logical, but unsupported by experimental data. Our work at
Waseda University and UCSD has led to revision of many of these
ideas. An important new conceptualization is that oxygen delivery
may not be the most important capillary function for tissues at rest.
Our findings, relevant for shock and trauma where blood transfusions
and artificial blood will be used, show that the most critical capillary
function is to provide an exit route for the metabolic byproducts!?.
Thus, if capillaries next to active cells do not perform this function,
waste products accumulate and being toxic eventually cause the
demise of the cells surrounding the obstructed capillary.

Functional capillary density as a the key parameter

Our premise of the priorities in capillary function is that extrac-
tion of waste products is first, and oxygenation is secondary. There-
fore in designing a blood substitute or OCPE, it is necessary to know
how the properties of blood are related to the maintenance of open
capillaries. All blood substitutes designed to date focus on their
capacity of delivering oxygen, and essentially ignore whether they
insure a mechanically open microcirculation. This problem is aggra-
vated because most “artificial blood” are based on hemoglobin which
when introduced into the circulation is a vasoconstrictor, which
reduces the number of open capillaries. Therefore the problem was
not only ignored, but was resolved in fashion that guaranteed a result
opposite to the needed outcome.

In order to insure that capillaries remain open we must understand
their mechanical properties. Capillaries like blood vessels have been
assumed to be tubes, however this is not borne out by the analysis of
their mechanical and transport properties, which shows that they phys-
ically reflect the properties of the material in which they are embed-
ded, i.e., the surrounding tissue’™. In other words, in mechanical
terms capillaries behave like tunnels, a perspective that leads to a very
different interpretation and understanding of their behavior. Thus
mechanically they cannot be considered to be rigid, but endowed with
the elasticity of the surrounding cells. Experimentally their diameter
was found to be insensitive to the increase of intra-capillary blood
pressure, which corresponds to the inability to increase the dimensions
of a mountain by pressurizing the content of a tunnel. Conversely,
being tubes which lack inner scaffolding to support the mountain, they
collapse if the inside pressure falls below a given threshold. Therefore
the fluid properties of blood must be such that an adequate amount of
arterial blood pressure is transmitted to the capillaries to insure that
they remain open.

Transmission of hydraulic pressure to the capillaries is hindered
by vasoconstriction, and is determined by the distribution of pressure
losses in the arterial circulation. In a rigid circulation, high viscosity
also hinders the transmission of arterial pressure to the capillaries,
thus lowering systemic viscosity as in hemodilution improves capillary
flow, as less pressure is lost in the circulation preceding the capillaries.
However this process is effective only up to the transfusion trigger as
shown by the practice of hemodilution. Introducing molecular solu-
tions in the circulation beyond the transfusion trigger further lowers
blood viscosity, which induces vasoconstriction which lowers FCD.
This phenomenon can be reversed by increasing plasma viscosity so
that blood viscosity in the central circulation is lowered, but blood vis-
cosity in the peripheral circulation is increased. This is the conse-
quence of blood viscosity in the central circulation is dependant on
hematocrit squared, and only linearly dependant on hematocrit in the
microcirculation”. A similar situation ensues in terms of oxygen
delivery. Since capillaries have no impermeable walls, such as the
garden hose relative to water, oxygen exit is solely hindered by the
resistance to diffusion in the medium that surrounds them. Thus oxy-
gen delivery by capillaries (and blood vessels) is akin to the delivery
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of water by a leaky truck: if the truck is slow the water will leak out
prior to arrival to destination. In the case of blood adequate oxygen
delivery requires high velocity of blood flow. Obviously vasoconstric-
tion hampers this process.

Shear stress and vasoactivity

A resuscitation fluid of high viscosity introduced in the presence
of a severe loss of red blood cells has the effect of maintaining the
shear stress generated by blood flowing over the endothelium. This
shear stress is necessary to cause the vessel walls to release vasodila-
tors and may counteract the constrictive effects of hemoglobins. Fur-
thermore the fluid further dilutes the RBCs in central blood, where
viscosity is dependant on hematocrit squared, thus lowering blood vis-
cosity in these vessels where blood pressure is high, while it increases
overall viscosity in the peripheral vessels where the concentration of
red blood cells changes little, and blood pressure is low. The net effect
is that more central pressure is transmitted to the periphery, the capil-
laries are distended and opened, and blood flow velocity is increased.

It may be that molecular hemoglobin solutions in blood are intrin-
sically vasoconstrictive because of the scavenging effect on NO, an
effect that is aggravated if low viscosity conditions depress the pro-
duction of this vasodilator by shear stress. Rohlfs et al., 198879, found
that hemoglobins with different pressor effects and solution properties
had similar reaction kinetics with NO, showing that NO scavenging
per se is not the principal factor in causing vasoconstriction, and ade-
quate levels of shear stress may be sufficient to counteract in part the
vasoconstrictive molecular effect. It is also probable that some level
of vasoconstriction is beneficial, or at least compensates for decreased
blood viscosity due to lower hematocrits if capillaries remain open.

Summary and conclusions

In conclusion, the formulation of artificial blood based on modi-
fied hemoglobin plasma expanders is based on several countercurrent
ideas, comprising the concept that oxygen delivery is of secondary
importance to open capillaries, that lowering blood viscosity is not of
universal benefit, that high affinity hemoglobin is more efficacious in
conditions of decreased oxygen delivery capacity, that high oncotic
pressures may be counteracted by high capillary pressure in preventing
fluid shifts, and that low viscosity perfusion may provoke irreversible
cell damage. Central to these ideas is the concept that the transfusion
trigger may also be a “viscosity trigger” indicating the threshold
beyond which blood viscosity should not be further decreased.

A corollary is that an oxygen carrier that prioritizes open capillar-
ies over oxygen delivery results in an effective and economic
hemoglobin-based blood substitute. Attainment of optimal microvas-
cular function in volume restitution allows to reduce the oxygen carry-
ing capacity of the OCPE, thus lowering the need for modified Hb and
costs making the product not only efficacious but also economically
competitive with blood.
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AThZ %RV L2 Y. COIINOREE, MEFRBERLHE
MO ICHFIMIERATAZ L LRENTVWA., ZThb
DOHRIKYE L 5 FREZVFOXBOMEE LT, "2 &
H, BELOBVWHEERND L. MKt % 250 5 5RMMEkI

BALHPD” LT THEMRET AKYDREOERERALE
BRI LR BELRMEABCEELTWAEEILNS. L
DLARLRMERDFTFD” LT 2o TIREFEATEICIE®E
BHEhTELT, TOZLEBEENR ATBREERE (ALK
MER) *BRTHIBAEBTCO—DODN—-FLELZ>TWVWE, OF
DEMICRE SNAEZ O L IEERREAE LT —
FHT, RiRIZE YNO, CODscavengerk L TIEHT 270, Zh
SOHARWEDERER BT 5T LIdREL ANTRIMER
DR EDLLETHROTEETHA.

CORMUETTFE/ XL FTHAH NO A4 soluble
guanylate cyclase (sGC) % {1 b L THIBIMRRE 2 B85 5 = L 2°
BRESNTVE., ZTHIEHENSGCOMRGFTHHNLIZEKE
BTAIEIEATY T4 A=Y a VLI X BIEHRAG O
RTHD. —HRALNLEHATHLIANEIRE L LID2DD
HARMEOHEMER I KRELBOHEET Y. NO XY
THNDFDD, NEFOE L IZLABRED CO KT A
2P THY, CODNEFOY Y ADOEENIE NO OHTFHD
— L3N TVAE, L LAl OEERNTOHERRE & ARIMER
DODANEZOEEODHERIBIIKESRR>TWE, $4bb
NO E#E L7-RILERANDATEDNE 7T ¥ V5 L TR
AFVEAMNETBE VIZERL, X FANESOEVIIET
ENTEDUAEHZDANET O LI F A IV ERLDIZHL,
CO 3—F, 2UfikO~NE/ O VICEET A ERELELSK
(ferrous-CO complex) %{EY, MOFTARHICEL CTHEL T
WECEEZWbY, BEPIZFOT IORTHM SN 5 S0
BMTHEH, LdoT, EAOMBIZIZEE1 2% BEDOA
EUE Y —CORBBRPRIETE S, —F, NOEIFEALHER
SHELDREIGESDBENZ EPMOENTWAEDT, CO IZIFFN X
) EME IR SR\,

512/, NOLCOI L BAAEZ OV LV OBERMMRE
B OV TRD TRIREVARSERE SR/, AErFoE s
BADDANLIIIEFNFNBES T LRSS TN ET I,
DEDODNLIIEBERTTFVREET 2 EMONLNDEEFTTFD

1) BEZEBAF¥EFHERFEHE, T160-8582 FEXIE# 35, Reportment of Biochemistry, School of Medicne, Keio University, 35 Shinanomachi,
Shinjyuku, Tokyo 160-8582, Japan, 2) & EBAF S —5#}, The first Department of Surgery, Nagoya University
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EDVHE HIMERHED. CODNLNDIEAIIMOERALT
DBEEDFOEERELTE-0, BEORENRIET LI L
Wh<mbnhTwa., —HNOIZa subunitiZ AT % & B subunit
ICHEEL TV 2BESFORELRT & 2REEHLZFSZ
& Donetani 5 (2 & VAL 2SN, DF YNOECOIENL
NDEELE W) HETHAORIEETTH, 2OHERDLDNDL
ERRE(HEDFRTHLI &I AB. NOEAEZFOY L
OFEEM & L TlidStamler5 12 & ) 2R X 1172NO donor& LT
DS-nitrosyl {LEWOHALH 55, NOE~L, BLIUNOL
SHORICEEEH*ZET 5 L B OEBIER ICEM 2 mITHh
FAHED ENTWAEY, o subumitiZNOZ S EEAES T
VVEIBE2BETI2RDPFREO DLV EVWI L 2FH
L, ShEBEEEREFZTOEIEE L THW AT HEMSE D BT S
NBEH1%59.

2. ANEFOECONKB &S | heme oxygenase-CORDTEE]
NEZUE L DOANLDOGHE - 5 Theme oxygenasell & D AT
bhd. KEBEZEALOEL T 4) Y BAOBERMIGIC X
D, o= AT VRETORRFEZY, FAELNO—FBILKRE L
- T UEERMNER L, 1A NADPH cytochrome
P—450 reductaselZ L W BIL SN, ¥ UL I v, BLIY
CORERT A, VIUNLVI VEEIRLVT )T 5 -2
Ih¥y ey, AESKTHETFRIZEERSNS. HO
WA ML RARETHFESINS HO-1&, HEREID HO-29 234
LENTw5. EFEKETHO HHOBVIRS & LTIk, M,
JF, BELSHTOR, WLIF TIIHO2EE B TH 50 I1Txt
L, BT HO-1 "B TH 59, KATOANETTOE Y HE
DANLITBENDIALBEOHOBEEDTEY, F0Ii3L
ARIERAMKICEINTVUEIDEZELZLNTWVS, L
LS, BEONMOKELEESORENDHRHHED
&, BELAEREETIIERAMLKE &HIZHAR (o707
7—=7) TR#ENZ D00, Wi TRRMIEE I A
EFSOECALEMBEFONT P 7O LR T AT IV IZHR

metH'b: - ]

. Kupffer celis

hemolysis Hpt ‘ Li
[ ROS, NO, NOy™ ver

Hbgy, 33 Hepatocytes

. o0
ney ** —
Kid e‘y/ . (Y

Ultrafiltration

K1 AN BITARMEKS L OANE 7OV > oS & IR,
e, B O%E.

41

N, FBOMERE Ofenestration @8 UBSEZICELZEL
THHRETRE I TR EEZONE Y (K1), EELIIEK
7 v b OHO-1, HO2OE X BFME AL L, ZhoOMRED
7OV LSHEETYARELRIARDERERVIT v
FHO-1, HO-2E / 7 T — F VHUR(GTS-1, GTS-2) % 1Ek L 727,
NG OHEE AW REMAGLFEICED, Ty FOEELRKF
B CTIZHO- 105k~ 7 1 7 7 — U T & % Kupffer celllZ, HO-2
DIFEZMBIZEBBE L TWAEZENRINS. T hbbEFED
I CTE22007 4 VH A LA ERL2/MCEBEL, B2 5H
KONEZOVE VR PR TWAI IR DY, ANEZTVY Y
FRWEANLIBREZEEREOTFFA L 2E25LT, TOLH %
HEE2N L ALSBOT LS~ AL MR ERE LR IVE
THAZI LTV TTH RV,

3 FREERF DR MUEIRSREMEIZ O /- O A TEAFRE W IR ERET
I ANLOFTESMESSE L TCORREIZAERL, BS
OMFE%HEFTLH-DIIINE2FAT IR THSL. Lido
TANEZOVE VAW ATEEERERYRKNIZRS T 55
A, CORBOEREESETHFCE2 L) REFEREIRD
LNABZ LIV FTHhw. FTHERT (7 M) 2BV
bhvbhoEtCid, EFERFCRFERY» SO > Tk
#01~04 UM BBED CO PEREL TS AZ LA, I470Y
CERWIESRESITHL2E R o2 Y, THEREIZLT
#7 0.6 nmol / min / g liver (ZFX T 5. IEEFIZHBITSH CO &£
RIEERO2 B3PI EERBICBET 2L vwbhTEY, E
FERCUERAREY»S DCONER P AT T2 HEDLZ LIZL A
8. F/HO 24 L72CO ¥ YN YL DEREDZENMERITIZ
BT A ENS, FERBIZEIANEIOV L 2HV-BEEE
BERORFLEFREDEECYNVE VELXET A EIIE
L., TIRANLDOGBOAY - FRETav s EDA ML RARR
TTIEHOIDFEEIC L Y RESEAT B9, KAIZERS L
TeNETBY Y E AW BRFEREROFLRIIIFEICL ) KA
CEAENBLDEEZLNS (M2). —HEERKETIENO

RBC transfusion
Sepsis

Inducers k
Xenobiotics

&
&

Protoheme IX HO

. ~a :
Biliquin&){dative stress ‘
Ferritin*"”“”’“‘!ﬂf‘"““ Fe2+ Bilirubin

Iron recycting BC para!ysésf
Junctional permeability *

Cholestasis
Hyperbilirubinemia

K2 heme oxygenase!l & A NLDELHTHEECOE ) L E ¥
DA & R RE O FHE.
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(& E R A R MR AR IR SRR T A Y, MEHE Y =
v 7 % ¥ OFREETldKupffer cell R iFHIRE I FHERIBE RS
BB L TNODHEMA R D, MIEFTIINO, DBEN LAT
BIENEBRMIIRENTVS, EFOFMAREICBVTIE
COBRENNO BRELVEBOTHWEZERONDY, vavork
EDORETTRINGDHT ARYEAPFRRIEFER SN L
ENHY, BMNES O U pFOHREIZLD, ThLDOHT A
OEBEBIKECHRETATRENRB INE. $oMmiEd
DONO, EANEZ T L OBH LA MWETH L7720, NER
MAETIINEZOE DX MEHPEFIZHXTRET L LA
EBRMICHEDRINTWS (F—FRER).

7 v MBI ARETIE, FRTEFRKETER IR TWS
COl3, heme oxygenase DFEHLREEH] T & 4 zinc protoporphyrin-1X
(ZnPP)ik 5T HLHUTE L b b, TORETOERFE
#30% OMEEMOBNMEZRT LR B, T2 1 uMEED
CO & %\ 38Br-cGMP% #x 57 % L L E O L F 13| S /e
ZENS, ANERMEICER SN S COAT, steady statelZ B 1T 5 JFIM
BEMORHFHRT TH A I ePRENL2 Y, ZOERERIZM
MRlET2 CERMETH LI L%, EEEMBET OFHUNME
BEBETHARDL I LENTESY, ZoOB, \RIEITERMEOIL
Mr Rt A%, ISR SIS B MR Th 2 HEMIc—3 L
oo BB MRS EES T, BAEMRSIHBERE L
THERTAEEZOLNSL. —HFFBOBERBREMBIZIX
fenestration & LT 5 /NFLSEBEMICHFELTB Y, Bifi~E/ O
¥ USTAES @A L CLENEERFEE~NEBIIT 7
AR BEII > TwD. Lo TEEFRTIIVHDY
EMBEANT /O VS FIRIEN> SEBRL TV ACO%
LU TMEEROBMERT I EAFBFELNII R o727. wWhY b
third spacelZ BB L ANE7O VY L 3B F 5 1) VR
drainage 2T, NOIZ L DEEH STV 23 V/vEDEEIEIC
bRELFERG5ZDDDLEZ ONDIHFFHFMITHTH S,

EERICRLZZT v MiFE BV RET TIINO, CO% & b ITHiTR
3 % oxyhemoglobin&, NOIZFHIRTEZ HDCOL DFEEVHEI D
7 V> methemoglobind% 5-12 & A ME I DEb 2 B L7-& &
%, oxyhemoglobin T2 MEIEHL O LA & FiHOIMEP T 5
7%, methemoglobinTII I N6 DEILITEZ & b o7z, BERE
W2 L RN E O fenestrationZ BT A Z L DT E ZWn»
250 nm#EE D) KV — L iZoxyhemoglobinZ #H A L5 7 5 &,
MERRLOBEMAR SR ko, TRNLOFAMLHEKA I
FEEME (HO-2)TH L 7:COND—ERATIL i & MDhemoglobiniZ
WIRINDLZ L CERBENE LI & CHFERMBIERL
N s 5 2 &A%, B M%E Opatency % RO 7D IZLER
ARTHHEHERLI. TOZ LIFABICHBEANE DY~
BEEOREFHBEREOEEM 2T 2-DICLETHS
TEERFBRIREL TS, MBEANES DY VIZIZYRY -
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AAREADTUORTY) v VR ERFETELLEDRAD D
AT 7 7—=JIlL BB YT H2ODBAROENE
bR A M A4 VERORB R EOREAIBRINTHS. L
PLEFSEPIIBRESE SN -ANEZOE VL THREL ST 2
EBHICHY, CAPERRORBFOI U - F AL FTHBERN
BEOHRZEBEISRBENLI LI FNEBREELRZLTH
LEEbIhA. ZOEKT, SHEMREBREERELEALT
A7z, A MEOMEIC X 2B EREEOMER: & AR
BHZHEREXE L0085 ATF VAKBEBEORSHPLEE
LAY, EELCIIRE, VRV - LABRIBEENMOEWER
MBS LE TH Bbilirubink I —5 4 v 7T 5&, NOIZL B
YRV —LANEZT Y OHEB L HEI S A Z & 25
ML A, NEFOY VBT EDITOD) RV -4
JESEAE DB PBRIE D FHA » OREILSEHICEREINE S,

Xk
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IN—=T ) F 05 —K > (PFC): 52 ILPFCIC £ % BhH
Perfluorocarbon (PFC): Challenge with the second-

generation PFC

HIBEY, AR —ER, 18R Y, frAHAP, (B

Y, ks B

Kunihiko Nakai", Ichiro Sakuma®, Shoji Fukushima®, Yoshikazu Takeuchi®, Hiroshi Satoh”, Akira Kitabatake®

sk

R=T WA B H =KV PFOIET 2 RIEDIRINE RS L /2. PFCEAOERY 2 WILFHB L UEYEN LR EEL L &)
2, % 1 #PFCT® %Fluosol T H N7z iR L FR I N7-58RE, & 2 HLPFCT & 5 Oxygent T D # DIERFE D\ THERE % R <7z,
EOIPFCRANDIREL L L TREBHEL TOWIRESEHEL F.0I, PFCOGHDTRRIZOVWTER L

Abstract:

Recent advances in the development of totally synthetic oxygen transporting fluids based on perfluorocarbon (PFC) are reviewed. The basic

properties of PFC are outlined, together with the details of Fluosol as the first-generation PFC and Oxygent as the second-generation PFC. The

multidisciplinary applications for PFC in medicine are described, including the potential use for oxygen therapeutics.

Key words
Fluosol, Oxygent, Oxygen carrier, Perfluorocarbon, Perfluorochemical

1. BU®HIC
BEEMEE#HE LT, NESOVY Y Hb) REN—T 0 F
T4 3IAL (PFC) RPENTHA. PFC & LTiE, PED I
N A SIS TR % L 72Fluosol-DA 20% (Fluosol)?s
EZTHY, 1970F % F 0 5 1985 (20 THFR P CHKRR
BTz, RELDES IO 1 H{LPFC T 5 Fluosolid,
R THEEMEEF L L COFMEELT A LA TETH
WWEEZHELTWED, FOBRFEIIE 2 HAPFCORRE~LE X
AN Oxygent™-HT (Oxygent, Alliance Pharmaceutical Corp.)®
HEIZEFEL TWAHD, Oxygentid, BEFERAL L TORAIC
LXELTY, ERZMICBILERR, EEOZH L IHEND
A, BMHEBICBITBIERONE, BEREFLE, B
EERLETHENOILATRALNTEY, BEATIET7 2~ X3
OEEREBRIEITHTH A, FluosolDRGRIARE, HATEIZBIY
LBFEEREFRIIHM RN ER L %> TV 525, PFCHKE
ZUEBEMEMODLBDTH L. AR T OPFCHEDHIKE
BALSHROBEHERZIIOVWTT LD TALN,

2. PFCO¥IB{LFM S & UEHaatiR

PFCII—MX CF, 2 BHT A7 v ELAWTHA. FigliftE
K ZPFCOMEEZRY. %1 HAPFCTIIRKEE, £2 A
PFCTIIESREE DPFCHE TNz, PFCIZIZE AL D H RIC
MLUTEWEBEELRL, EPUFNIEEDO TREE TER
NTIZGTHEZIT 2. PFRCOBEEREL L TEESNSE
HIZZ 02 >OYELFEREEIC L 52,
PFCOBEFEMRREIIAK & BT 5 L 20/ &\, v FARILIR,
PFCOBEZ SR ) BeZ A EE L% Fig. 2127”7 . Fluosol
WL ABEFEMIBMET ADOBRBEIILLLDTH Y EHEE
ERBMESEICHAL CTEHEMZRY. Fig. 2TidFluosollI <
% 2 HHICPFCOOxygent DR Z BB BV L ) ICR 2 575, Zh
BB T 5 L) ICHEEPPFCEEDENIZLLZDDOTH D,
PFCZ Db O OFEFEEMEEIIFig LIRTHEY KEE 2w, —F,
HblZ & 2BE BRI VA FIRERL, BESENFSVIT
SRECBEFESLBEESTEMET T2 REHKIC BT
LR METHET S, TOHMZ L 2BFERIINLIZL L8
EDTFOREIEILDDTHD., (EoT, LIt L THE

1) BILRFEZERP 7R RERREFESTF, T980-8575 L&

F X EPBERAT2-1, Environmental Health Sciences, Tohoku University School of Medicine,

Seiryo 2-1, Aoba-ku, Sendai 980-8575, Japan, 2) L k% K% BE S B BEBEAR, T060-8638 ALWET ALK A15% 77T B, Department of
Cardiovascular Medicine, Hokkaido University Graduate School of Medicine, N15 W7 kitaku, sapporo 060-8638, Japan, 3) fiFT F it KFRFIMEHF]F, T651-
2180 AT EEX )| 5B A #518, Pharmaceutics, Faculty of Pharmaceutical Science, Kobegakuinn University, 518 Ikawatani-cho, Nishiku, Kobe 651-2180, Japan
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E1HE/NN—TAO DK

CFa
Ez %2 perfluorotripropylamine (FTPA)
FzC/ \(F;/ \CF FaC~_ (MW 521), T1/2=65H
' I ‘ 2 perfluorodecalin (FDC) (MW 452) CF2 O, /CO2 i&MRAE 1 457165 vol%
T1/2=7H
FaG & Cp, 02/C0: TRRERE - 40/ 140 vol % F2 N Fcz
C
Fa F2 Fa Fz
F2 F2
F26"" C\E/ C\C F,  perfluoro-N-methydecahydroisoquinoline (FMIQ) (MW 435)
Ti2=11H
l l Oz IRRREE : 43 vol%
N

F2C C
SeTE>N e ek
F2 F2

FoEN—TAOH—FK>
F2 F2 F2 F2

c c C c
NS NS NN

perfluorooctyl bromide (PFOB) (MW 499)
TR =48
02/ CO2 BRHE © 50/210 vol%

F2 F2 F2 F3
SN =t NS
CcC=C
c o R NG c
Fs F2 F2 F2
bis(perfluorobutyi)ethene (MW 454)
T12=703

Q2 /CO2 {BREHE © 50/210 vol%

Fig. 1. fARB L PFCOMEE & AWML HPIE P IIBEE | ZBLRFEMERE. £ 1 HRPFCO &R Hperfluorodecalin &
perfluorotripropylamine * & 7 % Fluosol T b, & 2 H{PFCOM.F A perfluorooctyl bromide* & 7 % Oxygent TdH 5 .

IO LEHEIBVT A BIZT-BLREC—BILEE) &
T EHIBRLES L2 THEEREY LD . HREE
FEBEEER L L TEINEIRO LN DM, ZOBFD
HbiZ & 2 —B{LEHEHEATH Y, —BILEZFNE O mE
BMETHo7-ZLI2L DY, PFRCTIRIDL ) L HANEREL
THBEERE IR LI CBEERS TR THL. T2, 1
HIN/-HOFERTIRMIBEABER K> TB Y ZRILKFEE
WereX 72V, PFCRTRILRELX DR R BB LERT
LIEHMETHSL (Fig. 1). B, PFCO N AKHREE SHE
ILFAET B0, PRA XI5 R b carbogen (95% O,
/5% CO,) B VLD,

BEFERR L L CPFCHEH SN A E 08, (b¥EH%E
EMEEYFHREREICH S, PFCORE—T7 v E/BGII A
NF—BNPBLRETH) (KE-T7vEOBEIANF—
13128 keal/mol TH B DI L, KFE—KEH A 1381 keal/mol),
RE-RFEEZT7 vy ZDPHRT 2BRMREICL ) REK
N, BEMZEYFHASREZIT V. ZO-OPFCIEERRA
THREZTTEYENIAEETHS.

PFCIZBKMETH 57O IIKERE T A I FREEHHRIC X
DI TITVRHFE L THREEILENH L. E-> TPFCH
FIIRF BB LHIPFCE, 2wy 3 VIBEEO O DRME
EHR, MPREO-OICERE, B, LEZLITaTA i
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EDZODEZN LB ENS. ZOPFCHH OREMIIN T
ELTORERIEKELTBY, HTOBE, Rz 0L
WO 50D PFCRAIORE RBEEL LY, kT 5 L9102
FE2WMAPFCEVDNILDDFEROKRED ZORFOEE
MHizd o 729,

PFCOMFF B EHET 2 HABERIIWARICLILERT
Y, FluosolD Il F WL v b To~24B5H, K5 EIHR
BIHEVEFIIIEE T 5. OxygentTIXBHERIZL 57—
¥ Td 5 5% mL/kg D5 T48EH L BME E N T A, PFCIE
HASRICED A T NERBIZIIFE» O BRE LTHt SR b
B, EENTEZROR# LI, R, EECEIHERS ALV,
o THRNARIRTT 2EYENERE Y HET ARAKOER
FIFRANOHMEETH D), PFCOERTTEICLE, 7FBIIK
REIL, BRBEMOREICL Y ZBINE.

PFCIZE 2 BERGZEMER IS L ZABE SN TV RV, L
L, —AMORR, EE FEE, BEHLREEEHET S
like syndrome & IFRR S N BIERDRN S . BHOBETIIZ O
ERIZPFCHBNRICERIN, w7077 — VD ESIL LK
WREE2ERTA-OEEZONTEY, ERPEE LT 7O
AT Ty, PRUYEREFH Y, Ay -0 FUoPpEER
ny, vx¥3Iy, kutbry, 759%=, uf4atkyx
v, RERE, WEEEL, OMEELLZ EOBSIEEE S
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20 © hFRIMER (H 45%)

[
o

BREA R (ml/100 mi)
o

PHb )b ND L) IE 2 HHLPFCRRIMEK &
HELTLT LI T BRERELT L2 DL
WV, ZRIEFE L TOREBRIZRITPFCE
Ex ETAZENTELRDPoILIZREAT A EH
ZbNd. T/, FluosolldPFCEA L L TOREN
MY OIIFTPARINZ 57228, ZOFTPAD A
WERFEBIZ6SH E RCERELTT. Lo
DIZFEESER & LTV S 72 Pluronic-F68 13 #1k
EHLrERTAZ LR ENSY, DEMS, Flu-
osoli, PFCOER|ITHAFDCZEDH D TII %R H
RIS A G ERICHE L -HELRZ T /o2
ENHEBENSE. ZTDXS LEEDS, FluosolDEE

FEBAE L TCOAESBEIRDO N2 S L, BEHE

0 100 200 300 400 500 600 700

BESE (mmHg)

Fig. 2. iy, IM%E, Oxygent, FluosolDEEZ S EEILIZHEIBREER
O, RHEMBEEZEDF %45 mmHge 75 &, BEFEERDE
BRAFTAEZFETEHZONLBEEEE L45 mmHglI BT

LBREGEOBAI NV KOONS. 2L Y UZE.

NTWVWAELITHS. HEBFENHIE~I7T7 77— VORKHER
EELbh O8O BEMENRICEEYOERIZL o Tk
MBI ERI AN LD EMEN, PFCIIAEYFMIIARERT
HY, FNETRIGE AR TEELBETHENTHSL L.
L, BT A LAIIRITIC ko T/ MREA R SRS &
LHEINTEY, BWERICE L TREBHELZ DI L.

3. % 1 H{XPFC—Fluosol?® %

PFCHBEFEEWE L LTRIHTELZ EE2 MWD TRLZDIG
19664F |=Clark & Gollan 75T > =B EEBRTH Y, PFCIC L B
RIFRASTEETH D 2 L A GEBH L 720, 53 F ML
ERFER L PFCTITY, PFCAML O D 0 IZRMERAKY &
LTHOERMTHAI xR, COEREFEIEIVTIF
DHFEREFE LD DA Fluosol TH 5. 14% perfluorodecalin
(FDC) & 6% perfluorotripropylamine (FTPA) % Pluronic F-68 & Ji#
Ly F i) zenyark LoD THS (Table 1) 39,
FDCIIHEM B ASE C PFCE L TIX BN TV 2 2551 IC #E AT
HY, FLILESRWFTPAL OREVfTTbI:. LHLENRTD
Fluosolld WEUPNE L GHREFVVLETH Y, FHEICHEL
BREBABRERILCER SN S.

FluosollI B/ EER TH ML, O & N 7-1k, T0OEMREZEL
5HR0FEANI T TERAPE Z LI RIZEICEHR OB R D
O A R HESTT0060 & B BERABRN T, 2
OEOBAEIL, RPEOB LI TKEDLENEREEINT
W5, Fluosol DB ADHEBEAIIBEERIEOSTETH Y, Fig.2
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ELTORBIZEBRENS L Z EHHEE &5 729,
Fluosolid, BB LHBEEDEEED—DOTHHE
B HEBIRILEEAT (PTCA) ~DIGE & L THHR
WRFZE S 4, 19894EIZFDA L V) BB &G % Iy K
THRFTEENEDS, BEIFD L, 1993-19944F | ZFHE
L oOBEPEIFEET STV,

Fluosol TR L M 7R &, LA L%A&DS, PFCIZ
LVEEELHBI BRI LI ENTE, PECR ML
RS L TCOERZEMEREREWI L ART D
DTHY, PFCOFEENLIEBEZDHDIZONT
WEEMLEBRERLEZDDLEZON S,

Z DFluosoliZ B L TII M MHE L AAZEIZE L W
BHDEFRENTWEDT, SEIZ&NT0.

4. 32 #H{XPFC—Oxygent®BIR

4.1. OxygentDHtE

Alliance Pharmaceutical Corp.iZ & V) B dnBA % & 172 Oxygentid
perfluorooctyl bromide (PFOB, ¥ 7:idPerflubron& #&h %) %
FHETHLDOTHY, PFCIZEENEG TN A, FLILIZINE)
VHREIZ L B (Table 1). Fluosol & I#Z L 7zOxygent D EETHE T
DR, BEREMBEOUE L ARNLBAEHETH S, Oxy-
gentlIFLFDEEMIZENTE Y, PFCIEEXIOWN % T TLIT
AHZ ENMIEEL 7 D FluosollZHLE L TBEZEMALIIBAE (U E
&7z (Fig. 2). OxygentDFEEFEBMREIL3.15mL O/ ALTH LD
IZH L, Fluosolid 0.6 mL/ALT&H N £DEIIBAREL TV A,
22L, THidTable ITHEHL PR LD, PFCEFDS DD
FBMOEIILLZb0TELRL, =w T a L EHFPFCIERE
DHREIZLDLOTHY, Fhid T SIIHHETOUGEICERA
TE2HDTHAH. Oxygent® b ) — DD B s I3 A KRR 8B
DEFETHY, ZOPFCTHAPFOBIZ4 BRETH L. 72751,
Fluosol b FDCO & TIZF W IIPFOBLE b L v, Th bbb,
FluosolD RHIEREM L v 9 KEiL, FDCOATIRFA/LTE T
FTPA L AR EEMR & iRINE €5 284 0 - 72 SR O BH)H
MOKHELRIIY BT L2LDTH L. PFCRARTIE, =<
Ve VEEFMOERSKELEYEL I LMAINS.
OxygentD DO E LT, MTFRXEUVENT VS
O, ZRTORBRENITETHY, BREALVESTHDH. LY
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FrUNOREEER S AL TR,
¥t I3 Fluosol X Y &, RIS ME ICUTHd

Table

% 1 PFC (Fluosol) & % 2 #{PFC (Oxygent) O H#. ke » X HIYZE.

Ashear rate 181 (25°C) TIld, Fluosol?6-7 Fluosol Oxygent
cplZxf LT, OxygentTIX100 cph iz 5L b

2h, EHMECTORBMMEIEL LEDTIZ Perfluorocarbon

BV EDOBESLFEWINTEAD, 72721, HBE FDC ~98% PFOB > 99%
I DB D W Tt Alliance 2 & FEM 72 R X FTPA ~85%
HERTWARWE)THY, HHREHTHH BEE R BE(T1/2) FDC ~7H PFOB ~4H
WICET A HFREMIIEROZVEIATH FTPA ~65H

DSBOBETIIL,PS I D, Oxygentdb &
SE L M7z, Oxygentld BFE X &4, @A
RICEEBIET b7 O — LPASOREE VR ED
WHHLUIERT A L oBmEINDH D EMIX
BE & 9 Tld v,

FRHNETEA]

Pluronic F-68 (2.7%)
L v F 2 (0.4%)

LY F L (4%)

Iy a YHEH

=353 20 wiv% 60~90 w/v%

4.2, OxygentDEEFREMEE [ E RS ~6 vol% 17 vol% (PFC 60% w/v%)

FEFEMARICE LTI, ERMRHBLMES (pO, 760 mmHg) 25 vol% (PFC 90% w/v%)
3 v 7 CI3MES mmHgE TR L &EHEO R FAETRAF ZRTIELE
HE G L7854 L Oxygent 6 mL/kg %1% BHVE X Krebs-Ringer bicarbonate £ &3EK
HAEDUBHMEFFRILIRENIZSS & pH 73 7.1
3% THolb\vIHId, 5BTNVTIVIZED A5 (20 sec) 2.7¢p(37C) 8 cp (60% w/v%, 25C)
ZZY g I OS2 Oxygent % §F A L 12 mL/kg 22 cp (90% wiv%, 25°C)
THES L THRHICEARRBIER I 2L bR B IRE 15CLLT CEE 121, COF B 7 RE
MEnTwse, &5, MEFROEZF 1 F HE i BRI S 2 RE B A

7 SRR L ZOxygent | mL/kgx 53 5

ZEIZX ) FEHHROED LR, LHEEBED
%E, BEURRERUBRZIEEEOUEL L,
B &2 R BRRGRESRD 51, KTOMBEHE
REFIVTHPFCHMICL D ACMHbE3 g/dLETTFIFTL R
AR EEL MR TEEW)B,

Z Z TOxygentx &L PFCEADHEIZDOWT, RIMMEKE O
FEIZBUAHMEZZEE LW, T4bb, OxygentTEH S
NHZEELZ s, B L )HVENKET L2 KE T EDOxy-
gentZ A LB IR SN2 RTH Y, ERHLFTET
2, 70 kgBEOERENDEEII mLkeTHS LG EEBAET
AL, WO A AEE 55 ES500 mmHg TlidOxygentid &2 & L T
344 mLOBE L BERITRETH A, 1 BN ORMMKEH (KD
[fo) 2 HATAREE) CHBT 2L, 21213585 gDHbY G TN
TWED 5784 mMLOBERRXEATRETH Y, 3 mlkgd I
BEIZ04BNOBMICHYETAZILE LS. LL, M&EKH
MBI LBESTEDES S RMERA MU T & 2EFZ IR
BOKEETHBEDN2%IEBET, 6o THRIMERIZ L 5ERD
BFEEMEILIISTMLTH S, —F, OxygentiIBHFEEFD1%
R T A0, 312 mLOBEL R L, BFEERDE LB
B ALINIZ2HBNOFRMEKBMIZILHT 25082 D767
EHPEINDT LS. HIMIZ X YHbDG g/dLIZRD L 723
A, RERICLAEEREDNRT A -7 = Eb ) MEIZL 5
BEEHRERI LA T L7:0, EBEOOxygentiZ & 5B FE EHK)

¥Fluosol TIZ X Sz 0 A FWELY X TREREEREHIWEE.

HIborBOHDIZR S,

Oxygent% ZERAL B EIR &S L 7-FMNICBITA 72— X 2
MRDOIERPEERE SNz, 2 TOOxygentDE 5 EH0.9-
1.8 ghkgTh ), WM~ F—~OBEFHRITIEEN TS,
FOFEMIAZETEICTHES Y, BLXUBHOIZ L > THIT S
NTWVBEDTEEIZEIN W,

43. HCMEFFMAODIEH

727201, PFC% & UBRFEMAEREF O M+ EE I ARMERIC
B8 L THEC, HFiloxygentd BF ITHIMIHHE S NS, o
T, HOEFZVEE, BE~OFEM®BN &2 2 LidK
EWIIATRETH L. B ORMHERNRERBIZ BT HEEK
HERTH, IS S h/-FEMEDE OxtgentHE & X 1R
BETED % <, endpoint’k FIFEIM MAIZERE LIEE, BRak
AT5 OxygentDFJ FiE A& v, HbREEZ ERATIE, ME
I 635 1. (6] 8% D A % endpoint & §° 5 2 & S 2 bFDAD Lt S h
TWREFEEZ DL, &I M) A —EBIED A % endpoint & §
570 b= VI L TRERME UL V.

ZOL ) nHEFIZAlllancett D HEBE L TWwH L Bbh
Alliancett ®Home page* ETRRE S 12 &EDOERITE CME

(http://www.allp.com/press/press.exe?@N991401 % HHg) .
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M 7RI ERZEC I L 2B CORBRLTNS.
Alliancett I3 W RTRFIL & MBE AR ICHT 5 HCMXE 70 b
a—NER%EL, “Augmented Acute Normovolemic Hemodilution”
(Augmented-ANH) & @7 %, FeFBUE T o T 5. I DAug-
mented-ANHOEAKIL, #HFIICHCMEFEM %179 & & b IZ0xy-
gent® x5 L M A R 2 E M, M OIEREREMFF 2 PFCRA
(& o TiTV, BEEMRICACIORMEZZITAEEDTHS.
ZO7EPI-VIZE ) FEOLNOBRELBET DI LATE
%. Oxygent 1 ghkgD 3% 5-Hb 1.5 g/kgf2 ¥ L R OB F ERkAE
RAELELBREShTW, &b, ZORFEETIIENE
ROFHHEEZPFCIZE U F L THVARY AL ETOBEERKEM
W L THBEL TS Z L b EFEH SIS,

Alliancett!d, 2000455 12 H 1Z0xygent D B5EHE % Baxterft 12
FTEL, HCNMMOEECRIB I I EEEBRLTEY,
Oxygent® F % R O —D % Z @D Augmented-ANHIZH ) 2D &
% (£0% b Y (ZBaxtertliZ0xygent® 7 x. — X 3FFFHREATICE
EHEMAITI I L) bR TwA), M FEEIE
i, BEEREKOE TP BIIATIARENLEREATHS.
Allianceit D Z DP|WIEF DI L Vv ~D—DDEZ TH 5 i
b LitZevy, FDAMRIFE LA % £ O F Zendpointe T4 2 D
BENIH LT, EOLH BHIEEITI O, BHATEIZHERD
Fins.

%3, Oxygent# Db D DERKRARRIE, BN 8 HETHE, W
RE3, Mm%, BENAE, 20MoONEEBIIBTA7 2 —-X3
BFgE, ALK CTHIMERIZ L 2EEIR N XAMADIEHO 7 =
—A3EIFEDLENT WD, EREARLUAOHEIRT D Aug-
mented-ANHZSAA O N TV A PIIFRHTH 5.

4.4. OxygentD4EHKEAEM

Oxygentx FV:7: & B ERIRABROBMIETIZ, STROBEASL
FUB0BDONEBEEICREIS g PFCkg T TS &, £
12OV TE S B 4-6B5 BT %121-1.5 COFEL & FT O /MR
PHEROND I EHHREN TV R, FidOBKM TOERSN
BHERIC BT 2 8ETH, flu-like syndrome=R /MRS 5
YOO, FETEZHIHEBMOBEATH oL I N TV ED,
Augmented-ANHIZB$ 28X RRIZ T 205, /MBI
B LTt MREIZOxygentit 5 TRHIZHA L, BHE®KIZ)
N7 v FTHIBIO 2 FEARRE L2, —BAMEE CEFEIZHE
TAHEV)ISDTH 7. BMNOEERMZET D MR A
OxygentFE CHROEZETH Y, tHOLOETNHITR YV EL xS
DEBUZI/HBL TVWEY. Z0 L) L I/MURD D SER &
N2BERERE LT, EENTOM/MUSHLY S S RS h
A, ZOEIZDOWTIE, L2LAAS, AllianceftBHIZ L o
TR EAWCETOREMRENITONTE Y, BERE
MEERA N L8806 B34, Oxygent, Fluosol® &%
PFCIZML/MEIIHIZ @ < T L AVRIEE T 522, T, M/,
WRL OB I TH 2 9 D ? OxygentlZ & 2 MM 12D
W, Z0FMMBTSEbIA TV 5.

Flu-like syndromelZ 2\ TlE, BIBROE ) ERIZHENREE
AR CREENTE D, ToLYa VHEFICE > TRENR
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BERLEZEZ OGNS, ZOWBE, Oxygenthfiff#0.12 pm LTI
Bl 2 L RARCHSHEEL, ToHEZ20um UTET S
L TCMHREREOBES A REENH B L9229, Fluosol T
LRIEFHMOBERIKBEINTEY, 5D TPFCRFD
FWEGHIDRELEHEO L TEBIIERLTVWL I L2 RT
R THAH., 72750, in vivoTDPFCIZ X AMAIRIEMEILIC
L, invitoTIEBFIIETRL A, Oxygentidvr 277 -2
X204 M A CEERISIL®, FHEkD £ OPFCTF
B R E R AHIH 2, Oxygent TP ERFELEAHIH I N B
B, fE>7C, inviroTOEERMERIL, PFCIZ X 2 EKNBEHNR
HEHEILE VI BREETFET S, £72, Fluosol Tl flu-like
syndrome!Zf L Tid»H L ) LHAR ST, PFCOEWVTHEMA
RANORUEFELLOND LN\, Z Dflu-like syndrome il
DV, HhREFERETH Y RV — LR TIRFERELBEEDS
Ron2ufgErd Y, HTFROATIY TIIBNARERILOE
BREZDER, SLILEEFDL) ARICERIET 2 HERLED
W AHREICT AZ LR T AL Lk,

% I Fluosol TIZ i ARIEH AL ASHIE & % 5 7225, Oxygent®
EOREDOPFCTIIHERERILOMmE T2 e, FLILICAWD
NEMEOMRL ST, YNy 3y ORER D BKESILICE
5_—;—5 Ewn «‘) 30),

PFCO%EM, £AEAMICEL T, BRI REZTT
FTHY, ERFMTOHMD 852 LiH0, BHOZE%E
BEZ-EELBIFIEINL .

5. ZDDE 2 HXPFC

Oxygent* S HIZHEBTAHHELLT, TvWTaryiLh
BEASEDLH LOAHEPREIN TS, BAIIZIZIPFCH
HEDBAKEFRCMELRRmML, ) Y REOBKEES L
PFCE DR T2 EL LULH LK FORER LT HETH
5. Perflubron® L)V ¥ 3 v 2 {ERT A VIREEMLE
CH TRERTOREHEL LDIIITNLT 3 v OBAEHNHE
THHEDIL, FFo%ERMRIHE, RBICE-> THF
DREIEBEDLL 2V,

Oxygent L O EEEPFCE A\ 2 % M2, Du Pont Merck
Pharmaceutical Company %3 % Therox% & 4. Therox® ¥ #
FIEREIZIZPFC T %2 { S T SRIZKFE % 2 ¥ Dbis (perfluo-
robutyl) ethane T& 1) (Fig. 1), KENFSFHITHE D W THEAER
BEIZLIRBELZITFIRBpEINEZ & (BN S N
%1, PFCIEFEII83 wiv%, L ¥ F v HMTIALL, RRERF,
PFCOAKNFRIIZTHREL Sh T 5.

HemaGen/PFC#t & 3M D17 7] THI% & 1L 72PFCIZ Oxyfluor A%
% . Perfluorodichlorooctane (PFDCO) % E£#| & L PFCIERE 1340
wiv%e, BREEL 2 F » &safflower 0il TFLIL X LTV 5. Oxyfluor
OBFEREEII172 mLdL. 1 EFROFRFEITE. L8R
WCTOMMHED 3 v 7 1ZBFE ShD, $§TIC7 - X198
T LA REFARICEHERANR SRz L),

FoM, I[HYET 57 I —DFutorosan° T & 7 B O L#KIC
Perftoran, Perfluoran’z & OPFCASHIR S5 2%, K FEEMR
PFCEBELZ EHELVWIERVPAFTETEHEL.
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6. PFCOERKREREHE DI KX

RIEREMAETIE R CBEEBERETHFEINESH LV
WZPFCRIBAT 5 2 EHRAA LN TV A, § TIZFluosol TPTCA
ADIEHDPERE ENH, OxygentD BIHFIZ L Y T OMEMIZ—
RpENI o 2. BRERRICE 5T, BIEDR & IGE,
EER L EEBR RS TRRIEA L B LHESMTORLTY
53, ERRIZ, OxygentlZff > 7:perflubronid i HEIZ &
[0 % 7E 8 A |- Imagent™-BP, {H L& &R A 1 Imagent™-GI, Afi
MR A i LiquiVent™7: & & L TR S, £NEFRBERRH
BAEEDOLN TV,

6.1. ERICL IS TERBEREL

PFC* BWICEREFNVICHW 2 DIEZRIE Y Clarkb A5 v b
WHLAFX-80IC L DR L2 L1285 F 5. PFCIHEKET
HAH7-0, BNLEICBT5HEEEICELLFRTL/ NSV
ZEDOERICELBEERGEL S TS (Fig. 3). &
PFCIIREA/PNE L, RMFKTIBEN R VRERMOMBEIZD
WG BEBEEE»OHRELETENLEEDOTFHIIERALE
Wi &z 3,

12

N Juib:3
‘%6-
#

i

S~ Fluosol-DA 20%
0 |
0 100 200

TYIEH (s1)

Fig. 3. ML#E ( Ht 45%) & U'Fluosol D5tk & $° 0 I DOBEAFR. Flu-
osolid 3" D IE T Bz < HEMIZIR KRz, HERRWR &
LT OEBERMTEEMZRYT. XEY X V5IH.
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B D T E 77V IZFluosol & AV 72354, B, BEXRAEHEFEM
BRI CHENTH A ) Tk, FEZRMEORE
ExFHTARNENRD LN TV A3, PFCIZEMME DM
MABEMRTEFEPEVDO NI TV,

TEIEROERE 7 NV CIIPFCIZBRILEE % 88 UL~
DEEZMRBR*EEZIIYWET H7-0%, TIMEFRRAT OBIHEG
WELTHWS I CLHIREREZRBTE LI EAREN
72430, EREEIIFluosolil DV T, PTCAIZ B} 2 BATHERE &
LTHVS FEKE L EE T CTICRT IR T A2 9, F
72, BRHLHEEOBROBEREEZHCENT, XETIE
Fluosol % H \» "C Thrombolysis and Angioplasty in Myocardial Infarc-
tion 9 Trial (TAMI 9) & L C, randomized prospective study 2347 %>
N7z, HERITPARME G O3 BEICHE L THRE& %2 5Flu-
osolff HIZ L 2HFELRITEOOLNT, MFEL EI3FICFlu-
osol THEML 723, 7272 L, ByMERTIIERNMEMERIZ
Oxygentx 12 TR T 5 Z & THERELDH/NL LB
FHESEONI L SN T 59, BEEERENEVPFCEA
T, RERERIIBITLHEENEDOUE I CERT WML
OHPS LMY, SHRORIEIRCHAFIND. 72720, HE
BOFI% % L Td 55 U OFluosol ROxygents 2 # 5 L &)
YMTEBRWIERELT> TOHREPLZVRRELALVEN
94D, Therox?2X°Oxyfluor™® T b BER % KRB ~NOBE(L
DRV HEATHS. ZOFFIIBRFIHHEE L TPFCIZH
FSNBRELDHIIENOOH 5.

6.2. MEHRIC & 3 EFEEADICH

— IR R R RIS ) REHR BTN L TR
AT, PRCIIARMER L DX B0 /M E <, KRMERTIZBLERTT
RE2ED SN EERAPRBEERMNICE THRELM®GT
LHIEDTRETHY, BEHRIEE~NOBRIULEDL:-DD%
HArfrbhTng,

EBRIICIIES M EBREYICHEE L, BUHRIGEREZITO
BICPFCE x5, MEMRMEEDL7DIZ100%EEFR S L <
idcarbogen 12 & B IR AHEA S B, Rockwell 5#iZBAT112
rhabdomyosarcomas% 7 v M IR L, 100%BEENR O FHET
Oxygent% 4 mL/kg 53 5 & EHEMM DO EFED logfE R T T
HIEXHLPIZLTEY, FRZEEIS VS o HEEL
RiIOxygent THHZE Td 5 %, Therox*?, Fluoso®, FMIQ (20w/v
% perfluoro-N-methy decahydroisoquinoline emulsion, Alpha Thera-
peutic Corp.) THHmE XN T 3.

6.3. EREMNDOPFCOICA

Perflubronld K¥ D RZE TV HERAERTH D, XEHE
DOEOELZFE L THATEETH S, PerflubronZ EFEH & LT
MO THN-DOEHEILEEETHY, ZoHszzw LT ay
Tid7% <100% perflubronDFE# G2 Tb M. £ORMEE
ERICI=LV Y 3 VP ITONEE OB L IGR DA SN T
W5y, —F, 7o RIIERRICRIEBLEALERELAVWHET
Y, PFCIIBEANRICEHFRNICERT 52 DF-MRIIZ L 28A
REFROHE S TEETH L. 72, EEMBZ Db IIPFCE R
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DAE RV, BEMAGELELET LT 07 7 — U HPFC
RO AL - DEBEOEBZILD RASN T 59, BMEHIE L
TIF I v FEEEHPFC (CF,CH=CICH,;) bHFEENTHY,
BEIDERTVL E W),

PFCIZ & AEEZ WM ZPFCICL VL L T DS F D FE
WL LB, HGERZEORFRRYLERL LTOFA, &
FRFEAEICBAE L 72 EEDODW, BEICBT 2 EBREIREDODHT,
L ER A R BFICIDEFT RTINS,

6.4. WBREFELBHEADIH

RS RFE O EHIGEEBATFIC X A H 2211 2 R
BTHEERT A HETH P, KEBERAIIEMRREIFECHRE
WEOE s ER L, MEIUHE, MBEAT Y F- 2 %5HER
T, BREBRICEBMAZ5| X $50. %2 TOxygentll & o T
25-30C CTIRF LBRRHB 2 BT 2R LT TV 59798,
B EORBIEREFELLEBRL CEFLYRILEL ENT
W3, &k, BROKERERRFRECHEANETH SUWEE
PFC (Fluosol) #ffHTAZ LIZX VEMBRIZL AEERFHT
BRALDHID, THELDITH)EFEITRENTV S, BERE
HWNRIZ BT APFCOEFEENZ>WT, BERBUNOERDOE
HbEZONBLEWS.,

BHEICEL, RERECL > THEERICZHET2EHT
PFC*IGHT A RAL 2 ENT WA, B2 ST ABICPFCE
ik 5 L7oma, SMIEHRITIC b 5 BBk KIcH 2sHnH]
Shase, ERERMICBTAHEBHEERTD, PFCOHFRS
& o TIEMEAERE LIEH LR 5 OB R ~ D44 H %]
-y (N

6.5. DDA K

PFCIZ & A W ABEMMLICH LT, EARBORLE-LAFICE
AEARBRERFZORXLD D SH. Oxygentid L ARMIK A 12
LiquiVent2SF% & 1, PFCOSHIRRE R %2 FTIF5 L L bIIK
BEOERIEMAP R &8, VATMARESEL &L IC5aE
BEREIIRIDVRTVWAEDENEEOFHICHESH LI L
PEE SN TV DY, IFRBNDOPFCH G 13T E B ECER RS
ZOFIHTEE» b Hh . $72, PFCRERE) READ»S
AVAFU—R M) 7)) FEFIEHMERANH S, =
OERTHERIICALLY LT rRADR O,

IV

FATE TldFluosol Oy & R ANE I S N TR, SMFEHE
& L TV 7-Fluosol x Bl W 7-FfFeid ki s b b DD, PFC
MEZOLDEIREZBEOMIEEL LY 20H S, 2 #HE
PFCHAET 2 #EEIIB2 RELZ DO H Y, ABTHRRTE
X912, Fluosolll BIF A8 4 ZfES S, Fhidd { T TFlu-
osol DHAIFEM I H B HDTHY, PFCEFDL DDWEEM %
BETADDOTELWILIZHLIPTHS. BEOHM Y AT
LATRFEFFELLRVTE, FIZITBBFEHELETIWVIREHFE
BLEE L, SHEBIRO AL #EE BEELREORED
FETHHPELI L RHFL W,
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EF

AFEIE, 1996FEICATME L BT 2AR% BT A &)
OFEELE (bEERT+FOHEELY 7 —) OEET, YT
PFCHFFEICEES- L T o 7288 (ffH) »ERsh, &8
CEDEHELLIOTTHI, BAEORREMELLZDDOT
HhH. BANLZZETRETH LD, MBOREIZEREANTY
RREWEREDERL -7, BALGBBTABIIHBEO#S
BEbh, SREFREREBOFETH L-OTHER S THEY
oo ARV A PVIEBEOLEEHRL TR0 F0T T
BRAKETEWSD, STHRETMEICER L TWD, Y,
PFCEHR #INE LKL /22 L, iERN TIAPFCRIZE%# b
FIERP LD o720, EWIBEMTHo7. 0%, e
FHRAFFEROBT 2B TH LV AF L AMPFCORRICFED
LD THED (FOEMIXEUTABRBIN W), M
O%XEDOEDTPFCIZB 2T -2 LS FD—DDEE 1 1
THY, HoRFFEE & 3 12H 2 CPFCHIZE % BtA T A b D B i
Ebhol. o TABEZRBEOERLEIIET, BHo
SEL LW,
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Comments on “Perflubron emulsion delays blood transfusions in
orthopedic surgery”
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Abstract

We made comments on the first prospective randomized clinical study of a second-generation perfluolocarbon emulsion, Perflubron, conduct-
ed with a large multicentered protocol of the complexity. 1.Adequacy of regional perfusion should be assessed by evaluating indices of organ
function, for example, the splanchnic circulation by employing gastric tonometry, in addition with global perfusion by pulmonary artery catheter.
2.Further analyses need to be done for the known adverse effects on platelets, a flu-like syndrome, and the immune system. 3.It may be likely
that the requirement for high inspired oxygen limits the oxygen carrying-capacity of Perflubron in multiple-trauma patients frequently associated
with reduced pulmonary oxygenation. Artificial blood substitutes, however, will make a contribution to the resuscitation of micro-circulation as

well as a temporary red cell substitute in acute disease in the future.
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