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The two major impulses driving the development of hemoglobin-based oxygen
carriers (HBOCs) are concerns about the infectious risks of transfusion and worries
about limitations in the availability of blood. Aimost 40,000 red blood cell (RBC) trans-
fusions are given each day in the United States, and about 5 million Americans receive
transfusions every year for a variety of reasons. The volume of blood transfused is
increasing at the rate of 6% per year, and the greatest fear of the blood bank commu-
nity at present is impending shortages. Although seasonal and regional shortages are
not uncommon, an extended, nationwide shortage of blood has not been observed in
recent history, even though about 6% of United States hospitals have reported that
surgical procedures have had to be cancelled or postponed because of blood short-
ages.” A shortage of RBCs may occur, however, if transfusion demand continues to
increase and if collections cannot keep pace.’

Considerable progress has been made in developing HBOC products that meet
many of the criteria for a clinically useful and safe oxygen carrier, including better shelf
stability than banked RBCs, universal compatibility, useful vascular half-life, and
absence of infectious agents (Box 1). The HBOCs under development all have vascular
half-lives in the 18- to 24-hour range, which is adequate for most acute-care applica-
tions (ie, hemorrhage and surgery); most can be stored at 4°C or room temperature for
1 to 2 years; and none requires any form of compatibility testing. All the HBOCs
currently developed have been successfully processed to eliminate the presence of
microorganisms, although there are very few published data on the removal of prions.

With the realization that HBOCs not only are RBC substitutes but also have many
other properties, including hemodynamic effects related to their oncotic and nitric
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Box 1
Potential advantages of HBOCs over RBC transfusion

No antigenicity—universally compatible
Possible unlimited availability (animal or recombinant source)
No disease-transmission risk

Long storage life

oxide (NO)-scavenging effects, a new, broader concept of “hemoglobin therapeutics”
has developed. HBOCs, therefore, are now seen as a complement to RBC transfu-
sions, not a replacement. The present review focuses on the potential uses of HBOCs
in critical care medicine.

PROPERTIES OF HEMOGLOBIN-BASED OXYGEN CARRIERS
Oxygen-Carrying Capacity

Hemoglobin concentration, hemoglobin saturation, and blood flow are key determi-
nants of tissue oxygen availability, so strategies to increase systemic oxygen transport
(convective oxygen transport—ie, circulation) are usually employed when attempting
to increase tissue oxygen availability. Nevertheless, these factors are not the only
determinants of tissue oxygenation in critical illness.? Sepsis is characterized by
microcirculatory alterations® that can lead to tissue hypoxia, despite the presence
of elevated convective oxygen transport. Even with a high oxygen-carrying capacity,
a solution that alters the microcirculation is not efficient at improving tissue oxygena-
tion. The different types of HBOCs have very different hemodynamic properties (vaso-
constrictive and oncotic effects), so their effects on the microcirculation may be very
different. In theory, a small amount of a hemoglobin solution with no vasopressor
effects is more effective in improving tissue oxygenation than a large amount of a vaso-
pressor solution that alters microcirculatory blood flow. Nevertheless, in general,
compared with nonhemoglobin solutions, resuscitation fluids containing hemoglobin
improve oxygen transport to the tissues.*1°

Oncotic Effects

RBCs have a negligible effect on the colloid osmotic pressure (COP). HBOCs, however,
exert substantial oncotic properties and thus increase blood volume by an amount
greater than the transfused volume.'" This action may be beneficial when plasma
expansion is required in shock resuscitation but can also be harmful in the absence
of hypovolemia. It has been proposed that hyperoncotic HBOCs may decrease
ischemic brain injury.’® Nevertheless, the beneficial effects of a reduction in blood
viscosity on microvascular blood flow may also be important. Using bioengineering
analysis and novel methods to measure intravascular and tissue Po,, Intaglietta and
colleagues'® proposed that maintaining the viscosity of blood (~ 4 centipoise) is essen-
tial to maintain tissue oxygenation. Indeed, the relation between blood viscosity and
vascular relaxation is explained by the fact that the shear forces exerted on endothelial
cells are proportional to blood viscosity, and these shear forces induce the production
of the vasodilator, NO.'*15 Tsai and colleagues'® showed that deep hemodilution with
high viscosity dextran maintained functional capillary density in the hamster skin-fold
model significantly better than with low viscosity dextran. These discoveries force
a re-evaluation of the optimal viscosity of an RBC substitute. It was formerly thought
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that such a solution should have alow viscosity to reduce peripheral vascular resistance
and to elevate cardiac output; now, the opposite appears to be the case.

Vasopressor Effects

Many experimental studies have reported a rise in blood pressure following the admin-
istration of HBOCs,>7-10:17-22 and clinical trials have confirmed this observation.®23-2°
These vasopressor effects are, at least in part, due to the scavenging of NO.19:30-35
The NO-scavenging effects may be mitigated by encapsulating the hemoglobin in
liposomes, because these larger molecules have less contact with the endothelium
and are less able to penetrate the endothelium to combine with NO.36 Endothelin-1,
a strong vasoconstrictor produced by endothelial cells and acting directly on vascular
smooth muscle, may also be involved in the vasoconstrictor effects of hemoglobin
solutions.?2:31:37:38 Nevertheless, effects other than NO scavenging must be involved.
Indeed, some investigators®® have demonstrated that various types of modified hemo-
globins (cross-linked, polymerized, or surface-modified) elicit various blood pressure
responses that are inversely related to the size of the hemoglobin molecule but not to
the degree of reactivity with NO. Sakai and colleagues“® studied the effects of different
HBOCs of various molecular sizes on the diameter of resistance arteries and arterial
blood pressure in the conscious hamster dorsal skin-fold model. These investigators
found that the vasoconstrictive response of resistance arteries was correlated with the
degree of hypertension and that the responses were proportional to the molecular
dimensions of the oxygen carriers. These observations are best explained by the rela-
tion between molecular size, oxyhemoglobin diffusion, and vasoconstriction. It has
long been known that oxyhemoglobin can diffuse along a concentration gradient,
a process called “facilitated diffusion.”#'#? It has been proposed that this oxygen
availability could be significantly increased by free plasma hemoglobin. One group
of investigators showed that administration of such an HBOC increased pulmonary
diffusing capacity.® At first glance, this facilitated oxygen transfer might be considered
beneficial; however, direct observation of the microcirculation has shown that preca-
pillary arterioles are very sensitive to local oxygen concentration, enabling them to
adjust their diameter in an autoregulatory process to increase capillary blood flow in
hypoxia and to decrease it in hyperoxia.*® Using direct measurement of the diffusive
oxygen transfer by hemoglobin in an artificial capillary system, McCarthy and
coIIeagues,44 confirmed the link between molecular size, diffusion, and vasoconstric-
tion. These investigators demonstrated that the rate of oxygen transfer out of the in
vitro microvessel was higher with cross-linked hemoglobin than with larger-size
surface-modified hemoglobin, such as polyethylene glycol (PEG)-modified bovine
hemoglobin (PEG-Hb), which has negligible vasoactive effects.3%*% Indeed, Winslow
and colleagues*® compared the effects of PEG-Hb (high oxygen affinity, high viscosity,
high COP) with human hemoglobin cross-linked between the a-chains (aa-Hb; low
oxygen affinity, low viscosity, low COP) after a 50% (by volume) exchange transfusion
followed by severe hemorrhage in rats. The investigators found that mean arterial
pressure and systemic vascular resistance rose significantly in the aa-Hb but not in
the PEG-Hb animals. In addition, the PEG-Hb animals showed no acid-base distur-
bance, significantly less lactic acidosis, and a higher cardiac output. These data
suggest that the rise in vascular resistance that follows the aa-Hb exchange transfu-
sion offsets the greater oxygen transport provided by the cell-free hemoglobin. When
resistance does not rise, as with PEG-Hb, even relatively small amounts of cell-free
hemoglobin appear to provide very effective blood replacement. Such beneficial
effects of a hemoglobin solution on the microcirculation were demonstrated by Wett-
stein and colleagues,*® who resuscitated hamsters from severe hemorrhagic shock
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with a new PEG-modified human hemoglobin solution—malPEG-Hb, an oxygen-
carrying blood replacement fluid with low hemoglobin concentration, high viscosity,
high COP, and very low P50 (5 mm Hg). Compared with resuscitation with shed blood
or colloid, the infusion of malPEG-Hb was followed by an improvement in microcircu-
latory blood flow (increased functional capillary density) and microcirculatory oxygen
extraction capabilities, resulting in a complete reversal of metabolic acidosis. This
result was not seen in animals resuscitated with shed blood or colloid, even though
the total plasma hemoglobin concentration was lower in the malPEG-Hb than in the
shed blood group. Again, this study*® seems to underline the efficacy of a solution
that associates high viscosity, high COP, and high oxygen affinity properties to main-
tain microvascular blood flow and tissue oxygenation. In this case, even a low-dose
oxygen carrier may be superior to autologous blood in returning the organism to
normal conditions after hemorrhagic shock.*® Properties of first- and second-genera-
tion HBOCs are summarized in Table 1.

USE OF HEMOGLOBIN-BASED OXYGEN CARRIERS AS A BLOOD SUBSTITUTE

A blood substitute that eliminates the need for refrigeration and cross-matching, that
has a long shelf life, and that reduces the risk of iatrogenic infection would provide
a potentially lifesaving option for trauma patients who have hemorrhagic shock, espe-
cially in rural areas and military settings. For their use in the hospital, blood substitute
HBOCs should be at least as safe as RBCs transfusions, even though the risks associ-
ated with transfusion have become relatively low in developed countries. At locations
where RBCs are not immediately available, the risks of HBOCs need to be balanced
against those of resuscitation fluids. One topic of active debate over the past decade
was the definition of “efficacy” of HBOCs. Demonstrating survival benefit in most clin-
ical models is very challenging, and correlating oxygen delivery and other variables with
survival outcome is equally difficult. Therefore, avoidance of allogeneic transfusion has
almost become a universal marker of efficacy for these solutions in clinical trials.

Trauma and Hemorrhagic Shock

Because of their hemodynamic properties (see earlier discussion), HBOCs would
appear to be ideal solutions for initial resuscitation from trauma or hemorrhage in
the emergency room and even in the field. Gould and colleagues*’ compared the ther-
apeutic benefit of PolyHeme (a human polymerized hemoglobin; Northfield Laborato-
ries, Inc., Evanston, lllinois) with that of allogeneic RBCs in the treatment of acute
blood loss in trauma patients. PolyHeme maintained total hemoglobin concentration
despite the fall in RBC hemoglobin, and reduced the use of allogeneic blood. Later,
PolyHeme was studied by the same group in massively bleeding trauma and urgent
surgery patients who did not receive RBCs.*® A total of 171 patients received a rapid

Table 1
Properties of first- and second-generation hemoglobin-based oxygen carriers

Property First Generation Second-Generation
Oxygen binding Like blood: P50 +28 mm Hg P50 +5-10 mm Hg
Viscosity Like water: +1 centipoise Like blood: +4 centipoise
Oncotic pressure Like blood: 15 mm Hg Increased

Hemoglobin concentration Like blood: +15 g/dL As low as possible
Plasma retention As long as possible As long as possible

Clinical use Substitute for RBCs Hemoglobin therapeutics
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infusion of 1 to 20 units (1000 g, 10 L) of PolyHeme. Forty patients had a nadir RBC
hemoglobin below 3 g/dL, but total hemoglobin was adequately maintained (6.8 +
0.7 g/dL) by the plasma hemoglobin added by PolyHeme. The 30-day mortality was
25% compared with 64% in a historical group of control patients who had similar
RBC hemoglobin levels. Less encouraging were the results of the pivotal phase IlI
trauma trial with the Baxter Healthcare Corporation (Baxter) diaspirin cross-linked
hemoglobin (DCLHb) product.*® This United States multicenter trial was designed to
determine whether the infusion of up to 1000 mL of DCLHb during initial hospital
resuscitation could reduce 28-day mortality in traumatic hemorrhage. The study
was stopped prematurely after the enrolment of 112 patients when an intermediate
analysis showed an increased 28-day mortality in the DCLHb-resuscitated group
compared with the control group (46 versus 17%, respectively; P = .003). The inves-
tigators could not correlate the excessive mortality with any specific morbidity but re-
ported that the DCLHb treatment group showed a higher incidence of prehospital
cardiac arrest and traumatic brain injuries. They concluded that the vasopressor effect
could have contributed to the untoward effect of DCLHb treatment, either by acceler-
ating bleeding or by tissue vasoconstriction, both of which would decrease tissue
perfusion. Baxter conducted a companion phase lll trauma trial in Europe using
morbidity, rather than mortality, as the efficacy end point.5° Another important differ-
ence was that in the European study, the patients were already randomized “on the
scene” to receive DCLHb or standard fluid therapy. Organ failures and survival rates
until day 5 and day 28 showed no significant differences. The median volumes of
cumulative blood products administered on day 1 (1595 versus 3716 mL) and day 7
(3139 versus 4746 mL) were lower in the DCLHb group than in the control group.
The trial, however, was discontinued after 121 of the expected 400 to 800 patients
were enrolled because Baxter terminated the program. Nevertheless, it should be
noted that the properties of DCLHb (and particularly the strong vasopressor effect)
are not applicable to all HBOCs. Northfield Laboratories last year reported results of
its pivotal phase Ill trauma trial with PolyHeme®' on 30-day mortality in traumatic
shock. Severely injured patients were randomized at the scene to receive PolyHeme
or crystalloid. The study group received up to 6 units (in the field or during the first
12 hours of hospitalization) of PolyHeme, followed by RBC transfusions as needed.
The study was designed to have sufficient statistical power to demonstrate superiority
and noninferiority end points. The secondary end points included incidence of multiple
organ failure and avoidance of blood transfusion. The study population consisted of
722 patients at more than 30 trauma centers throughout the United States. Only
preliminary results from the trial have been reported by Northfield Laboratories in
the press:®' mortality at 30 days was not statistically different in control patients
compared with those treated with PolyHeme (9.6 versus 13.4%). The results of these
studies should be considered in the context of bleeding patients for whom early
access to blood transfusion is not possible. Even in the United States, almost 50
million Americans live more than an hour away from a trauma center where blood is
available. Mortality rates in such a scenario could be considerably higher than those
observed in the control patients in the urban setting of the studies discussed earlier,
for whom transit times were relatively short. If these data are extrapolated to patients
who need an oxygen carrier and have delayed access to blood, HBOCs such as Poly-
Heme could play an important role in saving lives.

Perioperative Blood Losses

Given the concerns about transfusion-related illness and the general fear of transfu-
sions by the public and physicians, it is common for patients to ask for alternatives to
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banked blood. Almost all of the paradigms and algorithms for avoiding transfusion
tend to be resource intense and expensive, and still do not eliminate all risk.
Alternatives can be sought, and the use of HBOCs as part of intraoperative autolo-
gous donation makes a great deal of sense. HBOCs may also be valuable during
the perioperative period when blood is often transfused in small quantities to maxi-
mize the patient’s oxygen-carrying capacity and to replace normal expected
surgical blood loss. It is clear that blood substitutes will never be able to completely
replace entire circulating blood volume. They might, therefore, be considered more
a “bridge” until blood transfusion is available or be used to avoid RBC transfusion
altogether when blood losses are moderate. Cross-linked?®%2 and polymerized
hemoglobin?’2%5354 have shown efficacy in several studies (in cardiac®6-285354
and noncardiac®®%? surgery) that used blood sparing in the perioperative period as
the efficacy end point. These studies showed a subsequent reduction in RBC transfu-
sions at 24 hours; however, due to the short half-life of these products, this effect was
transient. The adverse effects encountered in these different studies were transient
increases in blood pressure, jaundice, and transient, mild increases in enzyme levels
that were not obviously related to pathologic liver dysfunction or pancreatitis. Never-
theless, one of these studies was terminated early because of these safety
concerns.?? In two small studies of patients before®® and after®® repair of abdominal
aortic aneurysm, DCLHb was associated with a decrease in cardiac output due to an
increase in afterload, which may pose a serious problem in patients who have altered
left ventricular function. Of note, one patient treated with DCLHb had a myocardial infarc-
tion 36 hours post infusion.%® Olofsson and colleagues®” conducted a safety phase |l
study in patients undergoing major orthopedic study. These investigators compared
Ringer’s acetate with two different doses of Hemospan (Sangart, Inc., San Diego, Cali-
fornia) given before the induction of anesthesia. Hemospan mildly elevated hepatic
enzymes and lipase and was associated with less hypotension and more bradycardic
events. A randomized controlled, multicenter phase Ill trial using a polymerized bovine
hemoglobin (Hemopure; Biopure Corporation, Cambridge, Massachusetts) in elective
orthopedic surgery was completed in the United States in which 350 patients received
Hemopure and 338 received RBC transfusions. The investigators reported that 59.4%
of the patients receiving Hemopure were able to avoid allogeneic RBC transfusions;
mortality and serious adverse events were comparable in the two treatment groups.58

Polymerized bovine hemoglobin (Hemopure) received regulatory approval in South
Africa in 2001 for clinical use in the treatment of acute anemia and the avoidance of
allogeneic blood transfusion during surgery in adults. Nevertheless, a recent meta-
analysis®® showed that the administration of HBOCs in patients who had surgery,
trauma, or stroke was associated with a significant risk of myocardial infarction and
death. The meta-analysis of 16 clinical trials with five very different HBOCs showed
that administration of any of the products was associated with a higher relative risk
of death and of heart attack than was observed in the control groups in the trials;
however, the limitation of this analysis was the pooling of very different products
used in different settings against different comparators. Some of these products
have been withdrawn from development and some of the respective companies
have since gone out of business.

Another potential benefit of HBOCs would be in the patient who has multiple anti-
bodies to RBC surface antigens because of multiple previous transfusions and who
risks serious transfusion reactions if further RBC transfusion were required. Finally,
the recombinant technology could theoretically offer a new therapeutic option in the
management of Jehovah’s Witness patients.
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USE OF HEMOGLOBIN-BASED OXYGEN CARRIERS AS “HEMOGLOBIN THERAPEUTICS”
Sepsis and Septic Shock

Sepsis is characterized by profound microcirculatory alterations.®#° With their poten-
tially favorable rheologic properties, HBOCs may increase tissue oxygen availability
and oxygen extraction capacity. In septic rats, Sielenkdmper and colleagues®’
demonstrated a beneficial effect of DCLHb on tissue oxygen use. When oxygen
supply dependency was induced by progressive hemodilution, DCLHb infusion
increased oxygen uptake and reversed lactic acidosis. The authors also studied the
effects of DCLHb on blood flow distribution and tissue oxygen extraction capabilities
in a canine model of endotoxic shock.®? DCLHb had a dose-dependent vasopressor
effect but did not significantly alter cardiac index or regional blood flow. The adminis-
tration of DCLHb was also followed by an improvement in whole-body oxygen-extrac-
tion capabilities.

During sepsis, an increase in inducible NO synthase (NOS) activation leads to over-
production of NO, which is thought to play a role in the pathogenesis of associated
hypotension.®35 Blockers of NOS activity in animal and clinical studies attenuate
these pressure-related effects;®® however, excessive NO blockade can be harmful,®”
and the use of HBOCs may provide an alternative means of restoring blood pressure
and oxygen-extraction capabilities by scavenging NO rather than by entirely blocking
NO production. Infusion of pyridoxylated hemoglobin polyoxyethylene (PHP) conjugate
in endotoxemic sheep has been shown to have less effect on cardiac index and pulmo-
nary vascular resistance than NOS inhibition with NG-nitro-L-arginine methyl ester.®® In
other studies, HBOC solutions showed protective effects on the kidney by the
combined effects of volume expansion and inactivation of NO.'7:6%7° |n experimental
sepsis, HBOCs have also been shown to prevent myocardial dysfunction.”"2 In
summary, compared with harmful total NO blockade, the use of HBOCs to scavenge
NO may provide an alternative means of restoring blood pressure and oxygen-extrac-
tion capabilities without entirely blocking NO activity. In a small preliminary study of 14
patients in septic shock, DCLHb infusion allowed a reduction in vasopressor needs to
support systemic blood pressure.?® Nevertheless, this vasopressor effect was accom-
panied by a reduction in cardiac index and oxygen delivery.? A transient increase in
total plasma bilirubin was also observed in patients treated with DCLHb.2®

Recently, Apex Bioscience (Chapel Hill, North Carolina) announced the termination
of a study assessing the safety and efficacy of PHP in patients who have distributive
shock. This study was a placebo-controlled, randomized, open label study at 15 sites
that was initially designed to enroll 1000 patients. The study was terminated early, at
62 patients, because of a protocol design issue (about 800 screen failures due to the
absence of a pulmonary artery catheter in situ, an inclusion criterion for the study).
Recently published results”® noted that overall 28-day mortality was similar in the
group of patients treated with PHP and in the control group. Nevertheless, survivors
treated with PHP tended to be weaned off vasopressors faster and to spend less
time on mechanical ventilation.

Although HBOCs may provide an alternative means of restoring blood pressure,
improving cellular oxygen availability, and scavenging excess NO release, the poten-
tially deleterious immunomodulatory effects of such solutions in sepsis must be
considered. The preparation of these solutions is safe with respect to viral transmis-
sion, but because hemoglobin provides an important source of iron, which is neces-
sary to sustain rapid multiplication and growth of bacteria, concerns have been
raised about the possibility that hemoglobin solutions could promote infection.”
Free hemoglobin can also abolish the bactericidal and bacteriostatic effects of plasma
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and inactivate neutrophils.”® Griffiths and colleagues’® reported that after sublethal
Escherichia coli challenge in an experimental peritonitis model in mice, survival was
reduced after a large intravenous dose of modified hemoglobin solution. Su and
colleagues”” reported that aa-Hb intensified the tumor necrosis factor response to
lipopolysaccharide and that mortality after lipopolysaccharide injection was increased
in aa-Hb-pretreated mice compared with control mice. The metabolism of these
modified hemoglobins may also pose a problem, because their entrapment by macro-
phages may result in rapid saturation of the reticuloendothelial system, leading to
a potential immunodepressant effect. Finally, free iron derived from hemoglobin
breakdown can catalyze the production of oxygen free radicals, and the uptake of
hemoglobin or ferruginous debris by macrophages may amplify the proinflammatory
response, thereby increasing the release of cytokines such as tumor necrosis
factor.”® 80 Liposome encapsulation may prevent this phenomenon.®'82 Promising
effects of HBOCs on oxygen transport and the microcirculation in sepsis need to be
confirmed, and results from continuing research are eagerly awaited.

Stroke and Myocardial Infarction

Despite promising results in experimental models,®3-8° DCLHb has not been shown to
be safe in patients who have cerebral infarction. Saxena and colleagues®® assessed
the safety and tolerability of DCLHb started within 18 hours of symptom onset in
patients who had acute ischemic stroke. DCLHb caused a rapid rise in mean arterial
pressure. Two patients infused with the high dose of DCLHb (100 mg/kg) had adverse
events that were possibly drug related: one suffered fatal brain and pulmonary edema,
the other experienced transient renal and pancreatic insufficiency. Multivariate logistic
regression analysis showed that DCLHb treatment was an independent predictor of
a worse outcome (odds ratio 4.0; confidence interval: 1.4-12.0).

Several experimental studies have demonstrated that HBOCs could preserve
myocardial function and reduce infarct size after acute myocardial ischemia®” by
reducing ischemia-reperfusion injury.8&8°

Sickle Cell Anemia

Patients who have sickle cell anemia comprise a unique population that might receive
added benefits from HBOCs. These patients tend to be chronically transfused and
also seem to be at a higher risk for becoming alloimmunized per unit transfused
compared with the general population. The universal compatibility of HBOCs would
be ideal to protect these patients from further alloimmunization and the risks of de-
layed hemolytic transfusion reactions. In addition, the availability of blood for sickle
cell patients requiring phenotyped RBCs would be improved. HBOCs could be useful
as urgent therapy for acute chest syndrome or other emergency vaso-occlusive
events. These solutions may be useful to bridge patients who are alloimmunized until
compatible blood can be found. There are a number of case reports in the literature of
sickle cell patients who have benefited from HBOCs.%%-22 Although results from case
reports are dramatic, larger studies with appropriate controls are required to verify
these intriguing findings.

SUMMARY

Hemoglobin solutions were initially developed with the hope of finding an alternative to
the problems associated with blood transfusion; however, with the realization that
hemoglobin solutions not only are RBC substitutes but also have a number of addi-
tional properties, a new, broader concept of hemoglobin therapeutics developed.
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Promising effects on oxygen transport and the microcirculation need to be confirmed,
and the results of continuing research are eagerly awaited. Although debatable, the
results of a recent meta-analysis®® showing that the administration of HBOCs in
surgical, stroke, and trauma patients was associated with a significant risk of myocar-
dial infarction and death remind us that no drug is perfect or without side effects, and
HBOCs are no exception. Today, we know the effects of the first generation of
HBOCs. One area of interest is the development of new molecular structures to
decrease NO binding so as to minimize the adverse consequences and to maximize
the potential benefits. It is also fascinating to speculate that the choice among the
various available solutions, with their different oxygen affinities, oxygen-carrying
capacities, viscosities, and oncotic pressures, may be guided by clinical circum-
stances. Nevertheless, possible adverse effects need to be carefully evaluated before
these agents can be widely administered in the ICU, emergency room, or prehospital
setting.
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