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M van Iterson, C Ince
Yearbook of Intensive Care Medicine 2004; 762-775

Abstract
As an alternative for allogenic blood, hemoglobin based oxygen carriers (HBOC) are 
being developed to increase the oxygen carrying capacity of the circulating blood, 
which is reduced in hypovolemic anemia, such as hemorrhage. HBOC’s are a-cellu-
lar hemoglobin molecules which differ in characteristics such as hemoglobin con-
centration, viscosity, colloid osmotic pressure, and oxygen affinity, depending on 
their source and modification. It has been known for long that unmodified Hb results 
in adverse effects, such as impaired coagulation, renal malfunction, and anaphylac-
tic reactions. Furthermore, rheologic properties of HBOC’s depend on the chemical 
modification of the heme protein and differ especially at low shear rates, such as 
are present in the microcirculation and venous circulation. Since these effects were 
mainly due to the stroma of the Hb-solutions, they were resolved by the introduction 
of stroma-free hemoglobin solutions. The development and investigation of such 
HBOCs has resulted in much insight into the determinants of microcirculatory and 
tissue oxygenation. It has also provided much insight into the effects of modifica-
tion of the hemoglobin molecule on the regulation of microvascular blood flow in 
different organ systems. However, how such modification actually affects the ability 
of HBOC’s to deliver oxygen to the tissue cells is as yet ill-understood. Although 
HBOC’s have been developed for various indications such as sepsis and preservation 
fluid, this review will focus on HBOC’s as resuscitation fluid for hemorrhagic shock. 
We discuss the mechanisms of oxygen delivery by these HBOCs, the modifications 
to the hemoglobin molecules to reduce adverse effects associated with HBOCs, their 
effects on (micro)vascular autoregulation and blood rheology. We furthermore de-
scribe the effects of HBOCs at the microcirculatory level in sereval organs.

Introduction
As an alternative for allogenic blood, hemoglobin based oxygen carriers (HBOC) are 
being developed to increase the oxygen carrying capacity of the circulating blood, 
which is reduced in hypovolemic anemia, such as hemorrhage. Hemorrhagic shock 
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reveals a dysbalance between the availability and demand of oxygen, which results 
in shunting of oxygen from the microcirculation, leaving the microcirculation hy-
poxic and the metabolism of the tissue cells impaired. The vulnerability of vascular 
beds to become hypoxic depends on the redistribution of blood flow and differs 
between and within vascular beds. HBOC’s are assumed to restore tissue dysoxia 
by facilitated oxygenation, due to their improved oxygen solubility, low viscosity, 
and small size. They also provide an effect on vascular tone, which could counteract 
their oxygen carrying capacity by interfering with redistribution of blood flow, and 
vasoconstriction as well as providing volume.

The ultimate efficacy of a HBOC as a resuscitation fluid must be judged by their 
ability to provide oxygenation to the microcirculation and restore normal cellular 
metabolism. This paper reviews the use of HBOC’s as resuscitation fluid and evalu-
ates the efficacy of these compounds in restoring microcirculatory function and cel-
lular metabolism in shock. In doing so we consider their effects on microvascular 
oxygen pressures, and their relation to venous oxygen pressures, for different vas-
cular beds within and between organs. Although HBOC’s have been developed for 
various indications such as sepsis and preservation fluid, this review will focus on 
HBOC’s as resuscitation fluid for hemorrhagic shock.

Mechanisms of oxygen delivery by HBOC
Oxygen transport to the tissue results from convection i.e. blood flow, oxygen con-
tent and diffusive mechanisms of oxygen within the microcirculation and to the mi-
tochondria in the tissue. Combined with microcirculatory regulation based on cel-
lular needs, optimal homogeneous oxygenation of the tissues is achieved. During 
hemorrhagic shock, however the systemic availability of oxygen supply is restricted, 
and both systemic and local regulatory mechanisms of tissue oxygenation redistrib-
ute the oxygen supply in order to preserve vital organ functions. Metabolic function 
and therefore the need for oxygen vary between and within organs. Therefore, regu-
lation by systemic (extrinsic) neural and humoral factors and local (intrinsic) myo-
genic and metabolic factors ensure that the distribution of blood flow is matched by 
the need of the various organs. HBOC’s are a-cellular hemoglobin molecules which 
differ in characteristics such as hemoglobin concentration, viscosity, colloid osmotic 
pressure, and oxygen affinity, depending on their source and modification. Their 
pharmacologic and physiologic effects have provided insights into mechanisms and 
regulation of oxygenation of the microcirculation, during hemorrhage and resuscita-
tion. Insight has also been gained into their interaction with vascular tone, directly 
by interfering with second messengers such as nitric oxide and endothelin, and indi-
rectly by influence on rheology and oxygen on- and off-loading kinetics.
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Modification of hemoglobin molecules
It has been known for long that unmodified Hb results in adverse effects, such as 
impaired coagulation, renal malfunction, and anaphylactic reactions.14 Since these 
effects were mainly due to the stroma of the Hb-solutions, they were resolved by the 
introduction of stroma-free hemoglobin solutions (SFHb). Compared to hemoglobin 
within red blood cells however, a-cellular stroma-free Hb made from human hemo-
globin has an increased oxygen affinity, because it lacks 2,3-DPG, and the tetramer 
structure of the Hb easily breaks down in dimers and monomers, which results in a 
short intravascular half-life, and nephrotoxicity. SFHb was modified to reduce the 
oxygen affinity and increase the intravascular retention time. The increased oxygen 
affinity of SFHb can be reduced on different ways. When the source of HBOC is 
bovine Hb instead of human Hb, the oxygen affinity is already reduced, because the 
oxygen affinity of bovine Hb depends on chloride ions in stead of 2,3-DPG.127 HBOC 
has also been manufactured by recombinant techniques, in which the oxygen affin-
ity can be changed by alterations in amino acids, without chemical cross-linking.128 
Chemical modification by cross-linking and/or polymerization can also be used to 
reduce the oxygen affinity.129 These modifications at the same time increase the in-
travascular retention time of SFHb, and protect the kidneys from the toxic effects of 
the Hb-dimers. Several compounds have been used to cross-linking the β or α-globin 
sites. The salicyl-derivate bis-3,5-dibromosalicyl fumaraat, has been used in αα-Hb 
and DCLHb, and pyridoxil phosphate derivates has been used in PHP, polyHbXl, 
and Polyheme. These derivates provide mainly cross-linking. O-raffinose, as used in 
Hemolink, and glutaraldehyde, as used in Hb-200, Hb-201, and Polyheme, polymer-
ize the Hb molecules in addition. Besides cross-linking, and polymerization, large 
molecules such as Polyethylene glycol (PEG) can be conjugated to the exterior of 
the tetramer to increase the molecular weight, also primarily to increase retention 
time. These modifications have provided a variety of HBOC’s, which differ in their 
characteristics as hemoglobin concentration, colloid osmotic pressure, viscosity, and 
oxygen affinity (Table 1).

Vasoconstriction and HBOC
HBOC’s are primarily thought to affect vasoactivity by their interaction with nitric 
oxide.15 Although the factors, which affect the bioavailability of NO are not fully 
elucidated, it is assumed that it depends on the balance between the production by 
endothelial cells and the scavenging by hemoglobin.138 Various studies have inves-
tigated the interaction of HBOC with the bioavailability of NO and have provided 
many new insights into nitric oxide biology. Hemoglobin has a high affinity for 
NO, in fact many times higher than for oxygen.139 Scavenging of NO by HBOC’s 
hemoglobin is thought to be the main cause of the so-called pressor effect seen as 
a result of administration of HBOC. We in fact showed that that administration of 
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HBOC’s to e-NOS knock mice resulted in a much lesser rise in blood pressure than 
when administered to wild type mice.140 To overcome the problem of unwanted hy-
pertension caused by HBOC’s, various strategies have been undertaken to alter the 
affinity of Hb for NO. This has primarily been done by modification of the binding 
site for NO within the hemoglobin molecule. Surface modification of recombinant 
Hb by glutaraldehyde for example has shown to result in a lower NO binding affinity 
by HBOC’s.131 Investigations with different recombinant Hb-solutions (rHb1,1) also 
have shown that after genetic modification in the heme pocket the rate of reaction 
with NO can be altered thus lowering the hypertensive effects of the HBOC.141 This 
was further shown for rHb2.0, which has a 20-30 fold lower NO scavenging rate than 
rHb1,1 and results in less vasoconstriction in pulmonary vasculature.142 In the study 
of Doherty et al. however,141 it was shown that such a procedure results in increased 
oxygen affinity (e.g. decreased P50).

HBOC Source Modification Conc
(G/dl)

COP
(mmHg)

Viscosity
(cP)

Hill
(n)

P50

(mmHg)
[Reference]

αα Hb human crosslinked (αα) 8 23 1.0 2.4 34 [130]

DCLHb
(Hemassist®)

human crosslinked (αα) 10 43 1,5 2.7 33 [114]

rHb 1.1
(Optro®)

recomb (aa-fused) 10 42 1.9 2.35 33 [131]

PolyHeme® human Polymerized
(glutaraldehyde)

10 23 NA 2.2 27 [129]

Hemolink® human Polymerized
(o-raffinose)

10 26 1.26 1.0 39 [132]

HBOC-200
(Oxyglobin®)

bovine Polymerized
(glutaraldehyde)

13 42 1,3 NA 34 [133]

HBOC-201
(Hemopure®)

bovine Polymerized
(glutaraldehyde)

13 17 1,3 NA 38 [134]

PEG-Hb bovine Conjugated
(PEG)

5.5 118 3.4 1.4 10 [130]

PHP human Conjugated
(PEG)

7 41 3-3.8 1.3 15 [129]

MalPEG-Hb
(Hemospan®)

human Conjugated
(PEG)

4 49 2.4 1.2 5.5 [135]

Dex-BTC-Hb human Conjugated
(Dex-BTC)

8.5 NA NA 2.15 23 [136]

HbV 3.8/HSA human Encapsulated
PEG conjugated

3.8 40 1.8 NA 33 [137]

Table 1. Characteristics of HBOC
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It is as yet unclear whether the interaction between Hb with NO mainly takes place 
within or outside the vessel wall. Various studies have shown that preventing of ex-
travasation of HBOC’s results in less vasoconstriction, so at least a part of the vaso-
activity probably takes place extra-vascular.143 In this way increasing the molecular 
weight of the HBOC by polymerization or conjugation of Hb molecules results in a 
decrease of the oxygen affinity (e.g. increased P50) and also in a prolonged intravas-
cular retention-time. The resultant decrease in extravasation is thought to contribute 
to the reduced vasoconstrictive effect seen in these classes of HBOC. Low volume 
resuscitation with a polymerized DCLHb (PolyDCLHb) however, still resulted in a 
marked pressure effect following an uncontrolled hemorrhage in rats.144 A further 
factor resulting in extravasation was found by Baldwin et al. who showed that during 
hemorrhage HBOC’s can result in direct formation of venular inter-endothelial gaps. 
The presence or absence of such gaps directly affects the extravasation of HBOC’s. 
Formation of these gaps was found to  be far greater with cross-linked HBOC than 
with polymerized and conjugated HBOC’s.145 These difference between the different 
classes of HBOC’s could also be related to the formation of free oxygen radicals, 
which was found to be less for (polymerized) HBOC-200 than for the crosslinked 
HBOC, DCLHb.146

NO is not the only second messenger of which interaction with Hb determines the 
vascular tone. Gulati et. al. identified that HBOC’s can result in enhanced endothelin 
levels148 and the stimulation of α-receptors, resulting in vasoconstriction.149

Rheology and HBOC 
Rheologic properties of HBOC’s depend on the chemical modification of the heme 
protein and differ especially at low shear rates, such as are present in the microcir-
culation and venous circulation. Lowering of viscosity by lowering of the hematocrit 
(Hct) results in an increase of critical oxygen extraction.150 In contrast an increased 
viscosity and red blood cell aggregation may contribute to disturbance of blood flow 
with decreased oxygen availability.151 However, it was shown that increased shear 
forces on endothelial cells results in increased levels of vasodilators, such as NO,152 
and that an increase of molecular dimensions of HBOC affect vasoconstriction.153 
In essence this means that resuscitation with a low viscosity fluid could indirectly 
result in a lower bioavailability of NO and therefore vasoconstriction. Taking these 
issues into considerations it can be concluded that the precise role of the effects of 
HBOC’s on blood viscosity in relation to oxygen transport capability still needs to 
be investigated in more detail.

Oxygen affinity and HBOC  
The oxygen on- and off-loading kinetics of HBOC’s are mainly determined by the 
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P50 and the Hill coefficient. These two factors describe the oxygen dissociation curve 
(ODC), because the P50 is that PO2 at which hemoglobin is 50% saturated, and the 
Hill-coefficient determines the rate of allosteric binding of O2 molecules, at that 
point. As mentioned before, modification of SFHb result in HBOC’s with different 
oxygen affinities. Initially modification of SFHb was intended to reverse the left 
shifted ODC of un-modified free Hb to the right. However, it was shown that a de-
creased oxygen affinity (e.g. right shifted ODC) can result in an increase of vascular 
resistance in iliacal vessels.154 This could have been due to the facilitated release of 
oxygen to the arterioles, which induce reactive vasoconstriction. Indeed it has been 
shown that a high oxygen affinity HBOC (e.g. left shifted ODC) could prevent this 
too early release of oxygen.155 In vesicle encapsulated with hemoglobin of different 
values of P50, a decrease of the P50 from 30 to 16 mmHg was shown to improve mi-
crocirculatory oxygenation in the dorsal skinfold preparation during hemodilution.156

Oxygen delivery to the microcirculation by HBOC
Methods
Assessment of the efficacy of resuscitation of HBOC in delivering oxygen to the 
tissues requires adequate monitoring tools. Determination of microcirculatory and 
tissue oxygenation can be assessed by various techniques.157 In the various studies 
involved with HBOC many of such tools have been used. Each technique however 
has its own limitations in terms of specificity and sensitivity and it is important to 
be aware of these aspects of the various techniques when interpreting and comparing 
results from the different studies.

Regional flow and distribution of flow has been estimated by laser-Doppler and 
electromagnetic flow probes, indicator dye techniques, and administration of labeled 
microspheres. Blood flow in the latter technique is determined by the post mortem 
analysis of distribution of microspheres, which are trapped in the various tissues 
after administration on predetermined time-points. It was shown by Zuurbier et al. 
in Langendorff-perfused hearts, that this technique can interfere with blood flow 
by increase of vascular resistance, which could lead to tissue hypoxia in a state of 
restricted flow.158 Regional tissue oxygenation can be determined indirectly by mea-
surement of oxygen consumption, venous PO2 and venous SO2, base excess, plasma 
lactate concentration, and for the splanchnic organs by measurement of intraluminal 
PCO2 concentrations. Tissue oxygenation can also be measured directly by use of 
polarographic oxygen electrodes or by use of optical spectroscopic methods. Po-
larographic O2 electrodes have been widely used in different models of hemorrhagic 
shock and resuscitation, but have as limitation their very limited penetration of only 
about 10 to 20 microns and their sensitivity to changes in arterial PO2.73 They make 
use of the presence of oxygen, and are therefore by definition more sensitive to ar-
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eas with high oxygen concentrations while not identifying the presence of hypoxic 
pockets in the microcirculation. Distribution of oxygen pressures in organs can be 
measured by either use of an array of oxygen electrodes placed on an organ surface, 
or by step-wise insertion of a needle electrode. Optical spectroscopic methods make 
use of the oxygen dependent optical properties of tissue, blood or extrinsic dyes 
to measure oxygen. They included absorbance, fluorescence, and phosphorescence 
spectrophotometry for measurement of microcirculatory Hb oxygen saturation, mi-
tochondrial energy state, and oxygen pressures in the plasma of the microcircula-
tion. The Pd-porphine phosphorescence technique is a non-invasive, continuously 
measurement technique of quantitatively amount of dissolved oxygen  in the micro-
circulatory blood plasma.73,159 The time of decay (quenching) of a light emitted by 
a phosphorescent compound (Pd-porphine) is measured following excitation by a 
pulse of green light. Time of decay of phosphorescence is related to the partial pres-
sure of oxygen. Pd-porphine coupled to albumin forms a large molecular compound 
which injected i.v. allows measurement of microvascular PO2 (µPO2).73

Using optical fibers, transmitting excitation and phosphorescent light placed on tis-
sue beds, µPO2 can be measured as a mean µPO2 incorporating capillary and venular 
blood vessels. Advantage of using fiber phosphorimetry is that µPO2 can be mea-
sured in areas not accessible to microscopes, in moving organs, and in clinically 
more relevant large animal models. It also is a technique which identifies more read-
ily the presence of hypoxic pockets in the microcirculation since it has a bias to low 
PO2 microcirculatory compartments instead of, as is the case for oxygen electrodes, 
to high PO2 compartments in the microcirculation.

Distribution of oxygenation
During shock systemic cardiac output is distributed from the organs with low O2 de-
mand, such as the intestines, and skin/muscles to organs with high O2 demand such 
as the brain, and heart.10,160,161 Redistribution of limited oxygen supply determines 
the rise in systemic O2 extraction. The distribution of blood flow between organs and 
effect on systemic oxygenation after resuscitation from hemorrhage with HBOC has 
been investigated in limited studies.162-166

Resuscitation with low dose of DCLHb,163 and αα-Hb162 restored blood flow to the 
heart and brain at the expense of blood flow to the kidney and gut, while increase 
of the dose of DCLHb resulted in hyper-perfusion in the heart, brain, and kidney. In 
contrast a study by Hess et al. showed that kidney blood flow was not improved after 
isovolemic resuscitation with αα-Hb.166 Resuscitation with 25% of shed blood vol-
ume with αα-Hb did not improve mixed venous SO2 (SvO2),162 while approx. the same 
amount of HBOC-201, DCLHb, and polyDCLHb increased the SvO2 to 60%, 75%, 
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and 80%, respectively.134,144,167 Isovolemic resuscitation with Hemopure restored SvO2 
to baseline value,168 while during resuscitation with 70, 100%, and 200% of shed 
blood volume by DCLHb resulted in  oxygen saturation of the systemic venous blood 
remained  below169,170 or equal baseline.171 In a recent study performed by us in a 
dose response study of the effects of DCLHB  on regional hemodynamics and micro-
vascular oxygenation of the heart and gut, we found that resuscitation with DCLHb 
resulted in a preferential flow towards the heart.123

The brain
After hemorrhage in pigs, restoration of brain oxygenation has been investigated 
using different types of HBOC (Table 2). Direct measurement of brain PO2 was 
performed only in two studies.173,174 Using the Pd-porphine phosphorescence tech-
nique Song et al. showed that isovolemic resuscitation with PEG-Hb restored brain 
PO2 after a severe hemorrhagic shock. In a comparable shock model Manley et al. 
showed that recovery of brain PO2 (oxygen electrodes) could also be achieved with 
the polymerized HBOC Hb-201, but with a much smaller volume as 30% of shed 
blood volume and at a FiO2 of 1.0. After the induction of a traumatic brain injury in 
rats, administration of DCLHb was successful in improving cerebral perfusion pres-
sure without a reduction in cerebral blood flow.180 However, after hemorrhage and 
traumatic brain injury, resuscitation with DCLHb was not able to improve systemic 
cardiac output or either central venous or cerebral venous SO2.172

The heart
Oxygenation of the heart during hemorrhage and resuscitation with an HBOC has 
only been investigated with DCLHb. Habler et al. found that DCLHb restored mixed 
venous PO2, and increased both coronary blood flow and coronary venous PO2 above 
baseline following hemorrhage. Furthermore they found a redistribution of blood 
flow from the epicardium to the endocardium.175 We performed a dose response study 
with DCLHb in hemorrhaged open-chest pigs.123 We measured epicardial μPO2 using 
the Pd-porphine-phosphorescence technique, as well as coronary blood flow by Dop-
pler flow measurement, and oxygenation and metabolism parameters in the coronary 
venous blood. Resuscitation with 35% of shed blood volume was successful in re-
storing μPO2 and coronary venous PO2 to baseline. We observed that coronary blood 
flow was increased above baseline value in a dose dependent manner. Cardiac oxy-
gen delivery was also increased associated with a concomitant increase of cardiac 
oxygen consumption. Our finding that moderate resuscitation with small volumes of 
DCLHb was successful in restoration of cardiac oxygenation and that increase of the 
dose did not result in further improvement leads to the speculation that small volume 
resuscitation may be sufficiently effective in resuscitating the heart.
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The gut
The study by Frankel and co-workers was one of the first to look at the effects of 
HBOC on the gastrointestinal system, as irreversible distress of this organ can lead 
to multi-organ failure and death.176 They found in rats in shock that DCLHb restored 
mucosal architecture and mucosal PO2, as measured by optode fluorescence. We 
measured μPO2 using Pd porphine phosphorescence in the gut serosa of pigs during 
hemorrhage and resuscitation with small volumes of DCLHb and compared this to 
resuscitation with a combination of colloids and crystalloids.114 We found that DCL-
Hb was capable of improvement of μPO2 to a similar extent as with non-oxygen car-
rying solutions except with 17 times less volume. Furthermore we found that DCLHb 

Table 2. Regional oxygenation parameters for different vascular beds after resuscitation from 
hemorrhage with HBOCs.

Reference Vascular 
bed

Animal HBOC Resuscitation
volume

Technique Parameter Effect 

[172] Brain Pig DCLHb Moderate Blood gas analysis Cerebral ven PO2 á ~BL

[173] Brain Pig Hb-201 Low Clark-electrode Cerebral PO2 á ~BL

[174] Brain Pig PEG-Hb Isovolemic Pd-porph fiber optic Cerebral PO2 á ~BL

[175] Heart

Gut

Pig DCLHb Isovolemic Microspheres
Blood gas analysis
Tonometry

Myocardial BF
Coronary ven PO2

PrCO2

á >BL
á >BL
â ~BL

[123] Heart

Gut 
(Ileum)

Pig DCLHb Low
Moderate
Isovolemic

Doppler
Pd-porph fiber optic 
Blood gas analysis
Doppler
Pd-porph fiber optic 
Pd-porph fiber optic
Blood gas analysis

Coronary art BF
Epicardial μPO2

Coronary ven PO2

Mesenteric art BF
Mucosal μPO2

Serosal μPO2

Mesenteric ven PO2

á ~BL->BL
á ~BL-<BL
á ~BL
á ~BL
á ~BL->BL
á ~BL->BL
á ~BL

[176] Gut 
(Jejunum)

Rat DCLHb Isovolemic Fluorescence optode Mucosal PO2 á ~BL

[114] Gut 
(Ileum)

Pig DCLHb Low Doppler
Pd-porph fiber optic
Blood gas analysis
Tonometry

Mesenteric art BF
Serosal μPO2

Mesenteric ven PO2

PrCO2

á <BL
á <BL
 = <BL
á >>BL

[177] Gut Dog Hb-200 Low Doppler
Blood gas analysis

Mesenteric art BF
Mesenteric ven PO2

á ~BL
á <BL

[178] Gut Pig aaHb
PolyHb

Isovolemic Microspheres
Blood gas analysis
Tonometry

Gastric BF
Portal ven PO2

PrCO2

á <BL/~BL
á <BL
á ~BL/>>BL

[136] Muscle Rabbit Dex 
BTC-Hb

Isovolemic Doppler
Clark probe

Femoral art BF
Skeletal muscle PO2

á ~BL
á ~BL

[179] Muscle Hamster DCLHb Isovolemic Multiwire electrode Skeletal muscle PO2 á <BL
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was effective in targeting the oxygenation of the microcirculation in preference to 
that of venous PO2 (Figure 1). We also observed a tonic contraction of the gut di-
rectly after administration DCLHb with a concomitant increase of intestinal oxygen 
consumption, an effect not present with non-oxygen carrying solution indicating the 
presence of other pharmacological properties of this HBOC. Driessen et al. investi-
gated the effect of HBOC-200 resuscitation on gut oxygenation in a similar porcine 
model of low volume resuscitation following hemorrhagic shock.177 Although they 
did not measure directly oxygen in the microcirculation, they focused their study on 
the behavior of blood gasses in regional venous blood. In their study they observed 
a restoration of mesenteric blood flow but not of cardiac output. Mesenteric venous 
PO2 was not restored because gut oxygen delivery remained below baseline, and gut 
oxygen consumption was almost doubled. The similarities of their results with ours 
indicate that HBOC’s with different molecular properties can share similar effects 
when it comes to oxygen transport variables.

In a recent dose response study with DCLHb in a porcine model of hemorrhagic 
shock we studied the relative effect of microcirculatory oxygenation of the heart 
and gut.123 In this study we found that while low levels of DCLHb was effective in 
restoring μPO2 to baseline levels in the gut, isovolemic administration of DCLHb 
resulted in significantly higher levels of μPO2 in the gut than baseline. We also found 
that the resuscitation within the gut was not limited to one compartment but that this 
hyperoxia occurred both in serosal and mucosal compartments (Figure 2). To our 
knowledge this is the first study showing that administration of HBOC can also re-
sult in hyperoxia in organ beds. Whether this is a wanted effect or not remains to be 
seen since hyperoxia may also result in unwanted side effects in terms of reperfusion 
injury and the generation of oxygen radical. This finding in any case underscores the 
need to focus more on the identification of the required doses of administration of 
HBOC for resuscitation.

Usage of isovolemic resuscitation comparing the effect of αα-Hb or the polymer-
ized HBOC PHP in hemorrhaged pigs both HBOC’s were not successful in restoring 
blood flow to the gastrointestinal tract or kidneys back to baseline as measured with 
microspheres.178 Differences however were found between the two compounds. PHP 
was more effective in restoring blood flow than αα-Hb. In contrast, portal vein satu-
rations however remained lower and PCO2 in the gut higher (pHi lower) with PHP 
compared to αα-Hb probably due to the high oxygen affinity of PHP and therefore 
impaired oxygen off-loading in the tissue. Raat et al. (unpublished data Raat NJH, 
Ince C 2003) hypothesized that resuscitation with rHb1.1 would result in more va-
soconstriction compared to rHb2.0 (due to the difference in NO affinity between the 
two compounds) and that this would have a detrimental effect on tissue oxygenation 
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Figure 1. Gut microvascular and mes-
enteric venous oxygen pressures at base-
line (BL), during blood withdrawal of 40 
ml/kg (BW), severe hemorrhagic shock 
(Shock) and during 2 hours following re-
suscitation (R) with either a combination 
of lactated Ringers’ solution (75 ml/kg) 
and Gelofusine (15 ml/kg) (A) or low vol-
ume DCLHb (5 ml/kg) (B) in anesthetized 
pigs. From [Van Iterson et al.114].

Figure 2. Microvascular PO2 of the car-
diac epicardium (squares) and gut se-
rosa (open circles) and mucosa (closed 
circles) during blood withdrawal (30 
ml/kg) and isovolemic resuscitation 
with DCLHb, or Haes-steril 6% in anes-
thetized pigs. Adapted from [Van Iterson 
et al.123].
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in a rat model of hemorrhage.  Indeed, they observed less vasoconstriction in the gut 
with rHb2.0, however there was no difference found between the improvements in 
serosal μPO2 of the two compounds.

Skin and muscles 
Most experience of directly measured tissue oxygenation in animal models during 
hemorrhage and resuscitation has been achieved from the skin and muscles, because 
these organs are easily accessible. DCLHb was able to restore subcutaneous PO2 as 
measured with a fluorescence optode after isovolemic resuscitation in controlled181 
and uncontrolled182 hemorrhage in rats. Resuscitation with a dose of αα-Hb equal to 
half the amount of shed blood was also effective in restoring transcutaneous PO2, as 
measured with a Clark type electrode, while isovolemic resuscitation showed no fur-
ther improvement in transcutaneous PO2.183 Nolte et al., using a multi array oxygen 
electrode on the hamster dorsal skinfold, observed only an improvement of mean 
PO2 to ~60% of baseline after isovolemic resuscitation with DCLHb.179 Kerger et al. 
studied in the dorsal skinfold chamber in awake hamsters the behavior of microvas-
cular PO2 (Pd-porhine phosphorescence) during resuscitation with Hemolink (50% 
of shed blood volume) after hemorrhage. They found  that this dose of Hemolink was 
successful in correcting PO2 values in arterioles, venules, and tissue as well as func-
tional capillary density (FCD) to only ~40-50% of baseline.132 Knudson et al. per-
formed a low volume resuscitation with HBOC-201 in hemorrhaged pigs and mea-
sured values of PO2 in the deltoid muscle and in the liver using oxygen electrodes.122 
Muscle PO2 but not liver PO2 was restored to baseline values. In this low-volume 
resuscitation model cardiac output and systemic oxygen delivery remained far below 
baseline as we also found in our study.123 Regional flow measurements however were 
not performed. Isovolemic resuscitation with Dex-BTC-Hb in rabbits restored skel-
etal muscle PO2 as measured with a micro catheter Clark-type probe and interstitial 
lactate concentrations (microdialysis) to baseline values.126 After resuscitation with 
50% of shed blood volume of MalPEG-Hb in hamsters, tissue PO2 as measured with 
phosphorescence quenching microscopy, was below normal values.135 This study fur-
ther showed that functional capillary density, although only restored to ~65% of 
baseline value, was higher than that found following resuscitation with shed blood or 
colloids. Blood flow in venules but not in arterioles was restored to baseline values. 
The same group investigated two vesicle encapsulated Hb solutions (HbV) with dif-
ferent values of concentration and viscosity as isovolemic resuscitation fluids after 
hemorrhage in hamsters.137 They found that functional capillary density, and tissue 
and microvascular oxygen pressures remained far below baseline after resuscitation 
with both HBOC’s, while FCD was restored after shed blood resuscitation.
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Other vascular beds
Investigation of the microcirculation of the pancreas was done by von Dobschuetz et 
al. They showed in their intravital study that isovolemic resuscitation with DCLHb 
after hemorrhage restored FCD to 80% of baseline value.184 In a different study con-
junctival regional characteristics of microcirculation as venular diameter, art/ven 
ratio and flow velocity were studied by intravital microscopy in rabbits undergo-
ing hemorrhagic shock and resuscitation with HBOC-200. In this study they found 
that these microcirculatory flow parameters were restored after resuscitation with 
HBOC-200 accompanied  with only an increase of systemic oxygen delivery and 
central venous PO2 to ~ 55% of baseline value.185

Conclusions
The ideal blood substitute still does not exist. The development and investigation of 
HBOCs has resulted in much insight into the determinants of microcirculatory and 
tissue oxygenation. It has also provided much insight into the effects of modification 
of the hemoglobin molecule on the regulation of microvascular blood flow in differ-
ent organ systems. However, how such modification actually affects the ability of 
HBOC’s to deliver oxygen to the tissue cells is as yet ill-understood. 

Nevertheless it is clear from our and other studies reviewed in this paper that such 
compounds are effective oxygen transporters. Future research will determine how 
such compounds can be optimally used to provide needed oxygen carrying resuscita-
tion fluid for the treatment of hemorrhagic shock.




