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General introduction

To ensure adequate blood flow and diffusion of oxygen to the mitochondria of cells, 
there is a complex regulation of global, regional, neuronal, and humoral factors, as 
well as intrinsic metabolic and vascular pathways.1 Therefore, normal cell, tissue, 
and organ functions depend not only on oxygen supply but also on oxygen demand. 
The balance between oxygen supply and oxygen demand determines whether the 
tissue is healthy or dysoxic (in which the oxygen need exceeds the oxygen supply), 
leading to damage to the cells, tissues, or even whole organs.

If regional dysoxia in compromised vascular beds is great enough, this state can 
be detected by techniques that assess global hemodynamic- and oxygenation-re-
lated parameters. Early detection of tissue dysoxia, however, requires techniques 
for measuring regional oxygen supply, oxygen consumption, or ideally the oxygen 
supply-consumption ratio. Although the measurement of metabolic parameters, such 
as plasma lactate, venous oxygen saturation, and regional carbon dioxide level, is 
clinically applicable, these measurements are only indirect parameters of the ad-
equacy of tissue oxygenation and are therefore limited in their usefulness. Methods 
for direct, quantitative assessment of microcirculatory oxygen tension utilize either 
the electrochemical properties of metals, such as oxygen electrodes,2,3

 
or the optical 

properties of hemoglobin and indicator dyes, such as fluorimetry4
 
and phosphorim-

etry.5
 
Measurement with oxygen electrodes requires the insertion of one or more 

electrodes into the organ to map oxygenation in depth. This requirement is related to 
cell damage and bleeding, which severely limit the applicability of this technique.6 
Fluorimetry, is a non-invasive technique for intracellular oxygen measurement, but 
due to short fluorescence lifetimes, highly specialized equipment is required, which 
has limited its use.7

The Pd-porphyrin phosphorescence technique is a non-invasive and online monitor-
ing method for microcirculatory oxygenation.5,8 It provides a direct measurement of 
the oxygen supply-consumption ratio. This quantitative measurement of oxygen in 
vivo is based on the oxygen-dependent quenching of the phosphorescence of palla-
dium porphyrin. The oxygen concentration or partial oxygen pressure is calculated 
using the phosphorescent decay curve.9 This method has enabled the fiber-based de-
tection of oxygen in various tissues during different types of shock. Because of the 
required administration of a dye, this technique has only been used in animal models.

In sepsis and during the treatment of sepsis, it has been shown that monitoring of 
the microcirculation is important because its behavior differs from the changes 
in monitored macrocirculatory parameters. The disparity between the macro- and 
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 microcirculation is thought to be due to microvascular dysfunction induced by 
 inflammatory activation associated with infectious, inflammatory or hypoxic condi-
tions and resulting in the shunting of vulnerable microcirculatory beds.

Hemorrhage, characterized by reductions in both hemoglobin concentration and 
blood volume, results in heterogeneity of the blood flow between, as well as within 
organs.10 Depending on the severity of shock, this heterogeneity might result in a 
disturbed balance between oxygen delivery to and oxygen consumption by tissues.11 
It is known that in trauma patients, hemorrhage is related to high mortality and mor-
bidity via early stage failure of the heart or intestinal ischemia, which subsequently 
can result in multiple organ failure.12 To determine the severity of hemorrhage and 
the efficacy of resuscitation, it seems obvious to monitor oxygenation at the micro-
circulatory level.

For the treatment of hemorrhage, transfusion of allogeneic blood can be life-saving, 
but it is associated with logistical constraints, side effects, and biological limita-
tions. Therefore, for more than a century, there has been a search for alternatives to 
blood. Of these alternatives, the development of hemoglobin-based oxygen carriers 
(HBOCs) is the most substantial and was introduced in 1933 by Amberson.13 Most 
developed products are made from outdated human donor blood and consist of acel-
lular hemoglobin molecules obtained after lysing the red blood cells. This process 
offers important advantages in that these products do not require blood typing or 
cross-matching, which are required with the transfusion of allogeneic blood. Further-
more, these products are essentially free from viral pathogens and can be stored for 
long periods of time. Compared with the hemoglobin within red blood cells, however, 
acellular hemoglobin made from human blood has increased oxygen affinity, and the 
 tetramer structure of the hemoglobin easily breaking down into dimers and mono-
mers; this process results in a short intravascular half-life and in nephrotoxicity.14 The 
production of stroma-free hemoglobin, cross-linking, and polymerization have resulted 
in less nephrotoxicity, improved intravascular retention time, and reduction of the 
oxygen affinity of the hemoglobin. Of utmost concern, however, is the vasoactivity of 
HBOCs. Believed to be due primarily to the binding by artificial hemoglobin of nitric 
oxide (NO) as a natural vasodilator,15 there are various characteristics of the hemo-
globin molecule itself, such as hemoglobin concentration, viscosity, colloid osmotic 
pressure, oxygen affinity, and molecular weight, that are involved in this regulation.

As HBOCs were primarily developed for the improvement of disturbed microcircu-
latory oxygenation during hemorrhage, it is important to know how the combination 
of vasoactivity and oxygen transport capacity affects the distribution of oxygen sup-
ply and oxygen consumption in various tissue beds during shock and resuscitation.
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outline of the thesis

In this thesis, we investigated the heterogeneity of regional oxygenation between and 
within the gut and heart during hemorrhagic shock and resuscitation with autologous 
blood and with HBOCs. We used cross-linked (DCLHb) and a polymerized HBOC 
(polyHbXl), believed to differ in vasoactivity. Quantitatively measured microvascu-
lar oxygen (μPO2) was measured by the Pd-porphyrin phosphorescence technique, 
using a multi-fiber system. Furthermore, the behavior of μPO2 was compared with 
other global and regional hemodynamic and oxygenation parameters. Hemorrhage 
was achieved by a controlled withdrawal of a fixed volume of circulating blood, and 
this model was created in anesthetized pigs.

The aim of Chapter 1 was to investigate the relationship between microvascular and 
venous oxygen pressures in the pig intestine during hemorrhagic shock and resus-
citation. Microvascular pO2 (μPO2) was measured using the Pd-porphyrin phospho-
rescence quenching technique. In addition, mesenteric venous blood gasses, blood 
flow, ilial CO2 production and global hemodynamics were measured. The pigs were 
subjected to controlled moderate (25 ml/kg blood withdrawal) or severe (40 ml/kg 
blood withdrawal) hemorrhagic shock and resuscitation was performed with either a 
crystalloid solution or with the withdrawn blood.

In Chapter 2, we reviewed the regional heterogeneity of the oxygen supply-con-
sumption ratio within the heart. We describe the results obtained using direct, non-
invasive indicators of the balance between oxygen supply and consumption, includ-
ing NADH videofluorimetry (mitochondrial energy state) and microvascular PO2 
measurement by the Pd-porphyrin phosphorescence technique.

In Chapter 3, we investigated macro- and microcirculatory parameters, not only 
in the gut but also in the heart, during hemorrhage and resuscitation with the with-
drawn blood. We hypothesized that the microcirculation in the gut would follow 
the macrocirculation in the acute phase of hemorrhagic shock and isovolemic au-
tologous whole blood resuscitation but that the microcirculation in the heart would 
be preserved, even under conditions of macrocirculatory depression. The pigs were 
subjected to controlled hemorrhagic shock (30 ml/kg blood withdrawal) and to iso-
volemic resuscitation with autologous blood. Quantitative measurement of micro-
vascular oxygen pressure (μPO2) was performed by simultaneous phosphorimetry on 
the gut and heart.

As an alternative to allogeneic blood, hemoglobin-based oxygen carriers (HBOCs) 
have been developed. In Chapter 4, we review the mechanisms of oxygen delivery 
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by these HBOCs, the modifications to the hemoglobin molecules made to reduce the 
adverse effects associated with HBOCs, and their effects on vascular autoregulation 
and on blood rheology. In addition, we describe the effects of HBOCs at the micro-
circulatory level in several organs.

In Chapter 5, we investigated in pigs the efficacy of resuscitation with polyHbXl 
(a polymerized cross-linked hemoglobin solution), which is believed to have limited 
vasoactivity. We investigated whether vasoconstriction changes regional tissue per-
fusion and oxygenation and affects cardiac function. The pigs were anesthetized and 
subjected to controlled hemorrhagic shock (25 ml/kg blood withdrawal), followed by 
isovolemic resuscitation with either autologous blood or polyHbXl. Systemic hemo-
dynamics and systemic and cardiac oxygenation parameters were determined, and in 
addition, catecholamines, high cardiac energy phosphates, and regional blood flow 
were measured, the latter with radioactive microspheres.

In Chapter 6, we investigated the influence of a very low dose of DCLHb (a di-
aspirin cross-linked hemoglobin solution), believed to have marked vasoactivity, on 
gut microvascular oxygen pressure (μPO2) in hemorrhaged pigs. The values of gut 
μPO2 were studied in correlation with regional intestinal parameters, as well as with 
global metabolic and circulatory parameters. Controlled hemorrhagic shock (40 ml/
kg blood withdrawal) was followed by resuscitation with either a low dose (5 ml/
kg) of DCLHb or a combination of lactated Ringer’s solution and modified gelatin.

Finally, in Chapter 7, the hypothesis was tested that resuscitation with HBOCs af-
fects the oxygenation of the microcirculation differently between and within organs. 
To this end, we tested the influence of increasing doses of DCLHb on the micro-
circulatory oxygenation of the heart and gut serosa and mucosa in a porcine model 
of hemorrhage. The pigs were subjected to controlled hemorrhage (30 ml/kg blood 
withdrawal), which was followed by resuscitation with 10, 20, or 30 ml/kg of DCL-
Hb or by isovolemic resuscitation with 6% hydroxyethyl starch solution (HAES). 
The measurements included systemic and regional hemodynamic and oxygenation 
parameters. The microvascular oxygen pressures ((μPO2) of the epicardium and of 
the serosa and mucosa of the ileum were measured simultaneously using the palladi-
um-porphyrin phosphorescence technique.
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chaPter 1

microvascular oxyGen Pressure in the PiG intestine durinG 
hemorrhaGic shock and resuscitation

M Sinaasappel, M van Iterson, C Ince
J Physiol 1999; 514: 245-253

Abstract
The aim of this study was to investigate the relation between microvascular and 
venous oxygen pressures during hemorrhagic shock and resuscitation in the pig 
intestine. To this end microvascular PO2 (μPO2) was measured by quenching of 
 Pd-porphyrin phosphorescence by oxygen and validated for the intestines. In addi-
tion, mesenteric venous blood gasses, blood flow, ilial CO2 production and global 
hemodynamics were also measured. In one group (n= 11), moderate shock was in-
duced by withdrawal of 40% of the circulating blood volume. Seven of these animals 
were resuscitated with a crystalloid solution and four with the withdrawn blood. In 
a second group of three animals, a more severe shock was induced by withdrawal of 
50% of the circulating blood volume; these animals were not resuscitated. Baseline 
mesenteric venous PO2 and μPO2 values were similar (60 ± 9 and 60 ± 11 mmHg, 
respectively). During moderate shock, μPO2 dropped significantly below mesenteric 
venous PO2 (26 ± 10 versus 35 ± 8 mmHg). After resuscitation with crystalloid solu-
tion, μPO2 and mesenteric venous PO2 rose to 44 ± 9 and 44 ± 6 mmHg, respectively. 
In the group that received the withdrawn blood, values were 41 ± 9 and 53 ± 12 
mmHg, respectively. Severe shock resulted in a drop in the mesenteric venous PO2 
(n= 3) to a value similar to that seen in the moderate shock group, but the gut μPO2 
dropped to a much lower value than that of the moderate shock group (15 ± 5 versus 
26 ± 10 mmHg). The results indicate that the oxygenation of the microcirculation 
of the gut can become lower than the venous PO2 under conditions of hemorrhagic 
shock.

Introduction
Intestinal ischaemia resulting from shock is particularly hazardous because it can 
cause loss of barrier function, which could contribute to the development of sep-
sis.16 The oxygenation of the microcirculation can show deterioration in advance of 
changes in global parameters of oxygenation.17-20 However, the behaviour of micro-
circulatory oxygenation in shock and resuscitation remains largely unknown. There-
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fore methods are needed to assess the microvascular PO2 (μPO2). The application of 
the quenching of Pd-porphyrin phosphorescence by oxygen provides a new promis-
ing optical method. This method of oxygen measurement has been applied to mea-
sure the PO2 of the microcirculation of the eye,21 the isolated rat heart,22,23 brain,24,25 
muscle,20,26 and tumour.27 However, it has not as yet been applied to the intestines. 
The quenching of phosphorescence technique provides a quantitative measure of the 
amount of oxygen in the microcirculation. In this technique, the decay time of the 
phosphorescence is measured after pulsed excitation. The Pd-porphyrin is bound to 
albumin and when this molecular complex is injected intravascularly the dye is con-
fined to the circulation and enables measurement of the PO2 of this compartment.21 
We recently calibrated and characterized the use of Pd-porphyrin phosphorescence 
for measurement of PO2 with a newly developed phosphorimeter.28 The main purpose 
of this study was to investigate the relation between the microvascular oxygenation 
of the pig ileum, measured by the quenched phosphorescence of Pd-porphyrin, and 
regional and global parameters of oxygenation, during hemorrhagic shock and re-
suscitation. Pd-porphyrin phosphorescence quenching by oxygen was validated for 
measurement of μPO2 in the intestine by comparison with surface electrode measure-
ments. The results presented in this study show that μPO2 becomes lower than the 
venous PO2 during hemorrhagic shock, indicating that oxygen bypasses the micro-
circulation. This indicates that venous PO2 is not a good measure of the oxygenation 
of the intestine under all circumstances.

Methods
Quenching of phosphorescence
The quenching of the phosphorescence of Pd-porphyrin by oxygen is based upon the 
principle that a Pd-porphyrin molecule which has been excited by light can either re-
lease this absorbed energy as light (phosphorescence) or transfer the absorbed energy 
to oxygen. As a result of the energy transfer to oxygen, the Pd-porphyrin molecule 
releases the absorbed energy without phosphorescence, resulting in a phosphores-
cence intensity and decay time which is dependent on the oxygen concentration. 
The Stern-Volmer relation gives the relation between the decay time and oxygen 
concentration: t0/t=1+t0kq[O2] (eqn. 1). In this relation, τ0 (in μs) is the decay time 
in the absence of oxygen, τ (in μs) is the decay time measured in the presence of 
[O2] (μM), and kq (μM−1μs−1) is the quenching constant. The temperature-dependent 
calibration constants τ0 and kq have been determined in vitro.28 The Stern-Volmer 
relation is defined for oxygen concentration rather then oxygen partial pressures. To 
compare the oxygen concentration ([O2]) with oxygen partial pressure (PO2) given 
conventionally, the oxygen concentrations from eqn (1) can be converted to PO2 
values: [O2]=a/VmPg PO2 (eqn. 2), where a is the Bunsen coefficient, Vm is the molar 
volume of oxygen at 0°C (22.4 l mol−1) and Pg is the standard pressure (760 mmHg). 
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For the in vivo studies, the oxygen solubility in serum (as) was used, which is 10 % 
lower than the a of pure water.29

Roughly three layers of tissue can be distinguished in the ileum: the muscularis ex-
terna, the submucosa and the mucosa. An estimation of the penetration depth of the 
used excitation light and the attenuation of the phosphorescence intensity was made 
to determine which microcirculatory layers of the intestinal wall contribute predomi-
nantly to the measured PO2. To this end, a Monte-Carlo simulation of the phospho-
rescence measurement was performed in which the absorption coefficient (μa) and 
scattering coefficient (μs) from human colon tissue were used.30 The Monte-Carlo 
simulation simulates the optical pathway of a large number of photons and gives the 
light distribution within the tissue.31 The calculated light distribution was compared 
with the geometric dimensions of histological sections of the ileal wall. To this end 
sections, stained with Haematoxylin to stain the cell nucleus and Asopholoxin to 
stain the cytoplasm, were analysed microscopically.

The animal model
The Animal Ethical Committee of the Academic Medical Centre of the University 
of Amsterdam approved the experiments described in this study. After an overnight 
fast, female cross-bred Land race × Yorkshire pigs (n= 14; mean weight, 15 ± 2 kg; 
Vendrig, Amsterdam, The Netherlands) were sedated with ketamine-HCl (Nimatek; 
UAV, Cuyk, The Netherlands; 10 mg kg−1i.m.) and intubated. Anesthesia throughout 
the experiment was, after an initial bolus, maintained by continuous infusion of fen-
tanyl citrate (Fentanyl; Janssen Pharmaceutica, Tilburg, The Netherlands; bolus, 15 
μg kg−1; 15 μg kg−1 h−1i.v.) and midozolam-HCL (Dormicum; Hoffmann-LaRoche, 
Mijdrecht, The Netherlands; bolus, 0.75 mg kg−1; 1.5 mg kg−1 h−1i.v.). No other drugs 
were administered which could influence the measurements. Muscle relaxation was 
maintained with vecuronium-bromide (Organon; Teknika B.V., Boxtel, The Nether-
lands; bolus, 1 mg kg−1; 0.75 mg kg−1 h−1i.v.). During the preparation the heart rate 
and blood pressure were monitored for signs of stress; if this occurred the level of 
anesthesia was adapted accordingly. After the depth of anesthesia was established, 
the infusion rate of the anesthetics was kept constant. Muscle relaxation was as-
sessed by monitoring the eyelid movement and shivering of the animal.

After intubation, ventilation (Dräger AV-1; Drägerwerk A.G., Lubeck, Germany) was 
performed by intermittent positive pressure ventilation with a mixture of 33 % O2 
and 67 % N2. During preparation, artificial ventilation was instituted to maintain an 
end-tidal PCO2 of 35–40 mmHg. A positive end-expiratory pressure of 5 mmHg was 
used to prevent atelectases. All animals received an infusion of 25 ml kg−1 h−1 0.9 % 
NaCl solution throughout the experiment to compensate for fluid loss. A catheter was 
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placed in the brachial artery to measure blood pressure and heart rate. A Swan Ganz 
catheter (Edwards 5 Fr.; Baxter Healthcare Co., Deerfield, KA, USA) was introduced 
in the right jugular vein for measurement of the cardiac output and central tempera-
ture. A catheter in the left jugular vein was used for blood withdrawal and adminis-
tration of the resuscitation fluids. Blood samples were taken from the brachial artery 
and the right pulmonary artery for determination of the arterial and mixed venous 
blood gasses, respectively. In addition, a vein in the mesentery was cannulated to 
obtain mesenteric venous blood samples. Blood gasses were analysed using an ABL 
505 blood gas analyser (Radiometer, Copenhagen, Denmark). Hemoglobin (Hb) con-
centration and saturation was measured using an OSM 3 (Radiometer, Copenhagen, 
Denmark). A flow probe (Transonic Systems Inc., NY, USA) was used to measure 
blood flow in the superior mesenteric artery. The intraluminal PCO2 of the ileum 
was measured as an indicator of regional ischaemia.32 This was done by inserting a 
CO2-permeable Silastic balloon (Baxter HealthCare Co.) filled with saline into the 
lumen of the ileum. After 30 min equilibration, a sample was taken from this balloon 
and analysed for PCO2 using the blood gas analyser. Because equilibration of CO2 in 
saline is only 77 % complete after 30 min, the PCO2 values were multiplied by 1.24 
to compensate for this effect.33

Oxygen measurements
A length of ileum was extracted from the peritoneal cavity via a mid-line laparotomy. 
The fibre of the phosphorimeter and a multiwire surface oxygen electrode (GMS, 
Kiel-Mielkendorf, Germany), with built-in thermocouple, were placed on the serosa 
of the last 10 cm of the ileum. The oxygen electrode was calibrated before and after 
the experiment with air- and nitrogen-saturated water.34 A rubber ring was placed 
around the electrode in contact with the tissue to isolate the electrode from atmo-
spheric oxygen. The fibre phosphorimeter used to measure μPO2 by quenched phos-
phorescence of Pd-porphyrin has been described elsewhere.28 Intestinal surface tem-
perature can change during hemodynamic changes.35 Since the calibration constants 
kq and τ0 are temperature dependent,28 the temperature of the intestine surface was 
measured throughout the experiment and used for continuous correction of kq and τ0. 
Pd meso-tetra (4-carboxyphenyl) porphine (Porphyrin Products, Logan, UT, USA) 
was dissolved in 3 ml DMSO (67 mg ml−1) and added to 50 ml of a human albumin 
solution in saline (40 g l−1). This mixture was brought to a pH of 8 using Tris base. 
Eight hours later, HCl was used to buffer the solution to a pH of 7.4. This method of 
preparation avoids pH dependency of the calibration constants.28 From this solution, 
12 mg (kg body weight)−1 was injected i.v.

After instrumentation, the pigs were allowed to stabilize for 30 min. Blood gasses 
were sampled every 15 min and the hemodynamic parameters measured continu-
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ously. For the analyses of the arterial and venous blood gasses, samples of 1 ml were 
taken for a total of 15 measurements per experiment. The μPO2 was measured every 
30 s by calculation of the decay time of 50 flashes of the excitation lamp.

Hemorrhagic shock
Moderate hemorrhagic shock was induced in 11 pigs by withdrawal of 25 ml kg−1 
blood in four steps. Each step took 5 min, followed by a 10 min stabilization period. 
After this a set of measurements was carried out. Blood volumes, expressed as blood 
volume per kilogram body weight, amounted to 10, 7, 5 and 3 ml kg−1, respectively. 
In four pigs, 1 h of shock was followed by donation of the withdrawn blood (au-
tologous blood group). In the remaining seven pigs, resuscitation was applied by 
infusion of three times the withdrawn volume of Ringer lactate solution (N.P.B.I., 
The Netherlands) (crystalloid group). This resuscitation protocol was performed ac-
cording to the recommendations of the American College of Surgeons Committee on 
Trauma.36 To investigate the effect of hyperoxia on the different oxygen parameters 
under baseline conditions, during shock, immediately after resuscitation and 60 min 
after resuscitation, the inspired O2 fraction (FiO2) was elevated from 0.3 to 1, for 
a period of 10 min. At the end of these FiO2 steps, a complete set of measurements 
was made after which FiO2 was brought back to 0.3. Experiments were terminated 
by injection of a lethal dose of 10 mM KCl. In five pigs of the crystalloid group, 
measurement of PO2 by the surface electrode and Pd-porphyrin techniques and blood 
gasses was continued after the blood flow had stopped.

Simultaneous phosphorescence and oxygen electrode measurements were done on 
the mucosa before the haemorrhagic shock protocol was started (n= 5). For these 
measurements 4 cm of the ileum was opened along the antimesenteric border to 
make the mucosa accessible.34 In these experiments, the mucosal and serosal PO2 
were measured simultaneously, using both the surface electrode and Pd-porphyrin 
phosphorescence quenching.

In a group of three pigs, severe hemorrhagic shock was induced by withdrawal of 
50 % of the blood volume. Blood was withdrawn in four steps: 15, 12, 8 and 5 ml 
kg−1, respectively. The changes in the oxygenation of the ileum were observed for 4 
h without any form of resuscitation, other than the maintenance fluids (25 ml kg−1 h−1 
0.9 % NaCl solution). Every 15 min, a full set of measurements was made. The pigs 
were killed after 4 hrs.

Data analysis
Statistical significance was determined by Student’s t test in which the null hypothesis 
was rejected for P < 0.05. The simulations on the propagation of light in tissue were 
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made using a Monte-Carlo simulation using the software described by Verkruysse et 
al..31 Data are presented as means ±S.D.

Results
The depth of measurement using the phosphorescence technique
The penetration depth of the excitation light in the tissue and the collection effi-
ciency of the phosphorescence light determine the depth of measurement of the phos-
phorescence technique. The penetration depth of both excitation and emission light 
was calculated using a Monte-Carlo simulation of the light paths of emission and 
excitation. The calculations were done using the optical parameters reported for the 
intestines by Marchesini et al..30 The attenuation of the phosphorescence light at 700 
nm is much smaller (Figure 1), therefore the measurement depth will be determined 
predominantly by the attenuation of the excitation light. The results of the simulation 
(Figure 1) together with the geometry of the intestine predict that 20 % of the excita-
tion light reaches the mucosa when illumination is from the serosa. Figure 1 shows 
that the catchment depth for the quenching of Pd-porphyrin phosphorescence was 
of the order of 0.5 mm. This in contrast to the surface oxygen electrode which only 
measures a layer 15 μm thick.37 To experimentally verify the differences in catch-
ment depth of the electrode and phosphorescence techniques, simultaneous measure-
ments using both techniques were done on both serosa and mucosa.

Figure 1. Simulated light paths of the used excitation (; 520 nm) and phosphorescence light  
( ; 700 nm) in the ileum. Simulations were done by a Monte-Carlo simulation using the scat-
tering and absorbing properties of human colon tissue.30 Calculated penetration depths were 
related to the actual thickness of the muscle, submucosal and mucosal layers as indicated by the 
arrows. The thickness of the layers was measured from histological sections: muscle (Muscula-
ris externa), 0.7 ± 0.3
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The large difference between serosal versus mucosal PO2 readings as measured with 
the surface oxygen electrode shown in Table 1 are in agreement with the findings 
of others.38-40 Table 1 shows that PO2 values measured by serosal oxygen electrodes 
were higher than μPO2 values obtained when measurements were made on the  serosal 
side. When both measurements were made on the mucosal side, the μPO2 was higher 
than PO2 measured by surface electrode. These measurements confirm that the larger 
measurement volume of the Pd-phosphorescence technique results in a PO2 value 
from a compartment in-between the serosa and mucosa and can be regarded as a 
mean intestine μPO2.

Functional compartment measured by Pd-porphyrin
To test whether oxygen from the atmosphere contributes to the surface electrode and 
μPO2 measurements, values of these parameters were monitored during circulatory 
arrest induced by injection of 10 mM KCl. Figure 2 shows that the surface electrode 
as well as the phosphorescence measurements fell to 0 mmHg as the available oxy-
gen was consumed by the tissue. This is in contrast to the mesenteric venous PO2 val-
ues, which were not significantly changed after the cardiac arrest. This experiment 
shows that the contribution of atmospheric oxygen can be ignored since both oxygen 
electrode and Pd-porphyrin PO2 measurements reached 0 mmHg.

To investigate the sensitivity of the different circulatory compartments to changes 
in arterial PO2, measurements were made at different fractions of inspired oxygen. 
The responses of μPO2, arterial PO2, mesenteric venous PO2, mixed venous PO2 and 
oxygen electrode PO2 to an FiO2 increase from 0.3 to 1 are shown in Table 2. The 
results show a ranking in the sensitivity of the different parameters to changes in the 
FiO2. In response to increased FiO2, the arterial PO2 and the oxygen electrode PO2 
showed the largest response followed by the venous PO2 and μPO2. This ranking 
shows that the oxygen electrode measurement is more sensitive to changes in the 
arterial PO2, whereas the μPO2 is a measure of a compartment closer to the venous 
system. This ranking was independent of the hemodynamic changes related to shock 
and resuscitation.

Table 1. PO2 measured in the serosa and mucosa with both the Pd-porphyrin phosphorescence 
and surface oxygen electrode methods for 5 pigs.

  Serosa  Mucosa
 μ PO2 (mmHg)  63 ± 3  42 ± 8
 Electrode PO2 (mmHg)  87 ± 21  20 ± 6

Data are means ± S.D. In both serosa and mucosa, values obtained using the two methods of 
measurement were significantly different (P < 0.05).
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Microvascular PO2 during shock and resuscitation
Hemorrhagic shock induced by stepwise blood withdrawal resulted in a concomitant 
stepwise fall in the mesenteric blood flow (Figure 3B). Each step was followed by 
partial restoration. The continuous measurement of superior mesenteric artery flow 
and μPO2 (Figures 3A and B) shows that changes in the mesenteric artery flow re-
sulted in concomitant changes in μPO2 values.

The oxygen-related and hemodynamic parameters were all significantly depressed 
during shock (Table 3). The PCO2 measured tonometrically in the ileum showed a 
significant increase. The microvascular and mesenteric venous pre-shock PO2 values 
were similar. During shock, however, μPO2 dropped to a value that was lower than 
the venous PO2 (Table 3 and Figure 3A). This PO2 gap between the μPO2 and the 
mesenteric venous PO2 can be quantified by calculating the ratio between the two 
values. In Table 3 this ratio is given for the moderate shock group and shows that it 
was significantly lower during shock compared with the pre-shock state (P < 0.05, 
Student’s t test).

Following shock, a group of seven pigs were resuscitated with crystalloid solution 
(Table 3).This procedure initially restored most parameters with the exception of the 
[Hb], which decreased due to hemodilution. It is noteworthy that the PO2 gap be-

Figure 2. Time course of the oxygen electrode ( ) and μPO2 ( ) measurements from the  serosal 
side during circulatory arrest induced by the injection of 10 mM KCl. Data are means ±s.d. from 
5 pigs from the crystalloid group. The mesenteric venous blood gasses (bars) were measured just 
before and 5 min after the KCl injection.
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tween microvascular and mesenteric venous PO2 was narrowed compared with shock 
values (Table 3). These effects were only temporal and 1 h post-resuscitation (Table 3) 
most parameters had reverted to shock levels.

In a further group of four pigs, autologous blood (1:1) was given following shock. 
All values except the [Hb] improved significantly (Table 3). Values of μPO2, mixed 
venous PO2 and mean arterial blood pressure (MABP) were still significantly higher 
1 h after resuscitation (Post-resuscitation) than those during shock, but were still 
lower than pre-shock values.

Figure 3. A, time course of μPO2 and mesenteric venous PO2 during moderate shock and resus-
citation with autologous blood. B, the concomitant changes in the mesenteric artery (SMA) flow.
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Resuscitation
Pre-shock

(n= 11)
Shock

(n= 11)
Crystalloid

(n= 7)
Autologous blood 

(n= 4)
μPO2 1.2 ± 0.2 1.3 ± 0.4 1.1 ± 0.3 1.3 ± 0.2
Mesenteric venous PO2 1.4 ± 0.1 1.3 ± 0.1 1.4 ± 0.2 1.2 ± 0.1
Mixed venous PO2 1.3 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 1.3 ± 0.1
Electrode PO2 2.8 ± 0.9 2.0 ± 1.3 2.1 ± 1.2 2.2 ± 1.2
Arterial PO2 3.2 ± 0.4 3.3 ± 0.4 3.6 ± 0.4 3.3 ± 0.8

Data are means ± S.D. FiO2 steps were made before blood withdrawal (Pre-shock), after blood 
withdrawal (Shock) and 1 h after resuscitation. All increases are significant (P < 0.05). The 
increases in the oxygen electrode PO2 readings and arterial PO2 are significantly larger than the 
increases in venous PO2 and μPO2 (P < 0.05).

Table 2. The relative increases of the different oxygen measurements calculated as the ratio of 
the value just before switching to 100% oxygen and 10 min after the switch was made. 

Resuscitation Post Resuscitation
Pre-shock

(n= 11)
Shock

(n= 11)
Crystalloid

(n= 7)
Blood
(n= 4)

Crystalloid
(n= 7)

Blood
(n= 4)

μPO2
(mmHg) 60 ± 11 26 ± 10 44 ± 9* 29 ± 9 41 ± 9* 37.6 ± 10*

Mes ven PO2
(mmHg) 60 ± 9 35 ± 8 44 ± 6* 35 ± 11 53 ± 12* 42.5 ± 10

Electrode PO2
(mmHg) 87 ± 21 56 ± 26 69 ± 28* 46 ± 19 94 ± 16* 71.8 ± 28

SMA flow 
(ml min−1) 547±168 235±111 609 ± 245* 226 ± 91 417±121* 264.3±70*

μPO2/mes ven PO2 
(a.u.) 1.0 ± 0.2 0.8 ± 0.3 1.0 ± 0.3* 0.9 ± 0.3 0.9± 0.3* 1.0 ± 0.2

PCO2, ileum
(mmHg) 50 ± 6 64 ± 7 61 ± 5 57 ± 9.4* 51 ± 9* 54.2 ± 6*

Mixed ven PO2
(mmHg) 53 ± 6 27 ± 6 35 ± 5* 33 ± 12 39 ± 15* 32.8±10*

Cardiac output
(l min−1) 1.9 ± 1 1.0 ± 0.2 1.6 ± 0.3* 1.2 ± 0.2 1.4± 0.2* 1.1 ± 0.2

MABP 
(mmHg) 104 ± 15 58 ± 15 92 ± 15* 74 ± 13* 96 ± 16* 93.2±31*

[Hb]
(g dl−1) 9.6 ± 1.2 8.4 ± 1.0 7.3 ± 1.2 7.7 ± 0.6 9.4 ± 1.2 10.3±2.0

Data are means ± S.D. All shock values are significantly different from pre-shock values  
(P < 0.05). Data were obtained immediately after resuscitation had taken place (Resuscitation) 
and 1 h later (Post-resuscitation). *Significant difference (P < 0.05) from shock values. MABP, 
mean arterial blood pressure; a.u., arbitrary units.

Table 3. Global and regional oxygenation and hemodynamic parameters of the moderate shock 
group before (Pre-shock) and after 40% blood withdrawal (Shock), after resuscitation with crys-
talloid solution, and after resuscitation with the shed blood. 
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Relation between microvascular PO2 and mesenteric venous PO2 in severe shock
The previous section showed that, during an episode of shock, μPO2 dropped below 
mesenteric venous PO2 levels. This led to the question whether this divergence of 
μPO2 and mesenteric venous PO2 can become more severe in deeper and extended 
shock. To investigate this, severe hemorrhagic shock was induced and the microvas-
cular and mesenteric venous PO2 were measured without resuscitation (Figure 4). 
Figure 4 shows that the mesenteric venous PO2 reached a plateau at 27 mmHg below 
which μPO2 continued to fall. The difference between μPO2 and venous PO2 during 
this severe hemorrhage was larger than during the milder hemorrhage.

Discussion and conclusions
This study has shown that the quenching of Pd-porphyrin phosphorescence can be 
applied to study the μPO2 of the pig ileum. We found that the PO2 measured in this 
manner reflects the PO2 of the submucosa, follows the venous PO2 during changes 
in the inspired oxygen fraction, and becomes lower than the mesenteric venous PO2 
during hemorrhagic shock. Resuscitation by blood or crystalloid solution restored 
this PO2 gap to baseline values.

The first part of this study was performed to determine which compartment of the 
microcirculation of the intestine was measured by Pd-porphyrin phosphorescence. 
Comparison of penetration depth of the excitation light with the geometry of the ilial 

Figure 4. μPO2 (•) and mesenteric venous PO2 ( ) for the severe shock group. This figure shows 
that at 27 mmHg the mesenteric venous blood gasses level out whereas the μPO2 continues to 
decrease. Data are means ±S.D. (n= 3).
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wall predicted that a significant portion of the excitation light reaches the mucosa 
when illumination is from the serosa (approximately 20 %; Figure 1). In the ileum a 
large difference in the tissue PO2 of the serosa compared with the mucosa has been 
observed (Table 1).38-40 As stated before, the oxygen electrode measures a layer that is 
only 15 μm thick,37 whereas the measurement volume of Pd-porphyrin is determined 
by the penetration depth of the excitation light (Fig. 1), which is approximately 0.5 
mm. Comparison of oxygen electrode values with the Pd-porphyrin measurements 
on serosa and mucosa (Table 1) showed that the difference in the μPO2 was much 
smaller than that for the oxygen electrode readings, confirming this prediction.

Bohlen in a study on the small intestine of rats using oxygen electrodes showed that, 
under control circumstances, the PO2 at the tips of the villi was about half the value 
measured at the base of the villi.41 The surface oxygen electrode with a penetration 
depth of only 15 μm will only measure the PO2 in the tips of the villi whereas the 
Pd-Porphyrin technique with the much larger penetration depth will measure (when 
placed on the mucosa) the PO2 of villi base and submucosa. This explains why the 
mucosal μPO2 values were larger than the surface electrode readings.

When both measurements were performed on the serosa the surface electrode PO2 
values were much larger than the μPO2 values. Table 2 shows that during FiO2 steps 
the oxygen electrode PO2 followed the arterial PO2 whereas the μPO2 followed the 
venous PO2. This result suggests that the electrode measures a more arterial compart-
ment, which could explain the high values of the oxygen electrode readings com-
pared with the Pd-porphyrin measurements shown in Table 1. These results suggest 
that the μPO2, as measured by the quenching of Pd-porphyrin phosphorescence, rep-
resents a mean μPO2 over the thickness of the intestinal wall.

The classic view based on Krogh cylinders predicts a gradual decrease in the intra-
vascular PO2 as blood flows from the arteries through the microcirculation to the 
venous pool.42 In contradiction to this view, the present study shows that under con-
ditions of shock the μPO2 can become lower then the venous PO2. These results are in 
agreement with those of other investigators who also observed that microcirculatory 
oxygenation can become lower than venous PO2 values. These studies have included 
intravital phosphorimetry20 and intravital measurement of hemoglobin saturation.18 
In severe haemorrhagic shock in the skin fold of hamsters, Kerger et al. found a sig-
nificantly lower capillary than venous PO2.20

Several mechanisms have been proposed to explain the observed differences in μPO2 

versus venous PO2 that develop during shock.8 It has been observed that the red 
blood cell concentration and flow in the capillaries is distributed heterogeneous-



27

ly.43,44  Possible mechanisms to explain this heterogeneity include separation of plas-
ma and red blood cells at arteriolar bifurcations45 and/or intracapillary mechanisms.46 
This heterogeneity in flow and red blood cell concentration can cause heterogeneity 
in  oxygenation between the capillaries. The high-oxygenated areas will contribute 
more oxygen to the venous oxygen content than the low-oxygenated areas. This 
 results in areas with lower capillary then venous PO2. However, in studies on the 
distribution of flow in the small intestine it has been shown that during hypovolemia 
and hemorrhagic shock the heterogeneity is decreased.47,48 This makes the hetero-
geneity of flow a less probable explanation for the observed divergence between 
microvascular and venous PO2 during shock.

A second explanation can be found in the studies of Stein et al..18 They suggested 
that direct diffusion of oxygen from arterioles to collecting venules could result in 
lower PO2 values being found in the capillaries than in the veins.18 This direct diffu-
sion is dependent on the oxygen gradient between the arterioles and the venules. In 
the hemorrhagic shock described in the present study the arterial PO2 did not change 
significantly from baseline values during shock (172 ± 15 mmHg at baseline and 165 
± 23 mmHg in shock), whereas the mesenteric and mixed venous PO2 decreased by 
almost 50 % (Table 3). This results in an increase in the arterial/venous oxygen gra-
dient and can therefore be responsible for an increase in the diffusive oxygen shunt, 
which in turn would result in a gap between the venous PO2 and the μPO2.

A third possibility proposed by Gutierrez in an early theoretical study concerns re-
strictions of the kinetics of oxygen release from the erythrocytes to the serum.17 The 
mathematical model proposed in that paper and the experimental data from this study 
can be used to calculate an end-capillary PO2 that becomes lower than the measured 
mesenteric venous PO2 during shock. These model calculations are in agreement 
with the observed divergence between microvascular and venous PO2 during shock.

The present study demonstrates the conditions under which the microcirculation can 
become more hypoxic then the venous pool and illustrates the limitation of using 
blood gas values as indicators of tissue oxygenation. Measurement of μPO2 together 
with venous PO2, however, can be used to demonstrate the occurrence of functional 
shunting of the microcirculation.
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Abstract
In this review, the regional heterogeneity of the oxygen supply-consumption ratio 
within the heart is discussed. This is an important functional parameter because it 
determines whether regions within the heart are normoxic or dysoxic. Although the 
heterogeneity of the supply side of oxygen has been primarily described by flow 
heterogeneity, the diffusional component of oxygen supply should not be ignored, 
especially at high resolution (tissue regions < 1 g). Such oxygen diffusion does not 
seem to take place from arterioles or venules within the heart, but seems to occur 
between capillaries, in contrast to data recently obtained from other tissues. Oxygen 
diffusion may even become the primary determinant of oxygen supply during ob-
structed flow conditions. Studies aimed at modelling regional blood flow and oxygen 
consumption have demonstrated marked regional heterogeneity of oxygen consump-
tion matched by flow heterogeneity. Direct, non-invasive indicators of the balance 
between oxygen supply and consumption include NADH videofluorimetry (mito-
chondrial energy state) and microvascular PO2 measurement by the Pd-porphyrin 
phosphorescence technique. These indicators have shown a relatively homogeneous 
distribution during physiological conditions supporting the notion of regional match-
ing of oxygen supply with oxygen consumption. NADH videofluorimetry, however, 
has demonstrated large increases in functional heterogeneity of this ratio in compro-
mised hearts (ischemia, hypoxia, hypertrophy and endotoxemia) with specific areas, 
referred to as microcirculatory weak units, predisposed to showing the first signs of 
dysoxia. It has been suggested that these weak units show the largest relative reduc-
tion in flow (independent of absolute flow levels) during compromising conditions, 
with dysoxia initially developing at the venous end of the capillary.

Introduction
The balance between oxygen supply and oxygen demand is of paramount importance 
for the heart since it determines whether the tissue is healthy or dysoxic (where oxy-
gen need exceeds oxygen supply). Yet the assessment of this balance at a regional 



30 Chapter 2

level has been exceedingly difficult to study. This is mainly due to the fact that both 
the regional oxygen supply to the myocyte, which is provided by diffusion, and the 
regional oxygen consumption are each difficult to assess separately, let alone simul-
taneously.

Oxygen supply is to a large part determined by convective blood flow and many 
excellent studies have been carried out on the heterogeneity of cardiac blood flow, 
demonstrating marked regional variations in flow within the heart.49,50 However, be-
cause oxygen is delivered by convection and diffusion, the heterogeneity of oxygen 
supply is expected to differ from that of blood flow, especially when spatial resolu-
tion improves below 1-g tissue pieces. Such a discrepancy between flow supply and 
oxygen supply is supported by the observation of increased homogeneity of tissue 
oxygenation when diffusion between capillaries is incorporated in a mathematical 
simulation of the capillary circulation of the myocardium.51

Regional oxygen consumption of the heart has primarily been determined by com-
bining quick-freeze techniques with microspectrometric determinations of arterial 
and venous haemoglobin saturation.52 Promising new developments such as 15O-
oxygen PET53 and 13C-NMR54 obtain estimates of regional cardiac oxygen consump-
tion together with regional measurements of flow. However, these techniques are 
very elaborate, expensive and difficult to execute. Therefore, techniques which can 
give direct measures of the balance between oxygen supply and consumption are 
valuable tools, since such techniques will provide direct information about whether 
tissue cells are well oxygenated or dysoxic. Regional NADH videofluorimetry55,56 

and microvascular oxygen pressures measured by Pd-porphyrin phosphorescence5 
are two such direct indicators of the oxygen supply-consumption ratio. Since these 
indicators have been predominantly applied to the epicardium, heterogeneity in this 
review will be discussed in terms of regional heterogeneity of the epicardium, with-
out discussing chamber or layer (endocardium versus epicardium) heterogeneity.

The aim of this paper is to review the current knowledge concerning both the region-
al supply side of oxygen as well as the consumption side of oxygen within the heart 
and compare this information with that obtained by direct indicators of the oxygen 
supply-consumption ratio. The heterogeneity of this ratio will be examined during 
normoxic and oxygen compromised conditions.

Flow heterogeneity
Micro-heterogeneity of flow has been established to a large extent by the use of mi-
crospheres since the early studies of Yipintsoi et al.,49 and confirmed by others (for 
review see Ref. 50). An important feature of flow heterogeneity is that it increases 
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as tissue piece size decreases.57 This can be accounted for by the tree-like coronary 
anatomy of vessels, from the large supplying arteries up to the terminal arterioles.58 
Such fractal nature may explain the dependency of flow heterogeneity on piece 
size.59,60 Being fractal, i.e. showing self similarity upon scaling, suggests increased 
flow heterogeneity as resolution is increased due to just one, similar, recurrent de-
terminant of heterogeneity (such as branching patterns) for all piece sizes. However, 
the non-tree-like topology of capillaries61 results in a breakdown of the fractal nature 
of flow heterogeneity and consequently in a different dependency of heterogeneity 
on piece size.62 This may explain why flow heterogeneity measured at a resolution 
<1 mm2 is much smaller than predicted from the relation between heterogeneity and 
piece size for resolutions much larger than 1 mm2.62 Although coronary anatomy is 
a primary determinant of flow heterogeneity, vascular tone also influences blood 
flow distribution.63 In this respect, it is important to note that flow heterogeneity 
(determined by deposition of molecular markers or indicator-dilution experiments) 
decreases with reductions in arterial O2 tensions at constant flow, probably as a re-
sult of decreased vascular tone.62,64 In contrast, most studies directed at the effects of 
ischemia on heterogeneity have observed an increase in heterogeneity (determined by 
microspheres) with decreases in flow.65-68 However, effects of hypoxia and ischemia 
on flow heterogeneity are critically dependent on sample size62 which may be one 
explanation for the conflicting results concerning effects of hypoxia and ischemia on 
flow heterogeneity: the hypoxia studies have used sample sizes <0.01 g, whereas in 
the ischemia studies sample sizes were >0.01 g. Thus, regional flow heterogeneity 
is strongly dependent on sample size and condition of the heart (normal, hypoxia, 
ischemia). The important question remains, however, as to how this convective flow 
heterogeneity translates into the distribution of oxygen supply by diffusion.

Oxygen diffusion
Direct measurements of oxygen diffusion from the vasculature
In the first half of the 20th century, it was thought that diffusion of oxygen from the 
vasculature system occurred mainly from the capillaries.69 More recently, evidence has 
shown that oxygen diffuses to and from most elements of the vasculature system (thus 
not only from capillaries), and accounts for a significant portion of oxygen transport 
to the tissue cells.70 When going from large to small vessels in the arteriolar net-
work, a longitudinal decrease in PO2 has been observed in the cheek pouch,71 cremaster 
muscle,71 mesenteric microvascular network,72 ileum73 and dorsal skin preparation.74 
In addition, vascular PO2 was also found to increase with increased vessel size in the 
venular network, with capillaries taking up oxygen from overlying venules.75,76

All the aforementioned studies, however, have been conducted in tissue beds other 
than the heart, and very few studies can be found that have directly examined oxygen 
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diffusion from large vessels within the heart. Weiss and Sinha52 have observed no 
correlation between vessel size and arterial oxygen content, suggesting negligible 
oxygen diffusion from these vessels. Honig and Gayeski77 found no change in hemo-
globin saturation as a function of vessel size between 20 and 200 μm for arterioles 
and venules in frozen tissue pieces of rat and dog heart. It was concluded that due to 
high red blood cell velocity and short arteriolar length not enough time is available 
to allow a significant amount of oxygen to diffuse across the vessel wall. Their point 
is well taken: assuming the length of the cardiac arteriolar bed to be approximately 2 
mm, while the diameter decreases from 200 to 20 μm,78 a decrease of only 6% in Hb 
saturation or 6 mm Hg in vascular PO2 can be calculated when extrapolating the mea-
sured amount of oxygen that diffuses from arterioles in the dorsal skin preparation.74 
This anticipated small decrease would even be less when the higher flow rates in the 
arterial compartment of the heart, as compared to that in the dorsal skin preparations, 
are considered. Data shows, thus, that oxygen diffusion from large vessels is minimal 
for the heart due to the short flow path lengths and high flow rates.

Diffusive shunting of oxygen within the heart
Insight into the properties of O2 diffusion within the heart has been limited, due to 
the lack of appropriate techniques. The major available information concerning the 
nature and extent of diffusion within the heart has been obtained from experiments 
that have focused on a consequence of diffusion, i.e. diffusive shunting of com-
pounds within the heart.

Diffusive shunting is defined as the bypassing of a part of the vascular system by 
diffusion, e.g. arteriovenous (direct diffusion from the arteriole to the venule) or 
inter-endcapillary (release and uptake of oxygen by different capillaries). This type 
of shunting can be envisaged by comparing the emergence function (for peak height 
or time of arrival) of compounds with different diffusibilities. For example, diffusive 
shunting is indicated when a diffusible compound has a larger peak height or earlier 
time of arrival in the venous effluent than a non-diffusible compound, which remains 
intravascular.

One of the first studies to examine diffusional shunting, in an isolated blood-perfused 
dog heart, found that the ratio of the venous dilution peak of the compound with the 
highest diffusibility (tracer water) to the compound of lower diffusibility (antipy-
rine) increased with lower flow-rates (<1 ml min−1 g−1).79 This data demonstrated the 
presence of a diffusional shunt, even though the shunting fraction of water amounted 
to less than 3%. Roth & Feigl examined diffusional shunting in closed-chest dogs 
with controlled coronary blood flow (0.21 to 1.17 ml min−1 g−1) and compared venous 
appearance times of hydrogen with intravascular indicators.80 At low flow (0.2–0.8 
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ml min−1 g−1), less than 0.1% of injected hydrogen preceded the intravascular, non-
diffusible indicators. Because the diffusion constant of hydrogen is approximately 
twice that of oxygen, this data indicated, indeed, a very small degree of oxygen 
shunting. This finding has been corroborated by the observation that the transport 
of oxygen always lags behind the transport of an intravascular, non-diffusible com-
pound during normal or high flow conditions in rabbit and dog hearts.81,82 In a subse-
quent study by Bassingthwaighte et al. it was concluded that, while the shunting of 
heat in isolated blood-perfused dog heart is great (diffusion constant of heat is two 
orders of magnitude higher than oxygen), the shunting of oxygen will not be large.83 

It can be concluded from the above studies that arteriovenous or end-capillary shunt-
ing of oxygen within the heart is negligible at normal, physiological flows (~ 1 ml 
min−1 g−1), and increases only marginally at low, pathological flows (<0.5 ml min−1 
g−1). These findings may also explain the earlier findings by Steenbergen et al.84 that 
regional anoxic zones in the isolated perfused rat heart appear at higher effluent PO2 
during ischemia (low flow, normal PO2 perfusate) as compared to hypoxia (normal 
flow, low PO2 perfusate). Although this may be explained by differences in pH, there is 
also the possibility that due to the lower flow during ischemia, there is more time dur-
ing ischemia than during hypoxia for diffusional shunting to occur. This ‘shunted’ oxy-
gen is not used by the myocyte (anoxic zones) and increases the venous effluent PO2.

Analysis of emergence functions in whole heart studies, however, does not have the 
sensitivity to exclude the presence of shunting that bypasses only a small part of the 
vasculature system, i.e. between capillaries at less extreme ends of their length. That 
such diffusion probably takes place has been suggested by Wolpers et al.,85 where it 
was found that a model which allowed bypassing of a small part (<300 μm) of the 
capillary functional length (500 μm) best described the outflow curves of inert gases 
in closed-chest dogs. In comparison, models that completely bypassed the capillary 
bed (thus arteriovenous shunting) generated poor descriptions of the outflow curves.

In this context it is interesting to note that model analysis of the transport of water 
or oxygen through the heart, that does not take diffusional shunting into account 
between capillaries, resulted in low permeability estimates for water and oxygen, 
which decreased as flow was decreased.86,87 These low permeabilities were explained 
by the suggestion that the capillary and the sarcolemmal membranes constitute a sig-
nificant barrier to water and oxygen,82,88 in contrast to previous findings which sug-
gest water transport to be mainly flow-limited.79 However, when diffusional interac-
tions between capillaries is allowed in the models, by either using high diffusion 
constants in the model89 or actually constructing interactions between capillaries,90 

normal permeabilities were sufficient to describe the experimental data.
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In conclusion, most data indicate that diffusive shunting of oxygen within the heart 
primarily takes place between capillaries and not between larger vessels. That dif-
fusion between large vessels does not seem to take place within the heart, is in 
agreement with the limited data which shows no detectable oxygen loss from these 
vessels.77 The diffusion of oxygen between capillaries causes oxygen supply at the 
capillary level to be more homogeneous than oxygen supplied by convective flow 
alone, and may have important functional consequences during restricted oxygen 
supply conditions.

Discrepancy between blood flow and oxygen supply
Blood flow can be considered as the convective transport of blood through the vas-
cular system, and perfusion as the transport of solutes (such as oxygen) by blood 
flow and diffusion. As such, regional blood flow has been conventionally estimated 
by infusion and counting of the number and distribution of particles such as micro-
spheres that plug a minor part of the vasculature. Only small biases exist toward 
higher flow in high flow regions, and lower flows in low flow regions, especially 
when sample region size decreases.57 During normal physiological flow conditions, 
diffusible tracers also give approximately similar perfusion heterogeneities as deter-
mined by microspheres, although there is a tendency for higher heterogeneity with 
microspheres as compared with diffusible tracers.49 Under conditions of restricted 
flow, however, perfusion as determined by diffusible tracers is larger than flow de-
termined by microspheres.91,92 These findings are corroborated by studies examining 
the transition zone between the normoxic zone with normal blood flow (measured by 
fluorescein angiography) and the anoxic zone (marked by NADH fluorescence) with 
no flow.93 This transition zone was still normoxic despite the lack of blood flow and 
had a length of about 300 μm. Thus through diffusion alone, oxygen was supplied 
over a distance of 300 μm. Together, this data indicates that oxygen supply is prob-
ably more homogeneous and larger than blood flow in areas of restricted blood flow, 
due to the diffusional aspect of oxygen supply.

Wieringa et al. developed a network model of the myocardial microcirculation to 
evaluate microheterogeneity of tissue or capillary PO2.52 An assumption in the model 
was the presence of homogeneous oxygen consumption, so that effects of blood flow 
and different types of oxygen diffusion could be studied. This model demonstrated 
that intercapillary diffusion (an aspect not incorporated in the classical Krogh’s cy-
lindrical tissue model) resulted in more homogeneous capillary and tissue oxygen-
ation. These simulations showed larger heterogeneity for flow than for oxygen and 
indicated that oxygen supply at the level of the capillaries cannot only be determined 
by convective blood flow.
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Summarising, the diffusion component of perfusion results in oxygen supply being 
more homogeneous than blood flow at the high spatial resolution of capillaries dur-
ing normal conditions. During restricted flow conditions, the impact of diffusion is 
probably extended to large tissue areas such that these areas may still be perfused 
although minimal blood flow is present. This illustrates that blood flow is not always 
a good indicator of oxygen supply, and shows the difficulties in determining the sup-
ply side of oxygen.

Regional myocardial oxygen consumption
One of the first studies to provide quantitative information on transmural myocar-
dial oxygen consumption determined hemoglobin saturation of arterial and venular 
vessels (20–200 μm) in combination with regional blood flow determination by mi-
crospheres in frozen tissue samples of the dog heart.52 Subepicardial oxygen con-
sumption was found to be approximately 20% lower than subendocardial oxygen 
consumption. These techniques have however not been used to examine microhet-
erogeneity of oxygen supply-demand. It should also be noted that this technique is 
not without criticism: tissue sample freezing takes at least several seconds and is 
probably heterogeneous which may cause regional changes in venous oxygen con-
tent as a result of irregular beating tissue where metabolism continued and venous 
blood might redistribute.54

Only recently has the direct examination of regional myocardial oxygen consump-
tion been pursued, the interruption probably related to the difficulties of developing 
reliable techniques. Regional oxygen consumption has been obtained for the in situ 
dog heart, combining 15O-positron emission tomography with an axial distributed 
blood–tissue exchange model.53 Following intravenous injection of 15O-water for 
blood flow determination, the model estimates regional oxygen consumption from 
the regional time–activity curve of inhaled 15O-oxygen for regions as small as 0.5 
g. Correlations of r=0.5–0.7 were observed among regional blood flow and oxygen 
consumption. Other studies have also demonstrated significant correlations between 
regional blood flow and metabolism: between regional flow (microspheres) and re-
gional oxygen consumption calculated from the tricarboxylic acid cycle rate using 
13C-NMR and mathematical modelling in frozen tissue samples of isolated rabbit 
hearts;54 between regional blood flow (microspheres) and regional glucose uptake 
measured by 3H-deoxyglucose deposition in frozen tissue samples of in situ dog 
hearts;94 between regional flow (microspheres) and regional O2 consumption estimat-
ed from H218O residue counting in frozen tissue samples of isolated rabbit hearts.95

Both the 15O-PET and 13C-NMR techniques are state-of-the-art, highly developed, 
analysis tools to obtain quantitative data on regional myocardial oxygen consumption. 
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However, most of the new techniques are very elaborate, time-consuming methods, 
that are also either expensive (PET) or destructive (13C-NMR, deoxyglucose- and 
H218O-accumulation), thus not allowing continuous measurement of regional oxy-
gen consumption. It is also difficult with these techniques to obtain direct informa-
tion concerning the functional heterogeneity (whether tissue regions are ischemic). 
In addition, no complete determination of the oxygen supply-consumption ratio is 
feasible with these techniques, because in most cases (studies using microspheres) 
only the convective supply side of oxygen is measured. The omission of the diffu-
sive component will become increasingly important during restricted oxygen supply 
conditions and when piece sizes smaller than 1 g are examined: e.g. assuming that 
oxygen can travel a distance of 300 μm by diffusion, this oxygen can affect 11% of 
the volume of a 0.5 g tissue piece. Nevertheless, these techniques have collectively 
shown that oxygen consumption is heterogeneously distributed throughout the heart, 
which is, to a large part, matched to flow heterogeneity: low flow regions having low 
oxygen consumption, high flow regions having high oxygen consumption.

The oxygen supply and consumption ratio
Direct measurements of the oxygen supply-consumption ratio
When supply becomes limiting compared to consumption, and no downregulation of 
metabolism occurs such as seen during hibernation, the myocyte becomes dysoxic 
and the PO2 in the capillary/venous compartment stabilises at a very low or even 
zero level. In that case, parameters that reflect the transition to the dysoxic state of 
the myocyte are of functional importance. The term dysoxia, which is defined as 
O2-limited cytochrome turnover, is preferred because the prefix ‘dys’ describes both 
oxygen supply and consumption.96 This in contrast to terms such as ischemia (liter-
ally meaning ‘restrained flow’) or hypoxia (meaning low oxygen), which have been 
shown to cause confusion through the definitions.97

A parameter that is viewed as the gold standard for the condition of dysoxia within 
cells is the mitochondrial NADH/NAD+ redox state.55,56 NADH is visible due to its 
fluorescence upon excitation with ultraviolet light, whereas NAD+ is not.98,99 The re-
dox state can be measured in vitro by videofluorimetry and after suitable correction 
for the optical properties of blood in vivo by dual wavelength videofluorimetry.100 
That NADH reflects the balance between supply and consumption has been shown 
by Steenbergen et al.84:NADH fluorescence increased in isolated perfused rat hearts 
with tachycardia during constant low flow. It should be noted, however, that NADH 
levels have a low sensitivity to changes in oxygen supply or demand during nor-
moxic conditions, along with a strong dependency on substrate usage.101,102 NADH 
fluorimetry is, however, a sensitive indicator for the O2 balance during compromised 
O2 supply conditions.
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The recent development of an optical, non-invasive technique now makes the deter-
mination of vascular oxygen tension possible.5,24 This technique is based on oxygen-
dependent quenching of the phosphorescence of Pd-porphyrin, a compound intravas-
cularly administered to the animal. Following excitation by a flash of green light, 
the measured half-life of the phosphorescence signal can be quantitatively related 
to the oxygen tension, using proper calibration of the probe.28 Binding Pd-porphyrin 
to albumin has the advantages of confining the probe initially to the vascular com-
partment and increasing the half-life of phosphorescence such that physiological 
oxygen tensions can be measured. We have shown that when this phosphorescence 
PO2 is measured with optic fibres in the microcirculation of rat intestine, it primarily 
mirrors capillary and venular PO2 values.103 Therefore, the PO2 determined with the 

Figure 1. Dependency of epicardial microvascular PO2 (μPO2) determined by the phosphores-
cence technique on oxygen consumption and supply. The μPO2 is determined on the surface of 
the left ventricle of an isolated Langendorff-perfused pig heart. The heart was perfused at con-
stant flow with a blood–Tyrode’s mixture (Hct±20%) containing 220 μM Pd-porphyrin, gassed 
with room air/5% CO2 (arterial PO2=110 mm Hg). The coronary vasculature was maximally va-
sodilated with nitroprusside. (A) The μPO2 as a function of O2 consumption at constant O2 sup-
ply (flow). O2 consumption was changed by varying the pacing frequency from 100 to 180 beats 
per min (bpm) as indicated in the figure. (B) The μPO2 as a function of O2 supply at constant O2 
consumption. O2 supply was changed by varying the retrograde flow using a roller pump. Flow 
was varied between 3.4 and 2.1 ml min−1 g−1 as indicated in the figure.
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fibre phosphorimeter has been called microvascular PO2, μPO2. Most importantly, 
we directly demonstrated here that the μPO2 is an out measure of the balance be-
tween oxygen supply and consumption in Langendorff-perfused pig hearts (Figure 
1). An increase of heart rate (↑O2 consumption) at constant flow (constant O2 sup-
ply) decreased the μPO2, whereas a decrease in flow (↓O2 supply) at constant me-
chanical performance (constant O2 consumption) also decreased the μPO2 (Figure 1). 
Although other techniques that determine myocardial oxygenation may also partly 
reflect the balance between O2 supply and consumption, such as surface104 and tissue 
penetrating oxygen electrodes, the undefined origin (vascular, cellular, interstitial) 
of these electrode PO2’s hampers a clear interpretation of these signals and, thus, will 
not be further discussed here.

A limitation of using these non-invasive surface illumination techniques is the re-
stricted penetration depth of the used wavelengths (NADH: ~0.36 mm105; Pd-por-
phyrin: ~0.5 mm103). However, studies have shown that the heterogeneous epicardial 
NADH pattern is characteristic of the whole ventricle, for both small hearts106 and 
large hearts.107,108 In addition, these techniques may ideally be suited for the smaller 
heart size if most of the heart tissue needs to be investigated, such as the mouse heart, 
and will thus be an important analysis tool in the realm of molecular physiology.

NADH fluorescence imaging during dysoxia
The first NADH fluorescence measurements demonstrated the possibility of visual-
ising dysoxic areas in perfused rat hearts.99 In a classical study it was subsequently 
shown that these high fluorescence, dysoxic areas, were heterogeneously distributed 
over the surface of the heart during high flow graded hypoxia, graded ischemia and 
respiratory acidosis.84 In addition, the location and size of the dysoxic areas was 
similar during high flow hypoxia and ischemia (but not during acidosis) and did 
not vary over a period of 15 min under constant flow conditions. Repetitive periods 
of identical ischemia generate identical distribution patterns for a given heart.109 It 
was further demonstrated that the location of these patchy dysoxic areas was also 
identical during recovery from either total global ischemia or high flow anoxia or 
tachycardia for a given heart.22 This heterogeneity in dysoxic areas has also been 
shown during inhibition of NO synthesis in endotoxemic rat Langendorff-hearts,110 
in hypertrophied rat Langendorff-hearts111 and during hemorrhagic shock in in situ 
pig hearts.108

Although NADH measurements have mostly been used to evaluate dysoxia in com-
promised hearts, most studies have also reported that normoxic perfusion shows a 
relatively homogeneous tissue fluorescence.22,84,109,112 These results should be cau-
tiously interpreted due to the low sensitivity of NADH to the O2 balance during 
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normoxic conditions, but they do indicate matching of oxygen supply to oxygen 
consumption, in agreement with recent measurements of regional oxygen consump-
tion with flow.53,54,94,95

Size and origin of the microcirculatory (weak) unit
The benefit of visualisation of indicators of the oxygen supply-consumption ratio is 
that the structure and size of the dysoxic areas during the progress of dysoxia can be 
observed continuously, and may thus provide insight into the main determinant of 
dysoxia at each level of dysoxia (capillary ↔ arterioles, convection ↔ diffusion). 
An interesting observation is that the high NADH areas are always in the same lo-
cation, independent of whether regional dysoxia was induced by hypoxia, ischemia 
or increased atrial pacing.22,84,109 This strongly suggests that certain areas within the 
heart are predisposed to becoming the first dysoxic when oxygen supply is limited. 
These areas have been called microcirculatory weak units.8 Using surface NADH 
fluorescence photography, in the isolated working rat heart, it has been observed that 
anoxic zones 100–300 μm wide developed during the progression of both hypoxia 
and ischemia.84 The authors suggested from the size of the anoxic regions (larger 
than intercapillary distances), that oxygen supply be regulated at the level of the 
arterioles. However, Ince et al.22 concluded from the use of microspheres of different 
sizes that the regulatory unit determining the patchy pattern during compromised 
oxygen supply was located at the level of the capillary (Figures 2A and 2B). In an 
elaborate study using an in situ rat heart preparation in combination with quick freez-
ing techniques and determination of NADH fluorescence in 5-μm thick sections, 

Figure 2. Heterogeneous NADH fluorescence images of left ventricle area of isolated Langen-
dorff-perfused rat hearts, with apex of the heart always at the bottom of the figure: (A) NADH 
fluorescence patterns elicited during transition from anoxia (95% N2) to normoxia (95% O2) 
are, as shown in (B), the same as those elicited by embolization with 5.9-μm diameter micro-
spheres.108 To aid comparison of the two images, corresponding areas in the two images are 
numbered. (C) Low homogeneous NADH fluorescence during pH 7.5 perfusion, whereas large 
NADH fluorescence areas (indicated by arrows) are visible during pH 7.0 perfusion (D). (E) 
and (F) show examples of hypertrophied hearts demonstrating the large areas (indicated by ar-
rows) of high NADH fluorescence within 5 min after the start of perfusion. (Figures 3A and 3B 
are reprinted with permission from Am J Physiol,112 Figures 3C–F are reprinted with permission 
from Biochim Biophys Acta113).



40 Chapter 2

Vetterlein et al. showed that the size of the anoxic zones ranged from a few myocytes 
to several hundred microns.112 The size of the anoxic zones increased with further 
restriction of blood flow through the left anterior coronary artery. It was found that 
the dysoxic regions had more venous capillary segments than arterial capillary seg-
ments, as compared to non-dysoxic regions. This data would indicate that dysoxia 
mainly develops along the venous end of capillaries. In addition, it has been sug-
gested by these authors112 that the large areas of organ surface NADH fluorescence 
that have been observed84 may be due to the interference from the fluorescence aris-
ing from layers beneath the focused plane of observation, which would obscure the 
visualisation of small areas of NADH fluorescence. In summary, data suggests that 
hypoxia/ischemia result in dysoxia, which starts at the level of the capillary,22,112 and 
which occurs primarily at the venous end of the capillary.112

Hypertrophy111,113 and pH84,113 have been shown to generate a different distribution 
and larger areas of high fluorescence than interventions using decreased oxygen sup-
ply (Figures 2C–F). Interestingly, superoxide dismutase was able to reduce these 
large areas of high fluorescence,113 suggesting that such large areas are determined 
by a vasoregulation mechanism at the level of the arterioles. This is in accordance 
with the observation that the larger areas of fluorescence occur during embolization 
with microspheres >10 μm which occlude arterioles.22 Thus, acidosis and hyper-
trophy are associated with dysoxia at the arteriole level, generating dysoxia in the 
relatively large area of the capillary bed of the arteriole.

Figure 3. Anterior view of three open-chest pig hearts showing the heterogeneity of μPO2 on the 
epicardial surface, as determined by the phosphorescence technique. The μPO2 was measured in 
nine different regions (<1 cm2) for each heart. The animals were ventilated with 33% O2, result-
ing in an arterial PO2 of ±180 mm Hg. Preparation as in van Iterson et al.114 Abbreviations used: 
RA=right auricle; LA=left auricle; LAD=left anterior descending artery.



41

Microvascular PO2 measurements
In the first report of applying the phosphorescence technique to the heart, lifetime 
images of the phosphorescence signal were obtained through a microscope from the 
epicardial surface of new-born piglets.23 The microvascular PO2 of 0.3-mg regions 
was 16.8±4.2 mm Hg, at an arterial PO2 of 106 mm Hg. The coefficient of variation 
(CV=SD/mean), which is an index of μPO2 heterogeneity, was 25%, much smaller 
than the CV obtained for flow heterogeneity in such small tissue samples.57 In a study 
directed at resuscitation114 in a model of shock in the pig, the μPO2 was determined 
with the phosphorescence technique by a fibre phosphorimeter28,73 in nine different 
areas (~1 cm2 or 0.04–0.08 g of tissue) on the surface of the ventricles (Figure 3). 
The CV for these μPO2 values was between 11–12%, which again is considerably 
smaller than the CV of flow heterogeneity (30%) for equally sized tissue samples.57 
Thus, the smaller CV’s indicate a matching of O2 supply with consumption within 
the heart. Very few studies have used the phosphorescence technique to evaluate 
myocardial μPO2 and its heterogeneity during conditions of restricted O2 supply. It 
has been shown, however, that during the transition from high-flow anoxia to nor-
moxia, a very heterogeneous μPO2 distribution occurs on the surface of the isolated 
rat heart.22 The μPO2 patterns coincided with the NADH patterns that were also re-
corded, supporting the notion that both NADH and μPO2 reflect a similar phenom-
enon, i.e. the O2 supply-consumption ratio.

Outstanding issues concerning oxygen supply-consumption
Various studies have shown that oxygen diffuses to cells from arterioles, capillaries 
and venules. Within the heart, both direct, but limited, data on oxygen diffusion from 
large vessels and indirect data on diffusional shunting suggest that the release or up-
take of oxygen by large vessels is insignificant. However, more research examining 
the PO2 along a considerable length of artery or arteriole within the heart is needed 
to answer this question conclusively. Furthermore, it also remains uncertain whether 
the regions that show the first signs of dysoxia have any relation with the normal 
local level of flow, flow reserve, O2 diffusion or O2 consumption. Two recent stud-
ies have shown that the resting normal, low and high blood flow regions are equally 
vulnerable to dysoxia during partial coronary stenosis,65,115 and that the relative flow 
reduction during stenosis was independent of low or high blood flow region.115 This 
data is corroborated by the observation that no correlation exists between the intensi-
ty of NADH fluorescence and the distance to the next perfused capillary,112 thus there 
seems to be no dependence of dysoxia on the absolute level of convective flow. As-
suming matching between flow and O2 consumption, this would also indicate equal 
vulnerability for regions of low and high O2 consumption. Dysoxia was mainly pre-
dicted by the relative flow reduction upon stenosis,65 implying a vasoregulatory (at 
the level of the arterioles or higher) mechanism as a primary determinant of dysoxia. 
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However, other studies have shown that these dysoxic areas can be best generated 
by obstructing capillaries, but not arterioles, with microspheres.22 It remains to be 
examined whether the obstructed capillaries mainly occur in the regions with the 
largest relative reductions in flow, indicating dysoxia develops at the capillary level 
of those areas.

The studies reviewed in this paper emphasise that it remains unknown whether a 
dependency may exist between dysoxia and oxygen supply by diffusion. Assuming 
diffusive shunting of oxygen within the capillary bed, for which evidence is present, 
it may be hypothesised that capillary regions where oxygen is shunted away from 
their microcirculation become the first dysoxic. The observation that the NADH 
fluorescent zones appear at higher venous PO2 during ischaemia as compared to 
high-flow hypoxia84 is in support of this hypothesis. Why certain capillary regions 
are more prone to diffusional shunting is unknown, however, and may be related with 
capillary geometry (capillary length or number of cross-connections?).

The evidence in support of regional matching between oxygen supply and oxygen 
consumption within the heart is rather strong. The question that arises is how such 
matching occurs. One interesting explanation may be related to the recently observed 
adaptation of oxygen consumption to extracellular oxygen tensions in hepatocytes 
and embryonic cardiomyocytes.116,117 Lowering the oxygen tension in suspensions 
of isolated cardiomyocytes decreased oxygen consumption within 5 min in these 
embryonic cells, offering a mechanism for regional matching of oxygen supply-con-
sumption within the heart. This hypothesis may be tested in experiments directed at 
hibernation: the relation between regional oxygen supply and consumption is com-
pared at different time points of the reduced flow condition, to study whether at some 
time point the heterogeneity of O2 supply-consumption ratio equals the heterogeneity 
observed during the control condition.
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microcirculation follows macrocirculation in heart 
and Gut in the acute Phase of hemorrhaGic shock and 

isovolemic autoloGous whole blood resuscitation in PiGs

M van Iterson, R Bezemer, M Heger, M Siegemund, C Ince
Transfusion 2012; in press

Abstract
Disparity between the macro- and microcirculation is thought to occur as a result 
of (micro)vascular dysfunction in some types of shock. Whether this occurs during 
hemorrhagic shock, however, is unknown. We therefore investigated both macro- 
and microcirculatory parameters in the heart as a vital, and the gut as a non-vital 
organ. We hypothesized that the microcirculation in the gut would follow the mac-
rocirculation in the acute phase of hemorrhagic shock and isovolemic autologous 
whole blood resuscitation, but that the microcirculation in the heart would be pre-
served even under conditions of macrocirculatory depression. Eleven pigs (23±4 
kg) were anesthetized and subjected to a controlled hemorrhagic shock (30% and 
45% reduction of total blood volume) and isovolemic resuscitation with autologous 
blood. Quantitative measurement of microvascular oxygen pressures (µPO2) was 
performed by phosphorimetry on the gut and heart simultaneously. Measurements 
of systemic hemodynamic and regional oxygen-derived parameters as well as µPO2 
were performed at baseline, after the first and second phase of hemorrhage, and after 
resuscitation. Five pigs responded to resuscitation, while 6 pigs died spontaneously 
within 20-30 min after reinfusion of the withdrawn blood, without significant dif-
ferences in macro- or microcirculatory parameters at baseline and after hemorrhage. 
Correlation analysis showed that microvascular PO2 in the heart and the gut were 
closely related to macrocirculatory parameters (cardiac index, mean arterial pres-
sure, and oxygen delivery) during hemorrhage and resuscitation. The present study 
demonstrated that the microcirculation in the gut (being a non-vital organ) and heart 
(being a vital organ) follow the macrocirculation in the acute phase of hemorrhagic 
shock and isovolemic autologous whole blood resuscitation.

Introduction
In trauma patients, hemorrhage-induced hypotension is responsible for high mor-
tality and morbidity due to early stage cardiac failure and/or intestinal ischemia, 
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possibly leading to multiple organ failure.12 Resuscitation of these patients is ulti-
mately aimed at restoring oxygen delivery to organs by improving microcirculatory 
perfusion and oxygenation. In current clinical practice, guidelines for resuscitation 
are provided by monitoring macrocirculatory parameters such as arterial blood pres-
sure, heart rate, and cardiac output. However, whether these resuscitation procedures 
are effective in restoring the microcirculation of and within different organ systems 
remains to be elucidated. Indeed, in other types of shock (e.g., septic shock) several 
studies have shown that correcting macrocirculatory parameters has little or no ef-
fect on microcirculatory perfusion and oxygenation and that monitoring the effects 
of resuscitation should be performed at the microcirculatory level.118,119 The possible 
disparity between the macro- and microcirculation is thought to occur as a result 
of (micro)vascular dysfunction induced by inflammatory activation associated with 
either infectious, inflammatory, or hypoxemic conditions and resulting in shunting 
of vulnerable microcirculatory beds.120 However, whether this occurs in hemorrhagic 
shock is as yet unknown and should be elucidated as it would have important con-
sequences for monitoring the severity of hemorrhagic shock and the advantages of 
resuscitation in such scenarios.
 
In the present study we aimed to quantitatively investigate both macro- and micro-
circulatory parameters in two organ systems, i.e., the heart (being a vital organ) and 
the gut (being a non-vital organ), during hemorrhagic shock and autologous whole 
blood resuscitation in pigs. For this purpose, we measured coronary and mesenteric 
arterial flow, performed arterial and local venous blood gas analysis, and applied 
phosphorimetry on the left ventricle and the small intestinal serosa simultaneously 
to quantitatively monitor microvascular oxygen pressures. We hypothesized that the 
microcirculation in the gut would follow the macrocirculation in the acute phase of 
hemorrhagic shock and isovolemic autologous whole blood resuscitation, but that 
the microcirculation in the heart would be preserved even under conditions of mac-
rocirculatory depression.

Materials and Methods
Animal anesthesia
All experiments were performed in conformity with the regulations of the animal 
ethics committee of the Academic Medical Center at the University of Amsterdam.
After an overnight fast, 11 female crossbred Landrace x Yorkshire pigs (mean±SD 
weight = 23±4 kg) were sedated with ketamine (Nimatek, AUV, Cuijk, The Neth-
erlands; 10 mg·kg-1 i.m.). Anesthesia was induced by mask ventilation with nitrous 
oxide in oxygen (ratio of 7:3). Anesthesia was maintained by continuous infusion 
of fentanyl citrate (Fentanyl, Janssen Pharmaceutical, Tilburg, The Netherlands; 
12.5 µg·kg-1 bolus, followed by 12.5 µg·kg-1·h-1 i.v.) and midazolam (Dormicum, 
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Hoffmann-La Roche, Mijdrecht, The Netherlands; 0.5 mg·kg-1 bolus, followed by 
0.5 mg·kg-1·h-1 i.v.). Muscle relaxation was maintained with pancuronium bromide 
(Pavulon, Organon Teknika, Boxtel, The Netherlands; 0.1 mg·kg-1 bolus, followed by 
0.3 mg·kg-1·h-1 i.v.). During induction, the depth of anesthesia was adapted according 
to the heart rate and blood pressure. After this had been established the infusion rates 
of fentanyl citrate and midazolam were kept constant.

Subsequently, the animals were intubated and ventilation (Servo 900B, Siemens, 
Munich, Germany) was performed by intermittent positive pressure ventilation with 
oxygen in air (FiO2: 0.36). During preparation, artificial ventilation was instituted 
to maintain an end tidal PCO2 of 35-40 mmHg. Positive end expiratory pressure of 
5 mmHg was used to prevent atelectases. Lactated Ringer’s solution (10 ml·kg-1·h-1) 
was administered via the ear vein as maintenance fluid throughout the experiment. 
The central temperature was maintained by a heating pad.

Surgical preparation
Fluid-filled catheters were placed in both the right brachial artery (4 Fr.) for mea-
surement of blood pressure and collection of arterial blood samples and the left 
femoral vein (6 Fr.) for blood withdrawal to create hemorrhagic shock and for reinfu-
sion of the withdrawn blood. A pulmonary artery catheter (7.5 Fr., Baxter Healthcare, 
Deerfield, IL) was positioned in the pulmonary artery via the right jugular vein for 
the measurement of cardiac output and central temperature and for the collection 
of mixed venous blood samples. A supra-pubic bladder catheter was positioned for 
prevention of vagal stimulation associated with bladder distension.

Following a median laparotomy, a flow probe (2.5 mm, Transonic Systems, Ithaca, 
NY) was placed around the superior mesenteric artery for the measurement of blood 
flow to the splanchnic region. A mesenteric vein draining the ileum was cannulated 
(4 Fr.) for collection of mesenteric venous blood samples. A 10-cm segment of the 
terminal ileum was exteriorized outside the abdomen. Desiccation was prevented 
by continuous irrigation with preheated 0.9% NaCl solution. The median abdominal 
incision was closed loosely by three staples to prevent rises in abdominal pressure. 

The pericardium was opened following a midsternal thoracotomy. The proximal part 
of the left anterior descending coronary artery was dissected free and a flow probe 
(1.5 mm, Transonic Systems) was placed around it for measurement of blood flow 
to the left ventricle. The vein accompanying the left anterior descending coronary 
artery was cannulated (venflon 18G) for collection of coronary venous blood.
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Experimental protocol
One hour prior to completion of the surgical preparation, 12 mg·kg-1 of Pd-porphyrin 
was administered via the cannulated ear vein at a rate of 2 ml·min-1. Before con-
trolled hemorrhage, the animals were allowed to stabilize for 30 min, during which 
two sets of baseline measurements were performed. The blood collection duration 
for blood gas analysis was approximately 5 min. Controlled hemorrhagic shock was 
induced in two phases: 1) 20 ml·kg-1 blood withdrawal over a period of 20 min, 
corresponding to 30% blood loss and 2) 10 ml·kg-1 blood withdrawal over a sub-
sequent period of 20 min, corresponding to 45% blood loss cumulatively. The two 
phases were separated for 20 min to allow hemodynamic stabilization (~10 min) 
and measurements (~10 min). The withdrawn blood was collected in CPDA (citrate-
phosphate-dextrose-adenine)-containing blood bags and reinfused over 20 min for 
resuscitation. Measurements (~10 min) were performed at baseline (t<0 min), after 
the first phase of blood withdrawal (t=30-40 min), after the second phase of blood 
withdrawal (t=70-80 min), and 10-20 min after resuscitation (t=110-120 min). The 
experiments were terminated by i.v. administration of 10 mmol of KCL.

Measurement of hemodynamic and oxygenation parameters
Systolic and diastolic arterial pressures (SAP and DAP, mmHg) and heart rate (HR, 
beats·min-1) were determined from brachial artery pulse waves, which were recorded 
continuously. Mean arterial blood pressure (MAP, mmHg) was calculated as MAP 
= DAP + (SAP - DAP) / 3. Cardiac output (CO, l·min-1) was measured by the ther-
modilution technique and indexed to body weight as cardiac index [l·min-1·kg-1]. The 
mean of three measurements, using 5 ml of room temperature-equilibrated saline, 
was calculated and recorded. Coronary artery flow (ml·min-1) and superior mesen-
teric artery flow (ml·min-1) were recorded continuously. A value of flow at each 
measurement point was calculated as the average over a sampling period of 5 min 
(~30 measurements). 
Arterial and local venous blood samples were collected in heparinized 1-ml plas-
tic tubes. Samples for blood gas analysis were directly placed on ice and analyzed 
within 5 min for hemoglobin concentration (Hb, g·dl-1) and its oxygen saturation 
(SO2) (Spectrophotometer OSM3, Radiometer, Copenhagen, Denmark, calibrated for 
porcine blood), PO2 (mmHg), PCO2 (mmHg), pH (ABL 505, Radiometer) and cal-
culation of base excess (BE, mmol.dl-1) as BE=0.93.([HCO3

-]-24.4+14.8.[pH 7.4]).
Left ventricular and gut oxygen delivery and oxygen consumption were calculated 
by Fick’s principle according to standard formulas. Oxygen delivery was calculated 
as: DO2 (ml·min-1) = flow (ml·min-1) × CaO2, where CaO2 is arterial oxygen content, 
calculated as 1.39 × Hba × SaO2 + 0.0031 × PaO2. Oxygen consumption was calcu-
lated as VO2 (ml·min-1) = C(a-v)O2 × flow, where c(a-v)O2 is the difference between 
arterial and venous oxygen content. Values were indexed to body weight.
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Measurement of microvascular oxygen pressures
Microvascular partial oxygen pressures were assessed by measuring oxygen-
quenched phosphorescence lifetimes of Pd-porphyrin, using two time-domain phos-
phorimeters. The principles of phosphorimetry and the applied phosphorimeters in 
large animal studies have been described in detail in chapter 1.73 Temperature read-
ings on the serosal site of the ileum and on the outer surface of the left ventricle were 
used for correction of the oxygenation calculations.
The optical fiber of the first phosphorimeter was placed just above the surface of the 
apical site of the left ventricle and the optical fiber of the second phosphorimeter was 
placed just above the outer surface (serosal site) of the ileum. Care had been taken to 
place the fibers on a region without visible vasculature. One hundred phosphorescent 
decay curves were acquired at 50 Hz and averaged. Measurements were performed 
and recorded every 20 s.

Data analysis
Statistical analysis was performed in GraphPad Prism (GraphPad Software, San Di-
ego, CA). All data are presented as mean±SD. Comparative analysis of values ob-
tained at different time points was performed using the non-parametric Friedman test 
for repeated measures with the Dunns post-hoc test. Differences were considered 
statistically significant at p<0.05. Correlation analysis between macrohemodynamic 
parameters and microvascular PO2 was performed using Spearman’s correlation test.

Results
All animals responded similarly to 30% and 45% blood loss, which resulted in a sig-
nificant decrease in cardiac index and MAP (Figure 1) and a significant increase in 
heart rate. Arterial PO2 remained unchanged during the entire experiment.

Five animals (45%) responded to isovolemic autonomic blood transfusion resusci-
tation by surviving more than one hour after resuscitation and six animals (55%) 
did not respond to resuscitation and died within 20-30 min after reinfusion of the 
withdrawn blood as a result of ventricular fibrillation. Post-resuscitation measure-
ments (i.e., 10-20 min after reinfusion of the withdrawn blood) could be performed 
in all animals. In the responders, resuscitation resulted in a significant increase in 
cardiac index and MAP, while resuscitation had no effect on these parameters in the 
non-responders. No significant differences existed between the responders versus 
non-responders at baseline, 30%, and 45% blood loss with respect to cardiac index, 
MAP, heart rate, and arterial PO2. Hence, prior to resuscitation, no identifiable factor 
predicting outcome following autologous whole blood resuscitation was identified. 
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Oxygen delivery and consumption
Measurement of arterial flow and oxygenation and venous oxygenation allowed 
calculation of oxygen delivery and oxygen consumption. In the heart (ns) and gut 
(p<0.05), oxygen delivery decreased during the first (30%) and second (45%) phase 
of hemorrhage (Figure 2). In the responders, resuscitation restored oxygen delivery 
to baseline level, whereas resuscitation was not effective in increasing oxygen deliv-
ery to either organ in the non-responders. Oxygen consumption in the gut decreased 
during the second phase of hemorrhage and was restored to baseline in the respond-
ers, but decreased significantly further in the non-responders.

Figure 1. Cardiac index (upper left), mean arterial pressure (MAP, upper right), heart rate 
(lower left), and arterial PO2 (lower right) during controlled hemorrhage (30% and 45% blood 
loss) and resuscitation. * p<0.05 versus baseline and † p<0.05 versus previous time point (t.p.). 
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Venous base excess
After 45% blood loss, venous BE decreased significantly in the heart and gut in both 
the responders and the non-responders (Figure 3). In the responding group, resuscita-
tion stabilized the venous BE, but in the non-responding group, venous BE continued 
to significantly decline during resuscitation.

Figure 2. Oxygen delivery (upper graphs) and consumption (lower graphs) of the heart and gut 
in responders (left) and non-responders (right). * p<0.05 versus baseline and † p<0.05 versus 
previous time point (t.p.).

Figure 3. Venous base excess (BE) of the heart and gut in the responders (left) and non-respond-
ers (right). * p<0.05 versus baseline and † p<0.05 versus previous time point (t.p.).
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Microvascular oxygenation
Thirty percent blood loss caused a significant decrease in microvascular PO2 (mea-
sured quantitatively by Pd-porphyrin phosphorimetry) in both the heart and the gut 
(Figure 4). However, this decrease was more profound in the gut than in the heart. 
Forty five percent blood loss significantly decreased microvascular PO2 even further 
in the heart, but not in the gut. Resuscitation led to a significant increase in micro-
vascular PO2 in the responders, but a significant decrease in the non-responders. 
In the responders, the heart microvascular PO2 restored to approximately 80% of 
baseline, while the gut microvascular PO2 returned to only 50%, indicating that the 
gut is less responsive to resuscitation than the heart and that isovolemic autologous 
whole blood resuscitation is not associated with complete resuscitation of the gut, 
leaving it hypoxic. 

Micro- versus macrocirculation
Correlation analysis showed that microvascular PO2 in the heart and the gut were 
closely related to macrocirculatory parameters (CI, MAP, and oxygen delivery) dur-
ing hemorrhage and resuscitation (Figure 5). Heart microvascular PO2 correlated to 
cardiac index (Spearman’s r = 0.79), MAP (Spearman’s r = 0.83), and heart oxy-
gen delivery (Spearman’s r = 0.80). Similarly, gut microvascular pO2 correlated to 
cardiac index (Spearman’s r = 0.76), MAP (Spearman’s r = 0.80), and gut oxygen 
delivery (Spearman’s r = 0.71). This suggests that the microcirculation in both the 
heart (vital organ) and the gut (non-vital organ) follows the macrocirculation, during 
hemorrhage and resuscitation.

Figure 4. Microvascular PO2 in the heart and gut in responders (left) and non-responders 
(right). * p<0.05 versus baseline and † p<0.05 versus previous time point (t.p.).
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Discussion and conclusions
In the present study we investigated the effects of hemorrhagic shock and isovolemic 
autologous whole blood resuscitation on macro- and microcirculatory parameters in 
the heart and gut. All animals responded similarly to hemorrhagic shock both at the 
macro- and microcirculatory level. However, only 45% of the animals responded to 
the whole blood resuscitation protocol by surviving more than one hour after resus-
citation and 55% of the animals did not respond to the resuscitation protocol by dy-
ing due to ventricular fibrillation within 20-30 min after resuscitation. The primary 
results of this study were that: 1) the gut was more vulnerable to hemorrhage than the 
heart and autologous whole blood resuscitation restored the microcirculation more 
effectively in the heart than in the gut and 2) macro- and microcirculatory parameters 
are profoundly affected and closely related to each other during hemorrhagic shock 
and resuscitation in vital organs such as the heart as in non-vital organs such as the 
gut.

Figure 5. Correlation analysis of microvascular PO2 in the heart and gut versus cardiac index 
(upper left), mean arterial pressure (MAP) (upper right), heart and gut oxygen delivery (lower 
left and lower right, respectively) during hemorrhagic shock and resuscitation. p<0.001 for all 
correlations.
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Several studies have been conducted looking at tissue and/or microcirculatory oxy-
genation of different organ systems simultaneously in models of hemorrhage and 
resuscitation.114,121-123 None of these studies, however, incorporated isovolemic au-
tologous whole blood resuscitation in their protocol. Hence, this is the first study 
quantitatively investigating the relation between the micro- and macrocirculation 
in both a vital (the heart) and a non-vital (the gut) organ. We found that at 45% 
hemorrhage, no significant differences in macro- and microcirculatory parameters 
between the responders and non-responders were present. Ten-to-twenty min after 
autologous whole blood transfusion, however, micro- and macrocirculatory param-
eters improved in the responders but worsened in the non-responders. Since the ani-
mals initially comprised a homogenous group, bred and kept under identical con-
ditions, undergoing the same procedure, the finding that only 45% of the animals 
survived the resuscitation protocol is, in itself, of interest inasmuch as it implies that 
subtle differences between animals govern the response to autologous whole blood 
resuscitation. Furthermore, autologous whole blood may not constitute the optimal 
medium for resuscitation and whole blood resuscitation may require additional phar-
macological intervention to improve macro- and microcirculatory parameters during 
resuscitation.124,125

In both responders and non-responders the gut was shown to be more vulnerable to 
hemorrhagic shock than the heart and, additionally, the heart responded better to 
resuscitation than the gut. At 30% blood loss the decrease in microvascular oxygen-
ation in the gut was much more severe than in the heart. Furthermore, whole blood 
resuscitation restored heart microvascular oxygenation to 80% of baseline and in the 
gut, microvascular oxygenation was restored to only 50% of baseline. In addition, 
measurement of tissue and/or microcirculatory oxygenation was shown to be of great 
relevance inasmuch as restoration of these parameters should be regarded as the ulti-
mate end point of resuscitation. The present study clearly showed that, even though 
macrocirculatory parameters and heart microvascular oxygenation were significantly 
improved by whole blood resuscitation, gut microvascular oxygenation in respond-
ers remained hypoxic. This renders the gut more susceptible to ischemic insult and 
shock and complies with the designation of this organ as “the canary of the body”,126 
even when oxygen delivery to the gut ultimately restores to baseline. Consequently, 
although currently largely abandoned in clinical practice, these findings underscore 
the importance of monitoring the effects of shock and resuscitation at the microcir-
culatory level in vulnerable organs such as the gut for guidance and optimization of 
resuscitation protocols. 

Nevertheless, during the entire protocol, micro- and macrocirculatory parameters 
were closely related and no distributive effects of hemorrhagic shock and autologous 



55

whole blood resuscitation were observed in the present study. This is in contrast to 
septic shock, where increasing MAP does not result in an increase in microcircula-
tory density and perfusion as was shown by Dubin et al. in septic patients requiring 
norepinephrine in addition to fluid resuscitation to maintain an adequate MAP.124 The 
authors studied the sublingual microcirculatory density and perfusion using intravi-
tal microscopy and investigated the effects of norepinephrine on MAP and the micro-
circulation. It was concluded that even though the MAP increased by norepinephrine 
administration, the microcirculation remained suboptimal. However, unlike septic 
shock, hemorrhagic shock does not appear to be of a (re)distributive nature where a 
depressed microcirculation coexists with a normalized macrocirculation. Realizing 
this is of particular importance as it might have profound consequences for the treat-
ment and monitoring of hemorrhagic shock.    

In conclusion, the present study has provided new insights into the response of the 
cardiovascular system to hemorrhagic shock and whole blood resuscitation by exam-
ining the response at both at the macrocirculatory level and at the microcirculatory 
level in a vital (i.e., the heart) and a non-vital (i.e., the gut) organ. We have dem-
onstrated that the microcirculation in the gut and heart follow the macrocirculation 
in the acute phase of hemorrhagic shock and isovolemic autologous whole blood 
resuscitation.
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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.
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Abstract
In order to reduce homologous blood transfusions, hemoglobin solutions are prom-
ising alternatives, to be used for hemorrhagic shock or during hemodilution. Most 
studies are done in small animals. We investigated the efficacy of resuscitation with 
polyHbXl (a polymerized cross-linked hemoglobin solution) in pigs. Furthermore 
this randomized study investigated, whether vasoconstriction, caused by modified 
hemoglobin solutions, changes regional tissue perfusion and oxygenation and af-
fects cardiac function. To this end, twelve pigs (27±2 kg) were anesthetized, and 
subjected to a controlled hemorrhagic shock model (25 mL/kg). Next they were re-
suscitated with either autologous blood (n=6) or polyHbXl (n=6). At baseline, after 
shock and during a 150 minutes observation period following resuscitation, systemic 
hemodynamics and systemic and cardiac oxygenation parameters were determined. 
In addition catecholamines, high cardiac energy phosphates and regional blood 
flows (via radioactive microspheres) were measured. We found that resuscitation 
with  polyHbXl restored all previously changed hemodynamic parameters and cat-
echolamines and resulted in pulmonary hypertension without systemic hypertension. 
Due to a lower arterial oxygen content, systemic oxygen delivery was less compared 
to autologous blood and resulted in a higher oxygen extraction ratio. However, be-
cause of a greater blood flow, regional tissue oxygen flux and cardiac function were 
maintained, similar to the autologous group. Hence, the present study shows that 
resuscitation with polyHbXl after hemorrhagic shock in pigs restores hemodynamics 
and catecholamines at least as good as autologous blood and results in pulmonary 
hypertension. Tissue oxygen flux and cardiac function are well preserved.
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Introduction
As an increased number of deleterious effects of homologous blood transfusions 
are becoming known,186-189 the interest in developing and using alternatives has 
grown.190,191 Perioperative methods to reduce blood transfusions, such as hemodilu-
tion and cell saving have been widely used and accepted. At the same time interest in 
the development of oxygen carrying substances has increased.

In the 1960’s already, artificial oxygen carriers, like perfluorochemicals and hemo-
globin solutions became available for experimental testing. Further development led 
to chemical extraction of the hemoglobin molecule from red blood cells. The initially 
developed artificial acellular hemoglobin solutions had some unfavourable character-
istics and side effects. Some of these were a short intravascular retention time and a 
high oxygen affinity because of a lack of 2,3 DPG. They also caused impairment of re-
nal function.192 Further development has solved these disadvantages by the production 
of stroma-free hemoglobin solutions with modification of the hemoglobin molecule by 
intramolecular cross linking and subsequent polymerization with a macromolecule.193 
In the mean time institutes have developed several kinds of hemoglobin solutions.194 
PolyHbXl is one such product, which is manufactured from human red blood cells.

Different hemoglobin solutions have been studied in animals as oxygen carrying 
solutions for resuscitation in hemorrhagic shock.13,195-199 In these studies however 
oxygenation parameters had not been well documented. Furthermore the infusion 
of Hb solutions causes an increase in both systemic and pulmonary vascular resis-
tance,166,182,183,200 which possibly has implications on regional tissue perfusion and 
function and workload of the heart.194 Regional tissue perfusion has been studied, but 
only in rats.201,202 To our knowledge no studies are present concerning cardiac func-
tion during resuscitation with a hemoglobin solution.

The purpose of this randomized study was to determine the efficacy of polyHbXl com-
pared to autologous blood, for resuscitation in a controlled hemorrhagic shock model 
in anesthetized pigs. The assessment of efficacy was based on systemic hemodynam-
ics and oxygenation. The implications of the vasoconstrictive effect of polymerized 
hemoglobin solutions on tissue oxygenation and cardiac function also were examined.

Materials and methods
Animal Care
All experiments were performed in accordance with the Guiding Principles in the 
Care and Use of Animals as approved by the Council of the American Physiologic 
Society and under the regulations of the Animal Care Committee of the Erasmus 
University Rotterdam (The Netherlands).
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Experimental groups
Twelve crossbred Landrace x Yorkshire pigs (27±2 kg; HVC, Hedel, The Nether-
lands) were randomly assigned to one of two groups: resuscitation after hemorrhagic 
shock with either autologous blood (n=6) or polyHbXl solution (n=6).

Surgical preparation
After an overnight fast, all animals were sedated with ketamine (10 mg.kg-1 i.m.). 
Induction of anesthesia was with thiopental (5 mg.kg-1 i.v.) and midazolam (0.3 
mg.kg-1 i.v.) and after intubation, ventilation (Servo 900B, Siemens, Sweden) was 
performed by intermittent positive pressure ventilation with O2/N2 in a mixture of 
30:70. Normocapnia was maintained at an end tidal PCO2 of 34-38 mmHg. Positive 
end expiratory pressure of 5 mmHg was installed to prevent atelectases. Anesthe-
sia throughout the experiment was maintained by midazolam (0.45 mg.kg-1.hr-1 i.v.) 
and fentanyl (12.5 µg.kg-1 bolus, followed by 12.5 µg.kg-1.hr-1 i.v.). Muscle relax-
ation was maintained by pancuroniumbromide (0.1 mg.kg-1 bolus, followed by 0.3 
mg.kg-1.hr-1 i.v.). The bladder was cannulated for sampling urine, determination of 
total urine production and prevention of vagal stimulation associated with bladder 
distension. Body temperature was measured by a rectal temperature probe and main-
tained around 38°C by a space blanket and a heating pad. Catheters (8F) were posi-
tioned in the left external jugular vein for administration of anaesthetics, for volume 
maintenance with Ringer Lactate solution (fixed rate of administration of 8 mL.kg-1.
hr-1) and for administration of autologous blood or polyHbXl. Fluid filled catheters 
were positioned in the descending aorta for withdrawal of blood samples and moni-
toring of central aortic blood pressure. The right femoral artery was cannulated for 
withdrawing blood to produce hemorrhagic shock. Through the left carotid artery a 
micromano-tipped catheter (B Braun Medical BV) was inserted into the left ventricle 
for measurement of the left ventricular blood pressure and by electrical differentia-
tion, its first derivative (LVdP/dtmax). A midsternal thoracotomy was performed and 
the heart was suspended in a pericardial cradle. An electromagnetic flow probe (Ska-
lar, Delft, The Netherlands) was placed around the ascending aorta for measurement 
of aortic blood flow. The vein accompanying the left anterior descending coronary 
artery (LAD) was cannulated for collection of coronary venous blood. Via the right 
femoral vein a Swan-Ganz catheter (Edwards 7F, Baxter Healthcare Co. Irvine, CA, 
USA) was installed for measurement of right atrial pressure (RAP), pulmonary ar-
tery pressures and collection of mixed venous blood samples.

Regional myocardial segment length shortening was measured by sonomicrometry 
(Triton Technology inc.). A pair of ultrasonic crystals was implanted inside the dis-
tribution area of the LAD. The crystals were positioned in the mid myocardial layer 
approximately 10 to 15 mm apart.
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For measurement of left atrial pressure (LAP) and determination of regional blood 
flows, the left atrium was cannulated for injection of a batch of 1 to 2x106 carbon-
ized plastic microspheres (15±1 mm in diameter) labelled with either 46Sc, 103Ru, 
141Ce, 95Nb or 113Sn (New England Nuclear Dreiech, FRG). Starting 15 seconds be-
fore the injection of microspheres, a reference blood sample was withdrawn from the 
right femoral artery at a rate of 10 mL/min until 60 to 65 seconds after completion 
of microsphere injection. The volume of blood withdrawn during this procedure was 
restituted with Ringer Lactate solution. At the end of the experiment the heart, lungs, 
kidneys, brain, small intestines, ileum, stomach, spleen, adrenals, skin, muscles and 
the liver were excised and handled as described previously for determination of re-
gional blood flows.203

Experimental protocol
After the preparation had remained stable for at least 30 minutes following comple-
tion of instrumentation, baseline values were obtained for systemic hemodynamic 
variables and regional myocardial function. Arterial (a), mixed venous (v) and coro-
nary venous blood (corv) samples were collected for the measurement of hematocrit 
(Hcta), hemoglobin (Hb) and its oxygen saturation (Spectrophotometer OSM2, Ra-
diometer, Copenhagen, Denmark), PO2, PCO2 and pH (ABL 500, Radiometer, Co-
penhagen, Denmark). In addition the first batch of radioactive microspheres was 
injected. A venous blood sample was withdrawn for the determination of cell count, 
metHb, Na+, K+, hemoglobin in plasma and lactate. A urine sample was collected and 
stored in liquid nitrogen for the determination of NAG, Na+, and metHb. Also 10 mL 
blood from the central aorta was collected for the determination of catecholamines. 
Finally a left ventricular biopsy specimen was obtained, to determine myocardial 
high energy phosphates. Thereafter, a controlled hemorrhagic shock was induced by 
withdrawing blood in four steps (15 minutes for each step) of 10 mL.kg-1, 7 mL.kg-1, 
5 mL.kg-1 and 3 mL.kg-1 respectively. The blood was collected in CADP containing 
blood bags, under continuous gentle shaking and stored at room temperature. After 
a stabilisation period of 30 minutes, all values were determined again (Shock). Re-
suscitation was performed by administration over 15 minutes of either the previously 
withdrawn autologous blood or the polyHbXl solution (25 mL.kg-1) and followed by 
a 30 minutes stabilisation period. At this time and 60, 90 and 150 minutes post re-
suscitation all parameters were determined again, except for measurements of tissue 
blood flow, myocardial high energy phosphates, regional cardiac length shortening 
and catecholamines, which were determined at 30 and 150 minutes post resuscitation 
only. At the end of the experiment the animal was sacrificed using an overdose of 
sodium thiopenthobarbital.
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Biochemical determination and data analysis
Mean arterial pressure (MAP), heart rate (HR) and mean pulmonary artery pres-
sure (MPAP) were determined from respectively central aortic and pulmonary artery 
pulse waves. The following hemodynamic parameters were calculated: stroke vol-
ume (SV) = CO/HR; systemic vascular resistance (SVR) = 80*(MAP-RAP)/CO and 
pulmonary vascular resistance (PVR) = 80*(MPAP-LAP)/CO, where CO is the total 
cardiac output, derived from adding myocardial blood flow (microspheres) to the 
aortic blood flow (flow probe).

Systolic segment shortening was calculated from the tracings as 100%*(EDL-ESL)/
EDL, in which EDL and ESL are the segment length at end-diastole and end-systole, 
respectively. These time points were defined as the opening and closing of the aortic 
valves, respectively.

Regional tissue blood flows (Qti)were calculated as (Iti/Ia)*Qa, in which Iti and Ia are 
the radioactivity (cpm) per 100 gr tissue and the radioactivity of the arterial blood 
sample respectively, and Qa is the withdrawal rate of the reference sample. Systemic 
and tissue oxygen fluxes were calculated as (DO2syst) = (O2fluxsyst) = CO*CaO2 and 
(O2fluxti) = Qti*CaO2, in which CaO2 is the arterial oxygen content in mL O2

.mL-1 
blood, calculated as 1.39*Hba(g.dL-1)*SaO2 + 0.0031*PaO2. Tissue vascular resis-
tances were calculated as MAP/Qti. Systemic and left ventricular myocardial oxygen 
consumption were calculated as (VO2syst) = CO*C(a-v)O2 and (VO2lv) = Qlv*C(a-corv)O2, 
respectively, in which C(a-v)O2 is the difference in oxygen content between arterial 
and mixed venous blood (CvO2 = 1.39Hbv*SvO2+0.0031*PvO2), Qlv is the left ven-
tricular blood flow and C(a-corv)O2 is the difference in oxygen content between arterial 
and coronary venous blood (CcorvO2= 1.39Hbcorv*ScorvO2+0.0031*PcorvO2). Systemic 
and myocardial oxygen extraction ratios were calculated as (ERsyst)= VO2syst/O2fluxsyst 
and (ERlv) = VO2lv /O2fluxlv, respectively. Cardiac efficiency was calculated as LV-
Work /VO2lv, in which (LVWork) = MAP*CO.

Hematocrit was determined by means of a Hawkley’s micro centrifuge. Blood 
samples for determination of catecholamines (dopamine, epinephrine, and norepi-
nephrine) were collected into heparinized tubes containing 12 mg of glutathione. 
The plasma was separated immediately by centrifugation (4ºC, 15 min, 3,000g) and 
stored at -80ºC until assayed. Determination was done by high-performance liquid 
chromatography with fluorescence detection after extraction and derivation.204

Myocardial high energy phosphates (ATP, ADP and CrP) were determined from left 
ventricular biopsy specimen, which were stored in liquid nitrogen, according to 
Achterberg et al.204



76 Chapter 5

Statistical analysis
A two way analysis of variance (repeated measures) was performed. When appropri-
ate a Newman-Keuls multiple t-test with Bonferroni correction followed. A Student’s 
t-test for unpaired observations was used to compare both groups at each time in-
terval. A Student’s t-test for paired observations was used to analyse changes within 
each group. In case of skewed distribution, data were logarithmically transformed to 
obtain normal distribution(Statview, Abacus Concepts, Berkeley, CA). Differences 
were considered statistically significant if P< 0.05. All data are presented as mean 
± SD, except changes from baseline or shock, which are expressed as mean ± SEM.

Drugs
Drugs used in this study were midazolam-HCL (Dormicum, Hoffmann-La Roche, 
Mijdrecht, The Netherlands), ketamine-HCL (Nimatek, AUV, Cuyk, The Nether-
lands), fentanyl citrate (Fentanyl, Janssen Pharmaceutica, Tilburg, The Netherlands) 
and pancuroniumbromide (Pavulon, Organon Teknika, Boxtel, The Netherlands).
PolyHbXl (Central Laboratory of Blood Banks, Amsterdam The Netherlands) is 
made by intra- and intermolecular cross-linking of Hb molecules. The Hb was pre-
pared from fresh, washed and leukocyte filtered human red blood cells.205,206 Proper-
ties of polyHbXl are presented in Table 1.

Results
Systemic hemodynamics
Results of systemic hemodynamic measurements are summarized in Table 2. In both 
groups resuscitation resulted initially in restoration to baseline values of all previously 
changed parameters (e.g. MAP, CO, HR, SV and LVEDP). In the polyHbXl group 
however, MAP values tended to be higher compared to the autologous group, which 
was only statistically significant at 150 minutes post resuscitation (105±16 mmHg vs. 
88±7 mmHg), although no difference was observed compared to baseline value. The 

Table 1. Characteristics of polyHbXl. *Mol. Weight distribution  dissociable Hb (32 kDa; <2%), 
monomers (64 kDa; 23%), polymers (>500 kDa; 26%). ** PolyHbXl is diafiltrated against a 
Ringer Lactate solution.
 
 iso-oncotic Hb concentration (g.100mL-1) 9.3
 viscosity (cp) 1.3
 P50 (mmHg) 26
 Hill coefficient (n) 1
 oxygen saturation at PO2 100mmHg (%) 85
 methemoglobin (%) <5
 *composition mixture of monomers and polymers
 COP (mmHg) 25
 endotoxin (EU) <0.23
 **osmolality (mosm) 285



77

SV and LVEDP were significantly changed below baseline values at this time point 
(-22±3 % and -12±4 %, respectively), while the SVR was increased above baseline 
value with 32±10 %. In the polyHbXl group the increase in the MPAP above baseline 
values was more pronounced than in the autologous group (86±22 % vs. 9±13 %), 
mainly as a result of an increase in PVR of 156±28 %. Throughout the whole study pe-
riod the observed differences between both groups in MPAP and PVR were consistent.

Table 2. Systemic hemodynamics during hemorrhagic shock and resuscitation with polyHbXl 
(n=6) or autologous blood (n=6) in anesthetized pigs.

Parameter Baseline Shock Post Resuscitation

30 minutes 60 minutes 90 minutes 150 minutes

MAP (mmHg)
A
P

92±6
95±7

60±12‡

58±14‡
100±21§

105±15§
96±19§

107±17§
93±15§

111±16§
88±7§

105±16§¶

HR (beats.min-1)
A
P

129±17
124±20

195±44‡

204±27‡
143±32§

136±25§
139±27§

133±23§
137±35§

132±22§
142±34§

140±25§

CO (L.min-1)
A
P

2.23±0.67
2.58±0.48

1.47±0.32‡

1.65±0.51‡
2.51±0.51‡§

2.56±0.83§
# # 2.20±0.39§

2.30±0.66

SV (mL)
A
P

17.9±6.5
21.2±5.3

8.1±3.0‡

8.3±3.0‡
18.6±6.5§

19.0±6.0§
# # 16.3±4.6§

16.7±5.0‡§

LVEDP (mmHg)
A
P

6.0±1.9
7.3±1.9

3.8±2.2‡

4.7±1.5‡
6.8±2.3§

6.7±0.8§
6.3±1.6§

7.0±0.9§
6.8±1.9§

7.3±1.7§
6.5±2.1§

6.3±1.0‡§

MPAP (mmHg)
A
P

25.8±3.6
24.2±3.5

20.7±3.4‡

21.3±6.1
27.2±4.6§

44.0±11.0*†‡§¶
24.7±4.4

39.2±9.3*†‡§¶
24.2±4.9

35.3±7.8*†‡§¶
26.2±5.0

39.5±8.4*†‡§¶

SVR (dyne.s.cm-5)
A
P

3,433±1,585
2,837±503

3,329±1,426
2,656±657

3,210±1,030
3,522±1,369

# # 3,022±731
3,775±1,092‡

PVR (dyne.s.cm-5)
A
P

872±377
592±242

914±237
882±456

727±220
1,452±545*†¶

# # 718±120
1,334±330*†¶

Values are mean ± SD. A = autologous group; P = polyHbXl group. MAP = mean arterial pres-
sure; HR = heart rate; CO = cardiac output; SV= stroke volume; LVEDP = left ventricular 
end-diastolic pressure; MPAP = mean pulmonary artery pressure; SVR = systemic vascular 
resistance; PVR = pulmonary vascular resistance. * Change from baseline significantly differ-
ent (P<0.05) versus autologous group. † Change from shock significantly different (P<0.05) 
versus autologous group. ‡ P<0.05 versus baseline. § P<0.05 versus shock. ¶ P<0.05 versus 
autologous group. # CO could not be calculated, because cardiac blood flow (microspheres) was 
not determined.
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Diuresis and kidney function
Diuresis and fluid administration during the experiment are shown in Table 3. Al-
though the total of administrated fluid volumes were similar in both groups, diure-
sis during resuscitation was significantly lower after administration of polyHbXl 
(50±28 mL vs. 144±43 mL). No decrease in creatine excretion was found, nor an 
increase in NAG excretion (results not shown). No hemoglobin or metHb could be 
detected in the urine also.

Systemic oxygenation
Results of hemoglobin and systemic oxygen flux and consumption variables are pre-
sented in table 4. Throughout the entire experiment the PaO2 was lower in the poly-
HbXl group, compared to the autologous group. In both groups shock resulted in a 
mixed venous PO2 of 27±3 mmHg. In contrast to the autologous group resuscitation 
with polyHbXl did not restore DO2syst nor the systemic oxygen extraction ratio to 
baseline values. Mixed venous PO2 and SvO2 were significantly lower than baseline 
values, as well as in comparison with the autologous group. In both groups oxygen 
consumption did not change. Until the end of the experiment the arterial oxygen sat-
uration in the polyHbXl group was significantly lower as compared to the autologous 
group (85.2±4.2 % vs. 93.4±2.6 %). There was a progressive decrease in total hemo-
globin concentration in the polyHbXl group  (from 9.4±0.6 g.dL-1 to 7.9±1.1 g.dL-1), 
as well as a rapid fall in Hb concentration in the plasma during the first 60 min after 
administration from a calculated Hb concentration of 5 g.dL-1 to 3.4±0.1 g.dL-1, fol-
lowed by a small but steady decrease during the rest of the experiment to 3.2±0.2 
g.dL-1. This fall was accompanied by extravasation of the Hb molecules, visible in 
all exposed organs (e.g. lungs and heart) and, after performing a small laparotomy 
in four animals, in the intestine. In these animals samples of the intraperitoneal fluid 
were taken, in which Hb could be detected. Measurement of the molecular weight 

Table 3. Diuresis and fluid administration.

Preparation
until

Baseline

Baseline 
until

End of Shock

Resuscitation
until
End

Total

Diuresis (ml)

A 172±88 45±25 144±43 361±67

P 181±99 69±58 50±28* 300±114

Fluid administration (ml)

A 1,250±263 450±274 850±227 2,550±227

P 908±102 508±159 942±179 2,358±314

Values are mean ± SD. A = autologous group (n=6); P = polyHbXl group (n=6). *P<0.001 
versus autologous group.
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Table 4. Hemoglobin and systemic oxygen delivery and consumption variables during hemorrhagic 
shock and resuscitation with polyHbXl (n=6) or autologous blood (n=6) in anesthetized pigs.

Values are mean ± SD. A = autologous group; P = polyHbXl group. Hb, SO2, PO2 and CO2 = hemo-
globin concentration with its saturation, oxygen pressure and oxygen content, respectively; a = arte-
rial; v = mixed venous; Hct = hematocrit; DO2syst, VO2syst and OERsyst = systemic blood flow, oxygen 
consumption and oxygen extraction ratio, respectively.*Change from baseline significantly different 
(P<0.05) versus autologous group. † Change from shock significantly different (P<0.05) versus au-
tologous group. ‡ P<0.05 versus baseline. § P<0.05 versus shock. ¶ P<0.05 versus autologous group.    
# CO could not be calculated, because cardiac blood flow (microspheres) was not determined.

Parameter Baseline Shock Post Resuscitation

30 minutes 60 minutes 90 minutes 150 minutes

Hba (g
.dL-1)

A
P

9.0±0.9
9.7±1.0

8.4±0.8
9.4±0.6¶

8.1±1.4‡

9.0±0.9
8.2±1.2‡

8.4±0.8‡§
8.2±1.1‡

8.3±0.6‡§
8.5±1.1‡

7.9±1.1‡§

Plasma Hba (g
.dL-1)

P 4.0±0.2 3.4±0.1 3.3±0.2 3.2±0.2

Hcta (%)
A
P

30±3
32±4

28±2
31±2

28±3
21±3*†‡§¶

27±4
16±4*†‡§¶

PaO2 (mmHg)
A
P

157±11
131±14¶

148±13
124±23

152±20
114±29¶

150±22
123±42

150±18
129±37

144±25
128±32

SaO2 (%)
A
P

94.6±2.5
92.6±1.7

93.4±2.1‡

91.8±1.7
93.4±2.6‡

85.2±4.2*†‡§¶
93.3±2.7‡

83.7±4.6*†‡§¶
93.6±2.4‡

85.5±4.0*†‡§¶
93.3±2.9‡

85.7±2.9*†‡§¶

CaO2 (mL.dL-1)
A
P

12.3±1.1
13.0±2.3

11.3±0.9
12.4±0.9

10.9±1.6‡

11.0±1.6
11.0±2.0‡

10.2±0.9‡§
11.2±1.3‡

10.3±0.7‡§
11.4±1.4‡

9.8±1.3‡§

Hbv (g
.dL-1)

A
P

9.4±0.9
10.1±0.9

8.6±0.7
9.3±0.7

8.2±1.4‡

8.7±0.7‡
8.5±1.0‡

8.8±0.5‡
8.6±1.2‡

8.6±0.6‡
8.5±1.0‡

8.3±1.2‡§

PvO2 (mmHg)
A
P

43±2
41±5

27±3‡

27±3‡
42±3§

30±6*†‡¶
38±5‡§

27±4*†‡¶
37±5‡§

25±4*†‡¶
35±4‡§

25±6*†‡¶

SvO2 (%)
A
P

54.8±7.1
57.3±6.8

25.7±6.0‡

26.8±7.1‡
54.3±4.6§

39.9±6.0*†‡§¶
48.6±9.1§

35.4±2.9*†‡¶
48.0±7.2§

36.2±5.0*†‡§¶
44.8±8.9§

35.8±4.9*†‡

CvO2 (mL.dL-1)
A
P

7.3±1.4
8.2±1.5

3.1±0.6‡

3.5±0.9‡
6.3±1.2§

5.0±1.1†‡
5.9±1.3§

4.4±0.6†‡¶
5.9±1.3§

4.4±0.2†‡¶
5.5±1.3‡§

4.2±0.9†‡

DO2syst (mL.min-1)
A
P

271±72
335±78

165±35‡

203±58‡
268±30§

272±60‡§
# # 247±25§

227±85‡

VO2syst (mL.min-1)
A
P

112±39
122±26

119±26
143±31

113±19
141±31

# # 129±25
127±34

OERsyst (%)
A
P

41±7
37±5

72±6‡

72±7‡
42±7§

54±15‡
# # 52±9§

57±6‡§
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distribution by size exclusion chromatography showed that especially dissociable Hb 
was present, non-crosslinked product. Even large polymers were present, although 
the ratio between large polymers and monomers (64 kDa) was changed.

Regional perfusion and oxygenation
Results of blood flows, oxygen fluxes and resistances of several organs are sum-
marized here, but the data is not shown in tables or figures. Shock resulted in a 
decrease in blood flow to the kidneys, intestine, spleen, skin, muscles and lungs, in 
both groups. However, the resistances of the intestine and stomach were decreased. 
Blood flow and oxygen flux to the heart and brains were preserved, as a result of 
a decrease in resistance. After resuscitation blood flow as well as oxygen flux in-
creased above baseline values in the heart (91±29 %)(polyHbXl group only) and 
small intestine and stomach (both groups), accompanied by low resistances. In both 
groups previously decreased blood flows and oxygen fluxes (e.g. kidneys, ileum, 
skin and muscles) returned to baseline values. In the polyHbXl group only, values for 
blood flow and oxygen flux to lungs and spleen were found to remain below baseline 
values (-35±6% and 44±12%, respectively), while blood flow and oxygen flux to 
the adrenals decreased below baseline values (-35±10%), the result of an increased 
resistance. Blood flow but not oxygen flux to the kidneys returned to baseline values 
in both groups, while resistance did not change.

Catecholamines and lactate
Plasma levels of catecholamines, which were markedly increased during shock, were 
similar restored to baseline values following resuscitation with either polyHbXl or 
autologous blood (not shown in tables or figures). Plasma levels of lactate tended 
to decrease even in an earlier state in the polyHbXl group (not shown in tables or 
figures).

Myocardial function and metabolism
Table 5. shows the results of cardiac function and cardiac metabolism. In both 
groups, resuscitation resulted in restoration to baseline values of almost all previ-
ously changed cardiac function parameters. However, values of the SSLAD in the 
polyHbXl group during the entire observation period and of the LVdP/dtmax in the 
autologous group at 90 and 150 min post resuscitation remained below baseline lev-
els. At 150 minutes post resuscitation a significant increase in values of CrP and 
ATP/ADP ratio above baseline levels was observed in both groups.
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Myocardial perfusion and oxygenation
Results of myocardial blood flow, blood flow distribution and oxygenation are pre-
sented in Figure 1 and Table 6. Shock caused a decrease in coronary venous PO2 to 

Table 5. Cardiac function and myocardial metabolism during hemorrhagic shock and resuscita-
tion with polyHbXl (n=6) or autologous blood (n=6)  in anesthetized pigs.

Values are mean ± SD. A = autologous group; P = polyHbXl group. LVdP/dtmax = maximal rate 
of rise in left ventricular pressure; LVSP = left ventricular systolic pressure; EDL and ESL = 
end-diastolic and end-systolic  length; SS LAD = systolic segment shortening of the distribu-
tion area of the LAD; ATP = adenosine triphosphate; ADP = adenosine diphosphate; CrP = 
creatine phosphate. ‡ P<0.05 versus baseline. § P<0.05 versus shock. ¶ P<0.05 versus autolo-
gous group. # CO could not be calculated, because cardiac blood flow (microspheres) was not 
determined. ## No measurements were performed.

Parameter Baseline Shock Post Resuscitation

30 minutes 60 minutes 90 minutes 150 minutes

LVdP/dtmax (mmHg.s-1)
A
P

2,399±279
2,246±362

2,035±511
2,061±671

2,271±563
2,213±778

2,014±517
2,177±778

1,835±558‡

1,998±675
1,739±348‡

2,101±833

LVSP (mmHg)
A
P

109±4
114±7

81±12‡

75±16‡
117±21§

124±19§
114±19§

127±20§
112±14§

130±18§
107±9§

124±17§¶

LV Work (kg.m)
A
P

206±66
248±58

87±22‡

100±54‡
249±70§

274±112§
# # 192±36§

245±98§

EDL LAD (mm)
A
P

8.9±1.4
10.3±0.9

7.5±0.9‡

8.9±1.0‡¶
9.5±1.6§

10.1±1.0§
9.3±1.6§

10.0±1.1§
9.2±1.4§

10.1±1.0§
9.1±1.4§

10.1±1.0§

ESL LAD (mm)
A
P

7.4±0.9
8.9±1.0¶

7.0±0.8‡

8.5±1.1‡¶
8.0±1.2‡§

9.0±1.1§
7.9±1.2‡§

9.1±1.1§
7.9±1.1‡§

9.2±1.1§¶
7.8±1.1‡§

9.2±1.0§¶

SS LAD (%)
A
P

16.1±6.9
13.7±3.4

6.4±3.6‡

4.6±4.0‡
15.1±6.5§

9.7±2.8‡§
14.0±6.4§

8.9±1.9‡§
13.5±5.7§

9.0±2.4‡§
14.0±5.9§

9.3±2.2‡§

ATP (µmol/g dry wt)
A
P

29.0±8.5
27.1±6.3

30.7±2.9
30.6±6.2

29.4±4.0
28.8±7.8

## ## 30.0±2.7
29.8±4.3

ADP (µmol/g dry wt)
A
P

5.7±1.1
5.6±0.5

5.8±1.2
6.2±0.8

5.1±0.9
6.4±2.0

## ## 4.6±0.4§

5.2±0.4§

ATP/ADP Ratio
A
P

5.1±1.7
4.3±0.7

5.0±0.4
4.5±0.8

5.6±1.2
4.6±1.4

## ## 6.6±0.4‡§

6.1±0.5‡§

CrP (µmol/g dry wt)
A
P

47.2±16.1
39.8±17.6

53.2±14.3
46.5±16.1

54.7±14.3
48.5±20.6

## ## 67.3±15.9‡§

61.7±12.8‡§
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24±5 mmHg (autologous group) and 22±9 mmHg (polyHbXl group). Oxygen flux to 
the left ventricle did not change in both groups. In the polyHbXl group only, resuscita-
tion resulted in a significant increase in blood flow and oxygen flux to the left ven-
tricle. This increase affected both subepicardial as well as subendocardial blood flow, 
but there was a larger effect on subendocardial blood flow, resulting in an increased 

Table 6. Myocardial perfusion and oxygenation variables during hemorrhagic shock and resus-
citation with polyHbXl (n=6) or autologous blood (n=6) in anesthetized pigs.

Parameter Baseline Shock Post Resuscitation

30 minutes 60 minutes 90 minutes 150 minutes

Hbcorv (g.dL-1)
A
P

9.9±1.0
10.5±1.2

8.8±0.7
10.0±0.9

8.9±1.2‡

9.3±0.8‡
8.8±1.0‡

9.1±0.8‡
8.7±1.3‡

8.7±0.8‡
8.9±1.1‡

8.4±1.1‡§

PcorvO2 (mmHg)
A
P

29±5
26±4

24±5‡

22±9‡
30±5

23±5*†¶
29±6

22±5*†‡
29±4

22±4*†¶
28±4

23±3*†¶

ScorvO2 (%)
A
P

34.1±8.0
28.4±6.7

21.0±4.1‡

18.7±6.3‡
31.3±6.9

31.6±3.8§
31.8±3.1

32.5±4.7§
31.7±7.1

32.4±3.3§
31.5±6.2§

32.2±1.2§

CcorvO2 (mL.dL-1)
A
P

4.8±1.5
4.2±1.1

2.6±0.4‡

2.6±0.8‡
4.0±1.4

4.2±0.7§
4.1±1.5

4.2±0.9§
4.0±1.5

4.0±0.7§
4.1±1.3

3.8±0.6§

DO2lv(mL.min-1.100g-1)
A
P

17.8±5.7
17.4±6.9

20.0±7.9
16.6±7.7

23.1±7.9
24.7±4.1‡§

# # 18.9±4.8
23.4±7.2‡§

Endo/Epi Ratio
A
P

1.82±1.48
1.17±0.33

1.41±1.21
0.97±0.22

1.51±1.04
1.38±0.22§

# # 2.1±1.96
1.28±0.16§

VO2lv (mL.min-1.100g-1)
A
P

11.1±4.1
12.1±5.5

15.3±6.0
13.2±6.5

14.6±5.1
15.0±2.4

# # 12.2±3.4
14.2±4.5

OERlv (%)
A
P

61±9
67±7

77±4‡

79±6‡
64±7§

61±10§
# # 65±7§

61±2§

Cardiac Efficiency (%)
A
P

20.3±6.8
24.8±14.1

6.6±3.0‡

9.1±5.3‡
18.0±4.9§

18.9±8.5§
# # 16.2±3.1§

18.2±6.6§

Values are mean ± SD. A = autologous group; P = polyHbXl group. Hb, SO2, PO2 and CO2 = 
hemoglobin concentration with its saturation, oxygen pressure and oxygen content, respectively; 
corv = coronary venous; DO2, VO2 and OER = blood flow, oxygen consumption and oxygen ex-
traction ratio, respectively; lv = left ventricular. * Change from baseline significantly different 
(P<0.05) versus autologous group. †Change from shock significantly different (P<0.05) versus 
autologous group. ‡ <0.05 versus baseline. § P<0.05 versus shock. ¶ P<0.05 versus autolo-
gous group. # CO could not be calculated, because cardiac blood flow (microspheres) was not 
determined
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endo/epi ratio (from 0.97±0.22 to 1.38±0.05). In contrast to resuscitation with autolo-
gous blood, resuscitation with polyHbXl did not restore PcorvO2 to baseline values. Left 
ventricular OER and Cardiac Efficiency however, had returned to baseline values in 
both groups. Furthermore, throughout the experiment, the coronary venous Hb con-
centration was consistently higher (6%) than the arterial Hb concentration.

Discussion
The main purpose for developing polyHbXl was its use as an oxygen carrying solu-
tion for hemorrhagic shock, to reduce homologous transfusions and their associated 
risks or in cases where no blood is available. In the present investigation this sub-
stance was used as a resuscitation fluid in a controlled hemorrhagic shock model in 
pigs. This type of animal was chosen, as in pigs the sympathetic responses during 
conditions of stress are comparable to those in human beings.207 Hemorrhagic shock 
was induced by 25 mL/kg blood extraction, according to Hess et al..166 This model 
was developed for the US army to mimic trauma patients and was chosen because of 
its suitability as a resuscitatible model of hemorrhagic shock.

Figure 1. Left ventricle (LV) blood flow, blood flow distribution, and oxygenation. White bars: 
autologous blood resuscitation. Gray bars: polyHbXl resuscitation. 
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PolyHbXl resembles polyHbNFPLP, i.e. the α chains of the Hb molecule are inter-
molecular cross-linked with NFPLP (2-nor-formylpyridoxal 5’ phosphate), which 
blocks dissociation into αα-dimers and decreases oxygen affinity. These NFPLP-
hemoglobin molecules are subsequently polymerized with glutaraldehyde to provide 
an optimal degree of vascular retention time, colloid osmotic pressure and viscosity 
(Table 1). The data derived in this study indicate, that resuscitation from hemorrhagic 
shock with polyHbXl in anesthetized pigs reduces the sympathetic response similar 
to autologous blood. It results in pulmonary hypertension without systemic hyper-
tension, although both systemic and pulmonary vascular resistance are increased. 
Diuresis is reduced and myocardial function is preserved. Furthermore oxygen trans-
port capacity of polyHbXl is less compared to autologous blood, but without affect-
ing regional oxygenation, because of an increase in regional blood flow.

Systemic hemodynamics
The mechanism for the vasoconstrictive effect of human modified Hb solutions is 
most likely the binding of the acellular hemoglobin molecule to nitric oxide.208,209 The 
observation of an increased SVR and PVR agree with other reports.166,182,197,200,201,210 In 
contrast to our findings however, these reports showed both systemic and pulmonary 
hypertension, because cardiac output did not change. The cardiac output in the pres-
ent study tended to decrease, as a result of a reduced stroke volume, although there 
was some hemodilution and an expected decrease in viscosity (acellularity), which 
might have resulted in an increase of the cardiac output.211,212 We observed therefore 
no systemic hypertension. The reduced stroke volume resulted from both a decrease 
in the LVEDP and an increase in the SVR. The former may be explained by a dimin-
ished blood supply to the left ventricle, which in turn may be caused by a diminished 
output from the right ventricle to the left ventricle, due to an increased PVR. The 
latter may be explained by the increased peripheral vasoconstriction, which counter-
acted the effects of the lower viscosity. 

No decrease in heart rate below baseline value was observed during resuscitation 
with polyHbXl. The bradycardia observed in other reports194 could therefore be the 
result of a compensation mechanism secondary to an increased resistance, rather 
than directly induced by the modified hemoglobin solution. The decrease in plasma 
levels of catecholamines and the decrease of plasma lactate indicate good resuscita-
tion characteristics of polyHbXl.

Diuresis and kidney function
Effects on diuresis are commonly found after administration of Hb solutions. Keipert 
et al.200 reported an increase in diuresis in rats after resuscitation with DCLHb, which 
was however in combination with systemic hypertension. The diminished diuresis 
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found in this study could be species dependent or due to the shock model.213 It also 
could be caused by the extravasation of Hb, thereby causing a disturbance in the 
fluid balance. Decrease in diuresis was not caused by damage of Hb to the kidney, 
because kidney function was preserved. The latter was derived from the fact that 
no decrease in creatine excretion and no increase in NAG excretion (a well known 
marker of tubulus damage caused by ischemia or unmodified Hb) was found.192

Systemic oxygenation
To our knowledge there are just a few reports present in whole animal models where 
oxygen transport during resuscitation with a modified Hb solution has been moni-
tored.166,197,214 These studies generally showed incomplete oxygenation parameters or 
concerned a completely different hemoglobin solution, made from bovine material.210 
In the present investigation a complete set of oxygenation parameters was measured. 
Pigs were ventilated with a fixed FiO2 of 33%, to ensure that any change in arterial 
PO2 was directly related to an intervention. This approach led to a lower mean arte-
rial PO2 at baseline in the polyHbXl group, compared to the autologous group, which 
difference however, remained stable throughout the experiment. This observation 
was mainly due to two animals, who showed marked atelectases, verified at autopsy. 
Assuming that there is no facilitation of pulmonary oxygen exchange, it is likely 
that polyHbXl had no influence on shunting of venous blood within the pulmonary 
circulation. This study has shown that the arterial oxygen content of polyHbXl is 
lower than that of normal intracellular hemoglobin. There are two explanations for 
this observation. First, at an arterial PO2-range of 100-150 mmHg, polyHbXl is not 
completely saturated (Table 1). Methemoglobinemia partly may explain this phe-
nomenon, even though its concentration in the mixture of polyHbXl and porcine he-
moglobin did not exceed 5%. Second, during the observation period there was some 
loss of hemoglobin in the polyHbXl group. The known half life of polyHbXl, ranges 
from 15 to 24 hours and the observed extravasation of especially small molecules 
and dissociable Hb may explain this decrease in total hemoglobin concentration. 
Extravasation of Hb is found for a crosslinked product,215 but to our knowledge not 
for a polymerized product.

The decreased systemic oxygen transport capacity in the polyHbXl group was com-
pensated for by the unloading of more oxygen from polyHbXl. This was shown by 
the presence of a higher systemic oxygen extraction ratio with a constant systemic 
oxygen consumption. As a consequence a lower PvO2 and SvO2 was found. It is note-
worthy that, although a change in the oxygen dissociation curve was observed, as 
expected from the known dissociation curve of polyHbXl, unloading of more oxygen 
from polyHbXl was possible.
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Regional perfusion and oxygenation
Although arterial oxygen content and systemic oxygen delivery were impaired, blood 
flow and more important oxygen flux was preserved in almost all organs in both 
groups. An important observation in this study is the increase of blood flow and oxy-
gen flux to the brain, the heart and the gastrointestinal tract, caused by a reduced re-
sistance, which probably is caused by the lower viscosity of polyHbXl. There seems 
to be a distribution of blood flow toward more important organs. This observation 
agrees with results in rats, previously reported by Sharma et al..201 Another report 
concerning blood exchange with a modified hemoglobin solution showed increase of 
blood flow to the brain.202

Myocardial function and oxygenation
In contrast to a diminished systemic oxygen delivery, there was an increase in oxygen 
flux to the heart, as a result of an increase in blood flow. Sharma and Gulati201 only 
studied the overall cardiac blood flow and Dietz et al.216 also found an increase in 
blood flow to the heart. Both oxygen consumption and oxygen extraction ratio of the 
left ventricle, not investigated by others, did not change. In contrast to a diminished 
mixed venous oxygen saturation, coronary venous oxygen saturation did not change. 
The PcorvO2 however, was decreased, due to the previously described change in the 
oxygen dissociation curve of polyHbXl. Not only was the oxygen flux to the heart 
maintained, but even a better flow distribution within the heart was seen following re-
suscitation with polyHbXl. Myocardial metabolism also was preserved, indicated by a 
stable concentration of ATP, with even an increase in CrP levels, a substrate for ATP.217

To our knowledge this is the first report concerning cardiac function during resusci-
tation with a modified hemoglobin solution. This study showed that cardiac function 
could be maintained as a result of a good balance between oxygen supply and left 
ventricular workload. It also showed that an increased pulmonary pressure was not 
due to failure of the left ventricle. Function of the right ventricle however, was not 
investigated.

Conclusions
In conclusion, resuscitation from hemorrhagic shock with polyHbXl in anesthetized 
pigs is at least as effective as using autologous blood. It increases both pulmonary 
and systemic vascular resistance, resulting in pulmonary hypertension but not in sys-
temic hypertension, because of a decreased stroke volume. Diuresis is diminished, 
but kidney function is preserved. Oxygen transport capacity of polyHbXl is less, 
but does not affect oxygen flux to vital organs or left ventricular function, because 
of a better blood flow. Finally, possible consequences for tissue oxygenation of the 
extravasation of polyHbXl will need further investigation.
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low-volume resuscitation with a hemoGlobin-based 
oxyGen carrier after hemorrhaGe imProves 

Gut microvascular oxyGenation in swine

M van Iterson, M Sinaasappel, K Burhop, A Trouwborst, C Ince
J Lab Clin Med 1998; 132: 421-431

Abstract
Using palladium-porphyrin quenching of phosphorescence, we investigated the in-
fluence of diaspirin cross-linked hemoglobin (DCLHb) on gut microvascular oxygen 
pressure (µPO2) in anesthetized pigs. Values of gut µPO2 were studied in correla-
tion with regional intestinal as well as global metabolic and circulatory parameters. 
A controlled hemorrhagic shock (blood withdrawal of 40 mL/kg) was followed by 
resuscitation with either a combination of lactated Ringer’s solution (75 mL/kg) and 
modified gelatin (15 mL/kg)(lactR/Gel) or 10% DCLHb (5 mL/kg). After resuscita-
tion, gut µPO2 was similarly improved in the lactR/Gel group (from 25 ± 10 mm Hg 
to 53 ± 8 mm Hg) and the DCLHb group (from 23 ± 9 mm Hg to 46 ± 6 mm Hg), 
which was associated with increased gut oxygen delivery. However, the improve-
ment after resuscitation with DCLHb was sustained for longer periods of time (75 
vs 30 min). Mesenteric venous PO2 was increased after resuscitation with lactated 
Ringer’s solution and modified gelatin but not with DCLHb, which was associated 
with an increased gut oxygen consumption in the latter group. We conclude that mea-
surement of µPO2 by the palladium-porphyrin phosphorescence technique revealed 
DCLHb to be an effective carrier of oxygen to the microcirculation of the gut. Also, 
this effect can be achieved with a lower volume than is currently used in resuscita-
tion procedures.

Introduction
The use of allogeneic blood needs to be minimized because it is associated with 
life-threatening hazards and shortages.218-220 Risks of disease transmission, rigorous 
storage regulation, cross-matching with the receiver, short shelf life, and decreasing 
donor pools have prompted the need for safe and effective blood substitutes with 
oxygen-carrying properties.221 As treatment for red blood cell loss in the periopera-
tive setting, alternative methods that make use of autologous blood212,222 are recom-
mended by the practice guidelines for blood component therapy as reported by the 
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American Society of Anesthesiologists Task Force on Blood Component Therapy. 
They are, however, not applicable in acute situations outside the hospital or in an 
emergency room. In these clinical emergencies, HBOCs would be especially useful. 
HBOCs are derived from either recombinant, transgenic, or chemically modified 
natural hemoglobins, and several of these products have entered phase II and III tri-
als. Measurement of global hemodynamic and oxygenation parameters has provided 
limited insights into their efficacy on regional microcirculatory oxygenation. How-
ever, oxygenation of the microcirculation is particularly sensitive to hemorrhagic 
shock and deteriorates in advance of changes in global parameters.20

The Pd-porphyrin phosphorescence quenching technique is a method for quantifying 
the amount of oxygen in the microcirculation. We recently calibrated this technique, 
which was introduced by Wilson et al.,24 and described a fiber optic phosphorimeter 
capable of in vivo measurements.28 The technique is based on the optical property of 
Pd-porphyrin to provide oxygen-dependent phosphorescence after pulsed excitation. 
The decay time of the phosphorescence is measured and is related to the existing 
oxygen concentration. Pd-porphyrin is bound to albumin, which forms a large mo-
lecular complex and confines the dye to the circulation after injection intravenously 
and enables the measurement of PO2 in this compartment.21 This technique has been 
applied in animals for the measurement of microvascular oxygen concentrations 
(µPO2) in the heart,22 brain,174 muscle,26 subcutaneous tissue,20 and gut.28

The redistribution of whole body oxygen delivery among organs during hemorrhagic 
shock facilitates whole body oxygen regulation,11 protecting vital organs while leav-
ing others at risk. One organ at risk is the gastrointestinal tract, which is particularly 
sensitive to regional ischemia during periods of reduced oxygen transport.126 The 
gastrointestinal tract is clinically accessible and has been used for monitoring re-
gional ischemia by tonometry.32 In addition, this method has been shown to be an 
important indicator of the adequacy of resuscitation.223,224 These considerations led 
us to choose the behavior of µPO2 in the terminal ileum for the investigation of mi-
crocirculatory oxygenation during shock and resuscitation in this study.

Among the different HBOCs under development, DCLHb is a chemically modified 
human hemoglobin that is undergoing phase II and III clinical trials.225,226 It has been 
demonstrated to restore systemic blood pressure after hypovolemic shock at low 
doses in rats167 and pigs227,228 clinically in patients undergoing hemodialysis,225 and in 
critically ill patients.226 In addition, in rats, bacterial translocation across the gut was 
shown to occur less frequently after treatment with DCLHb than after treatment with 
lactated Ringer’s solution,171 preserving the normal cytoarchitecture of the gut.176 
However, it is still unclear whether the efficacy of HBOCs for treatment of shock is 



91

solely related to their oxygen-carrying capabilities or to some other pharmacologic 
property. We hypothesized that investigation into the effect of DCLHb on the micro-
vascular oxygenation of the gut could provide such information.

The aim of the present study was to determine the effect of resuscitation with DCL-
Hb on regional gut microvascular oxygen pressure. This was carried out with Pd-
porphyrin quenching of phosphorescence in a model of controlled severe hemor-
rhagic shock in anesthetized pigs. We studied the µPO2 in correlation with regional 
intestinal as well as global metabolic and circulatory parameters. The effects of re-
suscitation with DCLHb were compared with resuscitation by crystalloid (lactated 
Ringer’s solution) and colloid (Gelofusine) solutions, as used in accordance with the 
guidelines of the American College of Surgeons.

Methods
Drugs
Drugs used in this study were midazolam-HCI (Dormicum; Hoffman-La Roche, 
 Mijdrecht, The Netherlands), ketamine-HCI (Nimatek; AUV; Cuyk, The Nether-
lands), fentanyl citrate (Fentanyl; Janssen Pharmaceutica, Tilburg, The Netherlands), 
vecuronium bromide (Organon Teknika BV, Boxtel, The Netherlands), the modi-
fied gelatine solution Gelofusine (Vifor BV, Huizen, The Netherlands), and DCLHb 
 solution.

Sterile DCLHb (Baxter Healthcare Corp, Round Lake, IL) was produced by modifi-
cation of stroma-free hemoglobin obtained from outdated human erythrocytes. It is 
prepared by cross-linking the alpha-subunits of hemoglobin within the tetramer by 
means of a reaction with the diaspirin compound bis-(3,5-dibromosalicyl) fumarate. 
It is purified by heat pasteurization to inactivate viruses and precipitate undesirable 
proteins. DCLHb was diafiltered into a lactated electrolyte solution. This DCLHb-
solution had a hemoglobin concentration of 10.1 g/dL hemoglobin and a methemo-
globin content below 5% and consisted of 145 mmol/L sodium, 4 mmol/L potassium, 
115 mmol/L chloride, and 1.6 mmol/L calcium. It had an osmolality of 292 mOsm/
kg, a P50 of 33 mm Hg (at a pH of 7.4 at 37º C), and an approximated oncotic pressure 
of 43 mm Hg. DCLHb was stored at -80º C. Twenty-four hours before administra-
tion, it was slowly thawed at room temperature and delivered trough a 20 µm mesh 
size filter.

Preparation
After an overnight fast, female cross-bred Land race x Yorkshire pigs (n = 12; mean 
weight 15 ± 1 kg; Amsterdam) were sedated with ketamine (10 mg/kg IM). Anesthe-
sia was induced by mask ventilation with nitrous oxide in oxygen (ratio of 70%:30%) 
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followed by thiopental (5 mg/kg IV) via the left ear vein. Anesthesia throughout the 
experiment was maintained by continuous infusion of fentanyl (12.5 µg/kg bolus, 
followed by 22.5 µg/kg/h IV). Muscle relaxation was maintained with vecuronium 
bromide (1 mg/kg bolus, followed by 0.7 mg/kg/h IV). After intubation, ventila-
tion (Dräger AV-1) was performed by intermittent positive pressure ventilation with 
oxygen in air (FiO2: 0.33). During preparation, artificial ventilation was instituted to 
maintain an end tidal PCO2 of 35 to 40 mm Hg. Positive end expiratory pressure of 
5 mm Hg was used to prevent atelectases. Lactated Ringer’s solution (20 mL/kg/h) 
was administered via the ear vein as maintenance fluid throughout the experiment. 
Central temperature was kept around 37º C by a space blanket, a heating pad, and a 
radiating heating device above the animals.

Fluid-filled catheters were placed in the right brachial artery (4 Fr) for the measure-
ment of blood pressure and the collection of arterial blood samples and in the right 
jugular vein (6 Fr) for blood withdrawal to produce hemorrhagic shock and for the 
administration of resuscitation solutions. A pulmonary artery thermodilution catheter 
(Edwards 5 Fr; Baxter Healthcare Corp) was positioned in the pulmonary artery via 
the left jugular vein for measurement of central body temperature, cardiac output, 
right atrial pressure, pulmonary artery pressure, pulmonary wedge pressure, and col-
lection of mixed venous blood samples. A supra-public bladder catheter was posi-
tioned for determination of total urine production and prevention for determination 
of total urine production and prevention of vagal stimulation associated with bladder 
distension.

After a median laparotomy, a Transonic flow probe (2.5 mm; Transonic Systems Inc) 
was placed around the superior mesenteric artery for measurement of blood flow to 
the splanchnic region. After the terminal ileum was exposed, a mesenteric vein in 
the mesentery related to the ileum was cannulated (4 Fr) for collection of mesenteric 
venous blood samples. A left lateral abdominal incision was made and a 10 cm seg-
ment of the terminal ileum was exteriorized outside the abdomen. The ileum was 
fixed in a plastic holder to which an optic fiber of the phosphorimeter was attached 
for measurement of Pd-porphyrin phosphorescence, and a temperature sensor (GMS, 
Kiel-Mielkendorf, Germany) was also attached. Proximal to a distance ~15 cm from 
the place where the fiber was attached, an anti-mesenteric incision in the ileum was 
made, and the tip of a tonometer (sigmoidal type; Baxter Healthcare Corp) was in-
serted proximal to a distance ~20 cm from this incision. The tonometer was secured 
with a purse-string suture. Desiccation was prevented by an infant warmer and con-
tinuous irrigation with drops of warmed NaCl 0.9%. The median abdominal incision 
was closed loosely by only 3 staples to prevent an increase in abdominal pressure.
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Measurements
SAP and DAP (mm Hg), heart rate (beats/min), and systolic and diastolic pulmonary 
pressures (mm Hg) were determined from brachial artery and pulmonary artery pulse 
waves, which were recorded continuously. MAP (mm Hg) was calculated as MAP = 
DAP + (SAP=DAP)/3. Cardiac output (L/min) was measured by using a thermodilu-
tion technique with a cardiac output computer (Baxter Edwards Critical Care). The 
mean of triplicate measurements with 4 mL of room temperature, equilibrated saline 
solution was recorded. Qsma (mL/min) was determined continuously. At each time 
point, 40 measurements were averaged. Hemodynamic values were indexed accord-
ing to body weight: CI (mL/min/kg body wt) was calculated as CI = cardiac output 
× 1000/body wt; Qsma index (mL/min/kg body wt) was calculated as QIsma = Qsma/
body wt. SVRI and GVRI were calculated as SVRI (mm Hg/ml/min kg body wt) = 
(MAP – RAP)/CI and GVRI (mm Hg/ml/min kg body wt) = (MAP-RAP)/ QIsma. Each 
blood sample was collected in heparinized 1-mL plastic tubes. Samples for blood gas 
analysis were directly placed on ice and analyzed within 5 min. Lactate (mmol/L) 
was determined from a 1:1 mixture of blood and perchloric acid by an enzymatic 
procedure.229 The tonometer balloons were filled with 2.5 mL of NaCl (0.9%) and 
allowed to equilibrate for 30 min.33 The fluid was immediately analyzed in a blood 
gas analyzer (ABL 505).

Systemic oxygen delivery was calculated as DO2sys (ml/min/kg body wt) = CI × arte-
rial oxygen content (ml O2/100 ml blood), calculated as 1.39 × Hba (g · dl-1) × SaO2 
+ 0.0031 × Pao2. Systemic oxygen consumption was calculated as VO2sys (ml/min/
kg body wt) =  CI × oxygen content difference between arterial and mixed venous 
blood. The systemic ER was calculated as ERsys = VO2sys/DO2sys. Gut oxygen delivery 
was calculate4d as DO2gut.

µPO2 of the gut was measured by oxygen-dependent quenching of phosphorescence 
of Pd-porphyrin with a fiber phosphorimeter as described in chapter 1.

Experimental protocol
One hour before completion of the instrumentation, 12 mg/kg body wt Pd-porphyrin 
was administered via the cannulated ear vein at a rate of 2 mL/min over 25 min. After 
the preparation was completed and hemodynamic parameters were stabilized for a 
period of 30 min, baseline values were obtained for systemic hemodynamic vari-
ables (SAP, DAP, central venous pressure, pulmonary wedge pressure, and cardiac 
output), superior mesenteric blood flow, mucosal PCO2, central (pulmonary artery) 
and gut temperature, diuresis, FiO2, and end tidal PCO2. Arterial, mixed venous, and 
superior mesenteric venous blood samples were collected for measurement of total 
hemoglobin concentration (g/dL) and SO2 (Spectrophotometer OSM3: Radiometer, 
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Copenhagen, Denmark; calibrated for pig blood), PO2 (mm Hg), PCO2 (mm Hg), pH 
(ABL 505; Radiometer), lactate (arterial and superior mesenteric venous), and cal-
culation of base excess (mmol/dL). Sampling periods for blood gas analysis lasted 
for approximately 5 min.

All animals were randomly assigned to 1 of 2 groups, as follows: group I, resuscita-
tion after hemorrhagic shock with DCLHb solution (n = 6); group II, resuscitation 
with a combination of crystalloid and colloid solutions (n = 6). A controlled hem-
orrhagic shock was induced in 50 min by withdrawing a total of 40 mL/kg blood 
(equals 50% circulating blood volume) from the left internal jugular vein in 4 steps 
of respectively 15,12,8 and 5 mL/kg.166 Every step took 15 min and was followed by 
measurement of hemodynamic parameters and blood gas analysis. After 1 hour of 
shock, resuscitation was performed over a 15-minute period by infusion via the left 
internal jugular vein. In group I a dose of 5 mL/kg of DCLHb was administered at a 
rate of 0.5 mL/kg/min. In the control group the first 75 mL/kg of lactated Ringer’s 
solution was administered in 10 min to compensate for 25 mL/kg blood loss (30% 
circulating blood volume; 1:3). This was followed by 15 mL/kg modified gelatin 
(Gelofusine), administered in 5 min to compensate for the remaining 15 mL/kg blood 
los (20% circulating blood volume; 1:1). These amounts of crystalloid fluids are in 
accordance with the guidelines of the American College of Surgeons. However, we 
used modified gelatine instead of the recommended red blood cells. Except for the 
measurement of mucosal PCO2 by tonometry, each taking 30 min, each measurement 
was performed for 15 min during shock and continued after resuscitation for a period 
of up to 120 min. The experiments were terminated by intravenous administration of 
10 mmol of potassium chloride solution.

All experiments were performed in accordance with the Guiding Principles for the 
Cara and Use of Animals as approved by the Council of the American Physiological 
Society and under the regulations of the Animal Care Committee of the Academic 
Medical Center at the University of Amsterdam.

Statistical analysis
Three measurements were averaged for determining baseline values. Analysis of vari-
ance for repeated measurement was performed for all parameters. When appropriate, 
a Newman-Keuls multiple t test with Bonferroni correction was applied. A Student’s 
t test for unpaired observations was used to compare both groups at each time inter-
val. Also, a Student t test for paired observations was used to analyze changes from 
baseline and shock value within each group (Statview; Abacus Concepts, Berkeley, 
CA). Differences were considered statistically significant at P <.05. Data are ex-
pressed as mean ± SD. One animal resuscitated with crystalloids and colloids died 
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30 min after resuscitation because of acute cardiac rhythm disturbances. Data from 
this experiment were excluded from statistical analysis because of incompleteness.

Results
Systemic hemodynamic parameters
The baseline values and changes from baseline values of all parameters were similar 
for both groups before resuscitation. One hour of shock resulted in a MAP decrease 
of nearly 50%, with a similar decrease in CI (Figure 1) Shock did not change systemic 
vascular resistance significantly. Resuscitation with crystalloids and colloids resulted 
in an increase in CI without a change in SVRI, except for a slight temporary decrease 
in SVRI immediately after resuscitation. As a result, MAP increased to baseline val-
ues for about 30 min. Resuscitation with DCLHb, however, restored MAP to baseline 
values for the entire 3-hour observation period. The increase in MAP was associated 
with an increase in SVRI. However, CI did not change (Figure 1).

Systemic oxygenation parameters
No change in any of the arterial blood gas values (PaO2, SaO2, or PaCO2) was observed 
during the entire experiment in both groups (Table 1). Shock resulted in a decrease 
in systemic oxygen delivery from baseline, which was associated with a decrease in 
[Hba] and CI. Although mixed venous PO2 was decreased with an increased systemic 
ER, systemic oxygen consumption decreased during shock (Table 1).

Resuscitation with crystalloids and colloids significantly increased systemic oxygen 
delivery for about 30 min. This was the result of an increased CI, whereas [Hba] 
was decreased below shock value (from 6.6 ± 1.4 g/dL to 3.4 ±  0.5 dL directly after 
resuscitation) because of hemodilution. Systemic oxygen consumption was tempo-
rarily restored in the crystalloid/colloid group (Table 1). Resuscitation with DCLHb 
did not affect mixed venous PO2, systemic oxygen delivery, oxygen consumption or 
oxygen extraction ratio values. [Hba] values from 60 min after resuscitation were not 
different from shock values in either group.
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Figure 1. Systemic hemodynamic parameters at baseline (BL), during blood withdrawal of 40 
mL/kg (BW), duringsevere hemorrhagic shock (SHOCK), and 2 hours after resuscitation (R) 
with either 5 mL/kg DCLHb (n = 6) or a combination of 75 mL/kg lactated Ringer’s solution and 
15 mL/kg Gelofusine (lactR/Gel)(n = 5) in anesthetized pigs. Values for MAP (A), CI (B), and 
SVRI (C) are expressed as mean ± SD. *P <.05 vs baseline; #P <.05 vs shock, and @P <.05 vs 
lactR/Gel.
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Gut hemodynamic and oxygenation parameters
Shock resulted in a decrease in gut oxygen delivery caused by decreased mesenteric 
arterial blood flow and a decreased [Hba] (Figure 2, Table 2). Gut oxygen consump-
tion was maintained during shock as a result of an increased gut ER. Gut vascular 
resistance did not change during shock.
 

Table 1. Systemic oxygenation parameters at baseline, after severe hemorrhagic shock, and 
after resuscitation with either DCLHb or LactR/Gel in anesthetized pigs.

Values are expressed as mean ± SD of n = 6 in the DCLHb group and n = 5 in the lactR/Gel 
group.
*P <.05 vs baseline. †P <.05 vs lactR/Gel. #P <.05 vs shock.

After Resuscitation

Parameter Baseline Shock 5 min 30 min 60 min 90 min 120 min

[Hba] (g/dl)
   DCLHb
   lactR/Gel

9.9±0.7
9.1±0.9

6.5±0.5*

6.6±1.4*
6.3±0.7*†

3.4±0.5*#
6.3±0.9*†

5.1±0.8*#
6.4±1.1*

6.1±1.4*
6.4±0.9*

6.5±1.3*
6.3±1.0*

6.5±1.0*

PaO2 (mmHg)
   DCLHb
   lactR/Gel

182±20
187±36

179±27
187±16

165±39
183±16

177±35
193±21

180±25
192±15

184±32
190±16

180±33
173±25

S aO2 (%)
   DCLHb
   lactR/Gel

95.5±1.8
94.5±2.3

96.0±1.5
95.5±1.7

94.6±3.0
95.8±1.1

95.3±1.8
96.8±1.3

95.6±1.3
97.0±1.6

95.8±1.1
97.1±2.0

96.2±0.8
96.7±1.5

PvO2 (mmHg)
   DCLHb
   lactR/Gel

46.7±1.1
46.2±3.9

26.7±3.9*

26.3±4.8*
28.5±2.5*†

42.1±5.0#
26.8±1.1*†

34.4±2.8*#
27.6±2.5*

28.4±4.7*
27.4±1.9*

27.3±3.7*
27.0±4.7*

28.6±5.2*

SvO2 (%)
   DCLHb
   lactR/Gel

67.4±3.2
64.7±4.0

25.1±8.3*

19.9±11.7*
25.6±7.1*†

47.7±8.1#
25.2±2.9*†

37.4±6.1*#
25.9±6.6*

26.2±9.5*
26.5±5.6*

23.9±5.9*
24.8±7.2*

24.3±10.0*

PaCO2 (mmHg)
   DCLHb
   lactR/Gel

36.5±1.5
37.5±2.9

38.4±4.0
37.2±3.1

40.7±5.2
41.6±2.1

39.7±4.8
37.1±1.6

39.3±3.7
37.4±3.1

38.1±3.7
37.4±4.6

36.8±5.2
32.4±13.5

DO2syst 
(ml/min.kg bw)
   DCLHb
   lactR/Gel

21.0±3.7
20.0±2.0

7.4±1.7*

6.8±0.9*
7.6±1.7*†

11.7±1.8*#
7.6±1.9*

9.2±2.6*#
7.6±1.4*

8.0±1.8*
7.5±1.6*

6.4±1.4*
6.8±2.3*

7.2±2.4*

VO2syst 
(ml/min.kg bw)
   DCLHb
   lactR/Gel

6.9±1.6
7.2±1.1

5.6±1.1*

5.4±0.5*
5.7±1.1*

6.5±0.8*#
5.7±1.3*

5.9±1.4*
5.7±1.2*

6.0±1.6*
5.6±1.1*

4.9±0.7*
5.1±1.4*

5.4±1.4*

ERsyst (%)
   DCLHb
   lactR/Gel

32.5±2.6
36.1±2.8

77.3±9.8*

80.9±10.4*
75.7±7.3*†

56.0±8.6*#
76.3±3.7*†

65.0±6.1*#
74.3±4.8*

75.0±13.1*
75.9±5.0*

77.6±6.1*
77.0±7.8*

77.2±7.9*
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Resuscitation resulted in a similar increase in oxygen delivery to the gut in both 
groups, which was above shock values until 30 min after resuscitation with crystal-
loids and colloids (Figure 2). After resuscitation with DCLHb, however, gut oxygen 
delivery remained above shock values for 75 min. The increase in gut oxygen deliv-
ery in the crystalloid/colloid group resulted from an increase in mesenteric arterial 
flow above baseline values (from 17 ± 5 mL/min/kg/ body wt to 28 ± 11 mL/min/
kg body wt directly after resuscitation), without a change in [Hba]. After resuscita-
tion, mesenteric arterial flow decreased to shock values from 75 min in both groups. 

Figure 2. Gut oxygenation parameters at baseline (BL), during blood withdrawal of 40 mL/kg 
(BW), during hemorrhagic shock (SHOCK), and 2 hours after resuscitation (R) with either 5 
mL/kg DCLHb (n = 6) or a combination of 75 mL/kg lactated Ringer’s solution and 15 mL/kg 
Gelofusine (lactR/Gel)(n = 5) in anesthetized pigs . Values of gut oxygen delivery (A) and gut 
oxygen consumption (B) are expressed as mean ± SD. *P <.05 vs baseline; #P <.05 vs shock.
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Resuscitation with crystalloids and colloids did not change gut oxygen consumption 
further. However, DCLHb increased gut oxygen consumption by 29% ± 13%, and it 
remained above baseline and shock values for 90 min (Figure 2). Little change was 
observed in mesenteric venous PO2 or gut ER in this phase (Table 2). No differences 
between the 2 groups at each time point were observed for either gut oxygen deliv-
ery or consumption. Gut vascular resistance did not change after resuscitation with 
crystalloids and colloids, except for a short-term decrease directly after resuscita-
tion, but it increased above shock value from 60 to 120 min after resuscitation with 
DCLHb (Table 2).

Gut metabolism-related parameters
Shock resulted in a general depression of gut metabolism. pHmes and base excessmes 
decreased value, whereas the values for lactatemes, PmesCO2, and mucosal PCO2 in-
creased (Table 3). Resuscitation with either crystalloids and colloids or DCLHb did 
not improve these parameters significantly, except for tonometrically measured mu-
cosal PCO2. This parameter was restored to baseline value directly after resuscita-
tion with crystalloids and colloids. Mesenteric venous lactate and base excess values 
deteriorated significantly. Values of mesenteric venous pH, lactate, and base excess 
tended to deteriorate earlier after resuscitation in animals treated with crystalloid and 
colloid solutions than in those treated with DCLHb (60 vs 90 min)(Table 3).

Table 2. Gut hemodynamic and oxygenation parameters at baseline, after severe hemorrhagic 
shock, and after resuscitation with either DCLHb or lactR/Gel in anesthetized pigs. 

*P <.05 vs baseline. #P <.05 vs shock. †P <.05 vs lactR/Gel.

After Resuscitation

Parameter Baseline Shock 5 min 30 min 60 min 90 min 120 min

Qsma (ml/min kg bw)
   DCLHb
   lactR/Gel

34±9
37±6

17±5*

17±5*

28±11*

53±11*#

25±9*#

29±5#

24±10*#

20±7*#

20±6*

16±6*

18±5*

14±6*

GVRI (mmHg/ml/min kg bw)

   DCLHb
   lactR/Gel

2.96±1.02
2.36±0.61

3.31±1.35
2.54±0.60

3.37±1.69
1.57±0.34#

3.80±1.67
2.19±0.24

4.01±1.58*#

2.87±0.82
3.98±1.53*#

2.89±0.82
4.48±2.06*#

3.14±1.46

PmesO2 (mmHg)
   DCLHb
   lactR/Gel

56.4±7.4
56.1±9.7

33.4±7.0*

31.7±7.5*

38.1±8.4*†

53.3±4.9#

35.7±6.9*

44.7±9.1#

35.6±7.3*

36.9±10.8*

32.5±4.9*

33.2±6.9*

31.5±5.9*

29.5±8.5*

SmesO2 (%)
   DCLHb
   lactR/Gel

77.0±5.9
75.6±10.7

34.7±18.1*

29.9±15.4*

42.6±18.1*†

64.0±5.5
42.2±15.5*

56.0±20.0#

41.6±16.1*

40.6±18.6*

35.9±12.0*

33.3±14.8*

34.3±12.8*

28.0±13.5*

ERgut (%)
   DCLHb
   lactR/Gel

20.6±7.0
23.5±11.6

67.8±18.4*

68.4±16.4*

59.9±18.3*†

37.2±3.1#

60.0±16.1*

42.6±18.5#

61.7±17.0*

58.7±19.3*

66.5±15.1*

66.0±14.8*

66.6±14.0*

65.9±9.2*
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Gut microvascular oxygen pressure
During shock, gut µPO2 fell by 60% ± 14% (from 63 ± 8 mm Hg to 25 ± 10 mm Hg) 
in the crystalloid/colloid group and by 62% ± 13% (from 58 ± 5 mm Hg to 23 ± 9 
mm Hg) in the DCLHb group (Figure 3). Resuscitation with crystalloids and colloids 
resulted in a significant increase in gut µPO2 above shock values (peak level of 52 ± 8 
mm Hg) and persisted for 30 min. However, resuscitation with DCLHb increased gut 
µPO2 were significantly higher in the DCLHb-group as compared with the crystal-
loid/colloid-group at times ranging from 75 to 120 min after resuscitation (Figure 3).

Table 3. Gut metabolism-related parameters at baseline, after severe hemorrhagic shock, and 
after resuscitation with either DCLHb or lactR/Gel in anesthetized pigs. Values are expressed as 
mean ± SD of n = 6 in the DCLHb group and n = 5 in the lactR/Gel group.

*P <.05 vs baseline. †P <.05 vs shock.  indicates that no measurements were performed.

After Resuscitation

Baseline Shock 5 min 30 min 60 min 90 min 120 min

pHmes
   DCLHb
   lactR/Gel

7.42±0.02
7.42±0.03

7.25±0.13*

7.22±0.10*

7.24±0.13*

7.22±0.07*

7.28±0.12*

7.28±0.06*

7.27±0.12*

7.25±0.09*

7.28±0.15*

7.21±0.11*

7.25±0.17*

7.19±0.12*

Lactatemes (mmol/l)
   DCLHb
   lactR/Gel

1.2±0.2
1.2±0.3

6.7±3.9*

5.6±2.9*

5.2±2.9*

6.6±2.7*†

4.6±3.5*

4.5±2.5*

4.1±3.4*

3.9±3.3*

4.0±3.6*

4.9±3.1*

4.4±4.2*

4.9±3.7*

Base excessmes

   DCLHb
   lactR/Gel

1.4±1.4
1.7±1.5

-6.3±6.4*

-6.9±4.7*

-6.2±6.2*

-9.3±3.8*†

-4.7±5.8*

-6.0±3.6*†

-4.6±5.8*

-6.2±4.7*

-4.8±6.5*

-7.6±5.6*

-5.6±7.1*

-9.3±7.5*

PmesCO2 (mmHg)
   DCLHb
   lactR/Gel

39.7±1.0
40.2±2.1

50.7±7.0*

54.1±8.9*

51.4±7.3*

45.8±3.4*

49.2±6.6*

45.0±3.4*

50.3±6.0*

50.3±4.4*

50.1±7.7*

52.7±5.8*

50.3±7.8*

50.1±8.2*

Mucosal PCO2 (mmHg)
   DCLHb
   lactR/Gel

53±18
50±6

77±41*

66±22*

74±32*

51±6†

76±40*

70±22*

74±40*

64±13*

78±48*

86±31*
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During shock, mesenteric venous PO2 decreased by 42% ± 17% for the crystalloid/
colloid-group and by 44% ± 13% for the DCLHb-group (Figure 4, Table 2). However, 
µPO2 decreased to significantly lower values than values of PmesO2 (25 ± 10 mm Hg vs 
32 ± 8 mm Hg in the crystalloid/colloid-group and 23 ± 9 mm Hg vs 32 ± 8 mm Hg in 
the DCLHb-group)(Figure 4). Resuscitation with crystalloids and colloids increased 
PmesO2 above shock values from 0 to 30 min after resuscitation, whereas resuscitation 
with DCLHb did not change this parameter significantly (Figure 4, Table 2). Mesen-
teric venous PO2 remained stable 30 min after resuscitation and for the remainder of 
the experiment in both groups (Figure 4). The gradual decline in µPO2 levels after 
peak values, especially in the crystalloid/colloid group, revealed the presence of re-
gional microcirculatory hypoxia. A comparison of gut µPO2 with PmesO2 showed more 
oxygen to be present in the microcirculation after resuscitation with DCLHb than 
with crystalloids and colloids.
 

Figure 3. Gut microvascular oxygen pressure at baseline (BL), during blood withdrawal of 40 
mL/kg (BW), during severe hemorrhagic shock (SHOCK), and 2 hours after resuscitation (R) 
with either 5 mL/kg DCLHb (n = 6) or a combination of 75 mL/kg lactated Ringer’s solution 
15 mL/kg Gelofusine (lactR/Gel)(n = 5) in anesthetized pigs . Values of gut oxygen delivery (A) 
and gut oxygen consumption (B) are expressed as mean ± SD. *P <.05 vs baseline; #P <.05 vs 
shock, and @P <.05 vs lactR/Gel.

y á)(‘ Ýncµ~°_ujàd*]

0

20

40

60

80

-30 0 60 120 180 240

Time (min)

G
ut

 m
ic

ro
va

sc
ul

ar
 p

O
2 

(m
m

H
g)

*

*

*
* * *

*
* * * *

*

*

*

*

*

*

*

* * *

* *
* *

*
* *

*
*

*

##

#

#

#

#

# # # @

@ @
@

RBWBL SHOCK DCLHb
lactR/Gel



102 Chapter 6

Discussion and conclusions
The main finding from this study is that resuscitation with DCLHb from severe hem-
orrhagic shock in pigs not only restored systemic blood pressure but also improved 
gut microvascular oxygen pressure. Although the improvement in gut microvascular 
oxygenation was also achieved by resuscitation with a combination of crystalloid and 
colloid solutions, the effect after resuscitation with DCLHb was sustained for longer 
periods of time and was realized with a far smaller amount of volume. However, 
DCLHb did not improve mesenteric venous oxygen pressure, which was associated 
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Figure 4. Gut µPO2 and PmesO2 at baseline (BL), during blood withdrawal of 40 mL/kg (BW), 
during severe hemorrhagic shock (SHOCK), and 2 hours after resuscitation (R) with either a 
combination of 75 mL/kg lactated Ringer’s solution and 15 mL/kg Gelofusine (A)(n = 5) or 5 mL/
kg DCLHb (B)(n = 6) in anesthetized pigs. Values are expressed as mean ± SD.
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with an increase in gut oxygen consumption. Furthermore, it was found that gut μPO2 
measured with Pd-porphyrin quenching of phosphorescence provided a sensitive and 
quantitative measurement for the presence of regional microvascular hypoxia.

In this study, resuscitation with DCLHb had little effect on cardiac output. Therefore 
restoration of MAP by DCLHb could be attributed solely to an increase in systemic 
vascular resistance. This result is consistent with findings by others in animal mod-
els179,227,228 and in human subjects.167,225,226 The scavenging of nitric oxide by hemoglo-
bin201,230 and the binding to endothelial receptors,148 providing contraction of vascular 
smooth muscle, have been given as the underlying reasons for this effect. The pres-
ent results show that blood flow to the ileum is increased by DCLHb, implying the 
presence of a redistribution of total body blood flow (cardiac output) in favor of the 
intestine. This find coincides with flow studies in rats, in which an increase in blood 
pressure with DCLHb was found to result mainly from vasoconstriction in the mus-
culoskeletal system, with little contribution from the gastrointestinal system.201 This 
effect of DCLHb on the gastrointestinal tract could be beneficial, because loss of the 
barrier function of the ischemic gut has been suggested to form a critical step in the 
progress from ischemia to sepsis and multiple organ dysfunction.

The measurement of regional tissue variables is preferable to the measurement of 
global parameters when evaluating the efficacy of treatment in hemorrhagic shock. 
A major advantage of using the Pd-porphyrin quenching of phosphorescence tech-
nique as used in this study is that it provides a microcirculatory quantification of 
oxygen pressures without requiring the use of microscopic techniques. Furthermore, 
other techniques for the measurement of regional tissue oxygenation such as to-
nometry,231-233 determination of metabolic parameters,234,235 or use of oxygen elec-
trodes38,40,179 either lack temporal resolution or require invasive procedures.

In the present study it was observed that hypovolemic shock resulted in venous PO2 
values leveling out whereas μPO2 levels continued to drop. This resulted in a PO2 gap 
between the venous and microcirculatory compartment. This effect was interpreted 
as oxygen being shunted from the microcirculation during shock. A similar diver-
gence between gut tissue PO2 was described during anemia by Haisjackl et al.40 when 
using oxygen electrodes. This effect could be attributed either to changes in intramu-
ral flow distribution,48 to direct diffusion of oxygen from arterioles to venules,18 or to 
a restriction of the diffusion of oxygen from erythrocytes to the serum.17

Resuscitation with DCLHb or crystalloid and colloid solutions resulted in an in-
crease in gut μPO2. Resuscitation with crystalloid solution alone was also efficient in 
resuscitating gut μPO2, as we showed in a recent study.73 In that study, resuscitation 
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with lactated Ringer’s solution to similar levels of efficacy on gut μPO2, as achieved 
in the present study with a combination of lactated Ringer’s solution and colloid so-
lution or DCLHb, required 15 times (75 mL/kg) as much volume as the present dose 
of DCLHb. This implies that resuscitation with a volume of crystalloid solution simi-
lar to that of DCLHb (5 mL/kg) would be much less effective in correcting gut μPO2. 
The gap between microvascular and mesenteric venous oxygen pressure decreased 
after resuscitation with crystalloids and colloids as μPO2 levels approached venous 
PO2 levels. Resuscitation with DCLHb, however, resulted in a more-pronounced re-
covery of this gap, with μPO2 values exceeding venous PO2 levels. These results 
imply that DCLHb is better at providing the microcirculation with oxygen than is 
resuscitation with crystalloid and colloid solution. Which microcirculatory mecha-
nisms contribute to this enhanced oxygenation of the microcirculation have still to 
be determined. Nolte et al.179 suggested a more homogeneous distribution of the lo-
cal tissue PO2 levels after resuscitation with DCLHb in the hamster. They made use 
of the dorsal skin fold chamber model and determined tissue PO2 with a multiwire 
surface oxygen electrode.

Although systemic oxygen consumption was compromised by severe hemorrhagic 
shock, gut oxygen consumption was maintained by a sufficiently increased oxygen 
extraction ratio. This implies that in the present model, intestinal oxygen supply 
dependency had not been attained during the shock phase. From the literature it is 
already known that a great spread exists in the amount of decrease in intestinal oxy-
gen delivery, ranging from 30% to 60% of baseline values, to provide oxygen supply 
dependency.150,236,237 However, the induced shock in this study resulted in a severe 
decrease in gut μPO2 and a severe derangement of metabolic parameters.
 
Systemic oxygen consumption seems to be unaffected by resuscitation with DCLHb 
in animals.167,227 No data exist on the effect of DCLHb on regional gut oxygen con-
sumption. In this study, it was found that gut oxygen consumption was increased 
by resuscitation with DCLHb. This finding can be explained by the hypothesis that 
there was a microcirculatory need for oxygen in the tissues that was met by increased 
delivery of oxygen by DCLHb. A direct metabolic stimulation of the tissue cells 
by DCLHb, however, cannot be ruled out. In support of the latter explanation, we 
observed a temporarily increased peristalsis of the gut after the infusion of DCLHb. 
Also, clinical studies have reported that the administration of DCLHb causes varying 
types of abdominal discomfort.238

The persistence in time of the enhancement of microvascular oxygenation by DCLHb 
is remarkable, especially considering that a small volume was used. The replaced 
volume was only 12% of the withdrawn blood volume and was 18 times less than the 
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volume of administered crystalloids and colloids required to achieve a similar level 
of improvement in microcirculatory oxygenation. This improvement lasted at least 
1 hour. As a final replacement for allogeneic blood this time would be insufficient, 
but in a clinical case of hemorrhagic shock it would be capable of bridging the time 
to surgical intervention or the availability of homologous blood. Resuscitation with 
crystalloids and colloids would require repetitive administration, as concluded from 
the limited time of improvement. Furthermore, low-volume DCLHb may serve to 
protect the gut from dysoxia, as reflected by the μPO2, and it might therefore influ-
ence the final outcome of hemorrhagic shock.
It was concluded that acute treatment of hemorrhagic shock with DCLHb restores 
blood pressure and improves gut microvascular PO2 but not venous PO2 in pigs. 
Furthermore, microvascular Po2 measured by the Pd-porphyrin phosphorescence 
quenching technique proved to be a sensitive marker for the quantification of re-
gional oxygenation. The precise mechanisms underlying the ability of DCLHb to 
improve microvascular oxygenation of the gut need to be investigated in the future.
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hemoGlobin-based oxyGen carrier Provides 
heteroGeneous microvascular oxyGenation in heart 

and Gut after hemorrhaGe in PiGs
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Abstract
In this study, the hypothesis was tested that resuscitation with hemoglobin-based 
oxygen carriers (HBOCs) affects the oxygenation of the microcirculation differ-
ently between and within organs. To this end, we tested the influence of the volume 
of an HBOC on the microcirculatory oxygenation of the heart and the gut serosa 
and mucosa in a porcine model of hemorrhage. In anesthetized open-chested pigs  
(n = 24), a controlled hemorrhage (30 mL/kg over 1 hour) was followed by resus-
citation with 10, 20, or 30 mL/kg diaspirin-crosslinked hemoglobin (DCLHb) or  
isovolemic resuscitation with 30 mL/kg of a 6% hydroxyethyl starch solution (HAES). 
Measurements included systemic and regional hemodynamic and oxygenation pa-
rameters. Microvascular oxygen pressures (µPO2) of the epicardium and the serosa 
and mucosa of the ileum were measured simultaneously by the palladium-porphyrin  
phosphorescence technique. Measurements were obtained up to 120 minutes after 
resuscitation. After hemorrhage, a low volume of DCLHb restored both cardiac and 
intestinal µPO2. Resuscitation of gut µPO2 with a low volume of DCLHb was as ef-
fective as isovolemic resuscitation with HAES. Higher volumes of DCLHb did not 
restore cardiac µPO2, as did isovolemic resuscitation with HAES, but increased gut 
µPO2 to hyperoxic values, dose-dependently. Effects were similar for the serosal 
and mucosal µPO2. In contrast to a sustained hypertensive effect after resuscitation 
with DCLHb, effects of DCLHb on regional oxygenation and hemodynamics were 
transient. This study showed that a low volume of DCLHb was effective in resuscita-
tion of the microcirculatory oxygenation of the heart and gut back to control levels. 
Increasing the volume of DCLHb did not cause an additional increase in heart µPO2, 
but caused hyperoxic microvascular values in the gut to be attained. It is concluded 
that microcirculatory monitoring in this way elucidates the regional behavior of oxy-
gen transport to the tissue by HBOCs, whereas systemic variables were ineffective 
in describing their response.
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Introduction
The ultimate goal of resuscitation after hemorrhage is to restore oxygen availability 
in the microcirculation and thereby the cells. Relatively little is known about the 
manner in which the different organ systems react with respect to each other dur-
ing shock and resuscitation. Neurohumoral mechanisms are known to direct oxy-
gen transport to high-oxygen-consuming organs such as the heart in preference to 
less-oxygen-consuming organs such as the gut. Although important insights into the 
redistribution of oxygen transport after shock and resuscitation have been obtained 
from microsphere studies, this technique gives only a snapshot view of the distri-
bution of flow, continuous changes cannot be followed, and direct measurements 
of microcirculatory and tissue oxygenation cannot be obtained.239 However, such 
information is essential when assessing the efficacy of hemoglobin-based oxygen 
carriers (HBOCs) in transporting oxygen effectively to the tissue cells. This is be-
cause such compounds not only provide volume and extra dissolved oxygen240,151 but 
also directly or indirectly affect vascular properties.148 How the sum of these effects 
translates into oxygen transport and distribution of oxygen to the various tissue beds 
during shock and resuscitation, however, is largely unknown.

The effect of HBOCs on tissue or microcirculatory oxygenation after hemorrhage 
has been described in the skin,132,179 brain24 and gut114,176 in different animal models. 
However, such measurements have been organ specific, and simultaneous measure-
ments in different organ beds have not yet been undertaken. Furthermore, to our 
knowledge, the effects of HBOCs on microcirculatory and tissue oxygenation of the 
heart have also not yet been investigated. We had shown previously that, after hem-
orrhage in pigs, resuscitation with a low dose of an HBOC increased microvascular 
oxygen pressure (µPO2) of the serosa of the gut.114 Studies have shown, however, that 
oxygenation of the serosa and mucosa of the intestines can be affected differently 
during shock and resuscitation.38,40,241 Currently, there are no data on the redistribu-
tion of oxygen transport by HBOCs between the serosa and mucosa of the gut.

Studies with single-dose resuscitation of an HBOC after hemorrhage have often 
shown improvement of tissue oxygenation.24,114,132,176,179 Without knowledge of the 
effects of different volumes of HBOCs, however, it is difficult to distinguish be-
tween the effect of oxygen-carrying capacity, blood volume, or vasoactive proper-
ties on tissue and microcirculatory oxygenation. Likewise, studies that investigated 
the effects of different doses of HBOCs did not measure tissue or microcirculatory 
oxygenation and were restricted to effects on global or regional hemodynamic pa-
rameters.144,169,242,243 It is not known whether providing increasing volumes of HBOCs 
affects microcirculatory oxygen pressure similarly or differently between and within 
organs.



109

In the present study, we hypothesized that after hemorrhage, effectiveness of a low 
volume of an HBOC for resuscitation of the microcirculation is similar for the heart 
and gut. Because of vasoactive properties of the HBOC, we hypothesized that the 
dose of the HBOC would affect the µPO2 of the heart and the gut and, within the 
gut, between the serosa and mucosa heterogeneously. To test these hypotheses, we 
compared the microcirculatory oxygen pressure measured by the palladium (Pd)-
porphyrin phosphorescence quenching technique,73,115  between the heart and gut and 
between the serosa and mucosa, in a clinically relevant porcine model of hemor-
rhagic shock. We measured the effect of three different doses of diaspirin-cross-
linked hemoglobin (DCLHb), which ranged from a low volume to an isovolemic 
dose, and compared these with an isovolemic dose of a 6% hydroxyethyl starch 
solution (HAES).

Materials and methods
Animals
 The Animal Research Committee of the Academic Medical Center at the University 
of Amsterdam approved the protocol of the present study. Animal care and handling 
were performed in accordance with the national guidelines for care of laboratory ani-
mals. The experiments were performed in 24 female crossbred Landrace Yorkshire 
pigs with a mean ± SD body weight of 22 ± 2 kg.

Chemicals
Chemicals used in this study were midazolam-HCL (Dormicum, Hoffmann-La 
Roche, Mijdrecht, The Netherlands), ketamine-HCL (Nimatek, AUV, Cuyk, The 
Netherlands), fentanyl citrate (Fentanyl, Janssen Pharmaceutica, Tilburg, The Neth-
erlands), pancuronium bromide (Pavulon, Organon Teknika, Boxtel, The Nether-
lands), HAES-Steril 6% (200/0.5) (HAES) (Fresenius, Bad Homburg, Germany), 
and DCLHb. Baxter Healthcare (Baxter Healthcare Corporation, Round Lake, IL) 
supplied DCLHb. DCLHb was prepared by exposure of outdated human erythro-
cytes to hypotonic buffer. The stroma was removed by ultrafiltration and the hemo-
globin was crosslinked at the [alpha]-chains by bis(3,5-dibromosalicyl) fumarate. 
The solution was formulated to a concentration of 10 g/dL. It had an osmolality of 
292 mOsm/kg, a P50 of 33 mm Hg at a pH of 7.4 at 37°C, and an approximate on-
cotic pressure of 43 mm Hg. DCLHb was stored at -80°C. Twenty-four hours before 
administration, it was slowly thawed at room temperature and delivered through a 
20-µm pediatric transfusion filter. HAES-Steril 6% is a hydroxyethyl starch solu-
tion (concentration of 6 g/dL; 154 mEq/L sodium and chloride; molecular weight, 
200,000; molecular degree of substitution, 0.5; osmolality, 310 mOsm/kg; oncotic 
pressure, 36 mm Hg) with an approximately 1:1 plasma volume substitution in hu-
mans for at least 8 hours.244
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Animal preparation
After an overnight fast with free access to water, animals were sedated with ket-
amine (10 mg/kg intramuscularly). Anesthesia was induced by mask ventilation with 
nitrous oxide in oxygen (ratio of 60%:40%) followed by thiopental (5 mg/kg intra-
venously [i.v.]) through the left ear vein. Anesthesia throughout the experiment was 
maintained by continuous infusion of fentanyl (12.5 µg/kg bolus, followed by 22.5 
µg/kg/h i.v.) and midazolam (0.5 mg/kg bolus, followed by 2 mg/kg/h i.v.). Muscle 
relaxation was maintained with pancuronium bromide (0.1 mg/kg bolus, followed by 
0.2 mg/kg/h i.v.). After intubation, ventilation (Servo 900B, Siemens, The Hague, 
The Netherlands) was performed by intermittent positive-pressure ventilation with 
oxygen in air (FiO2, 0.37). During preparation, artificial ventilation was adjusted to 
maintain an end-tidal PCO2 of 35 to 40 mm Hg. Positive end-expiratory pressure of 5 
mm Hg was used to prevent atelectases. A crystalloid solution (Ringer’s lactate) was 
administered (10 mL/kg/h) as maintenance fluid throughout the experiment. Central 
temperature was kept at approximately 37°C by a heating pad and by warming the 
fluids before administration.

Fluid-filled catheters were placed in both the right brachial artery (4 Fr) for continu-
ous measurement of blood pressure and collection of arterial blood samples and the 
right jugular vein (6 Fr) for blood withdrawal to produce hemorrhagic shock and for 
the administration of the resuscitation solutions. A pulmonary artery thermodilution 
catheter (Edwards 7.5 Fr, Baxter Healthcare Co., Irvine, CA) was positioned in the 
pulmonary artery through the left jugular vein for measurement of central body tem-
perature, cardiac output, right atrial pressure, pulmonary artery pressures, pulmo-
nary capillary wedge pressure, and collection of mixed venous blood samples. A su-
prapubic bladder catheter was positioned for determination of total urine production.

After a midline laparotomy, an ultrasonic flow probe (2.5 mm; Transonic Systems, 
Inc., Ithaca, NY) was placed around the superior mesenteric artery for measurement 
of blood flow to the splanchnic region. After exposing the terminal ileum, a mesen-
teric vein in the mesentery related to the ileum was cannulated (4 Fr) for collection 
of mesenteric venous blood samples. A 10-cm segment of the terminal ileum was ex-
teriorized outside the abdomen. An antimesenteric incision was made to expose the 
intestinal mucosa. Desiccation was prevented by continuous irrigation with drops of 
warmed NaCl 0.9%. A nasogastric tonometer catheter (Trip, Tonometrics Division, 
Instrumentation Corp., Helsinki, Finland) was inserted and fixated inside the intes-
tinal lumen approximately 20 cm proximal to the place where microvascular oxy-
gen pressures (µPO2) were determined. The median abdominal incision was closed 
loosely.
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After a midsternal thoracotomy, the heart was suspended in a pericardial cradle. The 
proximal part of the left anterior descending coronary artery was dissected free and 
an ultrasonic flow probe (1.5 mm; Transonic) was placed around it for measurement 
of blood flow to the left ventricle. The vein accompanying the left anterior descend-
ing coronary artery was cannulated (Venflon 18G, Braun, Melsungen, Germany) for 
collection of coronary venous blood. One hour before completion of the instrumenta-
tion, 12 mg/kg body weight Pd-porphyrin was administered through the cannulated 
ear vein at a rate of 2 mL/min over 25 minutes.

Measurements
Systolic arterial pressure (SAP) and diastolic arterial pressure (DAP) (in millimeters 
of mercury), heart rate (in beats per minute), and systolic and diastolic pulmonary 
pressures (in millimeters of mercury) were determined from brachial artery and pul-
monary artery pulse waves, respectively, which were recorded continuously. Mean 
systemic blood pressure (mean arterial pressure [MAP], in millimeters of mercury) 
was calculated as MAP = DAP + (SAP - DAP)/3. Cardiac output was measured by 
bolus injection and indexed according to body weight (cardiac index [CI], in liters per 
minute per kilogram). The mean of triplicate measurements of less than 15% variance, 
using 5 mL of room temperature-equilibrated saline, was calculated and recorded. 
Systemic vascular resistance index (SVRI) and pulmonary vascular resistance index 
(PVRI) (in millimeters of mercury per milliliter per minute per kilogram) were cal-
culated as SVRI = (MAP - RAP)/CI and PVRI = (mean pulmonary artery pressure 
[MPAP] - PCWP)/CI, respectively. Coronary artery flow (Qca, in milliliters per minute) 
and superior mesenteric artery flow (Qsma, in milliliters per minute) were determined 
and recorded continuously. A value of flow at each measurement point was calculated 
as the average of 40 measurements (sample period of approximately 5 minutes).

Samples for blood gas analysis were collected in heparinized 1-mL plastic tubes, 
placed directly on ice, and analyzed within 5 minutes for measurement of plasma 
hemoglobin (Hb), total arterial hemoglobin concentration ([Hb]a, in grams per deci-
liter), and its oxygen saturation (SaO2) (Spectrophotometer OSM3, Radiometer, 
Copenhagen, Denmark, calibrated for pig blood), PO2 (in millimeters of mercury), 
PCO2 (in millimeters of mercury), pH (ABL 505, Radiometer), and calculation of 
base excess (BE) (in millimoles per deciliter). Plasma Hb was determined after cen-
trifugation. Lactate (in millimoles per liter) was determined from a 1:1 mixture of 
blood (0.5 mL) and perchloric acid (0.5 mL) by an enzymatic procedure. Hematocrit 
(Hct) was determined by centrifugation.

Systemic, left ventricular, and gut oxygen delivery, oxygen consumption, and oxy-
gen extraction ratio were calculated by Fick’s principle, according to standard for-
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mulas. Oxygen delivery was calculated as follows: DO2 (in milliliters per minute) = 
flow (in milliliters per minute) × CaO2, where CaO2 is arterial oxygen content, calcu-
lated as 1.39 × [Hb]a × SaO2 + 0.0031 × PaO2. Oxygen consumption was calculated 
as VO2 = C(a-v)O2 × flow, in which C(a-v)O2 is the oxygen content difference between 
arterial and venous oxygen content. Oxygen extraction ratio (OER) (in percent) was 
calculated as OER = 100 × VO2/DO2. Systemic oxygen consumption (VO2syst) was 
also measured continuously by respiratory gas analysis with an open circuit indirect 
calorimeter (Deltatrac II, Datex Instrumentation, Helsinki, Finland). This calorimeter 
has been validated previously.245 Deltatrac will average VO2 measurements over a 
period of 1 minute, and the mean of at least five values had been taken.

Intramucosal PrCO2 of the ileum was determined by tonometry, using the Tonocap 
(Tonometrics Division). This device fills the tonometer balloon with air and, after an 
equilibration period, the gas is automatically sampled and PrCO2 measured with an 
infrared sensor.246

Microvascular oxygen pressure (µPO2) was measured in the left ventricular epicar-
dium and in the ileal serosa and mucosa by the oxygen-dependent quenching of phos-
phorescence of Pd-porphyrin. This technique has been described in detail in chapter 
1. For simultaneous measurement at different locations, a multifiber phosphorimeter 
with three fibers was used. The fibers were placed near the surfaces of the left ven-
tricle and the serosa and mucosa of the ileum.

Experimental procedures
After preparation was completed and hemodynamic parameters were stabilized for a 
period of 30 minutes, baseline values were obtained for systemic hemodynamic vari-
ables, central and regional temperatures, urine output, FiO2, and end-tidal PCO2. Ar-
terial, mixed venous, coronary venous, and superior mesenteric venous blood were 
collected for measurement of Hb, SO2, PO2, PCO2, and pH and calculation of BE. 
Lactate was determined from arterial and coronary and mesenteric venous blood. Hct 
and plasma Hb were determined from arterial blood only. Sampling periods for blood 
gas analysis lasted for approximately 5 minutes.

A severe controlled hemorrhagic shock state was induced by withdrawal of 30 mL/
kg of blood (~600–700 mL), which is approximately 45% of the estimated blood 
volume (EBV ~ 70 mL/kg) over 60 minutes in two steps of 20 and 10 mL/kg. Each 
step lasted 20 minutes for blood withdrawal and included a 10-minute stabilization 
period. All animals were randomly assigned to one of four groups, with six animals 
in each group. Directly after the second step, animals were resuscitated by DCLHb 
in three different doses of 10 mL/kg (DCLHb10), 20 mL/kg (DCLHb20), and 30 mL/
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kg (DCLHb30). In the control group, animals were resuscitated by 30 mL/kg HAES 
(HAES30). Administration of resuscitation fluids lasted 30 minutes. Measurements 
were obtained at baseline; after the first step of blood withdrawal; after the second 
step of blood withdrawal (shock); and directly after and 15, 30, 60, 90, and 120 min-
utes after the end of resuscitation. The experiments were terminated by intravenous 
administration of 10 mmol of potassium chloride.

Statistical analysis
Analysis of variance for repeated measurement was performed for all data. When ap-
propriate, a Newman-Keuls multiple t test with Bonferroni correction was applied. 
A Student’s t test for paired observations was used to analyze changes from baseline 
value within each group (StatView, Abacus Concepts, Berkeley, CA). A Student’s t 
test for unpaired observations was used to compare groups at different measurement 
points. Differences were considered statistically significant if p < 0.05. Data are 
expressed as mean ± SD.

Results
Throughout the experimental procedure, all animals survived. For all measured and 
calculated parameters, no differences between groups were observed at baseline and 
after the first and second blood withdrawal.

Systemic hemodynamic and oxygenation parameters
Data of systemic hemodynamics are summarized in Figures 1 and 2A. Hemorrhage 
decreased both MAP and CI by 55 ± 5% (n = 24), without a change in SVRI. Af-
ter resuscitation with DCLHb, MAP was initially increased above baseline values 
dose-dependently by 45 ± 15%, 54 ± 8%, and 72 ± 12%, after 10, 20, and 30 mL/
kg, respectively. At 120 minutes postresuscitation, MAP was returned to baseline 
values in the 10-mL/kg group, whereas there was a sustained hypertensive effect in 
the other DCLHb groups. The initially hypertensive effect of DCLHb was associ-
ated with an increase in SVRI and a dose-dependent increase in CI, although the 
CI was not restored in the 10-mL/kg group. At 120 minutes postresuscitation, the 
hypertensive effect of DCLHb was mainly associated with an increased SVRI above 
baseline of more than 100% in all groups. Resuscitation with HAES restored MAP 
initially to baseline values and was associated with an increase in CI, a decrease in 
SVRI, and a decrease in Hct from 26 ± 2% to 14 ± 1%. Compared with 30 mL/kg of 
HAES, resuscitation with 30 mL/kg of DCLHb resulted in a similar initial decrease 
in Hct, because of the acellular aspect of this hemoglobin-based solution, but with 
lower values of CI in the DCLHb group (148 ± 26 vs. 203 ± 18 mL/min/kg). MPAP 
decreased during hemorrhage from 18 ± 2 mm Hg to 13 ± 2 mm Hg. Compared with 
the control group, all DCLHb groups showed a remarkable pulmonary hypertension, 
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with values of more than 200% above baseline value, without differences between 
the three DCLHb groups (Figure 1B). Although hemorrhage already increased PVRI, 
it was further increased by DCLHb. The initial effect of DCLHb on the PVRI was 
negatively related to the dose.

Data for systemic oxygenation parameters are summarized in Table 1 and Figure 
2B–D. Arterial PO2 (193 ± 17 mm Hg at baseline) did not change during the entire 
experiment in all groups. Hemorrhage decreased calculated systemic oxygen deliv-
ery (DO2sys) by 67 ± 8% and measured systemic VO2 by 27 ± 8%, associated with an 
increased systemic oxygen extraction ratio (OERsys) from 38 ± 4% to 83 ± 5%, and 
a decreased mixed venous PO2 from 41 ± 3 mm Hg to 23 ± 3 mm Hg. Resuscitation 
with DCLHb resulted in sustained differences in measured arterial saturation values 
(SaO2) between groups, without consequences for the CaO2. The initial decrease in 
CaO2 after resuscitation in the control group was associated with dilution of the to-

Figure 1. Systemic and pulmonary hemodynamic parameters at baseline (Bl); during blood 
withdrawal of 30 mL/kg (Bw); and 120 minutes after resuscitation (Res) with 10 (), 20 (∆), 
or 30 mL/kg of DCLHb () or 30 mL/kg of HAES-Steril 6% () in anesthetized pigs. Values of 
MAP (A), MPAP (B), SVRI (C), and PVRI (D) are expressed as mean ± SD. *p < 0.05 vs. base-
line; #p < 0.05 vs. HAES30; †p < 0.05 vs. DCLHb10; ‡p < 0.05 vs. DCLHb20.
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tal Hb. Systemic DO2 was only restored initially after resuscitation with 30 mL/kg 
DCLHb, whereas systemic VO2 was restored to baseline values after resuscitation in 
all groups. Consequently, PvO2 was initially restored in all groups, whereas the SvO2 
was initially restored in only the 30-mL/kg DCLHb and HAES groups. Hemorrhage 
resulted in a decrease in arterial pH and BE and an increase in lactate. Resuscita-
tion resulted, after an initial deterioration, in a delayed improvement of metabolic 
parameters. Changes in pH were related to changes in values of arterial PCO2. No 
differences between groups were observed.

Heart and gut hemodynamic, oxygenation, and metabolic parameters
Data for regional blood flow are summarized in Figures 3A, 4, and 5. In the heart, 
hemorrhage reduced blood flow (QIca) from 0.92 ± 0.16 mL/min/kg to 0.66 ± 0.22 
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Figure 2. Systemic oxygenation parameters at baseline (Bl); during blood withdrawal of 30 mL/
kg (Bw); and 120 minutes after resuscitation (Res) with 10 (), 20 (∆), or 30 mL/kg of DCLHb 
() or 30 mL/kg of HAES-Steril 6% () in anesthetized pigs. Values of cardiac index (CI) (A), 
measured systemic venous oxygen consumption by Deltatrac (VO2sys) (B), calculated systemic 
oxygen delivery (DO2sys) (C), and systemic oxygen extraction ratio (OERsys) (D) are expressed as 
mean ± SD. *p < 0.05 vs. baseline; #p < 0.05 vs. HAES30; †p < 0.05 vs. DCLHb10; ‡p < 0.05 
vs. DCLHb20.
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mL/min/kg (n = 24). Resuscitation with DCLHb initially increased QIca above base-
line value dose-dependently (41 ± 12%, 111 ± 25%, and 130 ± 45% vs. baseline 
after 10, 20, and 30 mL/kg of DCLHb, respectively), and resuscitation with HAES 
increased QIca even more (223 ± 69% vs. baseline). At 120 minutes after the end of 
resuscitation, values of QIca were returned to baseline values, without differences 
between groups. In the gut, hemorrhage reduced blood flow (QIsma) from 18 ± 4 
mL/min/kg to 9 ± 2 mL/min/kg (n = 24). QIsma was initially restored to baseline af-
ter DCLHb without differences between groups, and increased above baseline after 
HAES. At 120 minutes after the end of resuscitation, values of QIsma were decreased 
below baseline value, without differences between groups. During hemorrhage, 
blood flow in the heart was less reduced compared with the gut (29 ± 19% vs. 49 ± 
9%), and in all groups changes of gut blood flow (QIsma) were similar to changes in 
systemic blood flow (CI) (Figure 5).

Figure 3. Cardiac oxygenation parameters at baseline (Bl); during blood withdrawal of 30 mL/
kg (Bw); and 120 minutes after resuscitation (Res) with 10 (), 20 (∆), or 30 mL/kg of DCLHb 
() or 30 mL/kg of HAES-Steril 6% () in anesthetized pigs. Values of coronary artery flow 
(QIca) (A), left ventricular oxygen consumption (VO2lv) (B), oxygen delivery (DO2lv) (C), and oxy-
gen extraction ratio (OERlv) (D) are expressed as mean ± SD. *p < 0.05 vs. baseline; #p < 0.05 
vs. HAES30; †p < 0.05 vs. DCLHb10; ‡p < 0.05 vs. DCLHb20.
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Data for regional oxygenation parameters are summarized in Figures 3B–D and 
4B–D. In the heart, hemorrhage reduced oxygen delivery (DO2lv) by 41 ± 18% and 
oxygen consumption (VO2lv) by 34 ± 16%, associated with an increase of oxygen ex-
traction ratio from 78 ± 4% to 89 ± 3%. Hemorrhage decreased coronary venous oxy-
gen pressure (PcvO2) from 23 ± 1 mm Hg to 18 ± 1 mm Hg and coronary venous Hb 
saturation from 22 ± 4% to 11 ± 3%. Resuscitation with 10 mL/kg of DCLHb initially 
restored values of DO2lv and VO2lv to baseline, whereas higher doses increased values 
initially above baseline dose-dependently. At 120 minutes postresuscitation, both 
DO2lv and VO2lv were below baseline in the 10-mL/kg DCLHb group and returned to 
baseline with 20 and 30 mL/kg of DCLHb. Resuscitation with 20 mL/kg of DCLHb 
was as effective as 30 mL/kg of HAES. The matched changes of VO2lv and DO2lv af-
ter resuscitation with DCLHb were associated with restoration of OERlv, PcvO2, and 
ScvO2. In the gut, hemorrhage decreased oxygen delivery (DO2gut) by 59 ± 6%, with-
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Figure 4. Gut oxygenation parameters at baseline (Bl); during blood withdrawal of 30 mL/kg 
(Bw); and 120 minutes after resuscitation (Res) with 10 (), 20 (∆), or 30 mL/kg of DCLHb () 
or 30 mL/kg of HAES-Steril 6% () in anesthetized pigs. Values of superior mesenteric artery 
flow (QIsma) (A), gut oxygen consumption (VO2gut) (B), oxygen delivery (DO2gut) (C), and oxygen 
extraction ratio (OERgut) (D) are expressed as mean ± SD. *p < 0.05 vs. baseline; #p < 0.05 vs. 
HAES30; †p < 0.05 vs. DCLHb10; ‡p < 0.05 vs. DCLHb20.
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out a change in oxygen consumption (VO2gut), associated with an increase of OER 
from 35 ± 10% to 78 ± 7%. Hemorrhage resulted in a decrease in mesenteric venous 
PO2 from 42 ± 5 mm Hg to 27 ± 3 mm Hg and a decrease in mesenteric SvO2 from 63 
± 9% to 22 ± 8% (n = 24). Resuscitation with either DCLHb or HAES did not restore 
DO2gut. In all groups, values of mesenteric venous oxygen pressure were restored to 
baseline initially after resuscitation and below baseline at 120 minutes postresuscita-
tion. Values of SmesO2 were initially restored only after resuscitation with 30 mL/kg 
of DCLHb, and HAES, while below baseline at 120 minutes postresuscitation in all 
groups.

Figure 5. Changes from baseline (Bl) for values of cardiac index (), coronary artery flow (), 
and superior mesenteric artery flow () during blood withdrawal of 30 mL/kg (Bw) and 120 
minutes after resuscitation (Res) with 10 (A), 20 (B), and 30 mL/kg (C) of DCLHb or 30 mL/kg 
of HAES-Steril 6% (D) in anesthetized pigs. Changes from baseline values (%) are represented 
as mean ± SD.
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In the heart, hemorrhage decreased pH from 7.42 ± 0.03 to 7.32 ± 0.05 and increased 
lactate from 1.6 ± 0.8 mmol/L to 5.0 ± 1.8 mmol/L (n = 24). In the gut, hemorrhage 
decreased mesenteric venous pH from 7.43 ± 0.03 to 7.28 ± 0.05 and increased lac-
tate from 1.5 ± 0.5 mmol/L to 5.3 ± 1.8 mmol/L (n = 24). In the heart and in the gut, 
resuscitation resulted in an initial deterioration of pH and a delayed restoration of all 
regional metabolic parameters to baseline, which was faster with HAES compared 
with DCLHb. Values of regional PCO2 were increased during hemorrhage, from 55 
± 4 mm Hg to 74 ± 5 mm Hg (n = 24), and showed a delayed restoration to baseline 
values in all groups, which was faster with isovolemic resuscitation of either HAES 
or DCLHb compared with lower volumes of DCLHb. Values of coronary venous and 
mesenteric venous lactate were not significantly different from values of arterial 
lactate at each measurement point.

Heart and gut microvascular PO2

Data are summarized in Tables 2 and 3 and Figure 6. Hemorrhage decreased left 
ventricular µPepiO2 from 72 ± 3 mm Hg to 56 ± 7 mm Hg (n = 24) (Table 4). Resus-
citation with 10 mL/kg of DCLHb resulted in only an initial restoration of µPepiO2 
to baseline value (68 ± 3 mm Hg). Higher doses of DCLHb, however, did not result 
in restoration of µPepiO2 to baseline values, despite a dose-dependent increase in left 
ventricular blood flow and oxygen delivery. Resuscitation with 30 mL/kg resulted in 
lower values of µPepiO2 compared with 10 mL/kg of DCLHb. Hemorrhage decreased 
microvascular oxygen pressures in the ileum, from 59 ± 4 mm Hg to 25 ± 7 mm Hg  
(n = 24) at the serosal site and from 22 ± 5 mm Hg to 9 ± 4 mm Hg (n = 24) at the mu-
cosal site (Table 2). The relative decrease in both serosal and mucosal microvascular 
oxygen pressure in the gut was much more than in the heart (56 ± 11% vs. 23 ± 9%) 
(Figure 6). After resuscitation with 10 mL/kg of DCLHb, both serosal and mucosal 
microvascular oxygen pressure were initially restored to baseline values. In contrast 
to the effect on cardiac µPepiO2, higher doses of DCLHb increased microvascular 
oxygen pressures in the gut to achieve hyperoxic values compared with baseline (69 
± 7 and 91 ± 8 mm Hg vs. 59 ± 4 mm Hg for the serosal µPO2, and 30 ± 4 and 35 ± 
4 mm Hg vs. 22 ± 5 mm Hg for the mucosal µPO2 after 20 and 30 mL/kg of DCLHb, 
respectively). These effects were only temporary. Effects of resuscitation with 30 
mL/kg HAES on both serosal and mucosal µPO2 were comparable with 10 mL/kg of 
DCLHb. In the DCLHb groups, the relative changes in microvascular oxygen pres-
sure at the serosal and mucosal sites were similar during hemorrhage and resuscita-
tion (Figure 6). After resuscitation with HAES, redistribution of oxygenation was 
preferentially to the mucosa over the serosa of the ileum.
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Figure 6. Changes from baseline (Bl) for values of epicardial microvascular PO2 of the heart 
() and serosal () and mucosal () microvascular PO2 of the gut during blood withdrawal 
of 30 mL/kg (Bw) and 120 minutes after resuscitation (Res) with 10 (A), 20 (B), and 30 mL/kg 
(C) of DCLHb or 30 mL/kg of HAES-Steril 6% (D) in anesthetized pigs. Changes from baseline 
values (%) are represented as mean ± SD.
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Table 1. Systemic oxygenation parameters at baseline, after severe hemorrhage, and after 
 resuscitation with three different doses of DCLHb or HAES- steril 6% in anesthetized pigs.

Values are expressed as mean±SD of n=6 in each group.
* P<0.05 versus baseline. # P<0.05 versus HAES30. † P<0.05 versus DCLHb10. ‡ P<0.05 versus 
DCLHb20.
HAES30=30 ml/kg HAES-steril 6%-group; DCLHb10=10 ml/kg DCLHb-group; DCLHb20=20 
ml/kg DCLHb-group; DCLHb30=30 ml/kg DCLHb-group; [Hb]a=arterial hemoglobin concen-
tration;  [Hb]pl=plasma hemoglobin concentration; Hct=hematocrit; PvO2=mixed venous oxy-
gen pressure; SvO2=mixed venous oxygen saturation; Postres=after resuscitation.

Parameter Baseline Shock
0 min

Postres
30 min
Postres

60 min
Postres

120 min
Postres

[Hb] a (g/dl)

HAES30 10.0±0.5 8.5±0.6* 4.3±0.5* 5.0±0.7* 5.7±0.7* 6.8±0.9*

DCLHb10 9.9±0.7 7.8±0.6* 7.9±0.8*# 7.6±0.8*# 7.3±0.8*# 7.1±0.9*

DCLHb20 9.9±0.3 7.8±0.8* 7.8±0.4*# 7.8±0.5*# 7.5±0.6*# 7.7±0.8*

DCLHb30 9.8±1.0 7.7±0.8* 7.9±0.9*# 8.0±0.9*# 8.0±0.9*# 7.7±0.9*

[Hb]pl (g/dl)

HAES30 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

DCLHb10 0.0±0.0 0.0±0.0 2.1±0.2*# 1.9±0.2*# 1.7±0.1*# 1.5±0.1*#

DCLHb20 0.0±0.0 0.0±0.0 3.3±0.2*#† 3.0±0.2*#† 2.8±0.1*#† 2.4±0.1*#†

DCLHb30 0.0±0.0 0.0±0.0 4.2±0.1*#†‡ 4.0±0.1*#†‡ 3.4±0.2*#†‡ 3.0±0.1*#†‡

Hct (%)

HAES30 31±1 26±2* 13±1* 16±2* 17±2* 21±2*

DCLHb10 30±2 25±2* 19±2*# 19±2* 19±2* 18±2*

DCLHb20 29±1 24±2* 15±1*† 17±1* 17±1* 18±2*

DCLHb30 30±2 26±2* 12±2*† 15±2*† 15±2* 17±2*

PvO2 (mmHg)

HAES30 42±2 23±3* 43±1 39±4 33±4* 31±3*

DCLHb10 40±3 24±1* 37±3# 34±3*# 30±2*# 27±3*#

DCLHb20 40±2 24±1* 43±4*† 36±4 33±4* 29±4*

DCLHb30 42±3 23±2* 51±4*#† 40±3† 34±2* 32±3*

SvO2 (%)

HAES30 63±3 18±7* 56±4* 54±6* 44±6* 41±7*

DCLHb10 61±6 20±4* 44±7*# 42±6*# 36±6*# 32±8*

DCLHb20 60±3 18±5* 53±7* 43±9* 41±10* 35±6*

DCLHb30 63±5 18±7* 64±7† 52±4*† 44±3* 41±6*
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Table 2. Heart and gut oxygenation parameters at baseline, after severe hemorrhage, and after 
resuscitation with three different doses of DCLHb or HAES-steril 6% in anesthetized pigs.

Values are expressed as mean±SD of n=6 in each group.
* P<0.05 versus baseline. # P<0.05 versus HAES30. † P<0.05 versus DCLHb10. ‡ P<0.05 versus 
DCLHb20.
HAES30=30 ml/kg HAES-steril 6%-group; DCLHb10=10 ml/kg DCLHb-group; DCLHb20=20 
ml/kg DCLHb-group; DCLHb30=30 ml/kg DCLHb-group; PcvO2=coronary venous oxygen pres-
sure; ScvO2=coronary venous oxygen saturation; PmesvO2=mesenteric venous oxygen pressure; 
SmesvO2=mesenteric venous oxygen saturation; Postres=after resuscitation.

Parameter Baseline Shock
0min

Postres
30min
Postres

60min
Postres

120min
Postres

PcvO2 (mmHg)

HAES30 23±2 18±2* 29±2* 27±2* 25±2 23±1

DCLHb10 23±2 20±2* 25±2 24±3 24±2 22±3

DCLHb20 23±2 18±2* 25±2 24±3 22±3 22±3

DCLHb30 23±2 19±3* 26±2 23±2 22±2 22±2

ScvO2 (%)

HAES30 22±4 10±2* 29±4* 30±4* 26±3 20±3

DCLHb10 22±4 12±3* 22±4 22±3# 22±4 21±4

DCLHb20 23±3 10±2* 21±4 22±3# 21±4 21±3

DCLHb30 21±3 12±4* 23±3 22±2# 21±3 22±3

PmesvO2 (mmHg)

HAES30 44±5 26±3* 47±3 43±3 37±3* 30±3*

DCLHb10 42±4 29±5* 42±5 36±5*# 34±5* 32±4*

DCLHb20 41±3 26±2* 43±5 36±2# 34±3* 32±3*

DCLHb30 42±2 24±2* 48±4 40±4 35±3* 32±3*

SmesvO2 (%)

HAES30 65±10 21±6* 62±6 62±6 51±7* 36±7*

DCLHb10 63±9 24±8* 51±7* 44±6*# 44±8* 41±8*

DCLHb20 62±5 21±5* 53±6 44±5*# 41±6* 38±9*

DCLHb30 61±10 19±6* 58±7 49±7# 42±8* 40±9*
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Table 3. Heart and gut metabolic parameters at baseline, after severe hemorrhage, and after 
resuscitation with three different doses of DCLHb or HAES-steril 6% in anesthetized pigs.

Values are expressed as mean±SD of n=6 in each group.
* P<0.05 versus baseline. # P<0.05 versus HAES30. † P<0.05 versus DCLHb10. ‡ P<0.05 versus 
DCLHb20.
pHcv=coronary venous pH; pHmesv=mesenteric venous pH; PrCO2=regional ileal carbon diox-
ide pressure; HAES30=30 ml/kg HAES-steril 6%-group; DCLHb10=10 ml/kg DCLHb-group; 
DCLHb20=20 ml/kg DCLHb-group; DCLHb30=30 ml/kg DCLHb-group; Postres=after resus-
citation.

Parameter Baseline Shock
0min

Postres
30min
Postres

60min
Postres

120min
Postres

pHcv(I.U.)

HAES30 7.41±0.03 7.32±0.04* 7.32±0.04* 7.39±0.03 7.41±0.02 7.41±0.02

DCLHb10 7.42±0.03 7.37±0.05* 7.29±0.04* 7.35±0.05* 7.38±0.05 7.41±0.04

DCLHb20 7.42±0.03 7.34±0.04* 7.29±0.03* 7.35±0.03* 7.38±0.02 7.40±0.02

DCLHb30 7.41±0.02 7.31±0.06* 7.27±0.03* 7.34±0.04* 7.38±0.02 7.40±0.02

Lactatecv(mmol/l)

HAES30 1.6±1.3 4.5±2.1* 4.2±2.1* 2.8±1.9 2.1±1.7 1.6±1.5

DCLHb10 1.6±0.5 5.9±2.2* 5.8±1.8* 4.4±1.3* 4.0±1.8* 3.0±1.6

DCLHb20 1.8±0.8 4.7±0.5* 5.2±0.8* 4.2±0.3* 3.6±0.7* 2.9±1.4

DCLHb30 1.5±0.7 4.0±1.3* 4.6±1.0* 3.5±1.0* 2.6±1.1* 1.7±0.8

pHmesv(I.U.)

HAES30 7.43±0.03 7.28±0.05* 7.32±0.05* 7.39±0.03 7.41±0.02 7.39±0.01

DCLHb10 7.44±0.03 7.27±0.07* 7.27±0.06* 7.34±0.07*# 7.37±0.07# 7.39±0.08

DCLHb20 7.45±0.02 7.29±0.05* 7.29±0.03* 7.34±0.03*# 7.37±0.03# 7.37±0.05

DCLHb30 7.42±0.03 7.29±0.05* 7.28±0.03* 7.34±0.03*# 7.35±0.05# 7.38±0.03

Lactatemesv(mmol/l)

HAES30 1.2±0.4 4.5±1.7* 4.3±1.7* 3.0±1.7 2.3±1.8 1.5±0.8

DCLHb10 1.9±0.7 6.1±2.1* 5.9±1.9* 4.8±1.6* 3.6±1.7* 3.5±2.2

DCLHb20 1.3±0.1 5.2±1.1* 5.6±1.1* 4.4±0.9* 4.1±0.7* 3.7±1.6

DCLHb30 1.6±0.4 4.4±1.0* 4.8±1.0* 3.4±1.2* 2.6±0.7 1.9±0.9

PrCO2 (mmHg)

HAES30 56±3 76±6* 65±4* 57±8 56±6 62±7

DCLHb10 53±4 72±6* 67±5* 58±6 54±7 56±6

DCLHb20 55±4 75±7* 66±6* 57±4 54±5 54±7

DCLHb30 56±6 71±7* 61±5 56±4 54±6 53±4
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Table 4. Heart and gut microvascular PO2 at baseline, after severe hemorrhage, and after resus-
citation with three different doses of DCLHb or HAES-steril 6% in anesthetized pigs.

Values are expressed as mean±SD of n=6 in each group.
* P<0.05 versus baseline. # P<0.05 versus HAES30. † P<0.05 versus DCLHb10. ‡ P<0.05 versus 
DCLHb20.
μPO2epi=microvascular oxygen pressure of the epicardium of the left ventricle; 
μPO2ser=microvascular oxygen pressure of the serosa of the ileum; μPO2muc=microvascular 
oxygen pressure of the mucosa of the ileum; HAES30=30 ml/kg HAES-steril 6%-group; DCL-
Hb10=10 ml/kg DCLHb-group; DCLHb20=20 ml/kg DCLHb-group; DCLHb30=30 ml/kg 
DCLHb-group; Postres=after resuscitation.

Parameter Baseline Shock
0min

Postres
30min
Postres

60min
Postres

120min
Postres

μPO2 epi (mmHg)

HAES30 72±1 56±2* 59±3* 59±3* 57±3* 53±2*

DCLHb10 71±2 56±4* 63±1* 66±3# 64±2*# 59±1*#

DCLHb20 72±2 53±4* 62±3* 62±4* 60±1* 56±3*

DCLHb30 73±1 56±1* 64±4* 62±3* 61±4* 58±4*

μPO2 ser (mmHg)

HAES30 62±2 23±3* 54±7 54±6* 47±5* 33±4*

DCLHb10 58±3 25±3* 47±4* 54±3 51±2* 42±2*

DCLHb20 57±3 23±3* 69±7*† 62±4† 52±6 44±7*

DCLHb30 58±1 26±3* 91±8*#†‡ 83±7*#†‡ 70±5*#†‡ 51±6#

μPO2 muc (mmHg)

HAES30 22±4 7±3* 20±4 22±4 21±5 14±3*

DCLHb10 22±3 10±4* 16±3* 20±4 21±3 15±4*

DCLHb20 22±3 9±4* 27±4† 28±5 22±4 15±3*

DCLHb30 23±3 10±3* 35±4*#†‡ 32±4*#† 21±3 19±4
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Discussion
In the present study, we tested three hypotheses concerning the efficacy of an HBOC 
for resuscitation after hemorrhage. These hypotheses were, first, that for an HBOC 
such as DCLHb, low volumes are effective in resuscitation of the microcirculation 
of the heart and gut. Second, the dose-response of DCLHb on µPO2 is different for 
the heart compared with the gut. Third, within the gut, the dose-response of DCLHb 
on µPO2 is different for the serosa compared with the mucosa. Concerning the first 
hypothesis, we found that after severe hemorrhage, resuscitation with a low volume 
of DCLHb resulted in successful resuscitation of epicardial and gut serosal and mu-
cosal microvascular oxygenation. It was shown that DCLHb restored baseline condi-
tions of microcirculatory oxygenation of the heart and gut with a third of the volume 
of conventional fluids given. Concerning the second hypothesis, it was shown that 
higher volumes of DCLHb did not restore heart µPO2 more than a low volume of 
DCLHb, but caused dose-dependent hyperoxic values of the gut to be achieved. Con-
cerning the third hypothesis, we found that within the gut, different doses of DCLHb 
enhanced both serosal and mucosal µPO2 in a similar manner, showing no pref-
erential resuscitation of one compartment. Furthermore, we found that the effects 
of DCLHb on systemic and regional blood flows and microcirculatory oxygenation 
were only initial effects, whereas the hypertensive effect was more sustained. To our 
knowledge, this is the first study investigating simultaneously the microcirculatory 
oxygenation between and within different organ systems in an animal model of shock 
and resuscitation with an HBOC.

Systemic, heart, and gut hemodynamics
In a previous study, after severe hemorrhage in pigs, we found that a very low vol-
ume of DCLHb (5 mL/kg) resulted in a significant increase of gut serosa µPO2 but 
only a slight improvement in gut blood flow or any of the other regional oxygen 
delivery parameters.114 Increasing this dose twofold, the lowest dose in the present 
study (i.e., 10 mL/kg) increased flow to the gut back to baseline values and flow to 
the heart above baseline value, although systemic blood flow (CO) was not restored. 
The lowest dose of DCLHb already induced systemic and pulmonary hypertension, 
which can be attributed to an increase in vascular resistance, as observed by others, 
using a low volume of HBOC.77,114,134,144,168,242 Higher volumes of DCLHb do not in-
crease the systemic and pulmonary vascular resistance further. The further increase 
in blood pressure was found to be associated with an increase in CO, caused by the 
additional volume being given, although it was maximized to 20 mL/kg of DCLHb. 
A pharmacologic effect on CO, however, cannot be ruled out. The sustained dose-
independent increase in vascular resistance is in agreement with other studies, using 
different doses of HBOCs.144,169,242,243 
The observation of preferential distribution of blood flow to the heart compared 
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with the gut by HBOCs after hemorrhage is in agreement with other studies.162,163,247 
Within the heart, the effect of DCLHb on regional myocardial perfusion has been 
investigated in pigs during shock and resuscitation.248 In that study, shock induced an 
alteration of the subendocardial blood flow, which was restored by DCLHb, without 
alteration of epicardial blood flow. These measurements, however, were made after 
an induced stenosis of the left coronary artery and, because we investigated only 
total blood flow to the left ventricle, we could not differentiate between an effect 
on epicardial and subendocardial blood flow. Higher doses of DCLHb resulted in a 
dose-dependent increase of flow to the heart, but not to the gut. These observations 
of flow redistribution to the heart and gut are in agreement with another dose-effect 
study in rats.163 It has to be mentioned that, in general, the manner in which HBOCs 
affect the distribution of blood flow between or within organ systems is not conclu-
sive and depends on the type of HBOC used178,249 and the sort of vascular bed stud-
ied.250 It is remarkable that blood flows after resuscitation with DCLHb were lower 
compared with the control solution, at both systemic and regional levels. When com-
paring the isovolemic resuscitation of DCLHb to the isovolemic resuscitation of the 
oncotically matched non–oxygen-carrying solution, the increase in filling pressures 
and the decrease in hematocrit were initially similar. Because these parameters are 
main determinants of blood flow, our results suggest that the increase in blood flow 
is limited after resuscitation with an HBOC. It is generally assumed that such a 
limitation of flow enhancement is the result of interference in regulation of normal 
vascular tonus by nitric oxide and/or endothelin by free hemoglobin,148 and/or of the 
effect on red blood cell aggregation by HBOCs.251 It has even been suggested by oth-
ers that this limitation in blood flow offsets the special characteristics of oxygenation 
by HBOCs.162,249,252

Heart and gut oxygenation
Resuscitation with the lowest dose of DCLHb was sufficient to restore µPO2 to 
baseline in both the heart and gut. Shock induces dysfunction of autoregulatory 
mechanisms,1 and it has been suggested that such autoregulatory dysfunction can 
be restored by DCLHb.175 Such a restoration of autoregulatory function could well 
be associated with the nitric oxide scavenging property of DCLHb, thought to be 
responsible for the pressor effects of DCLHb. Indeed, scavenging nitric oxide has 
been shown to correct autoregulatory dysfunction during endotoxemia.253 In contrast 
to the dose-dependent increase of blood flow to the heart by DCLHb and the limited 
increase in blood flow to the gut, we found that increasing the dose of DCLHb to 
isovolemia resulted in a dose-dependent increase in µPO2 for the gut but not for the 
heart. Maximal µPO2 of the heart was already reached at the lowest dose of DCLHb, 
and increasing the dose did not result in a further increase in cardiac µPO2. This 
could be the result of the increased work and oxygen consumption imposed by the 
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increased systemic and pulmonary blood pressure, which was induced by DCLHb. 
The change in cardiac metabolic parameters did not differentiate between the dif-
ferent volumes of DCLHb, but showed an earlier restoration to baseline level after 
isovolemic resuscitation with HAES compared with DCLHb. An important new find-
ing in this study is that isovolemic resuscitation with DCLHb resulted in an initial 
hyperoxia of the gut microcirculation. Whether or not the attainment of hyperoxic 
microvascular levels of PO2 is desirable is open for argument. It could be argued that 
extra oxygen to the gut might protect it during resuscitation. We observed in our pre-
vious study an increased oxygen demand by an increased intestinal motor function 
after low doses of DCLHb. In the present study, however, this effect was less with 
an increased dose of DCLHb, as observed by others.254 In contrast, higher levels of 
oxygen may provide the substrate for oxygen free radical generation and thereby be 
detrimental to intestinal viability.255 Similar to the heart, regional metabolic param-
eters such as lactate and pH, and also regional ileal carbon dioxide pressure, were 
earlier restored with isovolemic resuscitation with either DCLHb or HAES compared 
with the lower volumes of DCLHb.

Compared with a sustained effect on systemic blood pressure and vascular resis-
tance, it was found that other systemic and regional hemodynamic parameters and 
the oxygenation of the microcirculation in the different organ beds were only ini-
tially restored after resuscitation with DCLHb. Although we did not measure cir-
culating blood volume, measurements of filling pressures and hematocrit indicated 
that differences in circulating blood volume between the DCLHb groups disappeared 
within 30 minutes after resuscitation. Plasma hemoglobin concentrations, however, 
remained significantly different until the end of the observation period. Therefore, 
it is assumed that the sustained effects on blood pressure and vascular resistance are 
the result of pharmacologic characteristics of HBOCs, whereas the effects on other 
systemic and regional hemodynamic parameters, and the oxygenation of the micro-
circulation in the different organ beds at least are determined by the volume of the 
HBOC. During the performance of the present study, the development of DCLHb as 
a clinical product has been canceled on the basis of negative results of a phase III 
trial for usage as a resuscitation solution in trauma,256 despite its success in clini-
cal trials, to avoid exposure of allogenic blood postoperatively.257 Our observations, 
that the effects on microvascular oxygenation are only short acting, whereas the 
hypertensive effect, on the basis of a marked increased vascular resistance, is more 
sustained, might be one explanation for the observed negative results of this clinical 
trial. Furthermore, besides the fact that systemic hypertension could have masked 
regional effects, pulmonary hypertension could have worsened pulmonary trauma, 
as suggested by others.228
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Gut serosal and mucosal microvascular oxygenation
In the present study, effects on mucosal and serosal microvascular oxygenation 
 during hemorrhage and resuscitation with DCLHb were similar. This is obvious, 
although it is generally believed that during shock the mucosa is more vulnerable 
compared with the serosa. After isovolemic resuscitation with HAES, even a prefer-
ential resuscitation of the microvascular oxygenation of the mucosa over the serosa 
was observed. Data on simultaneous measurements of mucosal and serosal oxygen-
ation and circulation are limited and not conclusive regarding redistribution of flow 
and oxygenation within the gut. In contrast to our results, preferential oxygenation 
of the serosa over the mucosa was found during hemorrhage and resuscitation with 
crystalloids in rats241 and in endotoxemic dogs.38 These studies used oxygen elec-
trodes for the measurement of tissue oxygenation. The main limitation of oxygen 
electrodes, however, is their limited catchment volumes with penetration depths of 
approximately 10 to 20 µm and susceptibility to high oxygen pressures from arterial 
vessels.157 In contrast, the oxygen quenching of Pd-porphyrin phosphorescence is 
more sensitive to lower oxygen concentrations. In addition, the penetration depth of 
0.5 mm allows the measurement of deeper intestinal wall layers (e.g., the subserosa 
and the muscularis), and the absence of direct tissue contact prevents alterations of 
microcirculatory blood flow by the measurement method. Preferential resuscitation 
of the mucosa over the serosa was found in a microsphere study in endotoxemic 
pigs258 and during hemodilution.40 This supports our findings after isovolemic resus-
citation with HAES.

Conclusions
The present study reports, to our knowledge, for the first time, the effect of HBOCs 
on microvascular oxygenation of the heart and gut and the relation to conventionally 
available systemic hemodynamic parameters. We have shown that when investigating 
HBOCs, clinically used parameters such as blood pressure masks effects on oxy-
genation, especially regional oxygenation. Research into the properties of HBOCs 
can be expected to generate important data for guidelines in future clinical trials of 
HBOCs or for development of new HBOCs. The present study has shown the need to 
monitor directly the microcirculation when guiding resuscitation with HBOCs. Fur-
thermore, this study has demonstrated that the heterogeneous manner in which such 
resuscitation fluids affect the microcirculatory oxygenation ideally require monitor-
ing of different organ systems.
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summary and conclusions

Resuscitation from hemorrhage is ultimately aimed at restoring oxygen delivery to 
the organs by improving microcirculatory perfusion and oxygenation. In current 
clinical practice, guidelines for resuscitation primarily provide for the monitoring of 
macrocirculatory parameters, such as arterial blood pressure, heart rate, and cardiac 
output; and of systemic metabolic and oxygenation parameters, such as plasma lac-
tate and venous oxygen saturation. Ideally, the effectiveness of resuscitation would 
be monitored by measuring regional oxygenation because it is known from sepsis 
that macro- and microvascular parameters are not naturally related to each other.118

In this thesis, the heterogeneity of oxygenation during hemorrhage and resuscitation 
was investigated to reveal the relationships between micro- and macrovascular pa-
rameters and furthermore the relationships between and within organs. We focused 
on oxygenation of the heart as a vital organ and the small intestine as a non-vital or-
gan. Regional oxygenation was measured using the quenching of Pd-porphyrin phos-
phorescence technique. This measurement technique, however, is not possible to use 
in humans; thus, our experiments were performed in anesthetized pigs. Hemorrhage, 
in all experiments, was created by a controlled withdrawal of a fixed volume of cir-
culating blood. Therefore, the severity of shock was not determined by either macro- 
or microcirculatory parameters. Resuscitation was performed after a short period of 
induced hemorrhage. The first part of the thesis described the effects of resuscitation 
with autologous blood (chapters 1-3). In the second part (chapters 4-7), resuscitation 
with hemoglobin-based oxygen carriers (HBOCs) was investigated. As alternative 
solutions for blood in the treatment of hemorrhage, these compounds not only pro-
vide volume and oxygen, but they also directly or indirectly affect vascular tone. We 
investigated how the combination of these effects translated into the transport and 
distribution of oxygen to the various tissue beds during and after resuscitation from 
hemorrhage.

The aim of Chapter 1 was to investigate the relationship between the microvas-
cular and venous oxygen pressures in the pig intestine during hemorrhagic shock 
and resuscitation. Microvascular PO2 (μPO2), as measured by the quenching of Pd-
porphyrin phosphorescence technique, was related to values of mesenteric venous 
blood gasses, blood flow, ilial CO2 production and global hemodynamic parameters. 
In one group, moderate shock was induced by withdrawal of 25 ml/kg (30%) of the 
circulating blood volume. Seven of these animals were resuscitated with a crystal-
loid solution and four with the withdrawn autologous blood. In a second group, a 
more severe shock was induced by withdrawal of 40 ml/kg (50%) of the circulating 
blood volume; these animals were not resuscitated. The baseline mesenteric venous 
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PO2 and μPO2 values were similar (60 ± 9 and 60 ± 11 mmHg, respectively). During 
moderate shock, μPO2 dropped significantly below mesenteric venous PO2 (26 ± 10 
versus 35 ± 8 mmHg). After resuscitation with crystalloid solution, μPO2 and mes-
enteric venous PO2 rose to 44 ± 9 and 44 ± 6 mmHg, respectively. In the group that 
received the withdrawn blood, the values were 41 ± 9 and 53 ± 12 mmHg, respec-
tively. Severe shock resulted in a drop in mesenteric venous PO2 to a value similar to 
that seen in the moderate shock group, but gut μPO2 dropped to a much lower value 
than that of the moderate shock group (15 ± 5 versus 26 ± 10 mmHg). The results 
indicated that the oxygenation of the microcirculation of the gut can fall lower than 
the venous PO2 under the conditions of hemorrhagic shock.

In Chapter 2, the regional heterogeneity of the oxygen supply-consumption ratio 
within the heart was discussed. This heterogeneity is an important functional param-
eter because it determines whether regions within the heart are normoxic or dysoxic. 
Although the heterogeneity of the supply side of oxygen has primarily been described 
using flow heterogeneity, the diffusion component of the oxygen supply should not 
be ignored. Such oxygen diffusion does not seem to originate from arterioles or 
venules within the heart, but it appears to occur between capillaries, in contrast to 
data recently obtained from other tissues. Oxygen diffusion might even become the 
primary determinant of oxygen supply during obstructed flow conditions. Studies 
aimed at the modeling of regional blood flow and oxygen consumption have dem-
onstrated marked regional heterogeneity of oxygen consumption matched by flow 
heterogeneity. Direct, non-invasive indicators of the balance between oxygen supply 
and consumption include NADH videofluorimetry (mitochondrial energy state) and 
microvascular PO2 measurement using the Pd-porphyrin phosphorescence technique. 
These indicators have shown a relatively homogeneous distribution during physi-
ological conditions supporting the notion of the regional matching of oxygen sup-
ply with oxygen consumption. NADH videofluorimetry, however, has demonstrated 
large increases in the functional heterogeneity of this ratio in compromised hearts 
(ischemia, hypoxia, hypertrophy and endotoxemia), with specific areas, referred to 
as microcirculatory weak units, predisposed to showing the first signs of dysoxia. It 
has been suggested that these weak units show the largest relative reduction in flow 
(independent of absolute flow levels) during compromised conditions, with dysoxia 
initially developing at the venous ends of the capillaries.

Because disparity between the macro- and microcirculation is thought to occur as 
a result of (micro)vascular dysfunction in some types of shock, in Chapter 3, we 
investigated both macro- and microcirculatory parameters in the heart and the gut. 
We hypothesized that the microcirculation in the gut would follow the macrocircu-
lation in the acute phase of hemorrhagic shock and isovolemic autologous whole 
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blood resuscitation but that the microcirculation in the heart would be preserved, 
even under conditions of macrocirculatory depression. The pigs were anesthetized 
and subjected to subsequent (20 and 10 ml/kg) controlled hemorrhagic shock and 
isovolemic (30 ml/kg) resuscitation with autologous blood. Quantitative measure-
ment of microvascular oxygen pressure (μPO2) was performed by phosphorimetry 
on the gut and heart simultaneously. Measurements of systemic hemodynamic and 
regional oxygen-derived parameters, as well as μPO2, were performed at baseline, 
after the first and second phases of hemorrhage, and after resuscitation. Half of the 
pigs responded to resuscitation, whereas the other half died spontaneously within 
20-30 min after reinfusion of the withdrawn blood, without significant differences 
in macro- or microcirculatory parameters at baseline or after hemorrhage. Correla-
tion analysis showed that the microvascular PO2 in the heart and the gut was closely 
related to macrocirculatory parameters (cardiac index, mean arterial pressure, and 
oxygen delivery) during hemorrhage and resuscitation. This study demonstrated that 
the microcirculation in the gut (which is a non-vital organ) and heart (which is a vital 
organ) follow the macrocirculation in the acute phase of hemorrhagic shock and in 
isovolemic autologous whole blood resuscitation.

As an alternative to allogeneic blood, hemoglobin-based oxygen carriers (HBOCs) 
have been developed. In Chapter 4, we reviewed the mechanisms of oxygen de-
livery by different HBOCs, the modifications made to the hemoglobin molecules 
to reduce the adverse effects associated with HBOCs, and their effects on (micro)
vascular autoregulation and on blood rheology. We furthermore described the effects 
of HBOCs at the microcirculatory level in several organs.

In Chapter 5, we investigated the efficacy of resuscitation with polyHbXl (a po-
lymerized cross-linked hemoglobin solution) in pigs. We investigated whether va-
soconstriction, caused by modified hemoglobin solutions, changed regional tissue 
perfusion and oxygenation and affected cardiac function. To this end, twelve pigs 
(27±2 kg) were anesthetized and subjected to a controlled hemorrhagic shock mod-
el (25 mL/kg). Next, they were resuscitated with either an isovolemic volume of 
autologous blood (n=6) or polyHbXl (n=6). At baseline, after shock, and during 
a 150-minute observation period following resuscitation, systemic hemodynamic 
parameters and systemic and cardiac oxygenation parameters were determined. In 
addition, catecholamines, high cardiac energy phosphates, and regional blood flow 
were measured, the latter with radioactive microspheres. We found that resuscitation 
with polyHbXl resulted in pulmonary hypertension but not in systemic hypertension, 
although both the pulmonary and systemic vascular resistances were increased. This 
finding was the result of a lower stroke volume. Due to lower arterial oxygen content 
after resuscitation with polyHbXl, systemic oxygen delivery was lower compared 



134 Summary and ConCluSionS

with autologous blood resuscitation and it resulted in a higher oxygen extraction 
ratio. However, because of a greater blood flow to the left ventricle, regional oxygen 
delivery to the heart and cardiac function were maintained, similar to the autologous 
group. Hence, this study showed that resuscitation with polyHbXl after hemorrhagic 
shock in pigs restored hemodynamics and catecholamines at least as well as autolo-
gous blood and resulted in pulmonary hypertension. Cardiac oxygen delivery and 
cardiac function were well preserved.

In Chapter 6, we investigated the influence of resuscitation from hemorrhage with 
a low volume of DCLHb (a diaspirin cross-linked hemoglobin solution) on gut mi-
crovascular oxygen pressure (μPO2) in anesthetized pigs using palladium-porphyrin 
quenching of phosphorescence. Values of gut μPO2 were studied in relation to re-
gional intestinal parameters, as well as global metabolic and circulatory parameters. 
Controlled hemorrhagic shock (blood withdrawal of 40 mL/kg) was followed by 
resuscitation with either a combination of lactated Ringer’s solution and modified 
gelatin (lactR/Gel) or a low dose (5 ml/kg) of 10% DCLHb. After resuscitation, gut 
μPO2 was similarly improved in the lactR/Gel group (from 25 ± 10 mm Hg to 53 ± 8 
mm Hg) and in the DCLHb group (from 23 ± 9 mm Hg to 46 ± 6 mm Hg), a finding 
that was associated with increased gut oxygen delivery. However, the improvement 
after resuscitation with DCLHb was sustained for a longer period of time (75 vs. 30 
min). Mesenteric venous PO2 was increased after resuscitation with lactated Ringer’s 
solution and modified gelatin but not after resuscitation with DCLHb, the latter of 
which was associated with an increase in gut oxygen consumption in that group. We 
concluded that the measurement of μPO2 by the palladium-porphyrin phosphores-
cence technique revealed DCLHb to be an effective carrier of oxygen to the micro-
circulation of the gut. Additionally, this effect can be achieved with a lower volume 
than is currently used in resuscitation procedures.

According to the results from the experiments in Chapter 6, we used different doses 
of DCLHb for resuscitation from hemorrhage in Chapter 7. Furthermore, we in-
vestigated the oxygenation of the heart, as this organ can be compromised with in-
creased dosage of DCLHb. We tested the hypothesis that resuscitation with HBOCs 
affects the oxygenation of the microcirculation differently between and within or-
gans. In addition, we tested the influence of the volume of DCLHb on the micro-
circulatory oxygenation of the heart and of the gut serosa and mucosa in a porcine 
model of hemorrhage. The pigs underwent controlled hemorrhage (30 mL/kg over 
1 hour), which was followed by resuscitation with 10, 20, or 30 mL/kg DCLHb or 
by isovolemic resuscitation with 30 mL/kg of a 6% hydroxyethyl starch solution 
(HAES). The measurements included systemic and regional hemodynamic and oxy-
genation parameters. The microvascular oxygen pressures (μPO2) of the epicardium 
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and of the serosa and mucosa of the ileum were again measured simultaneously us-
ing the palladium-porphyrin phosphorescence technique. The measurements were 
obtained for up to 120 minutes after resuscitation. After hemorrhage, a low volume 
of DCLHb restored both cardiac and intestinal μPO2. Resuscitation of gut μPO2 with 
a low volume of DCLHb was as effective as isovolemic resuscitation with HAES. 
Higher volumes of DCLHb did not restore cardiac μPO2, as isovolemic resuscitation 
with HAES did, but they did increase gut μPO2 to hyperoxic values in dose-depen-
dent manner. The effects were similar for the serosal and mucosal μPO2. In contrast 
to the sustained hypertensive effect after resuscitation with DCLHb, the effects of 
DCLHb on regional oxygenation and on hemodynamics were transient. This study 
showed that a low volume of DCLHb was effective in the resuscitation of the mi-
crocirculatory oxygenation of the heart and gut. Increasing the volume of DCLHb 
however, did not cause an additional increase in heart μPO2 but caused hyperoxic 
microvascular values in the gut to be attained. We concluded that microcirculatory 
monitoring in this manner elucidates the regional behavior of oxygen transport to 
the tissues by HBOCs, whereas the systemic variables were ineffective in describing 
their response.

In conclusion, our experiments showed that during hemorrhage and resuscitation 
with blood, the heterogeneity of regional cardiac and intestinal oxygenation is lim-
ited in relation to systemic hemodynamics. Heterogeneity after resuscitation with 
HBOCs, however, is significant. Therefore, to investigate the efficacy of resuscita-
tion with HBOCs for hemorrhage, it is necessary to examine the microcirculatory 
levels of different organs. It was demonstrated that although it had remarkable ef-
fects on the vascular system, resuscitation with DCLHb and polyHbXl after hem-
orrhage resulted in enhanced regional oxygenation of the heart and gut. We also 
observed an increased metabolic need in the gut after the administration of DCLHb, 
which was balanced by improved oxygen supply.

As of now, no HBOCs have been approved by the FDA. While the effectiveness by 
HBOCs on oxygen transport has been shown in our study and in many other studies, 
attenuation of all clinical studies has mainly been due to the side effects induced 
by these solutions. A meta-analysis of 16 clinical trials (performed between 1996 
till 2008) with five different HBOCs showed a significantly increased risk of death 
(relative risk of 1.3) and of myocardial infarction (relative risk of 2.7).259 It is as-
sumed that these adverse effects are due to scavenging of NO by free hemoglobin, 
which may result in systemic vasoconstriction, impaired blood flow, release of pro-
inflammatory mediators and conditions of vascular thrombosis in the heart due to a 
loss of platelet inactivation.260 Extravasation of HBOCs into the vasculature induces 
the scavenging of NO. Indeed, during our experiment using polyHbXl, described in 
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Chapter 5, we also observed extravasation of non-cross-linked Hb  molecules, which 
were visible in all of the exposed organs. In this experiment, however, we observed 
no systemic hypertension and only pulmonary hypertension without impaired car-
diac function. The development of polyHbXl was terminated after the experience 
of hemorrhagic lesions in the small intestines during experiments in rats and ba-
boons.261 Additionally, clinical trials with DCLHb were terminated because of in-
creased mortality in the HBOC group among trauma patients. It was assumed that 
the restoration and stabilization of mean arterial pressure by even low volumes of 
DCLHb, as described also in our experiment in Chapter 6, masked the insufficient 
oxygenation of different organs and resulted in limited and insufficient fluid resus-
citation. However, there is still discussion about the relevance of hypertension as the 
cause of increased mortality.256 As the need remains real for an alternative to blood as 
a resuscitation fluid is, new artificial oxygen carriers are in development. The devel-
opment of these HBOCs remains focused on avoiding vasoactivity and on improving 
their oxygen loading and unloading characteristics.262-264 No products for clinical use 
are currently available.

It is obvious that before new HBOCs can be clinically evaluated, these products must 
be investigated with regard to their efficacy on systemic hemodynamics and on the 
microvascular oxygenation of different organs. Although there is currently no FDA-
approved HBOC, the development of HBOCs has definitely increased our knowl-
edge about the behavior of the microcirculation under compromised circulatory con-
ditions. Furthermore, this research has also driven the development of clinically 
applicable techniques for studying the microcirculation, such as SDF imaging.265,266



samenvattinG en conclusies

Resuscitatie van een verbloeding is uiteindelijk gericht op het herstel van de zuur-
stofvoorziening naar organen, door het verbeteren van de perfusie en oxygenatie 
van de microcirculatie. In de huidige klinische praktijk worden richtlijnen voor re-
animatie voornamelijk bepaald door het bewaken van macrocirculatoire parameters 
zoals arteriële bloeddruk, hartslag en hartminuutvolume en  systemische metabole en 
oxygenatie parameters, zoals plasma lactaat en veneuze zuurstofsaturatie. Idealiter 
wordt de effectiviteit van de resuscitatie bewaakt door meting van de regionale oxy-
genatie, omdat het van sepsis bekend is, dat macro-en microvasculaire parameters 
niet vanzelfsprekend aan elkaar gerelateerd zijn.118

In dit proefschrift wordt de heterogeniteit van de zuurstofvoorziening tijdens ver-
bloeding en resuscitatie onderzocht op de relatie tussen micro-en macrovasculaire 
parameters en bovendien op de relatie tussen en binnen organen. We hebben ons 
gericht op de oxygenatie van het hart als een vitaal orgaan en de dunne darm als 
een niet-vitaal orgaan. Regionale oxygenatie werd gemeten door de Pd-porfyrine 
fosforescentie techniek. Deze meetmethode is echter niet toepasbaar bij de mens, 
zodat onze experimenten werden uitgevoerd in varkens onder anesthesie. Verbloe-
ding in alle experimenten werd bewerkstelligd door afname van een vast volume 
van het circulerende bloedvolume. De mate van shock werd daarmee niet bepaald 
door een macro-of microcirculatoire parameter. Resuscitatie werd uitgevoerd na een 
korte periode van verbloeding. Het eerste deel van het proefschrift beschrijft de ef-
fecten van resuscitatie met autoloog bloed (hoofdstukken 1-3). In het tweede deel 
(hoofdstukken 4-7) wordt resuscitatie met zuurstofdragers op basis van hemoglobine 
(HBOCs) onderzocht. Als alternatieve oplossingen voor bloed in de behandeling van 
een verbloeding leveren deze verbindingen niet alleen volume en zuurstof, maar zijn 
ook direct of indirect van invloed op de vasculaire tonus. Wij onderzochten wat de 
som van deze effecten betekent voor het transport en de distributie van zuurstof naar 
de verschillende weefsels, tijdens en na de resuscitatie van een verbloeding.

Het doel van Hoofdstuk 1 was het bestuderen van de relatie tussen microvasculaire 
en veneuze zuurstofdrukken in varkensdarmen tijden verbloedingsshock en resus-
citatie. Hiervoor werd microvasculaire PO2 (µPO2) gemeten door middel van fosfo-
rescentie van palladium-porfyrine. Tevens werden veneuze perfusie,  bloedgassen, 
en de productie van CO2 in de darm gemeten alsmede  macrohemodynamische va-
riabelen. In een groep dieren werd een shock bewerkstelligd door 40% van het cir-
culerende bloedvolume te ontrekken. Zeven van deze dieren werden geresusciteerd 
met een crystalloide oplossing en vier met het afgenomen bloed. In een andere groep 
dieren werd een zwaardere shock gecreëerd door 50% van het circulerende bloedvo-
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lume te onttrekken; deze dieren werden niet geresusciteerd. Uitgangswaarden voor 
mesenteriële veneuze PO2 en µPO2 waren gelijkwaardig (60±9 en 60±11 mmHg, res-
pectievelijk). Tijdens shock daalde de µPO2 significant onder de veneuze PO2 (26±10 
vs. 35±8 mmHg). Na resuscitatie met een crystalloide oplossing stegen de micro-
vasculaire en veneuze PO2 naar respectievelijk 44±9 en 44±6 mmHg. In de groep 
die geresusciteerd werd met het afgenomen bloed waren de waarden respectievelijk 
41±9 en 53±12 mmHg. Diepere shock resulteerde in een toegenomen verlaging van 
de mesenteriële veneuze PO2 naar 15±5 mmHg. De resultaten tonen aan dat tijdens 
hemorrhagische shock de oxygenatie van de microcirculatie in de darmen lager kan 
worden dan de veneuze oxygenatie.

In Hoofdstuk 2 wordt de regionale heterogeniteit van de zuurstofafgifte/-verbruik 
ratio binnen het hart bediscussieerd. Dit is een belangrijke functionele parameter om-
dat het bepaalt welke delen van het hart normoxisch zijn en welke delen dysoxisch 
zijn. Terwijl de heterogeniteit aan de zuurstoftransportzijde vooral beschreven is 
door heterogeniteit van perfusie, moet de heterogeniteit van diffusie niet vergeten 
worden. Deze diffusie van zuurstof vindt niet plaats in de arteriolen of venules in het 
hart maar vooral in de capillairen. Zuurstofdiffusie kan zelfs de hoofdbepalende fac-
tor van zuurstofafgifte worden tijdens obstructie van perfusie. Studies die regionale 
perfusie en zuurstofconsumptie nabootsen hebben laten zien dat de heterogeniteit 
van perfusie gelijk is aan die van zuurstofconsumptie. Directe non-invasieve indi-
catoren van de balans tussen zuurstofafgifte en zuurstofverbruik zijn NADH fluoro-
metrie (mitochondriale energie status) en microvasculaire oxygenatie metingen door 
middel van fosforimetrie. Deze indicatoren hebben een relatieve homogene verde-
ling van zuurstof laten zien onder normale fysiologische omstandigheden, hetgeen 
aangeeft dat afgifte en consumptie op elkaar zijn afgestemd. NADH fluorometrie 
heeft echter aangetoond dat heterogeniteit ontstaat in gecomprimeerde harten (is-
chemie, hypoxie, hypertrofie, en endotoxemie) binnen specifieke plaatsen: zwakke 
microcirculatoire plekken. Er wordt gesuggereerd dat deze zwakke plekken lijden 
onder een hoge reductie van perfusie waardoor er snel dysoxie kan ontstaan aan de 
veneuze zijde van de capillairen. 

Omdat er in sommige typen van shock een verschil bestaat tussen de respons in de 
macrocirculatie en de microcirculatie, hebben we in Hoofdstuk 3 zowel macro- als 
microcirculatoire parameters gemeten in het hart als een vitaal orgaan en in de dar-
men als een non-vitaal orgaan. We hebben de hypothese getest dat de microcirculatie 
in de darmen de macrocirculatie zou volgen in de acute fase van verbloedingsshock 
en isovolemische bloed transfusie, maar dat de microcirculatie in het hart beschermd 
zou worden zelfs onder condities van verslechterde macrocirculatie. Varkens werden 
onder narcose gebracht en gecontroleerd verbloed (opeenvolgend 20ml/kg en 10ml/kg 
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van het circulerende bloed werd onttrokken), waarna ze geresusciteerd werden met 
het onttrokken bloed. Kwantitatieve metingen van microvasculaire zuurstofdrukken 
(µPO2) werden gedaan met behulp van fosforimetrie, simultaan op de darmen en het 
hart. Systemische en regionale zuurstofgerelateerde parameters evenals µPO2 werden 
gemeten als uitgangswaarden, na 30% reductie van het circulerende bloedvolume, na 
45% reductie, en na resuscitatie met het ontrokken bloed. De helft van de varkens 
reageerde goed op de resuscitatie, maar de andere helft overleed 20-30 minuten na 
resuscitatie. In uitgangswaarden of na verbloeding waren er geen significante ver-
schillen tussen de dieren die goed reageerde op de bloedtransfusie en de dieren die 
niet goed reageerde. Correlatie-analyse toonde aan dat tijdens hemorrhagische shock 
en resuscitatie de microvasculaire PO2 in het hart en in de darmen nauw gerelateerd 
waren aan macrocirculatoire parameters (hartminuutvolume, bloed druk, en syste-
misch zuurstoftransport). Deze studie toonde aan dat de microcirculatie in het hart 
als een vitaal orgaan en in de darmen als een non-vitaal orgaan de macrocirculatie 
volgt in de acute fase van verbloedingsshock en isovolemische bloedtransfusie.

Als een alternatief voor allogeen bloed zijn er op hemoglobine gebaseerde zuurstof-
dragers (HBOCs) ontwikkeld. In Hoofdstuk 4 beschrijven we de mechanismen van 
zuurstoftransport door deze HBOCs, de modificaties aangebracht aan de hemoglo-
bine moleculen om de negatieve effecten van de HBOCs tegen te gaan, en de effecten 
van HBOCs op (micro)vasculaire regulatie en de rheologie van bloed. Daarnaast 
beschrijven we de effecten van HBOCs op microvasculair niveau in verschillende 
organen.

In Hoofdstuk 5 hebben we de effectiviteit van resuscitatie met polyHbXl (een ge-
polymeriseerde gekruislinkte hemoglobine oplossing) in varkens getest. Daarnaast 
bestudeerden we of vasoconstrictie, veroorzaakt door gemodificeerde hemoglobine 
oplossingen, veranderingen in regionale weefselperfusie en oxygenatie veroorzaakt 
en of de hartfunctie wordt beïnvloed. Hiervoor werden twaalf varkens onder narcose 
gebracht en gecontroleerd verbloed (25 mL/kg). Vervolgens werden ze geresusci-
teerd met het ontrokken bloed of met polyHbXl. Bij aanvang, tijdens shock, en 150 
minuten na resuscitatie werden systemische hemodynamische parameters en syste-
mische en cardiale oxygenatie parameters gemeten. Daarnaast hebben we catecho-
lemines, cardiale hoog energetische fosfaten, en regionale perfusie (radioactieve 
microsferen) gemeten. We vonden dat resuscitatie met polyHbXl resulteerde in pul-
monale hypertensie, maar niet in systemische hypertensie, ondanks een stijging van 
zowel de systemische als pulmonale vaatweerstand. Het resultaat van een verlaagd 
slagvolume. Door een lager arteriëel zuurstofgehalte na resuscitatie met polyHbXl 
was het systemische zuurstoftransport minder in vergelijking tot resuscitatie met het 
onttrokken bloed. Door een betere bloedstroming echter, was de regionale weefsel 



140 Samenvatting en ConCluSieS

oxygenatie in beide groepen gelijk. Deze studie heeft dus laten zien dat resuscitatie 
met polyHbXl na verbloedingsshock in varkens de hemodynamiek minstens net zo 
goed hersteld als autoloog bloed en dat het resulteert in pulmonaire hypertensie. 
Weefsel oxygenatie en hartfunctie werden behouden.

In Hoofdstuk 6 hebben we de effecten van een laag volume van diaspirin gekruis-
linkte hemoglobine (DCLHb) op microvasculaire oxygenatie (µPO2) in varkensdar-
men gemeten met fosforescentie van palladium-porfyrine. Waarden van µPO2 in de 
darm werden gecorreleerd aan regionale darmperfusie en aan globale metabole en 
circulatie parameters. Een gecontroleerde verbloeding (40 mL/kg) werd gevolgd 
door resuscitatie met een combinatie van Ringer’s lactaat en gemodificeerde gela-
tine (lactR/Gel) of met een lage dosis (5 ml/kg) 10% DCLHb. Na resuscitatie was de 
darm µPO2 vergelijkbaar verbeterd in beide groepen (van 25±10 mmHg naar 53±8 
mmHg in de lactR/Gel groep en van 23±9 mmHg naar 46±6 mmHg in de DCLHb 
groep). Dit werd veroorzaakt door een verhoogd zuurstoftransport naar de darm. De 
verbetering na DCLHb resuscitatie duurde echter langer (75 vs. 30 minuten). De 
mesenteriële veneuze PO2 was verhoogd na resuscitatie met lactR/Gel maar niet na 
resuscitatie met DCLHb, gerelateerd aan een verhoogde zuurstofconsumptie in de 
laatste groep. We concluderen dat DCLHb effectief zuurstof transporteert naar de 
microcirculatie van de darmen na een verbloedinsshock. Ook hebben we laten zien 
dat hier een lager volume voor nodig is dan normaal gebruikt wordt in resuscitatie 
procedures. 

In navolging van de resultaten uit hoofdstuk 6, gebruikten we verschillende doses 
van DCLHb voor resuscitatie van een verbloedingsshock in Hoofdstuk 7. Verder 
hebben we de oxygenatie van het hart onderzocht, aangezien dit orgaan het moeilijk 
kan krijgen bij een toenemende dosering van DCLHb. We hebben de hypothese ge-
test dat resuscitatie met HBOCs de oxygenatie van de microcirculatie verschillend 
beïnvloedt in verschillende organen. We hebben getest of het volume van de HBOC 
van invloed is op de microcirculatoire oxygenatie in het hart en in de serosa en mu-
cosa van de darm in een varkensmodel van verbloedingsshock. Varkens ondergingen 
een gecontroleerde verbloeding (30 mL/kg over een uur), gevolgd door resuscitatie 
met 10, 20, of 30 mL/kg DCLHb of isovolemische resuscitatie met 30 mL/kg col-
loïd oplossing (HAES). Systemische en regionale hemodynamische en oxygenatie 
parameters werden gemeten. Microvasculaire oxygenatie (µPO2) werd gemeten in 
het epicardium, en in de serosa en mucosa van de darm door middel van fosforime-
trie. Metingen werden gedaan tot 120 minuten na resuscitatie. Na verbloeding was 
resuscitatie met een laag volume DCLHb effectief in het verbeteren van hart en darm 
µPO2. In de darm was dit even effectief als resuscitatie met HAES. Hogere volumes 
van DCLHb en HAES waren niet effectief in het normaliseren van hart µPO2, maar 
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verhoogde wel de darm µPO2 tot hyperoxische waarden in een dosisafhankelijke 
trend. De effecten waren gelijk in de serosa en mucosa van de darm. In tegenstelling 
tot het blijvende hypertensieve effect van DCLHb, waren de effecten van DCLHb op 
regionale hemodynamische en oxygenatie parameters tijdelijk. Deze studie toont aan 
dat een laag volume van DCLHb effectief is in het verbeteren van de microvasculaire 
oxygenatie in het hart en in de darmen. Hogere doses DCLHb waren niet meer effec-
tief dan de lage dosis in het verbeteren van de hart oxygenatie maar verhoogden wel 
de darm oxygenatie tot hyperoxische waarden. We concluderen dat monitoring van 
de microcirculatie inzichten geeft in de veranderingen in regionaal zuurstoftransport, 
veroorzaakt door resuscitatie met DCLHb, terwijl systemische variabelen dit niet 
weergeven.

Concluderend tonen onze experimenten aan dat tijdens verbloeding en resuscitatie 
met bloed, heterogeniteit van de regionale oxygenatie naar het hart en de darm in 
relatie tot systemische hemodynamiek beperkt is. Heterogeniteit na resuscitatie met 
HBOC is echter aanzienlijk. Dus om de effectiviteit te onderzoeken van resuscitatie 
met HBOC voor verbloeding is het noodzakelijk te kijken op niveau van de microcir-
culatie van verschillende organen. Het is aangetoond dat resuscitatie met DCLHb en 
polyHbXl na verbloeding, hoewel zij aanzienlijke effecten hebben op het vasculaire 
systeem, resulteert in een verbetering van de regionale oxygenatie van het hart en de 
darmen. We zagen ook een verhoogde metabole behoefte in de darm na toediening 
van DCLHb, gecompenseerd echter door een betere zuurstoftoevoer.

Tot nu toe is er geen HBOC goedgekeurd door de FDA. Terwijl de effectiviteit op 
zuurstoftransport door HBOCs in onze en andere studies is aangetoond, was het 
beëindigen van klinische studies vooral het gevolg van de bijwerkingen veroorzaakt 
door deze oplossingen. Een meta-analyse van 16 klinische studies (uitgevoerd tus-
sen 1996 tot 2008) met 5 verschillende HBOCs, toonde een significant verhoogd 
risico van overlijden (relatieve risico van 1,3) en myocardinfarct (relatieve risico 
van 2,7).259 Er wordt van uitgegaan dat de bijwerkingen voornamelijk het gevolg 
zijn van wegvangen van NO door vrij hemoglobine, wat kan leiden tot systemische 
vasoconstrictie, verminderde doorbloeding, vrijkomen van pro-inflammatoire me-
diatoren en vasculaire trombose van het hart door een verlies van inactivatie van 
bloedplaatjes.260 Extravasatie van HBOC in het vaatstelsel induceert wegvangen van 
NO. Inderdaad is tijdens onze experimenten, beschreven in hoofdstuk 5 bij resuscita-
tie met polyHbXl, extravasatie van vooral niet gekruislinkte Hb-moleculen waarge-
nomen, hetgeen zichtbaar was in alle zichtbare organen. In die experimenten zagen 
we echter geen systemische, maar alleen pulmonale hypertensie, zonder afname van 
hartfunctie. De ontwikkeling van polyHbXL werd gestopt na het waarnemen van 
hemorragische laesies in de dunne darm tijdens experimenten in ratten en apen.261 
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Ook de klinische studies met DCLHb werden beëindigd als gevolg van verhoogde 
sterfte in de groep traumapatiënten behandeld met DCLHb. Er werd van uitgegaan 
dat het herstel en stabilisatie van de gemiddelde arteriële druk door zelfs een laag 
volume van DCLHb, zoals ook beschreven in onze experimenten in hoofdstuk 6, 
onvoldoende oxygenatie van verschillende organen maskeerde, en resulteerde in 
onvoldoende vochttoediening. Er is echter nog steeds discussie over de relevantie 
van hypertensie als de oorzaak van de toegenomen mortaliteit.256 Aangezien de be-
hoefte aan een alternatief voor bloed als resuscitatievloeistof nog steeds actueel is, 
zijn nieuwe kunstmatige zuurstofdragers in ontwikkeling. Ontwikkeling van deze 
HBOCs is nog steeds gericht op het vermijden van vasoactiviteit en verbetering van 
de bindingskarakteristieken van het hemoglobine voor zuurstof.262-264 Een product 
voor klinische toepassing is op dit moment niet beschikbaar.

Het is duidelijk dat, alvorens een nieuwe HBOC klinisch kan worden geëvalueerd, 
deze producten moeten worden onderzocht op hun effecten op de systemische he-
modynamiek en microvasculaire oxygenatie van verschillende organen. En hoewel 
er momenteel geen HBOC is goedgekeurd, heeft de ontwikkeling van HBOCs zeker 
bijgedragen aan onze toename van kennis over het gedrag van de microcirculatie 
in gecompromiteerde circulatoire omstandigheden. Bovendien heeft dit onderzoek 
bijgedragen aan de ontwikkeling van klinisch toepasbare technieken voor het bestu-
deren van de microcirculatie, zoals SDF-imaging.265,266
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Het doen van wetenschappelijk onderzoek heeft mij tot een betere dokter gemaakt. 
Ik dank allen die mij direct of indirect hiertoe hebben aangezet.

Prof. Ince, beste Can, zeer gewaardeerde promotor. De voltooiing van dit proef-
schrift heeft lang op zich laten wachten. In jouw beleving was het al lang klaar, maar 
mijn twijfels en de vele beren die ik op het wetenschappelijke pad zag maken dat het 
niet eerder mogelijk was; “tis niet anders”. Dankzij jou is mijn onderzoek toch een 
compleet en afgerond verhaal geworden. Ik prijs me gelukkig dat wij elkaar al zo 
lang kennen, en dat ik van heel dichtbij heb mogen meemaken hoe jij het begrip “mi-
crocirculatie” vanuit basaal wetenschappelijk onderzoek in het klinisch denken heb 
ingebracht. Door jou maakte ik al vroeg kennis met “de grote jongens” in de weten-
schappelijke IC-wereld, en met belangrijke spelers in de ontwikkeling van alterna-
tieven voor bloed. Round-table conferenties, de “praatjes” op grote IC-symposia, de 
meetings met collega-onderzoekers in Duitsland, Frankrijk, België en Canada. Jij 
maakte dit voor mij mogelijk en deze spin-off van het wetenschappelijk onderzoek is 
voor mij een onmisbare ervaring. Ik weet als geen ander hoe jij wordt gewaardeerd 
op alle continenten; voor echte fenomenen is Nederland te klein. Naast je weten-
schappelijk enthousiasme waardeer ik bijzonder jullie (Jannet hoort daar gewoon 
bij) oprecht menselijke en sociale betrokkenheid. Ik dank je voor het eindeloze ver-
trouwen en hoop dat we nog lang jonge onderzoekers kunnen enthousiasmeren om 
het belang van de microcirculatie verder te ontwikkelen. Op een lange vriendschap.

Ik dank mijn copromotores.
Dr. Bezemer, beste Rick. Toen het vuurtje bijna uit was, was jij daar. Met een enorme 
werklust en kennis van zaken heb jij je met de laatste fase van mijn proefschrift be-
moeid. Zonder jou was dit boekje er niet gekomen. Ik vind het een eer dat je mijn 
copromotor bent.
Dr. van Dongen, beste Eric. Oprechte waardering voor de manier waarop jij de kar 
die “opleiding” heet en alles wat daarbij komt kijken in ons St. Antonius ziekenhuis 
vorm geeft. Wetenschap staat hoog in jouw vaandel en ik ben daarom vereerd, niet 
alleen dat we maten zijn, maar ook dat je mijn copromotor wil zijn.

Ik dank mijn onderzoekmaatjes van het eerste uur.
Dr. Sinaasappel, beste Michiel. We zijn elkaar uit het oog verloren, maar jij bent heel 
belangrijk geweest voor dit proefschrift. Samen hebben wij lang geleden in het AMC 
een groot proefdierenlab voor de afdeling anesthesiologie vorm gegeven. Zonder 
jouw kennis en ideeën over de palladium-porfyrine fosforescentie techniek waren de 
in dit proefschrift beschreven experimenten niet mogelijk geweest.
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Drs. Siegemund, beste Martin. Nu jij nog. Promoveren is een eitje; kaftje erom en ..... . 
De titel ben je al waard, daar twijfelt niemand aan, en het geeft een enorme voldoen-
ing kan ik je verzekeren. Onze gezamenlijke “grote varkens” experimenten gaf ons 
als anesthesiologen een uniek kijkje in de black box. Ik weet zeker dat dit nog steeds 
van belang is voor onze kijk op de behandeling van patiënten op de IC en op de OK. 
Voor jou dan alleen in Zwitserland. Op jouw promotie.

Dr. Burhop, dear Ken. I would like to thank you for your endless support to my ex-
periments. You have shown me that it’s possible to be head of a scientific division 
within a big money making company and at the same time a real scientist. I hope you 
will ultimately succeed in developing a clinical applicable HBOC. Your ‘pig ties’ 
were marvelous.

Dank aan de biotechnische ondersteuning. Marloes, John en Cees. Jullie enthousi-
asme, humor en volhardendheid ook als experimenten eigenlijk onmogelijk waren, 
zijn van wezenlijk belang geweest voor de kwaliteit van de experimenten. Dank 
daarvoor.

Ik dank de overige leden van de promotiecommissie, Prof. Aarts, Prof. van Bavel, Prof. 
de Mol, Prof. Schultz, Prof. Verhoeven, en Prof. Groeneveld. Dank voor het plaatsne-
men in mijn promotiecommissie. Prof. Groeneveld, beste Johan. Mijn oprechte dank 
aan jou voor een luisterend oor in voor mij wetenschappelijk moeilijke momenten.

Ik dank mijn wetenschappelijk geweten.
Vivian Oei, Jozef Odoom, Mohan Kedaria, Cor Kalkman, Peter Houweling, Willem 
van den Wijngaart, Eric van Dongen en Leo Bras. Jullie interesse in mij en de weten-
schap hebben altijd een onrustig gevoel veroorzaakt; ik zou het eigenlijk niet kunnen 
maken om niet te promoveren. Die last valt van mij af, maar toch oprechte dank.

Willem Prins, beste Willem. Het spijt me dat je opnieuw een pak moet aanschaffen.

Ik dank mijn paranimfen.
Ronald van der Ende, oude maat. Jouw vertrouwen dat ik ooit zou promoveren was 
groot, gezien een visitekaartje dat jij in mijn tijd in het Diakonessenhuis liet maken 
met de titel PhD voor mijn naam. Wetenschap is echter niet jouw ding, maar met 
verstand van lekker eten en het organiseren van een feestje ben je niet te overtreffen. 
Dank dat je mijn paranimf wil zijn.
Vincent, lieve broer. Ik vind het geweldig dat je bij de verdediging naast me staat. 
Ik hoop dat het in Finland jou ook is gegund om te promoveren, en dat dit voor jou 
een generale is.
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Ik dank de vele kunstenaars en muzikanten, die mij door hun ogen en oren de wereld 
hebben laten waarnemen. En dat is vaak niet alleen heel bijzonder, maar vooral rela-
tiverend. In het bijzonder wil ik tekenaar en vriend Paul Klemann bedanken. Mijn 
idee om de wetenschappelijke waarheid van mijn proefschrift met een droom teken-
ing als een eigen (on)werkelijkheid te omvatten is door jou fantastisch gerealiseerd. 
Dank daarvoor.

Ruud, lieve andere broer. Jij laat mij zien hoe het is om te leven naar je gevoel en wat 
een rijkdom dat oplevert. Ik hoop dat nog lang met je te kunnen delen.

Ik dank mijn ouders. Lieve pa en ma, jullie hebben mij altijd gestimuleerd om te 
studeren en voor het maximaal haalbare te gaan. Jullie zagen in dat het waardevol 
is om muziek te kunnen maken en van mooie dingen te genieten. Het geluk dat ik 
daarmee heb gekregen is groot. Pa, dat een aantal van je heldere dagtekeningen in dit 
proefschrift staan maakt het boekje voor mij compleet.

Evelyne en Nienke. Lieve meiden. Onmisbaar. Over al die jaren hoorde voor mij het 
onderzoek er gewoon bij, maar ik heb jullie daardoor wel eens vergeten. Het boekje 
is af dus er komt een hoop “werken aan zijn proefschrift-tijd” vrij. Ik hoop dat we er 
nog lang samen van kunnen genieten.

Ik geloof niet in een hiernamaals, maar als varkens naar de hemel gaan, kom ik daar 
liever niet.
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