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hemoGlobin-based oxyGen carrier Provides 
heteroGeneous microvascular oxyGenation in heart 

and Gut after hemorrhaGe in PiGs

M van Iterson, M Siegemund, K Burhop, C Ince
J Trauma 2003; 55: 1111-1124

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.
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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.



121

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.




