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chaPter 6

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 



90 Chapter 6

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 
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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.

™™ ™™™ ™™™ ™ ™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™™™ ™ ™ ™™™ ™™™ ™™™

0

1

2

3

4

5

6

0

0.4

0.8

1.2

1.6

-30 0 60 120 180 240

Time (min)

G
ut

 D
O

2 
(m

l/m
in

. k
g 

bw
.)

G
ut

 V
O

2
(m

l/m
in

. k
g 

bw
.)

A

B

DCLHb
lactR/Gel

DCLHb
lactR/Gel

RBWBL SHOCK

*
#

*
# *

# *
#

*
#

*
# *

#

*
#

*
#

*
#

*
#

*
# *

#

*
# *

#

*

*

*

*

*

*

*

*

*

*

*

*
*

* * * * *
*

*

* * * *



99

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.
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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.




