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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
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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
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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.




