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Background: Hemoglobin-based ox-
ygen carrier (HBOC) resuscitation has
been associated with increased systemic
and pulmonary vascular resistances
(SVR, PVR), which may result in re-
duced blood flow and severe pulmonary
hypertension. The physiologic and im-
munologic properties of 7.5% hyper-
tonic saline solution (HTS), such as
reduction of SVR and PVR, as well as
inhibition of neutrophil and endothelial
activation may be beneficial in reducing
some of these undesirable effects of
HBOCs. The aim of this study was to
evaluate the hemodynamic effects of the
HBOC and HBOC-201 suspended in
7.5% hypertonic saline solution (HT-

HBOC) when compared with standard
HBOC resuscitation.

Methods: Thirty-two domestic cross-
bred pigs (50–60 kg) were hemorrhaged to
a mean arterial pressure (MAP) of 35 mm
Hg � 5 mm Hg for 45 minutes and resus-
citated to a baseline mean arterial pressure
using the following groups: (1) sham, no
hemorrhage; (2) shed blood � lactated
Ringer’s solution; (3) standard HBOC-201;
(4) hypertonic saline 7.5%; (5) hypertonic
7.5% HBOC-201. After resuscitation, ob-
servation was continued for 4 hours. Hemo-
dynamic variables, oxygen consumption,
and arterial blood gases were monitored
continuously. Data were analyzed using
analysis of variance.

Results: SVR (p � 0.001), PVR (p �
0.001), and MPAP (p � 0.01) were signifi-
cantly reduced in the HT-HBOC group
compared with the standard HBOC group.

Conclusion: In this model of hem-
orrhagic shock, hypertonic HBOC-201-
resuscitated pigs had significantly reduced
SVR and PVR, as well as mean pulmonary
artery pressure (MPAP) and increased car-
diac output. HT-HBOC may be beneficial in
reducing the undesirable effects of standard
HBOC-201. The mechanisms of these bene-
ficial effects need to be investigated.
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Hypertonic saline (HTS) solutions have been studied for
several years. Data from human and animal studies
have shown HTS to be safe and effective low-volume

resuscitation fluids.1–6 Some of the beneficial properties of
HTS include rapid volume expansion,2,7,8 restoration of mi-
crocirculatory blood flow by capillary reopening,9,10 in-
creased cardiac output (CO),11,12 correction of acid-base
disturbances,13,14 and decreased systemic vascular resistances
(SVR).15 In addition, data suggest that HTS has some immu-
nomodulating properties.16 For example, HTS resuscitation
prevents endothelial vascular dysfunction and the generation
of reactive oxygen species,17,18 as well as abrogation of

polymorphonuclear leukocytes (PMN) activation.17,19,20

However, because HTS does not carry oxygen, increased
oxygen delivery is limited by improvements in CO. Thus,
HTS by itself, particularly in the setting of trauma and blood
loss, may not achieve or maintain adequate oxygen delivery
to the compromised tissues.

Recently, significant clinical and laboratory information has
accumulated regarding the efficacy of low-volume resuscitation
fluids as therapeutic agents for hemorrhagic shock.21,22 Exper-
imental data obtained by several research groups have suggested
that among low-volume strategies, hemoglobin-based oxygen
carriers (HBOCs)23,24 seem to have significant potential. Along
with HTS, HBOCs have been proposed as an effective low-
volume resuscitation solution for hemorrhagic shock.23,25,26 The
bovine polymerized HBOC-201 has been shown to be more
effective in restoring mean arterial pressure (MAP) to normal
values,27,28 while requiring significantly less fluid volume when
compared with other low-volume and standard resuscitation
fluids.29–31 Moreover, HBOC-201 resuscitation increased sur-
vival in animal models of controlled and uncontrolled hemor-
rhage, and provided better tissue oxygenation for survival with
no long-term organ dysfunction.24,29–34 Additionally, clinical
studies have shown that HBOC-201 reduces transfusion require-
ments in 35% to 40% of adult surgical patients.35

However, one of the main concerns that have limited the
clinical use of HBOCs is the associated vasoconstriction/
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hypertension and its limited plasma expansion capacity. The
vasoconstrictive effect is reflected by increases in systemic
and pulmonary vascular resistance, which results in de-
creased CO and pulmonary hypertension. Studies have shown
that the HBOC-induced hypertension is directly correlated to
vasoconstriction of the vascular arterioles.36 The mechanisms
by which this vasoconstriction occurs remain unclear.

Based on this evidence, both HTS and HBOC-201 have
significant potential benefits and limitations as low-volume
resuscitative solutions for clinical use. Interestingly, HTS
restores microcirculatory blood flow by capillary reopening,
whereas HBOC-201 causes vasoconstriction. Thus, the com-
bination of both solutions may prove beneficial. For example,
the plasma-expanding and vasodilator capacity of HTS 7.5%
may attenuate the vasoconstrictive effect of HBOC, and the
oxygen-carrying capacity of HBOC may improve and pro-
long the hemodynamic effects of HTS. To our knowledge, the
combination of HBOC-201 with HTS 7.5% has not been
investigated. The aim of this study was to evaluate the phys-
iologic and hemodynamic effects of HBOC-201 in a hyper-
tonic saline 7.5% carrier (HT-HBOC), and compare it with
standard HBOC-201 and HTS 7.5% alone. We hypothesized
that the prevention of endothelial dysfunction and the vaso-
dilator and cardiac effects of HTS 7.5% combined with the
oxygen-carrying capacity of HBOC-201 may work synergis-
tically and be a more effective small-volume resuscitative
fluid.

MATERIALS AND METHODS
Animal Preparation

This study was approved by the University of Texas
Southwestern Medical Center at Dallas Institutional Animal
Care and Use Committee. All animals used in this study were
cared for and handled according to the Guide for the Care and
Use of Laboratory Animals. Thirty-two domestic crossbred
pigs (50–60 kg) obtained from a single provider source were
used in this experiment. Animals were fasted overnight be-
fore surgery and only received water ad libitum. Sedation was
induced with an intramuscular injection of Telazol (Fort
Dodge Animal Health, Fort Dodge, Iowa) (4 mg/kg) and
atropine (0.04–0.4 mg/kg). General anesthesia was induced
with mask ventilation using isoflurane (2.5%–3.0%) in 40%
oxygen.

Maintenance Fluids
Before, and during anesthesia induction and prepara-

tion surgical procedures, an 18-gauge intravenous catheter
was placed in an ear vein, and intravenous fluids [lactated
Ringer’s (LR) solution] were administered to maintain
MAP greater than 80 mm Hg, heart rate less than 120 bpm.
The average maintenance fluid rate was 6 mL � kg�1 � hr�1

to 8 mL � kg�1 � hr�1 during the experiment.
Each animal underwent endotracheal intubation followed

by mechanical ventilation. The following parameters were
used: respiratory rate, 10 to 12 bpm; tidal volume, 7 mL/kg to

10 mL/kg; FIO2, 50%. Tidal volume was adjusted to maintain
a PCO2 of approximately 40 mm Hg and maintained at that
volume for the rest of the experiment. Electrocardiogram
leads, pulse oxymeter, and an esophageal temperature probe
were placed. Body temperature was maintained at 37.5°C �
1.0°C by using a forced air warmer (BAIR Hugger, Augus-
tine Medical, Eden Prairie, MN). A Foley catheter was in-
serted into the urinary bladder, and urine output was recorded
hourly.

Surgical Procedures
A small incision was made on the left lower extremity

and a 5F catheter introduced into a superficial branch of the
femoral artery, threaded proximally into the iliac artery, se-
cured in position, and used for continuous arterial pressure.
While supine, the neck was prepped, an incision was made,
and a 9F vascular introducer was placed into the right internal
jugular vein. A Swan-Ganz catheter (SW) was inserted and
flow directed into the pulmonary artery for hemodynamic
monitoring and physiologic evaluation (Vigilance Monitor,
Edwards Lifesciences, Irving, CA). A catheter was positioned
in the carotid artery and was used for controlled hemor-
rhage and blood draws. Animals were allowed to stabilize
for 15 minutes, and baseline measurements of hemody-
namic and physiologic variables were taken, and values
repeated throughout the experimental protocol (Marquette
model 8000 mol/L, GE/Marquette, Milwaukee, WI). Ani-
mals were maintained under general anesthesia for the
duration of the protocol.

Hemorrhage and Resuscitation Procedures
After the stabilization period, the animals were rapidly

hemorrhaged via the carotid artery for 5 minutes to 10 min-
utes until the MAP was decreased to 35 mm Hg � 5 mm Hg
(Fig. 1). Animals were maintained hypotensive with a MAP
of 35 mm Hg � 5 mm Hg for a total of 45 minutes (including
the 5 minutes to 10 minutes rapid hemorrhage period) by
continued intermittent hemorrhage (Fig. 1). No intervention
was made if the MAP decreased below 35 mm Hg during
the shock period. Shed blood was collected in standard
donor bags containing citrate phosphate dextrose (Baxter
Corp., Deerfield, IL) and kept at room temperature until
used for reinfusion in the LR/shed blood group. Net weight
of the donor blood bags was used to calculate volume of
hemorrhage.

At the end of the 45-minute shock period, animals were
randomized to receive one of four resuscitation fluids. A
separate Sham group (n � 3) underwent surgical procedures
but was not hemorrhaged.

Experimental Groups
The groups were as follows: group 1 (LR)—standard

resuscitation of LR solution (33 mL/kg), followed by shed
blood, infused rapidly; group 2 (HBOC)—standard HBOC-
201 (6 mL � kg�1 � 5 min�1); group 3 (HTS)—hypertonic saline
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7.5% (4–5 mL � kg�1 � 5 min�1); group 4 (HT-HBOC)—
hypertonic 7.5% HBOC-201 (4–5 mL � kg�1 � 5 min�1).

The HT-HBOC solutions was prepared in our labora-
tory by removing 80 mL from the 250 mL bag of HBOC-
201 (13 g/dL of hemoglobin) and replacing this volume
with pharmaceutical-grade stock solution of 23% NaCl
(Baxter Corp.) to a final concentration of 7.5%-hypertonicity
HBOC-201 (10.4 g/dL of hemoglobin). The HTS solution
(250 mL) was similarly made by diluting the 23% stock
saline solution to 7.5% with sterile water.

The LR group was included to provide a familiar control
reference and the HTS 7.5% to have a hypertonic control. An
observation period of 4 hours followed the initial resuscita-
tion. Maintenance fluids were resumed, and additional bo-
luses of 5 mL/kg were given at 30 minutes, 60 minutes, 120
minutes, and 180 minutes, if MAP was �60 mm Hg. At the
end of the observation (4 hours) tubes were removed, inci-
sions closed, and animals were allowed to awake from the
anesthetic before taken to their cages.

Animals were followed for survival for 24 hours or 72
hours. At these time points, half of each group of pigs
underwent the same previously mentioned procedures for
monitoring; a Swan-Ganz catheter was reintroduced and
physiologic and hemodynamic data, as well as blood and
tissue samples, were obtained. Animals were then killed with
an overdose of barbiturate.

Blood Samples
Blood was taken serially during the experiment at the

following time points: at baseline; at 30 minutes and 45
minutes (completion) of shock; and at 30 minutes, 60 min-
utes, 120 minutes, 180 minutes, and 240 minutes of resusci-
tation. Arterial and mixed venous blood samples were drawn
from the external carotid artery and the distal port of the
Swan-Ganz catheter, respectively, for blood gas and chemis-
try analysis. Blood gas analysis was performed on an ABL
725 (Radiometer, Copenhagen, Denmark). Serum chemistry
measurements were performed on an OSM3 (Radiometer).

Physiologic and Hemodynamic Measurements
Pulmonary and arterial pressures, body temperature, ox-

ygen saturation, and vital signs were measured continuously
throughout the experiment. Cardiac and oxygenation profiles
were measured at the following time points: at baseline; at 15
minutes, 30 minutes, and 45 minutes (completion of shock);
and at 30 minutes, 60 minutes, 90 minutes, 120 minutes, 180

minutes, and 240 minutes of resuscitation. Analysis and cal-
culations were made using a Marquette monitor 8000 mol/L
(GE/Marquette).

Statistical Analysis
Data are reported as mean � SE for each group. Statis-

tical analysis was performed using SPSS for Windows ver-
sion 12.0 (SPSS, Inc., Chicago, IL). Comparisons included
repeated measures and one-way analysis of variance followed
by post hoc analysis (Tukey’s multiple comparison test)
where appropriate. Significance was defined as p � 0.05.

RESULTS
There were no differences in the groups with respect

to weight, estimated blood volume, hemorrhage volume,
and percentage of estimated blood volume hemorrhaged
(Table 1).

Hemodynamic Parameters
There were no significant hemodynamic changes in the

sham animals. Statistical comparisons included only the LR,
HBOC, HTS, and HT-HBOC groups. The sham group data
are included in the graphics to present a reference for com-
parison. Because the aim of this study was to compare the
standard HBOC-201 versus HT-HBOC-201 and HTS 7.5%,
the statistical analysis is between these groups.

Baseline measurements and physiologic responses to
hemorrhage were comparable in all groups. Hemorrhage de-
creased MAP and CO pulmonary capillary wedge pressure
(PCWP) and increased heart rate equally in all groups.

The following differences were found during the resus-
citation and observation periods: the HT-HBOC- and HBOC-
resuscitated animals required significantly less fluid volume
(Fig. 2).

Fig. 1. Schematic diagram of experimental timeline in swine undergoing hemorrhage and resuscitation.

Table 1 Group Characteristics (Mean � SD)

Experimental Group Weight (kg) Hemorrhage
Volume (mL)

Estimated Blood
Volume (%)

Sham (n � 3) 56.5 � 1.7 NA NA
LR (n � 6) 56.1 � 1.3 2,130 � 400 38.2 � 7.7
HBOC (n � 8) 56.6 � 0.7 2,198 � 308 39.1 � 1.3
HTS 7.5% (n � 6) 56.3 � 2.3 2,125 � 343 38.4 � 3.3
HT-HBOC (n � 8) 56.2 � 7.3 2,268 � 399 40.06 � 0.5
p 0.999 0.719 0.753

NA, not assayed.
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Mean Arterial Pressure
By the end of the observation period (4 hours), MAP

returned to near baseline in the HBOC and HT-HBOC
groups, whereas it remained low in the HTS and LR groups.

The HBOC and HT-HBOC groups had a more sustainable
MAP response (Fig. 3A).

Cardiac Output
CO returned to near baseline in the LR and HT-HBOC

groups, remained significantly lower in the HBOC group, and
was not sustained in the HTS group (Fig. 3B).

Pulmonary Capillary Wedge Pressure
PCWP was slightly lower in the HBOC group during the

observation period, but this did not reach statistical signifi-
cance. However, by the end of the 4-hour observation period,
PCWP was similar in all groups. Heart rate returned to
near-baseline levels in all groups by the end of the observa-
tion period (Fig. 3C).

Systemic and Pulmonary Vascular Resistances
(SVR/PVR)

Hemorrhage did not cause significant changes in SVR.
However, resuscitation with standard HBOC significantly
increased SVR when compared with the other groups. PVR
was similarly increased in all groups at the end of hemor-
rhage. Upon resuscitation, PVR returned to near-baseline
levels in the HT-HBOC and HTS groups, and remained

Fig. 2. Resuscitation fluids; the LR group required significantly
more fluids when compared with the rest of the groups (*p � 0.001).
Similarly, the HTS group required more fluids when compared with
the HBOC and HT-HBOC groups (*p � 0.001). There were no
differences between the HBOC and HT-HBOC groups (�0.05).

Fig. 3. (A) MAP recovered faster (�10–20 minutes) in the HTS, HT-HBOC, and HBOC groups, when compared with LR. However, the only
significant difference was at 4 hours when the MAP in the HTS group was lower than that in all other groups (p � 0.02). (B) CO was
significantly lower in HBOC-resuscitated pigs at 1 hour, 2 hours, and 4 hours when compared with LR and HT-HBOC (p � 0.001). This was
not significantly different from HTS. (C) PCWP was similar in all groups after resuscitation, but PCWP was significantly lower in the HTS
group when compared with the rest of the groups from 2 hours to 72 hours (p � 0.03).
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slightly elevated in the LR group. Resuscitation with standard
HBOC further increased PVR and it remained significantly
elevated throughout the duration of the observation period
when compared with the other experimental groups (Fig. 4A).

Mean Pulmonary Artery Pressure
By the end of hemorrhage, MPAP was decreased in all

groups. Upon resuscitation, MPAP gradually began to in-
crease, and by the end of the observation period, was slightly
below baseline levels in both hypertonic groups, above base-
line in the LR group, and significantly elevated in the HBOC
group (Fig. 4B).

Mixed Venous Oxygen Saturation
Mixed venous oxygen saturation (SvO2) decreased in re-

sponse to hemorrhage and gradually increased during the begin-
ning of resuscitation in the HT-HBOC, LR, and HTS groups. By
the end of the observation phase, SvO2 was significantly de-
creased in the HTS-resuscitated animals. Standard HBOC
resuscitation did not restore SvO2, and throughout the obser-
vation period SvO2 values remained significantly lower as
compared with the HT-HBOC and LR groups (Fig. 5).

Metabolic Markers
Lactate increased during hemorrhage in all groups.

Resuscitation with HT-HBOC and LR, similarly, returned
lactate levels to baseline. Lactate levels remained slightly

elevated in the HBOC and HTS groups. However, the
differences were not significant. Sodium levels increased
upon resuscitation in the HBOC, HT-HBOC, and HTS
groups. By the end of the observation period, sodium levels
returned to baseline in the HBOC-resuscitated animals, and
remained slightly elevated in both hypertonic groups.

DISCUSSION
In this model of controlled hemorrhage, we demonstrated

for the first time that the HBOC-201 in a hypertonic saline
carrier (HT-HBOC) improved hemodynamic parameters
when compared with HTS alone. This combination also at-
tenuated the vasoconstrictive effects observed with standard
HBOC-201 resuscitation.

Administration of 250 mL of HT-HBOC-201 signifi-
cantly improved CO and restored mixed venous oxygen sat-
uration (SvO2), when compared with administration of an
equivalent volume of standard HBOC-201 or HTS 7.5%.
Additionally, HT-HBOC maintained hemodynamic parame-
ters better than the HTS 7.5% and LR groups.

Furthermore, HT-HBOC-201 attenuated the increases in
SVR and PVR as well as the pulmonary hypertension ob-
served with standard HBOC-201 resuscitation. The vasocon-
strictive effect of HBOC solutions is one of the potential
limitations for its clinical use. Although several studies have
reported this effect, the exact mechanism remains undefined.
Nitric oxide scavenging by polymerized hemoglobin has been

Fig. 4. (A) Resuscitation with HBOC significantly increased PVR greater than that in the other groups (p � 0.001). (B) MPAP was
significantly increased in the HBOC group at all time points (p � 0.01).
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suggested as the most probable mechanism. It has been
previously shown that vasoconstriction was independent of
nitric oxide. Alternative mechanisms for HBOC-induced
vasoconstriction are those secondary to the interaction of
free hemoglobin with endothelium-derived factors, resulting
in endothelial dysfunction, and the subsequent production of
reactive oxygen species, enhanced endothelin-1 production,
neutrophil activation, and increased permeability.

In fact, several studies have previously demonstrated
the effects of hypertonic saline in the mechanisms men-
tioned above.16 For instance, HTS resuscitation prevents
leukocyte adhesion to the endothelium, abrogation of PMN
activation17,19,20 as well as decreased generation of reactive
oxygen species.17–19

Additionally, the cardiac effects of HTS resuscitation
such as increases in heart rate, cardiac contractility, venous
return (preload), and the reductions in peripheral and pulmo-
nary vascular resistance (after load)10–12,15 may explain the
increases in CO and the restored mixed venous oxygen
saturation (SvO2).

The effects of hypertonicity such as increased blood
flow12 in the micro and peripheral circulation by arteriolar
vasodilatation and the rapid induced reduction in blood vis-
cosity by hemodilution10,22 might also contributed to the
reduction in PVR and SVR observed in the HT-HBOC group.

Resuscitation with HTS 7.5% also has its limitations.
For example, if administered rapidly, HTS 7.5% may cause
hypotension and arrhythmia, secondary to hypertonicity-
induced vasodilatation and reduction in peripheral vascular
resistances. There are concerns that these effects could over-
come homeostatic mechanisms, such as vasoconstriction.
Thus, there is potential risk for increased internal bleeding.
Interestingly, the vasoconstrictive capacity of HBOC-201
may help to antagonize these effects. In addition, the inability
of HTS to maintain hemodynamics could be secondary to the

fact that HTS solution does not have oxygen-carrying capac-
ity. Thus, the oxygen-carrying capacity of HBOC-201 con-
tributed to the sustained hemodynamic parameters in the
HT-HBOC group.

Another concern is the increased sodium blood concentra-
tion caused by HTS. However, the increases were only transient
and within clinically acceptable levels. We did not observe
hyperchloremic acidosis, which has been associated with HTS.

It is clear that the observed benefits in this study in the
HT-HBOC cannot be attributed to only one solution. There-
fore, we hypothesized that the beneficial effects observed
with HT-HBOC are synergistic.

However, one of the major the limitations of this study is
the controlled hemorrhagic shock model. Although our fixed-
pressure model is good to study the acute and long-term
effects of hypotension, on inflammatory responses as well as
the effects of our resuscitation strategies on organ function
and outcome, this model does not actually resemble the
uncontrolled hemorrhage situation observed in trauma pa-
tients. For example, studies using uncontrolled shock animal
models have shown that raising MAP to normal or near-
normal values resulted in delayed hemostasis, increased
blood loss, and higher acute mortality from washout anemia.
Therefore, further studies investigating the use of HT-
HBOC-201 in a more clinically relevant model of uncon-
trolled hemorrhage as well as the investigation of the
cellular and molecular mechanisms should be performed.
Nevertheless, these findings suggest a potential benefit of
this combination to be considered for the initial manage-
ment of hemorrhage.

CONCLUSION
In conclusion, this study demonstrates for the first time

that the combination of HBOC-201 with hypertonic saline
produces physiologic benefits. Both standard HBOC-201 and

Fig. 5. Mixed venous oxygen saturation (SvO2) was significantly decreased in the HBOC pigs when compared with all the other groups at
all time points postresuscitation except HTS at 4 hours (p � 0.03).
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HT-HBOC-201 were superior to LR and HTS 7.5% in re-
storing and maintaining hemodynamics. However, the com-
bination of HBOC-201 with hypertonic saline further
improved hemodynamics and oxygenation, as indicated by
restoration of CO and higher SvO2, respectively. More impor-
tantly, this combination attenuated the increases in pulmonary
and systemic vascular resistance as well as pulmonary hyper-
tension, observed with standard HBOC-201.
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