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Abstract

Objective. To investigate the resuscitative efficacy of haemoglobin vesicles (HbVs) for severe postpartum haemorrhage (PPH)

using pregnant rabbits. Design: Animal research study Setting: Animal laboratory, National Defense Medical College, Japan

Population: Twenty-five female New Zealand white rabbits at late gestation Methods. Pregnant rabbits underwent caesarean

section; uncontrolled haemorrhage was induced by transecting the uterine artery to establish a severe PPH model. During

the first 30 min (or until the bleeding volume reached 100 mL), all rabbits received 6% hydroxyethyl starch (HES) infusion.

Thereafter, rabbits received any of the three isovolemic fluid resuscitations every 5 min: red blood cells (RBCs) with platelet-

poor plasma (RBC/PPP) (vol/vol=1:1, n=8), 6% HES (n=7), or HbVs with 25% human serum albumin (vol/vol=4:1, n=10).

After 60 min (or when the bleeding volume reached 200 mL), we performed surgical haemostasis and monitored the rabbit

survival for 12 hours. Main Outcome Measures: Survival time for severe postpartum haemorrhage Results. During the first

30 min, all rabbits showed severe anaemia (Hb <6 g/dL) that eventually developed to severe PPH. All rabbits that received

only HES infusion died within 6 hours, whereas those that received RBC/PPP transfusion survived. Furthermore, 8 of the 10

rabbits received HbV infusion 6 hours after PPH. Overall survival of HbV group was markedly improved compared with that of

HES group (p=0.01) but was significantly worse than that of RBC/PPP group (p<0.01). Conclusions. HbV infusion for severe

PPH effectively prevented lethal haemorrhagic shock in a pregnant rabbit model, making it a feasible alternative modality.

Tweetable abstract:

Haemoglobin vesicles may be an alternative modality for severe postpartum haemorrhage with unavailable
of blood products.

Introduction

Severe postpartum haemorrhage (PPH) remains the leading cause of maternal morbidity and mortality
worldwide1,2. In cases requiring blood transfusions, providing adequate blood supply at the earliest time
possible is essential. At least 26% of PPH-related deaths result from a lack of blood transfusion3. Blood
transfusions are crucial in patients who develop severe PPH. However, access to blood markedly differs
between low- and high-income countries.

Regarding initial transfusion therapy for severe PPH, packed red blood cells (RBCs), platelets, and coagu-
lation factors are commonly used. Every obstetric facility should have a plan of comprehensive emergency
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management for PPH, including protocols for accessing packed RBCs4. However, blood transfusion services
are highly resource intensive and require voluntary donations, donor screening, including blood-type anti-
gen and cross-matching test, and a temperature-controlled distribution system. Thus, preparing adequate
blood transfusion resources at small obstetric facilities is challenging. The spread of epidemics, including
the coronavirus disease, further limits the available blood supply for transfusions worldwide5,6.

To support the blood donation and transfusion system, haemoglobin (Hb) based oxygen carriers (HBOCs)
were developed as blood substitutes for RBC transfusion7. Cell-free type HBOCs exert some side effects
of bared Hbs, including vasoconstriction, hypertension, and higher frequency of infarction8. These results
emphasise the significance of mimicking the cellar structure of RBCs to avoid the side effects. Therefore,
many studies have attempted encapsulation of Hbs using liposomes to improve their biocompatibility, stor-
age stability, and oxygen-carrying capacity. Accordingly, haemoglobin vesicles (HbVs) as RBC substitutes
were developed9,10, and the safety of HbV has been diversified previously11-15. HbVs could be useful as
a resuscitative fluid for haemorrhagic shock8,16-19. Furthermore, HbVs could be stored for at least 1 year;
do not need screening, including blood-type antigen or cross-matching test; and have no risk of blood
contamination8,18,19.

Severe PPH is a type of haemorrhagic shock, and its resuscitative treatment is basically like that for haem-
orrhagic shock20. However, few studies have assessed the efficacy of HBOCs, particularly HbVs, for severe
PPH. Moreover, animal models of severe PPH are limited. Yu et al. created an uncontrolled haemorrhagic
shock model in pregnant rabbits21, but it was not PPH model because this haemorrhage occurred before
delivery and did not satisfy the criteria for clinical PPH. This study aimed to investigate the resuscitative
efficacy of HbVs for severe PPH resulting to lethal haemorrhagic shock. Towards this goal, we established a
severe PPH model using pregnant rabbits based on the actual clinical treatment after delivery.

Methods

Animal management

Twenty-five female New Zealand white rabbits at late gestation (gestational age: 28 days, weight: 3.5-3.9
kg; Japan SLC, Hamamatsu, Japan) were used in this study. The rabbits had free access to standard feed
and water during a 7-day adaptation period before the experiment. Sixteen male New Zealand white rabbits
(weight: 2.6-2.8 kg; Japan SLC, Hamamatsu, Japan) were used as blood donors. Cross-matching between
the donor and transfused rabbit was performed to avoid transfusion of incompatible blood types, with strict
adherence to the ARRIVE guidelines during the procedure22.

Preparation of haemoglobin vesicles

HbVs were prepared as previously described16,17,23. Briefly, Hb was purified from outdated donor human
blood provided by the Japanese Red Cross Society. The encapsulated carbonylhemoglobin (HbCO, 38 g/dL)
contained 5.9 mM pyridoxal 5’-phosphate (Sigma Chemical, Saint Louis, USA) as an allosteric effector for reg-
ulating oxygen affinity. The lipid bilayer was a mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine;
cholesterol; and 1,5-bis-O-hexadecyl-N-succinyl-L-glutamate at a molar ratio of 5:4:0.9 and 1,2-distearoyl-sn-
glycero-3-phosphatidyl-ethanolamine-N-PEG (0.3 mol%). HbV particles were suspended in a physiological
salt solution. Nitrogen gas was bubbled through the solution for storage. The properties of HbV used in
this experiment are shown in Table S1. HbV was sufficiently retained in the blood (half-life: 47-72 hours)24.
Before the experiments, the HbV solution was mixed with a 25% human serum albumin (Benesis, Osaka,
Japan) to adjust the albumin concentration of the vesicle-suspension medium to 5 g/dL. Under these con-
ditions, the colloid osmotic pressure of the suspension was maintained stable at approximately 20 mmHg24.
HbVs were stored in deoxygenated glass vials at 4°C for at least 10-12 months and used for all experiments
as the HbV test solution.

Preparation of allogenic RBCs from donor rabbits

Donor rabbits (n =16) were anaesthetised via intravenous injection of 25 mg/kg ketamine and 10 mg/kg
xylazine. As described previously, 50 mL/kg of donor blood was withdrawn from the femoral artery17. After
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removing the platelet-rich plasma and platelet-poor plasma (PPP) from the blood via centrifugation (100 ×g
for 15 min), the remaining RBCs were washed with acid citrate dextrose solution. Then, the same volume
of mannitol adenine phosphate solution (1.457% [w/v%] D-mannitol, 0.014% adenine and 0.094% sodium
dihydrogen phosphate [Terumo, Tokyo, Japan]) was added to prepare allogenic RBCs that were then stored
at 4°C. PPP samples showed the following coagulation activity: fibrinogen, 121 mg/dL; AT III activity, 81%;
prothrombin time (PT), 13.1 sec; activated partial thromboplastin time (APTT), 31.2 sec, on average.

Surgical procedures

Pregnant rabbits were anaesthetised with ketamine and xylazine followed by intravenous injections of 15
mg/kg pentobarbital, and anaesthesia was maintained by additional doses as necessary for the first 30 min
of the experiment23. A local anaesthesia of 1% lidocaine was injected subcutaneously into the left inguinal
area and mid-lower abdomen. The adequacy of general anaesthesia was monitored by the loss of the ear
pinch reflex. Rabbits were kept supine and spontaneously breathing on the warming plate to maintain the
body temperature at 36-37°C. A 20-gauge catheter (polyethylene indwelling needle; Terumo, Tokyo, Japan)
was aseptically introduced into the left femoral artery for measuring haemodynamics and blood sampling.
The same size of the catheter was similarly inserted into the left femoral vein for fluid injections. After
instrumentation, rabbits were stabilised for 10 min to record the baseline data.

Severe postpartum haemorrhage model

We designed the severe PPH model based on the previous model21 and the actual clinical treatment after
delivery. After lower midline laparotomy, we performed caesarean section and delivered foetuses in the
right side of the rabbit bicornate uterus (Figure 1A). Thereafter, uncontrolled haemorrhage was induced by
transecting the right uterine artery (Figure 1B). The bleeding was wiped off using a high-absorbent gauze
(BEMCOT M-1, Asahikasei, Tokyo, Japan), and we counted the absorbed blood volume every 5 min. To
compensate the blood loss, an isovolemic infusion of 6% HES (Voluven 6%; Fresenius Kabi Deutschland,
Bad Homburg, Germany) was repeated every 5 min via the femoral vein until 30 min or the bleeding volume
reached 100 mL. The reason for setting the bleeding volume at 100 mL is as follows. The need for blood
transfusion was determined when the shock index (heart rate/systolic blood pressure) exceeded 1.5 based
on a previous study, with a shock index of 1.5 corresponding to a blood loss of approximately 2.5 L25. In
pregnant women weighing 60 kg, the circulating blood is approximately 4.6 L, and thus, the blood loss rate
in the severe PPH is estimated at approximately 54% of circulating blood. According to the guidelines of the
European Federation of Pharmaceutical Industries Associations and the European Centre for the Validation
of Alternative Methods26, rabbit circulating blood is estimated at 56 mL/kg. Considering that the pregnant
rabbits weighed about 3.5 kg, the bleeding volume corresponding to severe PPH was calculated at 106 mL
(3.5 kg×56 mL/kg×0.54). Thus, we set the bleeding volume of severe PPH at 100 mL.

Fluid resuscitation with haemoglobin vesicles, RBCs, or 6% hydroxyethyl starch

Following the initial infusion of 6% HES, rabbits were divided into three groups based on the resuscitation
fluid used. All rabbits received isovolemic fluid resuscitation that was equivalent to the bleeding volume
every 5 min until 60 min or when the bleeding volume reached over 200 mL, which is almost equivalent to
the circulation volume in a rabbit26. In pregnancy, such a condition is a lethal haemorrhagic shock class
IV27. Resuscitative fluid regimens included stored allogenic RBC with PPP (vol/vol=1:1, Hb concentration
of 11.9±1.6 g/dL) (RBC/PPP group, n =8) as a positive control, 6% HES infusion (HES group, n =7) as
a negative control, and HbVs with 25% human serum albumin (vol/vol=4:1, Hb concentration of 8.0 g/dL)
(HbV group, n =10) (Figure 1C). After fluid resuscitation, the rabbits underwent a surgical haemostatic
procedure via ligation of bleeding vessels, followed by caesarean section to deliver the foetuses from the left
side of the bicornate uterus. Thereafter, the laparotomy incisions were closed, and the rabbits were placed in
a cage with laboratory diet and water and monitored for survival for at least 12 h. Postoperative analgesia
was performed with intramuscular injections of buprenorphine (0.02 mg/kg) after 12 h for euthanasia.

Measurements of blood cell counts, coagulation factors, and blood gases

3
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Arterial blood samples were obtained every 5 min to count blood cells using an Erma PCE 170 haematology
analyser (Erma, Tokyo, Japan). Coagulation factors and blood gases were measured every 15 min. Hb concen-
tration in the blood containing HbVs could not be accurately determined using the current analyser because
liposome capsules interfered with the spectrophotometric measurement of Hb absorbance. The actual Hb
concentrations were estimated using a previous method17. To measure plasma antithrombin (AT) III activity,
prothrombin time (PT), and activated partial thromboplastin time (APTT), blood samples were collected
into a heparinised syringe and centrifuged at 50,000 ×g at 4°C for 20 min to remove HbV particles and were
measured at the Sanritsu Zelcova Laboratory (Tokyo, Japan). Plasma fibrinogen levels were measured using
rabbit fibrinogen enzyme-linked immunosorbent assay kit (LifeSpan BioSciences, Seattle, USA). Blood gas
analyses, including plasma lactate and arterial oxygen content (CtO2) levels, were performed using an ABL
80 blood gas analyser (Radiometer, Copenhagen, Denmark).

Analyses of whole blood coagulation activity

Coagulation activity of whole blood was measured every 15 min using a coagulation and platelet function
analyser (Sonoclot?) (Sienco, Morrison, CO) as previously described22. The Sonoclot signal typically de-
scribes coagulation parameters including activated clotting time (ACT), which indicates the period up to
the start of fibrin formation, and clot rate, which indicates the slope of fibrin gel formation that is affected
by both the fibrinogen to fibrin conversion and the amount of fibrinogen.

Analyses of plasma nitric oxide

Plasma NO2
-/NO3

-(nitric oxide, NOx) levels were measured every 15 min. Blood samples were collected in
heparin and centrifuged at 50,000 xg at 4degC for 20 min to remove HbV particles. The supernatant was
stored at -80 until analysis. Plasma NOx levels were measured at the Eicom Laboratory (Eicom Corporation,
Kyoto, Japan) using a high-performance liquid chromatography-Griess system, as previously described22.

Statistical analysis

Survival curves were generated using the Kaplan–Meier method, and survival was compared using the log-
rank test. Statistical comparisons between two groups and among three groups were conducted using Stu-
dent’s t test and one-way analysis of variance, followed by a Bonferroni post hoc test, respectively. Data are
presented as mean +- standard deviation (SD). All statistical analyses were performed using JMP 14. soft-
ware (SAS Institute Inc., Tokyo, Japan). p values <0.05 were considered statistically significant. Normality
testing was performed using the above statistical analysis.

Based on the hypothesis for the primary study endpoint of survival rates, a sample size calculation was
performed using G*Power, version 328. The effect size decided to be clinically significant was 0.6. We
permitted a type I error of α=0.05, and with the alternate hypothesis, the null hypothesis would be retained
with a type II error of β=0.2. Sample size analysis resulted in the need for 30 animals. The final sample size
for each group complies with the ARRIVE guidelines22.

Results

Haemodynamic changes and rabbit survival

The rabbits developed postoperative severe anaemia (Hb concentration <6 g/dL) that progressed to severe
PPH in the first 30 min. There were no significant differences in total haemorrhage volume, time to severe
PPH, and total bleeding time among the three groups (Table S2). Although the HES group showed progres-
sively decreased mean arterial pressure (MAP) of less than 40 mmHg at the resuscitative phase, the HbV
and RBC/PPP groups maintained MAP above 50 mmHg during this period (Figure 2A). The shock index
was also gradually increased until two times higher than that at baseline in the HES group, whereas it was
only increased to within 1.5 times higher than that at baseline in the RBC/PPP and HbV groups (Figure
2B). Within 6 hours, all rabbits in the HES group died, whereas all of the rabbits in the RBC/PPP group
survived, and 8 of the 10 rabbits in the HbV group survived. Regarding overall survival, the prognosis of
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HbV group was significantly better than that of HES group (p <0.01), whereas it was significantly worse
than that of RBC/PPP group (p =0.01) (Figure 3).

Haematologic variables

Administration of HbVs and RBC/PPP following the initial HES infusion gradually increased Hb concen-
tration, and it was maintained over 6 g/dL in both groups, although the Hb concentration decreased under
2 g/dL at the end of the experiment in HES group (Figure 3A). In contrast with Hb dynamics, haematocrit
(Hct) decrease was similar between HbV and HES groups, although the Hct level was increased in RBC/PPP
group (Figure 3B). HbV particles used in this study did not affect the Hct level because their particle size
(particle diameter: 250-280 nm) was extremely small22,29. Platelet (PLT) counts could not be measured
in HbV group because the submicron HbV particle interfered with PLT counting by the current analyser.
Meanwhile, the PLT counts gradually decreased in RBC/PPP group but were still significantly higher than
those in HES group at the end of the experiment (Figure S1).

Blood gas analyses

The pH level was maintained above 7.35 in the HbV and RBC/PPP groups via respiratory compensation
throughout the experiment, whereas the pH level in the HES group was significantly decreased below 7.35 at
45 and 60 min owing to a lack of haemoglobin (p <0.01) (Figure 3C). There were no significant differences in
the base excess levels, the values of PaO2 and PaCO2 among all groups throughout the experiment, indicating
that the respiratory function of the animals was well-preserved throughout the experiment (Figure 3D, Figure
S2A, B). During the initial 30 min, the CtO2 (i.e. the sum of oxygen bound to haemoglobin) decreased to
approximately 6.5 vol% in all the three groups. RBC transfusion or HbV infusion restored the CtO2 to
7.0-8.0 vol% in the RBC/PPP and HbV groups. In contrast, the CtO2 decreased to unmeasurable values at
60 min in the HES group (Figure 3E). Hence, lactate levels were maintained at approximately 3.0 mmol/L
throughout the experiment in the HbV and RBC/PPP groups, whereas the lactate level in the HES group
critically increased to 6 mmol/L at 60 min, which was significantly higher than that in the other groups (p
<0.05) (Figure 3F). At the end of the experiment, the HCO3

- level was higher in RBC/PPP group than in
the other groups (p <0.05) (Figure S2C).

Coagulation variables and activity and plasma nitric oxide levels

The plasma fibrinogen levels in RBC/PPP group gradually decreased but was maintained over 110 mg/dL
even at the end of the experiment because PPP contained a certain amount of coagulation factors, including
fibrinogen (Figure 4A). In contrast, the plasma fibrinogen levels continuously decreased and reached 20
mg/dL in both HbV and HES groups (Figure 7A). The values of AT III in both HbV and HES groups
were significantly shorter than those in RBC/PPP group at 45 (p <0.05) and 60 min (p <0.01) (Figure
4B). Similarly, the PT was significantly lower in the HbV and HES groups than in the RBC/PPP group at
the end of the experiment (p <0.01) (Figure 4C). Regarding APTT, the value beyond 30 min was set as
reference because the value in over 75 sec could not be measured in this analysis (Figure 4D).

Regarding coagulation activity, ACT was significantly prolonged in both the HbV and HES groups at the
end of experiment compared with that in the RBC/PPP group (p <0.05) (Figure S3A). As for clot rate,
all three groups showed similar decreases in the clot rate with no significant differences (Figure S3B). There
were also no significant differences in plasma NOx levels among the three groups throughout the experiment,
and HbV group showed no significant reduction of NOx levels (Figure S3C).

Foetus survival after postpartum haemorrhage

The survival rates of the foetuses after PPH in the left side of the bicornate uterus was 38 ± 42%, 56 ±
49%, and 79 ± 40% in HES, HbV group, and RBC/PPP groups, respectively (Table S3). Although there
were no significant differences in the foetus survival rate among the three groups, HbV group showed higher
survival rates than did HES group but lower than did RBC/PPP group.

Discussion
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Main Findings

This study developed a severe PPH model after caesarean section using pregnant rabbits. Total haemorrhage
was approximately at least 50 mL/kg and led to severe PPH that became lethal within a few hours in the
absence of any fluid resuscitation. As a result, we established an appropriate animal model requiring massive
transfusion according to actual clinical practice. Using the current PPH model, we demonstrated that HbVs
helped to maintain haemodynamics for severe PPH. The acute prognosis was better than that achieved with
administration of HES, resulting in a drastic reduction of mortality.

Strengths and Limitations

To our best knowledge, this was the first study to develop initial fluid treatment with HbV infusion for severe
PPH. The resuscitative benefit of HbV treatment in the initial hours led to maintenance of normal lactate
levels that in turn resulted in adequate oxygen supply. This indicates that prompt HbV infusion might help
stabilise the haemodynamics and enable transport to secondary or tertiary facilities.

Our findings should be interpreted with caution in the context of the principal limitations of the current
study. First, the efficacy of HbVs for severe PPH was evaluated in an animal model, and thus the applicability
of the findings in humans need to be further verified. Second, this study did not investigate the long-term
safety of HbVs beyond the acute setting. Third, we did not precisely investigate the effects of HbVs on the
foetus, including intrauterine resuscitation in this study. A previous study reported the efficacy of HbVs
for chronic placental hypoxia and improvement of foetal growth restriction in a rat pre-eclampsia model36.
However, there are no reports on the efficacy of intrauterine resuscitation of foetuses for low uteroplacental
blood flow due to acute massive peripartum haemorrhage, including placental abruption. In this study,
the HbV group showed dilutional coagulopathy due to lack of coagulation factors. Methods for controlling
coagulopathy using other blood substitutes with haemostatic capacity, including PLT substitutes,23 should
be further investigated.

Furthermore, this study had methodological limitations. Measurement of systemic NOx levels did not always
reflect NO metabolism at the cellular levels. Further studies are needed to validate our findings and ultimately
establish the use of HbVs for severe PPH in clinical practice.

Interpretation

RBC and PPP transfusion achieved excellent prognosis and yielded a better foetus survival rate than did
HES infusion (79% vs. 38%, on an average), although the difference was not significant. Some animals
transfused with RBCs achieved the target Hb concentration of up to 9 g/dL after transfusion for PPH.30,31

Consequently, the maternal CtO2 levels reached >10 vol %, which ensured a foetal CtO2 of 8 vol %32. HbV
infusion also maintained haemodynamic parameters and CtO2 levels to the systemic tissues throughout the
experiment. The acute prognosis of the HbV group was significantly better than that of the HES group,
whereas it was significantly worse than that of the RBC/PPP group. HbV infusion yielded a foetus survival
rate of 56%. HbVs have a shorter half-life than RBCs24, which might affect the prognosis beyond 6 hours.
In addition, carbonic anhydrase is not incorporated into HbV. Consequently, plasma HCO3

- levels in the
HbV group was significantly lower than that in the RBC group. This may be critical because some studies
reported that low HCO3

-, particularly <16 mmol/L, independently predicted short-term prognosis33.

Chemically modified, cell-free HBOCs, including glutaraldehyde-polymerised and PEG-conjugated Hbs, have
advanced to clinical trials34,35. Nevertheless, such cell-free HBOCs showed toxicities caused by extravasa-
tion, oxidative stress, hypertension, and vasoconstriction. In contrast, the current HbVs compartmentalise
a concentrated Hb solution in the inner aqueous phase of liposomes, analogous to erythrocytes, leading to
reduced toxicities of bared Hb7,10,19. In this study, HbV administration had no scavenging effect on plasma
NOx levels. We previously observed that HbVs did not cross the placental barrier36. Moreover, HbVs may
be beneficial for foetuses because they are degraded by the maternal reticuloendothelial system, which is
premature in the foetuses. However, the optimal strategy for improving foetal hypoxia or shock stress is an
important issue that needs further research in the management of severe PPH.
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Conclusion

For severe PPH, HbVs effectively prevented lethal haemorrhagic shock in a pregnant rabbit model. These
findings support that these blood substitutes may be an alternative modality for the initial treatment of
severe PPH particularly in institutions with limited availability of blood products, and the role of immediate
care until transportation to a secondary or tertiary facility.
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Figure Legends

Figure 1. Surgical procedures and Experimental protocol.

(A) Rabbits underwent caesarean section to deliver foetuses in the right side of the bicornate uterus. (B) Af-
ter closing the incision in the uterus, uncontrolled haemorrhage was induced by transecting the right uterine
artery and concomitant vein. (C) Pregnant rabbits underwent caesarean section, and uncontrolled haemor-
rhage was induced to develop severe postpartum haemorrhage (PPH). First, all rabbits were administered
6% HES for initial treatment. After developing severe PPH, rabbits received isovolumic fluid resuscitation
with an equivalent volume of haemorrhage every 5 min. Resuscitative administration regimens included the
following: RBCs with PPP (vol/vol=1:1, n =8), 6% HES (n =7), or HbVs with 25% human serum albumin
(vol/vol=4:1,n =10). After 60 min from the start of bleeding or when the haemorrhage volume reached 200
mL, we performed surgical hemostasis.

CS, caesarean section.

Figure 2. Haemodynamic changes and Suvival curves of all three groups.

(A) Unlike HbV and RBC/PPP group, the mean arterial pressures (MAP) were gradually decreased in HES
group, whereas MAP in HbV and RBC/PPP group was maintained over 40 mmHg. (B) Shock index was
gradually increased in all groups, but there were no significant differences throughout the experiment. (C)
Survival of HbV group was significantly better than that of HES group (p <0.01), whereas it was significantly
worse than that of RBC/PPP group (p =0.01).

Values represent the mean ± SD. Statistical comparisons between two groups were performed using Stu-
dent’s t test. One-way ANOVA and post hoc tests where appropriate were used to identify significant mean
differences between three groups. *p <0.05 indicate significant difference. Survival curves were generated
using the Kaplan–Meier method and compared using the log-rank test.

+p <0.05, the prognosis of RBC/PPP group was significantly different from that of the other groups.

++p <0.05, the prognosis of HbV group was significantly different from that of the HES group.

Figure 3. Changes in haematologic variables and blood gas levels.

(A) At the end of the experiment, the Hb concentration was maintained over 6.0 g/dL in RBC/PPP and HbV
groups, whereas it decreased under 2.0 g/dL in HES group. (B) The haematocrit was similarly decreased in
both HbV and HES groups, but not in RBC/PPP group. (C) The pH levels in HES group were significantly
lower than those in the other groups after 30 min. (D) There were no significant differences in the base excess
levels among all groups throughout the experiment. (E) At the end of the experiment, the lactate acid levels
were significantly higher in HES group than in the other groups. (F) The CtO2 level was decreased in all
groups until 30 min, but it was maintained above approximately 7.0 vol% beyond 30 min in RBC/PPP and
HbV groups.

CtO2, arterial oxygen content.

Values represent the mean +- SD. Between-group comparisons were performed using Student’s t test. One-
way ANOVA and post hoc testing where appropriate were used to identify significant mean differences
between the three groups.

*p <0.05, value significantly different from other groups.

Figure 4. Changes in coagulation variables.

(A) The values of plasma fibrinogen in RBC/PPP group was maintained over 110 mg/dL even at the end of
the experiment. (B) The values of AT III in HbV and HES groups were significantly decreased than those
in RBC/PPP group at 45 min and at the end of the experiment. (C) The values of PT in HbV and HES
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groups were significantly longer than that in RBC/PPP group at the end of the experiment. (D) The values
of APTT after 30 min was set as the reference value because the value over 75 sec could not be measured in
the current analysis.

PT, prothrombin time; APTT, activated partial thromboplastin time.

Values represent the mean +- SD. Statistical comparisons between two groups were performed using Student’s
t test. One-way ANOVA and post hoc testing where appropriate were used to identify significant mean
differences between the three groups.

*p <0.05 indicates significant difference.

** At the end of the experiments, the APTT levels were unmeasurable in the HbV and HES groups.
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