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We investigated the eﬀects of reduced oxygen-carrying capacity on cardiac function during acute hemodilution, while the
plasma viscosity was increased in anesthetized animals. Two levels of oxygen-carrying capacity were created by 1-step and 2step hemodilution in male golden Syrian hamsters. In the 1-step hemodilution (1-HD), 40% of the animals’ blood volume (BV)
was exchanged with 6% dextran 70 kDa (Dx70) or dextran 2000 kDa (Dx2M). In the 2-step hemodilution (2-HD), 25% of the
animals’ BV was exchanged with Dx70 followed by 40% BV exchanged with Dx70 or Dx2M after 30 minutes of first hemodilution.
Oxygen delivery in the 2-HD group consequently decreased by 17% and 38% compared to that in the 1-HD group hemodiluted
with Dx70 and Dx2M, respectively. End-systolic pressure and maximum rate of pressure change in the 2-HD group significantly
lowered compared with that in the 1-HD group for both Dx70 and Dx2M. Cardiac output in the 2-HD group hemodiluted with
Dx2M was significantly higher compared with that hemodiluted with Dx70. In conclusion, increasing plasma viscosity associated
with lowering oxygen-carrying capacity should be considerably balanced to maintain the cardiac performance, especially in the
state of anesthesia.

1. Introduction
Hemodilution reduces the circulating number of red blood
cells (RBCs), decreases oxygen-carrying capacity, and lowers
whole blood viscosity. To maintainf tissue oxygenation
preventing multiorgan dysfunction, cardiac output (CO)
increases to compensate for the reduction in oxygencarrying capacity. The acute normovolemic hemodilution in
anesthetized dogs revealed that myocardial blood flow significantly led an increased preservation of both myocardial
oxygen-carrying capacity and consumption [1, 2]. Suﬃcient
oxygen is normally oﬄoaded from the hemoglobin in the
RBCs unless the hematocrit (Hct) drops to very low values.
There is a trigger point which is necessary to readminister the RBCs into the circulation. The threshold for
a blood transfusion is set at ∼7 g of hemoglobin per 100 mL
of blood. However, the findings by Tsai and Intaglietta [3]

indicated that hemoglobin concentration can be lowered to
6 g/dL (18% Hct) if the blood viscosity at a physiological
level is maintained with a high viscosity plasma expander
(HVPE). Other studies using an awake animal model as
well as an anesthetized animal model have shown that
microvascular function is impaired if the blood viscosity is
severely decreased by hemodilution rather than an insufficient oxygen-carrying capacity [4–8]. A recent study by
Chatpun and Cabrales [9] found that dextran 2000 kDa
with a viscosity of 6.3 cP provides positive eﬀects on
cardiac performance by reducing systemic vascular resistance
compared to dextran 2000 kDa with a viscosity of 2.2 cP,
using a moderate hemodilution (28% Hct) in anesthetized
hamsters.
Although many studies in awake animals have demonstrated that severe hemodilution with an HVPE provides
beneficial eﬀects on microvascular function and perfusion
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compared to a lower viscosity plasma expander, there might
be diﬀerent outcomes when applying this level of hemodilution in anesthetized animals, especially to vital organ
function such as heart and brain function. Furthermore,
there are few studies about the eﬀects of plasma viscosity and
oxygen-carrying capacity on cardiac function in anesthetized
animals [10, 11]. Only the eﬀects of the degree of anemia
using diﬀerent exchange solutions on cardiac function have
been elucidated [1, 12–15].
This study aims to investigate the eﬀects of increased
plasma viscosity with a reduction of oxygen-carrying capacity by a diﬀerent degree of hemodilution on cardiac function.
Two degrees of isovolemic hemodilution were performed
by the 1-step hemodilution and 2-step hemodilution to
reduce the Hcts to 28% and 18%, respectively. Dextran
70 kDa and dextran 2000 kDa were used as plasma expanders
in these hemodilution models. Left ventricular cardiac
function indices were derived from the pressure-volume
(PV) measurement using a miniaturized PV conductance
catheter. Systemic parameters such as mean arterial pressure
and heart rate were also monitored and evaluated in this
study.

2. Materials and Methods
2.1. Animal Preparation. This study was experimentally
performed in anesthetized male Golden Syrian hamsters
(Charles River Laboratories; Boston, MA) weighing 60–
70 g. Animal handling and care was conducted accordingly
to the National Institutes of Health guidelines for the
Care and Use of Laboratory Animals. The experimental
protocol was approved by the institutional animal care
committee. Surgery was performed following intraperitoneal
(i.p.) injection of sodium pentobarbital (50 mg/kg). The
left jugular vein was catheterized to allow plasma expander
administration and the left femoral artery was cannulated
for blood pressure monitoring and blood withdrawal and
sampling. Furthermore, a tracheotomy was performed and
cannulated with a polyethylene-90 tube to facilitate the
animals’ breathing. Animals were placed in the supine
position on a heating pad to maintain the body temperature
at 37◦ C. Animals were subcutaneously administered 0.05–
0.10 mg/kg buprenorphine after surgery for analgesia. During the experiment, the state of anesthesia was checked by the
animal’s response to a toe pinching. A small bolus of sodium
pentobarbital (10–15 mg/kg, i.p.) was given when a response
was observed.
2.2. Inclusion Criteria. Animals under anesthesia were suitable for the experiment if the animals had no bleeding
and systemic parameters were within normal range by (i)
mean blood arterial pressure (MAP) above 80 mmHg, (ii)
heart rate (HR) above 320 beats/minute and (iii) systemic
hematocrit (Hct) above 45%.
2.3. Systemic Parameters. The MAP was monitored continuously (MP150, Biopac System Inc.; Santa Barbara, CA, USA),
except during blood exchange. The Hct was determined
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from centrifuged arterial blood samples taken in heparinized
capillary tubes.
2.4. Rheological Properties. Viscosity was measured at a shear
rate of 160 1/sec at 37◦ C (Brookfield Engineering Laboratories; Middleboro, MA, USA). Colloid osmotic pressure
(COP) of the plasma expanders and blood plasma were
determined using a membrane colloid osmometer (Model
4420, Wescor Inc., Logan, UT, USA).
2.5. Isovolemic Hemodilution Protocols
2.5.1. Protocol 1: 1-Step Hemodilution (1HD). Anesthetized
hamsters had 40% of the estimated blood volume (BV) exchanged with the test solutions, dextran 2000 kDa (Dx2M),
and dextran 70 kDa (Dx70), lowering systemic Hct by 45%.
2.5.2. Protocol 2: 2-Step Hemodilution (2HD). Anesthetized
hamsters had 25% of the BV exchanged firstly with Dx70
followed by 40% of the BV exchanged with test solutions,
Dx2M and Dx70, 30 minutes after hemodilution with Dx70.
This protocol reduced the systemic Hct to ∼17–21%.
Total BV was approximated as 7% of body weight.
Test solutions were administered into the left jugular vein
catheter at a rate of 100 μL/min with a simultaneous blood
withdrawal at the same rate from the left femoral artery
catheter by using a dual syringe pump (33 syringe pump,
Harvard Apparatus, Holliston, MA, USA). Blood samples
were collected at the end of the experiment for subsequent
measurement of viscosity, plasma colloid osmotic pressure,
and blood conductance. Animals were monitored for 60
minutes after completion of the hemodilution. Systemic
parameters (MAP and Hct) were recorded and analyzed
at baseline and 60 minutes after hemodilution. Figure 1
illustrates the study protocols.
2.6. Test Solutions. Two solutions were as follows: (1) 6%
Dextran T2000 (Pharmacosmos, Holbaek, Denmark) in
0.9% sodium chloride (NaCl) mixed with 10% human serum
albumin and (2) 6% Dextran 70 in 0.9% NaCl (B. Braun
Medical, Irvine, CA, USA). The solution of dextran 2000 kDa
had a 6.3 cP in viscosity and 43 mmHg in COP while the
solution of dextran 70 kDa had a 3.0 cP in viscosity and
52 mmHg in COP.
2.7. Experimental Groups. Animals were randomly divided
into two groups for each protocol. The first experimental
group (high-viscosity group) was hemodiluted with 6%
dextran 2000 kDa (a group labeled Dx2M). The second
experimental group (low-viscosity group) was hemodiluted
with 6% dextran 70 kDa (a group labeled Dx70).
2.8. Calculation of Oxygen Delivery. The total oxygen delivery
to organs or tissues was calculated using the following
equation:
O2 delivery =





RBCHb × γ × SA %



+(1 − Hct) × α × pO2A × Q,

(1)
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Figure 1: Schematic diagrams of acute isovolemic for the 1-step and 2-step hemodilution protocols. Hct, hematocrit; BL, baseline; HD,
hemodilution.

where RBCHb is the hemoglobin in RBCs (in grams of Hb
per deciliter of blood); γ is the oxygen-carrying capacity
of saturated hemoglobin (1.34 mL O2 /gHb); S A % is the
arteriolar oxygen saturation; (1 − Hct) is the fractional
plasma volume (in deciliter of plasma per deciliter of blood);
α is the solubility of oxygen in plasma (3.14 × 10−3 mL
O2 /dLplasma mmHg); pO2A is the arteriolar partial pressure
of oxygen; Q is the CO. The arteriolar oxygen saturation for
hamster RBCs have been published previously [16].

2.9. Cardiac Function. Closed chest method was performed
to assess cardiac function in this study [17]. The right common carotid artery was exposed allowing a 1.4F pressurevolume conductance catheter (PV catheter; SPR-839, Millar
Instruments, TX, USA) to be inserted. The PV catheter
was advanced passing through the aortic valve into the left
ventricle. At the baseline and at the end of the experiment,
a bolus of 15% hypertonic saline (10 μL) was intravenously
injected to determine the parallel volume [18]. The pressure
and volume signals were digitally acquired (MPVS300,
Millar Instruments, Houston, TX, USA, and PowerLab 8/30,
ADInstruments, Colorado Springs, CO, USA). Volume of the

left ventricle was measured continuously in a conductance
unit (relative volume unit, RVU) and converted to actual
blood volume (μL) at the end of the experiment using a
known-volume cuvette calibration [10, 17]. Previous studies
have shown that stroke volume measured by a conductance
catheter was in agreement with the measurement using an
ultrasound flow probe and an electromagnetic flow probe
[19, 20]. Cardiac function data were analyzed with PVAN
software (version 3.6, Millar Instruments, TX, USA). The
cardiac function indices were averaged from selected 8–12
cardiac cycles at each time point of interest.
2.10. Systemic Vascular Resistance. Systemic vascular resistance (SVR), the resistance to flow in the peripheral circulation, was approximately calculated from the measured values
as SVR = MAP/CO, where MAP is the mean arterial pressure
and CO is cardiac output.
2.11. Statistical Analysis. Results are presented as mean ±
standard deviation (SD) unless otherwise addressed. Data
between interested time points in a same group were
analyzed using analysis of variance (ANOVA) and followed
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3. Results

1-step hemodilution
110
100
MAP (mmHg)

by post hoc analyses with the Dunnett’s multiple comparison
tests. An unpaired t-test with two-tailed was performed
to compare between groups at the time point of interest.
All statistics were calculated using GraphPad Prism 4.01
(GraphPad Software, San Diego, CA, USA). Results were
considered statistically significant when P < 0.05.
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All twenty-two animals under anesthesia tolerated without
adverse conditions for the entire period of the experiment.
The animals were assigned randomly into four experimental
groups: 1HD-Dx70 (n = 6), 1HD-Dx2M (n = 6), 2HDDx70 (n = 5), and 2HD-Dx2M (n = 5). The measured
parameters at baseline were not statistically significant
diﬀerence between the groups.
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3.1. Systemic and Rheological Parameters. The changes of
MAP after 1-step and 2-step hemodilution are demonstrated
in Figure 2. Hemodilution markedly reduced MAP in both
protocols. MAP in the 1HD-Dx2M group decreased to
84 ± 6% of baseline while MAP in the 1HD-Dx70 group
dropped to 81 ± 2% of baseline. However, a further step
in blood dilution caused a decrease of MAP to 71 ± 9%
and 68 ± 2% of baseline in the 2HD-Dx70 and 2HD-Dx2M
groups. Figure 3 shows that HR in each group decreased
over time after hemodilution in both protocols. Changes in
Hct, Hb, and blood and plasma viscosities were statistically
diﬀerent from baseline as presented in Table 1. Plasma
viscosity in both protocols after hemodilution with Dx2M
was significantly higher than that after hemodilution with
Dx70 as well as whole blood viscosity.
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3.2. Oxygen Delivery. Calculated values of oxygen delivery
at the end of the experiment were compared to that at
baseline. The oxygen delivery relative to baseline in the 2-step
hemodilution with Dx70 decreased 17% compared to that in
the 1-step hemodilution with Dx70, whereas it was 38% in
the group hemodiluted with Dx2M as shown in Figure 4.

Figure 2: Mean arterial pressure (MAP) in the 1-step and 2step hemodilutions measured at baseline (BL), at 15, 30 and 60
minutes after hemodilution (HD15, HD30, HD60) and at first step
hemodilution (1HD). Values are presented as means ± SD. ∗ P <
0.05 compared to BL. † P < 0.05 compared to 1HD.

3.3. Cardiac Function. Cardiac function indices measured
and derived from the pressure-volume measurement for the
1-step and 2-step hemodilutions are presented in Table 2.
End-systolic pressure (Pes ) significantly decreased compared
with baseline (P <0.05) while end-diastolic pressure (Ped ) was
unchanged from baseline in both protocols. An increase of
plasma viscosity with Dx2M decreased Pes about 11% from
baseline in the 1-step hemodilution, whereas it was 20% in
the 2-step hemodilution. Dx70 decreased Pes about 14% and
26% from baseline in the 1-step and 2-step hemodilutions.
The peak positive time derivative of the left ventricular
pressure (dP/dt max ) gradually decreased over time in the 1step hemodilution with Dx70, whereas it was maintained at
the baseline level in the 1-step hemodilution with Dx2M.
On the other hand, the peak negative time derivative of left
ventricular pressure (dP/dtmin ) in the 2-step hemodilution
significantly decreased over time in both Dx70 and Dx2M
groups (P < 0.05). With reduction of the hematocrit, from

the 1-step hemodilution to the 2-step hemodilution, CO
decreased 9% and 12% in the group hemodiluted with Dx70
and Dx2M. In addition, the changes from the baseline in
stroke volume (SV) and stroke work (SW) increased in
the 1-step hemodilution while SV was maintained at the
baseline and SW decreased relative to baseline in the 2-step
hemodilution. An increased SW in the group hemodiluted
with Dx2M indicates that the heart performs much work for
higher whole blood and plasma viscosities.
Figure 5 illustrates examples of pressure-volume (PV)
loops at baseline and after hemodilution. The PV loops in
the 2-step hemodilution became smaller with particularly
lower pressure compared to the PV loops at baseline and
in the 1-step hemodilution. Furthermore, PV loops after
hemodilution were shifted to the right of the baseline PV
loop, indicating an increase of preload or end-diastolic
volume. The area of PV loops corresponding to SW clearly
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Table 1: Hct, Hb, and rheological properties after complete hemodilution.

Hct (%)
Hb (g/dL)
Blood viscosity (cP)
Plasma viscosity (cP)
1HD
2HD
1HD
2HD
1HD
2HD
1HD
2HD
Blood (baseline)
52 ± 2
15.6 ± 0.7
4.7 ± 0.6
1.1 ± 0.1
Dx2M
27 ± 2∗ 17 ± 2∗,†,‡ 8.3 ± 0.7∗ 5.2 ± 0.8∗,†,‡ 3.6 ± 0.2∗,‡ 3.0 ± 0.1∗,†,‡ 2.1 ± 0.1∗,‡ 2.0 ± 0.1∗,‡
Dx70
27 ± 2∗ 22 ± 1∗,† 8.2 ± 0.6∗ 6.7 ± 0.5∗,† 3.1 ± 0.1∗ 2.6 ± 0.3∗,† 1.3 ± 0.1∗ 1.4 ± 0.1∗
Group

Plasma COP (mmHg)
1HD
2HD
16 ± 2
18 ± 2
17 ± 4
16 ± 1
17 ± 2

The values of Hct, Hb and rheological properties of blood and plasma at the baseline and after complete the 1-step hemodilution (1HD) and the 2-step
hemodilution (2HD). Viscosity was measured at shear rate of 160 1/sec at 37◦ C. Values are means ± SD. ∗P < 0.05 compared with baseline, † P < 0.05
compared with the 1-step hemodilution using same plasma expander. ‡ P < 0.05 compared with Dx70 in the same step hemodilution.

Table 2: Cardiac function indices measured and derived from a pressure-volume (PV) measurement for the 1-step hemodilution and the
2-step hemodilution.
Group

Protocol

Pes (mmHg)
Ped (mmHg)
dP/dtmax
(mmHg/s)
dP/dtmin
(mmHg/s)
CO (mL/min)
SV (μL)
SW
(mmHg·μL)

1HD
2HD
1HD
2HD
1HD
2HD
1HD
2HD
1HD
2HD
1HD
2HD
1HD
2HD

Baseline
Dx70
Dx2M
118 ± 6
122 ± 5
117 ± 10
120 ± 7
8±4
7±2
5±2
6±2
14,649 ± 1,278 12,810 ± 1,194
14,060 ± 1,245 16,001 ± 1,454
−12,583 ± 2,176 −13,980 ± 1,470
−12,689 ± 3,151 −13,846 ± 1,525
10 ± 2
9±3
9±1
10 ± 2
21 ± 4
18 ± 7
19 ± 3
21 ± 4
2,020 ± 691
2,223 ± 450
2,137 ± 429
2,280 ± 388

30 min after hemodilution
60 min after hemodilution
Dx70
Dx2M
Dx70
Dx2M
106 ± 12∗
109 ± 10
105 ± 8∗
105 ± 10∗
88±9∗,†
96 ± 5∗,†
86 ± 7∗,†
96 ± 8∗
9±2
8±2
9±2
8±2
7±3
7±1
6±2
7±1
12,707 ± 1,155∗ 11,832 ± 2,404
11,668 ± 1,107∗ 12,045 ± 1,460
10,054 ± 1,117∗,† 11,194 ± 1,084∗ 10,555 ± 1,524∗ 10,631 ± 1,460∗
−10,370 ± 2,166 −11,264 ± 1,677∗ −9,723 ± 1,847 −9,352 ± 1,771∗
−8,683 ± 1,535∗ −9,242 ± 1,870∗ −8,474 ± 1,805∗,† −8,672 ± 1,167∗
11 ± 4
12 ± 3
10 ± 4
13 ± 3
9±1
10 ± 1
9±1
11 ± 1‡
22 ± 9
26 ± 8
22 ± 8
28 ± 8
21 ± 5
23 ± 5
21 ± 4
24 ± 4
2,257 ± 863
2,703 ± 833
2,181 ± 781
2,835 ± 875
1,881 ± 370
2,183 ± 404
1,875 ± 300
2,254 ± 312

Values are presented as means ± SD. Pes , end systolic pressure; Ped , end diastolic pressure; dP/dtmax , maximum rate of pressure change; dP/dtmin , minimum
rate of pressure change; CO: cardiac output; SV: stroke volume; SW: stroke work. ∗P < 0.05 compared with baseline. † P < 0.05 compared with 1-step
hemodilution using same plasma expander. ‡ P < 0.05 compared with Dx70 in the same step hemodilution.

demonstrated that Dx2M required higher work to pump
out from the heart than Dx70. Both Dx70 and Dx2M
significantly decreased systemic vascular resistance (SVR)
compared to the baseline after hemodilution as shown in
Figure 6 (P < 0.05).

4. Discussion
This study indicated that the reduction of oxygen-carrying
capacity by the 2-step hemodilution (17% Hct) attenuated
the cardiac performance and prevented the heart from
handling the increase of plasma viscosity in our anesthetized model. The results in the 2-step hemodilution,
as expected, showed the lower increments of stroke work,
stroke volume, and cardiac output compared to the 1step hemodilution, representing the lower maintenance of
oxygenation. Furthermore, during first 30 minutes after
hemodilution, systolic indices such as Pes and dP/dt max
significantly decreased in the 2-step hemodilution compared
with the 1-step hemodilution, especially hemodilution with
Dx70.
At the Hct of 28%, our results showed that an increase
of plasma viscosity with Dx2M, a high viscosity plasma

expander, demonstrated the eﬀects on cardiac performance
much better compared to Dx70, a low viscosity plasma
expander, which resulted in the maintenance of dP/dt max
and the enhancement of cardiac output, stroke volume, and
stroke work. This finding is in agreement with our previous
study about cardiac mechanoenergetics using two diﬀerent
concentrations and viscosities of Dx2M in a moderate
hemodilution (28% Hct) [9]. Organ or tissue oxygenation
is influenced by blood flow, oxygen-carrying capacity of
blood, and oxygen extraction which are modulated when
hemoglobin decreases [21]. In which present study, the
ratio of oxygen delivery between the end of hemodilution
(28% Hct) and baseline (52% Hct) was maintained near
the baseline level due to an increase of cardiac output in
a group hemodiluted with Dx2M. However, the reduction
of the Hct to 17% while plasma viscosity increased 100%
in anesthetized hamsters particularly decreased the oxygen
delivery to the heart compared to the reduction of Hct to
28% even using Dx2M.
The reduction of oxygen-carrying capacity by hemodilution to 17% Hct in an anesthetized hamster model demonstrated no significantly diﬀerent eﬀects of Dx2M on cardiac
function compared to Dx70 although Dx2M has a higher viscosity than Dx70. Interestingly, the microcirculation studies
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Figure 4: Oxygen delivery relative to baseline in the 1-step and 2step hemodilution. Values are presented as means ± SD. Dash line
represents the baseline. ∗ P < 0.05 compared to baseline.
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Figure 3: Heart rate (HR) in the 1-step and 2-step hemodilutions
measured at baseline (BL), at 15, 30 and 60 minutes after
hemodilution (HD15, HD30, HD60) and at first step hemodilution
(1HD). Values are presented as means ± SD. ∗ P < 0.05 compared
to baseline.

in awake hamsters has demonstrated that increased plasma
viscosity improved microvascular blood flow, functional
capillary density, capillary pressure, cardiac output, and
organ blood flow although the Hct was reduced to ∼10%
[3, 6, 7, 22]. The promising diﬀerent results when the Hct
is lowered to 17%, comparing between the anesthetized
and awake hamsters, might be the superimposition of the
depressive eﬀects of the anesthetic on the cardiovascular
system. In addition, Hiebl et al. [23] performed the blood
dilution study in anesthetized pigs and reported that the
cardiac contraction markedly decreased when the Hct fell
below 10% due to a significant reduction in left ventricular
oxygen partial pressure. According to their data, there were
no significant diﬀerences in oxygen partial pressure and
systemic blood pressure when the Hct was reduced from
20% to 15%. Acute hemodilution to the Hct of 25% using
a foxhound model caused an increased cardiac index and

oxygen extraction ratio compared to the baseline, whereas
oxygen tension significantly decreased when the Hct is
lowered beyond 25% [24]. Tissue oxygenation increased after
hemodilution until the Hct was lower than 25% and then
the tissue oxygenation gradually decreased. Since the brain
and myocardium have higher oxygen demand, the matching
of oxygen delivery to tissue oxygenation is mandatory to
maintain vital organ function. It has been found that oxygencarrying capacity is adequately supplied to the myocardium
down to an Hct of 25% [25]. However, these studies
partially support our results that a lower Hct by the 2-step
hemodilution decreased the cardiac activity which required
oxygen, as indicated by lower stroke work.
Suga and colleagues [26–29] demonstrated that oxygen consumption is proportional to the systolic pressurevolume area, which is equal to the combination of external
mechanical work (PV loop area) and end-systolic elastic
potential energy. Our study showed that the PV loop area in
a group treated with Dx2M was higher than that in a group
hemodiluted with Dx70, implying higher oxygen demand
to pump out blood diluted with Dx2M from the heart.
Therefore, the reduction of oxygen delivery by hemodilution
with a high viscosity plasma expander raises a concern about
the critical point of the hematocrit and cardiac oxygenation,
especially under a state of anesthesia.
Many studies have demonstrated that animals in a state of
anesthesia have depressive cardiac function [1, 13, 14, 17, 30].
Dosages and types of anesthetics particularly aﬀect hemodynamic parameters and indices of systolic and diastolic
function. Therefore, in a state of anesthesia combined with
an anemic condition, the heart might operate with lower
eﬃciency [31]. This could lead to the deterioration of the
eﬀects of an increase in plasma viscosity in cases where blood
dilution reduces the Hct to a level lower than 28%.
Blood viscosity is a determinant of resistance to blood
flow. Lowering blood viscosity by a reduction of red blood
cells causes a decrease in outflow impedance or afterload
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Figure 5: Pressure-volume loops at the baseline (BL), at 30 minutes (HD30) and 60 minutes (HD60) after the 1-step hemodilution (1HD)
and 2-step hemodilution (2HD).

suggesting increased cardiac output and decreased MAP
after hemodilution [32]. Similarly, our findings in systemic
vascular resistance decreased after hemodilution while stroke
volume increased, implying an increased preload due to the
Frank-Starling law of the heart. However, systemic vascular
resistance calculated in our study did not show a significant
diﬀerence between a group hemodiluted with Dx2M and a
group treated with Dx70 in both protocols. Therefore, in the
1-step and 2-step hemodilutions, the higher cardiac output
in a group hemodiluted with Dx2M might be aﬀected by
cardiac contractility and preload, not afterload.

In conclusion, increasing plasma viscosity associated
with lowering oxygen-carrying capacity should be considerably balanced to maintain the cardiac performance,
especially in the state of anesthesia. Our findings suggest that,
although plasma viscosity in anesthetized animals increased,
a reduction of the hematocrit from 28% to 17% lowered
oxygen delivery and attenuated cardiac performance. Therefore, the level of a critical hematocrit to match the eﬀects of
increasing the plasma viscosity and making the whole blood
viscosity closed to the physiological value is important to
determine.
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Figure 6: Systemic vascular resistance (SVR) relative to baseline
in the 1-step and 2-step hemodilutions measured at 15, 30 and
60 minutes after hemodilution (HD15, HD30, HD60). Values are
presented as means ± SD. Dash line represents the baseline. ∗ P <
0.05 compared to baseline.
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