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Plasma is continuously transferred from the 
intravascular space to the extravascular space and 
returned back to the circulation via the lymphatic 

system. The rate of the transfer is denoted “the transcapillary 
escape rate” (TER). TER for albumin is normally 5%–7% of 
total albumin per hour in man, but it can increase by a factor 
of 2–3 times during inflammatory conditions such as sepsis/

systemic inflammatory response syndrome (SIRS) and after 
trauma (1–3). A TER above the capacity of the lymphatic 
system will result in accumulation of interstitial fluid and 
hypovolemia, with activation of the baroreceptor reflex. 
This may cause compromised tissue perfusion, increased 
tissue pressure, and reduced transcapillary oncotic pressure 
with altered Starling fluid equilibrium, longer diffusion 
distances, and pulmonary insufficiency (4, 5). Treatment 
of hypovolemia with plasma volume (PV) substitution 
under these conditions will cause further accumulation 
of interstitial fluid. Thus, in the restoration of PV in these 
patients, it would be favorable to reduce transfer of fluid to 
the extravascular space.

According to the two-pore theory of transcapillary fluid  
exchange, the capillary membrane contains small pores that  
are permeable only to small solutes and the large pores—which 
are more than 10,000 times less abundant—that are also per-
meable to proteins (6). Transcapillary leakage of proteins not 
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only depends on the permeability of large pores but also on 
the hydrostatic transcapillary pressure. Hydrostatic capillary 
pressure can increase through an increase in arterial pressure, 
an increase in venous pressure, or an increase in postcapillary/
precapillary resistance ratio (7). It was recently confirmed, 
both experimentally in the rat (8) and in man (9), that a mod-
erate increase in arterial pressure from noradrenaline infusion 
results in a significant decrease in PV under conditions of in-
creased capillary permeability. As a high infusion rate of a PV 
expander most likely will cause a transient increase in arterial 
and venous pressures and also a transient decrease in precap-
illary resistance, it can be expected that there will be greater 
transcapillary leakage when a PV expander is administered 
at a high infusion rate than when it is administered at a low 
infusion rate. A fast infusion will also cause a transient dilu-
tion of the red blood cells, which will increase the exposure of 
the extended plasma column between two erythrocytes to the 
large pores, with the potential of an increase in plasma leakage. 
This hypothesis is supported by experimental studies on the 
dog and the rat, showing increase in PV after the transfusion 
of erythrocytes (10, 11). Furthermore, the release of atrial na-
triuretic peptide (ANP) and brain natriuretic peptide (BNP) 
from the heart may be larger with a bolus infusion than with a 
continuous infusion, resulting in more urine production and 
smaller PV (12). There are indications from the literature that 
these hormones may also cause an increase in microvascular 
permeability (13).

Correction of hypovolemia is an important therapeutic 
measure, and both crystalloids and colloids are used (14). 
Crystalloids are distributed passively within the entire ex-
tracellular compartment in relation to the volume of plasma 
and intersitium. Under normal circumstances, approximately 
70%−80% of the infused volume will be distributed relatively 
quickly to the intersititial space and about 20%−30% acts as 
PV expander (15). Thus, treatment with crystalloids is asso-
ciated with a significant increase in interstitial fluid volume. 
Colloid solutions consist of macromolecules and, according 
to the two-pore theory, leak mainly through the large pores, 
a leakage that increases under increased permeability (8, 16). 
This means that treatment with colloids can be associated with 
aggravation of adverse interstitial accumulation of macromol-
ecules and fluid, especially in inflammatory conditions such as 
sepsis/SIRS.

To our knowledge, there are no studies specifically analyz-
ing the importance of the infusion rate for PV expansion. We 
have only found two studies, which showed some relation to 
this issue. One study showed a higher survival rate and lower 
morbidity with a slow infusion rate than with a fast infusion 
rate in acute pancreatitis (17). The other study showed higher 
mortality in children suffering from a severe febrile illness if 
given a bolus infusion at the time of admission to the hospital 
instead of a standard fluid administration (18). Even though 
there is no consensus regarding infusion rates, a PV expander 
is often given at a fast rate to treat a suspected hypovolemia 
without delay.

According to the considerations above, the smallest possible 
volumes for PV resuscitation to maintain normovolemia should 
be used to reduce the risk of simultaneous interstitial fluid  
accumulation. Using a model of rat sepsis, we tested the hy-
pothesis that a slow infusion rate of a PV expander results in 
better plasma expansion than a fast infusion rate. This was 
done by comparing the PVs 3 hrs after start of the infusion 
of a fixed volume of the natural colloid 5% albumin, the syn-
thetic colloids 6% HES 130/0.4 and 4% gelatin, and the crystal-
loid 0.9% NaCl when given at a fast and at a slow rate. We also 
compared the PV expansion for the different fluids for each 
infusion rate.

MATERIALS AND METHODS

Anesthesia and Set-Up
The study was approved by the Ethical Committee for Animal 
Research at Lund University, Sweden (application no. M180-
10), and the animals were treated in accordance with the guide-
lines of the National Institutes of Health for Care and Use of 
Laboratory Animals. Adult male Sprague-Dawley rats (n = 112) 
weighing 354 ± 21 g (mean ± sd) were used. Anesthesia was in-
duced by placing the animals in a covered glass container with 
a continuous supply of 5% isoflurane in air (Isoba vet; Intervet, 
the Netherlands). After induction, the animals were removed 
from the container and anesthesia was maintained with 1.5%–
1.8% isoflurane in air using a mask, followed by tracheostomy 
and connection to a ventilator (Ugo Basile; Biological Research 
Apparatus, Comerio, Italy). Ventilation was performed in a 
volume-controlled mode using a positive end expiratory pres-
sure of 4 cm H

2
O. End-tidal PCO

2
 was continuously monitored 

and kept between 4.9 and 5.5 kPa (Capstar-100; CWE, Ard-
more, PA). Body temperature, measured rectally, was kept at 
37.1°C–37.3°C via a feedback-controlled heating pad. The left 
femoral artery was cannulated to record arterial blood pres-
sure (BP) and to obtain blood samples for analysis of arterial 
blood gases, electrolytes, lactate, hematocrit (I-STAT; Abbot 
Point of Care Inc, Abbot Park, IL), and PVs. The left femo-
ral vein was cannulated and used for infusions and kept open 
with a continuous infusion of saline at 0.2 μL/min. The right 
internal jugular vein was cannulated and used for injection of  
125I-albumin to measure PVs. After the experiments, the ani-
mals were killed with intravenous injection of potassium  
chloride.

Experimental Procedure
A model of severe sepsis as described previously (19, 20) was 
used in this study. After a longitudinal midline skin incision 
over the abdominal wall with diathermia, a laparotomy was 
performed by incision along the linea alba. The cecum was li-
gated just below the ileocecal valve, and an incision of 1 cm in 
length was made in the cecum, allowing leakage of fecal mate-
rial into the abdominal cavity, thereby inducing sepsis/SIRS. 
The abdominal wall and the skin were then closed with clips. 
There were no bleedings.
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Plasma Volume
PV was determined by measuring the increase in radioactivity 
in 100 µL of plasma taken 5 mins after an intravenous injec-
tion of human 125I-albumin with a known amount of activity. 
The increase in radioactivity was calculated by subtracting the 
activity in a blood sample taken just before the injection from 
that taken 5 min after the injection. Each PV measurement was 
thereby adjusted for any remaining radioactivity from previous 
measurements. To calculate the amount of radioactivity given, 
the remaining activity in the emptied vial, syringe, and needle 
used was calculated and subtracted from the total activity in 
the prepared dose. This is a reliable and established technique 
for PV measurements, giving reproducible results (16, 21, 22). 
As will be discussed, sources of error are small with the design 
of the technique used in this study (see Discussion). Free io-
dine was measured regularly following precipitation with 10% 
trichloroacetic acid and was found to be less than 1.2% in the 
prepared samples. Radioactivity was measured with a gamma 
counter (Wizard 1480; LKB-Wallace, Turku, Finland).

Experimental Protocol
In this study, we compared the PV-expanding effect of a fixed 
volume of a PV expander when given at a slow or a fast infu-
sion rate. The PV expanders analyzed were 5% albumin (MW 
69 kDa; n = 12 per group), 6% HES 130/0.4 (MW 20–250 kDa, 
mean 130 kDa; n = 10 per group), 4% gelatin (0–150 kDa, 
mean MW 30 kDa; n = 10 per group), and 0.9% NaCl (n = 8 
per group) given intravenously. The time scale of the experi-
mental procedure is shown schematically in Figure 1. The in-
fusions of 12 mL/kg for the colloids and 48 mL/kg for saline 
were started 3 hrs after the end of the surgical intervention. 
Pilot experiments have shown that a systemic inflammation 
with plasma leakage has developed at this time point, shown 
by an increase in hematocrit and a marked decrease in PV. An 
infusion volume of 12 mL/kg was selected in this study as pre-
vious experiments have shown a PV reduction 3 hrs after sepsis 
induction of 7–9 mL/kg, and to this, we then added a few mil-

liliters to compensate for the anesthesia-induced vasodilation, 
and the blood samples taken just before start of the infusion. 
A 4 times larger volume for saline was given as saline is quickly 
distributed to the whole extracellular space, which is about 4 
times larger than the PV.

Two groups were formed at random for each fluid. In one 
group, the fluid was given over 15 mins (the “bolus” group), and 
in the other group, the same volume was given over 3 hrs (the 
“continuous” group). The investigators were blinded to the bolus  
or the continuous treatment. In a “control” group, the animals 
underwent the same experimental procedure but no PV ex-
pander was given. PVs were measured at baseline (PV

1
), 3 hrs 

after the surgical preparation (PV
2
), and 3 hrs after the start of 

the infusion (at the end of the experiment; PV
3
). Blood sam-

ples for measurements of arterial pH, PaCo
2
, Pao

2
, hematocrit, 

lactate, sodium, and potassium were taken at the same time 
points. Urine was collected in a glass vial placed at the exter-
nal meatus of the urethra from the start of the infusion until 
the end of the experiment, and the bladder was emptied by 
external compression at the end of the experiment. Animals, 
that did not show a decrease in PV 3 hrs after the preparation 
were considered to be nonseptic and were excluded from the 
study. These animals and animals that died before the end of 
the experiment were replaced with new animals. PVs of blood 
samples were of the same size for all groups and therefore had 
no influence on the conclusions made.

To evaluate if there was a difference in BP between the bolus 
and the continuous groups the nearest time after the infusion, 
which could have contributed to a difference in PV between 
the groups (see introductory section), the mean of mean arte-
rial BP during the 30-min period just before start of the infu-
sion were compared with that during the 30-min time period 
just after start of the infusion for the different groups.

To evaluate if there was a difference in hematocrit, be-
tween the bolus and the continuous group, which could have 
contributed to a difference in transcapillary leakage between 
the groups affecting PV (see introductory section), a special 

Figure 1 . Time scale of the experimental protocol. PV1 = plasma volume at baseline; PV2 = plasma volume 3 hrs after surgical preparation, just before 
the start of infusion; and PV3 = plasma volume at the end of the experiment; and ABG = arterial blood sample for analysis of blood gases, hematocrit, 
and electrolytes.
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analysis was performed in 12 separate animals (6 per group) 
given albumin. In these experiments, hematocrit was measured 
20, 40, and 60 mins after start of the infusion and compared 
with the value just before the start of the infusion.

Our results of a faster loss of albumin in the bolus group 
initiated additional experiments to evaluate how fast PV was 
lost after end of the albumin bolus infusion. The results were 
compared with corresponding results when given as a continu-
ous infusion (n = 6 per group). The experiments were similar 
to the main experiments except that PV was measured only just 
before the start of the infusion and at 1 and 1.5 hrs thereafter.

Statistical Analysis
Statistical comparisons between the groups regarding dif-
ference in PV, difference in physiological variables, and 
difference in hematocrit were performed with a two-way 
analysis of variance followed by Bonferroni post hoc test. 
Student’s t test for unpaired observations was used to evalu-
ate the difference between groups in the change in mean 
arterial pressure after start of the infusion. One-way analy-
sis of variance followed by Bonferroni post hoc test was 
used for analysis of urine production. p values of less  
than 0.05 were considered significant. All data were normally  
distributed. The results are presented as mean ± sd. GraphPad 
Prism version 5.0 for Mac OS was used (GraphPad Software, 
San Diego, CA).

RESULTS
Four animals died in the control group (mortality rate, 33%), 
three animals died in the HES groups (13%), and one animal 
died in the gelatin groups (5%) before end of the experiment. 
Four animals were considered to be nonseptic and were ex-
cluded from the study, as they did not show any decrease in PV 
and any increase in hematocrit and lactate concentration 3 hrs 
after the preparation.

Physiological Data
Data from arterial blood samples for sodium (Na+), potassium 
(K+), hematocrit, lactate, pH, PaCO

2
, and PaO

2
 are summa-

rized in Table 1 for the bolus groups, the continuous groups, 
and the control group. There were no differences among the 
control group, the continuous groups, and the bolus groups in 
any of the physiological variables analyzed at baseline and at 3 
hrs after the surgical preparation.

For all solutions analyzed, there was a tendency of higher 
hematocrit in the bolus groups than in the continuous groups 
at the end of the experiment, but this difference did not reach 
the stipulated significance level in any group. There was a sig-
nificant difference in hematocrit between the continuous and 
the control group for all colloids analyzed (p < 0.05), while the 
differences for the bolus groups and the control group reached 
significance only for albumin (p < 0.05).
Results from the separate experiments, in which the hema-
tocrit values for the bolus and the continuous groups for 
albumin were compared during a 60-min period just after 
start of the infusion (at 20, 40, and 60 mins), are presented in  

Figure 4A (n = 6 per group). There was a significantly lower 
hematocrit at 20- and 40-min period in the bolus group than 
in the continuous group.

At the end of the experiment, the differences in lactate levels 
among all groups were small, but they reached the stipulated 
level of significance between the NaCl continuous group and 
the HES bolus and continuous groups and between the gelatin 
bolus group and the control group (p < 0.05).

Data for mean arterial BP at baseline, 3 hrs after the 
preparation, and 1.5 and 3 hrs after the start of the infu-
sion are given in Table 2. There were no significant dif-
ferences in BP between the groups at any of these time 
points. The difference between mean of mean BP during 
a 30-min period after the start of the infusion with that 
during a 30-min period just before the start of the infu-
sion for the bolus and the continuous groups for the solu-
tions analyzed are presented in Figure 4B. There was a sig-
nificant difference between the bolus and the continuous 
groups for all fluids analyzed. This difference in mean BP 
between the bolus and the continuous groups was transient 
as mean BP after 1.5 hrs did not differ between the groups  
(Table 2).

Plasma Volume
PV at baseline (PV

1
), 3 hrs after the preparation (PV

2
), and 3 hrs 

later at the end of the experiment (PV
3
) for the fluids analyzed and 

also for the control group are shown in Figure 2. At baseline and 3 
hrs after the preparation, there were no differences in PVs among 
the control group, the continuous groups, and the bolus groups. 
At the end of the experiment, there were significant differences 
between the albumin continuous group and the albumin bolus 
group (p < 0.001), between the HES continuous group and the 
HES bolus group (p < 0.05), and between the gelatin continuous 
group and the gelatin bolus group (p < 0.05). There was no sig-
nificant difference between the NaCl bolus and the NaCl continu-
ous group. There was a significant difference compared with the 
control group for the albumin continuous group (p < 0.001), the 
HES continuous group (p < 0.01), and the albumin bolus group 
(p < 0.05).

A comparison of the change in PVs among the different so-
lutions analyzed from the start of infusion (PV

2
) to the end of 

the experiment (PV
3
) for the continuous group and the bolus 

group is shown in Figure 3A and B. The plasma expansion was 
significantly better for the albumin continuous group than for 
the other groups analyzed (p < 0.001). There was a significant 
difference between the albumin bolus group and the gelatin 
bolus group (p < 0.01) and between the albumin bolus group 
and the control group (p < 0.05).

PVs in the additional experiments analyzing how fast the 
PV was lost after end of the infusion after a bolus infusion of 
albumin are shown in Figure 4C. As seen, PV was reduced to 
the same level as in the group with continuous infusion after 
slightly more than 1 hr after start of the infusion, a time point 
when only 35%–40% of the continuous infusion volume had 
been given.
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Table 1.  Data (mean ± sd) for sodium, potassium, hematocrit, lactate, pH, Paco2, and 
Pao2

 
Sodium 

(mmol/L)
Potassium 
(mmol/L) Hematocrit (%)

Lactate 
(mmol/L) pH

Paco2 
(kPa)

Pao2 
(kPa)

Albumin

  15 min (n = 12)

    Baseline 135 ± 2 4.7 ± 0.4 43 ± 2 2.0 ± 0.2 7.52 ± 0.02 4.6 ± 0.2 12.1 ± 1.3

    3 h after preparation 132 ± 3 5.0 ± 0.5 44 ± 1 2.4 ± 0.6 7.45 ± 0.04 4.8 ± 0.4 12.1 ± 1.2

    3 h after start of infusion 134 ± 2 5.6 ± 0.8 46 ± 3a 2.4 ± 0.9 7.43 ± 0.04 4.4 ± 0.5 12.2 ± 1.3

  3 h (n = 12)

    Baseline 136 ± 1 4.7 ± 0.4 43 ± 2 1.8 ± 0.6 7.51 ± 0.02 4.6 ± 0.3 12.0 ± 0.8

    3 h after preparation 134 ± 2 4.9 ± 0.4 44 ± 2 2.3 ± 0.6 7.47 ± 0.04 4.7 ± 0.4 11.5 ± 0.9

    3 h after start of infusion 135 ± 1 4.9 ± 0.7 44 ± 3a 2.1 ± 0.5 7.45 ± 0.03 4.7 ± 0.3 11.3 ± 0.9

Hydroxyethyl starch

  15 min (n = 10)

    Baseline 135 ± 2 4.5 ± 0.5 42 ± 2 1.9 ± 0.4 7.50 ± 0.03 5.1 ± 0.3 11.4 ± 1.1

    3 h after preparation 133 ± 2 4.9 ± 0.6 43 ± 4 2.3 ± 0.4 7.45 ± 0.04 5.3 ± 0.4 11.3 ± 0.5

    3 h after start of infusion 134 ± 3 5.4 ± 0.8 48 ± 5 2.7 ± 0.9 7.41 ± 0.05 4.8 ± 0.5 11.6 ± 0.9

  3 h (n = 10)

    Baseline 136 ± 2 4.4 ± 0.6 43 ± 3 2.0 ± 0.7 7.51 ± 0.03 4.9 ± 0.2 11.8 ± 0.6

    3 h after preparation 133 ± 3 5.2 ± 0.7 44 ± 3 2.2 ± 0.6 7.47 ± 0.03 5.0 ± 0.5 11.5 ± 0.9

    3 h after start of infusion 134 ± 2 5.7 ± 1.1 45 ± 4a 2.5 ± 0.9 7.42 ± 0.03 4.7 ± 0.6 11.4 ± 0.7

Gelatin

  15 min (n = 10)

    Baseline 136 ± 2 4.9 ± 0.4 43 ± 3 2.1 ± 0.4 7.51 ± 0.03 4.7 ± 0.4 11.5 ± 0.6

    3 h after preparation 134 ± 3 5.2 ± 0.6 44 ± 4 2.5 ± 0.5 7.45 ± 0.03 4.9 ± 0.4 11.3 ± 0.5

    3 h after start of infusion 135 ± 2 5.8 ± 1.0 47 ± 5 2.5 ± 1.0 7.42 ± 0.04 4.6 ± 0.6 11.7 ± 0.9

  3 h (n = 10)

    Baseline 135 ± 2 4.6 ± 0.3 43 ± 2 2.1 ± 0.3 7.50 ± 0.03 5.0 ± 0.5 11.5 ± 0.9

    3 h after preparation 133 ± 2 5.1 ± 0.7 45 ± 2 2.8 ± 0.3 7.45 ± 0.02 4.9 ± 0.5 11.5 ± 1.0

    3 h after start of infusion 134 ± 2 5.6 ± 1.0 46 ± 3a 2.6 ± 0.6 7.42 ± 0.05 4.5 ± 0.6 11.6 ± 0.9

NaCl

  15 min (n = 8)

    Baseline 134 ± 2 4.9 ± 0.4 43 ± 2 2.0 ± 0.4 7.52 ± 0.02 4.9 ± 0.2 12.1 ± 0.7

    3 h after preparation 132 ± 2 5.6 ± 0.6 44 ± 3 2.7 ± 0.4 7.46 ± 0.02 4.9 ± 0.4 11.9 ± 0.7

    3 h after start of infusion 135 ± 1 5.8 ± 1.0 47 ± 6 2.2 ± 0.5 7.41 ± 0.04 4.4 ± 0.6 12.3 ± 0.8

  3 h (n = 8)

    Baseline 135 ± 2 4.9 ± 0.3 42 ± 2 1.9 ± 0.4 7.50 ± 0.02 5.0 ± 0.5 11.5 ± 0.9

    3 h after preparation 133 ± 2 5.4 ± 0.9 46 ± 2 2.6 ± 0.6 7.46 ± 0.02 4.9 ± 0.5 11.5 ± 1.0

    3 h after start of infusion 136 ± 2 5.5 ± 1.3 45 ± 5a 1.8 ± 0.4b 7.41 ± 0.04 4.5 ± 0.6 11.6 ± 0.9

Control (n = 8)

    Baseline 136 ± 2 4.7 ± 0.5 44 ± 2 1.9 ± 0.3 7.49 ± 0.02 5.3 ± 0.3 11.1 ± 1.2

    3 h after preparation 133 ± 2 5.2 ± 0.3 45 ± 3 2.5 ± 0.4 7.46 ± 0.02 5.2 ± 0.1 10.8 ± 1.0

    3 h after start of infusion 133 ± 1 5.9 ± 0.4 51 ± 4 2.6 ± 0.6 7.45 ± 0.02 4.6 ± 0.3 12.0 ± 1.1
ap < 0.05 compared with the control group.
bp < 0.05 compared with the control group, the 3-h and 15-min HES groups, and the 15-min gelatin group; Two-way analysis of variance with Bonferroni post 
hoc test were used for the statistical analysis.
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Urine Production
Urine production from the start of the infusion to the end 
of the experiment was 5.9 ± 1.3 mL/kg in the albumin con-
tinuous group, 6.3 ± 0.9 mL/kg in the albumin bolus group, 
3.2 ± 0.9 mL/kg in the HES continuous group, 3.8 ± 1.2 mL/
kg in the HES bolus group, 3.2 ± 0.9 mL/kg in the gelatin con-
tinuous group, 3.3 ± 1.2 mL/kg in the gelatin bolus group, 
4.0 ± 0.6 mL/kg in the NaCl continuous group, 4.9 ± 2.2 mL/
kg in the NaCl bolus group, and 2.6 ± 1.4 mL/kg in the control 
group. There was significantly more urine production in the 
albumin groups and the bolus NaCl group than in the control 
group (p < 0.05).

DISCUSSION
This study has shown that the degree of PV expansion of a 
fixed volume of a colloid solution measured 3 hrs after start 
of the infusion is larger when it is given at a slow infusion rate 
than if it is given at a fast rate. However, this difference was 
greater for albumin than for HES and gelatin, and albumin 
was the most effective PV expander. For NaCl, there was no 
significant difference in PV-expanding effect at the end of the 
experiment for the bolus group and the continuous group. 
The NaCl groups did not differ significantly from the con-
trol group, even though NaCl was given in a 4 times larger 
volume than the colloid solutions. The differences in PV at 
the end of the experiment were reflected in the difference in 
hematocrit values for all colloids, in the sense that there were 
lower hematocrit values in all the continuous groups than in 
the control group.

The dilution technique using 125I-albumin as tracer is well 
established for the calculation of PV in experimental and clini-
cal studies with reproducible results in both normal and in-
flammatory states (21, 22). As has been discussed previously 
(21, 23), this technique, however, means some overestimation 
of the PV. Free iodine in the tracer injected can result in some 
overestimation, as free iodine is distributed quickly to the 
whole extracellular space, but the free iodine was small in this 
study (< 1.2 %) and therefore must have had minor influence 
on the results. There might have been overestimation of PV 
because of transcapillary escape of radioactive albumin during 
the 5-min period between injection of the tracer and collec-
tion of the blood sample and especially at states of increased 
permeability (21, 23). This means a larger overestimation of 
the PV after initiation of sepsis than at baseline. This overesti-
mation, however, must be small in this study by the short time 
period of 5 min between the injection of 125I-albumin and the 
measurement, a time period shorter than the 10–15 min used 
in the referred studies (21, 23). A time period of 5 min has pre-
viously been shown to be sufficient for complete mixture of 
the tracer in plasma both in cat and in human (14, 21). Finally, 
remaining radioactivity of the syringe, the vial, and the needle 
used was subtracted from the initially calculated radioactivity 
and therefore will not contribute to an overestimation of the 
PVs. All this taken together means, that the expected overes-
timation of the PV measurements with the design of the dilu-
tion technique used in this study is small. Independent of this, 
remaining errors will have no influence on the conclusions 
made, as they will be of the same magnitude for all groups.

Table 2.  Data (Mean ± sd) for Mean Arterial Blood Pressure (mm Hg) at Baseline, 3 h 
After the Surgical Preparation, 1.5 hrs After the Start of Infusion, and 3 h After the  
Start of Infusion With 5% albumin, 6% Hydroxyethyl Starch 130/0.4, 6% Gelatin, 0.9% 
NaCl, and the Control Group

  Baseline
3 h After Surgical 

Preparation
1.5 h After Start of 

Infusion
3 h After Start  

of Infusion

Albumin

  15 min (n = 12) 97 ± 8 90 ± 11 95 ± 11 95 ± 12

  3 h (n = 12) 100 ± 11 88 ± 8 96 ± 8 103 ± 8

Hydroxyethyl Starch

  15 min (n = 10) 104 ± 11 90 ± 14 96 ± 13 97 ± 15

  3 h (n = 10) 107 ± 10 94 ± 10 101 ± 12 99 ± 18

Gelatin

  15 min (n = 10) 95 ± 18 97 ± 10 98 ± 11 99 ± 14

  3 h (n = 10) 101 ± 14 102 ± 12 108 ± 9 109 ± 8

NaCl

  15 min (n = 8) 102 ± 11 95 ± 16 95 ± 16 103 ± 18

  3 h (n = 8) 100 ± 9 97 ± 15 106 ± 12 108 ± 17

Control (n = 8) 101 ± 14 95 ± 10 97 ± 13 98 ± 12
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The better PV-expanding effect with a slow infusion rate 
than with a fast infusion rate is compatible with the two-
pore theory of transcapillary fluid exchange. As suggested in 
the introductory section, a bolus infusion would be expected 
to cause a transient increase in capillary pressure from the 
transient increase in systemic arterial pressure and decrease 
in precapillary resistance and decrease in hematocrit, all of 
which can be expected to lead to an increase in transcapil-
lary fluid loss (8). Our results of a significantly larger in-
crease in mean arterial pressure and decrease in hematocrit 
in the bolus groups during the first time period after start 
of the infusion are compatible with these proposals (Fig. 4A 
and B). It is unlikely that the release of ANP and BNP after a  
bolus infusion, as discussed in the introductory section, would 
have influenced the results through an increase in urine pro-
duction, as urine production was very small in these experi-
ments in relation to the volumes infused. However, we cannot 
exclude the possibility that the permeability-increasing effect 
of ANP and BNP resulted in PV loss (5).

Tentative explanations can be given regarding the bad plas-
ma expansion, and the smaller differences in PVs between the 
continuous and the bolus groups for HES and gelatin com-
pared with albumin. HES is degraded by amylase resulting in 
halving of the molecular weight within 20–30 min (24). The 
initial half-life of plasma elimination of HES 130/0.4 is thought 
to be approximately 30–45 mins after infusion in man (24). 
Degradation of the HES molecules causes an increase in leak-
age of the smaller degradation products to the extravascular 
space: The degradation rate can be expected to be even faster 
in the rat than in man because of a higher plasma concentra-
tion of amylase in the rat (25), most likely resulting in exten-
sive degradation within the 3-hr study period. This might be 
one explanation of the poor PV-expanding effect of HES, and 
the fact that the bolus group did not even differ significantly 
from that of the control group. Thus, the results for HES in this 
study cannot be directly extrapolated to humans.

Gelatin has a relatively low mean MW of 30 kDa. Being a 
polydisperse colloid, a large part of the molecules are small 

Figure 2. Plasma volumes (PVs) at baseline (PV1), 3 hrs after the preparation just before the start of infusion (PV2), and at the end of the experiment 
(PV3) given as a continuous (3-hr) infusion or as a bolus (15-min) infusion of 5% albumin (n = 12 per group), 6% hydroxyethyl starch 130/0.4 (n = 10 
per group), 4% gelatin (n = 10 per group), or 0.9% NaCl (n = 8 per group). Corresponding data for the control group (n = 8) are also shown. There was 
a significant difference between PV1 and PV2 for all groups and a significant difference between the continuous group and the bolus group for all solu-
tions except 0.9% NaCl. There was a significant difference between the albumin bolus group and the control group. Two-way analysis of variance with 
Bonferroni post hoc test was used for the statistical analyses. (*p < 0.05, **p < 0.01, ***p < 0.001).
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enough to pass not only through the large pores but also 
through the small pores. This, and the fact that there is degra-
dation of the molecules, means that there may be a relatively 
fast and continuous transcapillary leakage of gelatin during the 
3-hr period after the start of the infusion, especially when there 
is an increase in capillary permeability. This fact might explain 
the poor PV-expanding effect of gelatin in this study.

The lack of any difference in PV expansion between the bo-
lus and the continuous groups for 0.9% NaCl is to be expected, 
since the capillaries are freely permeable to crystalloids with 

a fast distribution of the solution to the whole extracellular 
space. One would expect, however, that the plasma-expanding 
effect of 0.9% NaCl would be better than that of HES and 
gelatin, considering that about 25% of the infused volume of 
48 mL/kg should stay intravascularly and that the urine pro-
duction was small.

Unexpectedly, the PV expansion for 0.9% NaCl did not even 
differ significantly from that of the control group, and we can 

Figure 3. Comparison of the different solutions analyzed regarding 
change in plasma volume (PV) from the start of infusion (PV2) to the end 
of the experiment (PV3) for the continuous (3-hr) groups (A) and the 
bolus (15-min) groups (B). There was a significant difference between 
the albumin continuous group and the other groups, between the albumin 
bolus group and the gelatin bolus group, and between the albumin bolus 
group and the control group. Two-way analysis of variance with Bonferroni 
post hoc test was used for the statistical analyses. (*p < 0.05, **p < 0.01, 
***p < 0.001).

Figure 4. A, Hematocrit at baseline; just before start of the infusion; and 
20, 40, and 60 min after start of the infusion for the bolus group and for 
the continuous group for albumin The analysis was performed in a sepa-
rate series of animals (n = 6 per group). Two-way analysis of variance with 
Bonferroni post hoc test was used for the statistical analyses (*p < 0.05). 
B, Mean of mean arterial blood pressure (MAP) during a 30-min period 
just after start of the infusion subtracted with that 30 min just before start 
of the infusion for the bolus and the continuous groups for the different 
solutions analyzed. Student’s t test for unpaired observations was used for 
the statistical analyses (*p < 0.05, **p < 0.01, and ***p < 0.001). C, Plasma 
volume (PV) 3 hrs after initiation of sepsis just before start of the infusion 
and 1 and 1.5 hrs after start of the infusion for the bolus group and the 
continuous group. The analysis was performed in a separate series of 
animals after end of the main study (n = 6 per group).
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only speculate about possible explanations. When giving a crys-
talloid solution, under normal circumstances approximately 75%  
of the infused volume is distributed quickly to the interstitial  
space. With sepsis, when plasma has already been lost to the ex-
travascular space, the ratio between the PV and the interstitial 
volume is reduced. This means that relatively more of the infused 
volume would be distributed to the interstitial space. While the 
infused saline is passing the large pores of the capillary membrane, 
there may also be a subsequent loss of proteins via convection (26). 
The large volumes of saline will transiently dilute plasma pro-
teins, resulting in a reduction in transcapillary oncotic pressure,  
which will increase fluid transfer to the extravascular space and 
also reduce the absorbing forces across the capillary membrane 
(27). Finally, the 4 times higher infusion rate for saline than for 
the colloids results in a transient increase in hydrostatic cap-
illary pressure. All these mechanisms may lead to increased  
leakage of fluid through the capillary pores, and increased leak-
age of proteins by convection through the large pores, especial-
ly under a state of increased number of large pores, such as in  
sepsis/SIRS.

The capacity of a colloid to maintain a normal PV is essential 
for its effectiveness. However, the relatively fast degradation rates 
of HES and gelatin can be compensated for by repeated infu-
sions, while the low degradation rate of albumin compared with  
synthetic colloids may be negative because albumin will linger 
in the interstitium for a longer time.

As seen from Figure 4C, the PV loss after end of the bolus 
infusion of albumin was rather fast, reaching the same PV as 
that obtained when the infusion was given continuously after 
slightly more than 1 hr. This result supports the hypothesis 
presented in the introductory section that the PV loss can be 
related to hemodynamic effects of the bolus infusion, such as 
the transient decrease in hematocrit (Fig. 4A), the transient 
increase in arterial pressure (Fig. 4B) and the precapillary va-
sodilation.

We cannot tell from this study for how long time the slow 
rate of albumin infusion is favorable after it has been complet-
ed. However, if assuming about the same leakage of albumin 
after end of the infusion as occurring after initiation of sepsis 
(the same TER), the low rate of albumin infusion will be favor-
able during the subsequent 2–3 hrs after end of the infusion. If 
so, the continuous infusion will be favorable up to 5–6 hrs after 
start of the infusion, while the bolus infusion is more favorable 
than the continuous infusion only up to 1–1.5 hrs after start of 
the infusion (Fig. 2 and 4C).

As seen from Table 1, the direction of the changes in he-
matocrit follows the pattern expected from the articulated hy-
pothesis as presented in the introductory section, in the sense 
that the continuous groups generally have lower hematocrit 
values than the bolus groups.

For the colloid groups and the control group, the lactate 
concentrations follow the expected pattern in relation to the 
PVs, which means that the lowest concentrations at the end of 
the experiment were seen for the group with the highest PV, 
that is, the continuous group of albumin. For 0.9% NaCl, the 
lactate concentrations were lower at the end of the experiment 

than in the colloid groups, despite the fact that the PVs were 
low and did not even differ from the control group. It is most 
likely that this does not mean that there was less lactate produc-
tion in the 0.9% NaCl groups but rather that lactate was diluted 
in a larger interstitial volume in these groups because of the 
larger (4 times) volumes infused.

As the differences in urinary production were small between 
the continuous and the bolus groups, it is unlikely that the urine 
production influenced the difference in PV. The highest produc-
tion of urine was seen in the albumin groups, which also had the 
largest PVs—most likely due to a lesser degree of hypovolemia in 
these groups.

Our finding of a generally better PV-expanding effect with 
5% albumin than with the other solutions tested is in agree-
ment with previous studies on rat and cat (16, 22).

The fact that there was a higher mortality rate before the 
end of the experiment in the control group compared with the 
other groups, supports the idea that fluid infusion is of impor-
tance for outcome in sepsis/SIRS.

Even though this study with its strict protocol has few 
clear limitations, one limitation is that the experiments 
were performed on the rat and therefore cannot be directly 
transferred to man. Especially, the results with HES suffer 
from limitations as HES is degraded by amylase, the con-
centrations of which are higher in rat than in man. Further, 
there may be some variations in the degree of sepsis and 
thus in degree of increase in microvascular permeability 
among animals, even if the surgical technique to induce sep-
sis was carefully standardized. An equal distribution of the  
intensity of sepsis in the groups is therefore of importance as 
plasma clearance for colloids is dependent on permeability.

In summary, this study in the septic rat showed that the 
plasma expansion of 5% albumin, 6% HES 130/0.4, and 4% 
gelatin was larger 3 hrs after the start of infusion when given 
with a slow infusion rate than when given with a fast infu-
sion rate. This difference was more pronounced with albumin 
than with the other colloids. Given in equal volumes, the PV-
expanding effect 3 hrs after start of the infusion was better for 
5% albumin than for 6% HES and 4% gelatin. The plasma-
expanding effect of 0.9% NaCl was not affected by the infusion 
rate, and 0.9% NaCl was not more effective than any of the 
colloids, even though it was given in a 4 times larger volume. 
If these results can be transferred to clinical practice, the total 
volume needed of colloids to maintain normovolemia in pa-
tients with sepsis/SIRS would be significantly reduced if given 
at a slow instead of a fast infusion rate.
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