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I n previous studies, we compared
the physiologic responses with in-
travenous infusions of 0.9% sa-
line, 5% dextrose (1), and Hart-

mann’s solution (Ringer’s lactate) (2) in
normal subjects showing that, even in

health, the excretion of sodium is slow
and can be further impaired by hyper-
chloremia (3, 4). In the present study, we
used a similar protocol (1, 2) to compare
the responses of normal subjects with
0.9% saline and two colloid preparations.

The main objectives were:

● To compare the blood volume-ex-
panding capacity of an infusion over
1 hr of 1 L of a 30-kD (MWw) colloid
(4% succinylated gelatin in 0.7% sa-
line [Gelofusine, B Braun, Chapel-
town, UK]) and a 130-kD (MWw) col-
loid (6% hydroxyethyl starch 130/0.4
in 0.9% saline [Voluven 6%, Frese-
nius Kabi, Runcorn, UK]) with
0.9% saline (Baxter Healthcare, Thet-
ford, UK);

● To compare serum sodium, chloride,
and bicarbonate concentrations in the
6 hrs post infusion;

● To measure sodium and water excre-
tion over the same period; and

● To study the effects of these infusions
on the plasma concentrations of hor-
mones controlling water and sodium
excretion.

Objective: To study the changes in blood volume and hormones
controlling sodium and water homeostasis after infusions of 0.9%
saline, Gelofusine (4% succinylated gelatin in 0.7% saline,
weight-average molecular weight 30 kD), and Voluven (6% hy-
droxyethyl starch in 0.9% saline, weight-average molecular
weight 130 kD) in healthy volunteers.

Design: Randomized, three-way crossover study.
Setting: University teaching hospital.
Subjects: Ten healthy adult male volunteers.
Interventions: Volunteers received 1-L infusions of 0.9% saline,

Gelofusine, and Voluven over 1 hr on three occasions. Body
weight, hematocrit, serum biochemistry, and plasma concentra-
tions of vasopressin, aldosterone, brain natriuretic peptide, and
total renin were measured before infusion and hourly thereafter
for 6 hrs. Changes in body water, blood volume, and extravascular
fluid volume were calculated.

Measurements and Main Results: Although changes in body
weight (total body water) after the infusions were similar, blood
volume expansion by the two colloids was significantly greater
than that produced by 0.9% saline (p < .01). At the end of

infusions, 68%, 21%, and 16% of the infused volumes of 0.9%
saline, Gelofusine, and Voluven, respectively, had escaped from
the intravascular space to the extravascular space. Over the 6 hrs,
the magnitude and duration of blood volume expansion by the two
colloids were similar (p � .70). There were no significant differ-
ences in urinary volume, osmolality, and sodium content after the
three infusions. Hormonal changes were similar after the three
infusions, with the increase in natriuretic peptide being transient.
The reduction in aldosterone and total renin concentrations was
more sustained.

Conclusions: The effects of Gelofusine and Voluven were sim-
ilar despite the 100 kD difference in weight-average molecular
weight. Excretion of an acute fluid load containing sodium and
chloride may be dependent on a sustained suppression of the
renin-angiotensin-aldosterone system rather than on natriuretic
peptides. (Crit Care Med 2010; 38:464–470)
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METHODS

Study Design and Setting

This randomized, three-way crossover vol-
unteer study was set in a university teaching
hospital. Although the infusions were not
masked, laboratory, data, and statistical anal-
yses were performed in a blinded manner.

Subjects and Ethics

Ten healthy young adult male volunteers
with a body weight of 65 kg to 80 kg and a
body mass index of 20 kg/m2 to 25 kg/m2 were
recruited after obtaining their informed writ-
ten consent. Those with chronic medical con-
ditions or acute illness in the preceding 6 wks,
on regular medication, or with a history of
substance abuse were excluded.

The University of Nottingham Medical
School Ethics Committee granted approval for
the study, which was performed in accordance
with the Declaration of Helsinki of the World
Medical Association.

Baseline Assessment, Blood
and Urine Samplings

Subjects reported at 9 AM after a fast from
midnight and having abstained from alcohol,
nicotine, tea, and coffee from 6 PM. After void-
ing of the bladder, height was recorded to the
nearest 0.01 m and weight was measured to
the nearest 0.1 kg, using Avery 3306ABV scales
(Avery Berkel, Royston, UK). Subjects were
not allowed to eat or drink for the duration of
the study and remained supine most of the
time. They stood up to void urine and be
weighed, but blood samples were taken after
lying supine for at least 20 mins.

A 19G venous cannula was inserted into each
antecubital fossa. The cannula on the left side
was used solely for blood sampling and that on
the right for infusion. An initial 30-mL blood
sample was drawn from the indwelling venous
cannula 20 mins after insertion for analysis of
full blood count, serum electrolytes, urea, creat-
inine, albumin, osmolality, plasma renin, aldo-
sterone, arginine vasopressin (AVP), and brain
natriuretic peptide (BNP). The urine collected
was analyzed for osmolality and concentrations
of urea, sodium, and potassium. A urine sample
was collected for 24 hrs before each study and
creatinine clearance was calculated (5).

Infusion and Sampling Protocol

One liter of 0.9% saline, Gelofusine or
Voluven 6% (Table 1) (6–8) was infused over
60 mins in random order on separate occa-
sions, each at least 10 days apart, with subjects
supine, using an infusion pump (IVAC Corpo-
ration, San Diego, CA), starting at time 0.

Body weight measurements and blood sam-
ples were repeated hourly for 6 hrs. Subjects
passed urine as needed and, in all cases, at the
end of 6 hrs. The time of each micturition was
noted and urine volume was measured. Pooled
urine was analyzed for osmolality and concentra-
tions of urea, creatinine, sodium, and potassium.

Hematologic, Biochemical, and
Hormonal Analyses

Hematologic and biochemical parameters
were measured by methods we have used previ-
ously, with coefficients of variance of 0.6% to 4%
(1, 2). Plasma aldosterone was measured by ra-
dioimmunoassay, using an aldosterone assay kit
(ALDOCTK-2, DiaSorin, Saluggia, Italy). Plasma
AVP concentrations were measured by radioim-
munoassay (Vasopressin Direct RIA, Bühlmann
Laboratories, Allschwil, Switzerland). Plasma
BNP concentrations were measured by a micro-
particle enzyme immunoassay test (Architect
BNP Assay, Abbott Laboratories, Abbott Park, IL).
Plasma total renin was measured by chemilumi-
nescent assay of immunoreactive renin in plasma
(LIAISON Direct Renin, DiaSorin, Saluggia, Italy).
The interassay imprecisions, expressed as coeffi-
cients of variance, of the assays were 6.6% to 17.2%
for aldosterone, 6.8% to 13% for AVP, 1.7% to
6.7% for BNP, and 4.4% to 14.5% for renin.

Change in Blood Volume, Total
Body Water, and Extravascular
Fluid Volume

Blood volume at time 0 was estimated us-
ing Nadler’s formula (9):

BV0(L) � 0.0329 � BW0 � 0.3669 � Ht3 � 0.6041,

where BV0 (L) is the blood volume in liters at
time 0, BW0 is the body weight in kg at time 0,
and Ht is the height in m.

�Hctt(%) �
Hct0 � Hctt

Hct0
� 100,

where �hematocrit (Hct)t (%) is the percentage
change in hematocrit at time t, Hct0 is the he-
matocrit at time 0, and Hctt is the hematocrit at
time t.

�BVt(%) � � 100
100 � �Hctt(%)

� 100�� 100,

where �BVt(%) is the percentage change in
blood volume at time t.

BVt(L) �
BV0 � �100 � �BVt(%)�

100
,

where BVt (L) is the blood volume in liters at
time t.

�BVt(L) � BVt � BV0,

where �BVt (L) is the change in blood volume
in liters at time t from baseline (time 0).

�TBWt(L) � BWt � BW0,

where �TBWt (L) is the change in total body
water in liters at time t, BWt is the body weight
in kg at time t, and BW0 is the body weight in kg
at time 0.

�EFVt�L	 � �TBWt � �BVt,

where �EFVt (L) is the change in extravascular
fluid volume in liters at time t, �TBWt is the
change in total body water in liters at time t from
baseline (time 0), and �BVt is the change in blood
volume in liters at time t from baseline (time 0).

Statistical Analysis

Data were expressed as mean (SE). Statistical
analysis was performed with SPSS for Windows
v 16.1 software (SPSS, Chicago, IL). Differences

Table 1. Characteristics of the three infusions (6–8)

0.9% Saline Gelofusine Voluven

Sodium, mmol/L 154 154 154
Chloride, mmol/L 154 120 154
Sodium supplied as NaCl 9 g/L NaCl 7.01 g/L �

NaOH 1.36 g/L
NaCl 9 g/L

Colloid — Succinylated gelatin Hydroxyethyl starch
Weight-average molecular weight of

colloid, MWw
— 30,000 130,000

Number-average molecular weight of
colloid, MWn

— 23,200 60,000–65,000

Polydispersity ratio, MWw/MWn — 1.29:1 2.0–2.17:1
Molar substitution — — 0.4
Weight of colloid/L — 40 g (4%) 60 g (6%)
pH 5.4 7.1–7.7 4.5–5.5
Theoretical osmolarity, mOsm/L 308 274 308
Na�/Cl� ratio 1:1 1.28:1 1:1
Colloid osmotic pressure at 37°C, mm Hg — 33.3 36
Hydrodynamic particle radius (Rhw), nma — 4.1 6.1
Price per 500-mL bag £0.40 £4.70 £12.5

aMeasured by B Braun Medical SA, Crissier, Switzerland.
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between groups were considered significant at
p 
 .05, using the Student t paired test. Be-
tween-subjects effects (saline vs. Gelofusine, sa-
line vs. Voluven, and Gelofusine vs. Voluven)
were tested, using the general linear model re-
peated-measures procedure.

RESULTS

Baseline parameters before each infu-
sion were similar (Table 2). All subjects
completed the three arms of the study
and none experienced side effects.

Weight changes were proportional to
the volume infused and urine excreted
(Fig. 1, Table 3). Although these changes
were similar after the three infusions,
blood volume expansion was significantly
greater after colloids than after saline,
suggesting that �68% (SE � 6%) of the
saline infused had escaped into the ex-
travascular fluid compartment at 1 hr (Fig.
1). Despite the 100-kD difference in weight-
average molecular weight (MWw) between
the colloids, the degree and duration of

blood volume expansion were identical.
However, 21% (SE � 7%) and 16% (SE �
12%) (p � .76, Student t paired test) of the
infused volumes of Gelofusine and Voluven,
respectively, had leaked from the intravas-
cular compartment.

Changes in serum osmolality, sodium,
potassium, chloride and bicarbonate, and
strong ion difference after the infusions
were not significantly different (Fig. 2).
Hyperchloremia and strong ion differ-
ence tended to be less after Gelofusine
than after Voluven or 0.9% saline, reflect-
ing the lower chloride concentration in
Gelofusine. Correspondingly, venous bi-
carbonate decreased after Voluven and
0.9% saline but increased after Gelo-
fusine, showing that, unlike the other
solutions, Gelofusine in the volume used
produced no hyperchloremic acidosis.
There were no significant differences be-
tween the percentage changes from base-
line in plasma aldosterone, AVP, BNP,
and renin after the infusions (Fig. 3) and
urinary responses were similar (Table 3).

DISCUSSION

In these normovolemic healthy volun-
teers, as expected, colloids were more ef-

Figure 1. Changes in body weight, percentage changes in hematocrit, hemoglobin and serum albumin concentration, and changes in blood volume, and
extravascular fluid volume after infusion of 1 L of 0.9% saline (S), Gelofusine (G), and Voluven (V) over 1 hr. All values are mean (SE). The p values are
for tests of between-subjects effects (S vs. G, S vs. V, and G vs. V), using the general linear model repeated-measures procedure.

Table 2. Baseline parameters before infusions

Before Saline Before Gelofusine Before Voluven

Weight, kg 72.1 (1.9) 72.4 (2.0) 72.3 (1.9)
Height, m 1.75 (0.01) 1.75 (0.01) 1.75 (0.01)
Body mass index, kg/m2 23.5 (0.5) 23.6 (0.6) 23.6 (0.6)
Hemoglobin, g/dL 14.9 (0.3) 14.9 (0.3) 14.7 (0.4)
Hematocrit, % 44.9 (0.6) 44.8 (0.7) 44.1 (0.6)
Serum albumin, g/L 42.9 (1.2) 43.2 (0.8) 43.1 (0.9)
Serum osmolality, mOsm/kg 298 (1.6) 299 (1.0) 297 (1.7)
Serum urea, mmol/L 5.1 (0.4) 4.8 (0.3) 5.2 (0.3)
Serum creatinine, �mol/L 80 (1.9) 81 (1.9) 82 (0.9)
Creatinine clearance, mL/min 118 (11) 123 (9) 120 (10)
Calculated blood volume, L 4.9 (0.1) 5.0 (0.1) 4.9 (0.1)

n � 10, all values mean (standard error). Differences were not significant for all parameters
(Student t paired test).
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fective blood volume expanders than a
crystalloid. Unexpectedly, however, there
was no difference between the effects of a
colloid with an MWw of 30 kD and one
with an MWw of 130 kD. At the end of the
1-hr infusion, 68%, 21%, and 16% of the
infused volumes of 0.9% saline, Gelo-

fusine, and Voluven, respectively, had es-
caped from the intravascular to the ex-
travascular space. It has traditionally
been thought that low MWw colloids
would escape faster through the capillary
pores and, hence, be less effective volume
expanders than those with high MWw

(10). However, studies in animal models
of trauma suggested that the plasma vol-
ume-expanding properties of gelatins and
hydroxyethyl starch, which have similar
oncotic pressures (Table 1), may be sim-
ilar (11–13). Furthermore, according to
the two-pore theory for transport of mac-
romolecules across the microvasculature
(14), small solutes pass through pores in
the capillary membrane along the entire
microvascular bed, whereas larger mole-
cules pass only through the considerably
fewer large pores on the venous side of
the capillary network and in venules. As
the oncotic pressure on both sides of the
large pores is in equilibrium, flow of fluid
across these pores is governed solely by
hydrostatic pressure. The loss of macro-
molecules across the pores is along the
direction of fluid flux and occurs mainly
by convection (14–17). Hence, even in
health, an increase in capillary hydrostatic
pressure caused by volume expansion can
result in leakage of larger molecules from
the intravascular compartment to the ex-
travascular space. Hypervolemia may dis-
rupt endothelial integrity, which is main-
tained by the endothelial glycocalyx
which binds to large anionic molecules

Figure 2. Changes in serum osmolality, sodium, potassium, chloride, bicarbonate, and strong ion difference ([Na�] � [K�] � [Cl�]) after infusion of 1
L of 0.9% saline (S), Gelofusine (G), and Voluven (V) over 1 hr. All values are mean (SE). The p values are for tests of between-subjects effects (S vs. G, S
vs. V, and G vs. V), using the general linear model repeated-measures procedure.

Table 3. Urinary changes

0.9% Saline
(S)

Gelofusine
(G)

Voluven
(V)

p
(S vs. G)

p
(S vs. V)

p
(G vs. V)

Time to first micturition, min 167 (24) 152 (20) 151 (27) .46 .43 .60
No. of micturition episodes 2.4 (0.2) 2.6 (0.3) 2.1 (0.4) .51 .31 .21
Postinfusion urinary volume, mL 663 (49) 697 (91) 535 (42) .73 .12 .09
Preinfusion urinary osmolality,

mOsm/kg
828 (99) 725 (99) 814 (68) .35 .72 .23

Postinfusion urinary osmolality,
mOsm/kg

615 (46) 582 (52) 652 (56) .18 .25 .15

Total postinfusion urinary
sodium, mmol

70 (10) 89 (11) 62 (6) .58 .74 .38

Total postinfusion urinary
potassium, mmol

39 (3) 38 (3) 32 (4) .79 .22 .81

Total postinfusion urinary urea,
mmol

129 (18) 99 (9) 128 (14) .10 .96 .22

Total postinfusion urinary
creatinine, mmol

4.6 (0.4) 4.2 (0.2) 5.1 (0.3) .41 .42 .30

All values are mean (standard error). Statistical significance was calculated using the Student t
paired test.
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and prevents their extravasation (18). This
may be another mechanism for escape of
colloids from the intravascular compart-
ment (19), and, to some extent, may ex-
plain the similar effects of Gelofusine and
Voluven in the present study. In addition,
the escape of a molecule across the pores is
more dependent on the diameter of the
molecule than the molecular weight (20).
The measured hydrodynamic radii (Rhw) of
succinylated gelatin and hydroxyethyl
starch (Table 1) are greater than the Rhw of
human serum albumin (2.6–3.3 nm) (21),
but larger than the small capillary pore
radius of 2.5 nm to 3 nm, and smaller than
the large capillary pore radius of 10 nm to
11 nm in subcutaneous tissue and skeletal
muscle where the large/small pores ratio is
1:3000 to 1:3600 (22). This may also be one
of the reasons for the lack of difference in
the plasma-expanding properties of the two
colloids.

The similar duration of action of Gelo-
fusine and Voluven may also be due to the
fact that hydroxyethyl starch is eliminated
by the cleavage action of amylase. A four-
fold increase in serum amylase concentra-
tions has been observed after the infusion
of hydroxyethyl starch in healthy volun-

teers (23), not due to pancreatic damage
but because starch-amylase complexes are
detected by assay in addition to amylase
itself.

The changes in serum albumin con-
centration, hemoglobin, and hematocrit
in response to the three infusions were in
keeping with the degree of blood volume
expansion that we (1, 2) and others (24)
have found. The percentage decrease in
hematocrit at 1 hr was 3.9% after 0.9%
saline, 11.7% after Gelofusine, and 11.1%
after Voluven; the corresponding de-
creases in serum albumin concentration
were 11.1%, 24.6%, and 25.2%, possibly
reflecting the differential distribution of
albumin and red blood cells within the
intravascular space. Plasma volume ex-
pansion is equal to blood volume expan-
sion in absolute terms (mL), but the rel-
ative expansion and dilution (%) are
greater in the smaller plasma and albu-
min space. For example, a decrease in
hematocrit by 3.9% (after 0.9% saline) is
the result of expansion of the blood vol-

ume by 4.1% �100 � 100
100 � 3.9

� 100�. With

a preinfusion hematocrit of 45% (and

plasma volume of 55%), this expansion in
total blood volume would result in a
7.5% increase in plasma volume

�(55 � 4.1) � 100
55

� 100� (1). The changes

in serum albumin concentration after the
infusions are more than can be explained
by dilution alone, suggesting a change in
albumin distribution also, according to
the convection hypothesis (1, 14–16, 25).

In an experiment on acute normovol-
emic hemodilution during anesthesia for
major gynecologic surgery, Rehm et al
(26) showed a lower increase in plasma
volume (using fluorescein-labeled red
blood cells) post colloidal infusion than
in our study. On the other hand, in a
study on starch infusions after acute hy-
povolemia in healthy volunteers, James
et al (27), using 51Cr-labeled red blood
cells, showed that the volume expansion
produced at the end of the loading period
was greater than the administered vol-
ume. We used theoretical calculations
based on changes in hematocrit to deter-
mine changes in blood volume in normo-
volemic volunteers, and these may be dif-
ferent from actual changes in blood

Figure 3. Percentage changes from baseline (100%) in plasma concentrations of arginine vasopressin (AVP), aldosterone, brain natriuretic peptide (BNP), and
total renin after infusion of 1 L of 0.9% saline (S), Gelofusine (G), and Voluven (V) over 1 hr. All values are mean (SE). The p values for tests of between-subjects
effects (S vs. G, S vs. V, and G vs. V), using the general linear model repeated-measures procedure, were not significant (p � .05 in all cases).
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volume measured, using labeled tech-
niques. Nevertheless, there were no dif-
ferences between the blood volume-
expanding effects of the two colloids that
we used.

After modest infusions, all subjects de-
veloped hyperchloremia persisting for at
least 6 hrs (Fig. 2). Hyperchloremia was
more marked after 0.9% saline and Volu-
ven than Gelofusine, reflecting the lower
concentration of chloride in the latter.
The use of newer preparations of colloids
in balanced solutions results in less de-
rangement in acid base status and seems
to be a promising strategy to overcome
metabolic acidosis associated with col-
loids suspended in 0.9% saline (28).

Despite the different compartmental
distribution of the crystalloid compared
with the two colloids, urinary excretion
of water and electrolytes after the three
infusions was similar. However, Figure 1
shows that the equal volumes of urine
excreted after the three infusions may, to
some extent, be due to the fact that the
colloids drew fluid from the extravascular
space into the intravascular space, result-
ing in a negative extravascular space fluid
balance.

The suppression of the renin-angio-
tensin-aldosterone system (RAAS) is one
important mechanism for both the im-
mediate and long-term regulation of so-
dium excretion post sodium loading (29–
33). However, little is known regarding
the impact of serum chloride concentra-
tion on the RAAS. Studies in rodents have
demonstrated that chloride depletion is a
potent stimulus for the release of renin
(34, 35). Chronic chloride depletion can
produce a significant increase in plasma
renin activity and up-regulation of angio-
tensin receptors in the adrenal gland, renal
glomeruli and medulla (36), and anterior
pituitary gland (37). Hyperchloremia has
also been shown to induce renal vasocon-
striction and a decrease in glomerular fil-
tration rate in anesthetized dogs (3) and
suppress renin activity in humans (35, 38).

Volume expansion after infusion of the
three solutions seemed to have similar
effects on the concentration of plasma
renin (Fig. 3), although this tended to
return to baseline more rapidly after
0.9% saline than after the two colloids.
The volume effect may be attributed to
the baroreflex response (39), whereby the
rate of renin release varies in response to
changes in stretch detected by receptors
present in the juxaglomerular apparatus.
Thus, increased stretch causes inhibition
of further renin secretion, as observed.

For all three infusions, the initial de-
cline in renin concentrations coincided
with a decrease in aldosterone (Fig. 3), as
renin via angiotensin II has the ability to
regulate aldosterone secretion (40, 41).
Plasma concentrations of BNP increased
1 hr after the start of all three infusions
in response to the increase in right atrial
filling (42, 43). Thereafter, the BNP con-
centrations declined almost in unison
(Fig. 3), in agreement with previous
work, (31, 44, 45), suggesting that the
role of BNP and atrial natriuretic peptide
in sodium excretion may only be to pro-
tect against intravascular hypervolemia
and that it is not responsive to excess
sodium loading per se. Singer et al (45)
suggested that atrial natriuretic peptide
may play a role in determining the im-
mediate increase in sodium excretion but
that other mechanisms, such as suppres-
sion of the RAAS, may be of equal or
greater importance in the longer term.

An initial decrease in AVP concentra-
tions immediately after all three infu-
sions was observed. The nature of the
AVP and renin response showed similar
patterns of decrease. Usberti and col-
leagues (46) have shown during angio-
tensin II infusions a concomitant in-
crease in plasma AVP concentrations in
normal volunteers, thus supporting the
findings of the present study. Although
Gelofusine is hyposmolar, with a theoret-
ical osmolarity of 274 mOsm/L, this did
not reflect changes in serum osmolality.

Limitations of this study include the
fact that it was performed on healthy
normovolemic adult male volunteers in
whom the transcapillary rate of albumin
was normal. Changes in blood volume
were theoretical, as these calculations
were based on the dilution of hematocrit.
However, more complex techniques, such
as isotope or dye labeling, may have pro-
vided a better estimate of changes in
blood volume.

In conclusion, despite the 100-kD dif-
ference in MWw, Gelofusine and Voluven
possess comparable blood volume-ex-
panding capacities in healthy volunteers.
However, further investigations are re-
quired to determine whether this similar-
ity is maintained in patients in whom the
transcapillary rate of albumin may be in-
creased. In addition, excretion of an acute
fluid load containing sodium and chlo-
ride may be dependent on a sustained
suppression of the RAAS rather than on
natriuretic peptides.
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