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major pathway of closed soft-tissue injury is failure 
of microvascular perfusion combined with a 

persistently enhanced inflammatory response. We 
therefore tested the hypothesis that hypertonic 
hydroxyethyl starch (HS/HES) effectively restores 
microcirculation and reduces leukocyte adherence after 
closed soft-tissue injury. We induced closed soft-tissue 
injury in the hindlimbs of 14 male isoflurane-
anaesthetised rats. Seven traumatised animals received 
7.5% sodium chloride-6% HS/HES and seven 
isovolaemic 0.9% saline (NS). Six non-injured animals 
did not receive any additional fluid and acted as a 
control group. The microcirculation of the extensor 
digitorum longus muscle (EDL) was quantitatively 
analysed two hours after trauma using intravital 
microscopy and laser Doppler flowmetry, i.e. 
erythrocyte flux. Oedema was assessed by the wet-to-
dry-weight ratio of the EDL.

In NS-treated animals closed soft-tissue injury resulted 
in massive reduction of functional capillary density (FCD) 
and a marked increase in microvascular permeability and 
leukocyte-endothelial cell interaction as compared with 
the control group. By contrast, HS/HES was effective in 
restoring the FCD to 94% of values found in the control 
group. In addition, leukocyte rolling decreased almost to 
control levels and leukocyte adherence was found to be 
reduced by ~50%. Erythrocyte flux in NS-treated animals 
decreased to 90 ± 8% (mean SEM), whereas values in the 

A HS/HES group significantly increased to 137 ± 3% 
compared with the baseline flux. Oedema in the HS/HES 
group (1.06 ± 0.02) was significantly decreased compared 
with the NS-group (1.12 ± 0.01).

HS/HES effectively restores nutritive perfusion, 
decreases leukocyte adherence, improves endothelial 
integrity and attenuates oedema, thereby restricting 
tissue damage evolving secondary to closed soft-tissue 
injury. It appears to be an effective intervention, 
supporting nutritional blood flow by reducing trauma-
induced microvascular dysfunction.
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Clinically, there is emerging consensus that high levels of
morbidity after complex injuries to the limbs are directly
related to the severity of soft-tissue injury.1,2 Previous stud-
ies have shown that the propagation of closed soft-tissue
injury is preceded by a drastic reduction of functional capil-
lary density (FCD) and a marked increase in leukocyte-
endothelial-cell interaction as well as microvascular leak-
age.2-4 Similar microcirculatory disturbances have been
found to promote tissue damage in skeletal muscle in
response to a variety of stimuli such as ischaemia-
reperfusion5,6 or infection.7 A major limitation, however, in
the treatment of severe soft-tissue damage in trauma
patients, is the general lack of effective tools for the rapid
restoration of tissue perfusion and reduction of trauma-
induced inflammation. At present, the clinical management
of severe soft-tissue trauma mainly relies on serial radical
debridement of tissue which is necrotic or becomes necrotic
during the clinical course.1

The ability of hypertonic-hyperoncotic solutions (i.e.
exerting a higher than physiological plasma osmotic and
oncotic pressure) to restore tissue perfusion and organ func-
tion efficiently and rapidly after haemorrhagic shock8-10

and severe injury11-13 is now well recognised, but there is
no information regarding their ability to improve efficiently
the microcirculation of skeletal muscle after severe blunt
trauma to the limbs. These observations have led to the
hypothesis that hypertonic-hyperoncotic fluids may simulta-
neously exert a significant protective effect on post-trau-
matic microvascular haemodynamics, the leukocyte
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response, and the formation of oedema in skeletal muscle
which, in turn, may positively influence tissue perfusion.

We have therefore determined quantitatively the acute
effectiveness of treatment with hypertonic hydroxyethyl
starch (HS/HES) on the microcirculation, the leukocyte-
endothelium interaction and the formation of oedema in
skeletal muscle after severe closed soft-tissue trauma and
compared this with treatment with normal saline (NS).

Materials and Methods

Animal model, impact device and surgical preparation.
All experimental procedures were performed with the per-
mission of the local animal rights protection authorities and
in accordance with NIH guidelines for the use of laboratory
animals. We induced severe standardised closed soft-tissue
injury in the anterolateral tibial compartment of the left
hindlimb of anaesthetised male Sprague-Dawley rats (iso-
flurane 1.5 vol.%, N2O 0.5 l/min and O2 0.3 l/min) using the
computer-assisted controlled impact-injury technique. The
controlled impact-injury device, which was originally
developed for the induction of severe brain injury,14

employs a high-pressure pneumatic impactor which repro-
duces the clinical situation of severe closed soft-tissue
injury caused by high-velocity trauma. The impact parame-
ters were selected as follows: impact velocity of 7 m/s,
deformation depth of 11 mm and impact duration of 100 ms
with an impactor diameter of 11 mm. The optimal absorp-
tion of impact energy by the soft tissue of the rat hindlimb
was guaranteed by fixation of the limb in plastic form
(exactly moulded like the hindlimb) tightly mounted to the
table of the impact device. The left carotid artery and right
jugular vein were cannulated with polyethylene catheters
(PE50, 0.58 mm inner diameter; Portex, Hythe, UK) for
continuous haemodynamic monitoring and intravenous
administration of fluid and fluorescence markers. The exten-
sor digitorum longus (EDL) of the left hindlimb was pre-
pared for intravital fluorescence microscopy modified to the
technique as previously described15 allowing horizontal
positioning of the EDL and constant focus level for the
microscopic procedure.
Experimental groups and protocol. We induced severe
closed soft-tissue injury in 14 rats. Six non-traumatised,
sham-operated animals served as a control group. The rats
were allocated randomly to three treatments: trauma fol-
lowed by hydroxyethyl starch (HS/HES); trauma followed
by normal saline (NS); and controls with no trauma. Before
the EDL was surgically exposed, the intramuscular pressure
within the antero- and posterolateral tibial compartment (8
mm beneath the skin surface) was measured percutaneously
(45 minutes after injury) using a microsensor catheter (0.7
mm outside diameter, Codman microsensor; Johnson &
Johnson Professional Inc, Raynham, Massachusetts).

After a period of stabilisation of 15 minutes, the macro-
haemodynamics, arterial blood gases and blood chemistry
were determined and laser Doppler flowmetry was per-

formed. These procedures took place 1.5 hours after trauma
before treatment. Seven traumatised animals were then
infused intravenously over 15 minutes with 7.2% sodium
chloride-10% HS/HES (4 ml/kg body-weight; Hyperhaes,
Fresenius GmbH, Bad Homburg, Germany)10,11,16 and
seven with the equivalent volume of NS (0.9% NaCl; Braun
Melsungen AG, Melsungen, Germany). There was no sig-
nificant difference in the administered volume per animal
between the NS (1.3 ± 0.1 ml) and the HS/HES (1.2 ± 0.1
ml). The six non-injured, sham-operated rats in the control
group received no additional fluid. The concentration of HS/
HES was 10% with a molecular weight of 200 000 and a
degree of substitution of 0.6, i.e. the ratio of substituted
(hydroxylated) glucose units to the total number of glucose
molecules.17 HS/HES is a derivative of amylopectin and
was chosen as the colloid component instead of dextran or
albumin because of its enhanced ability to protect endothe-
lial cells from inflammatory activation and subsequent dys-
function.17 Furthermore, dextran is known to induce severe
anaphylaxis18 and albumin may increase leakage from
microvessels, adversely affecting haemostasis and possibly
increasing mortality.19

After the period of infusion the macrohaemodynamics,
arterial blood gases, and blood chemistry were again deter-
mined and laser Doppler flowmetry of all animals per-
formed once more, two hours after injury, 30 minutes after
treatment. The EDL was then sequentially scanned proxi-
mally to distally in 2 mm increments by intravital fluores-
cence microscopy to allow recording of microcirculatory
images for nutritive capillaries and postcapillary venules.
Microcirculatory recordings for nutritive capillaries and
postcapillary venules of at least eight video-frames of each
EDL muscle were taken and the values averaged per animal.

At the end of each experiment, the animals were killed
and laser Doppler flowmetry of the non-perfused EDL
muscle performed finally to assess the biological zero.20

Thereafter, the EDLs of both hindlimbs were removed for
determination of the oedematous weight gain.
Intravital fluorescence microscopy. For visualisation of
the microcirculation of the EDL we used an intravital fluo-
rescence microscope (Optiphot; Nikon, Tokyo, Japan) with
a water-immersion objective (203, Nikon). The surface of
the EDL was epi-illuminated by a high-pressure mercury
lamp (100 W) and fluorescence emission of fluorescein-iso-
thiocyanate (FITC)-dextran (450 to 490 nm/>580 nm) and
rhodamine (530 to 560 nm/>580 nm) was detected by
means of an appropriate filter system. Microcirculatory
images were recorded using a CCD videocamera (FK 6990-
IQ; Pieper, Schwete, Germany) and transferred to an SVHS
videorecorder (HR-S4700EG/E; JVC, Friedberg, Germany)
for off-line analysis. The final magnification on the video
screen was 940-fold.

For contrast enhancement of the microvascular network
and for in vivo staining of leukocytes a single bolus of
FITC-labelled dextran (5%, 150000 mol wt; 15 mg/kg
body-weight; Sigma Chemical, Deisenhofen, Germany) and
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rhodamine 6G (0.1%, 0.15 mg/kg body-weight; Sigma
Chemical) was injected intravenously.21 Duration of contin-
uous light exposure per observation area was limited to 60
seconds at maximum.
Microcirculatory analysis. The videotaped microcircula-
tory images were analysed off-line for the diameters of
microvessels, FCD, microvascular permeability (macromo-
lecular leakage) and red blood cell velocity (VRBC) using a
computerised microcirculation image-analysis system
(CapImage; Zeintl, Heidelberg, Germany).22 FCD was
quantified by the length of FITC-dextran-perfused capillar-
ies per observation area (cm-1). Microvascular permeability
(macromolecular leakage) was expressed as the ratio of
fluorescence-intensity, selected from the perivascular area to
the corresponding intravascular area (plasma gaps between
erythrocytes).

Using the PC-associated image-analysis system we
determined centreline red blood cell velocity (VRBC-cen-

treline) in the capillaries and venules of skeletal muscle.22

The mean red blood cell velocity for each vessel (VRBC-

mean) and video field was calculated as Vmean = Vcentreline/
1.6. Venular wall shear rate as a function of the disperse
force on rolling leukocytes was calculated as follows: shear
rate = 8 x Vmean/D, where Vmean is mean erythrocyte veloc-
ity and D is venular diameter.23

The number of rolling and adherent leukocytes as well as
the total leukocyte flux were counted for 30 seconds along a
vessel segment of 100 mm. Leukocyte rolling was defined
as the slow passage of leukocytes rolling along the vessel
wall with a velocity less than 40% of centreline velocity24

and expressed as the percentage of rolling cells to total leu-
kocyte flux. Adherence of leukocytes was defined by non-
moving leukocytes with a stable contact to the endothelial
lining of postcapillary venules for at least 20 seconds.
Assuming cylindrical microvessel geometry, leukocyte
adherence was expressed as the number of non-moving leu-
kocytes per endothelial surface (cells/mm2), calculated from
the diameter and length (100 mm) of the vessel segment
analysed.
Laser Doppler flowmetry. Erythrocyte flux was measured
using a dual-channel laser Doppler monitor (DRT4; Moore
Instruments, Axminster, UK; needle probe DP4, 780-820
nm, external diameter 0.8 mm) and expressed as percentage
of baseline (pretreatment flux values). By means of a three-
dimensional micromanipulator, the EDL was sequentially
scanned in increments of 1 mm reaching at least 20 meas-
urements per EDL.

Blood sampling. Arterial blood samples were taken before
(baseline) and at 1.5 hours and at two hours after injury, 30
minutes after administration of either HS/HES or NS. Arte-
rial blood gases were assessed using a blood-gas analyser
(ABL 300; Radiometer, Copenhagen, Denmark). Plasma
electrolyte concentrations were measured using a potentio-
metric test. Based on enzymatic ultraviolet methods the
levels of plasma lactate were obtained by a colorimetric test
(540 nm) whereas the activity of creatine kinase (CK) was
determined by a multiple-point kinematic test (670 nm) (Vit-
ros products chemistry; Eastman Kodak Company, Roches-
ter, New York).
Determination of the formation of skeletal muscle
oedema. Oedematous weight gain was assessed by measur-
ing the wet-to-dry-weight ratio of injured and non-injured
EDLs. After determination of wet weight the EDLs were
dried for 24 hours in a laboratory oven (80°C) and weighed
again (dry weight). Stable dry weight was found after 24

Table I. Mean (± SEM) arterial blood pressure (mmHg) and heart
rate (beats/min) of isoflurane anaesthetised animals, continuously
recorded and averaged for the entire study period

Group
Mean arterial 
blood pressure Heart rate

Control 107 ± 5 254 ± 10
NS 90 ± 4 304 ± 10
HS/HES 95 ± 2 299 ± 18

Table II. Time-related changes in arterial haematocrit (%), acid-base
excess (BE), arterial pH, serum sodium, potassium and chloride
concentrations (nmol/l), creatine kinase (CK) and arterial lactate at
baseline, in response to trauma and at 30 minutes after treatment. Values
are expressed as mean ± SEM

Group Baseline

1.5 hours 
after trauma
(before 
treatment)

2 hours
after trauma
(30 minutes 
after 
treatment)

Haematrocrit (%)
  Control 41.1 ± 1.2   –   –
  NS 39.5 ± 1.6 37.9 ± 1.2 35.3 ± 1.4
  HS/HES 41.1 ± 1.2 39.6 ± 1.0 28.9 ± 1.4*†‡
BE (mmol/l)
  Control 2.8 ± 0.7
  NS 4.4 ± 0.8 0.03 ± 0.7 -1.0 ± 1.5*
  HS/HES 2.0 ± 0.8 0.3 ± 1.4 -1.6 ± 0.9*
pH
  Control 7.43 ± 0.02   –   –
  NS 7.44 ± 0.01 7.38 ± 0.02 7.36 ± 0.04
  HS/HES 7.43 ± 0.02 7.39 ± 0.03 7.35 ± 0.02*
Serum Na+ (nmol/l)
  Control 140.5 ± 1.5   –
  NS 139.8 ± 0.5 137.7 ± 1.1 139.7 ± 1.0
  HS/HES 138.7 ± 1.1 136.7 ± 0.4 146.9 ± 0.69*†‡
Serum K+ (nmol/l)
  Control 4.1 ± 0.7   –   –
  NS 4.1 ± 0.2 4.8 ± 0.2 4.5 ± 0.2
  HS/HES 4.5 ± 0.2 4.8 ± 0.3 4.3 ± 0.3 
Serum Cl– (nmol/l)
  Control 102.7 ± 0.6   –   –
  NS 103.8 ± 0.5 102.7 ± 0.7 107.2 ± 1.2
  HS/HES 102.9 ± 0.9 103.3 ± 0.4 119.0 ± 0.6*†‡
CK (U/L)
  Control 67.6 ± 5.7   –   –
  NS 90.3 ± 11.8 188.3 ± 15.8* 174.6 ± 28.5*
  HS/HES 80.5 ± 9.2 245.0 ± 37.8* 238.7 ± 54.9*
Lactate (mg/dl)
  Control 19.5 ± 2.1   –   –
  NS 16.3 ± 0.7  14.0 ± 1.8 12.2 ± 1.9
  HS/HES 20.3 ± 2.3 19.9 ± 1.7 17.1 ± 3.2

*p < 0.01 versus baseline
†p < 0.01 versus 1.5 hours after trauma
‡p < 0.05 versus NS
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hours in all animals. The formation of oedema was finally
expressed by the wet-to-dry-weight ratio of injured versus
non-injured EDL (oedema index).
Statistical analysis. All time points within a group were
analysed by a paired t-test, including Bonferroni correction
for repeated measurements which involved dividing the
threshold p value by 3 (k = 3 as the number of pairwise
comparisons performed between the three repeated meas-
ures on the same rat). For differences between NS, HS/HES
and control groups we performed ANOVA for independent
samples followed by the post-hoc Tukey-test for multiple-
comparison procedures. Erythrocyte flux between the HS/
HES and NS groups was compared using the unpaired t-test.
All values were given as mean ± SEM. Statistical signifi-
cance was set at p < 0.05.

Results

Macrohaemodynamics and blood parameters. The mean
arterial blood pressure and heart rate of the experimental
groups remained stable within the normal range without sig-
nificant changes between groups throughout the entire study
period when compared with the non-injured animals (Table
I). Before treatment there were no significant differences
between the two experimental groups as to blood gases and
blood chemistry. In both experimental groups trauma led to
a significant increase in the levels of creatine kinase and a
slight development of metabolic acidosis (Table II). Treat-
ment with HS/HES, however, was associated with a signifi-
cant decrease in haematocrit and pH when compared with
administration of NS. Simultaneously, haemodilution with
HS/HES was paralleled by a significant increase in the con-
centration of serum sodium and chloride when compared
with NS-treated animals (Table II).
Intramuscular pressure. As early as one hour after the
induction of closed soft-tissue injury intramuscular pressure
within the anterior and posterior tibial compartment was
significantly increased in groups receiving NS or HS/HES
when compared with the control group. However, at no time
point of analysis did the closed soft-tissue injury result in
intramuscular pressure exceeding 30 mm Hg indicating a
compartment syndrome (Table III).
Post-traumatic skeletal muscle microcirculation and
small volume infusion of HS/HES. The post-traumatic

microcirculation in skeletal muscle in NS-treated animals
was characterised by a significant reduction in the FCD and
a trend towards enhanced microvascular permeability as
compared with the control group (Fig. 1). In the NS-treated
group, impairment of nutritive perfusion was further accom-
panied by a marked increase in trauma-induced leukocyte-
endothelial cell interaction compared with the control
group. Both leukocyte rolling and adherence were primarily
restricted to the endothelium of postcapillary venules and
increased by nearly two- and sixfold (Fig. 2). These micro-
vascular deteriorations were significantly improved when
animals were treated with HS/HES. As early as 30 minutes
after administration of HS/HES the FCD was restored to
94.7% of values found in the sham-operated control group
(Fig. 1). Analysis of microvessel diameter revealed a signif-

Table III. Intramuscular pressure percutaneously measured in mm
Hg 45 minutes after trauma in the ventral and dorsal tibial
compartment of rat hindlimbs and oedematous weight gain of the
EDL as expressed by the oedema index (wet-to-dry-ratio of
experimental versus contralateral EDL)

Intramuscular pressure

Group Ventral Dorsal Oedema index

Control   6.3 ± 0.4   5.1 ± 0.6 1.01 ± 0.03
NS 21.5 ± 0.8* 11.7 ± 0.6 1.11 ± 0.01*
HS/HES 20.7 ± 0.4*   9.1 ± 0.6* 1.06 ± 0.02†

*p < 0.05 versus control
†p < 0.05 versus NS
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Fig. 1b

Graphs showing a) mean (±SEM) FCD (length of erythrocyte perfused capil-
laries per observation area) and b) mean (±SEM) microvascular permeability
(venular macromolecular leakage of FITC-dextran) analysed densitometri-
cally by the ratio of extra- to intravascular fluorescence intensity in rat skel-
etal muscle under control conditions and at two hours after trauma, i.e. 30
minutes after treatment with either NS or HS/HES (p < 0.05 v control).
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icant increase in capillary diameter in the EDL of NS-
treated animals when compared with the control group
whereas in animals of the HS/HES group, the lumenal
diameter of the capillaries remained relatively unchanged
(Table IV). Red blood cell velocity in both nutritive capillar-
ies and postcapillary venules did not change significantly on
treatment with HS/HES when compared with NS. Trauma-
induced leukocyte rolling in HS/HES-treated animals
decreased almost to the baseline levels of the non-trauma-
tised control group, and leukocyte adherence was signifi-
cantly attenuated by approximately 50% compared with the
NS group (Fig. 2). Venular shear rate showed no significant
difference between both groups (Table IV).
Laser Doppler flowmetry. Post-traumatic erythrocyte flux
in the EDL of animals receiving HS/HES showed a signifi-

cant increase by one-third of preinfusion flux values,
whereas flux values after treatment with NS declined below
the baseline level (preinfusion flux values) (Fig. 3).
Formation of oedema. In the non-injured, sham-operated
control group, negligible oedema within skeletal muscle
was found two hours after trauma. The NS-treated trauma-
tised animals, however, showed a significant increase in the
oedema index. By contrast, formation of oedema in the HS/
HES-treated group was significantly decreased (Table III).

Discussion

Intramuscular pressure. The fact that closed soft-tissue
injury was equally pronounced in both groups points to a
standardised induction of closed soft-tissue injury by the
controlled impact-injury technique as a precondition for
comparing effects of different treatments.
Systemic haemodynamics and blood parameters. Con-
trary to previous studies of traumatic haemorrhagic shock
and hypotension in which hypertonic-hyperosmotic solu-
tions were shown rapidly and efficiently to restore severely
depressed macrohaemodynamics,8,12,13,25 in our study the
mean arterial blood pressure and heart rate were not affected
by infusion of HS/HES. Normovolaemic conditions and the
missing systemic fluid imbalance between the intra- and
extracellular space have already been discussed as possible
factors accounting for the lack of macrohaemodynamic
changes.25,26

The significant decrease in haematocrit in HS/HES-
treated animals presumably reflects the ability of HS/HES to
initiate a rapid shift of fluid from the intracellular to the
extracellular-intravascular compartment,9 thereby causing
marked haemodilution and improvement of blood fluidity.
Furthermore, apart from reduction in endothelial cell swell-
ing this osmotic gradient also seems to draw fluid from the
erythrocytes. This possibly decreases red blood cell volume,
reduces hydraulic flow pressure and may in part contribute to
rheological improvement in microvascular perfusion and
faster washout of toxic metabolites including free radicals
and proinflammatory cytokines. The apparently negative
side-effect of a significantly decreased pH in the HS/HES
group is thought to be related to a hyperchloraemic meta-
bolic acidosis16 since lactate levels and arterial blood gases
were within the normal range and did not differ between
groups.
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Leukocyte-endothelial cell interaction in postcapillary venules of rat EDL
under control conditions (non-injured animals) and after treatment with ei-
ther NS or HS/HES at two hours after injury. Leukocytes were stained in
vivo by rhodamine 6G. Figure 2a – Mean (±SEM) number of rolling leuko-
cytes and b) mean (±SEM) number of adherent leukocytes per mm2 endothe-
lial surface (p* < 0.05 v control,  p# < 0.05 v NS).

Table IV. Mean (± SEM) lumenal diameter and mean (± SEM) red blood
cell velocity in capillaries and venules as well as calculated postcapillary
wall shear rate in rat skeletal muscle after severe closed soft-tissue trauma

Diameter (µm)
Red blood cell velocity 
(mm/sec)

Shear rate 
(1/sec)
(venules)Group Capillaries Venules Capillaries Venules

Control 5.0 ± 0.1 22.3 ± 1.9 0.20 ± 0.01 0.23 ± 0.03 88.1 ± 13.8
NS 5.4 ± 0.2* 24.1 ± 1.4 0.17 ± 0.04 0.25 ± 0.03 117.0 ± 13.3
HS/HES 5.1 ± 0.4 20.5 ± 1.3 0.15 ± 0.01 0.28 ± 0.04 94.3 ± 13.5

*p < 0.05 v control
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The observation that hypertonic-hyperosmotic infusions
are detrimental under some circumstances,27 yet protective
in others8,12,13,25 indicates potential risks of treatment with
such fluids. These are specifically relevant in critically
injured, dehydrated and high-risk patients28 and seem to be
related to an increased plasma osmolarity and hypokalaemia
causing cardiac arrhythmia and a metabolic acidosis
induced by an increased plasma chloride anion load, thereby
augmenting pre-existing acidosis.16 In severely injured
patients, however, there is now increasing consensus that
selective and only primary application of these fluids
appears to have a good risk-to-benefit ratio and gives better
patient survival12,18 when tailored to the underlying circula-
tory state.10,16

Post-traumatic skeletal muscle microcirculation. The
observation that microvascular disturbances of skeletal
muscle may be considered to be a starting point for develop-
ing tissue damage after severe standardised closed soft-
tissue injury confirms previous studies.3,4 They are likely to
be the consequence of several factors, including direct
destruction of microvessels, microvascular thrombosis and
decreased nutritive capillary perfusion, persistently
enhanced leakage and leukocyte-endothelial cell interaction
leading to increased oedema and tissue pressure. Together,
these factors appear progressively to impede the viability
and function of the entire skeletal muscle.

In our study we have shown that HS/HES acutely amel-
iorates the post-traumatic microcirculation by increasing the
FCD and endothelial integrity. These beneficial effects on
nutritional blood flow possibly illustrate the essential princi-
ple of small volume resuscitation which is thought to func-
tion primarily by an osmotically-induced fluid shift into the
intravascular compartment.9,10 On the microcirculatory

level this could attenuate tissue oedema, reduce intercapil-
lary distance and tissue pressure, and enhance blood fluidity
because of a decreased hydraulic flow resistance. From this
it may be argued that HS/HES exerts its beneficial effects in
closed soft-tissue injury by maintaining adequate perfusion
or even reopening capillaries which otherwise would remain
collapsed. In studies showing reversal of shock- or ischae-
mia-induced capillary narrowing by hypertonic-hyperon-
cotic solutions this has been interpreted as direct evidence
of the ability of HS/HES to reduce swelling of endothelial
cells.9,29 In our study, however, lumenal capillary diameters
were found to be unchanged in response to HS/HES. This
suggests that the cellular basis of the HS/HES-mediated
protection of the post-traumatic microcirculation differs
partly from the HS/HES-induced mechanisms responsible
for reversal of shock-8,9 or ischaemia-induced capillary dys-
function.26,29

Previous studies have shown that although endothelial
integrity is deranged immediately after closed soft-tissue
injury, microvascular permeability displays a gradual
increase with significant peak levels not earlier than 24
hours after injury.3,4 Thus, it is conceivable that two hours
after closed soft-tissue injury, i.e. one hour of treatment with
HS/HES, macromolecular leakage is just about to increase
and initial changes are too small to reveal a significant dif-
ference.

Treatment of severe closed soft-tissue injury with HS/
HES did not significantly affect capillary and venular red
blood cell velocity. These findings are in line with previous
studies. Using hyperosmolar saline dextran for the treatment
of reperfusion injury in striated muscle of hamsters, Nolte et
al26 also found no effect on blood flow velocity when com-
pared with normal saline.

In addition, HS/HES was also shown significantly to
reduce the accumulation and adherence of leukocytes to the
endothelium of postcapillary venules, which have been
shown to be critically involved in the generation of
postischaemic6,30,31 and post-traumatic microvascular
injury.4 These leukocyte-mediated pathways, including pro-
duction of reactive O2 radicals, expression of adhesion mol-
ecules, and increase in hydraulic flow pressure because of
microvascular adherence30 are promoting a persistent pro-
inflammatory state with subsequent tissue damage.
Although HS/HES induced significant haemodilution (hae-
matocrit 28% v 35%) red blood cell velocity was only
slightly shifted to higher values and calculated venular wall
shear rates were comparable between both experimental
groups. Therefore it is likely that the difference in the
number of rolling and adherent leukocytes did not solely
result from changes in physical forces or rheological char-
acteristics, counteracting leukocyte-endothelial cell contact.
Direct evidence for this selective inhibitory effect of HS/
HES on leukocyte-endothelial cell interaction in trauma-
tised skeletal muscle has not been provided so far. Specifi-
cally, the lower microvascular haematocrit associated with a
decreased margination of leukocytes within the bloodstream
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Mean (±SEM) change in blood flow (erythrocyte flux measured by laser Dop-
pler flowmetry) of rat EDL two hours after trauma and 30 minutes after treat-
ment with either HS/HES or NS (p# < 0.05 v NS).
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causing less endothelial contact appears to be one principal
cause for reduced leukocyte adherence after treatment with
HS/HES.29,32

Erythrocyte flux as assessed by laser Doppler flowme-
try is calculated from the product of velocity and concen-
tration of moving blood cells.20 Red blood cell velocity in
capillaries and postcapillary venules remained unchanged
in response to HS/HES when compared with NS (Table
IV). Therefore, the significant HS/HES-induced increase
in erythrocyte flux possibly reflects the enhanced total
blood cell movement (concentration) caused by the
increase in length and number of perfused capillaries, i.e.
the FCD.

However, the results should be interpreted with reference
to the fact that only acute effects of HS/HES on the micro-
circulation were analysed. Further investigations are
required to analyse whether the initial boosting effects of
HS/HES on the post-traumatic microcirculation are only
transient in nature or will indeed last and significantly
improve the net biological response over time.

In conclusion, our findings provide evidence that acute
microvascular deteriorations, trauma-induced inflammatory
response and tissue oedema after closed soft-tissue injury
may be effectively reversed by small volume infusion of
HS/HES. They reinforce the concept that the post-traumatic
microcirculation may serve as a target for therapeutic inter-
ventions. Therefore, the appropriate use of HS/HES after
severe closed soft-tissue injury appears to be an effective
primary intervention which may support tissue perfusion
and protect soft tissue from regional shock phenomena by
prevention of microvascular dysfunction.
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