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Goal-directed Colloid Administration Improves the
Microcirculation of Healthy and Perianastomotic Colon
Oliver Kimberger, M.D.,* Michael Arnberger, M.D.,* Sebastian Brandt, M.D.,* Jan Plock, M.D.,†
Gisli H. Sigurdsson, M.D., Ph.D.,‡ Andrea Kurz, M.D.,§ Luzius Hiltebrand, M.D.*

Background: The aim of this study was to compare the effects
of goal-directed colloid fluid therapy with goal-directed crystal-
loid and restricted crystalloid fluid therapy on healthy and
perianastomotic colon tissue in a pig model of colon anastomo-
sis surgery.

Methods: Pigs (n � 27, 9 per group) were anesthetized and
mechanically ventilated. A hand-sewn colon anastomosis was
performed. The animals were subsequently randomized to one
of the following treatments: R-RL group, 3 ml · kg-1 · h�1 Ringer
lactate (RL); GD-RL group, 3 ml · kg-1 · h�1 RL � bolus 250 ml of
RL; GD-C group, 3 ml · kg-1 · h�1 RL � bolus 250 ml of hydroxy-
ethyl starch (HES 6%, 130/0.4). A fluid bolus was administered
when mixed venous oxygen saturation dropped below 60%.
Intestinal tissue oxygen tension and microcirculatory blood
flow were measured continuously.

Results: After 4 h of treatment, tissue oxygen tension in
healthy colon increased to 150 � 31% in group GD-C versus
123 � 40% in group GD-RL versus 94 � 23% in group R-RL
(percent of postoperative baseline values, mean � SD; P <
0.01). Similarly perianastomotic tissue oxygen tension in-
creased to 245 � 93% in the GD-C group versus 147 � 58% in
the GD-RL group and 116 � 22% in the R-RL group (P < 0.01).
Microcirculatory flow was higher in group GD-C in healthy
colon.

Conclusions: Goal-directed colloid fluid therapy significantly
increased microcirculatory blood flow and tissue oxygen ten-
sion in healthy and injured colon compared to goal-directed or
restricted crystalloid fluid therapy.

WOUND dehiscence and insufficient anastomosis are
frequent and serious complications of colorectal surgery
despite significant advances in surgical techniques and

perioperative anesthesiological management. Anasto-
motic leakage occurs in 10–20% of all patients undergo-
ing colon resection,1,2 is associated with high morbidity
and mortality,3,4 and increases cancer recurrence rate.5

Surgical6 and systemic7 factors contribute to the devel-
opment of anastomotic leakage. Various aspects of
perioperative anesthesiologic management have been
shown to have a significant influence on outcome after
major abdominal surgery. Preservation of normother-
mia,8 normovolemia,9–12 treatment with supplemental
oxygen,13,14 and goal-directed fluid therapy15–17 de-
crease morbidity and improve patient outcome.18–20

It is valid to hypothesize that the above-mentioned
perioperative treatment strategies have a similar com-
mon pathway influencing anastomotic healing, namely
local tissue perfusion and tissue oxygen tension. Tissue
perfusion and tissue oxygen tension are severely im-
paired in the surgical wound,21–23 and additional vaso-
constriction due to stress, pain or hypovolemia cause the
local oxygen supply-demand mismatch to deteriorate
further. Likely intestinal tissue edema due to volume
overload can also have detrimental effects on intestinal
tissue function and increase the extent of anoxic zones,
although valid evidence is lacking, to the best of our
knowledge.

Although anesthesiologists appreciate the impor-
tance of normovolemia, there is an ongoing debate
about the right amount and the right type of fluid to be
administered perioperatively in major surgery. Some
anesthesiologists advocate high24 –26 or low11,12,27 vol-
ume regimens, and others promote the use of a goal-
directed fluid therapy15,17,18,20 with crystalloid or col-
loid administration28 –31 and with different goals, like
mixed venous oxygen saturation,18 difference in pulse
pressure,20 or corrected flow time as measured by
esophageal Doppler.15,19,32

Previous studies of the perfusion and tissue oxygen
tension of perianastomotic tissue have been con-
ducted with fixed fluid treatment protocols22,33; de-
spite several positive outcome studies with goal-di-
rected colloid fluid,15,17,18,20 the actual effect of a
perioperative goal-directed crystalloid or colloid fluid
therapy on the tissue of interest, the perianastomotic
colon tissue, is still unknown.

The current study tests the hypothesis that goal-di-
rected fluid therapy with colloids increases perianasto-
motic tissue oxygen tension and perfusion in compari-
son to a goal-directed crystalloid and a restricted
crystalloid fluid therapy. In addition, we studied the
effects of the three fluid treatments on systemic hemo-
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dynamic parameters, on intestinal and pulmonary wet/
dry ratio, and on regional metabolism as measured by
microdialysis.

Materials and Methods

After approval from the Animal Ethics Committee of
the City of Bern, Switzerland, and in accordance with the
Swiss National Institutes of Health guidelines for the care
and use of experimental animals, we studied 27 healthy
Swiss landrace pigs.

The pigs were premedicated with xylazine (2 mg ·
kg�1) and intramuscular ketamine (20 mg · kg�1). An ear
vein was subsequently cannulated with an intravenous
catheter for the administration of medications and fluid.
For induction of anesthesia, midazolam 0.4 mg · kg�1

and 1 mg of atropine were administered. After induction,
the pigs were intubated orally and ventilated with oxy-
gen in air (FIO2 � 0.3). For maintenance of anesthesia,
midazolam 0.5 mg · kg�1 · h�1, fentanyl 15 �g · kg�1 ·
h�1, pancuronium 0.3 mg · kg�1 · h�1, and propofol 0.15
mg · kg�1 · h�1 were administered continuously. The
pigs were ventilated with a volume-controlled ventilator
(Servo 900C; Siemens, Munich, Germany). Tidal volume
was kept at 8–10 ml · kg�1, the respiratory rate was
adjusted (20–24 breaths · min�1) to maintain end-tidal
carbon dioxide tension (PaCO2) at 40 � 4 mmHg, and the
positive end-expiratory pressure was 5 mmHg. After
induction of anesthesia, all animals received 1.5 g of IV
cefuroxim as an antibiotic prophylaxis. Animal stomachs
were emptied with a large-bore orogastric tube. Body
temperature of the animals was maintained at 38.0 �
0.5°C with a warming mattress and a patient air warm-
ing system (Warm Touch 5700; Mallinckrodt, Neu-
stadt, Germany).

Surgical Preparation
For direct arterial blood pressure monitoring, an arte-

rial catheter was inserted in the carotid artery. A balloon-
tipped pulmonary artery catheter was inserted via the
right external jugular vein.

For further invasive monitoring and anastomosis sur-
gery, a midline laparotomy was performed. A bladder
catheter was inserted via a small incision in the bladder
wall.

For assessment of microcirculatory blood flow, Laser
Doppler flow probes (LDF; Oxford Optronix, Oxford,
United Kingdom) were sutured through small incisions
to the mucosa of healthy and perianastomotic colon as
previously described.34 Two additional Laser Doppler
flow probes were sutured to healthy and perianasto-
motic colon muscularis. Each LDF probe was secured
with six microsutures to ensure close contact with the
region of interest and to prevent motion disturbance
due to respiration and peristaltic movements. All co-

lonic incisions were subsequently closed with contin-
uous sutures.

Polarographic tissue oxygen tension probes were in-
serted into healthy and perianastomotic colonic tissue
between the serosal and the mucosal tissue planes. This
method has been described previously.22,35

A colon anastomosis was subsequently performed. Mi-
crodialysis catheters (CMA/20; CMA Microdialysis, Solna,
Sweden) were placed in healthy and perianastomotic
colon between the serosal and the mucosal tissue
planes.36 The perianastomotic microdialysis catheter
was inserted 2 cm proximal of the anastomosis. Finally,
the perianastomotic vessels were ligated until the peri-
anastomotic tissue oxygen tension measured 20–30
mmHg to reach “critical” tissue oxygen tension values.37

The abdominal incision was closed, and the pigs were
allowed to stabilize for 30 min. A baseline measurement
was performed during this time. After 30 min, all hemo-
dynamic measurements were repeated every 30 min for
4 h. Blood samples were drawn after stabilization and
hourly during treatment, after the measurements of he-
modynamic parameters.

During catheter insertion and anastomosis surgery, all
animals received 3 ml · kg�1 · h�1 of Ringer lactate (RL),
reflecting a typical, restricted fluid replacement thera-
py.38 The pigs were then assigned to one of three fluid
treatment groups using a reproducible set of computer-
generated random numbers. The assignments were kept
in sealed, opaque, and sequentially numbered envelopes
until used. Treatment was initiated 15 min after the
baseline measurement was performed.

Fluid Treatment Groups
The fluid treatment groups were established as fol-

lows: Restricted RL (Group R-RL), fixed rate of 3 ml ·
kg�1 · h�1 RL; goal-directed crystalloid therapy (Group
GD-RL), fixed rate of 3 ml · kg�1 · h�1 RL, if mixed
venous oxygen saturation was � 60%, a 250-ml bolus of
RL was administered with a 30-min lockout time be-
tween two boluses; goal-directed colloid therapy (Group
GD-C), fixed rate of 3 ml · kg�1 · h�1 RL, if mixed venous
oxygen saturation was � 60%, a 250-ml bolus of colloid
(hydroxyethyl-starch 130/0.4) was administered (30-min
lockout time).

Measurements
Hemodynamic, Respiratory, and Core Tempera-

ture Measurements. Heart rate was measured from the
electrocardiogram. Mean arterial blood pressure, central
venous pressure, mean pulmonary artery pressure, and
pulmonary capillary wedge pressure were recorded with
standard pressure transducers. All measurements except
pulmonary capillary wedge pressure were displayed con-
tinuously on a multimodular monitor (S/5, Critical Care
Monitor; GE Health Care, Chalfont St Giles, United King-
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dom). A thermodilution method was used to measure
cardiac output every 30 min (the average of three mea-
surements was calculated automatically by the monitor).
Mixed venous oxygen saturation and hepatic vein oxy-
gen saturation were continuously measured with fiber-
optic catheters. Expired minute volume, tidal volume,
respiratory rate, peak and other respiratory pressures,
positive end-expiratory pressure, inspired and end-tidal
carbon dioxide fraction, and inspired/expired oxygen
fraction were monitored throughout the study. Core
temperature was measured with a temperature probe
incorporated in the pulmonary artery catheter.

Cardiac index (ml · kg�1 · min�1) and systemic vascu-
lar resistance index (mmHg · kg�1 · min�1) were in-
dexed to body weight. Systemic vascular resistance in-
dex was calculated as: systemic vascular resistance index
� (mean arterial pressure – central venous pressure)/
cardiac index. Systemic oxygen delivery index (ml · kg�1

· min�1) and systemic oxygen consumption index (ml ·
kg�1 · min�1) were calculated using the following for-
mulas: systemic oxygen delivery index � (cardiac index
� arterial oxygen content); systemic oxygen consump-
tion index � (cardiac index � (arterial – mixed venous
oxygen content)). Oxygen content (ml · O2

–1 · ml–1

blood) � ((arterial oxygen pressure � 0.0031) � (he-
moglobine � arterial oxygen saturation � 1.36))/100.

Blood Gas Measurements. Arterial and mixed ve-
nous blood gas measurements were performed every 60
min. Oxygen pressure (PO2), carbon dioxide pressure
(PCO2), pH, lactate, oxygen saturation (SO2), base excess,
and total hemoglobin concentration (hemoglobin)
were immediately measured with an analyzer designed
for porcine blood (OSM 3; Radiometer, Copenhagen,

Denmark) and with a human blood gas analyzer (ABL
520; Radiometer).

Tissue Oxygen Tension Measurement. For intesti-
nal tissue oxygen tension measurement, the surgeon
inserted the polarographic tissue oxygen tension sensors
through a 20-gauge cannula into a section of healthy and
of perianastomotic colon (2 cm proximally of the anas-
tomosis) between the serosal and the mucosal tissue
planes. This method has been previously described by
several authors.22,33,39 Care was taken to minimize han-
dling of the intestines and to return the bowels to a
neutral position.

Laser Doppler Flowmetry. Laser Doppler flowmetry
(LDF) probes were positioned on the muscularis and the
mucosal side of healthy and perianastomotic colon. The
technique of Laser Doppler flowmetry has been de-
scribed previously.40,41 LDF measurements are recorded
in “blood perfusion units,” a relative units scale defined
using a controlled motility standard comprising a suspen-
sion of latex spheres undergoing Brownian motion. In
the literature, due to a relatively large variability of base-
line values, the results are expressed as changes relative
to baseline as was done in the present study.

The signals of the LDF and the polarographic tissue
oxygen tension probes were visualized and recorded on
a computer monitor via a multichannel interface with a
sampling rate of 10 Hz (MP100; Biopac Systems, Goleta,
CA) with acquisition software (Acqknowledge 3.9;
Biopac Systems). If the signal quality of any probe was
poor, the probe’s position was corrected immediately.
Samples were averaged over 5-min intervals to obtain
measurement values for analysis.

Microdialysis. Intestinal glucose, lactate, and pyru-
vate were measured using microdialysis probes (CMA/

Table 1. Hemodynamic Variables, Urine Output, Mixed Venous Saturation

Restricted (R-RL) Goal-directed Crystalloid (GD-RL)

0 min 30 min 180 min 240 min 0 min 30 min 180 min 240 min

HR, min–1*† 117 � 2 117 � 4 123 � 15 128 � 14 110 � 11 101 � 4 106 � 15§ 103 � 18§
MAP, mmHg† 60.1 � 7.0 60.1 � 7.8 62.2 � 10.1 59.9 � 6.8 58.3 � 9.1 60.0 � 8.3 71.8 � 8.2 70.5 � 8.8
CVP, mmHg 2.8 � 1 3.1 � 0.8 3.3 � 0.7 2.8 � 1.1 3 � 1.1 3.3 � 1.1 3.8 � 1.1 4 � 0.9
mPAP, mmHg 14 � 2 14 � 2 15 � 2 15 � 2 14 � 2 15 � 3 16 � 2 17 � 1
PCWP, mmHg*† 3.1 � 0.6 3.3 � 0.7 3.2 � 0.9 2.9 � 0.7 3.3 � 1.1 3.6 � 1 3.9 � 1.2 4.4 � 1.2§
CI, ml · min–1 · kg–1*†‡ 79 � 8 77 � 7 70 � 8 69 � 8 80 � 14 89 � 14# 101 � 18§ 104 � 12§#
DO2, ml · min–1 · kg–1*† 109 � 11 103 � 11 97 � 12 97 � 12 109 � 17 116 � 19 134 � 26§ 130 � 18§
ER, %*†‡ 49 � 5 48 � 6 50 � 6 50 � 4 51 � 4 50 � 4# 44 � 4# 42 � 7§
Hb art, g/l† 101 � 7 102 � 6 105 � 9 104 � 6 100 � 10 99 � 10 96 � 6 90 � 8
Urine, ml · g–1 · h–1†‡ 1.5 � 0.8 0.4 � 0.3 0.9 � 0.4 0.9 � 0.2 1.7 � 1.8 0.8 � 0.7 1.2 � 0.4# 1.1 � 0.5#
SvO2, %*†‡ 49.5 � 4.3 52.3 � 5.8 47.9 � 5.1 48.2 � 3.9 48.0 � 6.0 50.5 � 5.8# 55.0 � 3#§ 55.9 � 5#§

Data presented as mean � SD. t � 0 baseline values before randomization; at t � 30 min, effects of one fluid bolus in groups GD-RL and GD-C.

Significant differences (P � 0.05) for area under the curve (AUC): * R-RL vs. GD-RL; † R-RL vs. GD-C; ‡ GD-RL vs. GD-C. Significant differences (P � 0.05) for
analysis of variance for repeated measurements (Tukey post-hoc test): § R-RL vs. GD-RL; �� R-RL vs. GD-C; # GD-RL vs. GD-C. Group R-RL received 3 ml · kg–1

· h–1 RL; Group GD-RL received 3 ml · kg–1 · h–1 RL � 250 ml of RL if SvO2 was less than 60%; Group GD-C received 3 ml · kg–1 · h–1 RL � 250 ml of hydroxyethyl
starch (HES; 130/0.4) if SvO2 was less than 60%.

CI � cardiac index; CVP � central venous pressure; DO2 � systemic oxygen delivery; ER � systemic oxygen extraction ratio; Hb art � arterial hemoglobin
concentration; HR � heart rate; MAP � mean arterial pressure; mPAP � mean pulmonary artery pressure; PCWP � pulmonary capillary wedge pressure; SvO2 � mixed
venous saturation.
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20). The microdialysis probe consisted of a polyethersyl-
fone membrane with a molecular cut-off of 100,000
Dalton (probe size: length, 10 mm; OD, 0.5 mm). Before
being used in vivo, the probes were flushed for 10 min
with 70% ethanol to remove residual glycerol and for
another 5 min with purified water to remove the etha-
nol. Before start of the experiment, the probe’s relative
recovery of glucose, lactate, and pyruvate was estab-
lished in vitro at 30°C with known concentrations of
glucose (5.55 mM), lactate (2.5 mM), pyruvate (250 mM),
and glycerol (475 mM) (Calibrator A; CMA Microdialysis).
The probes were perfused at a constant flow rate of 1 �l
· min�1. After a period of 30 min, which is considered to
be necessary to reach steady state equilibration, two
samples were collected during fixed time intervals of 30
min. The recovery of the particular substance was then
calculated as follows: Recovery in vitro � mean concen-
tration dialysate � concentration standard solution�1 �
100. During the study, the dialysate was collected in
microvials for laboratory analysis. Dialysate was col-
lected during the final 30 min of baseline and during
treatment every 60 min for 30 min. Glucose, lactate, and
pyruvate concentrations were measured using the CMA
600 system (CMA Microdialysis), which performs a spec-
trophotometric assay catalyzed by a kinetic enzymatic
reaction for each parameter.

Wet/Dry Weight Ratio. Tissue samples were col-
lected immediately after euthanasia for wet/dry weight
ratio measurements from lung, healthy colon, and peri-
anastomotic colon. Wet/dry ratio was measured with the
formula: wet weight � freeze-dried weight�1.

Statistical Methods
A power analysis was conducted as follows: Previous

studies suggest a difference in tissue oxygen tension of
more than 15 mmHg is clinically relevant.42 The SD of
colonic tissue oxygen tension values in similar studies is
typically approximately 15 mmHg.22,39 Assuming a dif-
ference of at least 20 mmHg between the three treat-
ment groups, 9 pigs in each group provide an 80%

power to detect a significant difference between the
groups at an a-level of 0.05.

Before statistical analysis, data were tested for normal-
ity by QQ-plot and by Kolmogorow-Smirnow test. Base-
line data were compared with analysis of variance
(ANOVA) or Kruskall-Wallis test to exclude group dis-
crepancies before start of treatment. Differences be-
tween the treatment groups for variables over time were
assessed by ANOVA for repeated measurements with
group as between-subject factor and time as within-
subject factor. If a significant difference between the
groups was detected, a post hoc test was performed to
assess differences at individual time points. To account
for multiple comparisons, a Tukey correction was em-
ployed. In addition, the area under the variable-time
curve for each variable of interest was calculated and
compared with ANOVA for group differences. Again a
Tukey post hoc test was performed to compare individ-
ual treatments if the ANOVA had detected significant
differences between the groups. As aforementioned, mi-
crocirculatory blood flow values (LDF) were trans-
formed before statistical analysis so that baseline values
were 100%. Similarly perianastomotic tissue oxygen ten-
sion values were transformed due to their large baseline
variation. Absolute values were used for all other calcu-
lations. Data are presented as mean � SD unless other-
wise specified. P � 0.05 was considered significant. For
statistical calculations, SAS Version 8 (SAS Institute Inc.,
Cary, NC) was used.

Results

All animals (n � 27; 9 animals per group) survived
until the end of the treatment period. Animals in the low
restricted crystalloid group received 924 � 44 ml of RL
during the entire study. Animals in the goal-directed crys-
talloid group received 943 � 68 ml of RL plus 1794 � 211
ml of RL as boluses of RL during the study. Animals in the
colloid group received 917 � 41 ml of RL plus 831 �
267 ml as boluses of HES during the study. There were
no differences in hemodynamic or metabolic variables
for baseline measurements (table 1, t � 0 min) between
the three fluid groups.

Mixed Venous Oxygen Saturation, Systemic
Hemodynamic Variables, Arterial Hemoglobin (Table 1)
Mean mixed venous oxygen saturation was below the

target value of SvO2 of at least 60% in all three groups
before start of treatment (baseline, t � 0 min). In the
R-RL group, mean mixed venous saturation remained
below 60% throughout the study (48.2 � 3.9% after 4-h
treatment). After the first fluid bolus, mixed venous
oxygen saturation greater than 60% was reached in all
animals in the GD-C group but in only one of nine
animals in the GD-RL group. Until the end of the study,

Table 1. Continued

Goal-directed Colloid (GD-C)

0 min 30 min 180 min 240 min

113 � 7 98 � 9 106 � 16�� 101 � 20��
57.2 � 6.9 74.5 � 11�� 72.6 � 8.6�� 76.1 � 10.0��

3 � 0.7 4.3 � 0.7 3.8 � 1.1 4.2 � 0.9
14 � 2 17 � 3 16 � 3 16 � 2

3.3 � 0.5 4.6 � 0.8�� 3.9 � 1.1 3.7 � 0.9
83 � 11 123 � 19��# 111 � 19�� 116 � 19��#

116 � 18 141 � 22�� 151 � 33�� 158 � 38��
50 � 6 38 � 5#† 38 � 4#�� 37 � 5��
97 � 12 86 � 10�� 89 � 11�� 87 � 12��

1.2 � 1 1.4 � 0.8 3.3 � 1#�� 2.6 � 1.6#��
50.0 � 4.2 63.1 � 5#�� 61.2 � 2#�� 62.5 � 3.5#��
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six of nine animals had not reached the mixed venous
saturation goal of 60% in the GD-RL group, despite re-
peated boluses.

Heart rate was lower in both goal-directed groups
versus R-RL (P � 0.008). Mean arterial pressure was
significantly higher in the GD-C versus the R-RL group
(P � 0.007). Cardiac index differed in all groups (P �
0.001) and increased by 54 � 17% in the GD-C, in-
creased by 21 � 11% in the GD-RL group, and decreased
by 12 � 7% in R-RL (percent of postoperative baseline).
After 4 h of treatment, central venous pressure and mean
pulmonary artery pressure were not different among the
groups; in contrast, pulmonary capillary wedge pressure
was higher in groups GD-C and GD-RL versus the R-RL
group (P � 0.042). Systemic oxygen delivery (P �
0.001) and systemic oxygen extraction ratio (P � 0.001)
increased significantly in both goal-directed groups ver-
sus the R-LR group. All groups had comparable arterial
and mesenteric blood pH, PO2, PCO2, and lactate levels
throughout the study. Arterial hemoglobin concentra-
tion increased in group R-RL and differed from group
GD-C (P � 0.01).

Colon Tissue Oxygen Tension (Figs. 1A, B) and
Microcirculatory Blood Flow in the Colon (Figs. 2A–D)
In healthy colon tissue, oxygen tension in group GD-C

was higher in comparison to the R-RL group (P � 0.001).
After 4 h of treatment, healthy colon tissue oxygen
tension increased to 150 � 31% in the GD-C group and
to 123 � 40% in the GD-RL group and decreased to 94 �
23% in group R-RL (percent of postoperative baseline).
After 4 h of treatment, perianastomotic tissue oxygen
tension increased to 245 � 93% in the GD-C group, to
147 � 58% in the GD-RL, and to 116 � 22% in group
R-RL (P � 0.001).

Microcirculatory blood flow as measured by LDF in
healthy colon mucosa increased only in the GD-C
group, immediately after the first colloid bolus (P �

0.033). An increase was also measured in healthy
colon muscularis (not significant). Microcirculatory
blood flow did not differ among the groups in peri-
anastomotic mucosal tissue. Microcirculatory blood
flow in perianastomotic muscularis tissue was signifi-
cantly higher in group GD-C compared with the
GD-RL group (P � 0.042).

Intestinal Microdialysis Measurements, Regional
Blood Gas
Colonic or perianastomotic microdialysis measure-

ments for tissue glucose or lactate/pyruvate ratios were
not significantly different among the groups (fig. 3A–D).

Colon and Pulmonary Wet/Dry Weight Ratio
The wet/dry weight ratio of lung tissue was signifi-

cantly higher in both the GD-RL and the GD-C group
versus R-RL (P � 0.003) (fig. 4A–C). There were no
differences among the groups in wet/dry weight ratio
measurements in healthy or anastomotic colon tissue.

Discussion

This study demonstrates in a porcine model of open
colon surgery that perioperative goal-directed adminis-
tration of colloids markedly increases tissue oxygen ten-
sion and microcirculatory perfusion in healthy and peri-
anastomotic colon. In the fluid-restricted group, colon
tissue oxygen tension and perfusion remained at a lower
level during the whole study, and both parameters in-
creased slightly in the goal-directed crystalloid group.
Interestingly, at the same time, there were no or only
comparably small differences in hemodynamic parame-
ters, i.e., heart rate, mean arterial pressure, central ve-
nous pressure, cardiac index, pulmonary capillary
wedge pressure, and arterial lactate among the three
treatment groups.

Fig. 1. Intramural tissue oxygen tension in (A) healthy colon (mmHg, means � SD) and (B) perianastomotic colon (%; means � SD).
Tissue oxygen tension was set at 100% at baseline (t � 0 min) for perianastomotic colon. Group R-RL (restricted Ringer lactate)
received 3 ml · kg�1 · h�1 Ringer lactate (RL); Group GD-RL (goal-directed RL) received 3 ml · kg�1 · h�1 RL � 250 ml of RL if SvO2

was less than 60%; Group GD-C (goal-directed colloid) received 3 ml · kg�1 · h�1 RL � 250 ml of hydroxyethyl starch (HES; 130/0.4)
if SvO2 was < 60%. Significant differences (P < 0.05) for area under the curve (AUC): # � R-RL vs. GD-RL, † � R-RL vs. GD-C, $ � GD-RL
vs. GD-C. Significant differences (P < 0.05) for ANOVA for repeated measurements (Tukey post hoc test): * � R-RL vs. GD-RL, � � R-RL
vs. GD-C, § � GD-RL vs. GD-C.
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Several recent patient studies showed improved pa-
tient outcome after a goal-directed colloid fluid ther-
apy in major surgery.16,18,43,44 The basic, tissue-level
mechanisms, why the perioperative administration of
colloid fluid had such a big impact on subsequent
outcome, were not known. Our results help explain

these findings; in the present study, the regional col-
loid fluid effects in injured, perianastomotic tissue
were distinctly greater than systemic colloid effects.
This supports the notion that improved patient out-
come is primarily caused by improved periopera-
tive intestinal microcirculatory blood flow and in-

Fig. 2. Microcirculatory blood flow in (A) healthy colon mucosa, (B) healthy colon serosa, (C) perianastomotic mucosa, and (D)
perianastomotic serosa (%, means � SD). Blood flow was set at 100% at baseline (t � 0 min). Group R-RL (restricted Ringer lactate)
received 3 ml · kg�1 · h�1 Ringer lactate (RL); Group GD-RL (goal-directed RL) received 3 ml · kg�1 · h�1 RL � 250 ml of RL if SvO2

was less than 60%; Group GD-C (goal-directed colloid) received 3 ml · kg�1 · h�1 RL � 250 ml of hydroxyethyl starch (HES; 130/0.4)
if SvO2 was < 60%. Significant differences in panels A, B, and D (P < 0.05) for area under the curve (AUC): # � R-RL vs. GD-RL, † �
R-RL vs. GD-C, $ � GD-RL vs. GD-C. Significant differences in panels A, B, and D (P < 0.05) for ANOVA for repeated measurements
(Tukey post hoc test): * � R-RL vs. GD-RL, � � R-RL vs. GD-C, § � GD-RL vs. GD-C. No significant differences were detected in C.

Fig. 3. Glucose concentration in (A)
healthy colon tissue and (B perianasto-
motic tissue measured by microdialysis
(mmol/l; bar � mean; whisker � SD).
Lactate/Pyruvate-ratio (L/P-ratio) concen-
tration in (C) healthy colon tissue and (D)
perianastomotic colon tissue measured
by microdialysis (no unit; bar � mean;
whisker � SD). Group R-RL (restricted
Ringer lactate) received 3 ml · kg�1 · h�1

Ringer lactate (RL); Group GD-RL (goal-
directed RL) received 3 ml · kg�1 · h�1 RL
� 250 ml of RL if SvO2 was less than 60%;
Group GD-C (goal-directed colloid) re-
ceived 3 ml · kg�1 · h�1 RL � 250 ml of
hydroxyethyl starch (HES; 130/0.4) if
SvO2 was < 60%. No statistically signifi-
cant differences among the groups were
detected.
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creased tissue oxygen tension due to colloid fluid
administration.

In accordance with the results of a previous study with
fixed crystalloid administration,22 goal-directed adminis-
tration of crystalloids had no pronounced effect on tis-
sue oxygen tension and perfusion in perianastomotic
and healthy colon. In the current study, we extended
our previous abdominal surgical model22 with measure-
ments of microcirculatory blood flow, microdialysis, and
intestinal wet/dry ratio and included a goal-directed colloid
group to allow a direct crystalloid-colloid comparison.

Interestingly, goal-directed colloid therapy increased
perianastomotic tissue oxygen tension and serosal per-
fusion, but perianastomotic mucosal perfusion remained
unchanged. The heterogenity between serosal and mu-
cosal tissue perfusion has already been documented by
several authors.36,45 Mucosal tissue has distinct compen-
satory mechanisms, and mucosal flow is preserved by all
means; we may thus suspect that perianastomotic mu-
cosal flow was already exhausting its available compen-
satory mechanisms to maintain adequate perfusion. Con-
sequently, perfusion could not be increased by fluid
optimization with goal-directed colloids.

Microdialysis measurements in the gut are a fairly novel
technique, and it has been hypothesized that the method
may be used intraperitoneally in patients for early detection
of intestinal tissue ischemia46 and anastomotic leaks.47 Our
results are in accordance with previous reports on intesti-
nal microdialysis in animal models.36,48 Krejci et al.36 found
gut wall glucose to be an early marker of impaired intestinal
perfusion; after a flow reduction of 30% in the mesenteric
artery, intramural glucose concentration began to decrease.
In the current study, we did not find significant differences
for glucose content or lactate/pyruvate ratio between the
groups in either healthy or perianastomotic colon tissue.

We may hypothesize that the hypoperfusion caused by the
restricted fluid treatment was less than in the aforemen-
tioned study and thus caused no significant changes in gut
wall glucose. In addition, it may be suggested that tissue
oxygen tension and perfusion as measured by polaro-
graphic probes and Laser Doppler flow measurements are
more sensitive methods to assess changes in tissue micro-
circulation than intramural intestinal microdialysis.

It has been shown previously that the administration of
colloid fluids improves tissue oxygen tension in skeletal
muscle of animal models49 and patients.50,51 However
there are profound differences for the blood supply of
skin, muscle, and colonic tissue, as has been shown, e.g.,
by the different effect of additional crystalloid fluid on
subcutaneous tissue oxygen tension52 versus intestinal
oxygen tension.22,35 Furthermore, it is not even appro-
priate to assume that perfusion and oxygenation changes
in healthy and perianastomotic intestinal tissue occur in
unison, as the results of our study indicate.

Why the colloid treatment had more beneficial effects
on microcirculatory flow and tissue oxygenation in the
current study is the result of many factors. It is likely that
optimized global hemodynamics had some impact. In
previous studies, hydroxyethyl starch has been shown to
have complex beneficial effects on endothelial cells,
inflammatory response, microvascular permeability, and
rheology, e.g., in trauma,53 in ischemia reperfusion
injury,54 and during sepsis.55 However, in the current
study’s setting, we are not able to separate individual
systemic and regional effects and are not able to con-
clude which factor is primarily responsible for the in-
crease in tissue oxygen tension.

Tissue water content was measured in healthy, peri-
anastomotic, and lung tissue with the wet/dry-ratio
method. In septic animal models, the administration of

Fig. 4. Wet/Dry (W/D) ratio of (A) healthy
colon (P � 0.94), (B) perianastomotic co-
lon (P � 0.62), and (C) lung tissue after
4 h of treatment (P � 0.03). Group R-RL
(restricted Ringer lactate) received 3 ml ·
kg�1 · h�1 Ringer lactate (RL); Group
GD-RL (goal-directed RL) received 3 ml ·
kg�1 · h�1 RL � 250 ml of RL if SvO2 was
less than 60%; Group GD-C (goal-directed
colloid) received 3 ml · kg�1 · h�1 RL �
250 ml of hydroxyethyl starch (HES; 130/
0.4) if SvO2 was < 60%. No statistically
significant differences between the
groups were detected in panels A and B.
Significant differences in panel C (P <
0.05) for ANOVA (Tukey post hoc test):
* � R-RL vs. GD-RL, � � R-RL vs. GD-C.
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hydroxyethyl starch has been shown to inhibit capillary
leakage and thus prevent lung edema and decrease lung
tissue water content.56–58 In contrast, in the lung tissue
of our nonseptic animals there was no difference for
pulmonary wet/dry ratio between crystalloid or colloid
administration, whereas the wet/dry ratios of both the
GD-C and GD-RL animals were significantly higher in
comparison to the restricted fluid group; albeit the dif-
ference was rather small. Surprisingly, there were no
differences of wet/dry ratio among the groups in healthy
or perianastomotic colon tissue. These results suggest
that neither treatment markedly influenced intestinal
edema, yet caution should be exercised during goal-
directed fluid therapy in patients susceptible to lung
edema, as wet/dry ratios were detected in the goal-
directed groups.

This study has some limitations. Stress hormone levels
as a response to possible hypovolemia26 were not mea-
sured. The study used many very invasive measurement
methods not feasible for patient or volunteer use. Con-
sequently, we chose to conduct the study in a porcine
model, as the porcine intestinal system closely approxi-
mates the human intestinal system. Consistent with this
theory, porcine subcutaneous and colonic tissue oxygen
tension were comparable to values observed in hu-
mans.33 As “goal” for our goal-directed therapy, mixed
venous saturation greater than 60% was used according
to a previous study by Pearse et al.18 In the study, Pearse
et al. measured central venous saturation, which is usu-
ally 4% higher than mixed venous saturation,59 and de-
termined a cutoff of 64.4% for a significant reduction in
postoperative complications and length of stay. Obvi-
ously, other goals could have been considered, like
difference in pulse pressure,20 stroke volume varia-
tion,60 or corrected flow time as measured by esoph-
ageal Doppler.15,61

Another limitation is the relatively short observation
period after surgery (4 h). However, previous authors
have suggested that the immediate perioperative pe-
riod constitutes the decisive hours for the later devel-
opment of wound infection or leakage62,63 and thus
merits a special focus. Finally, it is important to keep
in mind that all experimental animals were young and
healthy, which is in contrast to the clinical reality,
where most patients have one or more concomitant
diseases. We tried to imitate reduced ability to com-
pensate a surgical hit by artificially deteriorating anas-
tomotic conditions with additional perianastomotic
blood supply ligations.

In conclusion, goal-directed crystalloid therapy and re-
stricted fluid therapy did not change healthy or perianasto-
motic colon tissue microcirculation. In contrast, goal-di-
rected colloid therapy considerably increased oxygen
tension and perfusion in healthy and injured colon tissue.
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