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BACKGROUND: Low tissue oxygen tension is an important factor leading to the
development of wound dehiscence and anastomotic leakage after colon surgery.
We tested whether supplemental fluid and supplemental oxygen can increase
tissue oxygen tension in healthy and injured, perianastomotic, and anastomotic
colon in an acutely instrumented pig model of anastomosis surgery.
METHODS: Sixteen Swiss Landrace pigs were anesthetized (isoflurane 0.8%–1%)
and their lungs ventilated. The animals were randomly assigned to low fluid
treatment (“low” group, 3 mL � kg�1 � h�1 lactated Ringer’s solution) or high
fluid treatment (“high” group, 10 mL/kg bolus, 18 mL � kg�1 � h�1 lactated
Ringer’s solution) during colon anastomosis surgery and a subsequent mea-
surement period (4 h). Two-and-half hours after surgery, tissue oxygen tension
was recorded for 30 min during ventilation with 30% oxygen. Three hours after
surgery, the animals’ lungs were ventilated with 100% oxygen for 60 min.
Tissue oxygen tension was recorded in the last 30 min. Tissue oxygen tension
was measured with polarographic Clark-type electrodes, positioned in healthy
colonic wall, close (2 cm) to the anastomosis, and in the anastomosis.
RESULTS: In every group, tissue oxygen tension during ventilation with 100%
oxygen was approximately twice as high as during ventilation with 30% oxygen, a
statistically significant result. High or low volume crystalloid fluid treatment had
no effect on colon tissue oxygen tension.
CONCLUSIONS: Supplemental oxygen, but not supplemental crystalloid fluid, in-
creased tissue oxygen tension in healthy, perianastomotic, and anastomotic colon
tissue.
(Anesth Analg 2007;105:773–9)

Wound infections and colonic anastomotic leak-
age are common and serious surgical complications
(1,2). Successful surgical wound healing and resis-
tance to wound infections critically depend on
adequate tissue oxygen tension (3,4). Similarly, gut
tissue oxygen tension correlates inversely with the
risk of colonic leakage (1).

During surgery, local vascular supply is dis-
rupted as a result of vessel injury and thrombosis.
This leads to a cascade of events, including platelet
degranulation, and release of complement, kinins,
and chemotactic factors. In response, neutrophils,
lymphocytes and, later, macrophages and fibroblasts

migrate to the site of injury. The ensuing combination
of a decreased vascular supply, high cellularity, and
an increased oxygen demand causes wounds to be
hypoxic compared with normal tissue (5).

A simple and effective method for increasing peri-
operative tissue oxygen tension is administration of
supplemental oxygen. Supplemental oxygen increases
subcutaneous (3) and intestinal tissue oxygen tension
(6). Previous studies have shown that tissue oxygen
monitoring during a sudden increase of inspired oxy-
gen (“oxygen challenge”) can be used to determine the
adequacy of fluid resuscitation (7,8).

Additional crystalloid fluid administration in-
creases subcutaneous tissue oxygen tension (9) and
improves outcome for patients undergoing minor
surgery (10,11). However, this conclusion is far from
confirmed, as several clinical studies demonstrated
better outcome with restricted perioperative fluid
administration (12–14).

The effect of supplemental oxygen and supplemen-
tal fluid on the tissue of primary interest, the injured
perianastomotic and anastomotic tissue, has not been
investigated. The objective of the current study was
to test the hypothesis that supplemental fluid (pri-
mary outcome) and supplemental oxygen (secondary
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outcome) increase tissue oxygen tension in healthy
colon, and in perianastomotic and anastomotic colon
tissue.

METHODS
After approval from the Bern University Animal

Studies Committee, we studied 16 healthy domestic
pigs. Pigs were chosen as they are omnivores with an
intestinal physiology closely resembling that of hu-
mans. The pigs were approximately 8 months old and
weighed 32.1 � 1.8 kg. All animals were fasted
overnight and had free access to water.

A peripheral IV catheter was inserted in the ear for
administration of fluids and medications. Anesthesia
was induced with midazolam 10 mg, atropine 1 mg,
xylazine (1 mg/kg), and ketamine (1 mg/kg), and
maintained with inhaled isoflurane (0.8%–1.0%), 0.6
�g � kg�1 � h�1 fentanyl, and pancuronium 0.02
mg � kg�1 � h�1 IV. All pigs were endotracheally
intubated, and their lungs were mechanically ven-
tilated with 11–14 breaths/min, a tidal volume of
approximately 8 –10 mL/kg and a Fio2 of 30%
during surgery.

Surgical Preparation
An arterial catheter was inserted in the femoral

artery for direct arterial blood pressure monitoring. A
balloon-tipped pulmonary artery catheter was in-
serted via the external or internal jugular vein. A
urinary catheter was placed as well. After catheter
insertion, initial hemodynamic and blood gas baseline
values were recorded.

For intestinal tissue oxygen tension monitoring and
anastomosis surgery, a midline laparotomy was per-
formed. The colon anastomosis was performed by an
experienced surgeon. For intramural intestinal oxygen
tension measurement, the surgeon inserted the Clark-
type tissue oxygen tension sensors through a 20-gauge
cannula into a section of the healthy and perianasto-
motic colon between the serosal and the mucosal
tissue planes. This method has been used by several
authors (6,15), and results in tissue oxygen tension
measurements that are slightly higher than noninva-
sive serosal tissue oxygen tension measurements (16).
For intra-anastomotic measurement, the probe was
sewn between the wound edges during anastomosis
closure, and was similarly located between serosal
and mucosal surfaces. Care was taken to minimize
handling of the intestines and to return the bowel to a
neutral position. Intestinal retractors were not used.
To avoid fluid loss by evaporation, the abdomen
remained closed after surgery until the end of the
study.

Tissue Oxygen Tension Measurement
Tissue oxygen tension was measured with a

temperature-corrected Clark-type electrode (Licox, Ge-
sellschaft für Medizinische Sondensysteme, Kiel, Ger-
many). In vitro accuracy of the electrodes in a water

bath at 37°C is �3 mm Hg for the range from 0 to 100
mm Hg, and �5% for the range 100–360 mm Hg (17).
Thermistors are incorporated in the probes, as the
polarographic electrodes are temperature-sensitive
with a deviation of 0.25%/°C. Calibration remains
stable (within 8% of baseline value) for at least 8 h. For
calibration purposes, a calibration card containing
factory calibration settings was inserted into the Licox
device. All sensors were exposed to room air (ambient
Po2 154 mm Hg) before measurements to ensure
adequate function. All air-Po2 values measured before
insertion were �10% of 154 mm Hg. To exclude a
significant drift of the Licox probe (�10%), probes
were again exposed to room air after each investiga-
tion. No relevant drift was observed throughout the
entire study. Correct positioning of the Licox probe
was confirmed by macroscopic inspection and mea-
surement values typical of colon tissue at Fio2 of 30%,
e.g., approximately 50 � 15 mm Hg (6). After each
change of Fio2 level, at least 30 min were allowed for
electrode-tissue equilibration. Stabilization of tissue
oxygen tension measurements was defined as less
than �3 mm Hg variation for tissue oxygen measure-
ments in 10 min.

Additional measurements included hemodynamic
and respiratory values. Core temperature was mea-
sured with a thermometer probe inserted into the
distal esophagus. All values, including tissue oxygen
tension values, were recorded manually at 5 min
intervals throughout the study. Arterial blood gas and
thermodilution cardiac output were measured at the
end of each study period. The intestinal tissue was
checked for macroscopic signs of edema (tissue look-
ing bloated or swollen) by the surgeon during initial
anastomosis surgery and at the end of the experiment.

Experimental Design
Preoperatively, all animals were assigned to high or

low crystalloid fluid administration using a computer-
generated randomization list. The treatment was ini-
tiated after start of anastomosis surgery.

• Low crystalloid group (n � 8): 3 mL � kg�1 � h�1

crystalloid (lactated Ringer’s solution).
• High crystalloid group (n � 8): 10 mL/kg initial

crystalloid bolus, 18 mL � kg�1 � h�1 crystalloid
(lactated Ringer’s solution).

The pigs were ventilated with 30% oxygen for 3 h.
Subsequently, the pigs were ventilated with 100%
oxygen for 1 h. For analysis, all continuous measure-
ments obtained over the last 30 min of each oxygen
condition were averaged in each animal. Tissue oxy-
gen tension measurements obtained during change of
Fio2 indicated tissue oxygen tension response to the
oxygen challenge (7,8).

The number of pigs required for this study was
calculated as follows: Previous studies showed that a
difference in subcutaneous tissue oxygen tension of
�15 mm Hg is clinically important (4). The standard
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deviation of previous tissue oxygen tension studies in
animals (6) and humans typically ranges between 10
and 20 mm Hg. Assuming a difference of at least 20
mm Hg between the fluid treatment groups and a
standard deviation of 14 mm Hg, eight animals in each
group provide an 80% power to detect a significant
difference between the two fluid groups at an [alpha]-
level of 0.05.

Statistical Analysis
Data were tested for normal distribution using

Q–Q-plot and Shapiro-Wilk-test. Normally distrib-
uted data are presented as mean � sd. Non-
normally distributed data are presented as median
(interquartile range). Baseline data were compared
between the groups with unpaired Student’s t-test.
For comparison of Fio2 conditions, paired t-test and
Wilcoxon’s signed rank test were used for normally
distributed data and non-normally distributed data
respectively. ANOVA for repeated measurements
was used to test for differences between the treat-
ment groups. As anastomosis tissue oxygen tension

was not normally distributed, a natural log trans-
formation was used in the repeated measurements
ANOVA. SPSS 11.0 (Chicago, IL) was used for
statistical calculations. P � 0.05 was considered
statistically significant.

RESULTS
All animals (n � 16) survived until the end of the

treatment period (4 h). There were no differences for
hemodynamic or blood gas variables during baseline
between the groups.

Hemodynamic Variables and Blood Gas Results During
Treatment (Table 1)

Animals in the high group received 2998 � 147
mL crystalloid during the study. Animals in the low
group received 457 � 27 mL crystalloid during the
study. Consequently, urine output was significantly
higher in the high fluid group (P � 0.001). Arterial
blood pressure, pulmonary arterial pressure, and
cardiac output did not differ between the groups.

Table 1. Blood Gas Results, Hemodynamic and Systemic Oxygen Transport Variables During Treatment

Low (n � 8) High (n � 8)

30%
oxygen

100%
oxygen P

30%
oxygen

100%
oxygen P

Art. pH 7.5 � 0.2 7.5 � 0.2 0.48 7.5 � 0.0 7.5 � 0.1 0.30
Pao2 (mm Hg) 126 � 20 418 � 40 �0.01 133 � 15 437 � 86 �0.01
Paco2 (mm Hg) 43 � 4 45 � 7 0.40 42 � 4 44 � 2 0.60
Core Temp. (°C) 38.5 � 0.9 38.5 � 0.6 0.70 38.4 � 1.1 38.5 � 1.0 0.30
Heart rate* (bpm) 130 � 24 127 � 29 0.50 95 � 11 105 � 21 0.40
MAP (mm Hg) 66.3 � 9.4 68.6 � 8.0 0.30 69.3 � 6.1 67.4 � 6.8 0.29
PAP (mm Hg) 14.5 � 1.8 14.6 � 1.6 0.80 15.9 � 1.6 15.7 � 2.4 0.07
CVP (mm Hg) 5.2 � 3.2 5.1 � 2.8 0.91 5.2 � 2.6 5.3 � 2.8 0.80
CO (min�1) 4.8 � 1.2 4.2 � 0.9 0.10 4.9 � 1.2 5.0 � 1.3 0.48
Wedge* (mm Hg) 4.0 � 0.6 4.7 � 1.2 0.50 6.5 � 0.7 6.1 � 0.8 0.73
DO2 (mL � min�1 � kg�1) 19.8 � 3.5 18.2 � 3.1 0.28 19.1 � 3.1 19.3 � 3.0 0.22
VO2 (mL � min�1 � kg�1) 7.1 � 1.2 7.8 � 1.4 0.14 6.6 � 1.3 7.2 � 0.9 0.32
Lactate (mmol/L) 0.6 � 0.2 0.7 � 0.3 0.82 0.5 � 0.3 0.7 � 0.2 0.76
Hb† (g/L) 108.1 � 7.2 108.3 � 7.2 0.28 97.1 � 6.1 93.1 � 6.6 0.01
Urine‡ (mL) 0.5 � 0.2 0.4 � 0.2 0.82 4.3 � 0.3 4.5 � 0.3 0.02
PaO2 � arterial oxygen partial pressure; PaCO2 � arterial carbon dioxide partial pressure; core temp. (C) � core temperature; MAP � mean arterial blood pressure; PAP � mean pulmonary
arterial pressure; CVP � central venous pressure; CO � cardiac output; wedge � pulmonary artery occlusion pressure; DO2 � oxygen delivery; VO2 � oxygen consumption; lactate � arterial
lactate; Hb � hemoglobin.
Results presented as means � SD.
All P-values are for paired Student’s t-test.
Significant for fluid group: * P � 0.02, † P � 0.01, ‡ P � 0.001. (ANOVA for repeated measurements).

Table 2. Tissue Oxygen Tension in Healthy, Perianastomotic, and Intra-anastomotic Colon

Probe location

Low (n � 8) High (n � 8)

30%
oxygen

100%
oxygen P

30%
oxygen

100%
oxygen P

Healthy (mm Hg) 48.0 � 27.8 91.0 � 46.7 �0.01 56.7 � 20.8 125.7 � 74.8 �0.01
Perianastomotic (mm Hg) 32.6 � 14.0 81.8 � 61.7 0.03 35.1 � 12.2 93.1 � 48.8 0.01
Intra-anastomotic (mm Hg) 3.9 (14.1) 9.2 (38.5) 0.04 0.6 (10.6) 2.6 (10.6) 0.01
Results are presented as means � SD; except intra-anastomotic PO2 presented as median (interquartile range).
All P values are for paired Student’s t-test; except intra-anastomosic measurements, which were analyzed using the Wilcoxon’s signed rank test.
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However, in the last study hour, there was a trend
towards a decrease in cardiac output in the low
fluid group, which did not reach statistical signifi-
cance. Heart rate was slower and pulmonary capil-
lary wedge pressure was higher in the high fluid
group (both: P � 0.02). The hemoglobin concentra-
tion was lower in the high fluid group during the
treatment period (P � 0.01). As expected, arterial
oxygen increased significantly under ventilation
with 100% oxygen (in both groups: P � 0.01). Pco2
remained stable throughout the study (Table 1).

Tissue Oxygen Tension Results (Table 2, Fig. 1)
Tissue temperature remained stable throughout the

experiment. There was no difference in tissue tem-
perature between the fluid groups among the three
probe sites. In both groups, ventilation with 100%
oxygen doubled tissue oxygen tension in healthy
colon (P � 0.01) and perianastomotic colon (P � 0.01).
Tissue oxygen tension measurements directly in the
anastomosis showed a large interquartile range dur-
ing ventilation with 30% and 100% oxygen. Ventila-
tion with 100% oxygen increased intra-anastomotic
tissue oxygen tension (low fluid: P � 0.04; high
fluid: P � 0.01). Tissue oxygen tension increased at
all probes sites by �20% within 5 min (Table 2, Fig.
1), fulfilling the requirements of a positive oxygen
challenge (7).

There was no difference for tissue oxygen tension
between the fluid treatment groups in healthy colon
(P � 0.32), perianastomotic colon (P � 0.70), and
intra-anastomotic colon (P � 0.24).

In both groups, tissue oxygen tension 2 cm proxi-
mal of the anastomosis was significantly lower than
tissue oxygen tension in healthy colon (low fluid: P �
0.02, high fluid: P � 0.03). There was no difference
for the healthy-perianastomotic or the healthy-intra-
anastomotic tissue oxygen tension gradient between
the groups (P � 0.69, 0.77, respectively).

DISCUSSION
This study demonstrates that supplemental crystal-

loid fluid therapy does not increase intestinal tissue
oxygen tension in healthy, perianastomotic, or intra-
anastomotic colon tissue. In contrast, supplemental
oxygen markedly increased tissue oxygen tension in
healthy, perianastomotic, or intra-anastomotic colon
tissue.

Wound infection, anastomotic leakage, and de-
hiscence are complications of colon surgery associ-
ated with considerable morbidity and mortality.
Adequate tissue oxygen tension can help prevent
these complications (4). Supplemental inspired oxy-
gen can increase subcutaneous tissue oxygen ten-
sion and colonic tissue oxygen tension in surgical
patients (3,18) and animal models (1,6). Our study
extends this observation by showing that supple-
mental oxygen also improves tissue oxygen tension

in injured, perianastomotic, and intra-anastomotic
tissue.

As expected from previous study results (6),
supplemental oxygen doubled tissue oxygen tension
in the healthy gut. In the injured, perianastomotic
tissue approximately 2 cm proximal of the anasto-
mosis, tissue oxygen tension increased comparably.
In the anastomosis, tissue oxygen tension values
were highly variable. Nevertheless, anastomotic tis-
sue oxygen tension increased significantly during
ventilation with 100% oxygen. Yet, despite a signifi-
cant increase during ventilation with 100% oxygen,
the intra-anastomotic tissue oxygen tension remained
very low. From our experience, we conclude that
intra-anastomotic tissue oxygen tension probe place-
ment has to be considered problematic. The large
variation in tissue oxygen tension values was likely
the result of suture technique and of the varying
proximity of suture and the oxygen sensitive probe
area. The results of the perianastomotic tissue oxygen
tension probe have a narrower range, and may there-
fore be more reliable as a possible predictor for
anastomotic dehiscence.

As tissue oxygen tension in both groups increased
by 20% within �5 min at all probe sites after the
increase to 100% oxygen (Fig. 1), the requirements for
a positive “tissue oxygen challenge” were fulfilled (7).
This result indicates adequacy of the overall systemic
fluid status and suggests that, even in the low volume
group, fluid status was still sufficient.

Over the past few years, several clinical studies in
patients undergoing major surgery showed that a
restricted fluid regimen reduced postoperative com-
plications (12–14). However, in a study with patients
undergoing laparoscopic cholecystectomy, a liberal
fluid treatment had beneficial effects for postoperative
outcome (11). Similarly, Holte and Kehlet (10) con-
cluded, in a review of 17 trials, that additional preop-
erative fluid decreased postoperative drowsiness and
dizziness. Supplemental fluid has also been shown to
increase subcutaneous tissue oxygen tension (9). Ob-
viously, the controversy of liberal versus restricted
perioperative fluid therapy continues. In this study,
two different crystalloid fluid regimes were tested: a
low fluid regime with a fixed rate of 3 mL � kg�1 � h�1

lactated Ringer’s solution corresponding to the re-
stricted patient regimes (12,14) and a high fluid regime
with an initial bolus of 10 mL/kg and a rate of 18
mL � kg�1 � h�1 as recommended by textbooks (19)
and described in other studies (11,20). In spite of the
large differences of crystalloid fluid administered in
this study, we found no difference in colonic tissue
oxygen tension between the fluid groups.

Surprisingly, the large amounts of crystalloid
fluid administered also had no major effect on
cardiac output. Only in the last hour of our study
could a trend towards a decrease in cardiac output
in the low fluid group be detected, which was
nonetheless not statistically significant. It is likely
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that the two fluid regimens we chose were on the
lower and upper end of “normovolemia,” especially
in young, healthy pigs, which are able to compen-
sate well on both ends of the scale. However, our
intent was to measure the impact of restricted
versus liberal fluid management on intestinal tissue

oxygen tension. We did not titrate fluid to achieve any
specific cardiac output or filling pressures. We do not
know if administration of less fluid, or more fluid, would
have altered tissue oxygenation or more profoundly
affected the physiological response (e.g., edema, cardiac
output).

Figure 1. Tissue oxygen tension (mm Hg) in healthy colon, perianastomotic colon, and anastomotic colon (y axis:
log-transformed) during the last 2 h of the study. Rows: probe location; columns: fluid group.
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Cardiac output is just one of several factors
contributing to local tissue oxygen tension. It has
been shown that aggressive fluid treatment can lead
to increased tissue oxygen tension with no apparent
hemodynamic changes (9). Likewise, a decreased
tissue oxygen tension due to hypoperfusion is not
reliably reflected by a decreased cardiac output
(5,21).

In the present study, the healthy colon and peri-
anastomotic tissue oxygen probes were directly in-
serted into the tissue through a 20-gauge cannulae
from the serosal side between serosal and mucosal
tissue. In this respect, our technique differed from
previous studies that evaluated intestinal oxygen ten-
sion with Clark-type multiwire electrodes placed non-
invasively on the serosal or mucosal surfaces (22,23).
The drawback of these methods is that measurements
can be easily confounded by air, fecal contamination,
or poor contact between the electrode and the tissue
surface during longer measurement periods. Our
baseline values for intestinal oxygen partial pressure
remained stable throughout the study, and were com-
parable to those reported previously (9). Although we
did not observe edema or hematoma at the insertion
sites before probe removal, some microscopic tissue
damage due to insertion is inevitable. This damage
deliberately mimics a minor surrogate wound, much
as subcutaneous tissue oxygen tension measurement
in the arm deliberately mimics a surgical incision. It is
also important to note that, although the polaro-
graphic probe is located subserosally in the wall of the
colon, tissue oxygen tension values are nevertheless
an average of all three colonic tissue planes due to
probe size and measurement technique.

A limitation of the study is that tissue edema in the
gut was not evaluated. A liberal approach to fluid
therapy has been associated with an increased edema
in anastomotic tissue (24) and prolonged recovery of
bowel functions (14). However, at all probe sites, both
groups had comparable tissue oxygen tensions, which
increased similarly under ventilation with 100% oxy-
gen. No macroscopic signs of edema were observed by
the surgeon at the end of the experiment. Thus, we
considered a significant third space loss in the gut in
the high fluid group with resulting severe tissue
edema unlikely.

In the present study, pigs were ventilated with
100% oxygen for 1 h. Undoubtedly, ventilation with
100% may lead to atelectasis (25,26). However, the
extent of atelectasis formation and surfactant disinte-
gration, and its impact on gas exchange and pulmo-
nary function, remains disputed (27). In our study
hemodynamic and respiratory variables remained
stable during 1 h of ventilation with 100% oxygen. We
assume the deleterious effect of oxygen to be negli-
gible in healthy study animals during this relatively
short exposure.

An obvious limitation of our study is that we
evaluated pigs rather than humans. However, pig gut

approximates the human intestinal system and, con-
sistent with this theory, subcutaneous oxygen tension
with 30% oxygen was comparable to values observed
in humans, as was the effect of supplemental oxygen
(15). Another limitation is the relatively short mea-
surement period of 4 h, as anastomotic leakage usually
develops several hours to days after surgery. How-
ever, the intraoperative and immediate postoperative
phases are likely the decisive periods during which a
low tissue oxygen tension has the biggest impact on
the development of bacterial infection and wound
healing (28).

In conclusion, the administration of supplemen-
tal crystalloid fluid did not increase tissue oxygen
tension in healthy, perianastomotic, or intra-anastomotic
colon tissue. In contrast, supplemental oxygen in-
creased tissue oxygen tension in healthy and in in-
jured perianastomotic, and intra-anastomotic colon
tissue.
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