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Abstract
Purpose Clinical data indicate that laparoscopic surgery has a
beneficial effect on intestinal wound healing and is associated
with a lower incidence of anastomotic leakage. This observa-
tion is based on weak evidence, and little is known about the
impact of intraoperative parameters during laparoscopic sur-
gery, e.g., temperature and humidity.
Methods A small-bowel anastomosis was formed in rats in-
side an incubator, in an environment of stable humidity and
temperature. Three groups of ten Wistar rats were operated: a
control group (G1) in an open surgical environment and two
groups (G2 and G3) in the incubator at a humidity of 60% and
a temperature of 30 and 37 °C (G2 and G3, respectively).
After 4 days, bursting pressure and hydroxyproline concen-
tration of the anastomosis were analyzed. The tissue was
histologically examined. Serum levels of C-reactive-protein
(CRP) were measured.
Results No significant changes were seen in the evaluation of
anastomotic stability. Bursting pressure was very similar
among the groups. Hydroxyproline concentration in G3
(36.3 μg/g) was lower by trend (p=0.072) than in G1
(51.7 μg/g) and G2 (46.4 μg/g). The histological evaluation
showed similar results regarding necrosis, inflammatory cells,
edema, and epithelization for all groups. G3 (2.56) showed a
distinctly worse score for submucosal bridging (p=0.061)
than G1 (1.68). A highly significant increase (p=0.008) in

CRP was detected in G3 (598.96 ng/ml) compared to G1
(439.49 ng/ml) and G2 (460 ng/ml).
Conclusion A combination of high temperature and humidity
during surgery induces an increased systemic inflammatory
response and seems to be attenuating the early regeneration
process in the anastomotic tissue.
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Introduction

Impaired intestinal wound healing and subsequent anastomot-
ic leak remains a devastating event in gastrointestinal surgery
and leads to increased patient morbidity and mortality [1].
Little is known about the mechanism of anastomotic healing
in general; less evidence even exists concerning the effects of
laparoscopic surgery on anastomotic healing.

Today, minimally invasive bowel resection has been
established as a standard procedure in most hospitals. Retro-
spective analyses indicate a beneficial effect of
laparoscopically performed surgery on the occurrence of anas-
tomotic leak, other serious complications, and patient recov-
ery [2, 3]. An attenuated systemic inflammatory response after
laparoscopic surgery was even shown [4, 5]. However, this
observation is based on very weak evidence and whether the
improved outcome can be attributed to an improved tissue
regeneration process or is biased remains unclear. Clinical
analyses are compromised by several factors, like comorbid-
ities of the selected patients, technical aspects, perioperative
management and the level of experience of surgical staff [6,
7], creating an inevitable bias of any clinical investigation
regarding safety and benefit of laparoscopically fashioned
anastomoses [8, 9].
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Anastomotic healing is a complex process that relies on
countless mediator-cell interactions [10], which are prone to
be affected by changes in perioperative conditions such as
temperature and humidity.

When trying to understand the process of tissue regeneration,
the altered intraoperative situation of laparoscopic surgery can
only be reviewed systematically in an experimental animal
model. Laparoscopic models have been established in large
mammals, but experiments are difficult to perform for technical
and ethical reasons. Rodent models for laparoscopic approaches
have been described [11]. Neither setting allows for sophisticated
analysis of perioperative factors like intra-abdominal pressure,
temperature, humidity, and core temperature of the animal;
hence, those factors remain difficult to control.

In our new approach, we used an incubator designed for
neonatal care to create an environment of stable humidity and
temperature, mimicking conditions found in a laparoscopic
setting [12].

This model allows analysis of individual parameters such
as temperature and humidity on tissue regeneration. This
study is set out to determine the effects of changes in periop-
erative temperature and humidity on early-stage tissue regen-
eration after small-bowel resection.

Materials and methods

Incubator

To create conditions comparable to a laparoscopic environ-
ment, we employed an incubator originally designed for neo-
natal intensive care. Our device was a full-functioning Dräger
8000 IC Isolette, capable of creating and maintaining temper-
ature between 0 and 60 °C and humidity of 15 to 95 % [12].

Experimental design

Thirty male Wistar rats (Charles River, Sulzfeld, Germany)
weighing 250 to 420 g were randomised into three groups of
ten rats. Small-bowel anastomosis was performed 15 cm prox-
imal of Bauhin’s valve after resection of 1-cm ileum [13]. The
animals assigned to the control group (G1) were operated
under standard conditions on an operating table, while the rats
in groups 2 (G2) and 3 (G3) underwent the same surgery
performed by the same surgeon, but inside the incubator. G2
was operated at a temperature of 30 °C and a humidity of
60 %, G3 at an increased temperature of 37 °C, with humidity
at a constant 60 %.

Operative procedure and adhesions

The rats fasted 12 h before operation with free access to water
and were anaesthetised for the operation with 1.5–3 %

isofluran in oxygen. All procedures were performed by
the same non-blinded surgeon. After laparotomy, small-
bowel resection and enteroanastomosis with single su-
tures (Prolene 8/0) were performed. The rats were kept
in a controlled environment for 4 days with limited
access to food and water. Rectal temperature and weight
were taken daily. The anastomosis was assessed on the
fourth post-operative day. Previous studies in rats have
shown the anastomosis to be weakest at this point in
time [13].

On the fourth day, a blood sample was taken from each rat
for measurement of serum C-reactive-protein (CRP). After-
wards, the animals were euthanised with KCl. The abdomen
was reopened, and intra-abdominal adhesions were evaluated
employing the score established by van der Ham et al. in 1992
[14]. A score of zero point represents no adhesions, one point
is accredited for adhesions towards the anastomosis line from
the omentum, two points for adhesion of bowel and omentum
towards the anastomosis line and three points for extensive
adhesions towards the anastomosis line and concurrent pres-
ence of abscess. The anastomosis was resected and harvested
for further investigation.

Bursting pressure, hydroxyproline concentration, and serum
CRP

The evaluation of bursting pressure was performed by the
surgeon not blinded toward the group the rat was assigned
to. Bursting pressure as an indicator of anastomotic sta-
bility was measured by fixing one lumen of the intestinal
segment to an infusion pump filled with sterile isoosmolar
saline by a 14-G silicone catheter and the other end to a
digital pressure transducer. Pressure was increased with an
infusion rate of 60 ml/h and digitally monitored until
rupturing of the anastomosis occurred. The last measured
pressure was recorded as the bursting pressure [13].

Tissue hydroxyproline concentration as a direct indica-
tor of the collagen content in the anastomotic tissue was
measured in a blinded manner employing chloramine-T
spectrophotometry [15]. The specimens used for hydroxy-
proline concentration measurement were desiccated in an
oven (Heraeus Electronic UT5042EK, Germany) until a
constant dry weight was achieved. The tissue was
decomposed by alkaline hydrolysis, and chloramine-T
was used to oxidise the free hydroxyproline in pyrrole.
Adding Ehrlich’s reagent resulted in a chromophore that
could be recorded at 550 nm. Data finally were calculated
to express the results as micrograms of hydroxyproline
per gram dry weight of tissue.

Serum CRP was measured by standard ELISA using the
Rat CRP ELISA Kit by eBioscience (Santa Clara, USA) by a
blinded examiner.
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Histological evaluation

A strip of the anastomotic tissue was immediately
spread out in a cassette for paraffin-embedding and
fixed in 4 % phosphate-buffered formaldehyde. The
tissue was sliced in 2-μm slices after 24 h and stained
with haematoxylin-eosin. The anastomosis was reviewed
by two independent blinded examiners (one pathologist)
with an Olympus™ BX51 microscope. We used the
criteria first described by Verhofstad et al. in 2001 for
the quantification of anastomotic healing (Table 1) [16].
The number of cells was evaluated in the proximity of
the anastomosis in comparison with healthy intestinal
wall and is therefore semiquantitative [17].

Statistical analysis

The data are expressed as mean ± standard error of the mean
(SEM). The primary outcome parameter was bursting pres-
sure, and the secondary outcome measures were adhesions,
hydroxyproline concentration, serum CRP values, and histo-
logical wound-healing score.

A Kruskal-Wallis test was used to assess overall differences
in the parameters between the three groups, and a Mann-
Whitney U test was added to compare groups. SPSS for
Windows™ was used for statistical analysis (SPSS, Chicago,
IL, USA).

Results

General

To secure comparable groups, perioperative data were
taken. Surgery time (44 min) was almost identical
among the groups. The temperature of the rats was
monitored during the operation. The animals being op-
erated in the incubator showed an intraoperative in-
crease of up to 1 °C. The temperature dropped rapidly
to normal levels after the end of the procedure. The
core temperature post-operative showed no difference
among the groups, constantly staying at an average of
36 to 37 °C. Fever did not occur in any of the animals.
The rats started at an approximate weight of 300 g. All
rats lost a significant amount of weight after the proce-
dure at an average level of 10 % of their original
weight. There was no significant difference among the
groups.

There was one fatality due to anastomotic leak each
in G1 and G2 during the 4 days of post-operative
monitoring. One rat in G3 died of unknown cause, most
likely urosepsis. These three rats were excluded from
further analyses.

Adhesions

After reopening the abdomen, adhesions were evaluated and
dissected. The degree of adhesions varied among the animals
from almost none to severe. Severe adhesions with the ab-
dominal wall were found twice in the control group and once
in the group operated at 37 °C, while no severe adhesions
could be detected in the group operated at 30 °C. The mean
adhesion score was 2.00 in G1 and lower in G2 and G3 (1.78).
The difference was not significant (p=0.834) (Fig. 1).

Bursting pressure and hydroxyproline concentration

The evaluation of anastomotic structure and quality was per-
formed after removal of the anastomosis. Two parameters
were measured as indication of anastomotic stability: the
bursting pressure and the hydroxyproline concentration,
representing the collagen level of the anastomotic tissue
(Fig. 2).

Bursting pressure could not be evaluated in two animals in
each group due to partial damage during harvesting of the
anastomosis. All other parameters were regularly obtained.

G2 and G3 showed a lower mean bursting pressure (81.4
and 84 mmHg) than the control group (91.9 mmHg). G3
featured three anastomoses with a bursting pressure of
60 mmHg or lower—the lowest value in G1 being 79 mmHg
and G2 being 68 mmHg. Overall, the difference between the
groups was not significant (p=0.505).

The mean hydroxyproline concentration increased slightly
in G2 (51.7 μg/g dry weight) compared to the control
(46.4 μg/g dry weight) group only to show a strong decline
in group 3 (36.3 μg/g dry weight). Even though a distinct
trend is visible, the difference is not significant (p=0.072).

Fig. 1 Degree of adhesions. Quantification of adhesions at time of
reoperation as described by van der Han et al. [14]. There are no
significant changes among the groups (p=0.834). All results are mean ±
SEM
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Histological evaluation

The established score for anastomotic healing (Table 1) was
employed for histological review analysing the anastomotic
region (Fig. 3). A low score represents a well-healed and
sound anastomosis. The findings were concordant with an
early regeneration process (Table 2). Most specimens showed
a high degree of necrosis at the edge of the joint tissue, mostly
massive necrosis was seen (52 %). The majority of the spec-
imens showed a slight increase of polymorphonuclear cells
(59 %) and lymphocytes (67 %) and marked infiltration with
macrophages (78 %).

Edema was measured as the thickness of the intestinal wall.
Severe edema occurred in 56 % of all specimens, while 37 %
showed marked edema. In G2, a distinct increase in edema
(0.32 score points) can be observed, while edema decreased
again in G3, even below the level of the control group (0.34
score points). The difference was not significant (p=0.136).

Mucosal epithelization and submucosal bridging of the
anastomosis were poor in all groups; 37 % showed no

epithelization at all, and none showed a normal glandular
epithelium. In 77 %, no bridging or poor bridging was seen.
G2 and G3 showed a slightly worse score for mucosal epithe-
lization (p=0.449) and a distinctly worse score for the submu-
cosal muscular layer (p=0.061). Particularly G3 showed very
poor bridging.

The groups were very similar regarding the amount of
necrotic tissue (p=0.809). G2 and G3 showed fewer lympho-
cytes and more macrophages than the control group. An
increase in polymorphonuclear cells compared to the control
group could only be detected in G3. Overall, there was no
significant difference between the groups in the number of
polymorphonuclear cells (p=0.369), lymphocytes (p=0.491)
and macrophages (p=0.491).

Serum CRP values

Serum CRP was measured on the fourth post-operative day
just before reoperation as a parameter of systemic inflamma-
tory response. The standard range of serum CRP concentra-
tion in rats has been described from 300 to 600 ng/ml [18].

G3 operated at 37 °C and 60 % humidity showed a clearly
increased CRP level of 598.96 ng/ml compared to G1
(439.49 ng/ml) and G2 (460 ng/ml). The difference was
highly significant (p=0.008). G2 operated at a temperature

Fig. 2 Evaluation of the intestinal anstomosis. The anastomisis was
harvested on the fourth day after operation for further investigation.
Bursting pressure and hydroxyproline as an indicator of collagen con-
centration in the tissue are measured. There are no significant changes
among the groups in bursting pressure (p=0.505) or hydroxyproline
concentration (p=0.072). Bursting pressure could not be evaluated in
two animals in each group due to partial change during harvesting of
the anastomosis. All resulsts are mean ± SEM

Table 1 Score for healing anastomostic tissue

Score Necrosis Plymorphonuclear cells Lymphocytes Macrophages Edema Mucosa epithelization Submucosal layer

0 None Normal number Normal number Normal number None Normal glandular Good bridging

1 Smal patches Slight increase Slight increase Slight increase Some Normal cubic Average bridging

2 Some patches Marked infiltration Marked infiltration Marked infiltration Marked Incomplete cubic Poor bridging

3 Massive Massive infiltration Massive infiltration Massive infiltration Severe Absent No bridging

The anastomosis was evaluated after HE staining. The score used by Verhofstad et al. was employed measuring the degree of tissue regeneration [16]

Fig. 3 Histological view of the intestinal wall. aNecrosis, banastomosis,
c sture gap, d granulation, e mucosa, f meso, g vessel, h edema, and i
Peyer’s plaque
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of only 30 °C and humidity of 60 % showed no difference to
the control group (Fig. 4).

Discussion

Temperature and humidity are two relevant variables during
laparoscopic surgery. Since knowledge regarding the impact
of these conditions on anastomotic healing is scarce, we
developed a new rodent model [12] and now present experi-
mental data on the process of functional and structural anas-
tomotic healing.

The laparoscopic approach changes three major factors in
the patient’s physiology: The amount of trauma inflicted on
the patient is reduced, causing less systematic inflammation.

During surgery, there is a constant overload pressure inside the
abdomen, built up by 100 % CO2; furthermore, there is a
constant environment of intraperitoneal temperature and hu-
midity for the time of surgery, depending on the humidity and
temperature of the gas inflated [5, 19].

In our experimental setting, we selectively altered one of
these variables. All rats experienced the same trauma and were
not exposed to increased intra-abdominal pressure or CO2, but
the rats operated in the incubator were subjected to a con-
trolled environment of constant humidity and temperature.
Our model is therefore limited to mimic the conditions found
during laparoscopic surgery because we still use open surgery
without the use of a capnoperitoneum.

The literature discusses a reduction of peritoneal desicca-
tion by employing warmed and humified gas for laparoscopy
[20]. Meta-analyses were able to show reduced post-operative
pain after laparoscopy with warm, humified gas but fail to
show further beneficial effects [21, 22].

Our results reflect the specific effects of humidity and
temperature on the process of tissue regeneration,
distinguishing our model from other rodent models for lapa-
roscopic surgery [11].

Clinical analyses show a lesser degree of adhesions
after laparoscopic compared to open surgery [23]. Animal
studies show a modulation of the degree of adhesions by
different compounds of the gas used for the pneumoperi-
toneum and hypothermia [20, 24]. In our experiment, the
rats operated in the incubator tended to develop fewer
adhesions. Even though the results are not significant,
they suggest an influence of humidity and temperature.
Other groups have shown that the effects on peritoneum
and wound healing of pneumoperitoneum compare to
those of a laparotomy [25, 26]. Constant temperature
and humidity are a plausible approach to explaining the
clinically observed beneficial effects of laparoscopic sur-
gery on the formation of adhesions.

None of the parameters determined are capable of
showing improved tissue regeneration in those rats oper-
ated in the incubator. Without being significant, our re-
sults strongly argue to the contrary: Mean bursting pres-
sure tends to be lower for the groups operated at higher
temperature and humidity. Earlier experimental studies
have shown that a healthy small bowel has to stand an
intermittent pressure of 50 mmHg [27]. G3, subjected to a
constant intra-abdominal temperature of 37 °C, featured
three rats with a very low bursting pressure just above the
threshold to rupturing.

The evaluation of hydroxyproline content and histo-
pathological evaluation of submucosal bridging indicate
the same: Higher temperature and humidity show a very
strong tendency to attenuate the regeneration of submu-
cosal tissue. Our results indicate a disturbance of collagen
synthesis and integration or increased collagen depletion

Table 2 Histological evaluation of anastomostic tissue

Group G1
(control)

G2
(30 °C/60 %)

G2
(37 °C/60 %)

Necrosis 2.00 (±1.1) 2.33 (±0.8) 2.22 (±1.0)

Polymorph cells 1.33 (±0.5) 1.33 (±0.5) 1.56 (±0.5)

Lymphocytes 1.44 (±0.5) 1.22 (±0.6) 1.11 (±0.3)

Macrophages 1.56 (±0.7) 1.89 (±0.3) 1.78 (±0.4)

Edema 2.56 (±0.7) 2.67 (±0.7) 2.22 (±0.4)

Mucosa epithelization 2.11 (±0.6) 2.33 (±0.5) 2.44 (±0.7)

Submucosal layer 1.68 (±0.8) 2.00 (±0.7) 2.56 (±0.7)

Total score 12.68 (±2.8) 13.77 (±1.5) 13.89 (±2.7)

The anastomosis was evaluated after HE staining. The score used by
Verhofstad et al. was employed for measuring the degree of tissue
regeneration [16]. A low score on a scale of 0 to 13 is an indicator of a
well-healed anastomosis. No significant changes between the groups
were detected. All results are mean ± SEM

Fig. 4 Serum CRP on the fourth post-operative day. G3 operated at
37 °C and 60 % humidity shows highly significantly higher CRP values
than G1 and G2 (p=0.008) and the control group (p=0.008). All results
are mean ± SEM
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rendered by an environment of increased intraoperative
humidity and temperature.

We observed an increased infiltration of the anastomotic
tissue with polymorphonuclear cells and macrophages in G2
and G3. Experimental studies have shown that pharmacolog-
ical stimulation with granulocyte-macrophage colony-
stimulating factor has beneficial effects on bursting pressure
and hydroxyproline concentration in rats with impaired
wound healing [28–30]. The presence of macrophages seems
to be crucial for a sufficient tissue regeneration process. Mac-
rophages secrete a number of degrading enzymes, in particular
collagenases like matrix metalloproteinase (MMP) which dis-
integrate connective tissue and have a crucial role in the early
stages of wound healing [10].

Our results indicate, though, that possibly a boosted mac-
rophage activity might also have a disruptive effect on anas-
tomotic healing. We were able to show a clear correlation
between high count of inflammatory cells in the anastomotic
tissue and attenuated bursting pressure in a different setting.
Perioperative crystalloid fluid overload in rats undergoing
small-bowel resection leads to reduced bursting pressure
[31], an increased infiltration of inflammatory cells and an
overexpression of MMPs [17].

Studies indicate that collagen cleavage by MMP is
temperature-dependent [32, 33] and were able to show a
hypothermia-induced decreased MMP-activity in stroke pa-
tients [34]. Temperature-induced accelerated collagen cleav-
age by collagenases like MMP would be a feasible approach
to explain diminished bursting pressure and submucosal
bridging found in the early stage of wound healing in rats
operated at higher temperature and humidity. The observed
effect might not be relevant towards stability of the anastomo-
sis after tissue regeneration is completed (day 7 and after).

The analysis of serum CRP at the fourth post-operative day
is a marker for the systemic inflammatory response of the
animal. The serum CRP concentration of healthy laboratory
rats was described previously as 300–600 ng/ml, rising to
around 900 ng/ml during an acute-phase response [18]. There-
fore, rats have a high baseline CRP compared to other species,
while it only shows a weak increase due to a systemic inflam-
matory response. Consequently, the marked increase in serum
CRP observed in G3 is not only statistically significant but has
to be considered highly relevant and underlines a strong
influence of perioperative humidity and temperature on the
post-operative systemic response.

Previous clinical analyses have shown an attenuating effect
of intraoperative hypothermia on the release of systemic in-
flammatory parameters in patients undergoing abdominal sur-
gery [35]. An increased serum CRP level in G3 compared to
control is thus plausible.

Analysis of the anastomotic tissue shows a tendency to-
wards impaired anastomotic healing in G3. Clinical observa-
tions have proven a weakened anastomotic stability and

greater risk of anastomotic leak in patients operated during
sepsis or severe SIRS [36]. The pathogenesis appears to be
impaired colonic reparative collagen synthesis [37] and mod-
ulation of the immune response [38].

The observed increased serum CRP levels are a feasible
approach to explain the tendency to impaired wound healing
and disturbance in collagen synthesis in G3.

Our experimental data do not show significantly altered
healing of intestinal anastomoses due to different periopera-
tive temperature and humidity. High operative temperature
leads to an increased systemic inflammatory response and
seems to affect structural anastomotic healing. Our conclu-
sions are based on experiments with a limited number of
animals and should be regarded cautiously when looking for
differences between the study groups. Further experiments are
necessary to evaluate the clinical relevance of perioperative
temperature and humidity.
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