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Background The extent of adhesion formation following both open and laparoscopic surgery remains
unclear. This study aimed to evaluate the extent of postoperative adhesion formation after
laparoscopic and open fundoplication in a rat model.

Methods Fifty-two male Sprague–Dawley rats were randomized into four groups: laparoscopic
fundoplication (n�20), open fundoplication (n�20), laparoscopy (n�6) and laparotomy (n�6).
Blood as well as intraperitoneal fluid was sampled for tumour necrosis factor (TNF)� measurement
by enzyme-linked immunosorbent assay. All the rats were killed 3 weeks after operation, and
adhesion formation was evaluated using a standardized scoring system.

Results There were no intergroup differences in body-weight gain after surgery. The overall mortality
rate was 19 per cent and death was observed only in the fundoplication groups. Animals that had
open fundoplication developed significantly more adhesions than those that underwent laparoscopic
fundoplication (34 versus 21). Laparoscopic surgery induced predominantly parietal adhesions,
whereas open surgery was more associated with visceral adhesions. The adhesions observed in the
laparoscopic groups were significant thinner than those after open surgery and the tenacity of
adhesions was decreased in laparoscopic compared with open surgery. The peak plasma level of
TNF-� was reached during laparoscopic fundoplication, whereas the peak level was observed 3 h
after open fundoplication. Intraperitoneal TNF-� levels showed no significant differences at 3 h.

Conclusion These findings indicate that laparoscopic fundoplication in rats leads to less severe
adhesions of a different type (parietal) compared with those seen in the open controls.

The increasing use of minimally invasive surgery has
played an important role in the development of
abdominal surgery at the end of the 20th century. Along
with the wider application of minimally invasive surgical
procedures1–3, there is a growing interest in the physio-
logical changes that occur compared with those during
open surgery4–9. Open surgical procedures may cause
postoperative adhesion formation, leading to delayed
postoperative complications such as abdominal pain10,11,
infertility12,13 and bowel obstruction14–16. There are few
fundamental scientific data available in the literature
concerning the pathophysiological changes (local and
systemic) that occur during laparoscopic surgery17.

The development of laparoscopic surgery was based on
experimental animal research. The use of large animals,
such as pigs or dogs, in surgical research is also associated
with increased costs4,18. The rat model has been shown to
be an excellent training model for performing micro-
surgical procedures4,19, providing the opportunity to in-
vestigate physiological changes, adhesion formation and
immune function during different laparoscopic proce-
dures. Several studies suggested that tumour necrosis
factor (TNF) �, an acute-phase cytokine, may be one of
the markers of peritoneal adhesion formation17,20–22. The
purpose of this study was to develop a standardized
laparoscopic procedure (i.e. Nissen fundoplication) in the

Sprague–Dawley rat model and to compare it with an
open approach to investigate and correlate adhesion
formation and TNF-� production during and after
surgery.

Materials and methods
Animals and study design
The experiments were approved by the Animal Ethics Com-
mittee of the State of Berne and performed according to
international guidelines. Fifty-two male Sprague–Dawley rats,
weighing 300–460 g (Süddeutsche Versuchstierfarm, Tuttlingen,
Germany), were used for all the experiments. They were kept
under normal laboratory conditions and were fed a standard rat
chow (Kliba Futter, Basel, Switzerland) with tap water ad libitum
before and after surgery. The rats were divided into four main
groups. Groups 1 (n � 20) and 2 (n � 20) underwent laparoscopic
or open fundoplication respectively and determination of TNF-�
levels in plasma and peritoneal fluid following surgery. Group 3
(n � 6) underwent diagnostic laparotomy and group 4 (n � 6)
diagnostic laparoscopy.

Blood and peritoneal fluid sampling for tumour necrosis factor
analysis
Venous blood was sampled from the external jugular vein
of all the animals on induction of anaesthesia, during the
operation and 1, 3 and 24 h after operation, and collected into
5·5-ml Monovette AH (Nümbrecht, Sarstedt, Germany) tubes
containing ammonium-heparin (15 units heparin per ml blood).
Plasma was obtained by centrifugation for 10 min at 2500g and
4°C, collected into 1·5-ml plastic snap-cap tubes and stored at
� 20°C until analysis. Peritoneal fluid was obtained 3 h after
surgery by vacuum absorption from the peritoneal cavity through
a polythene tube (catheter) 0·58 mm in diameter and 4–5 cm
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long, which was inserted at the end of the open and laparoscopic
procedure and stored at � 20°C until analysis. The Cytoscreen
Rat TNF-� kit (Cannon, Labor Service GMBH, Wiessbaden,
Germany) was used for the TNF-� analysis.

Surgical procedures
All the animals used in the study were anaesthetized by
intraperitoneal injection of a mixture (1 ml per kg body-weight)
of 25 ml 5 per cent glucose, 5 ml azepromazin, 5 ml xylazin and
10 ml ketamin. The animals were shaved and secured in a supine
position to the small-animal operating table4. The instruments
used for all the laparoscopic procedures were a 2·7-mm
arthroscope with a 3-mm trocar sleeve, two 3-mm trocars
(working channels) and 2·7-mm instruments (scissors, straight
and angled forceps, needle holder; Wolf, Tuttlingen, Germany).
Ordinary small-sized hand surgery instruments were used for all
open procedures. All procedures were performed without using
swabs or wearing gloves. In the open procedure the abdominal
wall was retracted with two sutures, so iatrogenic manipulation at
this side was minimal.

Laparoscopy was performed through a 3-mm abdominal wall
incision, midway as described by Berguer et al.4. Pneumo-
peritoneum was established with carbon dioxide insufflation up
to 4 mmHg (abdominal pressure). Diagnostic laparoscopy (no
procedure performed) lasted 30 min, after which all the trocar
sleeves were removed and the wound closed with two single
stitches. Laparoscopic fundoplication started with blunt
dissection of the adhesions between the caudate liver lobe and
the lesser curvature. The oesophagus, left gastric artery and
anterior vagus nerve were identified and the oesophagus grasped
and retracted anteriorly. Following this, an opening behind the
oesophagus was created bluntly. The fundus of the stomach was
grasped through the opening, pulled behind the oesophagus,
turned ventrally and sutured extracorporeally with two 5/0 Vicryl
sutures (Ethicon, Spreitenbach, Switzerland). A polythene tube
0·58 mm in diameter and 4–5 cm long was inserted through the
left sleeve to the abdominal cavity for peritoneal fluid collection.
The pneumoperitoneum was desufflated through the camera
port and all the trocars were removed in order to prevent initial
tissue attachments to the port sites.

All open procedures were performed using the same technique
via a standardized 3-cm midline incision. Diagnostic laparotomy
also lasted 30 min. Open fundoplication was performed with two
5/0 Vicryl single stitches. Before closure, a polythene catheter
was inserted into the abdominal cavity for peritoneal fluid
collection. The laparotomy was closed with a 3/0 Vicryl running
suture in two layers.

Postoperative observation and determination of adhesion formation
The animals were observed in single cages for 24 h after
operation until all the necessary blood and peritoneal fluid
samples had been taken. After that, they were kept and observed
under standard laboratory conditions. Three weeks after
operation the animals were killed by decapitation and the
abdominal cavity was opened by a wide inverted U-shaped
laparotomy to investigate the extent and type of adhesion
formation by two independent surgeons. The special criteria of
Egea Moreno et al.23, as shown in Table 1, were used to
determine the extent of adhesions, as well as their localization,
thickness, tenacity and vascularization.

Statistical analysis
Means were compared with an unpaired t test. P � 0·05 was
considered to be statistically significant.

Results
Operating time, body-weight, follow-up and death
The operating time ranged from 15 to 45 (mean 28) min
for laparoscopic fundoplication and from 15 to 37 (mean

25) min for open fundoplication. All animals had a
normal, proportional body-weight gain at 1, 2 and 3 weeks
following surgery and there were no significant differences
(data not shown). The overall mortality rate was 19 per
cent and deaths occurred only in the two fundoplication
groups (five deaths in each). Early death (from anaes-
thesia, bleeding, pneumoperitoneum) occurred in six
animals and delayed death (due to septic complications)
in four.

Adhesion formation
Number of adhesions. Five animals that underwent

laparoscopic fundoplication, two that had diagnostic
laparoscopy and two that had diagnostic laparotomy still
had not developed adhesions 3 weeks after surgery,
whereas adhesions were detected in all animals that had
open fundoplication (Table 2). The 15 animals that had

Table 1 Quantification of adhesion formation

Criterion Comment

No. of adhesions 1 for each
Site of adhesions

Pelvic fat body–abdominal wall Parietal
Omentum–abdominal wall Parietal
Intestine–abdominal wall Parietal
Omentum–liver/stomach Visceral
Intestine–intestine Visceral
Liver–stomach Visceral

Thickness of adhesions
� 3 mm
3–5 mm
� 5 mm

Tenacity
Type I Simple, without dissection
Type II Dissection needed to separate

adherent area
Type III Dissection needed to cut

the adhesion
Vascularization of adhesions

Vascularized
Avascularized

Total adhesion score is the sum of each criterion (site of
adhesions, thickness, tenacity and vascularization)

Table 2 Adhesion formation after laparoscopic or open Nissen
fundoplication

Laparoscopic Open
fundoplication fundoplication
(n � 15) (n � 15)

Animals with adhesions 10 15
No. of adhesions 21 34
Site of adhesions

Parietal adhesions 13 5
Visceral adhesions 8 29
Intestine involved

(bowel, stomach, liver)
11 30

Thickness of adhesions
� 3 mm 12 3
� 3 mm 9 31

Tenacity
Type I � II 12 6
Type III 9 28

There were no differences in vascularization between the groups
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laparoscopic fundoplication developed 21 adhesions,
whereas 34 adhesions were detected in the 15 animals that
underwent open fundoplication. Rats that had diagnostic
laparoscopy and laparotomy (n�6 each) developed five
and six adhesions respectively. The number of adhesions
differed significantly (P�0·05) between laparoscopic and
open fundoplication groups. No significant differences
were observed in comparison with the other groups.

Site of adhesions. Animals that had laparoscopic
surgery (laparoscopic fundoplication and diagnostic
laparoscopy) developed predominantly parietal adhesions
(13 of 21 after laparoscopic fundoplication and all five
after diagnostic laparoscopy), mostly between the small
intestine (three) or omentum (ten) and the scars of the
optical or working trocars of the abdominal wall. There
was no predominance of adhesion formation between the
optic and working trocars. Animals that only underwent
laparotomy also developed more parietal adhesions (five
of six) between the small bowel or the omentum and the
laparotomy scar. Conversely, animals that underwent open
fundoplication developed predominantly visceral-type
adhesions (29 of 34), especially between the intestine
(two), liver/stomach and omentum (six) as well as between
the stomach and liver (21). The distribution of adhesions
after open fundoplication was significantly different from
that after laparoscopic fundoplication (P�0·01) and
diagnostic laparoscopy and laparotomy (P�0·01). No
significant difference was seen between diagnostic laparo-
scopy and laparotomy. There was no significant difference
in the distribution of visceral adhesions after laparoscopic
fundoplication (six liver and stomach, three liver/stomach
and omentum) and open fundoplication (23 and six
respectively). However, a significant difference in
adhesion formation involving intestine (liver, stomach,
bowel) between laparoscopic fundoplication (11 of 21)
and open fundoplication (30 of 34) was found (P�0·05).

Thickness of adhesions. The thickness of adhesions
after laparoscopic and open fundoplication was
significantly different (P�0·05) and inversely
proportional. Animals that had laparoscopic surgery
(laparoscopic fundoplication and diagnostic laparoscopy)
mostly developed adhesions less than 3 mm thick (12 of
21 and three of five respectively), whereas those that had
open surgery (open fundoplication and diagnostic
laparotomy) mostly developed adhesions more than 5 mm
thick (Table 2).

Tenacity. Animals that had a laparoscopic intervention
mostly developed type I and II adhesions (12 of
21 after laparoscopic fundoplication and all five after
diagnostic laparoscopy respectively), whereas open
surgery was followed mainly by the development of type
III adhesions (28 of 34 after fundoplication and four of six
after diagnostic laparotomy) (Table 2). A small number of
type I adhesions was noticed in all groups. Only type II
adhesions developed after diagnostic laparoscopy. There
were significant differences between open and laparo-
scopic surgery (laparoscopic versus open fundoplica-
tion, P�0·01; open fundoplication versus diagnostic
laparoscopy, P�0·05).

Vascularization of adhesions. All animals primarily
developed vascularized adhesions. However, after laparo-
scopic and open fundoplication one-fifth and one-quarter

of the adhesions respectively were avascularized. All the
adhesions that developed after diagnostic laparoscopy
were vascularized, whereas half of those that developed
after diagnostic laparotomy were avascularized. There
were no significant differences between all the groups
investigated. Overall adhesion score23 is summarized in
Fig. 1.

Tumour necrosis factor concentrations
There were different TNF-� ranges in the fundoplication
groups (Fig. 2). Laparoscopic fundoplication induced an
early intraoperative peak of TNF-� secretion in plasma
and the preoperative level was reached 24 h after surgery.
Open fundoplication induced only a slight rise in TNF-�
secretion at operation and 1 h after operation; the peak
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TNF-� level occurred 3 h after operation. Some 24 h after
surgery, the TNF-� level had again reached preoperative
levels. TNF-� secretion was significantly different between
laparoscopic and open fundoplication groups (P�0·05)
1 h after surgery, whereas all other plasma TNF-� values
for the two fundoplication groups showed no significant
differences. TNF-� concentrations, measured 3 h after
operation in the peritoneal fluid, were increased after
open fundoplication compared with laparoscopic fundo-
plication (P not significant). Comparison of peritoneal
TNF-� concentrations with adhesion tenacity showed that
no adhesions developed with TNF-� levels of 200 pg/ml or
less.

Discussion
The present study demonstrates that laparoscopic and
open Nissen fundoplication are technically feasible in
the rat model and that a different extent (more after
open surgery) and type of adhesion formation between
laparoscopic fundoplication (parietal) and open fundo-
plication (visceral) are induced.

The development of peritoneal adhesions is an inevit-
able outcome of surgical operations in the abdominal
cavity. It is one of the main complications, occurring some
weeks or months after the initial operation17, and it results
in morbidity following abdominal, gynaecological, or
cardiac surgical procedures. Such complications are
visceral dysfunction, chronic abdominal pain, infertility
and early or delayed bowel obstruction10,14,15,23. Morbidity
due to adhesion formation is associated with increased
socioeconomic costs, which reach up to $1.18 million in
the USA per year12. Menzies and Ellis14 published a
prospective trial of 210 patients with a history of previous
abdominal surgery who underwent a ‘second-time’
laparotomy; peritoneal adhesions were found in 93 per
cent. Furthermore, in 115 patients who underwent first-
time laparotomy, abdominal adhesions were demonstrated
in 10 per cent.

Multiple factors may be responsible for the develop-
ment of postoperative adhesions, for example the extent
of surgical trauma and length of the procedure, bacterial
contamination, allergic reactions to inserted foreign
bodies and tissue ischaemia17. All of these factors cause
peritoneal tissue injury, which leads to an inflammatory
reaction and cytokine release, which are considered to be
trigger mechanisms for further adhesion development.
Thus, mesothelial, inflammatory and endothelial cells
are activated to produce and release plasminogen acti-
vator inhibitors 1 and 2, which predispose to the loss of
plasminogen activation in the injured area of the peri-
toneum. This process leads to impairment of fibrinolysis,
fibrin coagulation and fibrin matrix formation17,24,25.

Kaidi et al.20,21 found a direct correlation between
the grade of injury, TNF-� secretion and the extent of
peritoneal adhesion formation. In the present series,
during laparoscopic fundoplication there was a rapid rise
in plasma TNF-� level, reaching its peak at operation and
gradually decreasing to preoperative levels by 24 h after
surgery. In contrast, there was only a slight TNF-� rise
during and 1 h after open surgery, with a peak level 3 h
after surgery. Again 24 h after surgery TNF-� levels were
the same as those before operation. The overall TNF-�
concentrations in the peritoneal fluid were higher than
those in plasma 3 h after surgery and were slightly
increased following open surgery (P not significant).

These findings suggest that TNF-� may be produced
primarily in the peritoneal cavity, secreted into the
operative field and afterwards absorbed into the systemic
circulation. This means that the TNF-� produced during
the open procedure may well have been lost externally
(open cavity, rinsing), and this may explain the fact that
TNF-� levels were reduced during open fundoplication
and 1 h afterwards. It also explains why no correlation
between TNF-� levels and tenacity of adhesion formation
was found and that any assessment of TNF as a measure
of inflammatory response in the peritoneum may be in-
appropriate. A similar tendency was observed in other
series which investigated the inflammatory cytokine
response following abdominal surgical procedures22.

No adhesions were detected in the abdominal cavity
following intraperitoneal anaesthesia and skin incision,
which suggests that surgical trauma alone without opening
the peritoneal cavity is not responsible for adhesion
development (n�7; data not shown). A minimal surgical
trauma, such as diagnostic laparoscopy or diagnostic
laparotomy without further surgical intervention or bowel
revision, leads to less adhesion formation than upper
gastrointestinal surgery. Laparoscopic Nissen fundoplica-
tion leads to less postoperative adhesion formation than
the open procedure. Furthermore, adhesions in the
laparoscopic group were of the parietal type, from
omentum or small bowel to the parietal peritoneum,
rather than the visceral type, developed between the
abdominal organs themselves.

Similar observations were published by Tittel et al.26 in
a canine model, and by Semm27 in humans. Semm clearly
demonstrated in women who underwent diagnostic
laparoscopy after previous abdominal operations (open or
laparoscopic) that 84 per cent had adhesion formation
after open surgery whereas only 40 per cent did after
laparoscopic intervention. However, in his series it
remained unclear which type of adhesions was responsible
for the development of postoperative complications.

In conclusion, the present study demonstrates that
laparoscopic surgery is technically feasible in the rat
model with low morbidity and mortality rates at long-term
follow-up. Postoperative adhesion formation occurred
more frequently and severely after open surgery com-
pared with the same operation performed laparoscopic-
ally. The TNF-� levels measured intraperitoneally did not
differ between the two groups, and a positive correlation
between the tenacity of adhesion formation and the
intraperitoneal TNF-� level was not found. This animal
model can be used for laparoscopic surgery and the study
of adhesion formation. However, further studies are
needed to evaluate the pathophysiological changes leading
to postoperative adhesion formation and its prevention.
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