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Abstract

Background

Therapeutic hypothermia during operation decreases postoperative intra-abdominal adhe-

sion formation. We sought to determine the most appropriate duration of hypothermia, and

whether hypothermia affects the expression of tissue plasminogen activator (tPA).

Methods

80 male BALB/c mice weighing 25–30 g are randomized into one of five groups: adhesion

model with infusion of 15°C saline for 15 minutes (A); 30 minutes (B); 45 minute (C); adhe-

sion model without infusion of cold saline (D); and sham operation without infusion of cold

saline (E). Adhesion scores and tPA levels in the peritoneum fluid levels were analyzed on

postoperative days 1, 7, and 14.

Results

On day 14, the cold saline infusion groups (A, B, and C) had lower adhesion scores than the

without infusion of cold saline group (D). However, only group B (cold saline infusion for 30

minutes) had a significantly lower adhesion scores than group D. Also, group B was found

to have 3.4 fold, 2.3 fold, and 2.2 fold higher levels of tPA than group D on days 1, 7, and 14

respectively.

Conclusions

Our results suggest that cold saline infusion for 30 minutes was the optimum duration to

decrease postoperative intra-abdominal adhesion formation. The decrease in the adhesion

formations could be partly due to an increase in the level of tPA.
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Introduction
Postoperative intra-abdominal adhesion after laparotomy is a source of considerable morbid-
ity. Up to 70% of patients who had prior laparotomies develop intra-abdominal adhesion [1–
3]. Postoperative adhesions affect the quality of life in millions of people worldwide, causing
many different types of complications, including chronic pelvic or abdominal pain, small
bowel obstructions, and even infertility[4, 5]. Small bowel obstruction is the most common
complication of adhesion and is observed in up to 70% of patients undergoing laparotomy[6–
8]. Although less commonly observed, up to 20% of female infertility has been associated with
postoperative adhesions[9, 10].

The pathogenesis of postoperative intra-abdominal adhesion is not completely understood,
but is thought to involve a complex interplay between clot formation, fibrinolysis, and wound
healing [11–13]. Peritoneal fibrinolytic activity has been shown to play a key role in the patho-
physiology of adhesion [14, 15]. Tissue plasminogen activator (tPA), is an enzyme that can cat-
alyze the degradation of fibrin gel matrix into fibrin split products. Fibrin split products have
less effect on adhesion formation. The activity of tPA is in turn controlled by plasminogen acti-
vator inhibitor-1 (PAI-1) [16].

Several clinical and animal studies have demonstrated a strong correlation between adhe-
sion formation and tPA activity. Also, after injury or surgery, the activity and concentration of
tPA decrease [17–19]. However, the direct manipulation of the tPA level (to reduce the adhe-
sion formation) can only be conducted through the addition of recombinant tPA. Several
researchers demonstrated that recombinant tPA can reduce adhesion formation by up to 90%
in different animal models [19–25]. Unfortunately, one group found that there are hemor-
rhagic complications with use of recombinant tPA [26]. Thus, more pharmacokinetics and
safety study are suggested for the clinical use of recombinant tPA in the prevention of post-
operative adhesion [25].

Several groups, including ours, have shown that therapeutic hypothermia during operation
decreases postoperative intra-abdominal adhesion formation [27–30]. Previously, we have
determined that 15°C saline infusion is the optimum temperature for decreasing the adhesion
formation, but the optimum duration for therapeutic hypothermia was uncertain [29]. There-
fore, the first aim of this study is to determine the optimum duration for hypothermia. Sec-
ondly, we wished to investigate whether hypothermia can cause a decrease in postoperative
intra-abdominal adhesion formation via changes in expression of tPA and PAI-1. This is
because tPA and PAI-1 have been shown to be important in adhesion formation, and hypo-
thermia has been found to affect the expression of enzymes [31, 32].

Methods

Ethical approval
This study was approved by the institutional review board of National Taiwan University
Hospital.

Experimental Animals
The protocols that are used in this study have been approved by the National Taiwan Univer-
sity Hospital Animal Protocol Review Committee (approval ID: 20120285). All the protocols
are in adherence to the guidelines established in the Guide for the Care and Use of Laboratory
Animals of the National Health Research Institutes. BALB/c mice were obtained from BioLasco
Taiwan, a technology licensee of Charles River Laboratories in Taiwan. The mice were kept on
a standard 10-hour light and 14-hour dark cycle and allowed free access to water and food.
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To alleviate pain and suffering, the mice were anesthetized with intraperitoneal pentobarbi-
tal (50 mg/kg of body weight) before the operation. Using a previously described procedure, a
low 2-cm midline laparotomy was performed for five different groups of mice [29]. 80 male
BALB/c mice weighing 25–30 g are randomized into one of the five groups: (A) adhesion
model with infusion of 15°C normal saline for 15 mins (N = 18); (B) adhesion model with infu-
sion of 15°C normal saline for 30 mins (N = 18); (C) adhesion model with infusion of 15°C
normal saline for 45 mins (N = 18); (D) adhesion model without infusion of cold saline and the
abdominal cavity was left open for 15 mins (N = 17); (E) sham operation without infusion of
cold saline and the abdominal cavity was left open for 15 mins (N = 9). After the predefined
length of cold saline infusion or opening of the abdominal cavity, we closed the abdominal inci-
sion with absorbable surgical sutures.

We used a slightly modified standard adhesion model [33]. Briefly, the anterior cecal wall
was abraded for 20 strokes with dry sterile gauze, and full-thickness 4–0 silk sutures were also
placed in the traumatized anterior cecal wall to increase adhesion formation. Localized hypo-
thermia was induced by continuous infusion of cold saline through a miller catheter placed at
the cephalic part of the abdominal cavity. The excess cold saline was drained out through
another Miller catheter located in the caudal part of the abdominal cavity. Since the goal of the
experiment is to decrease adhesion formation in the peritoneal cavity and not to cause whole
body hypothermia, we only determined the change in the abdominal cavity temperature by
inserting an electrical temperature probe into the abdominal cavity before and after the normal
saline infusion

Adhesion score interpretation
On the 1, 7, or 14 days after surgery, mice were sacrificed by cervical dislocation. A well-docu-
mented adhesion-severity scoring system is used by the Adhesion Scoring Group to measure
the degree of adhesion formation [34]. The Adhesion Scoring Group based their adhesion scor-
ing system on the evaluation of 23 individual locations in the abdominal cavity for severity (S)
(0: none; 1: filmy, avascular; 2: dense and/or vascular; 3: cohesive), and extent of total area or
length (A) (0: none; 1:� 25%; 2: 26–50%; 3:> 50%). We sum up the individual S and A value
to be (S + A) for each mouse to present the adhesion condition from 0 to 6, from least to most
adhesion intensity.

tPA and PAI-1
Peritoneal fluid was removed after the operation by infusing abdominal cavity with normal
saline. The peritoneal fluid was centrifuged at 9000g for 15min at 4°C, before freezing the
supernatant at -80°C. Aliquots of the thawed supernatants were analyzed for total antigen con-
centration of tPA and PAI-I, using commercially available ELISA kits fromMolecular Innova-
tions (Novi, USA). Total protein content was determined by Bradford assay (Sigma, USA).

Data Analysis
All the values presented are mean ± standard error. Due to the relatively small sample size, we
cannot make any assumption to the distribution of the variable. Thus, means are compared
between the different groups of mice using the Mann-Whitney U test. A P value of<0.05 was
considered statistically significant. The statistical analyses were carried out using SPSS statisti-
cal package (version 21.0, IBM SPSS Statistics, IBM Corporation, Armonk, NY).
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Results

Temperature
The mean (±SE) peritoneal cavity temperature for the adhesion model mice (group D) and the
sham mice (group E) were determined 15 minutes after performing midline laparotomy. We
found the mean peritoneal temperature for group D and E decreases to a similar extent
(31.11 ± 0.30 and 31.56 ± 0.33°C, respectively). The peritoneal cavity temperature for the
groups of mice undergoing hypothermia (group A, B, C) was determined after fitting with
Miller catheter, but before cold saline infusion. After fitting with Miller catheter, mice that
would be undergoing hypothermia were observed to have a lower mean peritoneal temperature
than group D and E (Group A: 30.08 ± 0.33; B: 30.35 ± 0.21; C: 30.88 ± 0.22°C). After different
duration of cold saline infusion, there was approximately 6–7°C drop in the abdominal cavity
temperature for the mice undergoing hypothermia. As expected, longer duration of cold saline
infusion led to a lower mean abdominal temperature (Group A: 23.98 ± 0.41; B: 23.54 ± 0.49;
C: 23.12 ± 0.39°C).

Intra-abdominal adhesion score
The mean (±SE) adhesion scores were plotted for postoperative day 1, 7, and 14 (Fig 1). In gen-
eral, there are little adhesion formations on day 1, and the adhesion score increases over time.
We observed that the sham group (group E in cyan), which had not undergone the adhesion
model, had the lowest adhesion score as expected. Group D (in purple, the mice that have
undergone adhesion model but not hypothermia) had the highest adhesion score throughout
the study period. On day 14, all the groups (group A, B, and C) that have undergone cold saline
infusion were associated with lower adhesion scores than group D. However, only group B (30
minutes duration) has significantly lower adhesion scores than group D on day 14 (p<0.05).

tPA level in the peritoneum fluid
The mean (±SE) tPA levels in the peritoneum fluid were reported in Table 1. In general, tPA
level increased from day 1 to day 7 for all groups, but decreased again to the baseline levels on
day 14. We observed that the sham group of mice had the lowest mean tPA level throughout
the study period. Group D (undergone adhesion model but not hypothermia) generally had
comparable tPA level to the sham group. However, group D had lower tPA level than the
groups that had hypothermia (group A, B, and C). The difference between group B and group
D is significant on day 1 (p<0.05) and nearly significant on day 7 and day 14 (p< 0.1). The
difference between group C and group D is significant on day 1 (p<0.05) and nearly signifi-
cant on day 7 (p< 0.1).

PAI-I level in the peritoneum fluid
The mean (±SE) PAI-I levels in the peritoneum fluid were shown in Table 2. In general, the
PAI-I levels are similar between group A, D, and E on the different post-operative days. The
only exception is on day 1, in which group D, the animals that have not undergone hypother-
mia were observed to have significantly higher concentration of PAI-I than group A, B, C and
E. On post-operative day 1, group D was found to have 2.3 fold, 5.2 fold, and 15.4 fold higher
respective levels of PAI-I than group A, B, and C; the results are all significant (p< 0.05).
Group D also had a higher level of PAI-I than the sham group (E) on post-operative day 1, but
the result is only nearly significant (p< 0.1). On post-operative days 7 and 14, however, group
D no longer had a significantly higher level of PAI-I than the groups that had undergone
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hypothermia (group A, B, and C). Instead, group D was found to have significantly lower level
of PAI-I than group B on post-operative day 7 and day 14.

Discussion
Several groups have reported that therapeutic hypothermia during operation could decrease
postoperative intra-abdominal adhesion formation. However, the most appropriate duration
of hypothermia and the working mechanism on how hypothermia could decrease postopera-
tive intra-abdominal adhesion formation is unclear. This study found that all the groups of
mice that have undergone hypothermia were associated with lower adhesion scores than the
mice without hypothermia on post-operative day 14. However, only the group of mice that had

Fig 1. Intra-abdominal adhesion score.

doi:10.1371/journal.pone.0160627.g001

Table 1. tPA level in the peritoneum fluid.

Group\ Time Day 1 (ng/ml) Day 7 (ng/ml) Day 14 (ng/ml)

A (15 mins) 0.154 ± 0.122 0.334 ± 0.188 * 0.040 ± 0.007

B (30 mins) 0.299 ± 0.078 ** 0.438 ± 0.095 * 0.244 ± 0.049 *

C (45 mins) 0.316 ± 0.057 *** 0.445 ± 0.168 * 0.409 ± 0.248

D (No) 0.088 ± 0.027 0.190 ± 0.162 0.111 ± 0.049

E (Sham) 0.057 ± 0.017 0.173 ± 0.053 0.043 ± 0.003

B/ D 3.41 2.31 2.19

C/ D 3.61 2.34 3.67

* refers to p<0.1,

** refers to p<0.05 D,

*** refers to p<0.01.

All the comparison for the group of interest is made towards group D on the same day.

doi:10.1371/journal.pone.0160627.t001
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undergone hypothermia for 30 minutes had significantly lower adhesion scores than the group
of mice that had not undergone hypothermia. Correspondingly, we found that the 30 minutes
hypothermia group had 3.4 fold (day 1), 2.3 fold (day 7), and 2.2 fold (day 14) higher level of
tPA than the group without hypothermia.

A few clinical studies have demonstrated that there is a reduction in the level of peritoneal
tPA after injury. Brokelman et al. reported that patients undergoing laparoscopic gastric bypass
surgery showed a 30% decrease in tPA concentration after 90 minutes of surgery [17]. Scott-
Coombes et al. carried out a longer study and reported that in patients undergoing elective lapa-
rotomy for non-inflammatory disease; peritoneal tPA level decreased by more than 2 fold on
post-operative day 1 [19]. Thus, researchers tried to use recombinant tPA to reduce adhesion for-
mation after recombinant tPA became commercially available. Lai et al. found that adding 30 ug
of recombinant tPA toWister rats immediately after the operation can decrease post-operative
adhesion on day 14 [23]. Evans et al. found that adding 800 ug of recombinant tPA to Sprague-
Dawley rats for 4 continuous days can decrease ischemic button adhesion on day 7 [24]. Com-
pared to the group of mice that had undergone adhesion but not hypothermia, our study found
that the tPA level for the group of mice that had undergone 30 minutes hypothermia showed an
increase of approximately 0.21 ng/ml of tPA on post-operative day 1 and an increase of approxi-
mately 0.13 ng/ml of tPA on post-operative day 14. It is difficult to determine the exact increase
of the tPA level for each group of mice, but we can estimate a consistent increase in tPA level in
the low ng range for the group of mice that have undergone 30 minutes of hypothermia.

Due to differences in the study design, our results cannot be directly compared to the previ-
ous reports using recombinant tPA. However, it is clear from comparison with previous reports
on recombinant tPA that the rise in the concentration of tPA due to hypothermia may not be
the sole reason for the observed decrease in post-operation adhesion. In fact, hypothermia has
been shown to influence multiple processes such as cellular metabolism, expression of metallo-
proteinase and inflammation [31, 32, 35]. The mechanism on how hypothermia can reduce
inflammation has been well characterized. Hypothermia has been found to decrease inflamma-
tion by decreasing both the infiltration of polymorphonuclear cells and the production of a
wide range of inflammatory proteins such as TNF-α, IL-1b, IL-6, and macrophage inflamma-
tory protein-2. [29, 36, 37]

Currently, the most well-characterized approach to prevent post-operative adhesion is to use
a biodegradable barrier, which can be either solid or fluid based. Meta-analysis of 28 random-
ized controlled trials (5191 patients) suggested that the two commercially available solid

Table 2. PAI-I level in the peritoneum fluid.

Group\ Time Day 1 (ng/ml) Day 7 (ng/ml) Day 14 (ng/ml)

A (15mins) 8.354 ± 2.164 *** 2.539 ± 0.998 0.518 0078 0.161

B (30mins) 3.630 ± 0.776 *** 9.428 ± 1.204 ** 3.643 ± 1.166 **

C (45mins) 1.221 ± 0.446 *** 5.156 ± 1.175 0.993 ± 0.381

D (No) 18.858 ± 8.694 2.930 ± 0.483 0.814 ± 0.158

E (Sham) 8.033 ± 2.801* 3.933 ± 4.126 0.582 ± 0.104

D/B 5.20 0.31 0.22

D/C 15.44 0.57 0.82

* refers to p<0.1,

** refers to p<0.05 D,

*** refers to p<0.01.

All the comparison for the group of interest is made towards group D on the same day.

doi:10.1371/journal.pone.0160627.t002
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barriers: oxidized regenerated cellulose or carboxymethylcellulose can effectively and safely pre-
vent post-operative adhesion [38]. However, during laparoscopic surgery, solid barriers have
the disadvantage owing to the difficulty to apply. Icodextrin and polyethylene glycol are two
fluid-based barriers that have the theoretical advantage of easier administration and cover more
potential sites of adhesion formation. However, the same meta-analysis did not show that either
icodextrin or polyethylene to significantly reduce post-operative adhesion [38].

In the future, it will be interesting to test the clinical application of hypothermia in laparot-
omy and see how well it compares with currently available biodegradable barriers. In our
study, we use a standard Miller catheter for the induction of hypothermia, which has the
advantage of localized cooling at the site of operation, and relatively rapid cooling rates. In
humans, the peritoneal cavity is much larger, and it is conceivable to use the Celsius Control
system (Innercool Therapies, Inc) [39]. The Celsius Control system is an intravascular cooling
catheter system that been designed and approved for clinical use in neurosurgical patients. Use
of therapeutic hypothermia in brain injury patients has been well characterized, and moderate
hypothermia has been shown to improve the clinical outcome of these patients.[40, 41] Unfor-
tunately, to the best of our knowledge, there is still no clinical use of therapeutic hypothermia
in laparotomy. Given the proven clinical benefit of hypothermia in brain injury patients and
our results showing that hypothermia decreases post-operative adhesion, it might be worth-
while for clinicians to test therapeutic hypothermia on patients undergoing laparotomy next.

Our study has some inherent limitations that need to be clarified in future studies. First, our
adhesion scoring system only investigates cecal adhesions and did not address the tenacity and
extent of adhesions to a patch. It will be noteworthy to find out whether using a silicone patch
model will give rise to a different result. Second, it will be interesting to find out whether other
factors of the fibrinolysis system are also affected by hypothermia. Third, the mechanism on
why 45 minutes of hypothermia result in a worse adhesion score than 30 minutes is currently
unclear. Postoperative intra-abdominal adhesion complex is attributed to a complex interplay
between clot formation, fibrinolysis, and wound healing. In this study, we found that 30–45
minutes of hypothermia is likely to increase fibrinolysis due to increase in expression of tPA.
However, it is still unclear how will 30–45 minutes of hypothermia affects clot formation. Since
the coagulation cascade starts to be affected when the whole body temperature drops to 34°C,
it is likely that hypothermia for 45 minutes affects the coagulation cascade to a greater extent
than hypothermia for 30 minutes [42]. In the future, it will be interesting to systemically inves-
tigate the complex association between whole body temperture, peritoneal cavity temperature,
coagulation and post-operative adhesion.

To conclude, our results suggest that cold saline infusion for 30 minutes was the most opti-
mum duration to decrease postoperative intra-abdominal adhesion formation. Our results also
suggest that one mechanism that cold saline infusion can decrease postoperative intra-abdomi-
nal adhesion formation is through an increase in the concentration of tPA.

Acknowledgments
We thank the staff of the Core Labs, the Department of Medical Research, and National Tai-
wan University Hospital for technical support; Ya-lin Yang for technical assistance in ELISA;
and medical wisdom consulting group for technical assistance in statistical analysis.

Author Contributions

Conceptualization:M-TL S-CC.

Formal analysis:M-TL C-CL H-MW T-HCM-CW K-LH S-CC.

Hypothermia and Post-Operative Intra-Abdominal Adhesion

PLOS ONE | DOI:10.1371/journal.pone.0160627 September 1, 2016 7 / 10



Funding acquisition: C-CL S-CC.

Investigation:M-TL C-CL H-MW.

Methodology: S-CC.

Project administration: S-CC.

Supervision: S-CC.

Validation:M-TL H-MW.

Writing – original draft:M-TL S-CC.

Writing – review & editing:M-TL K-LH S-CC.

References
1. Weibel MA, Majno G. Peritoneal adhesions and their relation to abdominal surgery: a postmortem

study. The American Journal of Surgery. 1973; 126(3):345–53. PMID: 4580750

2. Group OLS. Postoperative adhesion development after operative laparoscopy: evaluation at early sec-
ond-look procedures. Operative Laparoscopy Study Group. Fertility and sterility. 1991; 55(4):700–4.
PMID: 1826277.

3. Ellis H, Moran BJ, Thompson JN, Parker MC, Wilson MS, Menzies D, et al. Adhesion-related hospital
readmissions after abdominal and pelvic surgery: a retrospective cohort study. Lancet. 1999; 353
(9163):1476–80. doi: 10.1016/S0140-6736(98)09337-4 PMID: 10232313.

4. ArungW, Meurisse M, Detry O. Pathophysiology and prevention of postoperative peritoneal adhesions.
World journal of gastroenterology. 2011; 17(41):4545–53. doi: 10.3748/wjg.v17.i41.4545 PMID:
22147959; PubMed Central PMCID: PMC3225091.

5. Liakakos T, Thomakos N, Fine PM, Dervenis C, Young RL. Peritoneal adhesions: etiology, pathophysi-
ology, and clinical significance. Recent advances in prevention and management. Digestive surgery.
2001; 18(4):260–73. 50149. PMID: 11528133.

6. Ellis H. The clinical significance of adhesions: focus on intestinal obstruction. The European journal of
surgery Supplement: = Acta chirurgica Supplement. 1997;(577: ):5–9. PMID: 9076446.

7. Menzies D, Ellis H. Intestinal obstruction from adhesions—how big is the problem? Annals of the Royal
College of Surgeons of England. 1990; 72(1):60. PMID: 2301905

8. ten Broek RP, Issa Y, van Santbrink EJ, Bouvy ND, Kruitwagen RF, Jeekel J, et al. Burden of adhesions
in abdominal and pelvic surgery: systematic review and met-analysis. Bmj. 2013; 347:f5588. doi: 10.
1136/bmj.f5588 PMID: 24092941; PubMed Central PMCID: PMC3789584.

9. Luijendijk RW, de Lange DC, Wauters CC, HopWC, Duron JJ, Pailler JL, et al. Foreign material in post-
operative adhesions. Annals of surgery. 1996; 223(3):242–8. PMID: 8604903; PubMed Central
PMCID: PMC1235111.

10. Hershlag A, Diamond MP, DeCherney AH. Adhesiolysis. Clinical obstetrics and gynecology. 1991; 34
(2):395–402. PMID: 1831077

11. diZerega GS. Biochemical events in peritoneal tissue repair. The European journal of surgery Supple-
ment: = Acta chirurgica Supplement. 1997;(577: ):10–6. PMID: 9076447.

12. Holmdahl L, Ivarsson ML. The role of cytokines, coagulation, and fibrinolysis in peritoneal tissue repair.
The European journal of surgery = Acta chirurgica. 1999; 165(11):1012–9. doi: 10.1080/
110241599750007810 PMID: 10595602.

13. Hellebrekers BWJ, Kooistra T. Pathogenesis of postoperative adhesion formation. British journal of
Surgery. 2011; 98(11):1503–16. doi: 10.1002/bjs.7657 PMID: 21877324

14. diZerega GS, Campeau JD. Peritoneal repair and post-surgical adhesion formation. Human reproduc-
tion update. 2001; 7(6):547–55. PMID: 11727863.

15. Holmdahl L. The role of fibrinolysis in adhesion formation. The European journal of surgery Supple-
ment: = Acta chirurgica Supplement. 1997;(577: ):24–31. PMID: 9076449.

16. Vipond MN, Whawell SA, Thompson JN, Dudley HA. Peritoneal fibrinolytic activity and intra-abdominal
adhesions. Lancet. 1990; 335(8698):1120–2. PMID: 1971864.

17. BrokelmanWJ, Holmdahl L, Janssen IM, Falk P, BergstromM, Klinkenbijl JH, et al. Decreased perito-
neal tissue plasminogen activator during prolonged laparoscopic surgery. The Journal of surgical
research. 2009; 151(1):89–93. doi: 10.1016/j.jss.2008.01.005 PMID: 18541262.

Hypothermia and Post-Operative Intra-Abdominal Adhesion

PLOS ONE | DOI:10.1371/journal.pone.0160627 September 1, 2016 8 / 10

http://www.ncbi.nlm.nih.gov/pubmed/4580750
http://www.ncbi.nlm.nih.gov/pubmed/1826277
http://dx.doi.org/10.1016/S0140-6736(98)09337-4
http://www.ncbi.nlm.nih.gov/pubmed/10232313
http://dx.doi.org/10.3748/wjg.v17.i41.4545
http://www.ncbi.nlm.nih.gov/pubmed/22147959
http://www.ncbi.nlm.nih.gov/pubmed/11528133
http://www.ncbi.nlm.nih.gov/pubmed/9076446
http://www.ncbi.nlm.nih.gov/pubmed/2301905
http://dx.doi.org/10.1136/bmj.f5588
http://dx.doi.org/10.1136/bmj.f5588
http://www.ncbi.nlm.nih.gov/pubmed/24092941
http://www.ncbi.nlm.nih.gov/pubmed/8604903
http://www.ncbi.nlm.nih.gov/pubmed/1831077
http://www.ncbi.nlm.nih.gov/pubmed/9076447
http://dx.doi.org/10.1080/110241599750007810
http://dx.doi.org/10.1080/110241599750007810
http://www.ncbi.nlm.nih.gov/pubmed/10595602
http://dx.doi.org/10.1002/bjs.7657
http://www.ncbi.nlm.nih.gov/pubmed/21877324
http://www.ncbi.nlm.nih.gov/pubmed/11727863
http://www.ncbi.nlm.nih.gov/pubmed/9076449
http://www.ncbi.nlm.nih.gov/pubmed/1971864
http://dx.doi.org/10.1016/j.jss.2008.01.005
http://www.ncbi.nlm.nih.gov/pubmed/18541262


18. Thompson JN, Paterson-Brown S, Harbourne T, Whawell SA, Kalodiki E, Dudley HA. Reduced human
peritoneal plasminogen activating activity: possible mechanism of adhesion formation. The British jour-
nal of surgery. 1989; 76(4):382–4. PMID: 2720348.

19. Scott-Coombes D, Whawell S, Vipond MN, Thompson J. Human intraperitoneal fibrinolytic response to
elective surgery. The British journal of surgery. 1995; 82(3):414–7. PMID: 7796030.

20. Vipond MN, Whawell SA, Scott-Coombes DM, Thompson JN, Dudley HA. Experimental adhesion pro-
phylaxis with recombinant tissue plasminogen activator. Ann R Coll Surg Engl. 1994; 76(6):412–5.
PMID: 7702327; PubMed Central PMCID: PMC2502270.

21. Menzies D, Ellis H. Intra-abdominal adhesions and their prevention by topical tissue plasminogen acti-
vator. Journal of the Royal Society of Medicine. 1989; 82(9):534–5. PMID: 2507782

22. Hill-West JL, Dunn RC, Hubbell JA. Local release of fibrinolytic agents for adhesion prevention. The
Journal of surgical research. 1995; 59(6):759–63. doi: 10.1006/jsre.1995.1236 PMID: 8538178.

23. Lai HS, Chen Y, Chang KJ, ChenWJ. Tissue plasminogen activator reduces intraperitoneal adhesion
after intestinal resection in rats. Journal of the Formosan Medical Association = Taiwan yi zhi. 1998; 97
(5):323–7. PMID: 9610055.

24. Evans DM, McAree K, Guyton DP, Hawkins N, Stakleff K. Dose dependency and wound healing
aspects of the use of tissue plasminogen activator in the prevention of intra-abdominal adhesions. The
American journal of surgery. 1993; 165(2):229–32. PMID: 8427402

25. Hellebrekers BWJ, Trimbos-Kemper TCM, Trimbos JBMZ, Emeis JJ, Kooistra T. Use of fibrinolytic
agents in the prevention of postoperative adhesion formation. Fertility and sterility. 2000; 74(2):203–12.
PMID: 10927033

26. Gehlbach DL, O'Hair KC, Parks AL, Rosa C. Combined effects of tissue plasminogen activator and
carboxymethylcellulose on adhesion reformation in rabbits. International journal of fertility and meno-
pausal studies. 1994; 39(3):172–6. PMID: 7920754.

27. Binda MM, Molinas CR, Hansen P, Koninckx PR. Effect of desiccation and temperature during laparos-
copy on adhesion formation in mice. Fertility and sterility. 2006; 86(1):166–75. doi: 10.1016/j.fertnstert.
2005.11.079 PMID: 16730008.

28. Binda MM, Molinas CR, Mailova K, Koninckx PR. Effect of temperature upon adhesion formation in a
laparoscopic mouse model. Human reproduction. 2004; 19(11):2626–32. PMID: 15333592

29. Lin HF, Wu CY, Wu MC, Chou TH, Lin GS, Yen ZS, et al. Hypothermia decreases postoperative intra-
abdominal adhesion formation. American journal of surgery. 2014; 208(3):419–24. doi: 10.1016/j.
amjsurg.2013.10.028 PMID: 24581996.

30. Fang CC, Chou TH, Lin GS, Yen ZS, Lee CC, Chen SC. Peritoneal infusion with cold saline decreased
postoperative intra-abdominal adhesion formation. World journal of surgery. 2010; 34(4):721–7. doi:
10.1007/s00268-009-0378-7 PMID: 20049434.

31. Lee JE, Yoon YJ, Moseley ME, Yenari MA. Reduction in levels of matrix metalloproteinases and
increased expression of tissue inhibitor of metalloproteinase-2 in response to mild hypothermia therapy
in experimental stroke. Journal of neurosurgery. 2005; 103(2):289–97. doi: 10.3171/jns.2005.103.2.
0289 PMID: 16175859.

32. Wagner S, Nagel S, Kluge B, Schwab S, Heiland S, Koziol J, et al. Topographically graded postis-
chemic presence of metalloproteinases is inhibited by hypothermia. Brain research. 2003; 984(1):63–
75.

33. Oncel M, Kurt N, Remzi FH, Sensu SS, Vural S, Gezen CF, et al. The effectiveness of systemic antibiot-
ics in preventing postoperative, intraabdominal adhesions in an animal model. The Journal of surgical
research. 2001; 101(1):52–5. doi: 10.1006/jsre.2001.6245 PMID: 11676554.

34. Diamond MP, Bachus K, Bieber E, Bradshaw K, Gallup D, Grunert G, et al. Improvement of interob-
server reproducibility of adhesion scoring systems. Fertility and sterility. 1994; 62(5):984–8. PMID:
7926146

35. Gonzalez-Ibarra FP, Varon J, Lopez-Meza EG. Therapeutic hypothermia: critical review of the molecu-
lar mechanisms of action. Frontiers in neurology. 2011; 2:4. doi: 10.3389/fneur.2011.00004 PMID:
21331282; PubMed Central PMCID: PMC3035015.

36. Patel S, Pachter HL, Yee H, Schwartz JD, Marcus SG, Shamamian P. Topical hepatic hypothermia
attenuates pulmonary injury after hepatic ischemia and reperfusion. Journal of the American College of
Surgeons. 2000; 191(6):650–6. PMID: 11129814.

37. Kato A, Singh S, McLeish KR, Edwards MJ, Lentsch AB. Mechanisms of hypothermic protection
against ischemic liver injury in mice. American journal of physiology Gastrointestinal and liver physiol-
ogy. 2002; 282(4):G608–16. doi: 10.1152/ajpgi.00454.2001 PMID: 11897619.

Hypothermia and Post-Operative Intra-Abdominal Adhesion

PLOS ONE | DOI:10.1371/journal.pone.0160627 September 1, 2016 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/2720348
http://www.ncbi.nlm.nih.gov/pubmed/7796030
http://www.ncbi.nlm.nih.gov/pubmed/7702327
http://www.ncbi.nlm.nih.gov/pubmed/2507782
http://dx.doi.org/10.1006/jsre.1995.1236
http://www.ncbi.nlm.nih.gov/pubmed/8538178
http://www.ncbi.nlm.nih.gov/pubmed/9610055
http://www.ncbi.nlm.nih.gov/pubmed/8427402
http://www.ncbi.nlm.nih.gov/pubmed/10927033
http://www.ncbi.nlm.nih.gov/pubmed/7920754
http://dx.doi.org/10.1016/j.fertnstert.2005.11.079
http://dx.doi.org/10.1016/j.fertnstert.2005.11.079
http://www.ncbi.nlm.nih.gov/pubmed/16730008
http://www.ncbi.nlm.nih.gov/pubmed/15333592
http://dx.doi.org/10.1016/j.amjsurg.2013.10.028
http://dx.doi.org/10.1016/j.amjsurg.2013.10.028
http://www.ncbi.nlm.nih.gov/pubmed/24581996
http://dx.doi.org/10.1007/s00268-009-0378-7
http://www.ncbi.nlm.nih.gov/pubmed/20049434
http://dx.doi.org/10.3171/jns.2005.103.2.0289
http://dx.doi.org/10.3171/jns.2005.103.2.0289
http://www.ncbi.nlm.nih.gov/pubmed/16175859
http://dx.doi.org/10.1006/jsre.2001.6245
http://www.ncbi.nlm.nih.gov/pubmed/11676554
http://www.ncbi.nlm.nih.gov/pubmed/7926146
http://dx.doi.org/10.3389/fneur.2011.00004
http://www.ncbi.nlm.nih.gov/pubmed/21331282
http://www.ncbi.nlm.nih.gov/pubmed/11129814
http://dx.doi.org/10.1152/ajpgi.00454.2001
http://www.ncbi.nlm.nih.gov/pubmed/11897619


38. ten Broek RP, Stommel MW, Strik C, van Laarhoven CJ, Keus F, van Goor H. Benefits and harms of
adhesion barriers for abdominal surgery: a systematic review and meta-analysis. Lancet. 2014; 383
(9911):48–59. doi: 10.1016/S0140-6736(13)61687-6 PMID: 24075279.

39. Badjatia N. Celsius Control system. Neurocritical care. 2004; 1(2):201–3. PMID: 16174915.

40. Marion DW, Penrod LE, Kelsey SF, Obrist WD, Kochanek PM, Palmer AM, et al. Treatment of traumatic
brain injury with moderate hypothermia. The New England journal of medicine. 1997; 336(8):540–6.
doi: 10.1056/NEJM199702203360803 PMID: 9023090.

41. Biswas AK, Bruce DA, Sklar FH, Bokovoy JL, Sommerauer JF. Treatment of acute traumatic brain
injury in children with moderate hypothermia improves intracranial hypertension. Critical care medicine.
2002; 30(12):2742–51. PMID: 12483067.

42. Watts DD, Trask A, Soeken K, Perdue P, Dols S, Kaufmann C. Hypothermic coagulopathy in trauma:
effect of varying levels of hypothermia on enzyme speed, platelet function, and fibrinolytic activity. The
Journal of trauma. 1998; 44(5):846–54. PMID: 9603087.

Hypothermia and Post-Operative Intra-Abdominal Adhesion

PLOS ONE | DOI:10.1371/journal.pone.0160627 September 1, 2016 10 / 10

http://dx.doi.org/10.1016/S0140-6736(13)61687-6
http://www.ncbi.nlm.nih.gov/pubmed/24075279
http://www.ncbi.nlm.nih.gov/pubmed/16174915
http://dx.doi.org/10.1056/NEJM199702203360803
http://www.ncbi.nlm.nih.gov/pubmed/9023090
http://www.ncbi.nlm.nih.gov/pubmed/12483067
http://www.ncbi.nlm.nih.gov/pubmed/9603087



