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Abstract
Postoperative adhesions are pathological attachments that develop between abdominopelvic structures following surgery. Considered unavoidable and ubiquitous, postoperative
adhesions lead to bowel obstructions, infertility, pain, and reoperations. As such, they represent a substantial health care challenge. Despite over a century of research, no preventive
treatment exists. We hypothesized that postoperative adhesions develop from a lack of
movement of the abdominopelvic organs in the immediate postoperative period while rendered immobile by surgery and opiates, and tested whether manual therapy would prevent
their development. In a modified rat cecal abrasion model, rats were allocated to receive
treatment with manual therapy or not, and their resulting adhesions were quantified. We
also characterized macrophage phenotype. In separate experiments we tested the safety of
the treatment on a strictureplasty model, and also the efficacy of the treatment following
adhesiolysis. We show that the treatment led to reduced frequency and size of cohesive
adhesions, but not other types of adhesions, such as those involving intraperitoneal fatty
structures. This effect was associated with a delay in the appearance of trophic macrophages. The treatment did not inhibit healing or induce undesirable complications following
strictureplasty. Our results support that that maintained movements of damaged structures
in the immediate postoperative period has potential to act as an effective preventive for
attenuating cohesive postoperative adhesion development. Our findings lay the groundwork
for further research, including mechanical and pharmacologic approaches to maintain
movements during healing.

Introduction
Adhesions between structures that are normally free-moving are a ubiquitous side effect of
abdominal and pelvic surgeries. Although most postoperative adhesions are asymptomatic,
they are a leading cause of small bowel obstruction, infertility, and repeat surgeries, and have
been implicated in chronic pelvic pain [1–8]. Although symptomatic postoperative adhesions
can be treated by reoperation, the outcomes are not always successful, and it is generally agreed

PLOS ONE | https://doi.org/10.1371/journal.pone.0178407 June 2, 2017

1 / 18

Manual therapy for postoperative adhesions

Competing interests: The authors have declared
that no competing interests exist.

that preventing postoperative adhesions is preferable [9–15]. There have been numerous preventive approaches, including limiting peritoneal damage and placing a liquid or solid barrier
between the structures. Since none are consistently effective [16, 17], the prevention of postoperative adhesions remains elusive.
A less researched approach to prevent postoperative adhesions has been to maintain movement of the structures while healing. Surgery inhibits normal intestinal movements, referred
to as postoperative ileus, and movements are also reduced by opiates [18, 19]. In humans,
impaired postoperative motility is considered normal, lasting on average 1–2 days for the
small intestine and 2–3 days for the colon [20], but often lasts much longer [18]. It is possible
that this stasis facilitates adhesion development, since the key epoch for adhesion formation
is during the first 3 postoperative days [14]. Theoretically, if the damaged surfaces were periodically moved during this critical time period, passively or actively, adhesion development
would be limited. This possible etiological link was discussed more than a century ago (see references in [21] and [22]), and two studies showing efficacy of prokinetic agents (neostigmine)
were published more than 50 years ago [22, 23]. The topic received little further consideration,
perhaps because such agents are not well tolerated by patients following surgery. Our study
builds upon these concepts by offering a potentially more tolerable treatment option, as well as
a feasible model for further study (rats versus larger mammals).
Extending the hypothesis that maintained movements would inhibit postoperative adhesions, we adapted a manual therapy method called “visceral manipulation” and applied it in a
model of postoperative adhesions in rats. In clinical practice, therapists simultaneously palpate
and mobilize the abdominal contents, imparting passive movements between the abdominopelvic structures. This has been shown to have clinical efficacy for patients with constipation
[24, 25], indicating that it is prokinetic. We used a massage therapist (SLC) with 20 years of
clinical experience using the technique referred to in the field as visceral manipulation to scale
this treatment approach for a rat, and called the treatment “modeled manual therapy” (MMT).
Our earlier studies showed that our therapist was able to detect and disrupt cohesive postoperative adhesions, and that the treatment also reduced postoperative ileus [26, 27]. In this
manuscript we report the effects of MMT for the prevention of postoperative adhesions, and
investigate a possible mechanistic link between MMT and alteration in the adhesion development cascade, beginning with macrophages.

Methods
Animals and groups
All procedures were consistent with the Guide for the Care and Use of Laboratory Animals
(National Research Council, USA), and were approved by the University of New England
Institutional Animal Care and Use Committee (Animal Welfare Assurance Number D1600277). All surgeries were performed under isoflurane anesthesia, and all efforts were made to
minimize suffering.
A total of 147 rats were used for the described experiments (Table 1). One hundred thirty
one female SD rats were obtained from Charles River Laboratories (USA), and weighed 190–
210 g when used. These rats were placed into 12 groups to study the effect of MMT on postoperative adhesions. All rats were handled for 3–4 minutes by one of the authors on the 3 days
prior to the surgeries, and were accommodated to enclosures that allowed monitoring of their
fecal output [28]. Rats were operated upon to induce adhesions, and assigned to receive treatment or remain untreated. Thirteen rats were used for macrophage harvesting only. An additional 16 male SD rats weighing 350–450 g were obtained for a sub-study of the safety of MMT
following strictureplasty. These rats were placed in 2 groups of 7 (treated and untreated).
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Table 1. Experimental groups.
Procedure

Survival Days

Untreated (losses)

Treated (losses)

Total (losses)

None

0 (Control)

13

0

13

Cecal Hinge

1

7

7

14

Cecal Hinge

2

7 (1*)

7

14 (1)

Cecal Hinge

4

7

9 (2*)

16 (2)

Cecal Hinge

7

8

13 (3*)

20 (3)

Cecal Hinge MD**

7

14 (2*)

8 (2*, 1#)

22 (5)

Adhesiolysis

28 / 7

15 (3#)

15

30 (3)

Strictureplasty

7

7+2 ##

7

18

Totals (losses)

80 (6)

66 (8)

147 (14)

* One of the stitches avulsed; area data were not included.
** A separate experiment was performed using multiple doses (MD) of pain medication.
#Postsurgical complications led to removal of these rats from the study.
## Two normal rats were used for baseline measurements.
https://doi.org/10.1371/journal.pone.0178407.t001

Surgical details and experimental protocols
Experiment 1: Modeled manual therapy for attenuation of postoperative adhesions.
Our hypothesis was that adhesions form secondary to postoperative continued adjacency of injured surfaces (e.g. cecum, intestines, and abdominal wall) and that externally applied manipulations during the critical first days after surgery could dynamically alter the positioning of
these structures, thus reducing or preventing adhesion formation. We developed a modified
cecal-sidewall model to limit but not fully prevent peristalsis or naturally occurring movements of the cecum. All surgeries were performed by the same surgeon (GMB). Following
anesthesia with isoflurane (1.75–2.25% in pure oxygen) and appropriate surgical preparation,
the abdominal wall was incised just right of the linea alba for 2.5 cm. Using atraumatic forceps,
the greater omentum was displaced cranially if covering the intestines. The cecum and 5–6 cm
of small intestine were exteriorized. The cecum was grasped with gloved fingers, and a sterile
toothbrush with a 13 mm circular head (Braun, USA) was stroked ~8 times over the entire
cecum, causing destruction of the mesothelium (indicated by strands of tissue forming on the
brush) and inducing multiple petechial hemorrhages over the entire cecum without frank
bleeding (Fig 1A). The small intestine and cecum were then placed back in the abdominal cavity in their normal anatomical position.
A loop of suture was used to retract the abdominal wall over a custom brace, revealing a 2.5
cm long and 1 cm wide area. A 2 cm long X 1 cm wide rectangle was outlined with shallow
scalpel cuts guided by calipers. The peritoneum was undermined using spring scissors, avoiding the superior epigastric artery. The flap was retracted medially to include part of the transversus abdominis muscle, and cut at the previously marked line, leaving a 2 cm X 1 cm area of
scarified muscle. The cecum was retrieved and two 4–0 nylon sutures were placed attaching
the greater curvature to the abdominal wall, 1–2 mm cranial and caudal to the centerline of the
abdominal wall lesion, with no tension between the sutures (Fig 1A). Because the cecum was
free to move along an axis between the sutures, we termed this the “cecal hinge” model [29].
We termed the resultant adhesion development at this location the “primary adhesion.”
The abdominal wall was closed in layers using interrupted 4–0 nylon sutures. In the primary experiment, rats were given one dose of buprenorphine (0.05 mg/kg sc) and placed in
individual custom enclosures to recover. Rats usually resumed their normal activity levels
within one hour. Fecal pellet discharge was monitored and reported as pellets per 4-hour
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Fig 1. Experimental methods. A. To create the cecal hinge, the abraded cecum was stitched in two places (arrows) to
appose a 1 cm X 2 cm area where the peritoneum had been removed. B. Quantification of the primary adhesion. The free
cecum was cut from the adhesion area, the contents removed, and the edges trimmed. The adhesion was outlined and the
area recorded. C. Completed strictureplasty surgery. D. The intestinal segment 7 days following strictureplasty was
instrumented and inflated until suture failure. The sutures can be seen beneath the fatpad adhesion that encased the suture
line. E. Sample trace of intraluminal pressure. The first dip (arrow) was associated with mesothelial splitting at a different site
from the suture line. This sample withstood a pressure of 179 mmHg.
https://doi.org/10.1371/journal.pone.0178407.g001

epoch, over 24 hours. We previously reported that prolonged dosage of buprenorphine leads
to more severe reductions in transit time and fecal pellet discharge [28], suggesting reduced
movements of the structures. Therefore, we also tested whether prolonged buprenorphine
administration caused more extensive adhesion formation by performing an experiment using
3 doses of buprenorphine with a reported efficacy of 36 hours (0.05 mg/kg i.p. q12).
Rats were treated using MMT as previously described [26, 27]. The treatment was designed
and performed by a professional massage therapist with >20 years clinical experience, and
was intended to mobilize the entire gastrointestinal tract and encourage intraperitoneal fluid
movement between the peritoneal surfaces. A sample treatment can be seen in Supporting
Information (S1 Video; consent was obtained to use this video). Treatments were performed
immediately after the surgery and every 4 hours thereafter other than between 22:00 and
07:00. Treatments were performed until the planned end-point, or for a maximum of 4 days.
Control rats were not handled after surgery because picking up and holding active rats involves
gravitational forces and deflection of the abdomen. This was perceived as a possible confound.
After 1, 2, 4, or 7 days (random assignment), rats were given an overdose of isoflurane and
exsanguinated by opening the thorax and lesioning the heart. This prevented bleeding during
the necropsy, which we previously noted interfered with the rating methods and also with the
isolation of macrophages. The abdominal skin was reflected distally and the abdominal wall
was opened just distal to the xyphoid. To collect macrophages, 10 ml of sterile buffer was
injected into the intraperitoneal space just distal to the xyphoid prior to adhesion evaluation.
After gentle mobilization, a flexible plastic feeding tube with a small polyester wool bonnet was
then carefully guided laterally into the paraspinal gutters, avoiding the adhesion area, and the
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lavage fluid was aspirated (8.5–9 ml). Using a surgical microscope at 3.75X, a wide oval of the
abdominal wall was excised but left in place to isolate but not disrupt the primary adhesion.
A necropsy was performed and recorded for later analysis using a digital camera (Nikon
DS-Fi1, USA) controlled by Nikon Elements software. The surgeon (GMB) systematically
examined the abdomen, identifying and then disrupting all adhesions. The necropsy proceeded by examining adhesions involving the greater omentum, the left and right adnexal fat
pads, and then any other adhesions between the cecum and other organs including the cecum
to itself. The primary adhesion was not disrupted during this process. After the necropsy video
was finished, the abdominal wall and adhered portion of the cecum were removed en bloc.
Evaluation of the primary adhesion. The adhered part of the cecum and the abdominal
wall panel were placed cecum-up on a pad. If both stitches were not patent, the data for the primary adhesion was excluded. Under microscopic guidance, the cecum contents were removed
with cotton swabs, and the edges of the patch of cecum were trimmed carefully to reveal the
boundaries of the adhesion. A calibrated photograph was taken, and the adhesion area measured using Nikon Elements (Fig 1B).
Intraperitoneal adhesion rating. The severities of the intraperitoneal adhesions (not
including the primary adhesions) were rated using a consensus approach that we have recently
described [29]. Four investigators familiar with the methods but not otherwise involved in the
experiments performed the ratings.
Intestinal function. Part of our hypothesis included that post-operative bowel stasis
(ileus) could be at least in part causative of postoperative adhesion formation. We evaluated
postoperative ileus by observing fecal discharge, using methods previously described [28]. Discharge over 4 hour epochs was chosen as the outcome measure. Pellets discharged during
treatment were placed into the chambers for inclusion in counting.
Macrophage phenotype. We performed flow cytometry to identify relative levels of intraperitoneal M1 (inflammatory) and M2 (trophic) macrophage phenotypes using surface and
intracellular markers as previously described [30]. We defined M1 macrophages as displaying
increased expression of CD86 and iNOS relative to intraperitoneal macrophages isolated from
naïve rats. We defined M2 macrophages as displaying increased expression of CD163 and arginase
relative to intraperitoneal macrophages isolated from naïve rats. Primary antibodies included:
Pacific Blue monoclonal mouse anti- CD11b/OX-42 [31] (AbD Serotec catalog # MCA275PB;
RRID: AB_566459), FITC monoclonal mouse anti- HIS48 [32] (BD Biosciences catalog # 554907;
RRID: AB_395595), biotin monoclonal mouse anti- CD86 [33] (Biolegend catalog # 200303;
RRID: AB_313852), PE monoclonal mouse anti- CD43[34] (Biolegend catalog #202812; RRID:
AB_10642816), unconjugated polyclonal goat anti- CD163 [35] (Santa Cruz Biotechnology catalog
# SC-18796; RRID: AB_2291274), unconjugated polyclonal rabbit anti- iNOS [36] (Santa Cruz
Biotechnology catalog # SC-649, RRID: AB_631833), and unconjugated polyclonal sheep antiarginase1 [37] (Novus Biologicals catalog # AF5868; RRID: AB_1964500). All primary antibodies
were stained at a concentration of 2 μL/10^6 cells; references listed indicate antibody validation studies. Secondary antibodies included: Alexa Fluor 647 polyclonal donkey anti-sheep IgG
(Thermo-Fisher Scientific catalog # A-21448; RRID: AB_2535865), PerCP-Cy5.5 polyclonal donkey anti-goat IgG (Santa Cruz Biotechnology catalog # SC-45102; RRID: AB_1563986), and V500
conjugated streptavidin (BD Biosciences catalog # 561419; RRID: AB_10611863). All secondary
antibodies were tested for non-specificity by staining rat tissue in the absence of primary antibody
and measuring fluorescence. Secondary antibodies fluorescing without a primary antibody present were not used. All secondary antibodies were stained at a concentration of 0.5 μL/106 cells.
Experiment 2. Modeled manual therapy following adhesiolysis. In 30 rats, we created
adhesions using a cecal-sidewall model, followed by adhesiolysis after 28 days. Using the same
methods as described above, the cecum was abraded and the left abdominal wall was lesioned.
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The cecum was sutured to the abdominal wall just outside the 4 corners of the abdominal wall
lesion. After 28 days the rats underwent adhesiolysis surgery. The primary adhesion was
sharply dissected using a surgical microscope, primarily using Castroviejo scissors. The entire
gut was searched for adhesions, which were peeled apart or cut with scissors. After closure,
rats were either left untreated or were treated as described above. After 7 days, the adhesions
were assayed as described above.
Experiment 3. Modeled manual therapy following strictureplasty. To test the safety of
the treatment on delicate intestinal sutures we used a model of strictureplasty. Following anesthesia and surgical preparation, a 1 cm midline incision was made and approximately 2 cm of
the proximal large intestine was located and exteriorized. A blunt needle was inserted through
the mesentery to hold the loop out of the abdominal cavity. A 1 cm longitudinal incision was
made through the wall of the bowel. The incision was then closed using interrupted 8–0 prolene sutures (Fig 1C). The incision was copiously rinsed with sterile buffer, the intestine
replaced in the abdominal cavity, and the abdominal wall closed in layers. Rats were injected
with buprenorphine 0.05 mg/kg ip and placed in a clean cage for recovery. 7 rats received no
treatment, and 7 rats received treatment as outlined above.
One week following surgery, rats were terminally anesthetized with isoflurane, killed by
exsanguination, and a 3–4 cm section of the colon, with the strictureplasty centered, was
removed and placed in buffer at room temperature. One end of the colon section was intubated with a catheter connected to an infusion pump that delivered 300 ul/min SIF containing
a fluorescent red dye (Fig 1D). The other end was intubated with a catheter connected to a calibrated pressure transducer and bridge amplifier (CB Sciences), which were connected to an
analog–digital converter (CED Power 1401) and data acquisition software (CED Spike 2). The
infusion pump was started and pressure sampled at 100 Hz, while under visual observation
through a microscope. The maximum pressure was obtained by inspection of the data trace
(Fig 1E). Testing of 2 normal colons showed peritoneal splitting at 80–90 mm Hg, which was
considered beyond physiological pressures.

Data analysis
Data were compiled in Excel, and analyzed using GraphPad/Prism. Primary adhesion areas
were subjected to a 2-way ANOVA corrected for multiple comparisons using Sidak post hoc
tests. In the experiment using 3 doses of buprenorphine, primary adhesion areas were compared
using a student’s t-test. The adhesion areas surrounding the stitches were typically 10 mm2 each
or less. This area was included in the main statistical analysis of the areas. In many cases, the only
adherent areas were at the stitches, which was essentially no adhesion. Therefore, to analyze the
proportions of rats with or without adhesions, we defined total areas of less than 20 mm2 as “no
adhesion,” and performed a Fisher’s Exact test for proportions (two-tailed). The video ratings
were analyzed as previously described [29]. Rating data, fecal pellet counts, and macrophage data
were analyzed using 2-way ANOVA corrected for multiple comparisons using Sidak post hoc
tests. Strictureplasty results were compared using a t-test. Significance was set at p  0.05. All data
are archived and accessible at the following URL: http://dune.une.edu/biomed_facpubs/20/.

Results
Experiment 1: Modeled manual therapy for attenuation of postoperative
adhesions
Of 147 rats, 146 recovered from the surgery without incident. One untreated rat was found
dead 2 days postoperatively. The treated rats accepted the manual treatment without any
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behavioral indication of stress or pain, other than being more likely to defecate during or
immediately following treatment. After 7 days, the experiment was ended and the adhesions
were evaluated. The proximal stitch of the cecal hinge had avulsed in 3 controls and 7 treated
rats (difference not significant by Fisher’s Exact test); these data were excluded.
Besides the adhesion between the cecum and abdominal wall (Fig 1B), adhesions were usually found between the greater omentum and cecum, and adnexal fat pads and cecum. Adhesions connecting intestine to intestine (an example of a “cohesive adhesion;” [38]) were not
found in all rats, but when they occurred they were flat, rather than band-like. Only 3 adhesions typically described as bands were seen in 143 necropsies, and these were between the
liver and cecum (1), and between the small intestine and cecum (2). No adhesions were
observed between non-cecal structures and the abdominal wall. Fig 2 shows representative
images of these varied adhesions.
Primary adhesion areas. The areas of 77 primary adhesions were measured and used for
analysis. The primary adhesion areas were reduced due to the treatment (F1, 51 = 9.4, p =
0.0036) with post hoc tests showing significant differences at 2 and 7 days postoperatively (Fig
3A). The adhesion areas were also smaller with time (F3, 51 = 5.4, p = 0.0025). In the experiment where 3 doses of buprenorphine were given, we observed a significant decrease in the

Fig 2. Representative postoperative adhesions seen in the cecal hinge model. Images A-C were taken
from the same rat in the 4-day treatment group. A. Greater omentum to cecum (C, in all panels), the extent
indicated by a bracket. B. Left adnexal fatpad (*) is adherent to the cecum. In this rat there was no primary
adhesion, which can be appreciated by the fold in the tissue between the abdominal wall and the cecum. C.
Cohesive adhesion between the small intestine and the cecum (arrow). D. Band-like adhesion between the
mesentery of the small intestine and the cecum.
https://doi.org/10.1371/journal.pone.0178407.g002
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Fig 3. Modeled manual therapy attenuated or prevented primary postoperative adhesions. A. Areas of primary adhesions
(means ± SEM; * p < 0.05). B. The proportion of rats with primary adhesion formation was lower than untreated rats (Fischer’s
exact test, * = p < 0.0001). Numbers per group are indicated within bars.
https://doi.org/10.1371/journal.pone.0178407.g003

primary adhesion area with treatment (p < 0.05, Fig 3A). Although the mean size of the primary adhesions from the 3-dose untreated group was larger than the 1-dose untreated group,
the difference was not statistically significant. Because there was no significant difference
between the 1-dose and 3-dose groups, their outcomes were combined and analyzed for the
presence or absence of primary adhesions. While all 20 rats in the 1-dose and 3-dose untreated
groups had primary adhesions, only 6 of 15 rats in the treated groups had such adhesions, a
statistically significant lower proportion (Fig 3B; Fischer’s exact test, p < 0.0001).
Adhesion ratings. Adhesions formed between the cecum and the greater omentum (Fig
2A) and the adnexal fat pads (Fig 2B), as well as less commonly between the cecum and the
small or large intestine (Fig 2C) and the mesentery (Fig 2D). Ratings of these adhesions and
the overall condition of the gut revealed no significant differences between treated and untreated rats in any of the measured parameters, which included overall severity, inflammation
impression, number of adhesions, non-fatty adhesions (those not including omentum or fat
pads), severity per adhesion, and extent per adhesion (Fig 4A–4F, respectively). When these
data were analyzed by day, a number of differences appeared (Table 2). The overall severity
decreased after the first day and then remained stable. The inflammation impression decreased
significantly across all days for both groups. These observations are consistent with expected
healing. The number of adhesions decreased consistently, and the severity/adhesion decreased
at 2 days, but then increased. This is consistent with normal fibrinolytic activities, which increase after the first day, and then increases in strength as the fibrinous adhesions start to
become fibrous.
Fecal discharge. Fecal pellet discharge was significantly lower following surgery (F4, 576 =
7.82, p <0.0001), but did not differ whether the rats had 1 or 3 doses of buprenorphine (0.05
mg/kg sc, Fig 5).
Intraperitoneal macrophage phenotype. To determine if MMT had an effect on inflammatory status, we focused on intraperitoneal macrophages using the expression of inflammatory markers CD86 and iNOS and trophic markers arginase and CD163. Macrophage
expression of arginase protein was reduced in the MMT rats (F1, 50 = 10.03, p = 0.0026), with
post hoc tests showing significant differences at 1 and 7 days postoperatively (Fig 6A). Overall
expression of CD163, CD86, and iNOS proteins did not differ by treatment (Fig 6B–6D). Expression of all markers differed by day [increased arginase (F3, 50 = 7.29, p = 0.0004); increased
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Fig 4. Ratings of necropsy videos (not including primary adhesion). There were no differences between
treated and untreated groups in rated parameters of non-primary postoperative adhesions (n = 7 per group;
means ± SEM). There were numerous differences over time, representing the natural biology of postoperative
adhesions (Table 2).
https://doi.org/10.1371/journal.pone.0178407.g004

Table 2. Statistical results for video ratings (Fig 4).
Treatment
Comparison

Post-hoc <0.05

Day

F (1,48)

p

F (3,48)

p

Untreated

Treated

(A) Overall Severity

0.46

ns

11.1

< 0.0001

1–2, 1–4, 1–7

1–7

(B) Inflammation Impression

<0.01

ns

105.2

<0.0001

all

all

(C) Number of Adhesions

0.87

ns

7.7

0.0003

1–4, 1–7

1–7

(D) Non-Fatty Adhesions

1.19

ns

9.59

<0.0001

1–4, 1–7

1–4, 1–7

(E) Severity / Adhesion

0.38

ns

5.46

0.002

none

2–7

(F) Extent / Adhesion

0.28

ns

2.47

ns

-

-

(A)–(F) refer to Fig 4. Statistically significant individual comparisons are indicated as numbers separated by hyphens, for example, “1–2” means that there
was a significant difference between Day 1 and Day 2 data.
https://doi.org/10.1371/journal.pone.0178407.t002
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Fig 5. Effects of surgery and buprenorphine on fecal pellet discharge. A. Surgery and 1 dose of
buprenorphine immediately after surgery (beginning of Epoch 1) led to reduced fecal pellet discharge 20 to 24
hours after administration. B. Surgery and 3 doses of buprenorphine immediately after surgery (beginning of
Epoch 1) led to reduced fecal pellet discharge from 12 to 24 hours after administration. The observed differences
between doses were not statistically significant, and there was no effect of treatment under either condition.
Shaded area represents 7:00 PM– 7:00 AM. Baseline data in both panels are from rats from the 3-dose group,
taken the week before surgeries. n = 14/group at each Epoch, means ± SEM.
https://doi.org/10.1371/journal.pone.0178407.g005

CD163 (F3, 50 = 11.68, p,0.0001); decreased CD86 (F3, 50 = 4.058, p = 0.012); and increased and
then decreased iNOS (F3, 50 = 11.68, p = 0.0001)].

Experiment 2. Modeled manual therapy following adhesiolysis
30 rats underwent a cecal sidewall surgery, and after 28 days underwent a second laparotomy
for adhesiolysis. Of the rats in this study, 1 rat was found dead 2 days following the first surgery. Two control rats became moribund 3 and 4 days following the adhesiolysis, and necropsy
determined that they had developed blockage of the large intestine. Results are from 12 control
and 15 treated rats.
During adhesiolysis, all rats were noted to have substantial indurated fecal matter in their
proximal ceca. The primary adhesions in the adhesiolysis surgeries required sharp dissection,
and it was often difficult to distinguish cecum from abdominal wall. In most rats, 1 or more
perforations were made in the cecum. These were stitched with 8–0 prolene and swabbed
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Fig 6. Relative expression of M1 or M2 markers by intraperitoneal macrophages. Intraperitoneal
macrophages were isolated by peritoneal lavage at postoperative days specified in the X-axes. Cells were
stained with anti-CD11b to positively identify monocyte lineage cells and anti-HIS48 to exclude neutrophils.
Expression levels of the indicated markers (A) arginase, (B) CD163, (C) CD86, (D) iNOS are depicted as fold
changes normalized to expression by intraperitoneal macrophages isolated from naïve rats. n = 7/group,
means ± SEM. * p<0.05 post hoc test.
https://doi.org/10.1371/journal.pone.0178407.g006

thoroughly. Other than the primary adhesions, the other adhesions within the abdominal cavity were comparable to those reported above, primarily involving the omentum and fat pads.
None of the 15 treated rats re-developed primary adhesions between the cecum and the
abdominal wall, but 3 of the 12 untreated rats did. While a higher proportion, this difference
was not statistically different (Fisher’s Exact test, p = 0.07). Ratings of the necropsies showed
no difference between groups, and were almost identical to the ratings of the 7-day rats as
reported earlier (Fig 7). This similarity is consistent with other reports of adhesiolysis in rats
where there was no difference between the severities at initial versus post-adhesiolysis ratings
[39–41].

Experiment 3. Modeled manual therapy following strictureplasty
A strictureplasty (Fig 1C) was performed followed by MMT to evaluate the safety of the treatment on a surgery with very fine and presumably delicate suturing. There were no experimental losses due to the surgical procedure. The greater omentum was found to be adherent to the
strictureplasty suture line in all 14 rats, and there was no apparent difference in the extent of
these adhesions. There were no cohesive adhesions in any rats. There was no difference in the
burst pressure between groups (Fig 8). As can be seen in the figure, the variability of the burst
pressures was greater in the treated rats. However, in most tests, the mesothelium split at a
lower pressure than the pressure that finally caused suture failure. This indicates that the pressures were all above physiological levels. The treatment did not augment or impair healing.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178407 June 2, 2017

11 / 18

Manual therapy for postoperative adhesions

Fig 7. Ratings of necropsy videos 7 days following adhesiolysis. There were no differences between
treated (n = 15) and untreated (n = 12) rats in adhesion parameters following adhesiolysis (means ± SEM).
These results are comparable to those reported in Fig 4.
https://doi.org/10.1371/journal.pone.0178407.g007

Discussion
We have shown that applying MMT to the rat abdomen following an adhesion-inducing surgical procedure leads to smaller and less frequent cohesive adhesions between the cecum and the
abdominal wall. Other cohesive and band-like adhesions were not prevalent enough in our
cecal hinge model to reliably measure differences. Our treatment had no detectable affect on
adhesions involving the greater omentum or adnexal fat pads in any experiments. Although
the areas where these adhesions formed were treated, we attribute this observation to a relative
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Fig 8. Strictureplasty burst strengths. While the variability of the burst strengths was greater following
treatment (untreated n = 6, treated n = 7, means ± SEM), the means were not.
https://doi.org/10.1371/journal.pone.0178407.g008

lack of the ability to palpate and thus deliberately move the structures away from the cecum.
Although there is no consensus, the literature supports that cohesive and band-like adhesions
are more likely than thin or filmy adhesions to cause bowel obstructions and pain [42–45]. It
remains unknown how thin and filmy adhesions in rats are relevant to the more substantial
and fibrous adhesions in humans. On balance, our results support that MMT can be considered to have had a positive effect on adhesion prevention.
A therapist with extensive clinical experience designed our treatment approach to be a
scaled down version of what is routinely used in manual therapy practice. Although we do not
know if the mechanical effects of the treatment are similar between rats and humans, it is likely
that the treatments induces similar sliding motions between structures. Therefore, we can
expect that the treatment applied to humans should lead to attenuation of postoperative adhesions. One concern about mobilization immediately after surgery is that it could disrupt
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delicate sutures. However, we showed that in freely mobile surgeries (strictureplasties) that
even very fine sutures were not disrupted by treatment directed to the repair site, and that healing was not impaired. It has been previously published that mechanical massage delivered to
the abdomen using a hand held device immediately after abdominal surgery was found safe to
apply and found effective in reducing postoperative ileus [46]. If our hypothesis is correct, that
limiting postoperative ileus, or providing passive movements between structures until the
mesothelium heals (3–4 days) will prevent postoperative adhesions between the anterior
abdominal wall and the intestines, manual therapy deserves to be tested in humans for the
potential reduction of postoperative adhesions.
We assayed postoperative digestive function as a measure of ileus using fecal pellet discharge. However, we did not measure the rats long enough to fully test our hypothesis. While
the surgery and buprenorphine given at analgesic doses for 12–36 hours reduced fecal output,
this reduction was not seen after 36 hours, and we observed that after two days the rat fecal
output was back to normal. Our therapist (SLC) reported that on the 3rd day of treatment
there were no palpable changes of the adhesions and that the general “stickiness” of the
abdominal contents was reduced, which is consistent with the reduced inflammation ratings
reported in Fig 4B and the normal time course of fibrinolysis. Ideally, we would find a means
by which to reduce postoperative gastrointestinal activity in the rat for up to 3–4 days, and
would expect this to lead to worsened adhesions between the injured cecum and other structures. After this time, the mesothelium is becoming continuous (in rats as well as in humans),
and further adhesions are not likely to develop. Moreover, we used young female rats, which
are naturally more active than older rats, and used isoflurane anesthesia, which is very short
acting and only reduces peristalsis during anesthesia. We also did nothing to limit activity
of the rats, which resumed their normal activity patterns within an hour, possibly enhancing
the effect of the MMT. All of these factors likely worked to limit the severity of our model, leaving less “room” to see effects of interventions, but they also emphasize that the MMT works
beyond these factors. We hope in the future to more closely mimic postoperative ileus using
drugs that restrict digestion and elimination for longer periods of time, and test the effects of
drug interventions and activity levels, which vary by sex and decrease with age [47].
The primary mechanism of action of MMT could be quite simple. Peritoneal damage leads
to fibrin secretion, and fibrin is an adhesive. Postoperative ileus may act like a clamp and thus
allow the fibrin glue to “set.” The movement induced by MMT may simply keep the structures
moving enough to prevent them from adhering until normal peristalsis resumes and fibrinolysis becomes dominant. Alternatively, MMT may disrupt fibrinous attachments prior to adhesion creation and/or newly created adhesions, when they are weakest. Our data also support
that MMT has effects on intraperitoneal macrophages, which coordinate the inflammatory
cascade, including healing. In untreated rats, CD86 and iNOS expression decreased over the
course of the experiment, while arginase and CD163 increased in expression, particularly on
Day 7. This profile is indicative of intraperitoneal macrophages that first instigate a primarily
inflammatory response to the surgery that gradually switches to a predominantly trophic
response by postoperative Day 7. In comparison, arginase expression was significantly lower
in macrophages from treated animals, suggesting that the switch from an inflammatory to trophic response was delayed. From this we can conclude that the treatment inhibited the trophic
macrophage response, and thus fibroblast activation, during the time when the mesothelium is
regenerating. This potential mechanism of action for manual therapy, as well as an approach
to limit postoperative adhesions pharmacologically, such as using safe prokinetic agents, is
worth evaluating using macrophage functional assays in models of postoperative adhesions.
Although our previous study reported that in rat, adhesions could be prevented and disrupted [27], our more extensive experience is that while cohesive adhesions in rats can be
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palpated and treated, adhesions involving the omentum and fat pads cannot be palpated or
treated. It has been suggested that manual therapy can reverse infertility, treat small bowel
obstruction, and reduce chronic pelvic pain [48–51]. In these approaches, there is no knowledge of the type of adhesion towards which the treatment is directed, nor whether movement
is being induced between the desired structures. It seems unlikely that any clinical effect of
manual therapy would involve the reduction or lysis of cohesive adhesions, especially those
that had become fibrous, which occurs within weeks of surgery. Since thin and filmy adhesions
cannot be palpated in a rat, they may not be palpable in a human; even if not palpable, if MMT
caused movement between the structures, and if our hypothesis is correct, these adhesions
should be also attenuated in humans. If not palpable it seems unlikely that mature adhesions
in humans could be disrupted by manual therapy. This does not imply that these treatments
do not lead to reduced symptoms, but that there is likely a different mechanism at play.
Our results support that MMT initiated immediately postoperatively is an effective preventive for cohesive postoperative adhesions, which are the most problematic in humans. The
techniques of visceral manipulation are not widely practiced, but learning to safely mobilize
the postoperative abdomen is not complex. While there is a compelling possible mechanism
related to macrophage phenotype, it seems more likely that the primary mechanism is the
maintenance of relative motion between healing surfaces. If this is the case, it should not matter whether the intestines are passively moved using the hands or whether motility of the gut is
maintained by other means, such as with tolerable prokinetic drugs or early ambulation. We
hope to see further research directed towards the prevention of postoperative adhesions based
upon these concepts.

Supporting information
S1 Video. This video is an example of the treatments performed.
(MP4)

Author Contributions
Conceptualization: GMB SLC KEH.
Data curation: GMB KEH.
Formal analysis: GMB SLC KEH DJM.
Funding acquisition: GMB SLC MPD.
Investigation: GMB SLC KEH DJM.
Methodology: GMB SLC KEH.
Project administration: GMB.
Resources: GMB KEH.
Supervision: GMB.
Validation: GMB SLC KEH MPD DJM.
Visualization: GMB SLC KEH.
Writing – original draft: GMB.
Writing – review & editing: GMB SLC KEH MPD DJM.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178407 June 2, 2017

15 / 18

Manual therapy for postoperative adhesions

References
1.

Stanciu D, Menzies D. The magnitude of adhesion-related problems. Colorectal Dis. 2007; 9:35–8.
https://doi.org/10.1111/j.1463-1318.2007.01346.x PMID: 17824968

2.

Attard JA, MacLean AR. Adhesive small bowel obstruction: epidemiology, biology and prevention. Can
J Surg. 2007; 50(4):291–300. Epub 2007/09/28. PubMed Central PMCID: PMCPmc2386166. PMID:
17897517

3.

Parker MC, Wilson MS, van GH, Moran BJ, Jeekel J, Duron JJ, et al. Adhesions and colorectal surgery
—call for action. Colorectal Dis. 2007; 9:66–72. https://doi.org/10.1111/j.1463-1318.2007.01342.x
PMID: 17824973

4.

Beck DE, Opelka FG, Bailey HR, Rauh SM, Pashos CL. Incidence of small-bowel obstruction and adhesiolysis after open colorectal and general surgery. Diseases of the Colon & Rectum. 1999; 42(2):241–8.

5.

Kresch AJ, Seifer DB, Sachs LB, Barrese I. Laparoscopy in 100 women with chronic pelvic pain. Obstet
Gynecol. 1984; 64(5):672–4. Epub 1984/11/01. PMID: 6238250

6.

Saravelos HG, Li TC, Cooke ID. An analysis of the outcome of microsurgical and laparoscopic adhesiolysis for chronic pelvic pain. Hum Reprod. 1995; 10(11):2895–901. Epub 1995/11/01. PMID: 8747039

7.

Diamond MP. Postoperative adhesions: an underappreciated complication of cesarean deliveries. Am J
Obstet Gynecol. 2011; 205(6 Suppl):S1. Epub 2011/12/14. https://doi.org/10.1016/j.ajog.2011.09.027
PMID: 22114992

8.

Bolnick A, Bolnick J, Diamond MP. Postoperative adhesions as a consequence of pelvic surgery. J
Minim Invasive Gynecol. 2015; 22(4):549–63. Epub 2014/12/17. https://doi.org/10.1016/j.jmig.2014.12.
009 PMID: 25510980

9.

diZerega GS, editor. Peritoneal Surgery. New York: Springer-Verlag; 2000.

10.

Scott-Coombes DM, Vipond MN, Thompson JN. General surgeons’ attitudes to the treatment and prevention of abdominal adhesions. Annals of The Royal College of Surgeons of England. 1993; 75
(2):123–8. PMID: 8476180

11.

Gomel V, Urman B, Gurgan T. Pathophysiology of adhesion formation and strategies for prevention.
Journal of Reproductive Medicine. 1996; 41(1):35–41. PMID: 8855074

12.

Diamond MP, Freeman ML. Clinical implications of postsurgical adhesions. HumReprodUpdate. 2001;
7(6):567–76.

13.

Davey AK, Maher PJ. Surgical adhesions: a timely update, a great challenge for the future. JMinimInvasiveGynecol. 2007; 14(1):15–22.

14.

Bruggmann D, Tchartchian G, Wallwiener M, Munstedt K, Tinneberg HR, Hackethal A. Intra-abdominal
adhesions: definition, origin, significance in surgical practice, and treatment options. Dtsch Arztebl Int.
2010; 107(44):769–75. Epub 2010/12/01. PubMed Central PMCID: PMC2992017. https://doi.org/10.
3238/arztebl.2010.0769 PMID: 21116396

15.

Hellebrekers BW, Kooistra T. Pathogenesis of postoperative adhesion formation. Br J Surg. 2011; 98
(11):1503–16. https://doi.org/10.1002/bjs.7657 PMID: 21877324

16.

Metwally M, Cheong Y, Li TC. A review of techniques for adhesion prevention after gynaecological surgery. CurrOpinObstetGynecol. 2008; 20(4):345–52.

17.

Kumar S, Wong PF, Leaper DJ. Intra-peritoneal prophylactic agents for preventing adhesions and
adhesive intestinal obstruction after non-gynaecological abdominal surgery. Cochrane Database of
Systematic Reviews. 2009;(1):CD005080. https://doi.org/10.1002/14651858.CD005080.pub2 PMID:
19160246

18.

Vather R, Bissett IP. Risk factors for the development of prolonged post-operative ileus following elective colorectal surgery. Int J Colorectal Dis. 2013; 28(10):1385–91. https://doi.org/10.1007/s00384-0131704-y PMID: 23689489

19.

Artinyan A, Nunoo-Mensah JW, Balasubramaniam S, Gauderman J, Essani R, Gonzalez-Ruiz C, et al.
Prolonged postoperative ileus-definition, risk factors, and predictors after surgery. World J Surg. 2008;
32(7):1495–500. https://doi.org/10.1007/s00268-008-9491-2 PMID: 18305994

20.

Livingston EH, Passaro EP Jr. Postoperative ileus. Dig Dis Sci. 1990; 35(1):121–32. Epub 1990/01/01.
PMID: 2403907

21.

Richardson EH IV. Studies on Peritoneal Adhesions: With a Contribution to the Treatment of Denuded
Bowel Surfaces. Ann Surg. 1911; 54(6):758–97. Epub 1911/12/01. PubMed Central PMCID:
PMCPMC1406358. PMID: 17862775

22.

Cone DF. The effect of intestinal motility on the formation of adhesions. Bull Johns Hopkins Hosp. 1959;
105(1):8–13. Epub 1959/07/01. PMID: 13662717

23.

Schiff CA, Goldberg SL, Necheles H. The prevention of abdominal adhesions; experimental study on
the role of gastrointestinal motility. Surgery. 1949; 25(2):257–67. Epub 1949/02/01. PMID: 18111795

PLOS ONE | https://doi.org/10.1371/journal.pone.0178407 June 2, 2017

16 / 18

Manual therapy for postoperative adhesions

24.

Ernst E. Abdominal massage therapy for chronic constipation: A systematic review of controlled clinical
trials. Forsch Komplementarmed. 1999; 6(3):149–51. https://doi.org/21240 PMID: 10460984

25.

Liu Z, Sakakibara R, Odaka T, Uchiyama T, Yamamoto T, Ito T, et al. Mechanism of abdominal massage for difficult defecation in a patient with myelopathy (HAM/TSP). JNeurol. 2005; 252(10):1280–2.

26.

Chapelle SL, Bove GM. Visceral massage reduces postoperative ileus in a rat model. J Bodywork Mov
Ther. 2013; 17:83–8.

27.

Bove GM, Chapelle SL. Visceral mobilization can lyse and prevent peritoneal adhesions in a rat model.
J Bodywork Mov Ther. 2012; 16:76–82.

28.

Bove GM. A non-invasive method to evaluate gastrointestinal transit behavior in rat. J Pharmacol Toxicol Methods. 2015; 74:1–6. https://doi.org/10.1016/j.vascn.2015.04.004 PMID: 25913851

29.

Bove GM, Chapelle SL, Boyle E, Mokler DJ, Hartvigsen J. A Novel Method for Evaluating Postoperative
Adhesions in Rats. J Invest Surg. 2016:1–7. Epub 2016/10/04.

30.

Cravedi P, Manrique J, Hanlon KE, Reid-Adam J, Brody J, Prathuangsuk P, et al. Immunosuppressive
effects of erythropoietin on human alloreactive T cells. Journal of the American Society of Nephrology:
JASN. 2014; 25(9):2003–15. PubMed Central PMCID: PMCPMC4147979. https://doi.org/10.1681/
ASN.2013090945 PMID: 24676641

31.

Robinson AP, White TM, Mason DW. Macrophage heterogeneity in the rat as delineated by two monoclonal antibodies MRC OX-41 and MRC OX-42, the latter recognizing complement receptor type 3.
Immunology. 1986; 57(2):239–47. PubMed Central PMCID: PMCPMC1453949. PMID: 3512425

32.

Sekiya S, Gotoh S, Yamashita T, Watanabe T, Saitoh S, Sendo F. Selective depletion of rat neutrophils
by in vivo administration of a monoclonal antibody. J Leukoc Biol. 1989; 46(2):96–102. PMID: 2746139

33.

Maeda K, Sato T, Azuma M, Yagita H, Okumura K. Characterization of rat CD80 and CD86 by molecular cloning and mAb. Int Immunol. 1997; 9(7):993–1000. PMID: 9237108

34.

Williams AF, Galfre G, Milstein C. Analysis of cell surfaces by xenogeneic myeloma-hybrid antibodies:
differentiation antigens of rat lymphocytes. Cell. 1977; 12(3):663–73. PMID: 303545

35.

Kim WK, Alvarez X, Fisher J, Bronfin B, Westmoreland S, McLaurin J, et al. CD163 identifies perivascular macrophages in normal and viral encephalitic brains and potential precursors to perivascular macrophages in blood. Am J Pathol. 2006; 168(3):822–34. PubMed Central PMCID: PMCPMC1606539.
https://doi.org/10.2353/ajpath.2006.050215 PMID: 16507898

36.

Cedergren J, Follin P, Forslund T, Lindmark M, Sundqvist T, Skogh T. Inducible nitric oxide synthase
(NOS II) is constitutive in human neutrophils. APMIS. 2003; 111(10):963–8. PMID: 14616549

37.

Liesz A, Dalpke A, Mracsko E, Antoine DJ, Roth S, Zhou W, et al. DAMP signaling is a key pathway
inducing immune modulation after brain injury. J Neurosci. 2015; 35(2):583–98. PubMed Central
PMCID: PMCPMC4293412. https://doi.org/10.1523/JNEUROSCI.2439-14.2015 PMID: 25589753

38.

Adhesion-Scoring-Group. Improvement of interobserver reproducibility of adhesion scoring systems.
Adhesion Scoring Group. Fertil Steril. 1994; 62(5):984–8. Epub 1994/11/01. PMID: 7926146

39.

Chaturvedi AA, Lomme RM, Hendriks T, van Goor H. Ultrapure alginate gel reduces adhesion reformation after adhesiolysis. Int J Colorectal Dis. 2014; 29(11):1411–6. Epub 2014/09/13. https://doi.org/10.
1007/s00384-014-2009-5 PMID: 25213585

40.

Kutuk MS, Ozgun MT, Batukan C, Ozcelik B, Basbug M, Ozturk A. Oral tadalafil reduces intra-abdominal adhesion reformation in rats. Hum Reprod. 2012; 27(3):733–7. Epub 2012/01/05. https://doi.org/10.
1093/humrep/der439 PMID: 22215626

41.

Cubukcu A, Alponat A, Gonullu NN. Mitomycin-C prevents reformation of intra-abdominal adhesions
after adhesiolysis. Surgery. 2002; 131(1):81–4. Epub 2002/01/29. PMID: 11812967

42.

Hammoud A, Gago LA, Diamond MP. Adhesions in patients with chronic pelvic pain: a role for adhesiolysis? Fertil Steril. 2004; 82(6):1483–91. Epub 2004/12/14. https://doi.org/10.1016/j.fertnstert.2004.07.
948 PMID: 15589847

43.

Nezhat FR, Crystal RA, Nezhat CH, Nezhat CR. Laparoscopic adhesiolysis and relief of chronic pelvic
pain. JSLS. 2000; 4(4):281–5. Epub 2000/10/29. PMID: 11051185

44.

Sato Y, Ido K, Kumagai M, Isoda N, Hozumi M, Nagamine N, et al. Laparoscopic adhesiolysis for recurrent small bowel obstruction: Long-term follow-up. Gastrointestinal Endoscopy. 2001; 54(4):476–9.
PMID: 11577310

45.

Peters AA, Trimbos-Kemper GC, Admiraal C, Trimbos JB, Hermans J. A randomized clinical trial on the
benefit of adhesiolysis in patients with intraperitoneal adhesions and chronic pelvic pain. British journal
of obstetrics and gynaecology. 1992; 99(1):59–62. Epub 1992/01/01. PMID: 1547175

46.

Le Blanc-Louvry I, Costaglioli B, Boulon C, Leroi AM, Ducrotte P. Does mechanical massage of the
abdominal wall after colectomy reduce postoperative pain and shorten the duration of ileus? Results of
a randomized study. J Gastroint Surg. 2002; 6(1):43–9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178407 June 2, 2017

17 / 18

Manual therapy for postoperative adhesions

47.

Tou JC, Wade CE. Determinants affecting physical activity levels in animal models. Experimental biology and medicine (Maywood, NJ). 2002; 227(8):587–600. Epub 2002/08/23.

48.

Wong YY, Smith RW, Koppenhaver S. Soft Tissue Mobilization to Resolve Chronic Pain and Dysfunction Associated With Postoperative Abdominal and Pelvic Adhesions: A Case Report. J Orthop Sports
Phys Ther. 2015; 45(12):1006–16. Epub 2015/10/17. https://doi.org/10.2519/jospt.2015.5766 PMID:
26471853

49.

Wurn BF, Wurn LJ, King CR, Heuer MA, Roscow AS, Hornberger K, et al. Treating fallopian tube occlusion with a manual pelvic physical therapy. Altern Ther Health Med. 2008; 14(1):18–23. Epub 2008/02/
07. PMID: 18251317

50.

Rice AD, Patterson K, Wakefield LB, Reed ED, Breder KP, Wurn BF, et al. Ten-year Retrospective
Study on the Efficacy of a Manual Physical Therapy to Treat Female Infertility. Altern Ther Health Med.
2015; 21(3):36–44. Epub 2015/05/31. PMID: 26026143

51.

Rice AD, Patterson K, Reed ED, Wurn BF, Klingenberg B, King CR 3rd, et al. Treating Small Bowel
Obstruction with a Manual Physical Therapy: A Prospective Efficacy Study. BioMed research international. 2016; 2016:7610387. Epub 2016/03/19. PubMed Central PMCID: PMCPMC4775771.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178407 June 2, 2017

18 / 18

