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SUMMARY
This protocol describes a porcine model of postoperative intra-abdominal adhesion formation using Yucatan mini pigs undergoing open abdominal surgery with bowel resection. The approach reliably induces intra-abdominal adhesions and provides a platform for evaluating adhesion development and testing anti-adhesion strategies. 

ABSTRACT
A porcine model of postoperative intra-abdominal adhesion formation was established using Yucatan mini pigs. The protocol combines midline laparotomy, small bowel resection with two-layer primary anastomosis, and a unilateral, parietal peritoneal abrasion in the format of an open abdominal surgical procedure. Adhesion formation is assessed four weeks postoperatively using established gross and histologic scoring criteria, with evaluations performed by blinded observers. Adhesions developed in all animals using this model and were multifocal, involving bowel loops, between the bowel and abdominal wall, involving the peritoneum overlying other organs in the abdomen (e.g. the liver), and operative sites, with variable severity. Histologic analysis at four weeks demonstrated adhesions composed predominantly of extracellular matrix, fibroblasts, and blood vessels, consistent with a remodeling-phase wound healing tissue phenotype. This model is relevant for the study of abdominal adhesion fibrosis biology and/or the translational evaluation of candidate anti-adhesion therapeutics. By integrating a clinically relevant intestinal surgical procedure with a defined peritoneal injury and a standardized assessment strategy, this protocol provides a reproducible approach for inducing and evaluating postoperative intra-abdominal adhesions in a large animal model.

INTRODUCTION 
Postoperative adhesions are a major source of morbidity following abdominal and pelvic surgery, developing in up to 93% of patients1,2, with approximately 20% requiring hospitalization within five years for adhesion-related complications3,4. Peritoneal injury arises from abdominal surgical procedures as well as intra-abdominal irritation (infection or chemical exposure) or chronic inflammatory conditions such as inflammatory bowel disease. The resulting adhesions can lead to a wide range of clinical consequences, including recurrent bowel obstructions sometimes requiring  additional surgeries, or causing infertility and chronic pain5–7. Adhesion formation can be particularly severe following multi-visceral resections for malignancy, such as cytoreductive surgeries, chronic inflammation, or bowel perforation, where extensive peritoneal injury amplifies the fibrotic response. Additionally, adhesive disease can significantly complicate subsequent surgical interventions, often making it impossible to proceed with a minimally invasive approach or causing inadvertent iatrogenic injury to the bowel or other organs. 

Despite their clinical significance, the development of effective anti-adhesion strategies is limited - likely hindered in part by limitations in preclinical models that recapitulate the anatomy, physiology, and wound-healing responses seen in humans8. Rodent models are widely used due to their availability, experimental tractability, and reliable adhesion generation9–11. However, their small peritoneal cavity, thin mesentery, and distinct inflammatory milieu can limit translational relevance8,12. Such models have contributed to the development of anti-adhesion approaches that demonstrated robust efficacy in animal studies but demonstrated limited or context-dependent clinical benefit in humans8,13–17. In addition, human-comparable surgical procedures such as bowel resection and anastomosis are difficult to model in a translationally relevant manner in rodents, and species-specific differences in drug metabolism further limiting clinical extrapolation18.

Large animal models, particularly swine, are widely used to study abdominal processes due to their anatomical and physiological similarity to humans and their comparable surgical handling, providing a platform to study both adhesion formation and test therapeutic interventions19–22. Existing porcine adhesion models have provided important insights, yet many focus on procedure-specific adhesion formation and often lack standardized procedures limiting their applicability particularly to severe adhesions arising after open intestinal surgery 23–27.

To address these limitations, we developed a porcine model of postoperative intra-abdominal adhesions that integrates midline laparotomy, small bowel resection, and a unilateral, parietal peritoneal abrasion. This multifocal peritoneal strategy recapitulates adhesion-promoting insults commonly encountered during abdominal surgical procedures and produces adhesions of different strengths and locations at the four-week timepoint with guaranteed adhesions on the side of the abdominal where directed parietal abrasion is performed as well as stochastic adhesions throughout the abdomen. By incorporating a clinically relevant intestinal surgical procedure with a defined and reproducible peritoneal injury, this model overcomes key limitations of prior porcine systems and provides a consistent platform for studying postoperative adhesion formation and evaluating anti-adhesion interventions.

PROTOCOL

Ethics Statement

All porcine studies were conducted under protocols approved by the Stanford University Institutional Animal Care and Use Committee (IACUC) protocol #34052 as previously described28.  

1. Animal Husbandry
1.1. Obtain Yucatan mini pigs (recommended 9- to 12-kg, 7 to 9 weeks old) from a verified vendor. We recommended n = 4 pigs per cohort. House animals in pairs in light- and temperature-controlled rooms.
1.2. Provide standard porcine chow ad libitum. The animals should have access to a continuous supply of water to avoid dehydration.
1.3. Monitor and record body weight and general health at regular intervals per institutional standards.

2. Anesthesia and Preoperative Preparation
2.1. Sedate pigs in their home enclosures using intramuscular Xylazine and ketamine. Carefully transport animals to the surgical suite once sedation is deemed adequate by a veterinarian.
2.2. Once in the surgical suite, secure the animal’s airway via endotracheal intubation. Maintain anesthesia throughout the procedure with isoflurane under the supervision of a licensed veterinarian
2.3. Administer IV fluids, vasoconstricting medications and inotropes as needed to treat intraoperative hypotension to avoid bowel hypoperfusion and causing potential risk of anastomotic leak.
2.4. Apply ophthalmic ointment to lubricate eyes and prevent corneal abrasions. Administer cefazolin or equivalent antibiotic 1 hour prior to incision to prevent a wound infection. 

3. Surgical Procedure
3.1. Position the animal supine on a heating pad to maintain normothermia. Measure oxygen saturations (SpO2) via pulse oximeter, pulse with a heart rate monitor, and temperature every 10 mins. 
3.2. Remove hair from the abdomen using electric clippers, then prepare the skin with a single round of alcohol swabs followed by gauze soaked in povidone-iodine. Blot the excess antiseptic solution away from the abdomen using a sterile towel. 
3.3. Drape the abdomen using sterile towels and surgical drapes to maintain sterility throughout the procedure. Infiltrate lidocaine solution into the abdominal wall at the planned incision site using a 25 gauge needle.
3.4. Perform a midline laparotomy by making a full-thickness incision through the skin, subcutaneous tissue, and abdominal wall musculature along the linea alba to enter the peritoneal cavity using a 10-blade scalpel. Place abdominal wall retractors and eviscerate the intestines. 
3.5. Identify a region of the bowel ~10-15 cm proximal to the ileocecal valve and resect a 2.5-cm (1 inch) segment of the small bowel using scissors. Resect the associated mesentery with electrocautery for hemostasis of the mesenteric blood vessels. Close the two open bowel ends using interrupted 3-0 silk sutures to achieve a watertight closure. Perform a two-layer, side-to-side primary anastomosis (functional end-to-end). Reconstruct the inner layer of the lumen with a synthetic 3-0 absorbable suture in a running fashion and the outer layer with a running 3-0 non-absorbable suture. Attempt to minimize bowel spillage throughout the procedure. 
3.6. Gently abrade a 3 x 5 cm section of the parietal peritoneum along the right abdominal sidewall using sterile gauze or an electrocautery scratch pad until the peritoneal surface appears frayed or there is sub serosal edema in the abdominal wall (10-15 strokes with medium pressure). The left abdominal sidewall can be left unabraded to serve as a technical control although using this model stochastic adhesions form throughout the abdomen in a manner similar to human disease.  
3.7. Reposition the bowel into the abdominal cavity and remove the abdominal wall retractors. Irrigate the abdomen with 1 L of warmed sterile saline, evacuate all fluid and confirm hemostasis (no active bleeding) prior to closure.
3.8. Close the fascia with a running 0-0 absorbable suture. Close the skin with a running 2-0 or 3-0 non-absorbable suture and cover the incision with a sterile dressing. The average duration of the procedure was 1 hour.
3.9. Extubate animals upon return of spontaneous respiration. Monitor vital signs (pulse, oxygen saturation, temperature, blood pressure) continuously until fully recovered from anesthesia.

4. Postoperative Care
4.1. Administer Carprofen (25-50mg PO) around the clock for the first 3 days after the surgical procedure and then as needed (PRN). Maintain the animals on a high liquid protein diet (1.5 bottles twice a day) for the first 3 postoperative days.
4.2. Administer amoxicillin (10mg/kg) twice a day by mouth for one week then PRN for signs of wound infection (redness, warmth, swelling with or without drainage). 
4.3. Check on animals twice a day for appetite, activity, bowel function and wound integrity. If concerns for infection, discuss antibiotic dosage and duration with the veterinarian. The sterile dressing should be left on for the first 3 days after the surgical procedure to minimize wound infection. Record weight in 2-3 day intervals to ensure weight maintenance postoperatively.
4.4. Transition animals to solid chow beginning on postoperative day 4 (POD4). Bridge solid chow intake with supplemental liquid protein diet until tolerating sufficient calories from solid chow alone. 

5. Euthanasia
5.1. Euthanize animals at 4 weeks under veterinary supervision using a euthanasia solution according to institutional standards.
5.2. Assess adhesions grossly. Immediately collect tissues and blood samples for downstream analyses. Dispose of all biological and pharmaceutical waste according to your institutions Environment Health and Safety guidelines. 

RESULTS 
[bookmark: _Hlk219220169]The proposed porcine postoperative adhesion model (Figure 1) was combined with an adapted scoring system to grade adhesions in real time28. Adhesion scoring was completed independently by 3 team members blinded to experimental conditions at the 4-week timepoint on a representative cohort of n=4 pigs; the scores were averaged for final adhesion score per animal (Figure 2A). Intra-abdominal adhesions formed in 100% of animals evaluated on both the abraded and non-abraded side of the abdomen28.  Abraded side adhesions demonstrated a statistically significant higher adhesion scores than the non-abraded side (Figure 2A). Significance between the abraded and non-abraded side was determined using an unpaired t-test (p < 0.05). In all animals, adhesions involved multiple abdominal sites, including the small and large intestines, Glisson’s capsule of the liver, omentum, and other visceral structures (Figure 2B). For downstream analyses, adhesion tissue was carefully dissected and harvested in isolation, with any adjacent tissues of interest collected separately to avoid cross-contamination (Figure 2C). Histologic evaluation of adhesion tissue at 4 weeks revealed that adhesions consisted of extracellular matrix dominated by fibroblasts and neo angiogenesis (Figure 3)28, 29. 

In terms of complications, we have not encountered frequent complications related to this surgical procedure such as anastomotic leak or infections. Of note, applying this procedure we have had one animal that developed a small bowel obstruction due to adhesive disease at a site upstream from the anastomosis at 3.5 weeks and required euthanasia prior to the 4-week endpoint due to this28. On laparotomy, a stiff adhesive band causing the obstruction was identified consistent with clinically relevant disease. 

FIGURE AND TABLE LEGENDS
Figure 1. Overview of the intraoperative porcine adhesion model. (A) Female Yucatan mini pigs were anesthetized and underwent midline laparotomy under sterile conditions. (B) A 3-cm segmental small bowel 10-15 cm from the ileocecal valve was resected and reconstructed with a primary anastomosis (side-to-side, functional end to end). (C) Standardized peritoneal injuries (3x5 cm area, 10-15 strokes with medium pressure) were created as a proxy for abdominal wall damage from surgical retractor instruments and manipulation of intra-abdominal contents. (D) The abdominal wall was closed in two anatomical layers using an 0-0 suture to close the Linea alba and 3-0 non-absorbable suture to close the skin. A sterile dressing was applied to minimize postoperative infection risk. 

Figure 2. Gross intra-abdominal adhesion scoring.
(A) Adhesion score quantification (n=4/condition) by overall adhesion strength (red column), location (green, pink), and type (yellow, blue, purple, and orange columns). Each dot represents 1 animal score, which is an average of 3 independent rater scores. Significance between the abraded and non-abraded side was determined using an unpaired t-test, * represents p < 0.05. The table on the right details the scoring rubric28, 29. (B) Representative intraoperative images demonstrating intra-abdominal adhesions (white arrows) between the adjacent loops of bowel, parietal peritoneum, and Glisson’s capsule of the liver. (C) The planes of resection used to isolate adhesions for tissue embedding. 

Figure 3. Histological evaluation of the porcine postoperative adhesion model.
Representative H&E-stained sections of intra-abdominal adhesions. (A-B) Representative images of interloop adhesion (small bowel-small bowel) outlined in yellow at different magnifications. The far-right panels demonstrate gross composition of adhesion tissue at 4 weeks. Note the predominance of fibroblasts and blood vessels at the 4-week stage of remodeling. Scale bars: 50µm, 200 µm, 400 µm, and 2 mm.  

DISCUSSION
The proposed porcine adhesion model provides a clinically relevant and reliable method for modeling intra-abdominal adhesions. In contrast to focal or single-site injury models, the combination of midline laparotomy, small bowel resection with anastomosis, and standardized parietal peritoneal abrasion was intentionally selected to recapitulate the multifactorial peritoneal insults encountered during open abdominal surgical procedures. The controlled abrasion of the parietal peritoneum along the abdominal sidewall mimics retractor-associated injury commonly incurred during human laparotomy, while bowel resection and anastomosis introduce clinically relevant bowel handling, ischemia–reperfusion stress, and suture-mediated inflammation.

Using this model, all animals developed adhesions of varying severity and distribution, recapitulating the complex adhesive disease encountered in general surgical practice, including common postoperative sequelae such as adhesive bowel obstruction and adhesions occurring remote from the intended sites of injury (unabraded side). Although this model intentionally abrades specific sites in the abdomen to generate adhesions, it is important to note that the entire peritoneal cavity is exposed to injurious conditions including desiccation, irrigation, and abdominal wall retraction, which are independently sufficient to provoke adhesion formation. In this context, the model reflects a global “field effect,” mirroring the diffuse peritoneal risk associated with abdominal surgical procedures in clinical practice.

The protocol is adaptable across species. We have previously demonstrated that this model can be performed in mice and is reproducible28. However, swine more closely recapitulate human peritoneal anatomy, intestinal physiology, mesenteric thickness, wound-healing responses, and metabolic handling of therapeutics, enabling standardized injury and more clinically relevant surgical interventions30–32. While smaller models are cost-effective and widely used, their limited anatomical fidelity restricts translational applicability33,34. By combining broad peritoneal exposure with multimodal injury, this integrated paradigm reproduces key drivers of severe postoperative adhesion formation that are difficult to model simultaneously in rodents.  The anatomical scale and tissue handling properties of swine permit human-comparable operative techniques and postoperative physiology, enabling mechanistic and therapeutic investigations that require surgical realism and longitudinal sampling.

Several considerations should be noted when interpreting and implementing this model. Our use of this model has applied specifically to female Yucatan mini pigs, selected for their consistent size, temperament (feasible of co-habitation of two pig per habitat), and widespread use in surgical research; however, sex- or strain-specific differences in adhesion biology were not evaluated and may influence generalizability. In addition, the cost and logistical requirements of large animal surgeries constrain sample size, a common limitation of porcine surgical models. In general, we recommend performing this experiment with a maximum of 8 pigs per experiment (4 pigs per condition if evaluating an anti-adhesion candidate therapeutic) due cost as well as the logistics and time of the surgical procedure and pre- and post-operative care. Adhesion assessment is conducted at a single four-week postoperative time point, capturing established adhesion pathology but not the earlier phases of acute inflammation or longer-term remodeling. This time point is relevant to general surgical practice, in which adhesions encountered at reoperation are typically mature rather than acutely inflammatory. Because reintervention most often occurs months to years after the prior surgical procedure, a four-week interval permits evaluation of adhesions that have progressed into a clinically relevant remodeling phase. A more in-depth characterization of adhesion morphology and pathology has been reported in our previously published work 28. Additional applications of this model incorporating male pigs, other porcine strains, or considering different postoperative time points could further refine the biological and temporal relevance of this model.

Despite these considerations, this model provides a practical and versatile experimental platform for studying peritoneal fibrosis and adhesion biology under clinically relevant surgical conditions. The protocol supports analyses including longitudinal characterization of fibroblast and immune cell states, assessment of signaling pathway modulation on fibrotic architecture, and evaluation of temporal windows for therapeutic intervention. In addition, the model may be used to examine surgical variables influencing adhesion risk, such as tissue handling, anastomotic technique, irrigation strategies, and barrier placement, under conditions that closely mirror a clinical open abdominal surgical procedure. The model is also relevant for the assessment of candidate therapeutics to prevent adhesions particularly those that would be applied topically including hydrogel-based, liquid or films. Overall, this protocol offers a reproducible and physiologically relevant system for inducing postoperative adhesions, including multifocal adhesion formation following bowel resection and peritoneal injury, and could be implemented under Good Laboratory Practice (GLP) conditions, supporting its use as a standardized preclinical surgical model.
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