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Incisional hernias are common complications following abdominal surgeries. This study aimed to
develop a reproducible murine model of complex incisional hernia to better understand this condition
and evaluate new therapeutic strategies. Fourteen male Wistar rats underwent laparotomy to induce
hernia formation. Intra-abdominal volume was measured. Hernia recurrence, tissue healing, and
adhesion formation were evaluated through macroscopic and histopathological analysis, assessing
fibrosis, angiogenesis, inflammation, and necrosis. All rats developed incisional hernias after
laparotomy, with a 90% recurrence rate observed one week post-repair. The average hernia defect size
was 10.30 mm +9.32 mm. A significant 25.63% reduction in intra-abdominal volume was recorded.
Macroscopic examination revealed adhesions in 80% of the animals, with 60% classified as severe.
Histopathological analysis showed fibrosis in all animals, with 70% displaying moderate to severe
fibrosis, characterized by multifocal areas of recent fibrosis or signs of myofibroblastic differentiation.
Inflammation, indicated by granulation tissue, was present in all animals. Necrosis was observed in
60% of the animals. Fibrosis affected 40% of the incision areas and 70% of the abdominal muscles.
This animal model has proven versatile, reproducible, and reliable, making it suitable for investigating
complex incisional hernias in translational studies.

Keywords Hernia, Incisional hernia, Abdominal wall defect, Animal model, Intra-abdominal pressure,
Hernia recurrence, Adhesions, Histopathological analysis, Complex hernia

Hernia can be defined as an abnormal protrusion of an organ or tissue through a defect in the adjacent abdominal
wall'. They are commonly found in the abdominal wall in the anatomical weakness of the muscular wall? and
are a common postoperative complication. Incisional hernia repair has a recurrence rate of up to 64% within
ten years®.

Complex hernias are closely associated with visceral loss of domain and are associated with complications and
high recurrence rates. In this context, some challenging conditions, such as wall closure after peritoniostomy?,
gastroschisis®, or multivisceral transplant®, can be considered complex wall defects due to their high potential
impact on the physiological mechanisms.

Given the high rates of recurrence, morbidity, and economic burden associated with hernia recurrences, it
is essential to explore and evaluate diverse strategies for their repair. However, there is considerable variability
in the approaches used in hernia surgery studies’"'?, indicating a significant lack of standardization in this
field of research. This diversity in methodologies can influence the interpretation and applicability of findings,

1Department of Gastroenterology, Universidade de Sdo Paulo, Av. Dr. Enéas Carvalho de Aguiar, 255 - Cerqueira
César, Sdo Paulo, SP 05403-000, Brazil. Translational Oncology Research Center (CTO), Instituto do Cancer
do Estado de Sao Paulo (ICESP), Hospital das Clinicas da Faculdade de Medicina da Universidade de Sao Paulo
(HCFMUSP), Sao Paulo, Brasil. 3Department of Pathology, School of Veterinary Medicine and Animal Science,
University of So Paulo, Sdo Paulo, Brasil. “Research Department, Longevity Lab Basel, Basel, Switzerland. *Sci.
Initiation, UMC, Mogi das Cruzes, Brazil. “Jemail: eric.nakamura@alumni.usp.br

Scientific Reports |

(2025) 15:23861 | https://doi.org/10.1038/s41598-025-05557-1 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-05557-1&domain=pdf&date_stamp=2025-7-4

www.nature.com/scientificreports/

underscoring the need for more standardized and comparable research protocols to advance the understanding
of incisional hernia treatment.

To address this gap, we developed a reproducible murine model for complex incisional hernias using male
Wistar rats. This model aims to mimic human pathophysiological conditions and provides a platform for
studying hernia formation and recurrence mechanisms. The models ability to replicate both the anatomical and
physiological characteristics of human hernias makes it a valuable tool for testing new surgical and therapeutic
approaches, ultimately aiming to reduce recurrence rates and improve patient outcomes.

Materials and methods

Study design and ethical approval

This study adopted a descriptive approach, and it was conducted at the Liver Transplantation and Experimental
Surgery Laboratory, University of Sdo Paulo. The study protocol was approved by the Institutional Animal
Care and Use Committee (CEUA) under protocol number 1782/2022. All procedures followed international
guidelines for animal research to minimize pain and distress. The ARRIVE protocol was followed to conduct
this study'“.

Animal model preparation

The Wistar rats used in this study were procured from the Animal Research Facility at the Institute of Biomedical
Sciences (ICB), University of Sdo Paulo. Upon arrival, the animals were housed in individually ventilated cages
under controlled environmental conditions, including a 12-hour light/dark cycle, a temperature of 22+2 °C, and
relative humidity maintained between 50 and 60%.

Throughout the study, the rats had ad libitum access to standard laboratory chow and water. To ensure
minimal stress and physiological stabilization before the commencement of experimental procedures, the
animals underwent a one-week acclimatization period. During this time, their health and well-being were
closely monitored daily for signs of stress, illness, or abnormal behavior.

All housing and experimental procedures strictly adhered to international guidelines for laboratory animal
care, as outlined in the National Research Council's Guide for the Care and Use of Laboratory Animals.
Additionally, ethical compliance was ensured by obtaining approval from the Institutional Animal Care and Use
Committee (CEUA) under protocol number 1782/2022.

Fourteen male isogenic Wistar rats, aged 3-4 months and weighing between 250 and 300 g, were selected for
this study. Prior to surgery, the rats were acclimatized under a 12-hour light/dark cycle with unrestricted access
to food and water. They were fasted for four hours before the surgical procedures. Anesthesia was induced via
an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). Following the confirmation of
adequate anesthesia, the animals were placed in a supine position, and the surgical site was shaved and sterilized
using a 0.3% chlorhexidine solution.

Surgical procedure

A two-step surgical approach was chosen to mimic the clinical scenario where hernias form after initial surgery
and later require repair. Although this increases surgical burden on the animals, careful anesthetic and post-
operative management ensured survival. This model aligns with real-world patient conditions, where hernias
develop over time before requiring intervention.

A standardized midline laparotomy was performed under sterile conditions, extending from the xiphoid
process to the pubic symphysis. The fascial layer was deliberately left unsutured to induce hernia formation.
This method allowed for the controlled creation of an abdominal wall defect, simulating the conditions that lead
to incisional hernias in clinical practice. Postoperatively, the rats were placed in a recovery chamber and then
housed individually with free access to standard feed and water. Pain management was continued as needed.

A strict postoperative care protocol was implemented to ensure optimal recovery and minimize stress-related
complications, with the direct supervision of veterinarians and biomedical professionals to monitor animal
health and welfare throughout the study. After surgery, each rat was housed individually in ventilated cages
to prevent aggressive behavior and to facilitate close monitoring of food and water intake. The cages were kept
under the same standardized environmental conditions, ensuring a stable and stress-free recovery environment.

To maintain hygiene and reduce the risk of postoperative infections, all cages were cleaned and sanitized
daily, with bedding fully replaced every 48 h or immediately if soiled. This protocol created a sterile environment
conducive to wound healing while minimizing the likelihood of complications such as infections or self-inflicted
wound trauma.

Pain management was carefully addressed through an analgesic regimen, which included intramuscular
administration of tramadol hydrochloride (15 mg/kg) and dipyrone (500 mg/kg) every 12 h, along with
subcutaneous administration of ketoprofen (10 mg/kg) every 24 h. These measures were designed to alleviate
postoperative discomfort and promote recovery, and their implementation was overseen by veterinarians to
ensure adherence to best practices in animal welfare.

Despite these precautions, three animals succumbed to anesthetic complications and one death occurred
due to a fatal vascular injury during surgery. To mitigate such risks in future studies, refinements to anesthetic
protocols will be introduced, including adjustments to dosing, the use of isoflurane, and perioperative hydration
strategies. Furthermore, enhanced microsurgical training for researchers, alongside continued oversight by
veterinarians and biomedical professionals, will be implemented to improve procedural accuracy and further
minimize risks.
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Measurement of intra-abdominal pressure

Increased intra-abdominal pressure (IAP) is a critical factor in the recurrence of incisional hernias and is
associated with complications such as compartment syndrome and cardiopulmonary issues. Direct measurement
of IAP in animal models poses significant challenges; therefore, this study utilized an indirect method to assess
intra-abdominal pressure. We adapted the needle manometry technique initially described by Whitesides et al.'>
and refined it in more recent studies by Kwon et al., 2021!° to ensure precise IAP measurements under controlled
conditions.

Five weeks after the initial surgical intervention, the animals were re-anesthetized using the same anesthesia
protocol and surgical preparation as in the initial surgery. A 1 cm skin incision was made to allow the insertion
of a catheter, which was then secured with 3 -0 cotton suture material. A three-way stopcock was attached to
a 20 ml syringe filled with warmed sterile saline solution, accompanied by two extension tubes. One tube was
inserted into the catheter in the abdominal wall, and the other was connected to an analog manometer.

To begin the IAP assessment, 60 ml of warmed saline solution was injected to prevent animal hypothermia.
Following this, the air was carefully injected until the manometer indicated a pressure of 5 mmHg, establishing a
column of free air between the saline and the end of the syringe (Fig. 1). The volume required to achieve the five
mmHg pressure mark was meticulously recorded.

After measuring the IAP, the hernia defect was closed by performing a continuous suture of the aponeurosis
with 3 -0 polypropylene sutures, maintaining a 3 mm spacing between each stitch. The skin was then sutured
using a continuous stitch with 3 —0 Nylon.

Outcomes
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Fig. 1. Study Design.
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The animals were closely monitored after the surgical procedure to detect any immediate postoperative
complications. Standard postoperative care was provided, including maintaining a clean environment, ensuring
adequate hydration and nutrition, and administering pain management as necessary.

Outcome analysis

Seven days after herniorrhaphy, the animals were re-anesthetized according to the established protocol. The
intra-abdominal pressure measurement was repeated using the modified Whitesides technique to assess any
changes in pressure that might indicate hernia recurrence.

Hernia recurrence
Post-euthanasia, a detailed surgical examination was performed to evaluate the recurrence of incisional hernias.
The surgical site was carefully inspected for any signs of hernia recurrence, defined as any defect in the abdominal
wall larger than 5 mm, regardless of the presence of a bulge at the postoperative scar site. If a hernia was detected,
its length (craniocaudal) and width (transverse) were measured at the widest point.

An excision of the abdominal wall was performed to include the entire wound area in depth, encompassing
the skin margins, surrounding fascia, and underlying tissues. This comprehensive excision allowed for a detailed
examination of tissue healing and identification of any changes associated with hernia recurrence.

Macroscopical adhesion analysis

For macroscopic analysis of adhesions, a grading scale from 0 to 5, as described by Lien et al., as demonstrated in
Table 1, was used, where a score of 5 indicates the formation of firm and dense adhesions'®. The detailed scoring
criteria, along with the corresponding results, are provided in Table 2.

Histopathological analysis

Following macroscopic evaluation, longitudinal and transverse cuts were made along the suture area, including
all layers of the skin, subcutaneous tissue, myofascial tissues, and any adjacent structures adhered to the incision.
The sections were stored in histological cassettes with 70% alcohol for 48 h, dehydrated, and embedded in
paraffin for subsequent blocking. The excised abdominal wall was then fixed in 10% formaldehyde for 24-48 h.

The sections were evaluated using hematoxylin-eosin (HE) staining and Masson’s trichrome (MT) staining
to assess the presence and extent of fibrosis and to evaluate tissue regeneration and wound healing maturation.
Masson’s trichrome (MT) special staining was used to characterize and differentiate various connective tissues
and soft tissue components, where smooth muscle and keratin are stained pink to red, and collagen fibers are
stained blue.

A scoring system was employed to quantify the area occupied by fibrous tissue in the MT-stained sections
based on the amount and distribution of collagen fibers, which are indicative of fibrosis (formation of reparative
myofibroblastic tissue). The scores were assigned as follows: (0) Absent; (1+) Focal recent fibrosis; (2+) Multifocal
recent fibrosis (moderate blue staining); (3+) Extensive recent fibrosis or fibrosis with signs of myofibroblastic
differentiation (predominant blue staining indicating extensive collagen fiber formation).

Angiogenesis was assessed by forming granulation tissue, which consists of a combination of capillaries
(neovessels), fibroblasts, and extracellular matrix formed during the healing process. It was classified as: (0)
Absent; (1+) Focal granulation tissue; (2+) Multifocal granulation tissue; (3+) Extensive granulation tissue
associated with recent fibrosis.

The presence of inflammation was determined based on the density of the inflammatory infiltrate and was
classified as: (0) Absent; (1+) Scarce; (2+) Moderate; and (3+) Marked. The presence of necrosis, defined as
ischemic cell death, was determined as either absent or present based on the evidence of coagulative necrosis.

Grade

Superficial (To skin) | Deep (To peritoneal surface) | Criteria

0 0 No adhesion.

1 1 Thin (flimsy) adhesion, avascular, usually limited to one area, easily separable (not requiring sharp dissection).

2 2 Thin (flimsy) adhesion, vascular, limited to one area, moderately sharp dissection required.

3 3 Thin (flimsy) adhesion, more than one place, mostly vascular, difficult to separate; or a single firm adhesion
involving bowel, omentum, liver, mesentery, or pelvic fat.

4 4 Thick, firm adhesion, more than one place (superficial). Thick, firm adhesion, more than one place, involves
bowel, omentum, liver, mesentery, or pelvic fat, vascularized, requiring sharp dissection (deep).

5 5 A dense adhesion mass in which individual bowel loops could not be separated, and/or intestinal obstruction —
some of the intestinal loops are dilated; sometimes, bleeding in peritoneal fluid may occur (superficial and deep).

Table 1. Macroscopic adhesion grades were assessed in 10 animals, based on a classification adapted from the
scoring system proposed by Lien et al., following incisional hernia repair. Adhesion severity was classified from
grade 0 (no adhesions) to grade 5 (dense adhesions with intestinal obstruction). The majority of animals (60%)
exhibited moderate to severe adhesions (Grades 3-5), demonstrating the model’s reproducibility in replicating
post-surgical adhesion formation. These findings provide a relevant framework for studying adhesion-
preventive strategies in future research.
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Macroscopic Adhesion

Grade N=10
0 2 (20%)
1 0 (0%)
2 2 (20%)
3 3 (30%)
4 1 (10%)
5 2 (20%)
Fibrosis in the abdominal muscles

Absent Fibrosis 0 (0%)
Focal recent fibrosis 3 (30%)
Multifocal recent fibrosis (moderate amount of blue staining present) 3 (30%)

Extensive recent fibrosis or signs of myofibroblastic differentiation (where blue staining predominates, indicating extensive collagen fiber formation). | 4 (40%)

Fibrosis in incision region

Absent Fibrosis 1 (10%)
Focal recent fibrosis 3 (30%)
Multifocal recent fibrosis (moderate amount of blue staining present) 6 (60%)
Extensive recent fibrosis or signs of myofibroblastic differentiation (where blue staining predominates, indicating extensive collagen fiber formation). | 0 (0%)
Angiogenesis

Absent 0 (0%)
Focal granulation tissue 1 (10%)
Multifocal Granulation tissue 6 (60%)
Extensive granulation tissue associated with recent fibrosis 3 (30%)
Inflammation

Absent 0 (0%)
Scant 0 (0%)
Moderate 4 (40%)
Marked 6 (60%)
Necrosis

Absent 4 (40%)
Present 6 (60%)
Rhabdomyolysis

Absent 2 (20%)
Present 8 (80%)

Table 2. Histopathological findings were evaluated to characterize tissue responses post-hernia repair. Fibrosis
was assessed in both the abdominal muscles and incision region, with 40% of animals displaying extensive
fibrosis in muscle tissue. Angiogenesis, inflammation, and necrosis were observed in varying degrees, with
moderate-to-severe inflammation present in 100% of cases and necrosis in 60% of animals. Rhabdomyolysis
was found in 80% of the study population, indicating significant muscle fiber degeneration. These results
highlight the inflammatory and fibrotic processes following hernia repair and emphasize the importance of
further investigations into therapeutic interventions for improving post-surgical healing.

Hemorrhage was also evaluated and was defined as “present” if microscopic evidence of erythrocyte
extravasation was observed or “absent” otherwise. Histopathological evaluation was performed by a pathologist
who was blinded to the intervention groups.

For interpretation, slower healing/tissue regeneration processes are characterized by a predominance of
earlier pathological processes (such as hemorrhage and ischemia). In comparison, faster tissue regeneration
processes show a predominance of later pathological processes (such as fibrosis and angiogenesis).

Statistical analysis

A descriptive statistical analysis of the data collected in the study was performed. The results were presented as
means, standard deviations, absolute numbers, and percentages. The analysis included the evaluation of incisional
hernia recurrence rates, intra-abdominal volume measurements, adhesion scores, and histopathological results.
Mean and standard deviation were used to describe continuous variables, while categorical data were presented
in absolute numbers and percentages.
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Euthanasia
The animals are kept alive for 48 h postoperatively, after which they are sacrificed and undergo a second
laparotomy to assess suture integrity and remove the stomach for analysis. Following data collection, the
anesthetized animals are euthanized by inhalation of 5% carbon dioxide in a specialized chamber.

After euthanasia, the animals are disposed of according to the Waste Disposal Guidelines of the FMUSP-HC
System, which adheres to Resolution No. 306 (December 7, 2004) of the National Health Surveillance Agency
and Resolution No. 358 (April 29, 2005) of the National Environmental Council (CONAMA).

Results
A total of 14 rats underwent primary surgery to create incisional hernias. During the follow-up period, four
animals did not survive. Three deaths were due to anesthetic complications, and one was due to inadvertent
injury to anatomical structures during the surgical intervention.

All animals successfully developed a midline abdominal defect as planned.

Hernia recurrence
Nine rats (90%) exhibited recurrence of incisional hernias, with an average defect size of 10.30 mm+9.32 mm.

Intra-abdominal volume

The average intra-abdominal volume was significantly lower after hernia repair. The mean reduction in intra-
abdominal volume was approximately 25.63% one week after hernia correction, corresponding to an average
decrease of 41 ml+16.8 ml.

Prior to laparotomy, the intra-abdominal pressure measured 130+ 10 ml. In rats that developed hernias, the
intra-abdominal pressure increased significantly to 160 + 15.6 ml. This increase was statistically significant, with
a p-value of 0.002 when compared to the group measured before laparotomy. One week following herniorrhaphy,
the intra-abdominal pressure decreased to 119+ 13.9 ml. This reduction was significant when compared to the
rats with hernias, with a p-value of 0.00001. However, there was no statistically significant difference between the
rats after herniorrhaphy and those prior to laparotomy, with a p-value of 0.14. These findings indicate that the
presence of a hernia leads to an increase in intra-abdominal pressure, which is significantly reduced following
herniorrhaphy, returning to levels comparable to pre-laparotomy conditions.

Macroscopic appearance

The macroscopic evaluation of adhesions revealed a range of adhesion severity among the 10 animals analyzed,
with adhesion scores distributed across multiple grades. 20% (20%) of the animals presented no adhesions (Grade
0), while the majority exhibited varying degrees of adhesion formation. Moderate adhesions (Grade 3) were the
most common, observed in 30% of the animals, followed by severe adhesions (Grade 5) and mild adhesions
(Grade 2), each present in 20% of cases. Only 10% of the animals demonstrated extensive adhesions classified
as Grade 4. Notably, 60% of the animals showed adhesion scores in the range of 3 to 5, indicating significant
adhesion formation in a substantial portion of the sample. The detailed results are presented in Table 2.

Histopathological analysis

Histological analysis revealed that all animals developed fibrosis in the abdominal wall, with 70% exhibiting
moderate to severe fibrosis, characterized by multifocal areas of recent fibrosis or signs of myofibroblastic
differentiation. Rhabdomyolysis was observed in 80% of the animals, evidenced by necrosis of muscle fibers,
inflammatory infiltrates, and nuclear alterations consistent with pyknosis, karyorrhexis, and karyolysis. All
animals also showed signs of inflammation, as indicated by the presence of granulation tissue in the surgical
area. Of these, 90% exhibited granulation tissue classified as severe or very severe, characterized by extensive
areas of granulation associated with recent fibrosis. Additionally, 60% of the animals showed necrosis in the
incision region. 40% demonstrated varying degrees of fibrosis in the incision area and 70% in the abdominal
muscles, as depicted in Fig. 2. A summary of these results is provided in Table 2.

Discussion

Due to the high recurrence rate, morbidity, and economic impact associated with incisional hernia recurrences—
especially considering that the recommended treatment for these hernias is another surgical intervention—it is
crucial to explore and test different methods for hernia repair. However, there is a wide variety of approaches
used in hernia surgery studies, suggesting a significant lack of uniformity in this field of research. This diversity
of methods can affect the interpretation and application of the results obtained, highlighting the need for more
standardized and comparable research protocols to advance knowledge on treating incisional hernias.

Human studies face significant challenges, particularly due to population heterogeneity, which can introduce
variability and limit the applicability and reliability of the results. Given these limitations, animal models emerge
as a valuable alternative in hernia research, allowing studies that are not ethical or practical in humans, offering
greater control over experimental variables (such as age and injury conditions), and being more cost-effective!”.
The present study identified several anatomical similarities between rats and humans (Fig. 3). Morphological
studies conducted by Brown et al. also showed similar lines of action, force generation capacities, and length
changes of the abdominal muscles between rats and humans throughout most of the abdominal wall, except
the lower region where the external oblique muscle becomes aponeurotic in humans but remains as muscle
fibers until its pelvic insertion in rats'®. Functionally, the relative force generation capacities, length excursion,
sarcomere lengths in the neutral position, and muscle fiber orientations are similar in both species!®.
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Fig. 2. Photomicrographs depicting collagen-rich fibrous tissue formation in the abdominal muscle tissue
of rats. Top: (1) Staining with Hematoxylin and Eosin (H&E) shows the general histological architecture,
including areas of fibrosis. (2) Masson’s Trichrome staining highlights collagen fibers in blue, demonstrating
the extent of fibrosis within the muscle tissue. Bottom: Photomicrographs of H&E-stained sections. (A) Area
of muscle fibrosis characterized by discontinuity in muscle bundles replaced by fibrous tissue (indicated by
arrow). (B) The presence of inflammatory cells surrounding muscle bundles suggests a potential area for
rhabdomyolysis.

oLamina anterior

oM. Rectus abdominis

° Lamina posterior

Fibrosis in Linea Alba

Fig. 3. Section of rat abdominal wall.

Scientific Reports|  (2025) 15:23861 | https://doi.org/10.1038/s41598-025-05557-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The use of rat models in hernia research is validated by their ability to mimic the pathophysiology and
treatment response of hernias. Dubay et al. highlighted that fibroblast activity and collagen production
peak around the fourth week of wound healing, suggesting that extending the wound maturation period in
experimental studies could better reflect the chronic nature of incisional hernias observed in human patients'®.

Our study introduces a reproducible rat model for both incisional and complex hernias, with all animals
developing hernias and 90% exhibiting recurrence following defect closure, effectively replicating clinical
conditions. Notable findings include significant adhesion formation and histopathological changes, such as
moderate to severe fibrosis and rhabdomyolysis, contributing to tissue fragility and an increased risk of hernia
recurrence. This descriptive study focused on the histopathological and physiological characterization of
incisional hernia formation and tissue response rather than comparative analyses between experimental groups
or therapeutic interventions.

The high recurrence rate and histopathological findings serves as a clinically relevant baseline, demonstrating
the model’s robustness and potential as a platform for future comparative and therapeutic studies. While future
research should include control and treatment groups to enable inferential statistical analyses and further validate
the model, the primary goal of this study was to create a standardized experimental framework, laying the
groundwork for subsequent investigations aimed at testing interventions and advancing translational research
in hernia management.

To address the challenges of directly measuring intra-abdominal pressure (IAP) in animal models, an indirect
method was used to assess IAP changes, demonstrating a 25.63% reduction in abdominal volume in T3 compared
to T2. Measuring this difference is particularly relevant, as elevated IAP is a well-documented factor in hernia
formation and recurrence, especially in conditions such as obesity and during activities like coughing?’-2!. This
approach also reduces the influence of outliers, as fluctuations in intra-abdominal volume can distort absolute
averages. By focusing on volume differences rather than absolute values, this method enhances data reliability
and offers valuable insights for future comparative studies.

This study adopted a descriptive approach, emphasizing the histopathological and physiological
characterization of incisional hernia formation and tissue response rather than focusing on comparative analyses
or therapeutic interventions. Since all animals underwent the same surgical protocol without distinct treatment
groups, intergroup statistical comparisons were not applicable. However, descriptive statistical analyses were
performed to evaluate macroscopic adhesion severity, fibrosis, and inflammatory response.

Despite the absence of a control group with fascia closure, the study successfully established a consistent and
reproducible model for incisional hernias, achieving a high recurrence rate (90%). This serves as a clinically
relevant baseline, demonstrating the model’s reliability and potential as a foundation for future studies involving
therapeutic interventions or comparative analyses. While incorporating control and treatment groups is essential
for further validation, the primary goal of this study was to develop a standardized experimental framework to
guide future research efforts.

Although the sample size was limited, the study’s focus was not on comparative analyses or therapeutic
evaluation but on creating a reproducible model of complex incisional hernias. By prioritizing the detailed
characterization of tissue responses, the research lays a solid groundwork for subsequent studies. Expanding the
sample size in future research will enhance statistical power and a more detailed and robust statistical analysis,
enable comparative analyses, and explore innovative surgical and therapeutic strategies for incisional hernia
repair.

While rats share similarities with humans, such as abdominal wall structure, significant differences exist,
including their ability to produce an enzyme that converts I-gluconolactone to vitamin C, which is vital for
collagen synthesis??. Additionally, the presence of the panniculus carnosus in rodents enables rapid wound
contraction, unlike human wounds that heal through re-epithelialization and granulation tissue formation?.
Additionally, the quadrupedal posture of rats may recruit more abdominal muscles, potentially leading to higher
intra-abdominal pressure compared to humans. The controlled laboratory conditions may not account for the
variability seen in human patients, such as comorbidities and surgical techniques.

Complex hernias are widely recognized as challenging conditions, with perioperative complication rates of
approximately 35.8% and mortality rates of around 3.7% in clinical settings?*. Similarly, in this study, despite
implementing a rigorous postoperative care protocol and direct supervision by veterinarians and biomedical
professionals, four animals (29%) did not survive the follow-up period. Three deaths were attributed to anesthetic
complications, likely caused by respiratory depression, and one resulted from an intraoperative vascular injury.
These outcomes reflect the inherent difficulties of working with complex animal models and surgical procedures.
Nonetheless, the high reproducibility of the hernia model, demonstrated by a 90% recurrence rate in surviving
animals, underscores its reliability and translational potential. Future studies will aim to further reduce these
risks by refining anesthetic protocols, incorporating alternatives such as isoflurane, optimizing perioperative
hydration strategies, and enhancing surgical training to improve procedural accuracy and outcomes.

While this study successfully established a reproducible model for incisional hernias, we acknowledge its
limitations in directly addressing the variability seen in human patients, particularly the influence of common
comorbidities such as obesity, diabetes, smoking, and chronic inflammation. These factors are known to
significantly affect hernia formation, tissue healing, and recurrence rates in clinical settings. To enhance the
translational relevance of the model, future adaptations could include incorporating experimental groups
that simulate these conditions, such as diabetic or obese animal cohorts or protocols to induce systemic
inflammation. These modifications would allow for a more nuanced understanding of how comorbidities impact
the mechanical and biological outcomes of hernia repair, providing insights directly applicable to diverse patient
populations. This approach would further strengthen the utility of the model as a platform for testing therapeutic
interventions under conditions that more closely mimic human variability.
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The 7-day follow-up period was selected as it represents a pivotal phase in the wound healing process, during
which tissue repair is most active and key histopathological changes are prominently observed. This timeframe
allowed us to capture critical findings related to fibroblast proliferation, collagen deposition, and angiogenesis,
all of which are fundamental to tissue remodeling. Evidence indicates that vascular endothelial growth factor
(VEGF) plays a crucial role in sustaining angiogenesis during granulation tissue formation up to day 7%,
while fibroblast activity and the production of type I and III collagen peak during this period®, contributing
significantly to mechanical strength. By focusing on this specific phase, the study provided valuable insights
into the cellular and molecular events underlying incisional hernia formation and recurrence. Future studies
should expand on this approach by evaluating different follow-up periods, such as 7, 14, and 21 days, to better
understand how tissue repair and scar formation evolve over time. Such longitudinal analyses would offer a more
comprehensive perspective on the dynamics of wound healing and fibrosis, further enhancing the translational
relevance of the model.

Based on the results obtained in the present study, future research could explore therapeutic interventions
focusing on the component separation technique and alternative, less invasive approaches, such as laparoscopic
and robotic methods for abdominal hernia repair. Additionally, further investigations into the use of progressive
preoperative pneumoperitoneum?’ and tissue expanders as strategies to minimize tension during primary
hernia closure are recommended?. These approaches can potentially improve treatment efficacy and reduce
complications and recurrence rates, particularly in complex abdominal wall defects cases. Continuing this line
of research could significantly contribute to the optimization of hernia repair techniques and the development
of innovative therapeutic protocols.

Despite the inherent limitations of using rat models—such as differences in mechanical load and skin
structure compared to humans—the similarities in wound healing processes provide valuable insights. These
findings highlight the relevance of our model in translational research while emphasizing the need for careful
consideration when applying these results to clinical settings.

Conclusion

This animal model has proven to be a versatile, reproducible, and reliable platform for investigating complex
incisional hernias in translational research. While the present study focused on model development, future
studies should utilize it to evaluate therapeutic interventions such as novel mesh materials, pharmacological
agents, and alternative surgical techniques, with the objective of reducing recurrence rates and enhancing
wound healing.
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