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Abstract

The increasing global prevalence of chronic wounds underscores the growing importance of 

developing effective animal models for their study. This review offers a critical evaluation of 

the strengths and limitations of rat models frequently employed in chronic wound research and 

proposes potential improvements. It explores these models in the context of key comorbidities, 

including diabetes, venous and arterial insufficiency, pressure-induced blood flow obstruction, 

and infections. Additionally, the review examines important wound factors including age, sex, 

smoking, and the impact of anesthetic and analgesic drugs, acknowledging their substantial effects 

on research outcomes. A thorough understanding of these variables is crucial for refining animal 

models and can provide valuable insights for future research endeavors.
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1. Introduction

Chronic skin wounds, such as peripheral arterial disease (PAD), venous, pressure, and 

diabetic ulcers, are estimated to affect 1–2 % of populations in developed countries [1]. 

These wounds not only diminish the quality of life for patients but also impose significant 

clinical and economic burdens on the healthcare system [2]. The prevalence of chronic 

wounds is on a steady rise, with a global projected increase in diabetic foot ulcers by 

approximately 6.6 % between 2016 and 2024 [3]. As a result, there is an increasing need 

for the development of various wound care techniques [4]. Numerous therapeutic approaches 

have been tested for healing chronic wounds in preclinical animal models [5,6], yet they 

frequently fail in clinical trials. In general, new drug treatments that have been effective in 

preclinical (animal) studies have had a failure rate of 90 % in human clinical trials [7–9]. 

The cause of this failure in translation is multifactorial but can be attributed in part to 

inadequate animal models or deficient experimental designs [10,11].

In chronic wound research, the most commonly utilized animal models are rodents, 

specifically Mus musculus (mice) and Rattus norvegicus (rats). Although mice have been the 

preferred model due to the extensive range of genetic tools available, recent advancements 

in genome editing technologies are increasingly making rats a comparable alternative [12]. 

The selection between rats and mice as models should, therefore, hinge more on their 

respective physiological, anatomical, and pharmacological characteristics relevant to the 

targeted biological study. Notably, adult rats have a weight 8–10 times greater than that of 

mice, rendering them significantly larger and thus easier to handle and perform surgery on. 

This advantage enables researchers to simulate extensive wound areas, which, in conjunction 

with disease modeling, is particularly beneficial for studying chronic wound types [13]. Rats 
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also demonstrate a lower stress response to human interaction than mice, further enhancing 

their value as research models [12,14]. Furthermore, Rattus norvegicus has a lengthy history 

of more than 150 years in biological research, providing a wealth of literature that can 

inform and support contemporary basic and translational research efforts [15–17]. In this 

review article, we focus on the latest progress in experimental rat models used for the study 

of chronic wounds. We compare and discuss the current animal models of the four main 

types of chronic wounds (i.e., PAD, diabetic, venous, and pressure ulcers). Additionally, we 

examine significant accompanying factors such as age, sex, side effects of anesthetic and 

analgesic drugs, smoking, obesity, stress, infection, and wound contraction that should be 

considered for better translatability to humans.

Our critical evaluation is intended to assist readers in choosing the most fitting models 

for simulating chronic wounds of diverse etiologies, as well as in identifying models 

that accurately depict certain underlying diseases and are optimally adaptable for inducing 

wounds of these specific types.

2. Non-rodent animal models for chronic wounds

2.1. Rabbits

Rabbits have long been utilized in wound healing research, specifically using the ear 

excisional wound model. In this model, wounds penetrating the epidermis, dermis, and 

cartilage are made with a biopsy punch [18]. It has been frequently used for studies 

of the toxicology and pharmacology of new medicine since skin permeability in rabbits 

is higher than that of humans and other animals, including rodents and pigs. Moreover, 

rabbit skin, particularly in response to aging and drugs, closely mirrors human reactions. 

The extensive ear vasculature facilitates the easy creation of ischemic wounds through a 

minimally invasive procedure and allows for the induction of multiple wounds in the ear 

[19,20]. The loose skin of rabbits presents a major challenge for wound healing models. 

Therefore, either the rabbit ears, where the dermis is firmly attached to the subcutaneous 

tissue (acting as a natural splint), or an external splint are employed. In addition, rabbit 

models have limitations like reduced genetic tractability and a lack of species-specific 

reagents, especially when compared to rodent models [20].

2.2. Pigs

Pig and human skin have remarkable anatomical and physiological similarities including the 

dermal-epidermal thickness ratio which is 10: 1 to 13: 1 in the pigs and humans respectively, 

epidermal turnover, collagen and elastin structure, vascular distribution, orientation, and 

size, not having panniculus carnosus, developed rete-ridges, as well as abundant subdermal 

adipose tissue [21]. The subepidermal plexus and elastic content in pigs are less than in 

humans but still more similar compared to other species. Schmook et al. demonstrated that 

pig skin is a more effective model for testing the in-vitro skin penetration of candidate 

drugs compared to reconstructed human skin or epidermis [22]. Unlike rats, which are 

resistant to atherosclerosis induction [23], pigs with natural mutations in for apolipoproteins 

B (Lpb5) and U (Lpu1) can develop atherosclerosis and hypercholesterolemia in the iliac, 

femoral, and coronary arteries, which are major factors in the progression of PAD ulcers 
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in humans [24]. Unlike rats’ injury-sensitive skin, the prolonged application of pressure 

does not damage the hind limbs of pigs enough to induce pressure ulcers, a condition more 

akin to humans [25]. The previous comparative analysis demonstrated that the concordance 

between the results of wound healing studies in humans, large animal models like pigs, 

small animal models, and in vitro models are 78 %, 53 %, and 57 %, respectively [21].

Despite the similarities in cutaneous wound healing between humans and pigs, the pig 

models come with multiple drawbacks compared to other animals. Pigs are notably more 

expensive to purchase and maintain, and their considerable size makes handling challenging 

and demands specialized housing facilities. Anesthetizing pigs is also more complicated, 

requiring appropriate assessment for the correct depth [26]. There is comparatively limited 

access to certain reagents in pigs, such as antibodies and PCR arrays, in comparison to other 

animal species [27].

3. Acute wound models

In scientific literature, the demarcation between acute and chronic wound models is 

frequently blurred, and some researchers do not make this distinction when presenting their 

studies [28]. A substantial portion of earlier literature is focused on acute wound healing in 

healthy animals. Only in recent decades has there been an increasing interest in preclinical 

models for addressing the healing of chronic wounds with comorbidities [29].

An acute wound is primarily characterized by its origin from a short-term external trauma, 

and its healing process is not hindered by accompanying diseases that could delay or halt 

the recovery, turning the wound into a chronic condition [30]. The healing process of acute 

wounds consists of four overlapping phases: hemostasis, inflammation, proliferation, and 

remodeling, generally lasting between 4 and 6 weeks [31,32]. The absence of comorbidities 

affecting wound healing is a hallmark of acute wound models. Typically, these experiments 

utilize young, healthy animals in clean and consistent environments [28], which may limit 

their clinical relevance.

Various acute wound models have been developed in rats, such as incision [33], partial-

thickness [34], and full-thickness wounds [35]. Typically, an incision wound is made on the 

rat’s back using a scalpel blade, reaching the subcutaneous tissue. Evaluating such wounds 

is valuable for assessing the presence of surgical site infections, examining the effectiveness 

of surgical suturing tools, and investigating the mechanical properties of healed skin tissue. 

Partial-thickness excisional wounds involve the removal of the top skin layers, specifically 

the stratum corneum and stratum granulosum. This exposes the keratinocyte-basal cell 

layer, often achieved through tape-stripping techniques. Researchers use this model to 

study epidermis repair and regeneration, replicate inflammatory skin conditions like atopic 

dermatitis, and model superficial skin infections [20]. The full-thickness wound model is 

the most commonly used when studying acute wound healing in rats. It entails the removal 

of multiple layers: the epidermis, dermis, subcutaneous fat, and the panniculus carnosus, 

typically using a biopsy punch on the rat’s back [36].
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A significant limitation of the full thickness wound models in rats is the healing through 

the contraction [20]. Wound contraction by inward dermal migration is the primary healing 

mechanism in rats, as opposed to re-epithelialization in humans [37,38]. To mitigate this 

limitation, some researchers suggest using square wounds to eliminate the contraction 

factor [16]. In square wounds, myofibroblasts disappear at the corners, causing fibrosis and 

earlier scarring, thereby leading to asymmetrical contraction, as opposed to symmetrical 

contraction in round wounds. However, Mawaki et al. showed that three days after 

wounding, the sides of square wounds stretch, and the corners become round. By day seven, 

the wound area had contracted by approximately 50 %, indicating that using a square wound 

shape does not significantly mitigate contraction effects [39].

Wound splinting in rat models has demonstrated effective results in slowing down 

contraction and in promoting wound healing primarily through granulation and re-

epithelialization. This technique is applicable to wounds of any shape, whether they are 

square or circular [38,39]. Park et al. evaluated the effects of different adhesives (tissue 

adhesive vs. Krazy glue) for fixing splints on mouse skin and found that using Krazy 

glue significantly increased collagen deposition and re-epithelialization due to greater 

splint success [40]. Therefore, it is strongly recommended that the severity of elongation 

and fixation of wound corners be consistent in all groups to obtain homogenous and 

valid data. Splints are available in different materials, such as silicones (polysiloxane or 

polydimethylsiloxane) and metals. While silicone is affordable and can be easily tailored 

into desired sizes and shapes, it is susceptible to damage from self-grooming or collisions 

with cage walls during cutaneous implantation. Consequently, silicone splints are often 

implanted subcutaneously, a procedure that demands advanced surgical skills [38]. In 

contrast, metal splints are more challenging to cut and reshape but are resistant to physical 

damage [38,41,42].

4. Chronic wounds and comorbidities

A wound is categorized as chronic if it stalls at one of the intermediate healing stages, 

usually inflammation [43]. The healing progression of chronic wounds diverges from that 

of acute wounds in terms of duration and sequence of skin restoration. Fig. 1 illustrates 

a comparative overview of the wound healing phases for both acute and chronic wounds. 

Chronic wounds do not follow the typical timeline of cellular and molecular processes 

observed in the healing of a normal acute wound [44], as shown in Table 1. The failure to 

reduce inflammation in chronic wounds is often attributed to reduced blood flow caused by 

localized tissue ischemia [5,45]. In humans, the average healing duration for chronic wounds 

ranges from 12 to 13 months, and in some instances, it may span decades. Furthermore, the 

recurrence rate for chronic wounds is strikingly high, affecting approximately 60–70 % of 

patients [2].

Chronic wounds are manifestations of human-specific systemic disorders, and their 

development is influenced by the severity of the underlying comorbidities and by wound 

factors such as age, sex, and medicine used. Generally, wound comorbidities refer to 

underlying conditions that either directly lead to chronic wounds or transform acute wounds 
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into chronic ones [46]. Wound factors, on the other hand, are secondary conditions that, 

while not causing chronic wounds directly, can influence their healing process [47].

Etiologically, chronic wounds have been classified into four main types by the underlying 

comorbidity: arterial, diabetic, venous, and pressure ulcers [43]. All these types of wounds 

can share common features such as susceptibility to infection, microcirculation disorders, 

inability to respond to reparative stimuli, and high levels of proinflammatory cytokines 

[43,48]. Additionally, wound infections play an ambiguous role, as they can lead to the 

chronic progression of an acute wound, thereby acting as comorbidities, or they can occur 

alongside primary comorbidities as an additional wound factor that exacerbates the severity 

of chronic wounds.

To date, rat models that precisely replicate the gradual development of chronic wounds 

caused by comorbidities remain yet to be developed. This challenge arises from the 

intricacies of wound formation processes and the physiological distinctions between rats and 

humans. Currently, inducing an underlying disease along with a full-thickness excisional 

wound is a prevalent approach to creating chronic wound models, distinguished from 

acute models due to the specific relevance to human chronic wound conditions like tissue 

ischemia. There have been models established for the primary types of comorbidities, 

which include models directly related to chronic wounds or those primarily focused on 

simulating the diseases themselves. In the next section, we will examine rat models for 

chronic wounds of various etiologies and assess models of corresponding comorbidities 

that could be effective in simulating these specific wound types. Table 2 provides concise 

summaries of these models, each associated with different comorbidities.

4.1. Peripheral arterial disease (ischemic) wounds

Peripheral arterial disease (PAD) is characterized by poor arterial perfusion in the lower 

extremities, typically due to atherosclerotic plaques narrowing the arteries’ lumen. Major 

risk factors, such as diabetes, smoking, high cholesterol, obesity, and a family history of 

PAD, can escalate the prevalence of this disorder. PAD ranks as the third leading cause of 

death among cardiovascular patients, following stroke and coronary heart disease [56]. Over 

200 million adults globally suffer from PAD, with a prevalence of 20 % among individuals 

over 70 years of age [57]. Patients with mild PAD usually have adequate resting blood flow, 

but symptoms worsen during activities such as walking. In severe cases, inadequate blood 

flow can result in non-healing ischemic ulcers or gangrene, leading to amputation [57].

When researching chronic wounds of any origin, small animal models like rats 

provide significant benefits, including easy handling, quick reproduction cycles, and cost-

effective care and maintenance. However, wild-type rats cannot successfully model PAD 

pharmacologically due to their natural resistance to atherogenesis and atherosclerosis 

[23,24]. High-fat diets do not induce atherosclerosis or hypercholesterolemia, and even 

a choline-deficient diet only provokes early-stage atherosclerosis formation, which is 

ineffective for inducing ischemic arterial perfusion. Transgenic rats may develop obesity, 

hyperlipidemia, hyperinsulinemia, and cardiac dysfunction, but myocardial dysfunction is 

associated more with microvascular disorders than atherosclerosis [23]. Researchers, due 
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to the lack of suitable genetic and pharmacological rat models for PAD, rely heavily on 

surgical methods to induce limb ischemia [58].

4.1.1. Skin flap ischemic wound models—The ischemia and reperfusion of the skin 

have been mostly evaluated by the skin flap model [59]. Flaps are regions of the skin that 

partially detach from their origin and form a partial hypoxic zone due to declined blood 

flow. A full-thickness wound is usually induced on the flapped skin to emulate an ischemic 

wound. The healing timeframe of this type of wound is about 14–21 days vs. 10–12 in 

control groups [30]. To prevent reperfusion of this ischemic site, revascularization can be 

inhibited by putting a barrier like a silicone sheet between the flapped skin and the body. 

Since their invention in the 1960s, various modifications of skin flaps have been introduced.

While ischemic wound models using skin flaps and grafts mimic the limited blood supply 

to the wounded skin area, they fail to correctly depict the blockage in arteries leading to 

insufficient blood circulation in PAD. Additionally, small animals like rats display variances 

in granular tissue formation from head to tail, complicating the comparison of the results. 

Another downside of skin flap and graft models is the short ischemic duration in flap tissue, 

with blood flow normalizing within 14–16 days after inducing the ischemia. The use of 

silicone sheeting in these models poses issues of immune reactions, infection, and variability 

in outcomes, making the flap skin model hard to standardize due to reproducibility 

challenges. Finally, the typical positioning of the flaps on large regions of the animal’s 

body, like the head, back, and abdomen, does not correspond with the ulcer localization 

caused by limb ischemia in PAD. Thus, models simulating limb ischemia due to arterial 

insufficiency may be more representative of actual PAD conditions in humans.

4.1.2. Arterial insufficiency models—The iliac, femoral, and popliteal arteries are 

the most affected blood vessels by PAD in humans [57]. Typically, models of arterial 

insufficiency in rats involve inducing ischemia through incisions and/or ligations in the hind 

leg arteries, such as the common iliac, femoral, popliteal, and saphenous arteries (Fig. 2) 

[60–62]. Different ligation or incision locations on the arteries can yield varied outcomes 

[58,63]. Full restoration of blood perfusion only occurs seven days post-single coagulation 

in either the iliac or femoral artery, while double coagulation in both arteries delays recovery 

significantly, with just 54 % perfusion achieved after 28 days [64]. Simultaneous ligation 

of the femoral (from proximal to distal), popliteal, and a third of the saphenous arteries 

(proximal side) using titanium “S” shape clips in male Wistar rats showed persistently low 

tissue perfusion from day 0 (ischemic induction day) until day 30 [62]. Arterial vasodilator 

capacity and functions related to shear stress in the microcirculatory endothelium are 

impaired in double ligations of femoral and iliac arteries compared to a single ligation 

(iliac artery) [65].

It should be noted that the formation of PAD wounds is only one of the side effects of limb 

ischemia in PAD. Developing animal models of arterial insufficiency resulting in wound 

formation presents a significant challenge. Most arterial insufficiency models primarily 

target the investigation of tissue ischemia conditions rather than specifically studying and 

analyzing ischemic ulcers.
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Although many current studies frequently utilize PAD surgical models [66], most of these 

models do not adequately replicate the chronic and gradual ischemia observed in humans, 

instead only emulating acute ischemia that recovers via compensatory arteriogenesis and 

angiogenesis phenomena [58]. Arteriogenesis is the transformation of existing arterio-

arteriolar connections into fully developed and functional arteries through remodeling, while 

angiogenesis refers to the emergence of new capillaries from existing vessels, leading 

to the formation of novel capillary networks [67]. In PAD patients, the development of 

atherosclerotic vasoconstriction is a gradual process occurring over an extended period. In 

contrast, acute arterial occlusion by cutting or ligation in surgical models can increase blood 

flow and wall shear stress in collateral arteries, thereby accelerating arteriogenesis through 

cytokine stimulation [68].

Several techniques have been developed to refine surgical models of PAD by delaying 

and reducing arteriogenesis and angiogenesis, leading to progressive ischemia that mirrors 

the pathological conditions of PAD in humans. Lundberg et al. reported the emergence of 

collateral arteries after two weeks following double ligation (iliac and femoral arteries) [69]. 

Brown et al. performed an additional ligation of the ipsilateral femoral artery three weeks 

after a single iliac artery ligation [65]. This method resulted in a more sustained disruption 

of arterial perfusion than a single iliac artery ligation, which typically restores blood flow 

within 2–5 weeks.

In another approach, Tang et al. used an ameroid constrictor with an internal diameter of 

0.75 mm to gradually narrow the diameter of the vessels, thereby creating chronic ischemia 

[70]. They observed a significant decrease in cutaneous blood flow in the group that applied 

the ameroid constrictor (chronic ischemia) compared to the group that underwent ligation 

in the iliac and left femoral arteries and all their branches (acute ischemia) 40 days post-

operation. The angiogenesis score and vessel diameters were lower in rats with chronic 

ischemia compared to those with acute ischemia.

Krishna et al. modified this method for use in mice and included two preliminary stages 

[71]. Initially, the study employed apolipoprotein E-deficient (apoE−/−) mice with elevated 

plasma cholesterol, known to inhibit arteriogenesis more effectively than hyperinsulinemia 

or hyperglycemia [63]. This was followed by inducing ligations in the femoral artery and its 

side branches. Finally, 14 days after this second stage, an ameroid constrictor was applied to 

the femoral artery to gradually induce ischemia [71]. The severity and duration of hindlimb 

ischemia were higher in the group that followed all three stages (apolipoprotein E deficiency, 

femoral ligation, and gradual ischemia by ameroid constrictor) compared to the group that 

only completed two stages (Apolipoprotein E deficiency, femoral ligation). The expression 

of angiogenesis and shear stress markers also decreased in the three-stage group, indicating a 

reduction in arteriogenesis and angiogenesis.

Alizadeh et al. introduced a model involving multiple ligations and resection of peripheral 

arteries to induce limb ischemia, which included the induction of open wounds on the 

back of a rat’s paw [72]. Their research revealed that ischemia resulted in reduced wound 

contraction, a significant factor contributing to delayed ischemic wound healing.
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4.2. Diabetic wounds

As of 2021, approximately 537 million adults, or 7 % of the global population, were 

living with diabetes, and projections suggest that this number will rise to 643 million 

by 2030 and 783 million by 2045 [73]. In the US, diabetic wounds account for the 

majority of non-traumatic lower extremity amputations, affecting about 25 % of patients 

with diabetes mellitus [74,75]. Key risk factors for developing diabetic foot ulcers include 

peripheral neuropathy and peripheral artery disease [76–78]. These factors can generally 

be reproduced in rats, potentially allowing for the creation of models for diabetic wounds 

[79,80]. Nevertheless, the development of an ideal animal model that accurately simulates 

diabetes and resulting diabetic wounds remains a challenge [81].

A recent study by Southam et al. in 2022 introduced a new model of type 2 diabetes 

in rats [79]. They combined a high-fat diet (HFD) with a streptozotocin (STZ) infusion 

administered over 14 days via a subcutaneously implanted osmotic mini-pump. Their 

findings suggested that this combination of a high-fat diet and a low streptozotocin 

dose induces an early-stage type 2 diabetes model, characterized by obesity, moderate 

hyperinsulinemia, and hyperglycemia with impaired glucose tolerance. On the other 

hand, using a high STZ dose led to late-stage type 2 diabetes, marked by pronounced 

hyperglycemia.

As a positive correlation exists between hyperglycemia intensity and diabetic wound 

severity, researchers need to carefully consider the STZ dose they employ and the resulting 

hyperglycemia severity [61]. Hyperglycemia has been noted to lead to sorbitol accumulation 

and protein glycation, which may trigger lower limb ulceration due to peripheral neuropathy 

[82]. In general, STZ doses ranging from 15 to 40 mg/kg have been employed alongside 

a high-fat diet containing 30–67 % of total kcal of fats to induce diabetes in rats [83]. 

One of the early adopters of the combined use of HFD and STZ was Reed et al., who 

demonstrated that administering 50 mg/kg streptozotocin intravenously alongside a 40 % 

high-fat diet could induce severe hyperglycemia in male Sprague-Dawley rats, with 41 % 

of the rats displaying serum glucose levels exceeding 450 mg/dL [84]. The diabetogenic 

impact of STZ varies with rat strains; Wistar-Kyoto rats show less sensitivity to the 

drug, while both Wistar and Sprague-Dawley rats display reliable sensitivity [83,85]. 

Also, intravenous streptozotocin administration results in more consistent hyperglycemia 

compared to intraperitoneal administration [83]. Thus, the severity of the induced diabetes 

can directly influence wound healing assessment results [86].

In addition to pharmacological models, some researchers also employ surgical methods 

to better simulate the pathological conditions of diabetic ulcers. For instance, skin flap 

models have been used to assess diabetic wounds with superficial ischemic arteries [87]. 

More precise and detailed models not only assist researchers in testing therapeutics but also 

enhance our understanding of chronic wound pathology. lévigne et al. highlighted the pivotal 

role of hyperglycemia in the development of diabetic wounds, rather than vascular ischemia, 

by inducing these parameters separately in a specific rat model. Their findings revealed 

that hyperglycemia increased susceptibility to necrosis, irrespective of ischemic lameness, 

compared to the group with a low glycemic index [61].
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4.3. Venous stasis ulcers

Chronic Venous Insufficiency (CVI) often results from either valve insufficiency and reflux, 

or blockage of veins, leading to venous hypertension, edema, and skin ulcers in the lower 

extremities. The primary causes of this disorder include birth defects, biochemical changes 

in the venous wall, and inflammatory reactions due to venous damage [13,88]. Renowned 

risk factors contributing to CVI include old age, high body mass index, immobility, 

prolonged standing, loss of muscle mass, and ankle joint dysfunction [89].

In rat venous wound models, iliofemoral vein ligation and arteriovenous fistula (AVF) in 

the femoral vein are commonly employed to induce hypertension in the lower extremity 

veins, a characteristic clinical symptom of CVI. In a so-called vein obstructive model, the 

surgical procedure begins with a laparotomy, followed by ligation of the vena cava, then 

the common, external iliac, and femoral veins on both sides to eliminate collateral venous 

outflow (Fig. 3, right). Hahn et al. demonstrated that simple ligation with cotton threads 

can generate an acute hypertension model, whereas incorporating two-layer ligations with an 

absorbable suture can lead to a chronic CVI condition [90].

Another approach to inducing CVI involves creating a femoral arteriovenous fistula to 

elevate blood pressure and venous insufficiency (Fig. 3, left). In brief, rats are administered 

heparin (~1000 units/kg) to prevent coagulation. An arteriotomy of approximately 0.5 mm 

in length is performed, followed by the creation of an anastomosis between the vein and the 

artery using a 10-0 suture. A double ligation of the femoral vein proximal to the AVF and 

the superficial epigastric vein leads to hypertension in both the deep and superficial venous 

system [91].

Although venous pressure does rise after AVF creation, and initial venous valve damage 

is observed, the resultant blood pressure is excessively high and uncontrolled in intensity. 

Hence, this model does not adequately simulate the clinical condition of CVI in humans. 

In humans, the body’s vertical position leads to orthostatic complications, including large 

blood vessels, particularly in the veins of the lower extremities, as well as additional 

vascular wall stresses [92]. Positioning rats in this manner for four weeks disrupts blood 

flow and significantly increases leg venous system pressure, as well as pathologically alters 

the subcutaneous vein. Therefore, this rat model can reveal even the mechanisms of early 

and subsequent phases of CVI progression [93]. Dörnyei et al. merged the venous occlusion 

approach with the gravity model and discovered that this combination prompts adaptation in 

the saphenous vein network. They observed that the walls of veins undergoing flow-induced 

remodeling become fragile and more sensitive to gravitational stress. Furthermore, their 

findings suggest that exceeding inherent adaptation limits plays a critical role in the onset of 

lower extremity varicosity disease [94].

Similar to the PAD ulcer model, the animal model for assessing the wounds resulting from 

CVI has been mostly evaluated by the skin flap model [95]. Therefore, all the deficiencies 

can be generalized to the assessment of CVI ulcers as well.
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4.4. Pressure ulcers

Pressure ulcers (PUs), also known as bedsores, are localized ischemic lesions of the skin and 

underlying tissues due to prolonged pressure on certain body areas resulting in blood flow 

obstruction. These ulcers mainly affect patients with impaired mobility and/or sensation who 

are bedridden or wheelchair-bound [96]. The incidence of pressure ulcers in emergency 

care is estimated at 10–18 % and in long-term treatment at 2.3-28 % according to existing 

medical literature [97]. Significant risk factors for pressure ulcers include impaired mobility, 

diabetes, malnutrition, emaciation, older age, a Braden score of less than 16, or a Waterlow 

score higher than 10. Pressure ulcers are typically classified into four stages [98]. The 

first stage involves skin erythema, which may be tender, soft, hard, warmer, or cooler. The 

second stage entails the loss of the entire epidermis and part of the superficial dermis. The 

third stage is a full-thickness lesion that may involve subcutaneous fat. The fourth stage 

involves muscle or bone along with a full-thickness ulcer. Depending on the anatomical 

location, the depth of pressure ulcers may vary. For instance, areas like the ear auricle, 

bridge of the nose, malleolus, and occiput, which lack subcutaneous adipose/fat tissue, 

usually have shallow ulcers and stage III pressure ulcers typically do not occur [99]. 

However, in areas with substantial fat content, pressure ulcers can be extremely deep at 

stage III [100].

Pressure ulcer research remains underdeveloped due to the disorder’s complex 

pathophysiology, which is associated with both intrinsic (e.g., fever, malnutrition, anemia, 

infection, hypoxemia, etc.) and extrinsic factors (e.g., duration of pressure, friction, 

immobility, etc.). However, animal models may offer a valuable tool for obtaining 

comparable and reliable data on etiological variables, histopathology, and the healing 

process in pressure ulcers [96].

Varying stages of Pressure Ulcers (PUs) in animal models can be induced by applying 

external pressure of different durations and magnitudes to the skin and muscles [25]. The 

capillary occlusion threshold in rats is estimated at 35 mmHg (4.6 kPa) when applied 

to an area. Cutaneous blood flow decreases to about 20 % of control at 50 mmHg (6.7 

kPa), and prolonged, continuous application of this pressure induces skin necrosis [101]. 

Linder-Ganz et al. reported a sigmoid pressure versus time relationship for cell death in rats 

[25]. Specifically, the pressure magnitude is the dominant factor in tissue damage during 

a short initial period (less than 1 h). However, only partial cell death occurs even at high 

pressures (more than 32 kPa). With intermediate exposure time (1–2h), the level of cell 

damage depends significantly on time, and the required pressure decreases from 32 to 9 

kPa. For periods exceeding 2 h, the pressure magnitude becomes the main factor in cell 

damage again. Blood reperfusion also contributes to cell damage in ischemic tissues with 

reduced metabolism, as it dramatically increases the level of free radicals, exceeding the 

normal free radical scavenging capacity. The cytotoxic activity of these free radicals leads to 

inflammation and impaired cell proliferation [96].

Hashimoto et al. conducted a comparative study between weight and magnet compression 

models in 8–9-week-old male Wistar rats to find a suitable model for PUs. They 

reported that tissue damage with weight compression was milder than with magnetic 

compression. Since the pressure magnitude and duration were the same in both methods, 
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they hypothesized that sodium pentobarbital administered to rats in the weight model 

alleviated the compression damage compared to alert animals. Therefore, they suggested 

that the magnet model is a more reliable model for PUs than the weight model [101].

While ischemia has traditionally been considered a primary factor affecting PUs formation, 

recent studies have highlighted ischemia-reperfusion (I/R) as the foremost contributing 

factor. I/R triggers pathways such as leukocyte activation and oxidative stress, causing 

extensive cellular damage [102]. Qin et al. induced PUs by applying a magnet of 1500 gauss 

for 2-h intervals, followed by removing the magnet for 0.5 h to create reperfusion; this cycle 

was repeated five times per day, leading to stage II PUs after 2–3 days [103].

Deep tissue injury (DTI) is a type of pressure injury that occurs in the muscle adjacent 

to the bone and significantly impacts PU formation [104,105]. However, researchers have 

been unable to create a suitable experimental model of DTI, seemingly due to insufficient 

pressure exposure duration, which usually lasts from several hours to 4 days [106,107]. 

Song et al. increased the pressure application time (2 h each time, five times per day for 

six days) and successfully created stage III PUs in rats [108]. To develop a more clinically 

relevant model of PUs in rats, Lin et al. induced spinal cord injury (SCI) motivated by the 

33 % prevalence of pressure ulcers in the SCI population and the differing responses to 

pressure injuries in SCI versus intact animals. They also introduced a model with an implant 

mimicking a bony protrusion, effectively inducing deep muscle tissue injuries, and offering 

insights into injury mechanisms in the SCI. [105].

4.5. Infected wounds

Infection is a major factor contributing to the chronic nature of wounds, impeding tissue 

repair, and altering inflammatory responses [109]. Several factors influence the risk of 

wound infection, including host characteristics such as age, immune status, malnutrition, 

and diabetes; the type, number, and synergistic interactions of microorganisms, including 

bacteria and fungi; elements of the wound environment like presence of necrotic tissue; and 

non-physical factors like practitioner skills [110].

Bacterial biofilms, composed of bacterial communities encased in self-produced 

exopolysaccharide matrices [111], shield the bacteria from physical and chemical 

treatments, as well as the host’s immune response, fostering antibiotic resistance [110]. 

This biofilm phenotype is distinct from planktonic bacteria, which are free-floating bacteria 

traditionally studied in microbiology. Historically, chronic wound infections were attributed 

to planktonic bacteria, but recent findings suggest that chronic wound infections are 

primarily associated with biofilms [112]. In acute and chronic wounds, the incidence of 

biofilm formation is approximately 10 % and 60 %, respectively [113].

Bacteria within biofilms employ multiple strategies to withstand the host immune system. 

They may adapt to low oxygen and nutrient conditions by slowing their metabolism, altering 

gene expression and protein synthesis, and reducing cell division [112]. Biofilm bacteria can 

also release toxins, causing tissue damage [114]. Biofilms compromise the effectiveness of 

immune cells, leading to delayed inflammatory responses, which in turn can inhibit tissue 

repair and remodeling. Furthermore, biofilms exhibit a remarkable resistance to antibiotics 
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– up to 1000 times more than planktonic bacteria – enabling them to survive for extended 

periods and potentially initiate new infections [115]. Biofilms can also impede angiogenesis 

and collagen deposition, further delaying the wound healing process [116].

The formation of biofilms is influenced by various factors, including the type of 

microorganisms present, the availability of nutrients, and physicochemical conditions. 

Ischemia, commonly associated with most chronic wounds, can impede efficient microbial 

elimination due to limited blood flow, thus prolonging inflammation and fostering biofilm 

development [117]. Although numerous studies have established a connection between 

biofilm formation, resistance to inflammatory processes, and delayed wound healing, the 

exact mechanisms remain poorly understood. A significant challenge in biofilm research 

is selecting an appropriate model that can accurately reflect biofilm infection dynamics, 

requiring careful consideration. Evaluating the interactions between biofilms and host cells 

within in vitro and in vivo models is critical and should be tailored to the specific research 

questions and objectives [109].

4.5.1. In vitro biofilm models—Numerous in vitro biofilm models have been 

developed to facilitate the study of bacteria within a controlled setting, mirroring the 

complexities of clinical scenarios [109]. Variations among these models include the types 

of surfaces or matrices they employ, the nutrient compositions in their mediums, and the 

decision to use either mono- or multispecies bacterial culture [111]. One example is the 

Lubbock chronic wound biofilm model, developed at the Medical Biofilm Research Institute 

in Lubbock, Texas, USA, focuses on three types of bacteria typically found in chronic 

wounds: S. aureus, P. aeruginosa, and Enterococcus faecalis. These bacteria are allowed 

to grow for 24 h in a medium comprising 50 % Bolton broth with heparinized bovine 

plasma and 5 % freeze-thaw laked horse red blood cells [118]. This model is instrumental 

in studying anaerobes, which are commonly present in chronic wounds. It allows for testing 

the efficacy of antimicrobial agents on wounds but has limitations in evaluating dynamic 

biofilm-host interactions due to the use of polypropylene pipette tips as a surface for biofilm 

formation. Werthén et al. developed a different model that enables biofilm development 

without a solid surface, using a medium that contains 50 % fetal calf serum and 0.1 % 

peptone [119]. Cell culture-based models utilize biotic surfaces, such as human epithelia, to 

examine the interactions between cells and biofilms.

Although in vitro models have increased our understanding of intercellular communication 

involving the quorum-sensing methods, processes of antimicrobial tolerance, the efficacy of 

different therapeutic agents, and biofilm formation, the interaction with the host immune 

system is not addressed by these models, hence, they fail to provide a significant clinically 

relevant information. Therefore, it is essential to validate the findings from even a well-

established in vitro model using a suitable in vivo model.

4.5.2. In vivo biofilm models—Short-term in vitro infection models do not adequately 

replicate the prolonged host-biofilm interactions, which play a significant role in the 

development of chronic wounds [119,120]. Thus, recent focus has shifted toward in vivo 

models for chronic wound-biofilm studies.
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A range of in vivo biofilm models related to chronic wounds have been studied using animal 

models, aiding in the understanding of the iterative processes involved in the development 

of chronicity. Typically, these protocols include creating a full-thickness wound and then 

incubating it with either mono- or multispecies bacterial strains [121]. It is important to note, 

though, that most natural biofilms differ from current in vivo models, as they are formed 

by multiple bacterial species interacting, competing, cooperating, and communicating within 

the biofilm. Therefore, understanding the mechanisms of multi-species biofilm formation is 

key to advancing strategies for managing bacterial biofilms in clinical settings [122].

Asada et al. found that removing factors like foreign bodies or diabetes mellitus and 

focusing on variables like bacterial size, rat age, and wound location are crucial for 

consistently producing visible wound infections [123]. They also noted that the thorough 

removal of the subcutaneous fat layer is key for achieving consistent infection results. 

Moreover, conducting the bacterial inoculation at least a day after the wounding process is 

essential to lower the risk of mortality due to bacteremia in the bleeding phase.

Most rat studies on biofilms use burn models, which are more common than other acute 

wound models. In the context of chronic wounds, the majority of published biofilm models 

explored are linked with diabetic wounds. Although rat biofilm models are less common 

compared to murine models, they provide valuable insights into chronic wound infections 

(see Table 2).

5. Wound factors

Although the studies mentioned above are valuable in identifying clinically relevant models 

of chronic ulcers, the data derived from rodent models of healing can be difficult to 

translate to the clinic, in part because rodent subjects typically used in these experiments are 

young/juvenile without comorbid disease. In addition, the literature lacks a comprehensive 

consensus on the materials and methods used to assess chronic wound healing, leading to 

inconsistent results and making it challenging to compare clinical outcomes across different 

studies. When analyzing chronic wound studies, considering concomitant wound factors like 

age, sex, anesthetics and analgesics used, and animal-specific wound healing mechanisms 

is among the most challenging tasks. In addition, the addition of comorbid conditions to 

otherwise healthy subjects in wound healing studies may increase the clinical relevance of 

the derived data. Understanding the contributions of these factors will assist researchers 

in choosing superior strategies to propose the optimal animal model for a specific chronic 

wound.

5.1. Age

Changes in the physiological state with age include impaired and delayed skin healing [142] 

due to a decrease in immune responses, antioxidant enzyme activity [143], cell renewal, 

elastin gene expression, and DNA repair [144–146]. The severity of ischemia-reperfusion 

injury in soft tissues increases with patient age [147]. Poor blood supply to the skin 

significantly affects skin function by reducing the number and proliferation of fibroblasts 

[143]. A direct relationship exists between the prevalence of chronic wounds and age: 

venous stasis, diabetes, and pressure ulcers occur more frequently in the 70s [148], 60s 
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[149,150], and 60s [151] years of life, respectively. However, most experimental studies 

assessing chronic wounds use young adult rats [152,153], for example, Pascarella et al. 

used a 2-month-old rat to induce venous ulcer [134]. Therefore, ignoring the age factor 

and age-related changes in the experimental design can lead to inaccurate results since 

the wound condition in animal models does not accurately mimic the human situation 

[153,154]. Table 3 provides a qualitative comparison of some wound healing markers and 

parameters in young and old rats. Not only is old age a risk factor for major diseases, 

but it also slows down the wound-healing process [155]. In addition, age can significantly 

affect the protocol of animal model induction, for instance, the mass of pancreatic β-cells 

decreases with age in both humans and rats, necessitating a higher dose of STZ in young 

rats compared to older ones [83]. Hence, it is strongly recommended that the age of the rats 

in the model corresponds to the age at which a typical chronic wound is more common in 

humans.

The exact relationship between human and rat ages remains a matter of debate. The 

anatomical and physiological growth of rats does not correlate linearly with that of a human, 

complicating direct age comparisons. Estimates have shown that during the feeding period, 

every 42.4 days in rat’s life are comparable to 1 human year, while in pre-pubertal and adult 

stages, this value is 4.3 days and 11.8 days, respectively. Fig. 4 illustrates an age scale for 

partially comparing rat ages with human ages in adulthood [11]. Typically, 3-month-old and 

20-month-old rats are considered young adults and old rats, respectively [159,160].

5.2. Sex

Given that the number of men and women in the human population is approximately equal, 

a better understanding of sex’s role in the pathology and treatment of chronic wounds is 

crucial. However, in animal models of chronic wounds, there is insufficient knowledge of 

sex differences between test subjects. The predominant use of male animals in preclinical 

studies results in a lack of data for females. This could potentially explain why women 

tend to be more vulnerable to drug side effects compared to men [161,162]. Furthermore, 

while women are epidemiologically more affected by ulcers (65–70 % of patients) [148,163] 

and other skin diseases than men, only a small percentage of experimental studies in this 

area focus on female animals. For example, in a cohort study that evaluated all original 

articles published in dermatological journals during 2012–2013, only 4.3 % of the studies 

were conducted on females compared to 32.1 % on males; in 60.4 % of the studies, the sex 

parameter was unstated, and 5.8 % of the experiments included both sexes [162]. Thus, an 

understanding of the biological basis of sex differences in the treatment of chronic wounds 

can be gained through experimental studies comparing both sexes simultaneously [162].

Wound healing exhibits sexual dimorphism associated with sex hormones; generally, 

while estrogens shorten skin wound healing time, androgens prolong this process [164]. 

Estrogens display anti-inflammatory activity and have positive effects on the proliferation 

of endothelial cells, migration, collagen production [165], and wound healing angiogenesis 

[166]. On the other hand, androgenic hormones promote inflammation and inhibit the 

healing process [167]. Therefore, it is strongly recommended to use both male and 

female rats in preclinical studies on wound healing. Many chronic wounds, like diabetic 
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ulcers, predominantly affect the elderly [150], when the protective and restorative effect 

of female sex hormones is eliminated due to menopause, which occurs at an average 

age of 47 ± 4.2 years [168]. Post-menopausal women may experience reduced levels of 

hydroxyproline and superoxide dismutase, narrowing of papillary capillaries, degradation of 

skin vascularization, and skin thinning due to a decrease in estrogen levels [165]. Bilateral 

ovariectomy is a promising animal model for assessing chronic wound healing in the context 

of menopause [169,170]. Additionally, females have 6 % more β-cells compared to males; 

this results in the need for a higher dose of STZ in female rats than in males during diabetic 

model induction [171].

The variability of biological indicators in female rats compared to males is due to the 

different types of sex hormones and their level fluctuations throughout the estrous cycle 

[172,173]. The estrous cycle in rats, with a typical duration of four days, consists of a 

sequence of hormonal changes segmented into four stages: metestrus, diestrus, proestrus, 

and estrus [174], echoing the 28-day menstrual cycle in humans in its cyclical pattern. 

Some biological and histological skin parameters are significantly affected by the estrous 

cycle, such as epithelial thickness, sebaceous gland cells [80], and TNF-α [175], as shown 

in Fig. 5. Ideally, all female rats should be evaluated in the same phase of the estrous 

cycle to eliminate differences caused by the estrous cycle phases [176]. Estrous phase 

homogenization in female rats can be achieved using pharmacological methods, such as 

chorionic gonadotropin injection [177], or by selecting female rats in the same phase 

(typically the estrus phase). The latter method involves determining different phases of the 

estrous cycle in rats by staining vaginal cells in a vaginal smear [176,178].

To address the longstanding oversight of female subjects in preclinical studies, the NIH 

mandates the consideration of sex as a biological variable in the design, analysis, and 

reporting phases of vertebrate animal and human studies it funds. For research proposals that 

focus exclusively on a single sex, the NIH demands comprehensive justification, which must 

be supported by scientific literature, preliminary data, or other relevant considerations [179].

5.3. Anesthetic and analgesic drugs

Before inflicting wounds on animals, anesthetic and analgesic drugs are administered to 

anesthetize and relieve pain. However, these drugs can have side effects that interfere 

with wound healing and affect the results. For instance, studies have demonstrated that 

the expression of many genes associated with wound healing is altered when rats are 

administered ketamine, xylazine, or thiopental, which are commonly used for anesthesia in 

skin wound examinations [181,182]. These affected genes include those linked to growth 

factors, extracellular matrix remodeling enzymes, inflammatory cytokines, and chemokines 

[183]. Huss et al. analyzed the literature to provide recommendations for using analgesic 

drugs with minimal side effects in rat wound healing models [184]. While opioid drugs 

such as morphine and fentanyl may affect wound healing, non-selective NSAIDs (e.g. 

diclofenac and flunixin meglumine), as well as topical drugs like lidocaine, did not appear to 

impact the healing process. Berg et al. evaluated the antibacterial effects of both EMLA and 

lidocaine and reported that EMLA has potent antibacterial properties that might lead to false 

negative results when evaluating bacterial cultures [185]. Additionally, the use of various 
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anesthetics and analgesics, each with potential side effects on wound healing, introduces 

more variables, making it challenging to apply data from animal models to human clinical 

situations [16]. Therefore, researchers should choose the most appropriate drugs to minimize 

pain, unwanted effects, and variables in their wound healing models.

5.4. Smoking

Smoking is an extremely common risk factor for poor wound healing in human patients. In 

2020, the global prevalence of smoking among adult men and women was 32.6 % and 6.5 

%, respectively [186]. Generally, smoke is categorized into two types: mainstream smoke, 

also known as “first-hand” smoke or active smoking, which is inhaled by the smoker, and 

side-stream smoke, or passive smoking, a significant part of environmental tobacco smoke, 

emitted from the burning tip of a cigarette between puffs. Both smoke types comprise a 

complex mixture of unstable acids, gases, and particulate matter [187]. Cigarette smoke 

contains over 4000 distinct toxins, including carbon monoxide and nicotine. Nicotine, 

the primary vasoactive component in cigarettes, induces vasoconstriction by activating 

the sympathetic nervous system, thereby reducing tissue perfusion [188]. The detrimental 

effects of smoking on tissue oxygen levels can manifest after consuming just one cigarette, 

regardless of an individual’s smoking history [189]. Fibroblasts, crucial in the repair process, 

are exposed to smoke components circulating in the bloodstream. Loss of skin elasticity 

is associated with abnormal fibroblast function due to smoke exposure [187]. Moreover, 

nicotine adversely affects wound re-epithelialization by inhibiting keratinocyte migration 

[190]. Smoking is linked to increased complications in wound healing, such as prolonged 

healing times, wound reopening, tissue flap necrosis, anastomotic leakage, weakened wound 

strength, and a higher risk of infections. These negative effects on inflammatory cells, such 

as neutrophils and macrophages, and the reduced oxygen delivery to tissues are mechanisms 

by which smoking exacerbates the pathobiology of chronic wounds [189].

There is no standardized and universally accepted model for cigarette smoke exposure 

[191]. An ideal animal model for studying smoking would require accurate assessment of 

risks associated with tobacco exposure, based on precise human measurements. However, 

many smokers are reluctant to disclose their smoking habits and tobacco exposure levels. 

Consequently, biomarkers have become the primary and objective method for determining 

nicotine exposure. Among these, cotinine is the preferred biomarker [192]. Discrepancies 

in models can arise from inaccurate methods of measuring cigarette smoke concentration, 

variations in inhalation chamber types, differing exposure durations, and other factors [191]. 

Common models include: (a) passive smoking using inhalation chambers of various shapes 

and sizes, along with cigarettes and an air [191,193]; (b) inducing nicotine dependence 

through intermittent subcutaneous nicotine injections [194,195]; and (c) in vitro models, 

where cultured cells are exposed to cigarette smoke. For example, Carnevali et al. cultured 

fibroblasts in a three-dimensional matrix of natural type I collagen fibers, exposing them to 

the smoke of two filterless cigarettes for 30 min. They observed that fibroblast contraction of 

collagen gels was related to a decrease in fibronectin synthesis by the fibroblasts [196].
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5.5. Stress

Numerous studies have highlighted the significant impact of psychological stress on 

the wound healing process. Stressors activate the hypothalamic-pituitary-adrenal (HPA) 

and sympathetic-adrenal medullary (SAM) axes, leading to the release of hormones like 

cortisol, epinephrine, and norepinephrine from the pituitary and adrenal glands [197]. 

Furthermore, research has established a direct connection between the immune system and 

the sympathetic nervous system in lymphoid organs. Immune cells, including lymphocytes, 

granulocytes, and monocytes, possess receptors for neuroendocrine hormones, which can 

influence aspects such as cytokine expression, adhesion molecule presence, and the 

movement, proliferation, and differentiation of immune cells [198].

Limited research into the impact of anxiety and depression on the healing of venous ulcers 

and diabetic foot ulcers suggests that symptoms of these conditions negatively affect chronic 

wound healing, although the hormonal or immune mechanisms involved were not explored 

in detail [198]. Diabetic foot ulcers, affecting 25 % of diabetic patients at some point in their 

lives, provide a critical model for studying the influence of emotional distress on chronic 

wound healing [199]. Recent research indicates that neuropathy, a significant risk factor for 

foot ulcers, is associated with increased overall distress and specific emotional responses, 

such as fear of the consequences of ulcers and anger toward healthcare providers [198,200].

Experimental animal models have utilized two distinct stressors, social disruption (SDR) 

and physical restraint (RST), to trigger neuroendocrine reactions and investigate their effects 

on wound healing [201]. While psychological stress is known to hinder wound healing, the 

specific type of stressor and the organism’s response to it are crucial factors. For instance, 

Sheridan et al. found that the SDR stressor did not significantly reduce the healing process 

compared to RST [201].

The relationship between stress and wound healing has been more extensively studied 

in acute wounds than in chronic ones. However, chronic wounds respond differently to 

stress compared to acute wounds, and the molecular mechanisms influencing acute wound 

healing under stress are not directly applicable to chronic wounds. For instance, acute 

wounds show a decrease in matrix metalloproteinase-9 (MMP-9) activity under stress, 

which aids in their healing process. In contrast, chronic wounds, such as pressure sores 

and venous ulcers, experience an increase in MMP-9 activity, leading to a shift from 

tissue regeneration to extracellular matrix degradation and, consequently, impairing the 

healing process [198]. These differences underscore the need for targeted research and the 

development of sophisticated animal models to explore the impact of stress on the healing of 

chronic wounds, taking their unique biological and molecular characteristics into account.

5.6. Obesity

Clinically, overweight and obesity are defined by a Body mass index (BMI) of 25 kg/m2 

and 30 kg/m2, respectively [202]. Since 1999, the prevalence of obesity among adults in 

the United States has steadily increased. By 2015–2016, the rates of obesity and overweight 

reached 38.0 % and 74.7 % in men, respectively, while in women, the rates stood at 

41.5 % and 68.9 % [203]. It is estimated that by 2030, nearly 50 % of American adults 
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will be classified as overweight or obese. Traditionally, white adipose tissue was primarily 

viewed as a storage site for energy. However, recent insights have revealed that fat cells 

are metabolically active, producing adipokines such as adiponectin and leptin, which have 

varied metabolic effects. These hormones target immune cells and inflammatory systems, 

and there is a positive correlation between the increase in white adipose tissue and pro-

inflammatory agents like TNF-α and various interleukins, including IL-1b, IL-6, and IL-8 

[204,205].

The changes in adipose tissue due to obesity highlight the potential for obesity to trigger and 

maintain a chronic low-level inflammatory response, positioning obesity as a wound factor. 

Obesity directly impacts comorbidities; for instance, the link between obesity and venous 

insufficiency is well-established [206]. Although the precise mechanisms behind wound 

disruptions are just beginning to be understood, increased intra-abdominal pressure may lead 

to heightened reflux, expanded vein diameter, increased venous pressure, and consequently, 

impaired venous function [207]. Regarding diabetes, excessive body fat can lead to type 2 

diabetes [208].

Understanding the intrinsic changes that occur in the body due to an increase in adipose 

tissue mass, especially those affecting the wound healing process, is essential for developing 

animal models for chronic wounds further complicated by obesity. There are two primary 

categories of animal models used in obesity research: monogenic models, which involve 

mutations linked to a single gene, and polygenic models that are typically used to study 

diet-induced obesity. Diet-induced models have shown that a high-fat diet, consisting of 

30 % fat for rats over 15 weeks, causes a delay in wound healing of about 14–21 days 

[205]. In contrast, mice on a reduced-calorie diet exhibited faster wound healing compared 

to both ovariectomized and intact mice on a high-fat diet [209]. The presence of estrogen 

partially mitigated the delay in wound healing compared to the absence of estrogen observed 

in menopause or in ovariectomized mice, which led to increased weight gain. Monogenic 

models mostly target the leptin gene, which plays a significant role in counteracting 

inflammation. Genetically obese mice naturally exhibit leptin resistance and a disturbed 

wound-healing process, but administering leptin to these animals accelerates wound healing 

by reducing polymorphonuclear leukocytes [210].

5.7. Infection as a wound factor

In the previous section, we discussed the rat models of the infection acting as a primary 

comorbidity that turns acute wounds into chronic ones. However, the considerable impact 

of infection as a complicating factor in the healing of chronic wounds arising from other 

comorbidities necessitates the development of specific animal models.

Infection is a leading factor contributing to the delayed healing process of chronic open 

wounds [211]. A meta-analysis revealed that infections and biofilm formations are common 

in 78.2 % of chronic wounds in humans [212], highlighting infection’s pivotal role in the 

pathophysiology of chronic wounds [213]. The progression of infection from contamination 

through localized infection to potentially life-threatening conditions such as systemic 

infection, sepsis, and multiple organ dysfunction syndrome underscores its grave risk to 

health [211].
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The standard approach for studying the infection factor in chronic wound healing employs 

a two-step process, starting with the creation of a model based on a specific wound 

comorbidity, followed by inoculation of the wound with pathogens [140,141]. Significant 

differences were demonstrated between infected and non-infected chronic wounds regarding 

wound size, healing time, and severity of inflammation, among other factors [140]. 

Although the approach is straightforward, introducing an additional factor can lead to 

potential pitfalls that must be carefully evaluated. Bacteria can release virulent factors and 

toxins that disrupt host defenses, such as autophagy [214]. Furthermore, the polymicrobial 

nature of chronic wounds is common, indicating that the collaboration between aerobic 

and anaerobic organisms in causing chronic wound infections should be considered more 

clinically significant than infections caused by a single potential pathogen [215].

In contemporary medical practices, maintaining wound sterility and applying antiseptic 

measures are fundamental. Nonetheless, under certain conditions, an infection could 

potentially aid the healing process of wounds. Historically, before the advent of antibiotics, 

the presence of infection was often seen as beneficial in clinical medicine. The phenomenon 

of ‘laudable pus,’ a dense, white, odorless discharge indicative of a healing wound, was 

associated with infections by bacteria considered to be of comparatively low harm, such 

as Staphylococcus aureus [216]. Studies have demonstrated that infections by S. aureus 
can lead to the development of skin abscesses, marked by an influx of neutrophils. These 

immune cells are known for producing a strong superoxide reaction and for their role in 

carrying antimicrobial peptides, both of which are key in promoting the healing of wounds 

[217].

6. Effectiveness of rat models in translational research

Animal experimentation is widely recognized as a crucial component of biomedical progress 

in the development of new interventions [218]. Despite the ethical dilemmas it poses, the 

indispensable role of animal models in preclinical studies cannot be overstated. They are 

vital in uncovering the pathophysiology of various diseases and exploring new treatment 

options for both animal and human health issues [219]. Rats share many physiological and 

genetic characteristics with humans, making them a valuable model for studying human 

diseases, including the mechanisms of chronic wound healing progression and potential 

treatment strategies. Consequently, rat models have been effectively utilized in preclinical 

studies to assess the efficacy of various interventions in chronic wound healing.

For instance, an STZ-induced diabetic rat model with a full-thickness dorsal wound showed 

that a combination of decellularized porcine acellular dermal matrix (ADM) with autologous 

adipose-derived stem cells (ASCs) enhanced cell proliferation and regeneration, thus 

accelerating the wound healing process [220]. Additionally, the ADM reduced inflammation 

in diabetic wounds, promoting wound healing and tissue regeneration. The ADM used 

in this study is a commercial product currently undergoing clinical trials to assess safety 

and clinical performance in the treatment of corneal ulcers (ClinicalTrials.gov identifier: 

NCT04054817).
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Another example involves the treatment of diabetic wounds with Rejuveinix (RJX), an 

intravenous pharmaceutical composition containing antioxidants and anti-inflammatory 

vitamins. Diabetic wound and burn rat models were established using a high-fat diet 

combined with a single injection of STZ, followed by either a full-thickness skin excision 

wound on the back or a burn injury via a heated brass probe. RJX was administered via 

intraperitoneal injections for three weeks. The results indicated that RJX, administered 

at a dosage more than tenfold lower than its clinical maximum tolerated dose (MTD), 

significantly accelerated the healing of both excision wounds and burn injuries in diabetic 

rats [221]. At the same time, the phase 1 clinical trials of RJX (ClinicalTrials.gov identifier: 

NCT03680105) evaluated its pharmacokinetics and pharmacodynamics, demonstrating a 

favorable safety profile and tolerability in healthy human subjects [222].

7. Limitations

The primary goal of animal models is to replicate the pathophysiological conditions 

of human chronic wounds and evaluate therapeutic outcomes. Creating rat models that 

accurately represent human chronic wounds is challenging due to the fundamental 

differences in physiology, anatomy, pathology, and healing mechanisms between rats and 

humans [21,223]. Differences include a dense hair layer, thin epidermis, dermis, and absence 

of apocrine glands in rats [224]. While chronic wounds are common among humans, they 

are relatively rare in animals, which adds further constraints to the use of animal models 

[225]. Despite the limitations in using rat models to induce chronic wounds, rats remain 

a vital resource in biomedical research. Their advantages include accessibility, a wealth of 

knowledge from previous studies, and low maintenance costs. While inherent differences 

prevent rat models from perfectly mimicking human pathophysiology, advancing these 

models can reduce redundant research, conflicting results, and unnecessary use of time and 

resources.

8. Conclusion

The morbidity and high costs associated with chronic wounds underscore the critical 

need for new treatment methods [226], and animal models continue to be powerful 

tools for testing new therapeutic agents. While current rat and other animal models for 

chronic wounds play a crucial role in biomedical research, there is a significant need 

for continued research and improvement in these models. Currently, the available models 

are not sufficiently comprehensive for all applications, highlighting the importance of this 

research area. Refining animal models is essential to advance our understanding of chronic 

wounds and develop better treatments. Enhanced models will more accurately reflect human 

conditions, improving the translation of research into clinical practice.
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Fig. 1. 
Phases of acute and chronic wound healing. Both types of wound healing encompass 

overlapping stages; however, the duration of each stage varies significantly due to distinct 

pathological characteristics. Additionally, the remodeling phase in chronic wounds may 

be prolonged for years or indefinitely stalled, reflecting the inherent resistance of chronic 

wounds to heal.
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Fig. 2. 
Schematic representation of an arterial incision on a rat’s hind leg as a model for limb 

ischemia. The common method for reducing blood perfusion and creating ischemia involves 

incisions or ligations in different arteries and their branches near the iliac artery, in the 

proximal part of the femoral artery, extending to the saphenous and/or popliteal arteries of 

the lower extremities.
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Fig. 3. 
Models of valve insufficiency and vein obstruction for inducing chronic venous insufficiency 

in rats. In the obstructive model, ligation of the vena cava and bilateral ligation of the 

common, external iliac, and femoral veins are performed. In the valve insufficiency model, 

an arteriovenous anastomosis (fistula) is created between the femoral artery and vein to 

increase intravenous pressure, causing damage to the valves and the vein wall.
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Fig. 4. 
Timeline for comparing ages between humans and rats.

Ghanbari et al. Page 38

Life Sci. Author manuscript; available in PMC 2024 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Changes in biological and histological characteristics of skin during the estrous cycle in rats. 

The images of the vaginal cells are reprinted from Hubscher et al. [180], with permission. 

Luteinizing hormone, LH; follicle-stimulating hormone, FSH; Tumor necrosis factor-alpha, 

TNF-α.
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ng

 th
e 

fl
ap

 to
 tr

au
m

a,
 c

an
 

in
cr

ea
se

 th
e 

ri
sk

 o
f 

ne
cr

os
is

.

•
M

in
or

 v
ar

ia
tio

ns
 

in
 e

nv
ir

on
m

en
ta

l 
fa

ct
or

s,
 s

uc
h 

as
 

te
m

pe
ra

tu
re

 o
r 

st
re

ss
 le

ve
ls

, m
ig

ht
 

ca
us

e 
bi

oc
he

m
ic

al
ly

 
de

te
ct

ab
le

 v
ar

ia
tio

ns
 

in
 th

e 
ex

pe
ri

m
en

ta
l 

ou
tc

om
es

.

[1
29

]

Sk
in

 g
ra

ft
A

 s
qu

ar
e 

of
 s

ki
n,

 a
lo

ng
 w

ith
 th

e 
pa

nn
ic

ul
us

 
ca

rn
os

us
, i

s 
ex

ci
se

d 
fr

om
 th

e 
ba

ck
’s

 
m

id
lin

e.
 T

he
 g

ra
ft

 is
 th

en
 s

ut
ur

ed
 b

ac
k 

on
to

 th
e 

un
de

rl
yi

ng
 m

us
cl

e 
fa

sc
ia

 u
si

ng
 

no
na

bs
or

ba
bl

e 
st

itc
he

s.

Ph
ar

m
ac

ol
og

ic
al

 s
tu

di
es

, s
te

m
 

ce
lls

 th
er

ap
y,

 a
ng

io
ge

ne
si

s 
re

se
ar

ch

•
A

 la
rg

e 
ar

ea
 o

f 
th

e 
sk

in
 

is
 u

nd
er

 lo
w

-p
er

fu
si

on
 

co
nd

iti
on

s.

•
T

he
 p

er
fu

si
on

 r
es

to
re

d 
to

 
75

 %
 o

f 
no

rm
al

 b
y 

da
y 

14
.

•
T

he
 m

od
el

 is
 

de
si

gn
ed

 f
or

 
ev

al
ua

tin
g 

gr
af

t 
su

rv
iv

al
 a

nd
 

pr
ev

en
tin

g 
ne

cr
os

is
, 

no
t f

or
 th

e 
fo

rm
at

io
n 

of
 a

 c
hr

on
ic

 w
ou

nd
.

[1
30

]

1b
. A

rt
er

ia
l 

in
su

ff
ic

ie
nc

y 
PA

D
 m

od
el

s

So
di

um
 la

ur
at

e-
in

du
ce

d 
lim

b 
ne

cr
os

is

A
 p

ha
rm

ac
ol

og
ic

al
 m

od
el

 f
or

 P
A

D
. S

od
iu

m
 

la
ur

at
e 

so
lu

tio
n 

is
 in

je
ct

ed
 in

to
 th

e 
ri

gh
t 

fe
m

or
al

 a
rt

er
ie

s 
of

 r
at

s 
to

 tr
ig

ge
r 

is
ch

em
ia

.

T
hi

s 
m

od
el

 is
 u

se
d 

to
 a

ss
es

s 
to

 
ev

al
ua

te
 th

e 
ef

fe
ct

s 
of

 lo
ng

-t
er

m
 

dr
ug

 a
dm

in
is

tr
at

io
n 

on
 h

in
dl

im
b 

m
us

cl
e 

ci
rc

ul
at

io
n.

•
Se

ve
re

 in
ju

ry
 to

 th
e 

sk
in

 
tis

su
e.

•
T

he
 r

ep
er

fu
si

on
 is

 
lim

ite
d,

 h
in

de
ri

ng
 th

e 
re

st
or

at
io

n 
of

 li
m

b 
tis

su
e 

fu
nc

tio
na

lit
y.

•
T

he
 p

ro
po

se
d 

m
et

ho
d 

re
su

lts
 in

 n
ec

ro
si

s,
 

no
t u

lc
er

at
io

n.

[1
31

]

Il
ia

c 
an

d 
fe

m
or

al
 

ar
te

ry
 li

ga
tio

n
A

 m
id

lin
e 

la
pa

ro
to

m
y 

is
 p

er
fo

rm
ed

, l
ig

at
in

g 
al

l b
ra

nc
he

s 
fr

om
 th

e 
le

ft
 s

id
e 

of
 th

e 
ao

rt
a 

be
yo

nd
 th

e 
re

na
l a

rt
er

ie
s 

an
d 

al
l b

ra
nc

he
s 

or
ig

in
at

in
g 

fr
om

 th
e 

le
ft

 il
ia

c 
ar

te
ry

 u
si

ng
 

re
so

rb
ab

le
 s

ut
ur

es
. I

n 
a 

su
bs

eq
ue

nt
 o

pe
ra

tio
n 

vi
a 

th
e 

le
ft

 in
gu

in
al

 in
ci

si
on

, t
he

 f
em

or
al

 
ar

te
ry

 n
ea

r 
th

e 
or

ig
in

 o
f 

th
e 

su
pe

rf
ic

ia
l 

ep
ig

as
tr

ic
 a

rt
er

y 
is

 li
ga

te
d.

T
hi

s 
m

od
el

 is
 e

ff
ec

tiv
e 

fo
r 

st
ud

yi
ng

 li
m

b 
is

ch
em

ia
 o

ve
r 

a 
pr

ol
on

ge
d 

du
ra

tio
n.

 R
ep

er
fu

si
on

 
de

cr
ea

se
d 

fr
om

 d
ay

 1
 to

 w
ee

k 
4 

co
m

pa
re

d 
to

 a
 c

on
tr

ol
 g

ro
up

.

•
L

ow
 m

or
ta

lit
y

•
N

o 
si

gn
s 

of
 g

an
gr

en
e 

or
 

lim
b 

lo
ss

•
R

ed
uc

ed
 p

er
fu

si
on

 in
 

fo
ot

 s
ki

n 
fo

r 
up

 to
 8

 
w

ee
ks

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
op

en
 w

ou
nd

s.
[6

9]
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M
od

el
M

et
ho

do
lo

gy
U

ti
lit

y
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

R
ef

er
en

ce
s

•
N

or
m

al
 w

ei
gh

t p
os

t-
su

rg
er

y.

Ip
si

la
te

ra
l 

fe
m

or
al

/il
ia

c 
ar

te
ry

 li
ga

tio
n

Fi
rs

t, 
a 

ri
gh

t i
lia

c 
ar

te
ry

 li
ga

tio
n 

ap
pr

ox
im

at
el

y 
5 

m
m

 b
el

ow
 it

s 
bi

fu
rc

at
io

n 
fr

om
 th

e 
ao

rt
a 

is
 p

er
fo

rm
ed

 u
si

ng
 a

 3
-0

 
si

lk
 s

ut
ur

e.
 A

ft
er

 3
 w

ee
ks

, t
he

 r
ig

ht
 f

em
or

al
 

ar
te

ry
 b

el
ow

 th
e 

br
an

ch
in

g 
of

 th
e 

ar
te

ri
a 

pr
of

un
da

 f
em

or
is

 is
 a

ls
o 

lig
at

ed
.

T
he

 m
od

el
 is

 d
es

ig
ne

d 
to

 
m

im
ic

 th
e 

im
pa

ir
m

en
t o

f 
nu

tr
iti

ve
 

pe
rf

us
io

n 
ob

se
rv

ed
 in

 p
at

ie
nt

s 
w

ith
 P

A
D

.

•
M

or
e 

su
st

ai
ne

d 
di

sr
up

tio
n 

of
 a

rt
er

ia
l 

an
d 

ca
pi

lla
ry

 p
er

fu
si

on
 

th
an

 a
 s

in
gl

e 
ili

ac
 

ar
te

ry
 li

ga
tio

n,
 w

hi
ch

 
ty

pi
ca

lly
 r

es
to

re
s 

bl
oo

d 
fl

ow
 w

ith
in

 2
–5

 w
ee

ks
.

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
op

en
 w

ou
nd

s.
[6

5]

A
m

er
oi

d 
co

ns
tr

ic
to

r
U

til
iz

es
 a

 0
.7

5-
m

m
 in

te
rn

al
 d

ia
m

et
er

 
am

er
oi

d 
co

ns
tr

ic
to

r 
ar

ou
nd

 th
e 

le
ft

 c
om

m
on

 
ili

ac
 a

rt
er

y 
an

d 
le

ft
 f

em
or

al
 a

rt
er

y.

T
he

 m
od

el
 is

 a
im

ed
 a

t s
im

ul
at

in
g 

is
ch

em
ic

 c
on

di
tio

ns
 in

 P
A

D
 

by
 g

ra
du

al
ly

 n
ar

ro
w

in
g 

ve
ss

el
 

di
am

et
er

.

•
U

si
ng

 o
f 

am
er

oi
d 

co
ns

tr
ic

to
rs

 r
es

ul
ts

 
in

 s
lo

w
er

, l
es

s 
co

m
pr

eh
en

si
ve

 b
lo

od
 

fl
ow

 r
ec

ov
er

y,
 lo

w
er

 
de

rm
al

 b
lo

od
 f

lo
w

 in
 

th
e 

fe
et

, a
nd

 r
ed

uc
ed

 
ox

yg
en

 te
ns

io
n 

in
 th

e 
ga

st
ro

cn
em

iu
s 

tis
su

e.

•
Fo

llo
w

in
g 

th
e 

pl
ac

em
en

t 
of

 a
m

er
oi

d 
co

ns
tr

ic
to

rs
, 

bl
oo

d 
fl

ow
 in

 r
at

s 
re

co
ve

rs
 to

 a
ro

un
d 

66
 %

 b
y 

th
e 

40
th

 
da

y 
po

st
-o

pe
ra

tio
n,

 
w

he
re

as
 in

 r
at

s 
w

ith
 

ar
te

ry
 li

ga
tio

n,
 r

ec
ov

er
y 

re
ac

he
s 

ap
pr

ox
im

at
el

y 
60

 %
 w

ith
in

 th
e 

fi
rs

t t
w

o 
w

ee
ks

.

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
op

en
 w

ou
nd

s.

•
C

ri
tic

al
 li

m
b 

is
ch

em
ia

 is
 in

du
ce

d 
th

ro
ug

h 
ac

ut
e 

ar
te

ri
al

 o
cc

lu
si

on
, 

ra
th

er
 th

an
 g

ra
du

al
 

ar
te

ri
al

 o
cc

lu
si

on
, 

as
 d

et
er

m
in

ed
 b

y 
th

e 
cl

in
ic

al
 is

ch
em

ia
 

in
de

x.

[7
0]

A
po

lip
op

ro
te

in
 

de
fi

ci
en

cy
/

lig
at

io
ns

/
am

er
oi

d 
co

ns
tr

ic
to

r

A
 m

od
if

ie
d,

 th
re

e-
st

ag
e 

m
et

ho
d 

fo
r 

in
du

ci
ng

 
ch

ro
ni

c 
hi

nd
lim

b 
is

ch
em

ia
 a

nd
 p

er
ip

he
ra

l 
ar

te
ry

 d
is

ea
se

 (
PA

D
) 

in
 m

ic
e.

St
ag

e 
1:

 U
se

 o
f 

ap
ol

ip
op

ro
te

in
 E

-d
ef

ic
ie

nt
 

(a
po

E
−

/−
) 

an
im

al
s.

St
ag

e 
2:

 A
m

er
oi

d 
co

ns
tr

ic
to

r 
ap

pl
ie

d 
to

 th
e 

fe
m

or
al

 a
rt

er
y.

St
ag

e 
3:

 1
4 

da
ys

 la
te

r, 
lig

at
io

n 
of

 th
e 

fe
m

or
al

 
ar

te
ry

 a
nd

 it
s 

si
de

 b
ra

nc
he

s 
ne

ar
 th

e 
in

gu
in

al
 

lig
am

en
t a

nd
 p

op
lit

ea
l b

if
ur

ca
tio

n.

T
he

 m
od

el
 is

 d
es

ig
ne

d 
fo

r 
st

ud
yi

ng
 s

ev
er

e,
 p

ro
lo

ng
ed

 
is

ch
em

ia
 in

 o
ld

er
 m

ic
e 

(2
0 

m
on

th
s)

, p
ro

vi
di

ng
 in

si
gh

ts
 in

to
 

lo
ng

-t
er

m
 is

ch
em

ic
 e

ff
ec

ts
 w

ith
ou

t 
na

tu
ra

l r
ec

ov
er

y.

•
M

ic
e 

su
bj

ec
te

d 
to

 
th

re
e-

st
ag

e 
is

ch
em

ia
 

ex
hi

bi
t m

or
e 

pr
on

ou
nc

ed
 

is
ch

em
ia

 a
nd

 im
pa

ir
ed

 
lim

b 
us

ag
e 

co
m

pa
re

d 
to

 
tw

o-
st

ag
e 

is
ch

em
ia

.

•
D

im
in

is
he

d 
tr

ea
dm

ill
 

pe
rf

or
m

an
ce

 in
 m

ic
e 

un
de

rg
oi

ng
 th

re
e-

st
ag

e 
is

ch
em

ia
, m

ir
ro

ri
ng

 P
A

D
 

sy
m

pt
om

s 
in

 p
at

ie
nt

s.

•
O

ld
 m

ic
e 

ar
e 

us
ed

 (
20

 
m

on
th

s)
.

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
op

en
 w

ou
nd

s.

•
M

ic
e 

ar
e 

us
ed

 in
st

ea
d 

of
 r

at
s.

[7
1]

L
ow

er
 li

m
b 

ar
te

ry
 r

em
ov

al
M

ul
tip

le
 li

ga
tio

ns
 a

re
 p

er
fo

rm
ed

 o
n 

th
e 

fo
llo

w
in

g 
ar

te
ri

es
: c

om
m

on
 f

em
or

al
 a

rt
er

y,
 

co
m

m
on

 e
xt

er
na

l i
lia

c,
 p

ro
xi

m
al

 c
om

m
on

 
fe

m
or

al
, e

xt
er

na
l i

lia
c 

an
d 

sa
ph

en
ou

s 

T
he

 m
od

el
 is

 u
se

fu
l t

o 
as

se
ss

 
th

e 
im

pa
ct

 o
f 

is
ch

em
ia

 o
n 

op
en

 
w

ou
nd

 h
ea

lin
g.

 T
he

 f
oo

t d
or

su
m

 
w

as
 c

ho
se

n 
fo

r 
w

ou
nd

in
g 

du
e 

In
 th

e 
is

ch
em

ic
 li

m
b,

 b
lo

od
 f

lo
w

 
dr

am
at

ic
al

ly
 d

ro
ps

 to
 9

.3
 %

 o
f 

th
e 

co
nt

ro
l l

im
b’

s 
le

ve
l i

m
m

ed
ia

te
ly

 p
os

t-

•
T

hi
s 

m
od

el
 d

oe
s 

no
t 

re
pr

es
en

t t
he

 g
ra

du
al

 
fo

rm
at

io
n 

of
 th

e 
PA

D
 

[7
2]
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M
od

el
M

et
ho

do
lo

gy
U

ti
lit

y
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

R
ef

er
en

ce
s

ar
te

ri
es

 a
t k

ne
e 

le
ve

l, 
co

m
m

on
 il

ia
c 

an
d 

pr
ox

im
al

 c
om

m
on

 f
em

or
al

 a
rt

er
ie

s,
 c

om
m

on
 

ili
ac

 a
nd

 c
om

m
on

 f
em

or
al

 a
rt

er
y 

at
 k

ne
e 

le
ve

l. 
Su

bs
eq

ue
nt

 a
rt

er
ia

l r
es

ec
tio

n 
in

vo
lv

es
 

co
m

pl
et

e 
ex

ci
si

on
 f

ro
m

 th
e 

pr
ox

im
al

 
co

m
m

on
 f

em
or

al
 to

 th
e 

sa
ph

en
ou

s 
ar

te
ry

, 
ex

te
rn

al
 il

ia
c 

to
 th

e 
sa

ph
en

ou
s 

ar
te

ry
, a

nd
 

co
m

m
on

 il
ia

c 
to

 th
e 

sa
ph

en
ou

s 
ar

te
ry

. 
B

ila
te

ra
lly

 f
ul

l t
hi

ck
ne

ss
 w

ou
nd

s 
(1

.2
 ×

 0
.8

 
cm

) 
w

er
e 

cr
ea

te
d 

on
 th

e 
do

rs
al

 o
f 

th
e 

fe
et

 o
f 

th
e 

ra
ts

.

to
 it

s 
di

st
al

 lo
ca

tio
n 

re
la

tiv
e 

to
 

th
e 

ar
te

ri
al

 le
si

on
, i

ts
 f

ix
ed

 a
nd

 
fl

at
 s

ur
fa

ce
, a

nd
 it

s 
si

m
ila

ri
ty

 to
 

hu
m

an
 c

on
di

tio
n.

in
su

lt 
an

d 
st

ab
ili

ze
s 

to
 a

bo
ut

 8
5 

%
 a

ft
er

 
34

 d
ay

s. •
T

he
 s

tu
dy

 d
ur

at
io

n 
w

as
 

ad
eq

ua
te

ly
 lo

ng
 (

40
 

da
ys

).

ul
ce

r 
re

su
lti

ng
 f

ro
m

 
ar

te
ri

al
 in

su
ff

ic
ie

nc
y.

2.
 D

ia
be

ti
c 

w
ou

nd
s

M
cF

ar
la

ne
 f

la
p 

m
od

el
ST

Z
 is

 in
je

ct
ed

 in
tr

ap
er

ito
ne

al
ly

 in
to

 r
at

s.
 

A
ft

er
 s

ev
er

al
 d

ay
s,

 a
ni

m
al

s 
ex

hi
bi

tin
g 

el
ev

at
ed

 b
lo

od
 g

lu
co

se
 le

ve
ls

 a
re

 id
en

tif
ie

d 
as

 d
ia

be
tic

. S
ub

se
qu

en
tly

, a
 M

cF
ar

la
ne

 f
la

p 
is

 s
ur

gi
ca

lly
 c

re
at

ed
 o

n 
th

e 
ba

ck
s 

of
 th

es
e 

di
ab

et
ic

 r
at

s.

T
hi

s 
m

od
el

 is
 e

m
pl

oy
ed

 to
 a

ss
es

s 
th

e 
ef

fe
ct

iv
en

es
s 

of
 d

ru
gs

 in
 

m
iti

ga
tin

g 
di

st
al

 n
ec

ro
si

s 
of

 f
la

ps
 

in
 d

ia
be

tic
 r

at
s.

•
E

as
y 

to
 im

pl
em

en
t a

nd
 

re
pr

od
uc

e.

•
M

ul
tip

le
 ti

ss
ue

 s
am

pl
es

 
ca

n 
be

 h
ar

ve
st

ed
 f

ro
m

 
th

e 
fl

ap
.

•
L

ac
k 

of
 u

si
ng

 h
ig

h 
fa

t d
ie

t i
n 

in
du

ci
ng

 
di

ab
et

ic
 m

od
el

.

•
Is

ch
em

ic
 r

ep
er

fu
si

on
 

in
ju

ry
 b

ec
au

se
 o

f 
va

so
di

la
tio

n 
(2

4 
h 

af
te

r 
cr

ea
tin

g 
M

cF
ar

la
ne

 f
la

p)

•
H

ig
h 

m
or

ta
lit

y 
ra

te
 

(1
3 

ou
t o

f 
48

).

[8
7]

Sk
in

 g
ra

ft
D

ia
be

te
s 

is
 in

du
ce

d 
th

ro
ug

h 
an

 in
je

ct
io

n 
of

 
ST

Z
. A

 s
qu

ar
e 

sk
in

 s
ec

tio
n,

 in
cl

ud
in

g 
th

e 
pa

nn
ic

ul
us

 c
ar

no
su

s,
 is

 s
ur

gi
ca

lly
 r

em
ov

ed
 

fr
om

 th
e 

do
rs

al
 m

id
lin

e.
 T

he
 p

an
ni

cu
lu

s 
ca

rn
os

us
 is

 th
en

 c
ar

ef
ul

ly
 e

xc
is

ed
 to

 
cr

ea
te

 a
 f

ul
l-

th
ic

kn
es

s 
sk

in
 g

ra
ft

, w
hi

ch
 is

 
su

bs
eq

ue
nt

ly
 r

ea
tta

ch
ed

 to
 th

e 
un

de
rl

yi
ng

 
m

us
cl

e 
fa

sc
ia

.

T
he

 m
od

el
 is

 d
es

ig
ne

d 
fo

r 
ev

al
ua

tin
g 

gr
af

t s
ur

vi
va

l a
nd

 
pr

ev
en

tin
g 

ne
cr

os
is

.

•
E

as
y 

to
 im

pl
em

en
t a

nd
 

re
pr

od
uc

e.

•
M

ul
tip

le
 ti

ss
ue

 s
am

pl
es

 
ca

n 
be

 h
ar

ve
st

ed
 f

ro
m

 
th

e 
gr

af
t.

•
T

he
 m

od
el

 is
 n

ot
 

de
si

gn
ed

 to
 s

im
ul

at
e 

th
e 

gr
ad

ua
l f

or
m

at
io

n 
of

 c
hr

on
ic

 w
ou

nd
s.

[1
32

]

Is
ch

em
ic

 F
oo

t 
M

od
el

H
yp

er
gl

yc
em

ia
 is

 in
du

ce
d 

in
 r

at
s 

us
in

g 
ST

Z
 in

je
ct

io
n,

 f
ol

lo
w

ed
 b

y 
th

e 
re

se
ct

io
n 

of
 

th
e 

ex
te

rn
al

 il
ia

c,
 f

em
or

al
, a

nd
 s

ap
he

no
us

 
ar

te
ri

es
. T

hr
ou

gh
 a

 s
ha

ve
d 

lo
ng

itu
di

na
l 

in
ci

si
on

 in
 th

e 
in

gu
in

al
 r

eg
io

n,
 th

e 
ex

te
rn

al
 

ili
ac

 a
nd

 f
em

or
al

 a
rt

er
ie

s 
ar

e 
di

ss
ec

te
d 

fr
om

 
th

e 
co

m
m

on
 il

ia
c 

to
 th

e 
sa

ph
en

ou
s 

ar
te

ri
es

.

T
he

 m
od

el
 is

 e
ff

ec
tiv

e 
fo

r 
re

se
ar

ch
in

g 
cr

iti
ca

l l
im

b 
is

ch
em

ia
.

•
T

he
 m

od
el

 s
ho

w
s 

a 
di

re
ct

 c
or

re
la

tio
n 

be
tw

ee
n 

hy
pe

rg
ly

ce
m

ia
 

an
d 

ac
ut

e 
is

ch
em

ic
 

ne
cr

os
is

.

•
T

he
 m

od
el

 in
du

ce
s 

tis
su

e 
ne

cr
os

is
 

w
ith

ou
t c

re
at

in
g 

op
en

 
w

ou
nd

s.

•
H

ig
h 

dr
op

ou
t r

at
e:

 
71

 %
 o

f 
di

ab
et

ic
 

ra
ts

 d
ev

el
op

ed
 to

ta
l 

ne
cr

os
is

[6
1]

E
xc

is
io

na
l 

di
ab

et
ic

 w
ou

nd
 

m
od

el

D
ia

be
te

s 
w

as
 in

du
ce

d 
by

 in
tr

ap
er

ito
ne

al
 S

T
Z

 
in

je
ct

io
n.

 A
 f

ul
l-

th
ic

kn
es

s 
ex

ci
si

on
 w

ou
nd

, 
sp

an
ni

ng
 a

n 
ar

ea
 o

f 
20

0 
m

m
2  

an
d 

0.
2 

cm
 

in
 d

ep
th

, w
as

 c
re

at
ed

 o
n 

th
e 

do
rs

um
 u

si
ng

 a
 

su
rg

ic
al

 b
la

de
 a

nd
 p

oi
nt

ed
 s

ci
ss

or
s.

T
he

 m
od

el
 is

 u
se

d 
fo

r 
as

se
ss

in
g 

th
e 

ef
fi

ca
cy

 o
f 

a 
to

pi
ca

l t
he

ra
py

 o
n 

di
ab

et
ic

 w
ou

nd
s.

•
Su

bs
ta

nt
ia

l w
ou

nd
 s

iz
e.

•
T

he
 s

tu
dy

 d
ur

at
io

n 
w

as
 

ad
eq

ua
te

ly
 lo

ng
 (

21
 

da
ys

).

•
W

ou
nd

 c
lo

su
re

 b
y 

co
nt

ra
ct

io
n 

is
 n

ot
 

in
hi

bi
te

d.

[1
33

]
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M
od

el
M

et
ho

do
lo

gy
U

ti
lit

y
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

R
ef

er
en

ce
s

3.
 V

en
ou

s 
st

as
is

 
ul

ce
rs

V
ei

n 
ob

st
ru

ct
io

n
T

he
 m

od
el

 in
cl

ud
es

 tw
o 

ph
as

es
:

1
A

cu
te

: T
he

 c
om

m
on

 f
em

or
al

 
ve

in
 is

 b
ila

te
ra

lly
 li

ga
te

d 
w

ith
 c

ot
to

n 
tie

s.
 F

ol
lo

w
in

g 
a 

la
pa

ro
to

m
y,

 th
e 

co
m

m
on

 il
ia

c 
ve

in
s 

ar
e 

lig
at

ed
 b

ila
te

ra
lly

.

2
C

hr
on

ic
: A

ft
er

 r
ep

ea
tin

g 
th

e 
ac

ut
e 

ph
as

e,
 a

ll 
in

ci
si

on
s 

w
er

e 
cl

os
ed

 w
ith

 tw
o 

la
ye

rs
 o

f 
ab

so
rb

ab
le

 s
ut

ur
es

.

T
he

 m
od

el
 is

 e
ff

ec
tiv

e 
to

 s
tu

dy
 a

n 
in

te
rc

el
lu

la
r 

ad
he

si
on

 m
ol

ec
ul

e 
in

 
ve

no
us

 d
is

ea
se

.

•
Si

m
pl

e 
co

tto
n 

th
re

ad
 

lig
at

io
ns

 c
re

at
ed

 a
n 

ac
ut

e 
hy

pe
rt

en
si

on
 m

od
el

, 
w

hi
le

 tw
o-

la
ye

r 
lig

at
io

ns
 

w
ith

 a
bs

or
ba

bl
e 

su
tu

re
s 

le
d 

to
 a

 c
hr

on
ic

 C
V

I 
co

nd
iti

on
.

•
A

n 
11

-f
ol

d 
in

cr
ea

se
 in

 
hi

nd
 li

m
b 

ve
in

 p
re

ss
ur

e 
co

m
pa

re
d 

to
 th

e 
fo

re
lim

b 
in

 th
e 

co
nt

ro
l g

ro
up

 w
as

 
re

co
rd

ed
 o

n 
da

y 
14

 p
os

t-
lig

at
io

n.

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
th

e 
cr

ea
tio

n 
of

 o
pe

n 
w

ou
nd

s.
 

Sh
or

t d
ur

at
io

n 
of

 th
e 

st
ud

y 
(1

4 
da

ys
).

[9
0]

A
rt

er
io

ve
no

us
 

fi
st

ul
a

A
n 

in
ci

si
on

 is
 m

ad
e 

on
 th

e 
fe

m
or

al
 a

rt
er

y 
(0

.5
 m

m
) 

to
 in

du
ce

 a
n 

ar
te

ri
ov

en
ou

s 
fi

st
ul

a,
 

fo
llo

w
ed

 b
y 

th
e 

cr
ea

tio
n 

of
 a

 f
em

or
al

 v
ei

n 
lig

at
io

n 
ab

ov
e 

th
e 

fi
st

ul
a.

T
he

 m
od

el
 is

 u
se

fu
l t

o 
ex

am
in

e 
th

e 
in

fl
am

m
at

or
y 

pr
oc

es
s 

in
 v

al
ve

 
re

m
od

el
in

g 
as

so
ci

at
ed

 w
ith

 a
cu

te
 

an
d 

ch
ro

ni
c 

ve
no

us
 h

yp
er

te
ns

io
n.

•
In

cr
ea

se
d 

bl
oo

d 
pr

es
su

re
 

in
 th

e 
fe

m
or

al
 v

ei
n 

di
st

al
 

to
 th

e 
fi

st
ul

a 
of

 9
6 

±
 9

 
m

m
H

g.

•
A

llo
w

 to
 o

bs
er

ve
 

th
e 

tim
e-

de
pe

nd
en

t 
di

sa
pp

ea
ra

nc
e 

of
 th

e 
ve

no
us

 v
al

ve
 in

 th
e 

fi
st

ul
a 

m
od

el
.

•
A

 p
ro

pe
r 

tim
e 

fr
am

e 
of

 4
2 

da
ys

 w
as

 s
et

 f
or

 
th

e 
in

du
ct

io
n 

of
 v

en
ou

s 
di

se
as

es
.

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
th

e 
cr

ea
tio

n 
of

 o
pe

n 
w

ou
nd

s.

[1
34

]

V
er

tic
al

 p
os

iti
on

/
gr

av
ity

 m
od

el
R

at
s 

ar
e 

pl
ac

ed
 in

 h
ea

d-
up

 a
nd

 h
ea

d-
do

w
n 

po
si

tio
ns

 u
si

ng
 tu

be
-l

ik
e 

pl
as

tic
 c

ag
es

 th
at

 
su

pp
or

t t
he

 r
at

’s
 b

od
y 

in
 a

 ti
lte

d 
po

si
tio

n.

T
he

 m
od

el
 a

im
s 

to
 in

ve
st

ig
at

e 
ph

ys
io

lo
gi

ca
l r

es
po

ns
es

 to
 

gr
av

ita
tio

na
l l

oa
di

ng
 o

r 
un

lo
ad

in
g 

of
 e

xt
re

m
ity

 v
ei

ns
.

•
In

du
ct

io
n 

of
 th

e 
ve

no
us

 
st

as
is

 m
od

el
 m

im
ic

ki
ng

 
pr

ec
is

el
y 

th
e 

hu
m

an
 

et
io

lo
gy

.

•
L

on
g-

te
rm

 d
ur

at
io

n 
of

 
th

e 
st

ud
y

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
th

e 
cr

ea
tio

n 
of

 o
pe

n 
w

ou
nd

s.

[9
3,

13
5]

O
cc

lu
si

on
 a

nd
 

gr
av

ity
T

hi
s 

m
od

el
 c

om
bi

ne
s 

gr
av

ity
 a

nd
 th

e 
oc

cl
us

io
n 

of
 th

e 
sa

ph
en

ou
s 

ve
in

. A
 p

la
st

ic
 

cl
ip

 w
as

 a
pp

lie
d 

to
 p

ar
tia

lly
 o

cc
lu

de
 th

e 
sa

ph
en

ou
s 

ve
in

 ju
st

 b
el

ow
 it

s 
co

nf
lu

en
ce

 
w

ith
 th

e 
de

ep
 f

em
or

al
 v

ei
n.

 F
or

 th
e 

fi
na

l f
ou

r 
w

ee
ks

 p
ri

or
 to

 s
ac

ri
fi

ce
, r

at
s 

w
er

e 
ho

us
ed

 in
 

tu
be

-l
ik

e 
ca

ge
s 

in
cl

in
ed

 a
t a

 4
5-

de
gr

ee
 a

ng
le

 
in

 a
 h

ea
d-

up
 p

os
iti

on
.

T
he

 m
od

el
 a

im
s 

to
 in

ve
st

ig
at

e 
ph

ys
io

lo
gi

ca
l r

es
po

ns
es

 to
 

gr
av

ita
tio

na
l l

oa
di

ng
 o

r 
un

lo
ad

in
g 

of
 e

xt
re

m
ity

 v
ei

ns
.

•
R

em
od

el
in

g 
of

 th
e 

ve
in

 
is

 o
bs

er
ve

d,
 in

cl
ud

in
g 

lo
ca

l d
ila

tio
ns

 a
nd

 
co

nv
ol

ut
ed

 c
ou

rs
es

, l
ik

e 
hu

m
an

 m
or

ph
ol

og
ie

s.

•
L

on
g-

te
rm

 d
ur

at
io

n 
of

 
th

e 
st

ud
y 

(1
2 

w
ee

ks
).

•
T

he
 m

od
el

 d
oe

s 
no

t 
in

vo
lv

e 
th

e 
cr

ea
tio

n 
of

 o
pe

n 
w

ou
nd

s.

[9
4]

Sk
in

 f
la

p 
an

d 
ve

no
us

 
A

n 
ab

do
m

in
al

 s
ki

n 
fl

ap
 m

ea
su

ri
ng

 3
 ×

 6
 c

m
, 

su
pp

lie
d 

by
 th

e 
ep

ig
as

tr
ic

 a
rt

er
y 

an
d 

ve
in

, i
s 

T
he

 m
od

el
 a

im
s 

to
 in

ve
st

ig
at

e 
te

ch
ni

qu
es

 f
or

 r
el

ie
vi

ng
 v

en
ou

s 
•

L
ar

ge
 a

re
a 

of
 th

e 
ab

do
m

in
al

 s
ki

n 
fl

ap
•

T
he

 m
od

el
 d

id
 n

ot
 

di
sp

la
y 

al
l t

he
 ty

pi
ca

l 
[9

5]
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M
od

el
M

et
ho

do
lo

gy
U

ti
lit

y
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

R
ef

er
en

ce
s

co
ng

es
tio

n 
m

od
el

el
ev

at
ed

 a
nd

 s
ub

je
ct

ed
 to

 a
 2

-h
 o

cc
lu

si
on

 o
f 

bo
th

 th
e 

ep
ig

as
tr

ic
 a

rt
er

y 
an

d 
ve

in
. F

ol
lo

w
in

g 
a 

pe
ri

od
 o

f 
24

 h
, a

 s
ec

on
da

ry
, 5

-h
 o

cc
lu

si
on

 
is

 s
pe

ci
fi

ca
lly

 a
pp

lie
d 

to
 th

e 
ve

in
. D

ur
in

g 
th

e 
se

co
nd

ar
y 

is
ch

em
ia

 p
ha

se
, t

he
 f

la
ps

 w
er

e 
re

su
tu

re
d.

 A
ft

er
 th

e 
5-

h 
pe

ri
od

 o
f 

se
co

nd
ar

y 
is

ch
em

ia
, t

he
 v

en
ou

s 
cl

am
p 

w
as

 r
em

ov
ed

.

co
ng

es
tio

n 
th

ro
ug

h 
ta

rg
et

ed
 f

lu
id

 
tr

an
sp

or
t i

nt
er

ve
nt

io
ns

.
•

T
he

 m
ea

n 
pe

rf
us

io
n 

va
lu

e 
in

 th
e 

fl
ap

s 
re

m
ai

ne
d 

co
ns

ta
nt

, 
m

ai
nt

ai
ni

ng
 a

 le
ve

l o
f 

15
 

%
 ±

 1
0 

%
 o

n 
da

y 
7.

cl
in

ic
al

 s
ig

ns
 o

f 
ve

no
us

 c
on

ge
st

io
n.

•
B

y 
da

y 
7,

 8
0 

%
 o

f 
th

e 
fl

ap
s 

be
co

m
e 

fu
lly

 
ne

cr
ot

ic
.

4.
 P

re
ss

ur
e 

ul
ce

rs
 (

P
U

)

W
ei

gh
t-

in
du

ce
d 

pr
es

su
re

A
 s

te
el

 p
la

te
 is

 in
se

rt
ed

 in
to

 th
e 

ra
t’

s 
pe

ri
to

ne
al

 c
av

ity
, a

nd
 c

on
st

an
t p

re
ss

ur
e 

is
 

ap
pl

ie
d 

to
 th

e 
ab

do
m

in
al

 w
al

l u
si

ng
 m

et
al

 
in

go
ts

 f
or

 a
 d

ur
at

io
n 

of
 2

–4
 h

 b
ef

or
e 

be
in

g 
re

m
ov

ed
.

T
hi

s 
m

od
el

 is
 e

m
pl

oy
ed

 to
 

in
ve

st
ig

at
e 

de
ep

 ti
ss

ue
 in

ju
ry

 
m

ar
ke

rs
 b

y 
an

al
yz

in
g 

ex
ud

at
e.

•
T

he
 m

od
el

 y
ie

ld
s 

a 
si

gn
if

ic
an

t a
m

ou
nt

 o
f 

ex
ud

at
e.

•
M

us
cl

e 
ne

cr
os

is
 c

an
 b

e 
ob

se
rv

ed
.

•
T

he
 m

od
el

 d
oe

s 
no

t r
es

ul
t i

n 
th

e 
de

ve
lo

pm
en

t o
f 

op
en

 
ul

ce
rs

.

•
T

he
 s

ho
rt

 d
ur

at
io

n 
of

 th
e 

st
ud

y 
m

ay
 

no
t b

e 
su

ita
bl

e 
fo

r 
si

m
ul

at
in

g 
ch

ro
ni

c 
w

ou
nd

 f
or

m
at

io
n.

[1
01

,1
36

]

Pi
st

on
-i

nd
uc

ed
 

ex
te

rn
al

 p
re

ss
ur

e
A

 f
la

t p
la

st
ic

 p
is

to
n 

w
ith

 a
n 

el
as

tic
 s

pr
in

g 
is

 
us

ed
 to

 d
el

iv
er

 c
on

st
an

t, 
qu

as
i-

st
at

ic
 p

re
ss

ur
e 

to
 th

e 
gr

ac
ili

s 
m

us
cl

e 
in

 p
ro

xi
m

al
 li

m
bs

. T
w

o 
di

ff
er

en
t e

xp
er

im
en

ta
l a

pp
ro

ac
he

s 
ar

e 
us

ed
. 

In
 lo

ng
-t

er
m

 e
xp

er
im

en
ts

 (
la

st
in

g 
12

0,
 2

40
, 

or
 3

60
 m

in
),

 p
re

ss
ur

e 
is

 e
xe

rt
ed

 e
xt

er
na

lly
 

on
 th

e 
sk

in
 to

 r
ed

uc
e 

th
e 

ri
sk

 o
f 

ce
ll 

de
at

h 
fr

om
 in

fe
ct

io
n.

 F
or

 s
ho

rt
er

 d
ur

at
io

ns
 (

up
 to

 
80

 m
in

),
 th

e 
pr

es
su

re
 is

 d
ir

ec
tly

 a
pp

lie
d 

to
 

th
e 

gr
ac

ili
s 

m
us

cl
e 

fo
llo

w
in

g 
sk

in
 r

et
ra

ct
io

n.

St
ud

y 
of

 m
us

cl
e 

tis
su

e 
da

m
ag

e 
in

 
ra

ts
 s

ub
je

ct
ed

 to
 d

if
fe

re
nt

 p
re

ss
ur

e 
m

ag
ni

tu
de

s 
an

d 
du

ra
tio

ns
.

•
T

he
 p

is
to

n 
en

su
re

s 
pr

ec
is

e 
an

d 
re

pe
at

ab
le

 
tis

su
e 

co
m

pr
es

si
on

.

•
T

he
 m

od
el

 d
oe

s 
no

t r
es

ul
t i

n 
th

e 
de

ve
lo

pm
en

t o
f 

op
en

 
ul

ce
rs

.

•
T

he
 s

ho
rt

 d
ur

at
io

n 
of

 th
e 

st
ud

y 
m

ay
 

no
t b

e 
su

ita
bl

e 
fo

r 
si

m
ul

at
in

g 
ch

ro
ni

c 
w

ou
nd

 f
or

m
at

io
n.

[2
5]

M
ag

ne
t-

in
du

ce
d 

pr
es

su
re

T
he

 m
od

el
 in

vo
lv

es
 im

pl
an

tin
g 

a 
ne

od
ym

iu
m

 
m

ag
ne

t i
n 

th
e 

pe
ri

to
ne

al
 c

av
ity

 a
ft

er
 a

 
tr

an
sv

er
se

 lo
w

er
 a

bd
om

in
al

 in
ci

si
on

. A
 

st
ro

ng
er

 n
eo

dy
m

iu
m

 m
ag

ne
t i

s 
th

en
 p

la
ce

d 
on

 th
e 

sk
in

. T
he

 p
re

ss
ur

e 
w

as
 a

pp
lie

d 
fo

r 
2–

4 
h 

an
d 

th
en

 r
em

ov
ed

, f
ol

lo
w

ed
 b

y 
m

on
ito

ri
ng

 
th

e 
ra

ts
 f

or
 u

p 
to

 o
ne

 w
ee

k.

T
hi

s 
m

od
el

 is
 d

es
ig

ne
d 

to
 s

tu
dy

 
th

e 
pa

th
og

en
es

is
 o

f 
pr

es
su

re
 

ul
ce

rs
.

•
Se

ve
re

 e
de

m
a 

in
 th

e 
sk

in
 

an
d 

su
bc

ut
an

eo
us

 ti
ss

ue
 

is
 a

ch
ie

ve
d.

•
E

as
y 

to
 c

on
tr

ol
 th

e 
tim

e 
an

d 
m

ag
ni

tu
de

 o
f 

pr
es

su
re

.

•
T

he
 m

od
el

 d
oe

s 
no

t r
es

ul
t i

n 
th

e 
de

ve
lo

pm
en

t o
f 

op
en

 
ul

ce
rs

.

•
T

he
 s

ho
rt

 d
ur

at
io

n 
of

 th
e 

st
ud

y 
m

ay
 

no
t b

e 
su

ita
bl

e 
fo

r 
si

m
ul

at
in

g 
ch

ro
ni

c 
w

ou
nd

 f
or

m
at

io
n.

[1
01

]

C
yc

lic
 m

ag
ne

t 
co

m
pr

es
si

on
A

 s
te

ri
le

 s
te

el
 d

is
k 

(1
5 

m
m

 d
ia

m
et

er
, 0

.3
 

m
m

 th
ic

kn
es

s)
 is

 p
la

ce
d 

un
de

r 
th

e 
m

us
cl

e 
th

ro
ug

h 
a 

2 
cm

 in
ci

si
on

, w
hi

ch
 w

as
 th

en
 

su
tu

re
d.

 O
n 

po
st

-o
pe

ra
tiv

e 
da

y 
3,

 a
 m

ag
ne

tic
 

di
sk

 (
15

 m
m

 d
ia

m
et

er
, 1

50
0 

G
) 

is
 p

la
ce

d 
ex

te
rn

al
ly

 o
n 

th
e 

sk
in

. T
w

o 
ho

ur
s 

af
te

r 
th

e 
in

iti
al

 p
re

ss
ur

iz
at

io
n,

 th
e 

m
ag

ne
ts

 w
er

e 
re

m
ov

ed
 f

or
 3

0 
m

in
 to

 a
llo

w
 f

or
 is

ch
em

ia
 

re
pe

rf
us

io
n.

 T
hi

s 
pr

es
su

ri
za

tio
n 

cy
cl

e 
w

as
 

re
pe

at
ed

 5
 ti

m
es

 a
 d

ay
.

T
he

 m
od

el
 is

 u
til

iz
ed

 to
 s

im
ul

at
e 

th
e 

de
ve

lo
pm

en
t o

f 
st

ag
e 

II
 

pr
es

su
re

 u
lc

er
s.

•
St

ag
e 

II
 p

re
ss

ur
e 

ul
ce

rs
 

de
ve

lo
p 

af
te

r 
2–

3 
da

ys
 

of
 c

yc
lic

 p
re

ss
ur

e 
ap

pl
ic

at
io

n.

•
T

he
 m

od
el

 d
oe

s 
no

t s
im

ul
at

e 
hi

gh
er

 
de

gr
ee

s 
of

 b
ed

so
re

s.

•
C

om
pr

es
si

ng
 th

e 
sk

in
 o

n 
bo

th
 s

id
es

 
ne

gl
ec

ts
 th

e 
ro

le
 o

f 
un

de
rl

yi
ng

 ti
ss

ue
 in

 
ul

ce
r 

fo
rm

at
io

n.

[1
03

]
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M
od

el
M

et
ho

do
lo

gy
U

ti
lit

y
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

R
ef

er
en

ce
s

Pr
ol

on
ge

d 
m

ag
ne

t 
co

m
pr

es
si

on

T
hi

s 
m

od
el

 is
 a

n 
ad

ap
ta

tio
n 

of
 th

e 
pr

ev
io

us
 

on
e,

 e
xt

en
di

ng
 th

e 
du

ra
tio

n 
to

 u
p 

to
 6

 d
ay

s.
 

A
 s

te
el

 p
la

te
 is

 in
se

rt
ed

 in
to

 th
e 

ra
t’

s 
ba

ck
 

m
us

cl
e.

 A
 m

ag
ne

t w
as

 p
os

iti
on

ed
 e

xt
er

na
lly

 
on

 th
e 

sk
in

 f
or

 2
 h

, r
ep

ea
te

d 
5 

tim
es

 d
ai

ly
 

ov
er

 6
 d

ay
s,

 to
 s

im
ul

at
e 

a 
de

ep
 ti

ss
ue

 in
ju

ry
.

T
he

 m
od

el
 is

 d
es

ig
ne

d 
to

 
in

ve
st

ig
at

e 
th

e 
im

pa
ct

 o
f 

se
co

nd
ar

y 
fa

ct
or

s 
(i

n 
pa

rt
ic

ul
ar

, 
sm

ok
in

g)
 o

n 
th

e 
w

ou
nd

 h
ea

lin
g 

pr
oc

es
s 

of
 s

ta
ge

 4
 p

re
ss

ur
e 

ul
ce

rs
.

•
St

ag
e 

IV
 p

re
ss

ur
e 

ul
ce

rs
 d

ev
el

op
 o

n 
da

y 
6 

of
 c

yc
lic

 p
re

ss
ur

e 
ap

pl
ic

at
io

n.

•
C

om
pr

es
si

ng
 th

e 
sk

in
 o

n 
bo

th
 s

id
es

 
ne

gl
ec

ts
 th

e 
ro

le
 o

f 
un

de
rl

yi
ng

 ti
ss

ue
 in

 
ul

ce
r 

fo
rm

at
io

n.

[1
08

]

D
ee

p 
tis

su
e 

in
ju

ry
 a

t b
on

y 
pr

om
in

en
ce

s

A
 h

em
is

ph
er

ic
al

 im
pl

an
t i

s 
pl

ac
ed

 o
n 

an
d 

be
ne

at
h 

th
e 

la
te

ra
l s

ur
fa

ce
 o

f 
th

e 
tib

ia
, 

af
fe

ct
in

g 
th

e 
tib

ia
lis

 a
nt

er
io

r 
m

us
cl

e.
 F

ou
r 

w
ee

ks
 p

os
t-

im
pl

an
ta

tio
n,

 p
re

ss
ur

e 
is

 a
pp

lie
d 

to
 th

e 
tis

su
e 

ab
ov

e 
th

e 
im

pl
an

t f
or

 2
4 

h.

T
he

se
 m

od
el

s 
si

m
ul

at
e 

th
e 

de
ve

lo
pm

en
t o

f 
pr

es
su

re
 u

lc
er

s 
w

he
n 

co
ns

ta
nt

 p
re

ss
ur

e 
ap

pl
ie

d 
on

 
bo

ny
 p

ro
m

in
en

ce
s.

•
T

he
 c

lin
ic

al
 r

el
ev

an
ce

 is
 

en
ha

nc
ed

 b
y 

m
im

ic
ki

ng
 

th
e 

ef
fe

ct
 o

f 
bo

ny
 

pr
om

in
en

ce
s 

on
 D

T
I.

•
Fo

rm
at

io
n 

of
 n

ec
ro

tic
 

le
si

on
s 

w
ith

in
 th

e 
m

us
cl

e 
tis

su
e.

•
T

hi
s 

m
od

el
 d

oe
s 

no
t r

es
ul

t i
n 

th
e 

de
ve

lo
pm

en
t o

f 
op

en
 

w
ou

nd
s.

[1
05

]

Sp
in

al
 c

or
d 

in
ju

ry
In

 th
e 

SC
I 

m
od

el
, a

 c
om

pl
et

e 
tr

an
sv

er
se

 
sp

in
al

 c
or

d 
cu

t a
t T

10
, a

lo
ng

 w
ith

 a
 

la
m

in
ec

to
m

y 
at

 T
9,

 is
 p

er
fo

rm
ed

 to
 in

du
ce

 
SC

I.
 S

ix
 w

ee
ks

 p
os

t S
C

I 
in

du
ct

io
n,

 p
re

ss
ur

e 
is

 a
pp

lie
d 

to
 th

e 
sk

in
 s

ur
fa

ce
 o

ve
r 

th
e 

m
id

po
in

t o
f 

th
e 

tib
ia

lis
 a

nt
er

io
r 

m
us

cl
e 

be
lly

 
us

in
g 

a 
cu

st
om

-m
ad

e 
de

vi
ce

 f
or

 2
4 

h.

T
he

se
 m

od
el

s 
si

m
ul

at
e 

th
e 

de
ve

lo
pm

en
t o

f 
pr

es
su

re
 u

lc
er

s 
un

de
r 

ch
ro

ni
c 

SC
I 

co
nd

iti
on

.

•
C

lin
ic

al
 r

el
ev

an
ce

 
is

 e
nh

an
ce

d 
by

 
in

co
rp

or
at

in
g 

ch
ro

ni
c 

SC
I.

•
Fo

rm
at

io
n 

of
 n

ec
ro

tic
 

le
si

on
s 

w
ith

in
 th

e 
m

us
cl

e 
tis

su
e.

•
T

hi
s 

m
od

el
 d

oe
s 

no
t r

es
ul

t i
n 

th
e 

de
ve

lo
pm

en
t o

f 
op

en
 

w
ou

nd
s.

[1
05

]

5.
 I

n 
vi

vo
 

bi
of

ilm
 m

od
el

s

In
fe

ct
ed

 f
ul

l 
th

ic
kn

es
s 

w
ou

nd
 

m
od

el

A
 6

 m
m

 d
ia

m
et

er
 f

ul
l-

th
ic

kn
es

s 
w

ou
nd

 is
 

cr
ea

te
d 

on
 r

at
s 

us
in

g 
a 

bi
op

sy
 p

un
ch

 a
nd

 
in

oc
ul

at
ed

 w
ith

 P
se

ud
om

on
as

 a
er

ug
in

os
a 

st
ra

in
 P

A
O

1.
 W

ou
nd

s 
ar

e 
ha

rv
es

te
d 

at
 8

 h
, 

an
d 

1-
, 3

-,
 a

nd
 7

-d
ay

s 
po

st
-w

ou
nd

in
g.

T
he

 m
od

el
 te

st
s 

th
e 

co
nt

ri
bu

tio
n 

of
 b

io
fi

lm
 in

 d
el

ay
in

g 
w

ou
nd

 
he

al
in

g.

•
E

as
y 

se
tu

p,

•
B

io
fi

lm
s 

fo
rm

 b
y 

da
y 

1 
po

st
-w

ou
nd

in
g.

•
U

se
 o

f 
fl

uo
re

sc
en

t 
pr

ot
ei

n 
pl

as
m

id
 f

or
 

bi
of

ilm
 tr

ac
in

g

•
Sh

or
t s

tu
dy

 d
ur

at
io

n.

•
M

on
o-

sp
ec

ie
s 

ba
ct

er
ia

l m
od

el
.

•
W

ou
nd

 c
lo

su
re

 b
y 

co
nt

ra
ct

io
n 

is
 n

ot
 

in
hi

bi
te

d.

•
Sm

al
l s

iz
e 

of
 th

e 
w

ou
nd

.

[1
21

]

In
fe

ct
ed

 f
ul

l 
th

ic
kn

es
s 

w
ou

nd
 

m
od

el

R
ou

nd
 2

-c
m

 d
ia

m
et

er
 f

ul
l-

th
ic

kn
es

s 
w

ou
nd

s 
ar

e 
cr

ea
te

d 
on

 r
at

 f
la

nk
s 

w
ith

 s
te

ri
le

 
sc

is
so

rs
. T

w
o 

ba
ct

er
ia

l c
on

ce
nt

ra
tio

ns
 a

re
 

us
ed

 f
or

 c
ol

on
iz

at
io

n 
an

d 
in

fe
ct

io
n 

gr
ou

ps
, 

re
sp

ec
tiv

el
y.

 W
ou

nd
s 

ar
e 

ha
rv

es
te

d 
on

 d
ay

 6
 

po
st

-w
ou

nd
in

g.

•
T

he
 m

od
el

 
ev

al
ua

te
s 

ho
st

-
pa

th
og

en
 

re
la

tio
ns

hi
ps

 
af

fe
ct

in
g 

w
ou

nd
 

he
al

in
g.

•
Su

bs
ta

nt
ia

l w
ou

nd
 s

iz
e.

•
C

om
pa

ra
tiv

e 
st

ud
y 

w
ith

 v
ar

yi
ng

 b
ac

te
ri

al
 

co
nc

en
tr

at
io

ns
.

•
U

se
 o

f 
bo

th
 y

ou
ng

 
(7

 w
ee

ks
) 

an
d 

ol
d 

(6
 

m
on

th
s)

 r
at

s.

•
Sh

or
t s

tu
dy

 d
ur

at
io

n.

•
M

on
o-

sp
ec

ie
s 

ba
ct

er
ia

l m
od

el
.

•
W

ou
nd

 c
lo

su
re

 b
y 

co
nt

ra
ct

io
n 

is
 n

ot
 

in
hi

bi
te

d.

[1
23

]

M
od

if
ie

d 
W

al
ke

r-
M

as
on

 
m

od
el

 f
or

 f
ul

l-

A
 f

ul
l-

th
ic

kn
es

s 
bu

rn
 is

 in
fl

ic
te

d 
on

 m
al

e 
ra

ts
 u

si
ng

 a
n 

in
su

la
te

d 
m

ol
d 

w
ith

 a
n 

op
en

in
g,

 w
hi

ch
 e

xp
os

es
 a

pp
ro

xi
m

at
el

y 
10

 
%

 o
f 

th
e 

to
ta

l b
od

y 
su

rf
ac

e 
ar

ea
, t

o 
99

 

T
he

 m
od

el
 is

 d
es

ig
ne

d 
to

 
as

se
ss

 th
e 

he
al

in
g 

pr
oc

es
s 

of
 

co
nt

am
in

at
ed

 f
ul

l-
th

ic
kn

es
s 

sc
al

d 
bu

rn
s.

•
Su

bs
ta

nt
ia

l w
ou

nd
 s

iz
e.

•
Sh

or
t s

tu
dy

 d
ur

at
io

n.

•
M

on
o-

sp
ec

ie
s 

ba
ct

er
ia

l m
od

el
.

[1
37

]
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M
od

el
M

et
ho

do
lo

gy
U

ti
lit

y
A

dv
an

ta
ge

s
D

is
ad

va
nt

ag
es

R
ef

er
en

ce
s

th
ic

kn
es

s 
sc

al
d 

bu
rn

s
°C

 w
at

er
 f

or
 6

 s
.”

 W
ou

nd
s 

ar
e 

in
oc

ul
at

ed
 

w
ith

 P
. a

er
ug

in
os

a,
 a

pp
ly

in
g 

tw
o 

di
st

in
ct

 
co

nc
en

tr
at

io
ns

 f
or

 d
if

fe
re

nt
 a

ni
m

al
 g

ro
up

s.
 

T
is

su
es

 a
re

 h
ar

ve
st

ed
 o

n 
da

ys
 1

, 3
, 7

, a
nd

 1
1 

po
st

-w
ou

nd
in

g.

•
St

ro
ng

 b
io

fi
lm

 in
fe

ct
io

ns
 

fo
rm

 in
 f

ul
l t

hi
ck

ne
ss

 
bu

rn
 w

ou
nd

s.

•
Pe

ak
 b

ac
te

ri
al

 lo
ad

 is
 

re
ac

he
d 

w
ith

in
 7

 d
ay

s.

•
W

ou
nd

 c
lo

su
re

 b
y 

co
nt

ra
ct

io
n 

is
 n

ot
 

in
hi

bi
te

d.

M
od

if
ie

d 
W

al
ke

r-
M

as
on

 
m

od
el

 f
or

 
pa

rt
ia

l-
th

ic
kn

es
s 

sc
al

d 
bu

rn
s

Pa
rt

ia
l-

th
ic

kn
es

s 
bu

rn
 c

ov
er

in
g 

10
 %

 o
f 

to
ta

l 
bo

dy
 s

ur
fa

ce
 a

re
a 

is
 in

du
ce

d 
by

 im
m

er
si

ng
 

in
 9

9 
°C

 w
at

er
 f

or
 3

 a
nd

 6
 s

, r
es

pe
ct

iv
el

y.
 

T
hr

ee
 b

ac
te

ri
al

 in
oc

ul
um

 s
iz

es
 a

re
 a

pp
lie

d 
fo

r 
di

ff
er

en
t a

ni
m

al
 g

ro
up

s.

T
he

 m
od

el
 is

 d
es

ig
ne

d 
to

 
as

se
ss

 th
e 

he
al

in
g 

pr
oc

es
s 

of
 

co
nt

am
in

at
ed

 p
ar

tia
l-

th
ic

kn
es

s 
sc

al
d 

bu
rn

s.

•
Su

bs
ta

nt
ia

l w
ou

nd
 s

iz
e.

•
B

io
fi

lm
s 

fo
rm

 w
ith

in
 7

 
da

ys
 p

os
t-

bu
rn

.

•
Sh

or
t s

tu
dy

 d
ur

at
io

n.

•
M

on
o-

sp
ec

ie
s 

ba
ct

er
ia

l m
od

el
.

•
W

ou
nd

 c
lo

su
re

 b
y 

co
nt

ra
ct

io
n 

is
 n

ot
 

in
hi

bi
te

d.

[1
38

,1
39

]

In
fe

ct
ed

 p
re

ss
ur

e 
w

ou
nd

To
 in

du
ce

 p
re

ss
ur

e 
ul

ce
rs

 in
 r

at
s,

 in
ci

si
on

s 
is

 m
ad

e 
on

 th
e 

la
te

ro
ab

do
m

in
al

 r
eg

io
n,

 a
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Table 3

Comparison of wound healing-related factors in young and old rats.

Healing factors Young rats Old rats References

Tumor necrosis factor (TNF-α) + +++ [156]

Catalase + ++ [143]

Vascular endothelial growth factor (VEGF) ++ + [144,156]

Re-epithelialization ++ + [142,157]

Vascularization +++ + [144,158]

The plus sign (+) represents the amount and intensity of the wound healing factors.
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