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3. Abstract in English 
Background: Injury to the skin, such as major burns, disrupts its vital barrier function and 
exposes the individual to dehydration and infectious agents. Skin transplantation using 
autologous split thickness skin grafts (STSGs) is the treatment of choice in extensive burns. 
By using the micrografting (MG) technique, these grafts can instantly be expanded to cover a 
significantly larger surface area, and still produce a good healing result. The aim of this study 
is to evaluate the effect of MG size on healing outcome in full thickness skin wounds. 
 
Methods: 24 square standardized wounds measuring 6.25 cm2 were created on the back of a 
Yorkshire pig. Wounds were randomly assigned to one of four groups; transplanted with 
either 0.8 mm x 0.8 mm MGs, 0.3 mm x 0.3 mm MGs, STSGs, or untreated control. The 
wounds were biopsied 3, 7, 10 and 14 days post transplantation, and were evaluated for 
various healing parameters. 
 
Results: The 0.8 mm group and STSG group showed a similar rate of re-epithelialization and 
were both fully covered by the last time point. This was faster than the 0.3 mm group and the 
control. In other parameters, the 0.8 mm grafts showed a tendency toward better healing, 
compared to the 0.3 mm group. 
 
Conclusion: Due to the low number of samples in this experiment, no final conclusions can 
be drawn. There was a tendency toward superior healing in the 0.8 mm group compared to the 
0.3 mm group, but further studies are required to confirm or disprove this observation. 
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4. Populärvetenskaplig sammanfattning på svenska (Summary in 
Swedish) 
Varje år söker 36 000 personer vård för brännskador i Sverige. Av dessa behöver 1400 
personer vårdas på sjukhus. Detta är en låg siffra internationellt sett och i många länder, 
exempelvis i USA, är den procentuella andelen nästan dubbelt så hög. I utvecklingsländer i 
Afrika och i Indien är andelen ytterligare högre. 

Vid en utbredd brännskada tappar huden sin normala funktion som en barriär mot fysiska, 
kemiska, termiska och mikrobiella hot. Alla öppna sår blir så småningom koloniserade med 
bakterier vilket kan leda till infektion, sepsis och multiorgansvikt. Förlusten av vätska är 
proportionell mot ytan av brännskadan och om brännskadans yta når en tiondel av den totala 
hudytan kan den följande vätskeförlusten leda till cirkulatorisk chock. Snabb slutning av såret 
är av avgörande vikt för framgångsrik återhämtning, både vid brännskador och vid andra stora 
traumatiska skador. De potentiella effekterna av att ta fram en effektiv teknik där detta är 
möjligt att göra snart efter skadan, även om det inte finns direkt tillgång till specialiserad 
brännskadevård, ger en kortare tid till komplett läkning, färre komplikationer och en tidigare 
återgång till vardagen för patienten. Detta har positiva effekter både på individuell nivå och 
på samhällsnivå i och med de minskade vårdkostnaderna. 

Efter den avgörande akuta behandlingen av en större brännskada krävs en långsiktig 
behandling med mål att återskapa hudens barriärfunktion. Detta kan ske med syntetiska 
hudsubstitut och genom transplantation av riktig hud. Vid transplantation av hud kan man 
undvika avstötning genom att transplantera patientens egen hud från en annan del av kroppen 
för att täcka den skadade ytan. Eftersom den nya huden prolifererar från kanterna på såret och 
från kanterna på hudtransplantatet så har det visat sig fördelaktigt att dela hudgraftet i mindre 
delar, sk mikrografts. Forskningsgruppen har tidigare framgångsrikt dokumenterat 
effektiviteten av mikrografts med måtten 0,8 mm x 0,8 mm. I och med att den totala 
kantlängden blir större i och med att måtten på mikrograften blir mindre är det av intresse att 
undersöka om det går att göra mikrograften ännu mindre, för att på så sätt få en större 
läkningspotential. Målet med den här studien är att undersöka läkningen av sår som är 
transplanterade med mikrografts med måtten 0,3 mm x 0,3 mm i jämförelse med mikrografts 
med måtten 0,8 mm x 0,8 mm och med den aktuella standardbehandlingen vid utbredda 
brännskador. 

Resultaten antyder att de mindre graften inte förbättrar läkningskvalitén i jämförelse med 
de större graften och med standardbehandling. De två senare grupperna uppvisade jämförbara 
resultat. På grund av en litet antal mätvärden i varje grupp är det dock inte möjligt att dra 
några slutgiltiga slutsatser. 
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5. Background 
Almost 1400 individuals are admitted for burn injuries in Sweden every year. The overall 
mortality is 3%, which is low compared to other European countries. The number of admitted 
patients as well as the number of deaths are decreasing every year, perhaps because of 
preventive measures that have resulted in a safer environment as well as the public being 
more aware of the dangers associated with burn injuries1. The number in the US is higher, 
with around 450 000 burns that require treatment every year, and around 3400 burn related 
deaths each year. 96.1% of those admitted for burns survive2. The cost of treatment of an 
average burn patient is around US$73,500, according to an Australian study, with percentage 
of the total body surface area (TBSA) as the most important predictor for cost3. Even though 
survival rates as well as quality of life after severe burns is increasing, there is still room for 
improvement in burn care. 

5.1 SKIN AND ITS INJURIES 
5.1.1 Skin anatomy 
The skin is the largest organ in the human body, and accounts for 15% of the total body 
weight4. Its most important function is to separate the individual from the surroundings in the 
sense that it protects the organism from physical, chemical and biological insults, as well as 
plays an important role in thermoregulation5. Skin is made up of three layers: the epidermis, 
the dermis and the hypodermis, or subcutis. 

The epidermis is the outermost layer and is constituted of stratified squamous epithelium. 
Keratinocytes are the most important cells of the epidermis, and their foremost function is the 
production of keratin. Keratinocytes comprise 80% of the epidermis and are of ectodermal 
origin. Other components of the epidermis are pigment-producing melanocytes, Merckelcells 
that function as mechanoreceptors and Langerhans cells that are part of the immune system. 
In addition to the cellular components the epidermis contains adnexa, such as sweat glands, 
sebaceous glands, hair follicles and nails5. 

Dermis is the second layer, and is composed of fibrous, filamentous and amorphous 
connective tissue. It provides a large part of the skins total mass and contributes with its 
elasticity and mechanical resilience. The majority of the dermis consists of collagen, which 
represents 70% of the skins dry weight6. Nerve and vascular plexa, as well as epidermal 
appendages are accommodated within the dermal layer. The adnexal structures are important 
for the regenerative properties of the epithelium after injuries to the skin. The most important 
cell type in the dermis is the fibroblast, which are essential for the collagen synthesis. Other 
cell types are macrophages and mast cells, which play an essential part in allergic reaction and 
the immune system. Blood borne cells, such as lymphocytes and leukocytes also enter the 
dermis as a response to different stimuli. Epidermis and dermis interact in order to maintain 
the properties of the two layers5. 

Hypodermis, or subcutis, is the third layer, and is constituted mainly of fat. Hypodermis 
contributes with energy storage and is also important with regards to its endocrine properties5. 

The thickness of the different layers varies to a great extent. Epidermis is thinnest on the 
eyelid, with 0.1 mm, and thickest on the sole of the foot, with 1.5 mm. On the back, where it 
is thickest, the dermis is 30-40 times as thick as the overlying epidermis6.  

5.1.2 Injuries to the skin 
Injuries to the skin are also injuries to its vital barrier function. Minor burns are common and 
heal without significant sequele, while larger injuries, such as major burns can potentially 
have a fatal outcome7-10. When the skin is subjected to high temperatures, there is both a local 
reaction and a systemic reaction. The local reaction includes an instantaneous coagulation of 
proteins, water evaporation, cell death and an inflammatory response in the border between 
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wounded and unwounded skin. On a systemic level, a metabolic and circulatory response 
similar to that of septic shock can be seen11. Common causes of death after large burns 
include multi organ failure, sepsis and respiratory complications12-16 and prompt closure of 
open wounds is essential for successful healing. In addition to the physical injuries, there is an 
effect on the quality of life17 and an increased risk of PTSD18 in patients who has survived 
large burns. Factors that influence the quality of life after sustaining a major burn is large total 
TBSA%, large degree of full thickness burns, patient age, as well as engagement of hands, 
face and genitalia19-21. A large burn also affects the lives of the patients family and relatives22. 

5.1.3 Treatment 
Advances during the recent years, both in the local treatment of the burn as well as the 
systemic treatment, has led to a higher degree of survival. However, large burns continue to 
be a surgical challenge with regards to coverage of the wounds, as well as the wound healing 
quality23-26. With the increased survival rates, focus for burn treatment has shifted from 
survival to “quality of survival”, through improving the scar formation and reducing 
contractures27. 

Initial treatment is focused on fluid resuscitation to prevent burn chock. Additional acute 
measures include pain management and prophylactic antibiotics and assessment of the depth 
and surface area of the burn in order to determine the appropriate treatment strategy11. Early 
debridement and wound closure is essential for successful recovery after deep burns. Fast 
excision and wound closure reduces inflammation, fluid loss, catabolism and microbial 
invasion28. Treatment strategy has traditionally been determined depending on the depth of 
the burn, since deep burns require surgical intervention while more superficial burns heal 
spontaneously29. Other injuries sustained simultaneously as the burn, such as inhalation 
injury, carbon monoxide poisoning, cyanide toxicity and burn sepsis, must also be taken into 
account when determining the treatment strategy30. 

5.1.4 Skin grafting 
There are descriptions of skin transplantations as early as 2500 BC in India, where it was used 
to repair mutilated facial features31. Although these operations were done with a certain 
degree of success, further research on skin grafting as we know it today was not taken up until 
the nineteenth century32. Early methods include Reverdin’s use of skin islands32, Wolfe and 
Krause’s application of full thickness skin grafts32,33 and Thiers development of thin split 
thickness skin grafts34. 

With today’s techniques, there are many ways of harvesting a graft and preparing it for 
transplantation. Skin can be harvested from the recipient of the graft, from another human or 
from a member of a different species. By processing the graft, superior healing and greater 
expansion ratios can be achieved and it can be meshed, cultured or transplanted as is. A 
complete review of the whole topic is beyond the intentions of this thesis, but the main 
concepts will be briefly discussed. 

5.1.4.1 Full thickness skin grafts 
A full thickness skin graft (FTSG) includes the epidermis and the entire thickness of the 
dermis. Part of the hypodermis, or the subcutis, can also be included. FTSGs are relatively 
easy to harvest and handle and they produce a good healing result35. Covering the whole area 
of a burn or other large wound with full thickness autograft could in theory provide the 
optimal healing outcome. FTSGs, however, produce an expansion ratio of 1:1, which means 
that the donor site and the recipient site are of equal size. Due to lack of donor site 
availability, use of FTSGs becomes impossible in larger injuries, and the technique is of 
limited use for this application28. Since a FTSG is thicker than a split thickness skin graft, 
they have greater nutritional requirements. This leaves them more prone to necrosis than their 
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thinner equivalent36. Also, the donor site morbidity is considerable as the harvesting creates a 
wound of the same size and depth as the wound being repaired. 

5.1.4.2 Split thickness skin grafts 
A split thickness skin graft (STSG) includes the epidermis and part of the dermis. The amount 
of dermis may vary. In order to cover a larger surface area, STSGs can be meshed, which also 
improves the drainage of blood and exudate from the wound bed. Meshing provides an 
expansion ratio that is claimed to be 1:1 to 4:1, depending on the mesher, with a real 
expansion ratio that is usually slightly lower37. Due to the lesser nutritional requirements, 
graft failure is less common than when using FTSGs35. STSGs are harvested using a 
dermatome that is powered electrically or pneumatically and meshing is done using mesher 
that is powered by hand36. The technique is widely available and provides a rapid coverage of 
larger skin injuries and thus, surgical debridement and transplantation of autologous STSGs is 
today’s gold standard of treatment for deep burns23,28,29,38. Disadvantages of STSGs include 
donor site morbidity and discomfort and the fact that meshing can provide an insufficient 
expansion ratio when treating large burns39. Two of the main concerns with the healing results 
when using STSGs are scar hypertrophy and contracture28, and placing the graft over or near a 
joint can generate enough force to produce joint contractures40. Color and texture mismatch is 
not unusual after a STSG transplantation, as the grafted site often develop hyper- or hypo 
pigmentation35. Regarding function, the innervation as well as the survival of skin 
appendages, such as hair follicles and sebaceous glands, is inferior in STSGs compared to 
FTSGs.31. It has also been shown that the return of sensation is superior in FTSGs compared 
to STSGs41. Harvesting of STSGs lead to donor site injuries similar to those in partial 
thickness burns, and they usually heal spontaneously. Deep partial thickness wounds, 
however, often lead to formation of hypertrophic scarring42. Due to an increased survival rate 
in the acute stages, surgeons are faced with larger burns in need of treatment. An increase in 
the burn area decreases the amount of potential donor sites for skin transplantation. This is 
both due to a decrease in the amount of healthy skin and due to the fact that the portion of 
healthy skin remaining can be unsuitable for graft harvest, such as the skin of the face, hands, 
feet, axilla and perineum43. This necessitates the search for an alternative to regular split 
thickness skin grafts, with a larger possible expansion ratio of the harvested skin38. 

5.1.4.3 Single cell grafts 
In the 1970s, Rheinwald and Green developed a revolutionary new method for culturing 
keratinocytes in vitro44,45, which has since then been used save the lives of thousands of 
patients. The main advantage of this method is the large expansion ratio. Over three to four 
weeks, the epithelium can be expanded to a ratio of 1:5000. Using a 3 cm2 biopsy can provide 
nearly enough cultured cells to cover the entire body surface of an adult human within a 
months time46. This gives a possibility of covering large surface areas using skin from small 
donor sites, which is essential in the treatment of extensive burns. Disadvantages include 
frailty of the grafts, variable take rate, the considerable time needed to process keratinocytes, 
and the fact that special facilities are needed to isolate and expand the cells47-49. The time 
aspect is critical since delay of wound closure increases the time during which the patient 
risks sustaining bacterial infection and sepsis. Furthermore, the healing result of a cultured 
keratinocyte autograft is inferior to that of classic grafting as it does not readily provide 
regeneration of the dermal component and a competent dermal-epidermal junction50-52. This 
leaves the graft vulnerable to shear stress and makes it prone to blistering51. An increased risk 
of cutaneous malignancies, possibly due to the use of mitotic stimulators in the processing of 
the cells, has also been described after transplantation of cultured keratinocytes in the 
treatment of burns53,54. 



 8 

5.1.4.4 Micrografts 
Dividing a skin graft in smaller parts creates micrografts. Keratinocytes proliferate and 
migrate primarily from the skin borders during healing55,56 and by parting the graft, the total 
border length is increased. This increases the area of keratinocyte proliferation, and thus also 
the regenerative potential of the graft. 

Using a micrografting technique, STSGs can be expanded to a large ratio. The technique 
was first described by Meek in the 1950s55 and has been studied and modified since then57,58. 
Despite its great potential micrografting has yet to reach a widespread clinical use, partially 
because there has been a need to place each individual graft dermis side down to ensure their 
survival59. As the size of the grafts decrease, the task of placing them oriented the right way 
becomes increasingly cumbersome. This has been overcome through using a wet healing 
environment, which has been proven to render the orientation of the grafts irrelevant39,56,60. 
This is crucial since it makes the method less time-consuming and labor intensive, and an 
immediate expansion ratio of 1:100 has been achieved this way60. The quality of healing 
using micrograft treatment is similar to that using STSG39. A further advantage of the 
micrografting method is the fact that the simplicity of the process brings it outside specialized 
burn centers. This is of great importance in developing parts of the world, and in places where 
highly specialized burn care cannot promptly be provided. Micrografts can be produced using 
a small, handheld mincing device with low costs for production and maintenance60,61.  

In this manner, the high expansion ratio of the cultured keratinocytes and the high quality 
healing of the STSGs can be achieved in a method that is inexpensive and possible to perform 
in a setting without access to specialized facilities. 

In 2009, American army surgeons received a case where an Iraqi citizen had sustained a 
54% TBSA burn. With limited resources, no possibility of culturing keratinocytes, and 
limited donor site area, the situation was difficult to manage. With help from Dr Eriksson at 
Brigham and Women’s Hospital, micrografting was used and the patient’s life was saved. It is 
believed that he is one of only a few people who has ever survived such extensive burns 
outside of a specialized burn center62. 
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5.2 WOUND HEALING  
5.2.1 The wound healing process 
Upon sustaining a wound, the body will strive to restore the skins vital barrier function. This 
process is dynamic and consists of a complex set of interactions between soluble mediators, 
extracellular matrix and parenchymal and blood cells. The process can be divided into three 
phases; inflammation, tissue formation and tissue remodeling63-66. It is important to 
understand the basic outlines of this process in order to understand the evaluation of the 
healing process, and the principal elements will be discussed. 

5.2.1.1 Inflammation 
Inflammation occurs immediately after injury with the purpose of preventing fluid and blood 
loss, preventing infection and removing dead and dying tissue64. As the integrity of the blood 
vessel is compromised, the contents of the blood will be exposed to the contents of the vessel 
wall. This results in aggregation of platelets and activation of the intrinsic part of the clotting 
cascade, and thus initiation of early hemostasis. Important mediators are secreted from 
platelets67 and parenchymal cells, or are generated by the coagulation and complement 
pathways68. The aggregation of platelets and formation of a platelet plug is followed by 
formation of a fibrin matrix, followed by an invasion of inflammatory cells64. The first cells to 
migrate into the wound are neutrophils. The migration is stimulated by a gradient of 
chemoattractants such as complement factors, IL-1, TNF-α, TGF-β, platelet factor 4 and 
bacterial products69-72. After migrating into the tissue, neutrophils cleanse the wounded area 
of foreign particles and bacteria before being expelled with the eschar or being phagocytosed 
by macrophages63. Monocytes present in the wound after 2-3 days64. In response to different 
signal substances such as fragments of extracellular-matrix protein, TGF-β, and monocyte 
chemoattractant protein 1, the infiltrated monocytes can transform into macrophages and 
release growth factors, e.g. platelet derived growth factor and vascular endothelial growth 
factor, that initiate formation of granulation tissue63 Growth factors from monocytes and 
macrophages are essential for the transition from inflammation to repair68, and animals with 
macrophage depletion have a defective wound healing73. However, it seems that deficiency of 
either neutrophils or macrophages can be compensated by alterations in the inflammatory 
response74. If both cell types are lacking, wounds can still heal, with a lesser scarring 
response75, and the interplay between the two cell types during healing is incompletely 
understood64. 

5.2.1.2 New tissue formation 
The formation of new tissue starts within 2-10 days after wounding and is characterized by 
proliferation and differentiation of different cell types, such as the cells of the epithelium and 
new vessels64. Re-establishing the epithelium has been argued to begin within hours after an 
injury63. Epithelial cells not only migrate from the wound edges, they also migrate from the 
skin appendages in the wound bed76, due to epithelial stem cells in hair follicles and sweat 
glands77-79. There are also often small epithelial islands in the wound, from which 
epithelialization can takes place, in addition to the migration from the wound borders76. In 
clinical practice, a wound can be considered to be re-epithelialized when a dry layer of 
epithelium covers the moist granulation tissue of the wound bed76. In burn injuries, this 
epithelial response, which is essential to the healing process, can be delayed by several days80. 
The sequence with which the keratinocytes proceed in the re-epithelialization process begins 
with dissolution of cell-cell, and cell-matrix contacts, followed by initiation of migration in 
basal keratinocytes, followed by mitosis in keratinocytes adjacent to the wound bed. This is 
followed by a multilayering of the new epidermis81. The most limiting step of the process is 
migration. Defective migration, as opposed to defective proliferation, is associated with 
chronic, non-healing wounds82-84. 
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The epidermal cells transform their phenotype in order to facilitate lateral movement, 
including retraction of intercellular monophilaments, partition of desmosomes, and formation 
of peripheral cytoplasmic actin philaments85-88. Also the hemidesmosomes between the 
epithelial cells and the basement membrane are parted. This enables lateral movement of the 
epidermal cells63. The fibrin clot formed during the inflammation phase provides a 
provisional matrix which is important in cell migration in several ways. Through alteration in 
the expression of different integrin receptors, and thus alteration in their adhesive properties, 
the epithelial cells can interact with the constituents of the fibrin clot and propagate across the 
provisional matrix that the clot provides66. The cells migrate over viable tissue and thus 
dissects away the eschar63. After migration starts, the cells at the wound margins start to 
proliferate. This occurs a day or two after wounding63. As the epithelium migrates, 
reestablishment of the basement membrane follows89, after which the epidermal cells return to 
their normal phenotype and attach to the basement membrane and underlying dermis63. A 
major constituent of the developing basement membrane is collagen IV90,91. 

After four days, establishment of granulation tissue starts63. The granulation tissue is 
dominated by macrophages, fibroblasts, and endothelial cells92. Although delicate, this tissue 
is highly vascularized and remarkably resistant to infection, and it fills the wound up to, but 
usually not over, the epithelial level92. The fibroblasts synthesize and remodel the ECM, and 
the ECM in turn affects the function of the fibroblasts93,94. After migrating into the wound, the 
fibroblasts gradually replace the provisional matrix with a collagenous matrix95, after which 
the collagen-rich granulation tissue is replaced with a relatively acellular scar96. 

Neovascularization of the healing skin is a complex process for which cues from the 
extracellular matrix in the wound bed as well as migration and mitogenic stimulation of 
endothelial cells is essential97. After the tissue is disrupted, the resulting hypoxia stimulates 
production of vascular endothelial-cell growth factor from epidermal cells. Extracellular 
matrix is degraded and fragments of these proteins recruit monocytes. The monocytes 
differentiate into macrophages that in turn release angiogenesis factors. A portion of the 
macrophage derived factors, such as basic fibroblast growth factor, are important for inducing 
release of plasminogen activator and procollagenase from epithelial cells. As a result from 
this, collagenase and plasmin degrades the basement membranes in order to allow migration 
of new vessels into the healing tissue63. As soon as granulation tissue fills the wound, 
angiogenesis comes to a halt and many of the new vessels undergo apoptosis98. 

5.2.1.3 Remodeling 
The remodeling stage begins 2-3 weeks after injury and lasts for a year or more, and during 
this time all the healing processes slowly decline64. 

During the first three weeks, wounds only gain about 20% of their final strength. Fibrillar 
collagen is accumulated rapidly in the beginning and after the first weeks, the accumulation 
rate of collagen decreases and remodeling increases, with formation of larger bundles and a 
greater number of intermolecular cross-links63. Over the following months, the matrix is 
remodeled and the main constituent shifts from collagen III to collagen I99,100.  The healed 
skin never regains the strength of uninjured skin but the scar can achieve 80% of the original 
strength101. 

5.2.1.4 Contraction 
Wound contraction is the process of reducing the distance between the wound borders, while 
contracture is a shortening of the scar65. Myofibroblasts, derived from fibroblasts, are 
essential for this process102. Myofibroblasts are contractile and bring the wound borders 
together, and interact with fibroblasts in the production of extracellular matrix102,103. Their 
function is essential for the process but oddly enough the appearance of myofibroblasts does 
not show a perfect timing with the contraction process, which begins at the time of wounding 



 11 

and is maintained over 2-3 weeks. Alpha-smooth muscle actin, which is expressed by 
myofibroblasts, is not detectable until day 6 post wounding65. Wound healing in small 
animals often rely on contraction for wound closure, while re-epithelialization is more 
predominant in man and pig104. Extensive contraction of the scar after a burn injury can lead 
to impairment of physical functioning and to a reduced quality of life105. 

5.2.2 Wound healing and the micrograft 
After transplantation the graft is initially held in place by fibrin, which acts as an adhesive. 
During the first 24 hours, the graft is ischemic in the sense that no circulation is achieved. It is 
sustained through a process that is known as ”plasmatic imbibition”. Fluid in the graft is 
replaced by serum from the wound bed, which keeps the graft moist and the circulation open 
for revascularization106,107. The fibrin binding is gradually replaced by granulation tissue, in 
the process of forming a permanent bond. Within 48-72 hours anastomoses between the 
dermis of the recipient site and the preexisting vessels within the graft are formed108 and 
during the following days a remodeling of the graft vasculature is initiated109. Full circulation 
is restored within 4-7 days36 and lymph flow is restored in parallel with the revascularization 
during the first week40. Re-innervation starts 2 to 4 weeks after the transplantation41 and 
restoration of sensation takes longer. 

Upon histological examination the micrograft has migrated half way to the skin surface by 
day 6 and by day 10 it is being incorporated into the wound exterior. Keratinocytes appear to 
migrate radially in all directions from the surface of the micrograft during the movement of 
the graft through the granulation tissue. Upon reaching the skin surface, the keratinocytes 
proliferate and provide re-epithelializiation. During the movement through the granulation 
tissue, the stratum corneum and the dermis of the micrograft are separated from the 
proliferating keratinocytes and expelled to the wound exterior. Although the dermal part is 
expelled, there is still collagen present in the center of the healing wound, which implies that 
the micrograft contributes to the regeneration of the dermis60. 
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5.3 ABOUT THE EXPERIMENT 
5.3.1 The benefit of a moist dressing 
In 1861, Hebra published a report on the treatment of burns in what he termed a “continuous 
bath”.  He treated patients with major burns in bathtubs for months and even years. Hebra 
reported that treatment in water reduced the patients’ pain, attenuated their weight loss, and 
literally kept them alive; he also reported that the patients died when the treatment in water 
was discontinued. During the second World War, Bunyan, a Medical Officer and Lieutenant 
Officer in the British Navy, treated many wounded soldiers with procedures based on this 
method110. When he used an irrigation fluid that contained bleach, he noticed less necrosis as 
well as a reduced rate of infection. In early work on the use of a moist healing environment, 
Winter describe that it prevents a dry scab from forming and through this, it increases the rate 
of re-epithelialization111. The experiment was done on Yorkshire pigs, on which split 
thickness wounds were created. Wounds in the treatment group were covered with a 
polyurethane film in order to be kept moist while the wounds in the control group were left 
exposed to air during healing. Only about half as much new epidermis was generated under 
the normal dry scab as in the wounds under the polyurethane dressings, which was found to 
be highly significant. It is discussed that the normal scab prevents dehydration and 
contamination of the wound but that this is done at the expense of a slower re-epithelialization 
rate, since migration of the keratinocytes is impeded by bundles of collagen in their path111. 
Premature removal of the dressing will cause death of the new epidermis from dehydration112.  
Later, the use of a wet environment in the treatment of partial thickness burns was evaluated. 
Using a new technique utilizing a liquid-tight vinyl wound chamber, Breuing et al. described 
less tissue necrosis, less inflammation and no eschar formation in fluid treated wounds113. 

Use of a fluid filled wound chamber has proven beneficial in treatment of wounds that had 
not responded to conservative or surgical treatment, including wounds where foreign bodies 
were present and wounds in patients with considerable co-morbidities114. In partial-thickness 
wounds re-epithelialization is faster in both a wet and a moist environment, compared to a dry 
environment115. The same has been confirmed for full-thickness wounds, with the addition 
that wet wounds re-epithelializes significantly faster than moist wounds116. Furthermore, 
autologous keratinocytes in a single cell suspension have been shown to survive and 
proliferate in the wet environment provided by the wound chamber117. In addition to a faster 
healing rate, wet wounds are associated with less inflammatory cellular infiltration, thicker 
neoepidermis, more pronounced rete ridge formation and a decreased scar tissue thickness118. 

The same concept can also be used to enhance healing in skin transplantation. When the 
concept of micrografting was first being developed55 it did not reach widespread popularity. 
One of the reasons was that there was a need to place each individual graft with the dermal 
side down59, which made the method cumbersome119. Instead, a method where the skin is 
meshed gained popularity120. While the meshing technique was easier to perform and less 
labor intensive, it could only produce an expansion ratio of 1:657, which can be unsatisfactory 
to cover large burns. Although micrografts could be expanded to a ratio of 1:957, large TBSA 
burns could still render the donor sites insufficient. Using a wound chamber to create a wet 
healing environment the orientation of a split thickness skin graft becomes irrelevant56 and it 
is possible to expand the harvested skin to a ratio of 1:100 by combining a wet healing 
environment with the micrografting technique60. The orientation independent healing can also 
be achieved using clinically available moist dressings with healing results comparable to 
those using a wet environment121 This enables covering a large portion of the body with skin 
from a small donor site and makes the process easier to perform. 

5.3.2 Pig as a model for human wound healing 
A variety of different animals have been examined for creation of a suitable model for 
research on wound healing, translatable to human skin. The skin of the domestic pig, sus 
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scrofa, seems to provide the most similarities to human skin122. It has been described to be 
almost indistinguishable from human skin with regards to physiological, anatomical and 
physical character123. The similarities extend to a degree that early examiners in some cases 
found it impossible to distinguish between the two in some aspects124. 

5.3.2.1 Anatomy 
The epidermis of the porcine skin is of similar thickness to that of human skin125 and in both 
species the thickness varies over different areas of the body4,126. The kinetics of the epidermal 
proliferation is comparable, but the total turn-over time is marginally longer in pigs. Porcine 
epithelium has a turn-over time of 30 days as opposed to the human epithelial turn-over time 
of 27 to 28 days127,128. The porcine epidermis consists of stratum corneum, stratum 
granulosum, stratum spinosum and stratum germinativum. Thus, the equivalent to the human 
stratum lucidum is lacking126. The organization of dermal papillae and rete pegs, as well as 
the number of cell layers in the different viable layers and the horny layers are alike between 
the two species125. Although the existence of melanocytes in the pigs skin is debated129 the pig 
is the only animal that can be sun burnt in the same way as humans123 

The dermal part of the pigskin is divided into two layers, the superficial papillary layer and 
the deeper reticular layer. The papillary layer consists of loosely arranged connective tissue 
elements and the reticular layer, which constitutes the major part of the dermis, consists of 
strong interlacing bands of fibrous tissue126. The elastic fibers are present at different densities 
on different parts of the animal126,130. Overall, the architecture of collagen fibers and fiber 
bundles, including three dimensional arrangement, shape and thickness of the individual 
fibrils are similar in human and porcine skin. The porcine collagen evokes minimal or no 
immunological response in man130 and due to this, preparations of pig collagen can be used 
for wound healing purposes131. 

Eosinophils are found in large numbers, in particular in the papillary layer. Also mast cells 
are present throughout the porcine dermis, especially in the papillary layer in association with 
the blood vessels. The concentration of mast cells is higher in pig than in man126. Mirroring 
the greater number of mast cells is a greater mast cell response to stress122. The skins 
vasculature is similar in pigs and humans, in that it has a lower, a mid-dermal and a 
subepidermal plexus124. The mid-dermal plexus, however, is less distinct in pigs132,133. Also, 
the pilo-sebaceous apparatuses in man are highly vascularized while those in pig are not133. 
An important similarity between human and pigskin is that both species utilize fat rather than 
fur for insulation. The lack of fur increases the role of regulating the blood flow through the 
skin in the thermoregulation of the pig, which is something that is also seen in humans132. As 
in humans, the adipocytes are deposited in pockets of elastic and collagenous tissue. Similarly 
between the species, the fat layer varies with different sexes and age groups as well as with 
anatomical sites and nutritional status. A difference, however, is that the fat layer is more 
pronounced in the pig122. 

The hair of the pig shows a follicular pattern that is rather sparse and is arranged in single 
hairs or groups of 2 or 3 follicles, which is similar to man126,134. This is unique in that the pig 
is the only mammal readily accessible to biomedical experimentation that shows a sparse coat 
of hair similar to man122. As in man, the follicles cycle independently from neighboring 
follicles104. It is important to recognize the adnexal structures when discussing the benefit of 
using the pig as a model for human wound healing since these structures, including hair 
follicles, contribute to re-epithelialization104. The density of hair follicles is constantly around 
25 per cm2 in pig134, while the density in man varies greatly over different parts of the body. 
Another distinct difference is that the pig has interfollicular smooth muscle units in the 
epidermis. These muscles, as opposed to the arrector pili, seem to have little effect on the 
erection of the hairs135. In further examination of the adnexal structures, it can be noted that 
the porcine sebaceous glands resemble those of other mammals133. The pig also possesses 
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sebaceous glands in the eyelids that are large and multi lobulated, which are not considered to 
be meibomian glands133. A significant difference is that the pig has apocrine glands instead of 
the eccrine sweat glands found in human skin. There are no eccrine glands in porcine skin, 
except in the snout, lips and “carpal organ”133. 

The keratinous proteins of pigs and man are similar136 and the overall histochemical profile 
of the enzyme pattern of the epidermis agrees well between the two species. The oxidative 
enzymes show a high degree of activity in all layers of the epidermis except the stratum 
corneum. A difference is that the pig skin shows a strongly positive acetylcholinesterase 
activity in the stratum spinosum and the stratum granulosum of the epidermis and a positive 
alkaline phosphatase activity in the basal parts of the rete ridges, while human skin does 
not122. The combination of skin surface lipids is similar and the lipids of both species are 
composed of triglycerids and free fatty acids, which differs from the skin surface lipids of 
densely haired mammals137.  

5.3.2.2 Similar results 
5.3.2.2.1 Dressings 
As discussed above, healing in an occlusive environment can be beneficial. Early experiments 
showing that a moist environment is beneficial was first performed in pigs and then confirmed 
in humans111,112. In many studies after these, results have been similar in the two species. For 
example, treatment with hydrocolloid dressing show increased healing in both pig138 and 
man139-143. When using semi permeable polyurethane dressings to treat partial thickness 
wounds in pigs138,144, re-epithelialization increases in a similar manner to that when using the 
same treatment in humans145-149. Full-thickness wounds are also affected by occlusive 
dressings in the same manner in pigs and humans150,151. It is also possible to use pig models 
for study designs that, due to ethical reasons, cannot be performed in humans subjects, for 
example to study the impact of occlusive dressings on wounds inoculated with different 
pathogens152. 

5.3.2.2.2 Antibiotics 
The study of antibiotics is another area where the use of a porcine model is beneficial. In vitro 
systems are often delicate and fragile, and accordingly the evaluation of antibiotics in vitro 
often show toxicity104. The testing of povidone-iodine is a good example. When tested in 
culture it shows toxicity to keratinocytes and fibroblasts even at low concentrations153,154. In a 
pig model, however, the healing is not impaired155, which reflects the results when testing on 
humans156. Also the antibiotic combination of bactracin, neomycin, and polymyxin B sulfate 
are shown to be cytotoxic in culture154,157, while they have also been shown to increase 
healing rate in porcine155 and human104 studies. Since a porcine model is more robust, in the 
sense that it has a greater homeostatic context and more compensatory mechanisms that 
counteract the disturbances created by adding antimicrobials and other substances, the results 
are more similar and more translatable to human healing than the results from in vitro 
studies104. 

5.3.2.2.3 Growth factors 
Also growth factors have been extensively studied in pig models with excellent agreement 
with human studies104. Epidermal growth factor (EGF) increases the rate of healing of partial 
thickness wounds in pigs158-161, which is similar to the results in human outcome studies162. It 
is important, however, to notice that not all results from humans point in the same 
direction163. Interleukin (IL)-1α is another example of the benefit of using pig as a wound-
healing model. While it impairs wound strength is rats164, it enhances healing in both pig and 
man104. The disparity might be due to the fact that both pigs and humans heal through re-
epithelialization while healing in mice relies on contraction. This is further illustrated by the 
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study of basic fibroblast growth factor (bFGF) which acts on fibroblasts and shows tendencies 
toward improving healing in rabbit165,166, guinea pig167 and diabetic mice168,169. In pigs, the 
results are not totally uniform, but the evidence mainly points toward that it does not improve 
the rate of re-epithelialization170, which is similar to results presented from human patients171. 

The above mentioned similarities in treatment outcome is meritoriously discussed by 
Sullivan et al. who conclude that there is an agreement in results between human and pig 
studies in 78% of the time, while the agreement is 53% and 57% for small-mammal and in 
vitro studies respectively104.  

5.3.2.3 Other factors 
Apart from the aspects focusing on the anatomical and physiological similarities, one must 
take other elements into consideration when choosing an animal as a model of human wound 
healing. For predicting how the healing will behave and how different treatments will perform 
in a clinical situation in humans, it would be best to try the treatment in just that – a clinical 
situation in humans. Factors such as insufficient sample sizes, difficulties in objective 
measurements and ethical considerations rightly encumber the use of humans in research. In 
selecting an animal, one must consider availability, cost, ease of handling, investigator 
familiarity, and anatomical and physiological similarity to humans. Even though small 
mammals are inexpensive and easy to handle, they differ from humans in significant ways. 
They have dense body hair, thinner skin, and more importantly, they heal primarily through 
wound contraction and not re-epithelialization. In addition, the porcine physiology is similar 
to that in humans, and most organ systems are similar in anatomy and function. Something to 
consider is that the frequent handling, the wounding, the anesthesia and other factors related 
to wound healing research affects the pig and thus the results. It can be argued that the wound 
healing in the pig model might be of greatest resemblance to that of a severely ill patient, 
rather than to that of a healthy person. All things taken into account, however, the pig is 
considered to be an excellent model for human wound healing104. 

5.3.3 Regarding the medication 
5.3.3.1 Anesthesia 
For this inducing anesthesia, a combination of Telazol and xylazine was used. Telazol is an 
equal weight (1:1 ratio) combination of tiletamine hydrochloride (HCL) and zolazepam 
hydrochloride172. Tiletamine HCL is an injectable anesthetic related to, but more potent than 
ketamine. Zolazepam HCL is a benzodiazepine with similarities to diazepam. Xylazine HCL 
is a sedative and has analgetic and muscle relaxant effects173. The two substances have been 
used to immobilize a number of species, including sea lions174, red howler monkeys175, polar 
bears176, rocky mountain elk177, giant Chacoan peccarines178, porcupines179, and Ethiopian 
wolves180. While the effect of Telazol by itself is sufficient for immobilizing many species, 
the combination of Telazol and xylazine is superior for use in domestic pigs173. The 
combination has been described to provide rapid induction and smooth recoveries, and allow 
the animals to quickly recover to a releasable state173 and has been used in a variety of 
ambient temperatures with no long term effects noted181. The combination of Telazol and 
xylazine provides a safe and predictable immobilization of sus scrofa and this anesthesia and 
analgesia alone is adequate for short surgical procedures181.  

For longer surgeries it is necessary to use additional agents to maintain an adequate degree 
of anesthesia. Desflurane, servoflurane and isoflurane are the anesthetics of choice for use in 
swine182 and isoflurane has been described to provide a safe and reliable method for smaller 
surgeries in pig183. 
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5.3.3.2 Pain management 
The treatment of postoperative pain in animals poses two major problems. First, the 
assessment of the animals symptoms is difficult for a human observer, and second, there has 
been a lack of suitable drugs for the treatment of enduring pain184. While humans are able to 
self-report pain and even self-administer analgesic agents185, animals have to rely on man for 
an adequate pain management, and researchers have to assess the pain in a reliable manner. In 
reaction to pain, the behavior of the pig changes in various ways. Acute phasic pain is 
associated with vocalization and a vigorous flight response. Tonic pain present in a more 
subtle manner with changes in gait, posture, behavior and activity level. Examples of this 
include walking on tip-toe and guarding or deflecting an area that has been operated on. There 
are also general changes in behavior that are associated with pain, such as inactivity, 
depression, aggressiveness, head pressing, stereotypic chewing and isolation from social 
interaction184. 

After surgery in an experimental setting pigs often experience significant postoperative 
pain. Most opiates, such as morphine, have a short half-life in pigs, and are of limited use. 
Administering an agent with a short half-life would require frequent doses or a continuous 
infusion. Restraining the animal frequently could cause a substantial amount of distress to the 
animal, which could outweigh the benefit of the drug184. Continuous infusion requires either 
constant restraint or an elaborate portable infusion pump apparatus, which both are 
cumbersome methods. 

Fentanyl is a potent, synthetic, short acting opioid. It has a potency that is 75 times higher 
than that of morphine and it is lipophyllic, which makes it suitable for transdermal 
administration. After application, the absorbed fentanyl forms a local depot, which is released 
into the system via the local capillaries184. After 6-12 hours, which is the initial equilibration 
period, the bioavailability of transdermal fentanyl is similar to a steady state infusion 
comparable to a continuous intravenous infusion in man184. When applied transdermaly, the 
drug can be administered for up to 72 hours per patch application, without the need for re-
dosing186. Due to the similarity of pigs skin to human skin, as discussed above, there is reason 
to believe that transdermal application of fentanyl will be absorbed in a similar manner to that 
in humans. An important anatomical similarity in this aspect is that pigs, like humans, have a 
significant direct musculocutaneous arterial supply187, which suggests that the uptake of 
transdermal drugs may be similar in the two species. This differs from most other 
domesticated species, where most of the skin surface has an indirect blood supply from 
perforating branches from the blood supply to underlying tissues, such as muscles. Also 
important is the fact that pig skin is moderately permeable to polar and non-polar agents184. 

In their study on transdermal fentanyl and buprenorphine, Harvey-Clark et al. conclude that 
transdermal application of fentanyl is a cost effective means of delivering basal analgesia 
following major surgery in pigs184. 

Buprenorphine HCL by intramuscular injection blocks thermal and mechanical phasic pain 
in domestic swine for a duration of 7-24 hours and it can be used initially as a complement to 
enhance the analgesic effect during the first hours after surgery184. 

5.3.4 Measuring the healing process 
The collagen content of a histological slide can be examined using Masson´s trichrome 
staining. Positive stain for collagen in the wound reveals the macroscopic characteristics of a 
developing dermis. The trichrome also shows a clear distinction between unwounded dermis 
and scar tissue60. The importance of regenerating the dermis in order to achieve a good quality 
of wound healing is suggested by several publications188-191. 

Collagen I is the predominant type in healthy dermis. The portion of collagen III is only 
around 10-20%. In the granulation tissue formed after wounding, however, the portion of 
collagen III is increased to around 30%99,100. Even though the function of this early deposition 
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of collagen III is unclear65, its portion in relation to the amount of collagen I can be used to 
evaluate the healing progress192. 

The dermal-epidermal junction is important in the skins resistance to sheer stress, and 
through development of rete ridges its length is increased which provides a stronger junction. 
Thus, the number of rete ridges has often been used as an indicator of strength of the dermal-
epidermal junction39,118. 

In order to establish the integrity of the neoepidermis, its thickness is measured. Okwueze 
et al. describe a four-tiered, semiquantitative grading system based on epithelial presence, 
degree of stratification, degree of differentiation and maturational features of the granulation 
tissue193. The different stages of healing are titled Class I-IV. The rating system has been 
repeated by other authors39. Even though the system seems accurate and replicable, it is 
unsuitable for this study, since it was developed for partial-thickness wounds and we used full 
thickness wounds. 

Immunohistological staining can be used to study specific factors in the healing process. In 
order to determine the number of proliferating cells associated with a micrograft, the slides 
can be stained for Ki-6760,193,194. Positively stained cells are then confirmed to be 
keratinocytes through pancytokeratin staining60 

Von Willebrand factor is in part produced in endothelial cells195 and is an important agent 
in the regulation of wound healing196,197 By staining for von Willebrand factor, the number of 
proliferating vessels in a healing wound can be assessed198. CD31 is an important adhesion 
molecule in endothelial cells199 and although there is some contradictory evidence around the 
matter, there is a consensus that CD31 is a sensitive marker for endothelial cells200,201 and that 
capillary density can be measured using stain for CD31194. Immunohistochemistry can also be 
used to assess the development of the new basement membrane through staining for collagen 
IV60, since this is one of its primary constituents. 

To judge the inflammatory response in the wound bed, macrophage infiltration can be 
determined193. It is known that macrophage influx decline as a wound matures64. On the 
contrary, apoptotic cells increase in number as a wound matures and quantitative 
morphometric analysis of apoptotic cells can be used to assess the wound maturation193 

Contraction of the wound can be measured in more than one way. Tattooing the wound 
borders at the start of the experiment, allows for measurement of the macroscopic contraction 
through photography of the wound during the healing process. To measure the width of the 
wound, and thereby the contraction, on a microscopic level, the width of the granulation 
tissue can be measured39. Also thickness of granulation tissue has been measured during 
healing193. Granulation tissue thickness portrays dermal events during wound healing39 and 
can be considered an appropriate assessment tool for immature wounds with a low degree of 
re-epithliealization193. Transplantation of micrografts or STSGs has previously been shown to 
produce a thicker granulation tissue than non transplanted control wounds39. 

Different ways of scoring healing as a whole by numbering its different stages in the 
different parameters discussed above has also been described194,202-204. 

Scarring is also of interest in the study of wound healing and there are many subjective 
scales that can be used to characterize the morphological parameters of a scar27. More 
objective methods include tracing on a transparent plastic sheet205 and photographical205 or 
digital planimetry206. The height of the scar is an indicator of its overall collagen content207 
and the total thickness can be measured with ultrasound208. There are also three-dimensional 
imaging devices that can provide the scar volume in a rapid and noninvasive manner209. This 
is useful, for example, for monitoring the results of a steroid treatment. Scar color can be 
graded subjectively207 or spectrometically210. Mechanical parameters can be measured ex vivo 
or in vivo. Ex vivo measurements are invasive, and factors such as extracellular matrix 
orientation and composition, tensile strength and scar elasticity can be evaluated. Analysis in 
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vivo is usually based on application of a force to the scar, and measurement of the resulting 
tissue displacement. This is commonly done with application of suction, pressure, tension or 
torsion211. Physiological properties can also be quantified in addition to physical 
characteristics. This includes scar contraction212, barrier function, thermoregulation, 
photoprotective properties213, sensory properties214 and immune function215,216. 

5.3.5 Previous research at the Laboratory of Wound Repair and Gene Transfer 
After evidence that use of an occlusive dressing to create a moist healing environment could 
prevent deepening of the wound and prevent eschar development, as well as increase rate of 
re-epithelialization111,138,144,217, the group developed a fluid filled wound chamber that allows 
control of and sampling of the microenvironment, by sampling the fluid in the chamber113. 
The wet environment itself also proved to be beneficial for the healing process113,115 and to 
reduce scar formation118. The wound chamber has been used to study healthy animals and 
animals with impaired wound healing218,219 and has also been used in combination with 
antibiotics in the treatment of chronic, non-healing wounds in humans114,220. 

Experimentation with minced skin started with a mincing device constructed from four 
scalpel blades placed perpendicular to each other to form a point. This device was rotated on 
the skin surface in a drilling motion to create minced skin at the edges of the blades and 
transplantation of the minced bits proved to accelerate re-epithelialization and delay 
contraction221. The concept of utilizing minced skin was improved with the invention of a 
novel mincing device, which is used today. The device has 24 parallel, rotating cutting discs, 
spaced 0.8 mm apart and is run over a split thickness skin graft two times in perpendicular 
directions to create 0.8 mm x 0.8 mm squares61. After its invention, this device has been 
extensively used and the micrografts produced has been proven to produce a comparable 
result to transplantation of STSGs39. The fact that split thickness skin grafts can survive and 
contribute to healing when placed upside down if they are kept in the liquid environment 
provided by the wound chamber56 facilitated micrograft use, since the micrografts take 
regardless of their orientation60. Thus, there is no need for placing the individual grafts dermis 
side down, which makes the technique less cumbersome. Use of a wet environment also 
enables an expansion ratio of 1:100, which has previously been impossible without the use of 
in vitro culturing60. Similar results have also been achieved using a moist dressing, which is a 
more clinically available alternative121. 

5.3.6 The rationale for using a smaller micrograft 
As mentioned above, keratinocytes proliferate from the edges of the wound as well as from 
the border of a graft during healing55,56. Lengthening the graft border will thus accommodate 
more proliferating keratinocytes and will increase the potential effect of the transplant, which 
is the rationale of the micrograft technique. Dividing a square into four smaller squares of 
equal size doubles the border length, and repeating the procedure will double the border 
length again (figure 5.3.6). In geometric reasoning, this could in theory provide a border 
length reaching infinity. This is, of course, not the case in reality but it illustrates an important 
concept. Decreasing the size of the micrografts is an easy way of increasing the proliferative 
potential. However, decreasing the size will also increase the difficulty of the transplantation 
procedure, and will most likely make the grafts more vulnerable to the stress that the 
procedure causes. Due to this, it is relevant to investigate whether a smaller graft size will in 
fact provide a better healing result, as well as to determine the graft size where the healing 
results are optimal. 
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Figure 5.3.6 Dividing a micrograft will increase the border length. As a square is divided into 
four equal squares, the border length will double. This is utilized in the micrografting technique, 
as it increases the proliferative potential of the skin graft. Figure adapted from Meek55. 
 
5.3.7 Aim and hypothesis 
The aim of this study is to continue the work on the development and optimization of skin 
transplantation by micrografting. Different wound healing parameters will be studied for 0.8 
mm micrografts and for 0.3 mm micrografts. The hypothesis is that wounds transplanted with 
0.3 mm micrografts will heal faster than wounds transplanted with 0.8 mm micrografts. 
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6. Method 
6.1 Animals 
For the experiment a female Yorkshire pig (Parson’s Farm, Hadley, MA) weighing 54 kg was 
used. All animal procedures were approved by the Harvard Medical Area Standing 
Committee on Animals (protocol #00693) and conformed with regulations related to animal 
use and other federal statues. The pig was allowed to acclimatize for five days prior to 
initiation of the experiment, and was kept in a custom-made, smooth-sided, stainless steel 
cage to minimize wound trauma and disruption of applied dressings. 

6.2 Preoperative preparations 
The pig was fasted for 8 hours before the surgical procedure. On the day of the operation, 
anesthesia was induced with tiletamine/zolazepam (Telazol® 4.4 mg/kg, Fort Dodge Animal 
Health, Wyeth, Pfizer Inc., New York, NY) and xylazine 2.5 mg/kg (AnaSed® Injection, 
Akorn, Decatur, IL) by means of intramuscular injection. General anesthesia was maintained 
with inhaled isoflurane, 1.5 to 2.5 % (IsoSolTM, VEDCO Inc., St. Joseph, MO) on snout 
mask and later on endotracheal tube. During the operation, the animal received sodium 
chloride 0.9% trough intravenous infusion through a 20-gauge intravenous catheter inserted 
into an ear vein. Postoperative analgesia was achieved through transdermal fentanyl patch (25 
mcg/hr, Par Pharmaceutical Companies Inc., Spring Valley, NY) and intramuscular injection 
of Buprenorphine 0.005 mg/kg (Buprenex® Injectable, Reckitt Benckiser Pharmaceuticals 
Inc., Richmond, VA). 

The paraspinal area of the porcine dorsum was depilated using wax and razors. After 
marking the wound borders using a template and surgical marker, the borders where tattooed 
using an electric tattoo marker and India ink. 10% providone-iodine and 70% isopropanol was 
used to clean the area before starting the operation. 

6.3 Harvesting of split-thickness skin grafts 
Before skin harvest, the designated area was wetted with saline solution. A split-thickness 
skin graft was harvested from each lateral thigh region using a Zimmer pneumatic dermatome 
(Zimmer Holdings, Inc., Warsaw, Ind.). Each graft measured 5 cm x 12 cm and had a 
thickness of 12/1000 of an inch. Donor sites were covered with petroleum gauze and dry, 
sterile gauze secured with tape.  

6.4 Wounding procedure 
24 standardized (2.5 cm x 2.5 cm) full thickness wounds where created on the dorsum of the 
animal, using a scalpel. Wounds were separated by at least 4 cm of unwounded skin. 
Hemostasis was achieved by packing the wound with sterile gauze and complete hemostasis 
was achieved before skin grafting.  

6.5 Mincing and meshing 
0.64 mm2 micrografts were created using a handheld mincing device with a central array of 
24 parallel rotating cutting discs spaced by 0.8 mm (Xpansion Micrografting System; Wright 
Medical Group, Inc., Arlington, Tenn). The split-thickness skin graft was placed dermis side 
down on a rubber mat and the mincing device was run over the graft twice, in perpendicular 
direction, creating square micrografts with a border length of 0.8 mm. The mincing device is 
further described and depicted by Hackl et al60,121. 

0.09 mm2 micrografts were created using the same method but using a prototype of the 
same device with the cutting discs at a 0.3 mm distance from each other. The harvested 
STSGs were divided into 1.8 x 1.8 cm pieces before mincing in order to produce a 1:2 
expansion ratio. The mincing produces 3600 0.09 mm2 grafts and 500 0.64 mm2 grafts per 
wound. For the meshed group, the grafts where meshed at a 2:1 ratio using a Brennen Skin 
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Graft Mesher (Brennen Medical, Inc., St. Paul, Minn). During processing all grafts were kept 
moist by application of keratinocyte culture medium (Epilife; Life Technologies, Grand 
Island, NY). Before performing the experiment, grafts made with the two mincers were 
observed under microscope to confirm their size. 

6.6 Transplantation 
Transplantation was done immediately after mincing and meshing. All groups were expanded 
by a ratio of 2:1. The meshed skin grafts where sutured to the wounds using 5-0 vicryl sutures 
(Ethicon Inc., Somerville, NJ), one in the corners of each graft, as well as on in the center of 
the graft. 

6.7 Dressing 
After the grafting procedure dressings were applied to each wound. 1 ml hydrogel 
(TegadermTM Hydrogel, 3M Health Care, St. Paul, MN) was applied to keep the wound moist. 
Foam dressing (TegadermTM Foam, 3M Health Care, St. Paul, MN) was cut to the same area 
as the wounds and sutured (3-0 Ethilon, Ethicon, San Angelo, TX) to the unwounded skin on 
the sides of the wound. Dry gauze was applied over the foam dressing and secured with 
medical tape. 

6.8 Experimental groups 
This study consisted of a total of 24 wounds divided into four groups as follows: (1) 0.3 x 0.3 
mm micrografts transplanted at an expansion ratio of 2:1, (2) 0.8 x 0.8 mm micrografts 
transplanted at an expansion ratio of 2:1, (3) STSGs meshed to an expansion ratio of 2:1 and 
(4) a non-transplanted control group. 

6.9 Biopsies 
Diagonal, full thickness, excisional biopsies were taken on day 3, 7, 10 and 14. The biopsies 
where 5 mm wide and included two diagonally opposing corners and the tissue between them. 
Two wounds each from group 1 and 2, and one wound each from group 3 and 4 were biopsied 
on each date. All wound dressings were changed on each biopsy date. 

6.10 Wound contraction 
Wound contraction was determined by digitalized planimetry of the tattooed margins. The 
area was measured using in image analysis freeware (ImageJ, http://imagej.nih.gov/ij/) and is 
expressed as a percentage of its original size on day 0.  

6.11 Histological evaluation 
The biopsies were stained with hematoxylin and eosin and Masson´s trichrome and examined 
using an Eclipse E400 light microscope and images were captured using a DS-Fi1 camera 
(Nikon Corporation). All analyses were performed on the trichrome slides. 
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7. Results 
7.1 Re-epithelialization 
Full thickness diagonal biopsies taken on day 3, 7, 10 and 14 post transplantation were stained 
with Masson´s trichrome and evaluated for epidermal regeneration, which is expressed as the 
percentage of the original wound size that is covered with epithelium. On day 3, none of the 
groups showed a substantial degree of re-epithelialization. On day 7 the wounds in the 0.8 
mm group had re-epithelialized to an extent of 53.1% (±38.6) and the STSG group had re-
epithelialized to an extent of 59.2%, which was higher than the 0.3 mm group (29.2% ±13.6) 
and the control group (12.1%). On day 10 the 0.8 mm group was fully re-epithelialized and 
the STSG group was re-epithelialized to an extent of 90.1%. Both groups were distinctly 
higher than the 0.3 mm group (17.2%±0.7) and the control group (43.5%). On day 14 both the 
0.8 mm group and the STSG group were fully epithelialized, as opposed to control group 
(52.5%) and the 0.3 mm group (70.4%). The overall tendency for all the groups is an 
increased degree of re-epithelialization over time (figure 7.1). 
 

 
Figure 7.1 Re-epithelialization is shown in percent for the different time point, and the 
mean of each group is indicated by the height of the bars. Error bars indicate range. There 
was a tendency towards increased re-epithelialization over time within all groups. 
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7.2 Number of proliferating grafts 
To determine the reason why there was a lower degree of re-epithelialization in the 0.3 mm 
group, it is of interest how many grafts survived. In general we see a tendency toward fewer 
total grafts as well as fewer surviving grafts as time progressed (figure 7.2.1). The number of 
proliferating 0.3 mm grafts decrease to zero by day 14. A few 0.8 mm grafts, though, were 
found and were contributing to re-epithelialization. Picture 7.2.2 and 7.2.3 show clusters of 
0.3 mm micrografts at two different time points.  
 

 
Figure 7.2.1 Number of proliferating grafts decrease as time progresses in both groups. Means 
are indicated by the heights of each bar. Error bars indicate range. Notice that one value on day 3 
in the 0.3 mm MG group has been excluded from the graph. This value is 42, which leaves the 
mean just inside the y-axis limit at 21. 
 
 

 
Figure 7.2.2 Using Masson´s trichrome, the collagen content is stained blue. This picture illustrates staining of 
viable 0.3 mm MGs in a cluster, after 3 days. The length of the reference bar is 1000 µm. 
Figure 7.2.3 At day 14, a similar cluster is found to be less vital. No viable collagen is found within the grafts of 
the cluster. The length of the reference bar is 500 µm.
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7.3 Contraction 
At the initial wounding procedure, the wound borders were tattooed with India ink. Wound 
contraction was measured by photography and computerized planimetry of the wound borders 
during the healing process. The results at the different time points are expressed as a 
percentage of the original size of that individual wound. All treatment groups showed a larger 
surface area on day 3, due to tension in the skin expanding the wounds, and all groups showed 
increased contraction as time progressed (figure 7.3). On day 10 and day 14, the 0.3 mm 
group had contracted the most (58.6% and 45.2%) and STSGs showed the least degree of 
contraction (88.8% and 68.3%). 
 

 
Figure 7.3 Wound contraction increased over time within all groups, after an initial 
increase due to skin tension. Error bars indicate SD..
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7.4 Granulation tissue width 
Granulation tissue width was used as another measurement of contraction. The values were 
calculated as a percentage of the original, theoretical, wound size. While the photographic 
measurements were compared to the same individual wound, this was impossible in 
measuring the granulation tissue width, since the wounds had to be biopsied in order to 
perform the histological evaluation. Instead, the results were compared to the size of the 
template used to create the wounds. As with the planimetric analysis there was an overall 
tendency for increased degree of contraction with increased time (figure 7.4). Contraction in 
all different groups progressed at a similar rate. 
 

 
Figure 7.4 Granulation tissue width decreased over time in all groups, in a manner 
similar to the rate of macroscopic contraction. Error bars indicate range. 
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7.5 Granulation tissue thickness 
The thickness of the granulation tissue was measured at three different locations in each 
wound. In all groups, there was a tendency towards an increased granulation tissue thickness 
over time (figure 7.5). On day 3, no group had developed any considerable amount of 
granulation tissue. On day 7, the STSG group (8719.3±242.1 µm) had a thicker granulation 
tissue than the 0.8 mm group (5675.6±751.8 µm). Also the granulation tissue of the 0.3 mm 
group (8297.1±1563.5 µm) and the control group (8375.01±2549.6 µm) were thicker than the 
0.8 mm group. On day 10, the 0.3 mm group (8582.1±1649.6 µm) had the thickest 
granulation tissue and the 0.8 mm group (6216.5±2701.9 µm) had the thinnest. On day 14, the 
granulation tissue of the 0.3 mm group (10776.4±1476.9 µm) was thicker than the control 
group (7338.3±585.4µm) and the 0.8 mm group (8310.9±992.6 µm). 
 

 
Figure 7.5 Granulation tissue thickness increased over time in all groups. After a considerable 
increase from day 3 to day 7, all groups maintained their thickness. The 0.3 mm MG group had the 
thickest granulation tissue at the last time point. Error bars indicate SD.
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7.6 Epithelial thickness 
Epithelial thickness was measured in the wounds that were fully epithelialized or close to 
being fully epithelialized. The thickness of healthy epithelium as measured in the same pig 
was 114.512 (± 36.532) µm, and is indicated as “Normal” in the graph. On day 3 and 7, none 
of the wounds had an epithelium that was possible to measure. On day 10, the 0.8 mm group 
hade the thickest epithelium with 225.1 µm (± 97.4), which was thicker than the STSG group 
(131.7 µm). The control group and the 0.3 mm group had not yet produced a measureable 
epithelium. On day 14, the STSG group exhibited the thickest epithelium with 153.2 µm. The 
control group was still not measureable at the last time point due to a low degree of re-
epithelialization (figure 7.6). 
 

 
Figure 7.6 Epithelial thickness was close to normal in all treated groups at the last time point, 
while the epithelial thickness of the non transplanted control wounds was still not measurable. 
Error bars indicate range.
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7.7 Rete ridge formation 
In healthy, normal pig skin it has previously been shown that there are 7.8±1,8 rete ridges per 
millimeter60. When measured in normal skin in the same pig, the number was found to be 6.8 
(± 1.7). The mean of these two numbers is indicated as “Normal” in the graph. Number of rete 
ridges per millimeter in the healing wounds was measured where they had started to develop. 
On day 7, the 0.8 mm group showed 3 rete ridges per millimeter. The other groups had not yet 
started developing the ridges. On day 10, also the STSG group had started to show rete ridge 
formation with 5 per millimeter. In the 0.8 mm group at this time point the number was 8.25. 
On day 14 all groups exhibited rete ridge formation. The STSG group had the highest number 
at 11,25 and the 0.8 mm group was second at 5.5. The lowest number of rete ridges was in the 
0.3 mm group (3.8 ± 1.1), which was lower than the control group (4) (figure 7.7). 
 

 
Figure 7.7 Rete ridge formation is a reflection of the strength of the dermal-epidermal 
junction. The 0.8 mm MG groups showed the first development of rete ridges, while the 
STSG group showed the highest density of rete ridges at the last time point. Error bars 
indicate range. 
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8. Discussion 
8.1 Short summary of the results 
A total of 24 wounds were analyzed, and all groups showed a trend towards increased re-
epithelialization as time passed. On the last day, the 0.8 mm group and the STSG group were 
fully epithelialized, while the 0.3 mm group and the control group where not. On histological 
examination, the 0.8 mm group showed a number of proliferating grafts. Also the STSG 
group showed graft take and proliferation. In the 0.3 group, however, no surviving grafts were 
found on the later time points. The re-epithelialization in the 0.3 mm group was due to 
migration from the wound borders and not due to migration from the transplanted grafts. On 
two slides, from different time points, clusters of grafts were found. 

All groups showed a similar degree and progression of contraction. Epithelial thickness 
showed a similar result between the groups on the later time points. The number of rete ridges 
was higher in the STSG group than in the 0.8 mm group, which in turn was higher than in the 
0.3 mm group. No data of epithelial thickness or number of rete ridges is available on the 
earlier time points since both these variables are dependent on a high degree of re-
epithelialization. Thus, no analysis of the progression is possible.  

8.2 Why did the 0.3 grafts not survive? 
The 0.3 mm MGs could have been floating in the hydrogel. When trying to culture MGs in 
vitro, the grafts are allowed to sit in a collagen-coated dish for a period of time before adding 
medium in order to let them adhere to the dish. When adding medium too early, the grafts are 
flushed away and detach, and there seems to be an increased tendency for detachment in the 
smaller grafts compared to the larger ones. The same could be true when transplanting grafts 
to wounds, and this would leave the smaller grafts floating in the hydrogel. This would 
provide a reduced take rate of the 0.3 mm grafts and inferior healing parameters. This is 
supported by the fact that we cannot find 7 times as many 0.3 mm grafts, as the number of 
transplanted grafts would suggest. This could be addressed by using an interface layer, as 
discussed below, or by letting the grafts sit for a longer time before adding the hydrogel to 
allow a better adherence. 

Another theory for the lesser degree of success in the 0.3 mm group is that the mincing 
process itself is different on a microscopic level. In the mincer where the cutting discs are 
further apart, there is room between the blades for the skin to expand. When the discs are 
placed at a smaller distance, however, the room between them is miniscule and instead of 
allowing the skin to expand between the blades, it might get crushed. Use of a soft cutting 
surface could enhance this effect. 

Another possibility is that the smaller grafts would be more susceptible to desiccation 
during the processing. A larger graft should be more resilient against drying due to its larger 
volume to surface ratio and greater mass. Processing the smaller grafts is a more time 
consuming process, which extends the “dry time” and with this also the exposure of the 
smaller grafts. Arguing against this is the fact that the grafts were kept moist in keratinocyte 
culture medium during the whole mincing process. The only time that the grafts were not kept 
moist was during the transplantation, which only takes seconds. 

The 0.3 mm grafts could also have dried out under the dressing. This could lead to 
desiccation of the grafts or could increase the risk of graft adherence to the foam dressing 
which could lead to them being removed as the dressing is taken off. This was addressed by 
refilling the hydrogel in the wounds during dressing changes. 

Another theory is that the skin could have been damaged during harvest. This, however, is 
unlikely since a regular Zimmer dermatome, of the same type that is used in clinical practice, 
was used to harvest the skin. Upon ocular examination, the graft seemed vital. This in 
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combination with the fact that the other groups, which were also harvested with the same 
dermatome, showed greater healing results renders this theory improbable. 

The last theory is that the graft might have been damaged in the transplantation process. 
This is also unlikely, however, since the 0.8 mm group was treated in the same manner and 
showed better healing results. Also this method has been used in the past with success. 

8.3 Why were so few 0.3 mm MGs found in the wounds? 
From the number of grafts transplanted to the wounds at the beginning of the experiment, we 
would expect to find around seven times as many 0.3 mm MGs as we would 0.8 mm MGs. As 
is evident from the graph (figure 7.2.1) this is not the case. A possible explanation to this is 
the clustering phenomenon that was found in the wounds of the 0.3 mm group. Figure 7.2.2 
and 7.2.3 show collections of grafts in wounds transplanted with 0.3 mm MGs. No such 
collections were found in the 0.8 mm group. If this is commonly occurring within the wounds 
transplanted with the 0.3 mm MGs, a cross-section taken for histology might miss other 
clusters, which would give a false low number. This phenomenon could be because of 
increasing difficulty of handing with decreased graft size. The smaller size of the 0.3 mm 
MGs might make it more difficult to separate the individual grafts from each other in the 
transplantation process, which would result in the clusters described. 

8.4 Regarding contraction and granulation tissue width 
Both the macroscopic measurement and the granulation tissue width represent the degree of 
contraction. The results from these two measurements, however, differed to an extent. This 
can be due to the fact that the macroscopic measurement rates the contraction of the surface 
while the histological examination measure it on a deeper level. Many of the slides showed a 
distinctively different degree of contraction at different depths. If one is to trust one of the 
measurements, it is better to consider the macroscopic measurement since this closer 
represents the closing of the wound. 

Another factor is the fact that the measurement of the granulation tissue width is inexact 
since the border between the granulation tissue and the healthy tissue can be rather diffuse, on 
histological examination. Although all the different samples are measured the same way, and 
are thus comparable to each other, this could result in different baseline of the data. This 
might account for the overall lower numbers. 

Furthermore, the sides of the wounds, compared to the corners, tend to show a higher rate 
of contraction toward the wound center. The distance between two opposing corners will thus 
decrease at a slower rate than the distance between two opposing sides. This will result in a 
slower progress of contraction if it is measured diagonally. The last thing that we cannot 
forget is the fact that a 50% decrease in area equates to roughly a 30% decrease in diagonal, 
given that the wound is square. Due to these factors, the two measurements of contraction are 
not interchangeable. 

Taking all these factors into account, both measurements can be said to show the same type 
of trend, namely increased degree of contraction with increased amount of time. 

8.5 Why did the re-epithelialization for the 0.3 group decrease at 10 days? 
The results show a decrease in epithelial area from day 7 to day 10 in the 0.3 mm group. It 
could be speculated that this could be due to a different take rate of the 0.3 mm grafts, or even 
a different speed at which the 0.3 mm grafts migrate to the surface of the granulation tissue 
before they start to contribute to re-epithelialization. The size of the grafts as well as the 
clustering-phenomenon could affect both these variables in the 0.3 mm group. Most likely, 
however, is that the samples available randomly show a low degree of re-epithelialization and 
that redoing the experiment with more samples would bring the mean up. 
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8.6 Suggested improvements 
An interface is a non-adherent contact dressing that can be placed between the wound and the 
foam dressing. The interface layer is placed directly onto the wound, before application of 
hydrogel. Using such a layer would secure the micrografts to the wound and would thus solve 
the hypothetical problem of the grafts floating in the hydrogel, as well as the hypothetical 
problem of the grafts sticking to the foam dressing. The use of an interface layer, however, 
makes the histological measurements difficult or impossible as it incorporates into the wound 
surface during healing. 

Another possible improvement is an adjustment of the mincer. Since the skin needs room to 
expand between the cutting discs, using thinner discs could be beneficial. This would allow 
more spacing between the discs as well as a sharper cutting edge. Thinner discs would thus 
provide a mincer that require less force, and that accommodates expansion of the skin 
between the discs, which in combination would decrease the risk of crushing the grafts in the 
mincing process.  

A harder cutting surface addresses the problem with an elastic surface contributing to the 
crushing of the grafts. A problem in the past has been that the plexiglass cutting surface gives 
of particles that mix with the grafts (unpublished findings). A new surface would need to be 
hard and resilient to fragmentation. 

Furthermore, having a sufficient sample size is essential in order to be able to answer the 
question posed222.  

8.7 Statistics 
Due to the small sample size, it is not possible to draw any final conclusions from this study. 
Even if a difference could be calculated as statistically significant, expressing it as such would 
be misleading due to the low power of the study. This is the reason that results have been 
discussed in trends and tendencies, rather than as statistical differences. 

8.8 Summary 
What we concluded from this experiment is that 0.8 mm MGs grafts and STSG show the 
same quality of healing when transplanted at the same expansion ratio, at a ratio of 1:2. The 
0.3 mm MGs produces an inferior healing result. To confirm this, this experiment could be 
performed again with the same setup or over a longer period of time. Further parameters to 
evaluate include scar formation as well as revascularization and dermis formation in the 
transplanted area. 

To increase the statistical power one would need to repeat the experiment with the same 
setup a few times to generate more data. Due to the discouraging results, however, one might 
consider culturing the 0.3 mm MGs in vitro, to prove their viability before repeating the 
experiment using the pig model. An alternative is using a mouse or rat model to create an in 
vivo incubator223 to provide the best possible milieu for graft survival on a small scale. 
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